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Chapultepec. This dike was 12 km long and 20 m thick. He also built Chapultepec
Aqueduct to provide fresh water to the city (Serra Puche, in Kumate and Mazari 1990).

After the Spanish conquest, in 1521, the Aztec city was razed and the colonial capital
was founded in the same location. Mexica constructions were used as sources of building
materials. Floods and epidemics suggested a need to drain the lakes and this long effort
began near 1524. In 1607 Enrico Martinez designed a channel and tunnel at Nochistongo to
deviate the course of Cuauhtitlan River to the north. Because of continuing disastrous
floods, in 1629 King Charles IV ordered to move the capital elsewhere, but the settlers

Fig. 3 The Mexico Basin Lakes as the Spanish found them in 1392 (D. D. F. 1975). These days, there is
only a small lake near Xochimilco, which is a natural reserve
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Response spectra

Probabilistic Seismic Hazard Analysis (PSHA)

A Primer

Written by Edward (Ned) H. Field

These notes (available at http://www.relm.org/tutorial_materials) represent a
somewhat non-standard treatment of PSHA; they are aimed at giving an intuitive
understanding while glossing over potentially confusing details.  Comments and
suggestion are highly encouraged s (to field@usgs.gov).

The goal of probabilistic seismic hazard analysis (PSHA) is to quantify the rate (or
probability) of exceeding various ground-motion levels at a site (or a map of sites) given all
possible earthquakes.  The numerical/analytical approach to PSHA was first formalized by
Cornell (1968). The most comprehensive treatment to date is the SSHAC (1997) report, which
covers many important procedural issues that will not be discussed here (such as the use of
“expert opinion”, the meaning of “consensus”, and how to document results).  Except where
otherwise noted, the SSHAC report represents the best source of additional information (that I
know of).  It’s a must-read for anyone conducting PSHA.

Traditionally, peak acceleration (PGA) has been used to quantify ground motion in
PSHA (it’s used to define lateral forces and shear stresses in the equivalent-static-force
procedures of some building codes, and in liquefaction analyses).  Today the preferred parameter
is Response Spectral Acceleration (SA), which gives the maximum acceleration experienced by
a damped, single-degree-of-freedom oscillator (a crude representation of building response).
The oscillator period is chosen in accordance with the natural period of the structure (roughly
number_of_stories/10), and damping values are typically set at 5% of critical (see Figure 1).
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Figure 1.  The response-spectrum value is the peak motion 
(displacement, velocity, or acceleration) of a damped single-degree of 
freedom harmonic oscillator (with a particular damping and resonant 
period) subjected to a prescribed ground motion.

(        )

To keep things simple, PGA will be used as the ground-motion parameter here (the analysis is
otherwise equivalent).

PSHA involves three steps: 1) specification of the seismic-hazard source model(s); 2)
specification of the ground motion model(s) (attenuation relationship(s));  and 3) the
probabilistic calculation.
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Response Spectrum

Modelling of spectral amplification
Response spectra can be computed using synthetic seismograms as input motion.

To estimate the spectral amplification due to a change in the model, computations of the
synthetic seismogram can be repeated changing any parameter of the model.

Example: two synthetic seismograms are generated modifying the properties of the structural
model. The ratio between their response spectra will show the relative amplifications due
to the change of the structure.

Usually, one synthetic seismogram is generated for a bedrock model, and kept as a reference.
The second synthetic seismogram is computed considering a structural model representative
of the site conditions, possibly taking into account lateral heterogeneities.
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Soft surface layering
	

 a) 1-D: trapping of waves for impedance  contrast  
	

 	

 (vertical resonances)
	

 	

 fn=(2n+1)β/4H
	

 	

 A ≈ (ρ2 v2)/(ρ1 v1)
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Empirical techniques
for

Site effect estimation

Weak (and strong) motion
a) S/B spectral ratio 
	

 (Borcherdt, 1970) 
b) generalized inversion scheme
	

 (Andrews, 1986)
c) coda waves analysis
	

 (Margheriti et al., 1994)
d) parametrized source and path  inversion
	

 (Boatwright et al., 1991)
e) H/V spectral ratio (receiver function)
	

 (Lermo et al., 1993)
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Figure 1. (a) Map of California with the site location; (b) the surface faults and the
epicenter of the 1992 Landers earthquake, together with the location of the observation
station at the Lucerne valley; (c) the velocities; and (d) the displacements at the station.
Panel (b) also shows the direction of the strike slip, the directions of the fault-normal and
-parallel components, and the directions of the maximum velocity and displacement.

Green’s functions with shallow source points. Therefore, the
second obstacle is that the integrands of wavenumber inte-
grations (equation 2) do not converge with wavenumber
when the depths of source points are close to or on the free
surface (e.g., Apsel and Luco, 1983; Hisada, 1993, 1995).
In particular, the convergence is extremely slow in the case
of the static Green’s function (x ! 0). Therefore, special
techniques are needed to overcome the two obstacles.

The purpose of this article is to propose a mathematical
methodology for computing near-fault ground motions ef-
fectively and to use it for investigating the effects of fling
and directivity in several simple situations. We first carefully
check the fault integration (equation 1) using the simplest
fault model: an axially symmetric circular fault in a homo-
geneous full-space. Based on the results from this simple
case, we will then propose a new form of the representation
theorem for calculating the fault integration efficiently for
more general cases, involving arbitrary kinematic faulting
models in layered half-spaces. In addition, we propose an
efficient method for calculating the wavenumber integration
(equation 2), considering the surface faulting. Finally, we
check the validity of the proposed method and investigate
the physical basis of the fling and directivity effects.

Efficient Methods for Computing Near-Fault Ground
Motions in Layered Half-Spaces

Near-Fault Ground Motions Using an Axially
Symmetric Fault Model in a Homogeneous
Full-Space

We first check the basic characteristics of the dynamic
and static Green’s functions in the fault integration (i.e.,
equation 1) to find efficient ways for computing the near-
fault ground motions. In this section, we use the simplest
fault model, that is, the axially symmetric circular fault
model in a homogeneous full-space. In addition, we will
check the attenuation relation of the static offset using this
model.

Figure 2 shows the fault model and the location of an
observation point. R is the radius of the circular fault model.
We assume a uniform slip, D, over the fault plane. The ob-
servation point is located at a distance, z, above the center
of the fault. The dynamic displacement, U, in the same di-
rection as D, is easily obtained by substituting Green’s func-
tion of the homogeneous full-space (e.g., Kane, 1994) into
equation (1),

Michoacan, 1985
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Near fault ground motion

 
 
Fig. 4.3.  Schematic diagram showing the orientations of fling step and directivity pulse for 
strike-slip and dip-slip faulting. 
  

 
 
Fig. 4.4.  Schematic diagram of time histories for strike-slip and dip-slip faulting in which 
the fling step and directivity pulse are shown together and separately. 
 

Peer report, 2001



Regression example...

Peer report, 2001



 ....may vary greatly among the earthquake scenarios, considering different source locations (and 
rupture ...)
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In SHA the site effect should be defined as the average behavior, 
relative to other sites, given all potentially damaging earthquakes.

This produces an intrinsic variability with respect to different 
earthquake locations, that cannot exceed the difference between sites



PGA as a demand parameter…
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Figure 1 – Acceleration time history. Rocca NS record. 1971 Ancona earthquake (ML=4.7) 
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Figure 2 – Acceleration time history. Sylmar N360 record. 1994 Northridge earthquake (Mw=6.7) 
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Figure 5. Four horizontal accelerogram components with exactly the same PGA 
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Modern PSHA & DSHA dualism

PSHA
Waveform 
modelling

Accounts for all 
potentially damaging 

earthquakes in a 
region

Focus on selected 
controlling 

earthquakes

(Single) parameter Complete time 
series

Deeply rooted in 
engineering practice 
(e.g. building codes)

Dynamic analyses of 
critical facilities

Study of attenuation 
relationships

Deaggregation, 
recursive analysis

PSHA

DSHA

e.g. see “Cybershake” project at SCEC web:
http://scec.usc.edu/research/cme/groups/broadband
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PBDE

SHA produces response spectral ordinates (or other intensity 
measures) for each of the annual probabilities that are specified for 

performance-based design.

In PBDE, the ground motions may need to be specified not only as 
intensity measures such as response spectra, but also by suites of 
strong motion time histories for input into time-domain nonlinear 

analyses of structures.

It is necessary to use a suite of time histories having phasing and 
spectral shapes that are appropriate for the characteristics of the 

earthquake source, wave propagation path, and site conditions that 
control the design spectrum.
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Ground motion - USA & backprojection

Courtesy of Dun Wang and Jim Mori
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Courtesy of Dun Wang and Jim Mori



Ground motion animation: time scales...

Courtesy of  Takashi Furumura



Tsunami animation: time scales...
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/

“Earthquake Research Institute, University of Tokyo, Prof. Takashi 
Furumura and Project Researcher Takuto Maeda”

http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/

http://supersites.earthobservations.org/honshu.php

http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://supersites.earthobservations.org/honshu.php
http://supersites.earthobservations.org/honshu.php
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Equivalent Forces

The scope is to develop a representation of the displacement 
generated in an elastic body in terms of the quantities that originated 

it: body forces and applied tractions and displacements over the 
surface of the body.

The actual slip process will be described by superposition of equivalent 
body forces acting in space (over a fault) and time (rise time).

The observable seismic radiation is through energy release as the fault 
surface moves: formation and propagation of a crack. This complex 

dynamical problem can be studied by kinematical equivalent approaches.



Final source representation

    
un(x,t)= [ui ]cijpqν j ∗

∂G np

∂ξq
dΣ

Σ
∫∫

    
mpq = [ui]cijpqν j        un(x,t)= mpq ∗

∂Gnp

∂ξq
dΣ

Σ
∫∫

And if the source can be considered a point-source (for distances greater than 
fault dimensions), the contributions from different surface elements can be 

considered in phase. 
Thus for an effective point source, one can define the moment tensor:

    

M pq = mpqdΣ
Σ
∫∫  

 un(x,t)=M pq ∗G np,q



GF for double couple
An important case to consider in detail is the radiation pattern expected when 
the source is a double-couple. The result for a moment time function M0(t) is:
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Far field term

Near field term

GF for double couple
An important case to consider in detail is the radiation pattern expected when 
the source is a double-couple. The result for a moment time function M0(t) is:
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NF DC (static) Radiation pattern 
The static final displacement for a shear dislocation of strength M0 is:
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Figure 7: Near-field Static Displacement Field From a Point Double Couple
Source (⌃ = 0 plane); � = 31/2, ⇥ = 1, r = 0.1, 0.15, 0.20, 0.25, ⇧ = 1/4⌅,
M⇥ = 1; self-scaled displacements

The near-field term gives a static displacement as t⇥⇤

u =
M0(⇤)
4⌅⇧r2

�
AN

2

�
1
⇥2
� 1

�2

⇥
+

AIP

�2
+

AIS

⇥2

⇥
(64)

=
M0(⇤)
4⌅⇧r2

�
1
2

�
3
⇥2
� 1

�2

⇥
sin 2⇤ cos ⇤r̂ +

1
�2

(cos 2⇤ cos ⌃⇤̂ � (cos ⇤ sin ⌃⌃̂)
⇥

,

where M0(⇤) is the final value of the seismic moment. Interestingly, this ex-
pression contains two terms with the same angular dependence as those for the
far-field, but decays as r�2. The strain field, which is the usual observable used
to study such permanent near field terms, will correspondingly decay as r�3.
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Co- & Post- seismic: Tohoku-oki 

a, Coseismic displacements for 10–11 March 2011, relative to the Fukue site. The black arrows indicate the 
horizontal coseismic movements of the GPS sites. The colour shading indicates vertical displacement. The star marks 
the location of the earthquake epicentre. The dotted lines indicate the isodepth contours of the plate boundary at 

20-km intervals28. The solid contours show the coseismic slip distribution in metres. 
b, Postseismic displacements for 12–25 March 2011, relative to the Fukue site. The red contours show the afterslip 

distribution in metres. All other markings represent the same as in a.

From: Ozawa et al., 2011,, Nature, 475, 373–376.

http://www.nature.com/nature/journal/v475/n7356/full/nature10227.html#ref28
http://www.nature.com/nature/journal/v475/n7356/full/nature10227.html#ref28


Far field for a point DC point source

From the representation theorem we have:

that, in the far field and in a spherical coordinate system becomes:

€ 

 un(x,t) = Mpq ∗Gnp,q

€ 

 u(x,t) =
1

4πρα3 sin2θcosφˆ r ( )
˙ M t − r /α( )

r
+

1
4πρβ3 cos2θcosφ ˆ θ − cosθsinφ ˆ φ ( )

˙ M t − r /β( )
r

and both P and S radiation fields are proportional to the time 
derivative of the moment function (moment rate). If the moment 
function is a ramp of duration τ (rise time), the propagating 
disturbance in the far-field will be a boxcar, with the same 
duration, and whose amplitude is varying depending on the 
radiation pattern.



FF DC Radiation pattern



Methodology - Modal Summation Technique

Expression of the displacement generated by a 
double-couple point source in a flat layered 
halfspace
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Expression of the displacement generated by a 
double-couple point source in a flat layered 
halfspace
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Source definition and examples of radiation pattern

vertical strike-slip

45° dipping strike-slip

45° dipping oblique slip

45° dip-slip (thrust)

45° dip-slip (normal)

vertical dip-slip

Love   Rayleigh
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Expression of the source radiation pattern

€ 

χL = i(d1L sinϕ + d2L cosϕ) + d3L sin2ϕ + d4L cos2ϕ
χR = d0 + i(d1R sinϕ + d2R cosϕ) + d3R sin2ϕ + d4R cos2ϕ

.

.

.

.
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Expression of the source radiation pattern
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Expression of the source radiation pattern
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Example of quantities associated with a structure
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Example of quantities associated with a structure
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Phase velocity dispersion curve
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Eigenfunctions
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Haskell, 1964
sumatra

　　        Ishii et al., Nature 2005 doi:10.1038/nature03675

Rupture

Sumatra earthquake, Dec 28, 2004 　

Haskell dislocation model

Bulletin of the Seismological Society of America. Vol. 61, No. 1, pp. 221-223. February, 1971 

MEMORIAL 

NORMAN A. HASKELL (1905--1970) 

Norman A. Haskell, a former Research Physicist and Branch Chief at Air Force 
Cambridge Research Laboratories, and President of the Seismological Society of 
America, died at Hyannis, Massachusetts on April 11 1970 after a long illness. He is 
survived by his wife and two children. 

Dr. Haskell was one of the world's leading theoretical seismologists, perhaps best 
known for his development of the matrix method of computing the seismic effects of 
multiple horizontally-layered structures. His research interests spanned an extra- 
ordinarily broad geophysical range including the development of computational tech- 
niques in seismic, prospecting, the extension of seismic prospecting techniques to the 
mining industry, mechanics of the deformation of granitic rocks, underwater ballistics, 
atmospheric acoustics, blast phenomena, operations research, crustal structure and 
nuclear test detection. 

NORMAN A. HASKELL 

221 

Haskell N. A. (1964). Total energy spectral density of elastic wave radiation from propagating faults, 
Bull. Seism. Soc. Am. 54, 1811-1841
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Haskell source model: far field
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 u(x,t) =
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˙ M t − r /α( )

r
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1
4πρβ3 cos2θcosφ ˆ θ − cosθsinφ ˆ φ ( )

˙ M t − r /β( )
r

For a single segment (point source)



Haskell source model: far field
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Haskell source model: far field

resulting in the convolution of two boxcars: the first with 
duration equal to the rise time and the second with duration 

equal to the rupture time (L/vr)

€ 

 ur (r,t)∝ ˙ D (t)∗vrH(z) t−x /vr

t = vr
˙ D (t)∗B(t;Tr )



Haskell source model: directivity
The body waves generated from a breaking segment will arrive at a receiver before 

than those that are radiated by a segment that ruptures later. 
If the path to the station is not perpendicular, the waves generated by different 

segments will have different path lengths, and then unequal travel times.
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Directivity example



Ground motion scenarios

The two views in this movie show the cumulative velocities for a San Andreas 
earthquake TeraShake simulation, rupturing south to north and north to 

south. The crosshairs pinpoint the peak velocity magnitude as the simulation 
progresses.

www.scec.org

http://www.scec.org
http://www.scec.org
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Source spectrum
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 u(t) = M0 B t;τ( )∗B t;TR( )( )

The displacement pulse, corrected for the geometrical spreading and the 
radiation pattern can be written as:

and in the frequency domain:
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Magnitude saturation
There is no a-priory scale limitation or classification of magnitudes as for 

macroseismic intensities.  In fact, nature limits the maximum size of tectonic 
earthquakes which is controlled by the maximum size of a brittle fracture in the 
lithosphere. A simple seismic shear source with linear rupture propagation  has a 

typical "source spectrum”. 

Ms is not linearly scaled with Mo for 
Ms > 6 due to the beginning of the so-

called saturation effect for spectral 
amplitudes with frequencies f > fc. This 
saturation occurs already much earlier 

for  mb which are determined from 
amplitude measurements around 1 Hz. 



Empirical source spectra    

represent a set of average amplitude 
curves respect to:
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Method DWN (Pavlov, 2002) 

Extendend source kinematic model

2-dimensional final slip distribution over a source rectangle

Point source 
approximation 

FPS and radiation pattern

Computing time: about 1 hour for a 10Hz signal 40 s long (using 200 sub-sources)

Source models



10 Hz - Source definition
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2-dimensional final slip distribution over a source 
rectangle, shown as a density plot (Mw=7.0).

Rupture front evolution was simulated 
kinematically from random rupture velocity field. 

(Gusev, 2010)

Source kinematic model
Far-field source time histories and their spectra. 

“Displacement” far-field functions (arbitrary 
scale) for the simulated case of mostly unilateral 

rupture propagation



One examples (realization 123) of the 
2D final slip function, shown as density 
over the fault plane. The purple square 
is the nucleation point. White contours 
are successive rupture front positions, 
simulated kinematically from random 

rupture velocity field. Crosses are 
positions of point subsources.

Displacement Velocity Acceleration

10 Hz - Example 1



One examples (realization 155) of the 
2D final slip function, shown as density 
over the fault plane. The purple square 
is the nucleation point. White contours 
are successive rupture front positions, 
simulated kinematically from random 

rupture velocity field. Crosses are 
positions of point subsources.

Displacement Velocity Acceleration

10 Hz - Example 2



E-­‐WE-­‐W N-­‐SN-­‐S ZZ

mean σ mean σ mean σ

PGD	
  
(cm)

0.9 0.1 1.7 0.2 1.0 0.1

PGV	
  
(cm/s)

5.7 1.6 20 6 3.2 0.8

PGA	
  
(cm/s2)

142 49 501 163 63 20

Average and standard deviation of the peak values for 
200 different random realizations of the same source 

model.

Average and standard deviation of the acceleration 
response spectra (damping 5%) for 200 different 

random realizations of the same source model and 
examples of response spectra for two different 

realizations.

10 Hz - Dispersion of results
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Tsunami 
physics

research

support of improved measurement 
technology and the design of optimal 

tsunami monitoring networks

implementation of improved models 
to increase the speed and accuracy of 

operational forecasts and warnings

development of improved methods to 
predict tsunami impacts on the 
population and infrastructure of 

coastal communities
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Scenario based tsunami hazard assessment

Assess the potential threat posed by earthquake 
generated tsunamis on the coastlines. 

Compilation a database of potentially tsunamigenic 
earthquake faults, to be used as input in the definition 
of scenarios.

Each Source Zone includes an active tectonic 
structure with a Maximum Credible Earthquake and 
a typical fault.

Provide information of the expected tsunami impact 
(e.g. height and arrival times) onto the target 
coastline; it can be progressively updated as 
knowledge of earthquake source advances.



Tsunami animation - NOAA



Tsunami travel times - NOAA



Ocean bottom data

The observation record of the 
ocean bottom pressure gauge. At 

around 14:46, the ground 
motion of the earthquake (M9) 
reaches the pressure gauge and 
at TM1 (coast-side), the sea level 

is gradually rising from that 
point. 

The sea level rose 2 m, and after 
11 minutes, the level went 
drastically up to 3m, which 

makes 5 m of elevation in total. 
At TM2: located 30km toward 

the land, a same elevation of sea 
level was recorded with 4 
minutes delay from TM1.



Tsunami animation: time scales...
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/

“Earthquake Research Institute, University of Tokyo, Prof. Takashi 
Furumura and Project Researcher Takuto Maeda”

http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/

http://supersites.earthobservations.org/honshu.php

http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://supersites.earthobservations.org/honshu.php
http://supersites.earthobservations.org/honshu.php


Tsunami data and simulations: source

Simulated Tsunami 
around Japanese 

coasts

Red and blue lines 
indicate the 

observed tsunami 
waveforms at 

Japanese tide gauges 
and ocean bottom 

tsunami sensors and 
synthetic ones, 

respectively. Solid 
lines show the time 
windows used for 

inversion.

by Yushiro Fujii (IISEE, BRI) and Kenji Satake (ERI, Univ. of Tokyo)
http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html

http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html
http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html


Tsunami data and simulations: source

by Yushiro Fujii (IISEE, BRI) and Kenji Satake (ERI, Univ. of Tokyo)
http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html

Calculated seafloor deformation due to the fault model

Slip distribution on the fault mode

http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html
http://iisee.kenken.go.jp/staff/fujii/OffTohokuPacific2011/tsunami_inv.html


Distribution of 
tsunami heights

Figure from the 
Headquarters for 

Earthquake Research 
Promotion 

(at March 13)
http://www.jishin.go.jp/main/index-e.html

http://www.jishin.go.jp/main/index-e.html
http://www.jishin.go.jp/main/index-e.html
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Sea gate in Hachinohe

http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx

http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx
http://minkara.carview.co.jp/userid/405365/car/375387/1923923/photo.aspx


Sea gate (9.3 m high)

http://ja2xt.mu-sashi.com/Numazu5.htm

http://ja2xt.mu-sashi.com/Numazu5.htm
http://ja2xt.mu-sashi.com/Numazu5.htm


Sea walls

Deepest breakwater in Kamaishi (Iwate)

Sea wall with stairway evacuation route 
used to protect a coastal town against 

tsunami inundation in Japan.

Photo courtesy of River Bureau, Ministry of  Land, 
Infrastructure and Transport, Japan.

Elevated platform used for tsunami 
evacuation that also serves as a high-
elevation scenic vista point for tourist. 

Okushiri Island, Japan.  Photo courtesy of ITIC 



Tsunami walls...

The 2.4 km long  tsunami wall in Miyako, Iwate Prefecture, was destroyed. The 6 m, 2 km long, wall 
in Kamaishi, Iwate Prefecture, was overwhelmed but delayed the tsunami inundation by 5 minutes. 

The 15.5 m tsunami wall in Fundai, Iwate Prefecture, provided the best protection, but it is good to 
know that the original design was only 10 m.  The village mayor fought to make it higher from 

information in the village historical records.

The biggest problem is that tsunami walls may give a false sense of security and other 
preparedness measures may NOT be undertaken.

Woody Epstein, 2011



Sea wall at Fudai

49 foot sea wall:
 completed in 1967; floodgates were added in 1984.

Following the 1896 Meiji tsunami, village mayor Kotoku 
Wamura pressed for a seawall at least 15 meters high, 
often repeating the tales handed down to him growing 

up: that the devastating tsunami was 15 meters.



Miyako and Fudai...
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Fig. III-1-17 Photos of a stone monument and tsunami invading area below the stone monument. 

MiyakoMiyako
FudaiFudai

Fig. III-1-16 Difference of seawall heights resulting in different consequence. 

The 10m-high  seawall was destroyed in 
Taro district, Miyako city, Iwate Pref.

MiyakoMiyako

The 15.5m-high  seawall was undestroyed 
in Otabe district, Fudai village, Iwate Pref.

FudaiFudai

A photo from the village�s point of view (i.e. 
facing the coast)

A photo from a viewpoint of facing the 
village  taken at the spot slightly below the 
stone monument 

MiyakoMiyako MiyakoMiyako

The stone monument
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long-term possibilities within 
30 years of earthquakes on 

regions of offshore based on 
Jan. 1, 2008.”
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Fig. III-1-6 Comparison of the source areas of the main shock and scenario earthquakes 
evaluated by Long-Term Evaluation Subcommittee, Earthquake Research 
Committee, Headquarters for Earthquake Research Promotion (HERP). 

Reference: Earthquake Research Comit., HERP Release  
[Online]. http://www.jishin.go.jp/main/index-e.html  
Partially modified by JNES. 

Source area of the Tohoku district 
� off the Pacific Ocean Earthquake

“Estimated magnitude and 
long-term possibilities 

within 30 years of 
earthquakes on regions of 
offshore based on Jan. 1, 

2011.”



Tsunami runup approximately 
twice fault slip 

      
M9 generates much larger 

tsunami

Planning assumed maximum magnitude 8 Seawalls 5-10 m high

CNN

NYTStein & Okal, 2011

Reality...

Stein, S. and E. Okal, The size of the 2011 Tohoku earthquake 
needn't have been a surprise, EOS, 92, 227-228, 2011.
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Very basic tsunami physics...

Figure 1. Excitation of a tsunami by a seismic dislocation. In this very simple model, a fraction of the ocean
e

o
floor is suddenly uplifted, resulting in an immediate and identical hump on the ocean surface (a). Because th
cean is fluid, the hump is unstable and flows sideways (b), with the center of mass of the displaced material

t
(solid dot) falling down by an amount δh /2. The resulting change in potential energy makes up the energy of the
sunami wave, which propagates away from the now defunct hump (c).
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Ward: Tsunamis 2

under the ocean with a fault orientation favorable

for tsunami excitation. Thus, tsunamis that in-

duce widespread damage number about one or

two per decade. Although one’s concepts might

be cast by rare “killer tsunamis”, many more be-

nign ones get lost in the shuffle. Today, ocean

bottom pressure sensors can detect a tsunami of a

few centimeters height even in the open sea. Be-

cause numerous, moderate (≈M6.5) earthquakes

can bear waves of this size, “baby” tsunamis oc-

cur several times per year. They pass by gener-

ally unnoticed, except by scientists. Perhaps

while swimming in the surf, the reader has al-

ready been in a tsunami! Whether killer waves or

ripples, tsunamis span three phases: generation,

propagation and shoaling. This article touches

gently on each.

II. Characteristics of Tsunamis

A. Tsunami Velocity, Wavelength, and Period

This article reviews classical tsunami theory.

Classical theory envisions a rigid seafloor over-

lain by an incompressible, homogeneous, and

non-viscous ocean subjected to a constant gravi-

tational field. Classical tsunami theory has been

investigated widely, and most of its predictions

change only slightly under relaxation of these

assumptions. This article draws upon linear the-

ory that also presumes that the ratio of wave am-

plitude to wavelength is much less than one. By

and large, linearity is violated only during the

final stage of wave breaking and perhaps, under

extreme nucleation conditions.

In classical theory, the phase c(ω), and group

u(ω) velocity of surface gravity waves on a flat

ocean of uniform depth h are

c( ) =
gh tanh[k( )h]

k( )h
    (1)

and

u( ) = c( )
1

2
+

k( )h

sinh[2k( )h]

 

  
 

  
   (2)

Here, g is the acceleration of gravity (9.8 m/s2)

and k(ω) is the wavenumber associated with a

sea wave of frequency ω. Wavenumber connects

to wavelength λ(ω) as λ(ω)=2π/k(ω). Wave-

number also satisfies the relation

2
= gk( )tanh[k( )h]    (3)

Figure 1. (top panel) Phase velocity c(ω) (solid lines) and

group velocity u(ω) (dashed lines) of tsunami waves on a

flat earth covered by oceans of 1, 2, 4 and 6 km depth.

(bottom panel) Wavelength associated with each wave

period. The ’tsunami window’ is marked.
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Ward: Tsunamis 4

lipses can be thought of as tracing the path of a

water particle as a wave of frequency ω passes.

At 1500s period (left, Fig. 2), the tsunami has a

wavelength of λ=297km and it acts like a long

wave. The vertical displacement peaks at the

ocean surface and drops to zero at the seafloor.

The horizontal displacement is constant through

the ocean column and exceeds the vertical com-

ponent by more than a factor of ten. Every meter

of visible vertical motion in a tsunami of this

frequency involves ≈10m of “invisible” hori-

zontal motion. Because the eigenfunctions of

long waves reach to the seafloor, the velocity of

long waves are sensitive to ocean depth (see top

left-hand side of Fig. 1). As the wave period

slips to 150s (middle Fig. 2), λ decreases to

26km -- a length comparable to the ocean depth.

Long wave characteristics begin to break down,

and horizontal and vertical motions more closely

agree in amplitude. At 50s period (right, Fig. 2)

the waves completely transition to deep water

behavior. Water particles move in circles that

decay exponentially from the surface. The eigen-

functions of short waves do not reach to the sea-

floor, so the velocities of short waves are inde-

pendent of ocean depth (see right hand side of

Fig. 1, top). The failure of short waves (λ<<h) to

“feel” the seafloor also means that they can not

be excited by deformations of it. This is the

physical basis for the short wavelength bound on

the tsunami window that I mentioned above.

III. Excitation of Tsunamis

Suppose that the seafloor at points r0 uplifts in-

stantaneously by an amount uz

bot
(r0) at time τ(r0).

Under classical tsunami theory in a uniform

ocean of depth h, this sea bottom disturbance

produces surface tsunami waveforms (vertical

component) at observation point r=x ˆ x +y ˆ y  and

time t of

uz

surf (r,t) = Re dk
e
i [k •r− ( k ) t ]

4 2 cosh(kh)
F(k)

k

∫

with

F(k) = dr0 uz

bot (r0 )e

r0

∫
−i[ k •r0 − (k) ( r0 )]

   (5a,b)

with k=|k|, and 
2
(k) = gktanh(kh). The inte-

grals in (5) cover all wavenumber space and lo-

cations r0 where the seafloor disturbance

uz

bot
(r0)≠0.

Equation (5a) looks scary but it has three identi-

fiable pieces:

    a) The F(k) term is the wavenumber spectrum

of the seafloor uplift. This number relates to the

amplitude, spatial, and temporal distribution of

the uplift. Tsunami trains (5a) are dominated by

wavenumbers in the span where F(k) is greatest.

Figure 2 . Tsunami eigenfunctions in a 4 km deep ocean

at periods 1500, 150 and 50s. Vertical displacements at

the ocean surface has been normalized to 1 m in each

case.

Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Seismic source
excitation

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Seismic source
excitation

!

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Seismic source
excitation

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Eigenvalues  
&

 Eigenfunctions

Seismic source
excitation

Tsunami mode propagation 
in LHM

    

€ 

U X,ϕ, z,ω, t( ) =
exp -iπ/4( )

8π
  

exp iω t - τ( )[ ]
J

  
χ hs,ϕ( )R ω( )
ωc vgI1

s

  
u z,ω( )

vgI1
X

x

z

x0=0 x1 x2 x3 xN-1 xN=X

Modal approach - sketch



Equations of elastic motion 
with gravity  + boundary 

conditions
FULL coupling between the 

fluid and solid layers

Propagation 
factor

Excitation 
factor

Receiver 
factor

Eigenvalues  
&

 Eigenfunctions

Seismic source
excitation

Tsunami mode propagation 
in LHM

    

€ 

U X,ϕ, z,ω, t( ) =
exp -iπ/4( )

8π
  

exp iω t - τ( )[ ]
J

  
χ hs,ϕ( )R ω( )
ωc vgI1

s

  
u z,ω( )

vgI1
X

x

z

x0=0 x1 x2 x3 xN-1 xN=X

Modal approach - sketch



Tsunami physics

Direction of propagation x

z

Free surface

z-1

z-j+1

z-j

z-ℓ+1

z-ℓ

z0

ℓ-th liquid layer

j-th liquid layer

1-st liquid layer

zN

zN-1

zm+1

zm

z1

(N-1)-th solid layer

m-th solid layer

1-st solid layer

halfspace

ocean

solid

Reference 1-D model

• EQUATIONS OF MOTION

    
α2∇ ∇ ⋅u( ) -  gez∇ ⋅u =  

∂2u
∂t2

    
α2∇ ∇ ⋅u( ) -  β2∇ × ∇ × u( ) =  

∂2u
∂t2

• BOUNDARY CONDITIONS

    α
2∇⋅u -  gw =  0

  w-j z- j( ) =  w-j-1 z- j( )                        u- j z- j( ) =  u-j-1 z- j( )

  p- j z- j + w- j( ) =  p-j-1 z- j + w-j-1( )

  w-1 z0( ) =  w1 z0( )

  p-1 z0( ) =  σ1 z0( )                                         0 =  τ1 z0( )

  wm zm( ) =  wm+1 zm( )               um zm( ) =  um+1 zm( )

  σm zm( ) =  σm+1 zm( )                 τm zm( ) =  τm+1 zm( )

Modal approach: formulation
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Amplitude spectra calculated for a double–couple 
source (1013 Nm seismic moment) at 500 km from 
the receiver: 

a)  for pure strike-slip and pure dip-slip; 

b)  for a liquid layer 4, 6 and 8 km thick;

c) for different crustal model and source depths.
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For each of the two source-receiver distances considered, the upper trace refers to the 1-D model and the lower trace to a laterally varying model. In the 
laterally varying model the liquid layer is getting thinner with increasing distance from the source, with a gradient of 0.00175 and the uppermost solid layer is 

compensating this thinning.
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Example: synthetic signals for the tsunami mode (vertical component) excited by a dip-slip mechanism 
with M0=2.2 1021 Nm.  hs = 14 km; hs = 34 km. 
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Example:Sketch of a laterally heterogeneous model for a realistic scenario. Synthetic mareograms 
(vertical) calculated at various distances along the section. 

The extension of zone C is 500 km.
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The Mediterranean Sea and Tsunamis

Map of epicenters of tsunamigenic  earthquakes occurred since
 1380 B.C. to 1996 within  the Mediterranean region. The size of circles is  
proportional to the event magnitude, the color  to the tsunami intensity

data from: ‘Mediterranean Tsunami Catalog, from 1628B.C. to present of the Institute of Computational 
Mathematics and Mathematical Geophysics (Computing Center) Siberian Division, Russian Academy of Sciences. 

Tsunami Laboratory
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Seismicity in the Adriatic basin
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Tsunami reported in 
ICTP Technical Report 2005:

CATALOGUE OF REPORTED 
TSUNAMI EVENTS IN THE 

ADRIATIC SEA 
(from 58 B.C. to 1979 A.D.)

Historical tsunami in the Adriatic basin
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/

Bathymetric map of the Adriatic Sea. 
The bathymetric contours are drawn 
with a step of 20 m in the range 
from 0 to –200 m and with a step of 
200 m in the range from –200 m to 
–1200 m. 

The contours of the six tsunamigenic 
zones are shown in red, the blue 
triangles correspond to the 12 
receiver sites, the stars correspond 
to the epicenters of the considered 
events (yellow: offshore, orange: 
inland).

Paulatto M., Pinat T., Romanelli F. , 2007. Tsunami hazard scenarios in the Adriatic Sea domain”. 
Natural Hazards And Earth System Sciences (on line), vol. 7, pp. 309-325.
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/

Tsunami scenarios in Adriatic Sea - Zone I
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/
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Fig. 2. Bathymetric profiles (in blue) along source-site paths and
their parameterisations (in black) used for calculations for the four
sites of Zone 1. From above: Venice (VE), Durres (DU), Ortona
(OR) and Split (SP).
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Fig. 3. Synthetic mareograms for Zone 1. Focal depth, H=10 km
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(Musson, 1999). Even according to the most pessimistic es-
timates, earthquakes with magnitude lower than 6.0 generate
tsunamis with maximum amplitude of the order of a few cen-
timetres, therefore we study events with much higher values
of magnitude (i.e. 6.5, 7.0 and 7.5) to emphasise the tsunami-
genic effect. Three values of focal depth are used in the cal-
culations: 10, 15 and 25 km.
The focal mechanism fixed for all simulations is a thrust,

with dip angle of 45 degrees (T45). The location of the epi-
center is fixed at the point of coordinates 43.20� N, 15.21� E,
near the central Adriatic pit, in correspondence of the 29
March 2003 earthquake of magnitude M=5.52. The liquid
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Table 2. Main parameters identifying the four sites of Zone 2.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 547 km
Ortona (OR) 42.35� N 14.40� E 158 km
Venice (VE) 45.42� N 12.37� E 219 km
Zadar (ZA) 44.12� N 15.22� E 143 km
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Fig. 4. Synthetic mareograms for Zone 2. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.0.

layer above the source is 200m thick. Four sites are chosen,
in correspondence of the cities of Durres, Ortona, Split and
Venice. The main parameters identifying each site are listed
in Table 1. In Fig. 2 we show as an example the bathymet-
ric profiles and their parameterisations along the source-site
paths for the four sites of Zone 1. The synthetic mareograms
calculated at the four sites for magnitude M=6.5 are shown
in Fig. 3.

3.1.2 Zone 2: Eastern Italian coast

This zone comprehends the Adriatic coasts of Central Italy,
from Ravenna to San Benedetto del Tronto. The seismicity
is determined by the passive subduction of the Adriatic plate
under the Northern Apennines (Slejko et al., 1999). The fo-
cal mechanisms are mainly thrust and strike-slip (ZS9), with
focal depth ranging from 10 to 25 km. The maximum mag-
nitude reported on the historical catalogues isM=6.0 (NT4).
For the simulations magnitude values of 6.0, 6.5 and 7.0 are
chosen. Three values of focal depth are used in the calcu-
lations: 10, 15 and 25 km. The location of the represen-
tative epicenter used for the modelling is chosen offshore,
at the point of coordinates 43.65�N, 13.55� E, in correspon-
dence of the epicenter of the 1972 earthquake of magnitude
5.1 (CFT, NT4.1, CEE), about 10 km far from the coast of
Ancona. The liquid layer above the source is 50m thick.
The receiving sites are chosen in correspondence of the cities
of Durres, Ortona, Venice, and Zadar. The main parame-
ters identifying each site are listed in Table 2. The synthetic

tle: “Simulazione di tsunami in Adriatico”, Università degli Studi
di Trieste, 2003.
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1
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Fig. 2. Bathymetric profiles (in blue) along source-site paths and
their parameterisations (in black) used for calculations for the four
sites of Zone 1. From above: Venice (VE), Durres (DU), Ortona
(OR) and Split (SP).
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Fig. 3. Synthetic mareograms for Zone 1. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.5.

(Musson, 1999). Even according to the most pessimistic es-
timates, earthquakes with magnitude lower than 6.0 generate
tsunamis with maximum amplitude of the order of a few cen-
timetres, therefore we study events with much higher values
of magnitude (i.e. 6.5, 7.0 and 7.5) to emphasise the tsunami-
genic effect. Three values of focal depth are used in the cal-
culations: 10, 15 and 25 km.
The focal mechanism fixed for all simulations is a thrust,

with dip angle of 45 degrees (T45). The location of the epi-
center is fixed at the point of coordinates 43.20� N, 15.21� E,
near the central Adriatic pit, in correspondence of the 29
March 2003 earthquake of magnitude M=5.52. The liquid
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Table 2. Main parameters identifying the four sites of Zone 2.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 547 km
Ortona (OR) 42.35� N 14.40� E 158 km
Venice (VE) 45.42� N 12.37� E 219 km
Zadar (ZA) 44.12� N 15.22� E 143 km
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Fig. 4. Synthetic mareograms for Zone 2. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.0.

layer above the source is 200m thick. Four sites are chosen,
in correspondence of the cities of Durres, Ortona, Split and
Venice. The main parameters identifying each site are listed
in Table 1. In Fig. 2 we show as an example the bathymet-
ric profiles and their parameterisations along the source-site
paths for the four sites of Zone 1. The synthetic mareograms
calculated at the four sites for magnitude M=6.5 are shown
in Fig. 3.

3.1.2 Zone 2: Eastern Italian coast

This zone comprehends the Adriatic coasts of Central Italy,
from Ravenna to San Benedetto del Tronto. The seismicity
is determined by the passive subduction of the Adriatic plate
under the Northern Apennines (Slejko et al., 1999). The fo-
cal mechanisms are mainly thrust and strike-slip (ZS9), with
focal depth ranging from 10 to 25 km. The maximum mag-
nitude reported on the historical catalogues isM=6.0 (NT4).
For the simulations magnitude values of 6.0, 6.5 and 7.0 are
chosen. Three values of focal depth are used in the calcu-
lations: 10, 15 and 25 km. The location of the represen-
tative epicenter used for the modelling is chosen offshore,
at the point of coordinates 43.65� N, 13.55� E, in correspon-
dence of the epicenter of the 1972 earthquake of magnitude
5.1 (CFT, NT4.1, CEE), about 10 km far from the coast of
Ancona. The liquid layer above the source is 50m thick.
The receiving sites are chosen in correspondence of the cities
of Durres, Ortona, Venice, and Zadar. The main parame-
ters identifying each site are listed in Table 2. The synthetic

tle: “Simulazione di tsunami in Adriatico”, Università degli Studi
di Trieste, 2003.
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Fig. 2. Bathymetric profiles (in blue) along source-site paths and
their parameterisations (in black) used for calculations for the four
sites of Zone 1. From above: Venice (VE), Durres (DU), Ortona
(OR) and Split (SP).
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Fig. 3. Synthetic mareograms for Zone 1. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.5.

(Musson, 1999). Even according to the most pessimistic es-
timates, earthquakes with magnitude lower than 6.0 generate
tsunamis with maximum amplitude of the order of a few cen-
timetres, therefore we study events with much higher values
of magnitude (i.e. 6.5, 7.0 and 7.5) to emphasise the tsunami-
genic effect. Three values of focal depth are used in the cal-
culations: 10, 15 and 25 km.
The focal mechanism fixed for all simulations is a thrust,

with dip angle of 45 degrees (T45). The location of the epi-
center is fixed at the point of coordinates 43.20� N, 15.21� E,
near the central Adriatic pit, in correspondence of the 29
March 2003 earthquake of magnitude M=5.52. The liquid
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Table 2. Main parameters identifying the four sites of Zone 2.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 547 km
Ortona (OR) 42.35� N 14.40� E 158 km
Venice (VE) 45.42� N 12.37� E 219 km
Zadar (ZA) 44.12� N 15.22� E 143 km
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Fig. 4. Synthetic mareograms for Zone 2. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.0.

layer above the source is 200m thick. Four sites are chosen,
in correspondence of the cities of Durres, Ortona, Split and
Venice. The main parameters identifying each site are listed
in Table 1. In Fig. 2 we show as an example the bathymet-
ric profiles and their parameterisations along the source-site
paths for the four sites of Zone 1. The synthetic mareograms
calculated at the four sites for magnitude M=6.5 are shown
in Fig. 3.

3.1.2 Zone 2: Eastern Italian coast

This zone comprehends the Adriatic coasts of Central Italy,
from Ravenna to San Benedetto del Tronto. The seismicity
is determined by the passive subduction of the Adriatic plate
under the Northern Apennines (Slejko et al., 1999). The fo-
cal mechanisms are mainly thrust and strike-slip (ZS9), with
focal depth ranging from 10 to 25 km. The maximum mag-
nitude reported on the historical catalogues isM=6.0 (NT4).
For the simulations magnitude values of 6.0, 6.5 and 7.0 are
chosen. Three values of focal depth are used in the calcu-
lations: 10, 15 and 25 km. The location of the represen-
tative epicenter used for the modelling is chosen offshore,
at the point of coordinates 43.65�N, 13.55� E, in correspon-
dence of the epicenter of the 1972 earthquake of magnitude
5.1 (CFT, NT4.1, CEE), about 10 km far from the coast of
Ancona. The liquid layer above the source is 50m thick.
The receiving sites are chosen in correspondence of the cities
of Durres, Ortona, Venice, and Zadar. The main parame-
ters identifying each site are listed in Table 2. The synthetic

tle: “Simulazione di tsunami in Adriatico”, Università degli Studi
di Trieste, 2003.
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1
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Fig. 2. Bathymetric profiles (in blue) along source-site paths and
their parameterisations (in black) used for calculations for the four
sites of Zone 1. From above: Venice (VE), Durres (DU), Ortona
(OR) and Split (SP).
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Fig. 3. Synthetic mareograms for Zone 1. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.5.

(Musson, 1999). Even according to the most pessimistic es-
timates, earthquakes with magnitude lower than 6.0 generate
tsunamis with maximum amplitude of the order of a few cen-
timetres, therefore we study events with much higher values
of magnitude (i.e. 6.5, 7.0 and 7.5) to emphasise the tsunami-
genic effect. Three values of focal depth are used in the cal-
culations: 10, 15 and 25 km.
The focal mechanism fixed for all simulations is a thrust,

with dip angle of 45 degrees (T45). The location of the epi-
center is fixed at the point of coordinates 43.20� N, 15.21� E,
near the central Adriatic pit, in correspondence of the 29
March 2003 earthquake of magnitude M=5.52. The liquid
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Table 2. Main parameters identifying the four sites of Zone 2.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 547 km
Ortona (OR) 42.35� N 14.40� E 158 km
Venice (VE) 45.42� N 12.37� E 219 km
Zadar (ZA) 44.12� N 15.22� E 143 km
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Fig. 4. Synthetic mareograms for Zone 2. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.0.

layer above the source is 200m thick. Four sites are chosen,
in correspondence of the cities of Durres, Ortona, Split and
Venice. The main parameters identifying each site are listed
in Table 1. In Fig. 2 we show as an example the bathymet-
ric profiles and their parameterisations along the source-site
paths for the four sites of Zone 1. The synthetic mareograms
calculated at the four sites for magnitude M=6.5 are shown
in Fig. 3.

3.1.2 Zone 2: Eastern Italian coast

This zone comprehends the Adriatic coasts of Central Italy,
from Ravenna to San Benedetto del Tronto. The seismicity
is determined by the passive subduction of the Adriatic plate
under the Northern Apennines (Slejko et al., 1999). The fo-
cal mechanisms are mainly thrust and strike-slip (ZS9), with
focal depth ranging from 10 to 25 km. The maximum mag-
nitude reported on the historical catalogues isM=6.0 (NT4).
For the simulations magnitude values of 6.0, 6.5 and 7.0 are
chosen. Three values of focal depth are used in the calcu-
lations: 10, 15 and 25 km. The location of the represen-
tative epicenter used for the modelling is chosen offshore,
at the point of coordinates 43.65� N, 13.55� E, in correspon-
dence of the epicenter of the 1972 earthquake of magnitude
5.1 (CFT, NT4.1, CEE), about 10 km far from the coast of
Ancona. The liquid layer above the source is 50m thick.
The receiving sites are chosen in correspondence of the cities
of Durres, Ortona, Venice, and Zadar. The main parame-
ters identifying each site are listed in Table 2. The synthetic

tle: “Simulazione di tsunami in Adriatico”, Università degli Studi
di Trieste, 2003.
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Fig. 2. Bathymetric profiles (in blue) along source-site paths and
their parameterisations (in black) used for calculations for the four
sites of Zone 1. From above: Venice (VE), Durres (DU), Ortona
(OR) and Split (SP).
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Fig. 3. Synthetic mareograms for Zone 1. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.5.

(Musson, 1999). Even according to the most pessimistic es-
timates, earthquakes with magnitude lower than 6.0 generate
tsunamis with maximum amplitude of the order of a few cen-
timetres, therefore we study events with much higher values
of magnitude (i.e. 6.5, 7.0 and 7.5) to emphasise the tsunami-
genic effect. Three values of focal depth are used in the cal-
culations: 10, 15 and 25 km.
The focal mechanism fixed for all simulations is a thrust,

with dip angle of 45 degrees (T45). The location of the epi-
center is fixed at the point of coordinates 43.20� N, 15.21� E,
near the central Adriatic pit, in correspondence of the 29
March 2003 earthquake of magnitude M=5.52. The liquid
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Table 2. Main parameters identifying the four sites of Zone 2.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 547 km
Ortona (OR) 42.35� N 14.40� E 158 km
Venice (VE) 45.42� N 12.37� E 219 km
Zadar (ZA) 44.12� N 15.22� E 143 km
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Fig. 4. Synthetic mareograms for Zone 2. Focal depth, H=10 km
(blue), 15 km (red), 25 km (green). Magnitude: M=6.0.

layer above the source is 200m thick. Four sites are chosen,
in correspondence of the cities of Durres, Ortona, Split and
Venice. The main parameters identifying each site are listed
in Table 1. In Fig. 2 we show as an example the bathymet-
ric profiles and their parameterisations along the source-site
paths for the four sites of Zone 1. The synthetic mareograms
calculated at the four sites for magnitude M=6.5 are shown
in Fig. 3.

3.1.2 Zone 2: Eastern Italian coast

This zone comprehends the Adriatic coasts of Central Italy,
from Ravenna to San Benedetto del Tronto. The seismicity
is determined by the passive subduction of the Adriatic plate
under the Northern Apennines (Slejko et al., 1999). The fo-
cal mechanisms are mainly thrust and strike-slip (ZS9), with
focal depth ranging from 10 to 25 km. The maximum mag-
nitude reported on the historical catalogues isM=6.0 (NT4).
For the simulations magnitude values of 6.0, 6.5 and 7.0 are
chosen. Three values of focal depth are used in the calcu-
lations: 10, 15 and 25 km. The location of the represen-
tative epicenter used for the modelling is chosen offshore,
at the point of coordinates 43.65�N, 13.55� E, in correspon-
dence of the epicenter of the 1972 earthquake of magnitude
5.1 (CFT, NT4.1, CEE), about 10 km far from the coast of
Ancona. The liquid layer above the source is 50m thick.
The receiving sites are chosen in correspondence of the cities
of Durres, Ortona, Venice, and Zadar. The main parame-
ters identifying each site are listed in Table 2. The synthetic

tle: “Simulazione di tsunami in Adriatico”, Università degli Studi
di Trieste, 2003.
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Table 8. Maximum amplitudes and travel times for the four sites of Zone 1. Scenarios are calculated for three values of magnitude,M=6.5,
7.0, 7.5, and three values of focal depth, H=10, 15, 25 km. Amplitudes are reported in meters. Amplitudes exceeding 1m are written in bold
style.

M 6.5 7.0 7.5 Travel
H (km) 10 15 25 10 15 25 10 15 25 time (min)

Durres 0.02 0.01 <0.01 0.11 0.06 0.03 0.60 0.33 0.15 109
Ortona 0.07 0.04 0.02 0.40 0.22 0.10 2.25 1.22 0.54 23
Split 0.06 0.03 0.01 0.32 0.17 0.08 1.80 0.98 0.43 31
Venice 0.03 0.02 0.01 0.17 0.09 0.04 0.97 0.53 0.24 188

Table 9. Maximum amplitudes and travel times for the four sites of Zone 2. Scenarios are calculated for three values of magnitude,M=6.0,
6.5, 7.0, and three values of focal depth, H=10, 15, 25 km. Amplitudes are reported in meters. Amplitudes exceeding 1 m are written in bold
style.

M 6.0 6.5 7.0 Travel
H (km) 10 15 25 10 15 25 10 15 25 time (min)

Durres <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.05 0.02 0.01 178
Ortona 0.01 <0.01 <0.01 0.04 0.02 0.01 0.24 0.12 0.05 42
Venice <0.01 <0.01 <0.01 0.02 0.01 0.01 0.13 0.07 0.03 135
Zadar 0.01 <0.01 <0.01 0.03 0.01 0.01 0.15 0.08 0.03 84

others fixed.

– The greater is magnitude the larger is the maximum am-
plitude. Events with magnitudeM=6.0 (which is nearly
the maximum magnitude in many regions of the Adri-
atic domain) generate tsunamis with amplitudes of a few
centimetres. The shoaling and other amplification phe-
nomena due to the local morphology, could increase that
amplitude up to some factors, enough to cause small
damages and inundations, specially if coinciding with
the high tide or a sea storm (e.g. in Venice).

– The larger is the focal depth the smaller is the maximum
amplitude. According to the modal summation theory,
when a source is located deeper inside the Earth inte-
rior it is less efficient in exciting the high frequencies,
so their contribute to the total displacement at the sea
bottom is reduced. It follows that shallow earthquakes
are more capable than deep ones to generate tsunamis.

– Increasing the epicentral distance, the maximum ampli-
tude decreases, if we exclude local effects. This is due
to the fact that the radiation pattern is attenuated by the
geometrical spreading as we move the site far from the
source.

– The water layer thickness affects amplitude in two
ways: i) Where the depth of the liquid layer is thicker
tsunami waves are faster and the geometrical spread-
ing is more intense, e.g. the source-site paths cross-
ing the southern-Adriatic ridge, where the water thick-
ness reaches 1200m, present a reduction of travel times

and maximum amplitudes (compared with travel paths
with the same epicentral distance); ii) Sources set un-
der a thinner water layer are less effective in generating
tsunamis (e.g. compare Zone 1 with Zone 2)

– The maximum overall amplitude is about 5m, calcu-
lated at the site set in correspondence of the city of
Dubrovnik for a magnitude 7.5 event with epicenter in
Zone 5.

We analyse now each zone separately.

Zone 1

Zone 1 is important for its central position in the Adriatic
Sea. We note that although the epicenter chosen for the sim-
ulations is closer to the Croatian coast than to the Italian one,
travel times are shorter and the maximum amplitude is larger
for the site in Ortona than for the site in Split. This is due to
the fact that the travel path from the epicenter to Ortona runs
along the central Adriatic pit where, since the water layer
is thicker, the waves move faster. The Croatian coasts are
sheltered by the presence of many islands and are highly un-
even, so the effect of a wave reaching the coast would depend
strongly on the local morphology, being amplified at some
sites and attenuated in others.
The amplitudes at the site in Durres are strongly reduced,

but the travel time is relatively short, just 1 h and 50min to
cover more than 400 km. In Venice the maximum amplitude
is just under 1m for the M=7.5 event, while a more real-
istic scenario with M=6.5 and a focal depth of 15 km pro-
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Table 9. Maximum amplitudes and travel times for the four sites of Zone 2. Scenarios are calculated for three values of magnitude, M=6.0,

6.5, 7.0, and three values of focal depth, H=10, 15, 25 km. Amplitudes are reported in meters. Amplitudes exceeding 1 m are written in bold

style.

M 6.0 6.5 7.0 Travel

H (km) 10 15 25 10 15 25 10 15 25 time (min)

Durazzo <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.05 0.02 0.01 178

Ortona 0.01 <0.01 <0.01 0.04 0.02 0.01 0.24 0.12 0.05 42

Venezia <0.01 <0.01 <0.01 0.02 0.01 0.01 0.13 0.07 0.03 135

Zara 0.01 <0.01 <0.01 0.03 0.01 0.01 0.15 0.08 0.03 84

Table 10. Maximum amplitudes and travel times for the four sites of Zone 3, offshore source case. Scenarios are calculated for three values

of magnitude, M=6.0, 6.5, 7.0, and three values of focal depth, H=10, 15, 25 km. Amplitudes are reported in meters. Amplitudes exceeding

1 m are written in bold style.

M 6.0 6.5 7.0 Travel

H (km) 10 15 25 10 15 25 10 15 25 time (min)

Durazzo <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.05 0.02 0.01 57

Ortona 0.01 <0.01 <0.01 0.07 0.02 0.01 0.41 0.13 0.04 26

Spalato 0.01 <0.01 <0.01 0.03 0.01 <0.01 0.16 0.06 0.02 68

Venezia <0.01 <0.01 <0.01 0.02 0.01 <0.01 0.10 0.03 0.01 215

Table 11. Maximum amplitudes and travel times for the four sites of Zone 4. Scenarios are calculated for three values of magnitude, M=6.5,

7.0, 7.5, and three values of focal depth, H=10, 20, 30 km. Amplitudes are reported in meters. Amplitudes exceeding 1 m are written in bold

style.

M 6.5 7.0 7.5 Travel

H (km) 10 20 30 10 20 30 10 20 30 time (min)

Ancona 0.01 <0.01 <0.01 0.06 0.02 0.01 0.34 0.13 0.04 149

Bari 0.02 0.01 <0.01 0.11 0.04 0.01 0.63 0.22 0.06 41

Durazzo 0.07 0.02 0.01 0.36 0.13 0.05 2.04 0.71 0.31 25

Ragusa 0.05 0.02 0.01 0.27 0.09 0.03 1.49 0.53 0.15 29

Table 12. Maximum amplitudes and travel times for the four sites of Zone 5. Scenarios are calculated for three values of magnitude, M=6.5,

7.0, 7.5, and three values of focal depth, H=10, 20, 30 km. Amplitudes are reported in meters. Amplitudes exceeding 1 m are written in bold

style.

M 6.5 7.0 7.5 Travel

H (km) 10 20 30 310 30 25 10 20 30 time (min)

Bari 0.02 0.01 <0.01 0.09 0.03 0.01 0.50 0.18 0.05 42

Durazzo 0.05 0.02 0.01 0.29 0.10 0.03 1.62 0.56 0.15 48

Ortona 0.02 0.01 <0.01 0.12 0.04 0.01 0.67 0.24 0.07 112

Ragusa 0.16 0.05 0.02 0.89 0.31 0.08 4.98 1.72 0.47 4
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/
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Fig. 8. Synthetic mareograms for Zone 3-b, magnitude, M=7.0.
Above: dip angle=45�; below: dip angle=75�. Blue line, d=10 km;
red line, d=20 km.

In particular a tsunami is reported in this area correspond-
ing to the 1511 earthquake. This event caused severe dam-
age to the buildings because of the strong shocks and also
may have generated a tsunami observed in the whole North-
ern Adriatic area, specially in Trieste, where the docks and
the lower city where inundated. The local chronicles report
the effects of the shocks and the inundation:

“Si sentirono orribilissimi terremoti, uno de’ quali,
il 26 marzo (1511), tra le ore due e le tre dopo mez-
zogiorno, spaventoso, due torri del porto atterro‘
con molte mura e case... molti villaggi restarono
rovinati, e si grande era l’accrescimento del mare,
che gli abitanti di Trieste si trasportarono ad allog-
giare sotto il castello (Kandler, 1863)3”.

This event is still cause of debate, since it is not clear
whether the inundation was directly caused by the earth-
quake. Our purpose is not to model in detail this specific
event, since our method is not suitable to simulate the sea
level displacement very near the coast. Thus further calcula-
tions, e.g. with numerical methods, may be needed to solve
this controversy.
The seismicity of this region is determined by the clash be-

tween the Adriatic plate and the Alps, the typical focal mech-
anism is thrust (Slejko et al., 1999). The typical focal depth
is about 8 km (ZS9). For the calculation of tsunami scenarios
we use as a starting point the parameterisation of the 1511
earthquake, as given by Fitzko et al. (2005) with magnitude

3Translation: “Terrible earthquakes were felt, one of them oc-
curred the 26th of March (1511) between two and three o’clock in
the afternoon, it knocked down two towers in the docks and many
walls and buildings (in Trieste)... many villages were reduced to
ravines and the sea level grew so much that the inhabitants of Tri-
este had to move under the castle”.

Table 7. Main parameters identifying the three sites of Zone 6.

Site Latitude Longitude Epicentral dist. R

Trieste (TS) 45.67� N 13.77� E 30 km, 50 km
Venice (VE) 45.45� N 12.35� E 130 km, 150 km
Ravenna (RA) 44.42� N 12.20� E 210 km, 230 km
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Fig. 9. Synthetic mareograms for Zone 6, magnitude, M=7.0.
Above: dip angle=45�; below: dip angle=30�. Blue line, d=20 km;
red line, d=40 km.

M=7.0. We first fix the distance of the source from the coast
to be d=40 km, the epicentral distance R=50 km for Trieste,
R=150 km for Venice and R=230 km for Ravenna and the
focal depth H=10 km. Successively more scenarios are cal-
culated reducing the distance of the source from the coast to
20 km and considering different values of magnitude (6.5 and
7.0). According to Pinat et al. (2005) two focal mechanisms
are considered: a T45 and a thrust fault with dipping angle of
30�. The relevant parameters identifying each site are listed
in Table 7. The synthetic mareograms calculated at the three
sites are shown in Fig. 9.

4 Discussion of results

We computed synthetic mareograms for a number of
tsunamigenic areas in the Adriatic Sea. Here we discuss first
the results obtained for the offshore source cases (zones 1,
2, 3-a, 4, 5) which were modeled with the modal approach,
then the results for the inland source cases (zones 3-b and 6),
studied with the Green’s functions approach.
All travel times reported in Tables 8-14 are for the maxi-

mum amplitude peak.

4.1 Offshore sources

We point out some general aspects resulting from the calcu-
lations; the effect of each parameter is considered keeping all

Nat. Hazards Earth Syst. Sci., 7, 309–325, 2007 www.nat-hazards-earth-syst-sci.net/7/309/2007/

Synthetic mareograms for Zone 6, magnitude, 
M=7.0. Above: dip angle=45°; below: dip angle=30°. 

Blue line, d=20 km; red line, d=40 km.
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Fig. 1. Bathymetric map of the Adriatic Sea. The bathymetric contours are drawn with a step of 20m in the range from 0 to –200m and
with a step of 200m in the range from –200m to –1200m. The contours of the six tsunamigenic zones are shown in red, the blue triangles
correspond to the 12 receiver sites, the stars correspond to the epicenters of the considered events (yellow: offshore, orange: inland).

focal mechanism is chosen so that it has the maximum effi-
ciency in generating tsunamis (in our modelling it is always a
thrust fault, oriented normally to the source-site path in order
to maximise the radiation in the direction of the site (Okal,
1988)). We calculate scenarios for three different values
of magnitude and focal depth, to estimate how the tsunami
generation is affected by the variation of these parameters,
which are the most relevant in determining the intensity of
the tsunami. For each source zone we choose a number of
sites (usually four) among the major towns on the Adriatic
coasts where we calculate the synthetic mareograms. The
bathymetry along each source-site path is extracted from a
bathymetric map1. The water depth at the sites where the
mareograms are calculated is always taken to be 50m.

1AdriaMed, 2001. The Geographical Management Units of the
Adriatic Sea. Paper presented at the GFCM-SAC Working Group
on Management Units (Alicante, 23–25 January 2001). FAO-
MiPAF Scientific Cooperation to Support Responsible Fisheries in
the Adriatic Sea. GCP/RER/010/ITA/OP-02: 12 pp. Available from
World Wide Web hhttp://www.faoadriamed.org/pdf/0P-02.zipi.

Table 1. Main parameters identifying the four sites of Zone 1.

Site Latitude Longitude Epicentral dist. R

Durres (DU) 41.32� N 19.45� E 404 km
Ortona (OR) 42.35� N 14.40� E 138 km
Split (SP) 43.52� N 16.43� E 90 km
Venice (VE) 45.42� N 12.37� E 331 km

3.1.1 Zone 1: Eastern Central Adriatic Sea and coasts of
Croatia

This zone includes the area South-East of the central Adri-
atic pit (or Jabuka pit) and the Croatian coasts from Zadar
to the island of Hvar. The seismicity of the coastal region is
determined by the subduction of the Adriatic plate under the
Dinarides (ZS9) while the seismicity of the central Adriatic
area is of intra-plate type (Slejko et al., 1999; Ivancic et al.,
2002). The typical fault mechanisms are thrust or strike-slip
and the focal depth ranges from 10 to 25 km. Most of the
zone is underwater and so macroseismic data are not abun-
dant. The maximum reported historical magnitude isM=6.1
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Fig. 8. Synthetic mareograms for Zone 3-b, magnitude, M=7.0.
Above: dip angle=45�; below: dip angle=75�. Blue line, d=10 km;
red line, d=20 km.

In particular a tsunami is reported in this area correspond-
ing to the 1511 earthquake. This event caused severe dam-
age to the buildings because of the strong shocks and also
may have generated a tsunami observed in the whole North-
ern Adriatic area, specially in Trieste, where the docks and
the lower city where inundated. The local chronicles report
the effects of the shocks and the inundation:

“Si sentirono orribilissimi terremoti, uno de’ quali,
il 26 marzo (1511), tra le ore due e le tre dopo mez-
zogiorno, spaventoso, due torri del porto atterro‘
con molte mura e case... molti villaggi restarono
rovinati, e si grande era l’accrescimento del mare,
che gli abitanti di Trieste si trasportarono ad allog-
giare sotto il castello (Kandler, 1863)3”.

This event is still cause of debate, since it is not clear
whether the inundation was directly caused by the earth-
quake. Our purpose is not to model in detail this specific
event, since our method is not suitable to simulate the sea
level displacement very near the coast. Thus further calcula-
tions, e.g. with numerical methods, may be needed to solve
this controversy.
The seismicity of this region is determined by the clash be-

tween the Adriatic plate and the Alps, the typical focal mech-
anism is thrust (Slejko et al., 1999). The typical focal depth
is about 8 km (ZS9). For the calculation of tsunami scenarios
we use as a starting point the parameterisation of the 1511
earthquake, as given by Fitzko et al. (2005) with magnitude

3Translation: “Terrible earthquakes were felt, one of them oc-
curred the 26th of March (1511) between two and three o’clock in
the afternoon, it knocked down two towers in the docks and many
walls and buildings (in Trieste)... many villages were reduced to
ravines and the sea level grew so much that the inhabitants of Tri-
este had to move under the castle”.

Table 7. Main parameters identifying the three sites of Zone 6.

Site Latitude Longitude Epicentral dist. R

Trieste (TS) 45.67� N 13.77� E 30 km, 50 km
Venice (VE) 45.45� N 12.35� E 130 km, 150 km
Ravenna (RA) 44.42� N 12.20� E 210 km, 230 km
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Fig. 9. Synthetic mareograms for Zone 6, magnitude, M=7.0.
Above: dip angle=45�; below: dip angle=30�. Blue line, d=20 km;
red line, d=40 km.

M=7.0. We first fix the distance of the source from the coast
to be d=40 km, the epicentral distance R=50 km for Trieste,
R=150 km for Venice and R=230 km for Ravenna and the
focal depth H=10 km. Successively more scenarios are cal-
culated reducing the distance of the source from the coast to
20 km and considering different values of magnitude (6.5 and
7.0). According to Pinat et al. (2005) two focal mechanisms
are considered: a T45 and a thrust fault with dipping angle of
30�. The relevant parameters identifying each site are listed
in Table 7. The synthetic mareograms calculated at the three
sites are shown in Fig. 9.

4 Discussion of results

We computed synthetic mareograms for a number of
tsunamigenic areas in the Adriatic Sea. Here we discuss first
the results obtained for the offshore source cases (zones 1,
2, 3-a, 4, 5) which were modeled with the modal approach,
then the results for the inland source cases (zones 3-b and 6),
studied with the Green’s functions approach.
All travel times reported in Tables 8-14 are for the maxi-

mum amplitude peak.

4.1 Offshore sources

We point out some general aspects resulting from the calcu-
lations; the effect of each parameter is considered keeping all
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Synthetic mareograms for Zone 6, magnitude, 
M=7.0. Above: dip angle=45°; below: dip angle=30°. 

Blue line, d=20 km; red line, d=40 km.
Maximum amplitudes and related arrival times for 

different depths and magnitude
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Table 14. Maximum amplitudes and travel times for the three sites of Zone 6, inland source case. Scenarios are calculated for two values of
magnitude,M=6.5, 7.0, two values of the inland distance of the source from the coast, d=20 km, 40 km and two values of the dipping angle,
dip=45�, 30�. Travel times reported are referred to maximum amplitude peaks. Amplitudes are reported in meters.

M 6.5 7.0 Travel
d (km) 20 40 20 40 time (min)

Trieste, dip = 45� <0.01 <0.01 0.02 0.01 7
Trieste, dip = 30� <0.01 <0.01 0.05 0.01 8
Venice, dip = 45� <0.01 <0.01 0.02 0.01 132
Venice, dip = 30� <0.01 <0.01 0.03 0.01 133
Ravenna, dip = 45� <0.01 <0.01 0.01 <0.01 189
Ravenna, dip = 30� <0.01 <0.01 0.01 <0.01 189

ous hazard for the population. The potentially most danger-
ous sources are located inland, so arrival times on the Italian
coasts would be too short (a few minutes after the shock) for
any alarm system to act efficiently.
In the Southern Adriatic Sea, the coasts of Southern Croa-

tia, Bosnia Herzegovina, Montenegro and Albania present
the highest seismicity in the Adriatic domain, with the possi-
bility of very strong events (M>7.0). Maximum amplitudes
calculated on the Eastern coast are of a few meters, but they
hardly reach 1 meter on the Western coast.

5 Conclusions

The results of our calculations suggest that a tsunami with
maximum amplitude up to a few meters can be expected also
in the Adriatic Sea, in agreement with a number of historical
events reported in the catalogues.
For the offshore sources, as expected, the maximum

tsunami amplitudes coincide with the highest magnitude of
the generating event and with the minimum focal depth.
An inland source is less efficient in the tsunamigenic effect

than an analogous offshore source. The maximum tsunami
height is caused by the closest-to-coast source with the high-
est magnitude. Fault mechanism, focal depth and water layer
thickness also affect tsunami generation and propagation.
Within the Adriatic Sea, the region most prone to generate

tsunamis seems to be the Eastern coast of the basin, where
the Adriatic plate presses against the Dinarides and the Al-
banides. Other regions where this phenomenon can occur
are the Gargano Peninsula, the Eastern coasts of Central Italy
and the Italian coasts on the Northern part of the basin.
Even though the cases of a smaller magnitude and deeper

event are more frequent (both in the case of offshore and in-
land sources), the use of the maximum credible values for
calculating the tsunami risk is fundamental in the framework
of protecting the Adriatic Sea coasts, specially in such a
small and densely urbanised area that do not allow enough
time to warn the population after a detection is made.
It has also to be taken into account that even if the seismic-

ity in the Adriatic area is not high, the sea tide is, on average,

twice that of the Mediterranean Sea and the coasts are gen-
erally quite shallow. In other words a modest tsunami wave
of a couple of meters, may superimpose to a high tide of the
order of the meter and thus cause major damages, if not loss
of life, in a large number of coastal urban settlements. Partic-
ularly in cases like this the identification of the tsunamigenic
sources driving the hazard is of great importance for a proper
tsunami risk assessment.

Appendix A

Catalogue of reported tsunami events in the
Adriatic Sea (from 58 BC to 1979 AD)4

This catalogue furnishes a collection of the reported tsunamis
within the Adriatic Sea, i.e. the Italian coasts from the Strait
of Otranto to the gulf of Trieste, the coasts of Slovenia, Croa-
tia, Serbia, Bosnia Herzegovina, Montenegro and Albania.
The events are obtained by cross-comparison between many
existing catalogues, in order to extract all the reported ones.
For each tsunamigenic event, when present in a catalogue, we
report: origin time, location, macroseismic intensity, mag-
nitude and the areas (within Adriatic basin) where tsunamis
have been reported. In the last column of the table, all the cat-
alogues in which some information on the event (earthquake
and tsunami) is reported, are listed; bold letters indicate the
main reference catalogue for that event (i.e. the catalogue
where the origin time has been taken from). Since in the
present catalogue more attention is paid to the tsunamis than
to the seismic events, the bold reference indicates always
the tsunami catalogue, and not the earthquake catalogue,
when contemporarily available. For some events there are no
records of a related tsunami (they are labeled as N.A.T.R.=
not available tsunami report) but they are included since their
location and magnitude suggest a tsunamigenic potential.

4Adapted from: Pinat, T., Romanelli, F., and Panza G. F.: “Cat-
alogue of reported tsunami events in the Adriatic Sea (from 58 BC
to 1979 AD)”, ICTP Internal Report 2005, IC/IR/2005/1
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Adriatic

Updating...
land threat level, as shown in Figure 3b, where the peak of the maximum values (black

line) is almost two meters high, thereby largely entering the red code zone.

The Albania-Northern Greece SZ (Fig. 3c) poses a threat comparable to that of

Montenegro. The marine threat level is reached on the entire coast stretch from Apulia up

Figure 3
Diagram of tsunami impact along the Italian coastlines of the Adriatic Sea following earthquakes generated by

the a) Croatia SZ, b) Montenegro SZ, c) Albania-Northern Greece SZ, d) Northern Apennines SZ, e) Apulia SZ,

and f) Kefallonia-Lefkada SZ. The profiles show maximum (black), average (blue) and average plus one
standard deviation (green) of the HMAXs (maximum water height above the mean sea level) aggregated for

each SZ. Horizontal scales are distances in kilometers: see Figure 4 for locating the diagram relative to the

coastline. Vertical scales are water heights in meters. Yellow, orange and red in the background show the

marine, land and severe land threat levels respectively (see text).

b

Figure 4

Combined threat levels posed by all SZs considered in this study (except for the Hellenic Arc), color-coded as in
Figure 3, and progressive distance (in km) along the target coastlines used for displaying the modeling results.

This map is intended for use in conjunction with Figures 3, 6 and 7.
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tectonics standpoint, the Adriatic Sea falls in the middle of the Adria plate that is being

pushed by Africa northward against stable Europe. Overall, the Adria is affected by

active compression and overridden by thrust belts on all sides.

The purpose of this work was to assess systematically the potential threat posed by

earthquake–generated tsunamis on the Italian coastline of the Adriatic Sea, following the

approach proposed by LORITO et al. (2008). To this end, we first compiled a database of

potentially-tsunamigenic earthquake faults, then used them as input in the preparation of

scenarios of maximum water height (above mean sea level) based on numerical

simulations of tsunami propagation. Potential tsunami sources were selected from the

seismogenic sources listed in version 3.0.4 of the Database of Individual Seismogenic

Figure 1

Tectonic sketch map of the Adriatic basin. The double-headed arrow indicates the floating path of the Typical

Faults (see Table 1 for their parameters). a) Coastal and Offshore Croatia; b) Montenegro; c) Albania - Northern
Greece; d) Northern Apennines; e) Apulia; f) Kefallonia-Lefkada. Selected major earthquakes discussed in the

paper are indicated. The traces of the cross sections in Figure 2 are also shown.

2118 M.M. Tiberti et al. Pure appl. geophys.,

Tectonic sketch map of the Adriatic basin. Combined threat levels posed by all SZs

Tiberti et al., 2009. Scenarios of Earthquake-Generated Tsunamis for the 
Italian Coast of the Adriatic Sea, Pageoph, 165, 2117–2142.



Building a culture of prevention is not easy.

 While the costs of prevention have to be 
paid in the present, its benefits lie in a distant 

future.
 

Moreover, the benefits are not tangible; they 
are the disasters that did NOT happen.

Kofi Annan, 1999 
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