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General

m Tsunami hazard is more and more studied

e since the 1940-1960’s in the Pacific Ocean, when and where the most
damaging tsunamis of the 20th century occurred

e since 2005, in any oceanic basin exposed

m Very few extreme tsunamis during about 40 years (1964-2004)
e Dbut frequent important tsunamis in the Pacific
e several unexpected tsunamis since 2004
e Dbuilding up warning systems (I0OC — Unesco)

® The risk society...
e in a growing coastal vulnerability



Outline

B Some generalities
e About tsunamis
e How do we assess hazard: data and numerical methods

®m Examples of tsunami studies
e What we did know before 2004: lessons from French Polynesia
e 2004: from Sumatra to the Indian Ocean
e Back to the Euromediterranean area
historical cases and probable scenarios

®m Tsunami warning
e Example of the French tsunami warning center



What is a tsunami?

Earthquake

Submarine landslide

Aerial landslide or collapse




Initial deformation of the sea surface

® [n any tsunami initiation

e the sea surface is vertically deformed, causing a perturbation of
the gravity potential energy

m Back to equilibrium: restoring gravity forces
e uplifts tend to go down
e depressions are filled
propagation of gravity waves, producing the tsunami

m A tsunamiis triggered by any "geologic" or "geophysical"
cause that initially disturbs the sea surface equilibrium



Earthquake

Submarine landslide

Aerial collapse

Different kinds of tsunamis

Earthquake magnitude > 7to 7.5
Source dimension ~ 100-800 km
Periods 15 to 40 minutes

The long wave energy is well

propagated far away from the source
considerable damage possible in far
field

Landslide source
Source dimension ~ 5-30 km

Periods 5 to 20 minutes

The tsunami energy is more
attenuated
huge damage but more locally
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Manzanillo (Mexico) 1995

® Magnitude Mw 8.0
m Source dimension ~ 200 km

® Wave heights
e 10 m (Mexico)
e 1 m (Marquesas, French Polynesia)
e 4 cm (Australia)




The tsunami phenomenon

B A tsunamiis an amplification, at the shore, of a gravity wave that has
propagated across the ocean
e small offshore amplitude (1-100 cm)
e large wavelength (10-500 km)
e large offshore celerity, c =+/gh
e periods 5 - 30 min

®m The cause is geophysical (submarine earthqualgcgsla'tnndshde

(source Japan Meteorological Agency website)



March 2011, Miyako

Why were the protection walls to

low ? :
h d Assessment and prevention
* hazard assessment - —  Seismological knowledge
How efficient was the warning? | 7
* sensor networks and message Characterizing an ongoing tsunami
issuing e )
How ready were the
populations? o Outreach, education
e education, outreach, exercises \\— ‘ o

How can we assess tsunami
hazard after 2004 and 20117




How can we observe tsunamis?

m Field data indicating the integrated maximum effect
e run-up, horizontal distance, coastal tsunami height
e few temporal indication
e but proxy for the source extension
+ the max run-up region €=>» extension of the rupture length
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m Temporal data : tide gauges
e deployed in harbours

e devoted to the study of astronomical tides
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m Sea bottom pressure gauges
o AP = pgAh : if AP & Ah

m Satellite altimetry: rare
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Example of a tide gauge recording a tsunami

MAREGRAMME REPRESENTANT
LENREGISTREMENT D'UN TSUNAMI

LA PERIODE DES ONDES .
D'UN TSUNAMI EST Period
GENERALEMENT COM-

PRISE ENTRE5ET 60 |
MINUTES !
|

irst arrivaD \’

DANS LE CAS PRESENT, LA
VAGUE INITIALE DU TSUNAMI
CORRESPOND A UNE BAISSE
OU CHUTE DU NIVEAU DE LA
MER. ELLE PEUT TOUTEFOIS

AUSS|I CORRESPONDRE A UNE
HAUSSE OU MONTEE.

e

SIGNAL CONJUGUE DU
TSUNAMI ET DE LA MAREE

............. SIGNAL DE LA MAREE
DIURNE

NIVEAU DE LEAU

>
TEMPS

POUR CORRIGER LE DOUBLE DE
LAMPLITUDE MAXIMALE DU
TSUNAMI IL CONVIENT D’EN

RETRANCHER L'EFFET DU
SIGNAL DE MAREE.

Peak to trough

amplitude of the

tsunami before
filtering
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Which kind of tide gauge data?

m Tide gauge sensors were usually designed to measure oceanic tides
e great improvement since 2005 in the sampling rate

e completing the operational networks

. . ' ' 50
Taiohae, Samoa 2009
25
1,
| i 1 |
: ! Wit 0
l x ' Ml |
_ -25
1 pt/2min
, ’ . , , . . . ’ -50
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E
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Examples in March 2011
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®m Japanese technology

Sea level variations
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m Historical catalogues are not
complete

e rather complete in the Pacific
(Japan, Peru..)

e partially in the Mediterranean
e heterogeneity in time

/12% 4% 90 4% \

59%

77%
Complete history

Xxe century

m Pacific Ocean
B Mediterranean Sea (incl. Black Sea)
Atlantic Ocean

wndian Ocean /

Why modeling tsunamis?

N .
NN, e
=L e H

Sladen et al., 2007

N

135° 180" 225" 270
Earthquakes generating transoceanic
tsunamis since 1586

® Modeling allows

e assessing probable or poorly
characterized scenarios

e defining impacts expected onshore
+ hazard mapping
¢ evcuation design

e following an ongoing tsunami

19



Tsunami modeling

m Earthquake : elastic dislocation

e deformation fully and instantaneously
transmitted to the sea surface

: :
m Navier Stokes equations oS M. = ULV
: : S>> o~ H
e long wave, shallow water approximation A>>h M, = 2/3 log (My) -10.73
o =gk tanh(kh) = ¢ =/ ~.gh Mo depincemen
urigidité

L (W) longueur (largeur) de la faille

w +V v +h)]=0

% +(VV)v=—qVn+xf

v=[u(x,y);v(x,y);0)]

g gravity
v horizontal speed

n sea elevation
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m A finite difference scheme

Jamelot, Allgeyer, Defief, 2010

T T e T e e S e

Solving the equations

adapted from Mader (1988 : explicit, monogrid) (Heinrich et al., 1996)

with an iterative Crank Nicolson scheme

multigrid : coupling of bathymetric grids with an increasing resolution

+ down to cell sizes of a few meters

since 2010 : parallel computing allowing High Performance Computing
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Bathymetric / topographic model

®m [n order to compute run-up heights
e requires to merge bathymetric and topographic data at a fine scale
e nowadays high resolution data are available (lidar data)

N
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Tsunamis in French Polynesia,1994-1996

B Between 1994 and 1996, 4 tsunamis reached the Marquesas Isalnds,
impacting with 2-3 m tsunami height (Chile, M,, = 8.1, 1995)

144 146° 148" 150°

292°

m Observations
e run-up 2 to 3 m for tsunamis from
Chile (1995, M, = 8.1) and Peru
(1996, M, = 7.5) wl

-22°
46°

24

e almost no amplification for tsunamis
from Kurile (1994, M,, = 8.3) and
Mexico (1995, M, = 8.0)

-26°

T N e e e e B

-1.0 -08 -06 -04 -02 -01 0.0 01 04 06 08 10 12 14 16 18 24
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Résultats des modeles

m Maximum water heights in Tahauku Bay s e _mww _merw arwo mraw
(H|Va Oa) -9’47'30"| Kurile, 1994 I I Chile, 1995 I
e in agreement with observations [ " I

| &

First order |lnfluence of | o 1 O |
e submarine bathymetric features T

(fracture zones, volcanic ridges..)

i (e, ou5Ly
o fault azimuth
Green’s law HY4 =

A B c D E
102
§
10'
120° 160°
10°
Kurile Taiohae Bay
Chile . . . . . .
—— Mexico 200 240 280 200 240 280
—— Peru FEm —
Mexico, 1995
A B ¢ D E
102 -
S
o
10
10°

il e - - - il ] m
Hane Bay Hakahau Bay 200’ 240° 280° 200’ 240°




Example of a hazard study

m For a Risk Prevention Plan
e project ARAI : Aléas et Risques naturels, Aménagement et Information
("protect" in Polynesian) (coord. BRGM 2005-06)

e historical data

e Seismotectonic zoning

e definition of threatening sources
deterministic methodology

® Numerical modeling
e high resolution data
e 6 coastal sites
e 5 sources

135  180° 225° 270°
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Seismic gap in North Chile

m Earthquake expected with

284° 286° 288° 290° 292° 294°

¢S

T=10h 25 min

B In the Marquesas

e Run-ups=> 11m
e Horizontal distance = 1000 m

8" 56' 00"

220" 28' 00" 220" 28' 30" 219" 57' 00" 26



Integrated results for coastal sites

21217 212°18'

m For various places and
selected sources
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e max S Chile
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beginning of the 2000’s Bao-tmeteam [
M --3m

e
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Sumatra, 26 December 2004

m Major thrust earthquake (Mw ~ 9.2) = major tsunami

B quite unexpected in the Indian Ocean
e high touristic vulnerability
e many pictures, videos..
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An outstanding offshore record

40° 60° 80° 100° 120°
m Observation within a few hours by . DT, ..
several altimetric satellites (Jason, ‘ B L S S S
Topex-Poseidon, Envisat, GFO) T

Ocec 0 ‘

m [nverting such data provides a picture
of the seismic source of the
earthquake

-20

®m This kind of record was quite unique N
e nothing to be compared with 2011 '

Tsunami (26/12/2004) - Jason—1 IGDR (Pass 129)

Sladen et Hébert, 2008
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Al Observations in north Sumatra

Measured tsunami height(m)

Banda Aceh 2005/1/30
g
30 30 B
59 north coast ;_20 g
@
10 ; i ;10 ‘g- ami Research Group !
0 | l ml H 0= |
8 R 8 © o512 95 18’ 9524 S
= 536" 5 36'
' west coast

Y -
©2005 USC Tsunami Research Group

T 524

3 9 2 © 9512 95 18

itsunami height



Project Tsunarisqu

Hauteur de vague
maximum {m)
. 15-20

© Hauteur de vague (m)
Direction de la

—> seconde vague
Ligne de
déferlement

Il Zone non inondée

ws=  Cours d'eau

Autaurs : F. Lavigne & R. Paris
Réalisation : juin 2005
Source : relevés de terrain
missions TSUNARISQUE
janvier et ao(t 2005

o Hauteur de vague (m;
 Direction de la
seconde vague
4— Backwash
Ligne de
défertement

- Barern

Auteurs : F. Lavigne & R. Paris
Réalisaton : juin 2005

Source : relevés de terain
missions TSUNARISQUE
janvier et 200t 2005
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g6 < g

Tsunami data



http://www.tsunarisque.cnrs.fr/

Banda Aceh / Lhok Nga

Simulation
Time=0 min

Merging of

the two flows

95.16° 952" 95.24° 95.28°

e ————— - O

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

—

Flow velocities from videos
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Banda Aceh / Lhok Nga

Simulation
Time=0 min

5.56° 5.56
5562 552
548 5.48

95.16° 952" 95.24° 95.28°

L e —— 0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Coastal impacts in La Réunion

m Several very local inundations, especially in
the west of the island I

m Influence of the slip heterogeneities

55.27° 55.28° 55.29° 55.27° 55.28° 55.29°
-20.93" - ‘ V5 ' -20.93'
Pointe des
Galets Ouest
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P 5
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@
-20'%
N
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.20.93° ; -30°

s e — I o

55.31° 55.32° 55.33° 2 5 10 20 30 40 50 80 100 120 150 200

modele hétérogéne modele homogene
[— 1 — I T

01 03 05 08 10 14 18 20 25 2.8 3.0 35



La Réunion

m Late tsunami arrivals
e moorings were broken for the Uruguay, twice during several hours
e more than 4 hours after the first arrivals
e material damage only

Okal et al., 2006
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Propagation history

m Multiple reflections?
e indicated by modelings mostly

. . . 40° 50° 60 70° 80 90" 100° 40° 50° 60° 70° 80" 90° 100
e less obvious in tide gauges ——— e S
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z-592 ——1¥ l LY
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(@) Mascarene Islands
5 el TA La Réunion (Fr)
Sal il MU
3 0 el % 1\ AWW
5 -20 i
B 40}
N
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c 5 3
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- 5 2 Q
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o M O 4 _;
4 o Y (]
(T 10._:. 80 's ‘q-.;
8 > +
6 oo 2 _ E
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‘ o e
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Another example of reflection in March 2011

m Tide gauges in French Polynesia-[~ ___
Sealevel at Hiva Oa (Marg: French Polynesia) station - (2,048 m) @

Sealevel at Nuku Hiva (Marg \:
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Focusing by bathymetric features

95° 100°
R LG m The area of Khao Lak —
Phukhet is more
exposed, dueto a
shallow submarine
focusing feature

90"

. 0 10 20

90" 95° 166° ot 5
(7 X ' A pa .
' . "< source hétérogéne . source homogeéne
[ SRR P o T o 3.5

- 15

10 20

0.02 005 0.10 020 030 040 060 080 100 150 200 4.00 6.00 2.02 005 0.10 020 030 040 060 080 1.00 150 2.00 4.00 6.00
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Tsunamis in the Mediterranean

B The Mediterranean is characterized by a complex tectonic context
of convergence
e Aegean subduction (Crete, Greece)
e major tsunamis already occurred in the past, but are rare
e magnitudes above 7 and 8 possible

m 365, Crete

- %’;&historical
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Example of a scenario in eastern Mediterranean

m The effects are restricted to the East

m Example of a scenario M, 8.0
e maximum impact : Greece, Lybia, Tunisia, Egypt, Turkey, Lebanon

0.02 0.05 0.08 0.10 0.15 9.20 0.30 040 0.50 0.80 1.00 3.00

T

-2000 -50 40 -30 -20 -05 05 20 30 40 50 2000



Convergence Europa-Africa

B Seismic activity
e sometimes submarine epicenters
e historical tsunamis: 1755, 1365, 1856

m Earthquakes in Boumerdes, May 2003 (M,, = 6.9)
e tsunami well observed in the Balearic

-10° 0° 10° 20°
1 1 1 1

1 N
TSUNAMIGENIC EARTHQUAKES
M<6.0 ,
6<=M<65

65<=M<70

O
O
() 70<=m<7s
O-

O M >= 8.0

- Amplitude greater than 1m

50°
n

|-I Amplitude smaller than 1m

L Ayadi et al., 2003

Medeoe a '{.}5,.
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Roger et al., 2011

El Asnam, 1980

® Modeling of tide gauges in Spain
e periods 15-20 min

e results consistent with a coseismic triggering (and not
turbidity flows)

1 Solovyev et al. (1992)
. 20 tsunami arrival (travel
m A lesson for warning procedures T
Earthquake (t=0) &
204 H
g 10
°
>
2 o
—
2
©
= -104
surface
elevation -20
(m) . ) e o
' : — real tide gaugdsignal filtered from tide signal
e -30 4 s 2 \— synthetic tide gauge signal (3 segments)
3 ' ' \— synthetic tide gauge signal (1 segment)
L 40 T T v T T T
0 2 4 6
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. -

Measurement locations of elevation changes from Ruegg et al. (1982)
/ Tectonic surface ruptures from Ouyed et al. (1981)
97 Main shock location (10.10.1980) from Dewey (1991)
¥ Main shock location (9.9.1954) from Dewey (1991)




Amplitude (m}

B Main axis
e trapping around islands

m Discussion on models

e Mmay require a stronger
source or located more
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The Balearic

m In the frame of the EC FP6 TRANSFER project, a hazard assessment
was carried out for Palma (Majorca)

m 24 earthquake scenarios along the Norh Africa margin
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Hazard assessment in the Balearic

m Palmais moderately exposed to this kind of sources
e local inundations possible

m Rather more protected than the SE coastline of Majorca
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Scenarios in the Atlantic

m 1755 : atransoceanic tsunami T
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e complementary to fine models

m Question —
e How to account for a Mw 8.5 earthquak
with such a small fault?
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1755: impact in France

m A key tsunamigenic area in NE Atlantic

m Not documented for French coastlines
e observations in Lesser Antilles (run-up 1 to 5 m)
o a comprehenswe historical study is necessary, with in situ investigations

effets en France ?
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Towards France

m Example with source parameters from Baptista (2003)

e focusing towards Ireland and GB
e to aless extent towards French Brittany

® Models towards La Rochelle
e protected harbour, but larger amplitudes explained to the west of the islands

+ no major flooding
+ difficult to distinguish from storm deposits
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Tsunami Warning Systems

m National context
e national funding

e national consortium with relevant actors in seismology , ea level monitoring,
operational infrastructure

m Within an international frame

e working groups and coordination with Intergovernmental Coordination Groups
set up by I0OC

e between warning centers

20 oy 4 i ol

INDIAN
OCEAN




Tsunami Alert System — Operational Part

MONITORING

ALERT

1. Earthquake Detection
=> Seismological monitoring network

2. Tsunami Detection
=> Sea level monitoring network

3. Data analysis, threat evaluation

4. Monitoring of the whole system capability

5. Elaborate and transmit alert messages
=> Alert Centre(s) — Alert, exercises and test
procedures
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Level of warning

INTERNATIONAL

5,5 <Mw<6,0

6,0<Mw<6,5

6,5<Mw<7,0

Mw 27,0

FRANCE

YELLOW

YELLOW
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Secured operational network

Optimal cooperation between seismic station network operators

Cooperation in progress for tide gauge network operators

Private telecommunication
network for data transmission
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Upgrade of tide gauges (SHOM)
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The CENALT, automatic detection and interactive

processing
Earthquake detection in real time: time origin, Continuous sea-level data reception
association, automatic location, magnitude calculation Historical events database
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- Data and communications flow _ _ _ _
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The CENALT, real time hazard assessment and
scenario database

Using the precalculated scenario database, determining min and max sea levels

Creating a map of the event
Example with the Boumerdes 2003 earthquake

Risque de tsunami destructeur
Risque de tsunami

Faible vague

Hors perimetre
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The CENALT : a unigue training exercise

U Need to hire a team of 7 analysts for the shifts

U Need to train them intensively over a 6-month period in :

-

- Seismology, tectonics

- Signal processing

- Earthquake and tsunami hazard
- Sea-level measurement

- Use of CENALT software

U Need to evaluate the training :
- Heavy load of hands-on exercises
- Tests based on real events

O Three months of complete testing (April — June 2012)

O In the future, ensure continuous training although the team is taking shifts
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1. Earthquake Detection

2. Tsunami Detection

_ 3. Data analysis, threat evaluation

151 events® in the NEAM region
1147 events* at a global scale

4. Monitoring of the whole system capability

* From July 1st to October 19, 2012
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CENALT is fully operating since July
2012 as National tsunami warning center
(NTWC) and Candidate tsunami watch
provider (CTWP).
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Conclusions

® Major tsunamis can occur in places where the hazard was
underestimated

e but seismological and seismotectonic analyses help to define tsunami-prone
areas (e.g. there is no subduction zone near France....)

® Numerical modeling greatly helps to refine hazard assessment
e provided uncertainties are controlled
e Wwith accurate data at the shore

m First order influence
e magnitude, mechanism, fault azimuth
e slip heterogeneities
e bathymetric features

® We need
e more historical data for areas weakly exposed
e improvement of high performance computing for warning
e multidisciplinary approaches
e more outreach and preparedness
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