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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.



The DART II® system consists of a 
seafloor bottom pressure recording (BPR) 

system capable of detecting tsunamis as 
small as 1 cm, and a moored surface buoy 

for real-time communications. 

DART II has two-way communications 
between the BPR and the Tsunami 

Warning Center (TWC) using the Iridium 
commercial satellite communications 
system. The two-way communications 

allow the TWCs to set stations in event 
mode in anticipation of possible tsunamis 

or retrieve the high-resolution (15-s 
intervals) data in one-hour blocks for 

detailed analysis.

 DART II systems transmit standard mode 
data, containing twenty-four estimated 

sea-level height observations at 15-minute 
intervals, once very six hours.

NOAA 

Dart buoys



Tsunami wave characteristics
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Fig. III-1-11 Characteristics of tsunami wave observed at off southern Iwate pref. for the main shock. 
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� First tsunami wave consists
of two phases.

� 15 minutes later after the 
main shock (Mj9.0), sea 
level rose 2 m in 6 minutes, 
then 4 m in 4 minutes.
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Soma (Fukushima)*      
Miyako (Iwate)*             
Ofunato (Iwate)*            
Ishinomaki (Miyagi)*     
Oarai (Ibaraki) 
Kamaishi (Iwate)*            
Mutsu (Aomori)   
Nemuro (Hokkaido)        
Tokachi (Hokkaido)*    
Urakawa (Hokkaido)      

March 11, 14:55 JST +0.3m
March 11, 14:48 JST +0.2m
March 11, 14:46 JST  -0.2m
March 11, 14:46 JST +0.1m
March 11, 15:15 JST +1.8m
March 11, 14:45 JST  -0.1m
March 11, 15:20 JST  -0.1m
March 11, 15:34 JST  slight
March 11, 15:26 JST  -0.2m
March 11, 15:19 JST  -0.2m

Station name                          First tsunami             Maximum height of tsunami

Observed Tsunami (time and height)

March 11, 15:51 JST +9.3m<=
March 11, 15:26 JST +8.5m<=
March 11, 15:18 JST +8.0m<=
March 11, 15:26 JST +8.6m<=
March 11, 16:52 JST +4.2m
March 11, 15:21 JST +4.1m<=
March 11, 18:16 JST +2.9m
March 11, 15:57 JST +2.8m
March 11, 15:57 JST +2.8m<=
March 11, 16:42 JST +2.7m

*Maximum height of tsunami cannot be retrieved so far to the troubles.
Actual maximum height might be higher.

Maximum height of tsunami

Fig. III-1- 9 A tsunami wave observed at off southern Iwate Pref.. 
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Tsunami waveform record from GPS buoy data off southern Iwate Pref. (204m off 
Kamaishi)

11th March

� The maximum wave height was 6.7 m (first wave) off southern Iwate Pref. at 15:12.
� First tsunami wave was extremely  high.
� Wave period

First to third tsunami wave: irregular period
Fourth to seventh tsunami wave: about 50 minutes period 

� Total amount of rose in average sea level were 55 cm after the earthquake. 

Data analysis

GPS buoy

Collect data in 
real time

Observation center 
(PARI)

Information 
service 

Off southern 
Iwate Pref.

The System of Offshore Wave 
Monitoring Network by GPS 
Buoy system

Fig. III-1-10 Map showing observed tsunami height (quoted from the paper preparing for the ������������"	���������������  
district ! ���������������
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Tsunami data 

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm
http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm


Tsunami data 

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm
http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm


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


Distribution of tsunami heights

Southern Sanriku

By: Dr.Tsuji, Dr.Satake, Project Researcher: Ishibe, Project Researcher: Nishiyama

Northern sanriku – comparison with the tsunami 
in Meiji period and Showa period

http://www.jishin.go.jp/main/index-e.html
http://www.jishin.go.jp/main/index-e.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

Tsunami Propagation  
The red color means that the water surface is higher than 

normal sea level, while the blue means lower. 

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


Tsunami data and simulations



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


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 animation - NOAA



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).

Okal and Synolakis Page 2

Bottom uplift 
&

Waterberg 
formation

Center of mass falls...

Potential 
energy goes to 
tsunami energy

a

  

� 

λ >> H >> a

Wavelength

  

� 

λ
H

~ 40;  H
a

~ 3 ⋅103

Tsunami is a shallow-water 
gravity wave with great 

wavelength and tiny 
amplitude

  

� 

ET = 1
2
ρgLλ(δh)2

  

� 

L ~ 106m;  λ ~ 104m;  δh ~ 5m

Energy

  

� 

ER ≈ 1018J ≥ 102ET

  

� 

ER ≈ 4.8 + 1.5M



Navier-Stokes equations

Newton’s law + +

    
ρ ∂v
∂t

+ρ(v ⋅grad)v = −grad(P) − ρgrad(φ) +

    
+ηΔv + (η+ ′ η )grad div(v)( )

and in the incompressible case...

    

∂Ω
∂t

+ rot(Ω× v) = η
ρ
ΔΩ

Conservation of matter Viscosity



Gravity waves: dispersion

and the boundary at the top gives the dispersion relation for  incompressible, 
irrotational, small amplitude “gravity” waves:

  

� 

F(z) =2Ae-khcosh k(z + h)[ ]

  ω
2 = kg tanh(kh)[ ]

  

� 

c = g
k

= gλ
2π

  

� 

u = ∂ω
∂k

= 1
2

c = 1
2

g
k

= 1
2

gλ
2π

deep water (kh goes to infinity)

  ω
2 = kg

shallow water (kh goes to zero)

  ω
2 = k2gh

  

� 

c = gh

  

� 

u = ∂ω
∂k

= c = gh



Tsunami eigenvalues & eigenfunctions



Dispersion & Non linearity
The dynamics of water waves in shallow water is described 
mathematically by the Korteveg - de Vries (KdV) equation

u=u(x,t) measures the elevation at time t and position x, i.e. the height of the 
water above the equilibrium level

Dispersive term

  ut + uxxx = 0

Nonlinearity

  ut + u ux = 0

KdV

  ut + uxxx + u ux = 0





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.

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

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



Modal approach: formulation

Equations of motion

∂t
2u = α2∇ ∇ • u( ) - g ∇ • u( )

∂t
2u = α2∇ ∇ • u( ) - β2∇ × ∇ × u( ) - g ∇ • u( )

Boundary conditions

α2∇ ∇ • u( ) - gw = 0

wm zm( ) = wm+1 zm( );um zm( ) = um+1 zm( )
σm zm( ) = σm+1 zm( );τm zm( ) = τm+1 zm( )

w
−1 z0( ) = w1 z0( )

p
−1 z0( ) = σ1 z0( );0 = τ1 z0( )

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( )

Free surface

L-th liquid layer

j-th liquid layer

1-st liquid layer

1-st solid layer

m-th solid layer

N-th solid layer

z

z-L

z-L+1

z-j

z-j+1

z-1

z0

z1

zm

zm+1

zN-1

zN

halfspace



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. 



Tsunami signature in the ionosphere
By dynamic coupling with the atmosphere, acoustic-

gravity waves are generated

Traveling Ionospheric Disturbances (TID) can be 
detected and monitored by high-density GPS networks 



Tsunami signature in the ionosphere
Hines (1960): atmospheric Internal Gravity Waves

 
Peltier & Hines (1972): can generate ionospheric signatures 

in the plasma

Lognonné et al. (1998): Analytical Coupled model

Artru et al. (2005): ionospheric imaging can detect tusnami 
signatures. GPS JAPAN net was used to map Chilean 

Tsunami of 2001

Occhipinti et al. (2006): Sumatra tsunami mapped

Three-dimensional waveform modeling of ionospheric signature 
induced by the 2004 Sumatra tsunami 

Giovanni Occhipinti, Philippe Lognonné, E. Alam Kherani and Helene Hebert
GRL, 2006, 33



Tsunami signature in the ionosphere

Normalized vertical velocity Perturbation in the ionospheric plasma

Tsunami-generated IGWs and the response of the ionosphere to 
neutral motion at 2:40 UT.



Measurement of tsunami waves

Tsunami records and their f-t diagram: 
solid line (E) is the time of main shock, 

dashed line (TA) is Tsunami arrival

The 26 December 2004 Sumatra Tsunami: Analysis of Tide 
Gauge Data from the World Ocean Part 1. Indian Ocean 

and South Africa

Alexander B. Rabinovich and Richard E. Thomson

Tide gauges can measure TW 
along the coast...



Measurement of tsunami waves

ocean bottom sensors

(pressure gauges & seismometers)

Seismic Records of the 2004 
Sumatra and Other Tsunamis: A 

Quantitative Study

Emile A. Okal

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.



Measurement of tsunami waves

ocean bottom sensors 

hydrophones 
(towards “high” frequency bands...)

a) Raw time series
b) spectrogram

c) close-up of the tsunami branch and 
comparison with
w2=gktanh(kH)

Quantification of Hydrophone Records of 
the 2004 Sumatra Tsunami

Emile A. Okal, Jacques Talandier and 
Dominique Reymond

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.

http://www.springerlink.com/content/?Author=Jacques+Talandier
http://www.springerlink.com/content/?Author=Jacques+Talandier
http://www.springerlink.com/content/?Author=Dominique+Reymond
http://www.springerlink.com/content/?Author=Dominique+Reymond


Measurement of tsunami waves

NOAA

ocean bottom sensors (pressure gauges or seismometers)

sea level measurement (GPS receivers on buoys)

satellite altimetry

Tide gauges can measure TW along the coast, but their detection in open 
ocean is challenging, due to their wavelengths and amplitudes.



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



Tsunami modelling research

Develop numerical models for faster and more 
reliable forecasts of tsunamis propagating through the 
ocean and striking coastal communities. 

Provide assistance to the Tsunami Warning Centers 
(TWC) in the form of Forecast Modeling software 
products specifically designed to support the Tsunami 
Warning Center’s forecasting operations. 

Inundation Modeling to assist coastal communities in 
their efforts to assess the tsunami hazard and mitigate 
the risk.



Tsunami forecast model

Arrival time
Height

Inundation area

Inundation maps

Inundation modelling

maximum wave height and maximum current speed as a function of location, 
maximum inundation line, as well as time series of wave height at different 

locations indicating wave arrival time

Generation of a database of pre-computed 
scenarios from potential sources



http://nctr.pmel.noaa.gov/model.html

Inundation of the Aonae peninsula during the July 12, 1993 Hokkaido-Nansei-Oki 
tsunami computed with the MOST inundation model.

http://nctr.pmel.noaa.gov/model.html
http://nctr.pmel.noaa.gov/model.html
http://nctr.pmel.noaa.gov/titov97.html
http://nctr.pmel.noaa.gov/titov97.html
http://nctr.pmel.noaa.gov/titov97.html
http://nctr.pmel.noaa.gov/titov97.html
http://www.pmel.noaa.gov/pubs/PDF/tito1927/tito1927.pdf
http://www.pmel.noaa.gov/pubs/PDF/tito1927/tito1927.pdf


New York City Tsunami from M7 Quake

Courtesy of Steven Ward: http://www.es.ucsc.edu/~ward/

http://www.es.ucsc.edu/~ward/
http://www.es.ucsc.edu/~ward/


Atlantic Ocean Asteroid Tsunami Simulation - 3d

Courtesy of Steven Ward: http://www.es.ucsc.edu/~ward/

http://www.es.ucsc.edu/~ward/
http://www.es.ucsc.edu/~ward/


1958 Lituya Bay Landslide

Courtesy of Steven Ward: http://www.es.ucsc.edu/~ward/

http://www.es.ucsc.edu/~ward/
http://www.es.ucsc.edu/~ward/


1958 Lituya Bay Landslide

Courtesy of Steven Ward: http://www.es.ucsc.edu/~ward/

http://www.es.ucsc.edu/~ward/
http://www.es.ucsc.edu/~ward/


Santorini Tsunami Simulation 3D

Courtesy of Steven Ward: http://www.es.ucsc.edu/~ward/

http://www.es.ucsc.edu/~ward/
http://www.es.ucsc.edu/~ward/
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tion (14) also incorporates new geometrical

spreading G(r), and shoaling factors SL(ω,r). In a

flat, uniform ocean, 1/ r  amplitude losses occur

due to geometrical spreading. The new

G(r) =
rLo

L(r)
   (16)

accounts for topographic refraction that makes

wave amplitudes locally larger or smaller. Fig.

10 cartoons typical refraction cases and gives

meaning to (16) as being the ratio of cross-

sectional distances L0 and L(r) between adjacent

rays measured near the source and near the ob-

servation point. Refraction might amplify or at-

tenuate tsunami height by 50% over flat-ocean

results. However, because only a finite amount

of wave energy exists to disperse, concentrating

it at one site, by necessity, robs it from another.

When viewed regionally, refraction effects aver-

age out.

V.  Tsunami Shoaling

Toward shore, real oceans shallow and the waves

carried on them amplify. Often, the processes of

wave amplification are lumped and labeled “run-

up”. Run-up has linear and non-linear elements.

For the shoaling factor in (14), linear theory

gives

SL( ,r) =
u( ,h(r))

u( , hs)
  (17)

Shoaling amplification depends on the ratio of

group velocity at the nucleation-site and the

coast-site (ocean depth h and hs respectively). As

does G(r), SL naturally reverts to one in oceans

of uniform depth. Fig. 11 shows the effect of

shoaling on a tsunami wave of 150s period. Ini-

tially, a unit height wave begins to come ashore

from 4000m of water at the left. As the water

Figure 12. Shoaling amplification factor for ocean waves

of various frequencies and source depths.

Figure 11. Effect of shoaling on tsunami eigenfunctions.

The shallowing ocean near shore concentrates wave energy

into smaller and smaller volumes. Tsunami amplitudes

grow in response.

How does one infer the likelihood of a tsunami of a certain amplitude, 
striking a certain location within a certain time interval?

1) H(M,r)                                            2) Hcrit= H(Mc,r)(hs/Hcrit)1/4

Ward: Tsunamis 10

model them by using the most efficient focal

mechanism (thrusting on 45o dipping fault that

reaches to the sea floor) and observe them in the

direction of maximum radiated strength (perpen-

dicular to the strike of the fault. The cross sec-

tions of Fig. 5a duplicate these circumstances.

The maximum tsunami calculation also supposes

uniform moment release on typical-sized planer

faults with lengths and widths taken from Table

1. (Be aware that a principal concern in tsunami

forecasting are “anomalous earthquakes” -- those

whose mean slip, fault size, or shape, don’t

match well with Table 1, or those with highly

non-uniform slip distributions.) The bottom

bound of the shaded areas in the Fig. 7 traces

maximum open-ocean tsunami height from typi-

cal earthquakes in the magnitude range 6.5, to

9.5. The shaded areas include a factor-of-two

excess, and probably give a good representation

of peak open-ocean tsunami height Amax

ocean
(M,r)

including most anomalous earthquakes.

In the open-ocean, maximum tsunami heights

vary from a few cm to 10-15m as Mw grows

from 6.5 to 9.5. Compare the near-source am-

plitudes in Fig. 7 with the corresponding Δu in

Table 1. As a rule of thumb, maximum tsunami

amplitude in the open ocean can not be much

greater than the earthquake’s mean slip. This rule

makes sense because the generated waves can

not be much bigger than the amplitude of the

seafloor uplift, and the seafloor uplift can not be

much greater than the mean slip on the fault.

Actually, earthquakes of magnitude less than

M7.5 even have trouble making tsunamis as

large as Δu. Their small faults can only deform

an area of the same dimension as the ocean

depth, so the 1/cosh(kh) low pass ocean filter

takes a toll.

Fig. 7 shows that far from the large earthquakes,

tsunami waves drop in amplitude with distance

roughly like r-.3/4; that is, if you double the dis-

tance the wave travels, the amplitude shrinks by

2-3/4=0.6. The amplitude decay rate is the product

of two terms: a r-1/2 factor that stems from geo-

metrical spreading of the waves in ever-growing

rings, and a factor r-χ due to frequency dispersion

that pulls apart of once pulse-like waves. The

dispersion decay factor χ falls between 1/8 to 1/2

depending on the frequency content of the tsu-

nami. Spatially larger (or deeper) deformation

sources produce longer waves that are less af-

fected by dispersion, so waves from them decay

more slowly with distance. You can see the in-

Figure 7. Computed maximum open-ocean tsunami height

Amax

ocean
(M,r) versus distance from earthquakes of magni-

tude 6.5 to 9.5. The gray areas include an allowance for

anomalous events. Ocean depth is 4000m. These curves do

not include shoaling amplification factor SL.



PTHA

Slides taken from Tsunamis, by S. Ward, in 
 “Encyclopedia of Physical Science and Technology” - Academic Press - 2002

  

� 

n(M)dM
Mc (r,Hc )

Mmax

∫

  

� 

P(rs,T,Hcrit ) = 1− e−N(rs ,Hcrit )T

  

� 

N(Hcrit,r,hs)dA
r(hs )
∫                                4) N(Hcrit,hs)=

5) Poissonian probability of one or more tsunami arriving at 
rs and exceeding Hcrit in time interval T 

How does one infer the likelihood of a tsunami of a certain amplitude, 
striking a certain location within a certain time interval?

1) H(M,r)                                            2) Hcrit= H(Mc,r)(hs/Hcrit)1/4

3) N(Hcrit,r,hs)=
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Probabilistic Analysis of Tsunami Hazards*
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Abstract. Determining the likelihood of a disaster is a key component of any comprehensive
hazard assessment. This is particularly true for tsunamis, even though most tsunami hazard
assessments have in the past relied on scenario or deterministic type models. We discuss
probabilistic tsunami hazard analysis (PTHA) from the standpoint of integrating computa-
tional methods with empirical analysis of past tsunami runup. PTHA is derived from prob-
abilistic seismic hazard analysis (PSHA), with the main difference being that PTHA must
account for far-field sources. The computational methods rely on numerical tsunami propa-
gation models rather than empirical attenuation relationships as in PSHA in determining
ground motions. Because a number of source parameters affect local tsunami runup height,
PTHA can become complex and computationally intensive. Empirical analysis can function in
one of two ways, depending on the length and completeness of the tsunami catalog. For site-
specific studies where there is sufficient tsunami runup data available, hazard curves can
primarily be derived from empirical analysis, with computational methods used to highlight
deficiencies in the tsunami catalog. For region-wide analyses and sites where there are little to
no tsunami data, a computationally based method such as Monte Carlo simulation is
the primary method to establish tsunami hazards. Two case studies that describe how
computational and empirical methods can be integrated are presented for Acapulco, Mexico
(site-specific) and the U.S. Pacific Northwest coastline (region-wide analysis).

Key words: tsunami, probabilistic hazard analysis, seismic hazard analysis, Monte Carlo, tide
gauge, empirical, power-law

1. Introduction

Both deterministic and probabilistic analysis have been used in the past to
assess the hazards posed by tsunamis, depending on the objective. For
example, tsunami evacuation maps have recently been derived from tsu-
nami inundation maps based on the maximum credible tsunami for a given
region (i.e., deterministic scenarios). Insurance applications, in contrast,
typically focus on the 1% annual probability of exceedance or the 100-year
base flood standard (U.S. Interagency Advisory Committee on Water
Data, 1982). Other land-use planning objectives may consider other proba-
bilistic standards such as the 10-year or 500-year floods (10, 0.2% annual

* The U.S. Government’s right to retain a non-exclusive, royalty-free license in and to any
copyright is acknowledged.

w Author for correspondence: E-mail: egeist@usgs.gov

Natural Hazards (2006) 37: 277–314 ! Springer 2006
DOI 10.1007/s11069-005-4646-z

Pageoph (2007) 164, 2-3

Tsunami assessment for Risk management at nuclear 
powerplants

Yanagisawa et al.



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.



Worst Credible Tsunami Scenario approach

Identification of credible sources capable of 
producing the most significant tsunamis in the target 
area 

Simulation the propagation of the associated 
tsunamis and computation of the inundation in the 
target area 

Build of a unique aggregated scenario by combining 
together all of the computed scenarios: selection of 
the maximum value of a given physical variable (e.g. 
height)

Subjectivity and the related uncertainties can be 
treated in this paper by performing a sensitivity 
analysis



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...

!
!

!

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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Expectations...
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“Estimated magnitude and 
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.


