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Gravity waves: dispersion

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

Tsunami eigenvalues & eigenfunctions



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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Bottom uplift 
&

Waterberg 
formation

Center of mass falls...

Potential 
energy goes to 
tsunami energy

a

Wavelength

λ
H

~40 ;  
H
a

~3 ⋅103

λ >>H >> a

Tsunami is a shallow-water 
gravity wave with great 

wavelength and tiny 
amplitude

Energy

logE
R
≈ 5.0 +1.5M

E
T
= 1
2
ρgLλ(δh)2

L ~106m;  λ~104m;  δh~5m

E
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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



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

December 26, 2004 Indonesia (Sumatra) - Global tsunami 
propagation

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


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/titov97.html
http://nctr.pmel.noaa.gov/titov97.html
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/


Atlantic Ocean Asteroid Tsunami Simulation - 3d

Courtesy of Steven 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/


1958 Lituya Bay Landslide

Courtesy of Steven 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/


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 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_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


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


Distribution of tsunami heights (upd)
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rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A373:20140373

.........................................................
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Figure 2. (a) The measured heights of the 2011 Tohoku tsunami [22] and historical Sanriku earthquake tsunamis (1611, 1896
and 1933 events). The historical tsunami data were provided by Japan Tsunami Trace Database [24] maintained by Tohoku
University and the Japan Nuclear Energy Safety Organization (JNES). Black dots on the coastline indicate the points of the 2011
tsunami heightmeasurement. The tsunami run-up height reached up to 40m in Iwate prefecture. (b) The extent of the tsunami
inundation zone with the measurement of the run-up heights at tsunami inundation limit in Sendai Coast [23].

significant feature of the 2011 tsunami was the wide extent of the inundation zone; for example,
on the Sendai plain (figure 2b), the tsunami inundated more than 5 km inland, causing devastating
damage to populated areas and rice fields. These features implied that the 2011 earthquake
was probably a combination of the 1896 Sanriku ‘tsunami earthquake’ and a Jogan-type deeper
interplate earthquake [14].

Tsunami inland penetration with strong inundation flow causes damage to infrastructures,
forests, buildings and humans. Measurements of tsunami inundation flow velocities on land were
quite rare, and it was thus difficult to understand what really happened in the devastated area
and to identify the cause and mechanisms of structural destruction by tsunami inundation flow.
Thanks to the recent advances of hand-held video cameras and mobile phones, however, many
tsunami survivors have attempted to capture the moment of tsunami attack on their communities
and have uploaded videos to the Internet (we should note that taking photos or videos of a
tsunami should only ever be done from a position uphill, never from a beach). Applying a video
analysis technique, the tsunami flow velocity can be determined to understand the characteristics
of tsunami inland penetration and impact on structures [25–30].

Koshimura S, Shuto N. 2015 Response 
to the 2011 Great East Japan 

Earthquake and Tsunami disaster. Phil. 
Trans. R. Soc. A 373: 20140373. 



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://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/
http://supersites.earthobservations.org/honshu.php


Tsunami animation - NOAA



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.



Tsunami signature in the ionosphere

Liu, J.-Y., C.-H. Chen, C.-H. Lin, H.-F. Tsai, C.-H. Chen, and M. Kamogawa (2011), 

Ionospheric disturbances triggered by the 11 March 2011 M9.0 Tohoku earthquake, 


J. Geophys. Res., 116, A06319, doi:10.1029/2011JA016761.



Risk, Hazard & Vulnerability

Risk Hazard Vulnerability*=

Nature decided, and can be 
assessed

Man decided, and can be reduced

set of i-events with 
possible adverse 
consequences 

associated 
intolerable 

consequences

associated probabilities of 
their occurrence

R=⟨Ni, Pi,Ci⟩



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.
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rsta.royalsocietypublishing.org
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Figure 1. Globalmapof locations of historical tsunamis (circles) andDART stations (triangles) operatedbyninenations. Tsunami
generation locations since 1650 are indicated by circles where red indicates destructive tsunamis and yellow indicates tsunamis
causing little damage. The larger the circle, the larger the earthquake. Coloured lines indicate major identified faults and plate
boundaries. Subduction zones are identified as red lines. Ovals indicate four major regional tsunami warning systems that
together comprise the global system.

Table 1. Evolution of tsunami warning systems AFTER major tsunamis.

tsunami resulting tsunami warning system
1896 Japan Japan-1941

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1946 Alaska, USA USA-1949
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1952 Kamchatka, Russia Russia-1954
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1960 Chile International Pacific Basin-1965
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1964 Alaska, USA French Polynesia-1965
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2004 Sumatra, Indonesia Global- 2007
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The evolution of tsunami warning systems, however, has stronger correlation with destructive
tsunamis than with assessing coastal risks. That is, after a damaging tsunami, the affected country
takes action to protect its citizens and properties (table 1). In this review, we explore the evolution
of science and technology used in tsunami warning systems, the evolution of their products using
warning technologies, and offer suggestions for a new generation of warning products, aimed at
the flooding hazard, to reduce future tsunami impacts on society.

Tsunamis are a series of long waves, generated by underwater earthquakes, landslides,
slumps, volcanic eruptions, meteorological events and asteroid impacts, which violently flood
adjacent and distant coastlines with devastating impact to coastal communities [4–7]. Tsunamis
can be roughly classified as local, where coastal residents feel an earthquake and have only
minutes before the tsunami begins flooding, or distant, where coastal residents do not feel the
earthquake and have an hour or more before tsunami flooding commences. The evolution of
tsunami warning systems began in the 1940s with a local tsunami warning system in Japan and a
distant tsunami warning system in the USA. It then evolved in response to major tsunamis in 1946
Unimak, 1952 Kamchatka, 1957 Aleutian, 1960 Chile, 1964 Alaska, 1993 Japan, 1998 Papua New
Guinea, 2004 Indian Ocean, 2010 Chile and 2011 Japan. The 2004 Indian Ocean tsunami, which
killed over 235 000 people, was the watershed event that called for global action [8]. This evolution
can be classified as (i) Pacific; earthquake-centric before the 26 December 2004 Indian Ocean tsunami
and (ii) global; tsunami-centric after the world witnessed the horrific impacts of this deadly



TEW - Japan
At night on 12 July 1993, an earthquake off the west coast of Hokkaido 
generated a huge tsunami. The southernmost area of Okushiri Island was 
completely devastated by the 11m tsunami, even though the area was protected 
by 4.5m seawalls. 

In 1997, the Japan central government council, which consists of seven ministries, 
issued a guideline for comprehensive tsunami countermeasures that should be 
taken as part of regional tsunami disaster prevention. 
In those guidelines, three basic concepts of tsunami countermeasures were 
recommended: 

(i) building seawalls, breakwaters and flood gates to protect lives and properties; 

(ii) urban planning to create a tsunami-resilient community through effective 
land-use management and arrangement of redundant facilities to increase the 
safe area, such as vertical evacuation buildings; 

(iii) disaster information dissemination, evacuation planning and public education. 
Koshimura S, Shuto N. 2015 Response to the 2011 Great East Japan Earthquake and Tsunami disaster. Phil. Trans. R. Soc. A 373: 20140373. 



TEW - Japan
JMA prepared a pre-conducted tsunami propagation simulation database for 

over 100 000 earthquake scenarios around Japan. 

The contents of the warning were classified into three categories, according to 
the estimation of tsunami height: ‘Major tsunami’ (estimated more than 3 m), 

‘Tsunami’ (estimated 1 or 2 m) and ‘Advisory’ (0.5 m or less). 



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


Sea gate (9.3 m high)

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 



Topping a 12 m sea wall



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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TEW - Japan (Tohoku-oki March 11)

When the 2011 event occurred at 14.46 JST on 11 March, JMA’s initial 
estimate of the magnitude was 7.9.  Based on the promptly estimated 

magnitude 7.9, 3 min after the quake (14.49 JST), JMA issued a Major tsunami 
warning to the coasts of Iwate, Miyagi and Fukushima prefectures with 

estimates of 3 m, 6 m and 3 m, respectively. 

After the tsunami was observed at offshore tsunami buoys, JMA revised the 
contents of the warning with estimates of 3 m, 6 m, over 10 m, 6 m, 4 m and 

4 m to the coasts of Aomori, Iwate, Miyagi, Fukushima, Ibaraki and Chiba 
prefectures. 

Receiving the tsunami warning from JMA, some residents claimed that they 
thought they were safe based on the 3 m estimation: they did not feel that 
they had to evacuate, as they felt safe behind a 10 m seawall. Even worse, in 
several communities, the radio or speaker system did not work because of 

the blackout caused by the earthquake. 



A tale of two NPPs
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Figure 1. Locations of NPPs (triangles) affected by the 11 March 2011 earthquake (star) and tsunami, and relevant historical
earthquakes in North East Japan listed in the 1974 catalogue of Soloviev & Go [14]. Events are shownwith red dots, whose radius
is adjusted to the Soloviev tsunami intensity scale; 150 and 300 km radius circles from Fukushima Dai-ichi are shownwith dotted
and dashed lines, respectively, depicting the region over which international standards require consideration of hazard sources.

the 4 November 1677 earthquake, which they interpreted as an M ∼ 7.4. It is now known as the
Empo Boso-oki earthquake and is believed to have been a tsunami earthquake with a magnitude
Mw = 8.4 and estimated 3.5–7 m tsunami heights at the southern Fukushima prefecture coast [16].
A tsunami earthquake is an event that triggers higher tsunamis than otherwise expected based
on earthquake scaling laws [19,20]. The iconic M ∼ 7.6, 15 June 1896 Meiji Sanriku earthquake
generated a tsunami with maximum height reaching 38 m and killing 22 000 people. The 3 March
1933 Showa Sanriku earthquake M ∼ 8.5 generated a tsunami with maximum height up to 29 m
and death toll 3000 [21,22]. The 22 May 1960 Great Chilean earthquake is the largest ever recorded
event instrumentally. Its tsunami reached Japan coast 23 h later with wave height up to 6 m, killing
138 people [23]. Probably on this basis, seawalls with normalized heights of 6 m were constructed
along the Sanriku coast.

In 2006, national seismic hazard maps were accepted by the Japanese government showing
future probabilities of earthquake occurrence and a relevant report was published in 2009
[16]. The latter estimated a 99% probability of an M ∼ 7.5 earthquake occurring in the period

6
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Table 2. Summary of NPPs design conditions and damage to power supplies.

pre-2011 estimated off-site EDGs
tsunami 2011 tsunami heights/ power lines damaged/

NPPs heights (m) [16,32] NPP elevations (m) [32] damaged/total [33] total [33]
Onagawaa 13.6c 13/14.8f 4/5 2/8

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fukushima Dai-ichia 6.1d 13/10-13 6/6 12/13
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fukushima Dai-nia 5.0e 9/12 3/4 9/12
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tokai Dai-nib 5.7e 5/8 3/3 1/3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aElevations are relative to Onahama Peil (O.P.), which is 0.74m below standard mean sea level of Tokyo Bay. This reference water level was
used for Onagawa and Fukushima NPPs.
bMean sea level at Hitachi Point (H.P.) was used as reference level at Tokai Dai-ni.
cDetermined based on Sanriku earthquakes.
dDetermined based on Shioyazaki-oki earthquake [34].
eDetermined based on the tsunami source model set by Ibaraki Prefecture.
f This was the original plant height. There was 1m subsidence at the site due to earthquake.

off-site AC power [12]. Here, we will briefly compare the tsunami-relevant design history of
the Onagawa and Fukushima Dai-ichi NPPs, both of which experienced approximately 13 m
maximum wave heights, but had entirely different fates.

As a preamble, NPPs rely on cooling from nearby water bodies, for months even after
routine shut downs, irrespective of whether they operate with pressurized-water or boiling-water
reactors. For emergencies, they have two alternative sources of emergency power, batteries and
emergency diesel generators (EDGs). Sometimes, NPPs have an emergency source of cooling
water that can flow to the plant under gravity, even when there is complete loss of external power.
The Fukushima Dai-ichi NPP did not have the latter, and relied almost exclusively on auxiliary
power for cooling during emergencies.

In terms of planning for tsunami flooding, the most appropriate design measure is the
overland flow depth at the plant elevation. This is different from the tsunami run-up, which is the
highest inland elevation the tip of the tsunami flood reaches to, with respect to mean water level,
and can be quite different from height predictions at nearby tidal gauges. Before the advent of
modern numerical codes which predict flooding and inundation, the so-called maximum tsunami
height (sometimes erroneously referred to as the maximum run-up) referred to an estimate of
the maximum water level the tsunami reached at the initial shoreline. Calculating overland flow
depths remains a difficult undertaking, and only with substantial experience from modelling
earlier events can it be reliably estimated, for it can be affected by features of scales smaller than
the resolution of numerical grids [30]. The prediction of the distribution of overland flow depths
is, of course, dependent on the estimation of the maximum probable tsunami.

The Onagawa NPP is operated by the Tohoku Electric Power Company (Tohoku EPCo)
and was the closest plant to the epicentral source of the 2011 tsunami (figure 1). It has three
reactors (units), which were sequentially taken into operations in 1984, 1995 and 2002 [29]. In
1968, in preparation for licensing, an in-house committee from civil engineers [31] interviewed
local people, and concluded that a likely maximum tsunami height around the plant was
approximately 3 m based on the 1896 Meiji Sanriku and 1933 Showa Sanriku events. However,
they also considered the 869 Jōgan and 1611 Keichō Sanriku tsunamis and decided to set the
site-grade level to 14.8 m (table 2), not knowing what the actual local flooding levels from these
tsunamis were [35]. The plant was also fronted by a 14.8 m embankment above the reference sea
level (table 2).

In 1987, before the license application for Unit 2, Tohoku EPCo conducted a palaeo-tsunami
study for the Jōgan tsunami at the Sendai plain, and did numerical modelling for the 1611 Keichō
Sanriku tsunami [35], the latter indicating a 9.1 m tsunami height at the site. In 2002, Tohoku

https://royalsocietypublishing.org/doi/
10.1098/rsta.2014.0379
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Estimation of the design water levels on the basis of 
parametric study in terms of basis tsunamis
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Summary'of'Evaluation
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Minimum#water#level
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Mean#tide#level
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Fukushima'Daiichi'NPS

We'assessed'and'confirmed'the'safety'of'the'
nuclear'plants'based'on'the'JSCE'method'
which'was'published'in'2002.

We'assessed'and'confirmed'the'safety'of'the'
nuclear'plants'based'on'the'JSCE'method'
which'was'published'in'2002.
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