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FOREWORD

IAEA Safety Standards Series No. SSG-18, Meteorological and 
Hydrological Hazards in Site Evaluation for Nuclear Installations, was published 
in 2011 and provides evaluation methodologies for meteorological and 
hydrological hazards with guidance for their application. 

SSG-18 describes all flooding hazards for nuclear installations. Since 
tsunamis and seiches can be major flooding hazards for nuclear sites located on 
the coast, this Safety Report supports the specific areas of SSG-18 relating to 
these and provides detailed methodologies and case studies that can be used by 
Member States for the evaluation of tsunami and seiche hazards.

Since the Great East Japan earthquake and tsunami of 11 March 2011, 
the importance of protecting nuclear facilities against coastal flooding and, in 
particular, tsunamis has received renewed attention. This event highlighted 
the need for deeper consideration of tsunami hazards in the design and safety 
assessment of nuclear installations, especially in terms of providing some defence 
in depth measures in such conditions.

In support of SSG-18, this Safety Report details state of the art 
methodologies and provides recent case studies that may be used for the 
evaluation of tsunami and seiche hazards. 

The IAEA would like to thank all those who contributed to the drafting and 
review of this report. The IAEA officers responsible for this publication were 
Y. Iwabuchi and S. Nomura of the Division of Nuclear Installation Safety.
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This publication does not address questions of responsibility, legal or otherwise, for acts 
or omissions on the part of any person.

Guidance and recommendations provided here in relation to identified good practices 
represent expert opinion but are not made on the basis of a consensus of all Member States.

The use of particular designations of countries or territories does not imply any 
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1. INTRODUCTION

1.1. BACKGROUND

Some nuclear power plants in Kalpakkam, India, were affected by the Indian 
Ocean tsunami on 26 December 2004. As a result of this incident, the IAEA initiated 
the development of IAEA Specific Safety Guide No. SSG-18, Meteorological and 
Hydrological Hazards in Site Evaluation for Nuclear Installations [1]. SSG-18 was 
published in 2011 and provides evaluation methodologies for hydrological and 
meteorological hazards and guidance for their application. SSG-18 describes all 
flooding hazards, but since tsunamis and seiches are major flooding hazards for 
nuclear sites located on the coast, there was a need for a Safety Report that addressed 
those specific hazards. This publication therefore provides detailed methodologies 
and case studies that may be used by Member States for the evaluation of tsunami 
and seiche hazards.

In light of the Great East Japan Earthquake and Tsunami of 11 March 2011, the 
importance of protecting nuclear facilities against coastal flooding and, in particular, 
tsunamis has received renewed attention. The concurrent event of an earthquake 
followed by a tsunami caused the first severe accident at a nuclear power plant in 
the world involving multiple external hazards. As highlighted by the Fukushima 
Daiichi Accident — Report by the Director General [2], published by the IAEA in 
2015, this event highlighted the need for deeper consideration of tsunami hazards 
in the design and safety assessment for nuclear installations, especially in view of 
providing some defence in depth measures in such conditions. Consequently, site 
evaluation and design methodologies are required to consider comprehensively the 
combined effects of earthquakes and tsunamis.

Records of extreme events, such as past large tsunamis, are either very sparsely 
documented or simply not available. There is a need to share the latest knowledge 
related to the evaluation of tsunami hazards and the effects of tsunamis for coastal 
nuclear sites and facilities from the experience gained from recent major tsunamis.

1.2. OBJECTIVE

The objective of this Safety Report is to detail state of the art methodologies 
and provide recent case studies that may be used for the evaluation of tsunami and 
seiche hazards as a supporting document to SSG-18.

Guidance and recommendations provided here in relation to identified good 
practices represent expert opinion but are not made on the basis of a consensus of 
all Member States.

1



1.3. SCOPE

The scope of this Safety Report covers the assessment of tsunami and seiche 
hazards during site evaluation and re-evaluation for a nuclear facility’s design and 
safety assessment.

The aspects of the evaluation of tsunami and seiche hazards discussed 
are the following:

 — Data collection;
 — Specification and parameterization of sources;
 — Propagation analysis;
 — Hazard assessment of coastal impacts;
 — Design and evaluation parameters;
 — Management systems;
 — Documentation.

1.4. STRUCTURE

Sections 2 and 3 present a general description of tsunamis and seiches, 
including the definition of terms, their generation mechanisms and the consideration 
of tsunami and seiche effects. Section 4 discusses the effects on nuclear sites and 
facilities of recent major tsunamis, such as the Indian Ocean tsunami in 2004 
and the Great East Japan earthquake and tsunami in 2011. Section 5 presents 
an overview of the evaluation of tsunami and seiche hazards, as well as the 
uncertainties and concepts of deterministic and probabilistic approaches. Sections 
6 to 8 provide detailed methodologies for the evaluation of tsunami and seiche 
hazards, such as data collection, the specification and parameterization of tsunami 
and seiche source models and propagation analyses. Section 9 provides a detailed 
assessment methodology for tsunami and seiche hazards and coastal impacts from 
the perspective of deterministic and probabilistic approaches on the basis of the 
detailed methodologies provided in Sections 6 to 8. Section 10 provides detailed 
methodologies for tsunami load effects to nuclear facilities on the basis of the 
evaluated tsunami and seiche hazards. The management aspects of these activities 
are discussed in Section 11, and Section 12 presents the recommended structure for 
documentation of the evaluation of tsunami and seiche hazards. The publication is 
completed by the Annex, which gives three examples of developed databases.

2



2. GENERAL DESCRIPTION OF TSUNAMIS

2.1. DEFINITION OF TERMS

2.1.1. Definition of a tsunami

A tsunami is a series of travelling waves of long wavelength (from a few 
kilometres to hundreds of kilometres) and period (from several minutes to tens 
of minutes and, exceptionally, hours), which are generated by deformation or 
disturbances of the seafloor (or, in generic terms, underwater floor). Earthquakes, 
volcanic phenomena, underwater and coastal landslides, rock falls or cliff failures 
can generate tsunamis. Large meteorites may also impact the ocean and generate 
a tsunami. Landslides can include submarine and subaerial slides and ice falls. 
Volcanic sources include the effects of pyroclastic flows, caldera collapses and 
submarine explosions. All oceanic regions and sea basins of the world, and even 
fjords or large lakes, can be affected by tsunamis.

2.1.2. Parameters for tsunami hazard assessment

The tsunami height is usually measured from sea level or datum, but the 
flow depth is measured from ground level. The horizontal distance of water 
penetration measured from the coast is called the ‘inundation distance’. The 
height at maximum inundation, where the velocity and kinetic energy of a 
tsunami becomes zero, is called the ‘runup’ (see Fig. 1).

FIG. 1. Definitions of tsunami heights.

3



The results of hazard assessment for tsunami flooding should be the 
bounding values for the maximum water level at the shoreline, runup, flow depth, 
horizontal inundation distance, maximum water level at the plant site, minimum 
water level at the shoreline, current velocity, hydrodynamic force, duration of the 
drawdown below the intake and sediment transport.

2.1.3. Types of tsunami

2.1.3.1. Classification by distance to the source

SSG-18 [1] describes how tsunamis can be classified according to the 
distance across which they have an effect:

“Tsunamis can also be classified as ‘local’ tsunamis or ‘distant’ tsunamis. 
A tsunami is called a local tsunami when it affects only the region near its 
source. Local tsunamis can be generated by earthquakes, volcanic activity 
and landslides. Earthquake induced local tsunamis represent the most 
frequent type of destructive tsunami. Less frequent but affecting wider 
regions are ocean wide or distant tsunamis that arrive at places remote from 
their source after travelling across the ocean or sea basins. Examples of 
destructive earthquake induced distant tsunamis include the 1960 Chilean 
tsunami, which affected many States around the Pacific Ocean, and the 
highly destructive 2004 Indian Ocean tsunami.” (Ref. [1], para. 5.43).

The 2004 Indian Ocean tsunami affected many States around the Indian 
Ocean, including on the African coasts. The Great East Japan earthquake 
and tsunami of 2011 affected local nuclear power plant sites, including the 
Fukushima Daiichi nuclear power plant, but the tsunami also caused damage 
across the Pacific Ocean. Volcanic activities such as those associated with the 
1883 Krakatau event also generate distant tsunamis.

2.1.3.2. Classification by tsunami size

Some tsunami scales have been developed to describe the magnitude or 
intensity of a tsunami. The tsunami magnitude is defined by Iida et al. [3] as 
m = log2h, where m is the magnitude and h is the maximum runup in metres. 
Hatori [4] revised the m scale as follows:

m 2.7 H 2.7 4.3� � � log  log�  (1)
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where H is the runup in metres and ∆ is the distance from source to coast in 
kilometres. Soloviev and Go [5] also defined the tsunami intensity (I) as 
I = log2(21/2h0) 
where h0 is the average runup height of the wave. Figure 2 shows the distribution 
of historical tsunami events with a tsunami magnitude [3] estimated by the 
maximum water heights in National Centers for Environmental Information 
World Data Service for Geophysics (NCEI/WDS) Tsunami Event Database.

2.1.3.3. Classification by coastal effects

A tsunami can cause the inundation of land when its wavelength is so 
large that a huge mass of water follows behind the wavefront at high speed. The 
penetration of a tsunami can be classified into the following types based on the 
observation of the Great East Japan tsunami of 2011; these are shown in Fig. 3:

(a) Sea level change type;
(b) Overflow type;
(c) Bore type (breaking or broken wave);
(d) Runup type.

In cases where a tsunami has a long wavelength, the tsunami appears as a 
gradual sea level change, as shown in Fig. 3(a), which was seen at the Onagawa 
nuclear power plant in the Great East Japan earthquake and tsunami 2011. 
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FIG. 2. Historical tsunami events from the National Centers for Environmental Information 
(NCEI)/World Data System (WDS) Tsunami Event Database (see Section A–1.1). Only those 
events with validity ≥ 0 are shown.



Figure 3(b) shows an overflow type, which is a tsunami that overtops the sea 
wall or sea bank with strong current velocity. The bore type, shown in Fig. 3(c), 
is a tsunami propagating with breaking at the front of the wave as a tsunami 
bore. When the slope of the coastal land area is steep, a tsunami breaking on the 
shore runs strongly up the slope, as shown in Fig. 3(d). These types of tsunami 
could cause strong currents and hydrodynamic force, which may exceed the 
hydrostatic pressure.

2.2. TSUNAMI GENERATION MECHANISMS

2.2.1. Earthquakes

SSG-18 [1] discusses how tsunamis can be generated by earthquakes:

“Earthquakes are the most frequent source of tsunamis. An earthquake 
induced tsunami is generated by a seafloor deformation associated with 
submarine and near-coast earthquakes with shallow depth (<50 km), large 
magnitude (M > 6.5) and dip–slip mechanism. Strike–slip fault motion 
produces a small vertical deformation of the seafloor, and consequently the 
induced tsunamis are usually of smaller height.” (Ref. [1], para. 5.40).
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FIG. 3. Types of tsunami penetration in the 2011 Great East Japan earthquake and tsunami. 
Figure modified from the original. Reproduced from Ref. [6] with permission courtesy of Port 
and Airport Research Institute.



2.2.2. Landslides

Tsunamis may also be triggered by landslides:

“Underwater and coastal (subaerial or subaerial–underwater) landslides, 
rock falls and cliff failures may also generate tsunamis, some of which are 
locally more disastrous than earthquake induced tsunamis. These landslides 
may or may not be triggered by an earthquake or by volcanic activity.” 
(Ref. [1], para. 5.42).

2.2.3. Volcanic activities

Another significant cause of tsunamis is volcanic activity:

“Tsunamis may be generated by volcanic phenomena when voluminous 
(e.g. from 106 to greater than 109 m3) landslides, pyroclastic flows or 
debris avalanches rapidly enter the sea or large lakes, or by the eruption 
of underwater volcanoes. Collapse of a volcano edifice triggered by a 
volcanic eruption or an earthquake may lead to large displacement of the 
slopes, which in turn can cause tsunamis in proximal bodies of water.” 
(Ref. [1], para. 5.41).

2.2.4. Impact tsunamis

A gigantic meteorite impact occurred at the Yucatan Peninsula c. 65 Ma 
ago and resulted in the formation of the Chicxulub crater (see e.g. Ref. [7]). The 
meteorite impact may have caused massive tsunamis with heights of more than 
200 m that reached the coastal area of North America [8]. For meteorite induced 
tsunamis, however, assessments conducted to date do not demonstrate that the 
frequency of occurrence exceeds the screening level usually adopted by Member 
States (see SSG-18 [1], footnote 32). Therefore, impact tsunamis will not be 
further considered in this document.

2.3. WAVE CHARACTERISTICS OF TSUNAMIS

2.3.1. Wave speed of tsunamis

The wave speed of a tsunami depends on the depth of the ocean. Since 
tsunami waves have wavelengths much longer than the depth of the ocean, they 
are classified as long waves with long periods. Figure 4 shows tsunami waves 
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compared with other ocean waves in the wave power spectrum. The speed of 
a tsunami is given by gd , where g is gravitational acceleration and d is water 
depth. The wave speed of a tsunami travelling across the Pacific Ocean reaches 
the speed of a jet airplane. On reaching the coast, as described in SSG-18 [1], 
para. 5.38, “Owing to the fact that wave speed is reduced and wave length is 
shortened when the depth decreases, tsunami waves become steeper and increase 
in height on approaching shallow water.” Thus, when the tsunami waves reach 
the coastal zone, they produce hazardous effects near and on the shoreline 
and can also produce hazardous effects far inland, depending on the coastal 
zone topography.

2.3.2. Wave transformation by coastal effects

“In the coastal zone, local topography and bathymetry, such as a peninsula 
or submarine canyon, may cause an additional increase in wave heights. The 
wave heights could also be amplified by the presence of a bay, an estuary, a 
harbour or lagoon funnels as the tsunami moves inland.” (Ref. [1], para. 5.38). 

A recent study [9] identified tsunami-focusing phenomena due to an initial 
shape of the waveform, which might enhance runup substantially.

In a leading elevation wave, the wave crest arrives first. However, in the 
leading depression wave, the wave trough arrives first, which is characterized by 
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FIG. 4. Schematic representation of the energy contained in the waves of the ocean. Modified 
from http://co‑ops.nos.noaa.gov/levelhow.html. Reproduced courtesy of National Oceanic and 
Atmospheric Administration.



a drawdown of water and retreat from the shore before a rise in the water level 
occurs. The characteristics of leading elevation or depression waves are related to 
fault displacement at the ocean floor [10, 11].
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3. GENERAL DESCRIPTION OF SEICHES

3.1. CHARACTERISTICS OF SEICHES

Seiches are long period standing oscillations in an enclosed basin or a 
locally isolated part of a basin [12]. Abnormal oscillations of the water level 
occur with a period of approximately a few minutes to a few tens of minutes, 
depending on the forcing energy input to the basin and the shape and bathymetry 
of the basin. The amplitude of the forcing fluctuations may be anything from a 
few tens of centimetres up to around 2 m [13].

Harbour oscillations (coastal seiches) are a specific type of seiche motion 
that occurs in partially enclosed basins (bays, fjords, inlets and harbours) that are 
connected through one or more openings to the sea. Harbour oscillations differ 
from seiches in closed water bodies [12].

Seiche oscillations are also common in marginal seas (partly enclosed by 
land and not as deep as the open ocean) and may have an effect on small craft 
inside enclosed bays and harbours. Seiches can be dangerous for navigation and 
have an effect on port management, since they increase not only the effects of 
storm surges or tsunamis but also the influence of moderate storms inside harbours 
or bays. A recent study [14] reported that tidal, seiche and wind dynamics were 
observed in a lagoon in the Mediterranean Sea. According to the results of the 
obtained observations and simulations, the lagoon circulation was dominated by 
tidal, atmospheric and seiche forcing [14]. Hence, the monitoring of seiches in 
semi-enclosed basins, determining the general characteristics of seiche behaviour 
in the basin and assessing the spatial and temporal distribution of seiche 
amplitudes, for example, are important and worthy of further investigation.

Seiches are caused by short duration, rapid changes in atmospheric pressure 
with the passage of low or high pressure weather systems or by wave input to 
enclosed or semi-enclosed basins, such as from tsunamis. Seiches develop on 
great lakes, in other large, confined water bodies and semi-enclosed bays, as well 
as at continental shelves.

The height and duration of seiches are dependent on their forcing 
mechanisms, which are in general large scale spatial changes in the atmospheric 
pressure, asymmetric wind shear, etc. The agitation inside the basins depends on 
(i) the period of the waves forcing the agitation, (ii) the reflection and dissipation 
characteristics of the boundaries and (iii) the geometric properties of the basins. 
Waves (short period waves or tsunamis) continuously entering the basins, such 
as in the case of semi-enclosed bays, may in some cases cause abnormal water 
surface fluctuations and long period amplifications if their period coincides with 
one of the periods of free oscillations of the basin.
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Extremely strong seiche oscillations are regularly observed in specific sea 
areas around the world. Certain harbours and ports are known to have frequent 
strong periodic horizontal water motions, such as those in Cape Town (South 
Africa), Los Angeles (USA), Dakar (Senegal), Toulon and Marseilles (France), 
Algiers (Algeria), Tuapse and Sochi (Russia), Batumi (Georgia) and Esperance 
(Australia). Seiche motions in these basins create unacceptable vessel movement, 
which can, in turn, lead to the breaking of mooring lines, fenders and piles and 
the onset of large amplitude ship oscillations and damage [12]. Nagasaki Bay, 
Japan, Longkou Harbour, China, and the Caribbean coast of Puerto Rico are 
other examples [15].

3.2. GENERATION MECHANISMS OF SEICHES

Seiches are generated by a wide variety of mechanisms, including tsunamis, 
seismic waves, jet-like currents and meteorological factors. Together with 
tsunamis and internal waves, the main sources of background long waves in the 
ocean are atmospheric processes. There are three major mechanisms that transfer 
the energy of atmospheric processes into long waves in the ocean:

(a) Direct generation of long waves by atmospheric forcing (pressure and wind) 
on the sea surface;

(b) Generation of low frequency motions (e.g. storm surges) and subsequent 
transfer of energy into higher frequencies due to non-linearity, topographic 
scattering and non-stationarity of the resulting motions;

(c) Generation of high frequency gravity waves (wind waves and swell) and 
subsequent transfer of energy into larger scale, lower frequency motions 
due to non-linearity.

Long waves generated by the first two mechanisms are known as 
atmospherically induced or meteorological waves. The typical periods of these 
waves are from a few minutes to several hours, and typical length scales or 
wavelengths are from one to a few hundred kilometres. The first mechanism 
is the most important because it is this mechanism that is responsible for the 
generation of destructive seiche oscillations in particular bays and inlets of the 
World Ocean [12].

Meteorological waves can be produced by the passages of typhoons, 
hurricanes or strong cyclones. They have also been linked to frontal zones, 
atmospheric pressure jumps, squalls, gales, wind gusts and trains of atmospheric 
buoyancy waves. The most frequent sources of seiches in lakes are barometric 
fluctuations. They can also be produced by heavy rain and snow.
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Infragravity waves are other types of long waves generated by the 
non-linear interaction of wind waves or swell. These waves have typical periods 
of 30 s to a maximum of 600 s and length scales from 100 m to 10 km. These 
waves are observed as sea level changes in the nearshore surf zone, where they 
have become known as surf beats. Infragravity waves have been found to be 
responsible for many phenomena in the coastal zone, including the formation 
of rip currents, wave set-up, sand bars, beach cusps and other regular forms of 
coastal topographies, as well as the transport of sediment materials. These waves 
can induce seiches in comparatively small scale semi-closed basins, such as ports 
and harbours, having natural periods of a few minutes and possibly posing a 
serious threat in the form of large amplitude wave responses.

A less frequent but often important generation mechanism in harbours is 
the tsunami or seismically formed ocean wave. Tsunami waves are the other 
main factors creating destructive seiche oscillations in bays, inlets and harbours. 
The 1946 Aleutian (magnitude Mw 8.6), 1952 Kamchatka (Mw 9.0), 1960 Chile 
(Mw 9.5) and 1964 Alaska (Mw 9.2) earthquakes induced strong seiche oscillations 
in bays, inlets and harbours throughout the Pacific Ocean.

In bays and gulfs, a dominant source of energy is the tide. Since there is quite 
a rich array of tidal frequencies, it is sometimes possible to determine the natural 
seiche frequency of a bay simply by observing the amplification of different tidal 
components. If the tidal period is close to that of the seiche period of the bay, 
resonance increases the tidal amplitude. Examples of this are the Bay of Fundy 
(Canada), where the tide can exceed 45 ft (15 m) and where a fundamental mode 
seiche period is about 13.3 h, close to the semidiurnal lunar tidal period of 12.4 h, 
and the Gulf of Mexico, where the period of the fundamental seiche mode is 
close to 24 h, with resulting amplification of the diurnal tide [12].

In smaller bays and harbours, the generation of seiches has been attributed 
to surf beats. This effect occurs because of the coupling of radiation stress, the 
thrust of the waves on the coast and rhythmic changes in the height of wind 
waves or swell. Since the swell can originate from distant storms, the existence of 
seiches is not necessarily closely correlated with local meteorological conditions.

In enclosed basins such as bays or lakes, seiches also occur by the shaking 
of the ground during earthquake excitation. Seismically induced water waves 
can be generated as a result of the motion of the boundaries enclosing the water 
body (basin) or through the tilting of the bed. Numerical studies conducted 
for Lake Union in Seattle, Washington, USA, showed that large sedimentary 
structures known for amplifying ground motions affect the distribution and 
magnitude of seiches [16–18]. It is also indicated that long, linear shorelines are 
the largest contributors to water wave heights. Depending on the shape of the 
lake, enhanced wave heights can also be a result of focusing. The study suggests 
that coastal structures can be vulnerable to the effects of resonant excitation 
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initiated by earthquakes on water bodies far from tsunamigenic sources. The 
seiche amplification inside enclosed basins depends on the direction of the 
shaking (direction of the seismic wave), the shape of the basin and the reflection 
characteristics of the coastal boundaries.

3.3. BASIN AND HARBOUR OSCILLATIONS

Harbour oscillations (coastal seiches) are a specific type of seiche motion 
that occurs in partially enclosed basins (bays, fjords, inlets and harbours) that 
are connected through one or more openings to the sea. Resonant oscillations 
inside harbours, bays or any other semi-enclosed or closed basins are a problem 
that can have a direct effect on the management of harbours, shipping, cargo 
handling and coastal utilization of nuclear power plants. Surging due to long 
period oscillations in harbours is the result of a triple resonance of (i) external 
oscillations outside the harbour, (ii) natural oscillations within the harbour and 
(iii) natural oscillations of the vessels [12].

Specific spatial sea level and current variability occur during seiche 
oscillations. The intensity and direction of the currents vary significantly from 
place to place. The morphological characteristics in the basin, the orientation 
of the boundaries and the presence of structural elements (e.g. dams, dykes, 
piers and breakwaters) can create intense local vortexes. An example of this is 
the swirling current in Oarai harbour in Japan during the 2011 Great East Japan 
earthquake and tsunami.

The amplitude and persistence of the resulting seiches depend not only on 
the magnitude of the energy source but also on the energy losses within the water 
body. Such losses include dissipative effects resulting from friction on the sides 
or bottom of the basin. For semi-enclosed basins, energy can also be lost by the 
radiation of waves away from the mouth. In general, the rate of decay is greater 
for basins that are shallow or have narrow constrictions and complex topography.

The basic theory of seiche oscillations is similar to the theory of free and 
forced oscillations of mechanical, electrical and acoustical systems. The systems 
respond to external forcing by developing a restoring force that re-establishes 
equilibrium in the system. A pendulum is a typical example of such a system. Free 
oscillations occur at the natural frequency of the system if the system is disturbed 
beyond its equilibrium. Without additional forcing, these free oscillations retain 
the same frequencies, but their amplitudes decay exponentially with time as a 
result of friction until the system eventually comes to rest [12].

Analytical solutions for regular shaped, flat bottomed basins with vertical, 
solid, smooth and impermeable boundaries are available in the literature [19]. 
However, analytical methods cannot be as efficient at solving the problem of 
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seiche oscillations in basins of irregular shape and bathymetry. In the case of 
the continental shelf, the incoming waves may be trapped, and seiches may be 
generated in the nearshore region. All these complexities may be addressed using 
numerical modelling.

Analytical solutions for regular (rectangular) shaped, flat bottomed 
basins with vertical, solid, smooth and impermeable boundaries are available 
in the literature [19, 20]. The periods of seiche oscillations (Tn) inside a closed, 
rectangular, flat bottomed basin are:
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where L and B are the short cut distances between solid boundaries of the 
rectangular basin, d is the water depth in the basin and n, m are integer numbers 
that represent each mode [21, 22].

If the basin is flat bottomed and semi-enclosed (i.e. one of the boundaries is 
an open boundary) then the periods of free oscillations — if the direction of the 
wave is perpendicular to the open boundary — become:

T
n

L
gd

n= =
1 4

0 1 2 3, , , , ,...  (3)

The periods of free oscillations (Tn) inside a closed, circular, flat bottomed 
basin (when the boundaries are vertical, solid, smooth and impermeable) are [21]:
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where R is the radius of the cylindrical section, d is the water depth, g is the 
gravitational acceleration and a1 = 1.64, a2 = 0.896, a3 = 0.618.

Classically [22–25], several numerical computations can be performed 
to calculate the long wave amplitudes inside the basins in relation to the input 
waves with certain periods (see Section 8). When this test is repeated by 
inputting waves with different periods separately, the computed amplitudes can 
be compared, and the period causing the highest amplitude can be selected as 
one of the periods of free oscillations of the basin. This method entails many 
tests with many different input wave periods and requires a significant amount of 
time and effort for the determination of a single period of free oscillations. See 
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Section 6 for specifications of bathymetric and topographic data quality in the 
computation of seiches.

A short cut numerical method has been developed [20] as an alternative 
to the classical method, in which the periods of free oscillations (natural 
frequency) can be obtained directly as the output data of a single simulation in 
basins with irregular shapes and bathymetry. In the numerical application, the 
agitation inside the study basin is triggered by inputting an initial impulse (water 
level rise at the centre of the basin as a line crest, circular shape or any regular 
shape with a certain amplitude). The crest of the initial impulse may be either 
parallel to one of the coastal boundaries of the basin or as a vertical movement 
of a circular plane of water surface with a certain diameter. The numerical code 
solves the long wave equations and determines the time histories of water surface 
fluctuations at the numerical gauge locations of the study area. The spectrum 
curves of the computed sea level records at each location obtained by the fast 
Fourier transform technique show peaks at the periods of seiche oscillations, 
representing the periods of the seiche oscillations of the basin. 
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4. EFFECTS OF TSUNAMIS AT 
NUCLEAR POWER PLANT SITES

4.1. HAZARDOUS EFFECTS OF TSUNAMIS

The main effects of tsunamis at nuclear facilities relate to inundation: direct 
impact to the plant components by the strong forces resulting from the flow of 
water or its excess pressure. Figure 5 illustrates some of the effects of tsunamis 
on nuclear facilities discussed in this section.

Tsunami effects in the shallow zone and on land are directly related to 
the main tsunami hydrodynamic parameters. These are: (i) maximum positive 
amplitude, (ii) maximum current velocity, (iii) flow depth, (iv) hydrodynamic 
forces, (v) momentum flux, (vi) maximum negative amplitude, (vii) the arrival 
time of the first wave, (viii) the arrival time of maximum wave and (ix) the 
duration of the inundation and withdrawal. Different parameters related to the 
wave motion and morphology govern the magnitude of these parameters at the 
nuclear power plant site. The parameters must be determined under the conditions 
of design tsunamis (see Sections 5.3 and 9.1.1.3). The following subsections 
(4.1.1 to 4.1.8) provide the physical description of these parameters. Most of the 
phenomena related to them were observed in the 2004 and 2011 events.
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FIG. 5. Effects of tsunamis at nuclear facilities. Reproduced from Ref. [26] with permission 
courtesy of the Nuclear Regulation Authority of Japan.



4.1.1. Inundation due to tsunami runup

Tsunami flow in the shallow zone and on land depends on the amplitude 
of the incoming tsunami and its momentum (flow depth and current speed). 
The tsunami’s energy may focus more on narrow bays, and its amplitude and 
momentum increase when it comes near shore. The boundary of the inundation 
zone (i.e. the land area flooded by the tsunami) is where the tsunami’s energy 
dies out. The highest elevation from the still water level at the end of inundation 
(runup) depends on the tsunami’s energy when it reaches the shallow water and 
on the topographic conditions of the coastal region.

After reaching the end point of the inundation, the water returns to the sea 
in a backwash motion. The water velocities during the backwash may exceed the 
velocities during the runup motion.

4.1.2. Tsunami propagation along rivers

When the tsunami enters a river mouth, the flooding waves can propagate 
for extensive distances along the riverbed. There have been many examples (such 
as the 2011 Great East Japan earthquake and tsunami) of tsunami penetration 
along rivers exceeding 10 km. Another pehnomenon was observed during the 
1994 Mindoro tsunami in the Philippines, when, in an area where the vertical 
inundation heights did not exceed 3 m, the tsunami floated a 6000 tonne 
generating barge, broke its mooring lines and carried it 1.6 km inland along the 
Baruyan River [27].

4.1.3. Hydrodynamic forces

The depth and velocity of the flow are two major parameters that govern a 
tsunami’s force. The drag force exerted by the tsunami flow is directly related to 
the cross-sectional area of the structure facing the flow and the square of the flow 
velocity. When the flow depth increases, the cross-sectional area of the structures 
and objects subjected to the flow increases. The flow velocity during the tsunami 
can increase more with the deeper flow depths. The mass density of the flowing 
material and shape factor (drag coefficient) of the structure are other parameters 
that govern the tsunami force.

Buoyancy is an upward force exerted by a fluid that opposes the weight of 
an immersed object. During tsunami inundation, a column of fluid surrounds the 
object. The pressure difference between the bottom and the top of the submerged 
object causes the buoyancy force that tends to move the object upwards. In a 
situation of fluid statics, the net upward buoyancy force is equal to the weight of 
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the fluid displaced by the submerged object. The object floats when the buoyancy 
force exceeds its weight.

The shear force generated by the flow of water is exerted on the ground 
surface along the direction of flow. The flow velocity is a major parameter 
controlling the shear force. At the boundaries of stable, solid objects like 
buildings or other structures, the speed and direction of the flow pattern changes 
significantly, which also results in significant changes in the direction and 
magnitude of the shear force acting on the solid structures. Scour occurs when the 
shear force exceeds the magnitude of the force required to initiate the movement 
of the ground surface material. During tsunami inundation, boundary effects 
cause spatial changes in current velocity, and shear forces around structures thus 
sometimes cause unexpected depths of scouring.

4.1.4. Topography changes due to sediment transport

The maximum current velocity is important for erosion, deposition, debris 
and drag. Big shear forces on the seafloor cause deposition and erosion [1]. The 
eroded material is carried out and deposited where the energy of the flow becomes 
insufficient, such as near marine structures or at the nuclear power plant intake 
mouth. Unexpected deposition may cause operating problems in marine utilities 
and may even cause the partial or complete obstruction of the intake mouth, 
restricting or blocking the flow to the cooling system of the nuclear power plant. 
Scour is another problem that occurs around structures. The level of scouring is 
dependent on the flow speed and the material characteristics on the ground. The 
stability of the structure can be affected by the scour around the foundation.

4.1.5. Debris and debris flow

Debris material consists of a combination of bed and floating material 
(vegetation, sediment, human-made structures, etc.) in the sea and on land. The 
tsunami flow (forward or backwash) has sufficient energy to drag a huge mass 
of debris material. In this case, the mass density of the flowing fluid increases. 
By this effect, the impact and drag force of a tsunami increases tremendously, 
sometimes even more during backwash motion.

4.1.6. Resonant oscillations and seiches

Long wave oscillations can be generated inside enclosed or semi-enclosed 
basins and harbours (see Section 3). The periods of the long wave oscillations 
depend on the depth and shape of the basin. Amplification occurs when the 
period of the tsunami entering the basin fits the periods of free oscillations inside 
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the basin. Potential resonance effects and consequent strong wave and seiche 
amplification near nuclear power plant sites should be investigated and computed 
by appropriate modelling (see Sections 7 and 8).

4.1.7. Effects on intake during drawdown

Continuous water intake for the cooling system with a sufficient volume rate 
at the nuclear power plant site is essential. The sea level drawdown that occurs 
during a tsunami or other critical event may cause a temporary or permanent lack 
of water input to the cooling system of a nuclear power plant.

4.1.8. Damage of nuclear facilities due to flooding

Most nuclear power plant facilities located inside the inundation zone of a 
tsunami may sustain damage to marine structures and their components (including 
coastal protection and water intake structures). Pumping stations, marine and land 
transportation networks, energy transmission structures, storage tanks, buildings 
and essential services (electricity transmission, water and other networks) may be 
affected by the impact of the tsunami’s amplitude and momentum as well as by 
the accumulation of debris and the potential inundation of buildings and entire 
areas within the nuclear power plant site.

4.2. 2004 INDIAN OCEAN TSUNAMI

4.2.1. General

On 26 December 2004, a catastrophic tsunami struck the coastline of 
many countries facing the Indian Ocean, causing a significant loss of life 
and property. The tsunami waves were generated by a moment magnitude 
Mw 9.1 [28] subduction earthquake, the epicentre of which was located in the 
Andaman–Sumatra region of the Indian Ocean. Along the coast of mainland 
India, an estimated 8835 people lost their lives as a result of this calamity, 
and 86 people were reported missing [29]. Houses, roads, bridges and other 
infrastructure in the coastal region suffered great damage due to inundation by 
the tsunami waves. The 2004 tsunami also affected the nuclear power plant sites 
on the Indian coast.

India has three nuclear power plant sites located along the coast: Kalpakkam 
on the east coast, Kudankulam on the southern tip of the Indian peninsula and 
Tarapur on the west coast (see Fig. 6). The Kalpakkam site houses two 220 MW(e) 
pressurized heavy water reactors and a 500 MW(e) prototype fast breeder reactor 
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(PFBR) project. At Kudankulam, two 1000 MW(e) pressurized water reactors 
were under advanced stages of construction in 2004. The Tarapur site houses 
two 160 MW(e) boiling water reactors (BWRs) and two 540 MW(e) pressurized 
heavy water reactors. The tsunami runups were the highest in Kalpakkam and 
were negligible at Tarapur.

4.2.2. Earthquake and tsunami sequence

The 2004 Indian Ocean tsunami was generated by an undersea 
earthquake that occurred at 00:58:53 Coordinated Universal Time (UTC) on 
26 December 2004. The earthquake’s epicentre (3.316° N, 95.854° E) was 
located in the Indian Ocean just north of Simeulue Island, off the western coast of 
northern Sumatra, Indonesia, with a focal depth of 30 km. The estimated length of 
the rupture zone was approximately 1200 km with a width of about 150 km. The 
earthquake rupture’s duration was several hundred seconds, and the maximum 
slip was approximately 30 m [30–33]. The United States Geological Survey [28] 
assigned Mw 9.1 to this earthquake. The mainshock was followed by more than 
300 aftershocks of magnitude Mw greater than 5.0 within a month.

The 2004 tsunami was recorded around the world on tide gauges located 
in the Indian, Pacific and Atlantic Oceans. Its huge waves caused widespread 
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FIG. 6. Locations of the nuclear power plant and project sites along the Indian coast. A typical 
representation of the postulated initial water surface profile for the 2004 event is also shown 
(see Section 4.2.2 for proposed source models).



destruction and the highest historically recorded number of casualties along the 
shores of several countries located around the Indian Ocean. The worldwide 
estimate of fatalities and missing persons due to this event is 297 200 [34]. In 
many locations along the shores of Sumatra, runups over 30 m were observed, 
with a maximum reported runup of about 50 m (see Fig. 7).

In addition to the tsunami, the earthquake caused other geophysical 
phenomena. Seiches were observed in India and the USA [34]. Subsidence and 
landslides were observed in Sumatra. A mud volcano near Baratang, Andaman 
Islands, became active on 28 December, and gas emissions were reported in 
Arakan, Myanmar [34].

After initiation, the tsunami waves took more than two hours to reach 
Indian shores. The wave arrivals were recorded at 09:05 Indian Standard Time 
(IST) at Chennai (near Kalpakkam) and Visakhapatnam on the east coast of India, 
at 09:57 at Tuticorin on the southern tip of the Indian peninsula and at 11:10 in 
Cochin. The wave heights along the east coast generally ranged from 3 m to 6 m, 
and a maximum wave height of 9.5 m was measured at Devanampattinam, Tamil 
Nadu (see Fig. 8).

Several tide gauges located along the coast of India and Sri Lanka recorded 
the tsunami waveforms. The records indicate that along the east coast of India 
(and the east coast of Sri Lanka), tsunami waves arrived shortly after high tide, 
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FIG. 7. Observed tsunami runups along the shores of the Indian Ocean based on the NCEI/WDS 
Tsunami Event Database (see Section A–1.1 in the Annex).



whereas in Tuticorin and Colombo, the waves arrived shortly after low tide [35]. 
All these gauges are located west of the earthquake zone, and the de-tided sea 
levels indicate a rise in sea level with the arrival of the tsunami, followed by 
a sharp decrease indicating the arrival of the trough. The locations of the tide 
gauges that recorded the event along the Indian coast are given in Fig. 8, and 
de-tided tsunami waveform data at these gauges are shown in Fig. 9.

Fourier analysis of tide gauge data indicates maximum amplitude at a period 
of 35–45 min, with another maximum at around 20 min. Also, along the Indian 
east coast, a broad peak was observed 1–2 h after the first wave arrival [35].

4.2.3. Effects and sequence of events at the nuclear power plants

4.2.3.1. Madras Atomic Power Station

Madras Atomic Power Station, located at Kalpakkam on the east coast 
of India, has two pressurized heavy water reactor units of 220 MW(e) capacity 
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FIG. 8. Observed tsunami runups along the shores of India based on the NCEI/WDS Tsunami 
Event Database (see Section A–1.1). The nuclear power plant locations along the coast (squares) 
and tide gauge locations that recorded the event (circles) are also shown. The maximum water 
heights recorded by the tide gauges are given in brackets.
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FIG. 9. De‑tided tsunami waveform data at tide gauge stations based on National Institute 
of Oceanography (NIO) [36] and Nagarajan et al. [35]. Missing data have been joined with 
straight lines (e.g. Visakhapatnam tide gauge from 07:30 to 09:30).



each. Unit 1 was commissioned on 27 January 1984, and the second unit on 
21 March 1986. Details of the nuclear power plant layout and the impact of the 
tsunami on the plant area are available in Refs [37–39].

The main structures in the plant area include the reactor building, the 
service building, the turbine building, the pump house and the intake structure, 
with the pump house being the closest structure to the shore (see Fig. 10). Sea 
water is used to provide cooling fluid to the turbine condenser and to cool the 
station process water, a closed loop system. The condenser cooling water pumps 
supply cooling water into the turbine condenser, and the process service water 
pumps supply water to the heat exchangers of the station process water system. 
From the intake structure located in the sea, the sea water is brought to the 
onshore pump house through an underground tunnel. The pumps are provided 
with screens to prevent the entry of debris, and their operating floor is about 2 m 
below the plant grade level.

The tsunami caused flooding in the seawater pump house of Madras Atomic 
Power Station at around 9:15 IST on 26 December 2004. The floodwaters entered 
the pump house through the underground intake tunnel connected to the onshore 
forebay of the pump house. Due to the high tsunami waves, the sea water level 
in the forebay increased to about 1.9 m above the operating floor of the pump 
house. During normal conditions, the sea water level is approximately 3 m below 
the operating floor.

Madras Atomic Power Station Unit 1 had been shut down for refurbishment 
at the time, but Unit 2 was in operation when the tsunami struck the shore of 
Kalpakkam. After the tsunami wave’s arrival, the condenser cooling water pumps 
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1. Admin building
2. Warehouse
3. Canteen
4. DM water plant
5. DM water storage tanks
6. Sea water out fall
7. Sea water intake
8. Approach jetty
9. Pump house
10. Turbine building
11. Reactor building
12. Service building
13. Stack
14. Upgrading plant
15. Indoor switch yard
16. Fresh water reservoir

New / revised (Sept 2024, Yoko / Gavin’s comment )

 (not shown)

FIG. 10. General plant layout of Madras Atomic Power Station Units 1 and 2 [37].



tripped as a result of the submergence of the local control switches in the sea 
water pump house. This affected the operation of the condenser cooling pumps 
of Unit 2. The operator tripped the turbine, followed by a controlled shutdown 
of the reactor. The reactor was cooled down and brought to a safe shutdown 
state as per normal design provisions and procedures, so all safety systems 
functioned as per design.

During the incident, one of the process service water pumps was in service 
providing sea water as cooling process water. Another process service water 
pump was put into service when the travelling water screen became clogged with 
debris transported by the tsunami.

The off-site power supply from the grid to the station continued to be 
available during and after the event. Though the off-site power remained 
available, emergency diesel generators (D/G-1 and D/G-5) were started and kept 
running as a precautionary measure. An emergency alert was declared at 10:25 
IST on 26 December 2004 and was lifted at 21:43 IST on 27 December 2004 
after the situation returned to normal.

A survey after the event indicated wave runups reaching about 4.5 m 
(relative to the mean sea level) in the site surroundings [40, 41]. The observed 
wave heights are given in Fig. 11. Apart from the water entry into the plant water 
pump house, other affected plant related structure, systems and components 
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FIG. 11. Tsunami runup and inundation in the site area along the coast. Measured values are 
based on Singh and Kushwaha [40]. The points of measurement of wave runups are indicated by 
yellow circles, and the measured values are denoted by numbers in black text. The measurement 
locations of inundation distance are indicated by red circles, and the measured values are 
shown in red text.



include the dislocation of chlorination lines located on the jetty connecting 
the plant area to intake at sea and damage to a portion of the masonry wall 
near the outfall.

After the event, an on-site inspection was carried out. The event underwent 
a multitier review concerning operator response, emergency preparedness and 
the Atomic Energy Regulatory Board of India’s requirements for the siting and 
design of nuclear facilities. After the rehabilitation of the pumps affected during 
the event and after obtaining the necessary regulatory clearance, the unit was 
restarted on 2 January 2005.

4.2.3.2. Prototype Fast Breeder Reactor, Kalpakkam

The 500 MW(e) PFBR site is located adjacent to Madras Atomic Power 
Station. The construction of the foundation raft of the PFBR building was in 
progress when the tsunami waves arrived, and the excavated foundation pit 
was flooded. Details of the effects of the tsunami on the plant area are available 
in Refs [42–44].

The excavation for the nuclear island was carried out in a plan area of about 
150 m × 150 m, reaching 24 m depth from the evaluated plant grade level. Upon 
the completion of construction, the plant grade level would have been several 
metres above the natural ground level. The excavation created an 18 m deep 
pit below the mean sea level at a distance of about 200 m from the shoreline. 
Figure 12(a) depicts a view of the excavated pit just after the completion of the 
levelling course of plain cement concrete over base rock.

As per construction procedures, the 100 m × 100 m × 3.5 m thick foundation 
raft of PFBR is constructed in several layers or sectors. The construction of the 
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(a) (b)

FIG. 12. View of the excavated pit for the PFBR before and after the tsunami. Part (a) is a view 
of the excavated pit a few months before the tsunami [45]. Part (b) is a view of the excavated 
pit after the tsunami [46].



first layer of concrete was started on 15 December 2004. The second layer of raft 
concrete had been laid when the tsunami struck the site on 26 December 2004, 
filling the pit with 3.5 m × 105 m3 of sea water, debris, sludge and sand.

The workers were safely evacuated before the tsunami waters inundated 
the foundation pit. Figure 12 shows the excavated pit of the PFBR before and 
after the tsunami.

The observed tsunami level at the PFBR site was about 2 m lower than the 
plant design basis flood level. The tsunami also did not exceed the flood levels 
estimated using tsunami levels prescribed in the regulatory document published 
in 1990, AERB/SG/S-11, Seismic Studies and Design Basis Ground Motion for 
Nuclear Power Plant Sites [47].

Following the removal of sand and debris brought in by the tsunami, massive 
rehabilitation work was carried out at the PFBR site. As the tsunami inundation 
took place during the time of concreting, it was postulated that the sea water could 
have changed the properties of the concrete. The rehabilitation work included 
an analysis of core samples from the seawater affected concrete concerning the 
raft pours for strength and durability, profiling the chloride, sulphate and cement 
content and the compressive strength. Chloride contamination was found to 
be concentrated only in the top 5 mm to 10 mm layer of concrete, and studies 
established that the chloride and sulphate content of the concrete were within 
acceptable limits once the top 10 mm layer of concrete was chipped off. Chloride 
migration studies were also conducted in order to work out options for the 
re-engineering of the raft. The cement content and the compressive strength of 
the concrete cores were found to be acceptable.

After reviewing the various technical issues and the various options for the 
restoration of the pit, it was decided to retain the layers of concrete constructed 
as part of the raft before the tsunami as a sub-base after chipping off the top layer 
of the concrete that was impregnated with chloride. Additional layers of highly 
impermeable plain concrete were poured over the existing sub-base pours, and 
freshwater proofing layers were laid over this. The entire raft was constructed 
afresh on top of it.

This reconstruction of the raft resulted in the raising of the level of the 
entire plant. After reconstruction, the finished floor level of the safety related 
buildings was about 9 m above mean sea level. This is about 3 m above design 
basis flood level and 5 m above the maximum water level rise observed during 
the 2004 tsunami.

Also, after the tsunami at Kalpakkam, shore protection and a tsunami 
embankment consisting of engineered boulders stacked at a height of 5.4 m 
above mean sea level were erected to reduce the momentum of sea waves during 
tsunami events.
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4.2.3.3. Tsunami impact at Kalpakkam residential colony

The Kalpakkam township is situated approximately 4 km south of the 
PFBR site (see Fig. 11). Parts of the township that adjoin the coast suffered 
from the tsunami impact. Some people who were near the coast at the time were 
caught in the tsunami wave, leading to several fatalities in the area. Among them 
were five staff members from the Department of Atomic Energy [48]. In the 
township, the tsunami also caused the loss of power supply and the failure of 
communication lines [46].

4.2.3.4. Kudankulam Nuclear Power Plant

The Kudankulam site is located near the southern tip of the Indian peninsula. 
In 2004, the construction of two pressurized water reactors units of 1000 MW(e) 
each was in progress. During the tsunami event, there was no damage to the site. 
The inspection carried out after the tsunami event indicated that the maximum 
water level rise was 2 m above mean sea level, as determined from water level 
marks [49]. The site grade level is 7.5 m above the mean sea level and is thus 
much higher than the observed tsunami runup.

4.2.4. Lessons learned

Some of the issues identified as an outcome of the review of the Kalpakkam 
site after the 2004 tsunami were the following [38, 50, 51]:

 — The need for a more rigorous treatment of tsunami hazards;
 — A need for communication facilities to be augmented (e.g. in townships);
 — The need for revision of emergency operating procedures for handling 
flooding incidents at all coastal sites;

 — The need for relocation of some of the process equipment above the 
maximum flood levels at Madras Atomic Power Station;

 — The need for the installation and implementation of a tsunami warning 
system.

4.3. THE 2011 GREAT EAST JAPAN EARTHQUAKE AND TSUNAMI

4.3.1. General

On 11 March 2011, a giant subduction earthquake (Mw 9.1) occurred 
off the Pacific coast of Tohoku, Japan, generating a devastating tsunami. This 
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earthquake was the largest in Japanese history and the fourth largest in the 
world’s instrumentally recorded history. The earthquake was officially named the 
2011 Off the Pacific Coast of Tohoku Earthquake by the Japan Meteorological 
Agency (JMA), but it is often abbreviated to the Tohoku (-oki) earthquake or the 
Great East Japan earthquake in scientific literature. The earthquake and tsunami 
disaster was officially named the Great Eastern Japan Earthquake Disaster 
by the Japanese Cabinet. Hereafter, the tsunami will be called the 2011 Great 
East Japan tsunami.

The earthquake and tsunami left approximately 15 900 people dead, 
3 100 missing and 6 000 injured. Approximately 129 000 houses collapsed, 
255 000 partially collapsed and 697 000 were partially damaged. Of these, some 
7 600 houses were destroyed by the ground shaking, 19 000 were damaged 
by liquefaction, and the rest (nearly 98%) were affected by the tsunami. 
Approximately 500 000 people lost their homes and were displaced. The total 
economic loss is estimated at Y 16 900 billion (about US $200 billion), which 
represents approximately 20% of the annual national budget of Japan, according 
to the Central Disaster Management Council.

The four closest nuclear power plants to the Great East Japan earthquake 
source area are (see Fig. 13), from north to south, Onagawa nuclear power plant 
(Tohoku Electric Power Company), Fukushima Daiichi and Fukushima Daini 
(both Tokyo Electric Power Company) and Tokai Daini nuclear power plant 
(Japan Atomic Power Company). They all have BWR type reactors, and the 
number of reactors (units) is 14 in total. Of these, ten units were in operation 
during the 11 March Great East Japan earthquake.

4.3.2. Earthquake and tsunami sequence

The epicentre of the 2011 Great East Japan earthquake was 38.103° N, 
142.860° E, and the origin time was 14:46:18 Japan Standard Time (JST) 
(UTC + 9 h), according to JMA. The earthquake was felt on most of the Japanese 
islands, reaching the highest seismic intensity degree of the JMA scale (7), which 
corresponds to XI or XII on the modified Mercalli scale or nearly 3000 gal (cm/s2) 
of peak ground acceleration. The earthquake focal mechanism solution shows a 
thrust type fault movement on a gently dipping plane, indicating that it occurred 
along the boundary between the Pacific and the overriding Okhotsk plates. The 
Pacific plate subducts beneath northern Honshu along the Japan trench at a 
rate of about 8 cm per year. This subduction causes westward movement and 
east–west compression of northern Honshu, as observed before 2011 by the land 
based Global Positioning System (GPS) network [53].

The 2011 Great East Japan earthquake was preceded by foreshocks. Seismic 
activity, including four earthquakes with Mw ~ 5, occurred in February 2011. On 

29



9 March, two days before the mainshock, an Mw 7.3 earthquake occurred about 
45 km north-east of the mainshock epicentre. This earthquake, now recognized 
as a foreshock, had a mechanism similar to that of the mainshock, with east–west 
compression, and produced a minor tsunami with a maximum height of 0.6 m at 
Ofunato. Intense seismic activity, including an Mw 6.5 event, continued until the 
mainshock on 11 March.

The Great East Japan earthquake produced numerous aftershocks. Two 
large aftershocks with Mw > 7 occurred within 40 min of the mainshock. Within 
two months (up to 10 May), three Mw ≥ 7 earthquakes (including the above two), 
60 Mw ≥ 6 earthquakes and 610 Mw ≥ 5.0 earthquakes took place over a source 
area 500 km long and 200 km wide. The large 7 April aftershock (Mw 7.1) was 
deeper than the plate interface and is considered to have occurred within the 
subducting Pacific plate.

The Great East Japan earthquake also triggered earthquakes in central to 
eastern Japan. Three Mw > 6 earthquakes occurred at large distances (more than 
a few hundred kilometres away) within seven days of the mainshock. These are 
also interpreted as triggered events. In Fukushima Prefecture, an Mw 6.6 normal 
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FIG. 13. Epicentres of the mainshock and aftershocks within one week of the Great East Japan 
earthquake. The white star is the epicentre of the mainshock, and the red circles are aftershocks 
that occurred within one week, according to JMA. The black contours indicate the slip amount 
(contour interval of 4 m) on the source fault, estimated from the tsunami waveforms [52]. The 
locations of the four nuclear power plants referred to in the text are shown as yellow circles.



fault earthquake, reflecting east–west extensive stress, occurred on 11 April. It 
was followed by many aftershocks with similar focal mechanisms.

The slip on the fault of the 11 March mainshock was estimated to be as large 
as 50 m from various geophysical data such as seismic waves [54], land GPS [53] 
and marine geodetic measurements [55] or tsunami waveforms [52]. The fault 
slip caused a significant seafloor displacement, which was the mechanism of the 
devastating tsunami that followed.

The 2011 Great East Japan tsunami was an unprecedented tsunami disaster 
in the history of Japan. It was instrumentally recorded by various types of gauges, 
including coastal tide and wave gauges, offshore GPS buoys, cabled ocean 
bottom pressure gauges and Deep-ocean Assessment and Reporting of Tsunamis 
(DART) buoys. The tsunami reached the coast of Iwate, Fukushima and Ibaraki 
Prefectures 30 min after the earthquake. The tsunami inundated coastal areas 
from Hokkaido Prefecture in the north to Chiba Prefecture in the south.

The coastal tsunami heights, both inundation heights and runups, were 
measured by the Joint Survey Group, which consisted of approximately 300 
researchers from more than 60 organizations [56] (see Fig. 14). The total number 
of measurement points exceeded 5900. The density of measurements far exceeds 
those available for any previous tsunamis, providing invaluable data for future 
research. The disaster scale is described by the maximum tsunami heights and 
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FIG. 14. Locations of the four nuclear power plants around the source areas (left) and 
distribution of measured tsunami heights (right) [56].



the length of the coast affected by large tsunami waves. The former reached more 
than 35 m at the coast of Iwate Prefecture, which is similar to the tsunami runup 
of the 1896 Sanriku tsunami. Runups greater than 10 m were observed across 
more than 530 km of coastline.

Figure 15 shows examples of tsunami waveforms recorded at an offshore 
bottom pressure gauge (located about 70 km from the coast at a depth of 1600 m), 
a GPS wave gauge (located around 10 km from the coast at a depth of 200 m) and 
four coastal tide gauges. The offshore bottom pressure gauge shows that the sea 
level started to rise while the seafloor was shaking with seismic waves, followed 
by a large impulsive peak at 12 min. Similar two stage tsunami waveforms with 
large amplitude and delayed start (15 min) were recorded at the GPS wave gauge. 
The Kamaishi and Ayukawa tide gauges recorded the tsunami’s arrival at 25 min, 
but the large tsunami destroyed the instrument before it could record the largest 
peak. These waveforms, as well as those on DART buoys, were used to estimate 
the tsunami source [52, 57, 58].

4.3.3. Effects and sequence of events at nuclear power plants

4.3.3.1. Fukushima Daiichi nuclear power plant

The Fukushima Daiichi nuclear power plant (Fig. 16) is located in 
Fukushima Prefecture and consists of six BWR units. Unit 1 was commissioned 
in March 1971. The total generating capacity of all units is 4696 MW(e).

At the time of the earthquake on 11 March 2011, Units 1, 2 and 3 were under 
operation, and Units 4, 5 and 6 were under periodic inspection. The earthquake 
disrupted all of its six external power supply sources, which resulted in the startup of 
its emergency diesel power generators (D/G). However, the ensuing tsunami strike 
caused the plant to undergo a ‘station blackout’ (i.e. a total loss of alternating current 
(AC) power) by submerging or flooding the emergency D/Gs, AC power supply 
equipment, metal-clad switchgear, power centre and other electrical distribution 
equipment, rendering it useless.

The tide gauge in the harbour was damaged by the tsunami, so the water 
level could not be recorded. The ultrasonic wave gauge approximately 1.5 km 
offshore from Fukushima Daiichi nuclear power plant was damaged by the 
second tsunami wave and collected data only until 15:35 JST. The water level 
began rising at around 15:15 JST and, after a gradual rise, peaked at about 
15:27 JST. Next, the water level briefly dropped before suddenly jumping up 
at 15:33 JST and then exceeding the measurement limit of OP + 7.5 m (see 
Fig. 17). The abbreviation OP (for Onahama Peil) is the reference sea level at the 
port of Onahama, which is 0.727 m below the mean sea level of Japan, denoted 
Tokyo Peil (TP).
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FIG. 15. Tsunami waveforms for the 2011 Great East Japan tsunami recorded at the stations 
shown by red symbols in the image on the left. They are the offshore bottom pressure gauge 
(TM‑1) and GPS gauge (triangles) and four tide gauges (circles). Other stations shown by 
yellow symbols also recorded tsunami waveforms, but they are not shown here.

FIG. 16. General layout of Fukushima Daiichi nuclear power plant. Reproduced from Ref. [59] 
with permission courtesy of the Nuclear Emergency Response Headquarters of Japan.



(a) Flooding due to tsunami runup

The tsunami at the Fukushima Daiichi nuclear power plant inundated the 
seaside area (ground level OP + 4 m) and the main building area (ground level 
OP + 10 m around Units 1 to 4; OP + 13 m around Units 5 and 6), and the entire 
seaside area and main building area were flooded (see Fig. 18). The inundation 
height was approximately OP + 11.5 m to 15.5 m around Units 1 to 4, and the 
flow depth was approximately 1.5 m to 5.5 m (see Fig. 19). In Fig. 19 ‘Inundation 
depth’ means flow depth. The inundation height around Units 5 and 6 was 
approximately OP + 13 m to 14.5 m, and the flow depth was approximately 1.5 m 
or less, which was relatively shallow compared with the area around Units 1 to 4. 

Pictures of the tsunami near the building on the south side of Unit 4 show a 
tank approximately 5.5 m in height installed at an elevation of OP + 10 m being 
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FIG. 17. Water level observed at Fukushima Daiichi nuclear power plant. The measurement 
upper limit was OP + 7.5 m. Reproduced from Ref. [60] with permission courtesy of the Nuclear 
Regulation Authority of Japan.

FIG. 18. Schematic cross‑section of Fukushima Daiichi nuclear power plant. Reproduced from 
Ref. [61] with permission courtesy of the Nuclear Regulation Authority of Japan.
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submerged by the tsunami. The flow depth in the vicinity of the building was more 
than 5 m above the ground (see Fig. 20).

(b) Hydrodynamic forces

Figure 21 shows that there are two smaller tanks (heavy oil tanks) and a 
large tank (suppression pool tank). One of the smaller tanks was moved by the 
tsunami, and the large one was damaged.

Several pieces of the concrete crown wall of the breakwater were overturned 
and displaced toward the land side during the tsunami (see Fig. 22). There was 
minor damage to the rubble mound armour layer.

Significant damage to the structure of the main building, such as the outer 
wall and pillars, etc., was not found. It was also confirmed that tsunami damage 
mainly occurred on the east side (the seaside) of Units 1 to 4 of the turbine 
buildings, parts of doors and shutters, etc.

However, some pumps, as well as ancillary equipment, were damaged by 
the impact of a collapsed crane used for facility inspection and floating objects 
entrained in the tsunami.

Before the tsunami, two pumps had been removed for inspection from their 
originally installed locations. Those pumps, under inspection, were displaced by 
the tsunami. After the tsunami, the other pumps that were not under inspection 
remained at their originally installed locations. However, the tsunami caused 
them to lose function. 
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FIG. 20. Inundation near Unit 4 at Point 8 of Fig. 19. Reproduced from Ref. [63] with 
permission courtesy of Tokyo Electric Power Company.



(c) Morphological changes

The morphological changes were investigated using single beam and 
narrow multibeam sounding systems.

Erosion was found around the harbour entrance; the maximum amount of 
erosion was approximately 3.5 m. Deposition was found throughout the harbour 
and the intake canal (see Fig. 23). 

(d) Debris and debris flow

A large amount of floating debris remained in the vicinity of the 
Fukushima Daiichi nuclear power plant (see Figs 24 and 25). This included the 
heavy oil tank (with a diameter of 11.7 m, a height of 9.2 m and a weight of 
32 tonnes) that had been installed on the seaward side (ground level: OP + 4 m) 
and was displaced by the tsunami to the road on the north side of the reactor 
and turbine buildings at Unit 1 (ground level: OP + 10 m). Many cars were 
also washed away.
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Breakwater collapsed 

One of the tanks was moved Tank was damaged 

FIG. 21. Situation of damaged structures. Reproduced courtesy of Tokyo Electric Power 
Company [64].
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FIG. 23. Morphological change at Fukushima Daiichi nuclear power plant. Reproduced 
courtesy of Nuclear Regulation Authority of Japan [60].     
 
 
 

FIG. 24. Debris at Fukushima Daiichi nuclear power plant. Reproduced courtesy of Tokyo 
Electric Power Company [64].
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(e) Inundation damage of nuclear facilities

Some parts of the openings on the ground level of the main building 
(building entrance, equipment hatch and exhaust port) and the openings of the 
trenches and ducts buried underground at the site (penetration slots for cables 
and pipes) were assessed to have provided flooding routes into the buildings 
(see Figs 26 and 27). It is estimated that, inside the buildings, a large area of the 
basement floors was flooded through passageways and stair shafts.
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FIG. 26. Locations of openings that possibly provided inundation routes into the main 
buildings at Fukushima Daiichi nuclear power plant. Reproduced courtesy of Nuclear 
Emergency Response Headquarters of Japan [62].      

FIG. 27. Flood pathways into the major buildings. Reproduced courtesy of Tokyo Electric 
Power Company [63].



4.3.3.2. Fukushima Daini nuclear power plant

Fukushima Daini nuclear power plant is located near the towns of Tomioka 
and Naraha of Futaba County in Fukushima Prefecture. The commercial operation 
of Unit 1 started in April 1982, and there were four BWR units at the time of the 
event (see Fig. 28), the total generating capacity of which was 4400 MW(e).

All of the nuclear reactors, Units 1 to 4, at the Fukushima Daini nuclear 
power plant were in operation. The reactors from Units 1 to 4 at Fukushima Daini 
nuclear power plant tripped at 14:48 JST on 11 March. A total of four external 
power supply lines were connected to this nuclear power plant. One line was 
under maintenance and was not functional; two lines ceased to function due to 
the earthquake (one immediately and the other after one hour), which resulted 
in the electric supply being provided by a single line (restoration work on 
the third line was completed at 13:38 JST on 12 March, so two lines became 
available after that). The nuclear power plant was hit by the tsunami at around 
15:34 JST on 11 March, resulting in a loss of residual heat removal systems for 
all units except Unit 3.

In Unit 3, one of the two residual heat removal systems survived, and 
cooling continued after the tsunami’s arrival. Therefore, the reactor reached cold 
shutdown status at 12:15 JST on 12 March. However, in Units 1, 2 and 4, the 
temperature of the suppression pool water exceeded 100°C because not all of 
the heat could be removed. The cooling of the suppression pool started with the 
operation of the residual heat removal system by connecting a temporary cable 
from the functioning distribution board. As a result, each reactor reached cold 
shutdown status on 14 or 15 March.
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FIG. 28. General layout of Fukushima Daini nuclear power plant. Reproduced courtesy of 
Nuclear Emergency Response Headquarters of Japan [59].



A tide gauge was installed in the harbour, but, as it had been damaged 
by the tsunami, the water level could not be recorded at Fukushima Daini 
nuclear power plant.

(a) Flooding due to the tsunami runup

The tsunami at the Fukushima Daini nuclear power plant inundated the 
entire seaside area (OP + 4 m) in front of Units 1 to 4 and partially inundated 
the main building area (OP + 12 m) around Units 1, 2 and 3 (see Figs 29–31). 
The tsunami inundated from the narrow space between the south side of Unit 1 
and the slope in the main building area and reached the main building areas of 
Units 1, 2 and 3. The inundation height was approximately OP + 12 m to 14.5 m 
around Units 1 to 3, and the flow depth was approximately 2.5 m or less, which 
was relatively shallow compared with Fukushima Daiichi nuclear power plant. In 
Fig. 29, ‘flooded depth’ means flow depth. The main building area of Unit 4 was 
not inundated.

(b) Hydrodynamic forces

In all units, the doors of the heat exchanger buildings and other smaller 
structures located in the seaside area (OP + 4.0 m) were damaged by the 
tsunami (see Fig. 32).

Only the doors, louvers and hatches along the southern half of the main 
buildings of Unit 1, located in the main building area (OP + 12 m), were 
damaged by the tsunami. No damage was confirmed at the main building’s outer 
walls and pillars.

(c) Morphological changes

Erosion was found around the harbour entrance; the maximum amount 
of erosion was approximately 3 m. Deposition was found in the centre of the 
harbour and the front of the shallow draft quay (see Fig. 33).

(d) Debris and debris flow

Temporary equipment for inspection, the steal stop logs, etc., were displaced 
by the tsunami. At the Fukushima Daini nuclear power plant, none of the major 
equipment and structures was found to have drifted to the main building area 
(ground level: OP + 12 m) as a result of the tsunami.

Figure 34 shows the debris near the heat exchanger building of Unit 3.
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Revised (Wed, 20 March 2024)

Just after inundation: 0 s 8 s 18 s

28 s 36 s 64 s

FIG. 30. Tsunami runup along the slope of Fukushima Daini nuclear power plant. Reproduced 
courtesy of Nuclear Regulation Authority of Japan [60].

FIG. 31. Schematic cross‑section of Fukushima Daini nuclear power plant. Reproduced 
courtesy of Nuclear Regulation Authority of Japan [61].

FIG. 32. Damaged door of the heat exchanger buildings. Reproduced courtesy of Tokyo 
Electric Power Company [64].
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FIG. 33. Morphological change at Fukushima Daini nuclear power plant. Reproduced 
courtesy of Nuclear Regulation Authority of Japan [60].      
    
    
    

FIG. 34. Debris near the heat exchanger building of Fukushima Daini nuclear power plant, 
Unit 3. Reproduced courtesy of Tokyo Electric Power Company [64].



(e) Inundation damage of nuclear facilities

Emergency seawater system pumps were installed in the heat exchanger 
buildings at Fukushima Daini nuclear power plant. The area around the heat 
exchanger building was flooded to a level of about 3 m by the tsunami. Although 
the frameworks of these buildings were not damaged, the doors and other ground 
level openings were damaged, and all heat exchanger buildings were flooded (see 
Figs 35 and 36). As a result, almost all power panels and pump motors ceased to 
function because of water damage.
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New / revised (Sept 2024, Yoko/ Gavin’s comment )

Heat exchange building

Turbine building

Reactor building

New / revised (Sept 2024, Yoko/ Gavin’s comment )

Heat exchanger building

Turbine building

Reactor building

FIG. 35. Locations of openings that possibly provided inundation routes into the buildings at 
Fukushima Daini nuclear power plant. Reproduced courtesy of Nuclear Regulation Authority 
of Japan [60].

FIG. 36. Flood pathways into the major buildings. Reproduced courtesy of Tokyo Electric 
Power Company [63].



Three emergency D/Gs were installed for each unit. At Unit 1, water 
flooded the reactor annex building from the ground level openings, and all three 
emergency D/G main units stopped working. At Unit 2, none of the D/G main 
units were damaged but they all ceased to function because the power panels or 
the pump motors of the emergency D/G seawater cooling systems were damaged 
by water. For Units 3 and 4, none of the emergency D/G main units were 
damaged by flooding, and some emergency D/G seawater cooling systems were 
also available. In total, nine subsystems of emergency D/Gs ceased to function, 
and three continued to function. However, there was no need to use the remaining 
emergency D/Gs, as off-site power continued to be available at Fukushima Daini 
nuclear power plant.

4.3.3.3. Onagawa nuclear power plant

The Onagawa nuclear power plant is located near Onagawa Town, in 
Oshika County and near Ishinomaki City, in Miyagi Prefecture. The commercial 
operation of Unit 1 started in June 1984, and there are three BWRs now, the total 
generating capacity of which is 2174 MW(e) (see Fig. 37).

Units 1 and 3 were in operation at the time the earthquake occurred on 
11 March, and Unit 2 was under reactor startup operation. The off-site power 
supply from four out of the five lines was interrupted as a result of the earthquake, 
but it was maintained through the continued operation of one power line.
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FIG. 37. General layout of the Onagawa nuclear power plant. Reproduced courtesy of Nuclear 
Emergency Response Headquarters of Japan [62].



The reactor at Unit 1 tripped at 14:46 JST because of high seismic 
acceleration, and the emergency D/Gs (A) and (B) started. The cooling and 
depressurization operations of the nuclear reactor were performed successfully, 
and the reactor reached a state of cold shutdown with a reactor coolant 
temperature of less than 100°C at 00:57 JST on 12 March.

Since the reactor was in startup operation, Unit 2 shifted promptly to cold 
shutdown because the reactor tripped automatically at 14:46 JST as a result of 
the significant seismic acceleration. Subsequently, the emergency D/G (B) was 
tripped because the reactor’s auxiliary component cooling water system B pump 
and other cooling system pumps were inundated as a result of the tsunami and 
thus lost function. However, since component cooling water system A pump was 
intact, there was no influence on the reactor’s cooling function.

The reactor at Unit 3 tripped at 14:46 JST because of high seismic 
acceleration. The off-site power source was maintained, but the turbine 
component cooling seawater pump stopped as a result of inundation by the 
tsunami. All of the feeding water and condenser pumps were then manually 
stopped, and the reactor core isolation cooling system fed water to the reactor. 
Cooling and depressurization operations of the reactor were performed, leading 
the reactor to a cold shutdown state with a reactor coolant temperature of less 
than 100°C at 1:17 JST on 12 March.

(a) Flooding due to tsunami runup

At the Onagawa nuclear power plant, the maximum water level observed 
at the tide gauge (approx. OP + 13 m)1 was measured about 40 min after the 
mainshock occurred. The maximum height of the tsunami runup in front of the 
site where the main building is located was about OP + 13.8 m (see Fig. 38). The 
ground level of the nuclear power plant site was about OP + 14.8 m before the 
earthquake but subsided during the earthquake to OP + 13.8 m. The seaside area 
(OP + 2.5 m) was flooded.

(b) Hydrodynamic forces

Small buildings at lower ground elevation (OP + 2.5 m) near the seaside 
area were flooded by inundation but largely did not collapse (see Fig. 39).

It was thought that the heavy oil tank was damaged by the tank being floated 
by buoyancy in the rising water level, causing it to move horizontally and overturn.

1 OP: Onagawa Nuclear Power Plant datum plane for construction (below 0.74 m from 
T.P.0).
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Runup height

Runup height

Runup height

Runup height
Runup height

Runup height

Runup height
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FIG. 38. Tsunami runup in Onagawa nuclear power plant. Reproduced courtesy of Nuclear 
Emergency Response Headquarters of Japan [62].      
   
    

New / revised (Feb 2025, Yoko / Proofreader s comment)

Heavy oil tank

The site where the main building is located: about OP +13.8m

FIG. 39. Overturned heavy oil storage tank of Unit 1. Reproduced courtesy of Nuclear 
Regulation Authority of Japan [60].       



(c) Morphological changes

The deposition of sand was between 0.5 m and 0.6 m across a wide area 
inside the North and East breakwaters; erosion was up to around 5.5 m near the 
head of the east breakwater. The water intakes were not blocked by the sand 
(see Fig. 40).

(d) Effects on intake during drawdown

The main tide gauge system was damaged by the tsunami, but the water 
level of the tsunami was obtained by the backup tide gauge (see Fig. 41). The 
minimum water level was below OP –6 m for about two minutes, and the intake 
might have been exposed during this time (see Fig. 42). However, the seawater 
pump for the emergency component cooling seawater system was able to draw 
water continuously.

(e) Inundation damage of nuclear facilities

It is presumed that, at Unit 2, the tsunami sea water flowed from the seawater 
intake channel into the seawater pump room through the installation box of the water 
level meters. As a result, the reactor component cooling seawater system pump B 
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FIG. 40. Morphological change at Onagawa nuclear power plant. Reproduced courtesy of 
Nuclear Regulation Authority of Japan [60].



region was flooded, and sea water flowed into a part of the reactor building through 
the underground trench. The reactor component cooling water system B stopped 
functioning, but system A was intact.

Although water level meters were installed at Unit 1 and Unit 3, they were 
located in different areas (in the dust arrester rooms), and so sea water did not flow 
into the reactor building, and the safety equipment was not affected by the tsunami 
(see Fig. 43).
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FIG. 41. Time history of the water level change observed at Onagawa nuclear power plant. 
Reproduced courtesy of Nuclear Emergency Response Headquarters of Japan [59].   

FIG. 42. Water intake system of Onagawa Unit 2. Reproduced courtesy of Tohoku 
Electric Power Company [65].        

FIG. 43. Penetration pathways into the main buildings of Onagawa Unit 2. Reproduced 
courtesy of Nuclear Regulation Authority of Japan [61].



4.3.3.4. Tokai Daini nuclear power plant

There are two stations located near Tokai Village in Naka County, Ibaraki 
Prefecture (see Fig. 44). The Tokai nuclear power plant started operations in July 
1966, with operations ceasing in March 1998, and decommissioning work is being 
carried out at present. The spent fuel at Tokai nuclear power plant has already 
been taken out. Tokai Daini nuclear power plant started commercial operation in 
November 1978. There is a BWR with a generating capacity of 1100 MW(e).

The Tokai Daini nuclear power plant was in full operation at the time of the 
earthquake on 11 March. At 14:48 JST that day, the earthquake generated a large 
vibration signal on the turbine shaft. This triggered a turbine trip, which tripped the 
reactor. Immediately after the occurrence of the earthquake, all three off-site power 
source systems were lost. However, the emergency power supply to the equipment 
was secured by the activation of three emergency D/Gs (A, B, C), each of which 
had three pumps. Subsequently, one of the seawater pumps for D/G (C) tripped as 
a consequence of the tsunami, and the D/G (C) pump became inoperable. However, 
the remaining two D/Gs secured the power supply to the emergency equipment, 
and the cooling of the suppression chamber was maintained by the residual heat 
removal system B.

One off-site power supply system was restored at 19:37 JST on 13 March, and 
the nuclear reactor reached a state of cold shutdown with a coolant temperature of 
less than 100°C at 00:40 JST on 15 March.
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FIG. 44. General layout of Tokai Daini nuclear power plant. Reproduced courtesy of Nuclear 
Emergency Response Headquarters of Japan [62].



Wave gauges (ultrasonic and pressure type) were installed about 150 m from 
shore on the east side of the harbour. The maximum water level was approximately 
HP + 5.5 m at around 16:50 JST (see Fig. 45)2. The tide gauge was installed 
near the quay, but the water level could not be recorded because the water level 
exceeded the limit of measurement, and the electronic power supply was lost.

(a) Flooding due to tsunami runup

The tsunami at Tokai Daini nuclear power plant inundated the seaside area 
(ground level TP + 3 m), and this was flooded. However, the tsunami did not 
inundate the main building area (TP + 8 m) (see Fig. 46).

At 19:01 JST, about four and a half hours after the mainshock, some pumps 
were submerged and automatically stopped because sea water had flooded the 
sea water pump area (see Fig. 47).

2 HP denotes Hitachi Peil (0.89 m below TP).
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FIG. 45. Water level observed at Tokai Daini nuclear power plant. Reproduced courtesy of the 
Nuclear Regulation Authority of Japan [60].
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Seawater pump area

Reactor building Turbine building

Tokai port

Water discharge canal

Area where tsunami running-up height and tsunami running-up 
have been observed at Tokai Daini NPS

FIG. 46. Tsunami runup (TP) in Tokai Daini nuclear power plant. Reproduced courtesy of 
Nuclear Emergency Response Headquarters of Japan [62].     
 

FIG. 47. Schematic cross‑section of Tokai Daini nuclear power plant. Reproduced courtesy of 
Nuclear Emergency Response Headquarters of Japan [62].



(b) Morphological changes

Erosion was found around the harbour entrance and inside the harbour 
near the south breakwater. Deposition was found in the centre of the harbour. No 
significant deposition was found in front of the water intake (see Fig. 48).

(c) Inundation damage of nuclear facilities

The layout of the water intake pump area is shown in Fig. 49. The 
circulation water pump is located in the centre of the pump area, with pump areas 
for equipment that is significant to safety, namely the north side and south side 
seawater pumps, located at either side of the circulation water pump area.

The new sidewall (TP + 6.1 m), which was installed to improve the safety 
margin against tsunamis and thus proved to be higher than the tsunami (about 
TP + 5.3 m), is assumed to have prevented the tsunami from flowing directly 
into the pump area.
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FIG. 48. Morphological change at Tokai Daini nuclear power plant. Reproduced courtesy of 
Nuclear Regulation Authority of Japan [60].



Although the tsunami was lower than the sidewall, because of construction 
work that was going on around the north pump area, sea water could still flow 
into the pump area at the following places:

 — Drain opening between the emergency seawater pump area and the auxiliary 
seawater system strainer area;

 — Cable pit that did not have a waterproof design.

For the south pump area, all activities, including waterproofing of the pipe 
penetration, had been completed by 9 March 2011.

4.3.4. Lessons learned

Based on the above discussions, the following key points should be 
considered [66, 67]:

 — The importance of a comprehensive analysis of extreme events, such as 
large tsunamis and seiches and their related uncertainties, in the design and 
risk assessment of a nuclear power plant within a framework that accounts 
for margin and defence in depth, especially when limited data are available;

57

           
      

   

Emergency sea water pump area Emergency sea water pump area

Water seal of penetrations: Completed

Side wall H.P. +7.0 (ASL+6.11m):
CompletedSouth side North side

Circulation water
pump area

Side wall H.P. +7.0 (ASL+6.11m):
Completed

非常用ディーゼル発電機用

海水ポンプ

残留熱除去海水系ポンプ

ﾎﾟﾝﾌﾟ

ﾎﾟﾝﾌﾟ

電動機

　

電動機

Side wall: 
Construction 
completed

Tsunami height 
investigation 
result: H.P.+6.3m
(ASL+5.4m)

H.P.+5.80m
（（ASL+4.91m））

Circulation Water 
Pump Area

Emergency sea 
water pump area

Cable pit

Residual heat removal
sea water pump

EDG sea water pump

Pump Pump

Moter

Moter

Water seal of penetrations: 
Not yet completed

   
  

    
  

  
New / revised (Sept 2024, Yoko / Gavin’s comment )

Circulation water 
pump area

           
      

   

Emergency sea water pump area Emergency sea water pump area

Water seal of penetrations: Completed

Side wall H.P. +7.0 (ASL+6.11m):
CompletedSouth side North side

Circulation water
pump area

Side wall H.P. +7.0 (ASL+6.11m):
Completed

非常用ディーゼル発電機用

海水ポンプ

残留熱除去海水系ポンプ

ﾎﾟﾝﾌﾟ

ﾎﾟﾝﾌﾟ

電動機

　

電動機

Side wall: 
Construction 
completed

Tsunami height 
investigation 
result: H.P.+6.3m
(ASL+5.4m)

H.P.+5.80m
（（ASL+4.91m））

Circulation Water 
Pump Area

Emergency sea 
water pump area

Cable pit

Residual heat removal
sea water pump

EDG sea water pump

Pump Pump

Moter

Moter

Water seal of penetrations: 
Not yet completed

   
  

    
  

  
New-2 / revised (Feb 2025, Yoko / Proofreader’s comment )

Circulation water 
pump area

Motor

Motor

FIG. 49. Inundation to emergency seawater pump area. HP: Hitachi Peil (0.89 m below TP); 
ASL: above sea level (equal to TP). Reproduced courtesy of Nuclear Emergency Response 
Headquarters of Japan [59].



 — The uncertainties associated with the potential inundation levels at different 
locations at a nuclear power plant site due to the plant layout;

 — The importance of mapping potential in-leakage pathways for water to 
inundate specific areas within a nuclear power plant;

 — The effects of hydrodynamic forces (the movement of oil tanks, the collapse 
of a breakwater, etc.), morphological changes (clogging of intake canals) 
and collision of drifting debris;

 — The need to fully and comprehensively investigate the potential of flooding 
to affect multiple units (and possibly multiple sites) for new and existing 
nuclear power plants;

 — The impact on off-site power sources due to the combined effect of seismic 
and tsunami impacts, with implications for the extent and timing of expected 
recovery;

 — The impact on the availability of off-site resources to assist in the recovery 
efforts at an individual nuclear power plant site of (1) extensive damage to 
the infrastructure around the site, (2) extensive damage to other areas of 
the coast and (3) the limited availability of emergency resources due to the 
coast-wide emergency conditions.
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5. OVERVIEW AND EVALUATION FLOW

5.1. GENERAL

SSG-18 [1] gives the following guidance regarding the initial assessment of 
tsunami hazards at nuclear power plants. 

“As an initial assessment, a simplified screening criterion is recommended… 
Using publicly available information as discussed in para. 3.35, evidence of 
past occurrences of tsunamis should be reviewed for the site region. For this 
purpose, the information collected should be organized and a list of specific 
tsunamis relevant to the plant site should be prepared. No specific further 
investigations and studies need be performed to analyse the tsunami hazard 
for the plant site, provided that the site is located in an area that shows no 
evidence of past occurrences of tsunamis, and is located: 

 — At more than 10 km from the sea or ocean shoreline, or more than 
1 km from a lake or fjord shoreline, as appropriate; or

 — At more than 50 m elevation from the mean water level.” (Ref. [1], 
para. 5.44).

If the above criteria are met, in general, no further investigations and studies 
need to be performed to analyse the tsunami hazard for the plant site. However, 
the above thresholds (10 km, 1 km and 50 m) are only empirically recommended 
limits, generally not reached by known (recorded or experienced) tsunamis. 
A few tsunamis in the past exceeded 50 m in height, particularly local tsunamis 
induced by a landslide (NCEI/WDS Global Historical Tsunami Database; see 
Section A–1). Also, tsunamis can penetrate into rivers by more than 10 km (see 
Section 4.1.2 and Ref. [68]). Therefore, the above criteria should be considered a 
general indication and should not be taken as safety bounds, unless the possibility 
of exceptional tsunami events beyond the given thresholds and long term sea level 
rise can be completely ruled out on the basis of site and regional characteristics.

On the risk of low water levels, SSG-18 advises the following:

“In all cases, the required volume of cooling water should be secured in case 
of the occurrence of a tsunami, because of the potential for low water level 
to affect the intake water system for several hours” (Ref. [1], para. 5.45).
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SSG-18 goes on to describe how a more detailed hazard assessment 
should be performed:

“In all situations other than those described in para. 5.44, a detailed 
hazard assessment for tsunamis should be performed as outlined in the 
following paragraphs. 

“The first step in conducting the detailed assessment of the tsunami hazard 
at the plant site should be to compile a specific tsunami catalogue and/or 
database relating to the site. This should be done by the investigations [of 
geophysical, geological and seismological data] to establish whether or not 
past or recent tsunami events have occurred in the region of the site and, if 
so, to characterize them.

“The potential for both local and distant tsunamis should be investigated. 
The occurrence of underwater and near shore seismic or volcanic activity in 
the site region (about 1000 km) is an indication of the possible occurrence of 
local tsunamis at the site. Also, given that large tsunamis can be generated in 
remote regions, an evaluation of the potential generation of distant tsunamis 
should be performed for all seismogenic sources existing in and around the 
specific sea or ocean basin where the plant site is located.

“If the specific studies and investigations performed and compiled in the 
geological, geophysical, seismological and tsunami databases demonstrate 
that there is no potential for the occurrence of tsunamis at the site, no further 
assessment of the tsunami hazard is necessary.” (Ref. [1], paras 5.46–
5.49 and Fig. 50). 

However, the examination of new knowledge on potential tsunami hazards 
should be continued throughout the lifetime of the nuclear power plant:

“If, however, a potential for the occurrence of tsunamis at the site is 
suggested and demonstrated, as a second step, a site specific tsunami hazard 
analysis should be performed that includes a detailed numerical simulation 
to derive the design basis tsunami.” (Ref. [1], para. 5.50). 

When a local tsunami is triggered by a large earthquake, multiple hazards 
caused by ground shaking and water waves could affect a nuclear power plant 
site. In this case, a multiple hazards assessment [69] should be conducted.

60



61

FIG. 50. Flow chart of assessments of tsunami flooding. Reproduced from SSG‑18 [1]; the 
numbers in brackets refer to paragraphs of SSG‑18 [1].



5.2. UNCERTAINTIES

On methods for hazard assessment for earthquake induced tsunamis, 
SSG-18 recommends the following:

“For earthquake induced tsunamis, the hazard should be assessed by using 
either a deterministic hazard analysis or a probabilistic hazard analysis, 
or preferably both methods. The choice of the approach will depend on a 
number of factors. Whichever method is used, a quantitative estimate of the 
uncertainties in the results of the hazard assessment should be determined.” 
(Ref. [1], para. 5.56).

These uncertainties are classified into two types: aleatory and epistemic. 
Aleatory uncertainty relates to the natural or stochastic uncertainty inherent in a 
physical system. Typically, aleatory uncertainty is represented by a probability 
distribution from repeated observations or experiments, and it becomes 
irreducible once a statistically significant number of samples is obtained from the 
population. Epistemic uncertainty is due to incomplete knowledge (i.e. modelling) 
and data about the tsunami process. Epistemic uncertainty can be reduced by the 
collection of new data or the development of more accurate models. Uncertainties 
in various model parameters, characterizations and assumptions are treated as 
epistemic uncertainty. The current incomplete knowledge can lead to differences 
in interpretation by experienced experts on tsunami sources or tsunami runup. 

“Such interpretations should be treated in the tsunami hazard analysis in a 
consistent manner, providing for a suitable representation of current thinking 
on tsunami sources, propagation modelling and coastal processes. Particular 
care should be taken to avoid bias in these interpretations. Expert opinion 
should not be used as a substitute for acquiring new data. The project team 
for the assessment of tsunami hazards should not promote any one expert 
hypothesis or model. It should evaluate all viable hypotheses and models 
using the data compiled, and then should develop an integrated evaluation 
that incorporates both knowledge and uncertainties.

“The collection of site specific data tends to reduce uncertainties. However, 
part of the data that are used indirectly in the assessment of tsunami 
hazards may not be site specific; for example, the seismogenic data used 
to characterize the generation mechanism of distant sources. There may 
therefore be a part of the uncertainty which is irreducible with respect to site 
specific investigations.” (Ref. [1], paras 5.57 and 5.58).

62



The uncertainties listed below should be taken into account, and both the 
aleatory and the epistemic parts should be estimated when relevant:

 — Uncertainties associated with data (source parameters, bathymetry, 
topography) (see Section 6);

 — Uncertainties associated with the physics adopted to describe the source 
(e.g. fault models of earthquakes) and propagation (e.g. shallow water 
equations, non-linear effects) (see Sections 7 and 8);

 — Uncertainties associated with numerical calculation (governing equations, 
grid size, truncation error) (see Section 8).

5.3. CONCEPT OF DETERMINISTIC APPROACH

The design basis tsunami should provide an adequate level of safety to 
nuclear power facilities concerning all past and possible future tsunamis. In 
the deterministic approach, this is achieved by estimating the potential tsunami 
source that would produce a probable maximum tsunami effect at the site, 
based on historical, geological and geophysical data. It is difficult to treat each 
uncertainty in a deterministic approach. Furthermore, it is also difficult to select 
one tsunami source among all the potential tsunamis examined. A systematically 
conducted sensitivity analysis or parametric study should be used to support 
the evaluation of the significance of the contributions of the various input 
parameters in the model.

A parametric study of the dominant factors of the model should be 
carried out by considering the characteristics of tsunami sources in each region. 
Section 7 discusses in detail the relevant parameters related to each tsunami 
generating phenomenon. In earthquake induced tsunamis, for example, the 
factors for a parametric study should be selected appropriately among the fault 
position, length, width, depth of upper edge, strike direction, dip angle, slip 
angle or number of faults. The range of the parameters should be determined 
from estimated uncertainties. If source model factors can be estimated based 
on statistical analysis, the range of the parametric values should be adopted 
considering the standard deviation of the observations with sufficient margin for 
any limited record of observations.

At a minimum, it should be verified that the maximum runup and maximum 
drawdown values should envelop those corresponding to historical tsunamis.

Details of the deterministic method are discussed in Section 9.
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5.4. CONCEPT OF PROBABILISTIC APPROACH

SSG-18 [1] describes the probabilistic method as follows:

“Probabilistic tsunami hazard assessment is analogous to probabilistic 
seismic hazard assessment, but it is not the current practice applied by 
States for assessing tsunami hazards. Methods for the assessment of tsunami 
hazards using probabilistic approaches have been proposed, although 
standard evaluation procedures have not yet been developed. 

“Results of the probabilistic tsunami hazard assessment are typically 
displayed as the mean or median annual frequency of exceedance of runup 
height values through a logic tree approach. The general approach to the 
assessment of tsunami hazards should be directed towards reducing the 
uncertainties at various stages of the evaluation process to obtain reliable 
results driven by data. Experience shows that the most effective way of 
achieving this is to collect a sufficient amount of reliable and relevant 
data. There is generally a trade off between the time and effort necessary 
to compile a detailed, reliable and relevant database and the degree of 
uncertainty that the analyst should take into consideration at each step of the 
process.” (Ref. [1], paras 5.63 and 5.64).

The outcome of the probabilistic tsunami hazard assessment is an important 
input to the tsunami probabilistic safety assessment.

Details of the probabilistic method are discussed in Section 9.
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6. DATA COLLECTION

6.1. GENERAL

SSG-18 [1] makes the following general recommendations for 
data collection:

“When site investigation and data collection are undertaken, care should be 
taken to include all the information necessary for analysing and estimating 
site specific values of meteorological and hydrological hazard parameters. 
All the information collected should be compiled in specific site catalogues or 
databases for each of the hazards under consideration.” (Ref. [1], para. 3.1). 

The collected information is related to both the tsunami phenomenon and 
the sources that generate tsunamis.

“Detailed studies and investigations should be undertaken to collect all 
the required and necessary meteorological and hydrological data and 
information relating to the hazards discussed in this Safety Guide. If it has 
been conclusively shown in the preliminary investigation that a hazard can 
be excluded from further consideration, the reasons for doing so should be 
documented.” (Ref. [1], para. 3.2).

“In all cases, the size of the region to be investigated, the scope and detail 
of the information to be collected, and the investigations to be undertaken 
should be sufficient to determine the design bases for protection of the 
nuclear power plant against meteorological and hydrological hazards.” 
(Ref. [1], para. 3.4).

“The collection of data and information should be continued throughout 
the lifetime of a nuclear power plant and up until the completion of the 
safety related tasks of the decommissioning phase, in order to permit the 
performance of periodic safety reviews.” (Ref. [1], para. 3.5).

“For the hazard assessment for tsunamis, the available observation periods 
are generally not sufficient. Other approaches, such as palaeoflood analysis 
of the site area, should therefore be considered.” (Ref. [8], para. 3.8).

The tsunami hazard assessment should be directed towards producing a best 
estimate result with a defensible range of uncertainties for the consideration of 
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plant safety at various steps of the evaluation process. The degree of uncertainty 
should be taken into consideration at each step of the assessment. Uncertainty 
related to tsunami generation includes the pattern of occurrence for tsunami 
sources. Uncertainty related to tsunami propagation arises from errors or low 
resolution in the bathymetry and topography. The collection of bathymetry and 
topography data of higher resolution will lead to a reduction in the uncertainty 
associated with wave amplification and runup.

6.2. CATALOGUE OF PAST TSUNAMIS

SSG-18 [1] recommends the following regarding data collection 
for past tsunamis:

“All data relevant for assessing the potential for tsunami hazards and 
for determining the parameters of tsunami hazards should be compiled 
in a tsunami catalogue specific to the site. All historical information and 
palaeogeological evidence of tsunamis from stratigraphy and other geological 
studies should be considered in this catalogue.” (Ref. [1], para. 3.35).

Available catalogues have been compiled from historical ancient texts, 
treatises, damage investigation reports, local historical documents and other 
materials; these are used as basic data when countermeasures against tsunamis 
and the appropriate location of facilities in coastal areas are under consideration. 
In historical tsunami studies and tsunami engineering studies, efforts at collecting 
and accumulating nationwide tsunami trace records have been made. Tsunami 
trace data are used as important verification data. However, such data include 
uncertain data (data without a specified reliability level and data with uncertain 
criteria for measured height). Therefore, in some tsunami trace databases, 
the reliability of trace data is quantitatively taken into consideration (see 
Section A–1.2 in the Annex).

The following factors are suggested for consideration:

 — The period for which tsunami reports and records are available.
 — Evaluation of the reliability of the historical documents of each event. This 
information can be taken from the respective catalogues or publications.

 — Listing of historical tsunami events that have occurred in the nuclear power 
plant’s site region.

 — Estimates of source locations (far field as well as near field), mechanisms, 
parameters, arrival time, tsunami amplitude, runup and inundation distances, 
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and damage (if any) for historical events based on the collected data and 
information for the coastal region of the nuclear power plant.

 — Reliability and uncertainty in the reported parameters.

Investigation and collection of seismological data should be undertaken 
sufficiently for the data to be used in the determination of the tsunami source 
mechanisms in numerical modelling. These model parameters are used in 
determining the source of the earthquake induced tsunami as an initial condition 
to serve as one of the inputs for tsunami numerical modelling.

All available data on submarine landslide and volcanic processes that 
generate tsunamis should be acquired. All data associated with observed seiches 
should also be acquired.

The following tsunami databases are available:

 — Worldwide Tsunami Database (see Section A–1.1): National Oceanic 
and Atmospheric Administration (NOAA) NCEI/WDS Global Historical 
Tsunami Database: http://www.ngdc.noaa.gov/hazard/tsu_db.shtml.

 — Historical Tsunami Database for the World Ocean: Institute of Computational 
Mathematics and Mathematical Geophysics, Novosibirsk, Russia: 
http://tsun.sscc.ru/On_line_Cat.htm.

 — Japan Tsunami Trace Database (see Section A–1.2): Tohoku University 
and Nuclear Regulation Authority (NRA, Japan): https://irides.tohoku.
ac.jp/eng/publication/database/tsunami-db.html.

6.2.1. Prehistorical tsunami deposits

Records of past tsunamis can be found in old documents; however, these 
span a limited period and usually refer only to inhabited regions. Valuable 
information regarding prehistorical events or events that occurred in areas not 
populated in the past, which may greatly expand the catalogue time range, can be 
found in the geological record buried at coastal sites as typical tsunami deposits. 
In fact, during tsunami inundation, sediment with different characteristics 
compared with the underlying layer is deposited widely within the inundation 
zone. Subsequent alluvial or lacustrine sedimentation may bury these peculiar 
layers, preserving them locally from alteration and erosion. Over a long period, 
several tsunami deposits may be recorded at a site. Extensive trench and shallow 
coring in low lying coastal and near-coastal environments (especially flood plain, 
lacustrine and marsh areas) can uncover such tsunami deposits and even make it 
possible to determine their extension inland, which could be crucial to defining 
the tsunami hazard level at the site. Newly developed chemical, sedimentological 
and physical methods, added to the traditional dating methods, contribute to 
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better identification of tsunami beds and estimation of the times of occurrence 
and runup levels of prehistorical tsunami events.

Site and method selection is critical for finding and interpreting tsunami 
deposits. Coastal lagoons or ponds, where only high energy washover processes 
can disturb the bottom sedimentation, are the most suitable sites to investigate 
how often a coast is impacted by tsunamis and when it was last impacted. In such 
settings, the type of sedimentation commonly allows for high resolution dating, 
and the column of sediments sometimes spans enough time to record multiple 
events. Working in these settings is expensive, requiring special techniques 
for drilling and many stratigraphic and absolute age determinations, and time 
consuming. Therefore, these studies are not routinely carried out, and so far only 
sparse local investigations exist, as they are commonly affordable only within 
the site assessment of relevant plants such as nuclear power plants. Besides, it 
is possible to obtain only rough estimates (though still valuable) of the size of a 
palaeotsunami from investigations of lagoon or pond deposits [70].

Identified tsunami deposits are dated using radiocarbon, 210Pb, 137Cs, 
optically stimulated luminescence and tephrochronological methods. The most 
commonly used methods are radiocarbon dating and tephrochronology. For 
radiocarbon dating, the time of tsunami inundation is estimated on the basis of 
the age of the soil deposited just above and beneath the target tsunami deposit. 
Where the deposit is found in pure peat, the age determined by accelerator mass 
spectrometry radiocarbon dating is accurate to a few decades.

To assess the tsunami hazard at sites where tsunami deposits are found, 
it is critical to know the size of palaeotsunamis at each site. The lateral extent 
and spatial distribution of tsunami deposits are significantly affected by the local 
topography of the coastal area, the microtopography of the inundated area and the 
location and type of the source material. Working in an almost ideal case, where 
the tsunami has inundated a nearly flat area and no major erosion has followed 
afterwards (as has often been observed in modern cases), it is possible to identify 
its areal extent using a tight net of soil profiles. To be of practical use, such a 
database should be calibrated against the changing coastal morphology, eustatic 
sea level changes, rates of sediment compaction and tectonic subsidence or uplift.

6.2.2. Historical literature

The tsunami assessment is carried out following overall policies (see 
Fig. 50). The first step is to conduct old document surveys of the main historical 
tsunamis affecting the target site and then check the validity of recorded tsunami 
heights. After the first assessment, tsunami occurrences and the possible effects of 
historical tsunamis should be listed (see Section 5). If there is no tsunami record 
for the region, a further tsunami assessment study may still be needed to verify 
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all potential sources. If records of tsunamis are determined in the preliminary 
assessment step, then a detailed tsunami hazard analysis becomes necessary. 
Therefore, the following survey should be carried out (see Section 6.2.3).

“Historical and anecdotal accounts often provide important and 
otherwise unavailable information that is necessary for improving the 
comprehensiveness and the reliability of hazard assessments. Care should 
be taken in both the collection and the analysis of such information. Such 
accounts are obtained by means of a thorough search of information 
sources such as, for instance, newspapers, historical records, published 
and unpublished catalogues of occurrences, personal narratives, runup 
measurements and inundation zone measurements, field investigation 
reports, modifications of river channels, film or video records and archives. 
From data of this type, and by using an empirical classification system for 
each phenomenon, a set of events and their associated intensities may be 
collected for the region. Assessments based on these data alone are likely 
to be biased. This may be due to the scarcity of the data in the range of low 
intensity events, the dependence of0 the data on the population density at 
the time (e.g. the phenomenon may have been unobserved in rural regions). 
The data may also have been subjectively and inconsistently classified at the 
time, making it difficult to assign an appropriate intensity level to a standard 
classification method.” (Ref. [1], para. 3.9). 

Based on the survey results, fault models of historical tsunamis caused by 
earthquakes can be set up for model verification using numerical simulations. 
Historical earthquake data may also be used as the basis for probabilistic 
estimates of tsunamis.

6.2.3. Field survey of tsunami runup and inundation area

When a tsunami event occurs somewhere in the world, expert groups 
such as International Tsunami Survey Teams visit the affected coast to measure 
the runup and other related parameters to document the nature and effects of 
the phenomenon. Much of the data source in such circumstances is perishable 
and needs to be secured as soon as possible. Similar efforts can also be made 
concerning the identification of past tsunami deposits. These data can be added 
to the existing catalogue and used for validation and calibration of source and 
propagation modelling as well as to make recommendations on the need for 
further research and numerical simulation.

As an example, Fig. 14 in Section 4.3.2 shows the latest results from all the 
Japanese Survey Teams for the 2011 Great East Japan tsunami. They include data 
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collected from the Japanese Coastal Engineering Committee groups and other 
data provided by Japanese prefectural and local authorities. These data, as well as 
other recent survey data, are included in the NOAA NCEI/WDS Tsunami Event 
Database (see Section A–1.1) and the Japan Tsunami Trace Database constructed 
by Tohoku University and Japan Nuclear Energy Safety Organization (JNES)1 
(see Section A–1.2).

6.2.4. Instrumental data

In its recommendations regarding hydrological data, SSG-18 [1] states:

“The water level range for non-tidal phenomena should be obtained, subject 
to the following considerations:

 — Water level records should be obtained for all relevant bodies of water 
at the site and/or at all gauge stations that are representative of the site 
conditions for the possible phenomena. The most extensive duration 
of water level records should be acquired. Attention should be paid to 
the sampling frequency of data collection to ensure that water level 
measurements are collected at the appropriate time scale. For example, 
water level measurements associated with seiche and tsunami related 
phenomena may be on a time scale of the order of tens of seconds to 
several minutes […].

 — Wave characteristics (direction, amplitude and period, number of 
waves and duration) should be reported. Coastal and offshore wave 
measurements should be obtained using tide gauges, tsunameters or 
wave buoys, and/or from satellite derived data.

 — Field surveys following significant inundation events should include 
the collection of data on wave height, runup, drawdown and the 
horizontal inundation, period and duration. Also, the impact of the 
inundation event on the region (50 km radius) should be collected 
together with the date, location and information on structures affected 
(e.g. boats, houses, wharves).

 — Water levels for significant historical events [related to phenomena 
affecting sea surface elevation, such as tides, storm surge, long term 
sea level rise, etc.] near to the site should be obtained, if available. This 
includes historical flood marks, tsunami runup heights and historical 

1 Japan Nuclear Energy Safety Organization (JNES) merged into the Nuclear Regulation 
Authority (NRA, Japan) in 2014. As a result, the Tsunami Trace Database is managed by 
Tohoku University and NRA.
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low water levels during periods of drought. In addition to water levels, 
other parameters of the inundation (horizontal distance, period), the 
date of occurrence and the accuracy of the measurements should be 
reported.

 — Special consideration should be given to bore observations. Bores 
occur in some estuaries, rivers and channels as a result of changes of 
tide, a tsunami or a sudden change in the discharge through hydraulic 
structures.” (Ref. [1], para. 3.29).

Tide gauge data are available from NOAA, the Intergovernmental 
Oceanographic Commission Sea Level Web Portal and the University of 
Hawaii web site:

 — http://www.ngdc.noaa.gov/hazard/tide.shtml;
 — https://www.ioc-sealevelmonitoring.org/index.php;
 — https://uhslc.soest.hawaii.edu/datainfo/.

DART bottom pressure data are available from NOAA and the Nationwide 
Ocean Wave information network for Ports and Harbours (both GPS and wave 
gauge data) from Port and Airport Research Institute:

 — https://nctr.pmel.noaa.gov/Dart/;
 — https://www.mlit.go.jp/kowan/nowphas/index_eng.html.

In addition, note that SSG-18 [1] recommends that “The high tide and low 
tide levels should be considered in the numerical simulation” (Ref. [1], para. 5.55).

6.3. DATA ON SITE SPECIFIC GEOLOGY AND TSUNAMI SOURCES

On geophysical, geological and seismological data, SSG-18 [1] states:

“Two different sets of geophysical and geological data should be considered 
with regard to: (a) specific site geology and (b) sources of the tsunami 
phenomena, if appropriate to the site. The specific geological data that 
should be collected in the vicinity of the site are data on the following:

 — The stability and ‘erodibility’ of the shoreline;
 — Sediment characteristics such as grain size distribution and chemical 
composition, especially near the water intake structures of a nuclear 
power plant;
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 — Hydrogeological characteristics such as permeability and porosity;
 — Potential for landslides.

Three types of ‘tsunamigenic’ sources, both near shore and underwater, 
should be considered and identified as follows:

 — Large ‘seismogenic’ structures;
 — Landslides;
 — Volcanic activity.” (Ref. [1], para. 3.33.)

Geological and geomorphological mapping should also be considered, and 
the stability of the seabed should be determined. SSG-18 [1] continues:

“The tsunami source parameters and data on the tsunamigenic potential 
should be collected for the relevant body of water where the nuclear power 
plant site is located. The following geophysical, geological and seismological 
data should be collected for use in determining the source characteristics of 
potential severe tsunami generators, both local and distant, together with 
their estimated annual frequency of occurrence:

 — For earthquake induced tsunamis: date and origin time, epicentre 
location, depth, magnitude, seismic moment, focal mechanism (strike, 
dip and rake angles of the fault plane) and rupture zone parameters 
(width, length, slip, rigidity, velocity, rising time). 

 — For landslide induced tsunamis: landslides and cliff characteristics, 
including location, type and rheology of geological layers, geometry 
(e.g. slope, size, volume).

 — For tsunamis induced by volcanic phenomena: the full characterization 
of the volcano that may induce tsunamis.” (Ref. [1], para. 3.34.)

In the case of landslide induced tsunamis, geotechnical information on 
slope stability and the rheology of mobilized geological material is needed. 
Characterization of tsunamis induced by volcanic phenomena may include 
activity history and types, morphology, likely source mechanisms (flank or 
caldera collapses, pyroclastic flows, explosions, debris avalanches, etc.), expected 
dimensions and directions of flow. It must be noted that some mechanisms 
(e.g. flank collapse and debris flow or avalanche) can be modelled as a special 
type of landslide source.
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6.4. TOPOGRAPHY AND BATHYMETRY DATA

On topographic and bathymetric data, SSG-18 [1] recommends the following:

“The following topographic data should be collected:

 — The reference vertical datum and horizontal datum. Special attention 
should be paid to the possibility that surveys made at different times 
may have been made using different survey grids or datum. The grid 
or datum used in each data set should be explicitly stated.

 — General topography in the vicinity of the site (to a typical radius of 
5 km), with a contour line interval of 5–10 m. 

 — Detailed topography of the site area and the area immediately 
surrounding the site that could be flooded, including during the 
pre-construction and post-construction of the plant. 

…….

 — Elevations and descriptions of levees and other bank protection 
structures in the vicinity of the site.

 — Recent modifications of the topography due, for instance, to a large 
earthquake.” (Ref. [1], para. 3.36.).

Site topography should include satellite images (at 1 m or better resolution). 
Other factors to consider include bottom friction characteristics on land, 
including any roughness associated with land use, vegetation, etc., and historical 
or instrumental evidence of subsidence and uplift. Any breakwaters or sea walls 
present should be described. SSG-18 [1] continues:

“Bathymetric data to be assembled for the nuclear power plant site 
should include:

 — A common reference vertical datum and horizontal datum for the 
topographical data.

 — Bathymetry of the relevant water bodies, and in particular detailed 
bathymetry along the shoreline near the plant site. For coastal sites 
where tsunami or storm surge modelling is proposed, bathymetric 
data should be assembled… with a spatial measurement interval of no 
more than 10 m.

…….
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 — Data on long term and short term erosion and/or deposition (from 
sources such as old surveys, maps, aerial photographs and satellite 
imagery).

 — Recent modification of the bathymetry due, for instance, to a large 
earthquake.” (Ref. [1], para. 3.37).

Bathymetric data should be assembled near the site, depending on the 
morphological characteristics, and datasets on bottom friction characteristics, 
including roughness associated with seafloor sediment, textures, etc.

Special attention should be paid to using consistent datums and coordinates 
when merging topographical and bathymetric datasets. The following aspects 
may be considered:

 — The sets of data should be assessed for outliers and/or morphological 
changes after data collection.

 — All data conversions and transformations should be carefully documented.
 — The digital elevation model parameters (extent, cell size, vertical datum, 
etc.) should be selected such that they satisfy the intended use.

 — The existence of artefacts along grid boundaries should be checked while 
merging mosaics of grids or nested grids. These could arise from a lack of 
buffer areas surrounding the grid extents, extrapolation, gridding algorithms, 
etc.

 — The accuracy of the coastline data should be cross-checked with that coming 
from independent data sources.

 — The digital elevation values should be verified by visual inspection and in 
selected cells of the generated digital elevation model with independent data 
such as geodetic measurements.

The following topographic and bathymetric data are available in 
the public domain.

 — ETOPO: ETOPO is released by the National Geophysical Data Center 
(NGDC) of NOAA, USA. Over the years, NGDC has released several 
datasets with increased grid resolution. The first significant release was 
ETOPO5 (1988), which covered Earth’s surface at a resolution of 5 min 
latitude–longitude grid or about 9 km spacing. In 2006, NGDC released 
an updated version, ETOPO2v2. Subsequently, ETOPO2v2 was superseded 
by ETOPO1 (2009). ETOPO1 is a 1 arcmin global relief model of Earth’s 
surface that integrates land topography and ocean bathymetry. See 
http://www.ngdc.noaa.gov/mgg/global/global.html. 
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 — GEBCO: The General Bathymetric Chart of the Oceans (GEBCO) grid, 
released in 2008, provides both topography and bathymetry data at a grid 
spacing of 30 arcsec, which is equivalent to about 900 m. The grid is 
generated from several sources of data. For seafloor data, this includes data 
from NGDC, Scripps Institution of Oceanography, USA, the International 
Bathymetric Chart of the Arctic Ocean (IBCAO) and ship sounding data 
from French and Japanese agencies. Additionally, some shallow water data 
(<300 m depth) was also supplied by member states of the International 
Hydrographic Organization. See http://www.gebco.net/data_and_
products/gridded_bathymetry_data. 

 — SRTM: The Shuttle Radar Topography Mission (SRTM) was a joint 
project of the National Aeronautics and Space Administration (NASA) and 
National Geospatial Intelligence Agency. This was accomplished during 
the mission of Space Shuttle Endeavour in February 2000. The SRTM 
acquired a digital elevation model of all land between approximately 60° 
north and 56° south latitude, covering about 80% of the Earth’s land surface. 
The mission extracted the land topography data in a grid of 1 arcsec by 
1 arcsec (approximately 30 m by 30 m). The SRTM data are expected to 
have an absolute horizontal circular accuracy of less than 20 m. Absolute 
and relative vertical accuracy was anticipated to be less than 16 m and 10 m, 
respectively. See https://lpdaac.usgs.gov/products/srtmgl1v003/.

 — GMRT: The Global Multi-Resolution Topography (GMRT) synthesis is 
maintained by the Marine Geoscience Data System operating as part of 
the Interdisciplinary Earth Data Alliance data facility (funded by the US 
National Science Foundation). See https://www.gmrt.org/about/.

 — GTOPO30: Global Topographic Data (GTOPO30) is a global 
digital elevation model with a horizontal grid spacing of 30 arcsec 
(approximately 1 km). See http://eros.usgs.gov/#/Find_Data/ 
Products_and_Data_Available/gtopo30_info.
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7. SPECIFICATION AND 
PARAMETERIZATION OF TSUNAMI SOURCES

7.1. BASIC CONCEPTS

7.1.1. Classification of tsunamigenic sources

Tsunamis are caused by submarine geological processes such as 
earthquakes, landslides or volcanic activities. A different source modelling is 
used for each type of tsunami. This section describes examples, tsunami source 
parameters, methods for modelling, validation of the source parameters and 
other parameters required for deterministic and probabilistic tsunami hazard 
assessments. The tsunami propagation analysis will be described in Section 8; 
hence, this section describes the period up to the initial condition of a tsunami 
from various types of sources.

Table 1 compares the characteristics of the three main types of tsunami 
sources mentioned above: earthquakes, landslides and volcanic activity.

7.1.2. Concept of uncertainty involved in tsunami sources

Source modelling involves uncertainties. The estimation of source 
parameters, such as fault parameters or landslide parameters, is usually associated 
with certain possible ranges. Such ranges, as well as the median values, should 
be provided for source modelling. The uncertainties can be used for parameter 
or sensitivity studies in the deterministic method or for branches of scenarios 
in the probabilistic method. In addition to such random variability or aleatory 
uncertainties, there are epistemic uncertainties such as the choice of modelling 
methods. The epistemic uncertainties can be treated as a branch of logic trees in 
the probabilistic method.

7.1.3. Combination of tsunami sources

Some tsunamis are generated from a combination of sources. For example, 
subaerial landslides generated by earthquake ground shaking often cause locally 
large tsunamis. The largest water height in the world, 525 m, was caused by a 
rockslide with a volume of about 3 × 107 m3 in Lituya Bay, Alaska, during the 
1958 earthquake (Mw 7.9) [71, 72]. During the 1964 Alaska earthquake (Mw 9.2), 
which caused Pacific-wide tsunamis, local tsunamis from landslides were 
reported at more than 20 locations, with the largest runup height being 50 m [73]. 
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This tsunami was recently modelled by a combined source of earthquake fault 
motion and landslides [74].

Submarine landslides associated with earthquakes or volcanic eruptions 
also cause large tsunamis. The 1998 Papua New Guinea earthquake (Mw 7.1) 
caused a devastating tsunami around Sissano Lagoon, with a maximum height 
of 5 m. However, the large (>5 m) tsunami was limited only to a short (<40 km) 
segment of the coast, and it was interpreted as being due to additional, presumably 
submarine slump, sources accompanying the earthquake fault motion [75, 76]. 
The 1741 tsunami in the Japan Sea originated from Oshima-Oshima, a small 
volcanic island southwest of Hokkaido, and caused significant damage on the 
coasts around the Japan Sea, including the east coast of the Korean peninsula. 
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TABLE 1. COMPARISON OF THE THREE MAIN TYPES OF TSUNAMI 
SOURCE

Earthquakes Landslides Volcanic activities

Source parameters Fault model 
Seismic moment

Subaerial/submarine 
landslide parameters 
(volume, velocity, 
etc.)

Tsunami generation 
process, duration
Displaced water 
volume

Source modelling Elastic theory of 
dislocation

Two-layer modelling Landslide
Caldera collapse
Pyroclastic flows
Phreatomagmatic 
explosions

Initial conditions Seafloor 
displacement

Water surface 
displacement 
Flux

Water surface 
displacement  
Flux
Water depth

Tsunami model 
validation

Past earthquakes Past landslides
Experiment

Past volcanic 
activities
Experiments

Deterministic 
scenarios

Scenario 
earthquakes

Scenario landslides Scenario volcanoes

Parameters for 
probabilistic analysis

Recurrence interval
Interevent 
distribution
Size distribution

Recurrence interval
Interevent 
distribution
Size distribution

Recurrence interval
Interevent 
distribution
Size distribution



Recent bathymetry surveys around the island show features indicating a 
submarine landslide with an estimated volume of 2.4 km3. The recorded tsunami 
heights were reproduced by the kinematic landslide model [77] and by the 
two-layer fluid model [78].

For such combined sources, the parameters described in this section can be 
jointly used to quantify a tsunami. However, the secondary source of tsunamis, 
subaerial or submarine landslides, was triggered by earthquake ground shaking or 
volcanic eruption in the above examples. In such cases, this cannot be treated as 
an independent source. The probabilities of such secondary or triggered tsunami 
sources are much higher than the probabilities computed assuming independence.

7.2. TSUNAMIS CAUSED BY EARTHQUAKES

7.2.1. Examples of earthquake induced tsunamis

Earthquakes are the most frequent sources of tsunamis. An earthquake 
induced tsunami is generated by a seafloor displacement associated with 
submarine earthquakes of shallow depth (<50 km), large magnitude (Mw >6.5) 
and dip–slip mechanism. Strike–slip fault motion produces a small vertical 
displacement of the seafloor, and consequently, the induced tsunamis are usually 
of small height.

The 2004 Indian Ocean tsunami was caused by the Sumatra–Andaman 
earthquake with Mw 9.1 at a depth of about 30 km. The fault length is estimated 
as 1200 km, extending from northwest of Sumatra to the Nicobar and Andaman 
Islands. The source area of the 2011 Great East Japan earthquake (Mw 9.0, depth 
24 km) is much smaller at about 500 km long and 200 km wide (see Section 4). 
Both events are characterized by a shallow thrust dip–slip mechanism.

Some earthquakes produce a relatively low seismic magnitude relative 
to the tsunami’s size. In other words, the tsunami heights are much larger than 
expected on the basis of the seismic magnitude. Such an earthquake is called a 
‘tsunami earthquake’ and is distinct from the ‘tsunamigenic earthquake’, which 
refers to an earthquake that produces a tsunami. Examples of tsunami earthquakes 
include the 1896 Sanriku and the 1946 Aleutian earthquakes and, more recently, 
the 1992 Nicaragua and the 2010 Mentawai (off Sumatra) earthquakes. Tsunami 
earthquakes usually occur near the trench axis of subduction zones [79, 80].
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7.2.2. Parameterization of earthquake induced tsunamis

7.2.2.1. Static fault parameters

To express the tsunami source, the fault rupture should be properly 
modelled to reflect the characteristics of the tsunamigenic earthquake. The 
spatial distribution of the initial sea level disturbances of the tsunami is generally 
assumed to be equal to that of the vertical displacement of the sea-bottom by 
faulting. Further, in the process of estimating the initial sea-bottom displacement, 
a rectangular fault plane model with a uniform slip has been generally adopted. 
A large curved fault or subduction interface can be divided into several 
rectangular faults. A rectangular fault model with a uniform slip can be described 
by the following nine static parameters (see Fig. 51):

 — Horizontal positions of the reference point (latitude and longitude);
 — Fault length L;
 — Fault width W;
 — Slip amount U;
 — Depth of the upper edge of the fault plane dz;
 — Strike direction φ;
 — Dip angle δ;
 — Slip (or rake) angle λ.

Among the above parameters, L, W and U are related to seismic moment 
(M0) by the following equation:

M LWU0 �  �  (5)

where µ is the rigidity modulus of the medium in the vicinity of the fault. The 
moment magnitude (Mw) is related to M0 by the equation:

M Mw � �� �log 0 9 1 1 5. / .  (6)

where M0 is given in N·m.

7.2.2.2. Dynamic fault parameters

The static parameters in the previous subsection are needed in order to 
compute permanent seafloor displacement due to faulting. For great earthquakes, 
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temporal change in faulting may need to be considered. The dynamic or 
kinematic parameters for describing the temporal variation are the time required 
for fault slip (rise time) τ, rupture velocity Vrup and propagation mode of rupture. 
The rise time can be set for each point or subfault on the fault plane, or the same 
values can be assumed. The rupture velocity can be variable on the fault plane, 
but constant values are often assumed in the kinematic (prescribed) fault rupture 
models. Rupture modes generally refer to the location of the epicentre or rupture 
initiation point: bilateral if the rupture starts from the centre or unilateral if the 
epicentre is located at either end of the fault.

7.2.2.3. Non‑uniform fault slip

Seismological and tsunami wave analyses of great earthquakes have 
indicated that the slip on the fault plane is not uniform but has patches where the 
large slip is concentrated. Such patches (often called asperities) reflect a strong 
coupling of the fault for the interplate earthquakes and can be inferred from 
seismological or geodetic observations. Scaling relations indicate that the ratio 
of patches to the total fault area is roughly constant for great earthquakes [81]. 
Many ‘tsunami earthquakes’ have large slips near the shallowest subfaults close 
to the trench axis [80, 82].
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7.2.2.4. Rigidity of medium near the fault

Because the rigidity modulus affects the estimation of Mw from the fault 
model, it is essential to set an approximate value of the rigidity modulus in the 
evaluation of tsunamis.

The rigidity modulus of the medium in the vicinity of the fault should be 
appropriately set depending on the earthquake focal depth or generation area. 
The rigidity modulus µ can be calculated using the following equation:

� � = Vs
2 (7)

where Vs is the S‑wave velocity and ρ is the density of the medium. The rigidity 
can also be estimated from earthquake rupture duration and laboratory testing 
of rock samples. For the shallow parts of the subduction zone, the shallower 
earthquakes tend to have a longer duration due to the smaller rigidity [83]. For 
tsunami earthquakes near the trench axis, smaller rigidity may result in a larger 
slip for the same seismic moment [80].

7.2.3. Modelling

7.2.3.1. Coseismic displacement distribution of the sea bottom

Ocean bottom deformation caused by faulting can be calculated using the 
elastic theory of dislocation. The displacement uk in an infinite homogeneous 
medium due to a dislocation Δuk across a surface Σ is given by Volterra’s theorem 
(e.g. Refs [84, 85]) as:

u
F

u u u u v dk i ij k
n n

k
i j

k
j i

j� � ��
1

�
� �[ ( )], , ,�� �  (8)

where λ and µ are Lamé constants, δ ij is Kronecker’s delta, and ν is the unit normal 
to the surface. The expression ui

j denotes the ith component of the displacement 
due to the jth component of point force (F) at the source (Somigliana tensor). For 
a half space with a free surface, a mirror image can be used to cancel the stress 
components on the free surface. The explicit formulas are given, for example, in 
Mansinha and Smylie [86] or Okada [85]. Poisson’s ratio ν is usually 0.25 (Lamé 
constants µ and λ are equal), and the formulas by Okada [85] can be used for 
other values of ν.
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7.2.3.2. Duration of fault movement

The duration of the fault movement that generates a large tsunami is 
assumed to be approximately from several tens of seconds to several hundred 
seconds. In most cases, the duration has no significant effect on the results of 
the numerical simulation of the tsunami as compared with the case in which 
the sea-bottom is displaced instantaneously (e.g. Refs [87, 88]). Consequently, 
both methods — with and without consideration of the duration — may produce 
similar results.

7.2.3.3. Specifying the initial conditions

The coseismic displacement of the sea-bottom is usually assumed to be 
equal to the initial water surface and is used as an initial condition for tsunami 
propagation. When the dynamic effects of the fault motion are considered in a 
mass conservation equation, the water surface displacement is assumed to be 
initially zero. Any initial flux in the horizontal direction (integrated flow in a 
depth) should be set at zero in either case, that is, with or without the dynamic 
effects of the fault motion.

The initial conditions given at the ocean bottom and the water surface differ 
by a factor of 1/cosh(kd), where k is the wavenumber of displacement and d is 
water depth [87]. If the wavelength of the bottom displacement is much larger 
than the water depth, this factor becomes unity because cosh(kd) = cosh(2πd/λ) 
≈ 1, hence the water surface displacement can be assumed to be the same as the 
bottom displacement. If, on the other hand, the wavelength is similar to the water 
depth, the above factor, which is often called the Kajiura filter, must be multiplied 
by the bottom displacement to calculate the water surface displacement.

The horizontal displacement of the seafloor may also affect tsunami 
generation when the seafloor is not uniform but has some slope. The total 
displacement can be roughly estimated as follows:

u u d
x

u d
y

ux y z�
�
�

�
�
�

�  (9)

where ux and uy are the horizontal displacement in the x and y directions, uz is 
the vertical displacement and ∂

∂
d
x
 and ∂

∂
d
y
 are the seafloor slope [89]. For the 2011 

Great East Japan tsunami, the horizontal displacement was as large as several tens 
of metres, hence the effect was significant; 20–40% of the tsunami’s amplitude 
was due to the effect of horizontal displacement and seafloor slope [52].
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7.2.4. Verification and validation of the tsunami source model

7.2.4.1. Selection of the target tsunami

Based on the literature survey (see Section 6), the historical tsunami that 
is assumed to exert the greatest influence on the nuclear power plant site is 
selected as the target tsunami for evaluation. However, the records of a tsunami 
that occurred in other regions can be adopted for the validation of the tsunami 
estimation if no reliable tsunami record can be found around the site.

7.2.4.2. Evaluation of the goodness of fit for the fault model

In general, the fault model that can explain seismic waves is not always 
the same as the model that can explain the runup of a tsunami. When a fault 
model for a historical earthquake is set, it is important to set fault parameters that 
can explain the distribution of the tsunami heights along the coast. However, the 
reliability of historical data is variable (see Section 6.2.2), and the accuracy of 
the records must be re-examined on the basis of the original document. If their 
reliability is determined to be low, they can be eliminated from the comparison.

The goodness of fit of the fault model as the tsunami source can be evaluated 
by comparing the observed and calculated tsunami heights. Aida [90] evaluated 
the goodness of fit based on the geometric average K and geometric standard 
deviation κ. They have been applied as indices of fitness in the space between the 
recorded and computed tsunami heights. The definitions of K and κ are:
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where n is the number of data points for evaluation, Ki = Ri / Hi, Ri is the recorded 
tsunami height at location i, and Hi is the calculated tsunami height at location i. 
Since the estimated error of κ depends on the number of samples, the number of 
samples should be stated for reference in calculating K and κ.

When the fault model of the historical tsunami is considered, the fault 
parameters are set in such a manner that the recorded runup of the tsunamis along 
the coast can be satisfactorily explained. In other words, the fault parameters 
should be set such that the geometric average K becomes nearly 1.0, and the 
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geometric standard deviation κ, whose minimum value is 1, is as small as 
possible (close to 1).

It is suggested by the Japan Society of Civil Engineers (JSCE) [91] 
that the following conditions be used as a rule of thumb for K and κ values 
over wide areas:

0 95 1 05 1 45. . , .� � ��  �  

These conditions are essential to make it possible to explain the overall 
trend of the runup distribution over a wide area. Further, they are also important 
for ensuring satisfactory reproducibility in the vicinity of the target site. The 
following criteria should be considered for selecting runup data to check the 
reproducibility around the target site:

(a) The distance from the site is short.
(b) The coastal and sea-bottom topographies around the site are similar.
(c) A statistically sufficient number of runups is used for calculating K and κ.

If tide gauge records are used for comparison, the period and/or phase of 
the tsunami waveforms as well as the maximum amplitude can be used.

When abundant records are available for recent tsunamis, as well as for 
the earthquakes that caused them, it is possible to refer to various characteristics 
of the earthquake. These characteristics include aftershock distribution, focal 
mechanism solution, stress drop, crustal deformation before and after the 
earthquake, etc.

7.2.5. Specification of scenario earthquake

For deterministic assessment, a scenario earthquake needs to be specified. 
The scenario earthquake(s) will be chosen from among possible earthquake 
sources that might affect the site under consideration. Possible earthquake 
sources include both local and distant sources relevant to the site, and reference 
will be made to the catalogue of past tsunamis (both historical and prehistorical; 
see Section 6). Additionally, possible earthquake sources need to be selected from 
geological and seismogenic structures even when no historical earthquakes are 
recorded. Such geological and seismogenic structures include plate boundaries 
(subduction zones) and submarine capable faults.

For the selected source(s), the location of the fault rupture and the 
maximum possible earthquake magnitude Mmax need to be estimated. The 
location can be varied by parametric studies to find the most effective ones 
for the site. The maximum earthquake size can be estimated by using scaling 
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relationships between the earthquake size Mw and the maximum length L of the 
possible earthquake source [92].

Regarding the distant source, all the oceanic converging plate boundaries 
within a reasonable distance need to be considered.

7.2.6. Size and temporal distribution of earthquakes for probabilistic 
studies

The size and temporal distribution of earthquakes form the principal 
components of probabilistic tsunami hazard analysis (PTHA). Section 9 describes 
how other source parameters are determined, many of which can be scaled with 
earthquake size.

7.2.6.1. Size and frequency distribution

In specific regions, usually larger than the source segment of subduction 
zones or capable faults, small earthquakes occur more frequently than large 
ones. The magnitude–frequency relation, known as the Gutenberg–Richter (GR) 
relation, is written as:

log10 N M  = a b M� � �  (12)

where N(M) is the number of earthquakes with magnitude M or larger, and a and 
b are constants. The a value relates to the number of earthquakes with M ≥0 (10a) 
and represents the seismic activity in the specified time and region. The b value 
or slope indicates the relative number of large to small magnitude earthquakes. 
The b value is typically 1, meaning that the number of earthquakes becomes ten 
times greater when M decreases by 1, although spatial and temporal variations 
have been reported. Constant a and b values have been determined for particular 
seismic zones, such as the Flinn–Engdahl zones (e.g. Ref. [93]) or other 
seismic zonation schemes (e.g. Refs [94, 95]) using historical and instrumental 
earthquake catalogues. The Global Earthquake Model project also estimates the 
magnitude–frequency distributions [96].

While the above GR relation or power-law distribution of earthquakes 
implies that the earthquake size can be infinitely large, the magnitude has a 
physical upper limit. The GR relation can be truncated or tapered at a specific 
maximum or ‘corner’ M value (see Fig. 52). However, the upper confidence bound 
of the maximum or corner magnitude cannot be determined from historical data 
alone. The combination of global earthquake datasets and additional constraints, 
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such as the relative plate motion determined from geodesy, can determine the 
maximum or corner Mw value and its uncertainty [97].

An alternative hypothesis of magnitude–frequency distribution is the 
‘characteristic earthquake model’ (e.g. Ref. [98]; see Fig. 52). This assumes that 
there is a maximum magnitude associated with a particular segment, which can 
be related to the size, the typical length of the segment of subduction zones or 
capable faults. The frequency distribution may not follow the GR relation over 
the full range of magnitudes. There might be a gap in the magnitude–frequency 
distribution, and the maximum (characteristic) magnitude can fall well outside 
the fitting line. The uncertainty of the characteristic magnitude also needs 
to be specified.

The distribution of small and large earthquakes in the world’s subduction 
zones, where large tsunamis are generated, may not perfectly fit either GR or 
characteristic models (e.g. the Cascadia subduction zone [99]).

FIG. 52. Magnitude and frequency (number of events) distribution based on Ref. [98]. The left 
graph shows the GR distribution, and the right graph shows a characteristic earthquake model. 
Reproduced courtesy of Seismological Society of America [100].

7.2.6.2. Temporal distribution

For the temporal distribution of earthquakes, interevent times are treated 
as the controlling parameters. Depending on the distribution, the temporal 
characteristics can be treated as either a quasiperiodic process or a Poisson 
process. The instantaneous hazard or time dependent probability of instantaneous 
hazard can be computed from the former, and the stationary hazard or time 
independent probability can be computed from the latter.

If the distribution of interevent time has a peak, it means that a characteristic 
recurrence period exists. Such a process is called a quasiperiodic process, and 
the distribution can be modelled by various probability density functions such 
as log-normal distribution, Weibull distribution or the Brownian passage time 
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model [101]. It represents the distribution function of the recurrence time of 
earthquakes with the average μ and the variation α of earthquake recurrence 
intervals specified as parameters. The variance of Brownian passage time 
distribution is (μα)2.

If the interevent distribution has a power-law distribution without a 
characteristic peak, it means that the earthquakes occur randomly in time. Such 
a process is called Poissonian. The probability that a large earthquake will 
occur during a certain period can be calculated by using the average number of 
occurrences of large earthquakes per unit of time as the parameter.

7.2.6.3. Consecutive occurrence of earthquakes

Multi-segment earthquakes may occur in interplate events, such as 
segments along the subduction zones. The probability of this is estimated using 
historical earthquake data. In the case that tsunami heights change according to 
the time intervals of multiple ruptures, the tsunami hazard should be estimated by 
considering the rupture process of the multi-segment earthquake.

The aftershocks of some large earthquakes may be capable of generating 
tsunamis due to fault break or as a result of triggering a landslide. The 1998 
Papua New Guinea tsunami and the 1956 Southern Aegean tsunami are examples 
of events of this kind.

7.3. TSUNAMIS CAUSED BY LANDSLIDES

7.3.1. Examples of landslide induced tsunamis

There are two broad categories of landslides: (1) submarine or subaqueous 
landslides, which are initiated and progress beneath the surface of the water body; 
and (2) subaerial landslides, which are initiated above the water and impact the 
water body during their progression or fall into the water body. The movement 
of a large mass of the slide or the impact of the fall displaces the water in the 
direction of the movement and can lead to the generation of a tsunami wave in 
the water body. Once the initial wave field has been generated, it propagates 
outward from the source region.

7.3.1.1. Submarine landslides

Several mechanisms can trigger a submarine landslide. The most common 
of these is an earthquake, such as the 1929 Grand Banks, 1946 Aleutian, 1964 
Alaska and 1998 Papua New Guinea tsunamis. Often, landslides triggered by an 
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earthquake can occur very shortly after the earthquake such that the generated 
tsunami is affected by both source mechanisms. Many of the events in tsunami 
catalogues that are attributed to landslides may have such a composite source. 
In other instances, the slope failure may occur several hours after the triggering 
earthquake. Submarine landslides can occur in many environments where there 
is a significant slope of the seafloor, such as continental and island arc slopes, 
canyons, carbonate platforms and regions with active diapirs.

7.3.1.2. Subaerial landslides

The geographical areas where subaerial landslides occur are more restricted 
than those where submarine landslides occur. Subaerial landslides, by definition, 
start on land and then impact a water body. Therefore, their occurrence is 
generally limited to areas of steep coastal or shoreline topography. One exception 
to this limitation is debris and other flows that originate away from shore but 
reach and impact a water body. Examples include the tsunami caused by the 
1792 collapse of the southern flank of the Mayuyama dome in front of Mount 
Unzen, or the tsunami caused by the pyroclastic flow from the 2003 lava dome 
collapse of the Soufrière Hills Volcano on Montserrat, Lesser Antilles, when it 
entered the ocean.

The impact velocity of subaerial landslides can be significantly greater than 
that of submarine landslides. However, typically, subaerial landslides displace 
less water than submarine slides; thus, the geographical extent of their damage 
is more limited.

Many of the largest subaerial landslides are triggered by earthquakes, and 
some by classic hill slope failure mechanisms under wet conditions. For example, 
in Alaska, USA, destructive local tsunamis have occurred as a result of subaerial 
landslides, as was the case in Lituya Bay in 1958, and submarine landslides in the 
Valdez Arm of the Prince William Sound that were triggered by the 1964 Great 
Alaska earthquake. In southern California, tsunamis have been generated in the 
geological past by submarine mudflows in Santa Barbara Channel and by debris 
avalanches in Palos Verdes.

Subaerial landslides have also occurred in inland rivers, lakes — such as 
the tsunami-like wave in Spirit Lake, Washington, which was caused by debris 
flow after the eruption and collapse of the Mount St. Helens dome in 1980 — and 
human-made water storage reservoirs; for example, a tsunami-like wave in 
Vaiont Reservoir in Italy in 1963 was caused by a massive hill slope failure and 
the resulting landslide into the reservoir. A survey of tsunamis in Russian inland 
basins caused by subaerial landslides and other sources is given in Ref. [102].

88



7.3.1.3. Ice falls

These processes include snow and ice avalanches. Ice avalanches are 
categorized into frontal block failures (calving when the front of the glacier is in 
water), ice slab detachments and ice bedrock failures (in which part of the bedrock 
is included in the failure). For example, there exists a historical description of 
approximately 2 m waves generated by a frontal block failure 7 000 to 16 000 m3 
in volume in a lake in the western Italian Alps.

Ice avalanches moving downslope will behave similarly to initial velocity 
subaerial landslides, and likely primary source parameters are volume and impact 
Froude number. Calving will behave like a topple entering the water.

7.3.1.4. Volcanoes

Tsunamis can occur as a result of a variety of mechanisms associated with 
volcanoes that are located in or near oceans or other bodies of water. Volcanic 
activities such as pyroclastic flows, debris avalanches and flank failures have 
mechanisms similar to subaerial landslides and avalanches. Tsunami sources 
related to volcanic activities are discussed in Section 7.4.

7.3.2. Parameterization of landslide induced tsunamis

7.3.2.1. Source types

Landslides occur in several ways, depending on the geological composition 
of the slope, steepness of the slope, triggering mechanism and porewater pressure. 
There are five classes of slope movement: (1) falls, (2) topples, (3) translational 
and rotational slides, (4) lateral spreads and (5) flows [103]. Depending on the 
location, material properties and properties of the trigger, a combination of 
these movements may occur. These combined movements are called complex 
slope movements.

The initial tsunami wave generation is affected by the type and the time 
history of the slope movement. Therefore, it is important to identify these 
parameters of the landslide in the area of interest. In a given area, several types of 
landslide events may occur that are capable of generating tsunamis.

7.3.2.2. Source parameters

Like the source of the earthquakes, submarine landslides need to be 
properly parameterized to reflect the essential characteristics of the tsunami 
generation. The dynamic processes of landslide movement are more important 
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in generating the tsunami than for earthquakes. Also, for translational slides, a 
downslope moving forcing function (vertical displacement of the water column 
as a function of time) must be used.

The primary source parameters for a landslide tsunami are the following:

 — Slide location (latitude and longitude);
 — Slide orientation (directivity);
 — Slide dimensions and volume;
 — Density of slide material;
 — Slide speed and acceleration;
 — Cohesiveness and rheology of slide material.

A source parameter for subaerial landslides, including icefalls, in addition 
to those listed above for submarine landslide is:

 — Impact Froude number.

7.3.2.3. Rotational/translational slides

The most common type of tsunami generating landslide is one that includes 
some combination of rotational and translational movement, as is schematically 
shown in Fig. 53.

The region of excavation can involve either rotational or translational 
movements and result in negative vertical displacement of the ocean surface. The 
initial acceleration of landslide movement is an important parameter that controls 
the amplitude of the tsunami trough phase (the leading phase in the backgoing 
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FIG. 53. Schematic of tsunami generation by rotational/translational submarine landslide. 
Reproduced courtesy of Elsevier [104].



direction). The region of landslide deposition involves primarily downslope 
translational movement of the debris flow or debris avalanche and results in 
positive vertical displacement of the ocean surface (see Fig. 53). The speed of 
this translational movement is an important parameter that controls the amplitude 
of the tsunami peak phase (the leading phase in the outgoing direction). The 
tsunami amplitude is ‘tuned’ in this direction with increased amplification as 
the landslide speed approaches the tsunami phase speed. The dimensions of the 
regions of excavation and deposition from past landslides are determined using 
high resolution seafloor mapping techniques (e.g. multibeam sonar) and seismic 
reflection profiles.

Portions of the debris flow may separate, particularly during hydroplaning, 
resulting in outrunner or glide blocks. Turbidity currents are also commonly 
associated with debris flows (see Fig. 53). However, because they are a bottom 
boundary layer phenomenon, they have little influence on tsunami generation.

To obtain realistic values for the acceleration and speed of submarine 
landslides, post-failure, dynamic flow models such as BING (a 1-D numerical 
code developed by [105, 106]) can be performed. For these models, the 
parameters of slide density, rheology and yield stress are important. Material 
parameters for models of landslide dynamics are either obtained from laboratory 
measurements of samples from the geological material that failed or by trial 
and error to match the shape and position of the landslide deposit. Landslide 
dynamic models can be used to determine the parameters of a tsunami generation 
forcing function (i.e. decoupled) or can be numerically coupled with the tsunami 
propagation model. Alternatively, static ‘hot start’ initial conditions based on the 
difference between the pre-failure and post-landslide bathymetry can be used to 
conservatively estimate the tsunami generation process.

7.3.3. Modelling

7.3.3.1. Subaerial landslides

Due to the complex dynamics of subaerial landslides and the water 
waves they generate, most methods involve using either a simplification of the 
physical processes involved or regression analysis from flume studies or case 
histories. Thus, the initial tsunami wavefield is usually determined from a slide 
impact model parameterized using the velocity, density and affective dimension 
of the landslide. Wave propagation is modelled using the shallow water wave 
equations, where the wavelength is considered to be significantly greater than the 
water depth. For subaerial landslides in which the elevation of the failed mass 
is not great enough to be considered an impact source, methods similar to those 
described for submarine landslides can be used [107].
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A typical example of a tsunami from a subaerial landslide is the 1792 
Shimabara tsunami in Japan. In 1792, Mayuyama, a small mountain forming part 
of the Unzen volcano, collapsed, and the landslide entered Ariake-kai, a shallow 
bay with a typical depth of 10 to 20 m. Because the horizontal extent of the slide 
was about 3000 m, much longer than the water depth, this satisfied the long wave 
approximation, thus causing a large (10 to 20 m) tsunami height and significant 
damage (with ~5000 casualties) on the other side of the bay. The total number of 
casualties was ~15 000. For smaller scale subaerial landslides, the shallow water 
equations may not be adequate, and the non-linear dispersive models should be 
used as described in Section 7.3.3.2 below.

7.3.3.2. Submarine landslides

Because the tsunami initial conditions for submarine landslides are often 
smaller in dimension and higher in amplitude compared with the initial conditions 
for earthquakes, it is important to include the effects of frequency dispersion and 
non-linearity in propagation models of landslide tsunamis. These effects are 
described in Section 8. Non-linear, dispersive tsunami models are often sensitive, 
in terms of numerical stability, to small scale spatial and temporal changes in 
initial conditions. For this reason, smooth analytic functions are often used to 
represent vertical displacement changes as a function of time for the landslide 
tsunami generation process (e.g. Ref. [108]). The functions represent subsidence 
in the region of excavation and elevation in the region of deposition, as shown in 
Fig. 53. The functions are parameterized by the dimensions of the slide, a time 
constant for initial landslide movement and the terminal speed of downslope 
landslide movement. As for the earthquake source, it may be necessary to apply 
the Kajiura filter (see Sections 7.2.3.3 and 8.2.2) for small bottom displacement 
wavelengths relative to the water depth.

7.3.4. Verification and validation of the tsunami source model

Landslide tsunami models that are based on a forcing function can be 
validated using the results of wave tank studies. For example, laboratory time 
series and runup values for a landslide of prescribed shape and time history are 
provided in Refs [109] and [110]. Numerical tsunami models have also been 
validated by large scale wave tank experiments using freely sliding wedge 
shaped blocks [111] (see also the NOAA Center for Tsunami Research web site1). 
The goodness of fit for numerical models of landslide tsunamis can be evaluated 
using the statistical measures described in Section 7.2.4.2.

1 https://nctr.pmel.noaa.gov/benchmark/Laboratory/Laboratory_Landslide/index.html
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If numerical models of landslide dynamics such as BING are used to 
constrain the time evolution of the tsunami generation forcing function, the 
final shape and position of the tsunami deposit are often used to evaluate the 
performance of the model. Examples include studies of the Palos Verdes debris 
avalanche [112] and the Currituck landslide [113].

7.3.5. Specification of scenario landslide

As for earthquakes, a scenario landslide needs to be specified for 
deterministic hazard assessment. The scenario landslide is chosen from a survey 
of submarine landslides near the site, in which the type (rotational, translational, 
etc.) and maximum dimensions and size are determined. The offshore survey 
is conducted using high resolution seafloor mapping and seismic reflection 
profiling techniques. If no significant submarine landslides are found near the 
site, landslides at regional and far field distances should be considered.

After surveys of landslides near the site have been conducted, it should 
be determined whether present‑day geological conditions offshore of the site 
are similar to those for the surveyed landslides. Surveyed landslides may have 
occurred tens of thousands of years ago under very different sea level conditions 
and with sediment input from glacial activity, for example. The maximum size 
landslide of those surveyed is used as the scenario landslide if that landslide did 
not occur under drastically different geological conditions.

7.3.6. Size and temporal distribution for probabilistic studies of landslides

As with earthquakes in Section 7.2.6, the size and temporal distribution of 
landslides are described here for PTHA.

7.3.6.1. Size distribution

The distribution of landslide sizes (i.e. areas or volumes) near the site can 
be determined using offshore geophysical surveys, such as multibeam mapping 
of the seafloor. To calculate the sizes of many landslides, GIS (Geographical 
Information System) methods can be employed, in which the perimeter of the 
excavation region is digitized, and a surface is automatically fitted to determine 
the area (see Fig. 54). The difference between this surface and the seafloor in 
the excavation region approximately determines the volume [114]. The landslide 
sizes are then binned to determine the empirical distribution function.

Only recently has there been sufficient information to determine the 
expected size distribution of submarine landslides. In some cases, the distribution 
of landslide volumes follows a power-law relationship like their on-land 
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counterparts, modified to include a taper or truncation at the largest sizes. An 
example is from the carbonate platform offshore of Puerto Rico [115]. In other 
cases, such as the clastic continental shelf offshore of the US Atlantic margin, 
a log-normal distribution of landslide volumes is more appropriate [114]. For 
any given region, different distribution models should be statistically tested to 
determine which is the most appropriate model, given the data.

7.3.6.2. Temporal distribution

There is typically very little data to determine the temporal distribution 
of submarine landslides. As a null hypothesis, one can assume that landslides 
occur independently throughout time as associated with a Poisson process and an 
exponential distribution of interevent times.

Ideally, in order to determine the temporal distribution of submarine 
landslides, a sequence of submarine landslide deposits imaged using seismic 
reflection data would be drilled or cored. Geological age dating of strata above 
and below each landslide deposit would constrain the absolute age of each event 
(e.g. Ref. [116]), from which an empirical distribution of interevent times could 
be determined. Other stratigraphic techniques using nearby age controls could 
also be used to determine the age of each landslide event.

If the age dates of each event are not available, but the age of a basal 
seismic horizon below a sequence of landslides is known, then it could be 
possible to determine the rate parameter and uncertainty, assuming an exponential 
distribution associated with a Poisson process [117]. If no age data are available, 
indirect techniques may be used that link seismic activity to a geotechnical slope 
failure model (e.g. Ref. [118]). In this case, it would be necessary to keep track 
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FIG. 54. Determination of the distribution of landslide sizes [114]. Left: a perspective view of 
the landslide excavation region from multibeam bathymetry. Right: the red line and points show 
the perimeter of the excavation region to determine the area (white shaded region) and volume 
of the landslide. Reproduced courtesy of Chaytor et al. and Elsevier [114].



of all uncertainties associated with the model and incorporate them into the 
probabilistic analysis.

Because the occurrence of submarine landslides appears to be dependent on 
climate, glaciation and sea level, the rate of occurrence may be non-stationary; 
that is, the rate may vary throughout geological time. If there is sufficient age 
data, changes in the rate over the time in which the surveyed landslides near the 
site occurred need to be accounted for to accurately determine the present-day 
rate of occurrence.

7.4. TSUNAMIS CAUSED BY VOLCANIC ACTIVITY

Compared to the total number of tsunamis listed in the available catalogues 
(more than 2000 events in the NCEI/WDS Global Historical Tsunami Database2; 
see Section A–1.1), the number of events somehow related to volcanic activity is 
relatively few, the NOAA database containing 131 of them out of a total of 2145 
(see Fig. 55). Moreover, the volcanic source mechanism is particularly difficult 
to characterize, and several of these events would probably be better listed under 
the landslide or earthquake source (see Sections 7.2 and 7.3). However, the 
volcanic tsunamigenic source is far from a minor one, having produced some of 

2 http://www.ngdc.noaa.gov/hazard/tsu_db.shtml
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FIG. 55. Volcano related tsunamis in the NCEI/WDS Global Historical Tsunami Database. 
The events are mostly focused on the Pacific ‘Ring of Fire’, Hawaii, the Caribbean and the 
Mediterranean Sea. 



the largest known events on Earth, such as the Santorini event in 1650 BCE and 
Krakatoa in 1883 CE. Gigantic slope failures from the flanks of island volcanoes 
may cause devastating tsunamis even in areas less prone to this hazard, such as 
the Atlantic coasts (e.g. Ref. [119]).

7.4.1. Examples of volcano induced tsunamis

Volcano edifices are typically unstable structures, and so any volcano located 
near or under water is a potential source of tsunamis. Magmatic explosive eruptions, 
phreatomagmatic explosions, gas bursts, caldera collapses, flank failures or 
magmatically induced seismic activity of submarine, island or coastal volcanoes are 
typical causes of tsunamis (e.g. Refs [120, 121]). The most frequent mechanisms are 
associated with slope instabilities that are directly connected to paroxysmal volcanic 
activity, namely the rapid collapse or slide of a portion of the volcano edifice 
(originating either in a submarine or subaerial environment). Bathymetric surveys 
reveal that shield volcanoes in oceanic settings have been the site of huge submarine 
debris avalanches, which could have potentially resulted in basin-wide tsunamis 
(e.g. Ref. [122]). Landslides occurring on volcanic islands are among the largest 
mass movements on Earth, able to reach volumes of up to several hundred cubic 
kilometres, according to some authors (e.g. Refs [123, 124]). When sufficiently fast, 
such slides can generate devastating tsunamis [125–127] and represent a significant 
hazard from the local to regional scale (e.g. Refs [128–130]). However, hazardous 
amplitudes are rarely maintained on an ocean basin scale (e.g. Ref. [131]), as is often 
the case for the major subduction earthquake tsunamis. Even moderate eruptions 
of island volcanoes may generate notable, although much more localized, tsunamis 
(e.g. Stromboli volcano in 2002 [132]). Furthermore, volcano slopes can become 
unstable and collapse without warning or eruptive activity.

Pyroclastic flows during major explosive eruptions, superficial or submarine 
phreatomagmatic explosions and gas bursts can also displace huge volumes of water, 
causing locally destructive tsunamis. Moreover, although quite rare, one of the most 
hazardous mechanisms generating volcanic tsunamis is associated with caldera 
collapse, which consists of a sudden collapse of a volcano edifice, which may be 
many hundred metres high and kilometres wide, to produce a marine caldera. In 
such a case, enormous masses of water are displaced because of the rapidly falling 
volcano edifice and are attracted toward the newly born cavity. The eruptive episodes 
of Santorini in the Aegean Sea (1650 BCE) and Krakatau in Indonesia (1883 CE) 
were followed by collapses, which could have generated basin-wide tsunamis that 
impacted coasts and harbours quite far from the source volcano.

Table 2 summarizes the main tsunamigenic processes that are directly 
associated with volcanism, source volumes and tsunami characteristics obtained 
from a review of historical tsunamis generated by volcanic eruptions [133, 134]. 
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For a contemporary review of volcanic tsunamis, Ref. [135] includes a catalogue 
of events in Southeast Asia and a wide list of references. Figure 56 shows 
schematically the most relevant tsunamigenic sources related to volcanism [135].

The most relevant historically recorded tsunamigenic volcanic eruption 
is perhaps that of the Krakatau volcano in the Sunda Strait in 1883 [136]. This 
event resulted in a tsunami with a maximum runup of approximately 42 m on 
Java and Sumatra and reportedly caused tsunami damage as far away as Western 
Australia and India. A total of 34 000 fatalities occurred in Indonesia as a result 
of the eruption, nearly all related to tsunamis. One lesson to draw from this event 
is that volcanic activity can result in complex sequences of events and multiple 
episodes of tsunami formation [120, 133, 137]. The tsunamis during the 1883 
Krakatau activity were generated by a variety of mechanisms, including the 
collapse of the northern part of the volcanic island in the Sunda Strait, caldera 
subsidence, pyroclastic flows entering the sea and underwater explosions. These 
events occurred over several days, and tsunamis appear to have been related 
to each of them.
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TABLE 2. TSUNAMIGENIC PROCESSES ASSOCIATED WITH 
VOLCANISM AND CHARACTERISTICS OF PRODUCED TSUNAMIS [134]

Mechanism Source volume  
(km3)

Wave height  
(m)

Period  
(min)

Travel distance  
(km)

Earthquakes 1–10 Up to 17 10–40 <500

Submarine explosions <1 1–6 1–10 <50

Pyroclastic flows 1–100 Up to 25 1–40 <250

Caldera collapse 1–10 Up to 15 Short <50

Avalanches of cold rock <1 1–10 Short <50

Basal surges and shock 
waves

<1 Up to 5 Aperiodic <10

Avalanches of hot rock <1 Small Short <10

Lahars <1 Small Short <50

Atmospheric phase 
coupling

? Small 15–40 >1000

Lava entering the sea <1 Very small Short <10



The large tsunami of 1741 in the Japan Sea caused significant damage 
to the Japanese as well as Korean coasts. The tsunami originated from the 
Oshima-Oshima volcano, whose eruption was followed by a large scale sector 
collapse. While the subaerial landslide volume was only 0.4 km3, the total 
volume including the submarine part was 2.4 km3, large enough to produce the 
recorded tsunami [77].

Examples of some historical tsunamis that have been generated by the 
mechanisms listed above are provided in Table 3.
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FIG. 56. Schematic mechanisms of tsunami generation related to volcanic activity. Reproduced 
courtesy of Springer Science+Business Media B.V. [135].     
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TABLE 3. EXAMPLES OF HISTORICAL VOLCANO TRIGGERED 
TSUNAMIS AND THEIR MAIN CHARACTERISTICS

Event Year Mechanism Volume  
(km3)

Max. runup  
(m) References

Aniakchak, 
Alaska

3.5 ka Pyroclastic flows ⁓15 ~30 Waythomas and 
Watts [138]

Kikai, Japan 7.3 ka Caldera collapse, 
pyroclastic flows

⁓25 <20 Maeno et al. 
[139]

Krakatau 1883 Submarine 
explosion, 
pyroclastic flow, 
caldera collapse

5–12 30–40 Maeno and 
Imamura [140]

Matavanu, 
Samoa

1906 Lava flow 3.5 Power and  
Downes  
[121]

Mount St. 
Helens

1980 Landslides/debris 
avalanches into 
Lake Spirit

2.5 200–400 Voight et al. 
[141, 142]

New Hebrides 1878 Volcanic 
earthquake

17 Power and  
Downes  
[121]

Ritter Island, 
Papua New 
Guinea

1888 Sector collapse 4–5 15 Ward and Day 
[143]

Soufrière Hills, 
Montserrat

1997 Landslides/debris 
avalanches

2–2.5 15 Heinrich et al. 
[144]

Soufrière Hills, 
Montserrat

2003 Dome collapse, 
pyroclastic flows

0.2 15 Watt et al.  
[131]

Stromboli, Italy 2002 Volcanic landslide 11 Tinti et al.  
[132]

Unzen, Japan 1792 Sector collapse 0.3 20 Aida [145] 



7.4.2. Parameterization of volcanic source induced tsunamis

For most of the volcanic sources, there are inherent difficulties in the 
reliable assessment of their descriptive parameters, which limit the actual 
significance of any modelling effort. As already mentioned, volcanic eruptions 
are generally complex events, and even a single eruption can result in multiple 
episodes of tsunami formation, possibly influencing each other.

7.4.2.1. Tsunamis generated by landslides

Apart from their peculiar triggering mechanisms and lithological or 
sedimentological characteristics, most of the volcanic landslides can be treated 
similarly to any other landslide source [145, 146]. Therefore, see Sections 7.3.2 
and 7.3.3 for a detailed illustration of parameterization, modelling techniques 
and issues related to this type of source. Parameters to be considered are those 
describing the causative volcanic event and those characterizing size, lithological 
composition, the cohesion of the sliding mass, rheology, kinematics, the geometry 
of the sliding surface, Coulomb bottom friction and resistance force due to drag 
and shear stresses exerted by the ambient fluid, and the time history of the driving 
parameters from the onset of displacement to its arrest (see also Section 7.3.2).

For volcanic debris avalanches, available data [141, 142, 146, 147, 148] 
suggest that high impact velocities are easily attained, thereby generating 
supercritical tsunamis: for water depths less than 100 m, landslide velocities 
greater than 31 m/s would already be sufficient to yield Fr >1 (see illustration of 
Froude number in Section 7.3.2). Landslide dynamics cannot be well constrained 
for large volcanic flank failures, but the most catastrophic scenario appears to 
be a landslide moving as a single, coherent body [149] or the case of Mount 
St. Helens, where 2.7 km3 of material slid from the top sector of the volcano, 
evolving into an enormous debris avalanche entering Spirit Lake at a speed 
possibly exceeding 200 km/h, thus causing a gigantic wave which rose to more 
than 250 m (e.g. Refs [141, 142]).

7.4.2.2. Tsunamis generated by caldera collapse

Hazardous tsunamis can likely be originated by caldera collapse during 
large explosive volcanic eruptions in a near marine environment. The resulting 
sea level changes may create more potential energy for tsunami generation 
than other possible mechanisms such as pyroclastic flows entering the sea or 
phreatomagmatic explosions (e.g. Ref. [139]). The approach used by Maeno et 
al. [139] requires knowledge of the size and geometry of the displaced volume 
resulting from the topographic changes (i.e. water depths before and after caldera 
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collapse) and the duration of the collapsing process. Critical information, such 
as the mode and speed of caldera collapse, is also a key factor but is difficult to 
constrain in tsunami generation (e.g. Ref. [139]).

7.4.2.3. Tsunamis generated by pyroclastic flows

Another mechanism able to generate tsunamis is the large discharge of 
pyroclastic material into the sea. Required parameters are the emitted volume 
of material, the discharge rate and the density of the pyroclastic mixtures (which 
also controls the mode of travel, i.e. floating on the sea surface or submerged, 
depending on whether the material is lighter or denser than sea water).

7.4.2.4. Tsunamis generated by phreatomagmatic explosions

Tsunamis can be generated by underwater explosions (e.g. Refs [150, 151]). 
A near water surface explosion may produce a water crater and even expose the 
seafloor to the atmosphere. After reaching its maximum height, the water crater 
collapses, and, under the influence of gravity, the water quickly flows inward 
to fill the gap. Therefore, important parameters are water depth, the dimensions 
and the shape of the mobilized mass of water, which is proportional to the 
explosion energy (measured in joules). The explosion energy might be estimated 
based on the empirical relationships between crater size and explosion energy 
(e.g. Ref. [152]).

7.4.3. Modelling

Although a few methods have been proposed for the modelling of tsunamis 
induced by volcanic phenomena, standard evaluation procedures have not yet 
been developed. In the following, a short overview of recent research results 
in this field is provided, underlining that, despite the continuous progress 
in modelling techniques, there are inherent difficulties in the assessment of 
controlling parameters for most of the volcanic sources that limit the actual 
value of any modelling effort. The latter is less valid for the volcanic landslide 
source, whose methods and limitations are the same as those already addressed in 
Section 7.3.3 for the generic landslide source.

In terms of complex volcanic sequences of tsunami generating events, the 
first stage of tsunami modelling, treating each source as an independent event, 
is sufficient to describe the first order behaviour of the processes. However, this 
involves describing the complex interactions of all the processes mentioned 
above and is often difficult to predict and reproduce, even using state of the art 
modelling. Therefore, to be reliable, modelling should account for evolving and 
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interacting phenomena without using drastic simplifications [139, 140], which 
requires further scientific investigation and effort.

7.4.3.1. Tsunamis generated by landslides

The approaches commonly applied are illustrated in Section 7.3.3. As 
reported there, the main difficulty is the modelling of landslide propagation. 
Volcanic landslides often exhibit particularly complex behaviour that is currently 
impossible to describe physically in a robust way (see Ref. [146]). To demonstrate 
the application of their model, Kelfoun et al. [149] have simulated landslides 
entering the sea from the eastern flank of Piton de la Fournaise volcano (La 
Réunion Island), considering various possible volumes (from 0.5 to 10 km3), 
and analysed the impact of the tsunamis generated in this way using a modified 
version of the VolcFlow program developed by K. Kelfoun at the Observatoire 
de Physique du Globe de Clermont-Ferrand.3 The program, which is specifically 
devoted to the simulation of dense isothermal volcanic flows, also makes it 
possible to model tsunamis generated by the entry of a rock avalanche into a 
water body, like those typical along volcano flanks, a modern-day example of 
which is the 1980 event at Mount St. Helens cited before. Another example of 
such modelling is that presented by Giachetti et al. [127] about the Güímar debris 
avalanche (Tenerife, Canary Islands). Modelling by Ward and Day [119] of the 
collapse of a huge volume (150 to 500 km3) of the west flank of the Cumbre 
Vieja Volcano in La Palma Island (Canary Islands) shows potential for wave 
heights from 3 to 25 m on the coasts of the Americas. The failure may start from 
the crest of the volcano at a detachment fault that was activated in 1949 (rupture 
4 km long, offset 4 m) and has remained inactive since then. In Ward and Day’s 
model, wave height depends largely on the speed of mobilized material.

7.4.3.2. Tsunamis generated by caldera collapse

Tsunamis generated by caldera collapse are commonly simulated using a 
simple piston-like plunger model combined with a single layer shallow water 
model (e.g. Refs [139, 140]). The process is mainly controlled by topography 
changes due to caldera collapse, that is to say the topography existing before and 
after the collapse, as well as collapsing speed. Maeno et al. applied this model 
to examine tsunamis during a caldera formation at Kikai caldera in Japan [139] 
and to explore the most plausible mechanism of the tsunami generated during the 
1883 Krakatau eruption in Indonesia [140]. Geometrical changes were introduced 

3 https://lmv.uca.fr/volcflow/
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using a time dependent water depth in the collapsing area, d(t), which is assumed 
to fall either with a uniform velocity or following free fall conditions:  

d t d t d d tbefore before after s( ) ( ) /� � �  (13)

d t d gt for t tbefore s( ) / ,� � �1 2 2      (14)

where dbefore and d after  denote the still water depths before and after caldera 
collapse, respectively, t denotes the time, ts the duration of collapse and g the 
gravitational acceleration.

Typically, the duration of caldera collapses is not well constrained. For 
the case of the Kikai caldera, rapid collapse conditions with durations of a few 
minutes to a few tens of minutes were able to generate the largest tsunamis [139], 
although the most plausible collapse duration was estimated to be longer than 
several hours [139, 153]. Caldera collapse speed Vc can be used to calculate the 
dimensionless collapse speed V gdc / . The computed maximum height of the 
tsunami is greatest when the dimensionless collapse speed V gdc /  is about 
0.01, and the height substantially decreases with slower speeds (longer collapse 
durations). Simulations for Kikai caldera showed that when the collapse speed 
was high, the sea level rose rapidly, and a large tsunami was generated because 
a large amount of sea water flowed into the collapsed area in a short time and 
the wave crest easily became higher than the original sea surface. Based on the 
results of the numerical simulations, Maeno et al. [139] suggested that when 
V gdc / . ,> 0 003  a tsunami could inundate the investigated area.

7.4.3.3. Tsunamis generated by pyroclastic flows

Maeno and Imamura [140] simulated tsunamis generated by pyroclastic 
flow using an approach similar to that adopted by Kelfoun et al. [149] for 
landslide generated tsunamis. In particular, they consider a two-layer shallow 
water model for two types of fluid (i.e. a dense type and a light type). Shallow 
water equations of mass and momentum continuity in each layer are solved by 
considering kinetic and dynamic conditions at the free surface and interfaces. 
Moreover, the model assumes a hydrostatic pressure distribution and negligible 
interfacial mixing, with uniform velocity, density and distributions, although a 
density change by particle sedimentation can eventually become significant with 
time. The two-layer model is used in the near field, whereas a single layer model 
is used in the far field. A dense type two-layer shallow water model is assumed 
for pyroclastic flows denser than sea water. In this case, dense pyroclasts are 
assumed to be the dominant components of the flow, which can therefore enter 
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into sea water and travel along the slope. A light type two-layer shallow water 
model is used for pyroclastic flows lighter than sea water. In this case, light 
pumice and ash are assumed to be the dominant components of the flow, and they 
thus travel over the sea surface. Maeno and Imamura [140] applied their model to 
simulate the tsunamis generated during the 1883 Krakatau eruption. Volumes of 
5 to 20 km3 of pyroclastic flow with densities of 900 to 1500 kg/m3 and average 
discharge rates of 106 to 108 m3/s were examined. Simulation results suggest 
that a pyroclastic flow entering the sea with a volume larger than 5 km3 and an 
average discharge rate of about 107 m3/s would be the most plausible mechanism 
for the generation of the tsunami.

Waythomas and Watts [138] evaluated tsunami generation by pyroclastic 
flow using the event associated with the tsunami deposits of the 3.5 ka eruption 
of Aniakchak volcano in Alaska. They modelled a pyroclastic flow entering the 
ocean, characterized by a volume V, maximum velocity U, width w and duration 
to. From these quantities, the characteristic mass flux per unit width into the ocean 
can be written as Q V wt= / ( )0 . Considering the local water depth d, a maximum 
tsunami amplitude h and a characteristic wavelength lo were estimated using the 
semi-empirical equations of Walder et al. [154], implemented in the software 
named TOPICS. Their results suggest that about 25–30% of a volume >50 km3 
(i.e. ~15 km3) of pyroclastic flow volume had to enter the ocean north of the 
Aniakchak caldera to generate the observed tsunami deposits.

7.4.3.4. Tsunamis generated by phreatomagmatic explosions

Phreatomagmatic explosions generally occur in shallow water. In these 
conditions, the wave generation process is relatively simple and well understood, 
if modelled as a generic underwater explosion (see Fig. 57). Wave generation 
processes occur when dw = W1/3, where dw is the depth of the explosion crater 
and W is the explosion energy in pounds of TNT [155, 156]. The near surface 
explosion may produce a water crater and even expose the seafloor to the 
atmosphere. The initial water elevation is assumed to have a crater shape with 
a watery rim, and an empirical relationship between the explosion energy E and 
initial wave height ηi is used (e.g. Ref. [151]):

� i
0.24E�  0.024  (15)
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The crater shape is typically described by an empirical formula 
(e.g. Ref. [155]):
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where R is the initial water crater radius and r denotes the distance from the 
source point. Concerning the relation between the initial water source radius 
and the explosion energy, Le Mehaute and Wang [155] provide an empirical 
relationship that is valid for shallow water, suggesting a power-law dependence:

R W≈10 0.30 (17)
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Reproduced courtesy of the US Defense Nuclear Agency  [155].

New / revised
(Sept 2024, Yoko/ Gavin’s comment )

Maximum crater radius

Collapse of crater

Dissipative leading wave

Lip

The physics  ?

Dear Gavin,
Please feel free to make any minor changes. Yoko 

FIG. 57. Schematic representation of shallow water explosion phenomena. Reproduced 
courtesy of the US Defense Threat Reduction Agency [155]. 



where R is given in feet and W in pounds of TNT equivalent (1 ft = 0.3048 m; 
1 lb of TNT ≅ 1.9×106 J). In the case when the water reaches the seafloor, the 
radius of the cavity, Rc, is given by Le Mehaute and Wang [155]:

R Wc =  4 4. 0.25 (18)

A similar method was also used by Torsvik et al. [151] to analyse a tsunami 
induced by a phreatomagmatic explosion at Karymsky Lake (E = 1012 J), 
satisfactorily reproducing the wave characteristics. The relationship in Eq. 
(15) was assumed to be valid even for larger scale explosions by Maeno and 
Imamura [140], who investigated the possibility of tsunamis generated by a large 
scale phreatomagmatic explosion during the 1883 Krakatau eruption. In this case, 
using the empirical relationship between crater size and explosion energy [152], 
the explosion energy needed to produce a large crater like the Krakatau caldera 
(2–3 km in radius) can be estimated to be 1016 to 1017 J, whereas the ratio 
dw/W1/3 can vary from 0.2 to 0.5. Therefore, a potential largest phreatomagmatic 
explosion may be associated with a shallow water wave generation process, in 
which the water, initially expelled upwards and outward, can form a plume and a 
crater with a watery rim. For this kind of explosion energy, the time required to 
generate a watery rim is of the order of 1–10 s.

7.4.4. Verification and validation of the tsunami source model

For volcanic landslide triggered tsunamis only, some documented events 
are available, which can be used for verification and validation. Among 
these, there is the tsunami produced by the eruption of Augustine Volcano, 
Alaska, in 1883 [157], which has left recognized traces over a wide area with 
runups of at least 19 m. The last eruption causing tsunami waves was that of 
the Karymsky Volcano, Kamchatka, in 1996 [158]. A rock avalanche caused 
tsunami waves in Karymsky Lake, with runups reaching 30 m that wiped out the 
surrounding forest [151].

Some modelling examples applied to actual cases (e.g. Refs [127, 149, 151]) 
are described in Section 7.4.3. So far, because of the low frequency of volcano 
triggered events, no detailed runup survey data are available, nor are any actual 
measurements or detailed descriptions of triggering phenomena and tsunami wave 
propagation and effects. Apart from landslide cases, documentation is available 
only for a few cases, such as the great 1883 Krakatau eruption (e.g. Refs [136, 
159, 160]), for which documentation is still insufficient to achieve a common 
consensus about this complex event (e.g. Refs [120, 161]). Choi et al. [162] have 
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used the arrival times of the 1883 Krakatoa wave worldwide to validate their 
model of transoceanic propagation.

7.4.5. Specification of scenario volcanic source

In principle, a single scenario is not sufficient to characterize the volcano 
related tsunami hazard, since several different source mechanisms are possible. 
Therefore, a set (or even better, a combination) of potential scenarios that consider 
different tsunamigenic events should be developed for each of the foreseeable 
volcanic sources potentially affecting the target site. The starting point is, 
therefore, the filtering of all capable volcanic edifices within a threshold distance 
before estimating the ranges of the main controlling parameters according to the 
type of source mechanism and estimated maximum size of tsunamigenic event.

7.4.6. Size and temporal distribution for probabilistic studies of volcanoes

Probabilistic volcanic hazard assessment can be applied in the site 
evaluation process [163]. However, the resulting uncertainties can be very large 
because a sufficient database is rarely available. In principle, it is possible to 
focus this approach on volcanic tsunamigenic events. Nevertheless, the currently 
available base of data has only a limited number of entries, only a few of which 
are sufficiently characterized.
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8. TSUNAMI PROPAGATION ANALYSIS

8.1. BASIC CONCEPTS

For assessing the design water level, the numerical calculation method 
should be adopted that can provide the best estimate of the maximum water rise 
and drawdown at the nuclear power plant site with consideration of uncertainty.

8.1.1. Selection of the appropriate numerical calculation model

A fundamental framework for applying the governing equations has to be 
used, along with a numerical scheme that can provide the best estimate of the 
maximum water rise and drawdown at the nuclear power plant site under adequate 
conditions of the initial water surface and boundary, taking into consideration 
uncertainty (see Section 8.5).

8.1.2. Adequate execution of numerical calculation

The computation domain, grid size, time interval, bathymetric and 
topographic data, coefficients in governing equations and simulation time 
should be appropriately determined, according to the spatial tsunami shape 
and geographical features of the seafloor and land areas, along with the source 
regions and at the nuclear power plant site.

8.2. SELECTION OF A NUMERICAL MODEL

The typical numerical model for tsunami propagation analysis is a two 
dimensional (2-D) model. The computation area is large, more than several 
hundred square kilometres at a minimum. The 2-D model is applicable for long 
wave propagation in large computation areas and can also simulate tsunami 
runup on land. On the other hand, a three dimensional (3-D) numerical model 
has recently been developed in the fluid dynamics field. The 3-D model is more 
appropriate than the 2-D model for tsunami runup with a complex topography 
and structures. For example, a numerical analysis that combined a 2-D model in 
the ocean and a 3-D model on land was carried out [164, 165]. In the future, the 
above-mentioned hybrid model is likely to be commonly used.
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8.2.1. Governing equations and numerical schemes of the 2‑D model

When the numerical calculation is carried out, factors such as accuracy 
about the phenomena to be calculated and the necessary computation time should 
be taken into account, and the appropriate governing equations and numerical 
schemes should be selected.

8.2.1.1. Governing equations for tsunami evaluation

Since the tsunami has a longer wavelength compared with the water depth, 
long wave theories in linear or non-linear form with friction and/or dispersion 
are generally applied. In landslide tsunami cases, where the initial water profiles 
have a high amplitude and steep slope, non-linear dispersion theory may be 
necessary. These approaches are described below and are based on 2-D equations 
that are derived from 3-D governing equations by being integrated in the vertical 
direction. One of them should be selected by the objective phenomena.

General 2-D equations including all terms are as follows:
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where η is the water surface elevation, M and N are the depth averaged 
volumetric flux in the (x, y) horizontal directions, respectively, D (= d + η) is the 
total water depth, d is the water depth, ξ is the sea-bottom deformation by crustal 
movement, n is Manning’s roughness coefficient, Khf is the horizontal diffusion 
coefficient, DISPx and DISPy are dispersion terms, g is gravity acceleration and 
t is time. The above three equations are solved numerically for the unknown 
values of M, N and η.
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(a) Linear long wave theory

Linear long wave theory is applied under the condition that the ratio of the 
wave height to the water depth is sufficiently small. The equations of motion 
comprise an unsteady term and a pressure term (hydrostatic distribution). 
This theory is sufficient to simulate the propagation of tsunami waves in 
the deep ocean.
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(b) Non-linear long wave theory (shallow water wave theory)

This is applied under the condition that the ratio of the wave height to 
the water depth is not small (the non-linearity cannot be ignored, especially 
in the shallow region). The equations of motion comprise an unsteady term, 
a pressure term (hydrostatic distribution) and an advection term; with these 
terms, the steepening of the wavefront in shallow water can be considered. In 
general, friction becomes important in the shallow zone and on land, and the 
bottom friction term must be used. The horizontal eddy viscosity term may be 
considered, if necessary.
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(c) Dispersive wave theory

This is applied in conditions in which the curvature of the tsunami wave 
increases with propagation, the vertical acceleration of the water particles cannot 
be ignored, and wave dispersion appears. The dispersion theory is classified 

110



into the linear dispersive wave theory and non-linear dispersive wave theory, 
depending on the theories to which the dispersion terms are added.

Dispersion is important during long distance propagation and in the shallow 
region. In deep water, the linear dispersion theory may be applicable. In shallow 
regions, the non-linear dispersion theory should be used. Non-linear dispersion 
must be considered for simulating short, steep and high amplitude waveforms, 
such as with landslide generated tsunamis. For near field tsunamis, wave breaking 
occurs before or after runup if a tsunami is accompanied by soliton fission. It was 
proposed that the non-linear dispersive wave theory is better suited to the entire 
numerical area, which includes the tsunami source and the coastal area, since it 
can evaluate the tsunami wave shape more precisely than the non-linear wave 
theory without reference to soliton fission. This is because the dispersive term 
has the effect of suppressing the leaning of the wavefront in the deep and shallow 
sea areas. In the future, the dispersive wave theory is expected to facilitate the 
development of a more precise and practical numerical model than the non-linear 
long wave theory by including a damping term due to wave breaking. Some 
tsunami numerical models might have numerical dispersion, which appropriately 
mimics frequency dispersion with an optimized grid resolution, such as the 
Method of Splitting Tsunami (MOST) numerical model [166–168].

8.2.1.2. Governing equations and numerical scheme for near field tsunami 
propagation

For nearshore tsunami propagation, where the water depth is shallower 
than 200 m, the governing equations of the non-linear wave theory should be 
selected [169]. In such a case, an explicit finite difference scheme with a staggered 
leapfrog method is generally adopted because the analysis method of the 
numerical error caused by the finite difference scheme is well established [170].

8.2.1.3. Governing equations and numerical schemes for far field propagation 
of tsunamis

In the case of the far field propagation of a tsunami, the linear theory can be 
applied because the wave height is small when compared with the water depth. 
However, when the initial tsunami profile contains a wide range of wavelength 
components, the wave velocity differs slightly for each wavelength in the deep 
water; further, since it propagates for a long time, the delay of the shorter wave 
becomes larger. Therefore, to reproduce this effect, it becomes necessary to apply 
governing equations that include the dispersion term.

Furthermore, for distant tsunamis, the Coriolis force must be considered in 
the equations of motion. Also, since the effects of the spherical Earth cannot be 
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ignored, a spherical coordinate system must be adopted. For a numerical scheme, 
the alignment of variables is usually performed by a staggered leapfrog scheme, 
and the explicit difference method is adopted for the equation of continuity. An 
implicit scheme is generally adopted for the equations of motion.

8.2.2. Initial conditions

The initial conditions of tsunami numerical modelling are the vertical 
elevations of water surface and discharge fluxes in lateral directions throughout 
the computational domain at the time of tsunami initiation. These initial 
conditions for seismic tsunamis are ocean bottom deformation computed 
from fault parameters (see Section 7.2.3). The initial conditions given at the 
ocean bottom must be converted to those on the water surface, considering the 
wavelength and water depth (see Section 7.2.3.3).

The initial conditions related to non-seismic mechanisms may cover 
the time change of the vertical displacements of water level and lateral fluxes 
regarding the triggering mechanisms. Estimating the lateral fluxes and even the 
water surface elevations is rather complex, since more investigations are needed 
to develop verified methods for the case of non-seismic triggering mechanisms. 
Various methods may be used to estimate the initial conditions of tsunami sources 
due to submarine and/or subaerial landslides (see Section 7.3) and/or volcanic 
activity (see Section 7.4). 

8.2.3. Boundary conditions

When carrying out the numerical calculations, the following boundary 
conditions, associated with the computational region, submarine and coastal 
topography, structures, and so on, should be properly applied: (1) offshore 
boundary conditions, (2) onshore boundary conditions and (3) overflow 
boundary conditions. 

8.2.3.1. Offshore boundary conditions

Since the computational region is finitely determined, open boundaries are 
artificially provided on the offshore side(s) of the model domain. Appropriate 
boundary conditions need to be applied so that the behaviour of the tsunami is 
free from artificial reflection from the boundaries.
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(a) Open boundary condition

An open boundary condition is necessary for waves propagating toward a 
boundary to radiate to the outer end of the boundary of the numerical domain 
with negligible numerical reflective waves. The typical methods for expressing 
the discharge flux using the radiative wave conditions [88, 170] can be adopted. 
The method that uses free transmission conditions was proposed for situations 
in which this condition is not satisfied; this method was based on the method of 
characteristics [170].

(b) Boundary condition for incident tsunami

For evaluation of a distant tsunami, the tsunami propagation in the large 
extent of the sea has to be calculated by the linear dispersive wave theory, 
expressed by the spherical coordinates. If the coordinate system of the domain 
near the site is presented by rectangular coordinates, it is difficult to carry out the 
numerical simulation considering the interaction of water level and flux between 
both the outer and the near site domains. In such a case, the time series of water 
level changes and flux, given by numerical results in the outer domain, may be 
used for the offshore boundary condition of the near site domain.

Alternatively, the time series of the tsunami predicted from the actual data 
at the near field can be used as an input for the offshore boundary condition.

8.2.3.2. Onshore boundary conditions

The boundary conditions at the leading edge of sea water should be applied 
by the following conditions.

(a) Reflective boundary condition

When the tsunami runup near the shore is not considered, a vertical wall 
with an infinite height should be located on the coastline, and the discharge flux 
in the direction perpendicular to the coastline should be assumed to be zero. In 
other words, a complete reflection condition should be applied.

(b) Boundary conditions at the runup front

The tsunami inundation or drawdown has to be simulated in tsunami 
propagating analysis to estimate the impact of a tsunami near the shore. Previous 
research results and illustrated typical methods on the numerical modelling of 
tsunami inundation are summarized in Fig. 58 [171]. Two procedures are necessary 
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as a minimum: the first is searching the wavefront, and the second is setting the 
discharge at the wavefront in a computational domain. Several methods are 
introduced to estimate the inflow discharge flux in inundating from a wet grid to a 
neighbouring dry grid (see Fig. 58).

8.2.3.3. Overflow boundary conditions

The boundary conditions for the case in which a tsunami flows over a 
breakwater, sea dyke, seawall revetment or other structure can be applied according 
to the following conditions:

(a) When the structure is modelled as a part of the topography.
 — In this case, the boundary conditions at the runup front described in the 
previous Section can be applied to the moving boundary conditions in 
which the tsunami flows over the breakwater or other structures.

(b) When the structures are modelled by the boundaries between grids.
 — When breakwaters or other structures exist in the computational region 
and the water level exceeds the crest elevation, the discharge that flows 
over the structure can be estimated using the relevant formulas by the 
overflow conditions. 
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estimated wavefront are presented in Ref. [171]. Reproduced courtesy of Harvard University Press.



Hom-ma formulas [170, 177] can be used to determine overflows and can 
be summarized as follows (see Fig. 59):

For complete and incomplete overflows,

q h gh h h� �� 2 1 2 12
2

3
,   (26)

For submerged overflows,

q h g h h h h� �� � �� ' ,2 1 2 2 12
2

3
  (27)

where h1 and h2 are the water heights in front of and behind the structure, 
respectively, measured from the surface equal to the top of the structure; μ = 0.35; 
μ' = 2.6μ; and g is the gravity acceleration.

If the water does not flow over the breakwater and sea dyke, the complete 
reflection condition setting of the vertical wall is assumed, and the discharge flux 
in the direction perpendicular to the structures is assumed to be zero.

8.3. NUMERICAL CONDITIONS

8.3.1. Specifying the numerical domain and spatial grid size

The computational region, including the tsunami source, should be set 
up such that refraction (including lens effects), reflection (including multiple 
reflections), diffraction, seiches, trapping phenomena (around islands or 
continental shelf), runup, and so on, all of which have considerable effects 
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the breakwater. Reproduced courtesy of Japan Society of Civil Engineers [91].



on the maximum water rise and drawdown at the site, can be reproduced 
with high accuracy.

In the tsunami calculation, the method of connecting computational regions 
with varying mesh sizes by the tsunami profile and topographical conditions 
is used from this viewpoint. The calculation of the tsunami is performed 
simultaneously within the connecting computational regions. In other words, 
the wavelength of a tsunami in the open sea is on the order of several tens of 
kilometres to several hundred kilometres, and it decreases as the water depth 
decreases. It is necessary to change to successively finer mesh sizes to meet 
the above conditions. Also, since nearshore bathymetry and land topography 
are usually complex, the spatial mesh size must be properly set up by the 
characteristic topography of the seashore concerned or the scale of the artificial 
structures, as well as the spatial scale of the tsunami profile.

8.3.2. Specifying the time interval

The time interval ∆t is set to satisfy the Courant–Friedrichs–Lewy (CFL) 
condition in terms of the calculation stability. The CFL condition for the 
horizontal 2-D numerical calculation is as follows:

�
�t x
gd

�
2 max

 (28)

where ∆x is the mesh size, ∆t is the time interval, dmax is the maximum water 
depth and g is the gravity acceleration. Multiple calculation regions with different 
grid sizes Δx are generally adopted for numerical calculations. The time intervals 
∆t for all calculation regions are most often set to be the same and constant. In 
that case, all the time intervals ∆t must satisfy the CFL condition. Finally, the 
minimum ∆t in all regions is adopted as the time interval.

However, when the calculation is performed in practice, numerical errors 
and non‑linearity of the phenomena interfere. Hence, Δt must often be set at a 
smaller value as compared with ∆x gd/ ,max2  an allowance being provided. In 
particular, in the case of calculations with a strong current due to tsunami runup, 
the flow velocity becomes greater than the wave celerity of the tsunami, 2gd max ;  
this might result in a divergence of the calculation.
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8.3.3. Topography data and bathymetry data

In principle, topographic data used for the calculation should be prepared 
using the latest information on the design tsunami and structures at the site 
(see Section 6.4).

8.3.4. Specific parameters

Specific parameters used for the numerical calculations should be 
appropriately chosen by referring to previous studies.

8.3.4.1. Coefficients related to the friction term

The coefficients of the friction term can be chosen in accordance with Table 4.
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TABLE 4. COEFFICIENTS ASSIGNED TO THE FRICTION TERM  
(reproduced courtesy of Japan Society of Civil Engineers [91])

Name of coefficient Values reported in previous 
studies

Values used frequently for 
assessment of water level of 
design tsunamis of nuclear 

power plants

Manning’s coefficient of 
roughness n (m–l/3/s)

Iwasaki and Mano [175]:
0.03 for the sea area
Goto and Sato [178]:
0.025 for the sea area
Kotani et al. [179]:
Inundation area: High 
density residential district: 
0.08
Medium density residential 
district: 0.06
Low density residential 
district: 0.04
Forest area: 0.03
Agricultural area: 0.02

Sea area: 0.03
Inundation area: 0.03

Friction coefficient kb

Tanaka [180]:
Deep-sea area: 0.0026
Shallow sea area: 0.005–
0.01
Inundation area: 0.01–0.5

Deep-sea area (usually 
deeper than 15 m): 0.0026
Shallow sea area (usually 
shallower than 15 m): 
0.00637
Inundation area: 0.01



However, when the friction coefficient is varied by the water depth, the 
current velocity field may yield unnatural results if the variation is discontinuous. 
Hence, it is recommended to set the friction coefficient such that a smooth 
variation is ensured.

8.3.4.2. Coefficient of eddy viscosity

In the past, a coefficient of eddy viscosity smaller than 10 m2/s (105 cm2/s) 
was used. If the water level change is subject to assessment, 10 m2/s (105 cm2/s) 
can be used as the actual maximum value of the coefficient of eddy viscosity. 
The absolute percentage error in wave amplitude, compared with the use of a 
coefficient of eddy viscosity of zero, is approximately 5% or less. The 10 m2/s 
criteria may need to be further evaluated, depending on the site characteristics.

8.3.5. Simulation duration

The simulation duration should be appropriately set after taking into 
account the tsunami characteristics, topographical conditions and so on.

A tsunami does not always cause the maximum water rise or drawdown with 
the first wave [181]. Moreover, the times of maximum rise and drawdown vary 
by the time series of water level changes at the wave source and morphological 
conditions in the region of the sites.

When the resonant oscillations inside the bay or seiche are excited, or 
the reflection waves of the first wave from the opposite bank and a subsequent 
tsunami are superimposed, either a maximum water rise or the maximum water 
drawdown may occur. Ocean ridges could act as waveguides, or waves trapped 
on the continental shelf could result in higher tsunami heights, and a larger 
duration of tsunami propagation might be necessary to capture these phenomena. 
For this reason, it is important to select a simulation duration that is suitable for 
analysing these phenomena.

8.4. VERIFICATION AND VALIDATION OF NUMERICAL MODEL

The numerical model used for tsunami propagation should undergo 
verification and validation through benchmark problems [182]. Verification is 
the process of ensuring that the model accurately solves the parent equations 
of motion, and validation is the process of ensuring that the model represents 
geophysical reality. These definitions are similar to those used in other guidelines 
provided by the IAEA but are different from — exactly opposite to — those 
adopted by NOAA [182, 183].
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A numerical calculation system is validated by applying numerical 
calculations to (a) analytical problems and (b) experimental problems and is 
verified by applying them to historical tsunamis [183–185].

8.5. UNCERTAINTIES IN NUMERICAL MODELS

As tsunamis are natural phenomena, their variable and uncertain aspects 
should be considered. Because the runups and inundation heights calculated 
by the numerical model mentioned above include uncertainties associated with 
(i) data (source parameters, bathymetry, topography; see Section 6), (ii) the 
physics adopted to describe the source (e.g. the fault model for an earthquake) 
and propagation (e.g. the appropriateness of shallow water equations, non-linear 
effects; see Sections 7 and 8), and (iii) numerical calculation (grid size, truncation 
error, finite difference; see Section 8), the observed values distribute around the 
calculated values.

If the distribution of tsunami runups around the median value is assumed to 
be log-normal on the distribution of the ratios between observed and calculated 
values, the uncertainty in the numerical model is calculated as Aida’s κ [90], 
considering all uncertainties that cannot be divided (see Section 5).

In the case of the probabilistic tsunami hazard assessment (see Section 9), 
it is necessary to take into consideration the distribution of the tsunami runup in 
the time domain at the site. However, its distribution in the time domain is not 
obtained, so the ergodic hypothesis is applied. The ergodic process is a random 
process in which the distribution of a random variable in the space domain is the 
same as the distribution of that same random variable in the time domain at a 
single point when sampled as a function of time. Therefore, in the probabilistic 
tsunami hazard assessment, the variance parameter β in the time domain, 
logarithm standard deviation, is related to κ, an error factor often referred to as 
Aida’s index, as β = ln(κ) [186].
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9. TSUNAMI HAZARD 
ASSESSMENT OF COASTAL IMPACTS

9.1. DETERMINISTIC APPROACH

9.1.1. Concept of the deterministic approach

The design basis tsunami should provide an adequate level of safety to 
nuclear power facilities in consideration of all historical and possible future 
tsunamis. In the deterministic approach, this is achieved by estimating the 
potential tsunami source that would produce the probable maximum tsunami 
height at the site, on the basis of the historical and geophysical data, whereas 
the probabilistic approach explicitly considers the inherent uncertainty associated 
with the tsunami height at the site. Because tsunamis are natural phenomena, 
uncertainties and errors in many important parameters are unavoidable, hence 
they need to be considered in the tsunami hazard assessment. A systematically 
conducted sensitivity analysis or parametric study should be used to support the 
evaluation of the significance of the contributions of the various input parameters 
in the model. The design basis tsunami should have the most significant impact 
on the nuclear power plant site in terms of probable maximum and minimum 
water levels. Results in the range of observed or recorded historical data should 
be validated. The overall procedure by the deterministic approach proposed by 
JSCE [91] is shown in Fig. 60 and described below.

FIG. 60. Flowchart for the assessment process for the design basis tsunami in the deterministic 
approach [91].
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9.1.1.1. Standard source model

A standard source model is selected from a literature survey or 
constructed with consideration paid to the historical and geophysical data (see 
Section 6). The source parameters of earthquake, landslide or volcanic origin 
of the standard source model (see Section 7), as well as the uncertainties of the 
parameters, are specified.

9.1.1.2. Parametric studies

To account for the uncertainties regarding a tsunami source, a large 
number of numerical calculations are carried out under various conditions 
within a specific range of parameters. The range is determined by the estimated 
uncertainties. This is referred to as a ‘parametric study’. The source models 
considered in the parametric study are termed ‘scenario tsunamis’. The effects 
on the nuclear power plant site — not only the maximum water level but also the 
maximum drawdown at the site — are calculated for each scenario source.

9.1.1.3. Design basis tsunami

Among the various scenario tsunami sources for each area, the one causing 
the largest effect, either maximum water rise or drawdown, at the nuclear power 
plant site is selected as the ‘design basis tsunami’. The scenario for the maximum 
water rise tsunami may be different from the scenario causing the maximum 
drawdown. The design water level is defined as the sum of the ‘design basis 
tsunami’ and an appropriate tidal condition and long term sea level change.

9.1.1.4. Validation of the design basis tsunami

The design basis tsunami must be validated using the historical data 
to confirm that the design basis tsunami height exceeds all the recorded and 
calculated historical tsunami heights at the nuclear power plant site. In the 
vicinity of the nuclear power plant, the envelope of the scenario tsunami heights 
must exceed all recorded and calculated historical tsunami heights.

9.1.2. Example for earthquake sources

For earthquake sources, the location, depth, dimension (length, width 
and average amount of slip) and geometry (strike, dip and slip angles) of faults 
must be specified (see Section 7). The dynamic parameters such as rise time or 
rupture velocity may affect the tsunami generation. Non-uniform distribution of 
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slip and multiple ruptures of segments may also need to be considered for large 
local earthquakes [187] (see Section 7.2.2.3). In a parametric study, these input 
parameters are varied within their range of estimated uncertainties. Uncertainties 
associated with the estimated source parameters have been discussed in 
detail in Section 7.

In the numerical simulation, the governing equations, boundary conditions, 
initial conditions, grid division, modelling of bathymetric and topographic data 
and observed runup heights for historical scenario verification may also include 
uncertainties. However, it is rather difficult to estimate those uncertainties 
quantitatively and to deal with them one by one. Only uncertainties concerning 
the tsunami source are dealt with in this parametric study because they can 
significantly influence tsunami assessment.

A concept of a parametric study of the design basis for earthquake generated 
tsunamis developed by JSCE [91] is shown in Fig. 61. The upper part of the 
figure shows fault models for scenario earthquakes. Each rectangle with a dashed 
line represents a fault model. In the lower part of the figure, each curve represents 
a scenario tsunami, which is calculated on the basis of each fault model. Similar 
studies can be developed for other tsunami sources.

Other water level changes such as tides and short and long term sea level 
change need to be considered, as appropriate. JSCE [91] has recommended that 
a high or low tide datum (for maximum water levels and largest drawdown, 
respectively) be used for the numerical simulations to include non-linear 
hydrodynamic effects near and onshore.

The nuclear power plant design has to have sufficient margin above the 
design basis tsunami (i.e. all historical and possible tsunamis at the site) to ensure 
the safety of nuclear power plants sited on the coast (see Fig. 61). It has to be 
noted that the tsunami sources that give rise to the maximum water levels and 
those that result in the largest drawdown are sometimes different.

Many of the tsunami source parameters are related through scaling 
relations. The overall size of the ‘standard source model’ is determined. The 
maximum source size is estimated on the basis of the frequency–size relation 
or geophysical characteristics of the source (Section 7.2.6). Some studies have 
provided estimates on the earthquake frequency–size distribution and maximum 
magnitude for global subduction zones [92, 96, 97].

Based on the statistical analysis of the results from parametric studies and 
the approach to estimation of the upper bound values of source size, it is possible 
to select design basis tsunami heights corresponding to the maximum and 
minimum wave heights at the site. A distribution expressing the total uncertainty 
in wave height from the parametric study may be referenced in probabilistic 
analysis (see Section 9.2). This can be either an empirical distribution function 
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(e.g. derived from the histogram, lower right of Fig. 61) or a fitted analytic 
distribution function.

When the predominant period of the tsunami and the natural period of free 
oscillation for the harbour or the intake passage is equal, the water rise and fall 
may be amplified by seiche activity (Section 3). The effect of resonance needs to 
be investigated by numerical simulations.

Other associated phenomena, such as the movement of sand sediment, 
inundation from an adjacent river and coseismic uplift or subsidence from 
nearby capable faults, have to be evaluated on the basis of specific site 
conditions (Section 10).
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9.2. PROBABILISTIC APPROACH

9.2.1. Concept of PTHA

In contrast to deterministic analysis, PTHA determines the level of hazard 
for a specific design probability or mean return period. The hazard from a large 
number of possible sources is aggregated to develop a tsunami hazard curve that 
plots runup or another hazard variable along the horizontal axis and the frequency 
or probability of exceedance along the vertical axis (see Fig. 62). Furthermore, 
to include many different types of tsunami generators, multiple sources of 
uncertainty related to source parameters and numerical models of tsunamis 
are considered in PTHA. Two kinds of uncertainty, aleatory and epistemic, are 
distinguished in the PTHA (see Section 5.1). A single hazard curve is obtained 
by integration over the aleatory uncertainties and all possible sources. A large 
number of hazard curves are obtained for different branches of the logic tree 
representing epistemic uncertainty, as indicated by Fig. 62 (left). The final hazard 
curve at the nuclear power plant site is represented by the mean, median or other 
specified fractiles of all-hazard curves (see Fig. 62 (right)).

9.2.2. Outline of PTHA procedure for all sources

A diagram showing the general procedure for PTHA is shown in Fig. 63. This 
procedure is valid for all sources of tsunamis.
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FIG. 62. Example of tsunami hazard curve. Left: all‑hazard curves produced from a logic tree. 
Right: the final tsunami hazard curve determined as a fractile of all‑hazard curves. Five different 
fractiles are displayed. Reproduced courtesy of Springer Science+Business Media [186]. 



Before the analysis begins, significant sources of uncertainty should be 
identified (top row of Fig. 63). These can be classified as either epistemic or aleatory. 
Consideration should be given to the expected effect each uncertainty has on the 
hazard curve at the design probability of interest. Typically, a panel of experts is 
assembled to make this determination; the technical integrator/facilitator approach, 
for example [189, 190]. The logic tree represents alternative hypotheses and 
interpretations [186], and the weights for each branch can be determined subjectively 
by the experts or objectively sampled, for example, from a uniform or normal 
distribution. Ideally, the branches of a logic tree should be mutually exclusive and 
collectively exhaustive. At each node of the logic tree, the weights must sum to 1.

The sequential procedure for each branch of the logic tree is given in the 
middle row of Fig. 63. First, the distribution of source parameters is determined. 
Typically, a parameter representing the overall size (e.g. seismic moment for 
earthquakes, volume for landslides) and its distribution is defined. Other source 
parameters are scaled concerning the size parameter. Different size distributions 
and scaling relationships can be considered to represent epistemic uncertainty 
(i.e. different logic tree branches). Importantly for PTHA, a relationship between the 
tsunami source size and the long term rate of occurrence must be established.

Second, a temporal model for the occurrence of the sources is chosen. Often, 
a Poisson process is assumed, with an exponential distribution of interevent or 
recurrence times. However, alternative probability models can be considered in the 
logic tree framework, such as quasiperiodic and temporally clustered models.

Third, for each source used in the PTHA analysis, a tsunami generation, 
propagation and runup/inundation model is used to determine the wave height or 
other hazard variable at the nuclear power plant site. Tsunami generation and 
propagation models are described in Sections 7 and 8. Again, if uncertainty remains 
about which model best describes a particular phase of the tsunami process, 
alternative models can be included as epistemic uncertainty. The performance of a 
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particular model in reproducing tsunami observations can be considered a source 
of uncertainty, often represented by a truncated log-normal distribution [186] as 
described below.

The fourth and final step aggregates the probability of tsunami wave 
height exceedance from all sources. The general aggregation formula 
(e.g. Ref. [191]) is given by:

P R R T P R R Tj
N

j( )� � � � �� ��� ���0 1 01 1�  (29)

where P R R Tj ( )≥ 0  is the probability of wave height exceedance over time T 
from scenario j. If a Poisson process is assumed for each source (Step 2), then the 
probability is expressed by an exponential distribution:

P R R T e T�� � � � �
0 1, �  (30)

The total rate of tsunami hazard exceedance (λ) is the sum of the exceedance 
rates associated with each source. The annualized probability (T = 1 year) is 
approximately equal to the rate if the rate is small. That is,

P R R T e� �� � � � ��
0 1 1, � �  (31)

Aleatory uncertainty is included by integrating the probability distribution 
of tsunami wave height associated with the uncertainty [192, 193]:

� R R v P R R f dtype i zone j ij ij ij ij�� � � �� �� � �0 0� � � � �( )  (32)

where vij is the source rate, f(Ψij) is the probability density function for source 
parameters Ψij, such as a power-law type distribution for seismic moment 
encompassed by the GR relation, and P R R ij( )� 0 �  is expressed as a cumulative 
probability distribution of runup or wave height exceedance given aleatory 
uncertainty in the source and model parameters. P R R ij( )� 0 �  is determined 
from the tsunami generation and propagation models in step three and can often 
be fit by an analytic distribution, such as normal or log-normal distributions. For 
the latter, which is common in tsunami analysis, the probability density function 
(p) corresponding to the cumulative distribution (P) is given by:
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where µ and β are the mean and standard deviation of the natural logarithm of 
tsunami heights (see Fig. 64). If the computed water height is assumed to be the 
mean height of the log-normal distribution, the natural logarithm of computed 
height can be used for μ and the natural logarithm of geometric standard deviation 
κ (see Section 7) can be used for β, i.e. ln κ = β.

The rates are summed over all types of tsunami generators (i index), such 
as earthquakes, landslides and so on, and over all zones for each source type 
(j index). An example of a zonation scheme is the Flinn–Engdahl zones for 
earthquakes [194]. Combining all sources and their aleatory uncertainty produces 
a tsunami hazard curve at the nuclear power plant site. The same procedure is 
used to produce a hazard curve for each logic tree branch representing the range 
of epistemic uncertainty.

Throughout this process, the entire logic tree is constructed, keeping track 
of each branch (bottom row of Fig. 63). Careful attention is paid to making sure 
the weight at each node of the logic tree sums to 1. After all-hazard curves for 
each branch of the logic tree are estimated, a mean, median or some other fractile 
is chosen as the final hazard curve for the nuclear power plant site.

Further analysis may include validation and deaggregation of the results. 
Empirical exceedance rates can be determined from historical tsunami catalogue 
data and can be used to validate the PTHA results. If the empirical rates are 
significantly higher than the PTHA results for a particular site, the assumptions and 
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calculations used in the PTHA procedure should be re-examined. Deaggregation 
[195, 196] of the PTHA results identifies the dominant source or sources in the 
PTHA analysis for a given design probability of mean return time. Deaggregation 
calculates the relative contribution of source locations and parameters to the total 
hazard. It is useful for identifying potential source scenarios for use in a detailed 
deterministic analysis and for computing wave time histories (see Section 10.2).

9.2.3. PTHA procedures for earthquakes

A specific example of the PTHA procedure that is listed in Section 9.2.2 
and shown in Fig. 63 is given below for earthquake sources. Sources of aleatory 
and epistemic uncertainty are identified throughout this example. Results from 
this analysis would be combined with results using other generators of tsunamis, 
such as submarine landslides, to yield a comprehensive tsunami hazard curve.

9.2.3.1. Step 1: Source parameters

(a) Determination of the tsunami source zones

The source zones for seismogenic tsunamis (i.e. earthquake rupture zones) 
are determined with respect to tsunami impact at the nuclear power plant site. The 
source zones are classified on the basis of present knowledge and information 
from historical earthquakes and tsunamis. In addition to historical earthquake 
information from literature research, palaeoseismic research, such as the analysis 
of traces of liquefaction and tsunami deposits, should be considered.

Different hypotheses of earthquake occurrence can be included as different 
branches of a PTHA logic tree. For example, under a segmentation model, 
multisegment earthquake ruptures may occur along fault zones (see Section 7). An 
alternative hypothesis to the segmentation model is that earthquakes are randomly 
distributed along a particular fault zone without regard to stationary segments. 
In both cases, only large earthquakes are typically considered for PTHA, since 
small or medium earthquakes less than Mw 6.5 will not generate large tsunamis. 
Large distant earthquakes with the potential to generate significant tsunamis at 
the nuclear power plant site can be considered using similar zonation schemes.

(b) Setting the earthquake magnitude distribution

The moment magnitude Mw of an earthquake hypothesized in the tsunami 
source zone cannot be specified as only one value. The influence of the specific 
distribution used for Mw on tsunami generation and the PTHA hazard curve is 
significant. One hypothesis is the characteristic hypothesis (see Section 7.2.6). 
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Uncertainty of the characteristic Mw can also be included in PTHA. Multisegment 
earthquakes are associated with larger values of Mw.

A second hypothesis is that earthquakes occur with Mw distributed according 
to the GR law, parameterized by an activity value (a value, i.e. the source rate 
parameter ν ij in Fig. 63) and a power-law exponent (b value). Some examples of 
a and b values for particular seismic zones are given (see Section 7.2.6).

(c) Design of the fault model

The fault model for tsunami source zones is designed on the basis of 
the results of literature research, seismicity analysis (3-D locations of past 
earthquakes) and geophysical surveys. The primary fault zone parameters 
are strike and dip (and their variations). It is also possible to refer to past fault 
models developed by government and scientific organizations, such as the Global 
Earthquake Model Active Fault database.1

(d) Setting other source parameters

Other earthquake source parameters, such as mean slip and rupture 
dimensions (if not specified by the segmentation or characteristic model), can be 
scaled in terms of Mw. Uncertainty in the scaling coefficients can be included as 
uncertainty concerning their effect on tsunami wave heights at the site. Parametric 
studies, such as those described in Section 9.1, can be used to determine the 
aleatory probability distribution of tsunami wave height. Some earthquake 
source parameters such as shear modulus and slip (rake) angle, do not scale with 
Mw. A review of research literature can be used to establish these parameters. 
Moreover, the effects of non-uniform slip [187] need to be considered for local 
sources, as mentioned in Section 9.1.2.

9.2.3.2. Step 2: Probability model

Different probability models for earthquake occurrence can be considered 
in the logic tree framework. A stationary Poisson model in which earthquake 
recurrence times follow an exponential distribution is typically associated 
with the GR magnitude distribution. In this case, the probability of occurrence 
is independent of the time since the previous seismic event. In contrast, a 
quasiperiodic time dependent model, such as one in which the recurrence times 
follow a Brownian passage time distribution [101], is typically associated 
with the characteristic earthquake model. The recurrence times of earthquakes 

1 https://www.globalquakemodel.org/product/active-faults-database
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associated with a Brownian passage time distribution have a mean value of 
μ and a coefficient of variation of α, which are specified as parameters of the 
distribution. Other quasiperiodic models include those that follow log-normal 
and Weibull probability distributions. The probability of a multisegment rupture 
may be estimated using historical earthquake data.

9.2.3.3. Step 3: Generation and propagation models

Different models for simulating the tsunami generation process for 
earthquakes and tsunami propagation modelling are described in Sections 7 
and 8, respectively. Because of the large number of calculations associated 
with PTHA, computationally efficient methods of numerical modelling should 
be explored. Random model errors in reproducing tsunami observations can be 
considered a source of uncertainty, often represented by a truncated log-normal 
distribution [186].

9.2.3.4. Step 4: Aggregation

Aggregation of tsunami wave heights using different source parameters, 
aleatory uncertainty and earthquake probability models to calculate a tsunami 
hazard curve is described in Section 9.2.2. An apparent Poisson rate (λ) can be 
calculated for the time dependent probability models, such as the Brownian 
passage time distribution, so that the aggregation in Eq. (32) can be used [197]. 
An example logic tree is shown in Fig. 65 and includes epistemic uncertainties 
associated with the analysis. A hazard curve is computed for each branch of the 
logic tree, and the selected fractile of all-hazard curves is used to represent the 
hazard for seismogenic tsunamis at the nuclear power plant site.
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9.2.4. Example of PTHA studies

Some examples of PTHA studies are summarized in Table 5.

TABLE 5. EXAMPLES OF PTHA STUDIES

Types of study References

Use of PTHA logic tree for Japan Annaka et al. [186], Atomic Energy Society 
of Japan [198]

Incorporating multiple sources of 
uncertainty into PTHA for California, USA

Thio et al. [199]

Construction of probabilistic inundation map 
for Seaside, Oregon, USA

Tsunami Pilot Study Working Group [200], 
González et al. [201] 

Regional probabilistic study, incorporating 
historical data for the Caribbean region

Parsons et al. [202] 
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10. TSUNAMI LOAD EFFECTS 
TO NUCLEAR FACILITIES

10.1. GENERAL

The previous section has described procedures to estimate tsunami heights 
on the basis of the deterministic and probabilistic approaches. However, as 
discussed in Section 4.1, not only are tsunami effects at nuclear power plant sites 
related to maximum rise in water level or runup, but they also highly depend 
on hydrodynamic parameters such as maximum current velocity, flow depth, 
hydrodynamic forces, maximum drawdown in water level, duration of inundation 
and of drawdown. Deposition, erosion and scouring due to the tsunami flow 
around the sites or collision of debris with structures also affect nuclear facilities. 
Apart from the above design parameters, the structural and functional damage 
modes resulting from inundation and immersion or current velocity need 
to be evaluated.

The parameters needed for tsunami probabilistic safety analysis are the 
same as the design parameters, but the median and variance of the parameter 
values are required in order to consider its uncertainties.

10.2. ASSESSMENT OF LOAD EFFECTS

Some of the parameters, such as maximum current velocity, inundation 
depth, maximum negative amplitude or duration, can be estimated using the 
numerical simulations described in Section 8. For the computation of the 
inundation depth, detailed information on the plant site is needed. In this 
section, procedures to evaluate other parameters and their uncertainties are 
briefly introduced.

It is important to note that the parameters based on experimental data 
may represent a conservative estimation, and the median and variance of the 
parameters may be a re-evaluation of the original experimental data.

In 2009, a special issue of Journal of Disaster Research [203] compiled 
14 papers addressing tsunami effects on buildings and infrastructure. The four 
main groupings begin with two papers on tsunami force acting on vertical 
walls. Arikawa [204] experimentally investigates the structural performance of 
wooden and concrete walls using a large scale laboratory tank in Japan. Also 
using a similar large scale tsunami flume in the USA, Oshnack et al. [205] 
studied force reduction by small onshore seawalls in front of a vertical wall. The 
second grouping focuses on tsunami force on 3-D structures. Arnason et al. [206] 
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present a basic laboratory study on the hydrodynamics of bore impingement on 
a vertical column. Fujima et al. [207] examine the two types of formulas for 
tsunami force evaluation: one is calculated from flow depth alone and the other is 
based on the Euler number. Lukkunaprasit et al. [208] demonstrate the validity of 
force computation recommended in a design guideline [209] by the US Federal 
Emergency Management Agency.

10.2.1. Effects of tsunamis

The effects of tsunamis on structures can be classified into direct and 
indirect effects. The direct effects of tsunamis on coastal and marine structures 
can be extensive and often disastrous. Tsunami waves can (i) move entire 
structures off of their foundations and carry them inland; (ii) damage buildings 
through impact with vessels carried from offshore and other debris accumulated 
as the wave advances inland; (iii) undercut foundations and pilings with erosion 
caused by receding waves; (iv) overturn structures by the suction of receding 
waves or thrust of advancing waves; and (v) cause large ships to collide with 
docks during oil or cargo transfer operations, often causing fires. The damage can 
be quite unexpected [210].

Indirect effects of tsunamis include the resonant oscillations in lakes, basins 
and harbours, as tsunami periods are often in the range of resonant frequencies 
of large enclosed or semi-enclosed water bodies. This process is also referred to 
as sloshing or seiches. Even small tsunamis can trigger resonance and can cause 
damage to small craft, even in small marinas (see Section 3).

Impact forces can cause a collapse of coastal structures. This process 
has been observed in excellent detail in photos and videos of the tsunamis of 
26 December 2004 and 11 March 2011.

10.2.2. Hydrodynamic force

10.2.2.1. Based on flow velocity

Existing guidelines based on force calculation are referred to as the design 
flow elevation. For tsunamis, the design flow elevation would be interpreted as 
the overland flow depth. The associated design velocity is then calculated from 
V gd s= 2 , that is, twice the long wave celerity at a depth of ds. This formulation 
might be conservative because even bores slow down as they advance up a 
beach on dry land. The US Federal Emergency Management Agency’s Coastal 
Construction Manual (CCM) recommends that this velocity be used to calculate 
drag forces on piles.
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To calculate the hydrodynamic load on a rectangular structure, the 
CCM recommends two different approaches. When the velocity V calculated 
as described above is V < 3.3 m/s, an equivalent ‘dynamic’ flow depth is 
calculated from:

d C V gdyn d=
1

2

2 /  (34)

Synolakis [211] proposed the following relation for hydrodynamic force:

F C gdd s� 2 2�  (35)

where Cd  is the drag coefficient and depends on the relative ratio of the width of 
the structure b to the design flow elevation depth ds at the front of the structure.

For overland flow velocities V > 3.3 m/s, the CCM recommends that the 
force be calculated by:

F C V d bd s�
1

2

2�  (36)

The CCM describes a methodology for calculating debris impact forces 
through the calculation of the impact load Fp, given by:

F V gTp �� /  (37)

Here, ω is the weight of the object impacting the structure, V is its velocity, 
g is the acceleration of gravity and T is the duration of impact. The CCM 
recommends that, in the absence of any criteria, ω = 1000 lb (453.59 kg) with 
V gd s=  be used. Assuming that one is careful with the calculation of the design 
flow elevation, the formula should produce a conservative estimate [210].

10.2.2.2. Based on flow pressure

Estimation methods of the wave force due to tsunami can be classified into 
two types according to the location of a physical object. The first type includes 
offshore structures such as breakwaters and seawalls, and the second type 
includes onshore structures such as buildings and tanks. 
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(a) Offshore structures

A tsunami’s wave shape in the shallow sea area generally depends on the 
offshore topography. Without a shoaling beach that is a deep-sea area close to the 
coast, the tsunami changes the sea level slowly like a quick tidal wave at the coastal 
zone. In the shoaling beach, the leading edge of the tsunami develops, and its shape 
changes to a bore or undular bore.

In the former case (i.e. without a shoaling beach), tsunami force acting on 
a structure such as a breakwater could be estimated as a static hydraulic pressure 
distribution due to water level change. In the case of a shoaling beach, tsunami 
wave force acting on the object could be estimated as a total of both kinematic and 
potential (hydrostatic) energy.

The 1983 Nihonkai-Chubu earthquake caused heavy damage to offshore 
breakwaters that were under construction at a thermal power plant at Noshiro Port 
in Niigata, Japan. During this event, an undular bore (or tsunami soliton fission) was 
observed on the gentle seabed slope off Noshiro [212]. When an undular bore occurs, 
the new leading wave height develops and breaks. Tanimoto et al. [213] carried 
out a hydraulic model test and proposed an estimation method for wave pressure 
distributions after breaking undular bores [214, 215]. Ikeno et al. [216] carried out 
a hydraulic model test using a variety of tsunami input wave conditions and wave 
pressure distributions immediately at the beginning of the breaking undular bore.

The pressure intensity P1 under the still water level and the crest tsunami 
height η * can be calculated as follows (see Fig. 66):

P gaB I1 �� �  (38)

� * .� 3 0aI (39)

P h P2 11� �
�

�
�

�

�
�

*

*�
 (40)

P Pu = 1 (41)

h min hC
* *,� � � �  (42)

αB = 2.2; after breaking [213] (43)

CB = 3.0; immediately at the beginning of breaking [216] (44)
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where ρ  is the water density, g is gravity, α I  is the input wave height of the bore, 
B is the width of the breakwater and α B is the intensity coefficient. The intensity 
coefficient may be conservatively taken as Eqs (40) and (41).

Tsunami force acting on a structure in tsunami overflowing could be evaluated 
by considering the balance of hydrostatic pressure [218] (see Fig. 67), as follows:

Force acting on the front side: PI

P g h aI1 � �� ��� �  (45)
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FIG. 66. Wave pressure distributions for an offshore structure. Reproduced courtesy of Japan 
Society of Civil Engineers [217].        

FIG. 67. Tsunami pressure distribution in tsunami overflowings. Reproduced courtesy of 
Ministry of Agriculture, Forestry and Fisheries, Government of Japan [218].
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Force acting on the back side: PB
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Dynamic lift power (to consider only in the case of overflowing): PL

P C U BL L�
1

2

2�  (52)

where CL is the lift coefficient.

(b) Onshore structures (except tanks)

When a tsunami runs up or draws back, it causes a strong flow similar 
to that of a river. Structures in the tsunami flow on land receive hydrodynamic 
force from the flow. Research into the hydrodynamic force on land was active in 
the 1990s [216, 219, 220]. Two kinds of hydrodynamic force were proposed as 
calculation formulas: hydrostatic and kinetic type force. It should be noted that 
both formulas consider dynamic force.
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Typical formulas of hydrostatic type force (see Fig. 68) are as follows:

p z z gF max� � � �� �� � �  (53)

P p z dz gH F max
F max

� � � �� 0

2 21

2

� �
� � �  (54)

where z is the vertical height from the bottom of the object, p z� � is the pressure 
dependent on z, PH  is the hydrodynamic force per unit width, α F is the intensity 
of the wave pressure, which depends on F u gr max� / �  (Froude number), and u 
and ηmax  are the horizontal velocity and maximum water depth of a passing wave 
at the structure. A passing wave means that the wave travels without an object 
and does not interact with an object.

Asakura et al. [220] proposed the following formulas by compiling 
experimental data. Variations of α are distributed within ±50%.

� F r rF F� � � � �1 2 1 0 50 0 1 1 6. . ( % . .) ( )  (55)

F u
gr

max
�

�
 (56)

where Fr is the Froude number.

Sakakiyama [221] rechecked the experimental data of Asakura et 
al. [220], carried out numerical model testing using 3-D numerical simulation 
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FIG. 68. Wave pressure distribution to an onshore structure.



CADMAS-SURF/3D and proposed new formulas where the variation of α  is 
distributed within –22% ≈ �+12% in the numerical results, as follows:

� F = 1.4 +1.0Fr ( ) ( )% % . .22 12 0 0 2 0� � � � Fr  (57)

A typical formula of the kinetic type [209, 219, 222] is as follows:

P C uH D max�
1

2

2��  (58)

where CD is the drag coefficient (a conservative value is 2.0) and u is the 
velocity. Equations (54) and (58) have a similar relation through the Froude 
number (see Eq. (56)).

Impulsive forces are caused by the leading bore edge. The impulsive forces 
are larger, and the affecting time is instantaneous and shorter, than the tsunami 
force in the flow in general. It is recommended that the impulsive force PI be 
taken as 1.5 times the hydrodynamic force [209].

P PI H=1 5.  (59)

(c) Tanks

The Fire and Disaster Management Agency [223] carried out an 
experimental test and proposed a new formula of wave force. The horizontal 
wave force FtH  can be calculated as follows:

F g h Rcos dtH x
max� � ��� ����

1

2

2

�

�
� � � �  (60)

h p cosmx
max

max
m

m� �� �� � �
�0

3

�  (61)

p0 = 0.680, p1 = 0.340, p2 = 0.015, p3 = –0.035

where θ is the azimuth angle around the tank measured from the direction of 
tsunami incidence.
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Below, α is the intensity of the horizontal wave pressure, which depends on 
Fr (Froude number):
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The vertical wave force FtV  can be calculated as follows:

F gh R cos dtV V
max� � ��2 0

2 2
�
� � � �  (63)
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 (64)

q0 = 0.720, q1 = 0.308, q2 = 0.014, q3 = –0.042

where β  is the intensity of the vertical wave pressure, which depends on Fr  
(Froude number).

� � �
�

�
�

�
�

�
� �
�

1 2

0 5 0 55

1 0

1 3

1 3 0 9

0 9

.

. .

.

.

. .

.

F
F

F
F

r

r

r

r

 (65)

10.2.3. Morphological change

Topography change under tsunami action is caused by sediment transport 
resulting from large flow. The sediment transport can be evaluated by numerical 
simulation. Studies evaluating topographical change due to tsunamis around 
the harbours of nuclear power plants have been made by comparing numerical 
computations with the results of large scale flume experiments around a harbour 
on a movable bed model [224, 225].

A typical numerical model of tsunami sediment transport was proposed by 
Takahashi et al. [226], who evaluated it by dividing the water into a bed load 
layer near the sea-bottom and a suspended layer above, as follows (see Fig. 69):
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Suspended layer:
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where Z B is the height of the bed level above the reference level, λ is porosity, 
qBx and qBy are the bed load rate in the (x, y) horizontal directions respectively, 
C is the mean sediment concentration in the suspended layer, and K hs is the 
horizontal diffusion coefficient. The depth averaged volumetric flux values 
M and N in the (x, y) horizontal directions, respectively, are calculated using 
the numerical tsunami model in Section 8.2.1. The tsunami flow drives the 
concentration of sediment in the suspended layer, whereas the bed load transport 
depends on the shear force between the fluid and the seabed bottom.

Below, qex is the sediment exchange rate between the suspended and bed 
load layers, as follows:

q q w Cex r w� � 0  (68)
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FIG. 69. Suspended and bed load layers [226].



where qr is the pick up rate from the bed load to the suspended layer, w0 is the 
settling velocity of the sediment and Cw is the sediment concentration in the 
boundary layer between suspended and bed load layers.

The formulas for bed load transport qB and pick up rate qr are 
represented as follows:

q
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1 5
� �� �� �

.  (69)
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br
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2 (70)
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2 21  (71)

where s is the density of the sediment in the water, g is gravity, d is the grain size 
of the sediment, Ψ is Shields’ number, which represents dimensionless tractive 
force, Ψc is the critical Shields’ number, u* is the friction velocity, n is Manning’s 
roughness coefficient and a and b are coefficients. Takahashi et al. [226] proposed 
a, b and Cw as follows:

a b C Cw, , . , . ,� � � � �31 0 0 012  (72)

Ikeno et al. [227] extended the formulas by dimensional analysis and 
experimental work as follows [228]:
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The bed load transport equation has mainly been applied to sediment 
transport in river flow [229]. The pick up rate qrD depends on not only Shields’ 
number but also grain size d and settling velocity w0; and Cb is the concentration 
at the height of the boundary layer.
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size d and settling velocity 0; w and bC  is the concentration at the height of the 

boundary layer. 
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where κ is the Kármán constant and α is a constant coefficient (0.2). 

A large scale (58 m long, 20 m wide and 1.6 m deep) experiment on tsunami flow 

around a harbour with a movable bed indicated topographical change [224]. The 

tsunami caused erosion around the mouth and deposition at the central area of the 

harbour (see Fig. 70(a)). Figure 70 shows a comparison of experimental and numerical 

results for topographical change. The numerical model reproduced both erosion near the 

mouth and sedimentation in the central area of the harbour. 
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FIG. 70. Experimental (a) and numerical (b) results of topography change. Reproduced courtesy of Japan Society of 

Civil Engineers [224]. 
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FIG. 70. Experimental (a) and numerical (b) results of topography change. Reproduced 
courtesy of Japan Society of Civil Engineers [224].
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where κ is the Kármán constant and a is a constant coefficient (0.2).

A large scale (58 m long, 20 m wide and 1.6 m deep) experiment on tsunami 
flow around a harbour with a movable bed indicated topographical change [224]. 
The tsunami caused erosion around the mouth and deposition at the central area 
of the harbour (see Fig. 70(a)). Figure 70 shows a comparison of experimental 
and numerical results for topographical change. The numerical model reproduced 
both erosion near the mouth and sedimentation in the central area of the harbour.

The above-mentioned numerical simulation is a 2-D model that is used 
extensively for the safety assessment of nuclear power plants in Japan. On the 
other hand, 3-D numerical simulation has been developing recently. Kihara et 
al. [225] carried out a 3-D numerical simulation on tsunami induced topography 
changes near a harbour (the same experiment as shown in Fig. 70). Sediment 
transport processes on a significant local deposition near the centre of the 
harbour caused by a tsunami, which was observed in the above-mentioned 
experimental study, are investigated. This local deposition has not been well 
predicted by 2-D models.

10.2.4. Collision of drifting debris

Structural damage due to a tsunami is classified into two types: (i) damage 
caused by the hydrodynamic force of the tsunami itself and (ii) damage caused 
by drifting debris created by the tsunami. Ships, cars or destroyed objects could 
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become drifting debris. As seen in the 2011 Great East Japan tsunami, drifting 
debris caused by the tsunami impacted on the coastal area and destroyed both 
offshore and land structures. The importance of this kind of tsunami effect was 
realized only recently. Therefore, it is important to develop a tool for predicting 
the behaviour of the drifting debris produced by tsunamis at nuclear power plants.

Numerical models of the spread of timber in tsunamis were developed 
by Goto [230]. The proposed model was applied to Miyako Bay on the North 
Sanriku coast of Japan. Goto [230] assumed that the motion of timber consists 
of two parts: mean motion and diffusion. The mean motion is governed and 
determined by the mean current induced by tsunamis when the drag and virtual 
mass effects of timber are combined. The mean motion of timber is governed by 
the following equations:
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where U t and U  are the speed vectors of timber and water particles, respectively, 
and ρ t  and ρ  express the density of timber and water. The virtual mass 
coefficient CM  and the drag coefficient CD are determined by hydraulic 
experiments, as follows:

CM =1 78.  (76)

C R FD e r� �� � ��0 91 32 5 0 11 2
2

1 4. . ./ /  (77)

where Re and Fr  indicate the Reynolds and Froude numbers of the timber spread.

The diffusion is determined by a consideration that the spread of timber 
around its centre of gravity follows a random process, the variance of the 
probability density of which is equivalent to the magnitude of diffusion obtained 
by experiments. The position of timber X is expressed in following equation:  

X U dt k t
t

t
k

n t
t� � �� �� �

�
0

0

24 0 5

�

� � .  (78)

where ξ t is given as a random function uniformly distributed in the interval –1 to 1. 
Here, k denotes the diffusion coefficient determined by the hydraulic experiment 
as in the following equation:
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k U h= 0 0032. *  (79)

where U * is the friction velocity of the water flow and h is the water depth.

The numerical model for the drift behaviour of containers and their collision 
force was proposed by Kumagai et al. [231]. An outline of the model constructed 
is shown in Fig. 71. First, a horizontal 2-D numerical simulation of a tsunami is 
carried out to obtain the water depth and flow velocity distribution in the object 
area, and the drifted container is evaluated on the basis of the characteristics of 
the tsunami. The behaviour of the container is then calculated by solving the 
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FIG. 71. Outline flowchart for the collision of drifting debris model by Kumagai et al. DEM 
denotes the distinct element method. Reproduced courtesy of Techno‑Ocean Network [231].



motion equations for the container. To estimate a magnitude of collision force 
between the container drifted by the tsunami and a coastal structure, such as 
a tide wall, the container is expressed by several elements using the distinct 
element method. The effect of rotation and other behaviour of the container using 
the distinct element method is also considerable. As a result, the collision force 
between debris and structures can be calculated.

Fujii et al. [232] carried out numerical simulations for experimental tests of 
drifting ships by connecting several elements (extended distinct element method). 
As a result, it was confirmed that the numerical model can well reproduce the 
behaviour of drifting bodies due to tsunamis, including complex behaviour such 
as rotation in a harbour, running on land and running over a breakwater.

When oil storage tanks drift from their initial positions as a result of a 
tsunami, they may cause severe problems, such as the destruction of structures 
nearby and leakage of stored oil. Inagaki et al. [233] carried out experiments on 
the drifting of tanks caused by a tsunami. These revealed that the tsunami wave 
force and friction forces determine the slipping and drifting of the tanks. Inagaki 
et al. [233] constructed a simulation model using the momentum equation for the 
prediction of the tank movement.

10.2.5. Deterministic and probabilistic estimates

Some of the parameters can be estimated from empirical relations with 
water height or flow depths. All of the above parameters can be estimated from 
the numerical modelling described in Section 8, with additional information on 
plant grade, the layout of structures, etc. For this computation, the tsunami’s 
source parameters must be specified.

Section 9 describes the probabilistic approach (i.e. PTHA) used to obtain a 
hazard curve, a curve for probability or an annual exceedance rate for different 
tsunami amplitudes. The design tsunami amplitude or runup can be estimated 
from this curve for a specific design probability. The design probability for the 
safety of nuclear facilities can be specified by individual Member States. It is 
ideal to conduct the PTHA for other parameters, but it is often difficult. If the 
deaggregation of the PTHA shows that a particular source (e.g. an earthquake 
source with a certain magnitude) is the major contributor, the other parameters 
can be estimated by deterministic analysis of the dominant event. However, the 
above scenario event may not provide the design parameters and may instead 
provide several sets of parameters for further deterministic studies.
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11. MANAGEMENT SYSTEM

11.1. APPLICATION OF THE MANAGEMENT SYSTEM

A management system applicable to all organizations involved in the 
evaluation of tsunami and seiche hazards should be established and implemented 
before the hazard evaluation programme. Guidelines on conducting the 
application of the management system are contained in Section 11 of SSG-18 [1].

The management system should cover all processes and activities of this 
programme, in particular those relating to data collection, the specification and 
parameterization of sources, propagation analysis and hazard assessment that lie 
within the scope of the present report. It should also cover those processes and 
activities corresponding to the re-evaluation phase of the programme.

Similarly, a peer review of how the investigation and analytical 
methodology were implemented needs to be performed. In particular, the peer 
review should assess the evaluation of tsunami and seiche hazards against the 
recommendations of the present report and current international good practice 
used for these evaluations.

The peer review is conducted by competent experts and needs to be 
properly documented, as explained below.

11.2. DOCUMENTATION AND RECORDS

Documentation of actions taken, including the responsible party 
and justification, should be performed promptly (see Section 12). Such 
documentation is essential for reconstructing the data, methods and procedures 
used for the evaluation of tsunami and seiche hazards. The documentation serves 
many purposes, such as providing lessons learned for future impacts, as well as 
the timing and substance of communication to governing bodies, the public and 
other stakeholders.

Therefore, an important component of the management system is the 
definition of the documentation and records to be developed during the 
implementation of the different steps of the programme, the execution of the 
evaluation of tsunami and seiche hazards, and the final report to be produced as 
a result. Detailed documentation is retained for review and future application. 
The documentation should identify all sources of information used in the hazard 
analysis, including information on where to find important citations that may 
be difficult to obtain. Unpublished data that are used in the analysis should be 
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included in the documentation in an appropriately accessible and usable form. 
Documentation should be detailed enough to allow for independent review.

11.3. SPECIFIC QUALITY ASSURANCE AREAS

Preparation of evaluation plan:

 — The evaluation plan should be prepared with consideration of the objectives 
and content of the evaluation of tsunami and seiche hazards as well as the 
implementation period.

Data collection:

 — The quality and resolution of the database that is used have to be 
commensurate with the intended use in tsunami and seiche propagation and 
runup analyses.

 — The sources of the data (prehistorical data, historical data, field survey 
results and instrumental data) should be clearly defined and well established.

 — In consideration of the precision necessary for the evaluation, appropriately 
precise data should be collected. The adequacy of the data should be 
established.

Specification and parameterization of tsunami and seiche sources:

 — There should be a range of source models in the coverage of analytical 
methodologies.

 — The ideas of the source models should be demonstrated, and the source 
models should be specified based on the objectives of the evaluation.

Tsunami and seiche propagation analyses:

 — The analytical methodologies and analytical cases should be selected on the 
basis of the objectives and content of the evaluation and implementation 
period. When the influences of uncertain factors are assumed, sensitivity 
analyses should be planned as needed.

 — Rational analytical methodologies should be selected with consideration of 
the implementation period, required time and expense of analyses.

 — In the selection of analytical methodologies, it should be confirmed that the 
selected items of each analytical methodology satisfy the requirements of 
the objectives and content of the evaluation.
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Verification and validation:

 — The results of the analysis should be compared with the obtained data from 
the applied site, experimental results and theoretical values, and the range 
of applied selected analytical methodologies should be confirmed. The 
conditions of verification should be clarified.

 — When the operational checks for analytical functions are difficult to 
undertake using complex analytical models, the operational checks should 
be confirmed using simple analytical models.

 — The trends of the analytical results should be compared using a similar 
phenomenon, and the verification of analytical results should be confirmed.

 — Regarding analytical parameters with uncertainties, sensitivity analyses that 
encompass the distributions of parameters should be carried out, and the 
effects for analytical results should be confirmed.

 — The adequacy of analytical results should be confirmed using a checklist, 
and the result of these confirmations should be recorded.

Verification and validation documents for the numerical model covering 
the above requirements for benchmark problems may be submitted separately.

Tsunami and seiche hazard assessments of coastal impacts:

 — Periodic meetings should be held by the team implementing the programme 
of evaluation. The status of progress, the presence or absence of problems 
and the policies to address them should also be discussed thoroughly by the 
team.

 — Regarding those items of evaluation results where uncertainties are assumed, 
the sensitivities should be analysed, and the ranges of uncertainties should 
be stated.

 — If earlier studies on the evaluation of tsunami and seiche hazards are 
available, comparisons should be made to demonstrate how the use 
of different approaches or different data affects the conclusions. The 
comparisons should be documented in a way that allows for their review.

Peer review:

 — The level and type of peer review can vary depending on the safety category 
of the structure located at the site. The peer review should address all parts 
of the hazard evaluation, including the process for the evaluation of tsunami 
and seiche hazards, all technical elements (e.g. tsunami and seiche source 
characterizations, propagation models, etc.), the method of evaluation of 
tsunami and seiche hazards, and quantification and documentation.
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 — The peer review should be conducted by selected experts in the fields of 
seismology, geology, oceanography, hydrology, volcanology, earthquake 
and geotechnical engineering, and civil and coastal engineering.

 — The results of the peer review should be properly documented.
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12. DOCUMENTATION

12.1. GENERAL

To make the hazard evaluation traceable and transparent to users, peer 
reviewers, the licensee and the regulatory body, the documentation of evaluation 
of tsunami and seiche hazards should provide the following:

 — A description of all elements of the process for the evaluation of tsunami 
and seiche hazards;

 — The identities of the study participants and their roles; 
 — Background material that comprises the analyses, including raw and 
processed data, computer software and the input and output files, reference 
documents, the results of intermediate calculations and sensitivity studies.

12.2. RECOMMENDED DOCUMENT STRUCTURE

A recommended document structure may be as follows:

(a) Introduction.
(b) Identification of the study participants and their roles.
(c) Background information for the assessment:

(i) Assessment area;
(ii) Nuclear power plant information;
(iii) Quality control procedures for assessment.

(d) Assessment flow.
(e) Data collection:

(i) Catalogue of past tsunamis (prehistorical data, historical data, field 
survey results and instrumental data) and detailed reconstruction of 
any past events;

(ii) Description of local and regional geology (with recognition of 
evidence of relevant capable faults and landslide and volcanic 
activity), seismological data and seismogenic sources;

(iii) Topography and bathymetry data.
(f) Specification and parameterization of tsunami and seiche sources:

(i) Target domain;
(ii) Selection of source models from the possible source mechanisms;
(iii) Specification of parameters for source models;
(iv) Uncertainties.
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(g) Tsunami and seiche propagation analyses:
(i) Selection of numerical analysis;
(ii) Specification of parameters for numerical analysis;
(iii) Uncertainties.

(h) Hazard assessment of coastal impacts:
(i) Selection of hazard assessment methodologies;
(ii) Simulation results;
(iii) Analysis, comparison, presentation and discussion of simulation 

results;
(iv) Determination of critical design parameters from simulation results;
(v) Uncertainties.

(i) Conclusion:
(i) Conclusion for the objective;
(ii) Findings.

(j) Appendix:
(i) Raw and processed data;
(ii) Computer software, and the input and output files;
(iii) Reference documents;
(iv) Results of intermediate calculations;
(v) Sensitivity studies;
(vi) Verification and validation studies.
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Annex 
 

EXAMPLES OF TSUNAMI DATABASES

A–1. NOAA NCEI/WDS DATABASES

A–1.1. Introduction and background information

The National Geophysical Data Center (NGDC) in the United States 
of America was formerly one of the three national data centres operated by 
the National Oceanic and Atmospheric Administration’s (NOAA) National 
Environmental Satellite, Data, and Information Service (NESDIS). In 2015, 
NGDC merged with two other NESDIS data centres (the National Climate 
Data Center and the National Oceanographic Data Center) to form the National 
Centers for Environmental Information (NCEI). NCEI’s mission is to provide 
long term scientific data stewardship for the USA’s coastal, geophysical and 
oceanographic data. NCEI also operates the World Data Service (WDS) for 
Geophysics, which manages global geophysical, seafloor and natural hazards 
data, including data on tsunamis. The NCEI global tsunami archive incorporates 
the historical tsunami database, imagery, and raw and processed US coastal tide 
gauge and tsunameter data, including Deep-ocean Assessment and Reporting of 
Tsunami (DART) relevant to a tsunami event. Since the majority of tsunamis 
are generated by earthquakes, NCEI also maintains a significant earthquake 
database. NCEI provides integrated access to these data via web forms, interfaces 
and interactive maps.

A–1.2. NCEI/WDS Global Historical Tsunami Database

The NCEI/WDS Global Historical Tsunami Database1 includes all events 
regardless of magnitude or intensity. As of 2019, over 2200 source events (not 
erroneous or seiches) had been recorded from 2000 BCE to the present. Since 
the written record is fairly complete from 1701 CE onward, Fig. A–1 provides 
a count of tsunamis for ten-year periods from 1701 to the present. The increase 
in the numbers is due to the increase in observations and awareness of tsunamis. 
For example, if today a tsunami generates a wave of a few centimetres that is 
observed only in the deep ocean at a tsunameter station, it is considered a tsunami 
and added to the database. Also, the identification of a tsunami signature from 
tide gauge information requires higher resolution data than is usually collected 

1 https://doi.org/10.7289/V5PN93H7
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for tide predictions. Since the 2004 Indian Ocean tsunami, many tide stations 
have been upgraded from a six-minute dissemination of water level data to one 
minute. Tsunameter or DART and bottom pressure recorder stations, developed 
in the 1980s and now installed all over the world, are also major tools used to 
identify tsunamis. These enhancements allow scientists to observe small tsunamis 
that would have been missed in the past. The global distribution of tsunami events 
is 70% the Pacific Ocean, 15% the Mediterranean Sea and the Black Sea, 9% the 
Caribbean Sea and the Atlantic Ocean, and 6% the Indian Ocean.2

The tsunami database includes additional information on runups (locations 
where tsunami waves were observed by eyewitnesses, post-tsunami field surveys, 
tide gauges or deep ocean sensors). As of 2019, there have been over 27 000 
runup observations since 2000 BCE. Figure A–2 provides a count of tsunami 
runups for ten-year periods from 1701 to 2013. The distribution of tsunami 
runups is 87% in the Pacific Ocean, 3% Mediterranean Sea and Black Sea, 2% 
Atlantic Ocean and the East Coast of the USA and Canada, 7% Indian Ocean and 
1% Caribbean Sea. The distribution of runups in the last 50–70 years is mostly 
due to field surveys conducted following large events, such as the 2004 Indian 
Ocean and 2011 Tohoku, Japan, tsunamis.

2 https://www.ngdc.noaa.gov/hazard/tsunami-db-intro.html
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FIG. A–1. Distribution of tsunami events (not erroneous) from 1701 to 2013. Source: NCEI/WDS.

FIG. A–2. Distribution of tsunami runups from 1701 to 2013. Source: NCEI/WDS.



A–1.3. Source information

Each event or runup in the database is associated with a list of one or more 
source documents. More than 1700 source documents were used to compile the 
tsunami event and runup records. The sources include tsunami catalogues, journal 
articles, field surveys, newspaper articles, instrumental records (tide gauge, deep 
ocean sensor), the NOAA/National Weather Service Tsunami Warning Centers, 
the United States Geological Survey National Earthquake Information Center, 
the Intergovernmental Oceanographic Commission of UNESCO, etc. In some 
cases, different sources provide differing information for a particular record. 
NCEI records this information in an event comment field.

A–1.4. Tsunami event and runup tables

The NCEI/WDS Tsunami Event Database includes the date, time and 
location of the source event, type of source (e.g. earthquake, volcano, landslide, 
explosion, unknown), the magnitude of the source, event validity, maximum 
wave height, tsunami magnitude and intensity, total number of runups, and 
total number of fatalities, injuries, houses damaged and dollar damage from the 
tsunami, with the source event tabulated separately. If the source event was an 
earthquake or volcanic eruption, it is linked to the corresponding database that 
provides additional information on the source. The tsunami runup table includes 
the location name, latitude, longitude, country, type of measurement, calculated 
and observed arrival times, distance from the source, maximum inundation 
distance, maximum wave height, time of maximum wave height, first motion of 
the wave, wave period, and total number of fatalities, injuries, houses damaged 
and dollar damage at the specific runup location. Table A–1 lists 15 tsunami 
events for which the number of runup data exceeds 200.

A–1.5. Tsunami event validities

A validity score is assigned to each tsunami source event, ranging from –1 
for erroneous entries, 0 for seiches, 1 to 2 for unconfirmed tsunamis and 3 to 
4 for confirmed tsunamis. The validity of tsunami events and runups is based 
on several factors. For example, tsunamis recorded on tide gauges generated by 
earthquakes that were recorded on seismographs are assigned a high validity of 4 
in the database.

Historical events that occurred before the invention of the seismograph or 
tide gauge must be evaluated differently. If the event had significant effects, such 
as deaths and damage, or was observed in many locations, it is also considered a 
high validity event. For example, a tsunami generated by an earthquake in Chile 
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TABLE A–1. TSUNAMI EVENTS THAT GENERATED OVER 200 
RUNUPS

Date Source  
location

Earthquake 
magnitude

Maximum 
runup (m)

Number of 
runups

11 Mar.  
2011

Tohoku, Japan 9.0 38.90 5776

26 Dec.  
2004

Sumatra, Indonesia 9.1 50.90 1058

22 May  
1960

Central Chile 9.5 25.00 1050

27 Feb.  
2010

Southern Chile 8.8 29.00 597

29 Sep.  
2009

Samoa Islands 8.0 22.35 579

1 Apr.  
1946

Unimak Island, Alaska, USA 8.1 35.05 511

28 Mar.  
1964

Prince William Sound, Alaska, 
USA

9.2 67.10 394

9 Mar.  
1957

Andreanof Islands, Alaska, USA 8.6 22.80 323

16 May  
1968

Honshu Island, Japan 8.2 6.00 306

20 Dec.  
1946

Honshu Island, Japan 8.1 6.60 298

2 Mar.  
1933

Sanriku, Japan 8.4 29.00 295

4 Nov.  
1952

Kamchatka, Russia 9.0 18.00 290

26 May  
1983

Noshiro, Japan 7.8 14.93 227

1 Apr.  
2007

Solomon Islands 8.1 12.10 224

4 Mar.  
1952

Hokkaido, Japan 8.1 6.50 219

(source: NCEI/WDS, as of 2013) 



that was observed in Hawaii and California would be assigned a high validity. 
The number of reliable and independent sources that list a historical event also 
affects the validity. Historical tsunami events generated by earthquakes are 
cross-checked with regional and local earthquake catalogues. If the tsunami was 
reported to have been generated by an earthquake, but there are no listings in 
the earthquake catalogues, the validity is lowered. Tsunami events generated by 
volcanoes are cross-checked with volcano catalogues.

As of 2013, there were 180 erroneous, 93 seiches, 958 unconfirmed and 
1195 confirmed tsunamis in the NCEI database (see Table A–2). Tsunamis with 
event validities of –1 (erroneous) are left in the database, since they may be listed 
as valid in other databases or tsunami catalogues. In this way, it is clear to the 
user that an event has been determined to be erroneous and not just missed.

A–1.6. Tsunami runup validities

The tsunami runups are not assigned a numeric validity, but the validity of 
the source event applies to the runup. If the runup is questionable or the cause 
was meteorological, it is flagged. Also, the type of measurement is indicative 
of the validity. For example, eyewitness reports are usually less reliable than 
instrumental recordings or post-tsunami field surveys.
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TABLE A–2. DISTRIBUTION OF NCEI/WDS TSUNAMI EVENTS BY 
EVENT VALIDITY (as of 2013)

Count (as of 2013)

Tsunami event

Validity

181 –1

94 0

445 1

512 2

357 3

837 4



A–1.7. NCEI/WDS Global Significant Earthquake and Significant Volcanic 
Eruption databases

The NCEI/WDS Global Significant Earthquake3 and Significant Volcanic 
Eruption4 databases include events that range in date from 4360 BCE to the 
present. These databases include all earthquakes and volcanic eruptions that 
either caused fatalities or moderate damage or generated a tsunami. Earthquakes 
that were assigned either a magnitude >7.4 or a modified Mercalli intensity 
>IX and eruptions with a volcanic explosivity index >5 are also included. If the 
earthquake or eruption generated a tsunami, it is linked to the tsunami event table. 
As of 2013, the database included 5720 earthquakes and 635 volcanic eruptions.

A–1.8. Data access and delivery

A primary goal of NCEI/WDS is to make the data easily discoverable and 
integrated (i.e. a user can link from one dataset to related data in another dataset). 
The historical event data are stored in a spatially enabled relational database 
management system that facilitates integration and access to these related data 
tables. The data can be searched from web form interfaces by attribute (date, 
location, magnitude, etc.) and displayed as tables, reports, interactive maps 
and imagery. A user might, for example, be interested in all of the significant 
earthquakes in Japan that generated a tsunami. If an earthquake generated a 
tsunami, the user could directly access the related information from the tsunami 
event table and display a list of locations that were affected by the tsunami as 
well as additional comments, references and photos. The data are also available 
through a web map interface5; see Fig. A–3).

A–2. THE TSUNAMI TRACE DATABASE (TOHOKU UNIVERSITY/
NRA) 

Tsunami trace data of runup heights on past tsunamis are used to verify 
modelling techniques utilized for tsunami analysis and for bathymetry and 
topography models. However, many of the data items are based on ancient 
texts and other materials containing unverified information. Due to this fact, it 
is necessary to survey every single documentary origin of the trace records to 
clarify their reliability.

3 http://dx.doi.org/10.7289/V5TD9V7K
4 http://dx.doi.org/10.7289/V5JW8BSH
5 https://www.ncei.noaa.gov/maps/hazards
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To resolve the issues above, the Tsunami Trace Database, which takes 
reliability evaluation into account, has been prepared by Tohoku University 
and the Japan Nuclear Energy Safety Organization (JNES). Since it is critical to 
ensure fairness and objectivity in reliability evaluation, a review of the evaluation 
results has been conducted by the Tsunami Database Review Committee, which 
is composed of experts in historical tsunamis and tsunami engineering.

The database has information layers comprising tsunami information, 
literature information and trace information (see Fig. A–4), and it features 
a function to retrieve and read the information in each layer. As of 27 August 
2024, the database covers the period from 684 CE to the present time, as shown 
in Table A–3. About 37 439 items of trace data (the total number of locations) 
were extracted from the collected literature (treatises, ancient texts and historical 
materials, and catalogues) and registered. Based on the acquisition and surveying 
of references, tsunami trace data over the past 500 years in Japan have been 
collected into a database. This information is then used to create about 50 
data items for each trace (attribute information), such as the new and/or old 
geographical name, latitude and longitude, trace height (runup, inundation height, 
inundation depth, amplitude, etc.), measurement reference level for trace height 
and features measured.
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FIG. A–3. NCEI/WDS tsunami database web site and examples of data available online for the 
2011 Great East Japan earthquake and tsunami, including an interactive map, tsunami travel 
time map and listing of tsunami event information.



Each item of the tsunami trace data registered in the database is given a 
reliability rating based on judgement criteria, as shown in Table A–4. As a result, 
trace data can now accordingly be searched and filtered with reliability levels 
while it is utilized for verification of tsunami numerical analysis and estimation 
of tsunami sources.

The database can be accessed using a management system based on Web 
GIS (Geographical Information System) and enables Internet browsing of trace 
information placed over a base of seamless map images. The trace data are 
divided into historical and modern tsunamis from the perspective of reliability 
analysis, as shown in Fig. A–5. For historical tsunamis, the reliability of historical 
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FIG. A–4. Association chart of information search (information layers and registered data).

FIG. A–5. Procedure for examining each trace of historical tsunamis and modern tsunamis.
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materials was examined closely. To closely examine the locations described in 
the trace data, the accuracy of the data has been secured by a reference map at the 
time of each tsunami.

To provide the results of the research to local governments and residents 
living in coastal areas for tsunami disaster prevention, the database has 
been opened to the public and can be accessed via web based HTML forms. 
Figure A–6 shows an example of the display of trace information search results 
and the reference URL.

The coverage of target tsunamis in the database will be expanded, while 
investigations will also be continued in order to increase available trace records.

A–3. EUROPEAN COMMISSION PROJECT

A–3.1. Background information

As mentioned in Section A–1, the database of NGDC is one of the major 
sources of information about historical tsunamis, even in the Mediterranean 
region. However, other databases have been developed in Europe [A–10 to 
A–16]. Recently, Altinok [A–17] compiled historical documents in the Eastern 
Mediterranean for the period from 1410 BCE to 2011 CE with the inclusion 
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FIG. A–6. Example of the display of trace information search results. See https://irides.tohoku.
ac.jp/eng/publication/database/tsunami‑db.html.



of distant, local, volcanic and landslide generated tsunamis. Some of the main 
contributions of the Tsunami Risk and Strategies for the European Region 
(TRANSFER) project [A–18], funded by a grant from the European Commission, 
are (i) understanding tsunami processes in the Euro-Mediterranean region, (ii) 
understanding the tsunami hazard, vulnerability and risk assessment and (iii) 
identifying the best strategies for the reduction of the tsunami risk.

A–3.2. Database for the Euro‑Mediterranean region

In the TRANSFER project, one of the work packages is dedicated to 
the tasks of (i) including new events or updating of existing events through 
palaeotsunami studies, (ii) including new events or updating of existing events 
of historical (pre-instrumental and instrumental) times, (iii) including sea level 
instrumental data, (iv) improving the format and items of the Genesis and Impact 
of Tsunamis on the European Coasts (GITEC) tsunami catalogue, (v) adding the 
12 point tsunami intensity scale, (vi) improving and empowering of database 
architecture and (vii) integrating the Euro-Mediterranean tsunami catalogue into 
a worldwide tsunami catalogue. However, the inventory and characterization of 
the seismic and non-seismic tsunami sources are also evaluated in other work 
packages. Those work packages cover the tasks of (i) investigating tsunami genesis 
from historical earthquakes, (ii) investigating with the objective of reducing the 
uncertainties related to submarine seismic and non-seismic sources in selected 
areas and (iii) evaluating the potential of tsunami generation from seismic and 
non-seismic sources. Further information is available at TRANSFER [A–18].

In TRANSFER’s deliverables, the Palaeotsunami Database is presented 
to collect data on tsunami inundations that occurred in the past. Evidence of 
palaeotsunamis is derived from coastal stratigraphy due to the presence of peculiar 
sediments or boulders. The dating of palaeotsunami deposits helps in correlating 
events with historical tsunamis or previous ones. This database provides two 
main types of information for developing tsunami scenarios and time dependent 
hazard calculations: locations of past inundations and their frequency. The data 
input in this database is included in the TRANSFER GIS Database and shared 
among project partners and database contributors. Each entry has a reference that 
should be quoted if the data are used.

This database is divided into two main parts: seismic sources of tsunamis 
in the Euro-Mediterranean region, and palaeotsunamis. GIS based data are 
stored in a TRANSFER mdb file, which includes detailed information under 
numerous subheadings.

The user can select each subheading from the database file TRANSFER.
mdb, which will provide the requested data about the Mediterranean and 
North-East Atlantic region. In the Seismic Sources of Tsunamis in the 
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Euro-Mediterranean Region database, three main parts are included: faults, 
individual sources and zones. Each part can be selected, and the necessary data 
can be obtained from the GIS file. 

A–3.3. Data access and delivery

The data are available through the web site of the TRANSFER project 
(see Fig. A–7).
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