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Preface

In the recent years, the world has experienced few mega-tsunamis which have caused exten‐
sive loss of life and property. The most destructive ones were in December 2004 in Sumatra,
causing more than 290,000 deaths and in March 2011 in Japan, creating a nuclear accident.
Because of these events, the recent advances in tsunami study have led the scientists to bet‐
ter understanding of the cause of tsunami, its propagation and most importantly, the system
of warning ahead of tsunami arrival to the vulnerable coastal area. In continuation, the me‐
teorological effects, meteo-tsunami and underwater volcanic eruption as other tsunamigenic
sources are also being better documented and investigated. At last, let's also mention that
onshore earthquake close to coast or located at the onshore part of the subduction zone has
triggered the creation of mud-volcano island offshore and onshore, for example large earth‐
quake of onshore Iran 2013 event. It is also important to mention as a pivotal point, the
event of 2004 which has triggered many global initiatives such as a new tsunami detection
system, more detailed coastal modeling, tsunami-compatible coastal developments and inte‐
grated approach for regional early warning system and public educations, awareness and
preparedness. In these advances the environmental damage of urban communities (coastal)
and ecosystems and consequently regional economic impact have been largely unattended
to date, yet they may have very long-lasting effects both on environmental quality and on
regional economy.

The book is divided into four sections. Section 1 covers the introduction to the topic. Section
2 which consists of two chapters provides information on tsunami propagation from the
open sea to the coast and talks about coastal tsunami warning using deployed HF radar sys‐
tems in many different parts of North America and Japan. The tsunami propagation, pre‐
liminary methods for evaluating the suitability of radar sites for tsunami detection using
simulated tsunami velocities and factors affecting tsunami detectability are discussed and
methods for reducing the false alarms are described.

Section 3 consists of two parts covering multi-scale meteorological systems resulted in me‐
teo-tsunami (meteorological tsunami is a kind of ocean long wave with the tsunami frequen‐
cy band from several minutes to 2 hours driven by atmospheric forcing at the sea interface).
The second chapter of this section provides some details and scientific information, includ‐
ing some very important case studies on tsunami generation due to a landslide or a submar‐
ine volcanic eruption.

In Section 4, occurrence and characteristics of tsunami in Sweden, using paleo-tsunami
events from different parts of Scandinavia are discussed in Chapter 6. Chapter 7 discusses
challenges and opportunities for reducing losses to fast-arriving tsunamis in remote villages
along the coast of Pakistan coast.



As a concluding remark, one important aspect concerning the local tsunamis is the role of
the earthquake effect before tsunami waves are being generated and propagated toward the
coast, and also an integrated worldwide tsunami early warning system needs to be fully ac‐
counted for in the future scientific discussion.

This book is based on expert writing with the objective of providing a collection of different
aspects of tsunami events from generation by different sources including non-seismic, to
propagation, detection, and warning dissemination. It is strongly believed that all the infor‐
mation provided here should play an important role in tsunami risk reduction and mitiga‐
tion. The presented chapters have been peer reviewed and accepted for publication. We
would like to express our gratitude to the contributing authors who have been the key factor
in this achievement. Finally, we would like to specially thank the InTech publisher who ini‐
tiated this book and guided and helped the Editor for its completion.

Prof. Mohammad Mokhtari
Director of Earthquake Prediction Center

International Institute of Earthquake Engineering and Seismology,
Iran
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Chapter 1

Introductory Chapter: A General Overview of Tsunami
and Effectiveness of Early Warning System

Mohammad Mokhtari

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65081

1. Introduction

Confirmed tsunami events from 1610 BC to AD 2014 are 1212 events from which 245 were
deadly. The geographical distribution of these events is 76% in the Pacific Ocean, 9% in the
Indian Ocean and Red Sea,  6% in the Atlantic Ocean and Caribbean Sea and 9% in the
Mediterranean Sea. Concerning the sources for generation of the tsunamis, 87% are from
earthquake, 8% from underwater volcanic eruptions, 4% from major ocean landslides and 1%
from other sources [1].

In recent years, world has experienced few mega-tsunamis, which have caused extensive loss
of life and properties. The most destructive ones were in December 2004 in Sumatra causing
more than 290,000 death and March 2011 in Japan, creating a nuclear accident [2]. The event of
2004 has triggered many global initiatives, such as a new tsunami detection system, more detail
coastal modeling, tsunami compatible coastal developments, integrated approach for region‐
al early warning system (EWS) and public educations, awareness and preparedness.

Early warning system (EWS) can play an important role in risk reduction, using the effective
development of national and local capabilities. However, it must be emphasized that national
risk reduction strategies must not only be based on the EWS. If risk considerations are not
adequately factored into national development strategies, disaster occurrence and loss will
continue to increase, with or without the improved EWS capabilities. EWS should thus be seen
as a last line of defense for dealing with unmanaged risks. EWS should be developed as vital
element of much wider national risk management and reduction strategies. If the EWS is
developed as stand-alone systems, it may contribute to generate a false sense of security
leading to indifference and passivity in vulnerable groups and sectors as well as among
national disaster management agencies and systems.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Tsunamis

2.1. Tsunami sources

The recent advances in tsunami study has lead the scientist for better understanding of the
cause of tsunami, its propagation and most importantly the system of warning ahead of
tsunami arrival to the vulnerable coastal area. In addition, now the secondary sources for
strengthening the devastating effect of the tsunami, for example, the splay faulting, landslide
caused by the parent earthquake sources, have been advancing [3].

The main source for tsunami generation, however, has been identified as being the earthquake.
Due to this, we will discuss here two case studies, namely the Makran (Indian Ocean) and
Great East Japan earthquake and tsunami Pacific Ocean.

The other sources are classified as meteorological effects, meteotsunami. This has been
discussed fully within this book on Chapter 1, and the underwater volcanic eruption as other
tsunamigenic sources also being better documented and investigated on Chapter 2 of this book.

Tsunamis can also be generated by a submarine landslide, which typically occurs as a result
of an earthquake [4]. A submarine landslide, rock fall or ice fall can trigger a tsunami by
displacing large amounts of water. As a result, the water level rises generating tsunami.

The Papua New Guinea tsunami of July 1998 is a good example of relatively small deepwater
submarine landslide, which caused devastating local tsunamis. This was triggered by a
magnitude 7.1 earthquake [5]. The multibeam bathymetric study is a very useful tool in
identifying this type of potential submarine landslide offshore.

The other sources of major risk contributors are the onshore earthquake events rather close to
sea. The thick sediments at Oman Sea provide conditions for submarine landslides and slumps
that can generate small tsunamis in the region. Heidarzadeh and Satake [6] showed that the
tsunami observed in the northwestern Indian Ocean following the 23 September 2013 Pakistan
inland earthquakes was generated by a submarine landslide.

In addition, the splay faults mapped offshore Makran can also play an important role as
tsunami strengthening factor after the major tsunamigenic event has occurred, but not as
independent tsunami source [7–9].

It is very important to note that the coastal area can be affected by both local and remote-source
tsunami. In the case of a local earthquake, the impact of the earthquake can be greater than the
tsunami. The main tsunamigenic earthquake may cause damages to buildings and
infrastructure before the arrival of the tsunami wave, with potential loss of life. Therefore, in
the near coast (local) tsunami-prone area, both tsunami and earthquake effect must be
considered.

Tsunami4
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2.2. Tsunami due to earthquake

2.2.1. Makran

From seismotectonic view point, the Makran subduction zone is characterized by the subduc‐
tion of the oceanic part of the Arabian plate beneath the Eurasian plate [8] and extends along
the Gulf of Oman from the Zendan-Minab fault system near the Strait of Hormuz in the west
to the Baluchistan volcanic arc in the east. It has one of the largest accretionary prisms in the
world with a thick (7 km) unconsolidated sediments [10, 11], lying above a shallow dipping
decollement (Figure 1).

Figure 1. Makran seismicity 1940–2015, based on USGS catalog, the location and Focal Mechanism solution of 2015
earthquake also being indicated on the figure.

From seismicity point of view, compared with other similar zone in the world The Makran
subduction area has been considered as having low seismicity. But based on data from 1945
tsunami, the affected area has been classified as a tsunami-prone region [11, 12].

2.2.2. Great East Japan earthquake and tsunami

The Pacific plate is subducting along the Japan Trench beneath Eastern Japan, whereas the
Philippine Sea plate is subducting along the Nankai Trough beneath Western Japan [13]. The
Philippine Sea plate is subducting along the Sagami Trough beneath the North American plate.
The Pacific plate is converging with and subducting beneath the Okhotsk plate at about 40 mm

Introductory Chapter: A General Overview of Tsunami and Effectiveness of Early Warning System
http://dx.doi.org/10.5772/65081
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per year, resulting in frequent and large earthquakes [13]. The Japan Trough has a long history
of large events, including the 869 Mw 8.3 Jogan, 1896 Ms 7.2 Meiji Sanriku and 1933 Mw 8.4
Showa Sanriku events, all of which produced large destructive tsunamis [13].

On 11 March 2011, an earthquake with magnitude of 9.0 off the northeastern coast of Japan
triggered a tsunami [6]. The waves reached up to 40 m high and penetrated up to 5 km inland.
It caused a great loss of life (~20,000), strong environmental damage and infrastructural
destruction. The tsunami has also severely affected the Fukushima nuclear power plant,
causing serious risks of contamination from radioactive releases.

2.2.3. Tsunami major disaster effects

One of the major disaster effects that require an especial attention is the environmental damage
at the coastal area due to transportation of sediments and debris from ocean to coast and vice
versa. For example, during 2004 Sumatra tsunami, the sediment transport and coastal subsi‐
dence associated with the tsunamis had a major impact on urban communities and also in
ecosystems. Unfortunately, these types of impact have not been adequately studied because
they may have long-term effects both on environment and on the regional economy.

2.2.4. Factors strengthening the tsunami disaster

Several case studies indicated that splay faults are associated with subduction zones in the
world [3, 11]. They develop within the sedimentary sequences as sediments being added from
the upper plate. The superimposed effect of splay faulting on tsunami wave heights in the
near-field has been observed in many mega-tsunami events. In this respect, the 1946 Nankai,
1960 Chilean and 1964 Alaskan earthquakes and tsunamis [8, 14] and the most recent case of
the 2004 Sumatra-Andaman could be mentioned.

Thus, splay faults can play an important role, in particular, as local hazard, and thus their
identification is important.

At this stage, we do not believe that these faults individually are capable of producing tsunami,
but as indicated above, they can play an important role in strengthening the tsunami hazard
effect during megathrust ruptures. So, we strongly suggest that this factor should be accounted
for a comprehensive tsunami hazard analysis. These factors in addition to the above-men‐
tioned items, if are not implemented accurately, will make the design of an effective tsunami
early warning system problematic [15].

2.2.5. Mud volcano (example from Makran)

Mud volcanoes are known from onshore, where erupted water often is methane saturated.
These are the result of progressive compression and dewatering of the deep undercompacted,
overpressured sequences (at decollement). The world’s most notorious mud volcano, Indo‐
nesia's Lusi, destroyed a town in 2006.

Offshore Makran (Northwest Indian Ocean), numerous mud volcanoes have been mapped.
There is a direct relationship between mud volcanoes and transform faults. Not all mud

Tsunami6
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intrusions reach the seabed (Figure 2). In places, there is clear evidence of mud intrusions in
the shallow part of the sedimentary sequence. The mobilized overpressured sequences have
clearly used the fault zones as conduits to reach low-pressure areas and the surface.

Figure 2. Seismic expression of mud volcanoes in the Makran subduction zone area, Oman Sea (belong to National
Iranian Oil Company).

The offshore mud volcanoes, as the onshore once, have limited lifetime, and eroded tops have
been observed.

On 24 September, a shallow 7.7 magnitude earthquake occurred in Pakistan. At least 300 people
died and thousands of houses collapsed in Balochistan Province. The earthquake was felt as
far as Oman and India. The earthquake appeared to be a strike slip event. An amazing effect
of the earthquake—in roughly 40- km distance— is that a new island appeared few hundred
meters off of Gwadar offshore. The island is about 18–21 meters high, up to 91 meters wide
and up to 37 meters long [16].

3. Tsunami early warning system

The main elements that are required to be considered before any decision to set up an early
warning system are frequency, severity, lead time, accuracy, response costs, loss reduction and
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early warning system cost. A feasibility study needs to be conducted with great precision
taking into account also the public education and their awareness to full response.

The current tsunami preparedness policy, which is oriented toward warning and evacuation,
needs to be revised worldwide. Coastal cities, ports and marine constructions at tsunami risk
are growing and becoming more and more vulnerable to a tsunami impact. Today, we cannot
ignore an increasing risk of cessation of sea-port operation, oil platform destruction or coastal
devastation. The safe and stable function of sea ports, coastal oil or gas tanks, cold storage,
fisheries and other facilities becomes more significant for the economic development of coastal
communities. Economic risk management is an important goal, which has to be solved for
coastal urban and industrial areas at tsunami risk. Therefore, it is important to engage in day-
to-day efforts to improve public awareness, preparedness and regional cooperation to deal
with marine natural disasters.

4. Discussion and conclusions

In some areas, such as Japan’s coast, the tsunami knowledge is high but other areas such as
Indian Ocean region in particular Makran region is less advanced, and even some of the most
important earthquake source parameters are less understood and require collection and
analysis of more seismological and seismotectonic data. In this regard, it is important to note
that in the recent years some progress is underway in the Makran region, for example,
acquisition of some deep active seismic profiling using both explosion and air gun as seismic
sources aimed at better understanding of the crustal structural elements and model to be used
on tsunami hazard assessments.

In recent years, tsunami early warning systems are being established in the region. One of the
essential parts of an effective warning system is the tsunami (earthquake) detection. It is
important to consider how modern technology and lessons learned from past tsunamis
worldwide can be combined to create safer coastal communities with tsunami aware popula‐
tions.

For people living in coastal areas, protection awareness and education are other important
elements in everyday lives, and through the professional responsibilities, understanding the
disaster risk also increases the effectiveness of early warning system and policy implementa‐
tion.

In this respect, the current tsunami preparedness policy, which is oriented toward warning
and evacuation, needs to be revised worldwide. Coastal cities, ports and marine installations
at tsunami risk are growing and becoming more and more vulnerable to a tsunami impact.
Today, we cannot ignore an increasing risk of termination of sea-port operation, oil platform
destruction or coastal devastation. The safe and stable function of sea ports, coastal oil or gas
tanks, cold storage, fisheries and other facilities becomes more significant for the economic
development of coastal communities. Economic risk management is an important goal, which
has to be solved for coastal urban and industrial areas at tsunami risk. Therefore, it is important
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at tsunami risk are growing and becoming more and more vulnerable to a tsunami impact.
Today, we cannot ignore an increasing risk of termination of sea-port operation, oil platform
destruction or coastal devastation. The safe and stable function of sea ports, coastal oil or gas
tanks, cold storage, fisheries and other facilities becomes more significant for the economic
development of coastal communities. Economic risk management is an important goal, which
has to be solved for coastal urban and industrial areas at tsunami risk. Therefore, it is important
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to engage in day-to-day efforts to improve public awareness, preparedness and regional
cooperation to deal with marine natural disasters.
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Abstract

Meteorological tsunami is a kind of the ocean long wave with the tsunami frequency
band from several minutes to 2 h driven by atmospheric forcing at the sea interface. The
multiplying of resonance and amplification effects enhanced the wave higher than 1 m
with the destructive damage. The direct forcing of meteorological tsunami is the meso-
β-scale disturbance, such as mesoscale convection system or internal gravity wave in
the troposphere. The events on the destructive meteorological tsunamis were reported
mainly on the mid-latitude regions such as Europe and US East Coast. Whatever the
kind of the disturbance was, the intrusion of the dry air played important roles in
unstable structure of the middle troposphere to travel the disturbance with a long
disturbance. The backward trajectory of the air particle on the tsunami-enhancing region
showed that the lifting of anomalous warm moist air mass from the lower latitude was
significant to form the atmospheric structure over the targeted seas. Such characteristics
in the large-scale atmosphere provide the possibility of the mid-term prediction on
meteorological  tsunamis,  linking  with  the  state-of-art  observation  technologies  in
satellite remote sensing, radar observation, in situ measurement network and so on.

Keywords: meteorological tsunami, inverse pressure effect, resonance, meso-β-scale
disturbances, convective systems, atmospheric internal gravity wave, continental scale
circulation

1. Introduction

Meteorological tsunami (or meteotsunami) is a kind of ocean long wave with the tsunami
frequency bands from several minutes to 2 h driven by atmospheric forcing such as the
disturbance of sea level pressure, wind, and others [1, 2]. The sea level rises (or depresses) inside
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of the negative (positive) pressure anomalies. The sea level also rises accordingly with the
horizontal convergence of the wind stress, for example, around the front or the coastal area.
Such basic mechanism to set the wave up is similar as the storm surge. But the period of the
storm surge is as long as tidal motion (approximately half or 1 day), while that of meteorological
tsunami is generally much shorter than tidal motion. The intensity of the sea level deformation
by severe storm is typically as large as several 10 cm or higher than 1 m including wind stress.
But the intensity itself of the forcing to meteorological tsunami is much smaller than that related
to storm surge: an order of several centimetres in typical cases. The multiple mechanism of the
resonance at the sea interface enlarges the amplitude of the ocean long waves, and the wave will
possibly become higher than 3 m with flooding and destruction of the dikes. The primitive
mechanisms on meteorological tsunami are founded by geophysicists in the earlier and middle
twentieth century [2–4]. In recent decades, however, the integration of the scientific findings
throughout severe case studies and the advances in field observation, numerical modelling and
data assimilation have revealed the significance of the multiscale mechanisms on atmospheric
and oceanographic processes.

In the present chapter, we briefly introduce resonant mechanisms as propagating meteoro-
logical tsunamis. Next, we show the area where destructive meteorological tsunamis have been
reported. After that, we present the various kinds of the weather conditions resulting in
meteorological tsunamis. Figure 1 indicates the typical scale of meteorological phenomena and
oceanographic motion. The temporal scale of meteorological tsunami typically matches the
meso-β-scale motion in the atmosphere such as squall line, internal gravity wave, gravitational
flow and so on. However, the genesis of those motion is influenced by both smaller- and larger-
scale motions. The organization of turbulent plume will generate the cumulus convection, and
cluster of the convective cells will form the meso-β-scale system.

Figure 1. Scale of the various meteorological phenomena, and oceanographic motions.
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The larger-scale motion provides the atmospheric instability structure by mixing dry air and
moist air mass, that is, thermodynamic inhomogeneity. Hence, we first present the mesoscale
phenomena resulting in meteorological tsunami, and then we discuss the meteorological
phenomena including the large-scale motion (synoptic or continental scale). After that, we
discuss and conclude the predictability of the meteorological tsunami with the current
technologies on field observation, numerical modelling and data assimilation.

2. Resonant and amplifying mechanisms of the meteorological tsunami

2.1. Proudman resonance

One of the most important resonances was derived by Proudman (1929) [4], which is a coupling
of the ocean long wave and the atmospheric disturbance. Let U the propagation speed of the
pressure disturbance, and c = (gH)1/2, the phase velocity of the ocean long wave dependent on
the ocean depth H and the acceleration of the gravity, g. The Froude number Fr is defined as
the ratio between the atmospheric motion and the ocean wave propagation, Fr = U/c. Assuming
that the friction, Coriolis, eddy viscosity and advection terms can be negligible (i.e. one-
dimensional (1D) linear wave), the normalized sea level change becomes

2

1
1s Fr

h
h

=
- (1)

in equilibrium, where  = − 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 the sea level change under static balance with the intensity

of the pressure anomaly ΔP and the density of water ρ. Equation (1) implies that sea surface
can be deformed unlimitedly as the pressure disturbance moves the ocean with the same speed
of the phase velocity of the long wave (i.e. holding Fr ~1).

When Fr ~1, the work due to the atmospheric pressure gradient force supplies wave energy at
the same phase continuously, and the magnitude of the sea level deformation will be propor-
tional to the travelling distance of the pressure disturbance on the sea interface. If U > c, that
is, Fr > 1, that is, supercritical propagation over very shallow water, a wake forms similar to
that passing the vessel with high speed. On the other hand, the subcritical propagation such
that U < c, the ocean long wave will propagate ahead of the atmospheric disturbance, with the
wave length becoming longer and longer instead of enlarging the amplitude.

The effect of the Proudman resonance typically ranged from two to five times of the stationary
state. When the atmospheric disturbance travels longer than 1000 km keeping Fr =1 ± 0.10, the
resonant effect can be higher than 10 times of the stationary state. Hibiya and Kajiura (1982)
[5] derived the formula under the condition of Fr ~1 as,
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where Xf represents the fetch of the pressure disturbance, and W is the width of the pressure
disturbance. For example, Xf = 500 km, W = 50 km yields the amplification ratio η/ηs = 5.0.

2.2. Shoaling and refraction

Similar to seismic tsunami, meteorological tsunami is also amplified by shoaling and refrac-
tion. Linear theory can be used as the first approximation to calculate the wave height as the
wave moves across an ocean and undergoes wave shoaling and refraction. The formula can be
written as (e.g. Synolakis, 1991 [6])
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where ηo = wave height (crest to trough) at the original point, ηp = wave height (crest to trough)
at any point, Do = water depth at source point, Dp = water depth at any shoreward point, Bo
distance between wave orthogonals at a source point of water and BP = distance between wave
orthogonals at any shoreward point of water. The ratio between Bo and Bp indicates the
refraction, and the ratio between water depth indicates the shoaling, a part of Green’s law.

2.3. Resonance of the edge wave

The resonance due to continental shelf is also significant in amplifying the meteorological
tsunamis. For example, Greenspan (1956) [7] derived the surface elevation across the conti-
nental shelf from the linearized shallow water equation. Let the beach slope α = tan β, and U
= velocity of pressure disturbance along the edge, the frequency of n-th edge mode can be
described as

( ) 2
nk 2 1 /n g Ua= + (4)

Giving the pressure distribution as a Gaussian function moving along the shelf edge, the
amplitude of the n-th edge wave depends (with the wave number of kn) on the intensity of the
pressure disturbance P0, the moving speed of the system, horizontal scale of the disturbance
a and the distance from the coast line y as
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For fundamental edge mode (n = 0), the maximum wave height becomes maximum with the
half-pressure radius of 80–90 km. This implies that the meso-β- or γ-scale disturbance, the
typical wavelength of the meteorological tsunami, is able to amplify the wave by edge mode
rather than meso-α-scale disturbance such as hurricane.

2.4. Harbour resonance

The resonance in the harbour or the inlet is the conclusive effect of how much sea level oscillates
inside them. Assuming that the bay shapes rectangular open channel with uniform sea depth
(H), and the incident direction of the ocean wave is parallel to that of the axis of the bay. The
period (T) for eigen oscillation of the bay is

4LT
n gH

e= (7)

with L = axis length of the bay. The coefficient ε represents the correction coefficient for the bay
mouth effect due to the generation of scattering waves near the bay of the mouth [8] as
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where B = the width of the bay mouth. For more details, refer to Ravinobich (2009) [9] for the
various shapes of the inlets.

3. Meteorological tsunami in the world ocean

The area where large meteorological tsunamis with the destructive damages were reported is
marked in Figure 2. The colour palette in Figure 2 indicates the phase speed of the ocean long
wave c = (gH)1/2, instead of the sea depth. Much of the events occurred in the mid-latitude,
where the energy transport towards polar region is the most active throughout the meridional
circulation. The wind speed of the mid-troposphere typically ranges 20–40 m/s along with the
westerly jets, which is dominant to propagate the meso-β- or γ-scale atmospheric disturbance
at sea level.
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Figure 2. Map of the destructive meteorological tsunami events in the world. Colour shows the propagation speed of
the ocean long wave c = (gH)1/2 using the bathymetry of ETOPO5. Numbers indicate the location of event of the related
references cited in this section.

Figure 3. Example of scenes on destructive meteorological tsunami [11, 12].

The Mediterranean Sea including Adriatic Sea is one of the hotspots of the meteorological
tsunamis. One of the recent major events occurred on 23–27 June 2014 due to the internal
gravity wave (IGW) of the mid- and low troposphere [10]. In that event, the wave height became
as high as 2–3 m in the wide area of the sea. The atmospheric IGW propagated not only over
the Mediterranean Sea but extended to the Black Sea. The east coast of the Adriatic Sea, Croatia
(šćiga in local name) has many small islands and complicated shoreline shape with small bays
(smaller than 10 km in axis length) and has suffered from severe events. The most severe event
in June 1978 brought the maximum wave height as high as 6 m [11]. At least five destructive
events with the inundation damage occurred other than 2014 event: in June 1978 at Vera Luka
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with 3-m wave height, in October 1984 at Ist Island with 4-m wave, in June 2003 over the middle
Adriatic coast with approximately 3.5-m wave, in August 2007 at Ist Island with 4-m wave and
in 2008 at Mali Lošinj [11]. The Balearic Island (rissaga or resaca in local name) is the area where
large amplified waves hit as frequent as the Adriatic Sea. The large wave as high as 2 m hit
that area once per 5–6 years. And 3–4-m waves hit once per 20–30 years. June 2006 event was
the most severe one in recent decades: the wave as high as 4–5 m hit the the Ciudadella Harbour
of the Menorca Island located in the east of the Balearic Islands [12]. An example of meteot-
sunami damages in those two areas is shown in Figure 3. Hundreds of fishing boats were
destroyed by strong current, and hundreds of motorcars and number of residences were
damaged by flood. Other coast at Sicily in Italy (marrubio in local name) and at Marta (milghubo
in local name) also recorded wave height higher than 1 m in hitting the meteorological
tsunamis [13].

Much of the large meteorological tsunami events had been reported over the coastal area of
the northwest Europe, but not so frequent as compared to the Mediterranean Sea region. Since
the shallow seafloor extended in the northwest Europe, it is easier for the wave to enhance by
the Proudman resonance. Haslett et al. (2009) [14] summarized 9 events of the possible
meteorological tsunamis over past 120 years in the United Kingdom. The recorded wave height
ranged 4–9 m, caused mainly by squally thunderstorms. According to their paper, the sudden
sea level rise within 5–10 min was reported. That time was too long to period of swell with the
period around 10 s or little bit longer. The amplification effect in shoaling at the continental
shelves of the Atlantic Ocean seemed to play an important role in the enhancement of the
meteorological tsunamis. Much of the meteorological tsunami events were recorded in the
South Wales and South England, where the channel opens to the west (Atlantic Ocean). The
squall lines along with cold front in developed extratropical low sometimes bring the mete-
orological tsunamis in the southern North Sea [15] (zeebeer in Netherland, seebär in Germany)
and Baltic Sea (seebär in Germany, or sjösprång in Swedish) [16]. The major recent event was
brought by the cold front passed over the Netherland and Belgium on January 3, 2012.
According to the weather information service webs in Netherland, sudden depression of the
tide level was recorded by 1.66 m per 20 min at van Rijkswaterstaat [17], while the sudden rise
of the tide level was recorded by 1.05 m per 20 min in Ijmuiden [18]. In the coastal area of the
Finland, the latest major event brought the wave higher than 1.0 m (10–15 min in period) on
July 29, 2010. The meteorological tsunami up to 1.5 m in wave height was also reported in May
15, 1924, caused by thunderstorm [19].

The developed squall line system or the atmospheric gravity waves brought the meteorological
tsunamis in the wide area of East Coast of the United States including the Florida Peninsula
and Gulf of Mexico [20, 21]. On March 1995, the giant meteorological tsunami with a 3.3-m
wave height hit along the east coast of the Gulf of Mexico, Florida, due to the atmospheric
gravity waves propagated from the Texas-Louisiana thunderstorm [20]. The derecho devel-
oped at the inland area of the North US brought the meteorological tsunamis not only in the
Atlantic Ocean but also in the Great Lakes [22]. The meteorological tsunami on the Great Lakes
as large as 3 m in wave height recorded on by squall line passage in June 1954 even the lateral
extent was not so wide (~250 km) as compared to the continental shelves in Atlantic Ocean [23].
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The west coast of United States has complicated shoreline shapes, similar to the Adriatic
Coasts. However, the wave amplitude for each event was not so large [24].

East Asia region is one of the major spots of meteorological tsunami. There are several
characteristics that can enhance meteotsunami much easier than other coastal regions. The
unstable layer in the middle troposphere can easily form because a couple of jets in the upper
air get closed in the leeward of the Tibetan Plateau. The lifting of the wet moist air from lower
latitude and the descending of the upper dry air from continental region makes the so-called
wave-ducting layer often. A wide coastal continental shelf is extended from China to the
Islands of Japan. The equivalent speed of the ocean long wave ranged 20–40 m/s except the
Okinawa trough near the Kyushu Island, Japan. What is more, there are many small inlets
having eigen periods ranging between several minutes and several hours. In March 1979, a
giant meteorological tsunami (abiki in local name) hit on the Nagasaki Bay in Kyushu, Japan,
by passing abrupt pressure jump of 5.9 hPa per 30 min. The tide gauge observed the maximum
wave height of 2.78 m [25]. A large meteorological tsunami also caused by train of pressure
wave with the amplitude of 0.5–2.0 hPa, with the wave length of 20–100 km [26, 27]. In the west
Kyushu, most of meteorological tsunami are likely observed in the season between February
and early April [28, 29]; however, the severe squall system such as Baiu front sometimes
generates the strong downdraft to meteorological tsunamis [30]. On the west of the Korean
Peninsula, maximum amplitude of 1.4–1.6 m recorded in March 2007 and May 2008 with the
pressure jump of 2–5 hPa travelled over the Yellow Sea [31]. In the Bohai Sea of China, sea level
oscillations with the amplitude higher than 1.0 m are often observed; however, the oscillation
period was much longer (56–160 min) than that reported in other coasts (nearly 5–20 min).
Such large amplified oscillation remained unclear as to what kind of the atmospheric sources
induces such a long period wave [32]. The meteorological tsunami hit on the Kuril Island and
the Kamchatka when the developing low approached the area from Hokkaido, Japan. In recent
years, the wave height recorded was higher than 1.2 m in February 2010 [33].

Some destructive events have been introduced in recent papers, which occurred on the
southern hemisphere. The west coast of Australia caused the meteorological tsunami resulting
from squall line or frontal passage in the low pressure system. The wave height of 1.0 m was
recorded in the frontal passage on June 12, 2012 [34]. Similar magnitude of meteorological
tsunami was measured on the coast of New Zealand in April 2002 (rissaga in local name) [35].
A large flooding damage by meteorological tsunami 2.9-m wave height occurred on the west
coast of South Africa on August 7, 1969. In that event, the flooding damage of housings and
parked automobiles was brought within the area of 2 km along the shoreline and 100–200 m
across the shoreline due to run-up of the wave [36].

It is possible that other coastal areas hit the meteorological tsunami if the multiple resonant
conditions were satisfied. However, the recorded wave height were smaller than 1-m in those
coastal areas. For example, Pattriaratki and Wijeratne (2015) [14] introduced smaller
meteotsunamis in the tropical region such as Sri Lanka and India.
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4. Mesoscale convective systems

The mesoscale convective system (MCS) is one of the most important phenomena to generate
pressure jumps at sea level. The horizontal scale of the individual convective cell is an order
of ~10 km, with the lifetime of several tens of minutes. The vertical wind speed sometimes
becomes as high as 20 m/s under the strong unstable atmosphere with the convective available
potential energy (CAPE) higher than 1000 J/kg. A high pressure anomaly, of the order of 1–2
hPa, generates at the surface level inside the convective cell due to the downdraft. To travel a
long distance satisfying the Proudman resonance, it is significant to form a series of the
convective system including multiple cells such as squall line.

Derecho is one of the systems with a long lifetime, which can move fast and long enough to
have Proudman resonance on the ocean surface. The lifetime of the derecho is longer than 6 h
travelling hundreds to thousands of kilometres as seen in Figure 4 [20]. Some of the severe
systems bring very strong gusts higher than 40 m/s (~90 miles/h) with the destructive damage
of housings in the land area. A schematic of the derecho structure and sea level pressure
fluctuation is shown in Figure 5 [37]. The organized convective systems move towards the
warm sector parallel to low-level thickness lines with the mean tropospheric flow. The system
moves as high as 15–25 m/s (50–90 km/h), when the velocity of the mean tropospheric flow is
very fast against the horizontal wind velocity of the low-level moist air into the convective
system.

Figure 4. A mosaic composite of radar reflectivity (dBZ) image indicating the development and evolution of the dere-
cho during June 29 and 30, 2012. Unitless numerical values indicate observed wind gusts (m/s). (Image by G. Carbin,
NOAA/NWS Storm Prediction Center [22]).

In the US East Coast, the derecho had moved from land to ocean and the tsunami propagated
towards offshore with Proudman resonance. Figure 6 shows a sequence of the wave propa-
gation simulated by the Pacific Tsunami Warning Centre, NOAA, as an example of June 13,
2013 [38]. The body wave, surrounded by a rectangle marked as ‘a’, generated along the coast
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of Philadelphia (see the upper left panel in Figure 6) and moved eastward over the continental
shelf. The wave was reflected along with the edge of the continental shelf and back to the coast.
The body wave propagated across the edge after 17:00Z, crossing with the reflected wave. The
body wave seemed to have disappeared at 20:00Z, which travelled longer than 300 km along
the coastal shelf. The area of the maximum wave height higher than 10 cm corresponded with
the area passing the body wave with resonance effect.

Figure 5. A schematic of the vertical structure of derecho (upper panel) and observed barometric pressure anomaly
during the passage of derecho (lower panel) after case study on June 13, 2013 event, by Wertman et al. (2014) [37].

Figure 6. A sequence of the meteorological tsunami propagation computed by NOAA Pacific Tsunami Warning Cen-
tre. (Available from https://www.youtube.com/watch?v=ykABRe5Yt3c [38]).
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5. Pressure jump of Nagasaki 1979 ‘Abiki’ event

The system with the strong intrusion of the cold dry air can cause the abrupt pressure jumps
with weak precipitation or without precipitation. Figure 7 shows the satellite image and the
observation records of meteorological tsunami by abrupt pressure jumps at Nagasaki Bay in
west Kyushu, Japan [25]. The maximum wave height showed 278 cm at the third wave in tidal
station of Nagasaki port. Some references cited the maximum wave of 4.8 m at this event [14],
but that value was estimated value using Green’s formula in Eq. (3). Abrupt pressure jump of
5.9 hPa per 30 min was recorded at Meshima about 140 km southwest from Nagasaki. The
pressure jump decayed as the system moved to east and the intensity was 3.0 hPa per 20 min.
Hibiya and Kajiura (1982) [5] proposed that the pressure jump was generated at the region
near Shanghai, China, while Akamatsu (1982) [25] suggested that pressure jump was generated
more towards the east side near Meshima. The satellite visible image showed that there was
clear boundary between the stratiform cloud and the dry air in the middle of the East China
Sea.

Figure 7. Meteorological tsunami of Nagasaki Bay caused by abrupt pressure jump on March 31, 1979. Satellite visible
image by Geostationary Meteorological Satellite (left), barometric pressure recorded at Meshima (middle) and tidal
amplitude observed at Nagasaki Bay (right) (Akamatsu 1982) [25].

Figure 8. Distribution of the wet and dry air and horizontal wind in 500 hPa (left), 700 hPa (middle) and 925 hPa (right)
isobar surface on 00Z, March 31, 1979. The reanalysis data of JRA-55 (Kobayashi et al. 2015) [39] was used.

The long-term reanalysis data from Japan Meteorological Agency (JRA-55) [39] in Figure 8
indicated that the lower troposphere over the East China Sea was very dry (smaller than 3
g/kg in mixing ratio) and moist air came from south China region in 700 hPa isobar surfaces.
The moist air lifted upward orographically in the mountain range of south China and vapour
front formed in the mid-troposphere. Around the vapour front, the dry air cooled by re-
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evaporation of the cloud liquid water and settled down. The pressure jump was generated in
the dry sector of the vapour front in the mid-troposphere. The back trajectory analysis of the
air particle [39] depicted in Figure 9 showed that the air particle in the East China Sea during
the meteotsunami event came from mainly two or three regions. The warm moist air mainly
came from South China Sea, Indochina Peninsula and Bengal Bay. Those air particles moved
northeast along with the high-pressure system located in the Philippines, and lifted orograph-
ically over the inland area of the South China (region ‘SW’ and ‘S’). Other particles came from
upper dry air of northwest Eurasian continent or along with the subtropical jets via Tibetan
Plateau (region ‘NE’ and ‘E’). Further analysis in Figure 10 showed that the anomalous mass
of the moist air in the lower troposphere was transported from the tropical regions within 3
days before the meteotsunami event on March 31, 1979. The peak value of the moisture
transport in the end of March (~200 kgm/s) was much greater than the peak value in the
summer monsoon season (~150 kgm/s). The massive transport of the lower moist air into inland
China can be seen especially in the late winter and early spring (February–April) for nearly
every year. In the same period, the secondary oscillations larger than 1.0 m in amplitude were

Figure 9. Air particle distribution into East China Sea. The left panel indicates the analysis area with initial particles
located in region X. The middle panel shows the distribution of the individual particles 72 h before the meteorological
tsunami over the East China Sea. The colour markers indicate the altitude of each air particles. The right panel indi-
cates the particle proportion in each sector shown in the left panel [26].

Figure 10. The northward component of water vapour flux across the line of South China coasts (22.5N, 105–120E) after
the vertical integration between 850- and 1000-hPa isobar surface. Red line indicates the 3-day average from 6-h data in
the year 1979. Blue line indicates the 10-day average of climatic value for 55 years (1958–2012) [26].
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measured in the west Kyushu [27] nearly for every year. Hence, fluctuation of the vapour
transport from tropical region to inland China can be key information to provide the first guess
of the atmospheric disturbance causing meteorological tsunamis.

6. Atmospheric gravity waves in the troposphere

The atmospheric gravity waves are also one of the typical processes to generate pressure
disturbance in the sea level, travelling with a long disturbances. There are two mechanisms
supporting such characteristics of the atmospheric gravity wave: wave duct [40] and wave
CISK [41]. The stable lower troposphere with an increasing wind in a vertical direction is
overtopped with an unstable layer in the mid-troposphere as illustrated in Figure 11 [10].
The Richardson number Ri
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is generally used to see the atmospheric stability, where N = the Brunt-Väisälä frequency and
U = horizontal velocity. Such vertical structure reflects the wave energy and traps the gravity
waves towards the long distance [40, 42, 43]. The potential for downward or upward propa-
gation of mid-tropospheric internal gravity waves may be assessed from the inequality of the
linear gravity wave theory [43, 44].
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The wave CISK denotes the coupling between the gravity wave and convection. The
convergences associated with the gravity wave force the moist convection while convection
heating provides the energy for the wave [26, 41, 45].

Figure 11. Schematic of the generation and the propagation of the atmospheric gravity wave in the presence of the
wave-ducting layer, and the enhancement of the ocean long wave. A case study for widespread meteorological tsuna-
mi on Mediterranean and Black Sea, in June 2014 (Šepić et al., 2015) [10].

The large-scale motions with meso-α scale, synoptic scale or monsoon scale provide the
structure of wave-ducting layer or wave CISK. In June 2014 event, the expansion of the wave-
ducting layer generates and propagates the atmospheric gravity waves. The synoptic weather
pattern and the sea level oscillation in that event are shown in Figure 12 [10]. According to the
Šepić et al. (2015) [10], the synoptic structure can be summarized as follows: first, inflows of
warm and dry air from Africa in the low troposphere (~850 hPa); second, a strong south-west
jet stream in the middle troposphere (~500 hPa) and the presence of the unstable layer between
600 and 400 hPa isobar [10]. The first pattern appeared at Menorca Island, Spain, in the west
of the Mediterranean Sea, and the area of the wave propagation moved eastward [10]. The area
of the high wind speed in the middle troposphere was located east of the trough.

The cold or dry sector of the cold or stationary front can satisfy the wave-CISK or wave-duct
structure very well. In February 2009 event in the west Kyushu in Figure 13, Japan, a train of
the pressure wave was generated in the north sector of the stationary front under both
mechanisms of wave duct and wave CISK. The warm moist air lifted by the mountain effect
in South China mixed with the dry air of the mid-troposphere from the south of the Himalaya
mountain range. The mixed air generated the unstable layer in the mid-troposphere and
covered above the East China Sea. The trough extended from the Siberia and the subtropical
high-pressure system generated the latitudinal convergence over the area of the unstable mid-
troposphere [26]. The wave length of the pressure waves ranged 30–100 km with the period of
20–60 min including the eigen oscillation mode in various bays in that area.
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Figure 12. Propagation of the meteotsunamigenic synoptic pattern of 2014 together with the maximum heights of cor-
responding sea level oscillations at the times of the meteotsunami events. Left panels are 850 hPa air temperature, mid-
dle panels are 500 hPa wind and right panels are distribution of the unstable layer (Ri <0.25) in the mid-troposphere.
(Šepić et al., 2015) [10].

Figure 13. Weather condition of meteorological tsunami around the cold front on February 25, 2009. The surface
weather chart (left), wavy clouds by satellite IR image (middle) and unstable layer covered with the East China Sea
(right) [26].

7. Discussion and conclusion: the predictability of meteorological tsunami

The recent studies on meteorological tsunami presented that much more larger-scale motions
played an important role in forming the atmospheric structures to generate meso-β or γ-scale
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disturbances at sea level. Some latest papers pointed the importance of the (sub-) seasonal scale
variation propagating from lower to mid-latitude.

Those findings in larger-scale motion will provide the capability for the prediction of the
meteorological tsunamis from atmospheric and oceanographic aspects. It should be noticed
that there have been much advances in technologies on observation, numerical modelling and
others to make progresses scientifically in meteorological tsunamis. Especially, the high-
performance computing technology brings us huge benefits to resolve the pressure disturb-
ance in using numerical model such as the weather forecasting and research (WRF) model [46].
Figure 14 illustrates a framework on the prediction of the meteorological tsunami. In obtaining
a first guess, it is better to start the weather forecast in the synoptic scale with the duration of
2 or 3 days to make a first guess on the stability structure related to the wave duct or wave
CISK. And then the downscaling run executes to resolve the atmospheric (mainly pressure)
disturbance at sea level.

Figure 14. A framework on the prediction of the meteorological tsunami.

The infrared images of the satellite remote sensing have useful information if the sequence of
the wavy clouds in the mid-troposphere moves fast over the ocean satisfying the Proudman
resonance. A new geostationary meteorological satellite named Himawari-8 stated the
operation in Asia-Australian region since July 2015. The Himawari-8 has 16-image channels
of visible, near infrared, infrared bands, with the horizontal resolution of 0.5 (visible) to 2 km
(infrared). The scan interval is every 10 min for global mode, and every 2.5 min for Japan area.
The target such as typhoon or hurricane also scans for every 2.5 min for necessity. It will be
much easier to see the propagation of the atmospheric wave using satellite data.

Although the mesoscale model can resolve the pressure disturbance to a considerable extent,
it is not easy to apply directly into the ocean models as a surface boundary condition, because
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of the difficulty in giving enough accuracy as compared to the in situ observation. Even small
errors of the location, wave length, frequency, the propagation direction, etc. might affect the
amplitude in the inlet. Indeed, Renault et al. (2011) [47] is the first to succeed the meteotsunami
simulation by coupling of the WRF and ROMS (regional ocean modelling system) [48]. But the
results of the pressure disturbance from the meteorological model should be treated very
carefully. If the powerful computing resource is available, it is desirable to execute the ensemble
run using various initial conditions, cloud physics parameter and boundary layer options for
checking the uncertainty of the model behaviour.

The enhancement of the in situ observation network is one of the ways to provide a short-term
prediction or real-time warning, in which the lead time is shorter than 1 h in many situations.
It is convenient to install the automated station on isolated islands around the targeted area
such as Adriatic Sea [49]. However, it seems not to be applicable such as US East Coast. The
high-frequency (HF) radar extends the possibility for monitoring the meteorological tsunami
propagation. Lipa et al. (2014) [50] detected the wave up to 23 km offshore, 47 min before
reaching the shoreline by the analysis of HF radar signals on the June 2003 event on the US
East Coast.

Indeed, further developments are required to get more accurate outputs for linking each
processes, but we can believe that the day will come to predict the meteorological tsunami in
a practical manner.
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Abstract

Tsunamis can be triggered by not only submarine earthquakes, but also by landslides,
and submarine volcanic eruptions. First, several characteristics of tsunami generation
due to  a  landslide,  or  a  sector  collapse,  are  studied,  with the tsunamis  simulated
numerically, to represent their generation through an interaction between falling bodies,
and seawater, in two vertical dimensions. The falling body is assumed to be a fluid, or
a  rigid  body,  which  moves  down  a  slope  with  a  constant  gradient.  Second,  the
mechanism  of  tsunami  generation  caused  by  a  submarine  volcanic  eruption,  is
discussed, focusing on a phreatomagmatic explosion, where after exposure to high
temperature magma, seawater evaporates instantly, with an explosive increase in its
volume.  An  index  for  submarine  volcanic  explosive  force,  concerning  tsunami
generation, has been developed, by assuming the relationship between a phreatomag‐
matic explosion, and the resultant initial tsunami waveform. A numerical simulation
was also generated, with a specific value for this index, for the propagation of tsunamis
due to a submarine volcanic eruption in Kagoshima Bay, where a submarine explosion,
leading to tsunami generation, has been observed.

Keywords: tsunami, landslide, sector collapse, submarine volcanic eruption, phreato‐
magmatic explosion

1. Introduction

A mega earthquake off the Pacific coasts of the Tohoku region, Japan, caused tsunamis, with an
inundation height over 20 m, in 2011 (e.g., [1]). These tsunamis were generated by a rise, or a
subsidence, in the seabed. For example, if a part of the seabed rises, owing to an underground
fault movement, then the seawater over the deformation lifts, resulting in an increase in the
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seawater’s potential energy, then, in order to resolve this energy imbalance, waves, i.e., tsunamis
are generated and travel in all available directions.

Tsunamis are, however, triggered not only by such a submarine earthquake, but also other
phenomena as illustrated in Figure 1: landslide (e.g. [2]), sector collapse, glacier fall, submarine
eruption, meteorite impact, and others. In the latter cases, where a tsunami source is not
directly connected to an earthquake, the wave height of generated tsunamis could be under‐
estimated or be beyond estimation, by the general prediction for tsunamis based on only
seismic data, as in cases with a tsunamigenic earthquake [3]. In this chapter, we concentrate
our discussion on tsunami generation caused by landslide, or submarine eruption.

Figure 1. An illustration for examples of tsunami sources.

Figure 2. A huge boulder, which was proposed to have been carried by tsunamis, on Ishigaki Island, Japan. This photo
was taken in 2013, and provided by Dr. T. Iribe. He is the person in this photo and is 1.71 m tall.
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First, we will study several characteristics of tsunamis induced by landslides, or sector
collapses. It is proposed that the 1771 Meiwa Earthquake Tsunami occurred owing to a
submarine landslide, for although the earthquake was not strong according to the Japanese
archive, huge boulders on Ishigaki Island, Japan, were determined to have been carried by the
tsunamis [4]. Shown in Figure 2 is a boulder supposed to have been carried by an older tsunami,
which hit the same island. In 1792, the tsunamis due to a landslide, or a sector collapse, at Mt.
Mayu, Japan, traveled over the Ariake Sea, resulting in a runup on the opposite shore, which
killed more than 15,000 people [5]. Figure 3(a), and 3(b), show the eroded slope of Mt. Mayu,
and the view of its opposite side, respectively; the distance between them is about 20 km. Such
tsunamis are not necessarily generated only by sands or rocks: an excursion ship could be hit
by tsunamis, due to a partial collapse of glacier near a coast on Svalbard Islands, Norway [6].

Figure 3. The eroded slope of Mt. Mayu in Nagasaki Prefecture (a), and the view of its opposite side in Kumamoto
Prefecture (b). The distance between them is about 20 km. The author took these photos in 2012.

These tsunamis are generated through an interaction between water motion, and falling
bodies, such that the tsunami generation process is rather complicated. An experimental study
on tsunami generation due to a rigid object sliding down a slope, was reported by e.g. Wiegel
[7], while tsunami generation due to particles moving down a slope, was studied by e.g. Walder
et al. [8], and Shigihara et al. [9], using sands for falling bodies, Shigematsu and Kohno [10]
glass beads, and Mohammed and Fritz [11] naturally rounded river gravel. In the laboratory
experiments by Riu et al. [12], the falling bodies were glass balls with different diameters, glass
beads, natural stones, acrylic rock‐shape blocks, ice balls, etc.

Tsunami generation due to a landslide, has been also investigated numerically, using various
methods (e.g., [13–21]). Wu and Liu [22] had simulated tsunami generation from a rigid wedge
sliding down a slope, using a modified volume of fluid (VOF) method, as well as a moving
boundary algorithm, and compared their three‐dimensional numerical results, with the
corresponding experimental data obtained by Raichlen and Synolakis [23]. In this chapter, we
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will study several fundamental characteristics of tsunami generation caused by a landslide, or
a sector collapse, on the basis of two‐dimensional vertical results, obtained through a numerical
simulation using a moving particle semi‐implicit (MPS) model [24], where the falling body is
assumed to be a fluid, or a rigid body, which moves down a slope with a constant gradient.

Second, we examine tsunamis caused by a submarine eruption. When a submarine explosive
eruption occurs, volcanic products are blown out, as in case for an explosion from a subastral
active volcano. Conversely, if some volume of magma is released out of a chamber, owing to
a submarine volcanic eruption, ground subsidence occurs, leading to a creation of a caldera.
Although both volcanic products, and a caldera, should cause tsunamis as mentioned by
Egorov [25], and Maeno et al. [26], respectively, we take up a different tsunami source, peculiar
to a submarine eruption, for discussion in this chapter, i.e., a phreatomagmatic explosion [27].
In the process with a submarine phreatomagmatic explosion, seawater contacts high temper‐
ature magma in the seabed neighborhood, after which the seawater evaporates with an
explosive increase in its volume, resulting in a water surface displacement that generates
tsunamis. A new index for submarine volcanic explosion, concerning tsunami generation, is
developed by assuming the relationship between a phreatomagmatic explosion, and the
resultant initial tsunami waveform. We specifically assume the value of this index, to generate
a numerical simulation for tsunamis caused by a submarine volcanic eruption in Kagoshima
Bay, Japan, where a submarine explosion with tsunami generation has been observed [28].

2. Tsunamis due to a landslide or a sector collapse

2.1. Numerical model

Numerical computations have been performed that represent tsunami generation due to a
body, which moves down a slope. In the present calculation, the numerical model, developed
by Iribe and Nakaza [24], based on the MPS method designed by Koshizuka and Oka [29], is
applied to consider the furious water motion. The water surface level is determined using the
spatial gradient of particle‐number density, to inhibit pressure disturbance at the water surface.
No turbulence model is utilized for fluid motion, and both the elasticity, and the plasticity, of
the falling bodies are neglected for simplicity.

2.2. Model validation for tsunami generation due to a falling fluid

2.2.1. Experimental setup

In order to validate the applicability of the numerical model, several numerical results for
water surface displacements, are compared with the corresponding experimental data. Figure
4 depicts a setup for laboratory experiments, with an acrylic basin, where hoff denotes the still
water depth off of the slope, i.e., the offshore still water depth, and the water density is 1000
kg/m3. The vertical steel gate, installed on a slope with a constant gradient of β, can be pulled
up quickly, and smoothly, by operating two levers as shown in Figure 5, resulting in the
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release of objects, stacked on the onshore side of the gate. When the gate is closed, its bottom
edge touches the shoreline in the still water condition. The height of the falling‐body front
face along the vertical gate, is denoted by hs. In the experiments for model validation, the
falling body is water, with the same density as that of the offshore water, i.e., 1000 kg/m3.

Figure 4. The hydraulic basin with a slope on which a gate is installed. The basin width is 2.0 m.

Figure 5. The gate, with two levers, set on the slope in the hydraulic basin as shown in Figure 4.

2.2.2. Calculation conditions

In the model computation, 17,000 particles are used to represent the above‐described initial
condition, where the particle grid is 0.005 m for the MPS model. In the present calculation, the
numerical results for water surface displacements in the case where the particle grid is 0.005
m, are in good agreement with the case where the particle grid is 0.01 m. The water density on
both the offshore side, and the onshore side, of the gate is 1000 kg/m3. The water on the onshore
side of the gate, starts at the initial falling time, i.e., t = 0.0 s.
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2.2.3. Comparison between the numerical results and the corresponding experimental data for water
surface displacements

Shown in Figure 6 are the numerical results for the water surface displacements, at the location
for wave gauge (WG) 2 shown in Figure 4, in comparison with the corresponding experimental
data. The slope gradient β is 30°, and 45°, in the cases shown in Figure 6(a), and 6(b), respec‐
tively. The offshore still water depth hoff, and the initial falling‐body height hs, are 0.1 m, and
0.15 m, in both the cases. The distance between the location for WG 2, and that for the gate, is
1.16 m. The experimental value for each case, is a mean value among values obtained through
five runs of the experiment, with the same initial conditions. Figure 6 indicates that, both the
wave height, and the wave phase, of the first wave obtained using the MPS model, are in
harmony with the experimental results.

Figure 6. The water surface displacement at the location for WG 2 shown in Figure 4. The falling body is water, with
the same density as that for the offshore water, i.e., 1000 kg/m3. The offshore still water depth hoff is 0.1 m and the initial
falling‐body height hs is 0.15 m.

2.3. Tsunami generation due to a falling fluid

Two‐dimensional vertical motion in a water basin shown in Figure 7, is simulated numerically,
where the slope gradient β is 30°, and the distance between the slope foot, and the offshore
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vertical wall, is 3.5 m. The offshore still water depth hoff is 0.1 m, or 0.2 m. Also in the following
computation, the offshore water density is 1000 kg/m3, and the particle grid is 0.005 m.

Figure 7. The target domain for computation, where the offshore still water depth hoff is 0.1 m, or 0.2 m; the slope gradi‐
ent β is 30°.

Sketched in Figure 8 are the initial positions of a falling body in Cases 1–4, where the initial
level of the falling‐body bottom from the seabed, is 0.1, 0.2, 0.3, and 0.4 m, respectively, whether
the offshore still water depth hoff is 0.1 or 0.2 m. The initial shape of the falling body is a right
triangle, where the height of its vertical front face is 0.1 m. The body on the slope starts at the
initial falling time, i.e., t = 0.0 s. The falling body is assumed to be a fluid, or a rigid body. The
fluid, and the rigid body, with the same density as that of the offshore water, i.e., 1000 kg/m3,
we call, a “light fluid” and a “light rigid body”, respectively, while the fluid and the rigid body,
with a density of 2600 kg/m3, we call, a “heavy fluid” and a “heavy rigid body”, respectively.

Figure 8. A sketch of the initial positions of a falling body in Cases 1–4.

Figure 9 shows the numerical results for the water surface displacements at Point P, in Cases
1–4, when the falling body is a light fluid, and the offshore still water depth hoff is 0.1 m. The
distance between the location for Point P, and that for the offshore vertical wall, is 1.5 m, as
shown in Figure 7. If the vertical distance between a particle, and its nearest particle below it,
is larger than the particle grid, i.e., 0.005 m, then the upper particle is defined as a droplet,
which is located over a particle at the water surface, around the horizontal location for the
upper particle.
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Figure 9. The water surface displacements at Point P (x = 1.5 m) for the different initial positions of a falling light fluid,
with a specific gravity of 1.0. The offshore still water depth is 0.1 m.

Conversely, in Figure 10 are the numerical results for the water surface displacements at Point
P, in Cases 1–4, where the falling body is a heavy fluid, and the offshore still water depth hoff

is 0.1 m. The tsunami height is defined as the maximum value in water surface displacement
at each location. In each of our cases, the tsunami height from the heavy fluid is twice as large
as that from the light fluid. Thus, if both the initial position, and the volume, of a falling body
are the same, the tsunami height increases as the density, i.e., the initial potential energy, of the
falling body is increased.

Figure 10. The water surface displacements at Point P (x = 1.5 m) for the different initial positions of a falling heavy
fluid with a specific gravity of 2.6. The offshore still water depth is 0.1 m.
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fluid with a specific gravity of 2.6. The offshore still water depth is 0.1 m.
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However, it is in Case 4, where the falling‐body initial potential energy is largest, that the tsunami
height at Point P, is the minimum value, whether the falling body is a light fluid, or a heavy fluid,
as shown in Figure 9, or 10, respectively. Conversely, the tsunami height at Point P, is the
maximum value in Case 2, when the falling body is a light fluid, as shown in Figure 9, while in
Case 1, when the falling body is a heavy fluid, as shown in Figure 10. How is this possible?

Figure 11. The simulation result for the particle motion in Case 3, where the falling body is a heavy fluid with a specific
gravity of 2.6; the offshore still water depth is 0.1 m. The red points denote the falling‐fluid particles, while the blue
ones the offshore‐water particles.

The particle motion numerical result for Case 3, is shown in Figure 11, where the falling body
is the heavy fluid, and the offshore still water depth hoff is 0.1 m. The red points denote the
heavy‐fluid particles, while the blue ones the offshore‐water particles. Figure 11 indicates that
when the initial position of a falling body is high, the falling‐body group while moving down
a slope, transforms and flattens, resulting in a flattened body rushing into the water, such that

Tsunami Generation Due to a Landslide or a Submarine Eruption
http://dx.doi.org/10.5772/64530

43



the volumetric flow rate of the falling body decreases, and pushes the water weakly. This is
the reason why the tsunami height at Point P, is lower in Case 4, where the falling‐body initial
potential energy is large, when the falling body is the heavy fluid, and also for the light fluid.

2.4. Tsunami generation due to a falling rigid body

Shown in Figure 12 are the numerical results for the water surface displacements at Point P, in
Cases 1–4, when the falling body is a light rigid body, and the offshore still water depth hoff is
0.1 m. The tsunami height at Point P, shows its maximum value in Case 4, where the falling‐
body initial potential energy is largest. This is not true when the falling body is a light fluid,
or a heavy fluid, as described above.

Figure 12. The water surface displacements at Point P (x = 1.5 m) for the different initial positions of a falling light rigid
body with a specific gravity of 1.0. The offshore still water depth is 0.1 m.

On the other hand, shown in Figure 13 are the numerical results for the water surface dis‐
placements at Point P, in Cases 1–4, when the falling body is a heavy rigid body, and the offshore
still water depth hoff is 0.1 m. The tsunami height at Point P, is lowest in Case 4, where the
falling‐body initial potential energy is largest. This is another challenge!

The particle motion numerical result for the Case 3, is shown in Figure 14, where the falling
body is the heavy rigid body, and the offshore still water depth hoff is 0.1 m. The red points
denote the rigid‐body particles, while the blue ones the offshore‐water particles. The front
face of the falling rigid body pushes the water, generating a large wave height plunging‐type
wave, after which a turbulent tsunami propagates, with a bore, generated at its front face.
Thus in both the generation, and the propagation, of this tsunami, the energy loss is larger,
owing to the generation of splashes, the turbulence, and the bore. This is the reason why the
tsunami height at Point P, is lower in Case 4, in which the falling‐body initial potential energy
is large, when the falling body is a heavy rigid body. It should also be noted that the water
surface profile for this tsunami, is forwardly inclined, such that the peak in the water surface
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displacement at Point P, appears earlier in Figure 13, in the case of the falling heavy rigid
body, than in Figure 12, concerning the falling light rigid body.

Figure 13. The water surface displacements at Point P (x = 1.5 m) for the different initial positions of a falling heavy
rigid body with a specific gravity of 2.6. The offshore still water depth is 0.1 m.

Figure 14. The simulation result for the particle motion in Case 3, where the falling body is a heavy rigid body with a
specific gravity of 2.6; the offshore still water depth is 0.1 m. The red points denote the rigid‐body particles, while the
blue ones the offshore‐water particles.
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2.5. Effect of the offshore still water depth on tsunami generation due to a falling body

The numerical results for the tsunami‐height distribution are shown in Figure 15(a), and
15(b), where the offshore still water depth hoff is 0.1 m, and 0.2 m, respectively, when the falling
body is a light fluid. As the offshore still water depth decreases, the tsunami height near the
gate, i.e., the shoreline increases, as shown in Figure 15(a), for the falling body does not move
seabed seawater. With less volumetric flow rate wasted, the falling body contributes to
tsunami‐height growth, while it progresses near the seabed. Note, however, that as the offshore
still water depth decreases, there is decreased rate in the tsunami height in tsunami propaga‐
tion, which increases especially for 2.0 m ≤ x ≤ 2.5 m, as shown in Figure 15(a).

Figure 15. The distributions of the tsunami height ηmax for the different initial positions of a falling light fluid with a
specific gravity of 1.0.

2.6. Tsunami generation due to a submarine landslide

Two‐dimensional vertical motion in a water basin, as illustrated in Figure 16, is numerically
simulated to examine tsunami generation due to a submarine landslide. The slope gradient β
is 45°, the offshore still water depth hoff is 0.305 m, and the offshore water density is 1000
kg/m3. The particle grid is 0.005 m, the same as in the present computation. The initial level of
a falling‐body bottom from the offshore still water level, is −0.205, −0.105, 0.0, 0.1, and 0.2 m in
Cases U1, U2, O1, O2, and O3, respectively, such that the falling body is under sea level even
at the initial falling time in both Case U1, and Case U2, creating a submarine landslide, whereas
the falling body is above sea level at the initial falling time in Cases O1, O2, and O3, with a
subaerial landslide. The falling body is a heavy fluid, with a density of 2600 kg/m3, and the
initial shape of the falling body is an isosceles right triangle, where the initial height of its
vertical front face is 0.105 m, in all cases.
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Figure 16. A sketch of the initial positions of a falling body, in Cases U1, and U2, with a submarine landslide, and Cas‐
es O1, O2, and O3, with a subaerial landslide. The offshore still water depth hoff is 0.305 m, and the slope gradient β is
45°.

Shown in Figure 17 are the numerical results for the water surface displacements at Point Q,
where the distance between the location for Point Q, and that for the shoreline in still water, is
0.71 m, as shown in Figure 16. Figure 17 indicates that the tsunami height is lower when a
falling body is initially submerged, as in both Case U1, and Case U2, the reason for which is
the third question.

Figure 17. A relative value for the water surface displacement η at Point Q, indicated in Figure 16, where the falling
body is a heavy fluid, with a specific gravity of 2.6. The offshore still water depth is 0.305 m, and g denotes gravitation‐
al acceleration, i.e., 9.8 m/s2.

In the cases with a submarine landslide, a falling body is surrounded by seawater, from the
time falling starts. In both Case U1, and Case U2, the density ratio between the falling heavy
fluid, and the offshore water, is 2600 kg/m3/1000 kg/m3 = 2.6, which is much smaller than the
density ratio between the falling heavy fluid, and the air, i.e., about 2600 kg/m3/1.0 kg/m3 =
2600. Thus the initial relative potential energy of a submerged falling body is lower, resulting
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in a slower motion, with a smaller volumetric flow rate, in the falling body. This is the reason
why the tsunami height is lower in the cases where the submarine landslide occurs than in the
cases where the landslide occurs above the offshore water level.

3. Tsunamis due to a submarine eruption with a phreatomagmatic
explosion

3.1. Submarine explosive index concerning tsunami generation

3.1.1. Cubic expansion of water through heat-induced evaporation

In this section, the process of tsunami generation due to a submarine volcanic eruption, is
discussed considering a phreatomagmatic explosion, where the seawater touches high
temperature magma in the seabed neighborhood, after which the water evaporates instanta‐
neously with explosive increase in its volume, lifting the water over the water vapor bubble.
We will develop a model for tsunami generation due to a submarine eruption with phreato‐
magmatic explosion, and introduce a submarine explosive index concerning the relationship
between the submarine phreatomagmatic explosion, and the resultant initial tsunami height.

Remember the following characteristics of water: the mass, and the density, of 1.0 mol of liquid
water, are around 18.0 g, and 1.0 g/cm3, respectively, such that 1.0 mol of liquid water, occupies
a volume of 18.0 ml. Conversely, 1.0 mol of vapor, assumed to be an ideal gas, occupies a volume
of 22,700 ml at the standard temperature and pressure (STP), where the temperature, and the
pressure, are 0.0°C, and 1.0 bar, i.e., 1.0 × 105 Pa, respectively. Thus, when liquid water
transforms to vapor at STP, the volume of the vapor becomes 22,700/18.0 ≈ 1.261 × 103 times as
much as that of the liquid water.

If the pressure is p (Pa), then the volume of a gas at temperature τ (°C), V, is evaluated by V =
V0 (105/p) (1 + τ/273) according to Boyle‐Charles’ law, where V0 denotes the volume of the gas
at 0.0°C.

Consequently, when liquid water with a volume of Vw at STP, transforms to vapor with a
volume of V at τ(°C), and p (Pa), the volume expansion ratio between liquid water, and vapor,
is

( )8
w/  1.261  10 1 / 273 / .V V pa t= = ´ + (1)

3.1.2. Volume expansion ratio of water through a phreatomagmatic explosion

Immediately after magma touches water, the following equation explains their interface [30]:

(2)
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(2)
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where τi is the temperature at the interface between magma and water; ρ, cp, and k are density,
isopiestic specific heat, and heat transfer coefficient, respectively; the subscripts m, and w,
denote the variables of magma, and water, respectively. The general values of these parameters
are as follows [26]:

[The general values of the parameters for magma]

Density ρm = 2400 kg/m3

Temperature τm = 973 K

Isopiestic specific heat cpm = 1.2 × 103 J/kgK

Heat transfer coefficient km = 1.2 W/mK

[The general values of the parameters for water]

Density ρw = 1000 kg/m3

Temperature τw = 273 K

Isopiestic specific heat cpw = 4.2 × 103 J/kgK

Heat transfer coefficient kw = 0.61 W/mK

We substitute these general values into Eq. (2), and obtain the temperature at the interface, τi,
as

i  649.0 K  376.0 C.t = = ° (3)

This value is larger than the spontaneous nuclear generation temperature of water, which is
approximately 583 K at 1.0 atm. Note that the temperature increases by around 10.0 K as the
pressure is increased by 2.0 MPa [26].

3.1.3. Relationship between the still water depth and the volume expansion ratio for seawater near the
seabed

The water pressure at a submarine crater in still water, p, is defined as

( ) ( )w  9800 Pa  unit length in meter ,r= =p gh h (4)

where h denotes the still water depth at the crater location, and the gravitational acceleration
g equals 9.8 m/s2. Substituting the value of τi shown in Eq. (3), and the value of p given by Eq.
(4), into τ, and p, in Eq. (1), respectively, leads to

( )w/  30,600 / unit length in meter ,a = =V V h (5)
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where the water surface displacement is assumed to be much smaller than the still water depth.
Eq. (5) determines the relationship between the volume expansion ratio of water over the crater,
and the still water depth at the crater location; for instance, α ≈ 10.2 when h is 3000 m, while α
≈ 6.1 × 102 when h is 50 m.

3.1.4. Relationship between the submarine volcanic explosion and the initial tsunami profile

Assume that a circular crater (indicated with “A” in Figure 18) with a radius of r, appears at
the horizontal seabed, with the seawater (B) over the crater then being vaporized to expand
vertically in an instant (C), such that the initial tsunami profile becomes a cylinder (D) with a
height of η0. E in Figure 18 indicates the still water surface, where the still water depth is h.
Although in case with a seabed rise, the initial tsunami height decreases, as the seabed‐rise
speed decreases, and also as the still water depth increases, as described by Kakinuma and
Akiyama [31], these effects on tsunami generation are neglected for simplicity. Thus both the
shape, and the size, of the cylinder D, are the same as that of the cylinder C, such that the
volume of these cylinders, V, equals πr2η0, where η0 is the initial tsunami height.

Figure 18. A schematic for tsunami generation due to a submarine phreatomagmatic explosion. “A” denotes a crater
with a radius of r, at the seabed; “B” the original water with a volume of Vw, before vapor transformation; “C” the
generated vapor with a volume of V; “D” the initial tsunami profile with a radius of r, and a height of η0; “E” the still
water surface, where the still water depth is h.

By substituting V = πr2η0 into Eq. (5), we obtain:

( )2 4 2
w 0 0/ 30,600 1.0  10 unit length in meter ,η η−= ≈ ×V �r h r h (6)

where Vw is the original volume of the seawater (B), before vapor transformation. Eq. (6)
indicates that the cylindrical initial tsunami profile with a radius of r, and a height of η0, is
generated when a submarine eruption, transforms water with a volume of Vw at the seabed
neighborhood, to vapor, where the still water depth is h. If we know all the values of Vw, r, and
h, then we can evaluate the value of the initial tsunami height η0. Therefore, the original volume
of seawater, which transforms to vapor through a phreatomagmatic explosion caused by it
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touching high temperature magma, i.e., Vw, is a submarine explosive index concerning tsunami
generation.

On the other hand, if we assume that the seawater over a crater is vaporized, becoming a half
sphere with a radius of R, where the sphere center coincides with the crater center at the seabed,
then the sphere volume V is 2πR3/3. If we assume also that the initial tsunami profile is a half
sphere, with a radius of R, then we obtain

( )5 3
w 6.8  10 unit length in meter ,-» ´V R h (7)

where Vw is the original volume of the seawater, before vapor transformation. Eq. (7) can be
rewritten to

( ) ( )1/3
w24 / unit length in meter .R V h» (8)

According to an old document, the initial tsunami height η0 was around 9 m, owing to a
submarine volcanic eruption in Kagoshima Bay, Japan, on September 9, 1780 [27], where the
still water depth at the eruption location is about 200 m. In this case, we substitute both R = 9
m, and h = 200 m, into Eq. (7), resulting in Vw = 9.9 m3. It should be noted, however, that future
work is required to know accurately both the profile, and the size, of the initial tsunami, for
instance, by performing laboratory experiments using both high temperature material, and
water.

3.2. Numerical simulation for propagation of tsunamis due to a submarine phreatomagmatic
explosion in a bay

3.2.1. Examples of values of the submarine explosive index concerning tsunami generation

The relationship between the crater radius r, and the eruption amount Ve, is expressed by Sato
and Taniguchi [32] as

( )0.36
e 0.97 unit length in meter .=r V (9)

For example, the volcanic explosive index (VEI) introduced by Newhall and Self [33], is
assumed to equal three, larger than two for a standard explosion, then the eruption amount
Ve is between 1.0 × 107 m3 and 1.0 × 108 m3; hence the crater radius r becomes approximately
between 321 m and 736 m, based on Eq. (9). Thus we assume that the crater radius r is 700 m,
in the present computation. Conversely, owing to the submarine explosion in Kagoshima Bay
on September 9, 1780, the sea level rose by around 9 m over the explosion, as described above,
such that we assume that the initial tsunami height η0 is 9.0 m. If the initial tsunami profile
becomes a cylinder, as shown in Figure 18, then the value of submarine explosive index
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concerning tsunami generation, Vw, is evaluated by Eq. (6) as 2.3 × 104 (unit length in meter)
when the still water depth at the eruption location, h, is 50 m, while 4.5 × 104 (unit length in
meter) when h is 100 m.

3.2.2. Numerical model and calculation conditions

Numerical simulation for tsunamis due to a submarine volcanic eruption in Kagoshima Bay,
is generated using the shallow water version of the nonlinear wave model [34], where the
computational program developed by Nakayama and Kakinuma [35] to simulate internal
wave propagation, is partially rewritten to solve the set of finite difference equations for
nonlinear surface waves. Figure 19 shows the seabed level in the northern bay, where the still
water level is described by z = 0.0 m. The shorelines are assumed to be vertical walls with perfect
wave reflection, while the Sommerfeld radiation condition is applied at the open boundaries
inside the sea area. The initial tsunami height η0 is assumed to be 9.0 m, as described above.

Figure 19. The seabed level in the northern area of Kagoshima Bay, Japan.

3.2.3. Water surface displacements

Water surface displacements are obtained through numerical calculation for the trial cases
where the craters are located at Point ➀ and Point ➂, the locations of which are shown in
Figure 20, as well as for the above‐described actual case on September 9, 1780, where the crater
is located at Point ➁.

There are many submarine fumaroles in Kagoshima Bay, and an active volcano exists in
Sakurajima, as shown in Figure 21. Sakurajima, where “sakura” means cherry, while “jima”,
or “shima”, means island, in Japanese, was an isolated island prior to its violent eruption in
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1914, when Sakurajima was connected to the Ohsumi Peninsula by the eruption with a large
amount of ejecta. As shown in Figure 20, Point B is located in the West Sakurajima Channel,
on the western side of which lies the most urban area in the prefecture, Kagoshima City.

Figure 20. The point locations in Kagoshima Bay, Japan. Sakurajima, which was an isolated island, has an active volca‐
no. Point B is located in the West Sakurajima Channel.

Figure 21. The active volcano with an eruption on Sakurajima, Japan. The author took this photo in 2015.

Figure 22. The water surface displacements at Points A and B for different crater locations, i.e., Points ➀, ➁, and ➂.
The point locations are indicated in Figure 20.
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Shown in Figure 22(a), and 22(b), are the numerical results for the water surface displacements
at Point A, and Point B, indicated in Figure 20, respectively. The tsunami height for not only
the first wave, but also the several following waves, is larger than 1.0 m at Point A, where it
takes a longer time for the oscillation to attenuate because of multiple reflections of tsunamis
at the bay head.

Although Point ➂ is more distant from Point B than Point ➁, the maximum tsunami height
at Point B, near the highest population area, is larger in the case where the crater is located
at Point ➂ than that in the case where the crater appears at Point ➁; for in the former case, the
wave energy is large for the wave component approaching Sakurajima in a direction oblique,
or parallel, to the seashore of Sakurajima, resulting in a tsunami traveling along the shoreline
of Sakurajima toward the west.

3.2.4. Distribution of the maximum water level

The numerical results for the distributions of the maximum water level ηmax for 0.0 s ≤ t ≤ 2.0 ×
103 s, are shown in Figure 23(a)–23(d), where the crater locations are depicted with white circles
off the north of Sakurajima, off Hayato, off Ryugamizu, and off Kurokami‐cho, respectively.
The still water depth at the crater, h, is assumed to be 1.0 × 102 m in all the cases, such that the
value of the submarine explosive index concerning tsunami generation, Vw, is about 4.5 × 104

Figure 23. The distributions of the maximum water level for 0.0 s ≤ t ≤ 2.0×103 s, for different crater locations. The crater
locations depicted with white circles, are as follows: (a) off the north of Sakurajima, (b) off Hayato, (c) off Ryugamizu,
and (d) off Kurokami‐cho.
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(unit length in meter). The tsunamis propagation starts at t = 0.0 s. In every case, the maximum
water level ηmax decreases at (x, y) ≈ (20.0 km, 14.0 km), for the still water depth is deeper, i.e.,
about 200 m at the location.

Figure 23 indicates that there are three areas where ηmax increases, irrespective of the crater
location, i.e., near the northern shore of Sakurajima, the bay head off Hayato, and near the
western shore of the Ohsumi Peninsula, for the still water depth suddenly decreases toward
the land near these three areas.

As shown in Figure 23(a), the tsunamis generated off the north of Sakurajima, travel toward
the north, after reflecting at the northern shore of Sakurajima; while as shown in Figure
23(b), the tsunamis generated off Hayato, propagate toward the south, after the reflection at
the bay‐head shore. In the cases shown in Figure 23(c), and 23(d), however, the tsunamis
generated off Ryugamizu, and Kurokami‐cho, propagate toward the east, and west, respec‐
tively, where the maximum wave height of these components is larger.

4. Conclusions

First, several characteristics of tsunami generation due to a landslide, or a sector collapse, were
studied, with the tsunamis simulated using the MPS model, that represents their generation
through an interaction between the falling bodies, and the seawater, in two vertical dimensions.
The falling body was assumed to be a fluid, or a rigid body, which moved down a slope with
a constant gradient.

Second, the mechanism of tsunami generation due to a submarine volcanic eruption, was
discussed, focusing on a phreatomagmatic explosion. A submarine explosive index concerning
tsunami generation, was developed, by assuming the relationship between a phreatomagmatic
explosion, and the resultant initial tsunami waveform. A numerical simulation was also
generated, for the propagation of tsunamis due to a submarine volcanic eruption, with the
specific value for this index, agreeing with the observed data from the submarine explosion
leading to a tsunami generated in Kagoshima Bay.
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Abstract

The tsunami generated by the Great East Japan Earthquake (GEJE) caused serious
damage to the coastal areas of the Tohoku district. Numerical simulations are used to
predict damage caused by tsunamis. Shallow-water equations are generally used in
numerical simulations of tsunami propagation from the open sea to the coast. This
research  focuses  on  viscous  shallow-water  equations  and  attempts  to  generate  a
computational  method  using  finite-element  techniques  based  on  the  previous
investigations  of  Kanayama  and  Ohtsuka  (1978).  First,  the  viscous  shallow-water
equation system is derived from the Navier-Stokes equations, based on the assumption
of hydrostatic pressure in the direction of gravity. The derived equations have the
horizontal viscosity term hereditary from the original Navier-Stokes equations. Next, a
numerical finite element scheme is shown. Finally, tsunami simulations of Tohoku-Oki
are shown using the above-mentioned approach. Our main concern in this chapter is
how to set the boundary condition on the open boundary.

Keywords: Tsunami, the Great East Japan Earthquake (GEJE), Viscous shallow-water
equations, Navier-Stokes equations, Finite-element method

1. Introduction

The coastal areas of Tohoku district suffered serious damage from the tsunami caused by the
2011 off the Pacific Coast of Tohoku Earthquake that occurred on March 11, 2011 [1, 2]. Numerical
simulations are used to develop disaster-prevention measures to deal with such tsunami
disasters. They are also used to predict potential future tsunami disasters, to design disaster-
prevention facilities such as coastal breakwaters and levees and to predict tsunami attacks
immediately after an earthquake occurs [3, 4]. The Central Disaster Prevention Council [5]
prepares a basic disaster prevention plan and participates in the determination of important
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disaster-prevention matters. If the Tonankai-Nankai earthquake occurs, it may cause consider-
able damage. Consequently, the council has been performing numerical calculations to predict
wave height and arrival time when tsunami reaches the coast.

In this chapter, to let it be self-contained, the viscous shallow-water equations are again derived
from the Navier-Stokes equations in which the hydrostatic pressure in the direction of gravity
is assumed. In the numerical analysis of tsunamis, the viscosity term is often omitted or simply
added [6, 7]. In this study, however, a computational method that does not omit the viscosity
term is adopted, that is, because it enables more rigorous analysis to be performed and we
intend to include the viscosity term in future stress analysis of tsunamis. The approximation
scheme [8] is given below and simulation results [9] for a Tohoku-Oki model are again
presented for self-containing. Our main concern in this chapter is how to set the boundary
condition on the open boundary, which is completely changed to a new one.

2. Viscous shallow-water equations

The tsunami generated by the GEJE caused serious damage to the coastal areas of the Tohoku
district. Numerical simulations are used to predict damage caused by tsunamis. Shallow-water
equations are generally used in numerical simulations of tsunami propagation from the open
sea to the coast. This subsection focuses on viscous shallow-water equations and attempts to
generate a computational method using finite-element techniques based on the previous
investigations of Kanayama and Ohtsuka [8].

In the numerical analysis of tsunami, a viscosity term is often omitted or simply added [6, 7].
In this subsection, however, a computational method that does not omit the viscosity term is
adopted, that is, because it enables more rigorous analysis to be performed, and the authors
intend to include the viscosity term in future stress analysis of tsunami. Recently, the authors
have found an interesting book [10] that deals with sound mathematical topics related to the
viscous shallow-water equations.

2.1. Derivation of the viscous shallow-water equations

As shown in Figure 1, Kanayama and Dan [9] considered the shallow-water long-wave flow
in which the wavelength is sufficiently long relative to the water depth [11]. First, the viscous
shallow-water equations are again derived to let this chapter be self-contained. Detailed
derivation comes from the study of Kanayama and Ushijima [11]. Orthogonal coordinates [m]
are used, where x1 and x2 represent directions in the horizontal plane and x3 represents the
vertical direction, and the time [s] is represented by t. Assuming the hydrostatic pressure in
the x3 direction, the following Navier-Stokes equations are used with the external forces,
namely the Coriolis forces and the gravity are assumed to act in the x1 and x2 directions and
the x3 direction, respectively.
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u(x1, x2, x3, t) represents the fluid velocity component [m/s] in the xi (i=1−3) direction, p(x1, x2,
x3, t) denotes the pressure [N/m2], ρ is the density [kg/m3], τij is the stress component [N/m2]
in the xi direction acting on the xj plane, f is the Coriolis coefficient [1/s], and g is the acceleration
[m/s2] due to the gravity. In addition, the ordinate [m] of the water surface (water level) is
represented by ζ and the ordinate [m] of the bottom surface is represented by h. Note that h
usually has negative input values depending on xi (i = 1–2).

Figure 1. Variables of the computational model [9].

Eqs. (1)–(3) [9] are integrated with respect to x3 from the bottom h to the water surface ζ. The
velocity component in the normal direction is assumed to be zero at the water and bottom
surfaces. By doing this, the viscous shallow-water equations expressed by the water level and
the averaged velocity can be derived. If the layer thickness is H(x1, x2, t) and the average velocity
in the xi (i = 1, 2) direction is Ui (x1, x2, t), then H and Ui are given by the following equations:

Tsunami Propagation from the Open Sea to the Coast
http://dx.doi.org/10.5772/63814

63



3
1, .

ζ

i ih
H h U u dx

H
z= - = ò (5)

Note that H is assumed to be positive in this chapter, whose guarantee is a difficult mathe-
matical problem [9].

The fixed density of the layer is represented by ρ and the stress component in the xi direction
acting on the xj plane is represented by 𝀵𝀵𝀵𝀵. The horizontal viscosity constant [Ns/m2] is

represented by μH, the wind effect coefficient is represented by θ, the air density is represent-
ed by ρa, the wind velocity component speed in the xi direction is represented by Wi, and the
Chezy coefficient [m1/2/s] is represented by C. Then, the following viscous shallow-water
equations are derived [9]:
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Note that 𝀵𝀵𝀵𝀵 /2 is often used for the definition of 𝀵𝀵𝀵𝀵. Here, however, we follow the definition

in [11] for convenience.

Finite-element approximation is performed for the viscous shallow-water Eqs. (6) and (7) with
given initial conditions and boundary conditions.

The computational domain is the two-dimensional (2D) polygonal region Ω surrounded by
the boundaries Γc and Γo. In this region, the orthogonal coordinates x = (x1, x2) are used. The
boundary conditions on Γc and Γo and the initial conditions at t = 0 are as follows [9]:

Boundary conditions, Eqs. (9) and (10):

c( , ) 0 oniU x t G= (9)
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Here, ni is the component in the xi direction of the unit outward normal vector on the boundary.
On Γo, o(, ) is specified. Later, we improve Eq. (10).

Initial conditions:

0 0( ,0) ( ), ( ,0) ( ).i iU x U x x xz z= = (11)

Here, Ui0(x) and ζ0(x) are the initial values of Ui and ζ, respectively.

2.2. Finite-element approximations for the viscous shallow-water equations

The finite-element approximation [8] is as follows. First, Eqs. (6) and (7) are multiplied by test
functions and then integrated over the computational domain Ω. Subsequently, the approxi-
mation is carried out for terms containing a derivative with respect to time by using an explicit
method. For terms containing spatial derivatives, the finite-element approximation is carried
out by using the piecewise linear basis function . For terms without spatial derivatives, the

approximation is carried out by using the corresponding step function . The step function is 1 in the barycentric region around the node k and is 0 at other places.
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In the above,  + 1 is determined from Eq. (12). From the obtained value and ,  , the value,  + 1 is determined by Eq. (13). Here,  and ,   are approximate values of (, ) and (, )
respectively, at the node k after n time steps, and Δt represents the size of time steps. In addition,
the following symbols are also used:
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It is well known that integration by parts is used for the viscosity term in (13).

Because of the presence of the basic boundary conditions, Eq. (12) holds for all nodes except
for the nodes on Γo and Eq. (13) holds for all the nodes except for the nodes on Γc. However,
on the boundary Γo, an approximation method is adopted in which the advective term of Eq.
(13) uses Tabata’s upwind approximation [9, 12]. A mathematical justification for the approx-
imation scheme for linearized equations related to the above scheme was given by Kanayama
and Ushijima [13, 14].

In general, tsunami is excited in the following two ways. The first one is to consider the tsunami
excitation as the initial condition of the water surface, for which we do not have sufficient input
information in such an artificial tsunami of Hakata Bay [9]. The second one is to consider it as
the boundary condition of the water surface as in the next subsection. In the setting of Hakata
Bay, a computational domain is not so wide that the above approach may be the only way. It
is also noted that 50 [m] at the open boundary for the later Tohoku-Oki case may be too high.
In the computation, the tsunami arrived at Oshika Peninsula after 20 min, and the highest wave
height reached 15 [m]. These numerical results should be checked more carefully with data on
the open boundary.

3. Computational examples

3.1. Tohoku-Oki models

Now, numerical results [9] for a Tohoku-Oki model are again shown for self-containing. When
not specifically defined, the same physical values as for Hakata Bay were used. Regarding
the mesh data, the total number of nodes is 56,562, the total number of elements is 113,013,
and the ocean floor ordinate is set to become deep gradually from h = –10 to h = –1,000 [m].
We set the initial conditions at ζ0 (x) = 0 and Ui0 (x) = 0, and the boundary conditionso(, ) = 50 [m] (0 < t < 60 [s]) at the tsunami-generating area and o(, ) = 0 [m] at other
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areas (see Figure 2). It is noted that 50 [m] at Γo may be too high. In our computation, the
tsunami arrived at Oshika Peninsula in Figure 2 after 20 min and the highest wave height
reached 15 [m]. These numerical results should more carefully be checked with boundary
data on Γo.

(a) (b)

Figure 2. A computational model of Tohoku-Oki [9]. (a) Contour map of ζ [9]. (b) Time histories of ζ [9].

Figure 2a shows the ordinates of the water surface (water level) after 18 [min]. Since the
computational domain is not wide, it looks that there is a reflection from the northern boundary
in Figure 2a. This artificial reflection can be removed by suitable boundary conditions on Γo.
Details are later mentioned. Figure 2b shows the water level change at the two points A and
B in Figure 2. The wave height at the point B is higher than the point A after about 1500 [s].
When the tsunami reaches coastal areas, the water depth becomes shallow and the wave height
becomes high.

Next, new numerical results for the second Tohoku-Oki model are shown. When not specifi-
cally defined, the same physical values as for Hakata Bay were used. Regarding the mesh data,
the total number of nodes is 563,100, the total number of elements is 1,123,178, and Figure 3
shows the ocean floor ordinate, which is constructed from 30-arc sec interval grid of JTOPO30,
provided by the Marine Information Research Center. We set the initial conditions at ζ0 (x) like
Figure 4 based on the data of Fujii et al. [15] as a source of tsunami. Figure 5a–f shows the
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ordinates of the water surface (water level) every 8 [min] from after 8 [min] to after 48 [min].
In our previous paper [9], since the computational domain is not wide, it looks that there is a
reflection from the boundary Γo (see Figure 2a). This artificial reflection can be removed by
changing boundary conditions from (10) to (16) as follows:
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where Un and Ut denote the normal component of velocity and the tangential component of
velocity, respectively, and c is a constant. We used (c = 0.9) in this chapter.

Figure 3. The second computational model of Tohoku-Oki.

Figure 4. Contour map of initial water level.
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Figure 5. (a) Contour map of after 8 min, (b) contour map of after 16 min, (c) contour map of after 24 min, (d) contour
map of after 32 min, (e) contour map of after 40 min, and (f) contour map of after 48 min.
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Figure 6 shows the water level change at the three points Miyako, Soma and Choshi in
Figure 4. Solid curves show observed data [15] and dashed curves show numerical results.
Though the arrival time of the first wave is almost same, the wave height is small compared
with observed data at the points of Miyako and Soma. Results may be improved by changing
initial and boundary conditions.

Figure 6. Time histories of ζ.

4. Concluding remarks

In this study, the viscous shallow-water equations have again been derived from the Navier-
Stokes equations in which the hydrostatic pressure in the direction of gravity is assumed.
Tsunami propagation is then simulated by a finite-element computation. In the study of

Figure 7. Structural analysis in the case of tsunami attack [9].
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Kanayama and Dan [9] using the Hakata Bay model, in which the tsunami-generating area
was taken to be the epicenter of the West off Fukuoka Prefecture Earthquake (2005), tsunami
propagation from the open sea to the coastal area might be produced. This is an example in
which the conventional open boundary condition Eq. (10) is still valid. In this chapter, however,
in the second Tohoku-Oki model, the open boundary condition is changed from Eq. (10) to
Eq. (16) to overcome artificial reflection. In addition, we have reconstructed a system in which
the tsunami arrival time and the wave height at the time of tsunami attack can be obtained
from numerical results. Since our analysis takes the viscosity term into account, this study can
also be considered to be a preliminary study for future planned stress analyses of tsunamis
(see Figure 7). We still want to check whether the hydrostatic pressure is always the dominant
force in the case of tsunami attack compared with other forces including the viscous force.
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Abstract

We describe the evolution of coastal HF radar observations of tsunamis, first proposed
in 1979 and developed after the 2004 Indonesia and 2011 Japan tsunamis to allow
routine monitoring to detect an approaching tsunami. Oceanographic tsunami theory
is summarized, both for the fundamental equations of motion and in the ray optics
and Green's Law approximations; the latter can be applied when water depths are
slowly varying. Observations of the current velocities caused by the 2011 Japan tsunami
off the Japanese, the US West,  and Chilean coasts are described and examples are
shown. These observations led to the development of an empirical tsunami detection
method,  which  is  outlined.  Examples  of  offline  tsunami  detections  are  given  and
detection  times  are  compared  with  arrival  times  at  neighboring  tide  gauges.  We
describe the observation and offline detection of the June 2013 meteotsunami off the
New Jersey coast using coastal radar systems and tide gauges. Methods to model and
simulate tsunami velocities are described and videos of the resulting velocity/height
maps are given. We describe preliminary methods for evaluating the suitability of radar
sites  for  tsunami  detection  using  simulated  tsunami  velocities.  Factors  affecting
tsunami detectability are discussed and methods are described for the alleviation of
false alarms.

Keywords: tsunami detection, tsunami velocity/height simulation, remote sensing, ra‐
dar oceanography

1. Introduction

High‐frequency (HF) radars were first used for ocean observations in the 1960s. Located on the
coast and transmitting vertically polarized radiations, they exploit the high conductivity of sea
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water to propagate their signals well beyond the visible or microwave‐radar horizon. They have
found widespread use for mapping surface currents and monitoring sea state.

Barrick [1] suggested in 1979 that these radars could detect tsunamis by means of their orbital
wave velocity as they approach the coast. Because the distribution of radars around the world
was sparse until the 1990s, this concept was not pursued until the tsunami caused by the
catastrophic 2004 Banda Aceh earthquake in Indonesia claimed a quarter of a million lives.
Although there were no radars in place to observe that event, work began to quantify the radar
tsunami response. It was not until the 2011 Tohoku (Japan) tsunami that sufficient radars were
in place to capture real tsunami data, which led to development of algorithms to provide robust
detection and warning. The Japan tsunami signal was observed by many HF radars around
the Pacific Rim with clear results from sites in Japan, USA, and Chile [2–4]. Additional weak
tsunamis have also been observed: the 2012 Indonesia tsunami [5] and the 2013 US East Coast
meteotsunami [6]. A database of actual HF radar tsunami observations from both strong and
weak tsunamis has been accumulated, which has been used to identify the tsunami current
velocity signature in the background ocean current velocity field. An empirical method for the
automatic detection of a tsunami has been developed, based on pattern recognition in the
velocity time series. Over 350 HF radar stations operate from many coastal locations, see, for
example, http://www.codar.com/seasonde_world_locations.shtml, providing continuous
measurement of surface current velocities and waves. Tsunami detection software can run in
a background mode, issuing a warning before the tsunami strikes the coast.

The first possible indication of a tsunami might be the seismic detection of an earthquake.
However, not all subsea earthquakes produce tsunamis, and hence the magnitude of an
earthquake cannot be used to forecast the detailed generation or intensity of a resulting
tsunami. At present, the only operational sensor that detects a tsunami and measures its
intensity is a bottom pressure sensor connected to a buoy overhead. Developed by the National
Oceanic and Atmospheric Administration (NOAA), networks of these sensors called DART™

(Deep‐ocean Assessment and Reporting of Tsunami) were deployed after the 2004 event. They
observe the height of the tsunami wave as it passes above them. The tsunami height measured
by these buoys is then entered into numerical tsunami models [7–8] to give rough forecasts of
the tsunami arrival time and intensity at coastal points around the world. As this network is
located in the deep ocean, not all tsunamis are observable by DART and then are not entered
into the model before coastal impact. Furthermore, the model's forecast of intensity at the coast
is often coarse, so that more accurate estimates of intensity at specific locations are needed;
such local variations not captured by the models are referred to as “near field.” HF radars make
their areal observations over this local near field and so provide an ideal solution to this need.
We describe an empirical tsunami detection algorithm that can run in the background on these
radars. This can detect and warn of an approaching tsunami in the near‐shore region over
which these radars observe the sea surface. A total of 21 offline radar detections of tsunamis
have been made to date. Many are described here and others are reported in the literature [2,
3, 5].

A tsunami's orbital velocity appears as part of the surface current as the wave approaches the
coast. Tsunami periods lie typically between 20 and 50 min. A tsunami originates when there
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is a massive displacement of water: The spatial scales of water displacement are the spatial
scales of water displacement are usually of great horizontal but small vertical dimensions
These include subsea earthquakes where plates force each other upward/downward, respec‐
tively; subsea landslides along steep submerged mountainous slopes; or fast‐moving atmos‐
pheric anomalies (e.g. low‐pressure centers) that create “meteotsunamis.” The sources can be
thousands of kilometers from an impacted coastal area (where an HF radar might be located),
or very close. As the displaced water mass leaves its source region under the influence of
gravity, it becomes a freely propagating shallow‐water wave. Although the origins of meteot‐
sunamis vis‐à‐vis seismically generated tsunamis differ, the propagation and evolution of these
shallow‐water waves are the same, as are the applicable detection and warning methods.
Tsunami warning times are mainly dependent on the width of the adjacent continental shelf,
ranging from minutes for a narrow shelf (e.g. California) to hours when the shelf is broad (e.g.
New Jersey).

Some sites may be less suitable for tsunami monitoring by radar, as the tsunami signature can
be masked by large, variable background currents. Tsunami detection is favored by shallow
water extending far offshore and by slowly varying background current fields. We describe a
method for the evaluation of a coastal site for tsunami warning based on simulated tsunami
velocities superimposed on the site's measured velocities. Factors affecting radar detection of
tsunamis are discussed. Difficulties that can occur in tsunami detection and methods for
alleviation are described. At present, work on the evaluation of coastal sites for tsunami
warning using HF radars is being performed in a partnership between Codar Ocean Sensors
and NOAA.

It is often convenient to identify Codar SeaSonde® radars by their abbreviated site names used
in the field. Those referred to in this article are listed here in alphabetical order, along with
their geographical locations:

A087: Usujiri, Hokkaido, Japan

A088: Kinaoshi, Hokkaido, Japan

BELM: Belmar, New Jersey, USA

BML1: Bodega Marine Lab., California, USA

BRMR: Brigantine, New Jersey, USA

BRNT: Brant Beach, New Jersey, USA

COMM: Commonweal, California, USA

ESTR: Point Estero, California, USA

GCVE: Granite Cove, California, USA

LUIS: Point San Luis, California, USA

PREY: Point Reyes, California, USA

SEA1: Seaside, Oregon, USA
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STV2: Fort Stevens, Oregon, USA

TRIN: Trinidad, California, USA

YHS2: Yaquina Head South, Oregon, USA

2. Tsunami theory and modeling applicable to HF radar observations

In this section, we provide a brief synopsis of tsunami theory and numerical modeling, as
required to explain and develop the HF radar coastal observation/warning capability. We refer
to a region of interest near the coast, or within the coverage area of a coastal HF radar, as the
“near field,” typically of ranges up to 50 km.

2.1. Fundamental equations describing a tsunami in the near-field region

Two equations form the basis of tsunami wave theory and propagation modeling. They are
the essence of NOAA's Method of Splitting Tsunami (MOST) over near-field distances but
away from the coastal run-up zone where flooding is experienced [7–8]. The first is essentially
Newton's second law, that is, force = mass times acceleration, which for fluids gives the Navier-
Stokes vector equation to the lowest order. For horizontal coordinates x and y and time t, this
is given by:

1 ( , , )( , , )h ¶
Ñ = -

¶
%v x y tx y t

g t (1)

where η(x, y, t) is the tsunami wave height, g is the acceleration due to gravity, and (, , ) is
the orbital velocity of the wave. We assume, as in [7–8], that the orbital velocity at a particular
location is independent of depth. The second equation is the continuity equation that expresses
the incompressibility of water:

( , , )[( ( , ) ( , , ) ( , , ))] hh ¶
Ñ × + = -

¶
% x y td x y x y t v x y t

t
(2)

where d(x,y) is the depth below a mean datum reference, from which the tsunami wave height
is measured. The left side of this equation is the net horizontal water volume transport per unit
time into a vertical column. Eq. (2) simply expresses the fact that the net flow per unit time into
the column of incompressible water must be matched by the rate of rise in the water elevation.

As it stands, Eq. (2) is nonlinear because the two dependent variables, height and velocity, on
the left side are multiplied together. Because the tsunami elevation is small compared with the
water depth (typically less than 0.5 m in deep water), the height in the left-hand side of the
equation can usually be neglected, upon which the equation becomes linear.
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2.2. Reduction to partial differential equations (PDEs)

Eqs (1) and (2) represent coupled equations in the unknown tsunami wave height and orbital
velocity. By differentiating with respect to time and/or space, as relevant, we eliminate one
variable, arriving at the following two hyperbolic PDEs for tsunami height and velocity:

21( )d
g t

hh ¶
Ñ × Ñ -

¶
(3)

2

2

1( ) 0¶
ÑÑ × - =

¶
%% vdv

g t
(4)

We first solve the scalar Eq. (3) for height. Then orbital velocity is obtained by integrating the
left side of the linearized Eq. (2) as a function of time. Radars measure orbital velocity, rather
than the tsunami height measured by other tsunami sensors.

These are well‐known equations for waves in shallow water. They are justified when water
depth is much less than the horizontal scale of the water wave, for example, its wavelength.
Horizontal scales of a tsunami wave exceed tens of kilometers, so that even in water several
thousand meters deep the tsunami is always a shallow-water wave everywhere on the planet. The
time scales (periods) for tsunami waves that represent hazards are large, varying from 20 to
50 min.

Another useful quantity applied to shallow‐water waves is their phase velocity vph that is given
in terms of the water depth by:

( )phv d gd= (5)

The phase velocity for a tsunami wave train traveling across the ocean with depths from 100
to 1000 m typically exceeds 100 km/h, while the orbital velocities encountered are tens of
centimeter/s or less. The water particles themselves move at the orbital velocity, while the
surface velocity that the eye would follow as the wave rushes across the ocean is the phase
velocity.

We define the “near field” over which the linear model applies as ranging from about 2 km
from shore (beyond first radar range cell) out to as far as the radar can see, ∼50 km from the
coast. The PDEs (3) and (4) are exact under the accepted linearity assumptions and can handle
sharp bottom depth changes and reflections or partial absorptions at coastlines. Typically, they
are solved with standard finite‐element methods [9]. Over near‐field distances, they can be
solved on personal computers.
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2.3. Ray optics and Green's Law approximations for tsunami waves

Traveling waves, such as tsunami or electromagnetic waves, sometimes follow simple ray
optics approximations where they can refract, changing their direction continuously with the
refractive index. The refractive index for waves of any nature propagating through media with
different or changing properties is defined as the ratio of the reference phase velocity to the
phase velocity at the specific point in the medium. For light or electromagnetic waves, the
reference velocity is taken as the speed of light in vacuum. For acoustic waves or water waves
in the shallow‐depth limit, one normally selects a convenient reference velocity [10]. So, for
example, if one selected the 4000‐m depth which is typical of a deep ocean basin, the refractive
index becomes 4000/, which is sometimes referred to as the HF asymptotic limit. This
approximation applies only when refractive index varies slowly and smoothly with distance.
This means that the refractive index cannot have a discontinuous jump, for example, if the
bottom had a significant change in depth over scales shorter than a wavelength, say 10 km.
Bottom depth fluctuations over smaller scales are not important to tsunami propagation. The
tsunami wave, with its massive inertia, is like a low‐pass spatial filter that effectively averages
across these fine‐scale features. A wave typically does not respond appreciably to perturba‐
tions with a scale much smaller than its wavelength; this is sometimes known as the Rayleigh
criterion. As tsunami wavelengths exceed tens of kilometers, this implies that perturbations
with smaller spatial scales (e.g.10 km) are unimportant. There is an often‐asked question: “Do
I need to use a bathymetry database for tsunami near‐field modeling with 1–2 km resolution?”
The answer is “No: 10 km resolution is always adequate.”

We now examine simplifications possible when depth varies slowly, and discuss exact
alternatives that will work when depth varies abruptly.

2.3.1. Ray optics approximation

When depth and refractive index vary slowly, ray tracing allows a version of Fresnel's law such
that the advancing wave continuously refracts, so that its direction of propagation follows the
gradient of refractive index perpendicular to the isobath depth contours. This approximation
has the consequence that there is always only one set of ray paths, which end up perpendicular
to the coastline. The coastline boundary will reflect; outgoing rays also cross the contours
perpendicularly.

When depth and refractive index vary abruptly, it is valid to use Eqs (1–4) as an alternative.
Models based on these equations, for example as described in [7–8], will predict the direction
correctly and will generate components parallel to the contours and coastline, as has been
observed by radars [2, 5]. Incorrect use of ray tracing for these situations will show evolution
with some error of the forward ray toward the region of shallower water near the coast, but
can never predict a parallel component.

2.3.2. Green's Law approximation

When refractive index (depth) varies slowly, Green's Law [11, 12] applies. In this limit, tsunami
height and orbital velocity follow simple relationships in terms of depth, as described in
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reference [1]. It is convenient to normalize the height to a value of the tsunami height in deeper
water; we take this depth to be 4000 m, typical for an ocean basin; other depths can be used.
The approximate tsunami wave height and scalar tsunami orbital speed in water of depth d
are then given by:

1/ 4
4000 (4000 / )approx dh h= (6)

3/ 4
4000 / (4000 / )approxv g d dh= (7)

where η4000 is the tsunami height in water of depth 4000 m.

2.4. Comparison of Green's Law amplitudes with exact calculations

How accurate are the approximations in Eqs (6) and (7) for tsunami height and velocity? To
get an idea of this, we compare the height approximation with solutions of the exact Eqs (1–
4) for specific cases.

Case 1: A typical continental shelf with a steeply sloping edge that goes from an outer depth
of1000 m to an inner depth of 50 m over a horizontal distance of 20 km. Defining the trans‐
mission coefficient as the ratio RT of the tsunami height after passing over this shelf to that
before striking the shelf's lower edge, Green's Law Eq. (6) gives RT = 2.11. The solution of the
PDEs (2) and (3), discussed further in Section 5, gives RT = 1.68. These values for RT agree to
within about 25%.

Case 2: A vertical shelf edge parallel to the coast falling perpendicularly from depth 50 to 1000
m. Clearly, this fails the “slow depth change vs. tsunami wavelength” criterion required for
both ray optics and Green's Law and thus is beyond the scope of these approximate models.
For normal incidence to a vertical escarpment, NOAA modelers [8] express Eqs (1–4) as a
boundary‐value problem requiring continuity of height and transport across the escarpment
and obtain the following exact expression for the transmission coefficient of the tsunami wave
height:

2 12 / (1 / )TR D D= + (8)

where D1 and D2 are the depths on the shelf's outer and inner edges, respectively. This is
considered an exact solution for this defined geometry. Substituting D1 = 1000 m and D2 = 50
m yields a value for RT equal to 1.63, which is close to the prior estimate from the PDE
calculation.

To conclude, the exact solutions for transmission coefficient RT for a depth change from 1000
to 50 m are (a) 1.68 over a steep slope and (b) 1.63 over a vertical step. These values differ by
only about 3%, indicating that shelf slope does not have a significant effect on the transmission
coefficient. Comparing these values with the Green's Law approximation of 2.11 suggests an
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error estimate of about 25% when using Green's Law for estimating tsunami height change
due to sharp depth changes.

2.5. Tsunami arrival time

Solving Eqs (2–3) provides both the tsunami height and orbital velocity profiles as the wave
approaches the coast, as impacted by the decreasing depth on the journey toward shore. This
yields the most accurate estimate for the arrival time from any offshore point along its path
and is useful in near field of the coastal radar because the computational effort is manageable.

However, for an approach from much farther out, or in order to get a quick, rough estimate of
the tsunami arrival time, the phase velocity vph(d) at depth d, time t, and distance s along a
tsunami great‐circle ray path can be expressed as follows:

( )ph
sv d
t
¶

=
¶

(9)

Eqs (5) and (9) lead to the following approximate solution for the elapsed time ΔT for the
tsunami arrival at distance S from the start:

0

( )s

sT
gd s
¶

D = ò (10)

Because of inherent smoothing of the integration process, the depth profile need not be defined
to great resolution, allowing quick use of Eq. (10) over large ocean distances to give rough
estimates of the tsunami arrival time.

3. HF radar observations of the 2011 Japan tsunami leading to an empirical
detection algorithm

Radar echoes are produced by reflection of the radar wave from ocean waves with wavelengths
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producing the radar echo; in deep water, tsunami velocities are too small to be seen by the
radar, but they increase as the tsunami moves onto the continental shelf and the water depth
decreases below 200 m and can then be observed by radars located on the coast.

Radial current velocities are obtained from the first‐order radar echo spectra measured at
individual radar sites [13, 14]. In usual practice, several radar echo spectra are averaged over
time before analysis. As time resolution is critical for local tsunami detection, unaveraged
spectra are analyzed. The Doppler shift from the ideal Bragg frequency defines the radial
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error estimate of about 25% when using Green's Law for estimating tsunami height change
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current speed; spectral values at that frequency are interpreted to give the azimuth angles at
which this speed occurs. Together with range defined by the time delay, estimates follow for
the radial current velocity at locations spaced 1° apart around a circular range cell centered on
the radar site.

Total current velocities are obtained by combining radial velocities from the radar sites [13]. A
grid is formed over the radar coverage area and averaging circles form surrounding each grid
point. Total velocity vector components are calculated by fitting to radial velocities from the
different radar sites that fall within the averaging circle.

On March 11, 14:46 2011 Japan Standard Time (JST), a magnitude‐9 earthquake off Sendai,
Japan, unleashed a large tsunami that was observed by HF radars around the Pacific Rim, see
Figure 1. The earthquake and resulting tsunami are known as the Tohoku event. As our first
example, we show current velocities measured by two SeaSonde radars located near Usujiri
and Kinaoshi, Hokkaido, Japan during the 2011 Tohoku tsunami.

Figure 1. (a) The North Pacific Ocean showing the location of the radars that detected the tsunami. Abbreviated radar
field names are as follows; corresponding geographic locations are given in Section 1. Japan: A087 and A088. USA:
STV2, SEA1, YHS2, TRIN, GCVE, BML1, PREY, COMM, ESTR, and LUIS. (b) The location of the Japan earthquake and
the radars in Hokkaido. (c) The bathymetry offshore from the radars and radial velocities measured by the Kinaoshi
radar, March 11, 2011, 21:00 JST.
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The radars had a transmit frequency of 42 MHz and a range increment of 0.5 km. The water
depth over the entire radar coverage area is less than 200 m. The 42 MHz frequency band is
used for high‐resolution, short‐range current observations and results in a radar range less
than 15 km, due to significant attenuation of the surface wave passing across the sea at these
higher HF frequencies.

3.1. Total velocity current maps

The direction and strength of the flow were measured at approximate 4‐min intervals with a
cell resolution of 0.5 km × 0.5 km. Figure 2 shows total current‐velocity maps, the first

Figure 2. Tsunami current velocity vectors with the tsunami height shown in colors. Radar measurements from A087
(blue circle) and A088 (red circle) made on March 11, 2011 (a) the tsunami arrival at 15:53 JST and (b) outward flow
occurring later at 21:00 JST.
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demonstrating the arrival of the tsunami, indicated by strong inward flow, the second an
example of outward flow. Eqs (6) and (7) relate the tsunami height to the current velocity;
heights are displayed in colors superimposed on the velocity vectors shown by the arrows. As
noted in Section 2.3.2, the accuracy of Green's Law estimates of height decreases close to shore.

A video showing the current velocity/height flow from March 11, 14:06 JST to March 12, 13:54
JST is shown in Video 1, available at http://bit.ly/29lOdXw

Time in JST is given in each frame of the movie. The video shows the tsunami arriving at 15:53
JST and then sweeping in and out of Uchiura Bay.

3.2. Radial velocity components

As would be expected, the tsunami signal is also visible in the radar returns from a single radar
site [3]. To simplify the analysis of the data with the aim of developing objective detection
criteria, we group the radial velocities into rectangular area bands 2‐km wide approximately
parallel to the depth contours. The radial velocities are resolved into components perpendic‐
ular and parallel to the area bands. These components are averaged over the band; the averages
are termed “band velocities.” A time series of the band velocities is then formed, which displays
the characteristic oscillations produced by the tsunami.

Figure 3 gives an example of measured radial vectors with a 4‐min time resolution and the 2‐
km wide bands used in the analysis.

Figure 3. Radial current velocities from the Usujiri, Hokkaido radar (A087) and the area bands used in the analysis
which are 2‐km wide and approximately parallel to the depth contours.
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Figure 4 shows band velocities observed at Kinaoshi, Hokkaido (A088), for three 2‐km bands
ranging from 6 to 12 km from the shore.

Figure 4. Band velocities from Radar A088. Distance from radar: 6–8 km (blue), 8–10 km (red), and 10–12 km (black).
Time span: March 11, 2011 (a) surrounding the tsunami arrival, from 12:46 to 19:46 JST and (b) close to the tsunami
arrival, from 14:16 to 15:16 JST.

The arrival of the tsunami is indicated by the commencement of distinctive oscillations in
velocity with a period of about 40 min, which are strongly correlated over range.

Further examples of band velocities from radars on both sides of the Pacific close to the tsunami
arrival time are shown in Figure 5.

Figure 5. Time series of band velocities showing the typical appearance around the tsunami arrival time for three adja‐
cent 2‐km area bands. (a) A087 (Hokkaido, Japan), (b) YHS2 (Oregon, USA), (c) BML1 (California, USA), and (d) PREY
(California, USA).
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3.3. Detection of the tsunami signal in HF radar data

Two effects distinguish tsunami velocities from the background in Figures 4 and 5: (a) velocities
in neighboring bands are strongly correlated after the arrival of the tsunami and (b) the velocity
oscillations are clearly visible above the background. These effects appear to be characteristic
of tsunami band velocities, as they occur in all the radar data from Japan and the US West Coast
that we have analyzed. They form the basis of a simple pattern detection procedure. At a given
time, a factor (which we call the q‐factor) is defined which signals the tsunami arrival when it
exceeds a preset threshold. The steps in the detection algorithm are as follows:

• Step 1: Within each band, check whether the velocity increases or decreases by an amount
greater than a preset level over two consecutive time intervals. If it does, increase/
decrease the q‐factor level for that band.

• Step 2: Do the maximum/minimum velocities for consecutive bands coincide (within a
preset value) for consecutive time intervals? If so, increase/decrease the q‐factor level further
for that band and time.

• Step 3: Finally, check whether the velocity increases/decreases over two consecutive time
intervals for three adjacent area bands. If so, increase/decrease the q‐factor level further for
that band/time.

Details of the detection algorithm are given [6].

Positive q‐factor values indicate the tsunami velocity at the wave peak is moving toward the
radar, negative values indicate that it is moving away.

To set the operational threshold signaling a tsunami detection, an extended data set obtained
under normal conditions is analyzed to produce q‐factors. A threshold value is then selected.
There is a trade‐off in the threshold selection: if the q‐factor limit is set too low, the peak will
certainly indicate a detection, but there may be many false‐alarm detections. If the threshold
is set too high, there will be few false alarms, but then the tsunami arrival may not be detected.

The tsunami signal can be evident for some time after arrival; however, our detection method
is optimized to apply to the first arrival.

3.4. Radar detection of the 2011 Japan tsunami

The Japan tsunami arrival was detected offline at radar sites around the northern Pacific Rim
[3]. We here give examples of q‐factor tsunami detections and compare arrival times at the
radars with those measured by neighboring tide gauges.

3.4.1. Hokkaido, Japan

Figure 6 shows the locations of two radars on the Kameda Peninsula, the neighboring tide
gauge, and the offshore bathymetry. The water depth is less than 200 m over the radar coverage
area; we found that the tsunami signal is visible in the current velocities out to the radar range
limits.
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Figure 6. The location of the radars A087, A088, the tide gauge at Hakodate, and the offshore bathymetry.

Figure 7. Perpendicular band velocities from A088 and derived q‐factors. (a) Distance from radar: 0–2 km (blue), 2–4
km (red), and 4–6 km (black). (b) The q‐factor for range 0–6 km. (c) Distance from radar: 6–8 km (blue), 8–10 km (red),
and 10–12 km (black). (d) The q‐factor for range 6–12 km.
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Figure 7 shows A088 band velocities obtained over a 5‐h period and the q‐factors resulting
from application of the analysis described in Section 3.3. About an hour after the earthquake,
the tsunami arrived at A088, resulting in distinctive correlated oscillations in the
perpendicular band velocities, which lead to a q‐factor peak that indicates the tsunami
arrival.

Close to shore, part of the tsunami flow is diverted by the steep bathymetry to move parallel
to the coast, resulting in a reduced signal in the perpendicular component plotted in
Figure 7. As discussed in Section 2, this effect can be shown by exact PDE modeling.

The analysis procedure was applied to A087 and A088 for all permutations of three band
velocities that contained the tsunami signal, and the resulting q‐factors were summed. The
q‐factor threshold was defined to be 500: the first q‐factor to exceed this value was taken as
defining the tsunami arrival time. The arrival time at the tide gauge was defined as first
tsunami peak in the water‐level reading. Radar and tide gauge arrival times are shown in
Table 1.

Japan March 11, 2011 JST

Radar (XMTR Freq) Arrival time (JST) Ground instrument Arrival time (JST) Water-level change

A088 (42 Mhz) 15:49 Hakodate tide gauge 16:32 2.0 m

A087 (42 Mhz) 15:54 Hakodate tide gauge 16:32 2.0 m

Table 1. Tsunami arrival times at the Hokkaido radars and the closest tide gauge.

Table 1 shows that the arrival times obtained from the radar q‐factors reported are in the correct
order: the tsunami arrives at Station A087 further from the earthquake location approximately
5 min after it reaches A088. Arrival times measured by the radars preceded those at the
neighboring tide gauge by an average of 40 min, due both to the “quadrature relation” between
velocity and height (discussed later in Section 4.1) and the tsunami propagation delay between
the two observations.

3.4.2. West Coast of USA

Radar spectra measured by 10 radars located along the US West Coast were analyzed to give
band velocities and q‐factors. Arrival times were compared with those at local tide gauges.
Figure 8 shows radar and tide gauge locations and the offshore bathymetry. As the adjoin‐
ing continental shelf is narrow off California and Oregon, the tsunami is often detectable on‐
ly for close‐in ranges.
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Figure 8. Locations of radars and tide gauges in California and Oregon. The offshore bathymetry indicates a narrow
offshore continental shelf.

Figure 9. Perpendicular band velocities and derived q‐factors from YHS2. (a) Distance from radar: 2–4 km (blue), 4–6
km (red), and 6–8 km (black). (b) The q‐factor for range 2–8 km. (c) Distance from radar: 8–10 km (blue), 10–12 km
(red), and 12–14 km (black). (d) The q‐factor for range 8–14 km.
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We illustrate the tsunami detections with two examples of measured band velocities and
derived q‐factors.

Our first example is the tsunami detection by the radar at YHS2, Oregon (transmit frequency
12 MHz).

Figure 9 shows the band velocities and corresponding q‐factors.

The correlation is evident between the velocities in different bands starting at about 3:45 pm
Coordinated Universal Time (UTC), resulting in a sharp decrease in the q‐factor, which
indicates the tsunami moving offshore, resulting in a decrease in water level. The neighboring
South Beach tide gauge observed an initial water level increase due to the tsunami of just 0.3
m, which was inadequate to produce a radar detection. However, we note that in Figure 9(a–
c) the band velocities show the typical correlation due to the tsunami just before the sharp
decrease.

Our second example is the tsunami detection by the radar at ESTR in Southern California
(transmit frequency 13 MHz). Figure 10 shows the band velocities and q‐factors for ESTR.

Figure 10. Perpendicular band velocities and derived q‐factors from Radar ESTR. (a) Distance from radar: 2–4 km
(blue), 4–6 km (red), and 6–8 km (black). (b) The q‐factor for range 2–8 km. (c) Distance from radar: 8–10 km (blue), 10–
12 km (red), and 12–14 km (black). (d) The q‐factor for range 8–14 km.
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The observed background current velocities are quite variable for this site: it is the correlations
between velocities in different bands that allow the tsunami to be detected by the pattern-
recognition algorithm described in Section 3.3.

The Japan tsunami took approximately 10 h to reach the US West Coast; it moved down the
coast from north to south. Tsunami and tide gauge arrival times are compared in Table 2. Radar
stations are listed in the order of the expected arrival of the tsunami.

US West Coast March 11, 2011 UTC

Radar

(XMTR Freq)

Arrival time

(UTC)

Tide gauge Arrival time

(UTC)

Water-level change

STV2 (12 MHz) 15:32 Garibaldi 15:48 1.2 m

SEA1 (12 MHz) 15:47 Garibaldi 15:48 1.2 m

YHS2 (12 MHz) 15:45 South Beach 15:54 0.3 m

TRIN (5 MHz) 15:34 Crescent City 15:48 0.5 m

GCVE (14 MHz) 15:44 Pt. Reyes 16:00 0.5 m

BML1 (12 MHz) 15:46 Pt. Reyes 16:00 0.5 m

PREY (13 MHz) 15:49 Pt. Reyes 16:00 0.5 m

COMM (13 MHz) 15:56 Fort Point 16:30 0.4 m

ESTR (13 MHz) 16:04 Port San Luis 16:24 2.0 m

LUIS (13 MHz) 16:05 Port San Luis 16:24 2.0 m

Table 2. Comparison of tsunami arrival times from radars and neighboring tide/wave gauges.

Table 2 shows that listed arrival times obtained from the radar q-factors reported are normally
in the correct order; thus, it arrives in Southern California after it gets to Northern California
and Oregon. Arrival times measured by the radars preceded those at neighboring tide gauges
by an average of 15 min, due to both the “quadrature relation” between velocity and height
(discussed in Section 4.1) and the tsunami propagation delay between the two observations.
We expect to be able to quantify the propagation delay using simulated tsunami velocity
patterns derived from the analytical model, as discussed later in Section 5.1.

We note from Table 2 that the tsunami was detected even though water-level changes at
neighboring tide gauges were not large, varying between 0.3 and 2 m.

3.4.3. Chile

A WERA radar system operating at 22 MHz at a site near Concepcion, Chile, observed the
Japan tsunami [4]. Current components pointing toward/away from the radar were measured
within beams formed by the receiving antenna array. The orbital velocity of the shallow-water
tsunami wave is therefore part of the total signal, which also includes other background
contributions such as tides and geostrophic flow. Figure 11 shows radial components of the
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surface current velocity plotted as a function of range and time, and wave‐level readings from
a tide gauge located at Lebu, Chile, about 50 km from the radar.

Figure 11. Reproduced with permission from Ref. [4]. Top: radial velocity in m/s of surface currents measured by the
HF radar in Chile. Bottom: mean sea level measured by the tide gauge at Lebu, Chile, during the tsunami traveling
near the Chilean coast.

Figure 11 shows clear periodic disturbances produced by the tsunami in both radar and tide
gauge observations. Obvious correlations in tsunami signatures can be seen for both meas‐
urements.

Dashed lines in Figure 11 give the depths within the main radar beam pointed offshore. The
depth contours define a short continental shelf, followed by a steep slope. From a depth of
about 50 m at 5 km, the depth drops to 1000 m at a distance of 34 km, that is, a steeply sloping
region within a ∼29‐km span. From there, the depth decreases slowly with distance beyond
the shelf/slope region.

The tsunami component of these currents is identified from their typical periods that lie
between 20 and 45 min, arriving at about 05:07 UTC on March 12, approximately 22 h after the
Japan earthquake. This arrival time was confirmed by NOAA's tsunami model and the tide
gauge data.

These observations have unexpected features as follows: (a) the tsunami peaks/troughs are
seen out to 40‐km range at approximately the same time regardless of distance from the shore
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and (b) beyond the shelf, where depths change slowly, from 760 m at 25 km to 1510 m at 40
km, the Green's Law approximation described in Section 2.3.2 should be valid. However, the
observed velocity is nearly constant, which contradicts Eq. (7). These effects may be due to
signal aliasing, as discussed later in Section 7.

4. Radar observations of the 2013 US East Coast meteotsunami

An unusual storm system moved eastward across the US on June 13, 2013, commonly called
a “derecho,” and appears to have launched a meteotsunami that impacted the US East Coast.
The existence of the meteotsunami was confirmed by several of the 30 tide gauges along the
East Coast up through New England and was seen as far away as Puerto Rico and Bermuda.
The event, which occurred during daylight hours, attracted widespread attention after several
media reports were released focusing on local impacts including people being swept off a
breakwater at Barnegat Light, New Jersey, some damage to boat moorings, and minor
inundation.

Meteotsunamis generally do not have sufficient heights/energies to cause catastrophic loss of
life, as do severe seismic tsunamis, although damage to harbors and coastal structures is
common. The June 13, 2013 event, however, attracted significant attention among many
agencies and scientific groups, probably due to its proximity to heavily populated areas.

4.1. Origin of meteotsunamis and nature of the June 13, 2013 event

A meteotsunami is generated by an atmospheric pressure disturbance traveling across the sea.
An atmospheric anomaly (a low‐ or high‐pressure center) will produce a small peak or trough
moving at the same speed on the sea surface beneath it. This results in a freely propagating
surface wave that increases in amplitude when the speed of atmospheric anomaly vaa matches
the shallow‐water wave phase velocity vph(d). This is known as Proudman resonance, see [17].
The speed vaa of the June 13, 2013 derecho was about 21.1 m/s [15]. Substituting this value for
vph(d) into Eq. (5), it follows that the onset of the independent wave occurs at a depth d equal
to 45 m, which lies about 60 km off the New Jersey coast.

This meteotsunami was unusual because it was generated by a frontal pressure anomaly
traveling offshore. Yet coastal sensors including HF radars indicate that the meteotsunami
approached the coast. Numerical models [8] indicate that a strong reflection occurred at the
shelf edge about 110–120 km offshore, where the depth decreases from 100 to 1200 m over a
distance of 20 km. The reflection is greater when a wave interacts with a drop‐off rather than
a step‐up with the same slope. Data from New Jersey radars confirm the existence of a wave
reflected from the shelf edge back toward the coast. This wave was also detected by coastal
tide gauges.

To explain these results, we consider the interaction of the tsunami with a hard boundary,
assuming a single pulse of water approaching the coast, that is, a traveling wave. The forward
velocity is maximum at the wave crest. As a boundary is approached, there is a hard reflection:
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reflected from the shelf edge back toward the coast. This wave was also detected by coastal
tide gauges.

To explain these results, we consider the interaction of the tsunami with a hard boundary,
assuming a single pulse of water approaching the coast, that is, a traveling wave. The forward
velocity is maximum at the wave crest. As a boundary is approached, there is a hard reflection:
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the velocity goes to zero and the height doubles. This is known as the Neumann boundary
condition. After a period of time from the reflection, a single wave travels outwards, with the
crest velocity and height maxima in phase again.

In reality, the situation is more complex. Instead of a single wave or soliton, a series of positive
and negative tsunami peaks often resemble a sine wave for height and velocity. The hard‐wall
boundary condition causes the height peaks to lag the velocity peaks by as much as a quarter
cycle, which is termed the “quadrature effect.” After reflection, the height stays positive but
the velocity amplitude becomes negative. The interaction of incoming and reflected waves
constitutes a more complex partial standing‐wave situation, which is well handled by numer‐
ical model solutions.

4.2. Radar detection of the 2013 US East Coast meteotsunami

We analyzed data sets from three SeaSonde HF radar systems located in New Jersey: BRNT,
BRMR, and BELM. Radar transmit frequencies and range cell widths were approximately 13.5
MHz and 3 km, respectively. Radar results were compared with data from NOAA tide gauges
at Atlantic City and Sandy Hook, New Jersey. Figure 12 shows the locations of the radars and
tide gauges, and the offshore bathymetry. The meteotsunami height at the neighboring DART
buoy, located about 240 km to the east, was only 5 cm [15].

Figure 12. The radar stations at Brant Beach (BRNT), Brigantine (BRMR), and Belmar (BELM); the NOAA tide gauges
at Sandy Hook (tide gauge 1) and Atlantic City (tide gauge 2) and the offshore bathymetry contours, with depths in
meters.
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Atlantic City tide gauge data obtained from the NOAA website [16] are shown in Figure 13.

Figure 13. NOAA tide gauge observations June 13, 2013 at Atlantic City, NJ.

Readings show a maximum negative meteotsunami signal at approximately 18:42 UTC,
indicated by the sharp water‐level decrease. This is followed at approximately 22:00 UTC by
a sharp increase in water level and subsequent oscillations.

As described in Section 3.3, the radar coverage area is divided into rectangular area bands 2‐
km wide and approximately parallel to the depth contours. Radial vectors within each area
band were resolved parallel and perpendicular to the depth contour. These velocity compo‐
nents are then averaged over the bands.

Figure 14 shows time series of four perpendicular band velocities from BRNT and BRMR and
the corresponding q‐factors, obtained from the four bands [6].

The arrival of the meteotsunami is signaled by a marked decrease in the perpendicular band
velocity component, indicating an outflow, followed by correlation between different area
bands. The parallel component did not display the tsunami signature. The water level
measured by closest tide gauge at Atlantic City decreases when the tsunami arrives, as
shown in Figure 13, also indicating an outflow of water.

The tsunami signal at BELM was far less, which is consistent with tide gauge measurements
at Sandy Hook, 30 km to the north, which barely registered the tsunami arrival.

About 4 h later, after 22:00 UTC, BRNT velocities first increase and then sharply decrease, as
is also shown by the Atlantic City tide gauge (see Figure 13). This effect was not seen at BRMR
or BELM.
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Figure 14. The meteotsunami arrival observed by radars BRNT and BRMR: band velocity components and the corre‐
sponding q‐factors plotted against hours from 00:00 June 13, 2013. BRNT: (a) 6–8 km (blue), 8–10 km (red), (b) 10–12 km
(black),12–14 km (green), (c) Corresponding q‐factors. BRMR: (d) 2–4 km (blue), 6–8 km (red), (e) 14–16 km (black), 20–
22 km (green), (f) Corresponding q‐factors.

To demonstrate more clearly the meteotsunami velocity trough as it approached the coast,
BRNT band velocities were further processed as follows: the band velocities were first
detrended over time, removing effects with time scales longer than 1.5 h, such as those due to
tides. The detrended band velocities were then low‐pass filtered and, to further reduce noise,
averaged over two adjacent bands.

Figure 15 shows the smoothed velocities plotted as a function of time vs. range from shore,
the dashed line indicating the progression of the first tsunami trough. Tsunami hindcast
modeling [15] confirms this time‐distance progression of the meteotsunami as it moved toward
shore.

Figures 14 and 15 show that the tsunami arrived first at the most distant ranges and progres‐
sively later moved toward the coast. To compare these results with theory, the tsunami arrival
time at BRNT was calculated using Eq. (10), based on an initial detection at range 23 km. The
bathymetry contours offshore from BRNT shown in Figure 12 were approximated by parallel
contours, giving depth as a function of distance. As discussed in Section 2, this approximation
is valid, as the tsunami is not affected by perturbations in depth with spatial scales far less than
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its wavelength. This analysis assumes no coastal boundary and results are expected to differ
somewhat from radar‐observed arrival times, as the orbital velocities are affected by shallow
water.

Figure 15. BRNT band orbital velocities plotted as a function of time, dstance from shore: (a) 6 km, (b) 10 km, (c) 14 km,
(d) 18 km, and (e) 22 km. The progress of the first tsunami trough minimum is shown by the dashed line.

Figure 16(a) shows the different arrival times plotted vs. distance from shore. For the radars,
arrival time was defined to correspond to the minimum tsunami velocity value; for the tide
gauge, it was defined to correspond to the minimum water level. The solid curve shows the
arrival times at BRNT calculated using Eq. (10), using the approximate depth vs. distance from
shore plotted in Figure 16(b).
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Figure 16. (a) The arrival time of the first tsunami trough observed by the radars plotted vs. distance from shore. Blue:
BRNT, black: BRMR, green: BELM, red asterisk: arrival time at the Atlantic City tide gauge, and magenta: tsunami ar‐
rival time calculated from Eq. (10). Time is measured in hours from June 13, 2013, 00:00 UTC. (b) Depth plotted vs.
distance from BRNT perpendicular to depth contours.

It can be seen from Figure 16(a) that the meteotsunami arrived 23 km from the coast at BRNT
and BRMR at about the same time. It then traveled toward shore at approximately 30 km/h.
The meteotsunami arrived about 14 min later 23 km offshore from BELM. The two BELM
readings indicate that it then moved toward shore at a higher speed, probably due to deeper
water near the Hudson Canyon. The tsunami arrived at the Atlantic City tide gauge 47 min
after it was first observed by the BRNT radar.

The initial velocity observed by the radars was offshore, indicating a “trough” on the ocean
surface. This was also observed by closest tide gauge at Atlantic City. However, as shown in
Figure 15, the tsunami wave itself approached the coast due to a strong reflection occurring at
the shelf edge 110–120 km from shore, see Section 4.1.

The meteotsunami was detected by the radars 23 km from the coast. It arrived at the shore 47
min later, as indicated by the tide gauge measurement of water level shown in Figure 13. The
measured tsunami height was approximately 50 cm. These observations suggest that for
similar tsunami height and bathymetry conditions, HF radar can provide a three‐quarter hour
warning alert before the wave strikes the shore.
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5. Calculation of simulated tsunami velocities and heights

Tsunami simulation provides an understanding of many of the factors affecting the capability
of coastal HF radars to provide tsunami observation and warning. Ultimately, this can lead to
performance assessment for a radar at a given site based on local bathymetry. Orbital velocities
are tracked vs. time and related to the tsunami wave intensity. Comparisons with the back‐
ground current field allow the assessment of possible warning time and wave amplitude as
the tsunami approaches the coast near the radar. In this section, we describe two methods for
simulating tsunami velocities: the first based on solving the fundamental equations to give
total velocity/height maps and the second based on application of Green’s Law to give
simulated band velocities.

5.1. Simulation based on solution of the fundamental equations of motion

To simulate tsunami height and velocity, Eqs (2) and (3) are solved numerically within the
radar coverage area, typically out to ∼50 km from the coast. The offshore bathymetry is
included as the depth variable, d(x,y), and the coastline becomes a boundary for the domain.
First, the scalar Eq. (3) is solved for the tsunami wave height. Then, velocity is obtained by
integrating the left side of Eq. (2) over time, after linearization as described in Section 2.1. This
establishes the relations between the orbital velocity measured by the radar and the tsunami
wave height, as well as provides the time of arrival at the coast from any point in the near‐field
region.

5.1.1. One-dimensional tsunami

We examine here how a simple one‐dimensional wave approaching normally to the coast
behaves when it encounters a steep continental slope starting from depth 1000 m at a distance
of 70 km from shore and sloping upwards to depth 100 m, at a distance of 50 km from shore.
How do both height and orbital velocity change as they traverse this shelf? How much is
transmitted across the shelf and how much gets reflected? On the return of the ray reflected
by the coast, is there a second reflection going back toward shore? Answers to these questions
are provided by Video 2 that can be viewed at http://bit.ly/29nKuLh Elapsed time in minutes
is given in each frame of the movie. Colors represent the wave height (blue) and the orbital
velocities (red). The coast was taken to be a Neumann reflecting boundary, that is, velocity
stops perpendicular to the coast, where its magnitude is zero. The bottom profile including the
shelf is shown as the heavy black curve at the top in the video. We note several points indicated
by the video:

• The normalized height wave and orbital velocity wave come in from the right, toward the
coast at the left. For this exact solution, the orbital velocity grows much faster than height
as the wave advances onto the shallower shelf. This also follows from the Green’s Law
approximation given by Eqs (6) and (7), which indicates that height depends on depth d as
d−1/4, while velocity varies as d−3/4.
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• After coastal reflection, the height remains positive, while the direction of the velocity for
the outgoing wave reverses. This is also true of the initial reflection at the bottom of the shelf‐
edge slope, although this is below the visibility level in the movie. Thus, the reflected velocity
changes sign while the height does not.

• The offshore retreating waves after coastal reflection encounter another strong reflection as
they reach the top of the shelf edge 50 km offshore. In fact, these backward‐reflected waves
explain the meteotsunami that was observed in June 2013 from the New Jersey coast as
discussed in Section 4. The original tsunami was launched by Proudman resonance [17] from
the eastward‐moving low‐pressure center. When an atmospheric anomaly like a low‐
pressure center travels across the sea at the same speed as the shallow‐water phase velocity
(which depends on inverse square root of depth), a match or “resonance” is achieved. This
causes the mound of water uplifted by the atmospheric low to break free and propagate as
a tsunami soliton wave on its own. It was the returning reflected tsunami that impacted the
coast and was reported by several radars and coastal tide gages. For more details, see [6]
and Section 4.

It is from the output files of this one‐dimensional simulation that we deduced the transmission
coefficient cited in Section 2.4, which was compared with predictions from the Green’s Law
approximation.

5.1.2. Two-dimensional tsunamis

We now examine two more realistic scenarios: in the first, a plane wave tsunami approaches
the Portuguese West Coast and in the second, a tsunami is generated by a point source in the
Alboran Sea. Videos are provided, which show tsunami height and velocity normalized by
their initial values, as the tsunami is refracted by the bathymetry and reflects from the coast.
In these videos, the background color represents the tsunami wave height normalized by its
initial value, with the magnitude indicated by the color bar. Velocity vectors overlain on top
of the height background represent the orbital velocities normalized by the initial value, with
the magnitudes indicated by the vector length. Elapsed time shown on each frame indicates
the time taken for the tsunami to reach various points along the coast. These simulated values
can be tested against radar observations of real tsunamis. In both cases, reflection of the wave
from the coast is clearly visible and the tsunami velocity increases more rapidly than the height
as depth decreases, indicating that observed velocities provide a sensitive alert flag for a
tsunami approaching the coast. Future work on this simulation will study results related to
actual heights and velocities, rather than normalized values; output values can then be tested
against radar observations of real tsunamis.

5.1.2.1. Portugal

The 1755 Lisbon earthquake in combination with subsequent fires and a tsunami almost totally
destroyed Lisbon and adjoining areas. Tsunamis as tall as 20 m swept the coast of North Africa,
and struck Martinique and Barbados across the Atlantic [18].
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Using the actual offshore bathymetry, we simulated a tsunami approaching the Portuguese
coastline from the west, results are shown in Video 3, available at http://bit.ly/29l4vCx
Bathymetry contours are shown in order to understand the tsunami refraction. The epicenter
was located more than 200 km to the west of the map. When the source is so distant, the initial
condition for solving the PDE can be taken to be a plane wave, corresponding to a ridge of
water traveling eastward. This approximation is reasonable whenever the source is distant
from the near-field region and is convenient to model for numerical solutions. The domain for
the numerical solution consists of the coastline of interest and the open box edges over the
ocean. The coastline was assumed to have a Neumann (reflective) boundary condition.

This region was also selected for study because there are three 13.5-MHz SeaSonde HF radars
operating at nearby locations, which are shown by green squares in the video. Tsunami
observation software is being installed at these sites. The three radars would not see the
tsunami if its propagation followed the line of sight from the source because the coast of
southern Portugal would shadow those paths. In fact, the model output shows how the
tsunami wave refracts and approaches the sites from the south. Reflection of the wave from
the coast is clearly visible.

5.1.2.2. Alboran Sea

Another region of recent interest is the Alboran Sea, which is enclosed on three sides by
Gibraltar on the west, Spain on the north and Morocco on the south. There are seismically
active regions near tiny Alboran Island that could raise a localized mound of water, which
would spread out under the influence of gravity, initially radiating a near-circular tsunami
wave.

A point source is another initial condition that is easy to handle in the PDE solution [9].
Resulting maps are shown in Video 4 that can be viewed at http://bit.ly/29gMdPA.

The tsunami point source is located near Alboran Island (the green square marker) in water
that is 1000 m deep. The tsunami radiates in all directions, intensifying in height and velocity
as it moves into shallow water, as indicated by the bathymetry contours. As before, background
color represents normalized height and vector length represents normalized velocity.

One can see as the movie progresses how different coastal regions are affected, as the ap-
proaching tsunami intensity increases. Offshore reflections and along-shore tsunami vectors
are clearly seen from the vectors. The island is small compared to the tsunami wavelength,
causing little observable effect.

5.2. Band-velocity simulation based on Green’s Law

This approximate procedure is based on the theory given in Section 2.3. To simulate velocities
for a given test radar site over a period of time close to the arrival of a tsunami, band velocities
from a real tsunami (termed reference velocities VRef) are superimposed on band velocities
measured at the site (termed site velocities VSite). Before adding to the site velocities, the
reference velocities are adjusted for the site bathymetry using Eq. (7). They are then multiplied
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by an arbitrary factor F that can be varied to adjust the height of the simulated tsunami
approaching the test site. This process is encapsulated in Eq. (11) for a given band:
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where VSim is the simulated velocity that for F = 1 would be observed if the reference tsunami
approached the test site and DepthSite and DepthRef are the average depths across the band for
the test and reference sites. Increasing/decreasing the value of F will increase/decrease the size
of the simulated velocity.

Simulated band velocities calculated using this approximate method are currently used to
evaluate the suitability of radar sites for tsunami detection, as described in the next section.

6. Evaluation of radar sites for tsunami detection using simulated
tsunami velocities

As some sites are less suitable than others for tsunami monitoring with coastal radar systems,
we are developing a site‐dependent method that uses simulated tsunami velocities to estimate
the size of a tsunami required to trigger a detection as a function of distance from the shore.
This leads to an estimate of the warning time available. The tsunami simulation methods
currently available have been discussed in the previous section. Tsunami simulation based on
PDE model solutions of equations of motion is under development at this time with early
results discussed in Section 5.1. As it does not yet produce actual (non‐normalized) heights
and velocities, as an interim measure, we use the approximate simulated velocities based on
Green’s Law described in Section 5.2.

6.1. Evaluation method

The following steps are used to estimate the size of an approaching tsunami required for
detection at the test site.

• Step 1: Measured tsunami band velocities obtained over a 5‐h time period from the refer‐
ence site VRef are stored in a database.

• Step 2: The test site is assumed to be operating in its normal mode acquiring radial velocities,
which are converted to band velocities VSite as described in Section 3.2 over a 5‐h time period.

• Step 3: The reference set VRef is adjusted for depth, multiplied by a factor F, and added to
VSite using Eq. (11) to produce simulated velocities VSim over the 5‐h time period.

• Step 4: The simulated velocities VSim are analyzed to produce q‐factors, using the pattern‐
recognition algorithm described in Section 3.3.
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• Step 5: Steps 3 and 4 are repeated for a range of values of the factor F. The minimum value
of F(Fdetect) is sought that will lead to an acceptable detection of the q‐factor peak, with an
acceptably low false‐alarm rate.

• Step 6: The tsunami velocity (Vdetect) and height (Hdetect) necessary to produce an initial
detection of the tsunami follow from Green’s Law, Eqs (6) and (7):
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where refinit is the magnitude of reference velocity oscillation leading to a detection of the

tsunami arrival. Note that in these equations, Vdetect and Hdetect define the values where the band
velocities are measured, not values very close to shore in the run‐up zone, that can only be
calculated using the highly nonlinear theory.

These steps are repeated using a sliding 5‐h time window, running in the background of an
operating radar system. The work described in this section is preliminary in nature and is being
further developed in partnership with NOAA.

6.2. Application at two test sites

We demonstrate the procedure for a single 5‐h time window using as reference band velocities
measured by the Kinaoshi radar (A088) during the Tohoku (Japan) tsunami, see Figure 4. Test
radar sites are located at Bodega Marine Laboratory (BML1) on the US West Coast and Brant
Beach (BRNT) on the US East Coast. BML1 has a steep offshore bathymetry profile, that is a
narrow continental shelf; it also has low background noise. In contrast, BRNT has a shallow
offshore bathymetry profile, that is a wide continental shelf, but this site has higher background
noise. Our analysis shows that for these two radar sites, the offshore bathymetry dominates
the tsunami detection capability. We compare predictions from the simulation with detections
of real tsunamis: at BML1 of the 2011 Tohoku event and at BRNT of the 2013 meteotsunami.

Figure 17 shows depth vs. distance offshore for the reference site and the two test sites.

Clearly, depths for BRNT are much less than those for BML1, which is advantageous for
tsunami detection because it offers longer time from the first alert to the arrival at the coast.
However, the signal‐to‐noise ratios for the BRNT antennas were observed to be about 20 dB
less than those for BML1, indicating noisy spectra and reduced tsunami detection capability.
This is an example of variations in local external noise that are sometimes seen among coastal
HF radars.
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tsunami detection because it offers longer time from the first alert to the arrival at the coast.
However, the signal‐to‐noise ratios for the BRNT antennas were observed to be about 20 dB
less than those for BML1, indicating noisy spectra and reduced tsunami detection capability.
This is an example of variations in local external noise that are sometimes seen among coastal
HF radars.
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As the Green’s Law approximation applies only when the depth varies slowly compared to
the tsunami wavelength, we consider distances from BML1 less than 19 km, which correspond
to the edge of the continental shelf, see Figure 17. For BRNT, this limit does not apply, as here
the continental shelf extends beyond the limits of the radar coverage.

Figure 17. Depth vs. distance from shore for A088 (black), BML1 (blue), and BRNT (red).

Figure 18. The multiplicative factor Fdetect required for detection of the initial approach of the simulated tsunami vs.
range from the radar. Blue: BML1 and red: BRNT.

With the empirical detection algorithm applied to noisy background velocities, a nonlinear
pattern results as the multiplicative factor F is varied in Step 5 of the evaluation analysis
described in Section 6.1. As F is increased from zero, the q‐factor increases in stages as different
components of the detection methods apply to the band velocities. When the q‐factor exceeds
the preset limit, this defines the value of F(Fdetect) that signals a detection. Preset limits are set
to produce minimal false alarms while allowing detection of observed tsunamis. In Figure 18,

Coastal Tsunami Warning with Deployed HF Radar Systems
http://dx.doi.org/10.5772/63960

103



Fdetect is plotted vs. range from the radar: range is defined as the central value for the five 2‐km
bands, for example, for bands 1–5 (distance from shore 0–10 km), the central value is 5 km.

Step 6 of the analysis procedure is then applied to estimate for each range the tsunami velocity
and height necessary for the detection of the initial tsunami approach. Parameters to insert
into Eqs (12) and (13) were estimated as follows: Figure 7 indicates that the amplitude of the

initial A088 (the reference) tsunami velocity oscillation V088𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵  is about 9 cm/s averaged from 0

to 10 km from shore, where the mean depth is approximately 60 m. Substituting these values,
the depths from the site and the values of Fdetect shown in Figure 18, into Eqs (12) and (13) leads
to estimates for the tsunami velocity Vdetect and height Hdetect required for a detection of the
initial simulated tsunami approach. Table 3 shows these values as functions of distance from
shore.

Velocity (cm/s)          Height (cm)         

Range (km) BML1 BRNT BML1 BRNT

5 7.9 11.7 21.6 11.7

7 11.5 27.4 34.2 30.3

9 20.8 13.7 65.1 16.4

11 22.0 17.2 71.0 22.0

13 10.8 23.2 25.9 31.4

15 40.6 13.3 129.0 18.9

17 24.5 23.5 86.2 34.2

19 84.1 5.6 306.0 8.3

21 5.4 8.2

23 11.8 18.2

25 30.6 47.9

27 21.3 33.9

29 17.4 28.2

31 58.5 96.0

33 6.5 10.9

35 25.9 43.7

Table 3. Estimated tsunami velocity and height required for detection vs. range from the radar for the two sample test
sites based on simulations using reference tsunami velocities from A088.

From Table 3, the height of the simulated tsunami required to trigger a detection is generally
larger for BML1 than for BRNT particularly at greater ranges where the water is deeper. This
occurs in spite of the lower BRNT signal‐to‐noise ratio, indicating that the shallow offshore
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bathymetry dominates the tsunami detection capability. We note that values shown in Table 3
are noisy. Noise reduction will require the analysis of more extended data sets.

6.3. Comparison of test predictions with prior observations of real tsunamis

In this section, we compare predicted values of tsunami velocity required for a detection
(shown in Table 3) with observations of real tsunamis at BML1 and BRNT.

6.3.1. BML1

About 9 h after the March 11, 2011 Japan earthquake, the Japan tsunami was detected at
BML1; see Figure 19, which shows the measured band velocities and corresponding q‐factors
close to the tsunami arrival.

Figure 19. BML1 results; start time March 11, 2011, 14:00 UTC: (a) band velocities vs. time. Blue: 0–2 km, red: 2–4 km,
black: 4–6 km, and green: 6–8 km; (b) q‐factors vs. time obtained from analysis of velocities from five adjacent bands.
Blue: 0–10 km, red: 2–12 km, black: 4–14 km, and green: 6–16 km.

Using a threshold of 250, the blue q‐factor peak for bands 1–5 indicates a detection of the Japan
tsunami arrival at 15:45. Figure 19(a) shows that the amplitude of the initial tsunami velocity
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oscillation at BML1 was about 7 cm/s. There was no detection of the initial tsunami approach
further from shore.

From Table 3, the simulation test predicts that the tsunami velocity required for an initial
detection at BML1 at a 5‐km range is ∼8 cm/s, which is approximately consistent with the
observed velocity (7 cm/s) resulting in the initial detection of the Japan tsunami. The test
indicates that larger tsunami velocities are required further from shore for detection to be
possible. It also gives credibility to our simulation methodology.

6.3.2. BRNT

From Figure 14, the magnitude of the initial meteotsunami velocity oscillation observed at
BRNT 6–12 km from shore was ∼10 cm/s. This value can be compared with the test results in
Table 3: averaging from 5 to 11 km, the predictions indicate that the velocity required to
produce a detection is ∼17 cm/s. This conservative estimate may reflect a difference between
the characteristics of a meteotsunami and an earthquake‐caused event.

7. Factors affecting detectability

In this section, we summarize five factors that can affect the ability of a radar site to detect and
provide warning of an approaching tsunami.

7.1. Water depth

Tsunami orbital velocities are small in deep ocean basins, with orbital velocity below the
detectability threshold for HF radars. In the deep ocean, tsunami wave amplitude is always
less than 1 m and wavelengths may be hundreds of kilometers. For example, fishermen 30 km
offshore did not detect the huge Japanese tsunami of June 15, 1896. The tsunami height was
only about 40 cm, but when the tsunami arrived at the shore, its height after run‐up was 38.2
m [19].

As the tsunami moves onto the continental shelf, both velocity and height increase. Velocity,
however, grows more rapidly with decreasing depth which gives advantage to the radar
sensor. As the depth decreases, the orbital velocity can exceed a detection threshold. Based on
our experience with small to moderate tsunamis in 21 HF radar detections, we use the 200‐m
isobath as a convenient demarcation for likely detectability.

The offshore bathymetry has a strong influence on HF radar tsunami detectability that is highly
radar site dependent. It must be studied in simulations that guide the selection of detectability
thresholds and other parameters for any tsunami warning methodology. This can be done
using numerical models for near‐field tsunami propagation based on the bathymetry offshore
from the radar location, as described in Section 5.1.
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7.2. Tsunami height

The orbital velocity and tsunami height of course increase with the severity of the tsunami,
and this is a second factor determining detectability. We note that tsunami heights producing
radar detections as measured by neighboring tide gauges were not large, varying between 0.05
and 2 m. Tsunamis with orbital velocity amplitudes of 5 cm/s have been detected [5]. Detection
of larger tsunamis would of course be easier, for example, the tsunami waves that reached
heights of 40.5 m in Miyako, Japan, following the 2011 Tohoku earthquake [20] would be very
easy to detect.

The estimation of the tsunami height at the shore is of course of major interest and at present
can only be estimated by tide gauge observations because of the breakdown of linear modeling
very close to shore. More advanced modeling, as described in Section 5.1, should alleviate this
problem.

7.3. Background currents

The orbital tsunami current must be detected among the ambient background flows that
depend on a number of site-specific factors. Tsunami detectability may be degraded if there
are large variations in the ambient current field over the tsunami period, which for the Japan
tsunami and the US East Coast meteotsunami was approximately 40 min.

Existing networks of coastal HF radars have been installed primarily for reporting real-time
currents. Such currents vary with location and time. Temporal variations may be either
predictable (e.g. tides) or unpredictable (due to many causes, such as storms). Their patterns
within the radar coverage where tsunami detection is desired can be quite complex. Some
background flow variations may be mistaken for a tsunami and hence produce a false alarm
in the absence of a good pattern-recognition algorithm.

7.4. External background interference/noise

Man-made radio interference may lead to radar signatures similar to those produced by a
tsunami, leading to false alarms. In some cases, this interference can be mitigated; in oth-
ers, it may not be possible. This problem can often be solved on a case-by-case basis, hav-
ing collected a database of received signals. This is the biggest factor apart from the
intensity of a tsunami that limits its detection and can give rise to false alarms if the
threshold is too low. Even sporadic interference can cause the q-factor pattern-recognition
algorithm to give rise to false alarms. Initial radio surveys for new radar sites are required
to check for interference. Selection of a clean frequency band can improve the situation for
all sites.

Methods are needed to detect interference, along with filtering where possible to remove
it. If it cannot be removed, then passing along to a tsunami warning center a disclaimer
with any q-factor alerts during high interference periods, or raising the threshold, is criti-
cal.
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7.5. Signal aliasing

Strong echoes from close‐in ranges can alias into distant range cells in systems that transmit
while receiving. This “ringing” phenomenon produces spurious echoes in distant range cells
that can be erroneously interpreted to be tsunami echoes. These far‐out spurious echoes are
easily distinguished from real tsunami echoes, as they appear at the same time as the real
tsunami echoes from close‐in ranges. If they were caused by a real tsunami, they would appear
earlier at distant ranges. Also current amplitudes extracted from the spurious echoes are
usually independent of depth. Fundamental, linear shallow‐water wave physics [1, 6] shows
that the current amplitudes always decrease with depth. Observations from Chile of the Japan
tsunami [4], discussed in Section 3.4.3, appear to show indications of “ringing.”

8. Dealing with false alarms

The first tsunami alert is indicated when the q‐factor exceeds the preset limit. Due to the varying
background current and noise/interference effects described in the last section, the detection
might be a false alarm. The trade‐off in the selection of the q‐factor threshold is as follows: if
the q‐factor limit is set too low, the peak will certainly produce a q‐factor alert, but many non‐
tsunami false‐alarm detections may be generated, degrading performance and operational
acceptability. If it is set too high, false alarms will be eliminated, but then the first actual tsunami
peak may be missed. This is the classic “probability‐of‐detection vs. false‐alarm rate” trade‐off
encountered by warning sensor systems. An acceptably low false‐alarm rate for a given
tsunami intensity and detection distance from shore are the parameters to be optimized at each
site. Judging by the strength of the q‐factor signals seen in the Japan tsunami, it would appear
that a tsunami having a run‐up height of 1 m should easily be detectable with very low false‐
alarm rates in uncontaminated radar spectra, using the detection methods described earlier.
The value of the q‐factor limit defining a tsunami detection is site specific and needs to be
studied for the site under consideration. The most effective way to handle this for a given site
is to study the background currents/extraneous effects and how the q‐factor algorithm
responds to them over a several month period.

We discuss two approaches for the reduction of false alarms:

8.1. Search for correlations between q-factor alerts from adjacent HF radars

A real tsunami would be seen at two coastal locations say 30 km apart, for example, within a
definable time window (say 15 min). Tsunami waves refract as they move into the ever‐
shallower water of the continental shelf near the coast. This means they tend to arrive perpen‐
dicular to the shore. This forces similar arrival times at neighboring locations along a nearly
straight coastline.

Hence, if a high q‐factor peak at Radar M arrives at a given range within 15 min of a high q‐
factor peak at Radar N, the presence of both raises the probability that a real tsunami is being
seen by orders of magnitude. Likewise, if a high q‐factor at Radar M has no counterpart at
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Radar N, this raises greatly the probability that the “alert” was in fact a false alarm. Thus, the
solitary alert can be either eliminated as a false alarm or attached a flag to give it a much lower
credibility.

8.2. Search for correlations between q-factor alerts and earthquake notifications

At present, several services distribute online notifications within 2 min of an earthquake that
has occurred anywhere in the world, which give latitude, longitude, time, and magnitude of
the earthquake, see, for example [21]. Not all subsea earthquakes generate tsunamis. The as‐
sumption here is that any subsea earthquake with magnitude higher than 5 can be consid‐
ered to be the origin of a tsunami. The approximate expected arrival time can be calculated
from Eq. (10) using the depth profile between the earthquake origin and the radar near field
of interest. A threat window can be set up within ±0.5 h of the predicted arrival time, and
any q‐factor candidates within this window would be given increased priority.

9. Conclusions

The use of HF coastal radars to detect and warn of approaching tsunamis was proposed nearly
40 years ago [1]. Radars measure the tsunami wave’s orbital velocity, unlike all other tsunami
sensors that measure its height. However, it was not until the 2004 tragic Banda Aceh event
that killed a quarter of a million people that attention was seriously focused on developing a
local warning system. After the significant 2011 Tohoku, Japan tsunami, enough radars were
in place worldwide to gather a radar‐signal database that allowed the development of detection
and warning methodology.

Several papers ensued demonstrating a detection algorithm and developments followed
toward a methodology to capitalize on this near‐field monitoring capability [2–3, 5–6]. The
present work presents a summary of these prior works and also covers recent work on tsunami
simulation and site evaluation that has not been reported elsewhere.

In the last 5 years, tsunami events were detected by 21 SeaSonde HF coastal radars. Times
between detection and arrival at shore (as confirmed by tide gages) ranged between 1 and 43
min. This alert time for a tsunami of given intensity depends principally on the offshore
bathymetry. A shallow shelf edge affords a much longer alert time than a steep drop‐off. We
have examined and compared approximate and exact methods for estimating the arrival. The
latter include the solution of exact linear partial differential equations, especially suited to
near‐field HF observations; in the future, this will also allow the radar‐measured orbital
velocity to be related to the height of the approaching wave.

We have also described steps toward simulation of tsunami height and velocity. This allows
the assessment of the warning possible at a given site location based on the offshore bathy‐
metry, background currents, and noise. False‐alarm rate and probability of detection are the
metrics against which performance is evaluated. Methods of increasing the latter while
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decreasing the former are examined. These include correlations with similar alerts from other
nearby radars and with reports on seismic events that may constitute tsunamigenic sources.

After radars on the US East Coast detected a meteotsunami in 2013 that provided an alert that
was missed by conventional methods, NOAA recognized the potential that the US Integrated
Ocean Observing System (IOOS) could offer for tsunami warning. IOOS consists of 130
SeaSonde radars around the US coast. The NOAA Tsunami Warning Program office and IOOS
entered into a partnership with Codar Ocean Sensors to optimize this capability based on steps
outlined in this report and organized its transition to the two operational tsunami warning
centers in Hawaii and Alaska.

It is clear that early local detection of incoming tsunamis by deployed radar systems is now
within the capabilities of existing technology.
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Abstract

In the last 13,000 years, there are 17 tsunami events recorded in Sweden. This chapter
highlights the characteristics of two high-magnitude events from the deglacial period
and three events from Late Holocene age.

Keywords: tsunami events, tsunamites, Sweden, paleoseismicity, varved clay, turbi-
dites, lake record

1. Introduction

In Sweden, we have documented 62 high-magnitude paleoseismic events in postglacial time [1,
2]. Most of those occurred in subaqueous environment and 17 events set up tsunami waves [3].
All the 62 events are documented by multiple criteria and most of them are very precisely dated.

With recording by multiple criteria, I mean the recording of one and the same event in faults
and fractures, in sedimentary deformations, in liquefaction characteristics and spatial distri-
bution, in earth- and rockslides, in height and extension of tsunami waves, in distribution and
age of turbidites, etc.

With very precise dating, I mean dating with a resolution as to a single year (sometimes even
the season of a year) in the Swedish Varve Chronology [4].

Therefore, studies in those uplifted former shelf areas may help us to understand the mode of
offshore deformation and the special characteristics of structures created [5, 6].

Sweden with its bordering Baltic Sea and Kattegat Sea were previously thought to be tsunami-
free parts of the world. In 1995, we found the first evidence of a major tsunami wave that took
place in the autumn of varve 10,430 BP [7]. It was soon followed by the documentation of
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another big tsunami event in the varve-year 9663 BP [8, 9]. Today, we have a list of 17 events
[1, 3, 6]. In this chapter, I will discuss five of them in terms of case studies from this part of the
world.

2. Paleoseismics and paleotsunamis

Table 1. lists the 17 tsunami events recorded and documented in Sweden up to now [3]. The
corresponding spectrum of inferred wave heights is provided in Figure 1 [6]. In the present
chapter, five of the events will be picked out and discussed as case studies from Sweden and
its surrounding seas [1].

Age in BP Area affected Earthquake magnitude Observed tsunami record
12,400 Kattegatt At least 8 Very high & strong wave

11,600 Kattegatt At least 7 High wave

11,250 Kattegatt About 7 High wave

10,430 Mälardalen Well above 8 Very high & strong wave

9663 Hälsingland Well above 8 At least 15 m wave height

9428 Umeå area At least 7 (height unknown)

9221 Umeå area 7–8 At least some meters

8600 Södermanland 6–7 Probably some 5–10 m

7800 Stockholm region At least above 6 Maybe 13 m run-up

6100 Hälsingland Well above 8 At least 10-15 m height

4000 Umeå area 6–7 Tsunamite

3–4000 Södermanland Explosive gas venting At least 11 m run-up

3200 Lake Marviken Around 7 Local lake tsunami

2900 Hudiksvall area Explosive gas venting At least 12 m wave height

2900 Forsmark area Same as above At least 6 m wave height

1600 Kattegatt Unknown Some meters run-up

776 South Kattegatt Around 7 Destructive, tsunamites

Table 1. Tsunami events recorded in Sweden in association with paleoseismic events [1, 2].

Figure 1. Recorded tsunami heights in the Baltic (blue) and Kattegat (green) coasts of Sweden [6]. Red figures (1–5)
refer to the five events here discussed with event 4 being revised in time and wave height.
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2.1. The 10,430 BP event

When ice receded over the Baltic basin, it dammed an ice lake in its front. The outlet was via
the Great Belt area. The ice lake is known as The Baltic Ice Lake. Due to the successive land
uplift with increasing amplitude to the north, the vertical damming above the corresponding
Atlantic sea level successively increased to a final damming of 29 m. Due to ice recession, the
ice lake grew in horizontal extension too. When the ice margin, shortly after the end of the
Younger Dryas stadial, left the northern slope of Mt. Billingen in southern Sweden, the ice lake
dropped to the level of the sea. This event occurred 10,740 varves BP [7]. Pack ice and melt-
water discharge blocked open excess to the sea, however [8].

At the varve-year 10,430 BP (i.e., about 300 years after the drainage), the entire Baltic basin
suddenly turned marine and the Yoldia Sea stage (sensu strictu) commenced [8]. The forces
generating this change were a high-magnitude earthquake occurring in the autumn of varve
10,430 BP and a high-amplitude tsunami wave washing the Närke Straight free of blocking ice
[1, 3, 4, 8, 9]. The wave height must have been in the order of 15–20 m, and several lake basins
were invaded by a high wave, recorded as tsunamites of graded bedding and including
planktonic marine microfossils [1].

In 1995, we got excellent, extensive and multiple sections and trenches in connection with the
construction of a new motor highway and a railway some 70 km west of Stockholm [10–12].
There were remarkable liquefaction structures, ground-shaking structures and deformed
annual varves (Figure 2).

Figure 2. Three sections in the Turinge area exhibiting: (1) regressional sand and gravel, (2) varved clay deposited in
marine-brackish environment, (3) varved clay deposited under fresh water conditions and (4) glacifluvial sand and
gravel, strongly liquefied and with a subvertical venting pipe [1]. Section A shows a concordant change from freshwa-
ter to marine conditions in varve 10,430 BP. Section B shows an erosional contact in the autumn of varve 10,430 BP.
Section C shows heavy liquefaction with a venting pipe mushrooming in varve 10,430 BP. This is indicative of a major
earthquake event in the autumn of varve 10,430 BP, and a major tsunami event that washed the Närke Straight free of
blocking pack ice and icebergs and opened the straight for ingression of marine water, turning the Baltic into the Yol-
dia Sea stage [1, 3, 4, 8]. The dating to the autumn of varve 10,430 BP is obtained at three sited 85 km apart [4, 9].

The earthquake in the autumn of varve 10,430 BP was exceptionally large with an estimated
magnitude well above M 8 [1, 2, 4, 9]. It is recorded by multiple criteria (Figure 3).
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Figure 3. The 10,430 BP paleoseismic event is documented by multiple criteria [1, 2, 4, 9].

The tsunami event linked to this earthquake must have been both strong and high because it
flushed the Närke Straight totally open allowing marine water into the Baltic in the varve-year
10,430 BP. At the same time, several lake basins were invaded [1]. The total height of the tsunami
wave is estimated at 15–20 m (Figures 1 and 3). The event is likely to have set up a sequence
of six waves, judging from multiple graded bedding cycles as illustrated in Figure 4 in view
of [4, 9].
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Figure 4. A segment of an 11 m core taken on the island of Ornö, some 30 km south of Stockholm [13]. After 321 years
of deposition of normal annual varved clay, the sequence is broken by a sequence of six thick beds of graded bedding
(1–6), interpreted to represent a sequence of six major tsunami waves of the 10,430 BP major earthquake and tsunami
event [1–4]. Paleomagnetic intensity shows a high peak representing “the Gålö Geomagnetic Intensity Peak,” known to
have occurred in varve 10,430 BP [14]. The intensity curve records six cycles of stronger (s) and weaker (w) magnetiza-
tion [15]. The six beds of cyclic sedimentary (and magnetization) deposition represent a bed load, deposited at a water
depth of about 130 m, as a hydride between tsunamites and turbidites [3, 4].

Varve 10,430 BP is recorded in numerous cores and sections in southern Sweden. It is charac-
terized by a simultaneous change from freshwater to marine environmental conditions, but
also as a thick sandy-gravelly varve including rounded clay “pebbles” from the erosion of older
clay beds, i.e., a layer transported under strong forces over the old seabed in the form of a
turbidite. This turbidite varve has been recorded over an area of 200 × 320 km (Figure 3). In a
few sites, it is seen as a sequence of cyclic deposits (Figure 4) representing a tsunamite
deposited by a sequence of tsunami waves. This called for a new model where the tsunami
wave forces and the seabed turbidite transport could be understood in terms of an integrated
mode of transport, erosion and deposition [3, 4]. Figure 5 presents this integrated model (first
presented in [3]).

Figure 5. Integrated model [3, 4] for the tsunamite/seismite deposition in varve 10,430 BP. The tsunami wave has a
large diameter and soon starts to trim the surface of the seabed setting up clay and silt in suspension and bed load of
sand and gravel transported as a turbidite. At the time of the earthquake and tsunami event, sea level was about 150 m
high than today in the Stockholm region. From [3].
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Varve 10,430 BP was originally interpreted in terms of a “drainage varve” [16], an old idea now
substituted by the recording of the huge earthquake in varve 10,430 BP and its extensive
tsunami event [1, 3, 4]. The spatial distribution is given in Figures 6 and 7.

Figure 6. Red dots represent sites of recorded tsunamites. Green field represents the spatial distribution of firmly
varve-dated tsunamites, seismites and liquefaction features with sites outside this field referring to sites dated by other
means.

Figure 7. Paleogeography of the land–sea–ice distribution at the time of the big earthquake in varve-year 10,430 BP
(modified from [3]). Red dot marks location of epicentre. Red double arrows refer to the Närke Straight opened by the
tsunami wave so that marine water could enter the Baltic and turn it into the Yoldia Sea stage. Red cross marks the
location of two sites recording an earthquake event with liquefaction and a tsunami event occurring 67 varves after
deglaciation [17].
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2.2. The 9663 BP event

In the Hudiksvall area of central Sweden, there occurred a very large earthquake in the varve-
year 9663 BP [1, 3, 4, 9, 12, 18, 19]. The paleogeography of this event is very well known
(Figure 9). Sea level was in the order of +224–230 m, and only minor islands stack out of the
sea in front of the ice margin. It is recorded by multiple criteria [1, 4, 9] as illustrated in
Figure 8. It seems to represent one of the best documented paleoseismic events in the world
[1, 2]. The intensity was estimated at XII and the magnitude as >8 [2, 9]. Bedrock fracturing is
recorded in some 100 sites over an area of 50 × 50 km. Liquefaction is recorded at 12 separate
sites covering an area of 80 × 40 km. At two sites, it is recorded in five separate phases thought
to represent the main event and a sequence of aftershocks. The liquefaction event is directly
tied to varve 9663 BP. The water depth at the epicentre is likely to have been in the order of 250
m (allowing for a tsunami wave with the same diameter). A tsunami wave is recorded at 14
different sites, including nine lakes where a total of 44 cores were taken. It is dated both by
varves (at 9663 varve-years BP) and by radiocarbon (at about 9150 C14-years BP). The tsunami
wave must have a height of at least 15 m [1, 3, 4, 9]. A turbidite in varve 9663 BP extends for
310 km along the coast [1, 19].

Figure 8. The 9663 BP paleoseismic event must have had a magnitude of M > 8. It is documented by multiple criteria [1,
3, 4, 9, 18].
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Figure 9. Paleogeography of the Hudiksvall area at the high-magnitude earthquake in the varve-year 9663 BP (or
∼9150 C14-years BP). Explanations: blue: extension of the ice cap; brown: land areas; black winding strings: eskers; red
line with dot: fault line and location of epicentre; red dots with numbers 1–14: sites where tsunamites of the 9663 BP
event have been documented (from [1]).

Figure 9 provides the paleogeography of the area in the varve-year 9663 BP and the location
of the 14 sites where records of the tsunami event have been recorded in the near-field region
[1]. The area is traversed by six separate drainage basins marked by the corresponding esker
systems from the subglacial drainage. The turbidite of varve 9663 BP traverses the entire area
and expands 310 km to the south.

The tsunami was probably composed of two to three waves judging from the cycles recorded
(Figure 10). Site 2 (Lake Svartsjön) is the key site of 14 closely spaced cores, five C14-dates and
diatom analysis [1, 3]. The site was deglaciated 25 years before the tsunami event. The highest
coastline (HK in Figure 10) was closely determined at +31.3 m. At the time of the tsunami event,
the Baltic level had fallen to +223.5 m, i.e., a drop of about 7.8 m in 25 years, providing a rate
of relative uplift of about 312 mm/year. The five C14-dates all overlap at 9155-9135 C14-years
BP. A C14-age of 9150 BP would correspond to an absolute age of 10,350 cal. years BP. The
deviation between the absolute age and the varve age of 9663 BP records an error in the varve
chronology of about 700 years [20].
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Figure 10. A 5.5 km SW–NE profile of the topographic setting of sites 2–5 (from [1]).

Figure 11 provides a good and representative record of the stratigraphy and sequence of events
in Lake Svartsjön (Site 2). After the deposition of 25 varves, a tsunami wave invades the lake
basin by overflowing the sill to the east (about +228 m) and depositing a thick tsunamite spread
over the entire lake basin. This calls for a minimum height of the tsunami wave of 6 m (cf. 15
m at Site 3).

Figure 11. Stratigraphy, dates, tsunami characteristics and diatom analyses of Core 3 in Site 2 [1, 3]. The tsunamites
spans 60 cm and is composed of a fragmentary first cycle and a full main cycle of graded bedding fining upward
(sand-silt-clay). The diatom content of the tsunamite represents a planktonic deep-water flora of the open Baltic Lake
Ancylus stage [3].
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The tsunamite has a thickness 50–60 cm and is composed of two (occasionally 3) depositional
cycles of graded bedding. The diatom flora of the tsunamite represents planktonic deep-water
species from the open Baltic environment of the Ancylus Lake stage. This is a useful charac-
teristic of sandy beds deposited by tsunami waves from the sea (contrary to shallow-water
beach erosion).

The Lake Källsjön records are important [1]. This lake was never a part of the Baltic. The sill
in-between had an original level of about +236 m [3] (Figure 12). Five cores were obtained in
the lake, all including a typical tsunamite of graded bedding, indicating a forceful overflow of
the sill and ingression into the lake of the 9663 BP tsunami wave. The wave must be at least
12.5 m high and overflow the sill for 700 m. Therefore, we can set the tsunami height at 13 m
or rather about 15 m. The full evidence of a major tsunami event comes from the content of
diatoms in the tsunamite beds, viz., a typical planktonic diatom flora of the Baltic Lake Ancylus
stage [1, 3]. Furthermore, in today’s lake, a small fish, smelt, is living, which is considered to
be a relict from the Lake Ancylus stage of the Baltic, washed into the lake by the 9663 BP tsunami
wave.

Figure 12. Site 3, Lake Kjällsjön, was never a part of the Baltic because it was located above the highest Baltic limit (BL)
and separated from it by a sill [1, 3]. At the 9663 BP event, the sill was overwashed and the lake was invaded by a wave
from the Baltic. The tsunami height must have been at least 13 m, probably about 15 m high. From [3].

A final example of the 9663 BP tsunami comes from the harbour of Iggesund (site 14 in
Figure 9), where we had five pits and a major trench cut [1, 4]. The area was free-melted in
9747 BP. Then, followed the deposition on 84 annual varves. In varve-year 9663 BP, the area
was affected by a strong earthquake. The glacifluvial sand and silt was heavily liquefied, and
the liquefied material vented to the surface where it spread laterally by mushrooming. Some
lateral spreading also occurred along the surfaces of varve beddings. In pits 4 and 5, the intra-
clay sand layer had the character of a tsunami bed. In pit 4, we brushed off the sand covering
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the clay surface beneath. The surface exposed was traversed by furrows and wave patterns
(Figure 13b) indicating that the tsunamites must have been deposited by a flow from the NE,
which implied from the sea towards the coast. At that stage, we had not yet located the
epicentre of the paleoseismic event. Later it was determined that the epicentre of the 9663 BP
event must have been located 12 km to the NE (as marked in Figure 9). Consequently, our
sedimentary records in the pits at Iggesund (Figure 13) are in full agreement with this location
of the epicentre.

(a)

(b)

Figure 13. Stratigraphic records at site 14, Iggesund harbour [1, 4] recording liquefaction, venting and surface mush-
rooming of liquefied material, and the deposition of a tsunamite. The clay surface beneath the tsunamite in pit 4 is
irregular (furrows and waves) in a manner indicative of a deposition from the NE (from right to left), i.e. from the sea
outside.
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Figure 14 provides the spatial distribution of the 9663 BP tsunami event in Sweden. The
extension of this tsunami even will surely expand considerably with time to sites in Finland,
Sweden and the Baltic coast to the SE, where there are numerous sites of proposed transgres-
sion deposits of the Ancylus Lake dated at the same age as the tsunami. Most probably, several
of these sites must be reinterpreted in terms of tsunamites [1].

Figure 14. Red dots represent sites of recorded tsunamites. Green field represents the spatial distribution of firmly
varve-dated tsunamites (also seismites and liquefaction features) with sites outside this field referring to sites dated by
other means.

2.3. The Late Holocene events

The 17 tsunami events recorded in Sweden over the last 13,000 years (Figure 1, Table 1) are
fairly regularly distributed over time. In the past 4000 years, there were as many as seven events
observed [3, 21, 22], three of those are discussed below.

This includes a revision of the previously assigned age of the Hudiksvall event; now re-dated
at 2900 BP, instead of 2000 BP. This makes the two events synchronous though recorded 160
km apart.

2.4. The 2900 BP event recorded at two sites 160 km apart

Site 1 refers to a well recorded at Skålbo, north of Hudiksvall [1, 3, 22, 23]. Here, violent
methane-venting tectonics set up a tsunami wave recorded in five bogs at +8, +14, +18, +23 and
+38 m [1, 3, 9, 22]. Lake Dellen, 25 km to the west and today at +37 m has a submerged peat
dated at about 2000 BP [3]. This age was used to determine the age of the event. At 2000 BP,
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methane-venting tectonics set up a tsunami wave recorded in five bogs at +8, +14, +18, +23 and
+38 m [1, 3, 9, 22]. Lake Dellen, 25 km to the west and today at +37 m has a submerged peat
dated at about 2000 BP [3]. This age was used to determine the age of the event. At 2000 BP,
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sea level was at +18 m, implying a wave height of 20 m [1]. Consequently, the run-up must
have been at least 20 m in order to invade the +38 m bog.

Later, I come to question the age determination, however. First, the Lake Dellen pounding may
have nothing to do with the tsunami event. Second, we find no records of the 2900 BP event
in the Hudiksvall lakes and no records of the 2000 BP event in the Forsmark lakes. Third,
subsequent C14-dates of the lake deposits provide ages older than 2000 BP.

Now, it seems quite clear that the Hudiksvall event should be synchronized [23] with the
Forsmark tsunami event closely dated at 2900 BP.

At 2900 BP, sea level in the Hudiksvall area would have been at +26 m [23]. This implies a
tsunami height of at least 12 m (to deposit a tsunamite in the +38 m bog). The tsunami wave
had a trimming effect of the seabed (i.e., erosion) down to at least +8 or 18 m below sea level
at that time.

Figure 15. The 2900 C14-years BP tsunami event in northern Uppland with respect to the rate of land uplift and shore
displacement over the last 4000 years (the oblique line of ∼7 m uplift per millennia passing through dated anchor
points marked by blue dots). At 2900 C14-years BP, the shore was at +20.7 m with land above (yellow) and sea (blue)
below as marked on the right side of the diagram. The stars mark tsunami beds recorded and dated in offshore sedi-
ments (all falling sharply at the 2900 BP level), in coastal deposits and in lakes and bogs on land where the tsunami
beds have eroded down into the older sediments. The graph provides evidence of a tsunami event that deposited typi-
cal tsunami beds over a vertical range from −20 to +6 m.

The Forsmark event (Figure 15) refers to a tsunami event very closely C14-dated at 2900 BP,
which was recorded in seven lakebeds in northern Uppland, 160 km to the south of the
Hudiksvall records [3, 9, 22]. The lakes investigated and dated form a staircase in elevation,
viz., +5.5, +10.8, +16.0, +16.0, +22.2, +22.5 and +24.7 m. At the time of the tsunami event, sea
level was at +20.7 m, implying that four lakes were located below and three above sea level at
2900 BP (Figure 15). In all the lakebeds, we found nice tsunamites of sandy layers in graded
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bedding. A lakebed at +27.4 m [24] shows no sign of a tsunami ingression. Therefore, the upper
limit of the tsunami event is set at about 26.5 m, indicating a tsunami height in the order of 6
m (and a submarine trimming depth of about 20 m).

Several lakes and bogs in the region had been investigated before [24–26], but none of those
studies recorded the occurrence of tsunamites despite the fact that they are quite clearly present
in the lakes at +5.5, +10.8, +16.0 and +22.5 m [26], all later cored and dated by the author, as
shown in Figure 15.

Synchronizing the events recorded at Skålbo and Forsmark (Figure 16) implies a fall in tsunami
height of 6 m over a distance of 160 km, which seems quite reasonable.

Figure 16. Synchronization of the tsunami events recorded at Skålbo (Hudiksvall) and at Forsmark (northern Uppland)
at 2900 BP [23]; elevation of dated cores (red dots), sea level at 2900 BP (dark blue lines). The tsunami wave height of at
least 12 m in Skålbo decreases to at least 6 m in Forsmark, i.e., a decrease of 6 m in 160 km. The basal trimming seems
to go down at least 18 m below sea level.

2.5. The AD 1174 event

In SW Sweden, there are evidence of a young paleoseismic event with local faulting of the
Viking shoreline. This implies a faulting post-dating the formation of this shoreline, known as
PTM-10, and dated at 1000-950 BP [1, 22, 27]. A fault offset of 1.1 m is recorded [1, 22].

It seems highly likely that this earthquake also set up a tsunami wave, which buried two Viking
ships in the ancient harbour of Galtabäck [27]. A C14-date of the ship gave 1172 ±73 cal. years
AD [28], which is quite close to a major historical earthquake event in 1174 as recorded in
chronicles [29]. The covering and burying of the two ships in silt are indicative of a very rapid
(instantaneous) process that took the ship owners by surprise, fully in line with the process of
a tsunami event.
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Therefore, it was proposed [27] that, indeed, the earthquake set up a tsunami and that the event
refers to the earthquake in 1174 mentioned in the chronicles [29], which corresponds to 776
cal. years BP.

Having established this, it is possible to re-evaluate a turbidite record from the Gullmar Fjord
[30] 230 km to the NW in terms of a tsunamite (Figure 17).

Figure 17. The time/depth relations of core 9004 [30] and the position of the “turbidite” here revised in terms of a tsu-
namite of the 1174 AD earthquake event.

An inferred age of the “turbidite” in the Gullmar Fjord core of 1174 AD fits perfectly well with
the time/depth curve of [30]. I therefore, quite confidently, re-evaluate this layer as a tsunamite
of the 1174 paleoseismic event [27].

3. Discussion

With a total of 17 separate tsunami events documented in Sweden after the Last Ice Age [1–4,
21], Sweden is a country of exceptionally high number of tsunami events. This is due to the
fact that it represents an uplifted shelf environment [5] with sedimentary sequences—not least
the varved clay—exposed on land where tsunami events can be documented in details and
where their age can be determined with high precision [4].

It is most surprising that tsunamis have not yet been reported by other geologists in Sweden,
Finland and Denmark, especially after the first report was brought out in 1995 [10] and 1996
[11]. The evidence is there in the field, just to observe, interpret and document.

In Norway, there are excellent records of the tsunami from the gigantic Storegga submarine
slide [31, 32].
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4. Conclusions

Tsunami events with the deposition of tsunamites are well recorded in Sweden [1, 2, 3, 4]. Up
to today, 17 events have been documented and described (Table 1 and Figure 1). The triggering
factor was high-magnitude paleoseismic events ranging from ∼13,000 BP to ∼800 BP. In two
cases, however, the triggering factor was a violent methane-venting episode [1–3, 23]. Figure 1
summarizes the estimated tsunami heights: 6 of 1–5 m, 5 of 6–10 m, 5 of 11–15 m and 1 of 16–
20 m.

The absence of recognition of tsunami events in Sweden by other scientists seems to be routed
both in personal ignorance and in pressure from the nuclear power industry, which has chosen
to neglect evidence of high seismic activity that might invalidate their claim of a safe deposition
of the high-level nuclear waste in the bedrock. A safety analysis ignoring observational fact
[33] can, of course, never be trustworthy as shown in a devastating manner by screening
available field evidence in a long-term safety perspective [2].

A generally high paleoseismic activity during the deglacial phase of Sweden, a number of Late
Holocene events reaching magnitudes of M∼ 7 and a sequence of 17 tsunami events are facts
that must be assimilated in the history of Quaternary geology of Sweden [34] like in the long-
term safety of a nuclear waste storage in the bedrock [2, 35].
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Abstract

Fishing  villages  in  coastal  Pakistan  would  need  to  respond  quickly  to  escape  a
tsunami  from  nearby  parts  of  the  Makran  Subduction  Zone.  A  previous  Makran
tsunami, in 1945, took hundreds of lives in this coastal area. The majority of those
fatalities took place along tidal creeks of the Indus Delta, where the parent earthquake
was scarcely felt.  Today, many of the Delta villages must be reached by boat,  and
telecommunication  is  difficult.  These  circumstances  add  to  the  challenge  of  their
receiving  timely  warning  of  an  incoming  tsunami—whether  it  is  the  immediate
natural  warning  from  a  felt  earthquake  or  a  subsequent  official  warning  from
government agencies. A study supported by Oxfam GB underscores this challenge.
Ten  remote  coastal  villages,  each  visited  by  the  study  team,  were  found to  have
limited links to official warning systems through landlines, mobile phones, and the
Internet. Two cities, by contrast, have International Maritime Satellite Organization
sirens that can be set off by satellite. In addition to technological solutions, partial
remedies  currently  available  include  improved  tsunami  awareness,  training  about
natural warnings, and land use informed by hazard assessments.

Keywords: coastal hazards, tsunami early warning, Pakistan, dissemination mecha‐
nism
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1. Introduction

Recent events of cyclone (Gonu 2007 and Phet 2010) and tsunamis of Indonesia in 2004 and
Japan in 2011 were the wakeup call for the scientific community and for developers, planners,
and decision makers to prepare for a worst case scenario. Moreover, as a result of unplanned
urban growth, negligence of construction standards, localized concentration of population and
infrastructure, and the lack of awareness at the public and the institutional levels, coastal cities
of developing countries are more vulnerable to the adverse effects of seismic hazards including
tsunamis. Despite the tsunami's complex nature, its potential to create massive damage is
compelling. Along coastal belt of Pakistan, many small fishing villages still lacking in basic
communication infrastructure are extremely vulnerable to coastal hazards when personal
notification is  the only way of  evacuation warnings.  Most  of  these villages do not  have
landlines, electricity, roads, and mobile phone networks (Figure 1). Local conditions do not
facilitate for any safe evacuation site nearby; details are discussed in Section 3.3.

Figure 1. View of Sonth Village, UC Basool, Tehsil Ormara, District Gwadar, Balochistan Province.

Historical evidence for tsunami along the shores of the Arabian Sea (Northern Indian Ocean)
is rare and in cases contradicting. Out of several historical events the 1945 Makran earthquake
is the only instrumentally recorded one that generated a tsunami. Therefore, the 1945 event
serves as the basis for modeling approaches in early tsunami warning system which is
currently being set up in Pakistan [1] (Figure 2).

National Tsunami and Cyclone Warning Center established at Pakistan Meteorological
Department (PMD) [2] is being set up to watch, investigate, and warn about tsunami and
cyclone threats to Pakistan coastline. The PMD established tsunami warning standard
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operating procedures (SoPs) in 2010 [3] and has categorized tsunamis in different types based
on the size and location of the parent earthquake.

A regional or local tsunami such as the one created in Arabian Sea in 1945 [3] might be more
destructive for Pakistan’s coastal belt than the one located farther in the Indian Ocean.
Therefore, a dissemination of warning for local tsunami should be issued to the communities
within 7–10 min of its origin, and usually, a possible threat of tsunami is proposed for an
earthquake of magnitude 7.5 and above. A tsunami in the Indian Ocean might take as long as
10–13 h to reach and affect Pakistan’s coastal areas. Henceforth, a warning for tsunami (as a
possible threat) in this case is issued only if the earthquake magnitude lies within the ranges
of 7.0 and above.

Figure 2. Makran and Indus Delta Creek region affected by 1945 Tsunami also covers communities studied.

This chapter analyzes the gaps in coastal hazard early warning system (EWS), specifically
pertaining to dissemination of information along the coastal belt of Pakistan. Although EWS
comprises of two components: (a) detection of threat and (b) subsequent relay of information,
the chapter only focuses on the later.

This study sheds light on the challenges related to dissemination of early warnings of coastal
hazards in Pakistan. It provides a comprehensive overview of the current arrangement for
broadcasting a warning and limitations of the system (with references to sampled villages).
The chapter also provides recommendations for division of responsibility and improvement
of the system.
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2. Methods

The study methods included desk review of the available documents and data on the subject,
collection and analysis of primary and secondary sources data, and direct field observations
as well as interviews with community’s representatives and concerned personnel. All such
information was finally summarized and put for analysis to identify issues and gaps, and to
develop recommendations on effective early warning to coastal communities of Pakistan.

2.1. Primary data collection

Primary data collection is generally based on field survey comprising three main parts: (a)
household interviews, (b) key informant interviews, and (c) focus group discussions.

The research team, led by the principal investigator, visited ten villages in Thatta, Sujawal, and
Badin districts in Sindh and in the Gwadar district of Balochistan. The team was assisted by
representatives of the communities for interpretation and to translate the questions and
answers for both parties (Figure 3).

Figure 3. Discussion carried out with women at Sonth Village living at the bank of Basool River where it falls into sea.

2.1.1. Household interviews

A detailed questionnaires were designed for household interviews that focused primarily on
the basic infrastructure related to early warning communication systems present in the
communities, their efficacy in delivering information and warning the potential affectees in
times of disaster (cyclones or tsunamis), and constraints or limitations observed in the
operation of these early warning communication systems.
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2.1.2. Key Informant interviews

For this part, the research team interviewed senior officials from various organizations namely
WWF‐Pakistan, Rural Community Development Council (RCDC) Gwadar, Trust for Conser‐
vation of Coastal Resources (TCCR) Sindh, Pakistan Meteorological Department, Pakistan
Navy and the Government of Sindh. Their observations, suggestions, and recommendations
pertaining to the gaps present in the currently employed early warning systems and conse‐
quently the required improvement have been incorporated in the chapter.

2.1.3. Focus group discussions

The questions concerning early warning system were mostly inquired from the middle‐ and
old‐aged men (mostly fishermen by occupation) and women of different households. A special
emphasis was placed on the availability of various communication systems in the community
and used at the household level. An additional content of the investigation involved recording
oral histories of the 1945 tsunami. For this purpose, the researchers especially asked senior
members of the household to recount what they had observed or heard from their elders
witnessed the 1945 tsunami (Figure 4).

Figure 4. Focus Group Discussion at Tayyab Jatt village including interviewing eyewitness of 1945 Tsunami.

2.1.4. Compilation and analysis

The data set collected from site visits, key informant interviews, and focus group discussions
was compiled in the form of report and was analyzed to draw conclusion on the present
situation and provide recommendations for further steps needed to work on the elimination
of gaps and limitations of the currently used early warning communication systems.
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2.2. Secondary data collection

2.2.1. Desk review

A thorough desk‐based review was conducted in order to carry out the project effectively. This
comprises a literature review of reports drafted in the past that focuses on the same problem
analysis, for example, Standard Operating Procedures of Tsunami Warning by National
Seismic Monitoring and Tsunami Early Warning Centre Pakistan Meteorological Department
2010, Tsunami Risk Reduction for the Coastal Areas of Pakistan by National Disaster Man‐
agement Authority, reports of UNDP's pioneer project on “Strengthening TEWS in Pakistan,”
UNESCO‐IOC [5], Indian Ocean Tsunami Information Center (IOTIC) project website “1945
Makran Tsunami” and policy documents of government organizations to understand mission
and objective of various stakeholders.

Data relating to the geography, topography, and demography of the target areas were collected
from the Deputy Commissioner offices, WWF‐Pakistan, Google imagery, and Survey of
Pakistan’s maps.

3. Current scenario

3.1. Institutional arrangement

The 2004 Indian Ocean tsunami and 2005 Kashmir earthquake prompted the Pakistani
authorities to establish disaster management institutional arrangement and strengthening
existing early warning system that could relay warning to those most at risk. Foregoing in
view, in March 2010, the National Seismic Monitoring and Tsunami Early Warning Centre
(NSM & TEWC) at Pakistan Meteorological Department (PMD) published Standard Operating
Procedures (SOPs) for tsunami warning [4]. It identified PMD, disaster management author‐
ities, and emergency responders as the key informants within the early warning communica‐
tion chain that initiates from National Seismic Monitoring and Tsunami Early Warning Center
(NSM & TEWS) at PMD and ends at the potential victims. This chapter assesses the institutional
arrangements of each of the aforementioned authorities, especially in terms of capacity and
limitations in two categories: Early Warning Dissemination Agencies and Emergency Res‐
ponders.

3.1.1. Early warning dissemination agencies

3.1.1.1. Pakistan meteorological department

NSM & TEWC at PMD are adequately equipped to issue warnings depending upon National
and Global Seismographic network’s data on real‐time basis to monitor seismic activity in order
to locate potential tsunamigenic earthquakes. They are also connected with global centers such
as Pacific Tsunami Warning Center (PTWC), Indian Ocean Tsunami Warning Centers (IOTWS),
and Japan Meteorological Agency (JMA). PMD is also working on information sharing with
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newly established tsunami early warning system at Oman for Arabian Sea. Once a warning is
received, after initial assessment, PMD communicates a message to the district disaster
management authorities.

PMD also has SOPs in place regarding the format of bulletin based on the category of threat,
that is, time of issuance, level of threat, name of issuing agency, earthquake parameters
(location, magnitude, and depth). These SoPs are the only time‐based specific sequence of
actions to be taken in case of potential tsunami threat among all stakeholders in Pakistan.

3.1.1.2. Information flow

PMD is acting as the key focal agency role. In case of tsunami all initial information flow will
take place through PMD following timeline (Figure 5).

The information received to PMD about the possibility of a natural disaster such as tsunami,
through national or international sources, is first conveyed to response agencies and national/
provincial/district stakeholders within minutes, as per departmental SoPs.

a. NDMA

b. PDMAs (Balochistan and Sindh)

c. District Coordination Officers (DCOs) Karachi, Gwadar, Lasbela, Thatta, Sajawal, and
Badin

d. Pakistan Army and Navy

e. an Coast Guards

f. Marine Security Agency

g. Karachi Port Trust

h. Gwadar Port Authority

PMD’s usual modes of communication and dissemination of early warning information are:

a. Automated GPRS‐based SMS

b. Mobile phone‐based SMS (backup)

c. Automated Fax‐2 Channel

d. Manual Fax‐1 Channel

e. Satellite Phone (limited recipients)

f. Website updating www.pakmet.com.pk/ and email

In addition to the above‐mentioned resources, PMD recently acquired mass notification system
installed at Gwadar and Pasni cities connected via satellite.
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Figure 5. Tsunami warning SoPs, Source; Report developed by NS&TEWC, PMD, 2010.

Through this arrangement, the system installed in a community can be directly activated from
PMD Karachi office, using a satellite link. Technically, the warning information received to
PMD (about a possible tsunami) will be sent to INMARSAT ground station through TCP/IP
link. The information received to INMARSAT ground station then is sent to INMARSAT
satellite pointing to area that activates the mass notification systems at Pasni and Gwadar. The
system basic building blocks have been shown in Figure 6.
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Figure 6. INMARSAT Siren system activated through satellite connection from PMD Tsunami Center Karachi.

3.1.1.3. District disaster management authorities (DDMAs) of the coastal districts

Once DDMAs established (notified) at District Commissioner Office receive an alert from
PMD, a warning is issued to the vulnerable communities on the basis of vulnerability assess‐
ments. Mode of communication includes high‐intensity sirens at mosques and special sirens
towers (very limited in numbers). If a power failure occurs, the siren is sounded by police,
ambulances, and fire brigade vehicles. The DDMAs maintain communication with these
agencies via wireless channels, telephone, fax, GSM in the districts depending upon the
availability of the mode of communication. All DCO offices in Sindh also have the facility of
video conference, but it again is dependent on the quality of the internet connection. In case
of declared emergency the concerned DDMA/DCO office establishes “Emergency Room” on
24‐h operational basis to receive and pass on the required information locally and among
provincial‐ and federal‐level stakeholders. Local electronic media can also be approached by
these authorities for releasing public messages.

However, DDMAs lack appropriate means of reaching to the last mile in case of difficult access
coastal area for example boats, helicopters, etc., considering less than half an hour time
available before tsunami can attack after a local earthquake hits the area.

3.1.1.4. National and provincial disaster management authorities (NDMA, PDMAs)

NDMA and PDMAs also have SOPs to further disseminate information to a limited number
of recipients including media. The NDMA and PDMAs are responsible for communicating the
alerts to national and provincial response organizations via press release, emails, phone, faxes,
and GSM networks (available list of contacts) and through involving electronic media.
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However, it must be noted that because media is more interested in “big news” than in
disseminating an early warning, which results in panic. The media, therefore, lacks under‐
standing and training on handling such information in a more appropriate manner.

3.2. Emergency responders

3.2.1. District government

The district government acts as an emergency responder despite having limited resources to
mobilize like vehicles, phones, and faxes that are used to relay information. For remote areas
that lack phone and fax services, representatives are sent via vehicles and boats to convey the
early warning. District government declares the situation as an “emergency” for provincial
and federal help if the response is beyond the available resources in the districts. However,
assessment of the situation and declaration of emergency takes time; at least 24 h. This can be
acceptable in case of a cyclone warning (if received 2 or 3 days earlier); however, for local
tsunami, the lead time can be less than 30 min for some coastal areas, which is not manageable
by any of the six coastal district administrations.

3.2.2. Police and security agencies (army, navy, coast guards, marine security agency)

Although equipped for immediate relief and emergency response, the armed forces and
security agencies do not have an SOP for the dissemination of early warning. However, they
do have the means (satellite phones, HF/VHF, etc.) to ensure effective communication to those
most at risk. There are some areas in the creek where the access is limited with boats and no
direct HF/VHF system setup is available in such settlement. Again the cyclone warning and
required evacuation can be managed; however, for local tsunami, it seems difficult to inform
the people timely and manage evacuation unless there is a direct mass notification system
installed at each such vulnerable community.

There is need to map presence of all these agencies near remote agencies and to develop SOPs
that define roles and responsibilities among agencies based on their existing resources.

3.2.3. Nongovernment organizations

NGOs with local presence such as Plan International Pakistan, HANDS Pakistan, International
Red Cross (IRC), and many others, collaborate with international NGO coordination groups
such as United Nations Office for the Coordination of Humanitarian Affair and government
during disasters until the first phase of recovery. Previous disaster risk management (DRM)
and contingency plans (developed for few districts) from 2008 to 2013 show allocation of
functions for different line‐departments and areas of coordination with NGOs and INGOs [6].

Local NGOs have developed a great network and deep roots in coastal areas of Sindh and
Balochistan. These NGOs have all the required local knowledge and access to remote areas;
however, such organizations are based on donors funding that usually comes in post disaster
situation. Potential of these local organizations can be utilized through mapping and devising
SoPs for early warning dissemination to the coastal communities at risk.

Tsunami144



However, it must be noted that because media is more interested in “big news” than in
disseminating an early warning, which results in panic. The media, therefore, lacks under‐
standing and training on handling such information in a more appropriate manner.

3.2. Emergency responders

3.2.1. District government

The district government acts as an emergency responder despite having limited resources to
mobilize like vehicles, phones, and faxes that are used to relay information. For remote areas
that lack phone and fax services, representatives are sent via vehicles and boats to convey the
early warning. District government declares the situation as an “emergency” for provincial
and federal help if the response is beyond the available resources in the districts. However,
assessment of the situation and declaration of emergency takes time; at least 24 h. This can be
acceptable in case of a cyclone warning (if received 2 or 3 days earlier); however, for local
tsunami, the lead time can be less than 30 min for some coastal areas, which is not manageable
by any of the six coastal district administrations.

3.2.2. Police and security agencies (army, navy, coast guards, marine security agency)

Although equipped for immediate relief and emergency response, the armed forces and
security agencies do not have an SOP for the dissemination of early warning. However, they
do have the means (satellite phones, HF/VHF, etc.) to ensure effective communication to those
most at risk. There are some areas in the creek where the access is limited with boats and no
direct HF/VHF system setup is available in such settlement. Again the cyclone warning and
required evacuation can be managed; however, for local tsunami, it seems difficult to inform
the people timely and manage evacuation unless there is a direct mass notification system
installed at each such vulnerable community.

There is need to map presence of all these agencies near remote agencies and to develop SOPs
that define roles and responsibilities among agencies based on their existing resources.

3.2.3. Nongovernment organizations

NGOs with local presence such as Plan International Pakistan, HANDS Pakistan, International
Red Cross (IRC), and many others, collaborate with international NGO coordination groups
such as United Nations Office for the Coordination of Humanitarian Affair and government
during disasters until the first phase of recovery. Previous disaster risk management (DRM)
and contingency plans (developed for few districts) from 2008 to 2013 show allocation of
functions for different line‐departments and areas of coordination with NGOs and INGOs [6].

Local NGOs have developed a great network and deep roots in coastal areas of Sindh and
Balochistan. These NGOs have all the required local knowledge and access to remote areas;
however, such organizations are based on donors funding that usually comes in post disaster
situation. Potential of these local organizations can be utilized through mapping and devising
SoPs for early warning dissemination to the coastal communities at risk.

Tsunami144

3.3. Pilot coastal communities (field survey)

Tsunamis of nearby origin, which account for most tsunami fatalities worldwide pose the
greatest tsunami hazard on Arabian Sea shores. The nearby source is the Makran subduction
zone (MSZ), an active boundary between converging tectonic plates that descends northward
beneath Iran and Pakistan. Earth scientists have recently proposed that the zone can produce
an earthquake of magnitude 9. This worst case scales up the 1945 Makran earthquake, which
was followed by a tsunami that took hundreds of lives [7]. Coastal Pakistan is also subject to
tropical cyclones, as seen recently with cyclones Gonu and Phet.

Today coastal communities of Pakistan are much more vulnerable (to tsunami, cyclone and
sea level rise) than they were in 1945 because of high population density, rapid urbanization,
lack of land use planning and loss of natural safeguards such as mangroves and sand dunes.
In urban areas where the multilayer communication networks exist, it is assumed that
emergency information can be delivered quickly, though how to manage evacuation from low‐
lying parts of Karachi has yet to be determined. Pakistan’s coastal villages are vulnerable to
marine hazards not just because of meager communications, but also because of poverty and

Figure 7. Boundaries of District Thatta, red outlined.

Challenges and Opportunities for Reducing Losses to Fast-Arriving Tsunamis in Remote Villages Along the Coast of
Pakistan

http://dx.doi.org/10.5772/64897

145



low literacy rates resulting communities' inappropriate level of understanding and responding
warnings.

Ten such villages were selected for study of the capacity to receive tsunami warnings. Eight
are located in Sindh Province—in Thatta, Sujawal, and Badin districts, mostly located in the
Indus Delta—and the other two are in Gwadar District of Balochistan Province. All 10 were
visited for field observation of the current situation with regard to the delivery of official
tsunami warnings.

3.3.1. District Thatta

Thatta is an ancient city of the Indus delta situated about 100 km from Karachi connected via
the national highway. The district Thatta is bounded on the north by district Jamshoro, on the
east Tando Muhammad Khan and Badin districts, on the south (Rann of Kutch) and Arabian
Sea and on the west by Karachi district. The total area of the district is 17,355 sq. km, whereas
the population of the district is around 1.20 million (Figure 7).

Communities from the following villages were visited as part of the field survey.

a. Somar Dablo village (Phirt Creek)

b. Siddique Dablo village (Tippun Creek)

c. Dilli Sholani village (Khobar Creek)

d. Tayyab Jutt village (Bhori Creek)

Figure 8. Research team approaching Bhori Creek, two small adjacent islands can be accessed by boats only.

Tsunami146



low literacy rates resulting communities' inappropriate level of understanding and responding
warnings.

Ten such villages were selected for study of the capacity to receive tsunami warnings. Eight
are located in Sindh Province—in Thatta, Sujawal, and Badin districts, mostly located in the
Indus Delta—and the other two are in Gwadar District of Balochistan Province. All 10 were
visited for field observation of the current situation with regard to the delivery of official
tsunami warnings.

3.3.1. District Thatta

Thatta is an ancient city of the Indus delta situated about 100 km from Karachi connected via
the national highway. The district Thatta is bounded on the north by district Jamshoro, on the
east Tando Muhammad Khan and Badin districts, on the south (Rann of Kutch) and Arabian
Sea and on the west by Karachi district. The total area of the district is 17,355 sq. km, whereas
the population of the district is around 1.20 million (Figure 7).

Communities from the following villages were visited as part of the field survey.

a. Somar Dablo village (Phirt Creek)

b. Siddique Dablo village (Tippun Creek)

c. Dilli Sholani village (Khobar Creek)

d. Tayyab Jutt village (Bhori Creek)

Figure 8. Research team approaching Bhori Creek, two small adjacent islands can be accessed by boats only.

Tsunami146

Almost all surveyed villages have no electricity from national grid and rely on solar panels
provided by local NGOs to recharge their cell phones and watch TV occasionally. No land lines
phones are available and GSM networks are weak, partial, and occasionally available at certain
locations in the surrounding. None of the villages are connected by roads and the only access
is through boats that are also used to bring drinking water in canes/tanks and daily groceries
for the households from nearby city, that is, Keti Bandar (Figure 8).

These villages lack basic facilities in education and health; the nearest health facilities
available are miles away; at Sakra, Gharo, and Keti Bandar cities. The literacy rate is near
zero.

Fishing is the main occupation in this area and women make handicrafts for additional income.
Residents of this area lack a local source of clean drinking water and have few sanitation
facilities. Freshwater in tankers is purchased at a rate varying from PKR 1000/‐ to 5000/‐ (US
$ 10–50) per tanker in different villages except Tayyab Jutt village (Bhori Creek) where wells
are dug up for water.

Figure 9. Broken solar panels require maintenance and repairs; the only source of power to recharge torch and mobile
phone batteries.
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As a result of inadequate sanitation and health facilities, most residents are exposed to
diarrhea, fever, and flu. The daily sustenance of residents is on fish and vegetables that are
purchased from Keti Bandar town due to unavailability of local grocery shops in the village.

For communication, most households rely on radio signals and cellular phones. However,
these villagers are not very fond of listening to the news broadcast by radio. They prefer
watching television using solar panels/generator and even this mode is not used for watching
televised news on popular channels. Televisions in these households are used as a mode of
entertainment to watch movies using solar batteries and generators as power source (Figure 9).

DRR training for emergencies has been provided by WWF‐Pakistan to communities of Dilli
Sholani village (Khobar Creek). Villagers were glad to receive the training and appreciated the
initiatives taken by the local NGOs but mentioned the inconsistency and follow‐up of such
activities.

Further information of the surveyed villages is given in Tables 1 and 2.

Table 1. Communities’ structure‐related data nontrivial to surroundings.
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Table 2. Communities’ structure‐related data trivial to surroundings.

3.3.2. District Sujawal

Previously, Sujawal was an old Taluka (Tehsil) of Thatta district, Sindh, Pakistan. In 2013, the
Government of Sindh granted Sujawal, the status of a district. It is located at about 20 km west
of Thatta on the road from Badin to Karachi. Sujawal is an agricultural area with a few
industries. Its residents are diverse in ethnicity and religion.

The following two communities were selected from Sujawal district: (a) Haji Yousuf Goth and
(b) Rohro Creek, Misri Jatt Village.
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In the surveyed villages, there are no TV sets, radio sets, and 2–3 mobile phone sets per
household are available. Early warning signals are usually broadcasted and received on radio
sets (two of which were provided by WWF‐Pakistan and two by National Rural Support
Programme).

Figure 10. Women collecting partly sweat water from the creek for drinking and household purposes at Rohro Creek
near Kharochhan city

The primary occupation in the region is fishing. Residents in Yousuf Goth rely on a big pond
for drinking water that is filled from the Indus River during the period of June–July and for
next 4–5 months whereas in Rohro creek 8 hand pumps have been installed by WWF‐Pakistan
in 2014 making access to clean water easy for the villagers (Figure 10).

Rohro creek has a relatively high literacy rate of 30% of the population, while in Yousuf Goth
five persons can read and write among 180 households. Training by WWF‐Pakistan led a few
families in Rohro Creek to reduce their risk of flooding by elevating their homes.

Detailed information of the surveyed villages is tabulated in Tables 1 and 2.

3.3.3. District Badin

Badin district is a part of Lower Indus plain formed by the alluvial deposits of the Indus River.
General elevation of the district is about 50 m above sea level that is lowest for the communities
lying along the coastline. The southern part of the district is close to the delta of the river Indus
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and the land surface is, therefore, relatively low as compared to the northern half. The eastern
part of the district is connected with the sand dunes of Tharparkar district. The degree of slope
in Badin is negligible; the district is bounded on the north by Hyderabad district, on the east
by Mirpur Khas and Tharparkar districts, on the south by Rann of Kutch, which also forms
the international boundary with India, and on the west, it is bounded by Thatta and Hyderabad
districts (Figure 11).

Figure 11. Boundaries of Coastal District Badin outlined in red.

The following two communities were selected from district Badin: (a) Peer Sheikh Krio and (b)
Goth Ramzan Sheikh.

Peer Sheikh Krio Bario village is located about 0.5 km from the coast. It is 2 hours travel away
main city and the road leading to the city is only half way paved. The village is deprived of
any health facility. Twenty of 400 residents are literate and one graduated from University of
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Jamshoro. Fishing remains a predominant profession in the village. A large pond that fills up
during rainy season is used for drinking water (Figure 12).

Figure 12. Access road to Pir Sheikh Kario Bandari Goth, UC Bhugra Memon, Badin.

For early warning signaling, the coast guard post is located on the Darya Khan Bridge couple
of miles away. Television sets are available in two of the households and are used to watch
Sindhi news on local channels like KTN. Electricity is not available through national grid and
solar panels provided by various NGOs are used to recharge cellular phone and torch batteries.

Basic facilities in the Goth Ramzan Sheikh and in nearby area are lacking including education,
access to clean drinking water, and communication. There is a government school building in
the village that caters to 150 students with a staff of 4. Since the school is relatively new, only
school‐going children in the area are being educated. The residents get water from canals in
the area, which is also used for drinking purposes.

There is not an early warning system in the area. However, there is potential for one. The
residents use a TV on a generator and have adequate access to cellular services. Additionally,
they use mobile phone to remain updated with current affairs.

3.3.4. District Gwadar

The district Gwadar, with its 600 km long coast line and un‐irrigated tracts of Kulanch and
Dasht valleys, is located immediately adjacent to the shipping lanes to and from the Persian
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Gulf. The 15,216 sq.kms district area is surrounded by Kech and Awaran districts on north and
northeast, Awaran and Lasbela districts on east, the Arabian Sea on south and on the west by
Iranian territory Sistan.

Figure 13. Access to Sonth Village near Basool River, Tehsil Ormara, District Gwadar.

The following two communities were selected from Tehsil Ormara in district Gwadar: (a) Sirki
village and (b) Sonth village. Both villages are far from the coastal highway and can be accessed
by four‐wheel drive in two hours. Both villages, because they adjoin the shore, can also be
reached by seagoing boats. Electricity is not available through national grid, nor are there
telephone connections by wire. The GSM network is also very limited and partially available
at certain locations (Figure 13).

The area has rudimentary communication services. The residents sometimes get access to Zong
as a cellular service and also use radio to listen to news. There are no other means of commu‐
nication available to facilitate an early warning system. Fishing remains a primary source of
income in this village. People rely on a water well that is located far from the village for clean
drinking water.

Sonth villages have an abundant supply of water from the river. They also often dig wells in
the ground, up to 4–6 feet to access freshwater, whereas in Sirki village, for drinking water,
villagers usually purchase a 30 liters tank of water at a price of PKR 50 (US$ 0.5) (Figure 14).
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Figure 14. View of Sirki Village UC Basool, Tehsil Ormar, District Gwadar.

There is no electricity available in the village, but most households depend on solar panels for
lighting and for charging mobile phones’ batteries. Zong is the only mobile network whose
signals are occasionally available in the region. There are radio sets present in almost every
household and people listen to news broadcasted on BBC Urdu and FM Gwadar.

4. Data analysis

With reference to the Section “Pilot Coastal Communities” following information was collected
relevant to data on nontrivial, that is, significant and dependent of surroundings of commun‐
ities studied and data on trivial, that is, insignificant and independent to surroundings. The
information is presented in Tables 1 and 2.

5. Considerations for effective warning system

The ultimate goal of an effective, warning system is to have the most effective coverage for the
most affordable price or cost. Therefore, it is very critical to properly evaluate the structure
and local needs of an area before designing and implementing an effective warning system.
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The communities’ structural information/data can be scrutinized under following parameters
to formulate the basic blocks of possible coastal hazards warning notification system.

5.1. Location and coverage

The information about the location of a community and audiences is very crucial in identifying
the type(s) of method and hence the system(s) to be used—for both dissemination and
notification of a warning to an area.

The information about population concentration directly links with the location of audience;
indoor or outdoor. The type of construction gives an idea about effective penetration of an alert
to a particular area. A careful analysis of both parameters can give a better selection of an
information dissemination system in terms of effectiveness of an alert.

Figure 15. Telecommunication networks availability.

The graph provides an analysis of availability of types of phone coverage in the area. It can be
noted that although coverage is partial mostly (80%), but GSM phones were available in all 10
villages as compared to 10 and 20% and respective availability of landline (V phone Pakistan
Telecom Wireless phone) and 3 G services in the surveyed villages (Figure 15: Telecommuni‐
cation Networks Availability). But these mobile networks are partially accessible in most of
the villages like weak or no signals in the middle of the island and inhabited area. Villagers
have to reach out at certain locations for a certain commercial GSM network. Satellite phones
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can be used in all 10 surveyed villages; however, none of the community member is presently
using this communication mode because of its very high cost.

5.2. Loudness

The information about total occupying area is also related to determine the loudness of an
alert, and hence, the number of effective mass notification units required to a particular area.
The loudness of sound from all types of siren is subject to diminishing ten decibels at every
doubling of distance between the siren and point of measurement.

Since the occupying area information shows that area of each pilot community lies within 0.1–
3 sq.km range, single mass notification unit (for each community) with sound intensity of 120–
130 dbs can give enough loud sound to cover the whole area for example similar to INMARSAT
System currently installed in Gwadar and Pasni cities.

5.3. Area terrain in context with good line of sight

In case of natural hazards like tsunami, loss of lives can be reduced by using an effective timely
manner information dissemination and notification method, with least human involvement.
This objective can only be achieved if the maximum of hardware used in information dissem‐
ination and notification purposes are activated and operated remotely. Generally, radio
wireless links located within good line of sight to such systems are used for such purposes.
HF/VHF networks presently in use of security agencies are available near most of the villages,
that is, six out of ten communities. Few systems where such radio links are not available for
information dissemination purposes are activated through satellite links.

5.4. Power source

Almost all mass notification systems rely on electricity; however, mostly, they do not depend
on the main power system. Generally, solar panels are used, which have high prices and
significantly raise the overall cost of warning notifications system.

As information about pilot communities shows that all villages lack this facility; hence, solar
panels (unavailable in Khobar and Bhori Creek only) can be used to these communities as
power source.

Regular electricity network is unavailable in ether of the 10 villages, but they use solar energy
(very small panels) and battery operated torches.

5.5. Information dissemination from PCG network

Cyclone and tsunami warnings issued by PMD are conveyed to PCG headquarters located
at Karachi, which further goes downstream through PCG's internal networks (Figure 16).
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Figure 16. Information flow of coastal hazards early warning from PMD to PCG posts and community.

The cost and reliability of information dissemination from coast guard posts to community is
generally affected by following three factors:

1. Distance between post and community

2. Reliability of ways/means of information dissemination

3. Terrain Issues

5.5.1. Personal notification system using PCG posts' human and technical resources

Personal notification uses emergency personnel or trained volunteers to go door‐to‐door or to
groups of people to deliver a personal warning message. As per the field survey:

1. 7 out of 10 communities lie at least 5 km away from nearest PCG post,

2. no other information dissemination means exists in these communities, and

3. evacuation routes are away from communities.
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The best use of this system in present situation is its use as enhancement purposes—in
combination with any other individual addressable notification system. The merits and
demerits of this system are detailed below:

Advantages Disadvantages

High degree of credibility. Very time‐consuming and slow.

Provides all necessary information and

instructions.

Requires recruiting and training large numbers of personnel.

Very strategic notification. May require a large amount of logistics support (cars, boats, accurate

maps and route information, etc.).

Can reach at a specific location. Unable to reach a very wide area quickly.

Cost‐effective if using trained volunteers. Expensive if using paid personnel.

5.5.2. Communities where information dissemination is not possible through PCG posts

The communities’ data analysis shows that Sirki Village and Sonth Village lie at a faraway
distance from the nearest post, with severe terrain and line of sight issues. Hence, information
cannot be directly disseminated to these villages through PCGs posts without addition of few
repeater stations. Since repeater stations have a considerable cost, it is not feasible to use this
method as a solution. In context with present situation, there exist two possible systems in this
regard.

5.5.2.1. Mass notification systems linked with satellite activation

Because of its good coverage to the area, mass notification system linked with satellite
activation such as NMARSAT system at Gwadar and Pasni instantaneously passes informa‐
tion. The system has (a) high degree of credibility, (b) very effective in terms of time line of an
emergency, (c) have average component cost compared to other wireless mass notification
systems, (d) running operational coast to satellite link.

5.5.2.2. Addressable notification systems—satellite phones

This type of solution includes satellite phones such as Thuraya. The main disadvantages of
such system in present scenario are as follows: (a) continuous operational coast, (b) ownership
issues, and (c) satellite phones are generally intended for outdoor usage.

Each of above‐mentioned systems has advantages and limitations in its applications to a
particular community. If a system has better response and is more reliable at one side (like
Wireless operated Mass Notification Systems), then its high cost limits its application.
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6. Conclusion

Tsunami generated from a near source has proven its fatality equally for developing and
developed nations through 2004 Indian Ocean and March 2011 events in Indonesia and Japan,
respectively. The real challenge of relaying the early warning to the vulnerable communities
has been the most crucial element, being race against time, allowing mostly less than half an
hour reaction period. Every single minute has its significance to be utilized optimistically and
well planned.

In case of tsunami generated from Makran Subduction Zone, the PMD, one and the only
organization in Pakistan, authorized to issue warnings, uses reliable data obtained from
national and global seismographic network to monitor seismic activity that might become the
cause of a tsunami. For relaying the warnings, multiple channels of communication are used
by PMD including automated GPRS based SMS, mobile phone based SMS, automated fax,
manual fax, satellite telephone communication, website updating or email. However, the
ground situation at receiving end is quite unable to access such vital information timely
through any of the available means of communication which is evident through case studies
of 10 coastal communities presented in Sections 3.3 and 4 previously.

The communities studied lies at far distances from respective Tehsil and district headquarters
that are the last administrative units of the government to receive any communication with
regard to coastal hazard early warnings. Table 1 shows minimum distance of 5 km to a
maximum of 300 km making it extremely difficult for minimum and impossible for average
and maximum distant communities to send an “official messenger” for personal notification
especially for near filed tsunami threat.

Pakistan Coast Guard posts are established at comparatively closer for example; on average at
16 km apart, in comparison to 35.25 and 822 km average distance of Tehsil and district
Headquarters. These posts are also equipped with the fastest means of communication like
HF/VHF networks, but presently the communication is restricted to security use only. For
bringing this network to disaster, emergency use such as EW, some principal agreements,
protocol and SoPs among concerned organizations are to be established.

For other means of communication like phone, TV, and fax and GSM networks, referring to
Table 2, electricity and landlines are not available in any of the villages studied. However,
limited and partial GSM (Global System of Mobile communication) networks are available at
some particular locations, which are not yet strong enough to be a reliable mean of EW
dissemination. Radio broadcast is mostly available; however, there are two issues yet to be
tackled, usually batteries are used as energy source, which are hardly locally available, second
is the line of communication between PMD and radio channels is to be streamlined and
established.

Population of the communities studied varies from 50 individuals to 8000 concentrated into
on average, less than 2 km of area. Four out of ten settlements (located in the creeks) are only
accessible through boats; three have population of less than 1000 individuals, whereas only
one has maximum population of 2800. In recent past, the only mode of communication used
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to convey cyclone early warning to those communities was personal notification, that is,
sending local emergency responders; mostly Armed Forces and Security Agency officials on
boats and vehicles to inform and support for evacuation to the vulnerable communities. It took
hours and in some cases days in comparison to extremely quick actions and reactions required
for a local tsunami that might happen like 1945 event.

Therefore, PMD’s SoPs alone are not enough to get prepare for a potential threat of local
tsunami impacts in Pakistan. The urgent need of developing a well‐coordinated time‐based
SoPs for all stakeholders involved in tsunami warning and evacuation chain is extremely
important along with enhancing capacities for technological solutions to quickly rely infor‐
mation to the last mile. This would not be the last but the first step toward mitigation and
preparedness as there are still many administrative issues to deal with and to tackle the
situation, for example, effective land use managements, expanding data base and information
related to the prevailing hazards and vulnerabilities regarding communities and areas under
threat of future tsunami. Optimum utilization of available high tech communication networks
with armed forces and security agencies, that is, to bring those in the chain of early warning
dissemination can reduce burden on limited resources of the nation. Above all, the need of
preparing communities to observe natural warning and train them for self‐evacuation and
emergency response is the most urgent and important line of action at the moment.

7. Recommendations

The following recommendations can help strengthen the early warning dissemination system
for coastal hazards in Pakistan.

7.1. Technological solutions

• Considering quick response, better reliability and long life the most preferred system in
Phirt Creek, Tippun Creek, Khobar Creek, Bhori Creek, Misri Jatt Village, Haji Yousuf Goth,
and Goth Ramzan Sheikh is a wireless operated mass notification system.

• In case of budgetary constraints, the second preferred solutions to these communities is the
use of Radio as warning dissemination and notification system in combination with Personal
notification system parallel to this system through capacity building measures taken in
target communities.

• For villages in Sirki and Sonth, the best preferred solution is satellite‐activated mass
notification system. As a second option satellite phones are recommended as mass notifi‐
cation system.

7.2. Land use management

It has been observed that communities tend to settle on remote islands along the coastal belt
and due to lack of development in these areas, limited sources of communication exist, which
makes communities more vulnerable to coastal hazards. It is recommended that authorities
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establish a land use management system that facilitates knowledge on land use along the
coastal belt and prevents settlements in remote locations that cannot be easily accessed,
especially in times of distress.

It is also important to note that development usually takes place around a central point and
infrastructure is installed along that progression. Hence, public and private authorities cannot
invest in infrastructure everywhere. This impedes the remotes settlements’ access to utilities.
However, the government can’t be blamed because they facilitate development along a central
point and should not be held responsible for providing infrastructure to the most isolated
communities.

7.3. Self-response training of communities

Although the communities are aware of coastal hazards, they do not know how to address
such a situation if it arises. It is pertinent that the communities are trained on the following:

1. Detection of early warning via natural signs such as abnormal behavior of animals;

2. Basic emergency response, especially how and where to evacuate;

3. Interpretation of bulletins issued by PMD and DDMAs;

4. Different categories of threat and how they should respond to it.

7.4. Communication of early warning in local languages

In addition to the existing format, PMD should ensure that the bulletin formats are available
and disseminated in local languages, particularly Sindh and Balochi.

7.5. Training of media

Currently, the media has been observed to sensationalize news instead of reporting it. They
should be trained on how to communicate early warning so that panic can be avoided. It would
also be in the interest of PMD and NDMA to have designated representatives to coordinate
with media in case such a situation arises.

7.6. Research

There is a need for research to investigate the vulnerable areas and analyze the extent of
damage based on extrapolation of historically available data. For example, it would be
important to highlight the potential increase in Karachi’s vulnerability to a tsunami similar to
that of 1945, based on the increase in population and infrastructure.

7.7. Delineation of responsibilities

There is need to map the presence of all these agencies and to develop SOPs that define roles
and responsibilities among agencies (including security establishments) based on their existing
resources for effective dissemination of information.
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This book is a collection of contribution from experts involved in tsunami study for 
the purpose of covering its different aspects from generation to warning system to be 

applied in tsunami risk reduction. The presented chapters have been peer reviewed 
and accepted for publication. The content of the book consists of information on 

tsunami propagation from the open sea to the coast and coastal tsunami warning using 
deployed HF radar systems in different parts of North America and Japan. In this book, 
tsunami propagation, preliminary methods for evaluating the suitability of radar sites 
for tsunami detection using simulated tsunami velocities and factors affecting tsunami 

detectability are discussed and methods for reducing the false alarms are described. 
It further covers multi-scale meteorological systems resulted in meteo-tsunami and 
tsunami generation due to a landslide or a submarine volcanic eruption, where few 
case studies have been presented. The occurrence and characteristics of tsunami in 

Sweden, using paleo-tsunami events from different parts of the Scandinavia and 
finally challenges and opportunities for reducing losses to fast-arriving tsunamis in 

remote villages along Pakistan coast, with few examples are also discussed.
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