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ABSTRACT

Tsunamis generated by volcanic eruptions have caused about 25% of all deaths
associated with volcano activity. The 1883 Krakatau eruption is one example of a fairly
recent eruption that produced large tsunamis (~35 m) which caused a high death toll.
Concern has also been raised by the potential tsunami generation of the Auckland
Volcanic Field, and the impact of such events on the Auckland Region.

Although the generation of tsunamis by volcanic eruptions is a major hazard, the
processes of tsunami generation are poorly understood. A review of volcanic tsunamis
identified 10 main mechanisms. Four of these - caldera collapse, debris avalanches,
submarine explosions, and pyroclastic flows - have been suggested as the mechanisms
producing the largest tsunamis. All four mechanisms have also been suggested as being
responsible for the tsunamis produced by the Krakatau eruption.

A combination of physical and numerical modelling was used to develop
predictive tools to be applied to volcanoes in Indonesia and New Zealand. The physical
modelling involved two main investigations:

e A 3 dimensional scale model of the Straits of Sunda and Krakatau. This examined the
nature of tsunamis produced by caldera collapse, submarine explosions, and water
displacement by debris avalanches and pyroclastic flows.

e A series of 2 dimensional simulations of the entrance of pyroclastic flows into the sea.

A finite element numerical model was applied to the simulation of pyroclastic flow, maar

formation and submarine explosion generation of tsunamis within the Auckland Volcanic

Field.

The physical and numerical model results indicate that large scale pyroclastic
flows are probably the cause of the main 1883 Krakatau tsunamis. A tsunami wave can
easily be generated by gravity flows entering the water, regardless of the slope. The wave

properties depend on the relative densities of the flow and the receiving body, and the
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velocity of the flow. The angle of entry of the flow into the water determines the
deposition pattern of sediment. The formation of the Calmeyers and Steers shallow area
on Krakatau event 1883 was reproduced by the pyroclastic experiments using coarse sand
and mud with steep entry angle (> 60°). The more dilute upper component of the
pyroclastic flow that traveled along the sea surface for up to 45 km and killed more than
1000 people at Katimbang, Sumatera Island can also be explained. The experiments
showed that less dense material from the pyroclastic flow propagates near the water
surface. This is even more likely if the material is hot and gas-rich.

Physical and numerical model results showed that a single explosion cannot
produce a high wave . If a super violent explosion did occur during the Krakatau event,
then the water waves (tsunamis) that caused the devastating effect on the surrounding
island coastal land were not caused by the direct transfer of explosive forces. Instead a
sequence of one or more pyroclastic flows, or collapsing column in and around the
Krakatau complex are the most likely mechanism causing the largest tsunami.

Numerical modelling of the Auckland Volcanic Field examined 4 scenarios:

e A series of submarine explosion;

e Pyroclastic flows from Rangitoto Island;

e Pyroclastic flows from Browns (Motukorea) Island;

e Submarine explosion within the Tamaki Estuary.

The first 3 scenarios produced regional effects, while the last was purely local event.

It was also found that the efficiency of the submarine explosion mechanism was
increased by using a sequence of smaller explosions, instead of one large explosion.
However the timing between explosions was found to be critical; if the explosions are too
close together or too far apart, the efficiency decreases. It is considered that the optimal
timing will vary with water depth and explosive yield.

The numerical modelling showed that volcanic tsunamis are not a major threat to
Auckland. However under suitable conditions a volcanic eruption could produce

moderately large tsunamis that generate strong currents.
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Chapter One
INTRODUCTION

A tsunami is a progressive wave with a long wavelength and period, generated
by a disturbance of seafloor associated with various geologic processes such as:
submarine fault movements accompanying earthquakes; submarine volcanism;
landslides; or a combination of these sources. The tsunami’s size and effect on the
shoreline are often decomposed into several factors: the amplitude of the wave at the
source, which is primarily controlled by the size and geometry of the source; the
response of the coastal features, such as bays and harbours (which are capable of
resonance, thereby amplifying selected wave frequencies), to the wave; and the
nonlinear hydrodynamics of the breaking wave as it climbs up the shore. In order to
predict detailed and quantitative information, the modelling of tsunami behaviour is
essentially required.

Coastal areas in the Pacific Ocean have suffered damage by tsunamis for a
long time: more than 3000 lives were lost to disastrous tsunamis since 1992 in
Indonesia, Nicaragua, Japan and Philippines. However, their effects are often
underestimated as an earthquake hazard, possibly because of their infrequent
occurrence. Based on historical data of tsunami events in the Pacific Ocean, tsunami
affecting New Zealand Coast have been generated by a variety of different
mechanism. Some sources can be categorised into far field tsunami, which are
generated at some distance from New Zealand and propagate through the deep water
of Pacific Ocean before reaching the coast, while some are near field tsunami
generated close to New Zealand’s coastline and propagate through relatively shallow

water.




Chapter 1. Introduction 2

1.1. Aims and Objectives
The major aim of this study is to examine the behaviour of tsunamis within the

Hauraki Gulf, generated from the possible volcanogenic tsunami sources within the

Auckland Volcanic Field. This will be achieved by

i) undertaking physical modelling studies of the Krakatau 1883 event in order to
understand the physical behaviour of volcanogenic tsunamis and associated
generation processes;

ii) applying the tsunami finite element model to volcanogenic tsunamis within the
Hauraki Gulf. Particular attention is given to the generation processes and coastal
response of tsunami such as: harbour resonance, wave focusing, current patterns,
trapping and edge wave phenomena, and maximum wave heights.

The results of this study will be used to assess the Volcanic Tsunami Hazard

within the Auckland Region.

1.2. Study Area

The Hauraki Gulf is a semi enclosed sea with many small islands scattered
within its’ coastal area (Figure 1.1). Two relatively large islands are located within the
Gulf, Rangitoto island (volcanic) and Waiheke Island. Further offshore, in the mouth
of the Gulf are Great Barrier Island and Little Barrier Island. The Hauraki Gulf is
extensively used for recreation and has a significant amount of infrastructure located
around its’ shores. The Auckland metropolitan region, the largest population centre in
New Zealand, is located within this area. Since the last significant tsunami event in
1964, there has been considerable investment in coastal infrastructure including new
marinas and upgraded port facilities.

From the historical record, since 1840, the Hauraki Gulf has recorded 11
tsunamis and one meteorological tsunami (rissaga) caused by Krakatau 1883 event (de
Lange, 1983). Most of these were small events, except 3 tsunamis (Chile 1868, Chile
1960, and Alaska 1964) and the rissaga (Krakatau event 1883). These damaging
tsunamis were tele-tsunami (far field tsunami). However, it is considered possible
that a local source may also produce damaging tsunamis, and hence the potential of

tsunami hazard is of concern to regional and local planners around the Hauraki Gulf.
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A volcanic eruption within the Auckland Volcanic Field is considered as the
main source of volcanogenic tsunamis during this study. This field has involved a
series of mainly monogenetic basaltic eruptions over the last 140,000 years (Figure
1.2). Phreatomagmatic eruptions around the coastal margins, or within the shallow
waters close to Auckland are considered to be a likely future event given the history of

the field.

1.3. Summary of the Thesis
This research study consist of eight chapters which is structured to achieve the

major objectives of the research as follows:

Chapter 1 : Explain the background, objectives and aim, and region of interest for
this research study.

Chapter 2 : Elaborate the fundamental processes of tsunami generation, propagation,
runup and inundation of coastal areas.

Chapter 3 : Discuss mathematical models of tsunami generation, propagation, runup
and inundation. Resulting equations can be solved numerically to
simulate tsunami behaviour.

Chapter 4 : Presents the finite element method which is used to simulate the
behaviour of tsunami.

Chapter S : Elaborate the physical, or scale, modelling studies of volcanogenic
tsunamis with special emphasis on submarine explosion, caldera
formation and pyroclastic flow based on Krakatau event 1883.

Chapter 6 : Presents the results and discussion of numerical simulations based on
ARC scenarios.

Chapter 7 : Conclusion of this study and the possible further research.
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Chapter Two

FUNDAMENTAL TSUNAMI PROCESSES

2.1. Introduction

The fundamental processes that must be well understood in studying tsunamis
are their generation, propagation and runup on land. The mechanics of tsunami
generation involves the source mechanism and its’ interaction with the body of water,
which gives the initial profile at the sea surface. Once the initial profile is generated, it
will travel outward from the source and its’ characteristics will change as it moves
into shallower water and begins to approach the shore. The main feature of the near-
shore dynamics and runup of tsunami is non-linearity.

This chapter presents a general overview of the fundamental processes of
tsunami generation, propagation and runup on land. The main forces which dominate

each process are identified and limitations of existing methods are considered.

2.2. Tsunami Generation

The movement of the seafloor that causes tsunami can be produced by various
geological processes. At least three different types of geologic activities can produce
tsunami: submarine faulting associated with an earthquake; submarine volcanic
eruption or explosion; and landslides or submarine slumps. Each of these sources
involves a different generating mechanism. The characteristics of the generated waves
are dependent on the generating mechanism involved.

Theoretical, numerical and physical modelling studies are used as tools to
study the initial wave form of tsunami during their generation phase. In reality, the

initial wave form is difficult to observe due to the very small amplitude compared to
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the length and width of generating area. A discussion of the generating mechanism of

tsunami by major geologic processes is given in the following section.

2.2.1. Submarine Faulting

The generation of tsunamis by earthquakes has been studied extensively (viz.,
Ward, 1980 and Okal, 1988, 1994). There is a little doubt that earthquake mechanism,
along with other factors such as earthquake moment and focal depth, plays a critical
part in tsunami generation. Empirical formulae that relate the earthquake moment
magnitude and focal depth can be used to determined the tsunamigenic earthquake. As
an example: mostly, earthquakes and moment magnitudes more than 5.6 with focal
depths less than 70 km are needed to generate tsunami.

The most frequent and important mechanism of the earthquake for tsunami
generation is submarine faulting, when a block of the ocean floor is thrust upward or
suddenly drops accompanied by earthquakes. This kind of fault is known as dip-slip
(thrust and normal) faulting. Another fault mechanism, strike-slip faults, are
infrequent in generating tsunamis and when tsunamis have formed, they have been of
a local nature and did not propagate long distances (Murty, 1979).

Fault mechanism and fault parameters for tsunamis are determined from
seismic data collected locally and world-wide by United State Geological Survey
(USGS) and Harvard University. The vertical displacement of the sea bottom can be
calculated using the Manshina and Smyle (1971) methods. The fault parameters used
in the calculation of bottom deformation are divided into two: static parameters
(Iength, width, dislocation, strike, slip, and dip angle); and dynamic parameters
(rupture velocity and rising time of dislocation). Usually rapid deformation of seafloor
over an extensive area produces a disastrous tsunami.

A tsunami generated from a dip-slip fault source will have the characteristics
of being generated from a line source; i.e., the length of the generating area is much
greater than width. When displacement occurs along a substantial length of fault line,
the divergence of the wave rays of the generated wave (i.e. the spreading of wave
energy along the wave crest) will be much less than for a wave generated from a small
source (Camfield, 1980). In the case of a wave generated near to the coastline, the
main component of the wave energy will travel perpendicular to the faultline and

propagates seaward. However, some of it is manifested in the run-up on the coastal
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segment alongside the source region and then reflected seaward and some, in the form
of trapped edge waves, propagates along the shelf with dispersive attenuation (Carrier
1995; Gonzalez et al., 1995).

The direction of the initial sea surface deformation determined the wave form
to a significant degree. A rise or fall of the sea surface results in a wave form with a
leading positive or negative (or trough) displacement. The first case will result in bore
formation and an increasing water level as the wave approaches the coast, and the
second case will give drawdown effects or recession of sea surface as the wave
approach the coast. These effects have been demonstrated by physical and numerical
modelling investigation, and also by an eye-witness accounts (de Lange, 1983;
Synolakys, 1991; de Lange and Hull, 1994 ; Yeh, 1995).

Reconstruction of the initial wave form at the source can be done by using
anti-refraction diagrams based on field measurements immediately after the event. The

accuracy of this method is depend on the quality of field data measurements.

Fault Mechanism : Cartesian Coordinate & Fault Parameter :

sea bottom E =epicentet, N =North
W=width, L=Length
F =focus, H = distance
Vg =rupture velocity
Tu=1ising time of dislocation
u=dislocation

Strike-Slip H

L

2
2 S NR
i

C
§ 7 fault plane
T Y e L — fault plane

A =dip angle, §= slip angle
A =strike angle.

Dip-Slip

Figure 2.1. Fault geometry and parameters in 2 D and 3D
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2.2.2 Landslides and Submarine Slumps

Landslides and submarine slumps can occur from various causes, and may take
place in the open ocean, bays or inlets where they can generate tsunamis. Generally,
landslide tsunamis have a much smaller horizontal scale than tsunamis generated by
an earthquake and have been considered as point sources with local characteristics
(Kulikov et al., 1996). Most documented tsunamis associated with known slumping
have involved large masses of sediment moving down relatively steep slopes, usually
the continental slope (de Lange, 1983; de Lange and Hull, 1994). The waves generated
by such events will spread geometrically as they propagate from their source in an
open ocean. This directly reduces the wave height, but they can be very high near their
origin. This type of tsunami is characterised by short wave lengths and high amplitude
waves in the generation area (Rzadkiewicz et al., 1997). Waves can be particularly
high if they occur in confined inlet or harbour, or if resonance or refraction effects
exist such as at Lituya Bay, Alaska 1958 (Camfield, 1980), Kitimat Inlet - British
Columbia 1974 (Murty, 1979) and Skagway- Alaska 1994. This last event was due to
a local abrupt failure of the sediment material in the region of wharf construction
(Kulikov et al., 1996).

Following Murty (1979) and Kulikov et al. (1996), the wave generated is
assumed to have the characteristics of a Solitary wave. Further, it is assumed that the
fraction of potential energy in the slide that is converted into wave energy is small
(< 0.01). Van Dorn (1965), indicate that under ideal conditions only about 2% of the
potential energy of the sliding mass is converted into tsunami. In confined waters it
would seem that more energy is transferred to the tsunami, since documented
tsunamis which have occurred in confined water bodies have been very large (de
Lange, 1983).

Analytical theory to estimate tsunami height from landslides was developed by
Striem and Miloh (1976), Murty (1979) and Kulikov et al. (1996). The following
method is based on a somewhat simplified analytical theory for solitary waves. The
required landslide parameters are defined schematically in Figure 2.2. The wave
height H may be estimated as :

H= BI—[S(3)°~5mw(8 -1, -D,)|" @2.1)

0
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where w is the average thickness of the slide material, 1 is the length of the slide, D;
and D, are the water depths at ends of the slide and slope, respectively, 8 is the
relative sediment bulk density, and W is the fraction of potential energy transformed
into wave energy. Clearly the most difficult parameter to define is W.

To attempt to develop a classify of submarine landslides based on feature
geometry and the nature of the solid material (chemical composition, grain size, solid
concentration, etc), Rzadkiewicz et al., (1997) studied submarine flow slides (viz.,
mass flows resulting from initial slide) and their hydraulic effects by numerical means
using a two-dimensional fluid mechanics mixture model based on the Navier-Stokes’
equation. This initial approach was improved by using the NASA-Vof3D model
which is a three dimensional model. Their study is based on submarine flow slides
generating tsunamis at Nice, France 1979, when part of the building site of a new port
slumped into the Mediterranean Sea, and at Skagway Harbour, Alaska 1994, where
the waves were estimated by eyewitness as to be 5-6 m in the inlet and 9 - 11 m at the
shoreline. Dawson et al. (1993) and Harbitz (1992) discuss a tsunami in the
Norwegian Sea and North Sea caused by the Storegga Submarine Landslide that

produced waves up to 20 m. This event was caused by continental slope failure.

llq
\

Sectional view of
continental slope

Coast line

e "“' Lo >

Ocean bottom

Plan view

Figure 2.2. Geometry of landslide (source: Murty, 1979).
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2.2.3. Volcanic Activity

Tsunamis generated by volcanic eruptions are much less frequent than
tsunamis produced by submarine earthquakes. The assessment of tsunami potential
must be performed in a substantially different way to that used in analysing
earthquakes by taking into account all the known active volcanoes and volcanic areas
individually. For each volcano we could inquire for example whether geographical
position and eruption mechanism are compatible with tsunami generation (Tinti and
Saraceno, 1991). Recently, some studies have been done in this field by de Lange et
al. (in press) and Monaghan et al. (1997) by using physical and numerical modelling
approaches focused on pyroclastic flow generated tsunamis, submarine (underwater)
explosion and caldera formation.

Latter (1981), with particular reference to Krakatau event in 1883 recognised
10 distinct processes whereby volcanic activity may generate tsunamis as follows :
e pyroclastic flows or nuees ardantes (impacting on water): 20 %
e carthquake accompanying eruptions: 22%
¢ landslides and avalanches of cold rock: 7%
e submarine explosions: 19 %
e caldera collapse or subsidence: 9 %
e basal surges and accompanying shock waves: 7%
e avalanches of hot rock: 6%
e lahars: 4.5 %
e air waves associated with large explosion: 4.5%

e Java flows: 1%

It was noted that the efficiency of these processes varies, depending primarily
on the amount of seawater displaced, the direction of displacement and the duration of
the disturbance (Latter, 1981; Sigurdsson and Carey,1991; de Lange and Hull, 1994;
de Lange et al., in press). In the following section I will summarise the generation
mechanisms, focusing on atmospheric coupling, pyroclastic flow and underwater

explosion involving crater formation.
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Figure 2.3. Sequence of an ultraplinean volcanic eruption leading
to a pyroclastic flow (source: Johnson & Threlfall, 1985)

2.2.3.1. Atmospheric Coupling

The theory of an interaction between the atmosphere and the ocean, namely the
coupled system, generating a tsunami was proposed by Press and Harkrider (1966)
based on the 1883 Krakatau event. Coupling occurs at the atmosphere-ocean interface
when gravity waves with velocities of about 220 ms’ are generated in the atmosphere.
Such waves were detected at the time of the Krakatau eruption at a number of location
and this mechanism has been accepted as the probable cause of the distantly detected
tsunamis. The tsunami observed at Auckland, where 2 m wave height was recorded,

was probably produced in this way (de Lange, 1983).
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2.2.3.2. Pyroclastic Flow

Pyroclastic flows have important features that derive from their high
temperature and the turbulent mixing of volcanic gases, air, pumice, lithic fragments,
ash and dust. The basic flow involved is a gravity current driven by density differences
between the pyroclastic flow, the atmosphere and the sea (Battaglia, 1993; Monaghan
et al., 1997). Eventhough the exact nature of the interaction between a hot pyroclastic
flow and seawater is poorly understood (Figure 2.4), factors that would favour the
smooth transition of pyroclastic flow are known to be a steep slope, large flow rates
and great thickness (de Lange, 1983; Sigurdsson et al., 1991; de Lange et al., in press).
Sigurdsson et al. (1997) stated that tsunamis were generated by pyroclastic flows
during the Krakatau event 1883 that had flow velocities excess of 100 miles per hour

and involved an enormous volume of debris ~10 - 11 km®.
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2.2.3.3. Underwater Explosion

For tsunami generation submarine volcanism is assumed to behave like a large
scale underwater explosion. Like any other physical event, this explosion produces a
localised disturbance of the water surface, that generates a group of surface gravity
waves that expand radially and disperse. Based on underwater explosion research (Le
Mehaute and Wang, 1996), the wave characteristics are determined by a number of
parameters characterising the explosion and the medium. Three main parameters are
recognised : the yield W the weight coefficient of high explosive; the depth of burst, z,
defined by the distance from the center of mass of the explosive to the free surface;
and the water depth (d). If the water depth is sufficiently shallow that the expanding
gas bubble generated by the explosion interacts with the bottom , the wave field
generation will be affected.

Underwater explosions may be categorised into three types (Le Mehaute and
Wang, 1996). Deepwater explosions are those where the explosion crater on the water
surface is small compared to the water depth. The waves created are analogous to
those created by throwing a pebble in a pond, and linear theory can be applied for this
phenomena. Shallow water explosions are those where the water depth is small
compared to the explosion crater size. The ground is exposed and the wave generation
mechanism is nonlinear, highly dissipative, and significantly different from deep
water explosions. In very shallow water explosions, the wave generation process is
affected by ground cratering. The soil is left with a significant crater surrounded by a
lip. The debris from the water is projected into the atmosphere and falls randomly
adding considerable noise to the main wave field. On this case, the wave generation
process is also a function of the soil characteristics.

The explosion from a submarine volcano can be treated as a shallow water
explosion phenomena. Le Mehaute and Wang (1996) described the complex free

surface disturbance for the wave generation processes in shallow water as follows:

“Initially, the water is expelled upwards and radially, forming a plume and a water
crater with a watery rim or lip. The lip evolves into small cylindrical bore which
expands radially and decays rapidly to form a leading wave. The water crater exposes
the soil to the atmosphere. After reaching its maximum size, the water crater collapses
and the water rushes inwardly under the influence of gravity onto soil crater,
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analogous to the dam break problem. The local reduction in sea level following the
first wave crest caused by the inrush of water is transmitted outwards as a long
shallow wave trough. When the water edge of the inward motion reaches the center, a
very high peak of water is thrown up in the center and a surge is formed which also
expands radially on the top of the inward flow. This surge is analogous to a cylindrical
bore, and dissipates a large amount (near 40%) of the potential and kinetic energy
initially imparted by the explosion to the water. As the bore expands radially and
decays, it is transformed into a nonbreaking (nondissipative) undulated cylindrical
bore, with a number of smaller undulations. The number of undulations increases with
time and distance. The time interval between the leading wave generated by the initial
lip and the following wave is directly related to the size of the limited crater and the
initial water depth “.

The sequences of wave generation process can be seen in Figure 2.5. below :

1 T Plume T
Maximum Crater Radius lip
[t R

Dissipative Leading Wave

—_

<=

Transformation of Dissipative Bore into Undular
Non- Dissipative Bore

—~ 3— —

kY
N

Reduction to linear waves in the far field

GZ r

Figure 2.5. Sequence of shallow water explosion generated wave
(source: Le Mehaute and Wang 1996)
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2.3. Tsunami Propagation

Once tsunami waves have been generated, regardless of their generating
mechanism, they begin to propagate away from their source region in all directions.
Tsunami travels as a shallow long wave, and can travel for longer distances without
loosing their energy. They consist of 5 or more main waves, forming a tsunami wave
train. The individual waves follow one behind the other, between 5 and 60 minutes
apart. Because tsunamis are long-period waves with a long wavelength in relation to
both the water depth and the wave height, shallow water theory can be used to
examine the behaviour of tsunamis during propagation. The velocity of the tsunami

waveform and the associated energy is given by :

C=.gh 2.2)

The travel time T of a tsunami wave from its source point to a point of interest
can be predicted by summing the travel times along successive increments of the wave

orthogonal connecting the two points by the equation (Sorensen, 1978) :

AS
T= 2.
Z g.ds (23)

where ds is the average water depth over the increment of length A S.

The main processes affecting tsunami propagation are shoaling, refraction,
diffraction and reflection, both for far-field tsunamis - generated beyond the
continental margins and cross the continental margin before reaching the coast and
near-field tsunamis- generated within the continental margins (de Lange and Hull,
1994; Carrier, 1995; Liu et al., 1995). In reality, all these processes frequently occur
simultaneously and are interdependent because of the complex bathymetry of the
continental margins.

Tsunami may interact with a shoreline in number of different ways, including:
standing wave resonance at the shoreline; generation of edge waves by the impulse of
the incident waves; trapping of reflected incident waves by refraction and reflection of
wave energy from an abrupt change in water depth at the seaward edge of a shelf. Also
a Macht-stem phenomena may occur along the shoreline when the wave arrives at an
oblique angle to the shoreline (Camfield, 1980).

For long distance propagation, the Coriolis Effect has a great influence on

tsunami propagation. The Coriolis Effect leads to a concentration of the tsunami
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2.3.1. Refraction

The refraction process for tsunami waves is the same as other water waves in
the ocean (i.e. wind waves) where the direction of wave propagation is influenced by
changes in water depth. Therefore, a simple evaluation of refraction can be done by
using Snells Law. Clearly wave refraction involves the bending waves towards regions
of lower wave phase velocity and Equation 2.2 indicates that tsunami waves will bend
towards shallow water (Figure 2.6). As a result, the wave crest approaches the
orientation of the bottom contours (Sorensen, 1972; de Lange and Hull, 1994). The
refraction process indirectly affects the wave energy concentration. In deep water
propagation, shallow water areas act as a lens to concentrate tsunami energy (such as
sea mounts and guyots). Trenches and ocean deeps will disperse tsunami energy along

a coast. Ridges may steer the tsunami wave energy along their crest.

Orthogonal

singy C; L,
———————————————— d/Ly= 0.5 sina, G, L,
Depth
contours
________ N
y B, o B,
________________ Cosay, Cosaq,

shallow area

|—> wave ray 4———‘

Figure 2.6. Schematic diagram of refraction process
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2.3.2. Diffraction

Wave diffraction occurs when a train of waves passes an obstruction during
their propagation and the wave energy is transferred laterally along a wave crest
behind the obstruction (Sorensen, 1972; Mei, 1989). The presence of an obstruction
sets up radiating disturbances and these combine to give rise to wave trains in the lee
or shadow of the obstruction (Figure 2.7). Simple analysis of diffraction of water
waves can be done by using the mathematical solution for the diffraction of light to
predict the wave crest pattern and height variation of water wave. Following Huygens’
principles, each point along a wave crest becomes a point source for the propagation
of further wave forms. These waves propagate in all directions and their interaction
causes the reduction or amplification of wave energy in the direction of wave energy

propagation.

Wave direction

Wave front

Wave direction Wave direction
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Diitracted waves
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Figure 2.7. Schematic diagram of diffraction process
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2.3.3. Reflection

The process of water wave reflection is analogous to the reflection of light and
acoustic waves. There are two main types of reflection for water waves (Figure 2.8):
full reflection where the energy of the wave is fully reflected back; and partial
reflection, which allows the wave energy to be transmitted or absorbed by the
reflecting boundary. A reflecting boundary can be considered as the source of a
secondary wave train, by assuming an appropriate phase relation between the incident
and reflected wave trains and by imposing the boundary condition of no flow through
the boundaries (Bretschneider, 1966; Mei, 1989). The superposition of two such wave
trains traveling in opposite directions leads to the formation of standing wave, where
there is no progressive horizontal motion, but the water surface oscillates vertically
with well developed of nodes and antinodes. Partial reflection is caused by a sudden
change of water depth met by wave trains, some of the wave energy is absorbed (i.e.
by continental slopes, offshore bars and beach) or transmitted through the reflecting

boundaries (such as reefs and submerged or permeable coastal structures).

[
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Figure 2.8. Schematic diagram of reflection process
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As the leading wave of a tsunami propagates into shallower water in the
coastal zone, the wavelength of the incident tsunami becomes shorter and the
amplitude becomes larger. The shape of harbour, bay and local nearshore bathymetry
has an important influence on how the tsunami wave behaves. Water level records for
different tsunamis at the same coastal location show greater similarity than records for
the same tsunami at different locations. This indicates the importance of local effects
on tsunami characteristics (Sorensen, 1978; Dudley & Lee, 1988; Liu et al., 1995;
Henry and Murty, 1995).

2.4. Tsunami Runup and Inundation

When the tsunami wave reaches the shoreline, it may climb up and flood the
coastal land areas. The tsunami runup level depends on the nature of the tsunami wave
form when it reaches the shore. The wave runup can reach 30 m in height or greater,
and inundate the low lying area up to 650 m inland (depending on the topography of
the coastal area). Even though the process is poorly understood, a manifestation of the
difficulty of the underlying basic hydrodynamic problem, two main types of wave

form are recognised before they reach the shoreline (Synolakis, 1991; Yeh, 1991;

Pelinovsky and Mazova, 1992; Titov and Synolakis, 1995):

1. Non-breaking waves , where theory can predict, not only the maximum runup
height, but also the runup process itself on plane beach. In this case the tsunami
wave is considered as either a Solitary or a Cnoidal waves.

2. Breaking waves, where the incoming tsunami breaks offshore and creates a tsunami
bore runup. In this case, some of the wave energy must be dissipated offshore via
turbulence during the propagation. The maximum runup height of the tsunami bore

is lower than the equivalent non-breaking tsunami runup.

There is much evidence that the tsunami bore can cause significant structural
damage and casualties. This is because of violent flow actions (viz., strong turbulence)
as a result of momentum exchange at the transition of tsunami bore to the runup,
together with the rapidly-accelerated mean flow motion which is released onto dry bed
(Yeh, 1991). Tsunami runup is the most devastating hazard associated with tsunami

waves.
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Chapter Three

MATHEMATICAL MODEL

3.1. Introduction

In order to predict detailed and quantitative information about tsunami
behaviour, the modelling is essentially required. The modelling can be done using a
physical (scale) model or a mathematical model which solves the complex phenomena
of tsunamis; their generating mechanism, propagation and runup on land.
Mathematical modelling requires developing, constructing, verifying, and testing a set
of mathematical or logical expressions for a solution (usually on a high-speed digital
computer) to yield the desired parameters.

This chapter presents the wave theory which can be used to develop a
mathematical model of tsunami, which represents the dynamic behaviour of tsunami

in deep sea, nearshore dynamics and runup on land.

3.2. Derivation of Governing Equation

Tsunami are categorised as long waves due to the wavelength and the ratio to
water depth. Their propagation can be adequately described by a set of shallow water
equations. Shallow water wave theory is based on the depth-averaged equations of
mass and momentum conservation. General assumptions for the derivations of these
equation are that the fluid is incompressible and inviscid with no tension, the water
depth is small in comparison with the characteristic horizontal lengthscale of the
motion. The consequences of these assumptions are that the pressure field is

hydrostatic everywhere, and that the velocity is uniform throughout the depth.
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Equation of Motion
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