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ABSTRACT

Knowing the risk of tsunami inundation at a certain coastal area is of critical

importance for any coastal communities. Unfortunately, due to insufficient field data on

tsunami flooding, risk analysis directly based on historical tsunami data is often

impossible. In this study, a more effective and feasible probabilistic methodology is

developed for predicting the risk of coastal flooding due to distant tsunamis generated by

earthquakes in the Pacific Ocean. This methodology predicts the occurrence frequency of

coastal inundation indirectly by linking the probability of inundation with earthquake

statistics. This indirect method is more feasible since there are more complete and

reliable historical data on earthquakes in the Pacific Basin and there are also advanced

computer simulation models such as the Cornel COMCOT tsunami model that can

predict tsunami generation, propagation and inundation, which provides the link between

earthquakes and tsunami inundation. Specifically, the Pacific Rim is divided into blocks

of potential earthquake sources based on past earthquake record and fault information.

Then the COMCOT model is used to predict the inundation at a distant coastal area due

to a tsunami generated by an earthquake of a particular magnitude in each source block.

This simulation produces a response relationship between the coastal inundation and an

earthquake of a particular magnitude and location. Since the earthquake statistics is

known for each block, by summing the probability of all earthquakes in the Pacific Rim,

the probability of the inundation in a coastal area can be determined through the response

relationship. For validation purposes, the methodology is applied to predict the tsunami

inundation risk in Hilo Bay in Hawaii, where relatively more tsunami data are available.
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In this study, a total of 61 earthquake source blocks in the Pacific Basin were studied and

181 computer simulations were performed to produce the necessary response curves.

Despite the complex nature of the tsunami phenomenon and the many parameters

involved in the modeling, the predicted return period of coastal inundation showed

promising agreement with the return period calculated directly from the field data in Hi10

Bay.

Besides developing and evaluating the probabilistic risk analysis methodology, other

fundamental research was also carried out. By analyzing the earthquake data through

different probability distributions, it was found that the commonly used Gumbel

distribution in hydrology does not fit the earthquake data well and therefore may not be

suitable for earthquake statistical analysis. Numerical simulations conducted also

revealed that while tsunamis have been observed to wrap around smaller islands in Asia

and cause larger flooding on the lee side of an island, this wrap-around phenomenon does

not occur around the relatively larger Hawaiian island chain. In addition, through

thorough and careful numerical tests, the optimal domain size, time step and bathymetry

resolution for numerical simulation of tsunamis in the Pacific Ocean were determined

which can serve as helpful guidance for future simulation studies.

This study is among the first to develop and apply an indirect probabilistic

methodology to study the risk of inundation caused by earthquake-generated distant

tsunamis in the Pacific Basin. The results presented in this study can be very useful to
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civil defense agencIes and coastal engmeers m their planning for coastal hazard

mitigation and proper coastal development and management.
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CHAPTER 1

INTRODUCTION

1.1 Tsunami Hazard

Tsunami, a Japanese word meaning 'harbor waves', is a serious coastal hazard that

can cause severe damage to the coastal communities. These destructive waves are

generated by different mechanisms such as submarine earthquakes, landslides, submarine

volcano eruptions and meteoroid impacts. Tsunamis can travel across the ocean with a

speed as fast as 500 mph. Submarine earthquakes with a magnitude of 7.5 or greater pose

a great threat not only along the coastal areas where the epicenter is located but also to

distant coastal regions that are several hundreds of kilometers away. These types of

tsunami that travel across the ocean are known as transoceanic or distant tsunamis. The

1960 Chile earthquake with a magnitude of 8.6 generated a transoceanic tsunami that hit

the country of Japan, which is 17,000 kilometers away. In comparison, tsunamis that are

confined in an area near the source are called local tsunamis. Local tsunamis are usually

generated by local landslides. Tsunamis due to submarine volcano eruption and

meteoroid impacts are relatively rare.

Historical data of earthquakes tracing back to more than 300 years show that the

Pacific Rim has been inundated with earthquakes (Figure 1.1). It is clear that coastal

areas along the Pacific Rim have a very high potential of tsunami disaster due to

transoceanic tsunamis. Among coastal states, the Hawai'ian Islands are located right

along the path of any transoceanic tsunami generated anywhere in the Pacific Rim due to
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its location in the middle of the Pacific Ocean (Furumoto, 1991). In fact, tsunami is the

most dangerous natural hazard to human lives in the State of Hawai'i as it has historically

caused the largest death toll as compared with any other natural hazards such as

hurricanes and floods. The 1946 and 1960 tsunamis generated by the Aleutian and

Chilean earthquakes together killed more than 200 people in the Island of Hawai'i

causing a damage totaling $26 million for the 1946 event and about $24 million for the

1960 event. Figures 1.2 and 1.3 show the tsunami damage in Hilo, Hawai'i due to the

1946 Aleutian and 1960 Chile tsunamis, respectively. Other Pacific Rim countries and

states have also suffered from tsunami attacks. In the 1990's alone, ten major tsunamis

occurred in the Pacific Basin and more than 4000 people were killed during these events

(Gonzalez 1999, Figure 1.4). Obviously, it is of critical importance for researchers to

conduct more studies on tsunamis in order to better understand the phenomenon and

develop more accurate prediction tools that can help mitigate tsunami hazards.

Mitigation of tsunami hazards involves efforts in many different areas. For example,

one of the efforts is to develop efficient and accurate models to predict the arrival time

and maximum inundation limit during an actual tsunami event so that proper warning can

be issued and residents can be safely evacuated. Another effort is to study the risk of

tsunami attacks, e.g. possible worst wave height and frequency of occurrence of coastal

flooding in different areas. Risk analysis can help government agencies better plan and

manage the development of coastal land and help engineers to design stronger structures

that can resist tsunami attacks better. This thesis research focuses on risk analysis

2



especially probabilistic risk analysis of coastal flooding due to distant tsunamis in the

Pacific.

.. .
• •

r
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Figure 1.1. Earthquake record for the past 300 years (1701-2001).
(Sources: 1. Seismicity Catalog CD-ROM collection, 2. Historical Tsunami Database)
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Figure 1.2. Pier 1, Hilo Bay during the 1946 Aleutian Islands tsunami.
(http://www.geophys.washington.edu/tsunami/genera1lhistoric/aleutian46.html)
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...... -
Figure 1.3. Downtown Rilo. Aftennath of the 1960 Chile tsunami.

(http://www.geophys.washington.edu/tsunamilgenera1lhistoric/chilean60.html)
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Figure 1.4. Ten major tsunamis in the 1990's (Gonzalez, 1999).

4



1.2 Review of Literature

The calculation of the probability of tsunami inundation could be a simple statistical

problem if a complete set of historical field data over the past two hundred years on

tsunami inundation in different coastal areas were available. Unfortunately, field data on

maximum inundation during past tsunamis are very limited in the Pacific Basin. In some

regions or areas, no field observations and measurement were ever conducted at all in the

past. This means that it is not possible to study the risk of tsunami inundation directly

based on inundation data itself. Currently, the design of coastal structures gives

consideration to design winds and design storms in calculating the total environmental

load. However, the tsunami risk is not considered in the design, and a design tsunami has

not been defined. Due to the lack of historical tsunami data, there is a need to develop an

effective methodology that can determine the risk of tsunamis indirectly by linking the

probability of the sources that generate tsunamis with the tsunami inundation risk in a

coastal area.

The link can be found through the prediction of the wave process of tsunami

generation from an earthquake source, then tsunami propagation and run-up on coastal

land. This proposed approach is based on the idea of Ward and Asphaug (2000) who

analyzed the hazard assessment of asteroid impact tsunamis by linking the probability of

tsunami wave height with the risk of occurrence of asteroids impacting on the earth's

oceans. In Ward and Asphaug's study, a linear wave theory was used to predict the

offshore wave height generated by the asteroid impact, however, the risk of tsunami run

up and coastal inundation was not studied.
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Although, there is scarcity of tsunami run-up data some researcher do use historical

records dating back to the 1500's (Rabinovich et aI., 2001) and even to paleo-tsunami

data (Kaistrenko and Pinegina (2001) and Downes and Stirling (2001)). Caution should

be taken in dealing with historical tsunami data due to its lack of reliability. For example,

the damage at Kona, Hawai'i due to the 1854 Tokaido earthquake in Japan was

categorized as none in the tsunami database because at that time Kona coast was not

highly populated (Furomoto, 1991) and no immediate post tsunami survey was done.

Another example is the 1992 Flores Island tsunami where the field survey measured the

run-up at Raingkroko (unpopulated area) to be 18.4 meters and 26.2 meters which is way

much higher as compared along the northern coast of Flores Island (Imamura and Gica,

1996, and Imamura, et aI., 1995). If the field survey was not conducted, this high wave

run-up would not be documented in the tsunami database. This is evidence that extreme

caution should be taken when using historical tsunami database especially those in the

pre-1800 era since information could be either completely missing or incomplete.

Another issue to be raised is that the historical tsunami database, especially the pre

1900, one might not have sufficient information to delineate the source of the tsunami.

Could the source be submarine earthquake, landslide, underwater volcanic eruption,

distant or local tsunami? It is important to distinguish the generating mechanism since the

probability of an earthquake could be totally different from the probability of a landslide

or volcanic eruption and this probabilistic difference has been recognized by Downes and

Stirling (2001).
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Similar to Ward and Asphaug's (2000) approach, a probabilistic study for tsunami

hazard due to earthquake generated tsunamis was done for Aguadilla, Puerto Rico region

(Mercado, A. (2001), McCann, W.R. (1998)) where characteristics tsunamigenic faults at

Mona Passage was determined by using seismic reflection data. The study was able to

identify major active faults in the vicinity of Mona Canyon. One of the objectives was to

formulate a statistical relationship between fault length, maximum earthquake magnitude

and displacement to generate a worst possible scenario. However, seismic reflection data

do not provide all the necessary earthquake parameters for tsunami generation. The dip

angle was quantified using experimental data based on different rock types. Conducting a

worst possible scenario helps determine the maximum possible damage that could

happen. However, this alone would not help coastal states or local civil defense agencies

deal with non-worst scenarios. Coastal states cannot structure communities in a way to

defend from a possible worst destruction since this might be too costly and impractical in

many cases. They also need to implement mitigation systems that could minimize

damage to coastal structure and if possible prevent loss of human lives based on lesser

earthquake magnitude that could still generate a local tsunami. All of the studies

mentioned dealt only locally generated tsunamis. This thesis study however considers

distant tsunami sources from the entire Pacific Basin.

To model the generation of a tsunami, earthquake source parameters are required.

Some studies used seismic reflection data to determine certain earthquake parameter

however it cannot provide all the earthquake source parameters needed to generate the

tsunami waves. This deficiency can be addressed by conducting sensitivity analysis of the
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leading tsunami wave height due to the earthquake source parameters which is part of this

study. When a tsunamigenic earthquake occurs, the deformation of the sea floor displaces

the sea surface from its equilibrium position generating a tsunami. The initial leading

tsunami wave is sensitive to the sea floor displacement, which is modeled by a fault plane

characterized by several parameters including magnitude, epicenter, focal depth, size of

fault area, displacement, strike angle, dip angle and others. So far, some researchers have

considered that the spatial variation of the initial wave may not affect the final run-up

result in a distant coastal area (Geist and Johnson 1999, Titov et aI., 1999) and therefore

an earthquake can be considered as a point source for a distant location. In this case, the

modeling of the initial tsunami wave from an earthquake can be simplified by reducing

the number ofnecessary earthquake parameters.

Titov et al. (1999) conducted a numerical study of the 1996 Andreanov Island

tsunami in the Aleutian region and found that the initial leading tsunami wave is

insensitive to certain earthquake fault parameters such as rake- and dip- angles, and fault

dimensions. Since tsunami generation and propagation is a very complex process to

model, results based on one tsunami event may not be generalized. In addition, in Titov et

al.'s (1999) paper, not all earthquake parameters were investigated. This study carried out

further investigation of this issue by simulating more tsunamis in the Pacific such as the

1960 Chilean tsunami in order to confirm and extend the results by Titov et aI. (1999).

The reason this issue is important to the present study is that if coastal inundation and

run-up depend on too many earthquake parameters, the risk analysis methodology will

become extremely complex and impractical due to the need of long hours of computer
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time and also more importantly, to the lack of recorded data for detailed earthquake

parameters such as dip angle for most of the historical earthquakes in the world. By

conducting a thorough sensitivity study, the study aims to reduce the number of

earthquake parameters needed to describe the tsunami wave generation and to achieve a

better understanding of the fundamental mechanism of earthquake generated tsunamis.

Another interesting phenomenon is the wrap-around effect of tsunami waves around

islands. The lee side of an island may be thought by the public to be safe from a tsunami

attack. However, during the 1992 Flores tsunami in Indonesia (hnamura et aI., 1992 and

1994) and the 1993 Hokkaido tsunami in Japan (Takahashi et aI., 1993), unusually large

scale coastal flooding was observed on the lee side of the islands; The tsunami waves

propagated around the islands and then collided on the lee side producing an extremely

high run-up. This wrap-around effect was not observed in all tsunami cases; rather the

phenomenon seems to depend on the size of the earthquake source and especially on the

crest length of the initial tsunamiwave (Cho and Liu, 1999). Cho and Liu's (1999) study

on the wrap-around effect was conducted on a single idealized conical island. For the

wrap around phenomenon occurred during the 1992 Flores Island, the1993 Hokkaido

tsunamis and in the experimental studies, the islands affected especially that from the

laboratory experiment were not a chain of islands. Would similar results be found for the

case of an island chain like the Hawai'ian islands?

The Hawai'i State Civil Defense Tsunami Guidelines requires the State of Hawai'i to

be on tsunami alert if an earthquake of magnitude ~ 7.9 occurs in the Pacific Basin. The
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status of the tsunami waves is then monitored hourly to determine whether the tsunami

wave will be destructive as they reach the coastal areas of Hawai'i. In the event that the

tsunami will be destructive, tsunami warning will be issued and evacuation procedures

will follow. However, the current practice in the State of Hawai'i is a statewide

evacuation thus assuming that all coastal areas will be experiencing destructive waves.

This approach is playing it on the safe side but might prove to be too costly. Depending

on the source origin of the tsunami, some coastal areas will experience destructive waves

while others will not. Deploying the Civil Defense personnel to all coastal areas might

prove to be inefficient.

With current advancement in tsunami simulation, tsunami scenarios can be generated

and coastal areas that will experience either minimal or most destructive waves can be

determined. This would aid Civil Defense Managers in deciding an effective and efficient

way to deploy its personnel to coastal areas that needs immediate assistance. This thesis

study will analyze the worst scenarios of tsunami attack for the Hawai'ian Islands.

In terms of numerical simulations, efficiency is one aspect that is very much desired.

It is very impractical if a simulation takes a long time to complete since decisions based

on its results might need to be made in a matter of hours. A large computational domain

with a small grid size would obviously take considerable time to complete the run. The

idea of multi-layered grid system can be considered as a breakthrough in reducing

computational time since the outer regions can use larger grid size and a smaller domain

near the coastal area nested inside the larger domain can take a smaller grid size and with
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finer resolutions more detailed results can be obtained. However the question that would

arise is: would a different inner layer domain size affect the final output? If the inner

layers are smaller then definitely the simulation time would considerably be reduced due

to having lesser number of nodes and a larger time step increment could be utilized.

Some simulation studies use a domain as small as possible to hasten the simulation

time and obtain results faster. This practice does not render the study as useless however,

numerical tests should be conducted to determine whether or not the final output is

consistent. In numerical simulations, our desire is to find the optimal domain size, spatial

grid size and time step that cost the least computational time yet do not sacrifice the

accuracy of the results. For tsunami simulations for the Pacific Basin such optimal

settings have not been fully investigated and will be part of this thesis study.

1.3 Rationale of Study

In conducting tsunami research, there are three main practical issues of interest: the

first is to develop simulation models that can predict tsunami generation, propagation and

coastal flooding in real time in order to assist the civil defense agencies to issue accurate

warnings and proper evacuation plans during a tsunami event. The second is to

develop/apply methodologies that can help to perform risk assessment of tsunamis for

coastal management. The third is to find engineering solutions that can help mitigate the

damage caused by tsunamis. The focus of the present study is related to the second issue,

namely, to apply proper methodologies for tsunami risk analysis where the State of

Hawai'i is used as a case study.
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When we study risk of hazards, a complete risk assessment includes two aspects of

the problem, namely, the probability of occurrence of the natural hazard and the degree of

damage caused by the natural hazard (e.g., tsunami impact on coastal structures). The

study is focused on applying a methodology that can predict the probability of occurrence

of tsunami inundation on coastal lands due to distant tsunamis in the Pacific Basin. The

study hopes to be able to answer practical questions such as: what is the probability (or

return period) of coastal inundation of 100 meter at Waikiki Beach due to distant

tsunamis? Is it once in 50 years or once in 200 years? What would be the likely worst

flooding scenario caused by tsunamis in a coastal area?

The study applies an improved methodology that can predict tsunami run-up risk by

linking the probability (or return period) of tsunami run-up of a certain height at a coastal

area with the probability of tsunami-generating earthquakes in the Pacific Basin. This is

feasible since large amounts of more reliable data on past earthquakes in the Pacific are

available. This approach proposed by Ward and Asphaug (2000) is further improved by

applying a non-linear wave model and predicting the risk of both tsunami wave heights in

coastal waters and the final coastal inundation and run-up. This method would determine

the inundation risk of a coastal area by establishing a response relationship between

tsunami-generating earthquakes and the associated tsunami run-up. This can be

accomplished through computer simulation that can predict tsunami generation,

propagation and run-up caused by an earthquake based on a nonlinear long wave model.

12



Besides the statistical approach (whereby the tsunami run-up risk will be predicted by

linking the probability (or return period) of tsunami run-up of a certain height at a coastal

area with the probability of tsunami-generating earthquakes in the Pacific Basin), a

scenario approach has also been developed for tsunami assessment. The scenario

approach, mainly aimed at investigating the most likely "worst" scenario for a coastal

area. This can be done by simulating tsunamis generated by the worst (i.e. the largest)

earthquakes in the Pacific Basin and identify the worst tsunami inundation in a coastal

area. Since tsunami risks analysis involves our understanding of the physical

phenomenon and the mathematical modeling of the tsunami generation, propagation and

run-up, the study will not only apply an improved methodology to predict tsunami run

up/inundation risk but will also examine several related fundamental topics such as

sensitivity of the simulated leading tsunami wave height to the earthquake source

parameters, as well as sensitivity of the simulated inundation to the domain size and time

step increment.

The sensitivity of the leading tsunami wave height to the earthquake source

parameters can be determined by varying each earthquake source parameter. As each

parameter is varied while others are maintained, its effect to the leading tsunami wave

height can be clearly seen. As for the domain size and time step increment, the maximum

inundation will be compared when a different domain or time step are used in the

simulation.
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The wrap around effect of tsunami waves around the islands is further investigated by

examining tsunami attacks on actual islands such as the Hawai'ian island chain. This will

determine whether the wrap around phenomena pose a threat to the lee side of the islands

of Hawai'i by taking into account the irregular shape of actual island and the interactions

between different islands in an island chain.

1.4 Objectives

The main objective of this study is to apply an improved risk assessment

methodology that can determine more accurately the probability or return period of a

coastal area inundated by a tsunami by linking the inundation/run-up risk with the

earthquake statistics in the Pacific basin. A scenario approach based on 'worst' possible

earthquakes from different source locations in the Pacific Basin will be studied to

determine the tsunami risk at a coastal location. Both statistical and the scenario

approaches will be demonstrated using the Hawai'ian Islands as a case study.

Issues like the sensitivity of the leading tsunami wave height to the detailed

earthquake parameters, tsunami wave characteristics as it interacts with an island of

island chain (e.g. Hawai'ian Island chain), sensitivity of the numerical model to domain

size and time step will be studied.
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CHAPTER 2

THEORY AND METHODOLOGY

This chapter will describe the mathematical equations and numerical technique

applied in this study to model the generation of the initial tsunami wave from an

earthquake, the propagation of tsunami in the open ocean and the run-up of tsunami on

coastal land. In addition, the detailed steps of the probabilistic risk analysis methodology

will also be introduced.

2.1 Mathematical Model for Tsunami Generation, Propagation and Run-up

In order for a mathematical model to simulate a tsunami, it should be able to describe

the initial tsunami wave generation, tsunami propagation and run-up in the coastal areas.

There are quite a few tsunami models that can accomplish this task using either the full

Navier-Stokes equations (Lin and Liu, 1998, Mader, c., 2004) or the depth-averaged

Bossinesq equations or the traditional shallow water equations (Liu et aI., 1995).

Comparing the different models, we understand that the full Navier-Stokes equations can

describe both long and short waves, and can model the most complete physical features

including non-linearity, wave dispersion and turbulence when combined with a

turbulence closure such as the K-E turbulence model, while the simpler depth-averaged

Boussinesq and shallow water equations are derived specifically for modeling long waves

such as tides, storm surges and tsunami waves. Although the Navier-Stokes equations

are the fundamental equation for all fluid flows, due to their complexity, they are much

less efficient computationally. Since the focus of this thesis study is on tsunami, and the
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simulation needs to cover the tsunami generation, propagation and run-up across the

entire Pacific Ocean, the more efficient depth-averaged shallow water equations are

proper and suitable. In this thesis, the Cornell Multi-Grid Coupled Tsunami model

"(COMCOT) developed by Professor Philip Liu's group from Cornell University based on

the depth-averaged shallow water equations is adopted.

2.1.1 Tsunami Generation

For the earthquake generated tsunamis, the initial tsunami wave is generated due to

the displacement of the sea floor that is caused by the earthquake. The displacement of

the earth's crust is usually modeled based on the elastic deformation theory of the earth's

crust (Mansinha and Smylie, 1971) which assumes the earth follows the laws of classical

linear elastic theory, treating the earth as a homogeneous, isotropic, and elastic material

(Johnson, 1998). The displacement of the earth's surface can be modeled by a fault plane

characterized by parameters that describe the location, orientation and the fault plane's

rupture direction. The parameters that characterize the fault plane are strike angle, dip

angle, rake angle, dislocation of the fault (which we also call slip), fault area and location

(longitude, latitude, and focal depth).

Sophisticated models usmg multiple sub-faults that consider varying parameters

along the multi-fault structure may provide a more accurate representation of the fault

area. However, when an earthquake occurs, the parameters immediately known are

epicenter and magnitude. Focal depth value can be estimated after some time. The

remaining parameters require extensive research provided that high quality data are
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recorded during the event. Usually, detailed variations in earthquake parameters and sub

fault structures are not known for earthquake events. With these constraints, the

dislocation theory by Mansinha and Smylie' (1971) is considered as sufficient and

practical and is applied in this study.

The fault parameters involved in the mathematical model are shown in Figure 2.1.

The strike angle, ~, is the orientation of the fault with respect to north measured

clockwise. The dip angle, 0, is the angle through which the fault displaces with respect to

the sea floor. The slip, u, is the amount of displacement of the fault and has strike-slip

'Us' and dip-slip 'U/ components. The horizontal movement of the fault caused by

strike-slip is designated as 'Us' while a vertical movement caused by dip-slip is

designated as 'U/. Rake, A, is the angle from the horizontal plane measured in degrees

counterclockwise. When the deformation occurs due to an underwater earthquake, the

uplift and subsidence of the ocean floor will cause the surface of the ocean to be

displaced from its equilibrium position and this then generates a tsunami. The parameters

mentioned (strike-, dip-, rake- angles, dislocation of the fault, also known as slip, fault

area, epicenter and focal depth) are required by the COMCOT model to predict the

generation of the initial wave.
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latitude, longitude
and depth

rake A.

length L

North

Figure 2.1. Earthquake fault parameters (Johnson, 1999).

According to Mansinha and Smylie's (1971) theory, there are two components for the

generation of the initial free surface profile, which are strike-slip displacement and dip-

slip displacement. Applying a simple rectangular geometry, where - L :S;;1 :s; L and

d :s;; :s; D (Figure 2.2), the analytical expression for a strike-slip displacement and dip-

slip displacement were given as follows, respectively:

x,

---'FAULT PLANE,,,
"'"~

Figure 2.2. Geometry of fault and coordinate system (Mansinha and Smylie, 1971).
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After integration, the final expression for the strike-slip displacement is:
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(2.8)

where R and Q represent the distances of the field point (Xl, X2 and X3) from the source

point (~l, ~2, ~3) on the fault plane and the corresponding source point (~l, ~2, -~3 ) on an

image fault plane (Figure 2.3).
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(2.9)

IMAGE
FAULT PLANE

'2

---ItE-+-------lI.X2

X3

Figure 2.3. Coordinates of fault and image fault (Mansinha and Smylie, 1971).

where r2, r3 and q2, q3 are field coordinates measured normal and down dip to the fault

plane and its image, respectively. In terms of new variables, we can rewrite R and Q as:

(12.10)

Some earthquake durations are usually very short, the theory assumes that the water

surface displacement (i.e. tsunami wave) takes the same form as the earth surface

displacement. In the COMCOT model, equations 12.3 to 12.10 are programmed in the
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source code. Once we input the necessary earthquake parameters, it can predict the initial

tsunami waves.

2.1.2 Tsunami Propagation

After a tsunami is generated, it will propagate in the open ocean and then run up onto

shore in a coastal area. The wave propagation and run-up are described by the following

non-linear shallow water long wave equations:

ap +~(~J+~(PQ)+gHat; +r H=O
at axH OyH ax x

aQ+~(PQ)+~(~J+gHat; +r H=O
at axH OyH Oy Y

(2.11)

(2.12)

(2.13)

where t; is the wave elevation above the unperturbed sea level, Pand Q are depth-

averaged horizontal fluxes, H is the total depth, and rx and ry are bottom friction terms

that are modeled by either the Chezy-Manning's formula. Equations (2.11)-(2.13) here

are written in Cartesian coordinates for coastal regions. In the numerical simulations of

wave propagation in the open ocean, the equations are solved in spherical coordinates and

the Coriolis effect due to earth's rotation is added.

The long wave equations (2.11 )-(2.13) are solved by using a finite difference scheme,

and the detailed scheme is given in Liu et al. (1995, 1998). In our modeling, a layered

grid system is utilized (Figure 2.4). A region of smaller grid is nested inside region of
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larger grid. In general, the computation for wave propagation in the open ocean is

performed using a coarse grid (e.g. 10 krn grid), while in a coastal area, a layer of finer

grids is used (e.g. 10m). The layers are coupled dynamically since there is an exchange

of information between the layers of different grid size and waves can propagate through

different layers smoothly.

Layer 4
++I-H

Layer 3

Layer 2

I

Layer 1

Figure 2.4. Layered grid system.
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2.1.3 Tsunami Run-up and Inundation

To track the moving wave front onto dry land in the numerical simulation, the coastal

bathymetry is first discretized into a step-profile (Figure 2.5). At each computational step,

the wave elevation at the current shoreline is calculated and evaluated. If the wave

elevation is lower than the beach bottom elevation of the next grid, the wave front stays

at its current location. If at a certain time step, the wave elevation rises above the beach

bottom elevation at the next grid, then the wave front will be moved to the next grid. This

is how the moving wave front is modeled and tracked in the numerical simulation. Once

the wave front (or the updated shoreline) is known, the wave run-up and inundation can

be calculated.

•
MWL............ " .

o

wave front stays

--__.f--------- .

wave front moves

MWL
............. . ·······1

i-I i-~

i i+~ i+l i+3/2

Figure 2.5. Discretized bathymetry.
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2.1.4 Tsunami Model Input Parameters and Input/Output Data

In order for the COMCOT to run properly, the following parameters and data are

required as input parameters:

o Bathymetry data: the land elevation and water depth should be provided for each

layer. Positive depth values are associated with the water region while negative

depth values will represent the land domain.

o Other input information: the time step and grid size for each layer are specified.

Options are also given whether to run each layer using spherical or cartesian

coordinates, linear or non-linear governing equations and whether bottom friction

will be taken into consideration. The latitude of the south-end boundary, ratio of

the inner layer to the immediate outer layer for each layer and the lower left and

upper right coordinates of the inner layer with respect to the immediate outer

layer are specified. In addition, the total time steps, total number of grids in both

x - and y - directions for each layer are specified. The lower left and upper right

coordinates of the inner layer with respect to the immediate outer layer are also

required. The desired output intervals and the Manning's relative roughness

coefficient, if roughness is considered in the simulation, also serve as input

parameters to run the simulation.
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o Earthquake input parameters: to generate the initial tsunami wave condition due

to an earthquake, the earthquake parameters need to be specified in the

simulation. The parameters that need to be specified include: focal depth, source

area (length and width), slip value, strike-, dip-and rake- angles, and epicenter.

In order to view the results of the simulation, output files are generated. The output

variables include:

o simulated water level at every node for each layer;

o simulated water level change in all assigned numerical stations for each layer;

o simulated run-up and inundation, namely, the grids occupied by the finest grid

layer (for example layer 4).

2.2 Risk Analysis

To conduct risk analysis for coastal flooding due to tsunamis, two approaches,

namely, the scenario approach and statistical approach, are proposed in this thesis study.

Both approaches will be explained using Hawai'i as a case study.

2.2.1 Scenario Approach

In this approach, we will simulate the offshore wave height at selected coastal areas

in Hawai'i due to 'worst' possible earthquake scenario in each sub-region along the

Pacific Basin. The 'worst' possible earthquake scenario is determined from historical
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earthquake records in the Pacific Basin tracing back 100 years. This approach will help

us detennine which earthquake source region will have more serious tsunami impact on a

particular coastal area in Hawai'i.

Another issue of our interest is the phenomenon of waves sometimes wrappmg

around islands causing a larger wave height on the leeward side. This has been reported

in field observations of tsunami attacks on small islands in the Pacific Ocean. The current

simulation of tsunami attacks in Hawai'i will help us investigate whether or under what

conditions the earthquake-generated distant tsunamis will produce a 'wrap around' effect

on the Hawai'ian Islands.

2.2.2 Statistical Approach

The development and the evaluation of the statistical approach is the focus of this

thesis study. The objective of this approach is to derive the probability of tsunami

inundation/run-up in a particular coastal area in Hawai'i based on the earthquake source

statistics in the Pacific Basin. The reason the inundation/run-up risk is detennined

through the earthquake statistics is that there are very limited field run-up data on tsunami

run-up as compared to the earthquake data.

In this study, the active earthquake areas in the Pacific Basin are divided into many

earthquake source blocks. The width of each block will depend on the results of the

sensitivity analysis of the leading tsunami wave height due to the earthquake source

parameters, which will be elaborated in Chapter 4. The size of each block does not
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represent the fault area of an earthquake. The width of the block defines the limit of

earthquake's epicenter shift that will not cause a significant variation on the tsunami

wave height at a distant location. From the defined blocks, the probability of an

earthquake moment Magnitude, Mw, can be calculated from the historical data. Historical

records show that an earthquake with a magnitude of 7.5 or greater has the potential to

produce transoceanic tsunamis (Furumoto 1991, Blackford 1987, 1997, Geist and

Johnson 1999).

After the probability of an earthquake magnitude is determined, numerical simulation

of tsunamis will be conducted to predict the inundation at a certain coastal area in

Hawai'i, designated as Hj, due to a tsunami generated by an earthquake of Magnitude

'M' from a specific source block, designated as Si (i=1,2,3 ...N). From the simulation

results, a response curve (i.e., inundation limit, '1' or maximum run-up, 'R' vs.

earthquake magnitude M), for example, Rij =Ii (Mi), will be generated. The subscript 'i'

represents a designated source block and it ranges from 1 to N (see sample illustration in

Figure 2.6).

For a particular run-up, Rjc, for a coastal area, we can determine from the response

curve the critical earthquake magnitude, Mic, generated in a source block, Si, which will

generate the runup limit, Rjc, at location Hj. From here we can determine Pi (Mi ~ Mic),

which is the probability of earthquake magnitudes equal to or greater than Mic within the

source block Si. Summarizing over all the source blocks, we can finally obtain the

probability of run-up exceeding Rjc III a coastal area, Hj, as:
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N

P j (R j ;?: RjC) =LP; (Mi ;?: M ic )· The inverse of Pj will give us the return period Tj. In a
i=!

similar manner, from the inundation response curve, the probability of inundation

exceeding the inundation limit Ijc, at the same location Hj, can be calculated as:

N

Pj(Ij ;?: I jc ) =LP;(Mi ;?: Mic )·
i=1

Hawai'i

"".......
Hilo Bay (Hj )

New. Runup, Rjic

ource Block, I
--......Earthquake

agnitude, M l

Figure 2.6. Proposed inundation - run-up risk analysis methodology.
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2.3 Tsunami Sensitivity to Earthquake Source Parameters

The generation of the initial leading tsunami wave is affected by the sea floor

displacement which is modeled by a fault plane characterized by several parameters

including magnitude, epicenter, focal depth, size of fault area, strike angle, dip angle and

others. However, previous studies (Geist and Johnson 1999, Titov et aI., 1999) have

shown that the final run-up in a distant coastal area is not sensitive to certain detailed

source parameters and thus for a distant coastal area an earthquake can be considered

more or less as a point source.

A numerical study of the 1996 Andreanov Island tsunami in the Aleutian region by

Titov et ai. (1999), showed that the initial leading tsunami wave is insensitive to certain

earthquake fault parameters. Since the generation and propagation of a tsunami is a very

complex process, results based on one tsunami event may not be generalized. In addition,

Titov et aI.' s (1999) study did not examine the sensitivity of the initial leading tsunami

wave to all earthquake parameters such as the strike angle and focal depth variations.

Additional tsunamis will be simulated in this study to further investigate the

sensitivity of tsunamis to source parameters by varying the rake-, dip-, and strike angles,

earthquake epicenter, fault dimensions, and focal depth. To determine the effect of each

source parameter on the leading predicted tsunami wave height, the earthquake scalar

seismic moment Mo will be maintained. The value of Mw is usually provided in the

historical records and Mo can be obtained by using the following equation:

31



where:

2
M w =-logMo -6.03

3

~ = shear modulus (N/m2
)

D = average slip displacement (m)

L = fault length (m)

W = fault width (m)

(2.14)

(2.15)

Once we obtain Mo, the values of the average slip displacement, D, fault length 'L'

and width 'W' will be carefully chosen within the range of actual data based on the

historical earthquake records in the specific source region to satisfy the value of the scalar

seismic moment Mo. The shear modulus value varies with location and geologic structure

and ranges from 1.0 to 6.0 N/m2
• For this study an averaged value of 4.0 N/m2 was used.

It can be seen in Equation 2.15 that the seismic moment magnitude 'Mo ' is a function

of shear modulus, slip displacement, fault length, and fault width. Varying anyone of

these parameters will change the seismic moment magnitude, which then would defeat

the objective of maintaining the value of Mo. For this case, two methods were applied.

First, the slip displacement was maintained while the fault dimensions were being varied.

As the fault length (for example) was modified, the fault width was also modified

accordingly to maintain the same fault area; otherwise the M o value will change. Similar

procedure was followed when the fault width was modified. Second, maintaining the
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same Mo value, the fault dimensions were modified accordingly so as to vary the slip

displacement to the desired variation under study. The two methods applied assured that

the same Mo value was used when the earthquake source parameters (i.e. slip

displacement, fault length and fault width) were varied.
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CHAPTER 3

VALIDATION OF THE CORNELL COMCOT TSUNAMI MODEL

Before a numerical model is applied to perform simulations, it needs to be validated

In order to determine its capabilities and limitations. In this chapter, the Cornell

COMCOT tsunami model will be validated by comparing its predicted results with

Synolakis' run-up law and experimental results (Synolakis, 1987) on solitary wave

running up on plane slopes and with actual tsunami cases. Since the Cornell tsunami

model uses a layered grid system, issues such as the effects of the size of inner domains

of different layers, time step, grid size and bathymetry resolution will be addressed. Many

of these issues have not been investigated before. Results from the present validation

studies will help us to better understand the performance of the COMCOT model and to

find the optimal domains, grid size and bathymetry resolution that will lead to the best

achievable simulation results for tsunamis in the Pacific Ocean when both accuracy and

efficiency of the simulation are considered.

3.1 Model Validation Setup

Validation of the Cornell tsunami model was conducted in two parts: the first is by

simulating a solitary wave in a rectangular numerical wave tank with a plane beach and

the second is by simulating two past tsunamis, namely, the 1946 and 1960 tsunamis

generated by the Aleutian and Chilean earthquakes, respectively.

34



3.1.1 Simulation ofSolitary Wave on Plane Beaches

The numerical wave tank used for simulating the solitary wave run-up is shown in

Figure 3.1. For this simulation, two layers of grids are used. Layer 1 consisted of 644 x

401 grid points in the x- and y- axis, respectively. Layer 2 had 2401 x 201 grid points.

The grid layer ratio was set at 1:5 where one outer grid consists of 5 inner grids. The grid

sizes are 12.5 meters and 2.5 meters for layers 1 and 2 respectively. The time step

increment satisfies the Courant stability criteria with 0.06 second for layer 1 and 0.03

second for layer 2. Layer 1 was set to use linear terms of Equation 2.11 to 2.13 while

layer 2 uses the full non-linear terms. The numerical wave tank has a uniform water depth

of 80 meters before the depth decreases over the plane beach. Two cases were studied:

the first is a non-breaking solitary wave run-up on a mild beach with a slope of cot ~ =

50, and the simulated results were compared with Synolakis' analytical run-up law which

is valid for non-breaking waves only. The second case involves both breaking and non

breaking solitary waves on a beach slope of cot ~ = 19.85 which was used in Synolakis'

(1987) run-up experiment. For this case, the simulated results will be compared with

Synolakis' experimental results for validation purposes. Several values of 'a' (the ratio of

the initial solitary wave height to the water depth, Hid) were used for comparison for both

the mild beach slope (cot ~ = 50) and the beach slope of cot ~ = 19.85 that was used in

Synolakis' (1987) experiment. Figure 3.2 defines the run-up of solitary wave on a sloping

beach.
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t.x Layer 1
Layer 2

Figure 3.1. Numerical wave tank setup.

Figure 3.2. Run-up of solitary wave on a sloping beach (Synolakis, 1987).

Synolakis Run-up law (Synolakis, 1987), a function of the beach slope 'J3', initial

solitary wave height, 'H', and offshore water depth, 'd', is defined as:

R 1(H)~d =2.831{cotp)2 d
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where:

R = predicted run-up

d = offshore water depth

P= beach slope

H = initial solitary wave height

It should be pointed out that Equation 3.1 is valid only for non-breaking waves. The

breaking criterion provided by Synolakis (1987) is:

H 10

- < 0.479(cotpt9
d

(3.2)

With an offshore water depth d of 80 meters and a beach slope of cot p = 50 for the

numerical wave tank, the breaking criterion, using Equation 3.2, would yield a limiting

value of 0.0062 for Hid. Comparison of the predicted run-up using the Cornell tsunami

model with that based on Synolakis' run-up law was then conducted for the following

Hid values: 0.002, 0.003, 0.004, 0.005 and 0.006, all below the limiting value of 0.0062

based on the breaking criterion. A sample initial solitary wave is shown in Figure 3.3(a)

and the corresponding run-up is shown in Figure 3.3(b). The predicted run-up using the

Cornell tsunami model showed relatively good agreement with that based on Synolakis'

run-up law for non-breaking waves as seen in Figure 3.4.
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(a) Initial solitary wave (b) Run-up on sloping beach

Figure 3.3. (a) Initial solitary wave, (b) Run-up on sloping beach.
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Figure 3.4. COMCOT predicted run-up versus Synolakis' run-up law.

Comparison with Synolakis' experimental data was done for both non-breaking and

breaking waves. The values of Hid on a beach slope of cot ~ = 19.85 for non-breaking

waves used in the comparison are, 0.005, 0.012, 0.027 and 0.039 while for breakiI}.g
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waves the values are, 0.09, 0.16, 0.233 and 0.59. As can be seen in Figure 3.5, the

Cornell tsunami model compared well for the non-breaking waves. However, for the

breaking wave case, the predicted run-up starts to deviate away from Synolakis'

experimental data as the Hid increases. Synolakis run-up law is also shown in Figure 3.5

as a reference indicating its validity for non-breaking wave cases when compared to

experimental results.

100 -::r------------------------,
• Synolakis Experimental Results (non-breaking waves)
X Synolakis Experimental Resuhs (breaking waves)
--Synolakis run-up law
+ COMCOT10

~ 1 ~
X

X

X
~ + + +

0.1

..-
0.01

0.001 0.01 0.1 1

HId

Figure 3.5. COMCOT predicted run-up versus Synolakis' experimental data.

This indicates that the Cornell tsunami model, like any other numerical models, may

have its limitations which are normal and understandable. However, the deviation from

the experiments when the wave amplitude is relatively large does not diminish the

validity of the Cornell model for predicting actual tsunami wave height and run-up in the

Hawai'ian coastal waters in the Pacific Ocean. As will be shown in Chapter 5 in this
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dissertation, the maximum offshore wave height at Hilo Bay produced by a 'worst'

earthquake scenarios ranges from 0.45 meter to 2.42 meters over a water depth of 126

meters. The maximum dimensionless wave height Hid at this location would be 2.46/126

~ 0.02 which is much smaller than the amplitude of 0.1 where the predicted run-up

results starts to deviate from the experimental result shown in Figure 3.5.

It should also be mentioned that the current results are obtained by running the

Cornell COMCOT FORTRAN code which was programmed and modified by more than

one graduate researchers at both Cornell University and the University of Hawai'i 

Manoa. It is understood that the mathematical model, the numerical scheme and the

programmed code can all affect the accuracy and efficiency of the simulation results. In

other words, any discrepancies between the simulation and the experiments can be caused

by a slight inaccuracy in the code but may not be by the mathematical equations and the

numerical schemes themselves.

3.1.2 Simulation ofHistorical Tsunami Events

To further validate the Cornell COMCOT model, two past significant tsunamis,

namely, the 1946 Aleutian and the 1960 Chile tsunamis, were simulated. For these

tsunami cases, the first layer of the computational domain covers the large domain of

open Pacific Ocean that includes the earthquake source location and the Hawai'ian

islands. The bathymetry data used is based on NOAA's ETOP05, which has a grid size of

5 minute (approximately 10 km). The second layer is a smaller rectangular domain that

encloses all the Hawai'ian islands and is based on the best available bathymetry data
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obtained from Terri Dunnebier, Marine Data Archive, SOEST, University of Hawai'i

Manoa (compiled from the following sources: USGS DEM, USGS Digital Data Services

for Hawai'i DDS-55 Hawai'i, NGDC NOS hydrographic bathymetry, SmootlKing NAVO

bathymetry, George Pararas-Carrayannis and SHOALS data) combined with ETOP02 for

deep ocean regions and gridded to a grid size of 30" (approximately 1 km). The third and

fourth layers are even smaller domains that cover the specific coastal area of interest

where run-up and inundation are predicted. The finer grid size for the third and fourth

layers is 3 and 0.3 second (approximately 100 and 10 meter), respectively.

The coverage of the first layers depends on the earthquake source region. For the

1946 Aleutian tsunami, layer 1 covers 185°W/130oW/5°N/65°N (Figure 3.6) while for

the 1960 Chile tsunami, layer 1 covers 165°W/65°W/45°S/30oN (Figure 3.7). The

second layer is common for both simulations for run-up at Kahana Bay, O'ahu and Hi10

Bay, Hawai'i. The boundary of the domain covers the entire Hawai'ian Island chain from

162°W to 152°W and 15°N to 25°N (Figure 3.8). For the tsunami simulation at Kahana

Bay, the third layer covers the northeastern side ofO'ahu from 157.7°W to 158.0oW and

21.4°N to 21.75°N (Figure 3.9). The fourth layer covers Kahana Bay from 157.85°W to

157.925°W and 21.55°N to 21.6°N (Figure 3.10). For the case of Hilo Bay, the third layer

covers the northeastern portion of the island of Hawai'i (Big Island) from 154.7°W to

155.2°W and 19.5°N to 200 N (Figure 3.11) while fourth layer covers Hi10 Bay from

155°W to 155.1°W and 19.7°N to 19.8°N (Figure 3.12). To satisfy the Courant stability

criteria, the time step used to simulate the 1960 Chile tsunami at Hi10 Bay is 0.5 second

(first layer) and 0.0625 second (fourth layer) while 1 second (first layer) and 0.125
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second (final fourth layer.) were used for the case of Kahana Bay, O'ahu. Nonnally, a

vertical wall is assigned for the shoreline boundary for the first 3 layers since inundation

and run-up are not being simulated in these three layers. For layer 4, where the

inundation and run-up are being simulated, the vertical wall assumption is not was

assigned.

Figures 3.6 and 3.7 illustrated the source regions of the 1946 and 1960 tsunamis while

Figure 3.10 shows the location on O'ahu island where the simulated wave height and run-

up with the field observations were compared. Figure 3.12 shows where the field and

simulated inundation were compared in Hilo Bay. The earthquake parameters for the

1946 Aleutian tsunami adopted were based on the most recent analysis by Johnson

(1999). For the 1960 tsunami generated by the great Chilean earthquake more specific

source data are known and are used in this study (Kanamori and Cipar 1974). Table 3.1

lists the earthquake parameters used for both 1946 Aleutian and 1960 Chile earthquake-

tsunami.

Aleutian Islands

Hawai'ian Islands

"1>

Figure 3.6. Aleutian Island domain for layer 1.
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Hawai'ian Islands

Chile

Figure 3.7. Chile domain for layer 1.
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~O /

~
~~

{)

Figure 3.8. Layer 2 covering all Hawai'ian Islands.
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Ocean

Kahana Bay
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Figure 3.9. Kahana Bay domain for layer 3.

Land

Ocean

Figure 3.10. Kahana Bay domain for layer 4.
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Ocean

Figure 3.11. Hilo Bay domain for layer 3.

Ocean

Land

Figure 3.12. Hilo Bay domain for layer 4.

45



Table 3.1. Earthquake source parameters.

Earthquake Parameter 1946 Aleutian a

Epicenter 163.19°W, 53.32°N

Strike angle 250°

Dip angle 6°

Rake angle 90°

Slip (m) 27

Focal depth (km) 6

Fault length (km)

Fault width (km)

a Johnson (1999) bKanamori and Cipar (1974)

110

85

1960 Chile b

74.5°W, 39.5°S

10°

10°

90°

24

53

800

200

The propagation of the tsunami waves towards the Hawai'ian Islands for both

tsunami cases are shown in Figure 3.10 and 3.11 for 1946 Aleutian and 1960 Chile

tsunamis, respectively. Tidal gage records for both tsunami events are available for

comparison however for the 1946 Aleutian event, only the first tsunami wave was

recorded. The simulated tsunami wave elevation was first compared with tidal gage

record for the 1946 Aleutian tsunami case using ETOP02 data (gridded to 30") for layer

2. As can be seen in Figure 3.12, the simulated tsunami wave elevation showed relatively

good agreement with the tidal gage record. The predicted wave height closely matched

with the tidal gage record with approximately only 5 minutes delay in the arrival time.
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Figure 3.13. 1946 Aleutian tsunami waves propagating towards Hawai'i, a) 1 hour, b) 3 hours, c) 4 hours and

d) 5 hours after the earthquake.
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To examine the effect of bathymetry resolution on the simulation results, the best

available bathymetry data obtained from Terri Dunnebier, Marine Data Archive, SOEST,

University of Hawai'i-Manoa (compiled from the following sources: USGS DEM, USGS

Digital Data Services for Hawai'i DDS-55 Hawai'i, NGDC NOS hydrographic

bathymetry, SmootlKing NAVO bathymetry, George Pararas-Carrayannis and SHOALS

data) combined with ETOP02 for deep ocean regions was used and the 1946 Aleutian

tsunami was re-simulated. The simulated results using a better bathymetry showed that

the arrival time still had the 5 minutes delay when compared with the tidal gage record

(Figure 3.15). However, the predicted tsunami wave height is much higher as compared

to the previous simulation using ETOP02 only. This comparison showed that changing

the input bathymetry data significantly changes the predicted tsunami wave height but not

the arrival time. Most of the travel time by the tsunami waves was spent in the deep

ocean. Considering that it took about 4 hours 20 minutes for the tsunami waves generated

in the Aleutian Islands (1946 case) to reach the Hawai'ian Islands, a few minutes delay is

insignificant.

The reason for the higher predicted wave height is that the better bathymetry data set

has shallower water depth compard with the ETOP02 data near the Honolulu Harbor.

The shallower depth is much closer to the actual depth measured at the Honolulu Harbor

and therefore even though the simulated results based on the best available bathymetry

showed a larger discrepancy from the tidal gage records, the better bathymetry should be

used as it is more scientific. The discrepancy can be caused by both the numerical errors

and errors in the tidal gage itself.
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Figure 3.15. Honolulu tidal gage comparison for 1946 Aleutian tsunami.
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Figure 3.16(a, b) shows the shoreline of O'ahu with a 25 meter contour lines using

the ETOP02 data set. If this is compared with Figure 3.16(c,d) which is based on the best

available bathymetry data set, the difference is quite obvious. The 25 meter contour lines

clearly show the difference in the profile between the two bathymetries. The difference of

the predicted tsunami wave height is reasonable since with the ETOP02 bathymetry, the

water depth near the Honolulu tidal gage was about 136 m while the best available

bathymetry data set gives 7.8 m. It is known that a shallower water depth should generate

a higher wave height as compared to a deeper depth. From these results, succeeding

simulations used the best available bathymetry. For the 1960 Chile case, the simulated

results are presented in Figure 3.17. From these results, we can see that even though there

are some differences between the predicted and measured data for each individual wave,

the overall wave envelop matches well.
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(b)

(a) O'ahu shoreline using ETOP02 data

(b) 25 meter contour of area using ETOP02 data

Figure 3.16 (a, b) O'ahu island bathymetry.
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(d)

(c) O'ahu shoreline with better bathymetry

(d) 25 meter contour of area using better bathymetry

Figure 3.16 (c, d) O'ahu island bathymetry.

52



1.5 -,----------------------------------,

'E 1.0-(jj
~ 0.5

...J...
(I)10 0.0

~

B-o.5
~
::::l
tn -1.0

--- Recorded data (Tidal gage) -+- Simulated Result

80 100 120 140 160 180 200 220 240604020

-1 .5 --t--.---,......,--.-,.......,.....,.....,....................,.....,.--.-........,......,...........,.......,.....,....,.~,.......,....,......,.......,.....,.....----.-........,......--r-...,............,.......,_,............,.....,....~___,---,-1

o
Time (minutes after 10.00 hrs, 23 May 1960)

Figure 3.17. Honolulu tidal gage comparison for 1960 Chile tsunami.

Comparison was then conducted for the simulated and field tsunami run-up at Kahana

Bay, O'ahu for both the 1946 Aleutian and 1960 Chile tsunamis. In general the slope and

elevation of coastal terrain varies from location to location and it is for this reason that

run-up height would also vary. A steeper slope would naturally record a higher run-up as

compared to a milder slope. This is also the case at Kahana Bay where the maximum run-

up height is not uniform. For the 1946 Aleutian Island tsunami, the simulated results

showed that the run-up height along the predicted maximum inundation envelope range

from 2.7 feet to 9 feet (0.82 meters to 2.7 meters), as shown in Figure 3.18. For the 1960

Chile tsunami case, the run-up height range from 2.5 feet to 8.7 feet (0.76 meters to 2.65

meters) along the maximum inundation envelope (Figure 3.19). During the field survey

conducted after the tsunamis, run-up heights at selected sites on all major Hawai'ian

Islands were measured and the results were reported in Loomis (1976) for the 1946

tsunami case and Cox and Mink (1963) for the 1960 tsunami case. However, for each
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site, only one run-up number was given. The exact location of the measurement and the

maximum inundation point was not described. This would make it difficult to do an exact

comparison between the field measurement and the simulated results. For Kahana Bay,

the observed maximum run-up height was reported as 7 feet or 2.13 meters for the 1946

Aleutian case and 8 feet or 2.44 meters for the 1960 Chile tsunami case. When compared

with the simulated results, this falls within the simulated range of run-up height at this

site. Since no exact location was provided on the historical data, this is the best possible

way to do a comparative study and as can be seen the simulated results showed good

agreement with the historical field measurement.
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Figure 3.18. Simulated inundation at Kahana Bay due to 1946 Aleutian tsunami.
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Figure 3.19. Simulated inundation at Kahana Bay due to 1960 Chile tsunami.

More detailed inundation limit records however do exist for Hi10 Bay, Hawai'i

(Curtis, 1991). Predicted inundation was then compared with the historical records.

Figure 3.20 shows the simulated inundation limit in comparison with field measurement.

The extent of inundation should vary along the coastline due to the variability of the

topography. The western side of Hi10 Bay has steeper slope thus the inundation limit is

much less as compared with the south side that has a milder slope. The comparison

between the field measured maximum inundation and the simulated result showed good

agreement as can be seen in Figure 3.20. However, for areas along Reeds Bay going

towards the piers the discrepancy is evident. The measured tsunami inundation (Curtis,

1991) was closer to the shoreline (Reeds Bay) as compared with the simulated result. The

field measurement and the simulated result showed that the pier areas were totally

inundated; the difference is that the simulated results showed much larger inundation as
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compared to the recorded data. A numerical study done by Mader and Curtis (1991)

showed similar results in the localized area. Eyewitness accounts observed flooding in

the pier area and inundation of the coastal land near the pier; it is possible that the

inundation near the pier area was incorrectly recorded as published in the reports.

The tsunami code was set to have a vertical wall at a certain elevation along the coast

for layer 3, if layer 3 is not the final layer for the coastal area. This set-up is to make the

computation more efficient as run-up (moving boundary) is not tracked. However,

artificial wave reflection may be created due to the presence of the vertical wall in layer

3. To determine the effect of the vertical wall, another simulation was conducted by

removing the vertical wall in layer 3 and let the simulated waves interact with the actual

topography naturally. Comparing the simulated inundation in layer 4 between having a

vertical wall and no vertical wall in layer 3 resulted in almost a perfect match as seen in

Figure 3.21. The discrepancy in the simulated inundation is negligible. The reason is that

the main layer 3 output used by layer 4 is mostly along the open ocean boundary where

the effect of wave reflection is relatively small. The predicted run-up and inundation

using the Cornell COMCOT code showed good agreement when compared with actual

tsunami measurement as seen from the simulation of the 1946 Aleutian and 1960 Chile

tsunamis.
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Figure 3.20. Simulated and measured inundation at Hilo Bay due to 1960 Chile tsunami.
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Figure 3.21. Inundation comparison at Hilo Bay with and without vertical wall on layer 3.
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3.2 Effects of Domain and Time Step

One of the major advantages of a layered grid system is that we can use a higher grid

resolution with a smaller domain size or region and would save computational time. The

simulation of the 1960 Chile tsunami for example used four layers that would produce an

array dimension with a total of 3,217,984 nodes. If we are to utilize only one layer (layer

1) with a resolution of 0.3" (10m grid), the total number of nodes would be a staggering

1.08x1012 which may produce accurate results but would be time consuming and an

inefficient way of conducting simulations.

Although the layered grid system reduces the simulation time without sacrificing

much on the accuracy of the results, care must be taken in choosing the domain coverage

for each layer. For a four layered grid system that was used in this study, would

modifying the nested inner grids domain size affect the final output? This was

investigated by simulating two different domain sizes for a specific layer while

maintaining the size of other layers. This method would determine how each layer affects

the final simulated results. The first layer that covers the earthquake source region was

not altered since this should not affect the final predicted tsunami inundation or run-up

significantly. The concern is more on the inner layers because this is where the waves

from the outermost layers transition to smaller domains. Thus only the three inner layers

(layers 2, 3 and 4) were tested. The sizes of the domain and the combinations used in the

simulation are listed in Table 3.2.
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Layer
1

Table 3.2. Different domain sizes used in domain sensitivity analysis.
ABC Grid size

165°W/65°W 185°W/65°W 5'
45°S/30oN 5°N/65oN (-10 km)

Chile source region Aleutian Islands
source

2

3

4

156.5°W/154°W
18.5°N/20.5°N

(Island of Hawai'i or
Big Island)

155.2°W/154.7°W
19.5°N/20oN

(NW-Island of
Hawai'i or Big

Island)

155.1°W/155°W
19.7°N/19.8°N
dt=0.0625 sec

(Hilo Bay)

162°W/152°W
15°N/25°N

(All Hawai'ian
islands)

155.2°W/154.9°W
19.6°N/19.9°N
(NW-Island of

Hawai'i or Big Island)

155.1°W/155.04°W
19.7°N/19.76°N

dt=0.15 sec
(Hilo Bay)

158.5°W/157.5°W
20.5°N/22°N
(O'ahu only)

30"
(-1 km)

3"
(-0.1 km)

0.3"
(-O.Olkm)

Simulation of the inundation at Hilo Bay, Hawai'i due to the 1960 Chile earthquake

tsunami was used to test the effect of the domain size for layer 2. Using the same layers

l(A), 3(A) and 4(A), the simulated inundation was compared at layer 4(A) using two

different layers 2: 2(A) which covers on the island of Hawai'i (Big Island) and 2(B)

which includes the entire Hawai'ian Island chain. Simulated result showed that the

inundation limits at Hilo Bay, Hawai'i were almost identical as shown in Figure 3.22.

The reason can be that the source region (i.e. Chile) is on the southeast side of the

Hawai'ian Islands whereby the tsunami waves will hit the island of Hawai'i (Big Island)

first and since Hilo Bay is the incoming tsunami without the presence of the other islands

in its vicinity, the reflected waves will propagate freely without any island interaction. In

59



this case, a smaller layer 2 covering only the Island of Hawai'i is sufficient to obtain

accurate simulation result.
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Figure 3.22. Inundation comparison at Hilo Bay with different layer 2 domain.

To further examine the island interaction effect on layer 2, the island of O'ahu was

next chosen since it is situated between the other islands. Using the same layer 2B

covering all islands, simulation was conducted for the 1946 Aleutian tsunami and the

results were compared with that based on layer 2C that covers the island of O'ahu only,

see Figure 3.23. Offshore numerical stations were assigned around the island of O'ahu to

record the simulated tsunami wave heights (Figure 3.23). For the 1946 Aleutian tsunami,

the tsunami waves came from the northern front of the Hawai'ian islands, and therefore

the tsunami waves had the opportunity to interact with between islands as it passes

through the entire island chain ofHawai'i.
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Figure 3.23. Hawai'ian Islands with numerical stations.

Comparison of the simulated results between the two layer 2 set-ups showed that for

the leading tsunami wave, the two set-ups predicted almost the same. However the

second and third waves showed a very significant variation as shown in Figure 3.24. The

highest variation of87% was found at Kaneohe station with the lowest of 41 % at Hawai'i

Kai station for the second tsunami wave. Sunset station showed a 100% variation on the

third wave while Hawai'i Kai resulted in a lowest variation of 19%. In general, the

second and third tsunami waves were much higher with all Hawai'ian islands covered by

layer 2 as compared with O'ahu Island only for layer 2. The exception is Barber's Point

station, which is on the southwest side of O'ahu. The simulated second and third tsunami

waves were smaller which could be due to the presence of the island ofKaua'i located on

the northwest side of O'ahu which is on the upper half of the island of O'ahu thus the

tsunami waves that interacted with the island of Kaua'i have to interact with open ocean

before reaching Barber's Point station. With the tsunami waves attacking from the
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northern front of the Hawai'ian island chain, simulated results showed variation in the

simulated tsunami wave height. If the waves were to come from Japan or Kuril, the

presence of the other islands in layer 2 would definitely have an effect on the tsunami

wave heights. It is highly advisable that for tsunami simulation in Hawai'i, layer 2 should

include all Hawai'ian islands to take into account the tsunami wave interaction due to

presence of the adjacent islands.
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Figure 3.24 (~ b). Simulated wave height between O'ahu only all Hawai'ian Islands.
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Figure 3.24 (f, g). Simulated wave height between O'ahu only and all Hawai'ian Islands.

After testing layer 2 variations, layers 3 and 4 were then varied to determine if

different domain size would affect the final inundation limit. Comparison made was the

same with that of layer 2 tests, which was the inundation due to the 1960 Chile tsunami.

Maintaining layer 4 (layer 4A) and using all Hawai'ian islands (layer 2B), layer 3 was

modified by considering a smaller domain (layer 3B). Layer 3(B) domain was reduced by

0.2° on both longitude and latitude side (Figure 3.25). Comparing the simulated results

obtained from using layer 3(A) and 3(B) showed a very slight change in the inundation

64



limit on layer 4 (Figure 3.23) with the same grid size and time step. This comparison

showed that varying the domain size of layer 3 does not affect the final simulated

inundation limit.

-155.2°

Big Island

-154.9°

-154.7°

19.5°

Figure 3.25. Domain size oflayer 3 for sensitivity test.

The final test was conducted on layer 4 by reducing it by 0.04° on the longitude and

latitude boundary (layer 4B) as shown in Figure 3.27. The inundation limit was compared

between layer set-up l(A), 2(B), 3(B) and 4(B) with layer set-up l(A), 2(B), 3(A) and

4(A). Using two different layer 3 should not affect the inundation limit since previous test

have shown that modifying layer 3 (layer 3A to layer 3B) did not show any significant

change in the inundation limit. There was a significant variation on the inundation limit

by using a smaller layer 4 (4B) especially along the banks of Wailoa River and Waiakea

Pond (Figure 3.28). No significant variation was found on Reeds Bay and the pier areas.

This could be attributed to the distance between the breakwater and the north and east

boundary of layer 4(B) where the larger layer 4 (4A) is much further away from the
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breakwater. To take this variation into account, both domain sizes of layer 4 will be used

in future simulations.
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Figure 3.26. Inundation comparison due to different domain size for layer 3.

The sensitivity of the time step increment used in the simulation was tested using

layers 1(A), 2(A), 3(B) and 4(B) domain by simulating the 1960 Chile tsunami.

Comparison was made using a time step increment of 0.15 seconds and 0.0625 seconds

for layer 4 (B). Both time step increment satisfied the Courant stability criteria. The value

of 0.15 seconds was the maximum time step increment for layer 4(B) while 0.0625

seconds was that for layer 4(A). Simulated results showed no change in the inundation

limit at Hilo Bay (Figure 3.29). Using a time increment of 0.0625 second for layer 4 and

setting an output of every 5 minutes takes 2 hours and 22 minutes for each output while a

0.15 second time step takes only 1 hour 5 minutes for each output. This is based on a PC
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running in Linux with the following configuration: Pentium 4-2.06 GHz, 533 MHz FSB,

512 MB L2 cache and 512 MB RAM. Since there is no change in the inundation limit by

using a smaller time step, it is advisable then to use the maximum allowable time step

increment so as to reduce the computational time.
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Figure 3.27. Domain size of layer 4 for sensitivity test.
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Figure 3.28. Inundation comparison due to different domain size for layer 4.
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Figure 3.29. Inundation comparison due to different time step.
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3.3 Chapter Summary

The Cornell model was validated by comparing its predicted run-up with Synolakis'

(1987) run-up law, Synolakis' experimental data and with actual tsunami cases, i.e., 1946

Aleutian Islands and 1960 Chile tsunamis. Comparison with Synolakis Run-up law and

experimental data showed that the Cornell model showed good agreement for non

breaking wave cases while it deviates away from the experimental data for the breaking

wave cases when the incoming wave amplitude becomes relatively large. Comparison

with actual tsunami cases showed satisfactory agreement and hence validates the Cornell

tsunami model as an efficient and reliable model for practical applications in tsunami

prediction for the Pacific Ocean.
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CHAPTER 4

RISK ANALYSIS BASED ON SCENARIO APPROACH

The scenario approach used in this study is based on a 'worst' possible tsunamigenic

earthquake scenario in the Pacific Basin. This approach will help determine which

earthquake source region will have more serious tsunami impact on a particular coastal

area in Hawai'i. The method and results are described in this chapter which also

investigates the 'wrap around' phenomena observedin some previous tsunami cases.

4.1 Scenario Approach Setup

The 'worst' possible earthquake magnitude for the past 101 years of earthquake data

has an earthquake magnitude of 9.3 which was the 1960 Chile earthquake in South

America. Using this earthquake magnitude as possible 'worst' scenario, a tsunamigenic

earthquake scenario was simulated in Japan, Aleutian Islands and U.S. West Coast,

although this magnitude did not occur in these regions. Other parts of the Pacific Regions

were excluded since historically they had not posed a threat to the Hawai'ian Island as

discussed with Drs. Gerard Fryer and Barbara Keating (personal communication, 2004).

The numerical simulation for the scenario approach utilized only two layers of the

Cornell tsunami COMCOT code. The first layer covers the major part of the Pacific

Ocean and the earthquake source region with a grid size of 5 minutes based on ETOP05.

Figures 3.6, 3.7, 5.1 and 5.2 show the coverage of layer 1 for Aleutian, South America,

Japan and U.S. West Coast source regions, respectively. The epicenters for Japan and
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u.s. West Coast were chosen arbitrarily while epicenter of the 1946 Aleutian tsunami

was used for the Aleutian Islands and the epicenter of the 1960 Chile tsunami was used

for South America. The earthquake source parameters for all four source regions are

shown in Table 5.1. To take into account the interaction effects between the islands on

the tsunami waves, layer 2 covered the entire Hawai'ian Island chain (as discussed in

Chapter 3) for all four cases. The grid size of layer 2 was 30 seconds (approximately 1

km) based on best available bathymetry used in model validation as discussed in Chapter

3. Fourteen numerical stations assigned around the Hawai'ian Island chain recorded the

offshore tsunami wave profile (Figure 3.23) as the tsunami propagates across the island

chain. The distance of each station from the coastline and water depth is listed in Table

5.2. Although the water depth at Makua is less than 50 meters majority of the numerical

stations have a depth in the 100 meters range. The time step used was 1 second and 0.5

second for layers 1 and 2, respectively.

4.2 'Worst' Possible Tsunami

The 'worst' possible earthquake magnitude of 9.3 was generated in four source

regions: Japan, Aleutian Islands, U.S. West Coast and South America, producing tsunami

waves that propagate towards the Hawai'ian Islands. The simulated results of the 'worst'

possible tsunamis will provide information on which coastal areas have the potential for

severe flooding. This information can aid the evacuation procedures by the State Civil

Defense. Current procedures require that all coastal areas be evacuated in case of a

tsunami attack which is by far the safest approach but could also possibly be unnecessary.
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Depending on the intensity of the earthquake source, and since the coastal bathymetry

does affect the incoming tsunami waves, some areas might not experience severe

flooding as compared to others. Providing information on which coastal areas have the

highest potential of severe flooding due to the incoming tsunami waves and knowing the

demographics of that coastal area will help the Civil Defense to decide on how to

efficiently dispatch its personnel in implementing the evacuation procedures.

Table 4.1. Source parameters for scenario analysis.

Earthquake Japan Aleutian U.S. South Americaa

Parameter West Coast

Epicenter 142.17°W 163.19°W 123.1°W 74.5°W

37.58~ 53.32°N 36.37°N 39.5°S

Strike angle 40° 250° 330° 10°

Dip angle 10° 10° 10° 10°

Rake angle 90° 90° 90° 90°

Slip (m) 24 24 24 24

Focal depth (km) 53 53 53 53

Fault length (km) 800 800 800 800

Fault width (km) 200 200 200 200

a the 1960 Chile earthquake

A source region from Japan placed the west and south coastal areas of O'ahu open to

the incoming tsunami waves. These cover coastal regions from Makua toward the Koko
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Head areas. As can be seen from the simulated results (Figure 4.1), the tsunami wave

heights in these areas are much higher than those on the lee side of the island of O'ahu

covering the coast of Sunset to Kailua side. The simulated wave heights on the lee side of

the island were about 50% less than those facing the tsunami source region. The

exception is the island of Hawai'i (Big Island) where the simulated tsunami wave height

at Kona is comparable with that of Hilo Bay. Port Allen and Nawiliwili Bay on the island

of Kaua'i showed comparable results since Nawiliwili Bay is not totally on the opposite

side of the island rather it is more or less along the path of the incoming tsunami waves.

Table 4.2. Numerical stations around the Hawai'ian Islands.

Station Name Distance from coastline Water depth
(km) (m)

Hilo Bay 7.7 126.4

Kona 3.2 112.3

NorhtMaui 5.8 103.0

South Maui 5.7 97.6

Sunset 4.0 104.4

Makua 1.0 31.7

Nanakuli 1.4 68.2

Kaneohe 7.6 100.3

Kailua 3.2 62.9

KokoHead 2.0 96.0

Honolulu 1.9 161.3

Barber's Point 1.6 77.0

Nawiliwili 3.5 116.2

Port Allen 1.6 117.3
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Figure 4.1. Worst scenario from Japan source.

A source regIOn In Aleutian Islands would place the northern front of the

Hawai'ian Island chain facing the tsunami source. This would put coastal areas from

Sunset to Kailua facing the source region and as can be seen (Figure 4.2) the wave

heights in these areas are much higher, about 30% or more, as compared to those on the

south side of the island of O'ahu. The simulated tsunami wave at Hilo Bay was doubled

that as compared with that of Kona. This is attributed to the presence of the other islands

on the west side of the island of Hawai'i (Big Island). Hilo Bay is facing the tsunami

source region of Aleutian Islands, however, the coast of Kona is protected by the islands

of O'ahu, Kaua'i, Molokai, Maui, Lanai and Kahoolawe. The incoming tsunami waves

have to interact with these islands before reaching the coast of Kona. Port Allen and

Nawiliwili Bay are both on the south side of the island of Kaua'i thus are on the lee side

and the recorded tsunami wave height were comparable with those on the southern coast

ofO'ahu.
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Figure 4.2. Worst scenario from Aleutian Islands source.

If the tsunami source region is on the U.S. West Coast, the coastal areas of Kona,

Hawai'i and Makua to Koko Head on the island ofO'ahu would be on the lee side of the

islands. Similar to the other tsunami source regions from Japan and Aleutian Islands, the

simulated tsunami wave height showed a much higher wave in frontal areas than those on

the lee side ofthe islands (Figure 4.3). Hilo Bay in this case is directly facing the tsunami

source and recorded a tsunami wave height that was more than twice that at Kona.

Kaneohe and Kailua coasts, also facing the tsunami source, have wave height two to three

times that on the lee side of the island of O'ahu. The presence of the islands of Maui,

Molokai, Lanai and Kahoolawe acted as barriers for the coastal areas of Makua to Koko

Head in the island of O'ahu thus the wave heights are smaller on this side as compared to

that on the Kaneohe and Kailua side. Similarly, all the islands on the east side of Kaua'i

reduced the tsunami wave height as it approached Nawiliwili Bay and Port Allen where
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the simulated wave height is comparable to those on the coastal areas on the lee side of

the island of O'ahu.
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Figure 4.3. Worst scenario from US West coast source.

So far, the three simulated tsunami source regIOns covered the West, North and

Eastern coast of the Hawai'ian Island chain. The final scenario simulated covered the

southern coast of the island with a source region from South America. The tsunami

waves from South America source region would be coming not directly at the south side

of the Hawai'ian Islands but approximately S400E (Figure 4.4). The 1960 Chile tsunami

which is in South America caused severe damage to Hilo Bay, Hawai'i. Slightly higher

wave heights were recorded at Honolulu Harbor and Koko Head as compared to those

from Barber's Point to Makua side which were comparable to those at Kaneohe and

Kailua areas that are located on the lee side of the island. Port Allen and Nawiliwili Bay

that is facing the tsunami source region showed comparable wave heights as those on the

south side of O'ahu. The location of Kona with respect to a tsunami source region from
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South America would place it on the lee side (Figure 4.4) of the island while Hilo Bay

would be parallel to the incoming tsunami waves. Thus, the simulated tsunami wave

height in Kona was about 40% smaller as compared to that in Hilo Bay.
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Figure 4.4. Worst scenario from South America source.

The simulated 'worst' possible scenarios from four source regions (Japan, Aleutian

Islands, U.S. West Coast and South America) generally showed that the higher tsunami

wave heights are along coastal areas that are facing the tsunami source region while the

lee side of the islands has lesser tsunami wave heights. The simulated results can be

invaluable information especially for the Civil Defense agencies. Thus if a real tsunami

does occur and if we know the source region, Civil Defense may immediately have an

idea on which coasts will be expected to experience severe flooding. It would aid their

decision on how and where to deploy their personnel for evacuation procedures. In fact, it

could also implement new evacuation procedures whereby only those coastal areas where

severe flooding will occur will be evacuated. Civil Defense personnel will be more
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efficient in implementing the evacuation since they will not spread too thin to cover the

entire coastal regions of the island.

4.3 Tsunami 'wrap around' Phenomena

Based on the simulated 'worst' possible tsunami scenario, the lee side of the island in

Hawai'i generally recorded a smaller tsunami wave height compared with that on the

front side that faces the incoming tsunami wave. However, the Flores Island event in

1992 observed a larger run-up on the lee side of these small islands (Imamura et aI.,

1995). The experimental studies by Liu et a1. (1995), which generated a solitary wave

propagating towards a conical island, showed similar results.

In the Flores Island event, a small conical island, 'Babi Island', located 5 km offshore

the Flores Island experienced a high run-up on the lee side (south side of the island) that

completely wiped out two villages on the south side. Imamura et a1. (1995) explained that

the high run-up on the lee side of the island was due to the first tsunami wave that was

reflected off the coast of Flores Island, accompanied by high hydraulic pressure, and

attacked the southern coast ofBabi Island.

For the Hawai'ian islands, the tsunami wave height on the lee side of an island was

smaller because the coastal areas in the island chain generally do not directly face each

other except the islands of Kahoolawe and Lanai (Figure 4.1), such that the waves do not

reflect back. Although the eastern coast of Kahoolawe faces Maui directly and the

northern coast of Lanai faces Molokai, the distance between islands is at least 16 km,
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which is more than thrice that between Babi Island and Flores Island. With a longer

distance, it can be expected that the geometric spreading of the reflected tsunami wave

could lessen the impact on the opposite coastline.

In Liu et al.'s (1995) study, it was found that high run-up on the lee side of the

conical island was dependent on the ratio of the wave's crest length to the diameter of the

island. If the crest length of the solitary wave is much longer than the conical island's

base diameter, the run-up height on the lee side would be much higher as compared with

the one on the front side. This also explains what happened to the Flores Island event.

Babi Island has a width of only 2 Ian across whereas the incoming tsunami may have

been longer than the width of the island. Therefore, a higher run-up was generated on the

lee side. In contrast, the smallest width of an island in Hawai'i (i.e., Kahoolawe) is about

4 Ian across. The crest length of the tsunami wave is, therefore, smaller than the width of

the island's base and thus, could not generate a higher run-up on the lee side.

Another important explanation for the smaller wave height on the lee side of the

Hawai'ian islands is the fact that Hawai'i is composed of an island chain and that the

islands' shapes are not conical. As seen in Section 3.4, as the tsunami wave propagated

across the island chain, the waves interacted with the adjacent islands. If the tsunami

wave front is approaching the northern coast of the Hawai'ian Islands, part of the wave

front interacts with the islands of Molokai and Maui before it wraps around on the

southern side ofO'ahu Island.
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The conical shape of the single island in Liu et al.'s (1995) experiment allowed the

wave front to freely move around the island without any obstructions. This is not the case

for the Hawai'ian Islands. For example, the island of O'ahu has a unique shape (Figure

4.5). Looking at the profile of O'ahu island, there is roughly 16 Ion of beach going

straight westward from the island and the east side the beach is running roughly S400E

with Kaneohe Bay on the lower east side of the island and Mokapu Point sticking out. As

the tsunami wave front propagates from the northernmost point of O'ahu going south, it

encounters roughly a 16 Ion long beach on the west and would encounter Mokapu Point

on the lower east side of the island before it wraps around Koko Head. These obstructions

would definitely reduce the energy of the propagating tsunami wave front as it moves

across the island.

Kaneohe Bay

Figure 4.5. O'ahu island.
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4.4 Chapter Summary

Based on 101 years of earthquake data, an earthquake magnitude of 9.3 was identified

as the possible worst earthquake scenario in the Pacific Basin. Using this earthquake

magnitude, a 'worst' possible tsunamigenic earthquake scenario was simulated from four

source regions: Japan, Aleutian Islands, U.S. West Coast and South America. Simulated

results identified which coastal areas will have the potential for maximum coastal

flooding that could occur. In general, coastal areas that are facing towards the tsunami

source region may expect more damage as compared to the lee side of the island of

Hawai'i.

The 'wrap around' phenomena observed in the Flores island tsunami (Imamura et aI.,

1995) and experimental studies (Liu et aI., 1995) did not occur for the case of the

Hawai'ian Islands. The experiment and actual tsunami case involved a small single

conical island however Hawai'i is a chain of relatively larger islands. The crest length of

the tsunami wave might not be long enough to cause a 'wrap around' phenomena or the

presence of nearby islands interacted with the incoming tsunami waves thus preventing it

from generating a 'wrap around' phenomena. The shape ofthe islands is also a factor that

needs to be considered. The unique shape of the island of O'ahu (for example) would

significantly affect the tsunami waves as it propagates across the island as compared to

that of a pear or conical shaped island. Further studies are needed to determine the exact

reason for lack of wrap-around effect for tsunamis propagating across the Hawai'ian

Island chain.
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CHAPTER 5

SENSIVITITY ANALYSIS OF EARTHQUAKE SOURCE PARAMETERS

The displacement of the water surface due to a submarine earthquake is a function of

the source region which is the earthquake itself. Earthquakes however is a function of

several parameters, dip-, rake-, strike- angles, fault dimensions, focal depth, slip

displacement and epicenter. Thus, the disturbance of the water surface is a function of the

earthquake parameters. However, would all parameters be important ifwe are to consider

a distant coastal area or only a few parameters are? This chapter investigates how each

earthquake source parameter affects the leading tsunami wave height of the generated

tsunami especially at a distant coastal area.

5.1 Earthquake Sensitivity Setup

Using the 1996 Andreanov Island tsunami, Titov et al. (1999) conducted a numerical

study and found that the initial leading tsunami wave is sensitive to the earthquake's

epicenter and insensitive to the earthquake source parameters such as rake- and dip

angles, and fault dimensions. Tsunami generation and propagation is a very complex

process to model and results obtained from tests based only from one tsunami event may

not be generalized. In addition, in Titov et al.'s (1999) paper, the earthquake parameters

investigated were only the rake- and dip- angles, epicenter and fault dimensions. The

focal depth value was fixed at a shallow depth of 5 km and the strike angle was not

investigated. As shown in Equation 2.15, the seismic moment magnitude is a function of

fault length, fault width and average slip displacement. To maintain the seismic moment
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magnitude, Titov et al.'s study (1999) on the fault dimension's sensitivity varied two

parameters at a time, either the fault length and slip or fault width and slip. This method

might mask the individual effects of the fault dimensions or fault slip displacement on the

leading tsunami wave height.

The earthquake parameters to be tested are epicenter, rake-, dip- and strike angles,

fault dimensions, fault slip and focal depth. Both focal depth and strike angle were not

previously studied. Using a shear modulus of 4.0 N/m2
, the source parameters will be

varied while the seismic moment magnitude was maintained (Equation 2.15). When fault

dimensions were being investigated, it was necessary to adjust both fault length and

width so as to maintain the seismic moment magnitude but the fault slip was maintained.

In the same concept, when the fault slip was being investigated the fault dimension needs

to be adjusted.

To further investigate the sensitivity of the predicted tsunami wave height due to

the earthquake source parameters another past tsunami, the 1960 Chile, was simulated.

Two other regions, Aleutian Islands and Japan, were also studied to verify the

consistency on the effect of each source parameter to the leading tsunami wave height.

Although Titov et al. (1999) study showed that the epicenter's location has a significant

effect on the leading tsunami wave height at a distant station or coastal region. The

closest distance between the selected epicenters was 222 km with the farthest at 922 km.

Even with the present technological advancement, we cannot pinpoint exactly where the

next earthquake's epicenter will be. The question that arises from here is how far an
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epicenter shift should be to produce a significant change in the leading tsunami wave

height. This was investigated by shifting the epicenter in increments of 50 km in both

directions either horizontally or vertically depending on where the source region is.

To test the sensitivity due to the shift of the earthquake's epicenter, four regions were

selected: Aleutian Islands, South America, Japan and U.S. West Coast. The layer 1

domain for Aleutian Islands and South America is same with that from the model

verification (Figures 3.6 and 3.7, respectively). For the Japan source the domain covers

245°W to -145°W and 5°N to 500N (Figure 5.1) while U.S. West Coast covers 1700 W to

1l0oW and 5°N to 500N (Figure 5.2). Only two layers, layers 1 and 2 were used in the

simulation with a total of fourteen offshore stations (Figure 3.23) assigned around the

Hawai'ian Islands to record the predicted tsunami wave height at layer 2. Numerical deep

ocean stations are also assigned between the Hawai'ian Islands and the earthquake source

regIOn.

(j-

~
·~.-fO

, .'

Figure 5.1 Japan domain for layer 1.
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u.s. West Coast
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Figure 5.2 U.S. West Coast domain for layer 1.

The epicenter of the 1946 Aleutian earthquake (Johnson, 1999) will be used for the

Aleutian region and the 1960 Chile (Kanamori and Cipar, 1974) earthquake will be for

the South America region. An arbitrary epicenter will be selected for Japan and U.S.

West Coast regions. The 1960 Chile earthquake parameters (Kanamori and Cipar, 1974)

will be used for Aleutian Islands, Japan and U.S. West Coast and South America source

regions. For the case of Aleutian Islands, the epicenter was shifted horizontally in both

directions with increments of 50km up to a maximum of200 km from the original source.

With the same incremental values for the shifts, vertical shift was conducted for Japan,

U.S. West Coast and South America regions. Due to the location of South America

region, only upward shift of the epicenter was investigated since it would be quite

obvious that any downward shift will further reduce the leading tsunami wave height in
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the Hawai'ian Islands due to the tsunami's directionality. Table 5.1 lists the earthquake

epicenter and strike angle used to investigate the epicenter's sensitivity.

Table 5.1. Epicenter and strike angle values.
Source Region Epicenter Strike angle (degrees)

Aleutian Islands (1946 case) a

Japan

South America (1960 Chile) b

u.S. West Coast l23.1°W, 36.37°N

a Johnson (1999) bKanamori and Cipar (1974)

The sensitivity of rake- and dip- angles, focal depth, fault dimensions and fault slip

will be investigated using the 1960 Chile earthquake source parameters (Table 3.1). Each

parameter was then varied to see its effect on the leading tsunami wave height. This was

done at three different regions; Aleutian Island, Japan and South America. The variation

of the rake- and dip- angles, focal depth, fault dimensions and fault slip was same for all

three regions. Table 5.2 show the common variation of the source parameters for all three

source regions. For the strike angle, values obtained by Johnson (1999) for the 1946

Aleutian tsunami was used for the Aleutian Island source region and 1960 Chile tsunami

(Kanamori and Cipar, 1974) for the South America region. As for Japan region, we

assume that the strike angle follows the existing known fault lines. The variation of the

strike angle will be ±5° from the existing known or assumed value (Table 5.3 lists the

strike angle variation). Three numerical stations (Hilo Bay, Honolulu Harbor and Sunset)
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will be discussed while the remaining stations are shown and listed in each corresponding

figures and tables.

Table 5.2. Common variation of earthquake source parameters.
Source Parameter Variation of values

Dip angle (degrees)

Rake angle (degrees)

Fault Length (kilometers)

Fault Width (kilometers)

Fault Slip (meters)

Focal depth (kilometers)

a Original source parameter

90a
, 100, 110, 120, 130, 135

+50%, +100%

+50%, +100%

+100%

10,20,33, 53a
, 73,93

Table 5.3. Strike angle variation.
Source Region Strike angle (degrees)

5.2 Epicenter

Aleutian Islands

Japan

South America

a Original source parameter

245, 250a
, 255

195, 200a
, 205

Simulated results showed that the sensitivity of the epicenter shift depends entirely on

where the earthquake source region is. Shifting by 50 km east from the original location

for the Aleutian Islands source reduced the leading tsunami wave height by 25% while a

50km westward shift increased it by 29% at Sunset station. The Honolulu Harbor and
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Hilo Bay stations showed similar trend with the Sunset station. A westward shift showed

a reduction of 21 % and 25% at Honolulu Harbor and Hilo Bay, respectively, while an

eastward shift recorded 30% on both stations. Shifting it 100 km (westward or eastward)

from the original epicenter, the absolute variation of the leading tsunami wave height at

all three stations ranged from 38% to 65%. Shifting 100 km further (i.e. 200 km from the

original epicenter), the variation increased to a range of 60% to 158% (absolute values).

The absolute average on all the fourteen stations around the Islands gave a range of 25% -

29% (±50km shift), 44% - 61% (±100km shift) and 66% - 134% (±200km shift). The

deep ocean station recorded a variation range of28% to 32% (±50 km shift), 49% to 64%

(±100km shift) and 69% to 140% (±200km shift). Figure 5.3 shows the wave profile of

the tsunami wave due to epicenter shift for all fourteen stations around the Hawai'ian

Islands and deep ocean station while Table 5.4 lists the wave height of the leading

tsunami wave and the percent variation with respect to the original epicenter for an

Aleutian Islands source region for all the numerical stations.
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Figure 5.3 (n-o). Simulated tsunami wave height due to epicenter shift in Aleutian Islands.

When the tsunami source is from Japan, Sunset station recorded a 14% change in the

leading tsunami wave height when the epicenter was shifted upwards by 50km. Shifting it

50km downwards the station recorded a 40% change. Honolulu Harbor showed an

absolute variation of 13% to 16% with Hilo Bay at 3% to 10% for a ±50km vertical shift

in the epicenter. A further 50km (100km from original epicenter) shift downwards

induced the most significant change of 91 % at Sunset station while the additional 50km

shift upwards recorded only a 19% change. Honolulu Harbor recorded a slight variation

of 12% to 24% (absolute) due to additional ±50 km shift (i.e. ±100km from the original
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Table 5.4(a). Leading tsunami wave height due to epicenter shift in Aleutian Islands.
Location Original +50km +50km +100 km +100 km +150 km +150 km +200 km +200 km

Source West East West East West East West East
Big
Island Hilo Bay 0.446 0.336 0.581 0.254 0.737 0.195 0.916 0.152 1.138

Kona 0.187 0.155 0.218 0.120 0.254 0.093 0.286 0.066 0.300
Maui North 0.704 0.522 0.916 0.381 1.145 0.284 1.408 0.217 1.726

South 0.399 0.310 0.497 0.232 0.586 0.176 0.674 0.137 0.749
O'ahu Sunset 0.412 0.309 0.532 0.230 0.658 0.174 0.796 0.134 0.960

Makua 0.227 0.168 0.296 0.123 0.368 0.092 0.447 0.070 0.541
Nanakuli 0.166 0.123 0.230 0.099 0.293 0.079 0.364 0.064 0.456
Barber's 0.162 0.116 0.214 0.082 0.268 0.062 0.326 0.052 0.399
Kaneohe 0.421 0.293 0.567 0.210 0.714 0.171 0.881 0.140 1.088
Kailua 0.461 0.341 0.602 0.250 0.751 0.187 0.916 0.143 1.115
Honolulu 0.290 0.228 0.387 0.179 0.489 0.142 0.605 0.113 0.749
KokoHd. 0.325 0.240 0.420 0.176 0.514 0.133 0.619 0.104 0.745

Kauai Port Allen 0.211 0.157 0.271 0.116 0.329 0.087 0.392 0.068 0.466
Nawiliwili 0.217 0.161 0.280 0.119 0.345 0.089 0.414 0.069 0.497

Deep Ocean 0.294 0.210 0.389 0.149 0.482 0.108 0.584 0.090 0.705

\0
~

Note: all values in meters
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Table 5.4(b). Percentage variation due to epicenter shift in Aleutian Islands
Location +50km +50km +100 km +100 km +150 km +150 km +200 km +200 km

West East West East West East West East
Big Island Hilo Bay 30.4 -24.5 65.4 -42.9 105.6 -56.2 155.3 -65.9

Kona 16.6 -17.4 35.8 -35.7 52.5 -50.1 60.3 -64.6

Maui North 30.2 -25.9 62.7 -45.9 100.0 -59.7 145.2 -69.2

South 24.6 -22.2 47 -41.7 69.2 -55.7 87.8 -65.5

O'ahu Sunset 29.2 -25.1 59.8 -44.3 93.2 -57.8 133.2 -67.5

Makua 30.3 -25.9 62.2 -45.7 96.9 -59.5 138.3 -69.3

Nanakuli 38.9 -25.6 76.5 -40.5 119.5 -52.1 174.6 -61.3

Barber's 38.9 -28.4 76.5 -49.5 101.8 -61.7 146.9 -67.7

Kaneohe 32.6 -28.4 65.5 -49.5 109.3 -59.4 158.5 -66.7

Kailua 34.8 -30.4 69.7 -40.7 98.6 -59.5 141.8 -68.9

Honolulu 30.6 -21.4 62.8 -38.4 108.3 -51.2 158.1 -60.9

KokoHd. 18.9 -26.1 50.5 -45.9 90.4 -59.1 129.1 -67.9

Kauai Port Allen 28.3 -25.5 55.9 -45.1 85.5 -58.6 120.7 -67.8

Nawiliwili 29.2 -25.6 58.9 -45.3 90.9 -58.9 129.3 -68.4

Deep Ocean -28.4 32.4 -49.4 64.0 -63.2 98.6 -69.5 140.0
Note: Percentage variation with respect to original source.



epicenter). Similarly, Hilo Bay's variation (absolute) of 2% - 11% was similar to the ±50

km shift.

If the epicenter is further shifted down 200km from the original location, Sunset

station records a 97% change in the simulated leading tsunami wave height while a

200km shift upwards generates a 26% change. Honolulu Harbor station recorded a

reduction range of 11 % - 33% due to the ±200km vertical shift. A very slight increase of

less than 1% was recorded at Hilo Bay when the epicenter was shifted 200km down

while reversing the shift upward the leading tsunami wave height was reduced by 14%.

The deep ocean station did not record a significant change in the simulated tsunami wave

height. Shifting 50km up to 200km in either direction varied the simulated leading

tsunami wave height by 0.5% to 15% (absolute). Taking the absolute average from

fourteen numerical stations around the islands, a ±50 km shift from the original epicenter

generated a 9% - 11 % variation in the leading tsunami wave height. A shift of ±100 km

generated a variation of 12% - 22% change while a ±200 km shift showed 22% - 29%.

The recorded leading tsunami wave height at all numerical stations is listed in Table 5.5

with the percentage variation. The tsunami wave profiles are shown in Figure 5.4.
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Table 5.5(a). Leading tsunami wave height due to epicenter shift in Japan.
Location Original +50km +100 km +150 km +200 km +50km +100 km +150 km +200 km

Source North North North North South South South South
Big
Island Hilo Bay 0.753 0.776 0.737 0.685 0.648 0.676 0.669 0.715 0.759

Kona 0.984 0.776 0.882 0.948 0.835 1.065 0.819 1.039 1.139
Maui North 1.827 1.855 1.854 1.794 1.729 1.742 1.931 2.033 2.079

South 2.006 2.140 2.172 2.171 2.196 1.978 1.946 2.019 2.096
O'ahu Sunset 0.549 0.623 0.653 0.669 0.691 0.773 1.049 1.129 1.082

Makua 1.339 1.182 1.095 1.012 0.892 1.365 1.128 1.128 1.138
Nanakuli 1.285 1.114 0.972 0.903 0.846 1.291 1.066 0.812 0.756
Barber's 1.047 0.899 0.984 0.891 0.733 0.637 0.909 0.805 0.720
Kaneohe 0.495 0.561 0.576 0.582 0.599 0.561 0.716 0.736 0.743
Kailua 0.642 0.644 0.645 0.662 0.669 0.617 0.785 0.840 0.824
Honolulu 1.583 1.781 1.765 1.582 1.416 1.328 1.206 1.182 1.062
KokoHd. 1.797 1.704 1.560 1.435 1.348 1.727 1.581 1.530 1.391

Kauai Port Allen 1.058 1.055 0.931 0.796 0.733 0.919 0.755 0.707 0.733
Nawiliwili 0.981 0.905 0.729 0.569 0.516 0.949 0.872 0.814 0.777

Deep Ocean 1.171 1.12 0.995 0.922 0.911 1.074 1.345 1.409 1.166
Note: all values in meters
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Table 5.5(b). Percentage variatio~ due to epice1!!er shift ig Japan
Location +50km +100 km +150 km +200 km +50km +100 km +150 km +200 km

North North North North South South South South
Big Island Hilo Bay 2.9 -2.2 -9.0 -13.9 -10.2 -11.1 -5.1 0.8

Kona -21.2 -10.3 -3.6 -15.1 8.3 -16.7 5.6 15.8

Maui North 1.5 1.5 -1.7 -5.3 -4.6 5.7 11.3 13.8

South 6.7 8.3 8.2 9.5 -1.4 -2.9 0.7 4.5

O'ahu Sunset 13.6 19.1 21.9 25.9 40.8 91.2 105.9 97.2

Makua -11.7 -18.2 -24.4 -33.4 2.0 -15.7 -15.7 -14.9

Nanakuli -13.3 -24.3 -29.7 -34.2 0.4 -17.0 -36.8 -41.2

Barber's -14.2 -5.9 -14.8 -29.9 -39.1 -13.2 -23.1 -31.2

Kaneohe 13.4 16.4 17.7 20.9 13.3 44.7 48.8 50.2

Kailua 0.28 0.5 3.1 4.1 -3.8 22.2 30.8 28.3
Honolulu 12.5 11.5 -0.03 -10.5 -16.1 -23.8 -25.4 -32.9
KokoHd. -5.2 -13.2 -20.1 -24.9 -3.9 -12.0 -14.8 -23.1

Kauai Port Allen -0.2 -11.9 -24.7 -30.7 -13.1 -28.6 -33.2 -30.7

Nawiliwili -7.7 -25.6 -42.0 -47.4 -3.2 -11.1 -16.9 -20.7

Deep Ocean -3.4 -15 -21.2 -22.2 -8.3 14.9 20.4 -0.45
Note: Percentage variation with respect to original source.
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Figure 5.4 (a-c). Simulated tsunami wave height due to epicenter shift in Japan.
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Figure 5.4 (d-f), Simulated tsunami wave height due to epicenter shift in Japan.
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Figure 5.4 (g-i). Simulated tsunami wave height due to epicenter shift in Japan.
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Figure 5.4 (i-I). Simulated tsunami wave height due to epicenter shift in Japan.
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Figure 5.4 (m-o). Simulated tsunami wave height due to epicenter shift in Japan.
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The sensitivity of the epicenter along the lower part of South America where the

coastline seems to drop vertically down towards the South Pole was not as significant as

compared with source regions from Aleutian Islands and Japan as listed in Table 5.6.

When the epicenter was shifted 50 km upwards, Sunset station recorded a reduction of

3% with Honolulu Harbor station at 9% and 7% at Hilo Bay. Shifting the epicenter to 200

km upwards, Sunset station showed a 15% reduction in the leading tsunami wave height

with 13% at Honolulu Harbor and a 4% increase at Hilo Bay. Figure 5.5 shows the small

variation of the leading tsunami wave height with respect to the original epicenter. The

absolute average from all stations around the islands ranged from 5% - 14% with an

epicenter shift from 50 km to 200 km. The variation for the deep ocean station ranged

from -4% to -25%.

Investigating the effect of epicenter shift along the U.S. West Coast showed a slightly

greater variation as compared with South America (Table 5.7) but not as significant as

compared with Aleutian Islands and Japan source regions. The leading tsunami wave

height at Sunset station decreased by 7% - 8% when the epicenter was shifted ±50km

vertically. It dropped to -10% to -26% when shifted 50km further (i.e. ±100km from the

original epicenter) and -14% to -28% for a ±200km shift. As the epicenter shifted up

from 50 km to 200 km, the simulated leading tsunami wave height varied from +12% to 

12% at the Honolulu Harbor station while the reversed direction (i.e. epicenter was

shifted downwards) the value ranged from -14% to -5%. Hilo Bay station recorded a 29%

increase in the leading tsunami wave height when the epicenter was shifted up by 50km
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which further dropped to 12% for a 100km shift and -13% at 200km. A downward shift

of 50km showed an 8% increase, 23% for 100km and dropped to -12% for 200km.

Profiles of the tsunami wave are shown in Figure 5.6.

The overall absolute average around the islands recorded from the numerical stations

showed an 11 % variation in the simulated tsunami wave for a ±50km shift of the

epicenter and 20% - 27% at the deep ocean station. A shift of ±1OOkm ranged from 16% 

19% and 12% - 22% for a ±200km range around the islands with the deep ocean station

showing a 10% - 29% (±100km) and 29% - 32% (±200km).

5.3 Rake Angle

From the six cases of rake angle variation ranging from a pure dip-slip mechanism

(rake = 90°) to a 50% strike-slip mechanism (rake = 135°) simulated results did not show

significant variation in the leading tsunami wave height. For a strike-slip mechanism

(rake = 135°), Sunset, O'ahu which is the lee side of the tsunami attack recorded a -32%

variation as compared with the largest rake angle of 90° if the earthquake source is from

South America, -26% from Aleutian Islands and -33 % for Japan. While at Honolulu

Harbor, O'ahu and Hilo Bay, Hawai'i, the strike-slip mechanism was -25% and -6.5%,

respectively for South America case, -26% and -25%, respectively for Aleutian Islands

and -46 % and -31 %, respectively for Japan.
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Table 5.6. Leading tsunami wave height and percentage variation due to epicenter shift in South America.
Leading tsunami wave heieht a Percentage variation b

Location Original +50km +100 km +150 km +200 km +50km +100 km +150 km +200 km
Source North North North North North North North North

Big
Island Hilo Bay 0.672 0.729 0.731 0.751 0.724 -7.2 0.7 1.0 3.8

Kona 0.557 0.630 0.650 0.560 0.584 -4.6 7.9 11.4 -4.0
Maui North 0.750 0.811 0.764 0.857 0.819 -8.4 -1.0 -6.7 4.7

South 0.877 0.699 0.715 0.680 0.918 -4.5 -23.8 -22.1 -26.0
O'ahu Sunset 0.450 0.428 0.383 0.391 0.462 -2.6 -7.3 -17.1 -15.5

Makua 0.655 0.588 0.539 0.481 0.667 -1.8 -11.9 -19.3 -27.9
Nanakuli 0.628 0.596 0.516 0.453 0.633 -0.9 -5.9 -18.6 -28.5
Barber's 0.646 0.548 0.525 0.464 0.667 -3.1 -17.9 -21.3 -30.4
Kaneohe 0.467 0.459 0.480 0.468 0.465 0.3 -1.4 3.1 0.7
Kailua 0.510 0.484 0.521 0.490 0.506 0.7 -4.4 3.0 -3.3
Honolulu 0.707 0.669 0.639 0.674 0.775 -8.7 -13.6 -17.6 -13.0
KokoHd. 0.728 0.731 0.699 0.750 0.784 -7.2 -6.8 -10.9 -4.4

Kauai Port Allen 0.583 0.511 0.525 0.512 0.628 -7.1 -18.6 -16.4 -18.5
Nawiliwili 0.541 0.537 0.524 0.551 0.609 -11.2 -11.9 -13.9 -9.5

Deep Ocean 0.967 0.870 0.800 0.760 1.010 -4.2 -13.8 -20.8 -24.7

......
o
0'1

values in meters 0 values in percentage
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Figure 5.5 (a-c). Simulated tsunami wave height due to epicenter shift in South America.
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Figure 5.5 (d-f). Simulated tsunami wave height due to epicenter shift in South America.
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Figure 5.5 (g-i). Simulated tsunami wave height due to epicenter shift in South America.
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Figure 5.5 (j-l). Simulated tsunami wave height due to epicenter shift in South America.
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Figure 5.5 (m-o). Simulated tsunami wave height due to epicenter shift in South America.
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Table 5.7(a). Leading tsunami wave height due to epicenter shift in U.S. West Coast.
Location Original +50km +100 km +150 km +200 km +50km +100 km +150 km +200 km

Source North North North North South South South South
Big
Island Hilo Bay 2.376 3.077 2.672 2.570 2.056 2.574 2.918 2.749 2.078

Kona 0.689 0.756 0.804 0.614 0.567 0.798 0.820 0.760 0.742
Maui North 3.065 2.735 3.062 3.060 2.020 2.891 2.454 2.591 2.803

South 0.582 0.521 0.681 0.547 0.462 0.627 0.555 0.469 0.556
O'ahu Sunset 1.603 1.489 1.443 1.663 1.148 1.463 1.180 1.256 1.372

Makua 0.621 0.663 0.828 0.668 0.573 0.705 0.697 0.616 0.488
Nanakuli 0.635 0.618 0.490 0.658 0.481 0.538 0.444 0.511 0.545
Barber's 0.507 0.506 0.616 0.543 0.442 0.543 0.526 0.483 0.435
Kaneohe 2.272 2.070 2.015 2.299 1.537 2.071 1.580 1.828 2.014
Kailua 2.214 1.836 2.418 2.255 1.489 2.267 2.010 1.618 1.877
Honolulu 0.976 1.090 1.017 0.977 0.862 0.841 0.935 0.959 0.925
KokoHd. 0.942 1.247 1.312 0.973 1.008 1.125 1.185 1.127 0.988

Kauai Port Allen 1.603 1.489 1.443 1.663 1.148 1.463 1.180 1.256 1.372
Nawiliwili 0.861 0.799 0.759 0.904 0.629 0.778 0.605 0.643 0.703

Deep Ocean 2.333 2.333 2.417 2.417 2.500 2.250 2.250 2.167 2.167
Note: all values in meters
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Table 5.7(b). Percentage variation due to epicenter shift in U.S. West Coast
Location +50km +100 km +150 km +200 km +50km +100 km +150 km +200 km

North North North North South South South South
Big Island Hilo Bay 29.5 12.4 8.1 -13.5 8.3 22.8 15.7 -12.5

Kona 9.6 16.6 -10.9 -17.7 15.8 18.9 10.3 7.6
Maui North -10.8 -0.1 -0.2 -34.1 -5.7 -20.0 -15.5 -8.6

South -10.6 16.9 -6.0 -20.7 7.6 -4.7 -19.5 -4.5
O'ahu Sunset -7.1 -10.0 3.7 -28.4 -8.7 -26.4 -21.7 -14.4

Makua 6.8 33.3 7.5 -7.8 13.6 12.3 -0.8 -21.5
Nanakuli -2.6 -22.9 3.6 -24.2 -15.3 -30.0 -19.6 -14.2
Barber's -0.2 21.6 7.2 -12.8 7.2 3.8 -4.7 -14.2
Kaneohe -8.9 -11.3 1.2 -32.3 -8.9 -30.5 -19.6 -11.4
Kailua -17.1 9.2 1.8 -32.7 2.4 -9.2 -26.9 -15.2
Honolulu 11.7 4.3 0.2 -11.7 -13.8 -4.2 -1.7 -5.2
KokoHd. 32.4 39.3 3.3 7.0 19.5 25.8 19.7 4.9

Kauai Port Allen -7.1 -10.0 3.7 -28.4 -8.7 -26.4 -21.7 -14.4
Nawiliwili -7.3 -11.9 5.0 -37.2 -9.7 -29.7 -25.4 -18.3

Deep Ocean 26.9 -10.3 4.6 -32.1 19.7 29.2 -7.2 29.3
Note: Percentage variation with respect to original source.
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Figure 5.6 (a-c), Simulated tsunami wave height due to epicenter shift in US West Coast.
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Figure 5.6 (j-l), Simulated tsunami wave height due to epicenter shift in US West Coast.
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Figure 5.6 (m-o). Simulated tsunami wave height due to epicenter shift in US West Coast.

118



The Deep Ocean station between Hawai'i and South America showed a 25.5%

decrease for a strike-slip mechanism as compared with the pure dip-slip one, 26%

decrease for the station between Aleutian Islands and 41 % decrease for Japan. The

overall highest absolute average difference between a strike-slip mechanism to that of a

pure dip-slip around the Hawai'ian Islands is 18% for an earthquake from South

America, 27% for Aleutian Island source and 41 % from Japan. Tables 5.8, 5.9 and 5.10

list the recordings and percent variation for all fourteen numerical stations for Japan,

Aleutian Islands and South America source regions while Figures 5.7, 5.8 and 5.9 shows

the tsunami wave profile.

5.4 Dip Angle

The leading tsunami wave height did not show much significant variation due to a

10° increase -in the dip angle. For the case of an earthquake-generated tsunami in South

America region, a 10° increase in the dip angle showed a 22% rise in the initial leading

tsunami wave height at Sunset, O'ahu. While Honolulu Harbor, O'ahu and Hilo Bay,

Hawai'i showed an increase of25% and 20%, respectively. A 26.5% increase at the Deep

Ocean station was found. Variation of the tsunami wave profiles are shown in Figure

5.10.
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Table 5.8(a). Leading tsunami wave height due to rake angle variation in Japan.
Location Original 700 800 1000 1100 1200 1300 1350

Source
900

Big Island
Hilo Bay 0.974 0.988 0.995 0.924 0.879 0.806 0.718 0.668
Kona 0.934 0.928 0.945 0.896 0.831 0.743 0.631 0.566

Maui North 1.943 1.909 1.955 1.876 1.737 1.547 1.326 1.201
South 1.574 1.584 1.603 1.497 1.375 1.212 1.011 0.898

O'ahu Sunset 1.539 1.484 1.536 1.499 1.417 1.292 1.128 1.031
Makua 1.326 1.342 1.355 1.257 1.152 1.013 0.841 0.747
Nanakuli 1.174 1.190 1.200 1.113 1.017 0.891 0.738 0.652
Barber's 1.114 1.132 1.140 1.054 0.963 0.843 0.697 0.615
Kaneohe 1.292 1.248 1.289 1.256 1.180 1.068 0.923 0.841
Kailua 1.350 1.337 1.365 1.293 1.200 1.084 0.923 0.830
Honolulu 1.500 1.526 1.536 1.420 1.300 1.145 0.944 0.831
KokoHd. 1.489 1.528 1.531 1.402 1.274 1.108 0.908 0.798

Kauai Port Allen 1.087 1.098 1.109 1.033 0.946 0.830 0.689 0.610
Nawiliwili 1.216 1.225 1.239 1.155 1.060 0.933 0.777 0.690

Deep Ocean 1.490 1.487 1.511 1.423 1.313 1.163 0.977 0.873
Note: all values in meters
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Table 5.8(b). Percentage vari~tion due to rake angle variation in Japan.
Location 70° 80° 100° 110° 120° 130° 135°

Big Island Hilo Bay 1.5 2.2 -5.1 -9.7 -17.2 -26.3 -31.4
Kona -0.7 1.2 -4.1 -11.1 -20.5 -32.5 -39.4

Maui North -1.7 0.6 -3.4 -10.6 -20.4 -31.8 -38.2
South 0.6 1.9 -4.9 -12.6 -23.0 -35.8 -42.9

O'ahu Sunset -3.6 -0.2 -2.6 -8.0 -16.1 -26.7 -33.0
Makua 1.2 2.2 -5.2 -13.2 -23.6 -36.6 -43.7
Nanakuli 1.3 2.2 -5.2 -13.3 -24.1 -37.2 -44.4
Barber's 1.6 2.3 -5.4 -13.5 -24.3 -37.5 -44.8
Kaneohe -3.4 -0.2 -2.8 -8.7 -17.4 -28.6 -34.9
Kailua -0.9 1.1 -4.2 -11.1 -19.7 -31.6 -38.5
Honolulu 1.8 2.4 -5.3 -13.3 -23.6 -37.0 -44.6
KokoHd. 2.6 2.9 -5.8 -14.4 -25.6 -39.0 -46.4

Kauai Port Allen 1.0 2.0 -5.0 -13.0 -23.7 -36.6 -43.9
Nawi1iwi1i 0.7 1.9 -5.0 -12.8 -23.3 -36.1 -43.2

Deep Ocean -0.002 0.015 -0.045 -0.119 -0.220 -0.344 -0.002
Note: Percentage variation with respect to original source.
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Table 5.9(a). Leading tsunami wave height due to rake angle variation in Aleutian Islands.
Location Original 70° 80° 100° 110° 120° 130° 135°

Source
90°

Big Island
Hilo Bay 1.606 1.481 1.568 1.595 1.536 1.428 1.277 1.186
Kona 0.575 0.528 0.560 0.572 0.550 0.512 0.457 0.425

Maui North 1.591 1.537 1.587 1.551 1.466 1.340 1.173 1.075
South 1.326 1.234 1.299 1.312 1.260 1.170 1.045 0.971

O'ahu Sunset 1.598 1.482 1.564 1.584 1.523 1.416 1.265 1.175
Makua 0.875 0.814 0.857 0.867 0.834 0.776 0.694 0.644
Nanakuli 0.672 0.615 0.654 0.671 0.648 0.606 0.546 0.509
Barber's 0.592 0.553 0.582 0.585 0.561 0.520 0.462 0.428
Kaneohe 1.481 1.395 1.460 1.460 1.395 1.289 1.145 1.059
Kailua 1.728 1.607 1.693 1.711 1.644 1.527 1.362 1.263
Honolulu 1.180 1.081 1.148 1.176 1.135 1.059 0.951 0.887
KokoHd. 1.232 1.146 1.207 1.221 1.174 1.094 0.981 0.913

Kauai Port Allen 0.735 0.687 0.722 0.726 0.695 0.643 0.572 0.529
Nawiliwili 0.825 0.766 0.808 0.817 0.785 0.728 0.650 0.603

Deep Ocean 1.221 1.130 1.194 1.212 1.165 1.083 0.968 0.899
Note: all values in meters



.....
tv
W

Table 5.9(b). Percentage variation due to rake angle variation in Aleutian Islands.
Location 70° 80° 100° 110° 120° 130° 135°

Big Island Hilo Bay -7.8 -2.4 -0.7 -4.4 -11.1 -20.5 -26.2
Kona -8.2 -2.5 -0.6 -4.3 -11.0 -20.5 -26.2

Maui North -3.4 -0.3 -2.6 -7.9 -15.8 -26.3 -32.5
South -6.9 -2.0 -1.0 -5.0 -11.8 -21.2 -26.8

O'ahu Sunset -7.3 -2.2 -0.9 -4.7 -11.4 -20.9 -26.5
Makua -6.9 -2.0 -0.9 -4.7 -11.3 -20.7 -26.4
Nanakuli -8.5 -2.8 -0.3 -3.6 -9.8 -18.8 -24.3
Barber's -6.6 -1.8 -1.2 -5.3 -12.3 -22.0 -27.8
Kaneohe -5.8 -1.5 -1.5 -5.8 -13.0 -22.7 -28.5
Kailua -7.0 -2.0 -1.0 -4.9 -11.6 -21.2 -26.9
Honolulu -8.4 -2.7 -0.4 -3.8 -10.3 -19.4 -24.9
KokoHd. -6.9 -2.0 -0.9 -4.7 -11.2 -20.4 -25.9

Kauai Port Allen -6.6 -1.8 -1.2 -5.4 -12.5 -22.2 -28.0
Nawiliwili -7.1 -2.1 -1.0 -4.9 -11.8 -21.3 -27.0

Deep Ocean -7.5 -2.2 -0.8 -4.6 -11.3 -20.7 -26.4
Note: Percentage variation with respect to original source.



Table 5.1O(a). Leading tsunami wave height due to rake angle variation in South America.,---- ._- - -- -

Location Original 70° 80° 100° 110° 120° 130° 135°
Source

90°
Big Island Hilo Bay 0.724 0.595 0.670 0.755 0.762 0.745 0.705 0.677

Kona 0.393 0.395 0.365 0.408 0.410 0.399 0.374 0.357
Maui North 0.819 0.680 0.763 0.848 0.849 0.825 0.775 0.741

South 0.918 0.860 0.901 0.908 0.870 0.805 0.714 0.661
O'ahu Sunset 0.462 0.439 0.457 0.453 0.429 0.393 0.344 0.316

Makua 0.667 0.622 0.655 0.660 0.632 0.585 0.520 0.481
Nanakuli 0.633 0.577 0.615 0.633 0.613 0.575 0.519 0.485
Barber's 0.667 0.607 0.647 0.666 0.645 0.605 0.546 0.510
Kaneohe 0.463 0.382 0.429 0.483 0.488 0.478 0.454 0.436
Kailua 0.490 0.403 0.453 0.511 0.517 0.508 0.482 0.464
Honolulu 0.775 0.717 0.756 0.771 0.744 0.694 0.623 0.581
KokoHd. 0.784 0.678 0.742 0.804 0.800 0.772 0.720 0.686

Kauai Port Allen 0.628 0.592 0.619 0.617 0.588 0.541 0.478 0.441
Nawiliwili 0.563 0.476 0.528 0.582 0.583 0.566 0.532 0.509

Deep Ocean 1.010 0.931 0.985 1.004 0.967 0.901 0.808 0.752

.....-
tv
.j::>.

Note: all values in meters



......
IV
VI

Table 5.lOb. Percentage variation due to rake angle variation in South America.
Location 70° 80° 100° 110° 120° 130° 135°

Big Island Hilo Bay -17.8 -7.4 4.3 5.3 3.0 -2.6 -6.5
Kona 0.4 -7.2 3.8 4.3 1.4 -4.8 -9.1

Maui North -17.0 -6.8 3.5 3.7 0.8 -5.3 -9.5
South -6.3 -1.9 -1.1 -5.2 -12.4 -22.2 -28.0

O'ahu Sunset -5.0 -1.0 -2.0 -7.0 -14.9 -25.5 -31.6
Makua -6.8 -1.9 -1.1 -5.3 -12.4 -22.1 -27.9
Nanakuli -8.9 -2.9 -0.1 -3.2 -9.3 -18.0 -23.4
Barber's -9.0 -3.0 -0.1 -3.3 -9.4 -18.2 -23.6
Kaneohe -17.5 -7.3 4.3 5.4 3.3 -1.9 -5.7
Kailua -17.7 -7.4 4.4 5.6 3.6 -1.5 -5.2
Honolulu -7.4 -2.4 -0.5 -3.9 -10.4 -19.5 -25.0
KokoHd. -13.6 -5.4 2.5 2.0 -1.6 -8.2 -12.5

Kauai Port Allen -5.7 -1.3 -1.6 -6.3 -13.8 -23.9 -29.7
Nawiliwili -15.5 -6.4 3.3 3.5 0.5 -5.5 -9.6

Deep Ocean 7.8 2.4 -0.6 -4.2 -10.7 -20.0 -25.5
Note: Percentage variation with respect to original source.
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Figure 5.7 (a-c). Simulated tsunami wave height due to rake angle variation in Japan.
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Figure 5.7 (d-f). Simulated tsunami wave height due to rake angle variation in Japan.
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Figure 5.7 (g-i). Simulated tsunami wave height due to rake angle variation in Japan.

128



3.0

I 2.0
--90deg --ta-- 100 deg

Gi """.""" 130 deg ....... 135deg
> 1.0GI

...J... 0.0GI-~ -1.0
GIu
III -2.0't:
:::J
t/)

-3.0
6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(j) Kaneohe

3.0

I ----+----70deg ~80deg ---90deg --ta-- 100 deg
2.0 ~110deg -- -.- - - 120 deg -"".""" 130 deg _. -•. - - 135 deg

! 1.0
...J...

0.0GI

~ -1.0
GIu
III -2.0't:
:::J

t/)
-3.0

6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(k) Kailua

3.0

I
---90deg --ta-- 100 deg

2.0 - -"." -" 130 deg _..••.. 135 deg
Gi
~ 1.0

...J...
0.0GI

~ -1.0
fl
III -2.0't:
:::J
t/)

-3.0
6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(1) Honolulu Harbor
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Figure 5.7 (m-o). Simulated tsunami wave height due to rake angle variation in Japan.
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Figure 5.8 (a-c). Simulated tsunami wave height due to rake angle variation
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in South America.

140



-10deg ~15deg -s-20deg

1.5

g
] 0.5..•i -0.5
8
~
::I

U)
-1.5

6.0 7.0 8.0 9.0

Time (hours)

(a) Deep Ocean

10.0 11.0 12.0

-10deg ~15deg -a-20deg

2.0

g
1 1.0

oJ.. 0.0•I
3 -1.0
~
::I
U)

-2.0
13.0 14.0 15.0 16.0 17.0 18.0

-10deg ~15deg -a-20deg

1.5

g
1 0.5
oJ..•i -0.5

i
::I
U)

-1.5
13.0 14.0

Time (hours)

(b) Rilo Bay

15.0 16.0 17.0 18.0

Time (hours)

(c) Kona

Figure 5.10 (a-c). Simulated tsunami wave height due to dip angle variation
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Figure 5.10 (j-l). Simulated tsunami wave height due to dip angle variation
in South America.
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Figure 5.10 (m-o). Simulated tsunami wave height due to dip angle variation
in South America.
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Japan source region showed a similar pattern with that of South America as can be

seen in Figure 5.11. The numerical station at Sunset, O'ahu had and increase of 27%,

while 20% was found at Honolulu Harbor, O'ahu, 26% at Hilo Bay, Hawai'i and 16% at

the Deep Ocean station. However, the difference is much smaller if the source region is

from Aleutian Islands (Figure 5.12). Sunset, O'ahu showed less than 1% increase in the

initial tsunami wave height while Honolulu Harbor, O'ahu and Hilo Bay, Hawai'i

showed a drop of2.3% and 3.5%, respectively. The leading wave dropped about 0.2% for

the deep ocean station.

The absolute average around the Hawaiian Island is 24% if the source region is from

South America, 2.25% from Aleutian Islands and 23% from Japan. Tables 5.11, 5.12 and

5.13 lists the recorded leading tsunami wave height and the percent variation for Japan,

Aleutian Islands and South America source regions
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Figure 5.11 (a-c). Simulated tsunami wave height due to dip angle variation in Japan.
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Figure 5.11 (d-f). Simulated tsunami wave height due to dip angle variation in Japan.

148



11.0 12.0

~ 20deg-10deg --+- 15deg

8.0 9.0 10.0
Time (hours)

7.0

2.0 -.-----------------------------....,

g 1.5

1 1.0
_ 0.5

li 0.0 ~18Olj"lUlIi~~

I -0.5

't:
M-1.0

:::s -1.5
U) -2.0 1---.---_,_-----.------r--..----...----~-__r----.______-~---1

6.0

(g) Makua
2.0.,---------------------------,

9.08.07.0

-- 10deg --+- 15deg ~ 20deg

-2.0 +----~------------___.__----..___--____I
6.0

-1.0

'ii 1.0
~
oJi 0.0

J
JJ

Time (hours)

(h) Nanakuli
2.0..,------------------------------,

12.011.010.09.0
Time (hours)

- 10 deg --+- 15deg ~ 20deg

8.07.0

-1.0

-2.0 +--~-___,__-___.__-_____,--~-.,.__-~-_,_-----.--___,------;

6.0

(i) Barber's Point

Figure 5.11 (g-i). Simulated tsunami wave height due to dip angle variation in Japan.
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Figure 5.11 (j.l). Simulated tsunami wave height due to dip angle variation in Japan.
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Figure 5.11 (m-o). Simulated tsunami wave height due to dip angle variation in Japan.
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Figure 5.12 (a-c). Simulated tsunami wave height due to dip angle variation
in Aleutian Islands.
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Figure 5.12 (d-t). Simulated tsunami wave height due to dip angle variation
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Figure 5.12 (g-i). Simulated tsunami wave height due to dip angle variation
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Figure 5.12 (j-l). Simulated tsunami wave height due to dip angle variation
in Aleutian Islands.
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Figure 5.12 (m-o). Simulated tsunami wave height due to dip angle variation
in Aleutian Islands.
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Table 5.11. Leading tsunami wave height and percentage~ariation due to dip angle variation in Japan.

values in meters 0 values in percentage

Leadinl tsunami wave height a Percentage variation b

Location Original 15° 20° 15° 20°
Source

10°
Big Island Hilo Bay 0.974 1.089 1.223 11.9 25.6

Kona 0.934 0.995 1.034 6.5 10.7
Maui North 1.943 2.221 2.463 14.3 26.7

South 1.574 1.693 1.782 7.6 13.2
O'ahu Sunset 1.539 1.766 1.962 14.7 27.4

Makua 1.326 1.530 1.741 15.4 31.3
Nanakuli 1.174 1.380 1.562 17.6 33.1
Barber's 1.114 1.281 1.423 15.0 27.8
Kaneohe 1.292 1.479 1.637 14.4 26.7
Kailua 1.350 1.496 1.613 10.8 19.5
Honolulu 1.500 1.663 1.800 10.9 20.0
KokoHd. 1.489 1.717 1.912 15.3 28.4

Kauai Port Allen 1.087 1.171 1.234 7.7 13.5
Nawiliwili 1.216 1.321 1.403 8.7 15.4

Deep Ocean 1.490 1.627 1.735 9.2 16.5
~

.......
VI
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Table 5.12. Leading tsunami wave height and percentage variation due to dip angle variation in Aleutian Islands.
Leading tsunami wave height a Percenta2;e variation b

Location Original 15° 20° 15° 20°
Source

10°
Big Island Hilo Bay 1.606 1.592 1.551 -0.9 -3.5

Kona 0.575 0.561 0.540 -2.5 -6.1
Maui North 2.663 2.707 2.720 1.7 2.2

South 1.326 1.363 1.383 2.8 4.4
O'ahu Sunset 1.598 1.618 1.612 1.3 0.9

Makua 0.875 0.889 0.888 1.6 1.4
Nanakuli 0.672 0.665 0.644 -1.1 -4.2
Barber's 0.592 0.596 0.588 0.7 -0.7
Kaneohe 1.481 1.520 1.536 2.6 3.7
Kailua 1.728 1.749 1.743 1.2 0.9
Honolulu 1.180 1.177 1.153 -0.3 -2.3
KokoHd. 1.232 1.247 1.240 1.3 0.7

Kauai Port Allen 0.735 0.741 0.734 0.8 -0.2
Nawiliwili 0.825 0.832 0.822 0.7 -0.4

Deep Ocean 1.221 1.231 1.220 0.8 -0.1
values in meters 0 values in percentage



values in meters 0 values in percentage

Table 5.13. Leading tsunami wave height and percentage variation due to dip angle variation in South America.
,----

Leading tsunami wave height a Percentage variation b

Location Original 15° 20° 15° 20°
Source

10°
Big Island Hilo Bay 0.724 0.802 0.863 10.7 19.3

Kona 0.584 0.649 0.702 11.2 20.3
Maui North 0.819 0.924 1.016 12.9 24.1

South 0.878 1.009 1.123 14.9 27.9
O'ahu Sunset 0.462 0.518 0.564 12.1 22.0

Makua 0.667 0.744 0.813 11.6 21.8
Nanakuli 0.630 0.717 0.791 13.8 25.6
Barber's 0.667 0.740 0.800 10.9 19.9
Kaneohe 0.447 0.514 0.569 14.8 27.1
Kailua 0.506 0.578 0.639 14.2 26.1
Honolulu 0.775 0.880 0.968 13.6 25.0
KokoHd. 0.773 0.889 0.988 15.0 27.9

Kauai Port Allen 0.628 0.707 0.775 12.7 23.4
Nawiliwili 0.609 0.684 0.747 12.3 22.6

Deep Ocean 1.010 1.127 1.226 11.6 21.4
-
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5.5 Strike Angle

A variation of 10° in the strike angle showed a significant change in the initia11eading

tsunami wave from all three earthquake source regions. The simulated wave height for an

earthquake source in South America (Figure 5.13) showed a 45% increase at Sunset,

O'ahu. At Honolulu harbor the increase is 89%, Hi10 Bay showed 79% while the Deep

Ocean station increased by 80%. As can be seen in Table 5.14, the variations of the

leading tsunami wave height are quite significant.

As seen in Figure 5.14 and in Table 5.15, an Aleutian Island source region reduced

the leading tsunami wave height by 66%, 64% and 68% at Sunset, Honolulu Harbor and

Hilo Bay, respectively. However for the Japan source region (Figure 5.15 and Table

5.16), Honolulu Harbor showed a 5% increase while Sunset and Hilo Bay decreased 21%

and 29%, respectively. The deep ocean station recorded a 65% reduction for Aleutian

Islands source while Japan source dropped by 21 %. The average increase of the leading

tsunami wave around the islands is 67% for a Chile source, 65% from Aleutian Islands

and 20% from Japan.
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Figure 5.13 (a-c). Simulated tsunami wave height due to strike angle variation
in South America.
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Figure 5.13 (g-i). Simulated tsunami wave height due to strike angle variation
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Figure 5.13 (j-I). Simulated tsunami wave height due to strike angle variation
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Figure 5.13 (m-o). Simulated tsunami wave height due to strike angle variation
in South America.
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values in meters U values in percentage, relative to 5°

Table 5.14. Leading tsunami wave height and percentage variation due to strike angle variation in South America
--~- ---

Percenta~evariation bLeading tsunami wave hei~ht a

Location Original 50 150 100 150
Source

100
Big Island Hilo Bay 0.724 0.531 0.948 36.3 78.4

Kona 0.584 0.493 0.513 18.4 4.2
Maui North 0.819 0.556 1.060 47.3 90.7

South 0.918 0.605 1.041 51.8 72.1
O'ahu Sunset 0.462 0.352 0.508 31.3 44.4

Makua 0.667 0.427 0.690 56.4 61.7
Nanakuli 0.633 0.441 0.724 43.5 64.0
Barber's 0.667 0.430 0.732 55.1 70.2
Kaneohe 0.465 0.402 0.563 15.7 39.9
Kailua 0.506 0.377 0.637 34.4 69.1
Honolulu 0.775 0.497 0.938 55.8 88.5
KokoHd. 0.784 0.527 1.002 48.8 90.1

Kauai Port Allen 0.628 0.399 0.751 57.3 88.3
Nawiliwili 0.609 0.420 0.723 45.2 72.3

Deep Ocean 1.010 0.647 1.168 56.0 80.4
~
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Figure 5.14 (a-c). Simulated tsunami wave height due to strike angle variation
in Aleutian Islands.
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Figure 5.14 (d-f). Simulated tsunami wave height due to strike angle variation
in Aleutian Islands.

168



4.0

:[ 3.0 ~ 245 deg - 250 deg (Original)~ 255 deg

I 2.0
GI 1.0..J..

0.0GI

I -1.0

8 -2.0
~ -3.0
~
0 -4.0

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Time (hours)

(g) Makua

4.0

:[ 3.0 ~ 245 deg --250 deg (Original)~ 255 deg

E 2.0

..J 1.0..
0.0GI-i -1.0

8 -2.0
~ -3.0
~

0 -4.0
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Time (hours)

(h) Nanakuli

4.0

g 3.0
~ 245 deg - 250 deg (Original)~ 255 deg

E 2.0

..J 1.0..
0.0GI

I -1.0

8 -2.0
~ -3.0
~
0 -4.0

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Time (hours)

(i) Barber's Point

Figure 5.14 (g-i). Simulated tsunami wave height due to strike angle variation
in Aleutian Islands.
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Figure 5.14 0-1). Simulated tsunami wave height due to strike angle variation
in Aleutian Islands.
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Figure 5.14 (m-o). Simulated tsunami wave height due to strike angle variation
in Aleutian Islands.
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Table 5.15. Leading tsunami wave height and percentage variation due to strike angle variation in Aleutian Islands.

values in meters 0 values in percentage, relative to 245

Leadinl tsunami wave hei2ht a Percentage variation b

Location Original 2450 2550 2500 2550

Source
2500

Big Island Hilo Bay 1.606 2.351 0.742 -31.7 -68.4
Kona 0.575 0.745 0.262 -22.8 -64.8

Maui North 2.663 3.188 1.151 -16.5 -63.9
South 1.326 1.803 0.649 -26.5 -64.0

O'ahu Sunset 1.598 1.919 0.657 -16.7 -65.7
Makua 0.875 1.111 0.364 -21.3 -67.3
Nanakuli 0.672 0.775 0.294 -13.2 -62.1
Barber's 0.592 0.763 0.278 -22.3 -63.5
Kaneohe 1.481 2.002 0.725 -26.0 -63.8
Kailua 1.728 2.077 0.744 -16.8 -64.2
Honolulu 1.180 1.427 0.515 -17.3 -63.9
KokoHd. 1.232 1.562 0.565 -21.2 -63.8

Kauai Port Allen 0.735 0.940 0.342 -21.7 -63.6
Nawiliwili 0.825 1.019 0.361 -19.0 -64.6

Deep Ocean 1.221 1.519 0.524 -19.6 -65.5
~
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Figure 5.15 (a-c). Simulated tsunami wave height due to strike angle variation in Japan.
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Figure 5.15 (d-f). Simulated tsunami wave height due to strike angle variation in Japan.
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Figure 5.15 (g-i). Simulated tsunami wave height due to strike angle variation in Japan.
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Figure 5.150-1). Simulated tsunami wave height due to strike angle variation in Japan.
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Figure 5.15 (m-o). Simulated tsunami wave height due to strike angle variation in Japan.
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Table 5.16. Leading tsunami wave height and percentage variation due to strike angle variation in Japan.
Leadin~ tsunami wave heieht a Percentage variation "

Location Original 1950 2050 2000 2050

Source
2000

Big Island Hilo Bay 0.974 1.180 0.841 -17.5 -28.7
Kona 0.934 1.051 0.741 -11.1 -29.5

Maui North 1.943 2.214 1.651 -12.2 -25.4
South 1.574 1.553 1.485 1.3 -4.4

O'ahu Sunset 1.539 1.593 1.257 -3.3 -21.0
Makua 1.326 1.644 1.298 -19.4 -21.1
Nanakuli 1.174 1.476 1.182 -20.4 -19.9
Barber's 1.114 1.232 1.081 -9.6 -12.2
Kaneohe 1.292 1.318 1.091 -2.0 -17.3
Kailua 1.350 1.597 1.102 -15.4 -31.0
Honolulu 1.500 1.267 1.337 18.4 5.5
KokoHd. 1.489 1.688 1.496 -11.8 -11.4

Kauai Port Allen 1.087 1.131 0.884 -3.9 -21.9
Nawiliwili 1.216 1.326 0.996 -8.3 -24.8

Deep Ocean 1.490 1.934 1.177 29.8 -21.0
values in meters 0 values in percentage, relative to 195



5.6 Fault Dimensions

Simulated results showed that the leading tsunami wave is generally sensitive to the

fault length as compared to the change in fault width. If the source region is from South

America, a 50% increase in the fault length caused the leading wave to drop by 16%, but

increasing the fault width in similar manner produced only a 1% increase at Sunset,

O'ahu. Hi10 Bay however showed an opposite response. There is a 9% increase in the

leading wave if the fault length is increased by 50% and 15% increase if the fault width is

increased by 50%. At Honolulu Harbor, the difference is close with a drop of 19% due to

50% increase in fault length and increase of 15% if the fault width is increased in a

similar manner.

Doubling the fault length however showed a much higher difference in the leading

wave as compared to a 100% increase in fault width at all stations. The leading wave had

a difference of 42%, 26% and 77% at Sunset, Hi10 Bay and Honolulu Harbor,

respectively, when the fault length is increased by 100% as compared to 9%, 2% and 7%

if the fault width is doubled when the source region is from South America. The deep

ocean station showed similar results with 71 % difference due to fault length variation and

only 7% for the fault width. The increased variation due to doubling the fault length as

compared to that of the fault width are seen in Figure 5.16 with the leading tsunami wave

height values and percent variation in Table 5.17.
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Figure 5.16 (a-c). Simulated tsunami wave height due to fault dimension variation
in South America.
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Figure 5.16 (d-f). Simulated tsunami wave height due to fault dimension variation
in South America.
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Figure 5.16 (g-i). Simulated tsunami wave height due to fault dimension variation
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Figure 5.16 (j-l). Simulated tsunami wave height due to fault dimension variation
in South America.
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Figure 5.16 (m-o). Simulated tsunami wave height due to fault dimension variation
in South America.
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Table 5.17. Leading tsunami wave height and percentage variation due to fault dimension variation in South America.

values in meters 0 values in percentage, relative to original source

Leadin2 tsunami wave height a Percentage variation b

Location Original Length Length Width Width Length Length Width Width
Source +50% +100% +50% +100% +50% +100% +50% +100%

Big Island Hilo Bay 0.724 0.787 0.529 0.835 0.738 8.7 -26.9 15.3 1.9
Kona 0.584 0.393 0.269 0.502 0.417 -32.7 -53.9 -13.9 -28.5

Maui North 0.819 0.768 0.600 0.922 0.777 -6.2 -26.7 12.6 -5.1
South 0.918 0.709 0.464 0.943 0.846 -22.8 -49.5 2.7 -7.8

O'ahu Sunset 0.462 0.388 0.270 0.467 0.422 -16.0 -41.6 1.0 -8.7
Makua 0.667 0.453 0.350 0.637 0.525 -32.2 -47.5 -4.6 -21.3
Nanakuli 0.633 0.422 0.319 0.598 0.502 -33.4 -49.7 -5.6 -20.8
Barber's 0.667 0.423 0.307 0.581 0.492 -36.6 -54.0 -12.8 -26.3
Kaneohe 0.465 0.494 0.331 0.543 0.499 6.1 -28.9 16.7 7.2
Kailua 0.506 0.534 0.345 0.582 0.544 5.5 -31.8 15.0 7.4
Honolulu 0.775 0.629 0.180 0.887 0.733 -18.8 -76.7 14.5 -5.4
KokoHd. 0.784 0.685 0.504 0.953 0.813 -12.7 -35.8 21.5 3.7

Kauai Port Allen 0.628 0.530 0.390 0.672 0.613 -15.6 -37.9 7.1 -2.4
Nawiliwili 0.609 0.540 0.323 0.706 0.583 -11.3 -46.9 15.8 -4.3

Deep Ocean 1.010 0.828 0.784 1.038 0.799 -18.0 -22.4 2.8 -20.8
-

.......
00
V1



The deep ocean station did not show similar response as compared with the numerical

stations around the Hawai'ian Islands. Whether the fault length or fault width is doubled

the percent variation fell in the same range. An absolute variation of 5% and 25% was

found when the fault length was increased by 50% and 100%, respectively. Similarly, a

50% in the fault width recorded a 4% variation while doubling the fault width showed a

22% variation.

For the case of Aleutian Island source region, an increase of 65% and 136% at Sunset

with a 50% and 100% increase in the fault length, respectively, was recorded as

compared with similar variation in the fault width that reduced the leading tsunami wave

height by 41% and 59%. Honolulu Harbor and Hilo Bay showed a 78% and 55%

increase, respectively, for a 50% longer fault length and 139% and 82% if the fault length

is doubled. The impact of varying the fault width was much less as compared with the

fault length variation. A decrease of 41 %, 31 % and 30% at Sunset, Honolulu Harbor and

Hilo Bay, respectively, were recorded if the fault width is increased by 50%. Doubling

the fault length caused a 59%, 52% and 50% decrease at the same aforementioned

numerical stations. However, the deep ocean station showed approximately 48%

changed, for both cases, due to the variation of fault length. The fault width variation

resulted in a -38% when increased by half as compared to -61 % when it is doubled. The

significant variation due to increase in fault length can be clearly seen in Figure 5.17

showing the tsunami wave profile for all fourteen numerical stations and the recorded

leading tsunami wave height is listed in Table 5.18.
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Figure 5.17 (a-c). Simulated tsunami wave height due to fault dimension variation
in Aleutian Islands.
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Figure 5.17 (d-f). Simulated tsunami wave height due to fault dimension variation
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Figure 5.17 (g-i). Simulated tsunami wave height due to fault dimension variation
in Aleutian Islands.
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in Aleutian Islands.

190



6.0

g
~ Length +50% -Q-- Length +100% ....... Width +50%

4.0 ...•... Width +100% --Original fault

S 2.0

.. 0.0CD

I -2.0
!
~ -4.0
:;,
en -6.0

3.5 4.5 5.5 6.5 7.5

Time (hours)

(m) Koko Head

3.0-.5. 2.0
'i
l 1.0
...I..

0.0CD

I -1.0
! ~ Length +50% --Q-- Length +100% ...•"". Width +50%

~ -2.0
...••.. Width +100% --Original fault:;,

en
-3.0

3.5 4.5 5.5 6.5 7.5

Time (hours)

(n) Port Allen

3.0

g 2.0

1 1.0
...I

Ii 0.0

I -1.0
!
~ Length +50% ---Q- Length +100% ....... Width +50%

~ -2.0
:;, •••••.• WlClth+100% --Origina faultflO -3.0

3.5 4.5 5.5 6.5 7.5

Time (hours)

(0) Nawiliwili

Figure 5.17 (m-o). Simulated tsunami wave height due to fault dimension variation
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Table 5.18. Leading tsunami wave height and percentage variation due to fault dimension variation in Aleutian Islands.

values in meters 0 values in percentage, relative to original source

Leadin~ tsunami wave height a Percentage variation b

Location Original Length Length Width Width Length Length Width Width
Source +50% +100% +50% +100% +50% +100% +50% +100%

Big Island Hilo Bay 1.606 2.487 2.919 1.127 0.801 54.8 81.7 -29.8 -50.1
Kona 0.575 0.960 1.412 0.360 0.245 67.0 145.5 -37.4 -57.5

Maui North 2.663 4.285 5.390 1.671 1.077 60.9 102.4 -37.2 -59.6
South 1.326 2.173 2.888 0.886 0.584 63.9 117.9 -33.1 -55.9

O'ahu Sunset 1.598 2.631 3.775 0.948 0.659 64.6 136.3 -40.7 -58.8
Makua 0.875 1.417 2.238 0.533 0.337 61.9 155.7 -39.0 -61.5
Nanakuli 0.672 1.304 1.777 0.482 0.329 93.9 164.2 -28.4 -51.1
Barber's 0.592 0.979 1.359 0.418 0.263 65.3 129.4 -29.5 -55.5
Kaneohe 1.481 2.414 3.239 1.110 0.730 63.0 118.7 -25.1 -50.7
Kailua 1.728 2.751 3.777 1.082 0.708 59.2 118.6 -37.4 -59.0
Honolulu 1.180 2.096 2.816 0.815 0.566 77.6 138.6 -31.0 -52.0
KokoHd. 1.232 1.955 2.801 0.808 0.519 58.8 127.4 -34.4 -57.9

Kauai Port Allen 0.735 1.246 1.755 0.517 0.327 69.5 138.7 -29.6 -55.5
Nawiliwili 0.825 1.206 1.844 0.528 0.341 46.1 123.4 -36.0 -58.7

Deep Ocean 1.221 1.807 1.820 0.756 0.477 47.9 49.0 -38.1 -61.0
~

.......
\D
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If the earthquake source regIOn is from Japan, the variation generally shows a

different pattern as compared with Aleutian Islands and South America source region. A

50% increase in fault length decreased the leading tsunami wave height at Sunset by 29%

while doubling the fault length caused an increase of 39% if the source region is from

Japan. When the fault width is 50% longer numerical result showed a 23% increase and

3% decrease if it is doubled. The variation at Honolulu Harbor is -22% and 17% while

Hilo Bay showed -29% and 32% when the fault length is increased by half and doubled,

respectively. Hilo Bay showed a slight variation from 39% to 28% for a 50% wider width

as compared to doubling it, respectively. Honolulu Harbor numerical station recorded a

7% (50% fault width increase) and -6% (doubled fault width) for the fault width

variation. The simulated results showed that increasing either fault length or fault width

by 50% or 100% the leading tsunami wave height did not vary much as compared with

source regions from Aleutian Islands and South America, Figure 5.18 and Table 5.19.

The average variation around the islands if the fault length is increased by half is

18%, 65% and 23% while doubling the fault length showed 43%, 128% and 28% for

Chile, Aleutian Islands and Japan source regions, respectively. Fault width variation from

the same source regions showed 11 %, 33% and 23% (half wider width) and 11 %, 56%

and 14% (doubled width).
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Figure 5.18 (a-c). Simulated tsunami wave height due to fault dimension variation
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Figure 5.18 (g-i). Simulated tsunami wave height due to fault dimension variation
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in Japan.

197



6.0 _r_------------------------------,

12.010.0 11.0

--G--- Length +100%

8.0 9.0

Time (hours)

---+- Length L+50%

...•••• Width +100%

7.0

---Original fault
....... Width +50%

-4.0

-6.0 +-----,---~-__.,.--....--_r--._-__r_----_r_-~----4

6.0

-2.0

E 4.0

lCll 2.0
-'
lii 0.0 ....._ ..- .....

~
B
~
~
l/)

(m) Koko Head

2.0 _r_---------------------------------,

12.0

----a---- Length +100%

10.0 11.0

---+- Length +50%
...• - .. Width +100%

8.0 9.0

Time (hours)

7.0

---Original fault
....... Width +50%

-1.0

-2.0 +--~--r__---___r--~-_,_-~r-----___:_--.,.._------1

6.0

"i 1.0
~
-'lii 0.0 +- __
~
B
~
~
l/)

(n) Port Allen

3.0 -r-------------------------------,

12.011.010.09.0

Time (hours)

8.07.0

---Original fault ---+- Length +50% -&-- Length +100%
...•... Width +50% - ..•... Width +100%

-2.0

-3.0 +--~-___,r__---__.,.---------__.__----r--_r_-_._----l

6.0

-1.0

§: 2.0

! 1.0
-'i 0.0 +- ..,.
~
B
~
~

(0) Nawiliwili

Figure 5.18 (m-o). Simulated tsunami wave height due to fault dimension variation
in Japan.
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Table 5.19. Leading tsunami wave height and percentage variation due to fault dimension variation in Japan

values in meters 0 values in percentage, relative to original source

Leadin2 tsunami wave hei2ht a Percentaee variation b

Location Original Length Length Width Width Length Length Width Width
Source +50% +100% +50% +100% +50% +100% +50% +100%

Big Island Hilo Bay 0.974 0.736 0.524 1.023 0.945 -28.8 32.3 39.1 28.5
Kona 0.934 0.857 0.741 0.811 0.696 -13.6 9.0 -5.4 -18.9

Maui North 1.943 1.351 0.883 1.926 1.636 -34.6 43.8 42.6 21.1
South 1.528 0.928 0.620 1.699 1.581 -33.2 64.8 83.1 70.5

O'ahu Sunset 1.539 1.110 0.793 1.361 1.071 -28.5 38.7 22.6 -3.5
Makua 1.326 1.167 0.979 1.247 1.120 -16.1 13.6 6.8 -4.1
Nanakuli 1.174 1.058 0.911 1.097 0.993 -13.9 10.9 3.6 -6.2
Barber's 1.114 0.872 0.758 1.021 0.852 -13.1 27.7 17.1 -2.3
Kaneohe 1.292 0.885 0.600 1.174 0.962 -32.2 46.0 32.6 8.7
Kailua 1.350 0.986 0.714 1.308 1.111 -27.6 36.9 32.6 12.7
Honolulu 1.500 1.279 1.000 1.373 1.198 -21.8 17.2 7.3 -6.3
KokoHd. 1.420 1.263 1.074 1.453 1.257 -15.0 12.4 15.0 -0.5

Kauai Port Allen 1.087 0.956 0.786 0.992 0.869 -17.8 13.7 3.7 -9.2
Nawiliwili 1.216 1.013 0.792 1.135 0.983 -21.9 20.0 12.0 -3.0

Deep Ocean 1.490 1.276 1.020 1.416 1.213 -20.0 16.8 11.0 -4.9
~

......
1.0
1.0



5.7 Slip Displacement

A 100% variation in the slip value showed a very significant variation in the leading

tsunami wave height especially if the source regions are from Japan and South America

while an Aleutian Islands source region showed a lesser degree ofvariation.

Doubling the slip displacement caused the leading tsunami wave height to increase by

66%, 73% and 89% at Sunset, Honolulu Harbor and Hilo Bay, respectively, when the

source is from South America. While Japan source region showed a lesser degree of

increase with 8% at Sunset, 35% at Honolulu Harbor and 59% at Hilo Bay. A decrease in

the leading tsunami wave height was found if the source region is from Aleutian Islands.

The station at Sunset recorded a 22% decrease, while Honolulu Harbor and Hilo Bay

dropped 10% and 7%, respectively.

The variation of the leading tsunami wave height was comparable at the deep ocean

station for both Japan and South America source regions which recorded a 46% and 43%

increase, respectively while Aleutian source recorded a reduction of 29%. The absolute

average variation from all fourteen offshore stations around the Hawai'ian islands was

21 % (Aleutian source), 69% (Chile source) and 36% (Japan source). Simulated results

are shown in Figures 5.19, 5.20 and 5.21 and Tables 5.20, 5.21 and 5.22 for source

regions from South America, Aleutian Islands and Japan, respectively.

200



- Original Source-+- Slip +100%5

4.0

E 3.0-! 2.0

..J 1.0
~ 0.0•I -1.0

8 -2.0
~ -3.0
~ -4.0

6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0

Time (hours)

(a) Deep Ocean

-+- Slip +100% --Original Source

15.5 16.5 17.5

Time (hours)

14.5

4.0,-----------------------------,

g 3.0

'is 2.0
~_ 1.0

li 0.0 +++&-+&-+&-*4Y'"

I -1.0

8 -2.0
~ -3.0
~ -4.0 +------------.,....------------...,....--~

13.5

(b) Rilo Bay

17.515.5 16.5

Time (hours)

-+- Slip +100% - Original Source

14.5

4.0..,--------------------------------,

g 3.0

'is 2.0

S 1.0

j 0.0

~ -1.0

! -2.0

~ -3.0

-4.0 +---~--___r_----.----.__--..,..__-----__._---.___-----l
13.5

(c) Kona

Figure 5.19 (a-c). Simulated tsunami wave height due to slip variation in South America.
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Figure 5.19 (d-f). Simulated tsunami wave height due to slip variation in South America.

202



17.516.5

-+-Slip +100% - Original Source

15.5

Time (hours)

14.5

4.0,------------------------------,

g 3.0

1 2.0
.... 1.0

j 0.0
S -1.0

J -2.0
~ -3.0

en -4.0 +---~----____,.--_,_-----___._--__,..._--__o__-~

13.5

(g)Makua

- Original Source

4.0

§: 3.0
1) 2.0

S 1.0
"-
oS 0.0
~ -1.0
II)
0 -2.0
~
:::l -3.0en

-4.0
13.5 14.5

-+- Slip +100%

15.5

Tme(hours)

16.5 17.5

(h) Nanakuli

17.5

--Original Source

16.5

-+- Slip +100%

15.5

Time (hours)

14.5

4.0,------------------------------,

g 3.0

l 2.0
~ 1.0
i 0.0 ...~~~~HHHH~~

I -1.0

J -2.0
.. -3.0
~ -4.0 +---..-------,------,.------.--------.-----.--------l

13.5

(i) Barber's Point

Figure 5.19 (g-i). Simulated tsunami wave height due to slip variation in South America.
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Figure 5.19 G-I). Simulated tsunami wave height due to slip variation in South America.
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Figure 5.19 (m-o). Simulated tsunami wave height due to slip variation in South America.
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Figure 5.20 (a-c). Simulated tsunami wave height due to slip variation in Aleutian Islands.
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Figure 5.20 (d-t). Simulated tsunami wave height due to slip variation in Aleutian Islands.
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Figure 5.20 (g-i). Simulated tsunami wave height due to slip variation in Aleutian Islands.

208



-+- Slip +100% - Original Source

4.0

E 3.0-
S

2.0

1.0..
0.0•j -1.0

8 -2.0
~ -3.0:::s
(I)

-4.0

3.0 4.0 5.0 6.0 7.0 8.0

Time (hours)

(j) Kaneohe

8.07.06.0

[-+- Slip +100% - Original Source I

5.04.0

4.0 -,----------------------------------.

g 3.0

'il 2.0

...= 1.0

li 0.0 ~~~~~~~"'"
j -1.0

't:
1 -2.0

-3.0
i -4.0 +--~--____r_--~-__,.....__-__,_--__r_--~-___,.-------l

3.0

Time (hours)

(k) Kailua

--+- Slip +100% - Original Source

3.0

g 2.0·

1 1.0...
l& 0.0

j
-1.0

!
~ -2.0
:::s
(I)

-3.0

3.0 4.0 5.0 6.0 7.0 8.0

Time (hours)

(1) Honolulu Harbor

Figure 5.20 (j-l). Simulated tsunami wave height due to slip variation in Aleutian Islands.

209



3.0

g 2.0 -+-- Slip +100% - Original Source

I 1.0•..I...
0.0•I -1.0

§
-2.0't:

;:,
U)

-3.0

3.0 4.0 5.0 6.0 7.0 8.0

TIme (hours)

(m) Koko Head
3.0

g 2.0 -+-- Slip +100% --Original Source

1 1.0
..I...

0.0•I -1.0
8
~ -2.0
;:,
U)

-3.0

3.0 4.0 5.0 6.0 7.0 8.0

Time (hours)

(n) Port Allen
3.0

g 2.0 --+- Slip +100% --Original Source

1 1.0
..I...

0.0•I -1.0
8
~ -2.0
;:,
U)

-3.0

3.0 4.0 5.0 6.0 7.0 8.0

Time (hours)

(0) Nawiliwili

Figure 5.20 (m-o). Simulated tsunami wave height due to slip variation
in Aleutian Islands.
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Figure 5.21 (a-c). Simulated tsunami wave height due to slip variation in Japan.
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Figure 5.21 (d-t). Simulated tsunami wave height due to slip variation in Japan.

212



4.0

g 3.0 ~Slip+100% - Original Source

E 2.0

..J 1.0
"- 0.0Gl

I -1.0

8 -2.0
~ -3.0
~

(I)
-4.0

6.0 7.0 8.0 9.0 10.0 11.0 12,0

Time (hours)

(g) Makua

4.0

g 3.0
~Slip+100% - Original Source

E 2.0

..J 1.0
"- 0.0Gl

I -1.0

8 -2.0
~ -3.0
~

(I)
-4.0

6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(h) Nanakuli

4.0

§: 3.0
~ Slip;.100% --Original Source

l 2.0
Gl 1.0..J
"- 0.0Gl

I -1.0

8 -2.0
~ -3.0
~
(I)

-4.0
6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(i) Barber's Point
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Figure 5.21 (m-o). Simulated tsunami wave height due to slip variation in Japan.
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Table 5.20. Leading tsunami wave height and percentage variation due to slip variation in
South America.

values m meters values m percentage, relative to ongmal source

Leading tsunami wave heighe % variation b

Location Original Slip +100% Slip +100%
Source

Big Island Hilo Bay 0.724 1.371 89.4
Kona 0.584 0.761 30.4

Maui North 0.819 1.462 78.5
South 0.918 1.535 67.2

O'ahu Sunset 0.462 0.767 66.0
Makua 0.667 0.960 43.9
Nanakuli 0.633 0.916 44.5
Barber's 0.667 0.897 34.6
Kaneohe 0.465 0.913 96.4
Kailua 0.506 0.986 94.8
Honolulu 0.775 1.338 72.8
KokoHd. 0.784 1.485 89.3

Kauai Port Allen 0.628 1.125 79.2
Nawiliwi1i 0.609 1.070 75.5

Deep Ocean 1.010 1.470 45.6
a b ..

Table 5.21. Leading tsunami wave height and percentage variation due to slip variation in
Aleutian Islands.

values m meters values m percentage, relative to ongmal source

Leading tsunami wave heighta % variation b

Location Original Slip +100% Slip +100%
Source

Big Island Hilo Bay 1.606 1.491 -7.2
Kona 0.575 0.426 -25.9

Maui North 2.663 2.033 -23.6
South 1.326 1.070 -19.3

O'ahu Sunset 1.598 1.233 -22.8
Makua 0.875 0.627 -28.4
Nanakuli 0.672 0.611 -9.1
Barber's 0.592 0.477 -19.4
Kaneohe 1.481 1.346 -9.2
Kailua 1.728 1.303 -24.6
Honolulu 1.180 1.064 -9.9
KokoHd. 1.232 0.947 -23.1

Kauai Port Allen 0.735 0.606 -17.6
Nawiliwili 0.825 0.636 -22.9

Deep Ocean 1.221 0.871 -28.7
a D ..
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values m meters values m percentage, relatIve to ongmal source

Leadine tsunami wave heiehe % variation b

Location Original Slip +100% Slip +100%
Source

Big Island Hilo Bay 0.974 1.548 59.0
Kona 0.934 1.244 33.1

Maui North 1.943 2.704 39.2
South 1.574 2.099 33.3

O'ahu Sunset 1.539 1.662 8.0
Makua 1.326 1.988 49.9
Nanakuli 1.174 1.775 51.2
Barber's 1.114 1.458 30.9
Kaneohe 1.292 1.554 20.2
Kailua 1.350 1.697 25.7
Honolulu 1.500 2.025 35.0
Koko Hd. 1.489 2.194 47.3

Kauai Port Allen 1.087 1.520 39.8
Nawiliwili 1.216 1.668 37.2

Deep Ocean 1.490 2.133 43.2
a b ..

Table 5.22. Leading tsunami wave height and percentage variation
due to slip variation in Japan.

5.8 Focal Depth

As the focal depth of the earthquake was varied the numerical stations around the

Hawai'ian Islands recorded an increase in the leading tsunami wave height as the focal

depth became deeper for source regions in Aleutian and South America. This general

trend however was reversed when the source region is from Japan. But for all source

regions, the deep ocean station recorded an increase.

Aleutian source region recorded the most significant change with 112%, 151% and

153% increase in the leading tsunami wave height for Sunset, Honolulu Harbor and Hilo

Bay, respectively, when the focal depth was shifted from 10 km and 93 km as seen in

Figure 5.22. Japan and South America source regions recorded a much less variation
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(Figures 5.23 and 5.24). Sunset station recorded a 21 % increase with 35% at Honolulu

Harbor and 29% at Hilo Bay for a source region from Chile. The leading tsunami wave

height at Sunset, Honolulu Harbor and Hilo Bay decreased by 13%, 25% and 18%,

respectively when the earthquake source is from Japan. Tables 5.23, 5.24 and 5.25 list the

recordings at all fourteen stations and the percent variation for South America, Aleutian

Islands and Japan source region, respectively.

Quite consistent with the numerical stations around the Hawai'ian Islands, Aleutian

source recorded the most significant increase of 139% in the leading tsunami wave height

at the deep ocean station when the focal depth was shifted from a shallower region of

10km to a deeper one of 93km.The variation for Japan and South America source regions

were not as significant. The deep ocean station for Chile earthquake source recorded a

6% increase and 15% for a Japan source. The absolute average variation of the leading

tsunami wave height around the Hawai'ian Islands is 25%, 22% and 125% for source

from Chile, Japan and Aleutian, respectively when the focal depth was shifted from a

shallow depth (lOkm) to a deeper region with a depth 93km.

The simulated results due to the variation of the earthquake's focal depth showed that

a shallower focal depth generated smaller waves for the same earthquake magnitude.

Since earthquake process involves a complex process further investigation is required to

address this issue.
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Figure 5.22 (a-c). Simulated tsunami wave height due to focal depth variation
in Aleutian Islands.
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Figure 5.22 (d-f). Simulated tsunami wave height due to focal depth variation
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Figure 5.22 (g-i). Simulated tsunami wave height due to focal depth variation
in Aleutian Islands.
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Figure 5.22 (i-I). Simulated tsunami wave height due to focal depth variation
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Figure 5.22 (m-o). Simulated tsunami wave height due to focal depth variation
in Aleutian Islands.
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Figure 5.23 (a-c). Simulated tsunami wave height due to focal depth variation in Japan.
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Figure 5.23 (d-t). Simulated tsunami wave height due to focal depth variation in Japan.

225



2.0

g
! 1.0

..J.. 0.0III

~
III -1.0u
~
~
t/)

-2.0
6.0 7.0 8.0 9.0

Time (hours)

10.0

to 33 km

- --+- -- 93 km

11.0 12.0

(g) Makua

2.0g ---+- 10km ~20km

Gi 1.0
~
..J..

0.0III

~
B -1.0
III
't:
~ -2.0 ,t/)

6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(h) Nanakuli

2.0

g ~20km to 33km

! 1.0

..J.. 0.0CIl

~
B -1.0
~
~
t/)

-2.0
6.0 7.0 8.0 9.0 10.0 11.0 12.0

Time (hours)

(i) Barber's Point

Figure 5.23 (g-i). Simulated tsunami wave height due to focal depth variation in Japan.
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Figure 5.23 (j-l). Simulated tsunami wave height due to focal depth variation in Japan.
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Figure 5.23 (m-o). Simulated tsunami wave height due to focal depth variation in Japan.
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Figure 5.24 (a-c). Simulated tsunami wave height due to focal depth variation
in South America.
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Figure 5.24 (d-f). Simulated tsunami wave height due to focal depth variation
in South America.
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Figure 5.24 (g-i). Simulated tsunami wave height due to focal depth variation
in South America.
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Figure 5.24 (i-I). Simulated tsunami wave height due to focal depth variation
in South America.
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Table 5.23(a). Leading tsunami wave height due to focal depth variation in South America.
Location Original lOkm 20kmo 33km 73km 93km

Source
53km

Big Island Hilo Bay 0.724 0.525 0.624 0.519 0.694 0.636
Kona 0.584 0.438 0.540 0.407 0.521 0.481

Maui North 0.819 0.606 0.715 0.571 0.766 0.683
South 0.918 0.668 0.808 0.728 0.906 0.846

O'ahu Sunset 0.462 0.329 0.396 0.388 0.458 0.443
Makua 0.667 0.468 0.555 0.500 0.636 0.582
Nanakuli 0.633 0.478 0.573 0.503 0.635 0.604
Barber's 0.667 0.475 0.556 0.514 0.655 0.611
Kaneohe 0.463 0.342 0.384 0.412 0.469 0.458
Kailua 0.506 0.376 0.431 0.442 0.506 0.492
Honolulu 0.734 0.567 0.668 0.618 0.757 0.731
KokoHd. 0.784 0.562 0.651 0.628 0.788 0.752

Kauai Port Allen 0.628 0.470 0.566 0.507 0.619 0.573
Nawiliwili 0.569 0.466 0.551 0.506 0.591 0.567

Deep Ocean 1.010 0.846 0.938 0.935 0.968 0.900
Note: all values in meters
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Table 5.23(b). Percentage variation due to rake angle variation in South America.
Location lOkm 20km 33km 73km 93km

Big Island Hilo Bay -32.1 -27.4 -13.8 -28.3 -4.2
Kona -48.0 -25.0 -7.5 -30.2 -10.8

Maui North -38.1 -26.0 -12.7 -30.3 -6.4
South -43.0 -27.2 -12.0 -20.7 -1.3

O'ahu Sunset -44.4 -28.8 -14.2 -15.9 -0.9
Makua -42.4 -29.9 -16.8 -25.1 -4.6
Nanakuli -40.8 -24.6 -9.6 -20.6 0.2
Barber's -42.8 -28.8 -16.6 -22.9 -1.8
Kaneohe -35.0 -26.2 -17.1 -11.0 1.4
Kailua -36.1 -25.7 -14.9 -12.7 0.0
Honolulu -37.6 -22.8 -8.9 -15.7 3.1
KokoHd. -39.7 -28.4 -17.0 -19.9 0.5

Kauai Port Allen -43.4 -25.2 -9.8 -19.2 -1.5
Nawiliwili -37.5 -18.1 -3.1 -11.0 3.8

Deep Ocean -34.7 -16.2 -7.1 -7.4 -4.1
Note: Percentage variation with respect to original source.
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Table 5.24(a). Leading tsunami wave height due to focal depth variation in Aleutian Islands.
Location Original lOkm 20kmo 33km 73km 93km

Source
53km

Big Island Hilo Bay 1.606 0.729 1.184 1.459 1.833 1.843
Kona 0.575 0.243 0.310 0.443 0.642 0.687

Maui North 2.663 1.176 1.600 2.086 2.831 2.712
South 1.326 0.670 0.859 1.106 1.422 1.490

O'ahu Sunset 1.598 0.725 0.856 1.278 1.637 1.543
Makua 0.875 0.407 0.499 0.747 0.861 0.795
Nanakuli 0.500 0.296 0.476 0.531 0.746 0.746
Barber's 0.592 0.265 0.391 0.523 0.603 0.625
Kaneohe 1.481 0.703 1.012 1.338 1.559 1.638
Kailua 1.728 0.775 0.914 1.387 1.796 1.731
Honolulu 1.180 0.516 0.778 0.899 1.307 1.295
KokoHd. 1.232 0.564 0.728 0.993 1.303 1.284

Kauai Port Allen 0.735 0.352 0.468 0.625 0.773 0.792
Nawiliwili 0.825 0.368 0.485 0.691 0.855 0.838

Deep Ocean 1.221 0.507 0.638 0.988 1.259 1.212
Note: all values in meters



Table 5.24(b). Percentage variation due to rake angle variation in Aleutian Islands.
---

Location lOkm 20km 33km 73km 93km
Big Island Hilo Bay -54.6 -26.3 -9.2 14.1 14.7

Kona -57.8 -46.1 -23.0 11.7 19.4
Maui North -55.8 -39.9 -21.7 6.3 1.9

South -49.5 -35.2 -16.5 7.3 12.4
O'ahu Sunset -54.6 -46.5 -20.0 2.5 -3.4

Makua -53.5 -43.0 -14.7 -1.6 -9.2
Nanakuli -40.9 -4.9 6.1 49.0 49.1
Barber's -55.3 -34.0 -11.8 1.8 5.5
Kaneohe -52.6 -31.7 -9.7 5.2 10.6
Kailua -55.1 -47.1 -19.7 3.9 0.2
Honolulu -56.3 -34.1 -23.8 10.8 9.7
KokoHd. -54.2 -40.9 -19.4 5.8 4.3

Kauai Port Allen -52.1 -36.4 -15.0 5.1 7.8
Nawiliwili -55.4 -41.2 -16.3 3.6 1.5

Deep Ocean -58.5 -47.8 -19.1 3.1 -0.7

N
W
-.l

Note: Percentage variation with respect to original source.



Table 5.25(a). Leading tsunami wave height due to focal depth variation in Japan
~-- ---- - ~- --

Location Original lOkm 20kmo 33km 73km 93km
Source
53km

Big Island Hilo Bay 0.974 0.988 0.995 0.924 0.879 0.806
Kona 0.934 0.928 0.945 0.896 0.831 0.743

Maui North 1.943 1.909 1.955 1.876 1.737 1.547
South 1.574 1.584 1.603 1.497 1.375 1.212

O'ahu Sunset 1.539 1.484 1.536 1.499 1.417 1.292
Makua 1.326 1.342 1.355 1.257 1.152 1.013
Nanakuli 1.174 1.190 1.200 1.113 1.017 0.891
Barber's 1.114 1.132 1.140 1.054 0.963 0.843
Kaneohe 1.292 1.248 1.289 1.256 1.180 1.068
Kailua 1.350 1.337 1.365 1.293 1.200 1.084
Honolulu 1.500 1.526 1.536 1.420 1.300 1.145
KokoHd. 1.489 1.528 1.531 1.402 1.274 1.108

Kauai Port Allen 1.087 1.098 1.109 1.033 0.946 0.830
Nawiliwili 1.216 1.225 1.239 1.155 1.060 0.933

Deep Ocean 1.490 1.182 1.182 1.378 1.462 1.361

tv
W
00

Note: all values in meters



Table 5.25(b). Percentage variation due to rake angle variation in Japan.
-- -- -

Location lOkm 20km 33km 73km 93km
Big Island Hilo Bay 1.5 2.2 -5.1 -9.7 -17.2

Kona -0.7 1.2 -4.1 -11.1 -20.5
Maui North -1.7 0.6 -3.4 -10.6 -20.4

South 0.6 1.9 -4.9 -12.6 -23.0
O'ahu Sunset -3.6 -0.2 -2.6 -8.0 -16.1

Makua 1.2 2.2 -5.2 -13.2 -23.6
Nanakuli 1.3 2.2 -5.2 -13.3 -24.1
Barber's 1.6 2.3 -5.4 -13.5 -24.3
Kaneohe -3.4 -0.2 -2.8 -8.7 -17.4
Kailua -0.9 1.1 -4.2 -11.1 -19.7
Honolulu 1.8 2.4 -5.3 -13.3 -23.6
KokoHd. 2.6 2.9 -5.8 -14.4 -25.6

Kauai Port Allen 1.0 2.0 -5.0 -13.0 -23.7
Nawiliwili 0.7 1.9 -5.0 -12.8 -23.3

Deep Ocean -20.7 -20.7 -7.5 -1.9 -8.6

tv
w
\0

Note: Percentage variation with respect to original source.



5.9 Chapter Summary

Varying each earthquake parameters and recording the simulated wave height at a

distant coastline tested the sensitivity of the leading tsunami wave height to the

earthquake source parameters. Results showed that varying the dip- and rake- angles did

not significantly increase the predicted leading tsunami wave height. Shifting the

epicenter recorded a significant variation and depended on the source region. A shift of ±

50 km in Japan and Aleutian Islands region puts the variation within acceptable limits.

U.S. West Coast and South America regions however showed a larger tolerance of ± 200

km. Strike angle which focuses the direction of the tsunami energy showed a significant

variation in the predicted leading tsunami wave height when varied. Slip displacement

and fault dimension variation seemed to be dependent on the source location. Significant

variation was found for the slip displacement if the source regions are from Japan and

South America while a source from Aleutian Islands showed a lesser degree. Generally,

varying the fault length caused more significant change in the predicted leading tsunami

wave height as compared to variation in the fault width. A Japan source region however,

showed comparable results between fault length or fault width variation. Focal depth

variation results showed some contradictions. A shallower focal depth should generate

higher leading tsunami wave height in comparison to a deeper depth however, simulated

results showed otherwise. Generation of earthquake is a very complex process; the

predicted results by varying the focal depth parameter required further investigation.
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CHAPTER 6

PROBABILISTIC RISK ANALYSIS

Determining the risk (return period) of tsunami inundation and run-up at a specific

coastal area due to distant tsunamis can be determined by applying the proposed

statistical approach. The proposed statistical method links the probability of tsunami

inundation/run-up in a particular coastal area with the earthquake source statistics in the

Pacific Basin. For validation purposes, the coastal area of Hilo Bay, Hawai'i will be used

as a case study. Detailed results obtained using this proposed method will be described in

this chapter.

6.1 Earthquake Statistics

Results from the sensitivity analysis of the earthquake parameters showed that the

epicenter shift was more sensitive when the source region is from the Aleutian Islands

and Japan compared with that from South America and U.S. West Coast. It can be seen

from Chapter 4.1 that an epicenter shift of ±50krn (i.e. within 100 krn) did not cause any

significant variations in the leading tsunami wave near the Hawai'ian Islands for a source

region from Aleutian Islands and Japan. U.S. West Coast and South America, a shift of

±200 krn or less would not cause significant changes. Only a northward shift was tested

for the epicenter shift in South America since it is obvious that a southward shift will

reduce the leading tsunami wave height around the Hawai'ian Islands. The strike angle

sensitivity analysis (Section 4.4) showed a significant effect of a 10° variation. Based on
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the earthquake sensitivity analysis (Chapter 4), the Pacific Rim was then divided into

many earthquake source blocks.

The earthquake source blocks do not represent the fault dimension of the simulated

earthquakes. The block width designates the limiting shift of the epicenter along the

width of the source blocks that will not cause significant variation in the simulated

leading tsunami wave height. The Pacific Rim regions selected where the source blocks

were assigned are Aleutian Islands, Canada, Japan, Kuril, Mexico and South America.

These regions are the most likely places for earthquakes that can affect the Hawai'ian

Islands based on historical data and consultations with Drs. Barbara Keating and Gerard

Fryer (personal communication 2004).

The width of the source blocks along the Aleutian Islands, Kuril and Japan regions

was set at 100km (±50km) while those along Canada, Mexico and South America were at

350km (±175km). The earthquake source blocks were defined along the existing known

fault lines. Although the limiting widths of the earthquake source blocks have been

defined, some blocks will have an even smaller width. This is because the strike angle

sensitivity showed a significant effect of a 10° variation, thus some of the source block's

width had to be smaller to account for the directional variation of the existing known

fault lines as seen in Figure 6.1. A directional variation in the existing known fault line

should be seriously taken into account. If the strike angle of the earthquake fault area is

pointing directly to a specific coast of interest, it is obvious that it will be receiving

majority of the tsunami's energy as compared when it is not pointed in its direction.
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An earthquake of magnitude 7.5 has the potential to generate a transoceanic tsunami

in the Pacific Basin (Furomoto, 1991). Based on this, those earthquake source blocks that

do not have any earthquake magnitude of at least 7.5 for the past 100 years (1900 - 2001)

were removed leaving a total of 61 earthquake source blocks as shown in Figure 6.2.

Earthquake data for the past 100 years (1900 - 2001) that fell on a specific source block

was then used for earthquake probability calculation. The block numbering are not in a

clockwise or counter-clockwise order, it is numbered according to which blocks were

simulated first.

Having defined the total number of earthquake source blocks and recorded the

earthquake data for the past 101 years within each block, the data was then fitted with the

Gumbel distribution (in reduced variate) and Weibull distribution. The yearly extreme

earthquake magnitude is selected to fit the earthquake data for each source block.

However, there are some years where data is not available. This does not mean that no

earthquake of any magnitude ever occurred. To fill in the data gaps, an earthquake

magnitude ranging from 1.0 to 4.0 was randomly generated on a computer. This is

reasonable since we are well aware that the tectonic plates are constantly moving and

seismograph would never record a completely flat line. The data in each source block

was then fitted with a Gumbel distribution (reduced variate) and Weibull distribution, as

shown in Figure 6.3 and 6.4 respectively. To test the goodness of fit, R2 was computed

for both Gumbel distribution (reduced variate) and Weibull distribution and the values

are indicated on each source block in Figures 6.3 and 6.4. The R2 value would range from
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oto 1 where 1 indicates a perfect fit. Comparing all 61 source blocks showed that 90% of

the Weibull distribution had a higher R2 value as compared to that of Gumbel distribution

(reduced variate) indicating that Weibull distribution had a better fit. The test for Weibull

showed a value ofmore than 0.92 for R2 for a1161 source blocks where 87% were 0.95 or

more. Gumbel distribution (reduced variate) however showed that 26% were below 0.9

(ranging from 0.79 to 0.89) with only 33% having value of 0.95 or more. It can be seen

from Figures 6.3 and 6.4 that some of the earthquake data, especially the lower

magnitudes, deviates far from the distribution line. This will not be of much concern

since the earthquake magnitudes that will be used in the simulation would be 7.9 or larger

(Section 6.2). However, the deviation on the larger earthquake magnitude would either

overestimate or underestimate the earthquake's probability.

Figure 6.1 Pacific Basin with earthquake source blocks.
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Figure 6.2 Pacific Basin with final earthquake source blocks.
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Figure 6.3(f). Gumbel probability distribution for source blocks 15-17.
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Figure 6.3(g). Gumbel probability distribution for source blocks 18-20.
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Figure 6.3(h). Gumbel probability distribution for source blocks 21-23.

252



14

i R2 =0.8593 • Data ____ Gumbel Distnbution
12

tS'

" 10~
~ 8.. •~
~ 6

.:.II..
::I 4c:r Recurrence Interval (years)
~.. 2 2.33 25 50 100 202
roil I I I0

-2 -1 0 2 3 4 5 6

Reduced Variate

Block 24

14

i R2 =0.8611 • Data ___ Gumbel Distribution
12

tS'

" 10::I
~

~ 8 •
~
~ 6 -

.:.II..
::I 4c:r

Recurrence Interval (years).c::I
t: 2.. 2.33 25 50 100 202roil

0 I I

-2 -1 0 2 3 4 5 6

Reduced Variate

Block 2S

14

i 12
R2 =0.8689 • Data ____ Gumbel Distnbution

tS'

" 10::I
;t=
III

8u •~ •
~ 6 -

.:.II..
::I 4 1.01c:r
~ 2

Recurrence Interval (years)

~ • •• 233 25 50 100 202
0 I I

-2 -1 0 2 3 4 5 6

Reduced Variate

Block 26
Figure 6.3(i). Gumbel probability distribution for source blocks 24-26.
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Figure 6.30). Gumbel probability distribution for source blocks 27-29.
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Figure 6.3(k). Gumbel probability distribution for source blocks 30-32.
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Figure 6.3(1). Gumbel probability distribution for source blocks 33-35.
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Figure 6.3(m). Gumbel probability distribution for source blocks 36-38.
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Figure 6.3(n). Gumbel probability distribution for source blocks 39-41.
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Figure 6.3(0). Gumbel probability distribution for source blocks 42-44.
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Figure 6.3(p). Gumbel probability distribution for source blocks 45-47.
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Figure 6.3(q). Gumbel probability distribution for source blocks 48-50.
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Figure 6.3(r). Gumbel probability distribution for source blocks 51-53.
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Figure 6.3(s). Gumbel probability distribution for source blocks 54-56.
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Figure 6.3(t). Gumbel probability distribution for source blocks 57-59.
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Figure 6.3(u). Gumbel probability distribution for source blocks 60-62.
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Figure 6.4 (a). Weibull probability plots for Blocks 1-4.
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Figure 6.4 (b). Weibull probability plots for Blocks 5-8.
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Figure 6.4 (C). Weibu11 probability plots for Blocks 9-12.
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Figure 6.4 (d). Weibull probability plots for Blocks 14-17.
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Figure 6.4 (e). Weibull probability plots for Blocks 18-21.
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Figure 6.4 (t). Weibull probability plots for Blocks 22-25.
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From the two probability distributions, Gumbel in reduced variate and Weibull, the

probability of occurrence for a specific earthquake magnitude can be determined. The

historical earthquake data used in this study is only 101 years (1900 to 2001); the

distribution for both Gumbel and Weibull distributions were set to predict up to twice

(202 years) that of the available data of 101 years, which is commonly practiced.

Although new theories and equations are currently being developed to extend beyond this

limitation, it is not the scope of the current study. With two probability distributions

available, the specific earthquake magnitude will be determined once the inundation 

run-up - response curve is determined in Section 6.2.

6.2 Tsunami Run-up - Inundation from each Earthquake Source Block

According to the Hawai'i State Civil Defense Tsunami Guidelines, an earthquake

magnitude of 7.9 or larger will put the State of Hawai'i on Pacific-Wide tsunami alert.

Based on this guideline, tsunamigenic-earthquakes with magnitudes of 7.9, 8.5 and 9.0

were then generated at each source block in the simulations. The earthquake magnitude

was limited to a 9.0 since historical data showed that the highest magnitude was less than

a 9.0 in the Pacific Basin. Although a magnitude 9.3 (1960 Chile) did occur (source block

40), it occurred only once for the past 101 years. The predicted inundation for the 1960

Chile tsunami will be included in the statistical analysis as reflected in the response curve

in section 6.3. The length of the fault area was set to be larger as compared with the fault

width as found from the sensitivity analysis of the leading tsunami wave height to that of

the earthquake source parameters and the dimensions selected are possible combinations

based on historical records (Geist, 1999). With a selected fault dimension and assuming
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an average shear modulus 4.0 x 1010
, the slip value was then determined using Equation

2.15. The strike angle value will depend on the orientation of the existing known fault

line at the specific source block being simulated. In general, a shallower focal depth

should generate a larger initial tsunami wave as compared with one at a deeper region.

For this simulation the focal depth was set at a shallower region. The remaining

earthquake source parameters, rake- and dip- angle were based on the 1960 Chile source

parameters (Kanamori and Cipar, 1974). The source parameters for earthquake

magnitudes of7.9, 8.5 and 9.0 used in the simulation are shown in Table 6.1.

Table 6.1. Source parameters for risk analysis simulations.
Earthquake Earthquake Earthquake Earthquake

Parameter Mw =7.9 Mw =8.5 Mw =9.0

Dip angle 10° 10° 10°

Rake angle 90° 90° 90°

Focal depth (km) 15 15 15

Slip (m) 12 20 25

Fault length (km) 55 100 450

Fault width (km) 30 80 100

A test on the effect of domain size was conducted on layers 2,3 and 4 in Section 3.4.

It was found that all Hawai'ian Islands should be included in layer 2 to take into account

the inter-island effects on the tsunami waves. Varying layer 3 by 0.4° showed no effect

on the final inundation on layer 4. There was a difference on the simulated inundation

when layer 4 was reduced by 0.4° in both latitude and longitude especially on the lower
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earthquake magnitudes of 7.9 and 8.5. To take into account this difference numerical

simulation using both small and large domain on layer 4 were performed.

With the tsunamis generated at each source block, the simulated inundation and run

up were then recorded at Hilo Bay, which is the case study for the proposed risk

methodology. Caution should be taken in providing a risk value of tsunami inundation

and run-up for a coastal region. Tsunami is not only a function of the generating source

but also of the local bathymetry of the coast being studied. It is obvious that a steep slope

will record a high run-up value and small inundation while a mild slope would record the

opposite (i.e. a low run-up value but larger inundation). Therefore, a maximum run-up

value does not indicate that the maximum inundation occurs at that point. In a similar

argument, the maximum inundation point does not indicate a maximum run-up in the

area.

The simulated maximum inundation at Hilo Bay based on three earthquake

magnitudes (7.9, 8.5 and 9.0) from all 61 source blocks covering Japan, Kuril, Aleutian

Islands, Canada, Mexico and South America are shown in Figures 6.5 and 6.6. The

maximum inundation figures are arranged according to increasing earthquake magnitude

(Mw = 7.9, 8.5 and 9.0) and from source blocks 01 to 62. The blocks were numbered

from 01 to 62, by personal choice the number 13 was skipped thus totally there were 61

source blocks. Figure 6.5 shows that maximum inundation using a large domain for layer

4 while Figure 6.6 shows the maximum inundation for earthquake magnitudes 7.9 and 8.5
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Figure 6.5 (h). Simulated inundation using large domain for layer 4 - blocks 16-17.

292



'"" 1011

000 "lO

>OIl 000

... 400

,)lD :lOll

""" 200

'00 '00

"" "'" :lOG ... 5011 ... ,..
"'" :IlIO :lOG .. I0Il IIOlI "'"

Block 18, Mw = 7.9 Block 19, Mw = 7.9

'"" '""
...
~ 000

... coo

... !IIIO

...,
"'"

'.. '00

'00 "'" ... ... "'" ... ,..
'00 "" ... ... "'" 100 "'"

Block 18, Mw = 8.5 Block 19, Mw = 8.5

'l>O 100

... OlIO

"" 000

- ...
"'" W

l<lO

"""
'00 100

'OIl D JIIO ... SIlO lOCI 1011 '00 """ :lOll ... !IIIO .. ...
Block 18, Mw = 9.0 Block 19, Mw = 9.0

Legend: Blue - original coast line, Red - inundation result. X- and Y-axis =number ofgrids

Figure 6.5 (i). Simulated inundation using large domain for layer 4 - blocks 18-19.
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Figure 6.5 (k). Simulated inundation using large domain for layer 4 - blocks 22-23.
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Figure 6.5 (m). Simulated inundation using large domain for layer 4 - blocks 26-27.
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Figure 6.5 (n). Simulated inundation using large domain for layer 4 - blocks 28-29.
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Figure 6.5 (0). Simulated inundation using large domain for layer 4 - blocks 30-31.
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Figure 6.5 (P). Simulated inundation using large domain for layer 4 - blocks 32-33.

300



700 7lIO

""" ...
... "'"
... <DO

lOD >00

"'" "'"
llIll lOCI

'IJO m: 1IJlI "'" 5lJC """ 700 taO ... OlIO ... .. 000 ...
Block 34, Mw = 7.9 Block 35, Mw = 7.9

1W JOQ

... 1500

"'" "'"
... «<l

lOO ""
"'" 'lIllll

'IJO lOll

,'" :zoo :lOll ... OUO ... ",,- '.. "'" ... ... "" ... ....

Block 34, Mw = 8.5 Block 35, Mw = 8.5

7lIO 7il!1

... ...
:\OIl :\OIl

<00 ""
:lOll "'"
:lOll "'"
lOG 'OCI

taO ;lllO :lOll "'" >DO ... 700 '10 - - 4CIO IGD .. ..
Block 34, Mw = 9.0 Block 35, Mw = 9.0

Legend: Blue - original coast line, Red - inundation result. X- and Y- axis = number of grids

Figure 6.5 (q). Simulated inundation using large domain for layer 4 - blocks 34-35.
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Figure 6.5 (r). Simulated inundation using large domain for layer 4 - blocks 36-37.
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Figure 6.5 (s). Simulated inundation using large domain for layer 4 - blocks 38-39.
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Figure 6.5 (t). Simulated inundation using large domain for layer 4 - blocks 40-41.
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Figure 6.5 (u). Simulated inundation using large domain for layer 4 - blocks 42-43.
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Figure 6.5 (v). Simulated inundation using large domain for layer 4 - blocks 44-45.
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Figure 6.5 (w). Simulated inundation using large domain for layer 4 - blocks 46-47.
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Figure 6.5 (x). Simulated inundation using large domain for layer 4 - blocks 48-49.
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Figure 6.5 (y). Simulated inundation using large domain for layer 4 - blocks 50-51.
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Figure 6.5 (z). Simulated inundation using large domain for layer 4 - blocks 52-53.
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Figure 6.5 (aa). Simulated inundation using large domain for layer 4 - blocks 54-55.
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Figure 6.5 (ab). Simulated inundation using large domain for layer 4 - blocks 56-57.
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Figure 6.5 (ac). Simulated inundation using large domain for layer 4 - blocks 58-59.
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Figure 6.5 (ad). Simulated inundation using large domain for layer 4 - blocks 60-61.
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Figure 6.5 (ae). Simulated inundation using large domain for layer 4 - block 62.
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Figure 6.6 (a). Simulated inundation using small domain for layer 4 - blocks 1-3.
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Figure 6.6 (b). Simulated inundation using small domain for layer 4 - blocks 4-6.
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Figure 6.6 (c). Simulated inundation using small domain for layer 4 - blocks 7-9.
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Figure 6.6 (h). Simulated inundation using small domain for layer 4 - blocks 23-25.
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Figure 6.6 (P). Simulated inundation using small domain for layer 4 - blocks 47-49.
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332



1110 1110

... ...

... ...
<all ..0

""" 300

"" "'"
'00 '00

lOO 2110 :lOG 'O!l ... ... ,ao lOll ,.. ... IIlII ... - ,..

Block 53, Mw = 7.9 Block 53, Mw = 8.5

Ial 7011

o<lO ...
... ...
000 400

3IlO 30lI

lllO l:IIO

'00 'Oll

lGO 1OO ,.. ... soo ... Ial lGO "'" ... 100 ... lOll 100

Block 54, Mw = 7.9 Block 54, Mw = 8.5

roo 7lIO

IQII ""
.... ....
... .... .
)011 >lIl>

* "'"
'00 ,oa

,GO 200 :llIO IIlII ... lOll 1011 1'iC ... ,.. - ... lOll "'"

Block 55, Mw =7.9 Block 55, Mw =8.5
Legend: Blue - original coast line, Red - inundation result. X- and Y- axis = number of grids
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Figure 6.6 (u). Simulated inundation using small domain for layer 4 - block 62.

using a smaller layer 4 domain. The plots for an Mw = 9.0 for a smaller domain was

omitted since the simulated inundation was the same as that for the larger layer 4 domain.

Using either a small domain or large domain for layer 4, the simulated results show a

very clear representation on which areas will constantly be inundated regardless of the

source location and earthquake magnitude. Figure 6.7 shows the map ofHilo Bay. As can

be seen in the predicted simulations, Bayfront Beach Park, coastal areas of Liliuokalani

Gardens Golf Course and Reeds Bay and pier area are inundated. These areas are low-

lying areas thus inundations due to tsunami attacks are expected. The western coast of

Hilo Bay however, showed very little inundation from all 61-source blocks. This is due to

the fact that this part of Hilo Bay has a much steeper slope as compared with that of the

Bayfront Beach Park. The inundation at this section is small but since the slope is much

steeper then the run-up values will be much larger than those on the Bayfront Beach Park

areas. This is a clear example that maximum run-up does not indicate maximum

inundation and both maximum run-up and maximum inundation should be presented in
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any tsunami disaster report. It can also be noticed that the presence of the breakwater did

not help to minimize the destructive effects of the tsunami waves as seen from the

simulated results. Bayfront Beach Park in most cases is always inundated. As the tsunami

wave hits the coast. it enters Wailoa River causing the water to overflow at its banks also

with Waikea Pond. Historical records ofboth the 1946 Aleutian and 1960 Chile tsunamis

also showed that the breakwater was not able to minimize the destructive effects of the

tsunami waves.

20 meter contour

P')t.~/

Figure 6.7 Map ofHilo Bay. Hawai'i.

From the simulated results, it can be clearly seen that the larger earthquake magnitude

(Mw = 9.0) generated a larger inundation as compared with an earthquake magnitude of
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7.9 and 8.5. This is reasonable since a larger earthquake magnitude transfers more energy

to the generated tsunami wave. A smaller earthquake magnitude transfer less energy thus

the generated tsunami will not have the sufficient energy to cause devastating effects on a

distant coastline.

Besides the earthquake magnitude relationship, the location of the earthquake source

generating the tsunami and the strike angle of the fault are also a factor. The strike angle

direction is where the tsunami energy will be focused. If it is pointing toward the island

where the coast of interest is then it is expected that there will be more inundation since

the tsunami energy is directed toward it and this is confirmed from the simulated results

from all 61 source blocks.

Starting from the Japan side, about half of the source blocks have a strike angle that

focus towards the Hawaiian Islands. As can be seen in Figure 6.2, blocks 51, 52 and 55

are more directed towards the islands with the remaining blocks are not. These blocks

generated a larger inundation as compared with other blocks in Japan region especially

for a larger earthquake magnitude as confirmed in the simulated results (Figures 6.5 and

6.6). Liliuokalani Gardens Golf Course is totally inundated for source blocks 51, 52 and

55 while the remaining blocks either inundated only the coastal areas or portions of the

Golf course area. Having a milder slope as compared with Liliuokalani Gardens Golf

Course, Bayfront Park is constantly inundated for earthquake magnitudes of 8.5 and 9.0.

The lowest magnitude of 7.9 simulated did not have sufficient energy to generate large
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inundation thus most of the source blocks, with the exception of blocks 51, 52 and 55,

showed either inundation close to the coastline or none at all.

Moving towards Kuril region, fifteen blocks were assigned from blocks 14 to 28.

Relative to the Hawai'ian Islands, Kuril is located on the far northwest side. The strike

angles of the source blocks in this region are generally pointing in the direction of the

Hawaiian Islands. Source blocks 14 to 21 simulated a larger inundation at Hilo Bay as

compared with that of blocks 22 to 28 for earthquake magnitudes of 8.5 and 9.0. This is

attributed to the fact the blocks 22 to 28 have a strike angle that is directed away from the

Hawai'ian Islands. For a lesser earthquake magnitude (Mw =7.9) the simulated

inundation either using a small domain or large domain for layer 4 showed a very

minimal inundation all along the coast ofHilo Bay for blocks 22 to 28.

For source blocks in the Aleutian region which is to the far north of the Hawai'ian

Islands, blocks 01 to 06 are directly facing the northern coasts of the Hawai'ian Islands

(Figure 6.2). Blocks 07 to 12 are located on the far West of the Hawai'ian Islands and not

directly facing its northern shores. However, the orientation of the fault line, "strike

angle", of block 01 is directed away from the Islands. Starting with block 02 up to 06 the

blocks epicenter gets closer to the Hawaiian Islands with the strike angle focusing more

towards it. Simulated results show that for an earthquake magnitude of 9.0, sourced block

01 produces less inundation as compared with source block 02. This is due to the

epicenter and strike angle of the fault line of source block 01 as previously mentioned. As

the epicenter gets closer to the islands and as the strike angle focuses towards it, the
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maximum inundation increases for the same earthquake magnitude of9.0. As can be seen

in Figures 6.5 and 6.6 (inundation maps), the inundation limit increases from block 02 to

05. As the source block moves away from the Hawaiian Island, starting with block 06 to

12, and with the strike angle focusing away, the inundation limit reduces. This is due to

the fact that the tsunami energy is no longer focused towards the Hawaiian Islands.

However, if the strike angle of source block 07, for example, is oriented in such a way

that it is focused towards the Hawaiian Island then definitely the inundation limit would

be more than that shown in Figures 6.5 and 6.6 (source block 07). The effect of the

block's location and strike angle holds true even for earthquake magnitudes 7.9 and 8.5.

Blocks 42 and 43 are both located in Canada region has a fault orientation that faces

directly towards the Hawaiian Islands similar to that of block 04. This focuses the

tsunami energy directly and as seen in Figure 6.2, the maximum inundation for an

earthquake magnitude of 9.0 for both source blocks is extensive especially for an

earthquake magnitude of 9.0 for source block 43. The strike angle of block 43 focuses

between the islands of Hawai'i and Maui and this would put Hilo Bay almost directly in

the path of the tsunami waves. As expected the lesser earthquake magnitudes (7.9 and

8.5) generated lesser inundation as shown in Figures 6.5 and 6.6.

In Mexico region, seven source blocks were assigned numbered from blocks 44 to 50.

As shown in Figure 6.2, the fault's orientations are directed away from the Hawai'ian

Islands. Although the tsunami's energy is not directly focused towards the islands, a

significant portion of Hilo Bay was inundated as shown in the simulated results (Figure
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6.5) especially for an earthquake magnitude of 9.0. This is attributed to the proximity of

the source blocks to the Hawai'ian Islands. If a coastal area is close to the tsunami source

region, it is logical to expect extensive tsunami inundation even if it is not directly in the

path of the tsunami's energy. Looking at the simulated results for source blocks 44 to 50,

it can be clearly seen that as the tsunami source region moves away from the coast of

interest (Hilo Bay for this case), the simulated maximum inundation reduces. The

inundation limit of source block 44 is much more as compared with that of block 50

which is further away from the Hawai'ian Islands.

Source blocks 29 to 41 were assigned for South America region where the orientation

of blocks 30 to 34 fault line is directed away from the Hawai'ian Islands (Figure 6.2).

Block 29 is facing towards the Hawai'ian Islands, although blocks 35 to 41 are on the

lower part of South America, the fault's orientation places the Hawai'ian Island along its

path. It should be noted that the earthquake source of the 1960 Chile tsunami that caused

extensive damage to Hilo Bay was located in source block 40. The simulated inundations

show that the blocks 31 to 34 have less inundation as compared to that of blocks 29 and

35 to 41 (Figure 6.5). However, Bayfront Park again was constantly inundated for all

source blocks in South America with earthquake magnitudes of 7.9, 8.5 and 9.0. The

exception is only that from block 34 for an earthquake magnitude of 7.9 where very

minimal inundation occurred along the coast of Hilo Bay. Other than have a smaller

earthquake magnitude, the fault line ofblock 34 is more focused towards New Zealand.
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6.3 Tsunami Run-up - Inundation - Earthquake Response Curve

From the simulated results based on three earthquake magnitude and from all 61

source blocks, it can be seen that the extent of inundation varies along the coast of Hilo

Bay. This is because of the bathymetry and topographic profile of Hilo Bay, which is one

factor that determines the extent of inundation. The western coast of Hilo Bay has a

steeper slope compared with that on the southern side (Mooheau Park to the Pier areas).

Thus, the extent of inundation on the west coast of Hilo Bay is much less as that of the

south coast. However, the run-up values would definitely be higher on the west coast than

that of the south coast. Due to the variability of the topography, it would be misleading to

provide only one inundation or run-up probability for the entire region of Hilo. As can be

seen in Figure 6.7, the 6 meter (20 feet) contour line on the west coast of Hilo Bay is

about 25 meters from the coastline while at the Pier area the same contour line is much

further away about 700 meters. If a probability was given for Hilo Bay and was based on

the west coast of Hilo Bay, which has a steeper slope, the information would definitely

mislead those on the southern coast that has a milder slope.

Providing a probability value that is more representative of a region, the coastal areas

can be divided into coastal strips of pre-defined width. This way, the variability of the

slope can be taken into account. Also, probability of both inundation and run-up should

be provided. Both inundation and run-up would provide a clearer view on the extent of

the tsunami waves attacking the specific coastal area. Since the major objective of this

study is to demonstrate the proposed risk assessment methodology, one location will be

selected inside Hilo Bay. The point selected is along the coast of Liliuokalani Gardens
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Golf Course as shown in Figure 6.8. The location was selected because it is populated by

hotel properties and tsunami hazard risk analysis would be ofinterest to such and area.

~ selected transect

155.066583"W,
19.72717"N

Figure 6.8 (a). Selected transect at Hilo Bay, Hawai'i.
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Figure 6.8 (b). Selected transect profile.
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Base on the line drawn from the point selected along the coast (Figure 6.8, (a,b)), the

location of the maximum inundation that occurred along the selected transect can be

recorded for all the tsunamis generated from 61 source blocks based on three earthquake

magnitudes (Mw = 7.9, 8.5 and 9.0). The distance from the selected point along the coast

to the point of maximum inundation can be easily calculated and the run-up value

recorded based on the topographic data. From one source block and three earthquake

magnitudes simulated, a run-up - inundation - earthquake response curve can be

generated for each source block. By applying the response curve, we can then determine

the specific earthquake magnitude that could generate a specific run-up or inundation

value for each earthquake source block. The generated run-up -inundation - earthquake

magnitude response curves for all 61-source blocks are shown in Figures 6.9, 6.10, 6.11

and 6.12.

Two sets of response curve were generated since two different domain size of layer 4

were simulated for earthquake magnitude of 7.9 and 8.5. The response curve shown in

Figures 6.9 and 6.10 used a small domain for layer 4 for earthquake magnitudes 7.9 and

8.5 while that in Figure 6.11 and 6.12 uses a bigger domain for layer 4. For the case of an

earthquake magnitude of9.0, the simulated tsunami inundation/run-up was based on a big

layer 4 since no significant variation was found. It should be noted that the response

curve generated (Figures 6.9, 6.10, 6.11 and 6.12) is unique for the specific transect

selected (Figure 6.8 (a,b)) and cannot be used for any other areas in Hilo Bay. The

generated response curve provides a clear representation on the required earthquake

344



magnitude to be able to generate a specific inundation or run-up value from a specific

source block.
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Figure 6.9 (a). Inundation response curve - small domain for layer 4 - blocks 1-8.
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Figure 6.9 (b). Inundation response curve - small domain for layer 4 - blocks 9-17.
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Figure 6.9 (c). Inundation response curve - small domain for layer 4 - blocks 18-25.
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Figure 6.9 (d). Inundation response curve - small domain for layer 4 - blocks 26-33.
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Figure 6.9 (e). Inundation response curve - small domain for layer 4 - blocks 34-41.
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Figure 6.9 (t). Inundation response curve - small domain for layer 4 - blocks 42-49.
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Figure 6.9 (g). Inundation response curve - small domain for layer 4 - blocks 50-57.
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Figure 6.9 (h). Inundation response curve - small domain for layer 4 - blocks 58-62.
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Figure 6.10 (a). Run-up response curve - small domain for layer 4 - blocks 1-8
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Figure 6.10 (b). Run-up response curve - small domain for layer 4 - blocks 9-17
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Figure 6.10 (C). Run-up response curve - small domain for layer 4 - blocks 18-25
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Figure 6.10 (d). Run-up response curve - small domain for layer 4 - blocks 26-33.
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Figure 6.10 (e). Run-up response curve - small domain for layer 4 - blocks 34-41.
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Figure 6.10 (t). Run-up response curve - small domain for layer 4 - blocks 42-49.
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Figure 6.10 (g). Run-up response curve - small domain for layer 4 - blocks 50-57.
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Figure 6.10 (h). Run-up response curve - small domain for layer 4 - blocks 58-62.
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Figure 6.11 (a). Inundation response curve - large domain for layer 4 - blocks 1-8
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Figure 6.11 (b). Inundation response curve - large domain for layer 4 - blocks 9-17.
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Figure 6.11 (c). Inundation response curve -large domain for layer 4 - blocks 18-25.
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Figure 6.11 (d). Inundation response curve -large domain for layer 4 - blocks 26-33.
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Figure 6.11 (e). Inundation response curve - large domain for layer 4 - blocks 34-41.
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Figure 6.11 (t). Inundation response curve -large domain for layer 4 - blocks 42-49.
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Figure 6.11 (g). Inundation response curve -large domain for layer 4 - blocks 50-57.
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Figure 6.11 (h). Inundation response curve - large domain for layer 4 - blocks 58-62.
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Figure 6.12 (d) Run-up Response Curve - Large Domain for Layer 4 - Blocks 26-33.
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Figure 6.12 (e) Run-up Response Curve - Large Domain for Layer 4 - Blocks 34-41.
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Figure 6.12 (f) Run-up Response Curve - Large Domain for Layer 4 - Blocks 42-49.
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Figure 6.12 (g) Run-up Response Curve - Large Domain for Layer 4 - Blocks 50-57.
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Figure 6.12 (h) Run-up Response Curve - Large Domain for Layer 4 - Blocks 58-62.
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Based on the simulated results as shown in Figures 6.9, 6.10, 6.11 and 6.12, some source

blocks show a mild or steep slope between earthquake magnitudes. A mild slope

indicates that a larger earthquake magnitude would not induce a significant increase in

inundation while a steeper slope means that a significant increase in inundation will

occur.

6.4 Probability of Tsunami Run-up and Inundation

Earthquake data for the past 101 years (1900 to 2001) was used to calculate the

probability of earthquake occurrences on each source. The Gumbel (in reduced variate)

and Weibull probability distributions were used to fit the earthquake data. The tests

showed that the 87% of the earthquake source blocks had an R2 value of 0.95 or more

when the earthquake data was fitted with Weibull distribution as compared with only

33% for the Gumbel (reduced variate). Fitting a Weibull distribution to the earthquake

data showed that all 61 source blocks had an R2 of more than 0.9 whereas Gumbel

(reduced variate) distribution was only 74%. This shows that the Weibull distribution to

the earthquake data had a better fit as compared with Gumbel (reduced variate). Although

Weibull distribution had a better fit, both distributions will still be used to calculate the

probability of tsunami run-up and inundation for comparison and validation with

historical records.

Tsunamigenic earthquakes based on the three earthquake magnitudes (Mw = 7.9, 8.5

and 9.0) were generated from each source block. From the selected transect (Figure 6.8)

along the coast of Liliuokalani Gardens Golf Course, the maximum inundation and
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maximum run-up values of the tsunami waves were then recorded. With three earthquake

magnitudes simulated for each source block, an earthquake magnitude - inundation 

run-up response curve was generated (Figures 6.9, 6.10, 6.11 and 6.12). From the

response curve, the specific earthquake magnitude that can generate a specific inundation

or run-up value can be easily detennined for a specific source block. With the earthquake

magnitude known, we can then use both Gumbel (reduced variate) and Weibull

distributions to detennine its probability for the specific source block. This procedure

will be conducted for all 61-source blocks that were simulated.

Both Gumbel (reduced variate) and Weibull distributions were used with the

inundation and run-up response curve to obtain the return period for a specific inundation

or run-up. The earthquake data covered 101 years and the predicted return period was

restricted to twice that i.e. 202 years as commonly practiced. Using an interval of 100

meters for the inundation the resulting return periods for a large domain for layer 4 using

Weibull distribution and Gumbel (reduced variate) are listed in Table 6.2 and 6.3 and

shown in Figures 6.13 and 6.14, respectively. For the case of a small layer for layer 4 the

return period are shown in Table 6.4 and Figure 6.15 for Weibull distribution and Table

6.5 and Figure 6.16 for Gumbel (reduced variate). The return period for run-up was also

calculated using and interval of 0.2 meters for both Weibull and Gumbel (reduced

variate) distributions for a large and small layer 4 domain. With a large domain for layer

4, the run-up return period using an interval of 0.2 meters was computed for both Weibull

and Gumbel (reduced variate) distributions (Tables 6.6 and 6.7 and Figures 6.17 and

6.18). For the smaller domain for layer 4, the computed return period are shown in Table
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6.8 and Figure 6.19 for Weibull and Table 6.9 and Figure 6.20 for Gumbel (reduced

variate). Since the calculated return periods were limited to 202 years, therefore any data

beyond that period were not included in the plots and tables (Figures 6.14 to 6.20 and

Tables 6.2 to 6.9).

Table 6.2. Inundation return period at Hilo Bay with large domain for layer 4 using
Weibull distribution.

Inundation (meters) Return Period (years)
1200 195.75
1175 188.71
1150 164.40
1125 158.31
1100 93.09
1075 39.86
1050 24.28
1025 13.16
1000 12.15
975 11.69
950 11.44
925 11.21
900 10.97
875 10.74
850 10.49
825 10.27
800 10.06
775 9.85
750 9.64
725 9.44
700 9.24
675 9.05
650 8.86
625 8.68
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Table 6.2. Inundation return period at Hilo Bay with large domain for layer 4 using
Weibull distribution (cont.).

Inundation (meters) Return Period (years)
600 8.49
575 8.32
550 8.14
525 7.98
500 7.81
475 7.65
450 7.49
425 7.33
400 7.18
375 6.74
350 6.52
325 6.26
300 6.01
275 5.55
250 5.30
225 4.21
200 3.65
175 3.32
150 2.93
125 2.34
100 1.78
75 1.51
50 1.33
25 1.27
10 1.24

Table 6.3. Inundation return period at Hilo Bay with large domain for layer 4 using
Gumbel distribution.

Inundation (meters) Return Period (years)
1575 88.12
1550 86.67
1525 85.24
1500 83.83
1475 82.44
1450 81.08
1425 79.74
1400 78.42
1375 77.12
1350 75.84
1325 74.58
1300 24.52
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Table 6.3. Inundation return period at Hilo Bay with large domain for layer 4 using
Gumbel distribution (cont.).

Inundation (meters) Return Period (years)
1275 24.18
1250 23.85
1225 23.51
1200 20.64
1175 20.25
1150 15.68
1125 15.40
1100 11.35
1075 7.47
1050 5.66
1025 3.21
1000 2.77
975 2.67
950 2.64
925 2.61
900 2.58
875 2.55
850 2.40
825 2.38
800 2.35
775 2.33
750 2.30
725 2.27
700 2.25
675 2.22
650 2.20
625 2.17
600 2.15
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Table 6.3. Inundation return period at Hilo Bay with large domain for layer 4 using
Gumbel distribution (cont.).

Inundation (meters) Return Period (years)
575 2.13
550 2.10
525 2.08
500 2.06
475 2.03
450 2.01
425 1.99
400 1.97
375 1.87
350 1.84
325 1.81
300 1.78
275 1.66
250 1.63
225 1.35
200 1.20
175 1.14
150 1.04
125 0.86
100 0.68
75 0.61
50 0.53
25 0.51
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Figure 6.13. Inundation return period at Hilo Bay with large domain for layer 4 using
Weibull distribution.
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Figure 6.14. Inundation return period at Hi10 Bay with large domain for layer 4 using
Gumbel distribution.

Table 6.4. Inundation return period at Hilo Bay with small domain for layer 4 using
Weibull distribution.

Inundation (meters) Return Period (years)
1100 139.80
1075 46.85
1050 26.86
1025 13.99
1000 12.89
975 12.41
950 12.17
925 11.93
900 11.70
875 11.47
850 11.22
825 11.00
800 10.79
775 10.58
750 10.37
725 10.17
700 9.97
675 9.78
650 9.59
625 9.40
600 9.22
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Table 6.4. Inundation return period at Hilo Bay with small domain for layer 4 using
Weibull distribution (cont.).

Inundation (meters) Return Period (years)
575 9.04
550 8.86
525 8.69
500 8.52
475 8.35
450 8.18
425 8.00
400 7.82
375 7.35
350 7.17
325 7.00
300 6.83
275 6.37
250 6.18
225 4.88
200 4.39
175 4.01
150 3.51
125 2.63
100 1.89
75 1.54
50 1.37
25 1.30
10 1.25
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Figure 6.15. Inundation return period at Hilo Bay with small domain for layer 4 using
Weibull distribution.
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Table 6.5. Inundation return period at Ri10 Bay with small domain for layer 4 using
Gumbel distribution.

Inundation (meters) Return Period (years)
1575 88.17
1550 86.79
1525 85.44
1500 84.10
1475 82.79
1450 81.49
1425 80.21
1400 78.96
1375 77.72
1350 76.50
1325 75.30
1300 54.20
1275 53.13
1250 52.07
1225 51.04
1200 39.60
1175 38.88
1150 25.23
1125 24.84
1100 15.91
1075 9.26
1050 6.66
1025 3.54
1000 3.02
975 2.90
950 2.87
925 2.84
900 2.81
875 2.78
850 2.61
825 2.58
800 2.55
775 2.53
750 2.50
725 2.47
700 2.45
675 2.42
650 2.39
625 2.37
600 2.34
575 2.32
550 2.29
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Table 6.5. Inundation return period at Hilo Bay with small domain for layer 4 using
Gumbel distribution (cont.).

Inundation (meters) Return Period (years)
525 2.27
500 2.24
475 2.22
450 2.20
425 2.17
400 2.14
375 2.04
350 2.02
325 1.99
300 1.96
275 1.84
250 1.81
225 1.49
200 1.34
175 1.28
150 1.16
125 0.91
100 0.70
75 0.59
50 0.54
25 0.52
10 0.51
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Figure 6.16. Inundation return period at Hilo Bay with small domain for layer 4 using
Gumbel distribution.
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Table 6.6. Run-up return period at Hilo Bay with large domain for layer 4 using
Weibull distribution.

Run-up (meters) Return Period (years)
7.8 199.13
7.6 189.90
7.4 184.25
7.2 178.79
7.0 173.49
6.8 167.83
6.6 148.55
6.4 143.49
6.2 138.59
6.0 85.62
5.8 39.54
5.6 37.73
5.4 36.01
5.2 33.22
5.0 21.52
4.8 18.51
4.6 12.06
4.4 10.68
4.2 9.73
4.0 9.05
3.8 7.97
3.6 7.06
3.4 6.60
3.2 5.08
3.0 4.18
2.8 3.93
2.6 3.69
2.4 3.45
2.2 3.17
2.0 2.92
1.8 2.66
1.6 2.32
1.4 2.09
1.2 1.87
1.0 1.59
0.8 1.45
0.6 1.32
0.4 1.20
0.2 1.19

387



Table 6.7. Run-up return period at Hilo Bay with large layer 4 domain using
Gumbel distribution.
Run-up (meters) Return Period (years)

10.6 87.90
10.4 86.82
10.2 85.73
10.0 84.65
9.8 83.59
9.6 82.54
9.4 58.33
9.2 25.28
9.0 25.00
8.8 24.71
8.6 24.43
8.4 24.16
8.2 23.88
8.0 23.61
7.8 23.34
7.6 20.57
7.4 20.31
7.2 20.05
7.0 19.80
6.8 18.66
6.6 15.27
6.4 15.03
6.2 14.80
6.0 11.03
5.8 8.22
5.6 8.06
5.4 7.90
5.2 7.24
5.0 5.76
4.8 4.93
4.6 3.57
4.4 3.05
4.2 2.71
4.0 2.61
3.8 2.32
3.6 2.09
3.4 2.00
3.2 1.71
3.0 1.33
2.8 1.29
2.6 1.24
2.4 1.18
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Table 6.7. Run-up return period at Hilo Bay with large layer 4 domain using
Gumbel distribution (cont.).
Run-up (meters) Return Period (years)

2.2 1.10
2.0 1.01
1.8 0.95
1.6 0.84
1.4 0.78
1.2 0.70
1.0 0.61
0.8 0.57
0.6 0.54
0.4 0.50
0.2 0.50
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Figure 6.17. Run-up return period at Hilo Bay with large domain for layer 4 using
Weibull distribution.
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Figure 6.18. Run-up return period at Hilo Bay with large domain for layer 4 using
Gumbel distribution.
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Table 6.8. Run-up return period at Hilo Bay with small domain for layer 4 using
Weibull distribution.

Run-up (meters) Return Period (years)
6.0 141.56
5.8 48.77
5.6 47.19
5.4 45.65
5.2 42.28
5.0 25.50
4.8 19.93
4.6 13.65
4.4 12.13
4.2 11.14
4.0 10.49
3.8 9.27
3.6 8.26
3.4 7.80
3.2 5.94
3.0 5.15
2.8 4.74
2.6 4.40
2.4 4.09
2.2 3.73
2.0 3.39
1.8 3.02
1.6 2.60
1.4 2.25
1.2 1.97
1.0 1.75
0.8 1.57
0.6 1.41
0.4 1.23
0.2 1.23
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Figure 6.19. Run-up return period at Hil0 Bay with small domain for layer 4 using
Weibull distribution.

Table6.9. Run-up return period at Hil0 Bay with small domain for layer 4 using
Gumbel distribution.

Ilun-up(mmeters) Ileturn Period (years)
10.6 88.05
10.4 87.10
10.2 86.14
10.0 85.19
9.8 84.25
9.6 83.32
9.4 58.79
9.2 58.10
9.0 57.41
8.8 56.72
8.6 56.05
8.4 55.39
8.2 54.73
8.0 54.08
7.8 53.44
7.6 41.28
7.4 40.74
7.2 40.20
7.0 39.66
6.8 35.74
6.6 25.30
6.4 24.90
6.2 24.51
6.0 15.76
5.8 10.64
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Table6.9. Run-up return period at Hila Bay with small domain for layer 4 using
Gumbel distribution (cont.).

Run-up (meters) Return Period (years)
5.6 10.46
5.4 10.30
5.2 9.28
5.0 7.04
4.8 5.91
4.6 4.09
4.4 3.46
4.2 3.05
4.0 2.96
3.8 2.62
3.6 2.35
3.4 2.26
3.2 1.83
3.0 1.53
2.8 1.46
2.6 1.40
2.4 1.32
2.2 1.23
2.0 1.11
1.8 1.02
1.6 0.90
1.4 0.82
1.2 0.73
1.0 0.65
0.8 0.60
0.6 0.56
0.4 0.44
0.2 0.44
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Figure 6.20. Run-up return period at Hilo Bay with small domain for layer 4 using
Gumbel distribution.

It can be noticed from Figures 6.13 to 6.20 that there is a sudden change of slope

when the inundation value is above the 1000 meters. This is because it requires a large

earthquake to generate a large inundation, and we know that large earthquakes are rare

events, in other words, the return period of earthquakes increases rapidly as the

magnitude becomes larger. Figure 6.21 shows a typical earthquake probability curve

(source block 32) plotted in regular scale. This curve is very similar to the ones in Figures

13 to 20. This indicates that the characteristics of the inundation probability are a

reflection of that of the earthquake probability.

6.5 Validation

The calculated probability for tsunami inundation and run-up at Hilo Bay using

Weibull and Gumbel (reduced variate) distributions was then compared with historical

records. The return period for a 1000 meters inundation along the selected transect
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(Figure 6.8) is about 12-13 years for a large or small domain for layer 4 based on Weibull

distribution while the Gumbel (reduced variate) gave about 3 years return period.

Historically from 1946 to 2004, 56 years duration, a 1000 meter inundation close to the

selected transect occurred approximately twice (Figure 6.22) giving a return period of 28

years. Although the return period based on Weibull distribution is only 12-13 years,

slightly less than 50% of historical record, the calculated return period is much better as

compared to Gumbel (reduced variate) that gave a return period of3 years.
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Figure 6.21. Earthquake return period for source block 32.

Loomis (1976) published a report that lists the recorded tsunami run-up height on the

Hawai'ian Islands. The report covers a duration of 157 years from 1819 to 1976. A map

of Hilo Bay shows the historical run-up height due to five-tsunami event (Figure 6.23).

Unfortunately, the run-up values indicated in the maps do not have the exact location of

the measured value. All the markings are located at the coastlines. The one close to the

selected transect listed a 20 feet, two 11 feet and 23 feet run-up. However, Figure 6.22

Curtis (1991) recorded only the 20 and 23 feet run-up (Figure 6.23). Considering the 20
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feet (6.1 meters) and 23 feet (7 meters) run-up with duration of 157 years (1819 to 1976),

this yields a l57-year return period for the 20 feet (6.1 meters) and 23 feet (7 meters)

values. The return period for a large domain for layer 4 using Weibull distribution is

about 112 years (average between 6.0 and 6.2 meters run-up, Table 6.6) for a 20 feet (6.1

meters) run-up and 173.5 years for the 23 feet (7 meters) run-up. Comparing the run-up

return period, the 20 feet (6.1 meters) return period of 112 years is 45 years less when

compared to historical records. The 23 feet (7 meters) was 173.5 years which is about

16.5 years higher than historical records. For the case of a sJ!lall domain for layer 4, the

return period for 19.68 feet (6 meters) is 142 years. The run-up value for a small domain

for layer 4 using Weibull distribution is limited to 6 meters since any value above it gave

a return period of more than 202 years which was the limit that was placed since the

earthquake data was only for 101 years. Thus, the calculate return period of 142 years for

a 6 meters run-up is 15 years less in comparison with historical records.

Using the Gumbel distribution (reduced variate), the calculated return period using a

large layer 4 domain was 12.9 years (averaged between 6 and 6.2 meters, Table 6.7) for

the 20 feet (6.1 meters) run-up and 19.8 years (Table 6.7) for the 23 feet (7 meters) run

up. For a smaller layer 4 domain, the return period was higher with 20.1 years and 39.66

years for the 20 feet (6.1 meters) and 23 feet (7 meters) run-up (Table 6.9). The 20.1

years return period was obtained by averaging that of 6.0 meters and 6.2 meters (Table

6.9). Comparison using the Gumbel (reduced variate) distribution with historical records

shows a large difference. The historical record showed a 157 years return period for both

20 feet (6.1 meters) and 23 feet (7 meters) run-up. Thus for a large layer 4 domain with
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Gumbel (reduced variate) distribution the calculated run-up is off by 144 years for a 20

feet (6.1 meters) run-up and 137 years for the 23 feet (7 meters) run-up. Although the

smaller layer 4 domain produced a longer return period as compared with the larger layer

4 domain, still it is off by more than 100 years. The 20 feet (6.1 meters) was off by 136

years and the 23 feet (7 meters) was offby 177 years.

Although there is insufficient information to indicate whether the run-up

measurements (Loomis, 1976) were done along the same line from different tsunami

events, overall the calculated return period using the Weibull distribution was more

reasonable when compared with historical records as compared with that by using the

Gumbel distribution (reduced variate). Another existing report showed a graph plotting

the tsunami height versus recurrence probability, as shown in Figure 6.24 (Curtis, G.,

personal communication, 2004), covering the time period covered from 1832 to 1964, a

total duration of 132 years. The graph shows the recurrence interval for specific tsunami

run-up recorded at Hilo Bay. For Figure 6.24, there is no description on where the

tsunami run-up heights were measured and also whether it covers both local and distant

tsunamis (details are no longer available since unfortunately the author of the figure,

Prof. Doak Cox, has passed away).

Since 1964, there have been no significant tsunamis that hit Hilo Bay, Hawai'i.

Therefore, the recurrence probability should decrease. Take for example a 20 feet (6.1

meters) tsunami run-up, according to the graph the recurrence interval is about every 30

years. However, since there have been no run-ups of20 feet at the location since 1964 to
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2004, this return period should be updated by 70 years. Based on the present proposed

risk methodology, the calculated return period for a 20 feet (6.1 meters) run-up along the

selected transect is about 112 years (for a large layer 4 domain) and 142 years (for a

small layer 4 domain), which are of similar order of magnitude as the field data predicts.

Historical records at Hilo Bay did not provide sufficient information to perform an

exact comparative study. However, if we consider the published tsunami inundation and

run-up values which have records dating back to 1832 counting up to the present year of

2004, a duration of 172 years, the proposed risk methodology to determine the

probability of tsunami inundation and run-up provided reasonable results using the

Weibull distribution.

397



.- , OJ'...

"
CI

~/\

J
I .

..
i'

,

~
( ~

Cl.
::>z
:::>
0:::
0 CZ
<
Z I

Q lD
<;;"

~
21

z
::>
~

~
<z
::>
Cf)

f-

398

~.,
- i ~

.-

.~

::t:



N "'--e~-

o 1L .J

MILES

LEGEND

~b ~'" ~.... '00 b~
~~,~,~~
-,-.-,-,-

'Q"ot'lv.-,...,:--o--- _._.9,13,-

20,_,10,7,_

L.'eiwi

16,_,_._._

HI/o
Bay

_ ,5,_,_,_

23,_,_,14._ ._ .._

29,8,11,16,__

27,11,10,13,- --.J'

32,5.9,10,__

20,_,_._,_ ------4

11

Figure 6.23. Historical tsunami run-up height (1819-1976), Loomis (1976).

399



) I I ~ i I ! i : f f ~ i j 1
I, ji II II i I ! i j !',' ii' :!

I I I I I I ill col i I ! t j

TTl ,Iii I I I! III I :",t~ I, I' 'I', II' ! I I i" ..... ii ; I ! J I _j t201-l----4---+.---l----+--+-+--+-H-----+--eI--+-+-+-H-H
til I iii :,! ! i! ! i I
I ill,' I' I I ! I i I ! I !" I ~I ! j j ! ! i i_D ! ! ~

--

-

m
~ 15

%

---, J J :l·°l-Ll I j j I :~j

I, i i j i !I I ,... I I,,' i,' I, ~l, !i 1

I' I' 'I! I i I I ! ! i ,I i ! !
i i l ! ttl ~ i ; I j j i

5·+----~li--+1--+----+
1
---1

8
1-,-4

J
-.f+-El,e,+1----;i-,- ..-f-,!--!;--+/---1;---!1-+1-+-t

I I iii l I Iiii ! I I I I
I...

1 10
PROIWIIUTY. lEARS. HEIBHT GREAlER THAN

I

100

Figure 6.24. Tsunami run-up recurrence probability at Hilo Bay (1832-1964)
(Curtis, personal communication 2004).

6.6 Chapter Summary

The Pacific Basin was divided into several earthquake-generating source block based

from the results obtained in the earthquake sensitivity analysis (Chapter 4). Any source

blocks that had an earthquake magnitude of 7.5 or higher was retained leaving a total of

61 source blocks for the Pacific Basin. The probability of earthquake was calculated for

each source block by fitting it with Gumbel (reduced variate) and Weibull distributions.
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The test for the degree of fit showed that the Weibull distribution had a better fit as

compared with the Gumbel distribution (reduced variate).

The Hawai'i State Civil Defense Tsunami Guidelines reqUIres an earthquake

magnitude of 7.9 to put the State in tsunami alert. Based on this, three earthquake

magnitudes (7.9, 8.5 and 9.0) were simulated from each source block and the simulated

inundation and run-up was recorded at Hilo Bay. Results showed that a smaller

earthquake magnitude would generate less inundation as compared with a larger

magnitude. This is logical since a larger earthquake magnitude should release more

energy as compared with a smaller one. A response curve relating the earthquake

magnitude to the predicted inundation and run-up at a selected transect in Hilo Bay was

generated for each source block. Assuming a linear relationship in the generated response

curve, earthquake magnitude that can generate a specific inundation or run-up can be

obtained from each source block. This then is linked to the earthquake probability from

the source block that generated the tsunami. The total probability was obtained by

summing up the probability from each source block, a total of 61 source blocks, using

both Gumbel (reduced variate) and Weibull distributions.

The calculated total probability obtained (link between the response curve and

earthquake statistics) using both Weibull and Gumbel (reduced variate) distribution were

then compared to historical records. Although exact comparison was not possible due to

insufficient information on the historical records, the calculated return periods showed

that using the Weibull distribution for the earthquake data provided more reasonable
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results as compared with Gumbel distribution (reduced variate). Although the calculated

return period for inundation using Weibull distribution was offby 50% and the run-up by

a maximum of 29% at the selected transect in Hilo Bay, the proposed statistical approach

does show promising results.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

To detennine the risk of coastal areas being inundated due to earthquake generated

distant tsunamis, a probabilistic risk analysis methodology was developed and evaluated

for the Pacific Basin. The methodology predicts the inundation risk by linking the

probability (or return period) of tsunami run-up of a certain height at a coastal area with

the probability of tsunami-generating earthquakes in the Pacific Basin. The link was

established by predicting the wave process of tsunami generation from an earthquake

source, then tsunami propagation and run-up on coastal land through numerical

simulations. This methodology can provide the return period of a specific tsunami

inundation distance or run-up height at a specific coastal area due to distant tsunamis.

The risk methodology was developed to overcome the difficulty due to insufficient

historical data available on tsunami inundation and run-up in the Pacific Basin; and hence

the prediction of occurrence frequency of coastal flooding due to tsunamis directly based

on historical tsunami inundation data is often impossible. To evaluate the proposed risk

methodology, the risk of coastal flooding at Hilo Bay, Hawai'i due to distant tsunamis in

the Pacific Basin was used as a case study. The results showed that the risk prediction

based on the present indirect probabilistic methodology agrees relatively well with the

prediction directly based on the historical run-up data at Hilo Bay hence validating the

probabilistic methodology developed in this study.

The detailed component of the probabilistic methodology and the tasks carried out in

this dissertation study are summarized in the following. The earthquake source regions in
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the Pacific Rim basin that poses a threat to the Hawai'ian Islands were first identified and

they were determined to be from Japan, Kamchatka, Aleutian Islands, Canada, Mexico

and South America. The source regions were then divided into smaller source blocks.

The width of each source block was determined based on the results of earthquake

sensitivity analysis conducted in this study. The idea is that the width of the block should

be chosen such that a shift of the epicenter within the block will not cause significant

variations to the generated tsunami waves. Based on the sensitivity analysis results, a

width of 100 km is suitable for source blocks in Japan and Aleutian coastal regions while

350 km is suitable for west coasts ofNorth and South Americas.

A criterion was set where any earthquake source block that do not have any record of

an earthquake with magnitude of 7.5 or higher for the past 101 years (1900 to 2001) was

not considered in the study. Based on the elimination process, a total of 61 source blocks

remained. The tsunami guidelines of Hawai'i State Civil Defense stated that an

earthquake of magnitude 7.9 would place Hawai'i on tsunami alert. From this guideline,

three earthquake magnitudes (7.9, 8.5 and 9.0) were generated for each of the 61 source

blocks. Although the 1960 Chile earthquake magnitude was a 9.3, it occurred only once

for the past 101 years. The next highest earthquake magnitude was less than a 9.0 thus the

simulated earthquake magnitude was limited to a 9.0. However, the 9.3 magnitude (1960

Chile) was included in the risk analysis methodology. The simulated inundation and run

up were then recorded at the selected transect in Hilo Bay, Hawai'i. For each earthquake

magnitude, a corresponding maximum inundation and run-up was recorded. For each

source block, a response curve can then be generated with x-axis indicating the
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earthquake magnitude and the y-axis indicating the maximum inundation and run-up. A

total of 61 response curve was generated. Assuming a linear relationship between

earthquake magnitudes, the corresponding earthquake magnitude for a specific

inundation or run-up can be obtained from the response curve of a specific source block.

The probability of tsunami generating earthquake for each source block was

calculated by fitting the annual maximum earthquake magnitude for the past 101 years

(1900 to 2001) with Gumbel (reduced variate) and Weibull distributions. The goodness

of fit using Gumbel (reduced variate) and Weibull distributions was determined by using

the R2 distance test. Results from the goodness of fit test showed that overall the

earthquake data had a better fit with Weibull distribution as compared to that of Gumbel

distribution (reduced variate). All 61 source blocks gave an R2 value of more than 0.90

with 87% of them having a value higher than 0.95 for the Weibull distribution, whereas

Gumbel distribution (reduced variate) gave only 74% for an R2 of more than 0.90 with

only 33% having more than 0.95. The comparison indicated that the earthquake data had

a better fit with Weibull distribution as compared with Gumbel distribution (reduced

variate). This result is different from the known result for rainfall data which fit the

Gumbel distribution the best. Since earthquake data have been less studied than rainfall

and wind data, more studies are needed in this area.

From the response curve, we can obtain the earthquake magnitude that can generate a

specific inundation or run-up for a specific source block. For the same source block, the

probability of that specific earthquake can be determined from the Weibull distribution.
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Summing up the probability of that particular earthquake magnitude that generates the

specific inundation or run-up from all 61 source blocks in the Pacific Basin yields the

total probability. The calculated total probability was then compared with historical data

at the selected transect in Hilo Bay, Hawai'i. Comparative results showed that the

proposed risk methodology is very promising. Based on historical records at Hilo Bay,

Hawai'i, the return period for a 6.1 meters (20 feet) and 7 meters (23 feet) run-up was

roughly 157 years near the selected transect. The proposed risk methodology gave a

return period of 112 years and 173.5 years for 6.1 meters (20 feet) and 7 meters (23 feet)

run-up, respectively. With just a 29% off for the 6.1 meters (20 feet) run-up and 11 % for

the 7 meters (23 feet) run-up when compared with historical records, the calculated return

period using the proposed risk methodology is not that far off and shows that this method

is an effective tool that can be utilized by coastal states for infrastructure planning of

coastal zones. However, it should be mentioned again that our study has shown that the

accuracy of the final result is very sensitive to the accuracy of the earthquake probability

analysis. When applying the present methodology to perform risk analysis, different

probability distributions should be tested and compared in order to choose the most

suitable distribution that provides the best fit to the earthquake data.

The proposed risk methodology has both scientific value and practical significance. If

a coastal state knows the risk (or return period) of a coastal area to be inundated by a

specific tsunami run-up height, they can plan for the proper use of the coastal area so as

to minimize the economic loss due to tsunami hazard. A good but tragic example is the

recent tragedy in the Indian Ocean. A tsunami generating earthquake occurred on
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December 26, 2004 at Banda Aceh, Indonesia affected 11 countries, killed more than

225,000 people and completely destroyed the tourism industries of their beaches. The

question is whether the same beaches should be re-deve10ped again for tourism industries

and if yes, how close the buildings should be to the shoreline. As we know, for distant

tsunamis, human loss can usually be avoided since people usually have sufficient time to

evacuate to higher ground as long as proper warning is given prior to the tsunami's

arrival. The warning capability already exists in developed countries but need to be

introduced to developing countries in the near future.

The application value of the present risk analysis methodology is mainly related to the

economic analysis. For example, if an area is predicted to be inundated by a 100-year

tsunami, the area can still be developed for commercial and residential use as long as the

economic values produced by this use is 100 years exceed far beyond the economic loss

caused by the potential tsunami. The proposed risk analysis can be very useful in

planning proper coastal development. In addition, while most of the coastal buildings and

offshore structures are designed for wind and storm waves of certain return period, a

'design' tsunami has not been defined and included in the structural designs. The

proposed methodology can be useful in developing 'design' tsunamis in future improved

design codes for coastal structures.

Other than developing the risk analysis methodology, other fundamental scientific

research was also conducted in this dissertation study. Using the 'worst' possible

earthquake scenario approach, the simulated results showed that coastal areas in Hawai'i

407



that are directly facing the tsunami source region will experience more damage due to

tsunami waves as compared to those on the lee side of the island. This indicated that the

'wrap around' phenomena of tsunami waves observed in past tsunamis around smaller

islands do not occur for the relatively larger Hawai'ian Islands.

The validity of the Cornell COMCOT tsunami model used in this dissertation study

for simulating earthquake generated tsunamis was tested and found that for practical

applications in tsunami prediction for the Pacific Basin it is efficient and reliable. Since

the model uses a layered grid system, the effects of the domain size on the predicted

inundation was investigated. For the case of the Hawai'ian Islands, test results showed

that the entire Hawai'ian Island chain should be included in the second layer so as to

account for the inter-island effects of the tsunami waves. For the final layer (layer 4)

where the tsunami inundation will be predicted, the domain size should be carefully

chosen since the predicted inundation limit varied with the domain size. Through careful

and thorough analysis, this dissertation study found the optimal domain size and time step

as a useful guidance for future simulation studies in the same area.

Sensitivity study of the predicted leading initial tsunami wave height to the

earthquake source parameters showed that variations of the dip- and rake- angles were

the least sensitive parameters while the epicenter and strike angle were very sensitive.

The sensitivity of the other two earthquake source parameters, slip and fault dimensions,

was dependent on the earthquake source region. The results on the focal depth appeared

to be more complex and further studies are needed. The sensitivity analysis of the source
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parameters is necessary and useful since in reality many of the earthquake parameters are

unknown, and the sensitivity analysis conduced in this dissertation study provides useful

information on how the variations in these parameters will affect the final prediction

results.
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