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On the December 26", 2004, a large tsunami struck the Indian Ocean coastline
of Thailand. It caused widespread damaged and killed more than 8,000 people in 6
provinces. Many of them could have been saved if there were a system that helped to
effectively forecast the coming tsunami after the earthquake. Moreover, the
knowledge of “How to survive a Tsunami” should have been conveyed to people in
the risk area.

The present thesis is to developha tsunami warning database system for
Thailand. It consists of 3 parts. The fitst part is to study the tsunami impact by using
the hard computing technique. /The/rmathematical model was developed from the
governing equations of linear ‘and inonslinear shallower equations. Four hundred
twenty case studies of hypothctlcal carthquake were investigated by varying
earthquake magnitude (from'6, 0% 9:0 Mws) and earthquake depth (from 10 — 50 km).
There are 12 epicentérs.in the Indian Ocean. Fhé oufptit variables are given in terms of
the maximum wave heightsandvthe first wave artiyal*tile at 58 risked communities.
These communities were 8btained from the surveysdamaged results of the 2004 Indian
Ocean tsunami. It was found'that the earliest tsunamiwave will travel to the coastline
within 66.5 minutesfatfRata beach. The maximunwayerheight was found 29 m. at
Karon beach.

. oy

The pregent study also investigates I case study of thegsunami generated from
earthquake of ‘? w. dt thefManila trench, Tt was f‘bun he first wave will travel
to the Patani coab\@ approximately 14 hours with the mum wave height about 1
m. which is signifi 91‘11‘11181‘ tha@in the "And case. However, due to long
wave property, the tsun 1~i} harmful to th ElQYe with only small wave heights.

&304

The second part focuses on studying the effects of Tsunami by using Soft
Computing technique. In this study, we select a General Regression Neural Network
(GRNN). To compute by GRNN, the primary variables are assigned such as
epicenters, magnitudes, and depths of the earthquake. GRNN is soft computation that
helps to predict the maximum wave height and the first wave arrival time, as well as
the hard computation. The accuracy of the predicted values is tested by using statistical
methods which are efficiency index (EI) and root mean square error (RMSE). For the
forecast of maximum wave height, the EI shows value of 0.93. As for predicted first
wave arrival time, the EI is 0.82. The RMSE for the forecasted maximum wave height
and the first wave arrival time are 0.38 and 51.96 minutes, respectively. The statistical
measurement reveals that the forecasted first wave arrival time is rather low accuracy.
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Therefore, we divided the data into 2 groups, i.e. the data of smaller earthquake
magnitude than 8.0 Mw. and the data of greater and equal earthquake magnitude to 8.0
Mw. The new forecasted results show significant reduction of the RMSE (from 51.96
minutes to 16.79 minutes) for the first group of data. But the results for the second
group data do not show an improvement.

The last part, the result of the study is implemented as a web-based Tsunami
warning system. This system is composed of an online based web site, Deep-ocean
Assessment and Reporting of Tsunami (DART) buoy system and game media. The
system is a knowledge shared media that can be accessed by anyone. The user can
specify information into the provided text fields of the game and then simulate the
result to see the predicted loss numbers. This system was contributed to the friends in
need (of “PA”) Volunteer Foundationjand also was installed for real operation in
Phuket and Phang Nga provinces. Figally. Natural disasters can cause damage that
seems unavoidable. However peoplei€anbe well prepared, stay alert and survive by
increasing their awareness of the hazardss
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION
1.1.1 Physical property of a tsunami

Tsunami is a large seismic sea wave that has a very long wave-length
generated by sudden displacement of the séa floor or by the disruption of any body of
standing water. There are three main s of a tsunami: earthquakes, submarine
landslides, volcanic eruptions and/or ¢ )lapses. As mentioned before, a tsunami
is generated by a sudden displaceme arge amount of water mass from its
equilibrium position. Waves are fo isplaced water mass, which acts under
the influence of gravity, attempts ilibrium. This generates a sea wave,
called tsunami (the Japanese ).

inly by the amount of

magnitude, depth and

nce the formation of

ymetric configuration,

event and the energy
water column,

y y b\ :
1, tsunami develops
undation which are

The initial size
vertical sea floor defo:
fault characteristics.
tsunami, such as the v
shoreline configuratio
efficiency, which is the

o

Regardless of the
through three phigal pr
characterized in the %Ql

YU,



1 | Rupture in seafloor
pusher water upwards
starting the wave 2 | Wave move rapidly

in deep ocean reaching

speeds of up to 500 km/h

As the wave near land _
it slows to about 45 km/by 47 4 |, Wave heads inland

but is squeezed upwald§! 4’ o \destroying all in its path
increasing indieight

Figure 1.1 TSupathi charaelcrisies (Viebakean.com, 2005)

The generation proCessbesins by sudden dis'typbaﬂcc of the water column and
the movement of the verticalSealoor from its equikibritim position which triggers the
tsunami. The triggering aefion may be an earthquak:e ‘a submarine landslide, a
submarine volcanic eruptlon b2 large me:eorlte un’pamt Which is a very slight
possibility. o7, :

rated tsunami from
ss. the tsunami wave
lations of the water.

The qecongphasn Ofg prqja 1§nt li fhet;aﬁster of g
deep water near théjoux cé'to afshallow water area’ In this pr
transports the seismi gﬁrgy that ﬁ collegted, through the \S

When the wave en{(?%o%wqte e \: phenomenon called shoaling
which is due to decreased dept \}ﬁrﬁ:tloR&?{%H due to the velocity difference
of the wave on different bottom contours, occurs. As a consequence, different parts of
the waves travel at different velocities, a situation which causes the waves to bend
(refraction) and to begin to overtake one another increasing the volume of water
(shoaling) as seen in Fig. 1.2.
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Flgure 12 %oalmg and Refraction (Gm&lev 1999)

The amount thsgm'ntc eﬁeygy transported Dy ﬂf&t@gnann is squeezed to small
water volumes as a resulis eﬁ' sbﬂahﬁg anhd rcﬁ'aqﬁhn 'Elns ma@hl gher waves and

faster currents. > ;,.:'. y ! A\ Qkfo

Inundation and: n-up th(ﬂasf S’E@eﬁrm‘ tsu.nd.ml r as tsunami attacks or
hits the coastline as br waves, a wave wall or, flood. Tsunamis do not
break frequently, but if it'h nhdeep ﬁ.'i ﬁ{}(ﬁ Shallow river or bay, it may
form a bore which has a steep dﬁﬁgfﬂfron oding may extend inland up to a

distance of 1 km. Flooding of tsunami tends to take the people and destroyed objects
with it when it retreats. Tsunamis may reach a run-up height, which is the vertical
height of water above the sea level, of approximately 30 meters.

The inundation and run-up characteristics of tsunamis differ from one tsunami
to another due to the physical characteristics of the coastline. One tsunami may flood
onshore leaving debris up to 150 meters inland in one place while a coastline may be
hit by a wall of water 3-meter height in another place.

All waves have wave length, wave height, amplitude, frequency and velocity
(Figure 1.3), but Tsunamis are extraordinary in comparison.
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Wave length is defined as the distance between two identical points on a
wave. A normal ocean wave has a wavelength of about 100 m but the tsunami
wavelength is usually measured in km up to about 500 km.

Wave height is the distance between the trough of the wave and the crest or
peak of the wave.

Wave amplitude is the height of the wave above the still water- line, usually
equal to 1/2 the wave height. The tsunami can have variable wave height and
amplitude depending on water depth.

Wave frequency (or period of time) is the amount of time that it takes for
one full wavelength to pass a stationary point.

Wave velocity is the speed of the Waﬁye The velocities of normal ocean waves
are about 90 km/hr while tsunami wavesHave velocities up to 950 km/hr. The velocity
of any wave is equal to the waveleng{h dl\?‘ided by the wave period (V =A/P),

? Wave amm—ﬁ%‘;’ __ ?.r’(—-—mﬂlen gth—ﬂ 4 nave heiuht

(»

Tsunamis (characterized as shallow-water waves) can have a period in the
range of ten minutes to two hours and wavelengths greater than 500 km. The velocity
of a shallow-water wave is also equal to the square root of the product of the
acceleration of gravity, (g), (10 m/s”) and the depth of the water, (d). The energy of
wave loss is inversely related to its wavelength. Since a tsunami has a very large
wavelength, it will lose little energy as it propagates. Thus, in very deep water a
tsunami will travel at high speeds with little loss of energy. The velocity of the
tsunami is also related to the water depth, if the depth of water decreases, the velocity
of the tsunami decreases and the total energy of waves are charged into the tsunami
wave height. The tsunami wave height measured from sea level is called “run - up”.
When the bottom of a tsunami wave first comes to the coastline there appears to be a
drop down of the sea level and this is called “draw - down”.



1.1.2 History of Tsunami incidences

Table 1.1 History of the large tsunami incidences listed according to size (National
Geophysical Data Center: NDGC, 2007)

Date Tsunami Source Location Maximum wave | Number of
Country Name height (m.) Deaths
10/07/1958 USA Alaska 525 2 |
23/03/1960 Japan Sanriku 159 -
17/02/1674 Indonesia | Banda sea 100 2243
24/04/1771 Japan Ryukyu Island | 85.4 13486
28/03/1964 USA Prince William | 67.1 221
| Sound A I

10/09/1899 ' USA Yakutat Ba@r A 60.96 -
21/05/1792 Japan | Shi : 4300
12/07/1993 _fjap_a_n 330
26/12/2004 J. Indonesia 1 250000
15/06/ 1896 | Japan anriku _ 27122

Figure 1.4 shows 100, years of tsunami h parated by 10 year periods)
that occurred around the 51 tsunar ginated in the Indian Ocean

present. 858 were nor tsunamis and (
incidences originated in jan Ocean; 48 of W1 ed no damage and 17
caused damage. The n s70f i nam . increasing, due to the

growing population in ami warning system.
Z, L
% &
N
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Figure 1.4 History of tsunamis (NDGC, 2007)




1.1.3 Plate tectonic and rupture area

Earthquakes are natural phenomena that occur as a result of plate movement
(Stein and Wysession, 2003). Plates normally move with friction at their boundaries,
causing stress and energy trapped inside. At a level where the energy becomes
excessive, it will be released in the form of an earthquake. The tectonic plates around
the world are show in Fig. 1.5.

The plate movements create faults, which are fractures or deep cracks in the
earths’ crust along which displacement occurs these are shown in Fig. 1.6. Fault zones
are parallel to each other and form a braided pattern which may vary in width ranging
from a few meters to several kilometers. Faults are expanded through a series of
minor movements due to stress in the crlist and the sudden release of energy. The
displacement of faults ranges from a few gemimeters to hundreds of kilometers. Faults
rarely occur in a single rupture (HambligtafichChristiansen, 2001).

i ) F : I
e .?‘ﬂﬁf‘r! SRS

Figure 1.5 Plate boundaries around the world (Atwater, 2005)




ehaviors (Atwater, 2005)

Figure 1.6 Sub-ductio

For plate movemen ement.depending on fault size, dip,

strike, vertical movement

nd=0
/ / Fault plane

Figure 1.7 Fault components (Stein and Wysession, 2003)

There are three types of faults (Drury, 1993 and Bormann et al., 2002) as
shown in Fig. 1.8.

Strike-slip faults are high-angle fractures in which the slip is horizontal,
parallel to the strike of the fault plane. There is little or no movement in a vertical
direction. Strike-slip faults are the result of lateral slip.
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Normal faults are usually the result of extensional stress where the faults
moved vertically, while the rock above the fault plane (hanging wall) moved
downward in relation to those beneath the fault plane. Normal faults dominate the
oceanic ridges, the continental rift systems, and the rifted continental margins.

Reverse faults are those with vertical displacement where the hanging wall
moves up over the foot wall. Low-angle reverse faults are known as thrust faults.
Reverse faults are the result of horizontal compression with the maximum stress
perpendicular to the trend of the fault. It shortens and thickens the crust.

Left-lateral Strike-slip faylt Right-lateral Strike-slip fault

E=0° & =180°

Normal dip-sfip fatlt :

v

Q

Figure @éypes of faultg{(Stein and Wy\’é&%m 2003)

90"

The earth has three Iayc&zj\l\&ﬁﬂbl rRQQ%—.d core (see Fig. 1.9). The core
generates heat to the mantle continuously, so the magma which is the material of
which the mantle is composed, is viscous and of a high temperature. It continues,
generally in an upward movement at the mid-oceanic ridges, producing currents of
magma flowing in opposite directions below the lithosphere. This generates the forces
that pull the sea floor apart at the mid-oceanic ridges. As the ocean floor spreads
apart, cracks appear in the middle of the ridges, allowing molten magma to surface to
form the new ocean floor, then the ocean floor moves away from the mid-oceanic
ridge. It eventually comes into contact with a continental plate and is subducted
underneath the continent. These subduction zones are where the likelihood of
undersea earthquakes can occur and generate a tsunami, see Figs. 1.10 to 1.13. (USGS
Circular 1187, depiction process of the tsunami generation via subduction where
tectonic plates collide)
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Subduction zone

400 PSS
650 |== Crust and

lithosphere

Midocean
ridges

DEPTH (kilemeters)

Outer core
{molten)

Figure 1.10 Vertical Slice Through a Subduction Zone (Atwater, 2005)

One of the many tectonic plates that make up Earth’s outer shell descends, or
“subducts,” under an adjacent plate. This kind of boundary between plates is called a
“subduction zone.” When the plates move suddenly in an area where they are usually

stuck, an earthquake happens.



11

Figure 1.1]1 Between akes (Atwater, 2005)
Stuck to the subducting pla iding plate gets squeezed. Its leading
edge is dragged down, while an ar 1 s upward. This movement goes on

for decades or centuries, s

Earthqua

sunami //

7 i . c; :

Stuck a§£$ pifire RO
releasing energy
in an earthguake

Figure 1.12 During an Earthquake (Atwater, 2005)

An earthquake along a subduction zone happens when the leading edge of the
overriding plate breaks free and springs seaward, raising the sea floor and the water
above it. This uplift starts a tsunami. Meanwhile, the bulge behind the leading edge
collapses, thinning the plate and lowering coastal areas.
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Figure 1.15 Damaged areas caused by the tsunami on the 26 December 2004
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Figure 1.15 Damaged areas caused by the tsunami on the 26 December 2004
(Continued)
1.1.5 Earthquake in the Western of Philippines

The geographical data of the earthquake in the Western of Philippines and
their effect on South China Sea were collected and are shown in Figs. 1.16 and 1.17.



16

0E 12 10E ABBE. MM0E idoE  16OE

Figure 1.16 Displiieemiénts on Pacific Océai(Kagémer, et al., 2000)

L T L}
100'E 108'E MWOE 1EE

Figure 1.17 Epicenter in the Pacific Ocean (Kreemer, et al., 2000)

The Philippine Trench on the north of the Philippines is considered the main
region of Tsunami (Ring of fire). It is not only the Philippine Trench, but also the
Philippine Fault and the Manila Trench that are parallel to the Philippine Trench,
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where the movement could be higher than 6.5 cm/year (Torregosa, 2001) and thus
could have affected an occurrence of the earthquake.

This study concentrated on the Manila Trench, which is located on the West of
the Philippines in the South China Sea and is connected to the Thai gulf. Manila
trench is the trench, which occurred from Eurasian dip-slip fault under tectonic plates.
The length of the Manila trench covers latitude 13 — 18 N and continuously curves to
cover the south of Taiwan as shown in Fig. 1.18.

27 4 ieas ] ] I
| T
MANILA | 4 S RopeH

TRENCH[ ™
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PHILIPPINE
“N TRENCH

l’p?x‘_ ; -

v

- \\ P f / P ‘K - \
: == N
»

118" 1207 128" E

10° AL -
116" 122 12
Figure l.lg’?@%?ﬁ Zoﬁw\}ﬁ’ et al., 2001)

1.2 DESCRIPTION OF THE PROBLEM

There was a massive earthquake (Mw = 9.3) with a 30 km depth at the
northern part of Sumatra island, at Sunda subduction zone where the Indian-
Australian plates were subducted under the Eurasian plate. This large earthquake
generated a massive tsunami trough out from the Indian Ocean coastline to the
Andaman Sea affecting many areas in Southeast Asia, Indonesia, Sri Lanka, India,
Thailand, the Maldives, Somalia, Myanmar, Malaysia, Seychelles and others (see Fig.
1.19). The record of fatalities caused by the tsunami and the tsunami wave height are
shown in Table 1.2.
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10°st

.15'5.
70'E
Figure 1.19 Affected cotarmmities d : Indian Ocean Tsunami

Table 1.2 Fatalities &/

v an imion the 26 December 2004
(Tsuji, et al., 2005 ¥agt 3 33 Matsutomi, et al., 2005;
Satake, et al,, Psuji : ?. et al, ‘____ and NDGC,
2005) V K
( i w ve height |
Countri i, & .)
 Indyfiesia ' “\\ 3B -30 |
_ Sril% Q724-10 4
_ India%, e N 2s-s52 |
[_ Maldives 5{&' _ 0.6-34 J
| Thailand 25-19.6
Myanmar _ 04-29 .
Malaysia . 10-40
_ Somalia | . 55-95
Tanzania | 1: l 0.35
~ Seychelles | 2 , 1.39
~ Bangladesh 2 | modmy |
| Kenya | 1 J 0.54 |

Since at that time there was no tsunami warning system in the Indian Ocean,
this led to major loss of life as seen in Table 1.2. However the DART buoy has been
installed in the Indian Ocean and several siren towers have been constructed at the
risk areas along the Thailand Andaman coastline. In this study, the numerical model
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was used to construct the tsunami database from several hypothetical earthquakes
(earthquake magnitude & depths and earthquake parameters). Then, the obtained
database was used to train and test, the developed General Regress Neural Network
(GRNN). In addition, the database can be displayed on the web-base online by using
the PHP language and My SQL technique. Finally, the real time buoy data are
assimilated with the earthquake parameters for improving the accuracy of the
forecasted output and confirming the occurrence of a real tsunami.

1.3 LITERATURE REVIEW
1.3.1 Numerical simulation

Shuto (1986) studied the performafice to examine the dependence of computed
results on the grid size in the tsunamdi $imulation, for simplified conditions. In
addition to the ordinary CFL condition,(the resolution, N, which is defined as the
number of grid points per length is fomnd/to be essentially important. In order to
obtain good results, the value of N shotld'be'taken to larger than 20.

Nagano, Imamura and Shuto (1991)simualated from the commencement of the
1960 Chilean tsunami geperaiion, to, thesterminal effects on coastal areas. In the
computation of ocean propagalion by therlincarJong wave theory, a new technique is
introduced to keep the samhe, aceuracy as the lincaf Boussinesq equation and reduce
the CPU time as welllasythe® computer memofy. Ingthe coastal transformation
computation, the crergy d1_551pat10n due to sea-botiomyseouring is suggested to be
included, partlcularly W thescase of long bays. To @btainsaccurate results, the current
velocity requires finer Spatial#@fids than the waten surface clevation. Damage done to
pearl culture rafts are eXplame(f laftetms of the comphted current ,EQJOCIW

Imamura,‘ﬁ' (1993) gstimated the tﬁunapn source (ﬁ"e 1992 Nicaraguan
Earthquake from ts i data’'THe resulted show comparigan of the dislocation of
the fault estimated frofpthe medSured data 15°5.6 to IO Q\fﬁ\es larger than that from
seismic data. The tsuna grea, whlch is 200 in length x 100 km in width,
is used to explain the distrib m heights along the coast and the
wave period as shown in the tide rec Cormto The effect of risc time on tsunami
excitation indicates a slow process, whlch corresponds with the seismic waves. This
event falls under the tsunami earthquake category to produces anomalously large
tsunamis relative to earthquake magnitude.

Imamura, et al. (1995) presented a numerical model of the 1992 Flores Island
earthquake and tsunami. The fault model has 2 different slip faults. The results show
good agreement with the measured runup heights in the northeastern part of Flores
Island; for the southern part of Hading Bay the result gave different wave height
affected from the landslides in this area.

Paul and Thomas (1996) studied the numerical model by using far field
shallow water equation in spherical coordinate. Comparison with the results from the
numerical model with the tidal gauge recorded from tsunami incidents in 1952, 1968,
and 1994 indicated the highest error of 127 %. The 15 hypothetical earthquake
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incidences with a magnitude of 7.5, 8.2 and 9.0 (Mw) in the northwest Pacific were
used to compute waves, also the expected amplitude at 80 sites resulting in a tsunami
database in the northwest Pacific Ocean.

Borrero, et al. (2003) studied the probability of tsunamis caused by underwater
landslides, followed by an analysis of the possible economic impacts associated with a
destructive landslide generated tsunami affecting the Ports of Los Angeles and Long
Beach. Finally, a review of tsunami field surveying techniques and detailed
summaries of tsunami field surveys that occurred between 1995 and 2001 was
presented. The locations surveyed included Mexico, Indonesia, Papua New Guinea,
Turkey, the Marquesas Islands, Easter Island, the Juan Fernandez Archipelago and
Peru.

Koike, Kawata and Imamura (2003) proposed a new method to estimate the
far-field tsunami potential by assuming fauli models on the Pacific Rim. The paper
found that a tsunami that generates in the aréas where there is no tsunami history can
damage the Japanese coast. The study/showed that it is important to estimate tsunami
potential by assuming fault models /other than 'the past earthquake data. The study
applied a new inversion method using wayvelet transformation to a part of the real-time
tsunami forecast system for the PacifiessBecause this inversion method does not
require fault location,,it “is possible to“analyzé atsunami_in real time without all
seismic information. ‘Tn"Grder e check the usability6f the system, a numerical
simulation was executediassuming an earthquake a# ‘sca-off Taiwan. The correlation
coefficient for the estimaied-iaitial waveform to the assumed-one was calculated to be
0.78. It takes 90 min to capiurestime-series wavefofmudaia-{rom tsunami gauges and 5
sec to estimate the 2-D"initial"Wwaveform using theSimyerSton method. After that, it
takes 2 minutes to foréeast thefsuiami heights attheJapanesé coast. Since the sum of
these times is less than the 108 niinateés transit time of the tsufidmi from Taiwan to
Japan, it is possiblg to givé a, Waming to the residents before the tsunami hits the
Japanese coast. Co ?a.gng the tsunami hmghts forecasted Q# is system with those
calculated by the fau del, thé aveérage error was 0. 39\1§.\ he average error of the
arrival time was 0.007

SE/ &?ﬁ Ro®
Fujima, et al. (2005) studie e@summi effects of the 26 December 2004 at
Maldives by using the Delf 3D for modeling the tsunami wave height, They used a
430 m x 530 m grid and in a 20 m x 20 m grid in deep water and shallow water,
respectively, and then compared the results with the surveyed data

Kowalik, et al. (2005) used shallow water equations in spherical coordinate to
calculate the tsunami wave of 26 December, 2004. They used grid size to 1’ x 1°,
resulting in 200 million calculating points. The tsunami wave height results for
Thailand, Sri Langa, and Africa were 9.3, 8.1 and 3.3 m respectively.

Watts, et al. (2005) used the numerical tsunami model for the 26 December
2004 earthquake at Sumatra Island, Indonesia by using the non linear Boussinesq
equation. The rupture areas were separated into 4 parts from the South up to the
North. The results of tsunami wave height that was calculated from the model
compared well to the tsunami wave height in the real events taken from field surveys.
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Srivichai, et al. (2005) investigated the tsunami intensity scale from the 2004
Sumatra tsunami at the Kamala beach, Phuket Thailand. This was the area hardest hit
by the tsunami in Phuket Island. The study was conducted by field survey and several
distributed questionnaires to affected families. The maximum tsunami height was 6 m
and run-up distance was 650 m. Sixty-seven local people and 7 tourists were killed,
more than 760 houses were damaged (with 210 houses totally collapsed and washed
away) and forty fishing boats and 173 cars were destroyed. In total the damage cost
was preliminarily estimated to be more than 1,500 million Baht.

Tsuji, et al. (2006) surveyed the damaged areas from the 26 December 2004
tsunami in Thailand. The study areas covered the south of Phuket Island up to the
border of Myanmar covering the whole atea of the Andaman Sea coastline. Thirty
seven points in the area were measured dn fotal to gauge the tsunami wave heights.
They were less than 10 m, except at a féwdogations. The largest tsunami wave heights
reached up to 19.6 m at Ban Thung Dap@fPhira Thong Island.

Wei, Mao and Gheung (2006) dcveloped a long-wave run up model, an
inverse algorithm for tsunami forccasting and @ methodology for real-time prediction
of tsunami run up. By use ofithe\ finitésvolide model. one can calculate the long-
wave propagation and sun-upyn the two-dimensional horizontal plane. This provides
accurate descriptions 0f théweonserved variables dndismall water surface perturbations
during run up. The invefSesalgotithm can synthesizé*tSunamii generation at the source
and propagation deressmithe. Pacific through “Superpesition of pre-computed
mareograms, this approachedefines the boundary“eenditions for the finite volume
model, which in turn provides®rua up forecasts at predefmed areas during a tsunami
event. The results weréValidatéd for Haleiwa of Oalmusing the 1946 Alaska-Aleutian
tsunami. Sensitivity studies showed/ thej feasibilityhand rella&ﬂty of the forecast
methodology for l’@ememﬁﬁon. éj‘

S A1 AN e .

Srivichai and Sapharatld (2006) developed the n cal tsunami model, as it
might affect Thailand, ff @ moment magmtude ) earthquake in the Nicobar

Islands and the southern p Q%ﬁ& sed on 4 areas in Thailand at
Phuket, Pang Nga, Ranong and Phi lan he tsunami wave height was found
0,25 -3.74 m.

Egorov (2007) demonstrated hydrodynamic model of relatively slow process
of eruption, with domination of liquids. The process of underwater eruption of lava
causes the disturbance of ocean free surface. The standard formulation of
hydrodynamic problem for incompressible fluid in cylindrically symmetric layer of
with rigid bottom and free surface with local hydrodynamic source (volcano) was
used in the study. Real data shows that some volcanoes can erupt several millions tons
of lava during several dozens of seconds (Bezimjannij, Kamchatka). The result shows
that long waves are more efficiently generated by larger duration (T): these tsunamis
can have smaller initial perturbations of free surface, but the waves are long and they
can transmit their energy over longer distances.
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Srivichai and Supharatid (2007) studied the tsunami behavior and effect of two
past tsunami incidents (Dec, 31% 1881, 7.9 Mw, 9.25 N, 92.7 E and June, 21* 1941,
7.7 Mw, 12.1 N, 92.5 E). The shallow water equation of linear long wave was used to
compute the tsunami height and arrival time along the coastline. Such results can be
integrated to form a tsunami database for Thailand.

Fujii and Satake (2007) performed one of the first joint inversions of regional
tide gauge data and satellite altimetry measurements to produce a tsunami source
model that extends 900 km to the north along the subduction zone. They found a slip
distribution, stable within a large range of rupture velocities and rise times, with peak
slip of 13-25 m offshore of Sumatra Island and with moderate slip of up to 7 m in the
Nicobar Island region. Although there are still some discrepancies between results
produced from either tide gauge or satellite data alone, this article provided detailed
descriptions of the inversion results for individual datasets as well as the joint
inversion.

1.3.2 Neural network and Ggheral Regrassion Neural Network

Hsu, Gupta and Soreoshian (1995)/presented ajprocedure called Linear Least
Square Simplex (LLSSIM) for, identifying thé structurc.and parameters of a three-
layer feed-forward ANN. which iovelvedunultiplerandom starts in weight space and
thus reduced the probabilitysof finding local minima. ANNmodel approach is shown
to provide a better repré§éntation of the rainfall-runeff selationship at Leaf River basin
near Collins, Mississippisthaii.the linear ARMAX, (autoregressive moving average
with exogenous inputs) timesseries approach. Moreéovery the ANN approach presented
here does not provide_medelsethat have phygieally, realistic components and
parameters. 5

Campolo,“%dreuwi andSoldati (1999) developed 2 Rl network model to
analyze and foreca pl%bchavmr of the [’agliamemo River, igtaly, during heavy rain
periods. The model Uség,rainfalldinformation coming fr:::QR/1 veral rain gauges in the
mountain district and p ;e ater fevel of the odel predictions are very
accurate (mean square error ﬁ; ?@ r ahead the performance of the
model remains satisfactory up to S ho

Dawson, et al. (2002) evaluated two neural networks; the popular multi-layer
perceptron (MLP), and the radial basis function network (RBF) for flow forecasting in
the River Yangtze, China, using six-hourly rainfall-runoff data at Yichang and
discharge at two sites upstream of the Three Gorges dam site. It is shown that both
neural network types can simulate river flows beyond the range of the training set and
they can forecast events outside their training range by using a limiting scaling on the
data [0.1, 0.9].

Supharatid (2003) applied the neural network model for forecasting and
filtering problems in terms of tidal-level variations at the Chao Phraya river mouth in
Thailand instead of using the gradient descent method as used by the standard back-
propagation network. The Levenberg- Marquardt algorithm used instead of the neural
network model was found to be able to model the transfer function to a much higher
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degree of accuracy than multiple regression analysis. The root mean square errors and
mean relative error for a neural network model are about 8 cm and 6.4% whereas the
same errors for multiple regression analysis are 16 cm and 12%, respectively. The
efficiency index for a neural network model is 0.9. The neural network model can
indicate reasonably important behavior of the tidal influences.

Jumnonkpol (2005) developed a flood forecasting system combining the
Chaopraya River basin and the Ping River Basin downstream from the Bhumipol
Dam, the Nan River basin from Sirikit Dam, the Yom river basin and Muang
Nakornsawan district totaling 20 water level stations. The back propagation Neural
Network model was used with training and testing daily data set in 1992 — 2002 and
2004. The mean square error and the efficiency index showed satisfactory results.

Kanbua, Supharatid and Tang (2009) presented GRNN as a strong alternative
in operational forecasting. They investigated, of wave field during Typhoon Linda in
1997 in the Gulf of Thailand. Two modelipg approaches were used for the study. The
hard computing approach by the WAM cyeled model was used firstly to simulate
wave heights and periods distribution'¢evering the domain 95°E to 105°E and 5°N to
15°N. Then, the soft computing approach'by the GRNN model was developed to
predict the wave characteristies for leadutimics of 3,46, 9, 12, and 24 hrs. The input
wind data was obtained from NOGA PS'model archives with 1 degree resolution and
were linearly interpolatedio,speeify wind componentsatieach grid point. They found
that the WAM model ufidesestimated the wave height bys@as much as 20%. The root
mean square errors [(RiMSE).aid the mean absolute deviations (MAD) were 0.18 —
0.26 m and 0.13 — 0.18 sassrespeetively. The GRNNushowed better forecasting results
than the WAM model (RMSE" <40.15 m and MAD%0,10"m). The maximum wave
height simulated by thé GRINN médel during typheon Linda in 1997 was found to be
4.0 m while the observed datadwas/ 4406 'm' This ndicateS~that for short-term
predictions [with¥r24 hrs}¢a data-driven model such as'the should be viewed
as a strong alternaf %i)g operational forecasting. D

Cigizoglu (200%  ANN"algorith @e\gralized regression neural
network (GRNN), which rn;{?ﬁ% mean flow forecasting. The
performances of the GRNN and the P methods were compared initially for the
forecasting of monthly mean river flows and testing the neural networks using the
observed data; then the forecasting study was carried out using the AR model-
generated synthetic monthly mean flow series for the testing stage. The GRNN
simulations did not face the frequently encountered local minimum problem of the
FFBP applications and did not generate forecasts that are physically plausible. It was
seen that FFBP forecasting performance was sensitive to the randomly assigned initial
weights. This problem, however, did not occur in the GRNN simulations. The GRNN
approach does not require an iterative testing procedure, unlike the FFBP method. The
GRNN forecasting performance was found to be superior to the FFBP, statistical, and
stochastic methods in terms of the selected performance criteria.

Tiago, et al. (2005) modeled the Time — delay Added Evolution Forecasting
(TAEF) by applying the neuron network together with Genetic Algorithms, using the
neuron network for learning and the Genetic Algorithms for calculating the inverse
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time that related to the forecasting in order to find the best node. The study was
separated into 2 cases; the first used the input selected from Genetic Algorithms and
other did not. The first case had more accurate forecasting results than the second

case.

Supharatid (2006) studied the monsoon rainfall of 21-25 November 2000 in
the southern part of Thailand, which resulted in great flooding in Hat Yai. This paper
investigated two modeling approaches for flood prevention and mitigation of Hat Yai
city. First, a hard computing approach by a physically distributed model was applied
to study the flood behavior in a two dimensional floodplain flow (FLO-2D model).
Second, a soft computing approach using a neuro-genetic algorithm was used to
develop a flood forecasting tool. The result showed that the FLO-2D model can
simulate the flood behavior well. The néuro-genetic algorithm can also give a good
result in terms of water level forecasting for 1 to 3 days. The network performance
evaluating the efficiency index for foregasting water level 1, 2 and 3 days is 0.97, 0.94
and 0.82 respectively.

1.3.3 Warning Systém

Tatehata (1997) presented the /MAddeveloped Tsunami Warning System made

up of the following three Gemiponents.
1) A new seismogiaphenetwork using P-WaVe.m@gnitude. The purpose of
which is to shesten the fime it takes to detecl carthquakes and estimate their
magnitude. _
2) Rapid Numericalg#8tnami Model. Tlie%plan of this model is to issue
accurate tsunaffii wayeforecasts which, will'dissemifiate-approximate heights
and arrival times. Thisgodel mustimeet the following sgedification

- Elafise Time 4¥ithift 1 Second after cstimating a hyfbcenter

- Férégagt Range: within 2000 km. radius fr unami source,
- Regio S?@: about 400 ~200 km. (equivale@fo a typical Prefecture size
in Japan) 5/? 0 %\’5,
3) A satellite-based ¢ @@Tvﬁﬁbyb%ﬂg

Huffman (2001) proposed a combination of Geographic Information System
(GIS) and Expeit Systems io improve disasier alerts and warnings. His proposal of
GIS and Expert System in combination with Neural Networks, can significantly
improve the entire process of logistical response to flood disaster planning, mitigation
and recovery. The result of this study showed the tremendous potential of neural
network use to make predictions that are as good as or better than other methods.

Gusiakov and Mercado (2002) presented the project “Basic Pacific Tsunami
Catalog and Database”. This project attempted to improve the situation with the
catagorization of historical tsunamis in the Pacific by organizing them in the form of a
parametric tsunami catalog and database. Its final product was the multimedia CD-
ROM “Tsunamis in the Pacific, 47 BC- 2000 AD”, containing all the meaningful
historical tsunami data along with additional reference information related to the
tsunami problem in the Pacific. The basic set of parametric data collected within the
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database (the catalog of the Pacific tsunamigenic events and the catalog of the
observed wave heights) is available on a web site at http://tsun.sscc.ru/htdbpac/. The
full version of the database is provided with DOS- based and Windows-based graphic
shells for easy data manipulation, visualization, and handling, and is distributed on a
CD-ROM.

Papathoma, et al. (2003) reported that recent tsunamis have caused massive
loss of life, destruction of coastal infrastructures and disruption to economic activity.
To date, tsunami hazard studies have concentrated on determining the frequency and
magnitude of events and in the production of simplistic flood maps. In general, such
maps appear to have assumed a uniform vulnerability of population, infrastructure and
business. In reality however, a complex set of factors interact to produce a pattern of
vulnerability that varies spatially and temporally. A new vulnerability assessment
approach was described, that incorporated multiple factors (e.g. parameters relating to
the natural and built environments and sec¢iosdemographics) that contribute to tsunami
vulnerability. The new methodology was'applied on a coastal segment in Greece and,
in particular, in Crete, west of the city of Herakleio. The results were presented within
a Geographic Information System (GIS), The application of GIS ensures the approach
is novel for tsunami studiesysinee it permits interrogation of the primary database by
several different end-users. Ber exampies«the! GIS may be used: (1) to determine
immediate post-tsunami disaster responsexnéeds by the emergency services; (2) to pre-
plan tsunami mitigation measures by disaster planners; (3)as'a tool for local planning
by the munlclpal authofities OT#(4) as a basis for eatastiophie modeling by insurance
companies. They showedsthal pdpulation density vafics maikedly with the time of the
year and that 30% of buildiagsswithin the inundatiemgzone are only single story thus
increasing the vulnerab:hty oftireu occupants.

Srivichai, Chidtong and Suphamtnd (2005) p:esemed tlﬁ:’system of Tsunami
Evacuation (case’% y: Bafig Nieng Village, 'K ukkak sub-dis{fct, Takuapa district,
Phangnga Provinc 1Iand) The seleb‘leﬂ ﬁiet}k)d was . &\%'on-structural method,
which is appropriate is areal This method helps to ct and reduce the effect
of tsunamis without cre%?dama e to the area. D the fact that the area is well
known as a tourist area ﬁﬁ ppropriate and can cause an
environmental problem. The Oij‘:("[l his mrch aimed firstly to investigate the
high-risk tsunami that occurred in the area on 26 December 2004. Secondly, maps
were construcied, the damage level of the tsunami map, and an evacuation route map
(see Fig. 1.20). Thirdly, an evacuation plan was developed for the area which could be
used as a prototype for other communities.
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Lay, et al. (2005)»studi _ long the boundary of the
Indian —Australasian aw Eurasian plate d a40 year period. Their focus
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Chen, J. H’%a
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Earthquake Informatio stem of Central er Bureau. When a potential
tsunami earthquake withm%

g&wﬁ xmt? Cﬁg‘fg 27°N, 118°E, and 124°E
occurs, the report system will call for the ‘database to predict the tsunami arrival times
to every essential port in a few minutes. The database has been tested to be consistent
with the tsunami observations generated by the March 31°, 2002 Hualein earthquake.

s codes fu.solve shallow-water-

Meinig, et al. (2005) stated that fast, accurate tsunami forecasts are an
essential component of an effective tsunami warning system. Decision makers at
Tsunami Warning Centers must assess the hazard to coastal communities by rapidly
collecting and interpreting earthquake and sea-level data. A missed warning could
devastate entire regions and needless evacuations are expensive, dangerous and erode
confidence in the warning system. Tsunami forecasting technology under
development at NOAA/PMEL is based on the well tested approach used in many
other forecast systems—i.e., the integration of real-time measurement and modeling
technologies. Real-time monitoring and measurement of sea-level data in the deep
ocean is presently made by a seven-station network of DART (Deep-ocean
Assessment and Reporting of Tsunamis) systems (see Fig. 1.21). DART II is a new
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generation system that will have additional features and capabilities to aid the
forecasting ability of Tsunami Warning Centers. As a result of the devastating impact
of the 26 December 2004 Sumatra tsunami and the proven value of the DART array,
the number of network stations will be increased to thirty-nine by mid-2007.
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Figure 1.21 System of Deep-Ocean Assessment and Reporting of Tsunamis
(Meinig, et al., 2005)

The Japanese Meteological Agency (JMA, 2006) presented a tsunami warning
system which can issue tsunami warnings within 3 minutes after the occurrence of an
earthquake (see Fig. 1.22). In case tsunamis originate by seismic events far from
Japan, JMA takes a coordinated action with the Pacific Tsunami Warning Center
(PTWC) in Hawaii and issues warnings for the long-propagating tsunamis. JMA
operates the Northwest Pacific Tsunami Advisory Center, which provides more
tailored tsunami information for the countries in the Northwest Pacific region in
cooperation with PTWC.
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Figure 1.22 Tsunami Warning system offhe Japan Metrological Agency (JMA, 2006)

Koshimura, et al. (2006) dqvelopﬁd @ method for estimating the number of
casualties that might occur whil@ pedple‘evaguate from an inundation zone. The
method was based on a su@p}e mﬁdﬁl Bﬁh}g&mdymxmcyforces on the human body.
The method used a Tsunani'ea fy_,,:m (TCI), computed at each grid point of a
numerical tsunami mede! to. &e\lﬁlﬂme Tocaﬁ%)g,ls and times within the tsunami
inundation zone where evmuggm during the tsu.l;aﬂh inundation is not possible, and
therefore where casualfigsmare” likely to occur. TBQ gleeations and times can be
combined with infofationsabeut population densityste: compute the potential number
of casualties. This mfommfs useful in developmgmm@nn evacuation routes that
avoid such locations. T0 ik grthe method it was app 'eﬁ o the Seattle Waterfront
in Washington State, US ,whiciis real of p
to the Seattle Fault carthqt
may occur wlthlf% Sea

3 to 18 minutes aft ;qurge Seat _

{ tsunami casualties
e time interval from

Bernard, et al O%Jdegelgped gmdeh \Tor advancing the science of
forecasting, hazard mitigatio %ﬂj @:vdopment of public policy to
realize a global system. Much of the 1 pﬁmtmn on mitigation and forecasting draws
upon the development and accomplishments of a joint state/federal partnership that
was forged to reduce tsunami hazards along US coastlines, the National Tsunami
Hazard Mitigation Programme. By integrating hazard assessment, warning guidance
and mitigation activities, the programme has created a roadmap and a set of tools to
make communities more resilient to both local and distant tsunamis. Among the tools
are forecasting, educational programmes, early warning systems and design guidance
for tsunami-resilient communities. Information on international cooperation is drawn
from the Global Earth Observing System of Systems (GEOSS).

Gica, et al. (2007) developed and evaluated the probability risk analysis
methodology along with other fundamental researches. 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
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may not be suitable for earthquake statistical analysis. Numerical simulations
conducted also revealed that tsunami wrap-around phenomenon observed around
smaller islands in Asia did not occur in the relatively larger Hawai'ian island chain. In
addition, 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 could serve as helpful guidance for future simulation studies. And
the results presented by the development and application of an indirect probability
methodology, used to study the risk of inundation caused by earthquake-generated
distant tsunamis in the Pacific Basin, appear to be very useful to civil defense
agencies and coastal engineers in their planning for coastal hazard mitigation as well
as proper coastal development and management,

Venturato (2007a) The NOAA (National Center for Tsunami Research is
collaborating with National Weather Segviée Tsunami Warning Centers and academia
to develop a tsunami forecasting systém that assimilates real-time event data with
numerical models, to provide estimates of tsunami amplitudes and arrival times for
potential at-risk communities. We présent, a. demonstration of the first software
version that is being tested at eagh'warniig center for future operational use. This
version estimates tsunami propagation, coastal amplitudes and arrival times within the
Pacific Basin based on preliminary scismiedata, Tools are provided in a user-friendly
interface for further analysis. Future SoftWare versions will perform real-time data
assimilation of deep-oceamyisunami detectors, calculate tSunami inundation at selected
at-risk communities, afidyprovide forecasts of latef tsunami waves that can threaten
rescue and recovery:opeiations.

Venturato (2007b) i€ NOAA National ‘@enter for Tsunami Research is
developing a tsunami’ forceasting ssystem for Wational Weather Service Tsunami
Warning Centers. This System will' incerporate. real-time tsyfidmi event data with
numerical modéts- to provided estimates of | tsunami wpropagation and inundation
amplitudes and st Limes for at-risk U.5. coastal commugiifes. The first version of
the system was imﬁ? nted atfeach Tsunami ‘Warnin, ter in Spring 2006, and
provides tools that assi basic seismic data to ¢dtate the source and calculate
tsunami propagation within @ﬁgﬁ?{lﬁsin@ﬁm{)f arrival time and maximum
wave amplitudes are provided in "a®uSer-friendly interface for further analysis by
warning center operators. The next version of the system scheduled for Spring 2007
will perform real-time data assimilation of deep-ocean pressure recorders that can
detect a tsunami signal within a 30-millimeter threshold. An analysis of available
forecasting tools was performed for three tsunamigenic events in the Pacific Basin,
including the recent mild tsunami due to a movement magnitude 7.9 earthquake off
the coast of Nuku'alofa, Tonga. A comparison of tsunami wave arrival times and
amplitudes between current numerical algorithms and observed values at available
water-level gauges was performed. This analysis is the first step toward developing
confidence limits for current algorithms used in the tsunami forecasting system and
recommendations for future improvement.
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1.4 OBJECTIVE AND SCOPOE OF THE PRESENT STUDY

This study is to construct database of Tsunami warning for Thailand. The main

objective can be divided and scoped as follows:

1. To identify tsunami information relevant to Thailand.

2. To study tsunami propagation behavior in the Andaman Sea and the South
China Sea.

3. To determine the run-up heights along the coastline and the arrival time of
tsunamis by using the shallow water equations for far field and near field
tsunamis.

4. To apply soft computing techniques to determine run-up heights along the
coastline.

5. To develop a tsunami forecasting and warning system and a Tsunami
evacuation system for Thailand.

1.5 OUTLINE OF THE PRESENT/STUDY

The dissertation ishcomposed of 6 chapters, which can be summarized as
follows.

Chapter 1 deseribes,thehatroduction, probleim degeriptions, review of previous
studies, objective and Glthiaes 6f the present study:

Chapter 2 describesgtheshard computing téchnigue,. | he governing equations
are given in the form'of shalléwswater equations. iiilinear and nonlinear terms. The
finite difference methiod bythe’ leap —frogesehenie. 15 @Xplained, in detail. The
earthquake mechanisms”anddfault motions \are, siven fogethsy’ with the historical
earthquakes and sunamis.ifl theIndian Ocean and Pacific Ocghi. Then, application of
the numerical modehfoy tsunami Simulations ate explained £or model calibration and

model testing. s D
'%&Q e o\
Chapter 3 describe f}?ﬁ ce @Q\%n icial Neural Networks (ANN),
orks i me

the comparison of neural netw brain and neural networks in a computer,
and ANN in its various applications. ANN examples of active functions will include:
signum function, siep function, linear function or sigmoid function. ANN architecture
to be describe will include: single layer feed forward, multilayer feed forward and
recurrent network. Finally, the concept of General Regression Neural Network
(GRNN) will be described. This description will include the concept of the
architecture of GRNN and how to find the evaluation of the GRNN performance.

Chapter 4 describes Tsunami effects on the Andaman coastline generated from
420 earthquake case studies. This study analyzes the effect on the Thai Andaman
coastline, by looking at 58 study areas during the arrival of the first tsunami wave and
also the highest tsunami wave. And Tsunami effect on the Thai gulf coastline
generated from earthquake in the West of Philippines. Finally The General Regression
Neural Network methods (GRNN) are developed to make the tsunami databases in
terms of maximum tsunami wave height. The results calculated from the Numerical
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model are used for training and testing the GRNN architecture to build the network
used for calculating the tsunami wave height in the 58 study areas. The results will be
incorporated in the making of a database, for a future tsunami warning system.

Chapter 5 looks at the present tsunami warning system, the tsunami databases
online (which were developed from Numerical model) and the real time tsunami
detection, (Dart buoy) data. The results from this study are compared with the Dart
buoy data for more accuracy. Developed tsunami evacuation game to give knowledge
to people live in possibly effected areas.

Chapter 6 Discussion and conclusion.



CHAPTER 2

HARD COMPUTATION

Water waves are classified into several types (Shoto and Imamura, 1997 and
Imamura, et al., 2006) by a hydraulic point, measured by the ratio of wave height to
depth, or depth to wave length. Tsunamis are generated by the movement of the sea
bottom during an earthquake. The movement of the sea bottom generates the long and
shallow water waves in the sea. In general, the bottom frictional effect of the wave
frequency dispersion is relatively negligible in the near field tsunami. Therefore, the
shallow water theory, including the bottom frictional term is used in the simulation of

tsunamis.
2.1 GOVERNING EQUATION

The theory of longgwaves 1§ @n, approximate theory applicable to waves of
small relative depth to wave, length, for which ‘the vertical acceleration of water
particles is small compared to, giavitationa! accelcration, and the curvature of
trajectories of water partielcs is,sufficiently “{<equally} small. Consequently, the
vertical motion of watepparticles.has no effect on‘theiettical distribution of pressure.
It is an appropriate_asSUMptiéne that the pressure®™$™Hydrostatic. In addition, the
horizontal velocity ofwater particles is vertically unifoff,

Figure 2.1 Schematic diagram of an unsteady 1-D flow over an irregular bottom and
the corresponding notation (Horikawa, 1987)

Based upon these approximations, the motion of long waves is expressed by
the following shallow water theory Equations (2.1) - (2.3).
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Where x and y are horizontal coordinates, t denotes the time and g is the
gravitational acceleration, h is the still water depth, ) is water surface elevation from
the still water level, u and v are the water particle velocities in the x and y direction,

respectively, and r% and r% are the ottom frictions in the x and y directions,

respectively.

The bottom friction is expressed i anf@nalogy to the steady flow as Equations
(2.4)-(2.5).

iE: =liuw}u2 +v? 2.4

2
=%£v u® +v? (2.5)

Where D is the totali¥ater depth given by h-+n andifis the friction coefficient.
The friction coefficient, fgafid Mafning’s roughness, i inithe uniform flow are related

by Equation (2.6) —
2)
fD”3 % Q&
= O S 2.6)
2g 7 N
T :
236, o)

And the bottom frictio@ﬁf@%{ﬁm cx@@&%y Equations (2.7) - (2.8).
<= g’:u uvu’ +v° (2.7)
7, gn’ 2 Lol
;—:Dmv u“+v (2.8)

The next step is to introduce discharge fluxes (M, N) in the x and y directions,
respectively. M and N are related to u and v by following expressions (Equations (2.9)

~(2.10)).
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n
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= [vdz=vD (2.10)
—h

Integrating Equations (2.1)~(2.3) from sea bottom to water surface, the
following shallow water theory is abtained for discharge fluxes M and N.
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Where M and N are discharge fluxes in the « (along a parallel of latitude) and
o (along a circle of longitude) f (2wsind) is the Coriolis coefficient.
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2.2 DIFFERENCE SCHEME

The staggered Leap-Frog scheme (see Fig 2.3) is applied for discretisation of
Equations (2.1) — (2.3) and Equations (2.11) — (2.13). The numerical scheme is simple

and has second order accuracy. Each approximate differential equation is written as.
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Figure 2.3 Arrangement of point for computatiornin'thedeap-frog method
(Shutofand Tmamura, 1997)
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N 2 >0, v,=0, vy=1, vy, =1
<0, w,;~l, vy,=-1, vy, =0
i and j denote the spatial grid numbers of x and y directions, respectively, Ax

and Ay are grid size and k denotes the time step. D is the total water depth, which is
expressed as.

A LT O o
D:i = %(m’i],,, S R T h;%,_ - il
D! 1 =50l 47t ) R / / 224)
Djjj% R e D (225)

2.3 EARTHQUAKE PRAHETERS;.:AND?FJULI MQTIBN@
S o . ” h o C‘)
Donald an@evin (1994) dnd Kanamori (1977) obtai B4 the relationiof fault
parameters in Equatiaﬁ (2.26)apd (22 77)3wWherg A is thefRilt area, L is the fault
length, W is the fault w% and 'S the displacement. ,

700i% n o
Log (A) =-3.49+0.91 Mw 2l VR RO\—Q (2.26)
Log (Mo) = 1.5 Mw +16.1 2.27)
Mo = pvA (2.28)

Where Mw is moment magnitude, Mo is seismic moment, v is the average slig
amount,  is the rigidity of the earth crust with values varying from 1 to 6 x 10" N/m
and is degendent on the local geological structure, (in this study, we use a value of 3 x
10" N/m?).

The initial condition corresponds to still water with specified surface wave at
the location of the earthquake. The algorithm of Mansinha and Smylie (1971)
provides the initial surface wave through the seafloor deformation, based on input
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seismic parameters that include strike, dip, and slip angles, the amount of the slip
dimensions, and location of the fault.

The Mansinha and Smylie, 1971 equation was used to calculate the uplifting
of the plate that can generate a tsunami wave (see Fig. 2.4).
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v
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Figure 2.4 Fault plﬁle ,ﬁd Gootdmates (Mbmiql;la ancl%nyhe 1971)

A
X, X5 ,X;Q dlcate ‘the dlrgctwn axis, d \—ne beginning point of

displacement width, ¢ id & 6gdmg point of dlspiaeﬁhﬂ width, 0 is the dip angle,
and & is the slip direction. ?\jﬁ n Ra®

1. The uplift of plate at the Strike-slip Fault
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‘ . 2
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+4q,x, sin 8 (€2 +¢'3)—3q3 Slng]-4q§q3x3 cos @sin @ (32Q+ 9 ¥ 5)2
0°(Q+¢g;+¢)

(2.28)
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2. The uplift of plate at the Dip-slip Fault
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~
Where u3 iés: vertical uplift at coordinate (x1,x5.x3), 4 is the displacement
in xy, U is the displac% in “0 is the'dip angle anq&%?“z 53 are the forcing

points at the plane. 7698/5‘ \?a . RQ\'\Q)

2.4 HISTORICAL EARTHQUAKE AND TSUNAMI IN THE INDIAN OCEAN

The USGS data reported that earthquakes and Tsunamis in the Indian Ocean
had occurred several times from 1973 to 2010. There were 10,309 incidents in total,
occurring at Latitude 0 N— 16 N and longitude 90 E — 99 E (Data from USGS, 2010).
These incidents were divided by the Moment Magnitude as shown in Fig. 2.5. Seven
thousand seven hundred and twenty incidents registered on 4-4.9 Mw, occurred from
1750 -2010. Out of the 7,720 incidents 31 had resulted in tsunamis, see Table 2.1
(NGDC, 2010).
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6.0-6.9 Less than 4
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@ Less than 4
m40-49
050-59
06.0-6.9
m70-79
m8.0-89
| More than 9/

40-49

Figure 2.5 History of earthquakes in thellidian ocean from 1973-2010 (NOAA, 2010)

Table 2.1 List of tsunami events in thedhdian\@eean from 1750 — 2010
(NOAA, 2010)

Tsunami
T sunami source y & P(;rameters
3 |
g E . =|% &
= o L "B =
£ | — s5|55
Date = = __""‘ Name _:) T | Z & | Remark
MYANMA Ry(BURMA)

1750 | * | 188" L3 YCQAST g > 0
29/9/1837 | 7.3) 5.5V A BANDARNGERY | 2| Vol
5171843 | 735, 1.548 SBASWN BUIMATRAND & | 3

| o= UIELENICOBAR
31/10/1847 | * | *1%, 99| ISLAND N 1
11/11/1852 | 6.8 | 1.M" &) SIBOLGA, SU] TR, \ 1
o/3/1861 | 7| | 9%&‘4 Jz8U M«s@f& % 4
26/4/1861 | 7| | 97.5 | SW. SUMATRA 1
17/6/1861 | 6.8 ] 97.5 | SW. SUMATRA 0
19/8/1868 11.7| 92.7 | ANDAMAN ISLANDS 4 1

BAY OF BENGAL: W OF
31/12/1881 | * 12 93 | CAR NICOBAR IS 122 11
14/12/1885 | * 5.5 96 | BANDA ACEH 0
4/1/1907 | 7.6 2| 94.5 | NW.SUMATRA 10
8/7/1922 | * 55| 952 | LHOKNGA, ACEH 0
9/11/1929 46| 956 | TIALANG, N.W. SUMATRA 1
5/5/1930 | 7.3 | 17.3| 96.5 | MYANMAR COAST 1
25/11/1935 [ 6.5 | 5.5 94 | CELEBES SEA 0
28/12/1935|7.9| 0.0| 98.3 | SW. SUMATRA 0
23/8/1936 | 7.3 | 6.1 | 94.7 | OFF NORTHWEST COAST 0
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Table 2.1 List of tsunami events in the Indian Ocean from 1750 — 2010 (NOAA,

2010) (Continued)
Tsunami
Tsunami source Parameters
3 G
3 £ 5 £ ca
5| | & SAEE
Date = - ~ | Name 2T | Z & | Remark
ANDAMAN SEA, E.
26/6/1941 | 7.6 | 12.5| 92.5 | COAST INDIA 2
OFF NORTHWEST
2/6/1848 | 6.3 6 95 | COAST 1
9/5/1949 | 6.7 5 95 | BANDAACEH 0
LITTEENICOBAR
17/5/1955 | 7.3 6.5 94 | ISLAND 0
OFF,NORTHWEST
2/4/1964 | 7| 5.8 | 95.4 | GOAST OE INDONESIA 0.7 0
12/4/1967 | 6.1 | 5.5 | 97.3 |[NORTABAST SUMATRA 1
O\ [UAVA TRENCH/
24/2/1982 | 5.4 | 4.4 |“94.8)) INDONESTA" £ 0.1 0
45, FANDAMAN ISLANDS,
13/9/2002 | 6.5 | 13:0nf,. 93 PINDIA 3
" T OFF W. COAST @R
26/12/2004 9 | _ 331960, | SUMATRA 509 | 997
28/3/2005 | 8.7 | 29971 | INDONESIA 3 16
10/8/2009 | 7.5 | 1417 9249 | ANDAMAN ISLANDS 0.01 1
6/4/2010 | 7.7 | 2807 %UH LSUMATRA . o W & e 6
45 4 | LIFTLE NICOBAR 4
12/6/2010 | 7.54 7.78 | SOOI ANDR R Q" & 1

Where * remarks the2 putatiorﬁl method for the _éarthcklgtbé magnitude was
unknown and ¢ u
Mw represents the

Num. of Runups repres

not be determined from the,E‘

O

ished sources.

: A
eﬁ%agg]uiiﬁ)aet\)grun-up link will display the run-

up locations associated with a particular tsunami event.

The above data shows that there were 10,309 earthquakes from the year 1973
to 2010. From these only 7 tsunamis occurred and only 2 were registered as the high
tsunamis. Those were the tsunamis of December 26, 2004 and March 28, 2005. Other
than that, they were just small tsunamis.

2.5 MODEL CALIBRATION

The Andaman Sea is stitched by 3 tectonic plates; the Indian Plate, the Burma
Micro Plate and Sunda Plate (Fig. 2.6). Several earthquakes and tsunamis are reported
to have occurred in this area. Figure 2.7 shows 3 major tsunamis in the past from 1847
— 2004 in the north Indian Ocean (Bilham, et al., 2005).Only two tsunamis (in 1881
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and 1941) are used for calibrating the numerical model. The earthquake parameters
for these two tsunamis are given as Table 2.2 (Bilham, et al, 2005).

INDIAN won @

PLATE BUSRMA
POLE

SLOW

SLip

2/3 FAULT
AREA

ION =

SUNDA

1/3 RUPTURE
AREA

¥ Pereiair 49
1951 ;

\ \
. ™
1

Figure 2.7 Earthquake Locations from 1847 — 2004 (Bilham, et al., 2005)



Table 2.2 Location and earthquake parameters from 1847 — 2004

(Bilham, et al., 2005)
L w Depth
Date Latitude | Longitude | Mw | (km.) | (km.) | Dip | Dislocation | (km.)
31 December
1881 9.25 92.7 7.9 150 60 25 15
26 June 1941 12.1 92.5 Ld 150 50 45 50

In both cases, the linear shallow water equations were used with a Spherical
Co-ordinate system. The comparison between the computed tsunami heights and
measured data (at 3 locations, Plort Blair, Camicobar, and Nagapatam) are shown in
Fig. 2.8. Note that there is data missing for the 1941 tsunami since data had not been

collected before.

1881 Port bigif 92°@6' E 11° 42' N

Water level (m.)

Time (min]
Py 35) Rort, Blﬁu N *%\
5o 5,.,"_5,,_*,,_,_.,“,” &
2 1681 qﬁmlmﬁew 4@& Rov' N \\év\ .
% S |

L < \
738/9\75@ Ro0S’

Water level (m.)
(=]
]
—

Time (min.)

b) Camicobar

Figure 2.8 Tsunami time series from 31 December 1881 Tsunami
(red circle shows record and blue line indicates numerical results)
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1881 Nagapatam 79° 52' E 10° 02' N

© o oo
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o
3

Water level (m.)

S o o
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Figure 2.8 Tsunami time serig§ / i¥om 31 December 1881 Tsunami
(red circle shows record and blue ling 1t cates numerical results) (Continued)

2.6 MODEL TESTING

6, 2004, we examined the

In the case of the: : W /J
) morphology of structures

bathymetry of the Ben

visible on the sea ﬂoog\ \

The morphology™ o
tectonic structures that
depth.

sio 7_ “0f the three-dimensional
s that are taking place at

gﬁ‘holo gies along the

shedk@ their unique shape

ruptured subduction zone.
and orientation. Faely structur

)QQ ! {:': | | A B
1) Segment 1 c@ the Southeriarc of the ru g’hé%subduchon zone, facing
rupture. The faulting trends

in a general South-West emendlcgaé(
North along two relatively shﬁp A, (@ne orth and one to the south of the
segment.

2) Segment 2 presents a long and relatively straight section of the subduction
zone that trends almost North-South along the rupture. The most notable feature of
this segment is the nearly uniform profile of the overriding plate, with a steep rise
from the subduction trench to a shallow ridge, followed by a descent into a deeper
basin further East.

Given the different shapes and orientations of the subduction zone described
above, we consider each segment as a distinct tsunami source (Fig. 2.8). Each tsunami
source will have unique and different earthquake parameters that capture the
morphology of its own segment. This means that a single rupture event will be
represented by a sum of 2 rupture segments with distinct sea floor morphology. Fault
parameter as shown in Table 2.3.



E® 936 95 f EPE 103E 105E

) ”(K,_J imura and

Fault

Location

: AQ’
N
N
Depth D

Dip angle _ 15 degré€ /9 o, v

Strike angle 329 degree '~ J ||

Fault Length 500 km.

Fault Width 150 km.

Dislocation 11 m.

Figure 2.10 shows a computing domain covering the Andaman Coastline.
The total region is covered by latitude 2 S longitude 85 E to latitude 18 N longitude
105 E. Dynamic linking is accomplished in the boxed area. According to this method,
larger grids in the deep sea are overlapped and dynamically linked with grids having
1/4 of its width in the shallower region n (linking of 1.85km to 462.5 m). During the
computation, water levels and discharges are exchanged with each other satisfying a
dynamic equilibrium along the boundary of these two regions. This process is
repeated until the required grid resolution is obtained.
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won” "TIY W Reeian
Grid size ol 4 min -f1-85=*k1;n B W ['462 ,‘bm
Grid number 1 FrFi 825@9 905
Equation "7 | Linghit L‘ongﬂ!a;ve J¥n Linear
Time step "0 3 §ec y "\,\) sec.

B
The numerical resul{z aﬁ;g@ fHe /R(d.‘ﬁmg

S\

, Thailand coastline (on 26

December 2004) are compared with the measured data in Fig. 2.11 (Tsuji, et al.,2005,
Yasuda, et al., 2005, Yeh, 2005, Matsutomi, et al., 2004, Satake, et al., 2005, Tsuji, et
al., 2006, Fujima, et al., 2005 and NOAA, 2005). The tsunami wave height measured
at Phuket Island, Phang Nga Province, and Ranong Province were in ranges of 1-8 m,
5-15 m, 2-4 m, whilst the tsunami wave heights calculated from the numerical model
were in ranges of 4-15m, 5-10 m, and 3-4 m, respectively. Significant deviations
(about 9 m.) are observed at Ban Tung Dab. This may have been caused by
complexity of the bathymetry as given in Fig. 2.12. Time series of the tsunami wave
height at Kuraburi Tide station is shown in Fig. 2.13. Agreements are good during 0 -

240 min.
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Figure 2.12 Bathymetry'of Indidn Ocean and Andagiaf sea'¢Phe General Bathymetric
Chart of the'O¢eans: GEBCO, 2007)
¥ .
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Figure 2.13 Time series of the tsunami arrival at the Kuraburi Tide Station
(simulation; red line, observation: black line)

The snapshots are from 2004 Indian Ocean tsunami as shown in Fig. 2.14 (for
Region 1) and Fig. 2.15 (for Region 2). The red and blue shades are the wave trough
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and crest, respectively. The leading wave travels faster on the western than the eastern
side.

18 = 1§ -
16 = 6=
4= 14=
12= 1=
gu 10 = SID -
2= .:8 -
§ =1
6 - H =
- F
1= d -
0= 0w
I 1o oo 1% 5 o0
25 87 g0 D1 93 095 97 99 DI 103 105 85 87 80 91 93 05 97 90 10! 103 105
Longilude Longiiude
5 minute 15 minutes
18 - 8-
16 = 1f -
4= 4=
12 = i 12 ‘
'. .
P 10 = . ;10 !
3 : RO
§ g = Efw= . ]
Ly 3
6 - G-
4= 4m -
L.
& NG |
: SY
0= Y g~ o =N
- % ; P |
2% 3 SRy - |, W ﬁ‘@ (I
25 37 m 9 % 95 SEP0 4017108803 Eh T R '95 97 9 101 13 105
ﬁ\]llul‘k ; ..,:\ Longiude

/;,mmute \?ﬁ minutes
Figure 2 14 m{p&run ?&ig?no} in Region 1
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Figure 2.14 Snapshots ofisafami behavior in Region 1
for the 2004Ind@n Ocean tsunami (Continued)
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Time series of the tsunami W‘lV qhughl on the Andaman coastline, Thailand
selected from 6 study areas; BanChakle, Tung Dab, Namkem, BaangNiang, Kamala,
and Kata see Fig. 2.16. The maximum wave height from 2004 Indian Ocean tsunami
as shown in Figs. 2.17 and 2.18.



54

BanChakle

01 30 60 90 120 150 210 240 270

(min.)

& X
Do 5 monS™

b) Tung Dab

Figure 2.16 Time series at the 6 selected areas along the Thai Andaman coastline
from 2004 Indian Ocean tsunami
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Figure 2.16 Time series at the 6 selected areas along the Thai Andaman coastline
from 2004 Indian Ocean tsunami (Continued)
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Figure 2.16 Time series at the 6 select as along the Thai Andaman coastline
from 2004 Indian Ocean tsunami (Continued)
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CHAPTER 3

SOFT COMPUTQTION

The basic concepts of soft computing are described in this chapter. The
concepts include the artificial neural networks (ANN) and the general regression
neural network (GRNN). The chapter begins with a general definition of ANN,
biological neuron, the artificial neuron, activation function, learning process and then
describes the general definition of GRNN, probability density function, and the
performance of GRNN.

3.1 ARTIFICAL NEURAL NETWORKS

The artificial neural networks '(ANNs) is a learning system based on a
computational technique that can gindnlatesthe meurological processing ability of the
human brain and can be applied to \quantifying @ nonlinear relationship between
causal factors and pharmaceutical tesponses’ by means of iterative training of data
obtained from a designed@xpetinient.

A natural neuren Consists®of the cell bod¥,gdéndrites, synapses and axon as
shown in Fig. 3.1. Slgnals afempropagated from onme™hewron to another by complex
electro-chemical reaetions. Chémical substances refeased from the synapses cause a
change in the electricalpotentiakof cell body. Whenyilie poténtial reaches its threshold
(bias), an electrical pulsesfaection'potential, is sent down thiough t.gf.:\ axon.

| | S
© | £
s @Q’

!
/N
Axon ﬁg/ﬁ‘\?ﬁm RQ(\Q)

Nucleus

Figure 3.1 Biological Neuron (Freeman and Skapura, 1992)
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An artificial neural network is a type of biologically inspired computational
model, which is based on the functioning of the human brain. It is more useful to
think of a neural network as performing input-output mapping via a series of simple
processing neurons. The operation of the brain is believed on be based on simple basic
elements called cell bodies which are connected to each other with transmission lines
called axons and receptive lines called dendrites. In artificial neural networks the
input of the neuron is combined in a linear way with different weights. The activation
function transforms the signal to the output using some given function of X;. The
input and the output in the neuron k may be expressed in mathematical terms as Eq.

(3.1) and Eq. (3.2).

X, =) WX, +b,

=

Y, =f(x)

(3.1)

(3.2)

A scheme of natural neurog’and astifictal neuron networks as shown in Fig.
3.2 and Table 3.1 shows the apalogy between matural neurons and artificial neural
networks (Michael, 2005): '

Input
(%, ).
-
(%) N Output
tL Y B
\ 3 @
Dendrites é/’) ) ( X4.} ‘$
%
i r&ﬁ} < Mvon in computer

Model of Neuron in b o Model of
Figure 3.2 Comparison bctwe& Jtﬁtg?yhﬁ}lronﬁqa k in the brain and the neuron

network in a computer model (Michael, 2005)

Table 3.1 Analogy between biological and artificial neural networks

Biological Neural Network Artificial Neural Network
Cell body Neuron

Dendrite Input

Axon Output

Synapse Weight

Nowadays, the artificial neural network is widely used in the fields of
economy, medicine, industry engineering, computer engineering, electronics and for
other intelligence problems. Neural network systems are used in engineering
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applications since they are good alternatives for the problems which are difficult to
solve by conventional mathematical methods.

The applications of neural networks may be classified into 5 main categories,
» Classification
» Prediction
» Data association
* Data conceptualization
» Data filtering

Matrix systems appear very attractive from the economic as well as from the
process development and scale-up points of view in controlled release systems. The
neural network (NN) techniques used to s@lve problems in civil engineering began in
the late 1980s (Flood and Kartam, 1994yand Govindaraju and Rao, 2000). For
example; there are numerous ANN appli€ations to river flows in the literature (Tokar
and Johnson 1999, Brikundaryi, et al. 2002, Cigizoglu, 2003, Cigizoglu and Alp,
2004, Cigizoglu and Kisi, 2005). ANNsWer& also employed in daily intermittent river
flow forecasting (Cigizoglu, 2002)s/Qthier4application domains of ANNs include the
rainfall-runoff relationshipy(Hsu, et 'al., 1995, Minns and Hall 1996, Fernando and
Jayawardena, 1998, Sudhear, et al., 2002), vdrious groundwater problems (Ranjithan,
et al. 1993), and estimatiomef tiver suSpendéd sedifnents (Cigizoglu, 2004). Groups-
and neural network-based, streamflow data infilling progedures were investigated
(Khalil, et al., 2001, Elsherbagynetal., 2002).

The neural network appligations in hydrologg Were simmarized by the ASCE
Task Committee (2000B), applications in oceanography are relatively recent (Hsieh
and Pratt, 2001; Supharatid, 2003, Cigizoglu, 2003YaUnlikewother conventional-based
models, the ANN model isfabledo, ﬁolve problems ‘mthaut any Q%“r assumptions. As
long as enough defa is avail‘able’ al neural | natwork will extrget any regularities or
patterns that may e%;.;t and usé itfto form a ralationship hetfeen input and output.
Additional benefits de data gfror folerance @nd the }cﬁ@‘actensﬁc of being data-
driven, thereby pr0v1d cqpauty tolearn and ge& ize patterns in noisy and

ambiguous input data. a E/$ 9 a A RQ\'\Q)

In this study is the learning processes are used to predict the maximum wave
height and the first wave airival time which may (rigger a tsunami in the near future
along the Thailand Andaman coastline.

The activation function is an important component of the neural network
architecture which defines the output from a neuron. There are many threshold
functions which are used as activation functions such as; step (hard limiter), linear,
semi-linear, ramping, and sigmoid functions. The common activation functions; step,
sign, linear and sigmoid functions are shown in Figs. 3.3 — 3.6. The sigmoid function
is often used in the back-propagation neural network (Michael, 2005).
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e Step function : This function produces an output in the range of
lto O

Y .

4 yoe - Lif. X 20

0,if X <0
+1
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-1

Figure 3.3 function

e Signum function function produces an output in the

range of 1 to -1

Y.

%5, Fi
Fi 3
ot L
a o\
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+1

v

-1

Figure 3.5 Sigmoid function
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e Linear function : The function returns the neuron’s output as a
sum of all the weighted input ( x, ) as

+1 Yﬂnear — X

Figure 3. G-Linear function

There are three major learning! psradlgms each corresponding to a particular
abstract learning task, supemsed learning, wnsupervised learning and reinforcement
learning. Usually any givefiitype, of mt\uqu architesture, can be employed in any of
those tasks.

1) Supervised learﬂmg i’ncorporates an éxigrmaldeacher, so that each output
unit is told what its desif@dmesponse to input signalsolghti@ibe. The learning process
requires sample inputsoutput:pairs from the function {o.bedeamed. An important issue
concemmg supervised, Jﬁammg is the problemnts Qj error convergence, 1e the
determine a set of weig s wmeh gminimizes; the enor. One well- known method,
which is common_to ma.ny L&m;ﬁing paga{dlgnﬁ, !3 the leasti‘rﬂean square (LMS)
convergence. = & & \ N\ QK’

2) Unsupcrvis)eaza ing/ ‘ﬁses no éxtemai teachcrﬁa is based only upon local

information. It is also refi 4o as self- orgamsatloncé ), in the sense that it self-
C

organises data presented Ej@j\ﬁ%rk R@ ts their emergent collective
properties.

3) Reinforcement learning is defined by a specific type of probiem, and all its
solutions are classed as Reinforcement Learning algorithms. In the problem, an agent
is supposed decide the best action to select based on his current state.

Architecture of neural networks has many types (Micheal, 2005). This study
will discuss only three kinds of neural networks: Single Layer Feedforward Network,
Multilayer Feedforward Network and Recurrent Network.

Single Layer Feedforward Network was the first and arguably the simplest
type of artificial neural network devised. In this network, the information moves in
only one direction, forward, from the input nodes, through the hidden nodes (if any)
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and to the output nodes as shown in Fig. 3.7. There are no cycles or loops in the
network.

Input Linear Hard
combiner limiter

Output

Threshold
‘eed\ forward Network
” ‘most widely used types of

iseds aping. Typically, the networks
¢ hidden layer between the input

Multilayer Feed forward\Network'is' of
neural network, which cafiybe: 1 ,”~‘ n._SUup
consist of an input layerpoutpui laye

—

First Second

Hidden layer Hidden layer
Input layer Output layer

Figure 3.8 Multilayer Feed forward Network

The Recurrent Network consists of a feedback loop in the network topology.
The information from the output of the neuron is circulated back in the network using
a feedback loop as shown in Fig. 3.9.
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Feedback

—

Input layer

The generalizedudeitatpule. “based on.the idea of continuously
modifying the strengths of ifip sréduce the difference (the delta)
“of aneuron. This rule changes

squared error of the network

-y 3o

y ¥ s
fern ve for p, the difference of
he @or of this pattern. The

e weights.

Ny

As its name impﬁ:? X Mean S e\ ), the error function is the
summed squared error of each n (\;ﬁﬁ 3 %ﬁ

the connection weights in a way .
(Klerfors, 1998).

When traigin
the current output
rule uses an error

E= 3 @)~ (p) (3.3)

where the index p ranges over the set of input patterns.

The values of the weights that minimize the error function (Eq. (3.4)) is found
by making a change in the weight proportional to the negative, which means opposite
direction in terms of vector notation, of the derivative of the error of each pattern with
respect to each weight which is called the gradient descend,;

Ay = AR (3.4)

Pk
ow "
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The derivative can be written as Eq (3.5).

OE(p) _ E(p) 85,(p)

3.5)
ow,  0s,(p) oW
Knowing that the effective sum of the inputs is Eq. (3.6).
Si(p)= Z w v, (p)+9, (3.6)
J
Taking its derivative to obtain the second term of the Eq. (3.5).
0s, (p)
—==ny,(p) 3.7
ow,, ’
Defining the error signal, O p i pradients descend in Eq. (3.8).
6 (p)=- \ ,-- 3.8
k 25, (p) \ (3.8)
i @ be written as;

prjk = 75k (p)y_; (p N 2 \ (39)
The chaig&ule 0 dériyative ma ca@late the error signal

causing the gradieafdescénts | > @
ing the gr n%q &

OE(p) _ Py 2y p) N

05, (p)  :(p) E”?Uﬁ b Rg(\g%\

It is known that the activation is a differentiable function of the total input.

8, (p)=- (3.10)

Vi (p) = F(s,(P) (3.11)

The derivative of the Eq. (3.11) is written as.

ayk(p) P
w,(0) F'(s,(p)) (3.12)

There are two cases for the calculation of the first term of the Eq. (3.9). The
first case is when the k term is an output unit of the network (k=0). The derivative of
the Eq. (3.3) shall be;
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%EW) _ _(d(p)- (P (3.13)
¥

Therefore, the error signal will be;

8,(0) = (s (P) — Yo (P)-Fy (55(P)) (3.14)

The second case is when the k term is a hidden unit of the network (k=h). The
error measure will be written as a function of the net inputs from the hidden layers up
to the output layers, using the chain rule;

Nh

OE(p) _ < OE(p) 05,(p) _<>OE(p) 4B
ayh(p) azi: aso(P) 3yh(p) ; aso(p) @h(p)gwkoy (p)

DY SRS NICINY /AN (3.15)

Thus, the Eq. (3.11)Will 'be

N(J

8,(p)=F'(5,(p)) . 5L0)"s (3.16)

o=1

As an input xpentef$™he network, the calewlated activation (output) values
y,(p)are transmitted _th §ph_ilie output units. 4¢li8¥agtual output values are then

compared with the expcoted output values d, and their, d:.ﬁ%re@*ls called the error
8y(p).- Y J /I | L
s . DY O
D & | ) N
This error trie%vcrhe'm Zero yalue by the net@ﬁ(. For this purpose, in the
delta rule, the network e;éhan‘ges in the welghta; {&

The Delta Rule, which is thc l@t ing a gouthm of the network, is the basis of
the back propagation method as the error is back propagated into previous layers
one layer at a time. The process of back-propagating the network errors continues
until the first layer is reached. Distributing the error of an output unit to all hidden
units that are connected changes the weights.

From Eq. (3.9) we know that the weight is adjusted by the product of the
learning rate vy, the error that is also called the local gradient &, (p) and the input
signal from the node j to k, y,(p).

AWy =7.0,(p)-y,;(p) (.17)
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No matter what the k term is, an output unit or a hidden unit, the derivative of
the activation function F(s,(p))is calculated for the calculation of the error signal.

6, (p).

The Bipolar Sigmoid Function is selected as the activation function in this
thesis. Its derivative will be.

-s(p)
F'(s(p) = : [ < 1] 2 (~e®)= 2 g

() 1+e @ ) (+e @) (1+e™P) (1+e™?)
=2y(p)(1-y(p)) (3.18)

Thus, the error signals for an outpti§ unit will be

8,(p)=(d,(p)-,(P)2.y,(P)1-y, (B (3.19)

and for the hidden unit

Oy(p) =2.y,(p)(1 - y;,(p))f 6, (p)Wy, (3.20)
o=]

Therefore, the weight adjustments for an”oufptl unit and hidden unit will be
respectively

A,wy =7.d,(p) - ¥, ON2PX - v,(p)).y,(B) (3.21)
¢ 2
AWy =Y -2-.}’;:(%_ i (17))260 @)W,y j(.p) ng (3.22)
- S
The learning ( 'ngl{ procedufes are accom.eﬁbled by the weight setting
from the outputs through t%@ﬁn layers to the.inmis. The learning rate that is by
definition, the proportion of m iph of weights of the global errors in the

feed forward networks, is chosen between 0 <y < 1.

If the learning rate y is chosen as a small value, the algorithm will proceed
slowly, but will follow accurately the path of steepest descent in weight space.
Depending on the problem, the process may take weeks or months for old computers.
If y is taken as a big value, the algorithm may oscillate, that may constitute local
minimum points and prevent reaching the global minimums.

Thus the learning rate should chose the biggest value that will not lead to an
oscillation. To avoid the oscillation, there is a simple method that increases the
learning rate by modifying the delta rule by including a momentum term «. The Eq.
(3.16) becomes;
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Awy (t +1) = 7.6, (p).y;(p) + Kbw, (1) (3.23)

The momentum term x is a positive constant between 0<k<l1, which will
prevent the algorithm from hanging on a local minimum.

3.2 GENERAL REGRESSION NEURAL NETWORK

The General Regression Neural Network (GRNN) proposed by Specht (1991)
performs general (linear or nonlinear) regressions. The GRNN was applied to solve a
variety of problems like prediction, control, plant process modeling or general
mapping problems. Other stochastically based neural networks, the so-called
probabilistic neural networks, are used for classification. The concept of the GRNN is
based on nonparametric estimation comnonly used in statistics. An interesting study
presented a bridge between nonparametrig @stimation and artificial neural networks.

The GRNN does not require an jiferative training procedure such as that
required in the back propagation snéfhodi,It, approximates any arbitrary function
between input and output vectors, drawi‘ng the function estimate directly from the
training data. In addition, it.is«consistent in that as the training set size becomes large,
the estimation error approaches zero, with. only ‘mild réstrictions on the function.

The GRNN is u‘sed fm" th‘e estlmatlon of contmuous variables, as 1n standard

a standard statistical techmque @alled kernel regressibn By definition, the regression
of a dependent variable g Ol ansindependent p, estigales the most probable value for
g, given p and a training set,

The regression methodMlfpo duied thie' eshmated value-a\ g which minimizes
the Mean-Squared. Error (MSE)l The' GRNN s a ‘method f@"estlmatmg the joint
probability density>fynction (fdf)fof p and \g, givenronly a tfkining set. Because the
pdf is derived fronr’fli¢ data wjth no' preconcaptions z{a@ its form, the system is

perfectly general. & {\’

If f (p, q) represents ‘§/ ?&a@ 101% o%nuous pdf of a vector random
variable, p, and a scalar random variable, g, the conditional mean of ¢ given P (also
called the regression of g on P) is given by Eq. (3.24)

[ af(P.q)aq

(3.24)
[ f(P.g)dg

E[q/P]=

When the density f (p, q) is not known, it must usually be estimated from a
sample of observations of p and q. This equation is an estimator of E [q|P]. The

probability estimator f (P,Q) is based upon sample values P' and Q' of the random

variables p and q (Eq. (3.25)), where k is the number of sample observations and m is
the dimension of the vector variable p
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2 1 1¢ (P=PY (P-B) (P-P'y
S(P.Q)= )G gexp[— : :|exp[— o :| (3.25)

20

A physical interpretation of the probability estimate f (P, Q) is that it assigns
a sample probability of width o for each sample P' and Q', and the probability estimate
is the sum of these sample probabilities. Defining the scalar function &’ is given by
Eq. (3.26).

g’ =(P-P) (P-P" (3.26)

and performing the indicated integrations_ﬁr_:lds Eq. (3.27).

. ' O exp(-g?/20°
St Z”LQ exp( :“ c: )
Zu] exp(—&; /207)

(3.27)

The estimate O(P)camibewisualized ag'aweighted average of all the observed
values,@;, where eaghinobsetvedyvalue s weiglitcd/exponéntially according to its
Euclidean distance from;r,;afﬁe».rékulting regressidﬁﬁ&eﬂﬁéi;ﬂy applicable to problems
involving numerical _data.“When the smoothingspafameter o is made large, the
estimated density is“foreed t6_be smooth and at tHe"limitsbecomes a multivariate
Gaussian with covaridnee'e” dm contrast, a smalleg,vateiof o allows the estimated
density to assume nop=@@USsiaf’ shapes, but t!_:le;?éts‘-ig;E*p@@gibjlig\that 2 wide points

may have a very r%@at eff’ectﬂgﬁ Eh% @timptq &S@B@oiﬁes vef@‘arge, Q(P) assumes

the value of the sépl%mean??ftﬁb @sﬁvﬁ‘@a' ,vands’“‘as a\gg'és to 0, Q(P)assumes
the value of the O as?@iéted with the observation cl(‘)sesgt% P. The GRNN is a four-

layer network with two h d}ﬁ??}yers described in Fi ¥+10.
7vgp Ro®

Numerater

inater

INPUT 1st HIDDEN LAYER 2nd HIDDEN LAYER OuUTPUT

Figure 3.10 Architecture of GRNN
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To evaluate the performance of GRNN, two common statistics, Efficiency
Index (EI) and Root Mean Square Error (RMSE) are used as given in Egs. (3.28) and
(3.29). EI is the relation between target output and forecast output values (in 0-1
range) so that if the EI is 1 this means that the forecast accuracy is highest. This
differs when RMSE is used to evaluate target output and forecast output; if it has
height values this means that the error of the forecasting is highest.

(3.28)

(3.29)

Where k is the total number of inputsoutput data patterns O, and H, are the target
output and forecasted output, respagtivély. © \isthe mean value of the target output.



CHAPTER 4

CASE STUDIES

This chapter describes the numerical results from the hard and soft computing
techniques, mentioned in Chapters 2 and 3. Tsunamis of several hypothetical
earthquakes of varied magnitudes (6, 6.5, 7, 7.5, 8, 8.5 and 9 Mw.), found in the
Indian Ocean were assumed. For the Pacific Ocean, only the tsunami at Manila
trench occurred from earthquake of magnitude 9.0 Mw. is studied. The objective of
this chapter is to find the maximum wave height and the first wave arrival time at
some selected communities. The study applies General Regression Neural Network
only for the case of forecasting the maxin um wave height and the first wave arrival
time along Thailand Andaman coas. 1 i 4

In this study;; _'
subduction zone and S ;

earthquake (Mw) vary., _
dlﬁ‘erent depths; 10, 2 - ngh parameters are

‘ ).@ iven in Eqgs. (2.25)
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Figure 4.1 Location of-hypotééniical Earthquake case'studies(A-L) at the Sumatra-
Andaman Subduétioasone

-

Table 4.1 Location and earthquake paraneters . E

Case study catiof’ 4 £ |IStHike Slip I@ﬁngle Depth

! Easgh Jangle angle 1;5\5__ _ (km.)

A 2%, | % T M0 N} 45 10, 20,
B "0'.4&’?;3‘%.&, 0 | o™ 30, 40
C T 71 ["SFJApa0R \\® and 50
B | 51 93.2 335
E 2.1 93.7 335
F 1.1 96.6 320
G 13.4 94.6 20
H 11.2 94.0 15
I 9.4 93.3 10
J 7.6 93.6 340
K I 94.5 335
L 3.3 95.0 335
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Table 4.2 Fault parameters from Earthquake magnitude
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Magnitude (Mw.) Fault Parameter
Width (km.) | Length (km.) | Displacement (m.)
6.0 6.23 10.95 0.53
6.5 10.95 21.90 0.97
7.0 19.25 38.50 117
7.3 33.84 67.69 322
8.0 59.50 118.99 5.86
8.5 104.59 209.18 10.66
9.0 183.86 367.72 19.40

Computational results are given in terms of the maximum wave height and the
first wave arrival times of 58 selected ddmmunities, those are 6 locations in Ranong
province, 16 locations in Phang Nga prd¥ince, 13 locations in Phuket province, 11
locations in Krabi province, 7 locatigsiia, Trang province and 5 locations in Satun
province, shown in Fig. 4.2. The watetJevel before Tsunami occurring is assigned
into the numerical model, that is to B, equal to the mean sea level. The wave height
will be resulted at the sea level when t.be ‘Attackis active.

!3 : 3 -
16 = N ’ - ~ ,
14 = T '

- ﬁ o ' -

$10 =
E

Fes %
i =
4 = .,'
2 s
S -
0= v “

2% T VOV ¥V Vg
8 87 % 01 93 95 97
Longitude

99 101 103 105

s )
\ o
) ¥
-

Figure 4.2 The 58 selected communities along Thai Andaman Coastline

Example of snapshots of tsunami propagation for the D case (8.0 Mw.10 km.
Earthquake depth) is shown in Fig. 4.3 (for Region 1) and Fig. 4.4 (for Region 2). The
red and blue shades are the wave trough and crest, respectively. The leading wave
travels faster in the western side than the eastern side. The wave hit Phuket, Khao
Lak, and Phi Phi Island in approximately 90, 120, and 135 minutes, respectively. The
red and blue shades are the wave trough and crest, respectively.
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Figure 4.4 Snapshots of tsunami beh##ior in Region 2 for the D Case study
(Continued)

For the D case (8 0M/fwaAd\ 18, kan depth)y theymaximum wave height of 5.5
m. occurred at Ban Nam, Kem. “The\Orstswave arrival time for this size of wave was
approximately 160 minvtes, Ty practices the elevation 0f the Ban Nam Kem area
varies from 1.12 to T.84%m, THeicfore, people inghis.g@mmitinity are very vulnerable
to tsunamis. An effectiVestsunami warning system™s absolutely essential. In addition,
other communities Suehsas«hiiPhi Island are also Tagingssimilar problems.

Time series of thedsuMami wave height af S8gselected communities are given

in Fig. 4.5. - oy
ey
T - g44 NN o
| !}Mﬁ\‘w {“:‘Jé":.“:
‘f?"";} 0y I Nt
S a1 4 e \\“ /
/P) 2y e (g ¥ «.' ’\0“:\
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g 2 /‘/\\ 02 \-\
i 5 e — I Y ﬂ:{ 2w om kom0 m W W
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Figure 4.5 Time series at the 10 selected areas along the Thai Andaman coastline
from Case study D
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Figure 4.5 Time serie Andaman coastline from
S
Figures 46 — 4.9 imugPwave height for some
typical case studies: (cas 1 ddly for an earthquake of
magnitude Mw 9 that.ipall cases the main energy
the
b

epth o d
wave is directed pe ic ngated s in the deep water. These
figures also display the Q@ i#ht anhan allow water and especially in
proximity to province 6 along s coastline. Regions in the north
west of Thailand show considerable energy concentration through refraction process.
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Table 4.3 Arrival time and maximum wave height at the coastline from an earthquake
of the magnitude of 9.0

Location of ‘s .
Ban Chakle | Namkem Kamala Phi Phi Ko Sarai
earthquake

199 1073 | 118 | 2.65 | 89 | 2.03 | 127 | 1.53 | 187 | 1.78

194 10.69 | 113 | 444 | 77 | 395 | 115 | 1.87 | 165 | 3.27

190 [0.93 | 108 | 6.06 | 70 | 5.51 | 111 | 2.62 | 155 | 7.72

204 1093 | 110 | 731 | 70 | 7.35 | 110 | 3.93 | 154 | 6.29

199 [ 0.67 | 113 | 545 | 71 | 471 | 111 | 3.08 | 153 | 4.85

219 [0.60 [ 117 | 2.58 [ 73 [ 2.55 | 111 | 1.45 | 145 | 2.66

197 1 0.85 | 117 | 3.26 | 87 | 298 | 126 | 1.66 | 188 | 2.08

177 1097 | 110 | 517 | 76 | 695 | 115 | 4.85 | 169 | 5.28

170 | 1.17 [ 109 | 9.82% 72 [10.11| 113 | 548 | 174 | 5.12

170 | 1.68 | 108 | 14468/, 72 |14.32 | 113 [ 10.26 | 168 | 7.84

177 | 1.07 | 106 | 14444372 | 20.12 | 109 | 14.01 [ 150 | 6.58

R | == | Q= m| O 0| >

198 |1 0.96 | 110 |, 934" .69 | 7.79 | 110 | 5.96 | 159 | 6.65

Remark: ETA is the estimateddime of arrival whemit isidetermined by the time of the
arrival of the,first 0.10.m high'wave (min)
Hmax is the maxifumiwaye Reight{(m)

4.1.2 HypothecticaM8unami at the Manila trench (Pacific Ocean)

In this study, we"assume the magnitude ofian earthquake of 9.0 Mw. Other
fault parameters are summanzed in Table 4.4. The® eomputatlonchomdm was divided

into 2 regions as shown F’g( 4.10.
O)

Itis to b%ed that tiie Gulf jof Thailand s about 2@ km. from the Manila
trench. It is neces to take Anto” aceount the cffec curvature of the earth.
Therefore, the llrlLd loyy ‘Water equatlon in erical coordinate system
(Egs.(2.14) — (2.16)) is uSe led ts ﬁ' tion in Region 1 with a grid
size of 2 min (~2900 m.). Due aﬁllo h in the Thai Gulf (60 — 80 m.), the
bottom friction will have a m;,mﬁcant contribution. The nonlinear shallow water
equation in the Cartesian coordinated system is used for Region 2 with a grid size of
925 m. The bathymetric data in both regions is obtained from GEBCO, perfect
refraction at the coastline is assumed in this study as the initial condition of the
tsunami profile. The time step of 5.0 sec. and 1.6 sec. are used in Region 1 and 2
respectively.




Table 4.4 Fault parame

Location :

Earthquake Magnitud

Depth

Strike Angle

Dip Angle

Slip Angle
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Figure 4.12 Tsunami behavior after occurrence of Tsunami in region 1
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The time series, collected from 5 locations on the Thai gulf coastline;
Songkhla, Nakornsrithamarat, Suratthani, Chumporn and Hua Hin are shown in Fig.
4.14. The 1% region hit is the Songkhla coastline with smaller than 1.0 m wave height.
The wave front moves faster in the deep regions than in the shallow regions, resulting
in a curve moving front shown in Fig 4.13. It can be concluded from Table 4.5 that the
effect of a Tsunami in 5 selected locations will occur after 14 hours. However, due to
large grid size like this simulation, the calculated tsunami wave height can be
underestimated for studying and risk assessment for coastal areas. Inundation analysis
requires a smaller grid size. The red and blue shades are the wave trough and crest,
respectively.
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Table 4.5 Maximum wave haeiﬂalmtsu%%%%val time

Z

Locations The first wave | Max. Wave | arrival time at maximum
arrival (hr.) height (m.) wave height (hr.)
Songkhla 14 0.82 16
Nakornsrithamarat 16 0.68 29
Suratthani 17 0.28 25
Chumpom 17 0.20 I
Hua hin 19 0.30 22
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4.2 TSUNAMI MODEL BY GRNN

The GRNN is a neural network architecture that can solve any functional
approximation problems in the sense of estimating a probability distribution function.
In this study the input data is a stated space denoted by Epicenter, movement
magnitude and earthquake depth. In this study, the estimated value is the first wave
arrival time and the tsunami wave height at 58 selected community areas along the
Thailand Andaman coastline and at 2 DART buoys locations. The cross training
technique is used, so there are 210 hypothetical cases for training and 210 cases for
testing the network for variability of the input parameters (see Table 4.6 and Fig.4.15).

Table 4.6 Input and output parameters for GRNN

Inputs Outputs
Epicenter Fixed at 12{lg€ations | Maximum wave height and
Earthquake magnitude | 6.0, 6.5, 7078, 8.0, | first wave arrival time at 58
(Mw) 8.5,9.0 selected community areas
10, 20,'30,/40, 50 along the coastline and 2
Earthquake depth (D) km. . DART buoy locations

Maximum wave height &
First wave arrival time

Lattitude _#_)—— Kiongkon
- umerater gKkong
Epi-center { : - L =

Longitude \ Kaopayam
Earthquake magnitude™—__g# Bangben

Earthquake Depth

%} % g ' L | _ \Q.Q) O—_b Ko Sarai
Q}/, wedr, MIDDEN LAYERS | ¥
&

i o o
7@%? ﬁrucﬂ@ﬁ\mﬂ\f model

Comparisons between the GRNN model and the numerical model are shown in
Figs. 4.16 and 4.17 for the maximum wave height and the first wave arrival time,
respectively. Some typical selected communities are given including the two DART
buoy stations. The solid line demonstrates a perfect agreement line. It was found that
in terms of the maximum wave height, RMSE, ranged from 0.09 — 0.73 m. The
maximum wave height was at Bang Niang and the minimum value was at Ban
Chaklde. On average, the EI and RMSE were found to be 0.93 and 0.38 m.
respectively (see Table 4.7)
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Figure 4.16 Scatter plot of the maximum wave height from GRNN model and
Numerical model at some typical selected communities and two dart
buoys
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Figure 4.17 Scatter plot of the first wave arrival time from GRNN model and
Numerical model at some typical selected communities
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Locatlon irst wave arrival time
RMSE (min)

Klongkong 34.53
Koh payam 31.83
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Suksamran Y, 0.44 . .18 B |  62.34
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Bandsak T 08, 8L 2 0.634 A0O0.70 66.65
Pakarang 0.9 6109661 ™ 0.71 62.90
Bang Niang 0.97 0.73 0.62 77.48
Tablamu 0.97 0.52 0.65 76.83
Tabyang 0.98 0.56 0.63 83.01
Nairai 0.97 0.59 0.70 76.33
Natai 0.97 0.58 0.74 73.23
Klong Klein 0.92 0.14 0.90 40.78
Klongbon 0.93 0.22 0.93 34.72
Plunai 0.95 0.25 0.92 40.67
Bangpat 0.89 0.14 0.90 33.23
Suan Mapraw 0.97 0.56 0.69 78.93
Nai Yang 0.97 0.66 0.65 81.27
Pasak 0.97 0.50 0.59 85.43
Kamala 0.97 0.56 0.69 78.37
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Table 4.7 Statistical parameters (Continued)

Location Maximum wave height First wave arrival time
El RMSE (m.) El RMSE (min)

Patong 0.96 0.59 0.64 80.08
Karon 0.97 0.70 0.68 81.82
Kata 0.97 0.71 0.63 85.55
Saiyuan 0.96 0.29 0.90 49.49
Palai 0.95 0.23 0.80 64.98
Ao Makam 0.93 0.22 0.88 50.66
Bangku 0.91 0.21 0.92 36.62
Paklok 0.93 0.24 0.91 40.49
Kaosen 0.93 0.58 0.90 45.97
Laem Sak 0.87 049 0.89 38.45
Tatonglang 0.91 0:30 0.92 35.00
Khao Kuao 0.94 0.27, 0.91 41.24
Ao Nang 0.92 0.37 0.90 41.18
Phi Phi 0.94 044 0.72 68.74
Khlong Prasong 089 NAM20%Y 0.90 38.16
Klongrua % N\\YJ))F 7™ 41.72
Khaopu 0.94 0.38 0.91 38.56
Klongtop 0.94 0.45 0.88 48.67
Pak Klong i N 0.35 0.90 40.21
Musa %y 0.25 091 35.32
Dunun 0.90 0.24 091 38.01
Hang Lang 091 032 0.91 36.88
Khao Phul 8% 029 [a 00k 37.86
Phla Muang LAV 0. 0.15 AW >38.19
Lang Khao ,, ol 4 4 PEA RN %? o 40.79
Na Hedychiuli>, | 0914 FOROR WL W09 b 29.09
Laem ~ s 092 Oy Y091 ) 33.74
Tong Kanan  1.274.88 0.23 0920 31.41
Son Klang 09275, & 036 | 092 32.94
Taolosai 09T ¥V oro RO\ .89 37.44
Klongkike 0.87 0.21 0.90 26.11
Ko Sarai 0.92 0.54 0.91 37.75
Average 0.93 0.38 0.82 51.96

91

The averages of EI and RMSE for the first wave arrival times were 0.82 and
51.96 minutes, respectively. It was found that there was lower accuracy than with the
maximum wave height. Good agreement was found for short arrival time. By grouping
the computed results into 2 groups, i.e. Mw < 8.0 and Mw > 8.0, the accuracy was
improved in the case of Mw > 8.0 (see Table 4.8). The scatter plots of the first wave
arrival for the both groups are shown in Figs 4.18 — 4.19. The maximum wave height
and the first wave arrival time, resulted from the forecast can only be applied to the
studied case of Topic 4.1. Also they can only be forecast for 58 communities along
Indian Ocean coastline.
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Table 4.8 Statistical parameters comparisons of first wave arrival times from GRNN
model and Numerical model

Location All Data Mw <8.0 Mw>= 8.0
EI RMSE El RMSE El RMSE
(min) (min) (min)

Klongkong 0.93 34.53 0.78 5127 0.84 12.17
Koh payam 0.95 31.83 0.84 4134 0.81 22.54
Bang ben 0.81 5957 0.58 78.44 | 0.78 17.28
BanChakle 0.89 39.88 0.57 54.02 [ 0.84 25.00
Taleanok 0.77 58.18 0.50 89.16 | 0.90 8.12
Suksamran 0.73 62.34 0.48 95.68 | 0.91 7.37
Ban Treme 0.68 63.94, 0.48 98.07 0.89 8.15
Tangaon 087 | 49.54 0.60 70.80 | 0.77 24.24
Tung Dab 0.80 6130 0.57 93.73 | 0.84 10.07
Tung Tuk 0.73 67.54 0.46 103.79 | 0.92 6.80
Namkem 0.59 79:03 0.36 121.45] 0.89 7.80
Bandsak 0.70 66.65 0.51 10232 | 0.89 7.65
Pakarang 0.7d 62.90 053 96.49 | 0.88 7.96
Bang Niang 0.62 77.48 0.41 119.01 | 0.88 8.33
Tablamu 0.65% \70 84 045 118.05| 0.89 7.76
Tabyang 0:63,, “h.~ 83.01 PR 12720 | 0.79 11.55
Nairai Dt P 76.33 0.46 116.58 | 0.76 13.41
Natai 0.74 73.23 Oimimet12.08 | 0.80 11.28
Klong Klein 0,90 40.78 O¥Gilalm 56.85 | 0.76 22.85
Klongbon 0.93 34,72 U 079 4950 | 0.88 17.33
Plunai 092, " 40.67 VW9l 5894 | 0.87 18.18
Bangpat W HAPEAVNNIRNY 7332 | 080 24.59
Suan Maprawur’:gn 0.6 4 473917 R R 049D 20386 0.78 11.72
Nai Yang [ 0.9.65 | ABI2T 045 ~I24.67| 0.86 10.19
Pasak “BH9 85.48 0.37 N\)" 130.98 | 0.81 11.41
Kamala 0997051 7837 08y 11948 0.72 15.12
Patong 0.64 /4/7 80 RO\b44 122.98 | 0.88 8.77
Karon 0.68 81.82 0.46 124.87 | 0.72 14.90
Kata 0.63 85.55 0.43 130.72] 0.73 14.56
Saiyuan 0.90 49.49 0.74 73.89 [ 0.76 16.13
Palai 0.80 64.98 0.54 98.72 | 0.74 14.33
Ao Makam 0.88 50.66 0.52 74.65 | 0.79 19.49
Bangku 0.92 36.62 0.75 53.81| 0.80 14.51
Paklok 0.91 40.49 0.75 58.09 [ 0.76 19.43
Kaosen 0.90 45.97 - 1513 0.82 59.02
Laem Sak 0.89 38.45 0.58 48.21] 0.80 29.38
Tatonglang 0.92 35.00 0.74 49.65| 0.72 17.98
Khao Kuao 0.91 41.24 0.64 59.42 [ 0.86 19.24
Ao Nang 0.90 41.18 0.73 59.51 [ 0.69 18.82
Phi Phi 0.72 68.74 0.47 104.24 | 0.74 16.08




GRNN Result (min)

93

Table 4.8 Statistical parameters comparisons of first wave arrival times from GRNN
model and Numerical model (Continued)

Location All Data Mw <8.0 Mw>= 8.0
El RMSE EI RMSE El RMSE
(min) (min) (min)
Khlong
Prasong 0.90 38.16 0.59 49.38 | 0.81 27.23
Klongrua 0.88 41.72 0.65 5941 0.74 20.96
Khaopu 0.91 38.56 0.78 5547 0.72 18.16
Klongtop 0.88 48.67 0.69 71.59 | 0.73 19.07
Pak Klong 0.90 40.21 0.74 59.65 | 0.76 14.32
Musa 0.91 35.32 0.66 4595] 0.82 24.88
Dunun 0.91 38.0{ 0.75 53.82| 0.78 19.72
Hang Lang 0.91 3688 0.78 53.39| 0.72 16.64
Khao Phul 0.91 37.86 0.75 56.48 | 0.82 12.47
Phla Muang 0.88 38.19 0.57 49.95 | 0.75 26.54
Lang Khao 0.91 40.79 0.75 58.66 | 0.73 19.25
Na
Hedychium 0.93 R0.09 #4015 40.94 | 0.74 15.57
Laem 09, \3%ils”| J OVt 4893 | 0.75 14.99
Tong Kanan 0.92 31.41 0.65. 45.12| 0.80 14.94
Son Klang 0:92 32.94 WPl 4787 0.79 14.41
Taolosai 0.80 37.44 VS Lled9.58 | 0.77 25.16
Klongkike 0.90 26.11 0.64 3343 | 0.85 19.09
Ko Sarai O2la?ls 37.75 Bagl Y 53.90 | 0.76 18.69
Average 08270 51.96 _ | 000 5.2 | 0.80 | 16.79
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Figure 4.18 Scatter plot of the first wave arrival time of earthquake Mw < 8.0 from
GRNN model and Numerical model at selected area
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CHAPTER 5

TSUNAMI WARNING SYSTEMS

A tsunami warning system is a system that detects and, predicts the possibility
of an imminent threat of a tsunami. The warning is announced from the tsunami
warning center. It informs of the detection of a tsunami and gives information and
advice regarding the areas at risk and information on how to prepare for, and prevent,
as much as possible, damage to life and property from the potential tsunami risk.

Since 1946, the tsunami warnimg system has provided warnings of potential
tsunami danger in the pacific basin by monitoring earthquake activity and the passage
of tsunami waves at tide gauges. H@Wever, neither seismometers nor coastal tide
gauges provide data that allow accurate/prediction of the impact of a tsunami at a
particular coastal location. Monitoring ‘earthquakes gives a good estimate of the
potential for tsunami generationy based or earthquake size and location, but gives no
direct information about, the, tsunami_itself. Tide gauges in harbors provide direct
measurements of the tsunami, “but,the" isunami is_significantly altered by local
bathymetry and hatbor'shapes, thistsevercly lipnitsdtheir. use in forecasting tsunami
1mpact at other locations, Partly’ because of thésg@atadimitations, 15 of the 20 tsunami
warnings issued sifce 1946 were considered falSe_alarihs because the tsunami that
arrived was too weakdto.calls®"damage (Bernard? 2038)

5.1 REVIEW OF TSUNA#MI WARNING SYSEEMS

The main Tsud@misvamiug centefinhthenworld is NEM T'sunami Warning
Center. OthexS-are; Thé Pagifié Tsmmml Warning Ccntarf’(PTWC) and The West
Coast/Alaska ” a@n Warning Center (VEATWE) 1.n£1e United States and one
Meteorological Agéncy that/has’a strong Tsunami ing system, the Japanese
Meteorological Age MA). The processes fr()%\’{['] e systems are developed for a

tsunami database in Thai ﬂaf/; \?g 5) RQ\—\Q)

PTWC provides warnings of Pacific basin tele-tsunamis, (far field damaging
tsunamis) for many countries around the Pacific Ocean rim and for all of the Pacific
islands. This function is carried out under the auspices of the UNESCO/IOC
International Coordination Group for the Pacific Tsunami Warning System. A few
destructive tele-tsunamis are generated each century by great earthquakes around the
Pacific Ocean rim. Such tsunamis propagate across the entire Pacific in less than 24
hours, and cause widespread destruction along shorelines located thousands of miles
from the source. With ever-increasing populations and development along most
coastlines, there is a corresponding increase in risk. The last destructive tele-tsunami
occurred in 1964 following the great Alaska earthquake.

The West Coast/Alaska Tsunami Warning Center (WCATWC), operated by
the Alaska Region of the National Weather Service and located in Palmer Alaska, is
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one of two NOAA Tsunami Warning Centers in the United States. The WCATWC
detects, locates, magnitude, and analyzes earthquakes throughout the Pacific, Atlantic,
and Arctic basins. Earthquakes that activate the centers alarm system initiate an
earthquake and tsunami investigation which includes the following four basic steps:
automatic locating and sizing of the earthquake, earthquake analysis and review, sea
level data analysis to verify the existence of a tsunami and calibrates models and
disseminates information to the appropriate emergency management officials.

WCATWC has developed the criteria corresponding to the magnitude of the
earthquake in the focus area of the Pacific and Atlantic as shown in Fig. 5.1,

WCATWC Pacific 'WCATWC-Atlantic
Area| AK,BC, | Bering |Arctic O.,| Notin East Coast [East Caasq Gulf Mex | Puerto | Not AOR | Not AOR | Not AOR
WA OR,| Sea |[andBeringl AOR U3.& Infand | GuifSt. L| Rico/ Westarn | Eastern | Aflantic
CA Deep | Shallow Ca?!% <400 Mile USWVI* | Caribbean *Caribbean 4
Mag Mag ) Mag
4 4| & 4 4 4
Tis™
SEXNBO0.

YWaming *

WEXX20

*** Based on magnitude and distance from the coast * if deeper than 100km, use TIS * No Watch
No TIS for Alaska if less than magnitude 5 and West of 150W

IW/AW => waming for area impacted within 3 hours and watch for area 3 to 6 hours away

TIS = Tsunami Information Statement

WMO product IDs listed under message type

Figure 5.1 Warning criteria of WCATWC (Whitmore, et al., 2008)

Japan is situated on one of the most seismically active areas in the world.
There have been many earthquakes and tsunamis which have struck Japan’s coasts
causing destructive disasters every century. For the prevention of tsunami disasters,
JMA issues tsunami warnings about three minutes after the occurrence of earthquakes
around Japan. Elapsed time until issuance of a tsunami warning has been shortened
year by year. A database of the relationship between earthquake occurrence and
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tsunami arrival based on about 100,000 cases of computer simulations is prepared for
tsunami forecasts around Japan (the quantitative tsunami forecast system). When a
large earthquake occurs, the database is searched using the location and magnitude of
the earthquake as indices, and the stored heights and arrival times of tsunami along the
coasts are read out, for the issuance of tsunami warnings for 66 individual tsunami
forecast blocks in the Japanese coastal area. The processes of the tsunami warning
system in Japan are shown in Fig. 5.2.

8
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Figure 5.2 %l‘;}“,js.tocessegg | ing éys{\eﬂ? in Japan (JMA, 2006)

In Thailand, tl&’p&ﬁon@l staster Wan‘gg\' a\Centre (NDWC) was established
and officially opened on 05 R@ﬂl s after the tsunami disaster and it is
fully functional momtormg and rcldymg critical information on natural disasters. In
the case of a tsunami warning, NDWC uses the magnitude and depth of the earthquake
to estimate the damage from a tsunami as shown in Table 5.1. NDWC uses PGI 90 to
calculate the estimated time of the arrival of a tsunami as shown in Fig. 5.3. In
November 2006, NDWC deployed 1* DART buoy in the Indian Ocean in cooperation
with USAID see section 5.2). However, for a truely effective tsunami warning,
Thailand requires databases along The Andaman coastline.
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Table 5.1 Qualification of earthquake to issue warning. (NDWC, 2006)

Magnitude Depth of Hypocenter
less than 100 km. more than 100 km.
5.0-6.4 Low possibility to generate Low possibility to generate
Tsunami /Advisory Tsunami / Advisory
6.5-6.9 Possibility to generate Tsunami Low possibility to generate
Alert / Watching Tsunami / Advisory
7.0-7.7 High possibility to generate Possibility to generate Tsunami
Tsunami Alert / Watching Alert / Watching
More than 7.8 | Very high possibility to High possibility to generate
generate Tsunami / Warning Tsunami Alert / Watching

@ \ o wﬂl =

i 5

5.2 DART BUOY

o =/ £ %\ . . T E b ._.'
Figure 5.3 [g/ Wﬁ@ae llB:Qn Ocean (NOAA, 2007)

DART Buoy is the system used for measuring water height levels and
reporting the tsunami, it was developed by NOAA. The tsunami warning system is the
basic warning system in America. It is installed in the oceans around the world to
detect approaching tsunamis in real time. The systems measure the water height level
from water pressure at the ocean bottom. When an earthquake occurs, the water height
level data will be sent to the tsunami warning system by satellite. The tsunami
measurement system has 2 main parts; the Bottom Pressure Recorder: BPR and the
Surface Buoy that work together (see Fig. 5.4). The BPR measures water pressure and
sends data in terms of sound waves to the Surface Buoy. Data are then sent to the on-
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land receiver station by satellite. The data are processed with the predictions and
connected to the warning center.

The American association, called NOAA (National Oceanic and Atmospheric
Administration has collaborated with NDWC for supporting dart buoys, equipment
and expertise. One dart that is under Thai government responsibility is installed in
December 2006, the dart serial number is No.23401 set at 8.905N 88.540E. it is
installed near Nicoba islands in Indian Ocean , India. The second dart that is installed
in September 2007 belongs Indonesian government, which scrial number is No.54301
0.050 N 91.899 E . in December 2010, Thai government has installed 3 more Dart
buoys in Andaman sea. These Darts are currently under test and experiment.
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Fig 5.4 DART system (NOAA, 2009)
DART Buoy has 3 working conditions. They are:

1) Normal Mode condition ; the BPR records the water pressure every 15 minutes
in terms of date ,time ,voltage, using the equipment checking data. The average data
are sent to the on-land control station every 6 hours, if there are no data from the BPR,
the Buoy searches the position by itself and sends data to the on-land control station.
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2) Emergency Mode condition; normally the BPR predicts the water height level
by using Algorithm. If the water pressure is higher or lower than normal, the system
will check the predicted water level and compare it with the real measurement values
If the real measurement values are more than the predicted values of 1-2 cm, the
system is immediately set in the Tsunami Mode and data is sent more frequently, at
least 2 hours ( during the first hour the data are sent every minute). The system goes
back to normal mode when the water pressures are normal.

3) Maintenance Mode condition; when the equipment is moved, repaired and
developing soft-ware settings are required, the systems are set to work separately.

After receiving the data the warning center will send the data through the
Global Telecommunications System: GTS, World Meteorological Organization:
WMO, World Meteorological Organization: WMO and website that the data can
download.

5.3 WEB BASE ONLINE

In this study, we developed ;He tsunami data base for the Andaman coastline,
Thailand from data thagWere studied\{rom the on-liné web base.

The webpage database,isithe teiafive data stotage it is made more efficient and
convenient for searche§yby Using Structure Query Language (SQL) that works with a
Personal Home pag@BHP)*The SQL is the compties program that was developed for
Relational DatabasesssQL. dre separated intd” 3. sciipt-groups; 1) Data Definition
Language for setfing thegdata structure 2) Dataglanipulation Language for data
processing and 3) Dalas@6ntrol Language forvepntroMing the database. All these
scripts work together, *j

My SQE;js the Rélational Database Management fﬁm that stores databases.
It can work wifé’ agy data taples/at the sare fime and R show those tables by the
field computation P is the scriptiprogram on a age built from HTML that
works at the wcb%?éﬂ sends the"HTML rea};{L t t0 the browser of the user. The

architecture of the PHP a &%ﬁﬁ ﬁlOWRB
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Page request
Client Brower > HTML
&
HTML response Page request
A 4
Web Server
HTML response Page request
PHP
PHP Call Function Libraries
Interpreter
MySQY Cahnéction Funetion
Fi gure of 5 Archgtectura of tha PHPand %Q.l
The t31 1 dambaws for the Aadm l'hagland C":‘stlme are obtained from

the numerical r
online web-base. E
Know the ea
Find earthquake l
Input the earthquake parame
Calculate the first wave arrival time and the water wave height
Selects areas for showing the first wave arrival time and the highest water

Shi s Ll =

*’%ﬁ

nd the fesult ﬁ‘om the \CRNN
ork progesses are as follows:
ag_;lmeters epicent %{ndbmtude and depth)

Vg RO

wave height in the local area, see Fig. 5.6

1, these are shown in the

Steps for obtaining the online web-based tsunami warning system are shown in
Fig. 5.6. The input displays are shown in Fig. 5.7. The first display (Fig. 5.7 a) shows
the location of the earthquake by a moving mouse. The second display (Fig. 5.7 b) is
the input of earthquake magnitude and depth of the real situation. The third display
(Fig. 5.7c) shows the wave height and arrival time for each province along the
Andaman coastline. The forth display (Fig. 5.7 d) shows the wave height and arrival
time for communities in the selected province.




105

Start

Earthquake Occurs

v

4

Select the earthquake
location

é
7.7}? |
T
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Figure 5.7 Web-based online tsunami warning system
for Thailand’s Andaman Coastline (Continued)

The results from the online web-base are compared with the results from Dart
Buoy in order to monitor a real tsunami. The system gives a warning in a very short
time{less than Iminute} after receiving the earthquake data. This allows time for
preparations to mitigate destruction from the impending tsunami.
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5.4 ASSIMILATION OF DART BUOYS FOR REAL TIME TSUNAMI
MONITORING

The wave height from dart buoy is compared with the computed data for more
accurate prediction. Dart buoy data were used together with earthquake parameters for
the tsunami wave height prediction at 58 study areas, (see chapter 3). The models of
GRNN architecture were developed, i.e. GRNN 1.1 —A, GRNN 1.1 -B, and GRNN 2.
they used additional input from the 1* DART buoy (No 23401), 2" DARTH buoy
(No. 54301), and both DART buoys (No. 23401 and No. 54301), as shown in Figs. 5.8
—5.10, respectively.

Results of static (EI and RMSE) for all models including GRNN — 1 (from
chapter 4) are given in Table 5.2. It can be seen that the use of additional input of
DART buoys improves the model acéuracy. The EI improves 4.28% (from 0,933 to
0.973) and the RMSE improves 28.57)% (from 0.385 to 0.275). the use of both DART

buoys gives the best results. Howevegifs a real situation, the nearest DART buoy to
the earthquake epicenter, will be selegted first.

Maximum wave height

Lattitude

Epi-center { Klongkong

Longitude

Kaopayam
Earthquake magnitude

Bangben
Earthquake Depth
1st Dart Buoy Klongkike
Ko Sarai
INPUT HIDDEN LAYER OUTPUT
—
o Figlc SUAHiec RO RGRNN 1 ng{
N L/ K
3 N £ 5
aximum wave height
Lattitude ‘% L \5 .
Epi-center { Klongkong
Longitude

Earthquake magnitude TR
Earthquake Depth

2nd Dart Buoy Klongkike

INPUT HIDDEN LAYER OUTPUT

Figure 5.9 Architecture of GRNN 1.1-B
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Lattitude Maximum wave height
Epi-center {
Longitude Klongkong
Earthquake magnitude Kaopayam
Earthquake Depth Bangben
1st Dart Buoy
Klongkike
2nd Dart Buoy
Ko Sarai

INPUT HIDDEN LAYER OUTPUT
Figure 5.10 Architecture of GRNN 2

Table 5.2 Statistical parameters comparison for the GRNN model and the Numerical

model

GRNN-1 [GRNN-1.1A | GRNN-1.1B| GRNN-2
Location El [RMSE [ABI&.|RMSE| EI [RMSE| EI |RMSE
Klongkong 0.922 | 0.397 [0.966 | 0.269 | 0.966 | 0.274 | 0.975 | 0.240
Koh payam 0.948 | 0.407410:98%10.262 [ 0.974 | 0.303 | 0.978 | 0.287
Bang ben 0.923 | .0.388" [10.966 | 0.267 |,0.966 | 0.270 [0.975 [ 0.240
BanChakle 0.936)( 0.091 (097100631 0.973 | 0.061 [0.976 | 0.059
Taleanok 0.933 190.503%,0 972" 0:319"10.974 | 0.340 | 0.981 [ 0.301
Suksamran __ [10:933 0442 | 0.982 [J0283710.990.| 0.311 |0.982 | 0.295
Ban Treme 0.956450.406 | 0.983 | 02678P0.981 | 0.282 [ 0.983 | 0.272
Tangaon [0'948%me:167 | 0.980 | 0.106=FO978 [ 0.114 [ 0.978 | 0.116
Tung Dab 10963 1.0.540 | 0.980 | 0.416-10978 0.437 |0.976 | 0.470
Tung Tuk 0.949 0.982 | 0,362.1"0'980 | 0.376 | 0.975 | 0.431
Namkem 0,945 0.977 |, 0,0k, 10976, 0.413 | 0.979 | 0.384
Bandsak 0.9831] 0,430 1.0:983 150.236 | 0.980 [ 0.412
Pakarang o~ 656 | 00.984 £0.477 [0.982 | 0.469
Bang Niang <2 0.968"|40734 | 1109869 0.604 | 0.981 [ 0.594
Tablamu 973 0 | 0.482 [0.979 | 0.479
Tabyang |06, . 1495:% 0980 | 0.526 | 0.977 | 0.562
Nairai 0.96947 B552 £0.983ch AASK| 0.980 [ 0.489 [0.979 | 0.498
Natai 0.966 | 0.58Y €[ ¥o82"[* 0.438 | 0.980 | 0.460 | 0.980 | 0.463
Klong Klein [ 0.919 | 0.143 [ 0.968 | 0.093 [ 0.969 | 0.092 | 0.976 | 0.080
Klongbon 0.929 | 0.224 | 0.965 | 0.160 | 0.966 | 0.157 | 0.970 | 0.149
Plunai 0.946 | 0.254 | 0.973 [ 0.181 [0.974 | 0.180 | 0.975 | 0.176
Bangpat 0.886 | 0.144 | 0.947 | 0.101 [0.945| 0.103 | 0.957 | 0.092
Suan Mapraw | 0.966 | 0.557 | 0.982 | 0.421 [ 0.982 | 0.420 | 0.979 | 0.446
Nai Yang 0.967 | 0.659 | 0.970 | 0.624 | 0.971 | 0.626 | 0.975 | 0.586
Pasak 0.966 | 0.499 | 0.980 | 0.390 | 0.981 | 0.387 | 0.978 | 0.407
Kamala 0.966 | 0.561 | 0.981 | 0.428 [ 0.979 | 0.452 | 0.978 | 0.458
Patong 0.960 | 0.587 [0.971] 0.507 | 0.969 | 0.523 | 0.965 | 0.555
Karon 0.967 | 0.699 |0.970 | 0.656 | 0.969 | 0.672 | 0.977 | 0.584
Kata 0.969 | 0.710 [ 0.973 | 0.655 | 0.974 | 0.658 | 0.975 | 0.641
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Table 5.2 Statistical parameters comparison for the GRNN model and the Numerical
model (Continued)

GRNN-1 [GRNN-1.1A| GRNN-1.1B| GRNN-2
Location El [RMSE| EI [RMSE| EI |[RMSE| EI |RMSE
Saiyuan 0.956 | 0.286 | 0.973 | 0.223 [ 0.974 | 0.220 | 0.972 [ 0.227
Palai 0.947 | 0.232 | 0.983 | 0.136 | 0.983 | 0.138 | 0.987 | 0.121
Ao Makam 0.938 | 0.227 | 0.979 | 0.138 | 0.977 | 0.144 | 0.983 | 0.123
Bangku 0.909 | 0.208 | 0.964 | 0.134 [ 0.964 | 0.135 | 0.973 | 0.117
Paklok 0.931 | 0.237 [0.976 | 0.145 [0.977 | 0.143 [ 0.984 | 0.120
Kaosen 0.925 | 0.576 | 0.953 | 0.452 [ 0.950 | 0.468 | 0.956 | 0.442
Laem Sak 0.873 | 0.188 | 0.938 | 0.135 [ 0.934 | 0.139 | 0.949 | 0.124
Tatonglang 0.907 | 0.297 [0.962 | 0.193 | 0.962 | 0.194 | 0.970 | 0.173
Khao Kuao 0.939 [ 0.269 [ 0065 | 0.205 [ 0.967 | 0.199 | 0.968 | 0.196
Ao Nang 0.919 | 0.371 | 0,968 | 0.238 | 0.969 | 0.234 | 0.973 | 0.219
Phi Phi 0.941 | 0.427 |0.960 | 0.346 | 0.960 | 0.350 [0.957 [ 0.362
Khlong Prasong | 0.894 | 0.202 [0.95% | 0.132 [ 0.955 | 0.136 [0.967 | 0.116
Klongrua 0.875 | 0.270 [0948 [,0.175 | 0.945 | 0.182 [0.958 | 0.160
Khaopu 0.943 | 0.3840109344%0.266 | 0.977 | 0.252 [0.977] 0.249
Klongtop 0.936 [0.453 [10.973]]10.304 J:0.975 | 0.292 [0.978 | 0.272
Pak Klong 0.929), 0.348. h0.980 {0950 10.975 | 0.215 [ 0.985 | 0.166
Musa 0876, 0.25¢ 10,947 | [0.178 {10940 | 0.182 | 0.955 | 0.159
Dunun 0:898 190,241 | 0.957 " 0.162” 10957 | 0.163 | 0.966 | 0.145
Hang Lang 0993 1%.323 | 0.967 | 0.201-1.0:967 | 0.202 | 0.977 | 0.169
Khao Phul 30:922.1-0:286 | 0.971 | 0.783.4:0:974f 0.182 [ 0.978 | 0.160
Phla Muang 020250146 | 0.953 | 0.108g0.957 | 0.104 | 0.962 [ 0.093
Lang Khao 034aP0.3 0:236g,0.976 | 0.224 |0.978 | 0.212
Na Hedychium 70 962 f3,001360( 0961 | 0.140 [0.970 | 0.123
Laem ¢ 019681 0.740, 101968 1=0.142 | 0.976 | 0.123
Tong Kanan™— 945 | 060", -0.168 | 0.954 | 0.148
SonKlang ) 0.216 [0.980 | 0.193
Taolosai 1 0.140 [0.970 [ 0.121
Klongkike 0.154 [0.951 [ 0.134
Ko Sarai 0.313 | 0.981 | 0.261
Average 0.288 | 0.973 | 0.275
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Figure 5.11 Scatter plot of the maximum wave height from GRNN1.1 - A model and
Numerical model at some selected areas
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Numerical model at some selected areas
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Results show that the real data from the dart buoy can be used to confirm the
occurrence of the tsunami and the results can be input for computing wave height at
communities which are at risk. The results from this can give information to people
along the coastline [from specific images] of the possible damage by referring to the
standards for tsunami warnings and alerts as shown in Table 5.3.

Table 5.3 Standards for tsunami warnings and alerts (Murata, et al., 2010)

Type of forecast | Typical announcement Height of tsunami (m)

Tsunami alert A tsunami with a maximum height of | 0.5
0.5 m is forecast; caution is advised

Tsunami warning | A tsunami with a maximum height of | 1 or 2
2 m is forecast; extreme caution is

advised.
Large tsunami | A tsunami with a‘aximum height of | 3, 4, 6, 8 or higher
warning 3 m or higher fisiforecast; extreme

caution is advised!
5.5 EVACUATION SIMULATION :FO,R.:BAN BANG NIANG

An evacuation{simulation \systefn/would make people understand, what they
need to do when Tsunami waves aré'going to inundate the area and this program was
applied with the GIS networkunoduledThis feséarchi method has been widely used.

The applicatiGimes. evacuating simulation ingthis study was made of the CG
animation (Comiputersgames animation). CG animation'is more user friendly and
easier to understandgbysiost people. CG is“ablegtopadapt when the real disaster
happens. This will helpsgo®@cerease the death raic*@ing/or property loss. The evacuation
system will be uséd forr€sidents in tsunamii-pronejaceas, Ttis not only for adults but
also for childrep, and undﬁﬁtaﬂd:mg of it will, proyide a jeasure of safety for them.
The res;idcnté’d’ tsunami-gisk /aréa should \be .aware o@; tsunami risk of their
domiciles and % tgcation off the sai’e évcumaﬁon zUm-\Am order to evacuate large
numbers of rcmden?yrom a tsundmi. (Katadaiand Kas@’\\ZOOS}

’&,
Ban Bang Niang @@i{ ?Ljﬁﬂ %( Phang Nga province is located in

the Khaoluak-lumlu Natural park. The topography is mostly mountainous from the
east to the west (Andaman sea). This area is a tourist attraction area.

There were 732 people (361 male and 371 female) living in Ban Bang Niang
community before the tsunami of 26 December 2004 struck Thirty first people (16
males, 15 females) were killed and 33 houses damaged after the tsunami.

The evacuating simulation system was built with primary component; Tsunami
behavior, evacuation system planning, and game-based development.

The first step is to compute wave height and an arrival time of Tsunami to
arrive Ban Bang Niang. This is done by using the tsunami model of shallow water
equations. The computation was done by dividing the area into 5 regions see Table
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5.4. Computed results were compared with the measured data, see Fig. 5.14. It was
found that the computed wave height varied from 4 to 10 m compared with measured
data (4 — 11 m). The inundation areas from the model were found to be smaller than
the satellite picture.

Table 5.4 Computational step

| Region Grid size Time step (sec.) | Grid number Equation
1 1 min. 3.6 1201x1201 Linear Long wave
2 462.5 m. 1.2 481x721 Non Linear
3 154.2 m. 0.4 703x853 Non Linear
4 51.4 m. 0.4 388x478 Non Linear
5 17.13 m. 0.4 286x334 Non Linear

Figure 5.14 Inundation area of Ban Bang Niang (Red line is inundation area from
numerical model)

The second step is to prepare base map with detailed topography, demography,
infrastructures, housing, resorts and critical facilities such as evacuation buildings.
Then, design an evacuation route for each target group or family to the evacuation
building, This was achieved by applying the GIS as shown in Fig. 5.15.
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input by the player e depend§ion redction 1 of residents and decision and
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1anal Dlsg‘a‘\@mg Center). The estimated time of
the tsunami arrival was ob step. The time of evacuation can be

assumed to be either greater or smaller than the response time (Difference between the
estimated time of arrival and summation of the decision time, notification time,
reaction time), the simulation will summarize the number of residents who will be
either killed or safe as shown in Fig. 5.17.
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Figure 5.16 Flow chart of Evacuation game
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TR T T

b) Input evacuation time

Figure 5.17 Display of tsunami evacuation game



d) Start analysis

Figure 5.17 Display of tsunami evacuation game (Continued)
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f) First wave hits

Figure 5.17 Display of tsunami evacuation game (Continued)
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h) End of program

Figure 5.17 Display of tsunami evacuation game (Continued)
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[n the simufatighy" Weé Suppose iHatalbagentsawill ¢ \,:3,31141& to a shelter by feet,
and walking spged depcnds ofi tlie fype of househald: For kﬁéuly the walking speed is
assigned to be Fﬁ&mm thefadult spead is | 1\4 m/s, child {ﬁecd is 1.0 m/s. (Liu, et al.,
2008), the nmim*‘fﬂyd or disable/peaple arasupy )(}HL{_L\{QNWE‘ assisted in evacuating.

Vs o, \
/"’ >
) / f‘ '</

'he simulation ahé}ﬂ{d kﬁﬂ ,1111 i[@ "Touamn ratio changes, the total number
of evacuees for each house hoﬁ Hp il %ulmn(mmil‘ be calculated and displayed in
the two-dimensional simulation space.



CHAPTER 6

CONCLUSIONS AND RECOMMENTDATIONS

6.1 CONCLUSIONS

Developing of Tsunami Warning Database System for Thailand can be
concluded as follows:

. The numerical model for tsUpami simulation (linear and non-linear shallow
water equatlons) was applied to :m’estlgate the past tsunami events in the Indian
Ocean (December 31%, 1881; June@6¥ §1941; December 26™ , 2004). The grid size of
1 min (1.85 km) and 462.5 m werg/ustd for the linear and non-linear computational
domain, respectively. It was found that thelmodel can generally simulate satisfactory
results in term of the maximum Wave height. However, at some particular locations,
there are significant relations, fron the suryeyed data: There might be caused by the
complex bathymctrlc data, whmh are fequ:red 1o muprovc in the future simulation.

2. The impact'of hypmhctlcal tsunamigsifl t,h.a Indian Ocean of 420 cases were
investigated accordifigmste. the USGS databaScegililiey. are done by varying the
earthquake magiituden(6y6:5, 7, 7.5, 8, 8.5 and Quviws)ianid carthquake depth (10, 20,
30, 40 and 50 kmyebhesfiilt planes are selcttedy along the Sunda trench with 12
epicenters. The smu,lgﬁﬂns were carried out for all420 cases and the maximum wave
height, the first Wavee a“fﬂ,v‘al time and" thg y. —éfmcns*%nal horizontal velocity
components {%3 recorded as’ ‘[s‘ur;fal;m daf Apaseh [t Was fopnd that within database

considered in'is studyfthe éarliest: VQa\ﬁgl t} is at d¢ata beach is 66.5 minutes.
The maximum /a)@helght 012! ﬁl S‘%IIQd at the Ka@n beach.

3. The tsunarr&?ﬁ{at@n was also carrig \’but for the Thai Gulf by assuming
an earthquake of magni Wﬁ a trench. Grid sizes of 2 min. (3.7

km) and 925 m were used in the linear and non-linear computational domain,
respectively. The first wave was found to arrive at the southern coastline (Patani
province) of Thailand at 14 hours after the occurring of earthquake. Then, it hits Koh
Samui (Suratthani province) at 16 hours and enters the Gulf of Thailand at 19 hours.
The calculated wave height was smaller than 1.0 m at all coastlines of Thailand.
However, it still be danger to the people and properties at the coastline due to high
speed traveling of the coming tsunami.

4. When using General Regression Neural Network (GRNN) to forecast the
maximum wave height and the first arrival time, the data such as epicenter, moment
magnitude and earthquake depth were input to the model and the result was verified
using statistical parameters such as efficiency index (EI) and root mean square error
(RMSE). It was found that EI for the Maximum wave height is ranged between 0.87 -
0.98 and the EI for the first arrival time is varied from 0.59 to 0.95. The averaged EI
of both values are 0.93 and 0.82, respectively. The RMSE are varied from 0.09 to
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0.73 m and 26.11 to 85.55 minutes. The averaged RMSE are 0.38 m and 51.96
minutes, respectively.

5. The GRNN was used to forecast the first wave arrival time from the
database. It was found that the forecasted time is not so good. This is because for small
earthquake magnitudes, the tsunamis are also very small (we assumed the first wave
arrival time of 450 minutes). After separation the data into 2 groups (smaller than 8.0
Mw. and equal to and grater than 8.0 Mw.) the results were significantly improved.
The RMSE was found to decreases from 51.96 minutes to 16.79 minutes.

6. In real practice of tsunami warning, a large number of false alarms often
happened. In order to reduce such false alarms, the real data from DART buoys are
used as additional input to the GRNN\The maximum wave height was forecasted for
58 selected areas along the Thailand’Andaman coastline. Results showed that for the
case of the 1%, 2" and both DART'BfIogs input, the EI increases from 0.933 to 0.970,
0.969 and 0.973 respectively. In addition, the RMSE decreases from 0.385 to 0.281,
0.288 and 0.275 m, respectivelyé

7. The presentstudy developssthe web based tsunami warning system for the
Thailand Andaman coastling. “The! syqtem 15 in Phplanguage and the database structure
is in My SQL sofiwarelThis is used ingcal operation at Phuket and Phang Nga
provinces presently.

8. The developedsisunami evacuation gamei(Simulator) is highly interactive
and intended to inere@s€™aWareness and shartS"kmowledge about tsunamis among
people Also it helps ehildten’ and inhabitanfsywhaglive in risk area to learn how to

survive from a tsunamij, *:3\
| %)
6.2 REC OM@N’I DATIONS &
RN A
Rccommcn%m foffuture works are'as foll@
1. Increasing the @Eﬁﬁb{jﬁ pu, '? epicenters in this study) and also
increasing the earthquake magnitudes will increase the number of database. This will

improve the accuracy of the forecasted results.

2. Due to limitation of the bathymetric data and also topographic data used in
the present study, some calculated results show that not so good accuracy. In order to
improve them, smaller grid sizes should be used, especially < 50 m near the shoreline.

3. The GRNN model will give higher accuracy for the maximum wave height
and first wave arrival time if more numbers of data are included to the model.

4. The online web based system could be more efficient in warning, especially
if the free GIS software (e.g. Google earth) is accessible, it will be used to display the
inundation areas, maximum wave height and the first wave arrival time. This system
could be understood and accessible easily by the people in risk areas or interested
people.
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5. Further study should be done for the case of landslide and sub marine
volcano, dynamically generated earthquake could also be studied.

6. The Tsunami evacuation game should add more options such as the pattern
of evacuation, the numbers of evacuation building, and evacuation route management,
associated with real Tsunami.

7. This study could investigate further in other types of effects such as natural
buffer with nature plants that can reduce the speed of water current.

8. The satellite image of real Tsunami should be used to verify the existence of
Tsunami and it magnitude.

9. The real time calculatioft shéuld be developed to accurately forecast the
effects of coastline at a specific sea leveld
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GUIDELINE OF TSUNAMI DATBASE SYSTEM FOR
THAILAND ANDAMAN OCEAN COASTLINE

This Tsunami database system for Thailand Andaman Ocean coastline is a
system that can assist the decision making for Tsunami evacuation. It works based on
the numerical model by calculating the first wave arrival time and the maximum wave
height. The system is a web based online that is constructed by using My SQL., written
in Php language and presented as HTML codes. The step in using the the system is as
follows.

Getting started on Web based online

Start the webpage by using wgb browser software. The main window will be
shown as in Fig. Al. The region played on the screen are the Indian Ocean,
Andaman sea and Thai Gulf coastlig€ #ith latitudes of 0 — 20 degree North and 85 —
105 degree East. -
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Figure Al The main window of the Tsunami web based online

For the case of an earthquake, measuring and analyzing the P wave and S wave
will allow the user to know the epicenter, magnitude and depth of earthquake. The
user can select the earthquake region from the main window by using left mouse
button to click on the region, see Fig. A2.
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The pop upy meﬁt} Wﬂl bc ﬁﬁlayﬂﬂ ;tﬁe uscras prompted to indicate the
earthquake magmtude MR scale) and fis# depth"(Km), see Fig. A3 and A4
respectively. Then ollﬂ%m@mcese button to gef'thegeslt'of wave arrival time and the
maximum wave ligightpasseeiated with real time mi@xa;._:gneiar :
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Figure A3 Specifying earthquake magnitude
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GUIDELINE FOR USE A TSUNAMI
EVACUATION GAME

This game can manage Tsunami evacuation in risk areas. The selected area for
developing the game is Ban Bang Niang, Tambol Kuek Kuck, Ampher Kuraburi,
Phang nga province. This area had been attacked by Tsunami of 26" Dec 2006. The
community built 3 shelters. These are Chong Fah fall hill, friends in need (of*PA™)
shelter and Lung rue T 813 hill (see Fig. B1).

The game is developed using Flash animation program that the user could
specify the wave attacking time, an evacuation beginning time, a number of
populations, speeds of typical evacuggs. This is to be aware of the safe evacuation
routes and shelters. The result from the'g@ame is summarized after simulation.

"~ Figure B1 The maih Whidow of Tsunami

evacuation game

To change the wave attacking time, ciick on edit button that is located below
the Wave starting time, then click OK button to save the data as shown in Fig. B2.



143

Wave
starting time

Bicure B2 Editing awavéattdgeking time

I'o change“anfeydcuation beginning titagl” cliékion edit button that is located
below the an evacpatien beginning time , thep®elcks@K button to save the data as
shown in Fig. B3.

Figure B3 Editing an evacuation beginning time
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To change speeds of evacuees, click on edit button that is located below the
speeds of walkers. There are 3 stages of speeds, child’s, adult’s and elder’s. Then click
OK button to save the data as shown in Fig. B4,

z, , \

To chaép gnumbers mselick on th&irca of specific community.

There are 3 types@d@popula d ults an ers. Then, click OK button to

save the data. The t&&pahmllgr will be dlqpt on the right corner of the game
window as shown in Fig. B£/ ?\Tﬂ ;) RO(\
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Total number
of populations

Populations
editing button

Figure B35 Edmng a number of\ population

To start the ganie, cliekion Analysis secPigaB6.

Figure B6 simulation of the Tsunami evacuation game

The display will simulate the final simulation, there will be simulating time,
number of survivals and deaths. These are shown on the screen, see Fig. B7.
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Simulating
time

Number of
deaths

Number of
survivals

T lgw'e B7 The simulation screen
When the Simullations completed, theg@rcagwil be filled with blue shade that
represents floods. [Theguser™an now click on"Resulfilbutton to view the result. The

wave starting timessangevacuation beginning ameggantotal number of populations,
speeds of typical cyaguees@nd numbers of survivalsand-deaths, see Fig. B9 and B10).

Result button

'_ igue B9 The results



147

Hr:m:s
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Figure B L0 Result Summary
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