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#

CHAPTER I

INTRODUCTION

#

#

1.1 Motivation
The 2004 Indian Ocean Tsunami is one of the most devastating tsunamis in

the history. Many countries surrounding the Indian Ocean including Thailand were trag-

ically impacted by this tsunami. There were over 200, 000 casualties, tens of thousands

reported missing, and over 1 million of homeless in this tsunami disaster [1].

Figure 1.1 (a) Rupture zone of the Sumatra-Andaman earthquake along about 1, 300

km northward from the epicenter 3.316◦ N and 95.854◦ E. (b) Sketch of multiple fault

segments of the earthquake. (After [2])

This tsunami was generated by the Sumatra-Andaman earthquake whose

rupture zone covers along about 1, 300 km northward from the epicenter 3.316◦ N and

95.854◦ E [3, 2, 4]. Furthermore, this tsunami was generated by multiple segments of

rupture zone. Figure 1.1 presents the three fault segments called the Sumatra, Nicobar,
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and Andaman segment used in the study of Lay et al. (2005). In addition, a time se-

ries of sea surface elevation, the maximum height, and the travel time of this tsunami

were measured by several instruments, for examples, the tidal gauge measurement [5],

the satellite altimeter [6, 7], and the runup observation [8]. This tsunami encouraged

many researchers to widely study the characteristics of the 2004 Indian Ocean Tsunami

via tsunami simulations and use the observed and measured tsunami data to verify the

accuracy of tsunami predictions including the maximum height and the first arrival time.

1.1.1 Tsunami simulation programs

There are many tsunami simulation programs used to study tsunami propa-

gation and characteristics of the 2004 Indian Ocean Tsunami. Some of these programs

are given in Table 1.1.

Table 1.1 The tsunami programs used to simulate and study the propagation of the 2004

Indian Ocean Tsunami.

Name Numerical method Program type Support of multiple
fault segments

The nonlinear Boussinesq equations
FUNWAVE [9] Finite volume Open-source code Yes
GEOWAVE [9] Finite volume Open-source code Yes

The nonlinear shallow-water equations
MOST [10] Finite difference Proprietary Yes

TUNAMI [11] Finite difference Open-source code Yes
COMCOT [12] Finite difference Open-source code Yes
TsunAWI [13] Finite element Proprietary Yes

The linear long wave equations
SiTProS [14] Finite difference Freeware Yes
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The three widely used tsunami simulation programs including MOST, TU-

NAMI, and FUNWAVE were reviewed in this thesis to simulate the propagation of 2004

Indian Ocean Tsunami. MOST (Method Of Splitting Tsunami) is a program that can

solve the nonlinear shallow-water equations in both the Cartesian and spherical coor-

dinate systems [15]. Nevertheless, this program is not publicly available as a freeware

or an open-source program. TUNAMI (Tohoku University’s Numerical Analysis Model

for Investigation) is a program that can solve the nonlinear shallow-water and linear long

wave equations [16]. FUNWAVE can solve both the Boussinesq equations and the non-

linear shallow-water equations in both the Cartesian and spherical coordinate systems

[17, 18, 19]. Furthermore, this program has been widely used to study the propagation

of tsunamis [9, 20, 21, 22] and was published as an open-source program. Thus, I use

FUNWAVE program in this thesis to study the characteristics of tsunami propagation.

Some of the important features of real tsunami source were unavailable in

the released version of FUNWAVE. These features include the tsunami source from the

Okada’s solution of seafloor displacement [23, 24] and the dynamic rupture process of

multiple fault segments. Therefore, I have to develop a tsunami simulation program

called TIME (Tsunami Implementation for Multiple segments of Earthquake) that can

use the multiple segments of tsunami source and the Okada’s solution of seafloor dis-

placement. My TIME program can solve the nonlinear shallow-water equations using

a finite difference method that is presented in Chapter 3 and validated the accuracy of

tsunami predictions including the maximum height and the first arrival time by FUN-

WAVE program in Chapter 4. However, my program failed a validation test in the circu-

lar dam-break problem. Thus, TIME program was improved by solving the conservative

form of nonlinear shallow-water equations using the finite volume method. The simu-

lated results are also presented in Chapter 4.

1.1.2 Model sensitivity test in tsunami simulations

Tsunami simulations are widely used to study the characteristics of tsunami

propagation in terms of the model sensitivity analyses due to physical and numerical

effects such as the Coriolis force, the dispersion, the coordinate system, the numerical

grid spacing, and the sea bottom friction [11, 9, 20, 19].
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The effect of the coordinate system to the tsunami predictions was studied

by Dao and Tkalich (2007) using TUNAMI-N2-NUS program which solves the non-

linear shallow-water equations. They studied the sensitivity tests for the 2004 Indian

Ocean Tsunami including the tide, the sea bottom friction, the Coriolis force, the spheri-

cal coordinate system, and the dispersion effects [11]. Their tsunami predictions are the

time series of sea surface elevation and the map of maximum height. The effect of the

coordinate system was measured by comparing the predicted map of maximum height

by using the Cartesian coordinate system with the predicted map by using the spherical

coordinate system in terms of the Mean Absolute Percentage Error (MAPE). In their

work, they found that the MAPE of their simulation is about 30 % of the predicted map

of maximum height. Thus, they concluded that the effect of the coordinate system or

the curvature was small compared to other phenomena such as the bottom friction (100

%), Coriolis terms (20 %), and dispersion terms (100 %). However, the tidal gauge data

of only one station (station Taphao-Noi) was used to compare with the simulated sea

surface elevation. In my opinion, this is insufficient to investigate the significance of the

coordinate system.

Another tsunami simulation program used to simulate a tsunami propaga-

tion is FUNWAVE which can solve both the Boussinesq and nonlinear shallow-water

equations in the Cartesian and spherical coordinate systems [18, 22]. The spherical co-

ordinate version of FUNWAVEwas used to simulate the far-field propagation of the 2011

Tohoku-Oki Tsunami to study the effect of dispersion and Coriolis force [19]. Only the

Cartesian coordinate version of FUNWAVE was used to simulate the propagation of the

2004 Indian Ocean Tsunami [9, 20, 21]. The effect of dispersion was studied and inves-

tigated by the comparison of the simulated results with tidal gauge data [9], while the

effect of numerical grid spacing was studied by comparison with observed run-up data

of Thailand’s coastline [20, 21]. These studies only use the Cartesian coordinate system

instead of the spherical coordinate system.

The lack of tidal gauge data for investigation of the coordinate system effect

in Dao and Tkalich (2007) and the ignorance of using the spherical coordinate system

in Grilli et al. (2007) make a study point to investigate the effect of coordinate system

and the numerical grid spacing to the accuracy of tsunami predictions by using the tidal
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gauge data in Grilli et al. (2007).

1.1.3 The study of static and dynamic rupture

The co-seismic displacement [25] can be used to describe the generation

stage of tsunami evolution for an underwater earthquake by using the Okada’s solution

of vertical seafloor displacement [23, 24]. In addition, this construction can be used to

study the rupture process of an underwater earthquake by using the static and dynamic

of rupture. In the previous studies of tsunami simulations, the rupture process of an

earthquake was neglected because the rupture zone is not too long compared with the

Sumatra-Andaman earthquake [26, 15, 27]. However, the rupture zone in case of the

2004 Indian Ocean Tsunami is about 1, 300 km long. Thus, the rupture process of this

earthquake is significant and was studied by using the static and dynamic ruptures [28,

25, 29].

Poisson et al. (2011) studied the static and dynamic ruptures for tsunami

propagation of the 2004 Indian Ocean Tsunami. In this study, the static and dynamic

ruptures were used to find the best source model for the Sumatra-Andaman earthquake.

Their tsunami simulation predicted the sea surface elevation along the satellite JASON-

1 track in the middle Indian Ocean, the map of maximum sea surface elevation in the

Indian Ocean, and maximum height on the eastern coast of Sri Lanka. However, only

the prediction of sea surface elevation along the JASON-1 track is compared with the

data of sea surface height anomaly recorded by the JASON-1 satellite. Concerning the

rupture process, they concluded that the dynamic rupture may significantly affect the

tsunami prediction in the nearshore region. Thus, this conclusion is not reliable because

the tsunami prediction in the nearshore was not compared with the tidal gauge data.

The effect of the rupture process was also investigated by Ulutas (2013) for

the 2011 Tohoku-Oki Tsunami. In his work, the static and dynamic ruptures are uniform

and non-uniform slip models, respectively. The predicted sea surface elevations were

compared with the data of sea surface elevation recorded by the Deep-ocean Assessment

and Reporting Tsunami (DART). However, the numerical result of static rupture was not

compared with the results of dynamic rupture in his work. Dutykh et al. (2013) also

investigated the effect of the rupture process for the July 17, 2016, Tsunami by using the
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fluid layer solution. In their work, the predicted time series of sea surface elevation was

not compared with the tidal gauge data or the run-up observation data.

Thus, the investigation of the static and dynamic ruptures in the studies of

Dutykh et al. (2013) and Ulutas (2013) for tsunami generation and the incomplete ex-

periment of Poisson et al. (2011) to study the effect of the static and dynamic ruptures

on the tsunami predictions at nearshore by using the tidal gauge data of the 2004 Indian

Ocean Tsunami motivate this work to study the significance of rupture process for the

2004 Indian Ocean Tsunami in terms of the static and dynamic ruptures.

1.1.4 Multiple fault segments of tsunami source

Another characteristic of the Andaman-Sumatra earthquake is the multiple

fault segments of tsunami generation, which are the tsunami source, and was then called

the tsunami source characteristics.

There are many tsunami source characteristics based on the multiple fault

segments (2-6 fault segments shown in Figure 1.2 were used in previous studies) to sim-

ulate the propagation of the 2004 Indian Ocean Tsunami by using various tsunami sim-

ulation programs [2, 30, 10, 9, 31, 12]. First of all, two segments of tsunami source

characteristics were used in the Kowalik et al. (2005)’s work to simulate the propaga-

tion of the 2004 Indian Ocean Tsunami by using their program of tsunami simulation

[30]. Three fault segments of tsunami source were used in the study of Son et al. (2011)

by using COMCOT program (the nonlinear shallow-water model). However, Arcas and

Titov (2006) used four fault segments instead of three fault segments. Their tsunami

prediction was compared with the time series of tsunami height measured by satellite

altimeter and tidal gauges [10]. Five fault segments [9, 20, 21] were used in Grilli et al.

(2007), while Lay et al. (2005), and Poisson et al. (2011) used six fault segments that

are the highest number of fault segments [2, 28].
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Figure 1.2 The multiple fault segments of tsunami source by (a) 2 fault segments, (b)

and (c) 3 fault segments, (d) 4 fault segments, (e) 5 fault segments, (f) and (g) 6 fault

segments.

From these studies, we notice that each of the tsunami source characteristics

has never been compared to each other. Although each of tsunami source characteristic



Pawin Sitsungnoen Introduction / 8

cannot be compared to each other because the tsunami source characteristics are specific

to their tsunami simulation programs, for examples, the tsunami source characteristic of

four fault segments is specific to the MOST program or the tsunami source characteristic

of five fault segments is specific to the FUNWAVE program. To study the effect of the

number of fault segments to tsunami predictions, we assume that these tsunami source

characteristics are the real source of the 2004 Indian Ocean Tsunami. Thus, the number

of fault segments is a parameter investigated in this thesis.

1.2 Objectives of The Study
1) To investigate the effects of numerical grid spacing and coordinate system

to the accuracy of predicted maximum height and first arrival time by using the shallow-

water model in FUNWAVE program.

2) To develop a tsunami simulation program capable of using multiple fault

segments of tsunami source based on the nonlinear shallow-water equations using the

finite difference method.

3) To validate and improve my program with various problems including the

propagation of Gaussian hump in flat domain, the multiple fault segments in real domain,

the vertical dam-break in 1D, and the circular dam-break in flat domain.

4) To study the effect of dynamic rupture process for the 2004 Indian Ocean

Tsunami in the nearshore region by using the tidal gauge data.

5) To investigate the effect of multiple fault segments to the tsunami predic-

tions for the 2004 Indian Ocean Tsunami.

1.3 Research Questions
1) How do the numerical grid spacing and coordinate system affect the pre-

diction of maximum height and first arrival time of tsunami propagation? In addition to

the accuracy of tsunami prediction, can these parameters affect the propagation distance?

2) For the generation of the 2004 Indian Ocean Tsunami, does the dynamic
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rupture process significantly affect the accuracy of tsunami predictions? Can it be re-

duced into the static rupture process?

3) How does the number of fault segments of tsunami source affect the ac-

curacy of tsunami predictions?

1.4 Procedure And Thesis Outline
the configuration of the procedure is used to answer the research questions

in the previous section. Furthermore, the outline of this thesis is also presented in this

section.

1.4.1 Procedure in thesis

To simulate the tsunami propagations in this thesis, three physical domains

were used: 1. a domain of constant oceanic depth called flat domain, 2. a domain of the

Bay of Bengal, and 3. a domain of the Andaman Sea. The procedure of this thesis is as

follows.

1) Prepare the necessary data including tsunami gauge data and bathymetry

data. The bathymetry data of both the Bay of Bengal and the Andaman Sea is from the 2-

minute guided global relief data (ETOPO2) with the grid resolution of 2 minutes or about

1,732 meters. The tsunami gauge data used in this thesis are from Tsuji et al. (2006) and

Grilli et al. (2007) in terms of the time series of sea surface elevation or tsunami profile

[8, 9].

2) Simulate the propagation of tsunamis by using both FUNWAVE program

[22] and TIME program developed as part of this thesis. The time series of sea surface

elevation is recorded by gauge stations in computational domains.

3) The simulated results are compared with the tsunami gauge data. Then

I measure the accuracy of tsunami predictions by using the Mean Absolute Percentage

Error (MAPE) and Root Mean Square Error (RMSE) error metrics [20, 21].
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1.4.2 Thesis outline

Chapter 1 introduces the motivations, literature reviews, objectives of the

study, and research questions in this thesis.

Chapter 2 presents themathematicalmodels in FUNWAVEprogram, method-

ology, and simulated results for study the effect of numerical grid spacing and coordinate

system.

Chapter 3 introduces the issue in FUNWAVE program about the rupture pro-

cess and multiple fault segments of tsunami source that leads to the development of the

TIME program. The numerical method of shallow-water equations is also presented in

this chapter.

Chapter 4 provides the validation of the TIME program comparedwith FUN-

WAVE program by the problem of Gaussian hump propagating in a flat domain, the

tsunami propagation generated by the multiple fault segments in a real domain. In addi-

tion, this chapter presents the failure of TIME program in the problem of circular dam-

break and their improvement using the finite volume method are presented in Appendix

A.

Chapter 5 presents the use of TIME program to simulate the 2004 Indian

Ocean Tsunami bymultiple fault segments of tsunami source to study the rupture process

and effect of multiple fault segments of tsunami source.

Chapter 6 concludes all of the studies in this thesis.
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#

CHAPTER II

SIMULATION OF TSUNAMI PROPAGATION USING FUNWAVE

PROGRAM

#

#
Several tsunami simulation programs were used to study the characteristics

of tsunami propagation. In this thesis, I use the FUNWAVE program to simulate the

tsunami propagation for the study of model sensitivity due to the effect of numerical

grid spacing and coordinate system.

To achieve the first objective of this thesis, the significance of numerical

grid spacing and coordinate system to the accuracy of tsunami predictions including the

maximum height and the first arrival time are investigated in this chapter by using the

propagation of a Gaussian and dipole humps in a flat domain and a real domain with the

bathymetry data from the 2-minute guided global relief data or ETOPO2 [32].

To answer the first research question, the Mean Absolute Percentage Error

(MAPE) and the Root Mean Square Error (RMSE) are used to measure the accuracy of

tsunami predictions including the maximum height and the first arrival time.

This chapter begins with Section 2.1 that explains the literature review of

coordinate system and numerical grid spacing effects in tsunami simulation for the 2004

Indian Ocean Tsunami. Section 2.2 presents the mathematical models contained the non-

linear Boussinesq and nonlinear shallow-water equations in the FUNWAVE program.

Then I present the experimental setting to study and investigate the effect of coordinate

system and numerical grid spacing in the Section 2.3. The snapshots of tsunami propa-

gation including a Gaussian hump and the 2004 Indian Ocean Tsunami are presented in

Section 2.4. Sections 2.5 and 2.6 present the investigation of the numerical grid spacing

and the coordinate system, respectively. Finally, all of these experiments are concluded

in Section 2.7.
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2.1 Literature Review
This section presented the literature review of tsunami simulation for the

2004 Indian Ocean Tsunami contained the study of coordinate system and the numerical

consistency.

2.1.1 The study of coordinate system

The choice of Cartesian and spherical coordinate systems was studied in Dao

and Tkalich (2007) by using TUNAMI-N2-NUS or the modified version of TUNAMI-

N2 program [11]. This program solves the nonlinear shallow-water equations in both of

Cartesian and spherical coordinate systems. Dao and Tkalich (2007) used this program to

simulate the propagation of the 2004 IndianOcean Tsunami and study the sensitivity tests

including the tide, the sea bottom friction, the Coriolis force, the spherical coordinate

system, and the dispersion effects. The difference of tsunami maximum height due to

the use of different coordinate systems is presented in Figure 2.1.

Figure 2.1 Difference of tsunami maximum height using Cartesian and spherical coor-

dinates in M. H. Dao and P. Tkalich (2007).
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In their simulated result, they found that the MAPE of their simulation is

about 30 % for the predicted map of maximum height. Thus, they concluded that the

effect of the coordinate system or the curvature is small compared to other phenomena

by about 30 % of the difference of computed tsunami maximum height. However, only

a time series of sea surface elevation was compared with the tidal gauge data from the

Taphao-Noi station only. In my opinion, this is insufficient to investigate the significance

of the coordinate system.

In addition, another tsunami simulation program called FUNWAVE [9, 22,

19] was used to simulate the propagation of tsunamis in the work of Grilli et al. (2007)

and Kirby et al. (2013). The spherical version of FUNWAVE programwas used in Kirby

et al. (2013) to simulate the 2011 Tohoku-Oki Tsunami in far-field scale of tsunami

propagation, while the Cartesian version of this program was used to simulate the 2004

Indian Ocean Tsunami in near-field scale of propagation [9, 20, 21]. There is no experi-

ment that tests the effect of coordinate system in FUNWAVE program. Thus, the effect

is investigated in this thesis.

2.1.2 The numerical consistency

The FUNWAVE programwas also used in the work of Ioualalen et al. (2007)

and Pophet et al. (2011) for the 2004 Indian Ocean Tsunami by using the tsunami source

characteristics from Grilli et al. (2007). Numerical grid spacing is a factor investigated

in their work by comparing numerical results with the observed run-up data along Thai-

land’s coastline [20, 21]. Ioualalen et al. (2007) used numerical grid spacing of 2’ to

0.25’ and Pophet et al. (2011) also reduced the numerical grid spacing into 0.125’. This

work investigates the consistency of tsunami predictions including the maximum height

and the first arrival time due to the numerical grid spacing.

2.2 Mathematical Models in FUNWAVE
The FUNWAVE program was developed by Shi et al. (2001) and Kirby

(2003) can solves both the Boussinesq equations and the nonlinear shallow-water equa-
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tions by using the finite volume method and is used in this work to study the effect of

numerical grid spacing and coordinate system.

The propagation of tsunamis can be modeled the Boussinesq equations and

the nonlinear shallow-water equations. The compact form of the Boussinesq equations

[33] can be written as

∂Ψ⃗

∂t
+ ∇⃗ · Φ⃗ = S⃗, (2.1)

where Ψ⃗ and Φ⃗ are the vector of conserved variables and the flux vector function, re-

spectively, and are given by

Ψ⃗ =


η

Ū
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+ U4
∂u

∂x
+ V4

∂u

∂y
− U

′′

1 − U1 − U3

)
,

ψy =
∂η

∂t

(
V

′

1 − V4

)
+H

(
u
∂V4
∂x

+ v
∂V4
∂y

+ U4
∂v

∂x
+ V4

∂v

∂y
− U

′′

1 − V2 − V3

)
.

Notice that the functions ϕx and ϕy represent the dispersive terms [34, 35].

The variables in the above equations can be defined in the work of Shi et al. (2012) as

uα = (u, v),

ū2 = (U4, V4),

M = (P,Q) = H (u+ U4, v + V4) ,
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V′

1 = (U
′

1, V
′

1 ),

V′′

1 = (U
′′

1 , V
′′

1 ),

V2 = (U2, V2),

V = (Ū , V̄ ) = H
[
(u+ U

′

1), (v + V
′

1 )
]
.

The expanded forms of (U ′
1, V

′
1 ), (U

′′
1 , V

′′
1 ), (U2, V2), (U3, V3), and (U4, V4)

can be found in Appendix A of Shi et al. (2012) and Shi et al. (2013).

Considering the source term in equation (2.1), if we suppose that the func-

tions ϕx and ϕy equal to zero. Thus, the nonlinear Boussinesq equations can be reduced

into the nonlinear shallow-water equations that can be described in the compact form as

∂Ψ⃗

∂t
+ ∇⃗ · Φ⃗ = S⃗, (2.2)

where

Ψ⃗ =


η

Ū

V̄

 , Φ⃗ =


P i+Qj[

P 2

H
+ 1

2
gη2 + gηh

]
i+ PQ

H
j

PQ
H
i+
[
Q2

H
+ 1

2
gη2 + gηh

]
j

 , S⃗ =


0

gη ∂h
∂x

+HRx

gη ∂h
∂y

+HRy

 .

Because this work in focuses on the effect of numerical grid spacing and the

coordinate system, so the dispersion effect in tsunamis is ignored. In addition, the non-

linear shallow-water equations version of the FUNWAVE program is used to simulation

the propagation of tsunamis in a flat and real domains. The compact form of these equa-

tions can be expanded in the conservative form of the nonlinear shallow-water equations

that can be written as

∂η

∂t
+
∂P

∂x
+
∂Q

∂y
= 0, (2.3)

∂P

∂t
+

∂

∂x

(
P 2

H

)
+

∂

∂y

(
PQ

H

)
+ gH

∂η

∂x
+HRx = 0, (2.4)

∂Q

∂t
+

∂

∂x

(
PQ

H

)
+

∂

∂y

(
Q2

H

)
+ gH

∂η

∂y
+HRy = 0, (2.5)
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where η is the sea surface elevation, (P,Q) are horizontal volume fluxes, g is the accel-

eration due to the gravity,H = η+h is the total water column where h is an undisturbed

oceanic depth, and (Rx and Ry) are the dissipative terms.

The nonlinear shallow-water equations 2.3-2.5 are used to simulate the prop-

agation of tsunami wave in this experiment to study the effect of coordinate systems and

numerical grid spacing.

2.3 Experimental Setting
To investigate the significance of numerical grid spacing and coordinate sys-

tem, this experiment uses two domains and two tsunami source characteristics to sim-

ulate the propagation of a Gaussian hump and dipole hump used as the tsunami source

of the 2004 Indian Ocean Tsunami by using the nonlinear shallow-water equations of

FUNWAVE program.

The experimental setting is contained by the physical domains including the

domains of synthetic and realistic bathymetry, the location of gauge stations for measure-

ment of tsunami predictions, the characteristics of tsunami source that are the Gaussian

hump and modified dipole hump, and error metrics for investigation.

2.3.1 The design of physical domains

The experiment of model sensitivity due to the effect of numerical grid spac-

ing and the coordinate system uses the two domains to simulate the propagation of

tsunami waves including the Gaussian hump and the modified dipole used as the tsunami

source of the 2004 Indian Ocean Tsunami. The two domains are the flat and real domains

that are explained as the following.

In Figure 2.2, the flat domain is a square region of size 50◦ × 50◦ with a

constant oceanic depth of 5, 000 meters. Four numerical grid spacings; 2′ (3712 m), 1′

(1, 856 m), 0.5′ (928 m), and 0.25
′ (464 m), are used in this study. The corresponding

grid size of the 4 models are 1500×1500, 3000×3000, 6000×6000, and 12000×12000

nodes.
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The real domain has the bathymetry data from the 2-minute guided global

relief data or ETOPO2 [32] with the grid resolution of 2 minutes or about 3,712 me-

ters. This domain covers the region of the Andaman Sea and the Bay of Bengal located

between 700E to 1050E and 150S to 250N with 1, 050 × 1, 200 nodes.

Figure 2.2 (a) Region of flat domain and (b) their bathymetry. (c) Region of the Bengal

in real domain and (d) their bathymetry data from ETOPO2. (e) Region of the Andaman

Sea in real domain and (f) their bathymetry data from ETOPO2.
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To investigate the effect of numerical grid spacing, I used only the Andaman

Sea region located between 900E to 1000E and 00N to 250N. This region results in the

numerical grid of size 300 × 450 grid points. Then I interpolate it to 4 models with the

numerical grid size of 300 × 450, 600 × 900, 1200 × 1800, and 2400 × 3600 nodes by

the numerical grid spacing of 2′ , 1′ , 0.5′ , and 0.25′ , respectively.

Table 2.1 The Information of 8 realistic gauge stations used in this work.

No. Station name Country owner Depth Distance Latitude Longitude(m) (deg)

1 Diego Gracia UK 971 24 7.49◦S 72.45◦ E
2 Male Maldives 929 20 4.03◦N 73.70◦ E
3 Columbo Sri Lanka 43 15 6.72◦N 79.91◦ E
4 Sittwe Myanmar 41 13 19.83◦N 93.05◦ E
5 Port Blair India 115 6 11.56◦N 93.02◦ E
6 Sabang Indonesia 97 2 5.68◦N 95.54◦ E
7 Ko Miang Thailand 103 4 8.40◦N 97.85◦ E
8 Mercator Thailand 35 5 7.59◦N 98.49◦ E

Figure 2.3 The location of gauge stations to observe the tsunami profiles in (a) the flat

domain, (b) the real domain.

To measure the tsunami prediction including the maximum height and the

first arrival time, I set 16 virtual gauge stations for recording the time series of sea
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surface elevation at the locations (5◦, 25◦), (25◦, 45◦), (45◦, 25◦), (25◦, 5◦), (10◦, 25◦),

(25◦, 40◦), (40◦, 25◦), (10◦, 25◦), (15◦, 25◦), (25◦, 35◦), (35◦, 25◦), (25◦, 15◦), (20◦, 25◦),

(25◦, 30◦), (30◦, 25◦), and (25◦, 20◦) in the flat domain (Figure 2.3).

For the domain of the Bay of Bengal, I set 8 gauge stations in this region to

measure the maximum height and the first arrival time of the 2004 Indian Ocean Tsunami

(Figure 2.3). The information of these gauge stations is presented in Table 2.1.

2.3.2 The characteristics of tsunami source

This work uses two types of tsunami source: a simple Gaussian hump and a

modified dipole hump that role as an initial condition in tsunami simulation [12, 19]. To

simulate the propagation of tsunami wave in the flat domain, the simple Gaussian hump

is used as the tsunami source that this tsunami source can be described as

η(x, y) = A exp
(
−0.5

(
x2m
σ2
x

+
y2m
σ2
y

))
, (2.6)

where xm and xy are given by

xm = (x− xc) cosψ + (y − yc) sinψ,

ym = (x− xc) sinψ − (y − yc) cosψ,

Figure 2.4 Initial condition for experiment in flat domain is the Gaussian hump (a) top

view, (b) side view.
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where η is the sea surface elevation,A is an initial amplitude of the Gaussian

hump, (xc, yc) is the center of Gaussian hump, σx is the width of the Gaussian hump, σy

is the length of the Gaussian hump, and ψ is the strike angle. To simulate the propagation

of the Gaussian hump in the flat domain, we set the initial amplitude of Gaussian hump

as 8meters, width and length of the Gaussian hump as 1◦ or 111.36 km. The strike angle

is 0◦, and the center of the Gaussian hump is located at the center of the flat domain that

is presented in Figure 2.4.

Table 2.2 Tsunami source characteristics including number of fault segments, length,

width, dip angle, strike angle, and slip of previous works and this work.

Reference

Some of tsunami source characteristic

Number of fault Length Width Dip Strike Slip
segments (km) (km) (deg) (deg) (m)

Ammon et al. (2005) 2 - - 8 329 25
- - 7 333 25

Lay et al. (2005)
3

420 240 14 - 7
325 170 15 - 5
570 160 18 - 2

This work 1 750 240 15 329 7

In the case of realistic tsunamis generated by an underwater earthquake, the

Okada’s solution for the dislocation of seafloor must be used as the passive generation

that requires the earthquake fault parameters (depth of epicenter, strike angle, dip angle,

rake angle, width and length of the fault plane, and slip or dislocation). This Okada’s

solution for the vertical displacement of the seafloor is used as a tsunami source and was

then called the tsunami source characteristics. For the case of the 2004 Indian Ocean

Tsunami, this tsunami was generated by the rupture process and multiple fault segments

of the Andaman-Sumatra earthquake. The tsunami source characteristics used in the
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previous works and in this work are presented in Table 2.2.

Because the feature of the Okada’s solution for the tsunami source, the rup-

ture process, and the multiple fault segments were not available in the released version

of FUNWAVE, so we have to modify code of the initial condition in FUNWAVE pro-

gram for representation the tsunami source of the 2004 Indian Ocean Tsunami by using

the form of dipole hump that was then called the modified dipole hump. This modified

dipole hump is the form of

η(x, y) = −A1.414

σxxm
exp

(
−x

2
m

σ2
x

− y2m
σ2
y

)
, (2.7)

where A is the initial amplitude of the modified dipole hump, (xc, yc) are the center of

tsunami source, σx and σy are the width and length of the modified dipole hump, and ψ

is the strike angle.

In this work, we set the initial amplitude to 7 meters, the width and the length

of this tsunami source to 240 and 750 km, respectively, and the strike angle is 329 degree.

The resulting modified dipole hump is presented in Figure 2.5.

Figure 2.5 (a) The area of tsunami generation due to earthquake. (b) The initial sea

surface elevation of the dipole hump used as tsunami source in this experiment.
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2.3.3 Definition of tsunami predictions

Figure 2.6 The definition of tsunami predictions by measuring in tsunami profiles (a)

for the case of a crest and (b) for the case of a trough.

The time series of sea surface elevation or the tsunami profile can be recorded

at the interested gauge station and is presented in Figure 2.6. The maximum height of

tsunamis is defined by the value of maximum tsunami height at a gauge station, and

the first-arrival time is defined as the travel time of tsunami from the source to the first

depression or elevation wave at a gauge station [9, 5].

2.3.4 The error metrics used for investigation

To measure the effect of numerical grid spacing and coordinate systems to

the tsunami predictions, the various formula of error metrics in statistics are used in this

work. The first metric is the Mean Absolute Percentage Error (MAPE) for measurement

of accuracy [20, 21] that is defined by

MAPE =
100

n

n∑
i=1

|Fi − Ai|
Ai

, (2.8)
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whereAi is the actual value, Fi is the forecast value, and n is the total number of observed

points. Notice that this error metric is dimensionless and is represented by percentage

notation.

The second metric is the Root Means Square Error (RMSE) are used as the

error metrics to analyze the significance of these effects. These error metrics can be

written by the following

RMSE =

√√√√ 1

n

n∑
i=1

(|Fi − Ai|)2i . (2.9)

In this work, the numerical grid spacing is varied between 2′, 1′, 0.5′, and

0.25′. To investigate the effect of numerical grid spacing to the tsunami predictions in-

cluding the maximum height and the first arrival time, the exact solution is the prediction

by using the finer numerical grid spacing (or 0.25′). Therefore, the tsunami predictions

from using the coarse grid spacing including 2′, 1′, and 0.5′ are compared with the ex-

act solution and calculated the MAPE and RMSE to measure the accuracy of tsunami

predictions.

To investigate the effect of the coordinate system, the tsunami predictions

including the maximum height and the first arrival time of the Cartesian and spherical

coordinate systems are used as the actual value and the forecast value in the formula

of MAPE and RMSE that we treat the tsunami predictions of the spherical coordinate

system as the exact solution due to curvilinear of the Earth.

The MAPE and RMSE in case of the numerical grid spacing and the coordi-

nate system are presented and used to discuss in the section of numerical results.

2.4 Snapshots of Tsunami Propagation
This section is the first numerical result of tsunami simulation for the exper-

iment of tsunami propagation that includes the propagation of the Gaussian hump and

the 2004 Indian Ocean Tsunami presented in the following.
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2.4.1 Gaussian hump in flat domain

In our tsunami simulation, we set the total interval time as 10,800 seconds or

180minutes. Figures 2.7 and 2.8 present the snapshots of theGaussian hump propagation

between the Cartesian and spherical coordinates at intervals of 40, 120, and 180 minutes.

Figure 2.7 The propagation of the Gaussian hump is snapped at the intervals of 1 and

40 minutes for the case of (a), (b) the Cartesian coordinate system, (c), (d) the spherical

coordinate system, and (e), (f) the difference of height.

For the case of the Cartesian coordinate system, the shape of the propagating

Gaussian hump is symmetric when it propagates at the intervals of 40, 120 and 180 min-

utes. On the other hand, the shape of the propagating Gaussian hump looks asymmetric
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when the spherical coordinate system was used.

Figure 2.8 The propagation of the Gaussian hump is snapped at the intervals of 120 and

180 minutes for the case of (a), (b) the Cartesian coordinate system, (c), (d) the spherical

coordinate system, and (e), (f) the difference of height.

2.4.2 Dipole hump in real domain

For the real domain by using the bathymetry data from ETOPO2, the mod-

ified dipole hump is used as the tsunami source of the 2004 Indian Ocean Tsunami that

requires some earthquake parameters and describes by equation 2.7. The snapshots of the

tsunami propagation in the domain of the Bay of Bengal and the Andaman Sea regions

are presented in Figures 2.9, 2.10, and 2.11 for the total interval time 14,400 seconds.
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Figure 2.9The propagation of 2004 Indian Ocean Tsunami in the Bay of Bengal region at

the intervals of 1 and 40 minutes for the case of (a), (b) the Cartesian coordinate system,

(c), (d) the spherical coordinate system, and (e), (f) the difference of height.

From these snapshots, we found that the tsunami propagation arrives at the

middle Indian Ocean and the region of the Andaman Sea at the interval of 40 minutes.

At the interval of 120 minutes, this tsunami wave propagation arrives at Sri Lanka and

the southern coastline of Thailand, and this tsunami wave propagation surrounds in this

domain at the interval of 200 minutes.

To remove a reflection effect when the tsunami waves hit the edge of the

domain, a sponge-type absorbing boundary condition is used in FUNWAVE program at

theWest and the South edges of the domains. However, there is the imperfect absorption
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in the case of the spherical coordinate system.

Figure 2.10 The propagation of 2004 Indian Ocean Tsunami in the Bay of Bengal region

at the intervals of 120 and 200 minutes for the case of (a), (b) the Cartesian coordinate

system, (c), (d) the spherical coordinate system, and (e), (f) the difference of height.
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Figure 2.11 The propagation of 2004 Indian Ocean Tsunami the Sea of Andaman region

at the intervals of 1, 40, 120, and 200 minutes for the case of (a), (c), (e), (g) the Cartesian

coordinate system, (b), (d), (f), (h) the spherical coordinate system.
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2.5 Effect of Numerical Grid Spacing
This section presents the second numerical result of tsunami simulation for

the experiment of tsunami propagation by considering the effect of numerical grid spac-

ing. To study this effect, we divide the simulated results of this experiment into the case

of flat domain and real domain.

2.5.1 The case of flat domain

Table 2.3 Tsunami predictions including the maximum height and the first arrival time

from the simulation of Gaussian propagating in the flat domain for the case of Cartesian

coordinate system.

Station No. Maximum height (m) First arrival time (hour)
2′ 1′ 0.5′ 0.25′ 2′ 1′ 0.5′ 0.25′

13 0.994 0.994 0.989 0.990 0.668 0.668 0.667 0.667
14 0.995 1.000 1.000 0.993 0.668 0.668 0.667 0.667
15 0.995 1.000 1.000 0.993 0.668 0.668 0.667 0.667
16 0.994 0.994 0.989 0.990 0.668 0.668 0.667 0.667

Table 2.4 Tsunami predictions including the maximum height and the first arrival time

from the simulation of Gaussian propagating in the flat domain for the case of spherical

coordinate system.

Station No. Maximum height (m) First arrival time (hour)
2′ 1′ 0.5′ 0.25′ 2′ 1′ 0.5′ 0.25′

13 0.981 0.985 0.981 0.978 0.668 0.667 0.667 0.667
14 1.018 0.991 0.994 0.994 0.651 0.651 0.667 0.667
15 0.980 0.985 0.980 0.979 0.668 0.667 0.667 0.667
16 1.012 0.998 0.992 0.994 0.651 0.651 0.667 0.667
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Figure 2.12Graph for representation the relation between (a) MAPE and numerical grid

spacing for predicted maximum height, (b) MAPE and numerical grid spacing for pre-

dicted first arrival time, (c) RMSE and numerical grid spacing for predicted maximum

height, (d) RMSE and numerical grid spacing for predicted first arrival time.
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The tsunami predictions including the maximum height and the first arrival

time at the gauge stations number 13, 14, 15, and 16 are presented in Tables 2.3 and 2.4

for the Cartesian and spherical coordinate system, respectively.

To analyze the effect and the significance of numerical grid spacing, the

Mean Percentage Error (MAPE) and the Root Mean Square Error (RMSE) in the equa-

tions 2.8 and 2.9must be used to measure the accuracy of tsunami predictions including

the maximum height and the first arrival time.

For the propagation of Gaussian hump in the flat domain, the MAPE and

RMSE are calculated and then plotted by using the bar graph for representation of the

relation between the MAPE or RMSE of tsunami predictions and the numerical grid

spacing that is varied from 2′ to 0.25′ in Figure 2.12.

According to the Figure 2.12, the maximum value of the MAPE in the case

of the Cartesian and spherical coordinate systems is 0.8% for the prediction of the max-

imum height and 1.2% for the prediction of the first arrival time. In addition, the maxi-

mum value of the RMSE is about 1.6 cm for the prediction of the maximum height and

0.7 minutes for the prediction of the first arrival time.

Therefore, we can conclude that the numerical grid spacing exactly not effect

to the tsunami predictions in both the Cartesian and spherical coordinate systems for the

domain of synthetic bathymetry that is constant oceanic depth (about 5,000 m).

2.5.2 The case of real domain

By using the same procedure in the previous case, the maximum height and

the first arrival time of tsunami profile (the time series of sea surface elevation) of the

2004 Indian Ocean Tsunami are recorded at the gauge station Port Blair, Ko Miang, Ko

Taphao Noi, and Mercator that are presented in Tables 2.5 and 2.6 for the case of the

Cartesian and spherical coordinate systems.

To analyze the effect and the significance of numerical grid spacing, the

Mean Percentage Error (MAPE) and the Root Mean Square Error (RMSE) in the equa-

tions 2.8 and 2.9must be used to measure the accuracy of tsunami predictions including

the maximum height and the first arrival time.
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Table 2.5 Tsunami predictions including the maximum height and the first arrival time

from the simulation of the 2004 Indian Ocean Tsunami propagating in the real domain

for the case of Cartesian coordinate system.

Station Maximum height (m) First arrival time (hour)
2′ 1′ 0.5′ 0.25′ 2′ 1′ 0.5′ 0.25′

Port Blair 1.90 1.64 1.47 1.44 1.52 1.48 1.48 1.48
Ko Miang 2.44 2.48 2.43 2.48 1.50 1.52 1.55 1.58

Ko Taphao Noi 0.49 0.43 0.55 0.63 2.78 2.78 2.88 2.93
Mercator 1.48 1.93 2.54 2.96 1.85 1.83 1.88 1.85

Table 2.6 Tsunami predictions including the maximum height and the first arrival time

from the simulation of the 2004 Indian Ocean Tsunami propagating in the real domain

for the case of spherical coordinate system.

Station Maximum height (m) First arrival time (hour)
2′ 1′ 0.5′ 0.25′ 2′ 1′ 0.5′ 0.25′

Port Blair 1.49 1.47 1.38 1.56 1.45 1.47 1.45 1.48
Ko Miang 3.03 3.41 3.06 2.69 1.53 1.55 1.62 1.50

Ko Taphao Noi 0.64 0.70 1.34 0.88 2.67 2.78 2.98 2.97
Mercator 2.20 2.76 3.29 2.37 1.89 1.87 2.05 1.72

For the propagation of the 2004 Indian Ocean Tsunami in the real domain,

theMAPE and RMSE are plotted by using the bar graph for representation of the relation

between the MAPE or RMSE of tsunami predictions and the numerical grid spacing that

is varied 2′, 1′, 0.5′, and 0.25′ in Figure 2.13.

Considering Figure 2.13, we can notice that the numerical grid spacing af-

fects the accuracy of tsunami predictions as two points of discussion.
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Figure 2.13Graph for representation the relation between (a) MAPE and numerical grid

spacing for predicted maximum height, (b) MAPE and numerical grid spacing for pre-

dicted first arrival time, (c) RMSE and numerical grid spacing for predicted maximum

height, (d) RMSE and numerical grid spacing for predicted first arrival time.
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For the first point, the numerical grid spacing affects to the accuracy of

tsunami maximum height more than tsunami first arrival time by considering the MAPE

of about 30 % for the prediction of the maximum height. The error of the predicted

maximum height in this tsunami simulation is agreeable to the work of Ioualalen et al.

(2007) by the error of 34 % from the tsunami predictions compared with the observed

run-up data along the Thailand’s coastline [20, 21].

For the second point of discussion, the decreasing of numerical grid spacing

does result in the increasing of the accuracy of tsunami prediction. This result might

occur because of a linear interpolation when we apply this technique to the bathymetry

data from ETOPO2. So this error result will be verified at the future work for more

accurate tsunami predictions.

2.6 Effect of Coordinate System
The third numerical result of our tsunami simulation for the experiment of

tsunami propagation is presented in this section by considering the effect of the coordi-

nate system when we solve the governing equations. To study this effect, we divide the

simulated results of this experiment into the case of flat domain and real domain.

2.6.1 The case of flat domain

In the previous experiment, the tsunami predictions including the maximum

height and the first arrival time are completely recorded by the 16 virtual gauge stations.

These tsunami predictions for the case of the Cartesian and spherical coordinate systems

are then compared with the another at the virtual gauge station 13, 9, 5, and 1 that is

presented in Table 2.7.

From the Table 2.7, we can notice that there are the different values of the

tsunami predictions including the maximum height and the first arrival time. Thus, this

tsunami predictions is the preliminary result that can be used to determine the effect of

coordinate systems when we choose to solve the governing equations.
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Table 2.7 The predictions of the maximum height (m) and the first arrival time (hour)

for the case of the Cartesian and spherical coordinate systems in the domain of synthetic

bathymetry.

Station Distance Maximum amplitude (m) First arrival time (hour)
(deg) Cartesian spherical Cartesian spherical

13

5

0.994 0.903 0.668 0.668
14 0.995 1.102 0.668 0.601
15 0.995 0.902 0.668 0.668
16 0.994 1.099 0.668 0.601

9

10

0.704 0.637 1.368 1.368
10 0.700 0.779 1.352 1.233
11 0.700 0.636 1.352 1.368
12 0.704 0.777 1.368 1.233

5

15

0.574 0.522 2.069 2.051
6 0.573 0.636 2.050 1.867
7 0.573 0.521 2.050 2.051
8 0.574 0.632 2.069 1.867

1

20

0.497 0.454 2.767 2.750
2 0.498 0.547 2.751 2.485
3 0.498 0.452 2.751 2.750
4 0.497 0.542 2.767 2.485

To more analyze the effect and the significance of coordinate system, the

Mean Percentage Error (MAPE) and the Root Mean Square Error (RMSE) must be used

to measure the accuracy of tsunami predictions. The MAPE and RMSE of the tsunami

predictions including the maximum height and the first arrival time are calculated by

using the equations 2.8 and 2.9 for the simple Gaussian hump. These MAPE and RMSE

are plotted by using the bar graph in Figure 2.14 for representation of the relation between

the MAPE or RMSE of tsunami predictions and the propagation distance between the
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Figure 2.14 Graph for representation the relation between (a) MAPE and distance of

tsunami propagation for predicted maximum height, (b) MAPE and distance of tsunami

propagation for predicted first arrival time, (c) RMSE and distance of tsunami propaga-

tion for predicted maximum height, (d) RMSE and distance of tsunami propagation for

predicted first arrival time.
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location of tsunami source and virtual gauge station.

According to Figure 2.14, we found that the RMSE of the tsunami predic-

tions including the maximum height and the first arrival time for the case of synthetic

bathymetry domain looks like a tendency. For the prediction of the maximum height, the

RMSE decreases tenderly when the propagation distance increases. On the other hand,

the RMSE increases doubly when the propagation distance increases. Thus, this is the

first evidence that presents the effect of the coordinate system.

By using the Figure 2.14, we found that the MAPE for the prediction of the

maximum height is averaged to 10 % and for the prediction of the first arrival time is

averaged to 6%. In addition, there is not a trend ofMAPEwhen the propagation distance

increases.

Therefore, a choice of the coordinate systems when we solve the governing

equations is the significant effect to tsunami predictions including the maximum height

and the first arrival time for the case of synthetic bathymetry. Furthermore, this effect is

not related to the distance between the location of tsunami source and location of gauge

station. It means that the sphericity effect occurs everywhere in the domain. We can

so conclude that the coordinate systems affect the accuracy of tsunami prediction that is

called the sphericity effect.

2.6.2 The case of real domain

In the same way, we install the realistic gauge stations around the Bay of

Bengal to record the tsunami profile and the tsunami predictions for the 2004 Indian

Ocean Tsunami. The prediction of the maximum height and the first arrival time for the

case of the Cartesian and spherical coordinate systems are compared with the other that

is presented in Table 2.8.

To more analyze the effect and the significance of coordinate system, the

formula in equations 2.8 and 2.9 is used to calculate theMAPE andRMSE for the tsunami

predictions of the 2004 Indian Ocean Tsunami. TheseMAPE and RMSE are then plotted

by the bar graph in Figure 2.15 to represent the relation of the error metrics (MAPE and

RMSE) and the propagation distance between the location of tsunami source and realistic

gauge station.
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Table 2.8The tsunami predictions including themaximum height (m) and the first arrival

time (hour) of the 2004 Indian Ocean Tsunami for the case of the Cartesian and spherical

coordinate systems.

Station Distance Maximum amplitude (m) First arrival time (hour)
(deg) Cartesian spherical Cartesian spherical

Sabang 2 3.36 3.72 0.52 0.52
Ko Miang 4 1.51 1.80 1.62 1.57
Mercator 5 1.58 1.85 1.75 1.72
Port Blair 6 1.90 1.49 1.52 1.45
Sittwe 13 0.12 0.10 3.58 3.55

Columbo 15 0.86 0.81 2.42 2.35
Male 20 1.02 1.21 3.03 2.90

Diego Gracia 24 2.07 1.45 3.40 3.03

According to the Figure 2.15, the RMSE for the prediction of the maximum

height is 0.4meters and increases to 15 minutes for the prediction of the first arrival time.

Considering Figure 2.15, we found that the MAPE for the prediction of the maximum

height and the first arrival time are averaged to about 22 % and 6 %, respectively. We

can notice that the error of the predicted maximum height is agreeable to the study of

Dao and Tkalich (2007) that concluded the effect of coordinate system to the tsunami

predictions about 30 % of the error [11]. Thus, a choice of the coordinate system when

we solve the governing equations also affects the accuracy of tsunami predictions for the

2004 Indian Ocean Tsunami.

2.7 Conclusions
The FUNWAVE program was used in this work to study the effect of nu-

merical grid spacing and the coordinate system in the tsunami propagation stage. To

investigate the significance of these factors, we use two domains including the flat and

real bathymetry to simulate the propagation of a Gaussian hump and a modified dipole

hump used for the tsunami source of the 2004 Indian Ocean Tsunami. The Mean Ab-
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Figure 2.15 Graph for representation the relation between (a) MAPE and distance of

tsunami propagation for predicted maximum height, (b) MAPE and distance of tsunami

propagation for predicted first arrival time, (c) RMSE and distance of tsunami propaga-

tion for predicted maximum height, (d) RMSE and distance of tsunami propagation for

predicted first arrival time.
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solute Percentage Error (MAPE) and the Root Mean Square Error (RMSE) are used to

measure the accuracy of tsunami predictions including the maximum height and the first

arrival time. From of this experiment, we can conclude by the following.

For the domain of synthetic bathymetry (or the constant oceanic depth), we

found that the numerical grid spacing does not affect in tsunami predictions by theMAPE

of 0.8% for the prediction of the maximum height and 1.2% for the prediction of the first

arrival time. However, the effect of a coordinate system affects the tsunami maximum

height more than tsunami first arrival time about 10 % of MAPE. Thus, the coordinate

system significantly effects to the accuracy of tsunami predictions in this case.

For the domain of realistic bathymetry (or the variational oceanic depth) by

using the bathymetry data from 2-minute guided global relief data (ETOPO2), the nu-

merical grid spacing affects the prediction of maximum height by 30 % of MAPE and

the prediction of first arrival time by about 3 % of MAPE. Furthermore, the coordinate

system also affects the prediction of maximum height by about 22 % of MAPE and the

first arrival time by 6 % of MAPE, respectively. In addition, we can see that both the

numerical grid spacing and the coordinate system effect to the tsunami maximum height

more than the tsunami first arrival time in this case of realistic bathymetry. Thus, the

investigated factors are quite significant to the accuracy of tsunami predictions.
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#

CHAPTER III

DEVELOPMENT OF TSUNAMI SIMULATION PROGRAM

USING FINITE DIFFERNECE

#

#
Because the 2004 Indian Ocean Tsunami was generated by the rupture pro-

cess of multiple segments of earthquake. In addition, the tsunami occurred by the vertical

displacement of seafloor. Thus, the Okada’s solution to the displacement must be used

as the tsunami source, too. However, these features of tsunami source are unavailable in

the released version of FUNWAVE program. Therefore, I have to implement a tsunami

simulation program called TIME program for using the rupture process of multiple seg-

ments of earthquake and the Okada’s solution to the displacement field.

To achieve the second objective of this thesis, the nonlinear shallow-water

equations are solved using the finite difference method. Furthermore, the Okada’s solu-

tion is used as the initial condition in my tsunami program including the performance of

rupture process of earthquake.

This chapter is organized as follows. Section 3.1 explains the issue in FUN-

WAVE program about the function of initial conditions in this program. Then Section

3.2 presents the water wave models contained the nonlinear shallow-water equations

to describe the propagation of tsunamis. Section 3.3 provides the details of the finite

difference method used for solving the nonlinear shallow-water equations. Section 3.4

summarizes the numerical form of the governing equations. Finally, all of the expla-

nation of finite governing equation and the finite difference method are recapitulated in

Section 3.5.
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3.1 The Issue in FUNWAVE Program
The 2004 Indian Ocean Tsunami was generated by the rupture process of

the multiple fault segments of the Andaman-Sumatra earthquake [3, 2, 4]. To mimic the

vertical displacement of a seafloor (or dislocation) due to the uplift of an underwater

earthquake in Figure 3.1, the Okada’s solution [23, 24] is used as the tsunami source

for the tsunami passive generation that can be explained by the co-seismic displacement

construction.

Figure 3.1 (a) The solution of vertical displacement using the Okada’s solution. (b) The

multiple segments of earthquake for the 2004 Indian Ocean Tsunami.

Figure 3.2 The initial conditions in FUNWAVE program by (a) square hump, (b) dipole

hump, (c) Gaussian hump.
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The initial conditions in FUNWAVE program are a square, dipole, and Gaus-

sian humps (Figure 3.2) used to simulate the propagation of tsunamis in two-dimensional

domains. However, these important features were not available in the released version of

FUNWAVE program. Thus, I must develop a tsunami simulation program that can use

multiple segments of tsunami source by solving the nonlinear shallow-water equations

and modifying the MATLAB code for Okada’s solution of seafloor displacement [36]

as the function in TIME program. This program is called the Tsunami Implementation

for Multiple fault segments of Earthquake (TIME) program. In this work, the nonlinear

shallow-water equations are used to model the propagation of tsunamis and are solved

using a finite difference method.

3.2 Water Wave Models

Figure 3.3 The diagram of equations in water wavemodels for the description of tsunami

propagation [34, 35, 37, 38].

There are many mathematical equations of fluid dynamics that can be used

to model the propagation of tsunamis and used to construct the water wave models [37]
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in this thesis (Figure 3.3).

From the diagram of the water wave models, the propagation of tsunamis can

be modeled by the Euler equations of motion [35, 39] when tsunamis are approximated

as an inviscid fluid. These equations can be written as

∇⃗ · v⃗ = 0, (3.1)

∂v⃗

∂t
+ (v⃗ · ∇⃗)v⃗ = gẑ − ∇⃗P, (3.2)

where v⃗ = (u, v, w) are the particle velocities in the x, y, and z directions, P is the

pressure field, and g is the acceleration due to the gravity.

The Euler equations of motion can be reduced into the Boussinesq and non-

linear shallow-water equations by considering the expansion of pressure field [34, 35].

Furthermore, the dimension of the problems can be reduced from three-dimension (u, v, w)

into two-dimension (u, v) by using the depth-averaged integration over the water column

and the small-amplitude wave theory of water waves when the wave height is small com-

pared to the wavelength and water depth [40, 38].

In the derivation of [35], if the pressure field is expanded as the non-hydrostatic

pressure that is written as

P = g(η − z) + z∇⃗ ·
(
h
∂u⃗α
∂t

)
+
z2

2
∇⃗ · ∂u⃗α

∂t
+ ...

The Euler equations of motion can be reduced into the new set of Boussinesq equations

in Nwogu (1993) that can be written for the Cartesian coordinate system as

∂η

∂t
= − ∂

∂x
(Huα)−

∂

∂y
(Hvα)

−
(
z2α
2

− h2

6

)
h

[
∂2B

∂x2
+
∂2B

∂y2

]
−
(
zα +

h

2

)
h

[
∂2A

∂x2
+
∂2A

∂y2

]
,

∂uα
∂t

= −g ∂η
∂x

−
(
uα
∂uα
∂x

+ vα
∂uα
∂y

)
− ∂

∂t

(
z2α
2

∂B

∂x
+ zα

∂A

∂x

)
,
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∂vα
∂t

= −g∂η
∂y

−
(
uα
∂vα
∂x

+ vα
∂vα
∂y

)
− ∂

∂t

(
z2α
2

∂B

∂y
+ zα

∂A

∂y

)
,

where (uα, vα) are the horizontal velocities at an arbitrary depth z = zα. In addition, A

and B can be defined as

A =
∂

∂x
(huα) +

∂

∂y
(hvα) ,

B =
∂

∂x
(uα) +

∂

∂y
(vα) .

In the another case, if the pressure field is a hydrostatic pressure (P = g(η−

z)), the Euler equations of motion are reduced into the nonlinear shallow-water equations

that can be written as

∂η

∂t
= − ∂

∂x
(Hu)− ∂

∂y
(Hv) , (3.3)

∂u

∂t
= −g ∂η

∂x
−
(
u
∂u

∂x
+ v

∂u

∂y

)
, (3.4)

∂v

∂t
= −g∂η

∂y
−
(
u
∂v

∂x
+ v

∂v

∂y

)
, (3.5)

where η is the sea surface elevation, (u, v) are the horizontal velocities,g is the acceler-

ation due to the gravity, and H is the total water column by H = η + d where d is an

undisturbed oceanic depth.

Furthermore, the linear dispersion relation can be used to analyze the disper-

sive property in both the Boussinesq equations and the nonlinear shallow-water equations

[35]. To use the linear dispersion relation, both of the Boussinesq equations and nonlin-

ear shallow-water equations must be linearized by removing the nonlinear terms. Then

the exact solutions for the sea surface elevation (η) and particle velocity (u) of a lin-

ear wave are substituted into the linearized version of the Boussinesq and shallow-water

equations. Finally, the solution of linear dispersion relation for the Bossinesq equations
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and the nonlinear shallow-water equations is described as

C2 = gh

[
1− (α + 1

3
)(kh)2

1− α(kh)2

]
, (3.6)

C2 = gh. (3.7)

Considering the linear dispersion relation, we can see the Boussinesq equa-

tions govern dispersive waves due to the non-hydrostatic pressure, while the nonlinear

shallow-water equations govern non-dispersive waves. Furthermore, the shallow-water

equations are widely used to simulate the propagation of tsunamis more than the Boussi-

nesq equations [16, 30, 10, 41, 42, 12].

In addition, the nonlinear shallow-water wave equations can be reduced into

the linearized shallow-water equations and the linear-long wave equations by assuming

the Rossby number is small [43]. The linearized shallow-water equations are written as

∂η

∂t
= −d

(
∂u

∂x
+
∂v

∂y

)
,

∂u

∂t
= −g ∂η

∂x
− Ū

∂u

∂x
− V̄

∂u

∂y
,

∂v

∂t
= −g∂η

∂y
− Ū

∂v

∂x
− V̄

∂v

∂y
,

where Ū , V̄ are the depth-averaged horizontal velocities. In addition, the linear long

wave equations can be written as

∂η

∂t
= −d

(
∂u

∂x
+
∂v

∂y

)
,

∂u

∂t
= −g ∂η

∂x
,

∂v

∂t
= −g∂η

∂y
.

There are many sets of equations in the previous section that can be used as

the governing equations for tsunami simulation. Because the Boussinesq equations are

complicated, so this work choose the nonlinear shallow-water equations as the governing
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equations. Furthermore, the Perfectly Matched Layer (PML) to the nonlinear shallow-

water equations [44, 45] is also applied to the nonlinear shallow-water equations.

The PML formulation of the nonlinear shallow-water equations [44] can be

written in the Cartesian coordinate system as

∂η

∂t
= −(σx + σy)η − σxσyψ − ∂

∂x
(Hu)− ∂

∂y
(Hv) , (3.8)

∂u

∂t
= −σxu− g

∂η

∂x
− u

∂u

∂x
− v

∂u

∂y
, (3.9)

∂v

∂t
= −σyv − g

∂η

∂y
− u

∂v

∂x
− v

∂v

∂y
, (3.10)

∂ψ

∂t
= η, (3.11)

where η is a sea surface elevation, (u, v) are horizontal velocities, H is a total water

column by H = η + d when d is unperturbed water depth, (σx, σy) are the absorption

coefficients, and ψ is an auxiliary field.

The governing equations consists of the continuity equation or the conserva-

tion of mass for the water wave represented by equation 3.8, the equations of motion or

the conservation of momentum in the equations 3.9 and 3.10, and the auxiliary equation

for PML in equation 3.11.

3.3 Finite Difference Method
In mathematics, the finite difference is a type of numerical methods for solv-

ing a partial differential equation that this method has various schemes. To solve the

nonlinear shallow-water equations (which is a type of the partial differential equations)

for the tsunami simulation, the first-order upwind and downwind schemes are used for

solving the continuity [46] and the nonlinear terms [41]. In addition, the technique of

staggered Arakawa C-grid [47] is also used to align the physical variables (η, u, and v)

in the numerical grid system. To understand the process of solving, the description of

this method is clearly explained in this section.
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3.3.1 Fundamental forms of finite difference

Suppose we have a partial differential equation which is consists of the first-

order derivatives in the following equation

∂F

∂t
=
∂F

∂x
, (3.12)

where F is a physical quantity such as a particle velocity (u) and sea surface elevation

(η). The left-hand side of equation 3.12 is called the temporal derivative of a partial

differential equation that equivalent to the rate of change in physics, while the right-hand

side is called the spatial derivative.

The finite differencemethod is a discretization of the derivatives by using the

Taylor series expansion. For a rectangular numerical grid, there are three fundamental

forms of finite difference called forward, backward, and central finite differences [48,

49, 50]. To find the general form of finite difference, the Taylor series expansion is used

to expand the function F (x+∆x) and F (x−∆x) around F (x) for the case of ∂F/∂x

as

F (x+∆x) = F (x) + ∆x
∂F

∂x
+

(∆x)2

2!

∂2F

∂x2
+O((∆x)3), (3.13)

F (x−∆x) = F (x)−∆x
∂F

∂x
+

(∆x)2

2!

∂2F

∂x2
+O((∆x)3). (3.14)

Using the expansion of the function in equations 3.13 and 3.14 and rearrang-

ing, we get the form of forward and backward finite difference as the following.

The forward finite difference:

−→ ∆x
∂F

∂x
= F (x+∆x)− F (x) +O((∆x)2)

=
F (x+∆x)− F (x)

∆x
+O(∆x)

∂F

∂x
=

Fi+1 − Fi

∆x
+O(∆x),

or
∂F

∂t
=

F n+1 − F n

∆t
+O(∆t). (3.15)
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The backward finite difference:

−→ −∆x
∂F

∂x
= F (x−∆x)− F (x) +O((∆x)2)

=
F (x)− F (x−∆x)

∆x
+O(∆x)

∂F

∂x
=

Fi − Fi−1

∆x
+O(∆x),

or
∂F

∂t
=

F n − F n−1

∆t
+O(∆t). (3.16)

Furthermore, minus equation 3.13 by equation 3.14 and rearrange, we get

the form of central finite difference as

−→ 2∆x
∂F

∂x
= F (x+∆x)− F (x−∆x) +O(∆x)3

=
F (x+∆x)− F (x−∆x)

2∆x
+O((∆x)2)

∂F

∂x
=

Fi+1 − Fi−1

2∆x
+O((∆x)2),

or
∂F

∂t
=

F n+1 − F n−1

2∆t
+O((∆t)2). (3.17)

3.3.2 Finite difference schemes for temporal derivative

To approximate the temporal derivative of the differential equation 3.12,

there are exist two basic schemes of temporal differencing method: explicit and implicit

schemes [51].

The explicit finite difference scheme is used if the variables at the future

time in a partial differential equation appear only on one side of an equation by using the

forward difference at time tn in temporal derivative and can be written as

F n+1
i − F n

i

∆t
=

F n
i+1 − F n

i−1

2∆x
+O(∆t, (∆x)2)

F n+1
i = F n

i +
∆t

2∆x

(
F n
i+1 − F n

i−1

)
+O(∆t, (∆x)2). (3.18)
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If the variables at the future time in a partial differential equation appear

on both side and equation, the implicit finite difference scheme is applied by using the

backward difference at time tn+1

F n+1
i − F n

i

∆t
=

F n+1
i+1 − F n+1

i−1

2∆x

F n+1
i − ∆t

2∆x

(
F n+1
i+1 − F n+!

i−1

)
= F n

i . (3.19)

Figure 3.4 The numerical stencil for (a) the explicit finite difference (b) implicit finite

difference.

To find the stability condition for the explicit and implicit finite difference

schemes, the Von Neumann stability analysis [52] is used and results that the implicit

finite difference scheme is always numerically stable while the explicit finite difference

scheme has a numerical stability condition [51]. However, the implicit scheme is usually

more numerically intensive than the explicit scheme as it requires solving a system of

numerical equations on each time step [51]. Thus, the explicit finite difference scheme

is used to solve the nonlinear shallow-water equations in this work.

The temporal derivative of the governing equations 3.8 - 3.11 can be approx-

imate by using the explicit finite difference and are written as

ψn+1
i,j = ψn

i,j + (∆t) ηni,j, (3.20)
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un+1
i,j − uni,j

∆t
= −σxu− g

∂η

∂x
− u

∂u

∂x
− v

∂u

∂y
, (3.21)

vn+1
i,j − vni,j

∆t
= −σyv − g

∂η

∂y
− u

∂v

∂x
− v

∂v

∂y
, (3.22)

ηn+1
i,j − ηni,j

∆t
= −(σx + σy)η − σxσyψ − ∂

∂x
(Hu)− ∂

∂y
(Hv) . (3.23)

3.3.3 The staggered Arakawa c-grid

The staggered grid technique was proposed by Arakawa and Lamb (1977)

for computing the orthogonal physical quantities (especially velocity- and mass-related

quantities) on rectangular grids [47]. This technique is widely used for the modeling of

meteorology and oceanography [47] by dividing the numerical rectangular grid into two

girds that are called coarse and fine grid (Figure 3.5) to represent integer and half-integer

index of the numerical grid, respectively.

Figure 3.5 The numerical grid system by (a) uniform grid (b) staggered grids, and the

locations of physical variables in (c) uniform grid (d) staggered grids.

In addition, this technique is suitable for the non-conservative form of shallow-

water equations. The physical variables including the sea surface elevation (η) and the

horizontal velocities (u, v) are arranged by the Arakawa C-gird type of staggered tech-
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nique in Figure 3.5. We can notice that the sea surface elevation (η) is located on the

coarse numerical grid that is labeled by the integer index notation, while the horizontal

velocities (u, v) are aligned on the fine numerical grid that is labeled by the half-integer

index notation.

In this technique, the Taylor series expansion of the function ofF (x+∆x/2)

and F (x−∆x/2) for the fine numerical grid can be written by

F (x+∆x/2) = F (x) +

(
∆x

2

)
∂F

∂x
+

1

2!

(
∆x

2

)2
∂2F

∂x2
+O((∆x/2)3), (3.24)

F (x−∆x/2) = F (x)−
(
∆x

2

)
∂F

∂x
+

1

2!

(
∆x

2

)2
∂2F

∂x2
+O((∆x/2)3). (3.25)

For the fine numerical grid, which is the location of the horizontal velocities

(u, v), the finite difference form can be written by minus equation 3.24 by equation 3.25

as

∂F

∂x
=

F (x+∆x/2)− F (x−∆x/2)

∆x
+O(∆x)2

=
Fi+1/2 − Fi−1/2

∆x
+O(∆x)2, (3.26)

For the coarse numerical grid, the forward finite difference can be used in

this numerical grid by

∂F

∂x
=

F (x+∆x)− F (x)

∆x
+O(∆x)

=
Fi+1 − Fi

∆x
+O(∆x). (3.27)

Therefore, the pressure gradient in the governing equations can be solved by

using the forward finite difference combined the technique of staggered Arakawa C-grid
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that can be written as

ψn+1
i,j = ψn

i,j + (∆t) ηni,j, (3.28)
un+1
i+1/2,j − uni+1/2,j

∆t
= −σxuni+1/2,j − g

ηni+1,j − ηni,j
∆x

− u
∂u

∂x
− v

∂u

∂y
, (3.29)

vn+1
i,j+1/2 − vni,j+1/2

∆t
= −σyvni,j+1/2 − g

ηni,j+1 − ηni,j
∆y

− u
∂v

∂x
− v

∂v

∂y
, (3.30)

ηn+1
i,j − ηni,j

∆t
= −(σx + σy)η

n
i,j − σxσyψ

n+1
i,j

− ∂

∂x
(Hu)− ∂

∂y
(Hv) . (3.31)

3.3.4 Finite difference solution for the nonlinear terms

Some part of the governing equations is solved by using the explicit finite

difference and the technique of staggered Arakawa C-grid in the previous section. Thus,

this section presents another numerical scheme in the finite difference that was called

the first-order upwind scheme for solving the continuity equation [46] and nonlinear

convective terms of momentum equations [41].

To solve the continuity equation, we follow the numerical algorithm pro-

posed by Kämpf (2009) that used the first-oder upwind scheme by considering the di-

rection of information propagation in a flow field. For the example, the one-dimensional

continuity equation can be discretized as

η∗i = ηni − ∆t

∆x

[
un+1
i Hn

E − un+1
i Hn

W

]
, (3.32)

where Hn
E and Hn

W are the total water depth at the western and eastern faces of the

control volume, respectively. The choices ofHn
E andHn

W are depended on the direction

of information propagation in a flow field.

Considering the direction of flow from the left to the right (or un+1
i > 0 and

un+1
i−1 > 0) presented in Figure 3.6, we take Hn

E = Hn
i and Hn

W = Hn
i−1. Thus, the

continuity equation can be approximated as

η∗i = ηni − ∆t

∆x

[
u+i H

n
i − u+i−1H

n
i−1

]
, (3.33)
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Figure 3.6 The sketch of (a) the upwind stream and (b) downwind stream to describe the

value of Hn
E and Hn

W .

where u+i = 0.5(un+1
i + |un+1

i |) and u+i−1 = 0.5(un+1
i−1 + |un+1

i−1 |). On the other hand, if the

flow propagate from the right to the left that is presented in Figure 3.6, Hn
E and Hn

W are

taken as Hn
E = Hn

i+1 and Hn
W = Hn

i , respectively. Therefore, the continuity equation

can be written as

η∗i = ηni − ∆t

∆x

[
u−i H

n
i+1 − u−i−1H

n
i

]
, (3.34)

where u−i = 0.5(un+1
i −|un+1

i |) and u−i−1 = 0.5(un+1
i−1 −|un+1

i−1 |). Combine equation 3.33

and 3.34, the full version of the one-dimensional continuity equation is

η∗i = ηni − ∆t

∆x

[(
u+i H

n
i − u+i−1H

n
i−1

)
+
(
u−i H

n
i+1 − u−i−1H

n
i

)]
. (3.35)
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Thus, the continuity equation of the governing equation is solved by using

the full-version of first-order upwind schemes and can be written as

ψn+1
i,j = ψn

i,j + (∆t) ηni,j, (3.36)
un+1
i+1/2,j − uni+1/2,j

∆t
= −σxuni+1/2,j − g

ηni+1,j − ηni,j
∆x

− u
∂u

∂x
− v

∂u

∂y
, (3.37)

vn+1
i,j+1/2 − vni,j+1/2

∆t
= −σyvni,j+1/2 − g

ηni,j+1 − ηni,j
∆y

− u
∂v

∂x
− v

∂v

∂y
, (3.38)

η∗i,j − ηni,j
∆t

= −(σx + σy)η
n
i,j − σxσyψ

n+1
i,j

− 1

∆x

(
u+i,jH

n
i,j − u+i−1,jH

n
i−1,j

)
− 1

∆x

(
u−i,jH

n
i+1,j − u−i−1,jH

n
i,j

)
− 1

∆y

(
v+i,jH

n
i,j − v+i,j−1H

n
i,j−1

)
− 1

∆y

(
v−i,jH

n
i,j+1 − v−i,j−1H

n
i,j

)
, (3.39)

where

u+i,j = 0.5
(
un+1
i,j + |un+1

i,j |
)
, u−i,j = 0.5

(
un+1
i,j − |un+1

i,j |
)
,

u+i−1,j = 0.5
(
un+1
i−1,j + |un+1

i−1,j|
)
, u−i−1,j = 0.5

(
un+1
i−1,j − |un+1

i−1,j|
)
,

v+i,j = 0.5
(
vn+1
i,j + |vn+1

i,j |
)
, v−i,j = 0.5

(
vn+1
i,j − |vn+1

i,j |
)
,

v+i,j−1 = 0.5
(
vn+1
i,j−1 + |vn+1

i,j−1|
)
, v−i,j−1 = 0.5

(
vn+1
i,j−1 − |vn+1

i,j−1|
)
.

However, this algorithm might result the artificial small-scale oscillations

due to the approximation of finite difference [46]. Thus, the first-order Shapiro filter

[53] is used to remove these oscillations, and the sea surface elevation at the next time

step can be written as

ηn+1
i,j = (1− ϵ)η∗i,j + 0.25ϵ

(
η∗i+1,j + η∗i−1,j + η∗i,j+1 + η∗i,j−1

)
, (3.40)
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where ϵ is the parameter for the degree of smoothing. We notice that only

the nonlinear convective terms are not solved. Thus, the first-order upwind scheme is

also used to solve the nonlinear convective derivatives that the numerical algorithm is

proposed by [41]. In addition, the first-order downwind scheme is also used to solve

these nonlinear derivatives for the downstream advection. So, the governing equations

are completely solved and written as

ψn+1
i,j = ψn

i,j + (∆t) ηni,j, (3.41)
un+1
i+1/2,j − uni+1/2,j

∆t
= −σxuni+1/2,j − g

ηni+1,j − ηni,j
∆x

− 1

∆x

[
unp
(
uni,j − uni−1,j

)
+ unm

(
uni+1,j − uni,j

)]
− 1

∆y

[
v̄np
(
uni,j − uni,j−1

)
+ v̄nm

(
uni,j+1 − uni,j

)]
, (3.42)

vn+1
i,j+1/2 − vni,j+1/2

∆t
= −σyvni,j+1/2 − g

ηni,j+1 − ηni,j
∆y

− 1

∆x

[
ūnp
(
vni,j − vni−1,j

)
+ ūnm

(
vni+1,j − vni,j

)]
− 1

∆y

[
vnp
(
vni,j − vni,j−1

)
+ vnm

(
vni,j+1 − vni,j

)]
, (3.43)

η∗i,j − ηni,j
∆t

= −(σx + σy)η
n
i,j − σxσyψ

n+1
i,j

− 1

∆x

(
u+i,jH

n
i,j − u+i−1,jH

n
i−1,j

)
− 1

∆x

(
u−i,jH

n
i+1,j − u−i−1,jH

n
i,j

)
− 1

∆y

(
v+i,jH

n
i,j − v+i,j−1H

n
i,j−1

)
− 1

∆y

(
v−i,jH

n
i,j+1 − v−i,j−1H

n
i,j

)
, (3.44)

where

unp = 0.5
(
uni,j + |uni,j|

)
, unm = 0.5

(
uni,j − |uni,j|

)
,

vnp = 0.5
(
vni,j + |vni,j|

)
, vnm = 0.5

(
vni,j − |vni,j|

)
,

ūnp = 0.5
(
ūni,j + |ūni,j|

)
, ūnm = 0.5

(
ūni,j − |ūni,j|

)
,

v̄np = 0.5
(
v̄ni,j + |v̄ni,j|

)
, v̄nm = 0.5

(
v̄ni,j − |v̄ni,j|

)
.
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Furthermore, ū and v̄ are defined by

ūni,j = 0.25
(
uni+1,j + uni+1,j+1 + uni,j+1 + uni,j

)
, (3.45)

v̄ni,j = 0.25
(
vni,j−1 + vni,j + vni−1,j + vni−1,j−1

)
. (3.46)

3.4 Finite Difference Solution For The Shallow-Water Equations
All terms of the governing equations are completely solved by using the var-

ious numerical schemes of finite difference method that the derivation is presented in the

previous section. In this section, the finite difference solution of the governing equations

is summarized. Furthermore, the formula of damping terms of Perfectly Matched Layer

(PML) and the stability condition is explained in this section.

3.4.1 Summary of finite difference solution

To solve the nonlinear shallow-water equations used as the governing equa-

tions for simulating the propagation of tsunamis, the staggered Arakawa C-grid [47] is

used for the alignment of physical variables, the explicit finite difference is used to solve

the temporal derivatives, and the first-order upwind and downwind schemes are used to

solve the continuity equation [46] and the nonlinear convective derivatives [41].

Now the governing equations can bewritten in the version of numerical index

as simple form as

ψn+1
i,j = ψn

i,j + (∆t) ηni,j, (3.47)

un+1
i,j = [1− (∆t)(σx)]u

n
i,j − g

∆t

∆x

[
ηni+1,j − ηni,j

]
−∆t

∆x

[
unp
(
uni,j − uni−1,j

)
+ unm

(
uni+1,j − uni,j

)]
−∆t

∆y

[
v̄np
(
uni,j − uni,j−1

)
+ v̄nm

(
uni,j+1 − uni,j

)]
, (3.48)



Pawin Sitsungnoen Development of Tsunami Simulation Program Using Finite Differnece / 58

vn+1
i,j = [1− (∆t)(σy)] v

n
i,j − g

∆t

∆y

[
ηni,j+1 − ηni,j

]
−∆t

∆x

[
ūnp
(
vni,j − vni−1,j

)
+ ūnm

(
vni+1,j − vni,j

)]
−∆t

∆y

[
vnp
(
vni,j − vni,j−1

)
+ vnm

(
vni,j+1 − vni,j

)]
, (3.49)

η∗i,j = [1− (∆t)(σx + σy)] η
n
i,j − σxσyψ

n+1
i,j

−∆t

∆x

[(
u+i,jH

n
i,j − u+i−1,jH

n
i−1,j

)
+
(
u−i,jH

n
i+1,j − u−i−1,jH

n
i,j

)]
−∆t

∆y

[(
v+i,jH

n
i,j − v+i,j−1H

n
i,j−1

)
+
(
v−i,jH

n
i,j+1 − v−i,j−1H

n
i,j

)]
, (3.50)

where

ūni,j = 0.25
(
uni+1,j + uni+1,j+1 + uni,j+1 + uni,j

)
, (3.51)

v̄ni,j = 0.25
(
vni,j−1 + vni,j + vni−1,j + vni−1,j−1

)
, (3.52)

unp = 0.5
(
uni,j + |uni,j|

)
, unm = 0.5

(
uni,j − |uni,j|

)
, (3.53)

vnp = 0.5
(
vni,j + |vni,j|

)
, vnm = 0.5

(
vni,j − |vni,j|

)
, (3.54)

ūnp = 0.5
(
ūni,j + |ūni,j|

)
, ūnm = 0.5

(
ūni,j − |ūni,j|

)
, (3.55)

v̄np = 0.5
(
v̄ni,j + |v̄ni,j|

)
, v̄nm = 0.5

(
v̄ni,j − |v̄ni,j|

)
, (3.56)

u+i,j = 0.5
(
un+1
i,j + |un+1

i,j |
)
, u−i,j = 0.5

(
un+1
i,j − |un+1

i,j |
)
, (3.57)

u+i−1,j = 0.5
(
un+1
i−1,j + |un+1

i−1,j|
)
, u−i−1,j = 0.5

(
un+1
i−1,j − |un+1

i−1,j|
)
, (3.58)

v+i,j = 0.5
(
vn+1
i,j + |vn+1

i,j |
)
, v−i,j = 0.5

(
vn+1
i,j − |vn+1

i,j |
)
, (3.59)

v+i,j−1 = 0.5
(
vn+1
i,j−1 + |vn+1

i,j−1|
)
, v−i,j−1 = 0.5

(
vn+1
i,j−1 − |vn+1

i,j−1|
)
. (3.60)

3.4.2 The absorption coefficients

The PerfectlyMatched Layer (PML) is an absorbing boundary condition that

is widely used to remove reflection when the wave propagate to the edges of domain [44].

The absorption coefficients (σx, σy) in the equation 3.48 - 3.50 are defined by Navon et
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al. (2004) and are written as

σx = σm

∣∣∣∣x− xl
D

∣∣∣∣γ , σy = σm

∣∣∣∣y − yl
D

∣∣∣∣γ , (3.61)

where xl, yl denote the location of absorbing layers, D is the width of absorbing lay-

ers, and γ is a constant. In this work, we set γ = 3 and σm = 0.01. The absorption

coefficients (σx, σy) can be demonstrated in Figure 3.7.

Figure 3.7 (a) The region of absorbing layer. (b) The absorption coefficient σx for x-

direction. (c) the absorption coefficient σy for y-direction.

3.4.3 The stability condition

Because this work uses the explicit finite difference scheme to solve the non-

linear shallow-water equations. This numerical scheme requires a numerical stability

condition [51] to limit the time step size (∆t) by using the Von Neumann stability anal-

ysis [52].

A famous numerical stability condition is the Courant–Friedrichs–Lewy con-

dition or CFL condition [54]. This condition is necessary condition for solving the hyper-

bolic partial differential equations. For the first-order upwind scheme, the CFL condition
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[55, 56] can be described for the two dimensions as

ux∆t

∆x
+
uy∆t

∆y
≤ 1.

In this work, we use ∆x = ∆y and ux = uy =
√
gdm when dm is the

maximum oceanic depth. Thus, the CFL condition can be simplified as

∆t ≤ ∆x

2
√
gdm

. (3.62)

3.5 Summary
Because the features of tsunami source including the displacement of seafloor

by using the Okada’s solution, the dynamic rupture, and the multiple fault segments of

tsunami source are not available in the release version of FUNWAVE, so this work has

to develop a tsunami simulation program called Tsunami Implementation for Multiple

segments of Earthquake (TIME) program by solving the nonlinear shallow-water equa-

tions.

The nonlinear shallow-water equations are solved by several schemes in the

finite difference method. The procedure of solving can be described by the staggered

Arakawa C-grid is first used to arrange the physical variables into the numerical grid

system. Then the explicit finite difference is used to discretize the temporal derivative

of the governing equations. Finally, the upwind combined downwind scheme is used to

approximate the nonlinear convective derivatives. Thus, the governing equations can be

solved and written in the numerical index notation as the equations 3.47 - 3.50. In addi-

tion, the Perfectly Matched Layer (PML) is used as the absorbing boundary condition in

this tsunami simulation program to remove the reflection of tsunamis at the edges of the

physical domain.
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#

CHAPTER IV

VALIDATION TESTS OF TIME PROGRAM

#

#
The implementation of Tsunami Implementation for Multiple segments of

Earthquake (TIME) programmust be validated the correctness and the accuracy of tsunami

predictions including the maximum height and the first arrival time.

To achieve the third objective of this thesis, we validate TIME program by

the problem of Gaussian hump, multiple fault segments of tsunami source, and circu-

lar dam-break. For the case of Gaussian hump and multiple fault segments, the tsunami

predictions are compared with the tsunami predictions using FUNWAVE program. How-

ever, the TIME program results in failure results in case of circular dam-break problem.

Thus, this program must be developed and improved by solving the nonlinear shallow-

water equations with finite volume method. Finally, we success the circular dam-break

problem by comparing with the exact solution.

This chapter contains 5 sections. Section 4.1 presents the test of Gaussian

hump and their comparison of tsunami predictions with FUNWAVE program. Then we

test the multiple fault segments of tsunami source in Section 4.2. Section 4.3 shows the

failure test of circular dam-break by using TIME program in 1D and 2D cases. Finally,

all of validation tests are concluded in Section 4.4.

4.1 The Test of Gaussian Hump
The developed tsunami program named TIME program is validated for the

correctness of performance by using the problem of flat bathymetry. The details and the

measurement of correctness are explained in this section.
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4.1.1 Experimental setting

To test the accuracy of tsunami predictions by the propagation of Gaussian

hump, we design the experimental setting by the flat domain in Figure 4.1.

Figure 4.1 (a) Region of flat domain and (b) their bathymetry.

This domain is designed by a square region along 500 × 500. The oceanic

depth is constant and deep 5, 000 meters from sea surface elevation. The numerical grid

spacing is configured as 2 minutes (or 3, 712 m) that results in the grid size of 1, 500 ×

1, 500 points.

The next experimental setting is the configuration of gauge stations and ini-

tial condition. For the case of flat domain, we set 16 virtual gauge stations in Figure 4.2

to measure the tsunami prediction including the maximum height and the first arrival

time. In addition, the initial condition is the Gaussian hump that can be described by the

following equation.

η(x, y) = A exp
(
−0.5

(
x2m
σ2
x

+
y2m
σ2
y

))
, (4.1)

where xm and ym are given by

xm = (x− xc) cosψ + (y − yc) sinψ,

ym = (x− xc) sinψ − (y − yc) cosψ,
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where η is sea surface elevation, A is an initial amplitude, σx is width of

Gaussian hump, σy is length of Gaussian hump, ψ is a strike angle, and xc, yc is a center

of Gaussian wave. The initial shape of the Gaussian wave is configured by an initial

amplitude 10 meters, a width and a length 1◦ or 111.36 km. The strike angle is 0◦, and

the center of Gaussian wave (xc, yc) is located at the center of the domain (Figure 4.2).

Figure 4.2 (a) Location of 16 virtual gauge stations. (b) Location of Gaussian hump at

the initial time.

To investigate the accuracy of tsunami predictions and the performance of

TIME program, we use the two error metrics that are the Mean Absolute Percentage

Error (MAPE) and Root Mean Square Error (RMSE) in the following equations.

MAPE =
100

n

n∑
i=1

|Fi − Ai|
Ai

, (4.2)

RMSE =

√√√√ 1

n

n∑
i=1

(|Fi − Ai|)2i , (4.3)

whereAi is the actual value, Fi is the forecast value, and n is the total number of observed

points.

4.1.2 Snapshots of Gaussian hump

In our tsunami simulation, we have two propagations of Gaussian hump: in

flat domain and real domain. The first propagation is Gaussian hump in flat domain. In

this simulation, we set the total interval time as 10, 800 seconds or 180minutes. Figures

4.3 and 4.4 present the snapshots of the Gaussian hump propagation in the Cartesian
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coordinate using the FUNWAVE and TIME programs at intervals of 1, 40, 120, and 180

minutes. Furthermore, the cross section of Gaussian hump propagating is also presented

in Figure 4.5.

Figure 4.3 The propagation of the Gaussian hump in the Cartesian coordinate system is

snapped at the time intervals of 1 and 40minutes for the case of (a), (b) using FUNWAVE

program, (c), (d) using TIME program, and (e), (f) the difference of height.

In this result, we can see that the shape of propagating Gaussian hump using

my TIME program is look the same shape in the case of using FUNWAVE program.

Thus, these snapshots are the first evidence that can be represented the accurate perfor-

mance of TIME program. However, the accuracy of tsunami predictions including the
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maximum height and the first arrival time using TIME program must be investigated by

using the two error metrics (MAPE and RMSE) that is presented in the next section.

Figure 4.4 The propagation of the Gaussian hump in the Cartesian coordinate system

is snapped at the time intervals of 120 and 180 minutes for the case of (a), (b) using

FUNWAVE program, (c), (d) using TIME program, and (e), (f) the difference of height.

4.1.3 Comparison of tsunami predictions

In the case of flat domain, the predicted maximum height and first arrival

time are recorded by 16 virtual gauge stations surrounding the domain. These of tsunami

predictions are presented in Table 4.1.
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Figure 4.5 The cross section of Gaussian hump propagated in flat domain between using

FUNWAVE (red lone) and TIME (blue line) programs at the time interval of (a) 1, (b)

40, (c) 120, and (d) 180 minutes.

Notice in Table 4.1, we can see that the predicted maximum height using

TIME program is larger than using FUNWAVE program. Because the FUNWAVE pro-
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gram uses the finite volume method while the TIME program uses the finite difference

method, so the difference of predictedmaximum height can be occurred by the difference

of numerical methods used to solve the nonlinear shallow-water equations. However, the

error metrics including MAPE and RMSE are used to measure and determine the accu-

racy of tsunami predictions by comparing with FUNWAVE program that is shown in

Figure 4.6.

Table 4.1 The predictions of the maximum height (m) and the first arrival time (hour)

for the simple Gaussian hump by using the FUNWAVE and TIME programs.

Station Distance (deg) Maximum height (m) First arrival time (hour)
FUNWAVE TIME FUNWAVE TIME

13

5

0.994 1.129 0.67 0.66
14 0.995 1.129 0.67 0.66
15 0.995 1.129 0.67 0.66
16 0.995 1.129 0.67 0.66

9

10

0.704 0.772 1.37 1.36
10 0.700 0.772 1.35 1.36
11 0.700 0.772 1.35 1.36
12 0.704 0.772 1.37 1.36

5

15

0.574 0.609 2.07 2.05
6 0.573 0.609 2.05 2.05
7 0.573 0.609 2.05 2.05
8 0.574 0.609 2.07 2.05

1

20

0.497 0.509 2.77 2.75
2 0.498 0.509 2.75 2.75
3 0.498 0.509 2.75 2.75
4 0.497 0.509 2.77 2.75
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Figure 4.6 Graph for representation the relation between (a) MAPE and distance of

tsunami propagation for predicted maximum height, (b) MAPE and distance of tsunami

propagation for predicted first arrival time, (c) RMSE and distance of tsunami propaga-

tion for predicted maximum height, (d) RMSE and distance of tsunami propagation for

predicted first arrival time.
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In the use of MAPE and RMSE to calculate the error of tsunami predictions,

we would like to investigate the relation between the two error metrics and propaga-

tion distance of tsunami. We found that the error of TIME program decreases when the

propagation distance is increasing. However, the tsunami predictions resulted by TIME

program are total error about 8.03 % for the prediction of maximum height and 0.69 %

for the prediction of first arrival time. Thus, the performance of TIME program is fairly

resulting the good accuracy of tsunami predictions for the case of flat domain.

4.1.4 Consistency in TIME program

Table 4.2 The tsunami predictions of the Gaussian hump in flat domain.

Station No. Maximum height (m) First arrival time (hour)
2′ 1′ 0.5′ 0.25′ 2′ 1′ 0.5′ 0.25′

13 1.129 1.154 1.166 1.173 0.658 0.659 0.659 0.659
14 1.129 1.154 1.167 1.173 0.658 0.659 0.659 0.659
15 1.129 1.154 1.167 1.173 0.658 0.659 0.659 0.659
16 1.129 1.154 1.166 1.173 0.658 0.659 0.659 0.659

In addition, the propagation of Gaussian hump by using TIME program in

flat domain is also used to test the consistency due to numerical grid spacing. The square

of flat bathymetry is divided into 4 subdomains of the numerical grid spacing of 2′ , 1′ ,

0.5
′ , and 0.25′ minutes that results in numerical grid size of 1, 500×1, 500, 3, 000×3, 000,

6, 000 × 6, 000, and 12, 000 × 12, 000 points. The tsunami predictions including the

maximum height and the first arrival time are recorded in Table 4.2.
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Figure 4.7 Graph for representation the relation between (a) MAPE and numerical grid

spacing for predicted maximum height, (b) MAPE and numerical grid spacing for pre-

dicted first arrival time, (c) RMSE and numerical grid spacing for predicted maximum

height, (d) RMSE and numerical grid spacing for predicted first arrival time.
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In this case, the tsunami predictions by numerical grid spacing of 0.25′ are

used as the exact solution to measure the MAPE and RMSE ( Figure 4.7). Considering

the values of MAPE and RMSE in Figure 4.7, we can see the trend of error when the

numerical grid spacing is varied. From the Figure 4.7, the value ofMAPE and RMSE de-

creases when the numerical grid spacing is reduced. Therefore, the reducing of the error

when the numerical grid spacing is finer can be called the consistency due to numerical

grid spacing. This means that we can also found the consistency of tsunami predictions

in TIME program that is similar to the FUNWAVE program.

4.2 The Test of Multiple Fault Segments for Tsunami Source
To validate the accuracy of tsunami predictions and the performance of TIME

program, we use test this program with the problem of multiple fault segments in real

domain. The experimental setting and investigation are presented in this section.

4.2.1 Experimental setting

The plan of the experiment can be included the physical domain, the location

of gauge stations, the tsunami source characteristics for 5 fault segments, and the error

metrics for investigation.

The physical domain for this experiment is the Bay of Bengal region that cov-

ers latitude 25◦N - 25◦S and longitude 60◦E - 105◦E (Figure 4.9). This domain contains

the numerical grid 1, 500 × 1, 350 points with the numerical grid spacing of 2 minutes

or 3, 712 meters. In addition, the bathymetry data is used from 2-minute guided global

relief data or ETOPO2 [32].

The 23 tidal gauge stations are then installed in this domain (Figure 4.8) to

record the time series of sea surface elevation that is then called tsunami profiles. The

initial condition of this test is tsunami source characteristics of 5 fault segments (Figure

4.8) used in Grilli et al. (2007), Ioualalen et al. (2007), and Pophet et al. (2011) that the

seismic parameters of this source are presented in Table 4.3.
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Figure 4.8 (a) The real domain is the region of Bay of Bengal, (b) Bathymetry data is

used from ETOPO2, (c) The location of gauge stations to record the tsunami predictions,

(d) The initial condition is the 5 segments of tsunami source [9, 20, 21].

Table 4.3 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 5 fault segments [9].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 93.0 3.8 25 220 130 18 323 12 90 3.7 1
Segment 2 92.3 5.2 25 150 130 23 348 12 90 0.6 6
Segment 3 91.6 7.4 25 390 120 12 338 12 90 0.7 15
Segment 4 91.0 9.7 25 150 95 12 356 12 90 0.2 31
Segment 5 91.3 11.7 25 350 95 12 10 12 90 0.3 52

To investigate the accuracy of tsunami predictions and the performance of

TIME program, the Mean Absolute Percentage Error (MAPE) and Root Mean Square

Error (RMSE) are used to measure the accuracy of tsunami predictions. The two error

metrics can be written as
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MAPE =
100

n

n∑
i=1

|Fi − Ai|
Ai

, (4.4)

RMSE =

√√√√ 1

n

n∑
i=1

(|Fi − Ai|)2i , (4.5)

whereAi is the actual value, Fi is the forecast value, and n is the total number of observed

points.

4.2.2 Snapshots of tsunami propagation

In the simulation of this tsunami propagation, we set the total interval time

of 19, 800 seconds or 5 hours and 30 minutes. Figure 4.9 presents the snapshots of the

2004 Indian Ocean Tsunami by using the FUNWAVE and TIME programs at the time

intervals of 1, 40, 120, and 200 minutes. Considering the simulated result in Figure

4.9, we can see the similar shape of propagating tsunami by using the FUNWAVE and

TIME programs. Thus, the performance of TIME program can be confirmed by the

simulated result of FUNWAVE program. However, the accuracy of tsunami predictions

must be investigated using the MAPE and RMSE (the error metrics) to measure the error

in tsunami predictions including the maximum height and the first arrival time.

4.2.3 Tsunami profile at virtual gauge stations

When I simulate the propagation of the 2004 Indian Ocean Tsunami by using

the tsunami source characteristics of 5 fault segments, the virtual tidal gauge stations in

the Bay of Bengal domain are used to record the tsunami profiles.

The simulated results contain the time series of sea surface elevation and the

tsunami predictions including the maximum height and the first arrival time. The time

series of sea surface elevation or the tsunami profiles of these virtual gauge stations are

plotted and compared with the result of FUNWAVE program in Figures 4.10 and 4.11.
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Figure 4.9 The snapshots of propagating 2004 Indian Ocean Tsunami in domain of the

Bay of Bengal by using (a), (c), (e), (g) FUNWAVE program, (b), (d), (f), (h) TIME

program.
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Figure 4.10 The comparison of tsunami profile by using FUNWAVE (blue solid line)

and TIME (red solid line) programs for the gauge station located at (a) (92◦ E, 8◦ N) (b)

(90◦ E, 8◦ N) (c) (88◦ E, 8◦ N) and (d) (86◦ E, 8◦ N).
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Figure 4.11 The comparison of tsunami profile by using FUNWAVE (blue solid line)

and TIME (red solid line) programs for the gauge station located at (a) (84◦ E, 8◦ N) (b)

(82◦ E, 8◦ N) (c) (95◦ E, 8◦ N) and (d) (97◦ E, 8◦ N).

Considering Figures 4.10 and 4.11, we can notice that the TIME program can

result in the similar tsunami profile by using the FUNWAVE program at the longitude
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92◦ E to 82◦ E. However, the TIME program results in the quite similar tsunami profile

using FUNWAVE program for the longitude 94◦ E to 98◦ E.

4.2.4 Tsunami predictions along longitude

To compare the accuracy of tsunami predictions using TIME program, the

predicted maximum height and the first arrival time are compared with the predictions

using FUNWAVE program in Table 4.4. In addition, the error metrics including MAPE

and RMSE are used to measure and determine the accuracy of tsunami predictions by

comparing with FUNWAVE program that is shown in Figure 4.12.

Table 4.4 The predictions of the maximum height (m) and the first arrival time (hour)

for the virtual gauge stations by using the FUNWAVE and TIME programs.

Station Distance* Maximum height (m) First arrival time (hour)
(deg) FUNWAVE TIME FUNWAVE TIME

(8.0◦N, 90◦ E) 2.0 1.83 1.83 0.22 0.22
(8.0◦N, 89◦ E) 3.0 1.34 1.39 0.38 0.38
(8.0◦N, 88◦ E) 4.0 1.30 1.29 0.55 0.55
(8.0◦N, 87◦ E) 5.0 1.29 1.27 0.72 0.72
(8.0◦N, 86◦ E) 6.0 1.23 1.20 0.87 0.88
(8.0◦N, 85◦ E) 7.0 1.17 1.13 1.03 1.04
(8.0◦N, 84◦ E) 8.0 1.10 1.05 1.18 1.19
(8.0◦N, 83◦ E) 9.0 1.11 0.98 1.35 1.36
(8.0◦N, 82◦ E) 10.0 1.23 1.15 1.52 1.52
(8.0◦N, 95◦ E) 3.0 −0.80 −0.74 0.65 0.64
(8.0◦N, 96◦ E) 4.0 −0.92 −0.85 0.85 0.84
(8.0◦N, 97◦ E) 5.0 −1.05 −0.92 1.20 1.19
(8.0◦N, 98◦ E) 6.0 −1.36 −0.88 1.70 1.67

* Measure from the location of tsunami source (8.0◦ N, 92.0◦E).

The relation between the two error metrics and longitude between 82◦ E to

98◦ E in Figure 4.12 is used to investigate the accuracy of tsunami predictions using

TIME program. In this investigation, we can found the trend of error in only the predic-

tion of maximum height by the error increases when the wave propagates far from the

location of tsunami source (location of latitude 8.0◦ N and longitude 92◦ E). Furthermore,



Pawin Sitsungnoen Validation Tests of TIME Program / 78

Figure 4.12 The graph to representation the relation between (a) MAPE and longitude

for predicted maximum height, (b) MAPE and longitude for predicted first arrival time,

(c) RMSE and longitude for predicted maximum height, (d) RMSE and longitude for

predicted first arrival time.
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the predictions of the maximum height of TIME program results in the good accuracy by

the error of 7.6% and the prediction of the first arrival time from TIME program results

in the very well accuracy about 0.7 % of the error.

4.2.5 Tsunami profile at actual gauge stations

The actual tidal gauge stations surrounding the Bay of Bengal are used to

record the tsunami profiles when I simulate the propagation of the 2004 Indian Ocean

Tsunami using the tsunami source characteristics of 5 fault segments. The time series

of sea surface elevation or the tsunami profiles of these gauge stations are plotted and

compared with the result of FUNWAVE program in Figures 4.13 and 4.14.

Considering Figures 4.13 and 4.14, the TIME program results in the fairly

tsunami profile using FUNWAVE program but results in the lower maximum height. The

difference of predicted maximum height between using TIME and FUNWAVE programs

might be occurred by the effect of nonlinearitywhen thewave propagates in the nearshore

region and the effect of reflection when the wave propagates from the deep-water region

into shallow-water region. Furthermore, the difference of maximum height can be also

occurred by the numerical methods by FUNWAVE uses the finite volume method while

the TIME program uses the finite difference method. However, the accuracy of tsunami

predictions can bemeasured by using the error metics that is presented in the next section.

4.2.6 Comparison of tsunami predictions

When the 2004 Indian Ocean Tsunami propagated in region of the Bay of

Bengal, the tsunami profiles of this tsunami were recorded by gauge stations that are

located surrounding in this domain. The record note of the maximum height and the first

arrival time from the simulation of FUNWAVE and TIME programs can be presented in

Table 4.5. In addition, the error metrics including MAPE and RMSE are used to mea-

sure and determine the accuracy of tsunami predictions by comparing with FUNWAVE

program that is shown in Figure 4.15.
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Figure 4.13 The comparison of tsunami profile by using FUNWAVE (blue solid line)

and TIME (red solid line) programs for the gauge station (a) Deigo Gracia (b) Minicoy

(c) Gan (d) Cochin.
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Figure 4.14 The comparison of tsunami profile by using FUNWAVE (blue solid line)

and TIME (red solid line) programs for the gauge station (a) Colombo (b) Cocos Island

(c) Ko Miang (d) Mercator.
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The relation between the two errormetrics and propagation distance of tsunami

in Figure 4.15 is focused by the use ofMAPE and RMSE to calculate the error of tsunami

predictions. In this investigation, we can found the relation of error and propagation dis-

tance of tsunami in only the case of predicted first arrival time. The error in the prediction

of first arrival time from TIME program decreases when the propagation distance is in-

creasing. However, the predictions of the maximum height of TIME program results in

the poor accuracy by the error of 30.1 % while the prediction of the first arrival time

from TIME program results in the pretty good accuracy about 1.0 % of the error.

Table 4.5 The predictions of the maximum height (m) and the first arrival time (hour)

for the 5 fault segments of tsunami source by using the FUNWAVE and TIME programs.

Station Distance Maximum height (m) First arrival time (hour)
(deg) FUNWAVE TIME FUNWAVE TIME

Deigo Gracia 24.59 1.282 0.877 3.54 3.54
Minicoy 22.24 0.441 0.351 3.40 3.40
Gan 21.98 1.955 1.220 3.25 3.25

Hanimaadhoo 21.88 0.826 0.407 3.48 3.44
Male 21.28 0.871 0.767 3.18 3.19
Cochin 19.67 0.385 0.272 3.73 3.75
Colombo 15.42 0.589 0.428 2.52 2.48

Cocos Island 15.28 0.351 0.266 2.25 2.27
Ko Miang 6.15 −1.785 −1.362 1.65 1.61
Mercator 5.80 −1.368 −0.766 1.89 1.83

Thus, the performance of TIMEprogram results the good accuracy of tsunami

predictions including the maximum height and the first arrival time. In future works, the

TIME program must be developed to able using the physical parameters including the

bottom friction, spherical coordinate system, dispersion, and the Coriolis term.
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Figure 4.15 The graph to representation the relation between (a) MAPE and propagation

distance of tsunami for predicted maximum height, (b) MAPE and propagation distance

of tsunami for predicted first arrival time, (c) RMSE and propagation distance of tsunami

for predicted maximum height, (d) RMSE and propagation distance of tsunami for pre-

dicted first arrival time.
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4.3 Validation Test of Dam-Break Problem
The TIME program by implement with finite difference method is also val-

idated by dam-break problems. These problems contains the dam-break of vertical wall

in 1D [57] and the dam-break of circular tank in 2D of flat domain [58, 59]. The ex-

perimental setting of dam-break problems and numerical results are presented in this

section.

4.3.1 Experimental setting

The experimental setting for the problem of 1D and 2D dam-breaks is pre-

sented in Figures 4.16 and 4.17.

For the case of 1D dam-break, the physical domain covers the location of

−10m to 10m that contains the 1, 000 numerical grid points. The numerical grid spacing

is used as 0.02 m and the bathymetry is flat with the height of 1 m. The vertical wall is

located at the center of the domain and the left-side of the wall contains the water with

the height of 3 meters. Furthermore, the acceleration due to gravity (g) is equal to 1 m/

s2 for only this case.

Figure 4.16 The initial condition called vertical wall for using in the problem of 1D

dam-break.

The second problem of dam-break is the circular dam in 2D domain (Figure

4.17). The experimental setting of this problem is designed by the square domain of

−20 to 20 m along the x- and y-axis. This domain contains the numerical grid points of

200 × 200. The numerical grid spacing is used to 0.25 m in both x- and y- directions.

The bathymetry is also flat with the height of 0.5 m. The circular tank is located at the
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center of the domain and contains the water with the height of 2 meters.

Figure 4.17 The initial condition named circular tank to use in the problem of 2D dam-

break by (a) flat domain for this test and (c) their bathymetry, (b) top view and (d) side

view of circular tank used as the initial condition.

4.3.2 Result of dam-break in 1D

For the dam-break problem in the case of 1D, the total interval time is 2

seconds by the time step size is 0.001 second. At the beginning of simulation, this vertical

wall is suddenly removed that roles as a breaking dam. So the water in the dam flows

into the lower regions by the snapshots of propagating are presented in Figure 4.18.

Notice that the result of TIME program differs to the exact solution [58]. Be-

cause the TIME program uses the Shapiro filter [53] to smooth the sea surface elevation,

so we can not see the rarefaction in the simulated result of TIME program.

4.3.3 Result of dam-break in 2D

The second problem of dam-break is the circular dam in 2D case. We set

the total interval time as 3 seconds by the time step size of 0.01 sec. The snapshots of
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Figure 4.18 Snapshots of propagating wave after vertical wall breaks by (a), (c), (e) the

exact solution [58], (b), (d), (f) the simulated result by TIME program.

propagating wave when this dam breaks are presented in Figure 4.19 at the interval time

of 0.1, 0.5, and 1.0 second by comparing with snapshots of this dam using FUNWAVE

program.

Considering the simulated result in Figure 4.14, we can see that the result of

TIME program also differs the exact solution by the using FUNWAVE program. Thus,

the result of TIME program fails the tests of dam-break problem including the vertical

wall and the circular tank. Because we use the finite difference method to solve the

nonlinear shallow-water equations, so this failure test is improved by using the finite

volume method.

4.4 Conclusions
The Tsunami Implementation for Multiple segments of Earthquake (TIME)

program by solving the non-conservative form of nonlinear shallow-water equationswith

finite difference method is validated by simulating the propagation of Gaussian hump in
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Figure 4.19 Snapshots of propagating wave after circular tank breaks by (a), (c), (e)

the simulated result by FUNWAVE program used as the exact solution, (b), (d), (f) the

simulated result by TIME program.

the 2D flat domain and the 5 segments of tsunami source in region of the Bay of Bengal.

By comparing the tsunami predictions including the maximum height and the first arrival

time using TIME program with FUNWAVE program, we can conclude the simulated

results by three points.

The first point is the accuracy of tsunami predictions by the problem of Gaus-

sian hump in the flat domain. We found that the TIME program results in the good ac-

curacy of tsunami predictions by the error of the predicted maximum height and first
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arrival time is about 8.0% and 0.7%, respectively. The second point is the effect of the

numerical grid spacing, we found the consistency of tsunami predictions due to the vary-

ing numerical grid spacing in TIME program by the error of predicted maximum height

is reduced into 0.6% and 0.0% for the predicted first arrival time. The final conclusion

is the accuracy of tsunami predictions for the real domain by using 5 fault segments of

tsunami source. By comparing the tsunami predictions from the FUNWAVE program,

we found that TIME program results in the good accuracy of predicted first arrival time

that the error is about 1.0%. However, the TIME program results in quite good accuracy

of predicted maximum height about 7.6 % of error.

Nevertheless, the version of finite differencemethod of TIME program failed

the validation test of dam-break problems including the 1D and 2D dam-break. To im-

prove TIME program, we develop the TIME program by the finite volume method for

solving the conservative form of nonlinear shallow-water equations. The results of dam-

break problems by using the new version of TIME program are successful by the com-

parison with exact solution of 1D and 2D dam-break problems.
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#

CHAPTER V

TSUNAMI SIMULATION USING TIME PROGRAM

#

#
The our developed tsunami program or TIME program then is used to sim-

ulate the propagation of the 2004 Indian Ocean Tsunami by using the rupture process of

the multiple fault segments [3, 2, 4] for the tsunami source combined with the Okada’s

solution of ocean bottom deformation [23, 24]. Furthermore, this tsunami program is

used to study the tsunami generation in terms of the rupture process that is called the

effect of dynamic rupture [28, 29, 25] and multiple fault segments for this 2004 Indian

Ocean Tsunami.

The procedure for the study of tsunami generation is explained in this sec-

tion by Section 5.1 introduces the definition and concept of the co-seismic displacement

construction that uses to describe the mechanism of tsunami generation due to an un-

derwater earthquake. Then Section 5.2 presents about some of the literature reviews

for the study of dynamic rupture and the tsunami simulation that uses several tsunami

source characteristics. Section 5.3 is the experimental setting used to simulate the 2004

Indian Ocean Tsunami and study the effect of dynamic rupture and the multiple fault

segments of tsunami source. Section 5.4 and 5.5 present the numerical results contained

the tsunami profile and tsunami predictions. Section 5.6 investigates and discusses the

effect of dynamic rupture and the multiple fault segments. Finally, these studies are

concluded in Section 5.7.

5.1 The Co-Seismic Displacement Construction
For the modeling of tsunami generation, the co-seismic displacement con-

struction [25] is used to describe the problem of a seafloor motion during an underwater

earthquake that was proposed by Dutykh et al. (2013).



Pawin Sitsungnoen Tsunami Simulation Using TIME Program / 90

In their study, tsunami generation can be divided into the passive generation

by using the Okada’s solution of seafloor motion, and the active generation which ex-

plicitly involves the bottom motion dynamics [25]. Furthermore, the co-seismic vertical

displacement for a seafloor is separated into the static and dynamic co-seismic displace-

ment when the ocean bottom deformation involves without and with time, respectively.

Figure 5.1 The mind mapping to sketch the concept of co-seismic displacement con-

struction used in this thesis.

However, the concept of co-seismic displacement construction in this thesis

is combined with the dislocation theory and earthquake mechanism to describe an active

and a passive generation including the static and dynamic displacement that this thesis

illustrates in Figure 5.1. In addition, the details for explanation are introduced by 5.1.1

the co-seismic parameters, 5.1.2 the Okada’s solution for displacement field, 5.1.3 the

static and dynamic displacement.

5.1.1 Seismic parameters of a finite rectangular fault

For the tsunami generation due to an underwater earthquake, the fundamen-

tal knowledge is the dislocation theory and earthquake mechanism. the generation of
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tsunamis mostly occur at the region of plate tectonic boundaries, so the finite-rectangular

fault and the co-seismic parameters are used to construct the earthquake mechanism [60]

and tsunami passive generation. The co-seismic parameters are included a center of fault

(xc, yc), a depth of fault (d), a length of fault (L), a width of fault (W ), a slip or disloca-

tion of fault (∆), a strike angle (ϕ), a dip angle (δ), and a rake angle (λ) that are sketched

in Figure 5.2.

Figure 5.2 Definition of the co-seismic parameters for a finite fault.

These co-seismic parameters are used to represent the focal mechanism, seis-

mic moment, and moment magnitude of a finite rectangular fault [60]. Normally, there

are three types of finite rectangular fault; strike-slip, dip-slip, and oblique-slip fault.

Thus, the strike (ϕ), rake (λ) and dip (δ) angles are mainly used to describe these types

of fault that can be sketched by Figure 5.3. Furthermore, the types of finite rectangular

fault can be represented by beachball plot.

To describe the released energy of earthquake called the scalar seismic mo-

ment (M0), the length (L), width (W ), and dislocation (∆) of finite rectangular fault are

used to calculate the seismic moment [61] by

M0 = µ∆LW, (5.1)
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Figure 5.3 The strike, rake, and dip angles are used to represent (a) the strike-slip, (b)

dip-slip, and (c) oblique-slip faults.

where µ is the shear modulus of the rock which can be 1− 6× 1010N/m2.

Notice that the scalar seismic moment is measured inM ·m.

Furthermore, Hanks and Kanamori (1979) used the seismic moment to scale

the size of an earthquake and it was then called moment magnitude (Mw) [62] that can

be defined by

Mw =
2

3
logM0 − 10.7. (5.2)

Therefore, we can get the relation between some of co-seismic parameters

and the moment magnitude (Mw) for the dip-slip fault at subsection zone by the study

of [63] as

logL = 0.55Mw − 2.19,

logW = 0.31Mw − 0.63,

logA = 0.86Mw − 2.82,

log∆ = 0.64Mw − 2.78.
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In addition, the co-seismic parameters are also used in the Okada’s solution

[23, 24] for calculating the vertical displacement of seafloor that roles as the tsunami

source for the tsunami passive generation that is presented in the next section.

5.1.2 The Okada’s solution for displacement field

From the concept of co-seismic displacement construction, the tsunami gen-

eration stage can be divided into the active and passive generation. However, this thesis

focuses on only the tsunami passive generation by using the Okada’s solution for the

vertical displacement of the sea bottom [23, 24].

The Okada’s solution for the displacement of seafloor solved the Volterra’s

formula for the displacement field ui(x1, x2, x3) due to a dislocation ∆uj(ξ1, ξ2, ξ3) in

an isotropic elastic half-space that can be written as

ui =
1

F

∫ L

0

∫ W

0

∆uj

[
λδjk

∂uni
∂ξn

+ µ

(
∂uji
∂ξk

+
∂uki
∂ξj

)]
νkdξ

′
dn

′
,

where λ and µ are the Lame′ constants, δjk is the Kronecker delta, F is the magnitude

of a source, and νk is the direction of the normal vector.

The Volterra’s formula was solved by Mansinha and Smylie (1971) for the

strike-slip and dip-slip faults [64, 65]. In addition, Okada (1986) developed the solution

of the Volterra’s formula for the strike-slip, dip-slip, and tensile faults [23] that can be

illustrated in Figure 5.4.

Figure 5.4 The Okada’s solution of the vertical displacement is the combination of so-

lutions for strike-slip, dip-slip, and tensile faults.
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The solutions in pages 1144-1145 of Okada (1986) was implemented into

the MATLAB by Beauducel (2014) called Okada85.m [36] that necessarily requires the

co-seismic parameters for calculation. However, the center of fault in Beauducel’s code

is the origin point. Thus, this thesis modifies the center of fault in the Okada85.m to the

center of fault (xc, yc).

5.1.3 The static and dynamic rupture

From the previous section, we can notice that the solution of the Volterra’s

formula for displacement of the seafloor is independent of time. Therefore, the displace-

ment of the Okada’s solution is static displacement. Furthermore, the Okada’s solution is

also used for the tsunami passive generation, so the displacement for the tsunami passive

generation is also the static displacement, too.

Contrast to the active generation, the displacement is calculated by using

the time evolution of seafloor that is called the dynamic displacement. In this case, the

important parameters are the rupture velocity (vr) and the rise time (tr).

However, the 2004 Indian Ocean Tsunami is the special case for tsunami

generation. Because this tsunami was generated by the multiple fault segments of the

Andaman-Sumatra earthquake, so we can the dynamic displacement for this tsunami

although each fault segment is the static displacement.

5.2 Literature Reviews
This section presented the literature reviews used in this thesis for study of

the rupture process and the effect of dynamic rupture of the Sumatra-Andaman earth-

quake in the tsunami predictions including the maximum height and the first arrival time.

5.2.1 Rupture process of Sumatra-Andaman earthquake

The occurrence of the 2004 Indian Ocean Tsunami had two phenomena of

the Sumatra-Andaman earthquake that are the rupture process and the multiple fault seg-

ments of tsunami source [4, 3, 2]. The rupture process was studied in the works of Bilham
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(2005), Ammon et al. (2005), and Lay et al. (2005). In these previous studies, they found

that the important parameters of the rupture process are a total duration time, a rise time,

and a rupture velocity when an underwater earthquake uplifts. In addition, the rupture

zone of this tsunami covers northward from the epicenter (3.316oN and 95.854oE) along

about 1,300 km [3]. The rupture zone can be separated into a region of main tsunami ex-

citation and region of weak tsunami excitation. However, Lay et al. (2005) subdivided

the rupture zone into three segments; Sumatra, Nicobar and Andaman Segments that can

be presented in Figure 5.5.

Figure 5.5 (a) Rupture zone of the Sumatra-Andaman earthquake along about 1, 300

km northward from the epicenter 3.316◦ N and 95.854◦ E. (b) Sketch of multiple fault

segments of the earthquake in Lay et al. (2005) [2].

From the study of Lay et al. (2005), the region of main tsunami excita-

tion covers the Sumatra and Nicobar Segments along 745 km, while the region of weak

tsunami excitation covers only the Andaman Segment. In addition, each fault segments

had their seismic parameters that are presented in Table 5.1. Moreover, the seafloor up-

lifted by two phenomena. First one is called “rapid slip” by using the total duration time

about 10minutes with the rupture velocity 2.5 km/sec [2, 4]. Another one is called “slow

slip” by using the total duration time of about 1 hour with the rupture velocity of 0.75
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km/sec [2].

In all of the previous studies, they concluded that the rapid slip occurred in

the region of main tsunami excitation when underwater earthquake uplifts. In addition,

the slow slip occurred in the region of weak tsunami excitation.

Table 5.1 The multiple fault segments of the Sumatra-Andaman earthquake that results

in the tsunami source characteristic [2].

Segment Length Width Rake Dip Slip or dislocation Rise time
(km) (km) (deg) (deg) (m) (minute)

Sumatra 420 240 110 14 5− 10 1 (rapid slip)
Nicobar 325 170 120 15 5 4− 6 (rapid slip)
Andaman 570 160 150 18 < 2 58 (slow slip)

5.2.2 The investigation of static and dynamic rupture

In the previous studies of tsunami simulations, the rupture process of an

earthquake was neglected because the rupture zone is not too long compared with the

Andaman-Sumatra earthquake [26, 15, 27]. However, the rupture zone in case of the

2004 Indian Ocean Tsunami is about 1, 300 km long. Thus, the rupture process of

this earthquake is significant and was studied by using the static and dynamic rupture

[28, 25, 29].

This work uses the study of Poisson et al. (2011) as the reference study.

Their work is finding the best source model of the Sumatra-Andaman earthquake for

tsunami simulation by using five models of the source and tsunami simulation program

named GEOWAVE (the Boussinesq equations). They found that the model source S4 is

the best source for using in tsunami simulation that this source uses the tsunami source

characteristic of Rhie et al. (2007). Thus, we focus on this tsunami source characteristic

[31] is used to study the effect of dynamic rupture. In addition, the static and dynamic

ruptures of the Sumatra-Andaman earthquake are also studied in their work by their

simulated results including the sea surface elevation along the line of satellite JASON-1
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Figure 5.6 Validated result in Rhie et al. (2007) by (a) the satellite altimeter data of

2004 Indian Ocean Tsunami and (b) simulate results by the blue line is the result of

static rupture, and the red line is the result of dynamic rupture.

track are compared with the satellite altimeter data that is shown in Figure 5.6.

Considering their comparison of simulated result with tsunami altimeter data,

we can notice that the sea surface elevation along the satellite trace by using the static

and dynamic ruptures is quite similar to the another for the first and second peaks of

satellite altimeter data. In addition, their simulation results in the difference between the

simulated map of tsunami maximum height by using the static and dynamic ruptures that

it is presented in Figure 5.7.

Considering their simulated results, we can notice that the difference of max-

imum sea surface elevation in the open-ocean between the used of static and dynamic

ruptures is about 0.1meters for the case of the best source for using in the tsunami simu-

lation. This comparison between the static and dynamic ruptures is seemingly insignifi-

cant. In addition, the effect of dynamic rupture does not explicitly analyze by using some

error metrics i.e. the Mean Absolute Percentage Error (MAPE). However, the effect of

dynamic rupture was concluded in their work that the dynamic rupture may significantly

affect the tsunami prediction in the nearshore region. Therefore, the study of static and
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dynamic rupture is incomplete and is investigating in this work by comparing with the

tsunami gauge data.

Figure 5.7 The difference between the simulated map of tsunami maximum height by

using the static and dynamic ruptures [28].

5.2.3 Multiple fault segments of tsunami source

For the 2004 Indian Ocean Tsunami, there are many tsunami simulations

used to study the characteristic of the 2004 tsunami [2, 30, 10, 9, 31, 42, 28, 12, 66].

In their works, the several sets of seismic parameters for the vertical displacement at

sea-bottom are used that called tsunami source characteristics. Furthermore, these char-

acteristics also result in the several numbers of fault segments of the Sumatra-Andaman

earthquake that includes between a fault segment to 6 fault segments. Thus, there are

many tsunami source characteristics used to simulate the 2004 Indian Ocean Tsunami in

their tsunami simulation models that are presented in Table 5.2.
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Figure 5.8 The initial sea surface elevation by (a) 2 fault segments [30], (b) 3 fault

segments [2], (c) 3 fault segments [12], (d) 4 fault segments [10], (e) 5 fault segments

[9], (f) 6 fault segments [2], (g) 6 fault segments [31].

Considering the Table 5.2, we can see that three fault segments of tsunami

source were used in the study of Son et al. (2011) using COMCOT program (the nonlin-
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ear shallow-water model). Arcas and Titov (2006) used four fault segments. Five fault

segments were used in Grilli et al. (2007), while Lay et al. (2005) and Rhie et al. (2007)

used six fault segments.

From these studies, we notice that each of the tsunami source characteristics

has never been compared to each other. Although each of tsunami source characteris-

tic cannot be compared to each other because the tsunami source characteristics specify

their tsunami simulation programs, for examples, the tsunami source characteristic of

four fault segments specifies the MOST program or the tsunami source characteristic of

five fault segments specifies the FUNWAVE program. To study the effect of a number

of fault segments on tsunami predictions, we can assume that these tsunami source char-

acteristics are the real source of the 2004 Indian Ocean Tsunami. Thus, the number of

fault segments is a parameter investigated in this thesis.

5.3 Experimental Setting
To study and investigate the effect of dynamic rupture process and the multi-

ple fault segments, the developed tsunami program is used in this experiment to simulate

the propagation of the 2004 Indian Ocean Tsunami in the Bay of Bengal domain.

The plan of the experiment can be included the physical domain, the loca-

tion of gauge stations, the tsunami source characteristics including 7 characteristics in

the previous studies, the definition of tsunami predictions, and the error metrics for in-

vestigation.

5.3.1 Physical domain : extended region of Bengal

The physical domain of the Bay of Bengal is extended to latitude 25◦N - 25◦S

and longitude 60◦E - 105◦E (in Figure 5.9) to increase the efficiency of performance for

the Perfectly Matched Layer (PML). So this domain contains the numerical grid 1, 500×

1, 350 points with the numerical grid spacing of 2 minutes or 3, 712 m. In addition, the

bathymetry data is used from 2-minute guided global relief data or ETOPO2 [32].
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Figure 5.9 (a) The domain of the Bay of Bengal for the experiment of tsunami generation.

(b) The bathymetry data of this region by using ETOPO2. (c) Location of gauge stations

to record the tsunami predictions.

The 23 tidal gauge stations are then installed in this domain (Figure 5.9) to

record the time series of sea surface elevation that is then called tsunami profiles. The 8

tidal gauge of these stations have the tsunami data for the 2004 Indian Ocean Tsunami

that the important information is presented in Table 5.3.

Table 5.3 The information of 8 tidal gauge stations used to study in this experiment.

No. Station name Country owner Distance (deg) Latitude Longitude

1 Hannimaadhoo Maldives 21.88 6.767◦ N 73.167◦ E
2 Male Maldives 21.28 4.200◦ N 73.527◦ E
3 Gan Maldives 21.98 0.687◦ S 73.152◦ E
4 Deigo Gracia UK 24.59 7.233◦ S 72.433◦ E
5 Columbo Sri Lanka 15.42 6.950◦ N 79.850◦ E
6 Cocos Island Australia 15.28 12.117◦ S 96.883◦ E
7 Taphao Noi Thailand 6.11 7.969◦ N 98.500◦ E
8 Mercator Thailand 5.80 7.590◦ N 98.490◦ E

5.3.2 Characteristics of multiple fault segments

The 7 characteristics of tsunami source by the previous studies [2, 30, 10, 9,

31, 12] are used in this work to study the dynamic rupture and the multiple fault segments
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of tsunami generation. These of tsunami source characteristics require several co-seismic

parameters shown in Tables 5.4 - 5.10.

Table 5.4 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 2 fault segments [30].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 94.4 3.0 20 300 200 13 335 8 90 2.5 2
Segment 2 93.3 7.5 20 700 200 13 350 8 90 2.5 5

Table 5.5 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 3 fault segments [2].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 92.5 4.0 30 420 240 20 330 14 90 2.3 3
Segment 2 91.5 7.0 30 325 170 15 350 15 90 0.9 9
Segment 3 91.4 10.6 30 570 160 10 5 18 90 1.0 19
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Table 5.6 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 3 fault segments [12].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 94.6 4.2 25 200 150 15 300 13 90 2.5 1
Segment 2 93.0 7.6 25 670 150 15 345 13 90 2.5 6
Segment 3 92.3 11.9 25 300 150 15 5 13 90 2.5 8

Table 5.7 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 4 fault segments [10].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 95.6 3.9 25 200 150 17 300 13 90 2.5 1
Segment 2 94.4 5.8 25 335 150 22 345 13 90 2.5 4
Segment 3 93.6 8.7 25 335 150 15 345 13 90 2.5 6
Segment 4 93.4 11.5 25 300 150 15 5 13 90 2.5 8

Table 5.8 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 5 fault segments [9].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 93.0 3.8 25 220 130 18 323 12 90 3.7 1
Segment 2 92.3 5.2 25 150 130 23 348 12 90 0.6 6
Segment 3 91.6 7.4 25 390 120 12 338 12 90 0.7 15
Segment 4 91.0 9.7 25 150 95 12 356 12 90 0.2 31
Segment 5 91.3 11.7 25 350 95 12 10 12 90 0.3 52
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Table 5.9 The co-seismic parameters used in the Okada’s solution for the tsunami source

characteristics of 6 fault segments [2]

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 94.7 2.1 22 210 240 10 324 10 90 0 0
Segment 2 93.6 3.6 22 210 240 14 330 10 90 1.9 2
Segment 3 92.6 5.3 22 163 170 10 340 15 90 0.9 5
Segment 4 92.1 6.6 22 163 170 10 340 15 90 0.6 10
Segment 5 91.6 8.5 22 285 160 17 356 15 90 0.3 17
Segment 6 91.4 11.0 22 285 160 5 5 15 90 0.2 32

Table 5.10 The co-seismic parameters used in the Okada’s solution for the tsunami

source characteristics of 6 fault segments [31].

Parameter xc yc d L W ∆ ϕ δ λ vr tr
Unit deg deg km km km m deg deg deg km/s minute

Segment 1 93.0 3.3 30 350 189 35 322 18 90 2.5 2
Segment 2 92.3 6.5 30 355 145 22 343 18 90 2.5 5
Segment 3 92.0 8.9 30 162.5 129.5 16 350 18 90 2.5 6
Segment 4 91.9 10.5 30 162.5 129.5 11 0 18 90 2.5 7
Segment 5 92.0 12.1 30 162.5 129.5 6.7 7 18 90 2.5 8
Segment 6 92.5 13.7 30 162.5 129.5 7 24 18 90 2.5 9

5.3.3 Definition of tsunami predictions

Figure 5.10 presents the time series of sea surface elevation or the tsunami

profile that are recorded by the gauge stations in tsunami simulation. To investigate the

effect ofmultiple segments and dynamic rupture, the tsunami predictionsmust be defined

by the following. The maximum height of tsunamis is defined by the value of maximum

tsunami height at a gauge station, and the first-arrival time is defined as the travel time

of tsunami from the source to the first depression or elevation wave at a gauge station.
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Figure 5.10 The definition of tsunami predictions by measuring in tsunami profiles for

(a) the case of a crest, (b) the case of a trough.

5.3.4 The error metrics used for investigation

The Mean Absolute Percentage Error (MAPE) and the Root Mean Square

Error (RMSE) are also used to investigate the effect of dynamic rupture and the multiple

fault segments for the 2004 Indian Ocean Tsunami that are defined by

MAPE =
100

n

n∑
i=1

|Fi − Ai|
Ai

, (5.3)

RMSE =

√√√√ 1

n

n∑
i=1

(|Fi − Ai|)2I , (5.4)

whereAi is the actual value, Fi is the forecast value, and n is the total number of observed

points. These error metrics are commonly used in scientific studies to analyze their

experimental results. For the tsunami simulation, the RMSE is used in to measure the

accuracy of predicted tsunami run-up at the region of the southern coastline of Thailand

[20, 21]. In their works, the RMSE is calculated by comparing the averaged predicted
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run-up height with the averaged observed run-up height.

Conversely, the error metrics including the MAPE and RMSE are calcu-

lated by the tsunami predictions from our simulation (uses the definition in the previous

section) are compared with the tsunami gauge data that is normally the maximum or

minimum point in the time series of sea surface elevation.

Furthermore, these MAPE and RMSE can be used to investigate the signif-

icance of dynamic rupture and the number of fault segments of tsunami source by the

two approaches. The first approach is the comparison of the tsunami predictions by using

the static and dynamic ruptures with the tsunami gauge data to measure the accuracy of

tsunami predictions. The second approach is the comparison of the tsunami predictions

by using the static rupture with the tsunami predictions by using the dynamic rupture to

measure the difference of tsunami predictions.

5.4 First Numerical Result : Tsunami Profile
When we simulate the propagation of the 2004 Indian Ocean Tsunami by

using the seven characteristics of tsunami sources, the tidal gauge stations in the Bay of

Bengal domain are used to record the tsunami profiles. The simulated results are consists

of the time series of sea surface elevation and the tsunami predictions that are presented

and discussed in this section. The time series of sea surface elevation or the tsunami pro-

files are the second numerical result from our simulation of static and dynamic ruptures.

The simulated tsunami profiles of 8 tidal gauge stations are plotted and compared with

tsunami gauge data that can be presented in Figure 5.11 - 5.24.

All of these the prediction of tsunami profile, we can notice and discuss the

numerical results by three points that are the best fit of tsunami profile with tsunami

gauge data and the specific locations of tidal gauge station that results in the failure of

predictions.
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Figure 5.11 Tsunami profiles by using the tsunami source characteristics of two fault

segments [30] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.12 Tsunami profiles by using the tsunami source characteristics of two fault

segments [30] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Merca-

tor.
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Figure 5.13 Tsunami profiles by using the tsunami source characteristics of three fault

segments [2] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.14 Tsunami profiles by using the tsunami source characteristics of three fault

segments [2] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Mercator.
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Figure 5.15 Tsunami profiles by using the tsunami source characteristics of three fault

segments [12] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.16 Tsunami profiles by using the tsunami source characteristics of three fault

segments [12] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Merca-

tor.
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Figure 5.17 Tsunami profiles by using the tsunami source characteristics of four fault

segments [10] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Physics) / 115

Figure 5.18 Tsunami profiles by using the tsunami source characteristics of four fault

segments [10] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Merca-

tor.
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Figure 5.19 Tsunami profiles by using the tsunami source characteristics of five fault

segments [9] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.20 Tsunami profiles by using the tsunami source characteristics of five fault

segments [9] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Mercator.



Pawin Sitsungnoen Tsunami Simulation Using TIME Program / 118

Figure 5.21 Tsunami profiles by using the tsunami source characteristics of six fault

segments [2] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.22 Tsunami profiles by using the tsunami source characteristics of six fault

segments [2] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Mercator.
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Figure 5.23 Tsunami profiles by using the tsunami source characteristics of six fault

segments [31] for the station (a) Hannimaadhoo, (b) Male, (c) Gan, (d) Deigo Gracia.
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Figure 5.24 Tsunami profiles by using the tsunami source characteristics of six fault seg-

ments [31] for the station (a) Columbo, (b) Cocos Island, (c) Taphao Noi, (d) Mercator.
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For the first point of discussion, each of these tsunami source characteristics

gives the best fit and low fit of tsunami profiles with tsunami gauge data. For exam-

ple, the tsunami profiles by using the characteristic of 6 fault segments [31] can fit the

tsunami gauge data at the stations Hannimaadhoo, Male, and Mercator, while cannot fit

the gauge data at the stations Gan, Deigo Gracia, Columbo, Cocos Islands, and Taphao

Noi. Therefore, our predicted tsunami profile must be compared with the simulated

tsunami profile of the previous studies that are presented in the next section.

The second point of discussion is the specific locations of tidal gauge station

that results in the failure of predictions. Considering station Columbo and Taphao Noi,

the prediction of tsunami profile fails at these stations by resulting the low prediction of

the maximum height and the first arrival time. The issue of predicting may occur by the

specific location of these stations that are located behind the islands. For the example,

the station Columbo is located behind Sri Lanka, and the station Taphao Noi is located

behind the Phuket Island.

However, the accuracy of tsunami predictions must be measured by using

the error metrics. Before we measure the accuracy of tsunami predictions to study the

significance of the dynamic rupture and the multiple fault segments for tsunami gen-

eration of the 2004 Indian Ocean Tsunami, we should measure the tsunami predictions

including the maximum height and the first arrival time from our simulated results or

tsunami profiles.

5.5 Second Numerical Result : Tsunami Predictions
In the previous section, the tsunami profiles of the static and dynamic rup-

tures are presented as the simulated results by plotting with the tsunami gauge data of the

2004 Indian Ocean Tsunami. In this section, the tsunami profiles are then used to mea-

sure the tsunami predictions of the maximum height and the first arrival time by using

the definition of tsunami predictions in the Section 5.3.3.
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5.5.1 Prediction of maximum height

Table 5.11 Prediction of the maximum height for the case of the static rupture.

Prediction of maximum height (m)
Station 1 2 3 4 5 6 7 8

2 segments [30] 0.32 0.51 0.50 0.23 0.31 0.24 −0.15 −1.26
3 segments [2] 0.57 0.88 1.48 1.02 0.60 0.48 −0.24 −1.41
3 segments [12] 0.44 0.64 0.69 0.58 0.48 0.38 −0.24 −1.64
4 segments [10] 0.40 0.56 0.71 0.63 0.41 0.45 −0.25 −2.20
5 segments [9] 0.41 0.77 1.22 0.88 0.43 0.27 −0.09 −0.77
6 segments [31] 1.03 1.65 2.42 1.72 1.06 0.92 −0.33 −2.05
6 segments [2] 0.36 0.58 0.97 0.60 0.39 0.22 −0.16 −0.91

Distance (deg) 21.88 21.28 21.98 24.59 15.42 15.28 6.11 5.80
Tsunami data (m) 1.8 1.4 1.0 0.6 2.2 0.4 −1.3 −3.0

Table 5.12 Prediction of the maximum height for the case of the dynamic rupture.

Prediction of maximum height (m)
Station 1 2 3 4 5 6 7 8

2 segments [30] 0.33 0.52 0.38 0.22 0.33 0.24 −0.15 −1.26
3 segments [2] 0.58 0.92 1.15 0.90 0.60 0.48 −0.18 −1.16
3 segments [12] 0.46 0.68 0.73 0.55 0.50 0.35 −0.25 −1.67
4 segments [10] 0.40 0.56 0.73 0.62 0.41 0.36 −0.27 −2.26
5 segments [9] 0.39 0.58 0.86 0.53 0.42 0.27 −0.06 −0.71
6 segments [31] 1.09 1.70 1.96 1.70 1.09 0.92 −0.32 −2.09
6 segments [2] 0.39 0.56 0.60 0.38 0.41 0.22 −0.10 −0.63

Distance (deg) 21.88 21.28 21.98 24.59 15.42 15.28 6.11 5.80
Tsunami data (m) 1.8 1.4 1.0 0.6 2.2 0.4 −1.3 −3.0
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The prediction of the maximum height is first measured from the tsunami

profiles by using the definition of tsunami predictions. The predictedmaximum height of

seven characteristics of tsunami generation of 2004 Indian Ocean Tsunami is compared

with tsunami data at the station Hannimaadhoo, Male, Gan, Deigo Gracia, Columbo,

Cocos Islands, Taphao Noi, and Mercator. Furthermore, this tsunami prediction is pre-

sented in Table 5.11 and 5.12 in case of the static and dynamic ruptures, respectively.

5.5.2 Prediction of first arrival time

The prediction of the first arrival time is then measured from the tsunami

profiles by using the definition of tsunami predictions. The predicted first arrival time of

7 characteristics of tsunami generation of 2004 Indian Ocean Tsunami is compared with

tsunami data at the station Hannimaadhoo, Male, Gan, Deigo Gracia, Columbo, Cocos

Islands, Taphao Noi, and Mercator. Furthermore, this tsunami prediction is presented in

Table 5.13 and 5.14 in case of the static and dynamic ruptures, respectively.

Table 5.13 Prediction of the first arrival time for the case of the static rupture.

Prediction of first arrival time (hour)
Station 1 2 3 4 5 6 7 8

2 segments [30] 3.82 3.51 3.45 3.63 2.86 2.06 1.88 1.34
3 segments [2] 3.47 3.19 3.25 3.53 2.50 2.19 2.32 1.72
3 segments [12] 3.77 3.49 3.52 3.84 2.81 2.55 2.06 1.47
4 segments [10] 4.04 3.74 3.71 4.03 3.08 2.61 1.78 1.25
5 segments [9] 3.44 3.19 3.25 3.54 2.48 2.27 2.38 1.83
6 segments [31] 3.55 3.28 3.27 3.51 2.59 2.14 2.29 1.74
6 segments [2] 3.53 3.28 3.35 3.64 2.57 2.01 2.30 1.69

Distance (deg) 21.88 21.28 21.98 24.59 15.42 15.28 6.11 5.80
Tsunami data (hour) 3.65 3.40 3.55 3.90 3.00 2.45 2.30 1.80
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Table 5.14 Prediction of the first arrival time for the case of the dynamic rupture.

Prediction of first arrival time (hour)
Station 1 2 3 4 5 6 7 8

2 segments [30] 3.87 3.56 3.47 3.66 2.92 2.09 1.96 1.43
3 segments [2] 3.58 3.31 3.31 3.57 2.62 2.24 2.37 1.76
3 segments [12] 3.86 3.58 3.60 3.92 2.90 2.56 2.14 1.55
4 segments [10] 4.10 3.79 3.77 4.09 3.14 2.62 1.86 1.31
5 segments [9] 3.59 3.31 3.29 3.56 2.63 2.29 2.43 1.90
6 segments [31] 3.62 3.34 3.30 3.54 2.66 2.17 2.36 1.81
6 segments [2] 3.74 3.47 3.39 3.65 2.78 2.01 2.48 1.74

Distance (deg) 21.88 21.28 21.98 24.59 15.42 15.28 6.11 5.80
Tsunami data (hour) 3.65 3.40 3.55 3.90 3.00 2.45 2.30 1.80

5.6 The Analysis of Tsunami Predictions Using Error Metrics
In this section, the accuracy of the tsunami predictions including the maxi-

mum height and the first arrival time is measured by using the error metrics to investigate

the effect of dynamic rupture and the number of multiple fault segments for the tsunami

generation of the 2004 Indian Ocean Tsunami.

This investigation by using the error metrics including the Mean Absolute

Percentage Error (MAPE) and the RootMean Square Error (RMSE), is the different point

of this study from the previous works. In this work, the accuracy of tsunami predictions

by using the error metrics is analyzed and presented as 5.7.1 effect of multiple fault

segments, 5.7.2 effect of dynamic rupture, and 5.7.3 effect of rupture velocity.

5.6.1 Effect of multiple fault segments

The Mean Absolute Percentage Error (MAPE) and the Root Mean Square

Error (RMSE) are used to measure the accuracy of tsunami predictions by comparing

with the tsunami gauge data including the maximum height and the first arrival time

for all of tsunami source characteristics. Then the MAPE and RMSE of the static and

dynamic ruptures for all tsunami source characteristics are plotted with the number of
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fault segments that are presented in Figure 5.25.

We use Figure 5.25 that the accuracy of tsunami predictions is measured as a

percentage to analyze and discuss our simulated results as four points of discussion. The

first point of discussion is the accuracy of tsunami predictions when we use the static and

dynamic rupture of tsunami generation. In this study, we found that the accuracy of the

predicted maximum height of the tsunami is less than the predicted first arrival time for

the cases of static and dynamic rupture. In addition, the MAPE of the dynamic rupture

is totally lower than using static rupture. By using Figure 5.25, we can see the lowest

MAPE of the predicted maximum height is about 46.7 % for the static rupture and 45.4

% for the dynamic rupture while the lowest MAPE of the predicted first arrival time is

about 6.0 % for the static rupture and 5.2 % for the dynamic rupture.

However, this study mainly investigates the significance of dynamic rupture

in tsunami generation. By measuring the absolute residue between MAPE of static rup-

ture and MAPE of dynamic rupture for all tsunami source characteristics, we can notice

and discuss as the second point of discussion. The averaged absolute residue between

MAPE of static rupture and MAPE of dynamic rupture is about 4.0% for the prediction

of the maximum height and 1.0 % for the prediction of the first arrival time. Therefore,

the tsunami predictions including the maximum height and the first arrival time by using

the dynamic rupture of tsunami generation are more accurate than the used of static rup-

ture about 4 centimeters compared with 1 meter of tsunami maximum height and about

0.6 minute by comparing the first arrival time of tsunami in 1 hour.

Thus, these results can be concluded that the dynamic rupture of tsunami

generation is minor significant to the predicted maximum height more than the predicted

first arrival time that is the first priority in a tsunami warning system. It means that if

we focus on only the prediction of the travel time or first arrival time of the tsunami,

the dynamic rupture is insignificant. So the static rupture can be used as the tsunami

generation instead of using the dynamic rupture. However, the used of dynamic rupture

for the tsunami generation can result in the more accuracy of predicted maximum height.

The third point of discussion is the best tsunami characteristic that results in

the highest accuracy of tsunami predictions including the maximum height and the first

arrival time. Considering Figure 5.25, we can see that the MAPE of characteristic of 3
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Figure 5.25 Graph for representation the relation between (a) MAPE and number of

fault segments for predicted maximum height, (b) MAPE and number of fault segments

for predicted first arrival time, (c) RMSE and number of fault segments for predicted

maximum height, (d) RMSE and number of fault segments for predicted first arrival

time.
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(Son) and 4 fault segments are lowest than others tsunami source characteristics for the

prediction of the maximum height about 46.8% and 46.1%, respectively. However, the

MAPE of characteristic of 3 (Son) fault segments is mostly lowest about 5.6 %. Thus,

the tsunami predictions including the maximum height and the first arrival time by using

the tsunami source characteristic of Son et al. (2011) is the best tsunami source in this

tsunami simulation model.

The final point of discussion in this work is the effect of numbers of fault

segment to the tsunami predictions. Notice Figure 5.25 again, it is clear that there is

no trend of MAPE when we vary the number of fault segment. Therefore, the number

of fault segment is insignificant for the accuracy of tsunami predictions. Furthermore,

the accuracy of tsunami predictions is depended on the tsunami source characteristics

that are suitable the specific model of tsunami simulation program. Because this work

uses the Cartesian coordinate system of the nonlinear shallow-water equations without

the Coriolis, dispersion, and bottom friction that our tsunami simulation model relates

to the model of Son et al. (2011) by using the same Cartesian coordinate system of the

nonlinear shallow-water equations but differ in the numerical method for solving.

However, if we will develop this tsunami simulation program by using the

spherical coordinate system, Coriolis, dispersion, and bottom friction, the conclusion of

best tsunami source characteristic may be changed and these physical conditions will be

tested and investigated for the significance of the accuracy of tsunami predictions in the

future works.

5.6.2 Effect of dynamic rupture

To more answer the question of the effect of dynamic rupture, we measure

the Mean Absolute Percentage Error (MAPE) and the Root Mean Square Error (RMSE)

for using static rupture by comparing with the used of dynamic rupture or taking the

tsunami predictions of dynamic rupture as the true solution.

In this section, we choose the MAPE and RMSE by using the tsunami source

characteristics of three fault segments including the characteristic of Son et al. (2011)

to plot with the propagation distance that measures by the location of epicenter of the

Sumatra-Andaman earthquake [3] to the location of tidal gauge stations in Figure 5.26
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Figure 5.26 Graph for representation the relation between (a) MAPE and distance of

tsunami propagation for predicted maximum height, (b) MAPE and distance of tsunami

propagation for predicted first arrival time, (c) RMSE and distance of tsunami propaga-

tion for predicted maximum height, (d) RMSE and distance of tsunami propagation for

predicted first arrival time.
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for the MAPE and RMSE of tsunami predictions.

Considering Figure 5.26, we found the trend of MAPE and the propagation

distance in the tsunami source characteristic of Son et al. (2011) for the predicted maxi-

mum height and the first arrival time. The MAPE of tsunami predictions can be seeming

decreases from 8.79 % to 5.79 % when the propagation distance increases from 5 to 25

deg. Thus, the effect of dynamic rupture may be depended on the propagation distance of

tsunami by the dynamic rupture is insignificant at the far propagation distance. However,

we can not found the relation between the dynamic rupture and the propagation distance

in the others tsunami source characteristics. From of these discussions, we can conclude

that the effect of dynamic rupture on the tsunami predictions including the maximum

height and the first arrival time is not clearly related to the propagation distance.

5.6.3 Effect of rupture velocity

The final investigation of dynamic rupture is the effect of rupture velocity.

In the previous studies of the Sumatra-Andaman earthquake, they found that the 2004

Indian Ocean Tsunami was generated by two phenomena of rupture was called the rapid

slip (by the rupture velocity is about 2.5 km/s) and the slow slip by the rupture velocity

is about 0.75 km/s [3].

Two rupture velocities are used in this work for the tsunami source charac-

teristics of six fault segments by the rapid slip is applied in the characteristic of Rhie et

al. (2007) and the slow slip is used in the characteristic of Lay et al. (2005).

So the Mean Absolute Percentage Error (MAPE) and the Root Mean Square

Error (RMSE) of static rupture for the tsunami source characteristics of six fault segments

[2, 31] aremeasured by comparingwith the tsunami predictions from the used of dynamic

rupture. In addition, the measured MAPE and RMSE are plotted with the variation of

propagation distance as Figure 5.27.

Considering the result in Figure 5.27, the effect of dynamic rupture on the

tsunami source characteristics of six fault segments and the rupture velocity can be dis-

cussed as two points. For the first point of discussion, the relation between the effect of

dynamic rupture and the propagation distance is verified and confirmed that there is no

trend of these relations. Therefore, the effect of dynamic rupture is not clearly depended
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Figure 5.27 Graph for representation the relation between (a) MAPE and distance of

tsunami propagation for predicted maximum height, (b) MAPE and distance of tsunami

propagation for predicted first arrival time, (c) RMSE and distance of tsunami propaga-

tion for predicted maximum height, (d) RMSE and distance of tsunami propagation for

predicted first arrival time.
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on the propagation distance for the case of tsunami source characteristics of six fault

segments.

The effect of rupture velocity is then discussed as the second point in this

section. Notice the MAPE of tsunami predictions in Figure 5.27, we can see that the

MAPE of the maximum height and the first arrival time by using the tsunami source

characteristic of Lay et al. (2005) are higher than the tsunami source characteristic of

Rhie et al. (2007). This investigation means that the rupture velocity of slow slip may

be affects the dynamic rupture more than the rupture velocity of rapid slip. If we use the

rupture velocity as the slow slip, so the dynamic rupture is significant to the accuracy of

tsunami predictions. On the other hand, the rupture velocity of rapid slip does not much

affect the effect of dynamic rupture. So if we use the rupture velocity as the rapid slip,

the dynamic rupture do not perturb the accuracy of tsunami predictions. That means the

accuracy of tsunami predictions by using dynamic rupture is not difference the used of

static rupture.

By using these discussions, we can conclude that the effect of rupture veloc-

ity affects the significance of dynamic rupture by the slow slip can cause more than the

rapid slip. If we use the rupture velocity as a slow slip, the effect of dynamic rupture is

significant to the accuracy of tsunami predictions more than using the static rupture.

5.7 Conclusions
The rupture process and themultiple fault segments of the Sumatra-Andaman

earthquake are used to study the effect of dynamic rupture and the number of fault seg-

ments for the 2004 Indian Ocean Tsunami in this work. The finite difference version of

TIME program, which solves the nonlinear shallow-water equations, is used to simulate

the tsunami propagation in a domain of the Bay of Bengal.

In this simulation, the properties of the tsunami can be predicted as the time

series of sea surface elevation or tsunami profiles at tidal gauge station. Furthermore,

the accuracy of tsunami predictions including the maximum height and the first arrival

time can be measured by using the error metrics called the Mean Absolute Percentage
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Error (MAPE) and the Root Mean Square Error (RMSE) that compared with the tsunami

gauge data of the 2004 Indian Ocean Tsunami. From our investigation, we can conclude

the effect of dynamic rupture and the number of fault segments by the following.

The first point is the effect of dynamic rupture in the tsunami simulation. In

this experiment, the tsunami predictions including the maximum height and the first ar-

rival time are compared the accuracy by using the tsunami gauge data in terms of MAPE

and RMSE. By the result of comparing, we found that the dynamic rupture can affect

as a minor effect in the accuracy of predicted maximum height more than the predicted

first arrival time about 4.6 % of MAPE for all cases of tsunami source characteristics.

In addition, we found that the accuracy of tsunami predictions by using the

dynamic rupture instead of the static rupture is related to the propagation distance be-

tween the location of tsunami source and tidal gauge station for the only case for tsunami

source characteristic of three fault segments [12]. However, we can not found this rela-

tion in the others tsunami source characteristics. Thus, the effect of dynamic rupture is

not clearly depended on the propagation distance.

The second conclusion is the effect of rupture velocity. We found that the

rupture velocity is significant to the static and dynamic ruptures by the rupture velocity

of slow slip quite affects the dynamic rupture more than the rupture velocity of rapid slip.

For the slow slip of rupture velocity, the dynamic rupture is significant to the accuracy of

tsunami predictions by the error of 24.9% for the prediction of maximum height and 7.4

% for the prediction of first arrival time. On the other hand, the rupture velocity of rapid

slip does not affect the effect of dynamic rupture by considering the error of predicted

maximum height about 4.6% and the predicted first arrival time about 3.4%. Therefore,

the effect of rupture velocity affects the significance of dynamic rupture by the slow slip

can cause more than the rapid slip. If we use the rupture velocity as a slow slip, the effect

of dynamic rupture is significant to the accuracy of tsunami predictions more than using

static rupture.

The last conclusion is the effect of multiple fault segments. The best tsunami

source characteristic that results in the high accuracy of tsunami predictions including

the maximum height and the first arrival time for TIME program is the characteristic

of three fault segments used in the work of Son et al. (2011). Furthermore, we found
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that the increase of fault segments of tsunami source characteristics cannot induce the

accuracy of tsunami predictions including the maximum height and the first arrival time.

Thus, the accuracy of tsunami predictions is depended on the tsunami source character-

istic that is suitable the specific model of tsunami simulation program. In addition, we

can see that the tsunami source characteristic of three fault segments [12] is suitable to

the TIME program that solving the nonlinear shallow-water equations in the Cartesian

coordinate system. In the future works, the best tsunami source characteristic can be the

other tsunami source characteristics by the development of tsunami simulation program

in the conditions of the spherical coordinate system, Coriolis, dispersion, and bottom

friction.
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#

CHAPTER VI

CONCLUSIONS

#

#

6.1 Tsunami Simulation Programs
There are many tsunami simulation programs to use for the 2004 Indian

Ocean Tsunami including FUNWAVE and TIME programs. Because of the limitation of

FUNWAVEprogram about the rupture process of the Sumatra-Andaman earthquake used

as tsunami source characteristics, I have to implement own tsunami simulation program

called Tsunami Implementation for Multiple segments of Earthquake (TIME) program

by solving the nonlinear shallow-water equations with the finite difference method. The

TIME program is validated by the problems of Gaussian hump in flat domain and mul-

tiple segments of tsunami source in real domain. The tsunami predictions contained the

maximum height and the first arrival time are compared with the FUNWAVE program

to investigate the accuracy of tsunami predictions. By the simulated results, we found

that TIME program results in the fairly accuracy of tsunami predictions in the case of

propagating Gaussian hump by 8.0 % and 0.7 % of errors for the predicted maximum

height and the first arrival time, respectively, and in case of propagating 2004 Indian

Ocean Tsunami by the error of 7.6 % and 1.0 % for the maximum height and the first

arrival time, respectively.

However, the finite difference version of TIME program fails the validation

tests by the dam-break problem. this is the limitation of TIME program that can not

capture the shape of shock wave in tsunami propagation. Thus, we improve the TIME

program by solving the conservative form of nonlinear shallow-water equations with

the finite volume method. The finite volume version of TIME program successes the

validation tests of dam-break problems in 1D and 2D case by the comparison with the

exact solution to the dam-break.
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6.2 Effect of Grid Spacing And Coordinate System
The FUNWAVE program is used to investigate the effect of numerical grid

spacing and coordinate system to the accuracy of tsunami predictions. In this study, we

found that the numerical grid spacing affects the accuracy of tsunami predictions in the

case of real domain by 26.2 % and 2.6 % of errors for the predicted maximum height

and the first arrival time, respectively. Furthermore, the choice of coordinate system

in tsunami simulation affects the accuracy of tsunami predictions about 22 % and 6 %

of errors for the maximum height and the first arrival time. In addition, the effect of

coordinate system is related to the propagation distance.

6.3 Effect of Multiple Fault Segments And Dynamic Rupture
The finite difference version of TIME program is used to simulate the 2004

Indian Ocean Tsunami for investigation of the effect of multiple fault segments and dy-

namic rupture. The 7 characteristics of tsunami source are used in this study. We found

that the accuracy of tsunami predictions is depended on the suitable tsunami source char-

acteristics to their tsunami simulation program. The best tsunami source characteristic

for the TIME program is the tsunami source of 3 fault segments that results in the error

of 46.8% and 5.6% for the predicted maximum height and the first arrival time, respec-

tively. Then the result of 3 fault segments is used to investigate the effect of dynamic

rupture. We found that the effect of dynamic rupture is insignificant to the accuracy of

tsunami predictions by the errors in maximum height and the first arrival time were 4.6

% and 0.8 %, respectively. In addition, this effect may be depended on the propagation

distance of tsunami by the dynamic rupture is significant at the far propagation distance.

Furthermore, the effect of rupture velocity affects the significance of dynamic rupture

by the slow slip ( 0.8 km/s) can cause more than the rapid slip (2.5 km/s).
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SOLVING 2D DAM-BREAK USING FINITE VOLUMEMETHOD

#

#
The failure test of TIME program by the problem of dam-break is improved

in this section by solving the nonlinear shallow-water equations with the finite volume

method. This section is consists of the procedure of solving the nonlinear shallow-water

equations, the experimental setting contained by the problem of vertical wall, Gaussian

hump, and circular tank in flat domain, and the simulate results by comparing with the

exact solution [58, 59].

Solving by Finite Volume Method
Because the finite volume method requires the conservative form of the gov-

erning equations, so the non-conservative form of nonlinear shallow-water equations

used in the previous work (solving with the finite difference method) must be conversed

into the conservative form [67, 11, 12] that can be written as

∂H

∂t
+

∂

∂x
(uH) +

∂

∂y
(vH) = 0, (A.1)

∂

∂t
(uH) +

∂

∂x

(
u2H

)
+

∂

∂y
(uvH) +

∂

∂x

(
1

2
gH2

)
= 0, (A.2)

∂

∂t
(vH) +

∂

∂x
(uvH) +

∂

∂y

(
v2H

)
+

∂

∂y

(
1

2
gH2

)
= 0, (A.3)

where η is a sea-surface elevation, u, v are the horizontal velocities, g is the acceleration

due to the gravity, H is the total water column by H = η + d where d is an undisturbed

oceanic depth.
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These equations can be written in the compact form as

∂U
∂t

+
∂F
∂x

+
∂G
∂y

= 0,

where

U =


H

uH

vH

 , F =


uH

u2H + 1
2
gH2

uvH

 , G =


vH

uvH

v2H + 1
2
gH2

 .

To solve the nonlinear shallow-water equations by the first-order upwind

scheme in finite volume method [68, 59], the compact form of shallow-water equations

rewritten in the conserved variable version, U, as the following equation.

∂U
∂t

+ A
∂U
∂x

+ B
∂U
∂y

= 0, (A.4)

where matrices A and B are the Jacobian matrix that described by

A =
∂F
∂U

=


0 1 0

−u2 + gH 2u 0

−uv v u

 ,

B =
∂G
∂U

=


0 0 1

−uv v u

−v2 + gH 0 2v

 .

The metricsA and B can be combined into the Jacobian matrix J to find their

eigenvalues and corresponding eigenvectors that can be written as

λ1 = λ2 −
√
gH, λ2 = unx + vny, λ3 = λ2 +

√
gH, (A.5)
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and

e1 =


1

u−
√
gHnx

v −
√
gHny

 , e2 =


0

−
√
gHny

√
gHnx

 , e3 =


1

u+
√
gHnx

v +
√
gHny

 . (A.6)

These of the eigenvalues and the corresponding eigenvectors are used to con-

struct the matrix Λ and R by

R =


1 0 1

u−
√
gHnx −

√
gHny u+

√
gHnx

v −
√
gHny

√
gHnx v +

√
gHny

 , Λ =


λ1 0 0

0 λ2 0

0 0 λ3

 .

Thus, the Jacobian matrix (J) can be decomposed in terms of the eigenvalue

and eigenvector metrics as

J = RΛR−1.

Finally, we can solve the flux function (F) by

∂F
∂x

= J
∂U
∂x

= RΛR−1∂U
∂x

. (A.7)

Roe (1981) proposed the approximate Riemann solver based on the Godunov

scheme by considering the propagation of information. The Roe solver is used to solve

the intercell numerical flux (Fi+ 1
2
) at the interface between computational cell Ui and

Ui+1 called UL and UR, respectively. Thus, the Jacobian matrix J is rewritten in terms

of the approximated Jacobian matrix J(UL,UR). Now, the numerical flux can be solved

by the Roe solver as

Fn
i−1/2 =

1

2
[FR + FL]−

1

2

[
(R̄|Λ̄|R̄−1)(UR − UL)

]
, (A.8)
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where R̄ is the averaged value of eigenvector matrix and Λ̄ is the averaged

value of eigenvalue matrix that using the average ū, v̄, and c̄ as

ū =
uL

√
HL + uR

√
HR√

HL +
√
HR

, v̄ =
vL
√
HL + vR

√
HR√

HL +
√
HR

, c̄ =

√
1

2
g(HL +HR).

Finally, the numerical fluxes in the equation A.4 are solved by the Roe solver

that can be written as

Fn
i−1/2 =

1

2
[FR + FL]−

1

2

[
(R̄|Λ̄|R̄−1)(UR − UL)

]
i−1/2

, (A.9)

Gn
j−1/2 =

1

2
[GR +GL]−

1

2

[
(R̄|Λ̄|R̄−1)(UR − UL)

]
j−1/2

. (A.10)

In addition, the temporal derivative in equation A.4 is solved by the first-

order forward Euler scheme [69] that can be written as

Un+1
i,j = Un

i,j −
∆t

∆x

[
(Fn

i+1,j − Fn
i,j) + (Gn

i,j+1 −Gn
i,j)
]
. (A.11)

Experimental Setting
The problems of dam-break in 1D and 2D are also used to validate and im-

prove the TIME program that uses the finite volume method for solving the nonlinear

shallow-water equations. Furthermore, the Gaussian hump is used to test the perfor-

mance of the new version of TIME program in 1D case (Figure A1). The experimental

setting of these problems can be explained as the following.

First test in the new version of TIME program is 1D dam-break. Physical

domain covers the location of −10 m to 10 m that contains the 1, 000 numerical grid

points. The numerical grid spacing is used as 0.02 m and the bathymetry is flat with the

height of 1 m. The vertical wall is located at the center of the domain and the left-side

of the wall contains the water with the height of 3 meters. Furthermore, the acceleration
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due to gravity (g) is equal to 1 m/s2 for only this case.

Figure A1 The initial conditions used for improvement of TIME program by (a) vertical

wall used in the test of 1D dam-break, (b) Gaussian hump used in the test of propagation

in 1D, (c) circular tank used in the test of 2D dam-break.

The second test is the propagation of Gaussian hump in 1D. Physical domain

is still same in the first problem, but the vertical wall is replaced by Gaussian hump with

the height of 1.4 m.

The last test of this improvement is the problem of 2D dam-break. The phys-

ical domain is designed by the square domain of −20 to 20 m along the x- and y- axis.

This domain contains the 200× 200 numerical grid points. The numerical grid spacing

is used to 0.25m in both x- and y- directions. The bathymetry is also flat with the height

of 0.5 m. The circular tank is located at the center of the domain and contains the water

with the height of 2 meters.

Result of Dam-Break in 1D
For the 1D dam-break problem, we set the total interval time to 2 seconds by

the time step size is 0.001 second. At the beginning of simulation, this vertical wall is
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Figure A2 The value of total water column (H) at several interval time by (a) the ex-

act solution (LeVeque, 2004), (b) simulated result by improvement version of TIME

program.

Figure A3 The value of uH at several interval time by (a) the exact solution (LeVeque,

2004), (b) simulated result by improvement version of TIME program.
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suddenly removed that roles as a breaking dam. So the water in the dam flows into the

lower regions by the snapshots of propagating are presented in Figures A2 and A3 for

the value of H and Hu, respectively.

Result of Gaussian Hump in 1D
For the problem of Gaussian hump in 1D, we set the total interval time to

3 seconds by the time step size is 0.05 second. The snapshots of propagating Gaussian

hump are presented in Figures A4 and A5 for the value of H and Hu, respectively.

Result of Dam-Break in 2D
The third test is the circular dam-break in 2D. We set the total interval time

as 3 seconds by the time step size of 0.01 sec. The snapshots of propagating wave when

this dam breaks are presented in Figures A6, A7, and A8 at the interval time of 0.1, 0.5,

and 1.0 second by comparing with snapshots of this dam using FUNWAVE program and

the result in Amiri et al. (2013).

All of simulated results of 1D vertical wall dam, 1D Gaussian hump, and 2D

circular dam, we can see that the results of improve version of TIME program is similar

to the exact solution and the referenced results. Thus, the performance of new version of

TIME program is successful in the test of dam-break problem. However, this version of

TIME program can be used only the problems with flat bathymetry that is the limitation

of TIME program. To use the new version of TIME program in others problem, the

source term due to varying bathymetry must be applied in this program.
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Figure A4 The value of total water column (H) at several interval time by (a) the ex-

act solution (LeVeque, 2004), (b) simulated result by improvement version of TIME

program.
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Figure A5 The value of uH at several interval time by (a) the exact solution (LeVeque,

2004), (b) simulated result by improvement version of TIME program.
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Figure A6 Side view of propagating circular dam by (a), (b) the simulated result (Amiri

et al., 2013) used as the exact solution, (c), (d) simulated result by FUNWAVE program,

(e), (f) simulated result by improvement version of TIME program.



Pawin Sitsungnoen Appendix / 154

Figure A7 Top view of propagating circular dam by (a), (b) the simulated result (Amiri

et al., 2013) used as the exact solution, (c), (d) simulated result by FUNWAVE program,

(e), (f) simulated result by improvement version of TIME program.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Physics) / 155

FigureA8Cross-section view of propagating circular dam by (a), (b) the simulated result

(Amiri et al., 2013) used as the exact solution, (c), (d) simulated result by FUNWAVE

program, (e), (f) simulated result by improvement version of TIME program.
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