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Abstract

Dreadful damages was caused by tsunami waves in several coastal areas in
this world. Especially tsunami in 2004, the tsunami gave damage to infrastruc-
tures in coastal area and caused about 230,000 numbers of human casualties
at several countries such as Indonesia, Sri Langka, Thailand, and India. One
decade after the 2004 tsunami, about seven big earthquake such as the Nias
and Simeulu tsunami on 2005, Mentawai island tsunami on 2010, and on 2012
have been occurred in Sumatra subduction zone. That tsunamis caused dif-
ferent impact in Indonesia especially along the coastal areas of Aceh Province.
The reflected tsunami wave in Pulo Raya Island during the 2004 tsunami able
to caused massive impact toward the lee side of the island. The tsunami
wave amplification have been happened toward several cities in western coast
of Aceh such as Meulaboh, Tapaktuan, and Singkil due to influence of small
island that located in front of the cities.

The tsunami waves also have caused significantly morphological changes in
coastal area such as could separate a mainland and leave the small amount
of the mainland at the sea which change it become a new small island. This
indicated the tsunami waves have the strong force which it could be erode the
sediment at the bottom of the sea and the land. The form of dark-murky water
which witnesses by the local community who survive from the Indian Ocean
Tsunami evidences that tsunami waves which come to the shore brought the
large number of sediment to mainland while run-up.

Following this series of tragic events, which caused huge losses of life and
enormous damage to infrastructure, several researchers developed a numeri-
cal model to gain a greater understanding of tsunami wave process from its
generation until inundation to the coastal areas. The numerical simulation be-

comes one method which widely was used by several researchers to investigate
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tsunami wave impact toward the coastal area. Therefore, several mitigation
process were derived from the simulation results such as estimated of inunda-
tion area (EIA) and estimated time of arrival (ETA). The EIA and ETA data
were used by several country to create tsunami hazard map and incorporate
with the tsunami early warning system. However, other tsunami mechanism
such as sediment transport is rather not consider in the tsunami simulation
model. The sediment transport is one of important things in process of tsunami
mitigation such as to study about the coastal morphological changes, recovery

process after tsunami, and tsunami deposit.

Chapter One illustrates the impact from tsunami wave toward coastal area
of Aceh Province. The previous studies on tsunami wave impact, the reflected
wave effect, the small island influence, and morphological changes are summa-

rized.

In Chapter Two, a general information about numerical model and equa-
tions such as shallow water, sediment transport, and bottom level changes
formula that applied are summarized. Several cities in Aceh Province such as
the western coast of Aceh Province and Pulo Raya island as a large domain
and Banda Aceh as a small domain were used as study case. The large do-
main was investigated by observing the wave propagation process toward the
coastal area by using the COMCOT model. The coastal morphological changes
was investigated by coupling a hydrodynamic model with a sediment trans-
port module on Banda Aceh city as the small domain. The Cornell Multigrid
Coupled Tsunami Model (COMCOT) was coupled with the XBeach Model
to simultaneously simulate sediment transport and the hydrodynamic process

during the tsunami. The coupled model is known as COMCOT-SED.

In Chapter Three, the numerical simulation of the 2004 Indian Ocean

Tsunami were validated, analyzed, and discussed. The satellite measurement,
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field observation, and geospatial information data were applied to validate
the simulation results for large and small domain. The results show that the
simulation results have a good agreement with the observation data. The prop-
agation process results also show different characteristic toward the western
cities and Pulo Raya island as the large domain. The COMCOT-SED model
indicated that coastal area of Banda Aceh city as the small domain received
massive morphological changes impact due to the 2004 tsunami.

In Chapter Four, the influence of the small island against tsunami wave
is investigated through a numerical simulations. Past and hypothetical earth-
quake have been applied to investigate the influence of the small island. Small
changes of the location of epicenter in future tsunami will result in different
tsunami impact along Sumatra Island due to the influence of small island.
The hydrodynamic processes of reflected tsunami waves and their impact on
Pulo Raya Island are also investigated with the numerical model. The simu-
lation confirms eyewitness accounts that it was not the initial run-up, but the
reflected waves that devastated the worst-hit areas of the island.

In Chapter Five, major findings, conclusions, and recommendation ob-

tained in this study are summarized.
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Chapter 1

Introduction

1.1 Backgrounds

Tsunamis have caused significant damages to coastal areas worldwide. The
big earthquake that generates destructive tsunami was occurred on December,
26th 2004 with magnitude about My, = 9.1. This quake was occurred after
about 100 year since the big earthquake in 1907 at the Sumatra subduction
zone. Along that time, the quake with magnitude My, > 7.5 did not occurred.
Less information and education regarding this mega disaster had caused mas-
sive damaged infrastructures in coastal area and caused about 230,000 fatalities

mainly in Indonesia, Sri Lanka, Thailand, and India.

Less than 3 months after the big tsunami in 2004, an earthquake occur-
rence does not start to stop. The stress given by the great earthquake on 2004
activated an adjacent segment of the fault on 2005. In just a decade based on
the historical data (USGS| 2014)), the number of earthquakes around Sumatra
subduction zone that occurred within the time period 2004-2014, with magni-

tude greater than My, > 5, and hypocenters shallower than 40 km were about

1
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3395 as shown in Figure Among these earthquakes, four big tsunamigenic
earthquakes with magnitude over My, > 8 as indicated by red circle in Figure
Figure [1.1] were occurred along Sumatra subduction zone such as the Indian
Ocean tsunami on December 26, 2004, the Nias and Simeulu islands tsunami

on March 21, 2005, the Mentawai island tsunami on October 25, 2010, and the

e Mw (5-6) © Mw (6-8) ® Mw (> 8)
3155 events 235 events 5 events

80° 85° 90° 95° 100° 105°

Figure 1.1: Historical earthquakes within the time period 2004-2014 (USGS,

)
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biggest strike-slip earthquake on November 4, 2012 (Duputel et al., 2012]).

The earthquakes that occurred at Sumatra subduction zone itself caused
different impact along the coastal area in Aceh Province. Such as at the west-
ern cities of Aceh namely: Meulaboh, Tapaktuan, and Singkil, The tsunami
wave in 2004 and 2005 did not give significant damage on Tapaktuan city due
to existing of the small island. In another hand, the tsunami waves in 2004 and
2005 were caused massive damage in Meulaboh and Singkil. This condition
caused difficulty to carry out any disaster mitigation program such as prepares
an escape route, an escape building, etc in order to prevent the tsunami hazard

at Tapaktuan city (Syamsidik et al., | 2015b)).

Minor mitigation activity from the local government can decrease awareness
and preparedness of local community at Tapaktuan toward the tsunami disas-
ter. A study to understand the impact of the tsunami wave at the mainland
due to existing of the small island is necessary to be resolved. Few research to
date has discussed on the influence of an isle group especially an island with a
long shape such as the Simeulu Island which located in front of Tapaktuan to-
ward the tsunami wave. The recent researches showed that the small offshore
island can be act as an amplification of wave energy to the mainland. This
condition was proofed by the Mentawai Island tsunami on 2010 as shown in

Figure [1.2] (Hill et al) 2012).

The tsunami waves impacted not only mainland areas but also small islands
many of which experienced major damage. Impacts of the 2004 Indian Ocean
tsunami on small islands often received less attention than the mainland area.
Tsunami mitigation on small islands is difficult. These islands offer limited

evacuation areas and are located close to tsunamigenic sources. In some cases,
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tsunami height (m)

100.10 100.15 100.20 100.25

Figure 1.2: Simulation of the maximum wave height during the Mentawais
2010 tsunami. Significant run-up is observed on the coastal areas behind the
small offshore islands (Hill et al., 2012).

small islands in Indonesia are even isolated from the national tsunami early

warning system (Syamsidik and Istiyanto, 2013). Past tsunami events, such

as the 1992 Flores Island tsunami and the 1993 Hokkaido Island tsunami,

caused massive damage on the lee sides of small islands (Yeh et al., |1993|

1994} Liu et al. [1995). Post-tsunami survey data showed that the tsunami

runup was significantly higher on these islands. By using numerical simulation

and observation data, (Imamura et al.,[1995)) found that the reflected tsunami
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waves were the main cause of the worst impacts on the southern coast of
Babi Island during the Flores Island tsunami as indicated in Figure [1.3] The
tsunami that hit the Mentawai Islands in 2010 had the same impacts as those
that hit the Flores and Hokkaido islands. The tsunami waves were amplified

around the lee side of the small island instead of being reduced by the island.

Tsunami wave also can cause severe change to coastal morphology. Nev-
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Figure 1.3: Water elevation contours with intervals of 1 m and current vectors
around Babi Island. The first wave was reflected along the northern shore of
Flores Island 8 minutes after the earthquake and attacked the southern coast
of Babi Island (Imamura et al., |1995)).
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ertheless the latest developments in tsunami engineering, we still do not fully
understand the massive sediment transport that occurs during tsunami waves.
The 2004 Indian Ocean tsunami that eroded a large part of coastal areas in
affected coasts provides important evidence on tsunami sediment transport.
However, large-scale simulations investigating the sediment transport process
are still rare. The hydrodynamics of tsunami waves can result in massive
destruction of coastal areas (Sugawara et al., 2014; Gusman et al 2018} On-
towirjo et al} [2013)). Previous research has mainly focused on morphological
changes from the tsunami wave by observing the change based on satellite
images, aerial photo, and field measurements (Richmond et al., [2012; Tappin
et al, 2012; [Tanaka et al., [2012; Syamsidik et al., 2017a)). On the other hand,
very few numerical investigations of beach profile changes caused by tsunami

waves have been performed (Ramalho et al., [2018; Yamashita et al., [2016)).

In recent decades, tsunami numerical simulations have been developed by
applying a hydrodynamic model to simulate a tsunami wave, from its genera-
tion and propagation until inundation, such as Method of Splitting Tsunami
(MOST) (Titov and Synolakis, 1998]), Tohoku University’s Numerical Analy-
sis Model for Investigation of Near-field tsunamis (TUNAMI-N2) (Goto et al.,
1992), Cornell Multigrid Coupled Tsunami Model (COMCOT) (Liu et al.
1995; Wang, [2009). These model were open sorece models and developed
based on Shallow Water Equations (SWE). However, MOST model did not
consider a bottom friction. Therefore, this model usually used for worst case
scenario. In another hand, TUNAMI-N2 and COMCOT models have been

applied the bottom friction in its calculation.

Several benchmark studies for COMCOT model were conducted in previ-

ous studies to evaluate the numerical model’s validity with analytical solution,

6
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laboratory, and field measurements (Wijetunge et all 2008 Wijetunge, 2009;
Liu et al. [1995; Wang| 2009; Wang and Liu, 2007; Megawati et al.. 2009).
The COMCOT model has been used to estimate the inundation area and
time of arrival known as Estimate of Inundation Area (EIA) and Estimated
Time of Arrival (ETA), which contributes to the mitigation concept of creat-
ing a tsunami hazard map and incorporation with a tsunami early warning

system (Syamsidik et al. 2015b).

However, these model such as COMCOT and TUNAMI-N2 did not consider
the morphological changes and sediment transport when the tsunami wave
propagate in nearshore area in it’s calculation. Many tsunami witnesses and
measurement studies were observed that the tsunami wave able to bring the
sediment in high velocity (Lavigne et al., 2009; Bourgeois, 2009). Currently,
there are several the tsunami models that employed the sediment transport to
investigate the morphological changes due to tsunami wave such as the model
that developed by (Simpson and Castelltort, [2006; Xiao et al., 2010; Sugawaral,
2004; Takahashi et al., 2001; |Goto and Imamura, [2007; |Apotsos et al. 2011
Nakamura et al.; 2009). These model have been validated by using laboratory

experiment and real case event.

Nonetheless, there are several demerit from the previous model such as
cannot handle mixed grain sizes, the large and small domain are simulated
separately which apply just hydrodynamic and both of hydrodynamic and
sediment transport, and limited to be used for small and moderate tsunami
with wave height around 5-10 m. The COMCOT-SED model that developed
by (Liet al.l2012) was applied to simulate the tsunami wave induced sediment
transport. This model have been improved from the previous study such as

able to simulate the tsunami wave induced sediment transport with mix grain

7
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size, simulate with multi grid size simultaneously, and able to simulate with

tsunami wave height more than 15 m.

Unlike the 2011 Great East Japan Earthquake and Tsunami that moti-
vated a number of sediment transport studies, the effects of the 2004 Indian
Ocean tsunami waves on Banda Aceh’s coastal morphology have not been fully
analyzed despite the severe damage. So far, the coastal morphological changes
in Banda Aceh have been analyzed by observing the change from the satellite
imagery and measurement data as shown in Figure[1.4] (Meilianda et al., [2010;
Griffin et al., 2013; Syamsidik et al., 2015a, 2017b)).

The 2004 Indian Ocean tsunami has been studied to examine the effects
of severe coastal erosion (Paris et al., 2009; |Goto et al., [2011). It detached a
headland and created a small island in the case of Ujong Seudeun of Aceh|Al’ala;
et al| (2015) and Pulo Raya Island (Rasyif et al., 2016). A coastal area, which
had been occupied by a local community in Pulo Raya Island, was eroded by
the tsunami wave. After the 2004 disaster, these areas were left unpopulated
because the local community felt that returning was unsafe (Rasyif et al.,
2016). This shows that the morphological changes due to the tsunami resulted

in dramatic changes that affected the coastal community (Rasyif et al. |2016).

Considering the above condition such as small island influence, reflected
wave effect in Pulo Raya Island, and morphological changes that happened
in Aceh Province, tsunami mitigation is especially important. In Indonesia,
most of the small islands such as the Weh, Pulo Aceh, Banyak, Mentawai,
and Enggano islands are populated. There are a lot of cities in the main
island that located behind of the small offshore island. Almost coastal areas in

Aceh Province is still in natural condition without any protection. The local

8
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Figure 1.4: Land use of Banda Aceh in 2004: a) before and b) after the Indian
Ocean tsunami (Syamsidik et al., |2017b|).
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community also settled near to the coastal areas.

1.2 Purpose of the Research

The goal of this study is to enhance the local community awareness and
preparedness toward the tsunami hazard especially in Aceh province, Indone-

sia. Therefore, this study aims as follows:

1. To performing a comprehensive investigation of the effects of the small
island on the tsunami wave height at the mainland which is directly

protected by the isle.

2. To investigate the hydrodynamic process of reflected tsunami wave on

small islands.

3. To investigate the morphological changes in Banda Aceh city as small

domain due to the tsunami wave in 2004.

1.3 Outline of Thesis

The outline of this thesis is as follows.

e Chapter 1 describes overall thesis contents, which includes the back-
ground for doing research in the field of tsunami numerical simulation

and briefly explains the purpose of the research.

e Chapter 2 describes general information about numerical model, study

area, and input data that used for simulation.

e Chapter 3 describes about verification process and investigate the Indian

Ocean tsunami impact toward Aceh Province for large and small domain.

10
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e Chapter 4 investigates the influence of small island and reflected wave
along Sumatra island based on the numerical simulation for tsunami

disaster reduction.

e Chapter 5 is the final chapter. It describes the conclusion that can be
drawn based on the results and also followed by the potential future

work.
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Chapter 2

Numerical Model for Tsunami

2.1 General Information about Numerical

Model

The sediment transport is simulated by applying the XBeach model.
XBeach model is open source code that had been developed by (Roelvink
et al., 2010). Such as the COMCOT, XBeach model able to simulate wave
propagation and inundation. An advantage over COMCOT, XBeach model
also capable to simulate the sediment transport and morphological changes
under various wave and flow condition. Several analytical solutions, large
scale laboratory experiments, and several field observation had been applied
to testing the model validity. However due to its high demand on computer

resources for high spatial resolution, XBeach is just adopted for small areas.

COMCOT model is coupled with XBeach model by (Li et al., 2012b) to
simulate the tsunami wave hydrodynamic process and sediment transport with

high efficiency and accuracy. Therefore, COMCOT-SED model is capable to
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Figure 2.1: Skech of nested grid setup in COMCOT-SED model.

simulate the tsunami wave from its generation, propagation, inundation, and
morphological changes. The coupled model is named as COMCOT-SED. The
sediment transport calculation in XBeach model is included into the inner most
layer of COMCOT model. A sketch of nested grid setup in COMCOT-SED
model can be seen in Figure A buffer area is applied as a transitional area
to minimize a sudden change effect on the boundary between the innermost

and its parent layer.

2.1.1 Shallow water equations

A set of linear and non-linear shallow water equations (SWEs) were applied
to the COMCOT-SED model to calculate the water surface elevation and vol-
ume flux. Both equations are available with spherical or cartesian coordinate

systems. In the linear SWEs with spherical coordinates in a large area, the
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Coriolis effect due to the earth’s rotation is included. In the local simulation
area, the non-linear SWEs with the cartesian coordinate system is adopted.
The cartesian coordinates, with non-linear SWEs on the innermost layer, must
be used to apply the sediment calculation in the COMCOT-SED model. The
linear SWE equation for cartesian coordinate system formulated in COMCOT

is as follows (the detail equations can be see in (Wang, 2009)):

@+8(Hu)+8(H'U) Oh

ot ' o oy ot 2.1)
% +yg % =0 (2.2)

a;” + ghg—z —0 (2.3)
H=n+h (2.4)

where 7 represents the water surface elevation. h is the water depth. H is
the total water depth. u and v are depth averaged velocities in the z and y

direction, respectively. g is the gravitational acceleration. ¢ is time.

Meanwhile, the nonlinear SWEs employed by COMCOT-SED are formu-

lated as follows:

on _ o 2
o or T oy ot (2:5)
ou ou ou an

gu 0 0 o 2
ot Tlar TV T T g (2:6)
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ov ov v Oy
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2

It 2 = 0 (2.8)

x:H4/3
O L7 B 2.9
v = a3V u? 4?2 = (2.9)

where F, and F represent the bottom friction in the x and y direction. n is

Manning’s coefficient for bottom roughness.

2.1.2 Moving boundary scheme

The moving boundary scheme just able to be used for non-linear calculation
in COMCOT-SED model. The initial conditions for water level and volume
flux is zero in COMCOT-SED model. In the COMCOT-SED, the water area
indicates with positive value. While, the land area indicates with negative
value. Several algorithms will be determine whether a calculation point is dry
or submerged by evaluating the value of total water level (H). Figure
illustrates the logic in model when the total water level at the shoreline have
value more than zero (H > 0). Several logic that will be happened are as

following:

o If H 1y <0 and h;y1 + n; > 0, then the shoreline remains between grid
points 7 and ¢ + 1 and the volume flux Hu,; 1/, remains zero (Figure );

o If H,\1 <0and h;s1 + n; > 0, then the shoreline moves to between grid
points ¢ + 1 and ¢ + 2 and the volume flux Hu, /2 may have a nonzero

value, while Hu;,3/5 is assigned to be zero. The flooding depth is Hy =

Hiyy + n; (Figure R.1p);
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Figure 2.2: A sketch of moving boundary scheme (Wang, 2009)).
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e If H;\y > 0, then the shoreline moves to between grid points ¢ + 1 and
i + 2. The volume flux Hu;,1/2 and Hu,y3/» may have a nonzero value.

The flooding depth is Hy = max(H;1 + n;, Hipq 4 7;,+1) (Figure2.1k).

2.1.3 Sediment Model

The sediment calculation is based on the XBeach Model version 6 (Roelvink
et al 2010). Xbeach is applied to a depth-averaged advection—diffusion equa-
tion according to (Galappatti and Vreugdenhil, [1985) to calculate a sediment

concentration as shown in Equation (2.8).

aglto + agf“ + 8];[;1) + a% (DhH%) + a% (DhH%) _ HC, = HO Cequ He

(2.10)
where C' represents the depth-averaged concentration of suspended sediment;
Dy, is the sediment diffusion coefficient. A default value of D;, = 1.0 was
selected. Ty is the adaptation time of sediment concentration that is calcu-

lated based on total water depth (H) and sediment fall velocity (w;) as in the

following equation:

H
T, = max (fTS—, T&mm) (2.11)
w

where fr, is a correction and calibration factor. frs has a range and a default
value of about 0.01-1 and 0.1, respectively. The default value of fry = 0.1 was
adopted in the simulation. Ty ,,;, is the minimum adaptation time. T ,,;, has
a range and a default value of about 0.01-10 and 0.5, respectively. T ,in =
0.2 was adopted in the simulation. These parameters were applied following

previous studies (Li et al. 2014; Li and Huang, 2013]).
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Ceq represents the equilibrium sediment concentration calculated according

to (Li et al., |2012a) as the following approximation:

_ qs + Qv
|ul H

Chq (2.12)

where ¢, is the sediment volume flux for the suspended load, g, is the sediment
volume flux for the bed load, and |u| is the magnitude of the depth-average
velocity. The volume fluxes for the suspended and bed loads were calculated

based on (Soulsby, (1997) as the following expressions:

‘u’ — Uer 24 d50 —0.6
s = 0.012|u|H — | D™ 2.13
q |U,| ([(S _ 1) gd50]1/2 H * ( )
0.005 ] H [ -4 = ter () (2.14)
= 0.005|u — :
& (s—Dgdw?) \H
where D, = [(s — 1)g/v?]"3dsy is the dimensionless particle diameter. v is

kinematic viscosity. dso is the median grain size. wu.. is the critical depth-
averaged flow velocity that was calculated according to (Soulsbyl, [1997) as the

following:

Uy = 0.19 (ds0)*" log (12H /3dyy) (2.15)

when 0.0001(m) < d5o < 0.0005(m) and

Uer = 8.5 (ds0)"® log (12H/3dy) (2.16)

when 0.0005(m) < dso < 0.002(m). where dgg = 1.5d50 represents the diameter

where 90% of the distribution has a smaller particle size.
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2.1.4 Bottom Change Model

Equation (2.17) shows the mass-balance for bed-level changes used to up-
date the bottom elevation. This can be expressed in the form of a partial
differential equation describing the process of the sediment transport rate in
the x and y directions, respectively. z, represents the bottom elevation that
changes with time. p is the bed material porosity. ¢, and g, represent the sed-
iment transport rates in the z and y directions, respectively (Roelvink et al.

2010)).

0z 1 0q: | Oqy\

8t+1—p(8x+8y =0 (2.17)
OHCu 0 oC
OHCv 0 oC

O D (00 o

2.1.5 Fault model

There are two categories of model in COMCOT to calculate seafloor dis-
placement. They are an instantaneous and a transient deformation based on
duration of seafloor motion. A model that has been used in this research is the
instantaneous deformation model. This model calculates seafloor disturbance
by elastic finite fault plane theory. Originally, the model is based on the the-
ory of (Mansinha and Smylie, [1971)). Later (Okada) 1985)) improved the model.
This model has been developed based on the assumption that a fault plane (a
rectangular fault plane) is buried in semi-infinite elastic half plane. It is also

assumed that the sea level will mimic deformation of the seafloor caused by
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the earthquake.

The fault plane is the plane between the subduction plate and the impacted
major plane. The fault plane and surface subduction plate (red color) can be
seen in Figure 2.3] There are nine parameters to implement fault models in
COMCOT-SED model such as latitude and longitude of epicenter, focal depth,
length and width of fault, dislocation, strike angel, angel slip and dip angel.
A dislocation is defined as the relative motion distance between the lower and
upper fault block on the fault plane. The Strike 6 is the angle measured from
the north clockwise to the strike direction (0° < § < 360°). The dip ¢ is the
angle measured from the horizontal top surface to fault plane (0° < § < 90°).
The slip A is the angle measured anti-clockwise from the strike direction to

black arrow (0° < A < 180°).

gA

=

% é—" MEAN EARTH SURFACE
& W
% ‘“‘SI."-
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FOOT BLOCK R
3

Figure 2.3: Sketch of a Fault Plane (Wang, |2009).
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Table 2.1: List of Multi Fault Parameters for Tsunami on 2004.

No Coordinate Fault parameters D  Depth w L
Long(°) Lat (°) Strike(°®) Dip(°) Slip (°) (m) (km) (km) (km)
1 94.57 3.83 323 12 90 18 25 220 130
2 93.9 5.22 348 12 90 23 25 150 130
3 93.21 7.41 338 12 90 12 25 390 120
4 92.6 9.7 356 12 90 12 25 150 95
5 92.87 11.7 10 12 90 12 25 350 95

Several past earthquake scenarios such as the tsunami in 2004, 2005, and
2012 were adopted with single and multi fault model. Occasionally, a single
fault model is unable to represent a complex rupture mechanism such as a big
earthquake in 2004. The aftershock faults line area was extended over 1200
km from earthquake epicenter in the northwest of Sumatra to the Andaman
island (Ammon et al.; 2005)). Therefore, several researchers proposed a multi
fault model to represent the complex rupture. The multi fault model has been
used for the big earthquake event in 2004 and 2005. The tsunami in 2012 were
generated by applying an analysis of relationship between a magnitude and a

rupture dimension (Wells and Coppersmith, (1994)) for single fault model.

The fault parameters published by (Grilli et al., [2007) were applied in this
study to generate the bottom deformation as an initial trigger for the tsunami
in 2004. The source was divided into five segments with a total seismic moment
equivalent to M,, = 9.22 (Fault parameters can be seen in Table . The
fault parameters were validated by comparing the simulation results to satellite
transect, tide gauge, and run-up height measurements near the Banda Aceh
coast (Grilli et al., 2007). This is the same model that was used to investigate
the morphological changes to the Khao Lak coast in Thailand during the 2004
tsunami (Li et al., 2014).

The tsunami in 2005 was generated based on Banerjee et al.| (2007)). The
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Figure 2.4: Initial condition for past tsunami in a) 2004, b) 2005 and c¢) 2012.
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rupture areas were divided into five segments with a total seismic moment
about M, = 8.66. GPS static offsets were applied to produce the faults pa-
rameters. The strike and dip with values about 325 and 15 were adopted
into five segments. Detail parameters for the 2005 earthquake can be seen in

Table [2.2] The initial surface elevation of each event is shown in Figure [2.4

In order to anticipate the possible impact caused by future tsunami at seis-
mic gap which located around the Simeulue island that still locked (Meltzner
et al., 2012). Three hypothetical scenarios with thrust mechanism were used
to prevent future hazard in Aceh Province namely case A1, B1, and C1. Based
on the United State Geological Survey (USGS) data, the past big earthquakes
that occurred in Sumatra subduction zone have thrust mechanism (Geist et al.,
2006) such as in 2004 and 2005 (can be seen in Figure that indicated by a
"beach ball” symbol).

For example, the values of strike, slip, and dip are about 329, 7, and 110,
respectively. There were just two big earthquakes in 2012 with strike-slip
mechanism. The magnitude of the hypothetical conditions is M,, = 8.5. This
value was taken based on the probabilistic tsunami hazard assessment. The
previous study indicated that the earthquake with magnitude M, = 8.5 could
occur with return period of 200-300 years (Sengara et al., 2008; Suppasri et al.,
2012a,b)) or 100 years (Burbidge et al., 2009). The dimension of estimated

Table 2.2: List of Multi Fault Parameters for Tsunami on 2005.

Coordinate Fault parameters D Depth W L
Long(®°) Lat (°) Strike(®) Dip(°) Slip (°) (m) (km) (km) (km)

1 95.785 2.768 325 15 90 0.3 42 77.3 65
2 95.978 2.19 325 15 97 12.3 42 96.6 85
3 96.397 1.544 325 15 91 8.2 30 81.1 100
4 97.079 0.915 325 15 107 3.1 42 77.3 80
5 97.498 0.328 325 15 119 0.2 42 77.3 140
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Figure 2.5: (a) Recent large ruptures with its focal mechanism (indicated by a
"beach ball” symbol), study area for the western coast of Aceh Province and
(b) bathymetry profile from land (0 km) to offshore (120 km).
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fault plane is 80 km wide and 323 km long by using an analysis of relationship
between a magnitude and a rupture dimension (Wells and Coppersmith, |1994)

for the hypothetical cases.

The difference between these cases is on the epicenter location. The epicen-
ters of last earthquake events around Simeulu Island were used for A1, B1, and
C1. The location of case Al is the same as 2005 event. Case B1 is located on
the slightly northern side of the 2005 tsunami case. It is the same location of
2010 earthquake which did not cause high tsunami wave along Sumatra Island
because of small magnitude. Case C1 is located on off Simeulu Island as same

as the quake in 2002.

2.1.6 Earthquake Scaling Laws and Fault Dimensions

As described above, the tsunami simulations have been generated by using
fault model to calculate deformation of seafloor due occurrence of earthquake.
Analytical equations for finite rectangular sources itself require some input
parameters to calculate deformation such as focal mechanism and rupture pa-
rameters (rupture length and dislocation). Focal parameter can be obtained
by using information from seismograph, while rupture parameters of earth-
quake in seafloor are difficult to obtain. Hence empirical equations based in
relation to an earthquake size are applied in this research to calculate rupture

parameter, dislocation (D), fault length (L), and width length (W).

As it is understood recently that the earthquake’s magnitude can be used
to estimate rupture parameters. Hence, a lot of instruments were deployed
in previous studies to measure earthquake’s magnitude with different criteria
and methods. Traditional magnitude scales such (M, and M,) are limited

by both the frequency response of the Earth and the recording seismograph
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consider seismic moment because it measure of the amount of radiated energy
directly. Then, Hanks and Kanamori| (1979) provided method to change the
traditional magnitude scale becomes seismic moment and to introduce a for-
mula to calculate moment magnitude scale from averaged seismic moment as

follows:

2

where My, is moment magnitude and M, is the seismic moment in dyne.cm.

The analysis to show empirical evidence of relationship between seismic
moment and rupture parameters was proposed by |Kanamori and Anderson
(1975) that classified 41 earthquakes data into two groups based on position of
epicenter, inter-plate, and intra-plate. Seismic moment and rupture dimension
are plotted and to give result proportionally to effect of their magnitudes as

shown in Figure 2.6 Hence, dislocation can be obtained by using concept of
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Figure 2.6: Correlation between Rupture Lenght, Area, and Magnitude
(Kanamori and Anderson, 1975).
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Figure 2.7: Relationship between The Earthquake Parameters of S and M,
(Wells and Coppersmith, [1994).

seismic moment. This is the results of the equivalence between elastic disloca-
tion and a double-force expression as follows:

My = uDS = puDLW (2.21)

whereyp is rigidity of earth’s mantle, D is dislocation, S is a fault area, L is the

length of fault plane and W is the width of the fault plane.

According to Kongko (2012), an empirical analysis of relationship between a
magnitude and a rupture dimension develop by |Wells and Coppersmith/ (1994)
is widely used to calculate the rupture dimension. Based on the worldwide
database of source parameters for 244 earthquakes occurrence with an epicen-
ter depth less than 40 km and the magnitude above My, = 4.5. The empirical
relationship has been revised by using a log-linear regression between the earth-
quake magnitude (M) and the surface rupture length (L in km), subsurface

rupture length, and rupture area (S in km?) are well correlated. The relation
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between earthquake magnitude and rupture parameters (L and ) for all events
can be seen in Figure 2.7, The results are have a deviation standard about
0.25 to 0.35 and an acceptance level at 95 % based on a statistic. Therefor the
empirical relationship can be used to calculated the subsurface rupture length.
Based on the relation the empirical equations will be used in this research are

as follow:

log(L) = a + bM,, (2.22)

where a = -2.57, -2.42, -1.88, and -2,44, and b = 0.62, 0.58, 0.5, and 0.59 for

strike slip, reverse, normal, and all events, respectively.

log(S) = a + bM,, (2.23)

where a = -3.42, -3.99, -2.87, and -3.49, and b = 0.9, 0.98, 0.82, and 0.91 for

strike slip, reverse, normal, and all event, respectively.
W =S/L (2.24)
2.2 Study area

2.2.1 Big area

The western coast of Aceh

The western coast of Aceh, especially at three cities namely Meulaboh,
Tapaktuan, and Singkil, is used as a case study to investigate the influence
of small island against the tsunami wave. This area is located inside the
Sumatra subduction area. The area had experienced the tsunami disaster in

2004 and 2005. Although this area has potential to be exposed the tsunami
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attack, several cities in this area experienced the different tsunami impact.
For instance, Tapaktuan city, which located nearby the earthquake epicenter
as shown in Figure [2.5h, received insignificant damage by the tsunami wave

compared to other cities along it.

These cities have a unique morphological condition that able to affect the
tsunami wave. There are the presence of a small island, bathymetric profile,
and dimension offshore island, as shown in Figure 2.5} Meulaboh city is facing
directly the Indian Ocean. On the other hand, Tapaktuan and Singkil cities are
obstructed by islands, namely Simeulu and Banyak Islands. The both islands
have different dimensions. The length of Simeulu Island is about 98 km, and
that of Banyak Island is about 37 km. Meulaboh and Singkil have a flat slope
in a coastal region. In other hand, Tapaktuan has a steep slope in front of a
coast. Therefore, this bathymetric feature can result in an amplification and

a reduction of tsunami wave in this area.

Pulo Raya island

Pulo Raya is a small island with an area of about 3.42 km?, located about 1
km from the mainland of Sumatra. The island is part of the Aceh Jaya district
in Aceh Province, as shown in Figure 2.8h. Prior to the 2004 tsunami, Pulo
Raya had three villages: Lhok Siron, Lhok Meu, and Ujung Manek. About 82
families, 363 people lived on the island. The tsunami waves destroyed many

of the island’s facilities, such as a mosque, a school, and houses.

Eye witnesses reported that the first tsunami waves were not significantly
high to damage the coastal area. However, the tsunami waves that reflected
toward the island were amplified around it, and the runup reached the villages.

The areas were destroyed by the tsunami, as indicated by the light green color
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in Figure 2.8b.In order to avoid human casualties if another tsunamigenic

earthquake occurs, the local government enhanced the tsunami mitigation on
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Figure 2.8: (a) Study area and (b) satellite image of Pulo Raya Island after
the 2004 Indian Ocean tsunami (light green color indicates tsunami runup on
the island).
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Pulo Raya by enforced relocation. About 51 families, who survived the tsunami
in 2004 by escaping to higher areas located behind their villages, were relocated

to Lhok Kruet on the mainland.

The residents initially refused to relocate; most of them wanted to remain
on Pulo Raya and continue their lives as before. However, the tsunami had
caused changes in the island environment that led to erosion in several coastal
areas; particularly, the northern coastal area where many people had lived
prior to the tsunami. The erosion ultimately motivated residents to obey the

spatial planning of the local government.

2.2.2 Small domain

Banda Aceh, which is located on the northern end of Sumatra Island,
is the capital city of the Aceh Province of Indonesia (Figure . Banda
Aceh is bordered by the Malaccaa strait, the Aceh Besar district, and the
Indian Ocean on the north, south, and west, respectively. Banda Aceh is
vulnerable to tsunami disaster because of its geographic location, which is close
to the Sumatran subduction zone. Banda Aceh is characterized by relatively
flat topography which can cause the tsunami waves to inundate areas further
inland, as was the case during the 2004 Indian Ocean tsunami (Tursina et al.

2017).

Approximately 67 tsunami poles have been built in Banda Aceh for disaster
education, as a tsunami memorial, and an evacuation sign by the local people
and the Embassy of Japan in Indonesia through the Umi Abasiah Foundation.
Each tsunami memorial pole illustrates the maximum tsunami wave height at

that location based on local witnesses and watermarks. We used these data
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Figure 2.9: (a) Study area and (b) Banda Aceh city before and after the
2004 Indian Ocean Tsunami (green color indicates the land area eroded by the
tsunami). This figure was modified from (Syamsidik et al., 2017al).
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points to compare with our model results.

Banda Aceh is divided into eight sub-districts, four of which share bound-
aries with that coastal area, namely Meuraxa, Kuta Raja, Kuta Alam, and
Syiah Kuala. Banda Aceh borders with Aceh Besar district, as indicated
by white color in Figure 2.9b.The total Banda Aceh area is approximately
61.36 km?, as indicated by orange color in Figure [2.9h. The city has a coast-
line of approximately 12 km. The pre-tsunami Banda Aceh coastal condition
is indicated by gray and green colors in Figure [2.9b. After the tsunami event,
the Banda Aceh coastal area underwent massive morphological changes within
the area shown in green. The orange color in Figure [2.9|shows buildings within
the Banda Aceh city. Due to the lack of knowledge about tsunami disasters,

there was little land use management information for Banda Aceh before 2004.

2.2.3 Grid Setup and Input Data

The multi-layer system in the COMCOT-SED model was applied in this
study to obtain accurate and detailed results for the specific simulation area.
The multi-grid system, which is another term for Nested Grid, allows us to
compose the numerical domain in varied size of grids and different Shallow Wa-
ter Equations (either Liner/LSWE or NonLinear/NLSWE). Here, The COM-
COT shows its practicality for this large simulation domain that could be

run in a rather shorter running time and lower computer memory capacity.

Figure shows the sketch of nested grid setup in COMCOT-SED model.

Layer 1 and Layer 2 areas, which cover the big and small domains, were
applied can be seen in Figure [2.11} Three of Layer 3 were adopted for the big
domain such as Pulo Raya Island and the western cities and small domain such

as Banda Aceh. The Pulo Raya Island, the western cities of Aceh Province,
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Figure 2.10: Sketch of Nested Grid Setup (Wang, 2009).

Banda Aceh were indicated as Layer 3.1, Layer 3.2, and Layer 3.3, respectively
as shown in Figure [2.11]
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As in the case of Pulo Raya, which is a small island, we used the advantages
to concentrate on the tsunami impacts on the island and around the nearshore

area of the island. As a result, reflected tsunami waves in Pulo Raya can be
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Figure 2.11: Simulation area around the Sumatra Island (Layer 1, Layer 2,
Layer 3.1, Layer 3.2, and Layer 3.3).
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Figure 2.12: Nested grids for the Cornell Multigrid Coupled Tsunami Model
simulation domain showing (a) Layers 3.2-4.2 and (b) Layer 4.2.
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Table 2.3: Model Parameters of the Nested Grids Employed in the Numerical

Simulations.

e et T O S Copiane T

No Tong(®) Tat (%) (m) System SWE

1 fzznll 0818 f1;21]r1150 1840 Spherical Linear

2 fr:0m9S892 frg)om94 613.33 Spherical Linear

3.1 fr(llz)l 5 64 0 frctn;l 65.‘725 204.4 Spherical Linear

3.2 fr};}:19$792.825 fr(t):)n 6%;17821 204.4 3 Spherical Linear
3.3 frtt)omg:;)%gl fr:om5f12.172 204.4 3 Spherical ~ Non-linear
4.1 fr(zron 9%%15 fizng.?'; 68.148 3 Cartesian  Non-linear
4.2 frf:lg g iigl fr;)om4'4§ 337 68.148 3 Spherical Non-linear
5 fr::;ggsgs frfom5%i’g7 17.037 4  Cartesian  Non-linear

observed based on high-resolution data. Therefore, four layers were used for

the Pulo Raya Island, as shown in Figure [2.12]

Five nested grid layers were used to simulate the tsunami wave from the
earthquake source to Banda Aceh city, as shown in Figure A flow chart
that show connection between of each layers can be seen Figure 2.14  As
a result, the morphological changes in Banda Aceh can be observed based
on high-resolution data. In layers 1 to 4, only the hydrodynamic model was
applied. Both the hydrodynamic and sediment transport models were applied
in layer 5. The time step with about 0.01 s was adopted in all layers for
calculation stability. Table [2.3| shows the input parameters implemented on

every layer in this study, such as grid size, simulation area, coordinate system,

and SWE type.
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Figure 2.13: Nested grids for the Cornell Multigrid Coupled Tsunami Model
coupled with a sediment module (COMCOT-SED) simulation domain showing
(a) Layers 3.1-4.1 and (b) Layer 5.
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Figure 2.14: Flow Chart of Grid Setup.

Table 2.4: Software list.

No Software Name Utility

1 COMCOT-SED Tsunami Numerical Simulation
2 Fortran Preprocessing and Postprocessing
3 Generic Mapping Tools Preprocessing and Postprocessing
4 Delft3D-Quickin Manipulating Input Data

5 Quantum GIS Digitizing and Georeferencing

Before processing tsunami numerical simulation with the COMCOT-SED
model, several input data are required to undergo prepossessing. Therefore,
open source softwares were used to do the prepossessing input data such as
the batyhmetry and the topography in the COMCOT model. List of softwares

has been used in the research can be seen in Table 2.4]

General Bathymetric Chart of the Ocean (GEBCO) data (Weatherall et al.,
2015)) were adopted in this study for the bathymetry and topography data for
layers 1-2 and layers 1-5. The GEBCO data are open source for general
bathymetry and topography data with a resolution of about 0.5 arcminute.
Layers 2-5 have been implemented for different grid sizes, as shown in Ta-
ble , that are smaller than the GEBCO data. Therefore, GMT (Generic
Mapping Tools) (Wessel et al., 2013)) software was used to interpolate the data
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Table 2.5: List of data that used for layers 1-5.

Layer No Topography  Bathymetry

1 GEBCO GEBCO

2 GEBCO GEBCO
3.1 GEBCO nautical chart
3.2 GEBCO nautical chart
3.3 GEBCO nautical chart
4.1 GEBCO nautical chart
4.2 GEBCO nautical chart

5 GEBCO nautical chart

for layers 2-5.

The topography data from GEBCO were selected despite having low accu-
racy, because it was impossible to get the data just before the 2004 tsunami for
this study. The bathymetry for the (layers 3-5) was developed using nautical
chart data measured by Dishidros of TNI AL Indonesia in 2001 with a map
scale of approximately 1:100,000. The nautical chart map was digitized, using
the geo-referenced function in Quantum GIS software (QGIS| 2009)). Quickin
and Refgrid software in Delft3D open source (Deltares, 2008) was used to com-
bine the digitized bathymetry data from the nautical chart with a data from
GEBCO in layers 3-5 (detail can be found in Table 2.5

The sediment data were obtained from TDMRC (Tsunami and Disaster
Mitigation Reseach Center) conducted at Ulee Lheu bay in 2006. The grain
size dso was specified as 0.18 mm for the sea area. The land area was assumed
to have a similar grain size to the sea area. The entire area simulation for layer

5 was considered as erodible area.

Figure shows the distribution of the Manning coefficients used in layer

5 as the innermost layer. A satellite image, based on Google Earth data in
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Figure 2.15: Distribution of Manning Coefficients in COMCOT-SED simula-

tion.

2004, was applied to this study to show land use in Banda Aceh city. Different
Manning coefficient values were obtained based on the land use classification

in Banda Aceh city before the 2004 Indian Ocean tsunami. The Manning’s

values were adopted from previous studies by [Syamsidik et al.| (2017b); |Li and|

(2013)), as shown in the Figure legend. Settlements comprised most

of the land area in Banda Aceh city. Ponds and mangrove areas existed on the

backside of the coastal area, as indicated by blue and green colors. A uniform

Manning coefficient value of 0.013 was used for layers 1-4.
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2.2.4 Observation Points and Cross Section

An observation point is used as a virtual gauge to collect a fluctuation of
seawater elevation. Several observation points were placed in the simulation
area for big and small domain in order to obtain the Estimated Time of Arrival
(ETA) and the maximum tsunami height. The ETA data used in this research
were taken when the first tsunami wave reached its peak. For the western

coast of Aceh, the observation points were putted along the shoreline.

For the Pulo Raya Island area, the observation points were divided into five
areas. First, around the coastal area of the mainland in Layer 4.2, following
the shoreline (points marked by red dots). Second, around Pulo Raya island.
Points were placed eastern, western, northern, and southern of the island.
These points are marked by green, purple, blue, and black dots, respectively.
The other data widely used by tsunami researchers is tsunami elevation data
measurement retrieved from Jason 1 satellite (the satellite track can be see
in |Gower| (2005))). The satellite measured sea level elevation 2 hours after
occurrence of the big earthquake in 2004. Hence, the simulation result has

been validated by this data.

Simulation results have been validated by data from DART’s (Deepocean
Assessment and Reporting of Tsunami) buoy measurement at Cocos island
and Phuket (DART] 2013)). Figure shows a map of the buoys location.
The DART buoy is an equipment which is functioned as tsunami warning
system. The DART buoy has two-mode systems standard and event to report
the data. The DART buoy regularly operates in a standard mode. The DART
buoy measures water temperature and pressure then converts the data become

sea water level and reports it with the time interval every 15 minutes.
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Figure 2.16: Locations of the numerical observation points and cross-sections.

If a big earthquake occurs, the DART buoy will be operated in event mode
system and report the water elevation with time interval every 15 seconds. If
there is no further earthquake, the system will return to the standard operation
after reporting the data with the time interval 1 minute for 4 hours. The data

not only can be used for early warning system but also for validating tsunami
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simulation.

In Banda Aceh city as small domain, the observation points and cross-
sections were placed on the simulation area to collect information such as water
level and bed level on layer 5 also, as shown in Figure The observation

points (marked by red dots) were the same as the tsunami pole locations ac-

cording to (lemura et al 2011} |Syamsidik et al., 2017b). These locations were

used to compare the maximum tsunami water level between the simulation re-
sults and the actual data. Three cross-sections perpendicular to the coastline
were used to compare the coastal profile before and after the tsunami. The
cross-sections were chosen because the tsunami wave caused massive damage

at these locations.
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Figure 2.17: Locations of the numerical observation points and cross-sections.
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Chapter 3

Numerical Simulation of the

2004 Indian Ocean Tsunami

3.1 Verification of The 2004 Tsunami Simula-

tion

3.1.1 Tsunami Wave Height

Tsunami on 2004 was validated by measurement data of satellite Jasonl.
The satellite measured the sea level around the Indian Ocean about two hours
after the tsunami was first generated. The tsunami wave height comparison
between the simulation result and satellite data (Gower, 2005) can be seen
in Figure The most trailing waves did not match in height and phase.
This overestimated results appeared due to a complex of earthquake which

was occurred in 2004.
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Figure 3.1: Tsunami height comparison between simulation results and satel-
lite Jasonl in 2004 (Gower, 2005).

3.1.2 Inundation Distance

Banda Aceh city was inundated by the tsunami wave with the maximum
inundation depth of approximately 7 m at the front of coastal land barrier
and 4 m in the city area based on the simulation results, respectively (Fig-
ure . The tsunami wave flooded toward Banda Aceh city with a maximum
inundation distance of about 4 km from the shoreline according to field obser-
vation (Tursina et al.) 2017). The simulation results predicted a distance of

about 5.5 km from the shoreline, which overestimated the inundation of the

real event.

This can be explained because Banda Aceh city had a lot of structures
around the coastal area which were not reproduced in the simulation, and they
can reduce the tsunami wave energy and limit inundation further inland. The

low accuracy of the data can cause differences between the simulation results
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Figure 3.2: Map of the maximum inundation depth (m). The red line indicates
the inundation limit based on the real event. The black line marks the Banda
Aceh shoreline before the tsunami.

and field observation. The input data, especially the good accuracy of topog-
raphy and bathymetry data in the simulation, can influence the inundation
extent in the simulation results as indicated by previous researches (Tsubaki

and Kawaharay, 2013; |Griffin et al., 2015).

3.1.3 Tsunami height at in-land locations

Figure|3.3| compares the simulated maximum tsunami height and measured
height at the tsunami poles (lemura et al.; 2011). The simulated results at all
points overestimate the measured results. However, the differences between the

simulated result and the measured one at obs2, 3 and 5 are not so large. These
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Figure 3.3: The calculated tsunami heights (orange bar) and tsunami pole
(Iemura et al., 2011) (blue bar) in Banda Aceh city.

points are located in the middle of Banda Aceh city. Therefore, the tsunami
inundation in the city area was simulated appropriately. On the contrary, a
large difference is demonstrated at obs4. The location of obs4 is close to a

large river.

In Figure 3.2] of the spatial distribution of the maximum inundation depth,

a large inundation depth area, in blue color, extends further in the inland area
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than the area close to the river mouth. Based on these results, it is suggested
that the tsunami propagation in the river occurred up to the inland area and
the significant overestimate of the maximum height was caused by the flood
from the river in the simulation. This result also indicated the risk of river

flooding caused by the tsunami in the inland area.

3.1.4 Coastal Profile Changes

Figure shows sea bed profiles for the initial condition, the simulated
result by COMCOT-SED, and measured data at cross-sections I-I, II-II, and
ITI-ITI. The post-tsunami profile measurement was conducted in 2006 by the
Public Works Department of Aceh two years after the tsunami event. In the
initial condition, the shoreline position was at a distance of 600, 270, and
500 m from the ends of sections I-I, II-II, and III-III, respectively. In the
simulated profiles, the coastal area directly facing the sea was eroded, reducing
the height. In contrast, deposition occurred in the fishponds, as indicated by
the black arrow in Figure [3.4h. Along this coast, the land barriers were eroded
by the tsunami wave, and bed profiles in very shallow areas became flat at the
distance from 0 to 300 m and from 0 to 550 m for sections II-II and III-III,

respectively.

Comparing the simulation results to the 2006 bathymetry data indicates
that the bathymetry profile underwent further changes. The disagreements
can be caused possibly by other morphological changes in the 2004-2006 time
range, low accuracy of the topography data before the tsunami, the uniform
grain size applied for the simulation, and limitations of the current model.
The low accuracy of topography data and limited information of grain size can

influence the location of erosion and deposition in numerical calculation (Gus-
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man et al., 2012).

The current model also has limitations in calculating the bed stress based
on the Manning formula that possibly causes overestimation. Coupling the
SWE and a Reynolds-averaged Navier—Stokes (RANS) model with a boundary-
layer method indicates that the boundary-layer method is able to calculate
the bed stress accurately compared to the Manning formula (Tanaka et al.,
2016; Williams and Fuhrman| [2016). The advantage of the boundary-layer
method was applied by Larsen et al.| (2018) to predict the tsunami wave-

induced scouring.

This suggests that it is important to apply the boundary-layer method in
the model to calculate the sediment transport properly. In general, coastal
erosion was indicated by the 2006 bathymetry data, as shown in Figure [3.4p,c
with distances of 0-300 m and 50-600 m. This is shown by the simulation re-
sults at the cross-sections II and III, where the land barrier had been destroyed

by the tsunami wave.

3.1.5 Destroyed Land Barrier

This part of the study used geospatial information, based on a Google
Earth map released between 2004 and 2005, to validate the simulation result.
Figure ,b displays the Banda Aceh coast condition in 2004, (a) before the
tsunami and (b) afterwards. The topographic data in the simulation results
are also shown in Figure ,d. Figure is the initial topography (before
the tsunami) and Figure [3.5d is the simulated topography after the tsunami
impact. Figure [3.5h,c, and [3.5b,d should be compared. The northern coast
area underwent massive morphological changes after the tsunami. The beach

area from lines Al to A2 and C1 to C2 in Figure was completely eroded
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Figure 3.5: Coastal area comparison between the satellite images: (a) before,
(b) after the tsunami in 2004, and numerical simulation: (c) after simulated
by COMCOT-SED. The satellite images are taken from Google Earth with
time history imagery setting on 23 July 2004 and 28 January 2005.

by the tsunami wave. This area was natural beach without any protection;

therefore, the tsunami wave could erode easily in this area (Syamsidik et al.,

2017a; |[Meilianda et al 2010; Syamsidik et al., 2015)).

The beach area from line Bl to line B2 shows differences between the
satellite image and the simulation results. This could be because no structures

were assumed and the whole area was consider erodible in the simulation but
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Figure 3.6: Coastal area comparison between the geospatial data and numerical
simulation. (a) Green and a gray areas indicate the land condition before the
tsunami in 2004. The green area indicates the eroded area after the tsunami
in 2004. This figure was modified from (Syamsidik et al., [2017b)). (b) before
simulated and (c) after simulated by COMCOT-SED.

there were several hard structures on the ground before the tsunami, especially
the area indicated by a black arrow shown in Figure [3.5h. At this area, a port

structure complex prevented severe erosion from the tsunami waves.

Geospatial analysis results based on |Syamsidik et al. (2017b) were used in

this study to compare the simulation results, as shown in Figure 3.6h. The
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coastal area in Syiah Kuala sub-district, indicated from point E1 to E2 as
shown in Figure 3.6, was destroyed by the tsunami wave based on the simula-
tion results. The simulation results indicated a similar result to the geospatial
analysis, indicating that this area was also massively impacted by the tsunami
waves. This area was natural beach without any protection and was used as
a settlement area before the 2004 tsunami. The coastal area was completely

eroded during the tsunami event in 2004.

The coastal area from point D1 to D2, as shown in Figure [3.6] is located
in Kuta Alam and Syiah Kuala district. These areas were fish/shrimp ponds
and vegetation before the 2004 tsunami. A small, but dense, housing area
also existed here before the tsunami. The simulation results indicated that
this area underwent massive morphological changes due to the tsunami wave
(Figure ) The land area, which had been used as ponds, vegetation, and a
settlement area, was covered with water (Syamsidik et al., 2017b)). The coastal
area located behind the ponds did not receive massive morphological changes.
The simulation results are consistent with the geospatial analysis in which the

land barrier had been destroyed.

3.2 Analysis and Discussion

3.2.1 Large Domain

Tsunami Propagation Process

Figure shows the tsunami propagation process during the Indian Ocean
Tsunami on 2004. Meulaboh was a nearest city to the earthquake’s epicenter
with distance 94 km in 2004. Without the present of a small island in the

front, Meulaboh city was directly facing the fault area in 2004. In case of
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parameters used to generate the tsunami in 2004, the fault area is extended
from the northern of Simeulu Island. Therefore, the tsunami wave did not come
directly in front of the Simeulu Island. The tsunami wave reach at Meulaboh
and Tapaktuan after around 51 min where the wave height reach around 0.5

m as shown in Figure [3.8

N«Iemaboh
o

Tapaktuan

4 2 0 2 4

Figure 3.7: Snapshots of tsunami propagation process in 2004 at: (a)t=14
mins, (b)t=33 mins, and (c) t=51 mins.
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Figure 3.8: Tsunami wave height at Meulaboh, Tapaktuan, and Singkil for the
tsunami in 2004 based on simulation.

The tsunami wave reaches to the Tapaktuan coast after propagation
through the strait between the Simeulu and Sumatra Island, as shown in Fig-
ure . The tsunami wave trapped behind the island arrived at Tapaktuan.
Therefore, the amplification process by the island did not happened. Accord-
ing to in-depth interview with local people around Tapaktuan, they witnessed
that the tsunami wave inundated to the land. However, that tsunami did not
cause massive damage at Tapaktuan. They also said that the wave was similar

to storm waves which could lift up fishing boats.

The tsunami wave energy was reduced during propagating toward the
Singkil city. The tsunami also did not cause massive damage at Singkil and
the Banyak Island which located in front of the city. As shown in Figure [3.8]

tsunami wave was reach bellow 2 m at Tapaktuan and Singkil. The tsunami
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propagation results indicated that the offshore small island can give influence
toward Tapaktuan and Singkil cities. This condition contrary with previous
study that showed the city which located behind the small island will be receive
higher impact (Hill et al [2012; [Stefanakis et al., [2014)). In order to prevent
the future of tsunami hazard in these cities, several scenarios have been used
to investigate further the influence of the small island that discuss in Chapter

4.

The tsunami propagation process toward Pulo Raya Island can be seen
in Figure [3.9] The results indicated that the tsunami wave in 2004 caused
significant damage at Pulo Raya, especially at the lee side of the small island
(Liu et al.l [1995; Imamura et al., 1995; Xie et al., [2019; [Yeh et al., 1993, 1994)).
The distance between the source and Pulo Raya was about 90 km, and the
initial tsunami wave (which occurred about 18 min after the earthquake) was
about 0.5 m at the island. The tsunami wave then propagated from the west
of Aceh Jaya (see Figure , and after 18 min of simulation, the tsunami

wave arrived at the western coast of Pulo Raya with a height of about 7 m.

As the tsunami arrived at the western coast of the island, the tsunami
waves were blocked by the island, and the wave separated to the north and
south of the island as shown in Figure [3.9a. The flow marked by the colored
arrow in the figure indicates the tsunami continued to propagate toward the
northern and southern coast of Lhok Kruet on the mainland. The tsunami
waves arrived at the northern and southern coast of Lhok Kruet with interval

times about 20 to 22 min after the tsunami reached Pulo Raya.

When the tsunami hit the mainland, it was reflected back to the ocean and

caused a flow vortex to the north as shown in Figure [3.9c. The tsunami flow
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that rotated around the northern part of Lhok Kruet changed its direction to
the southern coast as it was carried away by a tsunami wave that reflected
from the northern to southern coast of Aceh Province. Pulo Raya, located
near Lhok Kruet, held the tsunami flow as shown in Figure [3.9d. As shown
in the figure, the tsunami flow struck the northern coast of Pulo Raya with
a velocity of about 4 m/s. Most of the tsunami flow did not hit directly to
this area when it reached to the island at the first time about 18 min after
the earthquake occur. Tsunami waves were again reflected back to the ocean.

Further investigation of the reflected wave is discuss in Chapter 4.

3.2.2 Small domain

Sedimentation and Erosion

Figure |3.10| shows a map of erosion and deposition thickness by tsunami
inundation 90 min after the tsunami (earthquake) occurrence according to the
COMCOT-SED model. The results predict that the tsunami wave caused
morphological changes along the entire Banda Aceh coast; especially severe
erosion is shown in the red color areas. The most eroded area is along the
eastern part of the coast of Banda Aceh because of direct attack of the tsunami
waves. The western part of the coast of Banda Aceh was relatively shielded by
a headland and a group of small islands. The sediment eroded by the tsunami
wave near the coast line was transported to the land side and deposited in the
ponds and lagoons behind the coast, as indicated by blue color in Figure [3.10]
The sediments were deposited on the settlement area. This condition indicated
that the high manning coefficient for settlement area able to reduce tsunami
wave force (Syamsidik et al., [2017¢). Less erosion and deposition occurred in

coastal areas behind the coastal land barrier and pool areas.
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Problems for Tsunami disaster in Banda Aceh

The problem for tsunami disaster in Banda Aceh is linked to the lack
of knowledge about it. After the tsunami event, the Banda Aceh coastal
area underwent massive morphological changes. There was little land use
management information for Banda Aceh before 2004. The natural beach
areas without any protection in Banda Aceh, which facing directly to the
sea, were completely destroyed by the tsunami wave. Even now, the local
community has returned and rebuilt a new settlement in the area that eroded

by the tsunami wave in 2004.

Suggestion for Tsunami disaster mitigation and prevention

Numerical simulation can be used to investigate morphological changes
due to tsunami waves in the high-risk area. This model can predict areas of
sedimentation and erosion caused by a tsunami wave. This study shows that
the numerical model can simulate destruction of the land barrier by the 2004
tsunami. Unfortunately, the land barrier on Banda Aceh coast was used by

the local community as a settlement.

The 2004 tsunami wave destroyed not only the land barrier but also the
settlement area in Banda Aceh. The information of erosion and sedimentation
location that obtained from simulation results can be used by local govern-
ments for land use management to help avoid a disaster such as the one in
Banda Aceh during the 2004 Indian Ocean tsunami. A hard structure such
as elevated road along the Banda aceh coastal area can be applied to prevent
the coastal morphological changes due to the tsunami wave (Suppasri et al.|

2016; |Syamsidik et al., [2019).
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Chapter 4

Influence of Small Island and
Reflected Wave along Sumatra
Island for Tsunami Disaster

Reduction

4.1 Small Island Function

Indonesia is archipelago country which consist lot of islands with more than
17,000. Aceh province, which located in the northern of Sumatra island, has
several offshore islands near the western coast of Aceh province such as Simeulu
and Banyak islands. Meulaboh, Tapaktuan, and Singkil cities are located
along the western coast that facing directly to Sumatra subduction zone. The
Indian Ocean Tsunami in 2004 was give significant damage on Meulaboh city.
However, Tapaktuan and Singkil did not receive any big damage from the 2004

tsunami. The simulation results in Chapter 3 indicated that the tsunami wave
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height at the the Meulaboh, Tapaktuan, and Singkil reach about 7, 1, and 1

m, respectively.

Resident believe that the small island that located in front of the cities
able to protect against tsunami. Disaster management and education in these
cities are not enough because of no damage experience. This condition caused
difficulty to carry out any disaster mitigation program such as prepares an
escape route, an escape building, etc in order to prevent the tsunami hazard
at Tapaktuan city (Syamsidik et al., 2015). Minor mitigation activity from the
local government can decrease awareness and preparedness of local community
at Tapaktuan toward the tsunami disaster. In another hand, numerical study
by Stefanakis et al.| (2014); Hill et al.| (2012) indicated that the small island
can amplify the tsunami wave to the mainland behind it rather than give

protection.

The small Island’s communities itself are among the most tsunami vulner-
able societies in term of preparedness towards tsunami. Around the active the
Sunda-subduction zone, there are many small islands where the population
number is large. Managing the coastal area in the small island case would in-
deed require a thorough consideration. Assuming that the lee side of the island
is a safest place from tsunami attack was proven incorrect if the distance of
the small island is significantly close to the mainland. Some of them have the
first arrival time of the tsunami waves less than 10 minutes (Syamsidik and

[stiyanto, 2013).

This adds to a more complexity of efforts to increase the small island
community’s preparedness toward tsunami hazards. The simulation results

in Chapter 3 revealed that although the small islands are assumed to hydro-
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dynamically shelter the main island at the lee side of the island, the reflecting
waves have created a similar destructive effect on the Pulo Raya island. The
amplification of tsunami waves when it comes to the setting of Pulo Raya
Island is similar to what was found in the 1867 tsunami around the Virgin
Island in the Caribbean (Zahibo et al., 2003). In the case of tsunami wave
trains (where the waves could be more than one), the amplification effects are
more likely. Therefore, a comprehensive investigation of the effect of the small
island on the tsunami wave height at the mainland which directly protected
by the isle and the reflected wave toward the small island were discussed in

the Chapter 4.

4.2 Verification of the 2005 and 2012 Tsunami

Simulation

The tsunami wave in 2005 and 2012 were validated by using DART buoy
data at Cocos island and Phuket (DART) 2013). The numerical results for a
tsunami scenario in 2005 based on multi faults model that issued by |Banerjee
et al| (2007) are shown in Figure [l.1h. Figure shows that A leading
first wave overestimated with measurement data by DART buoy at Cocos
Island. On other hand, a second wave until a middle of trailing wave about 3
hour after the earthquake are well match with measurement. After that, the
trailing waves become overestimated with troughs and crests of measurement
data. This happened due to lack resolution of the nearshore bathymetry used
around Cocos island. The time series analysis between DART buoy data and
simulation result for the 2012 case are shown in Figure [4.Ip. The wave height
between 0.5 - 3 hour were overestimated with the DART buoy data. However,

the wave height around 3-4 hour give good comparison between the data. The
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both of time series data indicated that the wave propagation to the observed

study are relatively reliable.
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4.3 Effect of fault area position

4.3.1 Case of tsunami in 2005

After the tsunami in 2004, another earthquake occurred in Sumatra sub-
duction zone near Simeulue, Nias, and Banyak Islands with magnitude My, =
8.6 on March 28, 2005. Tsunami was generated due to earthquake move-
ment, which caused dislocation with about 12.3 m. Firstly tsunami propa-
gated to Simeulue and Nias Islands about 14 min after the earthquake and
caused tsunami around it, as shown in Figure [4.2] The tsunami waves, which
described with blue color, were propagated to Singkil city through Banyak Is-
land. The wave was divided by Banyak Island and caused the wave propagated
to the right and left sides of the island. After the wave passed through the
island, the wave that comes from the both sides of the island focused at the
behind of island (Stefanakis et al., [2014). Then, the focused wave caused the
higher run-up on Singkil city that located just behind the isle, as shown in
Figure 4.2b.

In another hand, the focused wave did not occur at Tapaktuan city. The
initial condition showed that the tsunami wave was triggered from southeast
of Nias Island to northwest of Simeulu Island. The tsunami waves from the
northwest of Simeulu as shown in Figure[4.2b and Figure were propagated
to the northwest of Aceh and turn into the lee side of Simeulu Island. However
before the wave completely turns, the tsunami wave which propagated from
the strait between the Simeulu Island and Tapaktuan has already propagated
through it. The tsunami waves that hit the Tapaktuan city have just come

from the strait between Simeulu and Banyak Island.
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Figure 4.2: Snapshots of tsunami propagation proces in 2005 at southwestern
coast of Aceh at: (a) t = 14 min, (b) t = 33 min, and (¢) t = 51 min.
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Figure 4.3: The maximum tsunami wave height along the southwestern coast
of Aceh for tsunami case in: (a) 2004; (b) 2005; and (c) 2012.

Figure [4.3p shows the maximum tsunami height along Sumatra Island by
2005 tsunami. As it has been confirmed by field measurements, the tsunami
height at Tapaktuan was calculated lower than the neighboring coast, espe-
cially Singkil. In case of 2005 tsunami, the wave height at Singkil which is

located on the southern area of Tapaktuan becomes higher by going around
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the southern end of Simeulu Island. On the other hand, the high wave does

not arrive at Tapaktuan.

4.3.2 Case of tsunami in 2012

Two big earthquakes occurred again in April 11, 2012 after 8 years of
Indian Ocean Tsunami in 2004. They occurred at the west of Aceh Province
outside the Sumatra subduction zone with earthquake epicenter at (2.311N,
93.063E) and (0.773N, 92.452E) with magnitudes M,, = 8.6 and M,, = 8.2,
respectively. The focal mechanism of the earthquakes was strike slip. Hence,
those earthquakes had been predicted not to cause damage such as the case of
in 2004 (Duputel et al., 2012). Tsunami waves were propagated faster to the
northwestern coast of Aceh province because the rupture area was extended
northeast. Hence, several people around there such as in Banda Aceh had saw

receding water after several minutes of the main shock.

4 = Meulaboh o A\ \- Meulaboh

N
Tapaktuan “Tapaktuan
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Figure 4.4: Snapshots of tsunami propagation process in 2012 at southwestern
coast of Aceh at: (a) t = 30 min and (b) t = 58 min, after the earthquake.
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Based on the simulations, the tsunami waves had occurred in Meulaboh
and had not caused damage in coastal area as shown in Figure [{.3k. The
tsunami wave reached at the cities with height about less than 1 m. While
in Tapaktuan and Singkil, tsunami had not occurred. Tsunami wave was
blocked by the Simeulu Island and the wave was reflected by the island toward
the southern part of Sumatra. Half of tsunami wave that were not blocked
was propagated through strait between Sumatra and Simeulue Islands. Even
though it able to propagate through the Banyak Island, the focused wave which
occurred around Banyak island did not cause massive damage at Singkil. That

can be seen in Figure [4.4b.

4.3.3 Hypothetical model for future hazard

The hypothetical case is used the earthquake with M,, = 8.5. That value
is taken according to Sengara et al.| (2008)); |Suppasri et al.| (2012a,bl); Burbidge
et al. (2009). Based on the simulation results, the tsunami propagation process
for case Al is similar with the tsunami in 2005 as shown in Figure [{.5h. Singkil
become the worst area that impacted by the tsunami wave. In other hand, the
tsunami wave is lower in Tapaktuan and Meulaboh. However, the focused wave
is occurred in the case of model B1 and C1. That indicated by the propagation
process as shown in Figure 4.5 The tsunami waves for model B1 and C1 were
propagated faster than model A1l because almost the entire rupture area for

model A1l was blocked by Simeulue Island.

Figure |4.6|shows the results of maximum tsunami height at the cities under
the past and hypothetical scenarios. Case Bl indicates higher than Case Al
and C1 for Tapaktuan city. By the examination of tsunami propagation pro-

cess, Simeulu Island seemed to act as a shelter for the area around Tapaktuan
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97 98"

Figure 4.5: Snapshots of tsunami propagation proces for case: Al (a) t = 0
min, (b) t = 30 min, and (c) t=60 min, B1 (d) t = 0 min, (e) t = 30 min, and
(f) t=60 min, and C1 (g) t = 0 min, (h) t=30 min, and (i) t =60 min.

in Case Al and C1. Banyak Island and flat topography caused the tsunami am-
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Figure 4.6: Tsunami wave height at Singkil, Tapaktuan, and Meulaboh.

plification in the Singkil city. Meulaboh city, which directly facing the Indian
Ocean, becomes the vulnerable area toward the tsunami disaster. When the
fault area is located exceed to northwest of the Simeulu island. The tsunami
wave will be able to propagate directly to the Meulaboh city as same as the
tsunami in 2004. This phenomena indicated that Whether island able to pre-

vent the tsunami waves becomes higher depends on the position between the

island and rupture area (Riyaz et al., |2010)).

4.4 Effect of Reflected Wave

4.4.1 Maximum Tsunami Height

The maximum tsunami wave was observed at observation points around

the northern coast of Lhok Kruet, which has a concave shoreline. This area is
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indicated by black arrows on Figure [L.7h. The tsunami wave that propagated
around the concave shoreline was amplified due to bathymetry conditions.
The maximum tsunami height reached about 11 m at the concave shoreline
compared to the area nearby that it just reached about 9 m. The tsunami
inundation area in Lhok Kruet, based on a Google map released in 2005, was
one of the worst affected by the tsunami in Aceh Jaya (Figure 4.7d). The
inundation area was turned to soil, whereas other areas are seen to still be in
their green condition, as before the tsunami occurred. The tsunami inundation

area reached about 2.3 km from the shoreline.

The maximum tsunami wave height around Pulo Raya Island varied. The
maximum tsunami heights at the coastal area facing directly to the Indian
Ocean and at the back side of the island were about 7 m and 9 m, respectively
(see the purple and green lines in Figure ) The back side of the island
had value as same as the mainland. This indicates that the tsunami wave
was amplified at the back side of the island. The tsunami wave that arrived
at the mainland was reflected back to the island. The small gap of about
800 m between the mainland and the small island also caused the maximum
tsunami height to be about the same around this area. At the top and bottom
sides of the island, the maximum tsunami height reached about 8 m and 7
m, respectively, as shown in Figure 4.7c. The maximum tsunami waves were
at the top side of the island when the tsunami wave arrived at the mainland
after 22 min of simulation. The comparison between the maximum tsunami
height after 22 and 25 min of simulation can be seen in Figure 4.8 The graph
indicates that the tsunami wave arrived at the northern coast of the island
with the maximum height at the time the tsunami waves reflected back to the

ocean. This condition was proven based on previous studies in the case of the
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Figure 4.7: (a) Maximum tsunami height for Layer 2 of the computational
domain. (b) Maximum tsunami height at the mainland (red line), western of
the island (purple line), and eastern of the island (green line). (¢) Maximum
tsunami height at northern of the island (blue line) and southern of the island
(black line). (d) Inundation area in Lhok Kruet.
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Figure 4.8: Comparison of tsunami height at the northern coast of Pulo Raya
after the tsunami propagated at about 22 and 25 min.

1992 Folres Islands tsunami (Yeh et al., 1993, [1994; |Liu et al., [1995; [Imamura;
et al., |1995).

4.4.2 Hydraulic Pressure and Inundation Area

This research used hydraulic pressure and the inundation area (based on the
Google map) to explain the tsunami’s destruction of most of the infrastructure
on the northern coast of Pulo Raya. The northern coast of Pulo Raya is
located on the lee side of the island, where the maximum tsunami wave was
small, but the velocity is large. (Imamura et al., |[1995) found that velocity
is more important than maximum tsunami height for calculating hydraulic
pressure. The propagation process discussed previously indicates that the
current velocity when the tsunami waves arrived at the mainland was not
much larger than the tsunami wave that reflected back toward the island. The
observation point which located at the middle of the northern coast of the

island was used to calculate the hydraulic pressure.

Tsunami height, velocity vector, and hydraulic pressure values were ob-
tained based on simulation at observation points, as shown in Figure The

results indicate that the tsunami wave at the observation point in the middle
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of the northern coast of Pulo Raya had a positive value of velocity. This indi-
cates that the tsunami wave was propagated from the south to the north. The

tsunami wave that arrived at the northern coast of Pulo Raya was propagated
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Figure 4.9: (a) Simulated of water level during the Indian Ocean tsunami at the
Northern coast of Pulo Raya island, (b) velocity, and (c) hydraulic pressure.
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Figure 4.10: Pulo Raya Island condition in (a) 2004, before tsunami; (b) 2005,
after tsunami; and (c) 2011.
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Figure 4.11: Buildings destroyed by the tsunami impact in 2004 at (a) north-
ern, (b) northern, and (c) north eastern coasts of Pulo Raya.

to the east and north, as shown previously in Figure of Chapter 3. How-
ever, the velocity became negative at the observation point after about 21 min
of simulation. This indicates that the tsunami wave was propagated from the
north to the south, directly focusing on the northern coast of Pulo Aceh with

hydraulic pressure of about 50 m?/s%.

Geospatial information based on Google maps released between 2004 and
2011 was used in this research. Figure shows the Pulo Raya island
condition in 2004, including the shoreline and infrastructure (marked by black
lines and the blue polygon) before it was impacted by the tsunami. Most of
the infrastructure on the island was located on the northern coast near the

shoreline. The map released in 2005 (see Figure [4.10p) shows that most of the
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infrastructure was inside the inundation area, which is marked by the green
polygon. The tsunami destroyed most of the infrastructure, including houses,
a hospital, and a mosque. It also caused erosion on the northern coast, as
shown in Figure [£.10c. The black line shows the shoreline condition in 2004,
and the red line shows the shoreline condition in 2011, after seven years of

erosion. In this time frame, the shoreline retreated about 145 m.

The hydraulic pressure correlates well with the observed condition of build-
ings after the tsunami. (Imamura et all 1995)) found that hydraulic pressure

2 can lead to building damage of 50% or more. The foun-

over 5 to 9 m 3/s
dation of a mosque located in the middle of the northern coast is one example
of hydraulic pressure wrecking an upper structure, as shown in Figure [.1Th.
Several foundations of houses are also visible on the northern and northeastern
coast of Pulo Raya, as shown in Figure and [{.1Tk. Even 175 m to 225

m from the shoreline, the hydraulic pressure was strong enough to completely

overthrow the upper structure of houses during the tsunami.
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Chapter 5

Conclusion and Future Research

The main objective of this study is to enhance the local community awareness
and preparedness toward the tsunami wave hazard especially in Aceh province,
Indonesia. In order to achieve this goal, several study have been conducted,
which aim at performing a investigation of effects of the small island, the
hydrodynamic process of reflected wave on small islands, and morphological
changes due to tsunami wave. Conclusions and recommendations based on
results and findings through the study above are elucidated in this chapter as

follow.

5.1 Conclusion

Several conclusions have been taken based on the simulation model results

as follow:

e The amplification due to the offshore island happens when the tsunami
wave propagates from both sides of the island. That indicated by 2005

tsunami in Singkil city
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e The small island has a possibility to cause the amplification when the
fault area is symmetry in front of the island. The tsunami wave is able

to propagate through the island and focused its wave behind it.

e The simulation results indicate that the reflected wave, together with the
tsunami wave velocity, triggered hydraulic wave pressure that destroyed

the infrastructure along the northern coast of Pulo Raya.

e The simulation results show that the tsunami wave caused massive mor-
phological changes to the Banda Aceh coastal area. The land barrier
area, which was in a natural condition, was almost completely eroded
by the tsunami wave. The simulation results agreed well with geospatial

data.

e Numerical simulation can be used to investigate morphological changes
due to tsunami waves in the high-risk area. This model can predict
areas of sedimentation and erosion caused by a tsunami wave. This
study shows that the numerical model can simulate destruction of the

land barrier by the 2004 tsunami

5.2 Recommendations

Based on the limitation and results of the study, some recommendations

for future research and practice are offered as follow:

5.2.1 Recommendations for future research

e A low accuracy of the data can cause big different between simulation
result and observation data. A high resolution data for Topography and

bathymetry is required to obtain more accurate result. This study has
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limitation on using single grain size for simulating sediment transport.

A multi grain size is suggested to applied for future study.

The current model was used the Manning equation to calculate the bed
stress. A boundary-layer method is suggested to used in order to get

more accurate result for further study.

Further study is needed to investigate the morphological changes caused
by future tsunamis, based on the current condition of Banda Aceh city,
to enhance tsunami disaster mitigation by analyzing the sensitivity of

the input data that are applied in the sediment transport model.

The sediment transport calculation requires a lot of computational re-
sources. There is a need to develop the model by using Graphic Process-

ing Unit (GPUs) to reduce computational time.

5.2.2 Recommendations for practice

e Small changes of the location of epicenter in future tsunami scenarios

will result in different tsunami impact along Sumatra island due to the
influence of small islands. This condition indicates that it will be dispens-
able for the appropriate disaster management and education to grasp the

function of small islands along Sumatra island about future scenarios.

The small Islands communities are among the most tsunami vulnerable
societies in term of preparedness towards tsunami. As Indonesia has
many populated small islands, local communities and the governments
need to be aware of the complex phenomena that control the impacts
of tsunamis on small islands in order to minimize the effects of future

tsunamis.
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e The information of erosion and sedimentation location that obtained
from simulation results can be used by local governments for land use
management to help avoid a disaster such as the one in Banda Aceh

during the 2004 Indian Ocean tsunami.
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