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Abstract

Tsunami events in many regions of the world show that this hazard is
highly significant and has had a considerable impact at the local level, bringing
death or injury to human beingaddamage to the environmefithe sunami risk
cannot be eliminated, but it can be effectively analyzed and possibly reduced by
usingthe prger tools and models fwoduce reliable and meaningful estimates of
the tsunami risk facing theoastalcommunites A method for assessinthe
tsunami risk is bymodeling using Geographic Information System (GIS)
technologysince the tsunami risk is spaly variable and GIS can help to

understand such variability once the data base b@en constructed

The overall aim of this thesis is taeate a model otsunami risk
assessment thaan be applied and used anywhere in codstidnesiaby using
Geogaphic Information System (GIS) technologyhe research outcome will
give information to local people that live in tsunaprone areas, and local
governmentdo aid them inthe development of tsunami mitigation planning that
includes city development plamg, land use zoning and regulation, economic
improvement activities, education and awareness campaigns, and evacuation
planning.A quantitative and qualitative approach is used to achieve the following
objectives: (i) develop a generic model of tsunamsk assessment that
incorporates physical, social, economic and city infrastructure factors that can be
adapted for other coastal locations and jurisdictions, @yetbp a spatial
methodology to integrate multiple factors and measure the hazard, \ilihera
and risk of tsunami hazardnd (iii) @ply the tsunami risk assessment framework

in Kuta and Sanur Regions as a case study.



Kuta and Sanur Regionthat are located in Bali are vulnerable tihe
tsunami hazard becauBali is locatedon theboundaryof the Eurasian and Inds
Australian Plate, which move occasionally.This movementcan generate
submarineearthquakesvhich are one of the factors that can generate a tsunami.
Despite the fact thauta and Sanur Regiorare at risk fromtsunamiimpact
thereis no informationabout the distribution of vulnerabiliiy these regionand

theirrisk of tsunami hazard.

The model presents hazard, total vulnerability and risk maps. The hazard
map is based on the inundation zones. The total vulnerability map is based on the
combination of physical, social and economic factors. The risk map is based on
the combination of hazd and total vulnerability score$he results showthat
Kuta, Legian and Sanur Villages Kuta and Sanur Regiomsay possibly be at
risk from future tsunamisTherefore,local governments should focus these
villages.In this thesis, the author alsocluded the research frameworks for each
assessment that can be applied in other parts of coastal Indonesia and used by
local government staff who have GIS knowledge to create maps based on the

available resources in their areas.

The outcome of this thesigill be useful for local government to create
regulations that relat® theconstructionof new buildings in the coastal area, for
disaster planners aneimergency managers to create tsunami mitigation in the
future, and for coastal commuie in the stuly area tdoe aware, prepare, know

and learrthe early signs of tsunamin the future.

Keywords:GIS, tsunami, spatial modelling, Ba
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CHAPTER ONE z#Introduction

1.1. Background

Tsunami events in many regions of the wasltbw that this hazard is
highly significant and has had a considerable impact at the local level, bringing
death or injury to human beingand damage to the environment, including
coastal infrastructure, properties, businessascal and economic activities
(Papathoma et al., 2003Jhe continued probabilitgf the occurrence o large
tsunami, together with a growing population, increases the tsunami risk in coastal
communities.The sunami risk cannot be eliminated, but it can be effectively
analysed and possibly reduced by udimgproper tools and models to combine
information in order toproduce reliable and meaningful estimates of the tsunami
risk facing thecoastalcommurities A tsunami risk assessment can be applied to
help urban planners, emergency managers, and public policy or decision makers
understand the impact, study the effect of mitigation techniques and incorporate

the results into preparedness programs ananudevelopment plans.

A method for assessirtgetsunami risk is bynodellingusing Geographic
Information System (GIS) technology. GIS creates new opportunities for
managing the large amount of data (natutadzard, socal and economic
information), interfacing withthe external analysis programs and presenting the
results in a manner that can be useful for disaster planning, hazard and risk

mitigation (Cutter et al., 1997, Wood and Good, 2004)



The 2004 Indian Ocearsinami was the most devastating tsunami in
history. It affected 13 Indian Ocean countries, killed more ti&f0R0 people,
and destroyed lions of dollars worth of property in coastal areas. Indonesia
suffered the greatest damage because it was both the epicentre of the earthquake
(9.3 Richer scale) and the tsunami initiation argavy and Gopalakrishnan,
2005) Because of its huge impact and casualties, there have been many studies to
assess tsunami risk for coastal communiteesd tsunami hazard studies have
concentrated on evaluating and determinithg frequency, magnitude, and
inundation areas during the past two decades. btadiesare related to physical
and numerical modsl such as those of Qinghai and Adafh888) Tinti (1991)
Tsuji, et al.(1995) Satake and Taniok@d999) Fernandez, et a(2000) Lange
and Healy(2001) Prasetya, et af2001) Sato, et al(2003) Clague, et ali2003)

and Kulikov, et al(2005)

However, only a few case studies have been done to absessastal
community vulnerability, mostlyocusingon Greek coastal areg®apadopoulos
and Dermentzopoulos, 1998, Papathoma and Dontioeyes, 2003, Paffaoma
et al., 2003) Moreover, these studies mention which specific user atefit
from their end result, such as local authorities, disaster planners and insurance
companiesHowever it is difficult to find exampgs of tsunami vulnerability for

coastal citie®r villagesin other countriesfor exampleBali, Indonesia

Problems arise because Indonesian coastal areas are very pnaiar &b
hazards such as tsunarfor examplg99 tsunami events occurred in coastal areas
of Indonesia from 800 to 2A.0 (NGDC, 2010) If we accept the accuracy of all

data before 20 century, the return period for tsunanm Indonesia i€99/210 or



approximately once per 2 years. Tsunami hazards are devastating and have
considerable impactrohuman lives.Figure 11 shows the recoraf tsunami
eventsin Indonesia sincéhe 19" centuryand the detail of the events afeown in
Appendk 1. Although there were only 13 tsunami events in Indonesia from 2001
to 2010, however there were many casualties on that pefribde. It is because

most casualties wereausedby the 2004 Indian Ocean tsunarf227,898
casualtiesand the 200&outh coast ofJava tsunam{664 casualtiesfLevy and

Gopalakrishnan, 2005, Reese et al., 2007, NGDC, 2010)
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Figure 1.1. The number of tsunami eventnd casualtiegshat occurred in
Indonesia.

Generally tsunarmsiare generated by submarine earthguaKenerefore,
geological and seismological conditions are important fadtmrsassessing the

tsunami hazardRegions that are situated an active plate margin have aagter



probability of earthquakeand tsunansi For example, coastafillages that are
situated on theouthcoast ofBali are vulnerable tétsunams becauset is situated
on a very activenargin(Eurasian and IndgéAustralian Platesin the Indian Ocean

that is prone tesunamigenic earthquakéNugroho, 2006, Prasetya et al., 2Q01)

Economic development and population growth in Indonesia has led to the
growth d infrastructuredevelopment businessproperties, and settlements in
coastal areas and makié®em vulnerable tmatural hazards, especially tsunami
(Boulle et al., 1997, Clague et al., 2003)sunami risk assessment can
demonstrate and prioritize areas for more attention to tsunanise and guide
local governmergtin land use planning, regulation, and economic planning for

futuretsunamis.

1.2. Problem Statement

Bali has two famous beaches that attrboth local andinternational
visitors namely Kuta and Sanur. Kutdeach is located in Kuta, Legian and
Seminyak villageson the southwest coast of BaliSanur beach is located in
Sanur and Sanur Kaja villagesome 30 km away on the sodtlast coast of Bali
Theseare large coastavillages that have becomeadministréive and economic
centredor the province, and also provide a laggaount ofincome to the country
from its tourism sector. HowevenecauseBali is located on théoundary of the

Eurasian and IndéAustralian Plats, it is vulnerable to the tsunami hadar

Despite the fact thaKuta and SanuRegiors are at risk from tsunami
impact few efforts have been made to assesst#umami risk to Bali Thereis no

information about the distribution ofWKHV H YwvulOetabiliyH & risk of



tsunami hazard. Ais information is essentidbr mitigation efforts. Therefore, it is
important to evaluatéhe tsunami potential, to assess and to rtapphysical,
social and economic vulnerabidis, and to evaluate and mépe risk of tsunamns

for these villages.The problem statement can be illustrated in a simple line

framework (see Figure 1.2)

No information of
tsunami vulnerability

and risk GIS technology
v v Local governments
. . Disastemplanners
Bali »  Tsunami risk model > P
Emergency managers

Coastal communities

Vulnerable to the
tsunami hazard

Figure 1.2. The problem statement framework.

In this study, the creation of a model in order to evaluate tsunami risk has
placed the needs of local governments, disaster planners, emergency managers
and coastal communities ahead of the bigger picture of hazard science scenarios.
The model that is eXgined here uses data that are available at the small scale
community level, so that local leaders and public servants can prepare risk
assessments for their towns and villages right down to the level of individual
houses.In the case ofa disasterinformation is needed at this detailed level.
Sophisticated scientific analysis may provide more information on séigrarcd
tsunami runup probability, but such data were not available at the community
level anyway As data become available, information candualded and tsunami

runp may be modified and extended.



1.3.

ResearchAims and Objectives

BecauseKuta and SanuRegiors arevulnerable tathe tsunamihazard a

tsunami risk assessmemas been used as a case stirdgreate a model of the

tsunami risk assessment than be applied and used in other parts of coastal

IndonesiaThe results will give information to local peopdo live in tsunam+

prone areas, and local governmerits the development of tsunamiitigation

planning that includes city development planning, land use zoning and regulation,

economic improvement activities, education and awareness campaigns, and

evacuation planning.

1.4.

Specifically he objective of thestudyareto:

Develop a generic model of tsunami risk assessment that incorporates
physical, social, economic and city infrastructure factors and can be adapted
for other coastal locations and jurisdictions.

Develop a spatial methodology to integrate multiple facos measure the
hazard, vulnerability and risk of tsunami hazard.

Apply the tsunami risk assessment frameworKina and SanuRegiors as

a case study

Thesis Outline

Thethesis comprisesxschapters:

Chapter oneprovides backgroundinformation and problem statements,
which explainwhy the study area is vulnerable to tsunami hazards in the
first place. Moreover, this chaptergives the aimsand objectives of the

study.



Chapter two gives a review of the tsunami risk assessment modelling that
have been done in the context of disaster manageméEnis chapter
provides information about geographic information system (GIS)
technology thahasbeen used as a tool in natural hazard assessanent
also in tsunamiisk assessment.

Chapter three provides deground information, which explains the
geography, social and econoffagtorsof the study area.

Chapterfour presentsa simple research framework for the tsunami risk
assessmerthatis usedin this study. Moreover, this chapter gitas detas

of thematerials and methodologies that are needed for conducting the study.
Chapter five presesthe detai of the result that are found in this study.
This chapteralso provide the hazardvulnerability and risk magpof the

study area.

Chapter six presentan assessment modaljscussion, conclusion and
recommendation, which brings all of the assessments together and discusses

their resultdor future potential development.



CHAPTER TWO zTsunami Risk Assessment and Geographic

Information System (GIS) Technology

2.1. Introduction

In recent years many natural disasters, such as floods, tsunamis,
earthquakes and storms have claimed hundreds of thousands of lives, cost billions
of dollars of material losses and caused a terrible toll on developing countries in
particular. Based on these facts, many studies have been carried out to cope with
disasters from natural hazards with the focus on addressing and understanding risk
by analysing the vulnerability of communities and assets that can reduce the
impact of disastergISDR, 2002) The World Conference on Natural Disaster
Reduction in Yokohama on May 1994 established the Yokohama Strategy that
consists of prevention, preparedness and risk mitigation guidelines by
emphasizing the risk assessment, disaster prevention paparedness
vulnerability reduction, early warning and disaster reduction polii$BR,
2002, Briceno, 2004)Furthermore, the World Conference on Natural Disaster in
Hyogo on 1822 January 2005 established the Hyogo Frameworketatifgt the
specific gaps and update the Yokohama Strategy. It consisted of five areas: (i)
governance frameworks, (ii) risk identification, assessment, monitoring and early
warning, (iii) knowledge and education, (iv) risk factors reduction and (v)
prepareness and recove(lSDR, 2005)

Tsunams are considered catastrophic hazarsuch that many studies
havebeendoneto assess its risk for coastal commiesitThe gal of a tsunami
risk assessment is to quantify the potential damage and losses in a region due to

future tsunamigClague et al., 2003, Tinti, 19917 tsunami risk assessment



requres the synthesis of data and the mapping of the spatial relatiobstsen
thetsunamihazard and the elements at riskich as human casualties and damage
to property or infrastructuréA geographic information syste(f®IS) is mapping
software that pvides anenvironment to accomplish tlabjectives of a@sunami

risk assessment study because it has the ability to starg@pulate, analyse and
display the large amounts of spatial and mpatial information needed for a
tsunami risk study. This chapter begins with a description tbé major
components of asunamirisk assessment, followed by a broad overvievits

and concludes with an explanation of htwe tsunamirisk assessmerdan be

conducted irthe GIS environment.

2.2. Tsunami Impact

The occurrence of natural hazards in coastal areas is not a recent
phenomena, but the desire for better understanding about the potential,
vulnerability, risk, and impact is a relatively new trefidwyer et al., 2004)
Moreover, the impact is usually greater in poor or developing countries due to the
historical development of these countries; especially the legacy of colonialism
which has caused social, economic, political and cultural instability and problems
of good governance. These act as factors heightening vulnerability to natural
disastergAlcantaraAyala, 2002)

Tsunamis have always posed a risk to coastal communities and have
impacted on human settlements and ecosystems. Physically, the impact is caused
E\ D WYVXQ up,lbHies, uetugn flow, oscillation in the bay, estuary o
harbour, and floating debri§.sunami runtip is a masurement of theZDYH{V

height on the coastal aredsunami boresre waves that travel up a river or



estuary against the direction of the rivertea’v W X D U\  VariydopleHd@pwh O

in the return flow of the tsunami waveshich may also carryloating debris.

Debris is the remains of something broken or destroyed, such as trees.etalrs, m
etc. Tsunans may also forcescillations within semierclosed basis) such as
estuaries and rivers, and this force can produsiong reversing current within

the basinlLange and Healy, 2001Jhe impact can vary from short term, such as
injury, death, and material loss to long term, such as health, social and economic
problems. In coastal areas with ports, industries and sewage treatment, a tsunami
can generate secondary impacts, such asdimgtamination and diseagkange

and Healy, 2001, Clague et al., 2003)

The occurrence of tsunami events in many regions ofwbdd is
significant and has serious consequences for life, infrastructure, property,
economy, business and the environm@lague et al., 2003, Papathoma et al.,
2003) Highly destructive tsunamis have been recorded at a number of locations in
Indonesia, such as in Flores, in Det@m1992(Tsuji et al., 1995)in Aceh, in
December 2004Levy and Gopalakrishnan, 200%nd in South Java (Cilacap and
Pangandaran), in July 20@Reese et al., 200@nd affected almost every sector
of the economy, including agriculture, fishery, tourism, transportation, housing,
and healti{Levy and Gopalakrishnan, 2005)

Mangrove forest plays a fundamental role as an effective barrier in
reducing the effect of tsunamis on human dwellings and coastal landforms.
Sirikulchayanon, et a(2008)analysed the impact e§unami on land cover based
on mangrove coveragelhey found land cover with low mangrove coverage

sustaired major damage to land cover around 26.87% change. On the other hand,
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less damage is in regions with high mangrove coverage, representing only around
2.77% changeTherefore,the preservation of mangrove forests immportant
because they not only maintaine stability of the tropical ecosystem, but also

indirectly provide protection to coastal communities.

2.3. Tsunami Risk Assessment

Severalstudies have assessed the tsunami risk for coastal communities.
For example, Clague, et §2003)analysed the tsunami hazard in Canada based
on historcal data; Hebert, et al2001)assessed the tsunami risk in the Marquesas
Islands based on numerical modelling; and Kulikov, e(2005) estimated the
tsunami risk in the Peruvian and Northern Chilean shoreline based on historical
data of submarine earthquake events.

However, sunami study areas and objectives differ, depending on the
UHVHDUFKHUVY SURYV S HsEi&utist Hwill )ide Uintergsie® SrO tHe
distribution, the generative mechanism and the frequency recurrence periods of
tsunami events, whereas disaster planners and emergency managers will be
LOQWHUHVWHG LQ WKH WMXtQeDifpatly amiDthedad For U X Q
response, recovery and rehabilitation. Urban planners will be interested in the
WVXQDPLYY IORRG DUHD DQG WKH YXOQHUDELOLW\ F
whereas nsurance and reinsurance companies will be interested in the tsunami
frequency magitude relationships, so they can determine the risk and exposure,
and establish suitable insurance premium le@apathoma and Dominey
Howes, 2003) All of those concers and interests are beneficial because the

determination of hazard risk has an important practical benefit for the protection

11



of the population and economy, and for defence and mitigation plaxifiini
1991)

In order to make a comprehensive assessment of tsunami risk for a region,
procedures identified in tsunami and other natural hazardestedn be used to

create a frameworlsée Table.1).

Table 2.1 The geps inatsunami hazard assessment.

Step Source

Step 1. Assessment of:

X Hazard identification, frequency, and delineatior] Cutter et al(1997) Ferrier and Haqug003)

X Hazard frequency and magnitude Zbinden et al(2003)

X Hazard potential Dwyer et al.(2004)

X Hazard exposure Greiving et al(2006)

Step 2. Assessment of:

X Vulnerability Cutter et al.(1997) Dwyer et al.(2004)
Greiving et al(2006) Zbinden et al(2003)

X Vulnerability and risk estimation Ferrier and Haqué003)

Step 3. Assessment or protioa of:

x Data integration Cutter et al(1997)

X Hazard mappingfeaffected area Zbinden et al(2003)

X Social consequence Ferier and Haqu¢2003)

X Risk Dwyer et al.(2004)

x Risk map Greiving et al(2006)

X Specialneed and infrastructure Cultter et al(1997)

X Financial calculation Zbinden et al(2003)

Table 2.1 shows three important stages in tsunami hazard assessment, (i)
hazard identification (potential, frequency and exposure), (i) vulnerability
assessment (physical, social, economic and environmental), and (iii) risk
assessment (physical and social consequences, and financial calculations). All of
the stages use maps and dasa#s to analyse, manipulate and display the results to

increase the value and readability of the information.
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Figure 2.1. The framework analysis for tsunami hazard assessment and
mitigation.

Source: AlcantaratAyala (2002) Cutter et al.(1997) Dwyer et al.(2004) Ferrier and Haque
(2003) and Greiving et a(2006)

From Table 2.1, it is possible to create tdwerall framework gee Figure
2.1) for tsunami hazard assessment that consists of three important stages (hazard
identification, vulnerability and risk assessments): (i) mitigation measures to
reduce the risk, (ii) analysis of existing and needed capéastyvell as the gap
between both factors) to develop and implement mitigation measures, and (iii)

strategic plans developed as action plans to reduce the risk from tsunami hazard.
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2.3.1Hazard Assessment

Hazard identification is an important key in hazard risk assessment. For
example, in the United States of America (USA), hazard identification is a basic
element in national hazard mitigation programs that accompany the risk
assessmerfCutter et al., 2000)The understanding of the hazard process, pattern,
probability and potential are important for preventing and reducing the hazard
impact(AlcantaraAyala, 2002) In tsunami hazard assessment, both tsunami and
submarine earthquake history data are important in determining the probability of
tsunamis. Moreover, historical events are used to assess the hazard frequency and
geophysical conditions to assess possibfafthmagnitud€Clague et al., 2003)
However, tsuami events are unpredictable. They may occur at any time and at
any placgSato et al., 2003, Alcantarsyala, 2002) Therefore, we need to reduce
the impact if a tsunami occurs in coastal areas. For example, for an area with a
higher probability of tsunami occurrences, the government can give farilild
jetties or seawalls to protect against future tsunamis in that area. However, these
are very expensive options.

7KH LPSRUWDQW TXHVWLRQV RI 3ZKHQ ™ B3ZKHUH"’
answered in hazard identification. Although the questions sometivegsp with
the vulnerability assessment, they are still useful to be considered for hazard
identification(Ferrier and Haque, 2003yor example: When did the event occur?
Was there any mitigation effort at that time? What are the localised likely causes?
Are there any local characteristics that prevent or exacerbate the event? Is there
any periodic pattern for the event? Is there any building standard in the area?

Where is the most vulnerable area for this event?
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2.3.1.1. Historical Data Analysis

Historical dataanalsis is the first step in the hazard assessment process.
Various readilyiaccessed resources can be used to achieve this, such as material
held in local libraries, newspaper archives, similar studies and discussions with
local people that were impacted in past event. Moreover, The National
Geophysical Data Cent¢NGDC, 2010)from NOAA Agencyand The Institute
of Computational Mathematics and Mathematical Geophy8&&MG, 2010)in
Novosibirsk, Russigrovide de¢ailed catalogues about natural hazards, such as
earthquake and tsunami events that occur all over the world, that can be accessed
online. These information sources can be used also as a verification tool if there is
inconsistency with the hazard occurrerdata set¢Cutter et al., 1997)Several
studies on tsunami hazard assessment userib@édtdata. These studies used the
event or earthquake history, especially submarine earthquakes in order to analyse
the probability of tsunami. For example, Clague e{2003)used historical data
about damaging tsunamis recorded in Canada. Lange and (2&4l¥) used
historical tsunamis to model the potentslinami events in the Auckland region
and Hauraki Gulf, New Zealand. Qinghai and Adgi838)used historical data
to analyse the tsunami risk in China.

Moreover, historical data can be used to calculate the frequency of the
hazard occurrence. However, data prior to tHe@tury, is usually less accurate
because ofhe less sophisticated instruments used to measgieilikov et al.,

2005)
The probability of occurrence can be calculated by several methods.

Although not highly accurate, they are still useful for giving an approximate
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probability of a futue event(Ferrier and Haque, 2003pne method that is used
to calculate the probability of occurrence is to divide the number of hazard
occurrences by the number of years in the historical record. For example, if a
tsunami occurred 10 times in an area over Yi€drs, the probability of a tsunami
occurrence in that area is 10/100 or 10% per {@atter et al., 1997, Zahibo and
Pelinovsky, 2001) Some researchers calculate the tsunami occurrence return
period by inverting the calculation i.e. 100/10=10, meaning a tsunami has a
probability to reoccur in that area after 10 yg#slikov et al., 2005, Lange and
Healy, 2001)

7KH SUREDELOLW\ FDOFXODWLRQ LV XVHG WR
awareness about tsunamis because their rarity leads to a gradual lessening in
SHRSOHVY DZDUHQHVV DQG SUHSDUHGQHVV RYHU
fundamental limitation in risk assessméRerrier and Haque, 20030 make
people prepare for a tsunami, they have to be concerned about it, have enough
awareness, and agree with the potential magnitude and impact that is possible
from a tsunami event. For example, during the Indian Ocean Tsunar@b o
January 2004, mortality on Simelue Island, located near the earthquake epicentre,
was low, because they knew what actions to take based on past ts(ireryis

and Gopalakrishnar2005)

2.3.1.2. Geological and Seismic Analysis

The geological and seismic conditions in an area are very important to
assess the probability of a tsunami. There are two factors that contribute to the
hazard occurrence in such an area: the geographical location and gealogical

geomorphologic settinfAlcantaraAyala, 2002) Bush et al(1999)stated thathe
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geological setting and oceanographic condgiare important in increasing or
decreasing the coastal hazard.

Most catastrophic tsunamage generated by submarine earthquakes. Thus
submarine eartfuake data can hesed to predict a future tsunami. The tsunami
magnitude generated by a submarine earthquake is different from one fault to
another(Sato et al., 2003)Generally, he longerthe gap periogdsuchthatseismic
zones have not rupturethegreatr energy will be releaseghenthey rupture in
future (Tinti, 1991) This was also noted bQinghai and Adam$1988)in their
study that strong earthquakaremorelikely to occur in structural zosehat hae
not experienced strong earthquakeergly. They also suggested that geological
analysiss important and useful in predieg future earthquakeand tsunans

Tinti (1991)showed that most tsunagrin the sea surrounding ltalyere
generated by earthquake with magnitude more th@ntds alsoagreedoy Lange
and Healy(2001)that the minimum earthquake magnitude to generate tsamami
7.3. However the Papua New Guinea tsunamil999 that killed 2,200 people
was generated by 7rhagnitudewhich was a relatively small earthquakéut the
wave was funnelled by an undersea canyon that generated a destructive tsunami
along a short stretch of coastlifi€ulikov et al., 2005) Therefore destructive
tsunami wave are not always generated by extreme earthquike the 2004
Indian Ocean tsunami thatasgenerated by 9.tagnitude

Regiors thatare situated o active margia will have a greater probability
of earthquakeand tsunans A famous regiorfor tsunams is TransPacific along
the Pacific Ring Belt. This region comprises aref Alaska, Aleutian Islands,

Kuril Islands, Japan, Philippise Indonesia and Melanesia Indonesia is
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vulnerable to tsunammbecause it isituatedon a very active colliding plate ithe
Indian Ocean thails prone to earthquakdhat can generate tsunaniThe area
alongthe Andaman Islansland Nicobar Islanglis an unstable fault line thaain
trigger powerful earthquakeThis area represits the active plate margin between
theBurma Plate and IndmePlate with the drift approximately cmper yearLevy

and Gopalakrishnan, 2005According to NGDC (2010) 99 tsunami events
occurred in coastal areas of Indonesia from 1800 to 2010 If we accept the
accuracy of all data before 20century, the return period for tsunamis in

Indonesia is 99/210r approximately once per 2 yeaasvery shortime.

2.3.2Vulnerability Assessment

Vulnerability assessment is the next step to undertake after evaluating
tsunami potential and probability. It is important because the hazard impact is
different from one place to another. Vulnerability assessments depend on how
close the communities are the hazard source, and their social and economic
characteristic§Cutter et al., 2000)

The vulnerability identification is central to theitigation, preparedness
and response process, which directly affects the community resiliency of an area
(Ferrier and Haque, 2003Yulnerability assessment is alsoportant in order to
make disaster planning and mitigation activities both sensible and fecti
Mitigation efforts could be carried out effectively by analysing the vulnerability
variables(Clark et al., 1998) However, in practice, vulnerability assessments
often are given lesattention in the tsunami hazard assessment than the mitigation
and preparedness. For example, the tsunami mitigation activity in the Pacific

Northwest that was provided by numerous Pacific Northwest organizations, such
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as the Cascadia Region Earthquakerkymup (CREW), the Oregon Natural
Hazards Workgroup (ONHW) and the California Seismic Safety Commission
(CSSC) did not include a community vulnerability assessment in the overall
program. Research focussing on community vulnerability assessment is very
important so results can prioritize insufficient resources for preparing mitigation
and preparedness steps at the local I@¥elod and Good, 2004)

Vulnerability is a function of two attributeqi) hazard exposure and)
ability to copewith the hazard Expressedmore analyticdy, the vulnerability
should beassessed in three stag@¥,exposure (hazard potentia{)i) resistance
(during the event) an(iii) resilience (post hazar@lark et al., 1998)

Thereis a general consensus about the major factors that influence social
vulnerability. These include: limited access resourceqincluding information,
knowledge and technology)political power, social capita(including social
networls), belies and custors, building, age, type and density of infrastructure
and lifeline(Cutter et al., 2003, Alcantav&yala, 2002)

Vulnerability to natural hazaslis relatedto the amount of eévelopment
and poverty. Development caactually raise the vulnerabilityas thepoverty
reduction program often pay no attention tesk reductionBriceno, 2004) Often
a natural hazard impact is intensified when it occursthe populatedand
developedareasor areas withstrongeconomic activitiegGreiving et al., 2006)
However, for a coastal city, the development inthe waterfront area is
unavoidable because of the functidnharbous, marina, hotek andrecreational
facilities (Wood and Good, 2004)The consequenceas that coastal cities are

vulnerable to disaster because they areaihazardous areahey are in an
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economic centre;zontain muchnfrastructure andre highlypopulatedBoulle et
al., 1997) Therefore, coastal zone planning nead®mprehensive assessmeht
the coastal hazarih developing zoning and land suitability anayfSolomon

and Forbes, 1999)

2.3.2.1. Vulnerability Components

The four components of vulnerability are physical, social, economic, and
environmental. These components represent categories that can be influenced by a
natural hazarqBoulle et al., 1997, Cutter et al., 2003he physical component
refers to the location of the built environment, such as density levels, res®tene
of an area, its setting and the quality of buildoapstruction. Density is one of
the variables that determines the severity of a disaster. Where people are
concentrated in a limited area, any hazard event can cause more injury and death
than would occur if these people were more dispgiBedlle et al., 1997)People
who live in a remotearea will experiencedifficulty for the evacuation if any
hazard occw in that area(ISDR, 2002) The setting of the environment also
determines the severity of a disaster. For example, people who levédnard
prone areas will benore vulnerable than people who livel@ss hazardouareas
(ISDR, 2002) The quality of building construction is very important in relation to
physical vulnerability. For example, more than 80% of dasualties from
earthquakes are associated with collapsing build{f§)3R, 2002, Boulle et al.,
1997)

The social componens related to the level of wéléing of individuals,

communities or societiesuch as age and gender isstUé® vey young and very

old affectPRYHPHQW RXW RI KDUPYTV ZD\ &KLOGUHQ DQG
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constraints or mobility concerns increasing the burden of care and lack of
resilience(Cutter et al., 2003)Gender issues, particularly the role of women are
also important. In man societies, women have a primary responsibility for
domestic life, essential shelter and basic needs. Therefonegn are more likely

to beburdened, or more vulnerable in times of cri§&8DR, 2002)

The economic component is related to the economic status of indlisjd
communities or societief?eople with different income levels are likely to be
affected differently by the same event. For example, the poorest people who live
in the lowest qualityhousingin the most hazard prone locations will have the
fewest reserves or opportunities to lessen potential disaster impacts. They also
have fewer options because of their lack of resoyBeslle et al., 1997)Wealth
enables communities to absorb and recover from losses more quickly due to
insurance, social safety nets and entittempragramgCutter et al., 2003)

The environmental component covers many issues about social, economic
and ecological actions of sustainable development and is related to the reduction
of disaster risKISDR, 2002) Furthermore, the environmental component plays
an important role in reducing or raising the hazard impact. For example, the
interaction between people and the environment is one important aspect in
understandig flooding hazards, such as in Manila, PhilippinBse reason why
flooding has come to pose such a risk to Manila ressderdonstructed through
the lack ofsustainability ofenvironmerdl impactsand human activigs over
time. Rainfall, topography andubsidence combine witpopulation increase,
urban growth and the volume of waste products to prevenbfuand impede

drainage.Therefore, after the widespread flooding Mé&nila in 1972, a major
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flood-mitigation program was undertakbg Philippines Gvernmentsuch as the
Mangahan Floodway Project (MFEBankoff, 2003)

Vulnerability is not only caused by human actions, but also interactions
with the natural, cultural and political settings. Therefore, vulnerability can be
divided into two groups+human and natural vulnerdibj +where human
vulnerability depends on the social, economic, political and cultural systems and
natural vulnerability depends on the threatening natural hazard that is related to
the geographical location, such as volcanic, flooding, tsunami andneyato
hurricane vulnerabilitiegAlcantaraAyala, 2002)

Moreover, thereare social and biophysical vulnerabilities. The social
vulnerability indicator is measured by social, economic and demographic
characteristics, while the biophysical vulnerability indicator is meashyethe
total event frequency and affected af€atter et al., 2000)

Local context, character and conditions will influence the choice of
appopriate risk factors with which to assess the vulnerability of an area. The
hazard vulnerability in tsunami risk assessment is a function of factors such as
distance from the shoreline, depth of inundation, building construction,
preparedness, perceptiohthe hazard, ability to escape from the hazard, social
and economic factor®apathoma et al., 2003jurthermore, each coastal area has
different conditions and these factors make the coastd anore or less
vulnerable to tsunami hazards. Therefore, in tsunami hazard assessment, the
inclusion of vulnerability factors gives a more realistic pattern or trend to spatial

and temporal vulnerabilitig®apathoma et al., 2003)
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Gender and age are two important variables in tsunami vulnerability
assessment. This was evident in the 2004 Indian Ocean tsunami, where a third of
the total victims were children, and there were more female casuhtiesnale
(Levy and Gopalakrishnan, 2005According to Doocy, et al(2007) from
interviews with survivors, many men were fishing at that time, while most of the
women and children stayed at home on that Sunday morning. Moreover, many
women and chilcen were unable to swim or stay afloat in the powerful waves,
tiring easily and drowning quicklfLevy and Gopalakrishnan, 2005, Cutter et al.,
2003)

A variable that can be used as an indicator is partigulaseful in
measuring vulnerability. For example, in Australia, 13 easily accessed indicators
that are used in quantifying the social vulnerability for natural hazards are age,
income, gender, employment, resident type, household type, tenure type, health
insurance, house insurance, car ownership, disability, language skill, and debt or
saving(Dwyer et al., 2004)This comprehensive approach measures and assesses
a range of social aspects, and covers different levelsiloérability; individual,
community, regional and institutional.

For tsunami hazard assessment, the condition of a building is another
parameter to determine vulnerability. Factors include the shape and position of the
building. For example, a building drroad perpendicular or parallel to a beach
experience different impacts from surgesltsunamigBush et al., 1999)if they
are parallel to the shoreline or perpendicular to a riversepuhey are more
vulnerable to the tsunami for¢Bapadopoulos and Dermentzopoulos, 19880

onesstorey buildings in coastal areas are more vulnerable to tsunami impact than
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two or threesstorey buildings becaasof their heightBuildings with more than

onezstorey can be used foertical evacuatiofClague et al., 2003)

2.3.2.2. Data and Information

To create a vulnerability assessment for physical, social, economic and
environmental factors, a range of spatial and 8patial data are needed; for
example, land elevation, beach slope, bathymetry, age, population, income,
market, and landse. Land elevation and beach slope relate to the inundation area
(Bush et al., 1999)Bathymetry relates to the ramp of tsunami wave@ugroho,
2006) Age and population relate to social fact{Csitter et al., 2003)Economic
status (such as income, status and political power), market and land use relate to
economic factors that are used to calculate gbheential for damaged areas
(Nugroho, 2006, Cutter et al., 2003)hese data should represent the information
that is needed to create the vulnerability assessment. For those assessments, data
from the census is important because it is sufficiently detailetl easily
accessibleHowever, there are some things to consider, such as data availability,
spatial resolution and time since census data colle@chaughlin et al., 2002)

Moreover, the use of gemmdicators, such as elawen, vegetation,
offshore setting, erosion rate, beach width and slope, presence of sand dunes, solid
structures, and drainage and soil type are very useful in providing information for
natural vulnerability to coastal hazards and can be accessed thfieldjh

observatior(Bush et al., 1999)

2.3.2.3. Risk and Vulnerability Methodologies
The assessment method is based on the objective to reveal the physical,

social, economic, and environmental cdiwdis that will increase or decrease
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vulnerability to tsunami hazards. Schroter, e{2005)have developed an eight

step assessment method which inekid

x  Defining the study area. It is important to talk with the stakeholders in the
process of selecting the study area, because they are the people who take
actions based on information from the assessment result.

x  Situation analysis over time. Once the stadea has been selected, it is
important to develop the knowledge through a literature review and gather
information about the study area through discussion with stakeholders.

x  Developing the hypothesis. Researchers should create a hypothesis as to
which people and environmenare vulnerable tthehazard.

x  Developing a causal model. This model describes and assesses the factors,
including strengths of the interactions between facttnat lead to
vulnerability.

x  Developing indicators of exposure, sensitivity and adaptive capacity. It is
important to develop indicators that areeplicable meaningful,
understandable by stakeholders, and spatial so they can be mapped.

x  Creating an operational model of vulnerabililyis produced by weighting
and combining the indicators.

x  Developing future projections. Projections should be based on the scenarios
of values for the relevant variables.

X  Communicating the result. The communication should encourage & two
way direction ofinformation between researchers and stakeholders.

Quantifying and weighting vulnerability and risk are often very subjective,

because they depend on many factors, such as research objectives, involvement of
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experts and statistical method€hen et al., 2001)Besides the subjectivity,
weighting in vulnerability assessment depends on the importance of the variables.
This is because each natural hazard is specific and cannot be classified in one
classification of vulnerability or riskGreiving et al., 2006)

There are five criteria to evaluate for a vulnerability assessment: (i) the
knowledge base for alysis should be varied and flexible, (ii) vulnerability
should be based on place or study area and the analysis should be aware of other
spatial scales, (iii) the results should be multiple and interacting, (iv) the
assessment should allow for differehidaptive capacity and (v) the information
should have both prospective and historical anal{Sishroter et al., 2005)
Furthermore, the vulnerability assessment walldspecially useful if it illustrates
the relationship between humans and the environment. There should be an
understanding of meeting the needs of the group or society while sustaining the
systems and conditions of the environment. Therefore, it requoremunication

between scientists and decision maKérgner 1l et al., 2003)

2.3.3Risk Assessment

The risk for each natural hazard, including a tsunami, is different from one
areato another, depending on its vulnerability. The result of a risk assessment
allows all parties (disaster planners and emergency managers) to focus limited
resources on areas with the highest priority for evacuation, recovery or
rehabilitation (Wood and Good, 2004)The ultimate goal of the hazard risk
assessment is to reveal different areas with different levels of risk from the hazard

through mappingWu et al., 2004)

26



The hazard risk assessment should consider three dimensions of hazard
exposure: economic, social and ecological dimensions. The economic dimension
refers to the factors that affect the region or econosystem. The social
dimension refers to the people that are considered highly vulnerable, such as the
disabled and poor people. The ecological dimension refers to the ecosystems and
environmental vulnerability of a region. Moreover, disaster planners and
emergency managers need to locate the risk and determine the significance of the
risk both qualitatively and quantitatively. This is very important, especially for
tsunami hazards which have impacts that are spatially distrif@tedving et al.,

2006)

However, the risk assessment is not able to be separated from individual or
institutional perceptions about the risk. Therefore, the risk assessment method
should ke flexibly applied and easy to understand for the local managers who
usually have different backgrounds and levels of educdfernrier and Haque,
2003)

There are some different approaches in defining and calculating risk.
However in principle, they are thame in the application of the approadine
different risk approaches by different refereneesluded their explanatiocan be

seen in Table 2.2.
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Table 2.2.  The risk calculation.

Risk Calculation

Explanation

Hazard x Vulnerability x Manageabilit]
(Shook, 1997)

In this analysis, he useaaquestionnaire to get th
result. Participants were selected on the basig
their deep understanding of Thai society,
government organisations related to disasters
knowledge of disaster management in the cour
and NGOs involved in disaster response
rehabilitation.

Hazard x  Vulnerabilty x  Value
(Papadopoulos and Dermentzopoulos, 199

In this analysis, real tsunami data and tsun
wave numerical simulations combined w
probabilistic approaches provide a good basis
guantitative tsunami hazard assessment. To aj
WKH 3YXOQH UED ELYDLONKH " D QY
gualitative or semiguantitative methods for th
tsunami risk description.

Hazard probability x Vulnerability(Ferrier
and Haque, 2003, Cutter et al., 2000, ISC
2002)

In this analysis, they defined rigiccurencewith
the hazard probability an@sult in a vulnerability|
to loss, such as people and property

Hazard x Element exposed x Vulnerabili
(Dwyer et al., 2004, Tran et al., 2009, N¢
2006)

,Q WKLV DQDO\VLV 3KD]D
occurrence, the magnitude and the spatial ex
Rl WKH KD]DUG1TV LPSDFW 3
to the factors, such as people, buildings
networks that are subject to the impact af
specific hazard. VunHUDELOLW\" U
capacity of an element exposed during the imf
of a hazard event, such as roads, buildings
people.

Hazard x Vulnerability x TimgHennecke ef
al., 2004)

In this analysis, hazard was considetedbe the
probability of occurrence of a major hazard ev|
in one area. Vulnerability comprises the expos
of human assets, here land and property value|
these hazards. They also included time a
variable over which risk can change as
consequence ofchanges in hazard and/
vulnerability.

Hazard probability x Extent of
(Plattner, 2005)

impag

In this analysis, he di@ed the risk as the produ
of frequency (or probabilitypf event occurrence
andthe extent of the associatednsequence

Hazard probability x Impact x Exposure
Vulnerability (Hollenstein, 2005)

In this analysis, he defined hazard as a probab
or the return period and an intensity (comprisin
description of the impact, together with it
spatiotemporal distribution). The risk is al
characterized by two factors, the expos
(describing the spatiotemporal distribution of t
target objects) and the vulnerability.

As can be seen from these methods, an increase or decrease of each
element will influence the degree of risk. Therefore, the calculation of risk by
multiplying each subvariable of vulnerability should be considered carefully

becausehis multiplication will give a low value if one of the involved factors is
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low. Furthermore, the risk assessment result should be interpreted on a specific
temporal and spatial scale. The consequence is that area A and B cannot be
compared if they are fiierent in spatial scale or their risk assessments are
conducted at different timgRashed and Weeks, 2003)

To create a complete analysis for the tsunami risk assegs some
processes or steps are needed. For example, Papadopoulos and Dermentzopoulos
(1998) describe their steps as: @ollecting and analysing the data related to
various paramets influenced by tsunami wavek the first step, they used
geomorphological geological and environmental features to creataatural
environment map; land use to creatand use magproad network to createroad
network map functions, lifelines and important installatiots create functions
and lifelines maps; andocioemnomic and population parameteis create
socio¥conomic and population magg) Analysing the poterdl impact of the
tsunami waves. In the second step, they created tsunami impact maps based on the
first step maps, such as tsunami hazard impact patem soil foundation
conditions and on the natural environment, tsunami wave surge impact force
relative magnitude characteristics on landnd use property damageoad
damage lifeline damage population and socigeconomic impact map (iii)
Developng a series of mitigeon and prevention approachds. this step, they
created a tsunami risk management map, included the prevention and mitigation
measures based on tt@mbination of alpotential impact maps.

Papathoma et al(2003) have developed their steps as:I@@ntifying the
field site basean historical tsunami records. The study area was chosen because

LW KDV D KLVWRULFDO UHFRUG RI tiahvdécQrieRihg ARRGV D (
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VSHFL¢F WYV X Q@bte andZob didthnked bf inuride. (i) Estimating the
worstase senario of the inundation areaBased on the historical data, they
identified the extreme inundation zone as the area between the coastlife and t
contour of the highest ever recorded wafig. Identifying the parameters that
contribute to the vulnerabilitySince the vulnerability to tsunami damage and
destruction is not uniform within the study area, a variety of parameters were
L G HQ WL ghdi&s infor@&ion concerning each parameter was collected to
generate the primary database, suchuak environment, sociological,cenomic

and physical datdiv) Establishing a GIS based mal data sets were combined
and analysed in order to answire questions being investigated using GIS
technology.

Papathoma and Domindylowes (2003) explain their steps as: (i)
identifying the inundation depth zameBased on the historical data, they
identified the inundation depth zone as the area between the coastline and the
contour of the highest ever recorded tsunami wali@. Identifying the
vulnerability factors and collecting the data this step, theysed buildings and
people as vulnerability factors. They collected data, such as charadtesistic
buildings and population in those buildindggi) Calculating the vulnerability
They calculated building and people vulnerabilities using a multi criteria
evaluation methodiv) Displaying the vulnerabilityThey displayed the resuh
aGIS map form.

As the assessment takes place prior to the actual event occurring, a certain
VFHQDULR XVXPIVH ROARUMWWGHYHORSHG DIV D EDVLYV

The worstease scenario is preferable for the tsunami risk assessment because it is
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very difficult to predict the scale and magnitude of a tsunami. To make tsunami
risk assessment simple, realistic, easy to adopt and flexible to apply in other
places, sme researchers have made simplifications, such as omittidghofe
bathymetry and wave runp calculations. Papathoma and Domidggwes
(2003)did not se these parameters because of the time needed for the processing
and due to data costs. Therefore they used historical data of past events to predict
the worstease scenario in a coastal area.

The tsunami risk scenario is therefore developed based otingxis
historical data, numerical modelling and the wegase scenario. For example,
maximum wave rumip can be expressed as vertical (elevation of water) or
horizontal (distance of inundation) and any #um more than 1 maedris
considered dangerous. Hovesy the horizontal inundation is influenced by
topography, such that the vertical mup is usually used in each sceng@ague

et al., 2003)

2.4. Tsunami Mitigation

Hazard mitigation is a further process after the hazard, vulnerability, and
risk assessmemhave been completed. It is important that all results in the hazard
assessment are incorporatetbitihe decisiorimaking process. Moreover, serious
efforts mustbe made to integrate vulnerability analysis itite decision making.
Tsunami and other coabtaazards cannot be prevented becdhsy are beyond
human influence. However, the damage that is caused by a tsunami can be
minimized through mitigatiofTurner 1l et al., 2003)

Strategies for natural mitigation are universal, but in the implementation

stage one must consider the local characteristidsantaraAyala, 2002)
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Nowadays, there is a trend away from hazard response issues to proactive
mitigation issuegPearce, 2003the old methods in hazard managemeare to

clean up and rescue the survivors. This has been changed to mitigation,
preparedness, response and recoy€umtter et al., 2000, Briceno, 2004h the

World Conference on Naturaligaster Reductiomeld in Yokohama, Japain

1994, he United Nations (UN) hasnade andimplemented the Yokohama
strategy for all members, from small or developing countries to developed
countries. It is a set of strategies faction on prevention, preparedness and
mitigation of natural hazard risks based on principles in risk assessment, disaster
prevention, vulnerability reduction, disaster preparedness, early warning systems,
and political responsibility for creating, devplog and implementing disaster
reduction policiegBriceno, 2004)The World Conferencen Disaster Reduction

in Hyogo, Japain 2005updatedhe Yokohama Strategy and enhanitadto the

Hyogo Framework This framework identified thepecific gaps and challenges
from the previous strategthat focuseson five areas, namely (i) governance
frameworks (included organizational, legal and policy frameworkg)) risk
identification, assessment, monitoring and early warning, (iii) knowledge
managemenand education, (iv) risk factors reduction and (v) preparedioess
effective responsand recoveryThese are the key areas for developing a relevant
framework for action for the decade 20@32015 (ISDR, 2005) For example,

Italy has taken disaster risk reduction elements into consideration in all phases of
the emergency management cycjgROORZLQJ WKH /I$TXLOD (DUWKT.
an extensive rebuildngcSODQ QDPHG 3&%$6( 3URMHFW" KDV SURY

homeless people with fully aneismic, modern houses compliant to the most
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recent building standards. Following the 1988 Spitak Earthquake, new master
plans of development were established for 80% of diies and towns in
Armenia. Each master plan includes plans for land use, inventory valuation and
zoning on both the degree of hazard and risk assessment of igdidgthe
plans for economic and social development. The government also invested in
areas at risk for flooding, particularly in northern regions of the country, which
have experienced substantial flooding over the past d€ldR, 2009)

In the hazard assessment process, the risk is not only influenced by human
and natural vulnerabilities, but is also a function of mitigation and preventative
actions that are implemented before the e\€etrier and Haque, 2003)The
tsunami hazard can be reduced by a mitigation policy and alternatively can be
exacerbated by poor or even neristent mitigation planCutter et al., 2000)

According to this definition, many activities can be included as part of
mitigation. They can be structuratby developing structures such as seawalls,
jetties and groynes; or nastructural + by developing land se planning,
awareness campaigns, preparedness and public education, hazard and risk maps

(Clague et al., 2003)

2.4.1.Structural Measures

In structural mitigation, actions to reduce the impact of tsunamis include
preventing waves from flooding areas, breaking the wave before it reaches the
shore, or protecting buildings, houses and coastal infrastructures from the wave
energy. The problem wi structural measures is that they are expensive and may

only protect certain parts of the sh@g@ague et al., 2003)
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For example, dykes and walls can be built in coastal areas. These offshore
barriers can deflect tsunami waves, lessen their energy and prevent them from
reaching residential or busineaseas. These protections are expensive, but are
economically possible for wealthy developed countries, such as Japan and the
United States, where large populations are at risk and the shorelines are at the
head of bays or inlet§Clague et al., 2003)Moreover, in areas with a high
probability of tsunami &zard, buildings can be designed to reduce water damage
by being built on piers and elevated 2 to 3 m above ground level. This has been
done on some houses near the shoreline in the Hawaiian I¢laladgie et al.,

2003)

2.4.2 Awareness and Education

Public education must be conducted regularly, especiallgriEas with a
high probability of tsunamsi Issues such ae characteristics, probability and
magnitudeof the tsunami, likelhood of beng flooded proper respores and
communitypreparation are necessdoy public education, especially for coastal
communities (Clague et al., 2003)Pictures, mags, quesionnaires and event
scenarig arevery useful inthe awareness and education progsaf tsunamit
resilientcommunitymustunderstand theharacteristic®f the tsunami,be able to
mitigate its impact, disseminate and change informa#snnecessargnd have a
tsunami mitigation plan. These aspects are usadasis for action plasuch as
developing tsunami infonationfor all stakeholders, evacuation signs and ute
training materiad, inundation mag guidelines, zoning, public meetsg
workshors, planning development and legislati@ionientzTrisler et al., 2005,

Clague et al., 2003)
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A public mitigation program will be effective if there education anc
good understanding of risks, susceptible suaad hunan vulnerability(Ferrier
and Haque, 2003}J-or example, irtoastal areawith tourism activitieseducation
of the hotel operator and staff saéamproved community resiliene to future
tsunamidgn Washington USA (Johnston et al., 2009)aving tsunami material in
the curricula is a good option fahe younger generation. Early warning system
are also important because people are warned befoeetsunami occurs.
However, they areonly effective fo tsunams with long distancewaves; for
distancs less than 100 krthey arenot effectivebecause there is limited time to
warn and evacuate peoflélague et al., 2003 herefore, in coastal communities
people should run to higher buildings (more than 2 storeys) for vertical

evacuation.

2.4.3 Strategic Plan

For tsunami mitigation, the change the natural hazard paradigns
reflected ingreatercommunity planningincludingland use planning, inundation
management plan redudion of vulnerability, and increasecoastal community
resilierce (Clague et al., 2003Hazard identification is done through sciéat
studies, workshap tsunami modelling andthe development of tsunami
inundation mag.

Developing the inundation map (showing areas that are likely to be
flooded during a tsunami eveng an important activity in tsunami mitigation.
These maps canalso be used aa guide for local government in directing
investmentdevelopment andpecific land use to safeg and sustainable plase

(Clague et al., 2003Moreover,an inundation maps also important in public
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educationThe @mmmunity will see and evaluate the vulnerability of their area and
be as prepad as possibldor the worst situation. Therefore, inundation map
development isa priority in tsunami mitigation planningn the United States
(JonientzTrisler et al., 2005)

An integrated hazard mitigation plan is important especially in very
developed coastal aeaThis plan can provide guidance for stakeholders in
reducing their vulnerability to coastal hazardver a long period. Hazard
mitigation or management plashould be directed to redudéferent forms of
human vulnerabilityThey should cover activities to redut@iman vulnerability,
improve access to resousceand increasesocial integration, institutional
coordinaton, public awareness, and building safety. The plan must be discussed
and communicatedvith other jurisdictional area because the hazard is not
limited bytheadministrative boundaes (Montoya and Masser, 2005)

Focus group discussionsgoastal communities and schoslirveys can
assess the undganding ofcoastal communitieand their preparedness ftire
future tsunami hazard. ®se surveys can be used as feedback fiie local
governmert in evaluating the effectiveness of mitigation progsaioreover,
some critical vieve are veryconstructive in assessingcoastal community
preparedness-or example local peoplewill prepare medicabr emergency kg
just once and aftea certain time never renethhem In other casg they do not
prepare because they know thatazard evewill i mply afinancialburden, such
as building or repaiing a house.These conditions are caused tine irregular
dissemination of informationthe complex nature of impast and a low risk

perception becausetsunami is a rare eve@ohnston et al., 2005)
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2.5. Geographic Information System (GIS) Technology

In this tsunamirisk assessment study, GIS technology is utilised. I6IS
essentiallya set of tools ira computer based information system that can store,
retrieve, create a model, manipulate, transform, agaklsare, and display the
data which are referenced to the Earth spatially for a specific pufGoser et

al., 1997, Davis, 2001, Heywood et al., 2006)

2.5.1GIS Data Structures

Geographic data comes in three basic forms, (i) map data, (ii) attribute
data, and (iii) image data. Map data contains the location and shape of geographic
features and is known as spatial data. GIS uses three basic shapes to present real
world features, (i) points (such as buildings and hospitals), lines (roads and
rivers), and polygons (forests and urban areas). Attribute (tabular) data is the
descriptive data that GIS links to map features. Attribute data is collected and
compiled for speafic areas, such as territorial authorities, census tracts and cities.
Image data ranges from satellite images and aerial photographs to scanned maps
(Heywood et al., 2006, Davis, 2001)

In GIS, there are two main ways for displaying spatial data models,
namely raster and vector spatial désae Figure 2.2)The raster spatial data
model is described as tessellations. In the raster world, individual cells are used as
the building blocks for creating images of point, line, area, network and surface
entities.In the raster world, the basic building block is thdividual grid cell, and
the shape and character of an entity is created by the grouping of cells. The size of
the grid cell is very important as it influences how an entity app@akector

spatial data model uses twbmensional Cartesian (x,y) coandtes to store the
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shape of a spatial entity. In the vector world, the point is the basic building block
from which all spatial entities are constructed. The more complex the shape of a

feature, the greater the number of points required to repregétgywvood et al.,

2006)
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Figure 2.2. The rasteand vector data model.

Spatial information that is used in the risk assessment process, including
land use, slope, elevation, building stock and total population can be represented
in GIS as features and their associated attributes. The features arenteuldxy
the basic data structures of the GIS: points, lines and polygons and the associated

attributes stored in database tables.

25.1.1. Mapping Scale

Scale is an important issue in GIS analysis. Since it is important to
simplify the spatial data in order for it to be represented on a map, features should
be generalized. This generalization depends on the map scale. For example, maps
with large scales cerepresentmuch more detail than maps with small scalase

to this combination of simplification and generalization, it is very important to
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recognize the limitations of given map scales for certain type of analysis.
Therefore, it is very important tostblish a reasonable scale of analysis and a

corresponding scale of displéQutter et al. 1997)

2.5.2 Analysis andM odelling Capabilities

One of the most important features of GIS is the manipulation and analysis
of both spatial and nosspatial data. Both traditional database management
systems and GlSupport database analysis, but GIS algoports map analysis. It
is useful to think of5IS map analysis ialayeredinodel contex{see Figure 3).
The layered GIS model is analogous to transparent maps that can be accurately
stacked upon one anothdiypically each layer contains only one rpagd theme.
GIS provides a set of toolsr computer programs which are in the form of
operating commands, permit spatial inquiry, manipulation and analysis; which
allow the user to perform a specific set of operations on map and attribute data

(Heywood et al., 2006)
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Figure 23. The layered GIS model.

39



2.5.3GIS in Natural Hazard Risk Assessment

A geographic information system can be used to integrate the various steps
in atsunamirisk assessmeimirocess. The system is independent of analysis scale
and geographitocation, allowing analysis at any level and in any area where the
necessary informatiois available. GIS technology also provides a powerful tool
for displaying outputs angermits uses to see the geographic distribution akri
(Rashed and Weeks, 2003)

GIS serves as an important tool in estalighdata and analytical
modelling and assistthe decision makindor the natural hazard mitigatiofChen
et al., 2003) In natural hazard assessment, GIS can suppotingact planning,
post event response, and the mitigation process. Howeweeds highguality
data input and verification to make it effective. Moreover, GIS software also
requires somerincipal understanding of how the hazards relate to each other in
space and over tim€utter et al., 1997)

In the disaster risk management process, it is important to combine local
knowledge, GIS and magd3ran et al., 2009)There are three reasons for this
integration, (i)A hazard map is an effectivedioin making local knowledge
visible or understandable in the disaster risk identification skéagard maps are
fundamental to the development of a commutiigsed methodology for
collecting and displaying the disaster vulnerabilities and riskscibvaiprise the
core content of local knowledge. It is one of the first steps of producing a
community vulnerability inventory. These maps can provide clear, attractive
pictures of the geographic distribution of potential hazards that can be appreciated

by local people with no specialist knowledde) Local knowledge is important
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for disaster risk managemertocal people can provide information about their
surroundings and are able to indicate the hajaihe areas in their environment

(i) A GIS map hasnore advantages than a conventional nvgpping hitherto
required a very cumbersome and tigm@nsuming process for transforming field
maps into a wide range of finished cartographic products. Once these map
products were produced, they were difficultdmrect or expandlhe situation
began to change rapidly in the mid 1980s when early versions of GIS came into
use. Since then its importance as a tool to link Jgengraphic attributes or
geographically referenced data with graphic map features andisb \agh the
management, storage, display and query of secimnomic data has become well
established.

Natural hazard risk assessments use GIS as a tool to process the data
because of the spatial methodologies that can be investigated throughout the
wholerisk assessment process, (i) data integration, (ii) risk assessmenatask
(iii) risk decision makingChen et al., 2003fFurthermore, GIS has ability to
combine naturalhazard social and &€onomic information in the hazard risk
assessment proceShe GIS approachs also considered as a method to identify
and prioritizethe areathat is prone to hazardsr further detakd assessment,
including scale of assessment and specific isthegsrelate to that are@vood
and Good, 2004)One output fronGIS processingfor example, woulghow the
area with different levels ofrisk from hazaré (Wu et al., 2004, Tran et al.,
2009)

A large numberof GIS applications fonatural hazard risk assessments

have been developed, particularly during the past two decades. For example, in a
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landslide risk assessment for the Wondogenet area, Ethiopia, GIS has been used to
evaluate landslide occurrences and their relationships wditious event
controlling parameters, such as lithology, drainage pattern, geological structure,
slope aspect, slope angle, and vegetation biomass. Temesgen, (2004l
combined remote sensing methods with GIS methods to produce hazard and risk
maps. They used Landsat TM, SPOT panchromatic images (remote sensing data)
and DEM data to create several spatial maps, such as bditad, drainage
pattern, landslide distribution, slope aspect, slope angle and structural maps of the
study area. Furthermore, these maps were classified, weighted and given priority
values depending on landslide occurrences. They integrated thesensapgdo
produce a multthematic map (the landslide hazard map) that contains all

information from each of the single maps using a specific formula.
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Source:Temesgen, et §2001)

GIS spatial analysis has also been used to assess urban vulnerability to
earthquakes in Los Angeles County, USA.cFeate the vulnerability map, seven
stages were completed: (i) identify the evaluation criteria, (ii) run the earthquake
scenarios, (iii) fuzzify criteria, (iv) apply the spatial decision rules, (v) aggregate
the fuzzy criteria, (vi) identify the hot spat$ vulnerability, and (vii) analyse the
sensitivity(Rashed and Weeks, 200Buzzify criteria in the third stage known
as a fuzzy modelandis one of the methodsf standardization that can handle
linguistic, norshumeric descriptions andfer a powerful way to resemble human
reasoning in its use of approximate information and uncertainty to generate

decisions(Rashed and Weeks, 2003hey assessed the urban vulnerability by
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running scenarios based on a previous earthquake hazard that occurred in the
study area.

GIS has also been carried out for assessment of the impactlefskease
in the Rosetta Area, Egypt. Raey, et al(1997)classified the impact of the sea
level rise based on the contour level in the study area. The researchers created a
vulnerability map by comhing land use, topography, archaeological sites, land
cover and population layers, and thus concluded that a rise in sea level will impact
on the present population, economic activities, total regional revenue and on the
tourism sector for both local pdepand local government near the study site.

GIS has also been used in risk assessment of the earth fracture hazards in
Yuci City, Shanxi, China. Three maps were created to assess this hazard: (i)
intrinsic (natural) vulnerability map, (ii) specific vulraility map, and (iii)
hazard map. Wu, et gR004)created the intrinsic vulnerability map by assessing
the various atural factors that relate to the development of earth fractures, such as
tectonic characteristics, groundwater exploitation, stratum properties and
geomorphology. It is divided into three categories, namely highest, moderate and
least risks. It is basednothe natural factors that influenced the earth fracture
development. The specific vulnerability map is created by combining the GIS
technology and Analytical Hierarchy Process (AHP) and four elements that relate
to the vulnerability of earth fractures, cduas population density, buildings,
railways, and streets. It is divided into three categories, namely strongly,
moderately and least vulnerable. It is based on system risk when the earth fracture
hazards are exposed to people activities. Furthermoreegi\al,(2004) proposed

that a geadhazard is the combination between intrinsic and specific
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vulnerabilities. Thereforéhe intrinsic and specific vulnerability maps need to be
combined using GIS analyses to create a hazard map. It is divided into five
categories, namely least risky or least vulnerable, less risky, risky, moderately
vulnerable and strongly vulnerable.

Furthermore, GIS has been used at the local level in combination with
indigenous knowledge in disaster management processes. Tran, (2008)
correlated hazard risk and loss caused by a disaster and analysed the contribution
domestic risk maps in the community can make to reduce the risk. They used GIS
for flood risk mapping in Thua Thien Hue Province, Vietnam. For this mapping
and vulnerability assessmenthe methods are(i) They used hydrological
information and flood records, topography and land use, river morphology (such
as flood periods, duration and water level, and levels of danger), meteorological
information relating to flood seasons, information about existing imfretsire
(such as housing conditions and public facilities), social, economic and
demographic conditions (such as poverty and education), and information about
the damage and loss caused by the previous diségteFhey showed that the
local people in heard prone areas have always understood their surrounding
vulnerabilities and risks, and they then succeeded in creating the flood risk map
by transferring the local knowledge into maps. Moreover, the maps and
recommended actions are suited to the lodabson. Therefore, they suggested
involving local people +with their knowledge = in the disaster management

process.
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2.5.4GIS in Tsunami Hazard Risk Assessment

Many studies have used GIS to assess tsunami hazard risk by creating
hazard, vulnerability and risknaps (Papathoma and Domindyowes, 2003,
Papadopoulos and Dernieapoulos, 1998, Greiving et al.,, 2006, Garcin et al.,
2008, Wood and Good, 2004, Papathoma et al., 200&eover,many existing
natural hazardassessment methodsuch as flood,landslide, bushfireand
earhquake have been used as a basis for tsunami risk assedsonextample,n
Sri Lanka, GIS has been integrated with numerical simulations and risk scenario
modelling in coastal hazard assessment that proves useful fottSposimi
reconstruction and del@ment planning. The GIS processing includes all data on
the physical (bathymetry, topography and hydrography) and human environments
(buildings, harbour facilities, road and rail networks and land use). The result is
maps of different hazard levels tofide the most suitable areas in current
reconstruction projects and future developn{&drcin et al., 2008)

GIS has been used to develop a tsunami risk management pilot study in
Crete, GreecgPapadopoulos and Dermentzopoulos, 1998)ere were three
stages in the methodology, (i) collection and analysis of data related to the
physical planning, such as land use or land cover, road networks,
geomorphological and geological data, (ii) sesmiantitative description of the
potential impact of an extreme tsunami, and (iii) development of a series of
approaches for taking preventativand mitigative measures. Moreover,
Papadopoulos and Dermentzopoul®398)used GIS to create 12 thematic maps
that included information about the geographic variation of (i) physical planning

parameters that describe the existing situation in the study areahdii) t

45



characteristic tsunami features on land, and (iii) the tsunami hazard impact and
damage potential. The list of the thematic maps are: (i) state of the natural
environment, (ii) potential tsunami impact on soil and natural environments, (iii)
land use tpes, (iv) tsunami wave impact on land, (v) potential damage of the land
use property, (vi) road network, (vii) potential damage of road, (viii) functions
and lifelines, (ix) potential damage of lifelines, (x) parameters of social, economic
and populationdctors, (xi) potential impact on social, economic and population
factors, and (xii) tsunami risk management that relates to prevention and
mitigation measurements.

GIS has also been used to assess the vulnerability of an Oregon port and
harbour communityn the USA to earthquake and tsunami hazards by integrating
hazard, physical, social and economic information. Wood and G2004)
organized four groups of GIS layers for assessing community vulnerabi)ity: (i
study portrayal layers, (i) hazard potential, (iii) community assets, and (iv)
community vulnerability. The study portrayal layers that have been used include
digital orthophotoquads (a topographic map presented in quadrangle format and
related to starmid reference systems), elevation models, raster graphs and
bathymetry. Hazard potential layers show the subduction zone hazard
susceptibility on relative ordinal scales and are created by using maps from
reviewed articles or digital data. The third set @IS layers represents the
important assets of the port and harbour communities, such as subsidence,
landslides, population and essential facilities. The fourth set of GIS layers focuses
on the aggregate of hazards, assets, and vulnerability of the stady arder to

identify the areas of multiple hazards or community assets.
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In Crete, Greece, GIS has been used to assess a new vulnerability
DVVHVVPHQW DSSURDFK IRU WVXQDPL KD]DUG ZKLF
9XOQHUDELOLW\ $VVHVVPH @Papathddna HOal.R RO0JT7 930"
integrates multiple factors that contribute to tsunami vulnerability, such as the
built environment (such as building surroundings, building material age and
moveable bjects), sociological data (such as population density and number of
people per building), economic data (such as land use for business, residential and
services), and environmental or physical data (such as land cover, physical or
manamade barriers and tual environment). The result is vulnerability maps that
combine all parameters for different enders: disaster planners, local authorities
and insurance companies in the study @regpathoma «tl., 2003)

Furthermore, the PTVAM has been used to apply a tsunami vulnerability
assessment to two coastal villages in the Gulf of Corinth, Greece, using aworst
case tsunami scenario based on what occurred in those villages on the 7 February
1963. Papthoma and Dominetdowes (2003) used GIS to create vulnerability
maps that consist of three parameters, (i) the building vulnerability, (ii) the human
vulnerability and (iii) the economic vulnerability. The building vulnerability was
analysed by using a qualitative method and combined parameters that related to
the vulnerability of individual buildings, such as condition, building surroundings
and natural erironment. The human vulnerability was analysed by using a
quantitative methodtmultiplying the building vulnerability result by combining
parameters that relate to the human vulnerability (such as population, population
density and number of householdBhe economic vulnerability was analysed by

way of a descriptive method, which multiplied the building vulnerability result by
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the land use for economic issues, such as residential, business and services. For
the results, Papathoma and Domiddgwes (2003) showed the distribution of
buildings that are vulnerable to tsunami inundation, the number of households that
are located within buildings that are highlalnerable, and the number and
percentage of businesses and services within each of the villages that are
vulnerable to tsunami events.

Most of the tsunami risk assessments have been done in developed
countries, such as the United States and Greece.,Thest of the data that used
hazard and vulnerability components are easily collected at a detailed scale, such
as elevation, land use, bathymetry, topographic map data, satellite imagery, social
and economic data. Moreover, local government provides angpogs
researchers to do the projects and collect as much data as they need, as long as
they give results that are useful for local government, such as in land use planning
and regulation, and local people, such as evacuation routes. In some developing
countries, such as Indonesia, it is very difficult to collect data from local
government. There are many requirements just to collect some data, such as letters
from the university (for students) or agency (for researchers), administration
letters from localgovernment and administration fees. On the other hand, many
developed countries such as the United States and Japan give authority for

students or researchers to collect data that is related to their projects for free.

2.5.5Potential and Limitations
Thereis clearly furtherpotentialto use GIS as a tool to process the data in
natural hazard assessme@tS can make the task more efficient and rational for

predmpact planning, poskevent response, and the mitigation prog€astter et
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al., 1997) Moreover, GIS technologguppors spatial decisioamaking that is

very common in natural hazard risksessmertty usinga 3ZKD2W DRD@\VLV
by varying parameters and creating alternative scenarios in a spatial ¢@ttent

et al., 2003, Raskleand Weeks, 2003)

However, there are some limitations and constraintssdGIS as a tool
for hazard assessmen&IS capability depends on the qualignd range of
available input dataGIS faces problens obtaining reliable and valid gea
referencd data for the requireddetailed risk analysjsand howto store and
maintain the data in high quality for(@aspar et al., 2004%1S alsorequiresthe
right decisiols to be maden overlying and manipulating the data, because it
cannot do albf thosethings automaticallyin other words, GIS use still requires a
strong understanding (expert opinion) of how the hazards relatetootfzer in

space and over tim€utter et al., 1997)

2.5.6Data Ses

To make a comprehensitsunamihazard asessmentcertain data are
requiredfor GIS processingthe data set conssbf: (i) human vinerability
(social, &onomic, building, infrastructure and lifeline) anli) natural
vulnerability (land use, geology, bathymetry and topolgyap All of those
elements can be attributed dalata theme and each theme will consist of several
layers that include mitiple datg such as building characteristics, social and
economic parameters, land use types, and the bathymetry and topography of th
study area

The data used for the processing must support the objectives of the

research and it is important to try to avoid collecting and managing too much data
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becauset is expensive(Chen et B, 2003) Moreover, it is important to tryo
considerthe spatial resolution in theisk assessmentap in orderto avoid a
miscalculation ormisinterpretationof a map. For example, an inappropriate
mixing scalegives a potential erroito the interpretation and conclusion dhe
hazardrisk assessmerf{Cutter et al., 1997)his potental erroris also highlighted
by Mclaughlin, et al.(2002) by way of illustrating population data ira coastal
area the population data is allocated evenly for all agathe map displayeven
though no persois living in the beach area

Thereare certain types of data that are more difficult to obtain than others.
For example, elevation data at a detailed scale is very difficult to obtain because
few local governments in developing countries have had prdi@ctmeasuring
elevation at a fine scale. There is an easy way to obtain elevation at a detailed
scale by using RTK (Real Time Kinematic) GPS (Global Positioning System); but
it is a very expensive and not every local government or agency has the capacity.
Moreover, a trained operator is needed to operate it, and skills are often not
available locallKumar et al., 2008)

Furthermore, data from satellite images for land use mapping can be very
expensive. For creating a detailed land use map in the study area, a high resolution
satellite image, such as IKONQSPOT and QuickBird is needed. However, it is
very expensive and not many local governments in developing countries can
afford to buy it. They have usually used a free satellite image to derive land use or
land cover, such as Landsat ETNI¥erson and Prasa@007, Demirkesen et al.,

2007, Sirikulchayanon et al., 2008)
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The availability of hazard and vulnerability data can affect GIS processing
and representation, and the diversity of risk map production following the
implementation of specific model$aspar et al., 20040nly some countries
have the data availability, usually developed countries and some developing
countries, such as the United States, Australia, Malagsgapore, Indonesia
and Japan. Most of the poor developing countries do not have the available data
because it is expensive. Even if they have the data, the human resources to process

it is rare due to the lack of GIS knowled@dcantaraAyala, 2002)

2.6. Summary

There is a common theme to thsunamirisk assessment process
beginning withtsunamihazardidentification followed by a vulnerability and risk
assessmenéeadng to the calculation of direct and indirect physical damaane,
concludng with the estimation ofocial and economilmsses The usual outputs
of tsunamirisk assessments are estimations of, @mea combination of direct
social and economidosses,and indirect economic losses. Furthermore, GIS
technology is gowerful tool ttat can be used itsunamirisk assessment as it
provides an idedramework for integrating the various components tguamami
risk assessment modahd it also provides a powerful visual tool for displaying
outputs and permits usersgee the geograplatdistribution of risk

In this project, the author used Kuta and Sanur Regions in Bali as a study
area for the tsunami risk assessment using GIS technology. It is b&aduse
located on théoundary of théeurasian and IndéAustralian Plate, whichmove

occasionally.This movementan generatsubmarinesarthquakes that are one of
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the factors that can generate a tsunami. Therefore, iBalulnerable to the
tsunami hazard.

The aim of this project is tareate a model ahetsunami risk assessment
tha can be applied and used in other parts of co&sfahesiaby using Kuta and
Sanur Regions as a case study. The resultgyive information to local people
who live in tsunam#proneareas, and local governmerits the development of
tsunamimitigation planning that includes city development planning, land use
zoning and regulation, economic improvement activities, education and awareness
campaigns, and evacuation planniAgguantitative and qualitative approach will

be used to achieve thdlfawing objectives:

x  Develop a generic model of tsunami risk assessment that incorporates
physical, social, economic and city infrastructure factors and can be adapted
for other coastal locations and jurisdictions.

x  Develop a spatial methodology to integrateltiple factors and measure the
hazard, vulnerability and risk of tsunami hazard.

X Apply the tsunami risk assessment framework in Kuta and Sanur Regions as

a case study.
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CHAPTER THREE +Study Area

3.1. Geography

This study focuses on two study areas in the island of Bali, namely the
Kuta and Sanur Regions. The location of the study area is simolkigure 3.1.
First, the Kuta Region is located in the southwest of Bali, bordered on the east by
the DenpasaRegency, on the west by the Indian Ocean, on the north by the

Kerobokan Kelod Village and on the south by the Tuban Village. This region

FRYHUV SDUW RI WKH .XWD FRDMWW ORFDWRGVEK \bDKEH

f 1 £ f 1 "~ HDV¥er, BiR Wegiéh covers three coastal
villages, namely Kuta, Legian and Seminyak Villages. These villages belong to
the Kuta Subbistrict.

Second, the Sanur Region is located in the southeast of Bali, bordered on
the east and south by the Badung Straitfhenwest by the Sanur Kauh Village
and on the north by the Sumerta Kelod, Kesiman and Kesiman Petilan Villages.
7KLV UHJLRQ FRYHUV SDUW RI WKH 6DQXY fFREBVW

VRXWK DQG% f 19~ HDVW )Xid lagioH tbParslihie W

two coastal villages of Sanur and Sanur Kaja which belong to the South Denpasar
SubdDistrict.

Both regions serve as centres for the administration and economic
development of Bali province. However, these regiomghesouthcoast ofBali
are vulnerable to the tsunami hazard becalusg are located close to the Indian
Ocean and relatively close to the active convergent margin between the Eurasian
and IndotAustralian Plates, which isprone to tsunamigenic earthquake

(Nugroho, 2006, Prasetya et al., 2Q0Ihe location othe tectonic plate in Bali
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and the surrounding areas is shawrrigure 3.2. Moreover, both regions have

white sand coast and very flat areas with elevation belowelem

3.2. Social and Economic Description

Administratively, Kuta Region belongs to the kKuSubdDistrict. It has a
total area of + 17.50 kiand is divided into five villages. The total population is
approximately 38,540 people. Trading, fishery and tourism sectors are the main
occupations of the people living ther8anur Region belongs to thé&outh
Denpasar Sutistrict. It consists of ten villages and has a total area of + 50 km
with a populationof approximately 174,530 people. Government employees, the
trading and tourism sectors are the main occupations for pebpléwe there.

The main economic sectors in both regions are trading, services (such as
accommodation and tourism), transportation, fishing, agriculture, and
agroforestry. More than 40% of economic activities are related to hotels, villas,
traditional markts, shops, malls, bars and restaurants. These activities serve as
the main income for the people who live there and for village revenue.

In both regions, there are a range of public facilities such as clinics,
hospitals, gas stations, elecitycsubastaions, roads, schools (including private
and government schools), private houses, private villas, and private investments
such as industries along the coastal area that may potentially be damaged if a
tsunami occis. Furthermore, there are few mitigatiorfogfs in place to reduce
the impact of the tsunami hazard, both in terms of casualties and economic cost.
For that reason, it is important to measure risk from and vulnerability to tsunami

inundation and impact in the selected coastal villages of Kut&andr Regions.
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Figure 3.1. The study area of Kuta and Sanur Regions in Bali Island,

Indonesia.
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CHAPTER FOUR *Materials and Methods

4.1. Research Framework

The proposedframework for the tsunami hazard assessment that is
developed and used in tistudyis based orheliterature and previous studies in
tsunami hazargissessmentnamely Agung(2006) Greiving et al.(2006) and
Papathoma et al2003) This framework is based on the fact that so far there is no
existing tsunamirisk assessment framework that can be usedusdancefor
coastal managers in Indonesiparticularly on Balito evaluate, assess and
implement tsunamrisk assessmentsThe proposed framework in this study
therefore integratethethods and approachigem a range of existing studies in a
mannerrelevantand suitabldor the tsunamirisk assessmeim Bali.

The research framework for this stuchynsised of three major staggsee
Figure 4.): (i) hazard assessment, including tsunami potential assessment (in red
circle), (ii) vulnerability assessment, including physical, social and economic
vulnerabilities (in blue circle)and (ii) risk assessment, including risk analysis (in
green circle)

The framework will be simple to understand and reflbetactivities to be
carried outn the assessment proceResulting napsthat are producedsingGIS
will complete the assessment anulovide information. Those criteria are
especiallyimportant to ensure that the approach islgamplemented by local
governmentand understood by local people

Local government is interested in knowing which public or private

buildings (such as private houses, hotels, villas, restaurants and schools) should be
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reinforced or even relocated because of their vulnerability reskdto tsunami
impact. Moreover, they may also want information that allows them to create new
planning regulations, such as land use and urban planning. Local people will be
interested in safe areas to use in case of evacuation if a tsunami occutinesl. In
study, the information associated with the various parameters for tsunami risk
assessments would allow the generation of a series of maps (such as hazard,

vulnerability and risk maps) to address these needs

Stage |
Stage Il
Tsunami Potential
Assessment Physical
Vulnerability
A
Hazard Vulnerability | Social
Assessment \ Assessment | Vulnerability
A\ 4
Risk Economic
Assessment Vulnerability
\ 4
Risk
Analysis

Stage llI

Figure 4.1  The simple esearchirameavork for a tsunami risk assessment.

4.2. Data Sources

The principal data collected for this tsunami risk mapping and
vulnerability assessment included: tsunami and submarine earthquake records;
geographical information including bathymetry, elevation dacd use; and
demographic, social and economic conditions (such as population, female,

children, elderly, disabled people, poor family and fishermen numbers)
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The detailed data explanations that were used for this study included:

1. The historical data of saflarine earthquake and tsunami events
The historical datare from 1800 to 2010These datawere obtained from
published journals and agencies. Some researchers have published the
detailed catalogues of earthquake and tsunami events for the Indonesian
region, namely Hamzah, et a(2000) and Rynn(2002) Moreover, he
National Geophysical Data Center (NGDC) dhd Integrated Tsunami Data
Base for the Pacific (ITDBprovide detailed catalogues that can be accessed
online These data were used for analysing the probability of occurrence of
submarine earthquake and tsunami events in the potential tsunami
assessment. Moreover, it was used for deciding the waist tsunami rua
up scenario in the hazard assessment

2. Bathymetry data
The bathyretry data vere derived from ETOPOL1 satellite imagémante
and Eakns, 2009) This satellite image was obtained from the National
Aeronautics and Space Administration (NASA).eShdata vere used for
showing the location of tsunami events in Bali and surrounding areas in the
hazard assessmefithese data were obtainetid analysed in raster format.
The spatial resolution of bathymetry data are 2,000 x 2,000 m.

3. Elevation data
The elevation data &ve derived from theodolite surveys in Kuta and Sanur
coastal areas, spot heights, and elevation points from two topographic map
sheets for the Denpasar and Banjar Kertajiwa Regions at a scale of 1:25,000

year 1999. Thse data wereobtained from the Department of Public Works of
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Indonesia, the Denpas@ity and Badung Regency Public Works Agencies,
and the National Coordinating Agency for Survey and Mapping
(BAKOSURTANAL). These data were used for classifying the inundation
zones in the hazard assessment and classifying the ground elevation and slope
percentage in the physical vulnerability assessnidrg elevation survey was
conducted from 20®to 20@. These data were obtainadvectorformatand
analysed irrasterformat.

Land use data

The land use dataaxederived from urban planning mapsKuta and South
Denpasar Sutbistricts year 2008 These data vere obtained from the Bali
Provincial Planning Boardand the DenpasalCity and Badung Regency
Planning Board. These data were used for analysing risk factors, namely
physical, social and economic factors in the risk assessiitesge data were
obtained and analysed in vector format.

Social and economic data

The social and economicath that were used in this study, namely total
population, female, children, elderly, disabled people, poor family and
fishermen numbers. These data were obtained froninttenesian Central
Bureau ¢ Statistic (BPS), and the Denpas@ity and Badung Regey
Statistic Offices. These data were used for analysing the social and economic
variables in the social and economic vulnerability assessmEmse data

were analysed in raster form@hese data werenllected in2009.
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6. Survey data

These data werebtained from a field survey using GPS within the study area

from October to November 2009hese datahowed the location of public

and private infrastructure, such as hotels, villas, restaurants, private houses,

shops, malls, gas and eleditryc subsstaions. These data wereised for

ground truth in the risk analysis

In this study, much of this data needed considerable processing and further

transformation in order to generate the variable used in the spatial analysis.
Furthermore, some of these data aasy to obtain because it was possible to
download through the internet, such as historical and satellite image data. The
elevation and land use data needed a letter from the university to obtain data from
the local government. The social and economita daere easy to obtain by
buying or copying the statistic book for the study area in Bali Statistics Office.
These data were available from local government. Both Kuta and Sanur Regions
are the biggest regions in terms of population and income from toséstar in
Bali. Many projects have been carried out for developing these regions, and these

data were available from Kuta and Sanur governments

4.2.1Software

During this study, ER Mapper version 7.0 from ERDAS, Inc was used for
image processing. For the Glfasial analysis, ArcGIS version 9.3 from ESRI,
Maplinfo Professional version 8.5 from Pitney Bowes Business Insight, Inc, and
AutoCAD version 2006 from Autodesk, Inc were used. Microsoft Excel was

adopted for displaying data in bar and pie charts
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4.3. Methods

A databasewas developedased on the classification: i) baseline and
raster, ii) infrastructure, iii) administration and planning docusyemd iv) social
and economic attribuse Subd#istrict and village boundaries are usedadsasis
for the database delopment and managemeifihe analysis that was used in this

study will be explained in the following chapter

4.3.1.Tsunami Potential Assessment

The historical data of submarine earthquake and tsumaemtswere
analysed to produce the recurcetime of submarine earthquakendtsunams
(Cutter et al., 1997, Fernandez et al., 2000, Zahibo and Pelinovsky, JA0@1)
probability of occurrence for submarine earthquake and tsunami events was
FDOFXODWHG E\ ®OWWHUYYV IRUPXOD

i
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u

In this study, the tsunami iensity scalekK,) is based on Soloviefd978)
The detail of SolobL HY TV WVXQDPL LQWHQVLWinAdpé&ndH GHVFUL
2. The magnitude of earthquake is expressed imMsurfacewave magnitude
because it is more suitable for shallow (depth < 70 km) earthquakes at teleseismic
distances (28.80°) (Agung, 206, Kanamori, 1983)
Moreover, the historical data were used to decide the wast tsunami
runp scenario for the hazard assessnEmt. worst scenario for tsunami rrp
is based on thenaximum runup height that occurred on Bali ofi?2une 1994,
which was 4.4 m(Rynn, 2002, Papathoma and Domirdgwes, 2003, NGDC,

2010)
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4.3.2 Hazard Assessment

Hazard is represented by thieundation zone that is produced by
overlaying the elevatiomataandthe worsteaserunp scenarioThe inundation
zone is defined as the area between the shoreline and the contour of the highest
recorded tsunami ruaip (Papathoma and Domindyowes, 2003, Papathoma et
al., 2003) Therefore in Bali where the highest recorded tsunamitumnvas 4.4
m (the author simplified it to 5 m), the inundatinone was the area between the
shoreline and the 5 m contour

The classification ofthe inundation zonesbased on the 5 m runp

scenario, includethe scoringor each zone as follosv

Table 4.1 The classification, scoring and weighting for inundationes.

IMUMIEEWEN ZBiEs Class Score | Weight | Total
(above sea level)

a. <2m Very high inundation 5 100 500
b. 2 £3m High inundation 4 100 400
c. 3#4m Medium inundation 3 100 300
d. 445m Low inundation 2 100 200
e. >5m Very low inundation 1 100 100

4.3.3Vulnerability Assessment

All selected vulnerabilityfactors are based onprevious studies anthe
aftermath surveyof tsunams, especiallythe 2004Iindian Ocearisunamiandthe
2006 wuth coast of Java tsunarfiievy and Gopalakrishnan, 2005, Reese et al.,
2007) According to Levy and Gopalakrishng2005) in many locations in Aceh,
Sumatra when the 2004 Indian Ocean tsunami occurred, the waves inundated 2
km inland and swamped coastal infrastructure, sugiods and power plants that
were located in lowtying areas. Moreover, the casualties were dominated by

children (onethird of the total deaths) and women. According to Reese, et al.
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(2007) the height of waves were more than 7 m in somedgng and flat areas
and reached several hundred meters inland when the 2006 sasthof Java
tsunami occurred. This tsunami damaged many houses, hotels, restaurants and
shops. Furthermore, fishing gear and boats were found inland near coastal areas
The social and economic vulnerabéi are standardizednd combined
with the physical vulnerability to producetotal vulnerability as modiéd from
Cutter, et al(1997)and Greiving, et al(2006) The place or total vulnerability
can be calculated as follows:
Lpb E E6
Where: Tv = total vulnerability Pv = physical vulnerability
Sv = socialulnerability, andEv = economic vulnerability
The total vulnerability ofBali is a combination of thredéactors that
include:
1. Physical vulnerability: distance frorthe shoréne, ground elevation and
slope.
2. Social vulnerability: total population, number of fenslelderly and children
(based on ageand dsabled people

3. Economic vulnerability: number of potamilies and fishermen.

4.3.3.1. The Choice ofVulnerability Factors

Because vulnerability to tsunami devastation is not consistent within the
study area, many factors were identified and then information for each factor was
collected to produce the primary database. Therefore, it was possible to determine
and display thematial vulnerability within the study area. Tpkysical, social and

economic vulnerabilityactors to consider are
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Distance fronthe shoreline

The distance fronthe shoreline will affect the damage and the casualties if a
tsunami event occurs. The furthhe distance from the shorelinde less

will be therunup heightand inundation area of tsunami way@iigroho,

2006, Agung, 2006)The classification for distance from the shoreline is used

IURP % UHWVFKQHLGHU DQG I\EURT[V(H.B%)PXOD L (
L xeo OV BN xoo ors
X X UX UU

Where: Xmax = Maximum distance of tsunami inundation into the mainland.
Yo = Tsunami height in shore.

Ground elevation

The grouncelevation will affect the ruaup height ofthetsunami. The higher

the height ofthe tsunami waves in coastateas the further the distance of

inundation inlandunless controlled by rising elevatiofNugroho, 2006,

Agung, 2006) The classification for ground elevation is based on Agung

(2006)

Slope

Slope affecs the distance of inundation. The steeper slope, the less the

inundation area of tsunami wav@sugroho, 2006) The classification for

slope is based on van dam (1985) in Bocco, et gR001)

Total population

The larger the population in one village, the greater the difficulties for

evacuation and higher potential number of victims if a tsunami occurs in that

village (Papathoma et al., 2003)he population number therefore serves as

an indicator of the extent of the social impact within the study @weter et
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al., 1997) For example, where people are concentrated in one village, any
single tsunami event can cause more injuries and death# thase people
were more evenly distributed between other smaller villdBeslle et &,

1997) In this study, the total population variable was used since there is the
potential to mask important information. These data could also be used to
determine population density. For example, two areas may have the same
population density, buine area may have a vastly greater number of people.
It is alsoanimportant consideration from an evacuation standp@auntter et

al., 1997)

Numbers of émales

In the 2004 Indian Ocean tsunami, female victemseedednales because
most of them stayed at home aeddedto place therescueof their children
before consideration of theiown safety Females burdened with their
children also tired quickly and drowned more easiievy and
Gopalakrishnan, 2005, Reese et al., 2007is also suggested that females
may have less ability to recover quickly after the hazard because of family
care responsibilitiefCutter et al., 1997, Cutter et al., 2003)

Numbers of Elerly and children (based on age)

Both groups may be less able to withstand or resissunami event or
respond on their own, and need assistance during the @vlamk et al.,
1998, Cutter et al., 1997The elderly may have mobility issues that increase
the burden of care from their family and reduce their resili¢Gogter et al.,
2003) In the 2004 Indian Ocean tsunami, onedilof the total deaths were

children because most of them were at home on the Sunday morning. Both
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the young and the elderly are more vulnerable to the power of tsunami waves
and are less likely to escagéevy and Gopalakrishnan, 2005 hese
populations may also have less ability to recover quickly after the hazard
through their dependence on other members of the family and community
(Cutter et al., 1997)In this study, the definition of age groups is the total
numbers of children (& \HDUV ROG D& Gedish@(@uiter\et o

al., 1997) These data were obtained from the Indonesian @eRtreau of
Statistics (BPS).

Numbers of ésabled people

This group has difficulty in taking any action to respond tsunamievent

and thus require assistance during the e(€lark et al., 1998, Cutter et al.,
1997) Disabled people often have mobility issues that increase the burden of
care for their fanty and contribute to a lack of resilien¢@utter et al., 2003)

This group may also has less ability to recover quickly after the hazard
because of their dependen&utter et al., 1997)

Numbers of por families

This group has a low capacity to build substantial houses that can be used as
shelter, they have less access to healthices, and have few resources
available to aid in recovery from a tsunami evilark et al., 1998, Tran et

al., 2009) Poor families living in the lowest quality housing may also have
fewer chances to lessen the potential impact from the h&Bardle et al.,
1997) This group may also have less ability to absorb lossel thatheir
resilience to hazard impact is reduced. Ondtieer hand, wealthy families

are able to absorb and recover from losses quickly because of their insurance,
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andsavings(Cutter et al., 2003)n this study, the definition of poor family is
a family who live in the lowest quality house, has mibr&n 4 people and
their income is below Rp.500,00@round $AUD 50)per month. This
definition is based on the Indonesian Central Bureau of Statistics (BPS)
where the data were obtained.

9. Numbers ofishermen
Fishing activities are always in the greatempact zone of tsunamis and
suffer extensive loss of boats and fishing gdamage that may take many
yeass to recovel(Agung, 2006) In the 2004 Indian Ocean tsunami, harbour
and port infrastructure, boats and fishing nets in coastal areas were the first to
be affected and become floating debris that generated further dé@iagee
et al., 2003, Levy and Gopalakrishnan, 2008)the 2@6 south coast of Java
tsunami, many boats and fishing :@tere found well inland from coastal
areas(Reese et al., 2007In this study, the definition of fisherman is people
who work as fishermaas their main occupatioto cover their daily living
needsand their family. This definition is also based on the Indonesian Central

Bureau of Statistics (BPS) where the data were obtained.

4.3.3.2. The Weighting and Scoring Method
The weighting and scoring method for each factor was varied due to:
1. Demonstration of the factors which makdaage or small contribution in
determining the tsunami vulnerability area.
2. Demonstration of the differencés contributionof each level in the relevant

factor.
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Based on these considerations, the classificatiaighting and scoring
method & each factois shown in Table4.2 and 4.3 respectively.
7DEOH

VKRZV WKDW 3GLVWDQFH IURP WKH VKRL

IDFWRUV ZHUH ZHLJKWHG HTXDOO\ DQG ZHUH KL
because both faat® would have strong effects within the coastal area if a tsunami
occurred there. Tsunami waves can inundate inland for several hundred meters

(related to distance from the shoreline) and swamp most of the coastal

infrastructure thats located in flat odow #ying coastal areas (related ground

elevation)(Levy and Gopalakrishnan, 2005, Reese et al., 2007)

Table 4.2.  The dassification, scoring and weighting for physical factors.
Factors Class Score | Weight | Total
1. Distance from the shoreli®ernard et al., 1994)
a. <600 m Very high vulnerability 5 40 200
b. 600 800 m High vulnerability 4 40 160
c. 800 +1000 m Mediumvulnerability 3 40 120
d. 1000 £1200 m Low vulnerability 2 40 80
e. >1200 m Very low vulnerability 1 40 40
2. Ground elevatioriAgung, 2006)
a. <1m Very high vulnerability 5 40 200
b. 14+2m High vulnerability 4 40 160
C. 243 m Medium vulnerability 3 40 120
d 3+#m Low vulnerability 2 40 80
e. >4m Very low vulnerability 1 40 40
3. Slope(Bocco et al.2001)
a. <2% High vulnerability 3 20 60
b. 2 +6% Medium vulnerability 2 20 40
c. >6% Low vulnerability 1 20 20
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Table 4.3.  The soring and weighting for social and economic factors.

Factors Number Proportion * Score ** Weight
(@) (b) (©) (d)

1. Social

a. Total population | P (b) / Total population (c) / maximum value of proportion| 25

b. Female F (b) / Total female (c) / maximum value of proportion| 25

c. Aged *** A (b) / Total agd (c) / maximum value of proportion| 25

d. Disabled people | D (b) / Total disabled people| (c) / maximum value of proportion| 25
2. Economic

a. Poor families PF (b) / Total poor families (c) / maximum value of proportion| 50

b. Fishermen F (b) / Total fishermen (c) / maximum value of proportion| 50

*  Determine percent déctors in each village to total number in one diftrict
** Place value on same scale for all social and economic variables
*** Eor numbers of elderly people and children

Source:Cutter, et al(1997)

The method for calculating the social and economic vulnerability areas is
the same for each factor, and is based on Cutter,(@98l7) It showed one of the
ways to summarize vulnerability values to a cumulative and spabalbgd score.

For the classification of social and economic vulnerabilities, the higher score will
be more vulnerable than the lower sc{@aitter et al., 1997)This method has the
advanage of being easy to understand and flexible allowing the inclusion of other
factors in a vulnerability assessment and applying it to different spatial levels,
such as suldistrict or county(Greiving et al., 2006)

The following steps and an example explain the calculation process:

1. Step 1: Calculate X to determine the percentage of theGubVWULFW YV IHPD
numbers in each village.

i
L—
u

F

2. Step 2: Calculate female number score by dividing X by maximum X to give

values in the same scale as other social or economic factors.

0 L—
a
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Table44. The HIDPSOH RI FDOFXODWLQJ VRFLDO YXOQHU

IHPDOHV ™ IDFWRU

Number of .
. . Number of females in Female number
Village females in L X
: subd#istrict score
census village

Kedonganan 2,755 18,709 0.147 0.418
Tuban 6,587 18,709 0.352 1.000
Kuta 5,610 18,709 0.300 0.852
Legian 1,674 18,709 0.090 0.256
Seminyak 2,083 18,709 0.111 0.315

Thus, in this example, Tuban Village is most vulnerable, followed by

Kuta, Kedonganar§eminyak and finally Legian Villages.

Distance fronthe shoréne [40%

Ground ¢evation 40% Physical . 49
Vulnerability

Slope 20%

Total population 25%

Female 25%
Social TT+9\ Total

: Vulnerability Vulnerability

Elderly and children (age) 550

Disabkd people 25%

Poor families 50%
Economic T7+9

: Vulnerability
Fishermen 50%

Figure 4.2. The weighting method for physical, social, and economic factors.
For the weighting method, all factors that affected the social and economic
vulnerability were weighted equally because each factor was given the same

proportion for each vulnerabilitgCutter et al., 1997and is shown in Figure 4.2.
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The results are presented as vulnerability maps to show the spatial distribution for
each vulnerability
Weighting and scoring methodan be summarised as follows
1. 7KH 3GLVWDQFH IURP WKH VKRUHOLQH” DQG 3JURXQ
YXOQHUDELOLW\ DUH D ELJ SURSRUWWIcRI@QNdROORZHC
economic vulnerabilities, all factors ameighted equally.

2. Scores in each class are given different values in order to show a high score
indicating high vulnerability.

3. The total score is the multiplication of the scores and weights of each
class.

The weighting method in this study is basedjustification by analysing
the factors contribution in determining the tsunami vulnerable area where the
factor that has the control functions will be given the bigger wedighgroho,

2006)

The scores and weightings that are oeti here are based on the
references that are cited. It is important to rank and weight the variables according
to their relative importance and impact, but it is equally important that the method
is replicable and locally relevant at local governmentlg&wdany more variables
may be added to each level of the vulnerability assessment and weightings may be
altered in importance. The weightintisat have been used in this case study are
not absolute, but they are based on the findings of other reseafslgrsho,

2006, Agung, 2006, Cutter et al., 1997, Bernard et al., 1994, Bocco et al., 2001,

Papathoma et al., 2003)
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4.3.3.3. The Combination Method

All variables in this study were represented as spatial layers. It is a layer
that contains geographic information, suchebessation, building types, etc. The
three factors are combined using an overlay metioodbtain one new layer
(Nugroho, 2006) In this study, this method is used for combining the physical
vulnerability factors, the totalulnerability and risk assessments for each region

As outlined in Nugroho(2006) the class range can be calculated as

follows:

- - AS(%OS’ o E AZ‘TM oo ' "
St.. 77 fe%t fooH ¥ :

A..ZFéef2Z

4.3.4Risk Assessment

Risk is statedas a function ohazard andrulnerability. It means that an
area with high inundation is not automaticaltyhégh risk On the other hand
highly vulnerable area is not necessarily or automatically also high risk.

According to the International Stratedygr Disaster Reduction (ISDR)
(2002) therisk assessmentn be calculated dsllows:
Risk (R) = Hazard (H) x Vulnerability (V)

For calculation purposes, the value for each comporantrisk is
determined add = inundation zone score and Matal vulnerability score

In this study, this formula was used because it is the basis for risk
calculation. Hazard represents the location, intensity and probability of the
hazards, while vulnability represents the physical, social and economic

components that affected the hazgt&®OR, 2002)
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4.3.4.1. Risk Analysis
There are 5 stages to be analysed, which are:

1. Hazard analysis, including aradministration and land use.

2. Buildings and infrastructure, such as private houses, hotels, hospitals, clinics,
schools, roads, places of worship, shops, malls, small industries, government
offices, banks, restaurants and traditional markets.

3. Social variabds, such as total population, females, elderly, children and
disabled people.

4. Economic variablg such as traditional marlgtbusiness centse(shops and
malls), agriculture, agroforestry and small industries

5. Special site and lifelines, such as hospitglclinics, schoos, electrigty and

gas station

4.4. Data Processing

4.4.1Maps Preparation
Three types of spatial data sources have been used, namely analogue

maps, satellite images and digital data.

44.1.1. Paper Map Data Processing

Paper maps of the topography were scanned and rectified into the World
Geodetic System (WGS) 84 zone 50S projection. From the resulting raster data,
relevant information (such as elevation points and administration boundaries) was
then digitized onscreenresulting in vector outputs. Digitization is done for all

objects in the map that is needed for the next process, such as roads, buildings,
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administration boundaries, et@hese data are processed with GIS software,
namelyArcGIS version 9.3ESRI, 2008)

The paper mapihat have been used in this study are two topographic map
sheets for the Denpasar and Banjar Kertajiwa Regions at a scale of 1:25,000, from

1999

4.4.1.2. Satellite Image Data Processing

Another input for GIS in this study is satellite imagery. This data were
processed with software image processing, naEBlWMappewersion7.0 (Erdas,
2005)

Firstly, the image data were cropped to the study area to expedite
processing. The image data wererthrectified to correct the geometric and
UDGLRPHWULF GLVWRUWLRQV WRorldHI2odetit) $stel® Q WKH (|
(WGS) 84 zone 50S projectiari)astly, these data were enhanced to increase the
image quality to facilitate easier image analysis

The image satellite that has been used in this study is bathymetry image

derived from ETOPO1 satellite

4.4.1.3. Digital Data Processing

In this study, most of the digital datsych as land use, building types and
elevation points, was acquired in AutoCémmat. This data was therefore
converted usingMaplinfo Professional version 8.fPitney Bowes Business
Insight, 2006)nto shapefile format for analysis in ArcGIS

For the hazard assessment, the DEM (Digital Elevation Model) layer that
was derived from the elevation layer was used for classifying the inundation

zones For the vulnerability assessment, the DEM and shoreline layers were used
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for classifying the distancedm the shoreline, ground elevation and slope classes
in the physical vulnerability assessment. The total population, females, elderly
and children (based on age group), disabled people, poor families and fishermen
layers were used for analysing the so@atl economic vulnerabilities of each
region based on the suistrict For the risk assessment, the hazard layer was
multiplied with the vulnerability layer using Map Algebra in ArcGIS to obtain the
risk layer. Moreover, the risk layer was overlaid witle tand use layer for the

risk analysis for each regiohe layers that were used in this study will be

explained in the following chapter.

4.4.1.4. Digital Elevation Model (DEM) Preparation

DEM data is digital data in raster format that has information about
coordnate positions (x,y) and elevation values (z) in each pixel. DEM data is used
to describe the topographic condition in the study area. In this study, DEM data is
used as important data for analysing the hazard and physical vulnerability
assessment this study, the DEM data were analysed in raster format and had
spatial resolution of 5 m x 5 m.

The DEM was made by interpolating elevation data from different
sources. In this study, the elevation data is derived from the theodolite surveys,
spot heightsand elevation points from the topographic map sheets. These data are
then combined into a single file containing individual data points with elevation
values (z values). The elevation points were then interpolated using the kriging
method, resulting in saster DEM surfacdn this study, the kriging method was
used for the DEM interpolation becaubke kriging method is an appropriate way

for creating elevation surface in flat latying areasas it generates a smooth
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surface through gaps between known po(Rsuter et al., 2007)t can be seen
thatthere were several gaps between elevation points in the studviareaver,
most areaf Kuta and Sanur Regions were very flat; it is only around 12 m above

sea level (see in Figures 4.3 and 4.4).

4.4.1.5. Land Use Mapping

The land use maps were created by using the extraction from urban
planning maps. The method has been explained in the previmygec (see
Chapter 4.4.1.3). In this study, major land uses, namely buildings (such as hotels,
villas, restaurants, shops, malls, private houses and temples), mangroves, lakes,
rivers, bareland, agroforestry, grassfields, ricefields, open spaces and sand.

The land use maps were then used to calculate theohesech land use

that islocated within each zone ask fromtsunams in the study area.

4.4.1.6. Social and Economic Vulnerability Mapping

Social and economic vulnerability maps were created by inserting the
value of each social and economic factor in each village. Then, each layer was
calculated through their attributes using the method that has been explained in the
previous chaptefsee Chpter 4.3.3.2).The administration (suistrict) layer
provided the area units within which social and economic factors in each village

were calculated.
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Figure 4.3 The distribution oklevation points and DEM iKuta Region.
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4.5. Mapping of Outputs

GIS is used to analyse, aggregate and operate the data and to visualize
analysis result The output of ach analysis is presented arseparate map: (i)
hazard map(inundation map), (ii) physical, social and economic vulnerability
maps, and (iii) risk map. Because the difference in vulnerability is not an absolute
number rather it is a relative comparison, the vulnerability is shown in five
different colors,from dark color as loweto bright color as higher intensity.
However, forthe analysis purpose, those five colors (from dark to bright color)
are read as) very low, ii) low, iii) medium, iv) high and v) very high

In this study, the spatial resolution that has been used in data processing
was grid cell size of 5m x 5m. Moreover, the scale of mapping outputs that have
been used was 1:500. The reastor usng this specific spatial resolution and
scale was in order teynchronte all input data that are in differespatial
resolution anccale to have one specific spatial resolution and scale mapping, and

to create detailed maps for the risk analysis inrisleasgssmentnethod

4.6. Summary

The methods, such as tsunami potential, hazard, vulnerability and risk
assessments that have been explained in this chapter were applied in Kuta and
Sanur Regions as a case study using GIS technology. The reason toKi@ose
and Sanur Regions in Bali as a case study is beddakes located on the
boundary of theEurasian and IndéAustralian Plate that vulnerable to the
tsunami hazardThe detailed reason has been explained in the previous chapter
(see Chapter 1.2). Elresults of all assessments in this study will be explained in

the following chapter
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CHAPTER FIVE =Results

5.1. Research Framework

The detailed research framework is deliberately simple to understand and
reflects activities that need to be carried out mdssessment process (see Figure
5.1). It consists of three main stages, namely 1) hazard assessment, 2)
vulnerability assessment, and 3) risk assessrhkaziard assessment is determined
by the highest tsunami runp that occurs in the study arda.also includes
potential assessment that is determined on tsunami and submarine earthquake
frequency and magnitude of occurrence. Vulnerability assessment is determined
by the vulnerability factors of the study area to the tsunami hazard. It also
includes threefactors that influence vulnerability, namely physical, social and
economic vulnerabilities. The variables of these vulnerabilities are selected based
on the previous studies and the aftermath surveys of tsunamis, especially the 2004
Indian Ocean tsunami dnthe 2006 south coast of Java tsundbhevy and
Gopalakrishnan, 2005, Reese et al., 206 ally risk assessment is determined
by the combination of hazard and vulnerability assessments. It also includes risk
analysis for area administration, building and infrastructure analysis, social and
economic variables, and special sites and lifeliiéss research framework can
also be used as a model for other coastal city managers in Indonesia for tsunami
risk assessment studies

Output maps play an important role in showing the tsunami inundation
zones, physical, social and economic vulnerability distributions, and the tsunami
risk pattern. These criteria are important, especially in ensuring that the approach

is easily implemented by local government and understood by local people
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Figure 5.1. The research framework and analysis diagram for a tsunami risk assessment.
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According toFerrier and Haqué003) the haard assessment framework

should consider the individual or institutional perception abwerisk. Therefore,

for practical mattersghe method in therisk assessment should be flexible to use

and easy to understabg thelocal managersrho usually hae different leved of

educatiomal backgrounds. Cutter et a{2000) emphasized the importance of

hazard researdtelping tosdve practical problems

5.2. Hazard Assessment Analysis

5.2.1 Tsunami Potential Assessment

5.2.1.1.

Historical Record

The historical data of tsunami and submarine earthquake events in Bali

were collected (see Tables 5.1 and 5.3)

Table 5.1.  The sunami events in Bali

Tsunamigenic Source Tsunami Parameters

Date Location Earthquake Tsunami Run - up

Volcano . :

Focal Depth (Km) | Magnitude Intensity (Ko) | Height (m)

22 Nov 1815| Bali 122 7.0 v No data
8 Nov 1818| Bali 600 8.5 11 35
13 May 1857| Bali 50 7.0 1 34
21Jan 1917| Bali 33 6.6 1 2.0
8 Jan 1925 Bali No data No data I 0.7
19 July 1930| Bali 33 6.5 I 0.1

30 Mar 1963| Bali Agung No data No data

17 Dec 1979 Bali : Karang Asem 33 6.6 No data No data
13 April 1985 Bali : Denpasar 99 6.2 [l 2.0
2 Junel994 | West Bali 18 7.8 v 4.4
3 June 1994 Bali : Soka Beach 26 6.6 [l 3.7
17 July 2006| Bali : Benoa Cape 34 7.7 I 0.4
12 Sep 2007 Bali : Benoa Cape 34 8.4 I 0.2

Source:Hamzah, et al2000) ICMMG (2010) NGDC (2010)and Rynn(2002)

83




From the historical dataset of tsunami events in Bali {sd®e5.1), it has
been possible to calculate the probability (return periods) for tsunamis of different

LQWHQVLW\ EDVH GaRED7XSET b5, The U intensity

scale Kp) and thecalculation method is outlined in Chapter 4.3.1

Table 5.2

The probability of tsunami evenits Bali from 1815 to 2007.

Tsunami Intensity | Wave height for each tsunami intensity] Number | Probability/r eturn
(Ko) scale according to Soloviey1978) of events| periods (years)
| +0.5m 4 48
Il +1.0m No data No data
1] +2.0m 5 38
v +4.0m 2 96

7KLY SUREDELOLW\ FDOFXODWLRQ ZzDV EDVHG RQ 7DEOH

Table5.1 shows that from 1815 to 2007 (192 years), Bali has 13 records of
tsunami eventif we accept the accuracy of all datefore the 26 century Most
of the tsunami events i.e. 92% (12 events) in Bali were caused by submarine
earthquakes, while only one event was generated by volcanic eruption, from Mt.
Agung. Mt. Agung is located in the Karangasem District in East Badihdivs
that submarine earthquakes are the major factor that triggers tsunami events in
Bali. Therefore, both tsunami and earthquake historical datasets are very

important in determining the probability of tsunamis in tsunami hazard assessment

(Clague et al., 2003)

From the historical dataset of submarine earthquake events in Bali (see
Table 5.3), it is also possible to calculate the probability of earthquakes of
different magnitudes (s€Bable5.4). The magnitudeof earthquakeMs) and the
calculation method is outled in Chapter 4.3.1Clearly, submarine earthquakes

with large magnitudes are less frequent than the small ones (see Table 5.4).
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Table 5.3.  The sibmarine earthquake events in Bali.

: Earthquake Parameters Associated

Date Location : . ;

Focal Depth (Km) | Magnitude | With tsunami
22 Nov 1815| Bali 122 7.0 Yes
8 Nov 1818| Bali 600 8.5 Yes
13 May 1857| Bali 50 7.0 Yes
29 Mar 1862| Bali : Buleleng No data 5.9 No
11 July 1890| Bali : Negara No data 5.9 No
21 Jan 1917 Bali 33 6.6 Yes
8 Jan 1925 Bali No data No data Yes
27 April 1930| Bali No data No data No
19 July 1930| Bali 33 6.5 Yes
30 Oct 1938 Bali No data No data No
18 May 1963| Bali 65 6.0 No
14 July 1976| Bali : Seririt Busung Biru 40 6.5 No
26 Jan 1977 Bali : Bangli 33 5.2 No
21 May 1979| Bali 43 5.4 No
20 Oct 1979 Bali : Karang Asem 38 6.0 No
17 Dec 1979 Bali : Karang Asem 33 6.6 Yes
13 April 1985| Bali : Denpasar 99 6.2 Yes
2 June 1994 West Bali 18 7.8 Yes
3 June 1994 Bali : Soka Beach 26 6.6 Yes
1 Jan 2004 Bali 45 5.8 No
16 April 2004 | Bali 96 5.5 No
17 Juy 2006 | Bali : Benoa Cape 34 7.7 Yes
12 Sep 2007 Bali : Benoa Cape 34 8.4 Yes
18 Sep 2009 Bali : Denpasar 79 5.7 No

Source:Hamzah, et ali2000) ICMMG (2010) NGDC(2010)and Rynn(2002)

Table 5.4. The probability of submarine earthquake eventBali from 1815
to 2009.

Earthquake Number | Probability/r eturn
Magnitude (M) of events| periods (years)
5 16 9 22
>6 +7 8 24
>7 +8 2 97
>8 2 97
This probability FDOFXODWLRQ ZDV EDVHG RQ 7DEOH EXW WKH DXWKF

Table 5.3 shows that Bali has B2cords of submarine earthquake events
from 1815 to 2009 (194 years) withmagnitude from 5.28.5 Ms and 50% (12

events) of the submarine #daguake events were associated with tsunamis. From
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Table 5.4, 42% were earthquakes with a magnitude fraéhMbs, 38% were
earthquakes with a magnitude from #6Ms, and others 10% were earthquakes
with a magnitude from >B Msand >8Ms.

The historicaldataset shows that tsunamis in Bali were generated by
submarine earthquakes with a magnitude from#&2 Ms and on focal depth
from 18600 km (sedable5.1). Moreover, Figure 5.2 shows the plot of tsunami
events that occurred in Bali and the surroundingps. The plot of data is based
on historical recordRynn, 2002, ICMMG, 2010, NGDC, 2010, Hamzah et al.,

2000)
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5.2.2Hazard Assessment

5.2.2.1. Estimation of the Worst £ase Sceario

Historical data was used to decide the warase tsunami rusp scenario
for the hazard assessmenhe worsteasescenario for tsunami rusip is based
on themaximum runup height that occurred in Bali 0i%une 1994, which was
4.4 m (see Table 5.1Hamzah et al., 2000, ICMMG, 2010, NGDC, 2010, Rynn,

2002)

5.2.2.2. Tsunami Inundation Zones

In Kuta Region, Kuta Village would be most impacted if a tsunami hit
Kuta 5SHIJLRQYY FRDVW EHFDXVH LW LWyigR#FWHG LQ
(around 96% areas of Kuta Village has elevations below 5 m). It is followed by
Legian and finally Seminyak Villages. On the other hand, Seminyak Village will
suffer less because arai20% of the area has an elevation below 5 m (see Figure
5.3).

In Sanur Region, Sanur Village will suffer most from a tsunami event
because around 87% of the area is flat (below 5 m). SanuMKgge would be
inundated less because it is only around 25% of the area has an elbe&iiwrb
m (see Figure 5.4)

By overlying these zones with the administrative boundass, it is
possible tdocate and calculate all villag&s both regionghatmay be inundaig

by future tsunamis (seeable5.5).
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Table 5.5.

The administrative areas that are inundated by tsunami.

The inundation zones(km?)
: . Very high High Medium Low Very low

e VRS e inur%at%n inundation | inundation | inundation | inundation
(Ox2masl) | 2 +3masl)| B+ masl)| (4 t5masl) | (>5 masl)

Kuta Kuta Urban 2.235 1.058 2.224 1.782 0.336
Legian Urban 0.092 0.149 0.823 0.9838 0.803
Seminyak | Urban 0.151 0.096 0.203 0.293 2.890

Sanur Sanur Urban 0.509 1.351 0.641 0.377 0.446
Sanur Kaja | Urban 0.252 0.092 0.108 0.143 1.814
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Figure 5.3.
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Figure 5.4.
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Approximately 71% of the Kuta Region areavould beinundated bya
maximum tsunami rutup of 5 m(see Figure 5.5)The total area that will be
inundated is approximatety0.102 km?, mainly in Kutaand Legian Villages (see
Figure 5.3). In Sanur Region, 60% of the area would be flooded if a tsunami hit
the coastal area with runp of 5 m, and the total inundation area is approximately
3.475 km? (see Figure 5.6)lt will focus on SanuWillage located in flat lowt
lying areas (sekigure5.4). The calculation of the inundation area is based on the

maximum 5 m of tsunami ruaip

H Very low inundation

1.303 kn?t

Low inundation
3.251 kn? Medium inundation
- 3063 kit High inundation

m Very high inundation

Figure 5.5. The total inundatiomreain Kuta Region.

m Very low inundation
1.444 kn# Low inundation
Medium inundation

0.749 kn? 0.520 kn# High inundation
H Very high inundation

Figure 5.6. The total hundation area i®anur Region.
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5.3. Vulnerability Assessment Analysis

5.3.1Physical Vulnerability

In this study, there are three factors that affect physical vulnerability,
namely distance from the shoreline, ground elevation and slope. The reasons of
choosing these physical factdrave been explained in Chapter 4.3.3.1.

Based on thalistance fromthe shoreline factgrover half 60%) of the
Kuta Region lies within 1,200 m of the shoreline, and is therefore vulnerable to
tsunami waves. On the other hand, SaRegion has 94% of the total area
vulnerable if a tsunami occurs there based on this factor (see Figure 5.7)

Based onHhe ground elevation factob0% of the Kuta Region area is
vulnerable to tsunamis because it is very flat area close to the shorelibelaw
4 m elevation. Similarly, 52% of the Sanur Region might be vulnerable if
tsunamis occur there based on this factor (see Figure 5.8)

Based on tie slope factgrboth Kuta and Sanur Regions are highly
vulnerable to tsunamis because their areas ayeflae. It can be seen that most of
both Kuta and Sanur areas have a slope of less than 2 % (95% of the Kuta Region
and 93% of the Sanur Region), and are thus made more vulnerable to tsunamis

based on this factor (see Figure 5.9)
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The three physical vulnerability factors, represented as raster data layers,
ZHUH RYHUODLG WKURXJK DGGLWLRQ WR REWDLQ D
Chaptes 4.33.2 and 4.3.3.3or the scoring and combination methods)r Kuta
Region, the highest score from the calculation is 460 and the lowest score is 120,
so the class range can be calculated as follows

. . . VXIF str
...fo-%oi”—Si——f;%oUL-—W L xz

From the class range result, the physical vulnerability assessment of the Ku

Region can be classified into five classes (see Table 5.6)

Table 5.6. The classification for physical vulnerability map of the Kuta

region.
Physical Vulnerability Class
Class Range
a. ’ Very low vulnerablity
b. 189 +256 Low vulneralility
c. 257 +324 Medium vulnerabity
d. 325 +392 High vulnerality
e. >392 Very high vulneraliity

For Sanur Region, the highest score from the calculation is 460 and the
lowest score is 140, so the class range can be calculated as follows:

. . . VXIFsvr
2% =S H o —F Yo < L L XV

From the class range result, the physical vulnerability assessment of the Sanur

Region can be classified into five classes (see Tab)e 5.7

Table 5.7. The classification for physical vulnerability map of ti&anur

region.
Physical Vulnerability Class
Class Range
a. ” Very low vulneralility
b. 205 +268 Low vulnerabhlity
c. 269 +332 Medium vulnerabity
d. 333 £396 High vulneraldity
e. > 396 Very high vulneraliity
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Figure 5.10
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Approximately &% of the Kuta Region areds vulnerable to future
tsunams. The total area is approximate®526 km? (see Figures.12). h Sanur
Region, 85% of the area is vulnerable to tsunami waves, and the total
vulnerability area is around.875 km? (see Figure5.13). The calculation of the
vulnerability area is based on the physical factors that affect the vulnerability

assessment in Kuta and Sanur Regions

2.001 kn# m Very low vulnerability

Low vulnerability

4.412 kiR ~ Medium vulnerability
sl High vulnerability

m Very high vulnerability

Figure 5.12 The total physical vulerability arean Kuta Region.

m Very low vulnerability
Low vulnerability
Medium vulnerability
High vulnerability

m Very high vulnerability

Figure 5.13 The total physical vulnerability aré@a Sanur Region.
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5.3.2.Social Vulnerability

Social vulnerability reflects how areashoth Kuta and Sanur Regioase
vulnerable in termmof population, female agegrougs (children anatlderly), and
disabled people. Theocial wlnerability mag indicatewhere and what numbers
of groups of people are more susceptible to tsunami than others. It is important to
know villages with high populationand high numbers ofemales, children,
elderly, and disabled peoplEhey aremore vulnerable to tsunami damage, injury,
or loss because of their attributes that reducie tapacity to cope with tsunami

Within Kuta SubdDistrict, Tuban Village has the highest social
vulnerability, followed by Kuta, Kedonganan, Seminyak Villagead dinally
Legian Village. In Kuta Region (study area), Kuta Village has the highest social
vulnerability, followed by Seminyak Village, and finally Legian Village (see
Figure 5.14). Table 5.8 shows the classification and scoring of the social
vulnerability for Kuta SuhDistrict (seeChapter 4.3.2 for the scoring methods
Figure 5.15 shows the social conditions of Kuta Region

Table 5.8 The classification and score for the social vulnerability of the Kuta
SubDistrict.

Kuta Sub BDistrict | SV Score Class

a. Tuban 91.66667 | Very high vulnerality
b. Kuta 71.54851

c. Kedonganan | 57.32506

d. Seminyak 40.88653

e. Legian 35.43782 | Very low vulneralility
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Figure 5.15. The social conditiosiof the Kuta Region.
Source:Bali Provincial Central Agency for Statistic (2009).

Kuta Village has the highest proportion in terms of total population,
females, and age groups, but it has the lowest proportion in terms of disabled
people. On the other hand, Legian Village has the lowest proportion in terms of
total population, females, aradje groups, but it has a higher proportion in terms
of disabled people than Kuta Village (see Figure 5.15)

Within South Denpasar Subistrict, Sesetan Villagehas the highest
socialvulnerability, followed by Panjer, Pemogan, Pedungan, Sanur Kauh, Sanur,
Sidakarya, Renon, Sanur Kaja Villages, and finally Serangan Village. In Sanur
Region (study area), Sanur Village is the highest and Sanur Kaja Village is the
lowest in social vulnerability terms (see Figure 5.16). Table 5.9 shows the
classification and semmg of the social vulnerability for South Denpasar Sub

District. Figure 5.17 shows the social conditions of the Sanur Region
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Figure 5.16
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Table5.9.  The classification and score for the social vulnerability of the

South Denpasar Subistrict.

South DenpasarSubDistrict | SV Score Class
a. Sesetan 100 Very high vulneraliity
b. Panjer 67.77759
c. Pemogan 62.24464
d. Pedungan 55.71620
e. Sanur Kauh 38.46891
f. Sanur 36.20693
g. Sidakarya 31.78154
h. Renon 29.27914
i. Sanur Kaja 25.15365 v
j. Serangan 15.44288 | Very low vulnerability
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T
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Figure 5.17. The social condition of the Sanur Region.
Source:Bali Provincial Central Agency for Statistic (2009).

Sanur Village has the highest proportion in terms of total population,
IHPDOHY DQG DJH JURXSV 7 RU - \HDUV ROG
in terms of disabled people. On the other hand, Sanur Kaja &illag the lowest
proportion in terms of total population, females, and age groups, but it has the

highest proportion in terms of disabled people (see Figure.5.17)
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It should be noted that these social vulnerability factors were derived from
other studies(Clark et al., 1998, Cutter et al., 1997, Boulle et al., 1997,
Papathora et al., 2003, Cutter et al., 2003, Levy and Gopalakrishnan, 2005, Reese
et al.,, 2007) Furthermore, it represents accessible data at the local level.
However, other social vulnerability factocould be added in the same method,

such agpopulation density and number of people per building

5.3.3Economic Vulnerability

Economic vulnerability, like social vulnerability,reflects how areas in
both the Kuta and Sanur Regiorare vulnerable in tersnof number of poor
families and fishermerboth of which areamongthe most vulnerable groups in
terms of economic capacity

Within Kuta SulkDistrict, Tuban Village hs the highest economic
vulnerability, followed by KedongananKuta, Legian Villages, and finfy
SeminyakVillage. In Kuta Region (study area), Kuta has the higleesinomic
vulnerability, followed byLegian Village, and finally Seminyak Village (see
Figure 5.19) Table 5.10 shows the classification and scoring of the economic
vulnerability for Kua SubDistrict (seeChapter 4.3.2 for the scoring methods
Figure 5.18 shows the economic conditions of Kuta Region

Table5.10 The classification and score for the economic vulnerability of the
Kuta SubDistrict.

Kuta Sub istrict | EV Score Class

a. Tuban 75.96154 | Very high vulnerabity
b. Kedonganan | 69.23551

c. Kuta 50.30839

d. Legian 2.210910

e. Seminyak 2.169790 | Very low vulnerallity
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Figure 5.18 The economic condition of the Kuta Region.
Source:Bali Provincial Central Agency for Statist{2009).

Kuta Village has the highest proportion in terms of poor families and
fishermen. On the other hand, Seminyak Village has the lowest proportion in
terms of fishermen, but it has the same number in terms of poor families as Legian
Village (see Figur®.18).

Within South Denpasar SuDistrict, Serangan Mage ha the highest
economicvulnerability, followed by Sesetan, Pemogan, Pedungan, Sanur Kaja,
Sanur, Sanur Kauh, Panjer, Sidakarya Villages, and finally Renon Village. In
Sanur Region (study are®@anur Kaja Village is the highest and Sanur Village is
the lowest in economic vulnerability terms (see Figure 5.20). Table 5.11 shows
the classification and scoring of the economic vulnerability for South Denpasar

Sub®District. Figure 5.21 shows the ecaoniz conditions of Sanur Region
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Figure 5.19 The economic vulnerability map of the Kuta Sbistrict.
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Figure 5.20
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The economic vulnerability map of the South Denp&sdr-District.
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Table5.11 The classification and score for economy vulnerability of the South

Denpasar Sulistrict.

South Denpasar
SubDistrict
a. Serangan 91.79104 | Very high vulnerabity

b. Sesetan 55.21271

c. Pemogan 50

d. Pedungan 36.88444

e. Sanur Kaja | 34.18313

f.

g

h

i.

j-

EV Score Class

Sanur 29.90437
. Sanur Kauh | 28.45875
. Panjer 19.77612
Sidakarya 19.25999 v
Renon 10.82090 Very low vulnerahlity

SanurVillage has the highest proportion in terms of poor families, but it
has the lowest proportion in terms of fishermen. On the other hand, Sanur Kaja
Village has the lowest proportion in terms of poor families, but it has the highest

proportion in terms ofishermen (see Figure 5.21)

80 m Sanur

m Sanur Kaja
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Figure 5.21 The economic condition of the Sanur Region.
Source:Bali Provincial Central Agency for Statistic (2009).

It should be noted that these economic vulnerability factors were derived

from other studiegClague et al., 2003, Boulle et al., 1997, Clark et al., 1998, Tran

110



et al., 2009, Cutter et al., 2003, Agung, 2006, Levy and Gopalakrishnan, 2005,
Reese et al., 2007}urthermore, it represents accessible data at the local level.
However, other economic vulnerability factors could be added in the same

method, such asousehold income and number of tourists

5.3.4.Total Vulnerability

The three vulnerability layers, represeshtas raster data layers, were
RYHUODLG WKURXJK DGGLWLRQ WR péeWHneE D SWRWL
4.33.2 and 4.3.3.3or the scoring and combination methadspr Kuta Region,
the highest score from the calculation is 581 and the lowest sc@f8, so the
class range can be calculated as follows:

. . wzdé$ sxu .
...fo'%oi" ——ﬁ:%o<‘|_‘—w L zuk

From the class range result, the total vulnerability assessment of the Kuta Region
can be classified into five classes (see Table 5.12).

In order to simplify the risk score calculation, the author gave score and
weight to the total vulnerability classification for both Kuta and Sanur Regions
(see Tables 5.12 and 5.13)

Table5.12 The classification, scoring and weighting for total vulnéitgb

map of the Kuta region.

TOt?:IIZ:SIns;?IZ'gty Class Score | Weight | Total
a. ’ Very low vulneralhlity 1 100 100
b. 246.7 £330.2 Low vulneralility 2 100 200
c. 330.3+413.8 Medium vulnerabity 3 100 300
d. 413.9+497.4 High vulneralility 4 100 400
e. >497.4 Very high vulneraliity 5 100 500

For Sanur Region, the highest score from the calculation is 526 and the

lowest score is 199, so the class range can be calculated as follows:
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From the class range result, the total vulnerability assessment of the Sanur Region

can be classified into five classes (see Table 5.13)

Table5.13 The classification, scoring and weighting for total vulnerability

map of the Sanur region.

Tot?:ll;/su Slns;?g é'ty Class Score | Weight | Total
a. ’ Very low vulnerallity 1 100 100
b. 264.5+329.8 Low vulneralility 2 100 200
c. 329.9+395.2 Medium vulnerabity 3 100 300
d. 395.3 +460.6 High vulneralility 4 100 400
e. >460.6 Very high vulnerabity 5 100 500

The very high vulnerability areagepresent areabat are influenced very
highly by physical, social and economic factoksound 72% areas of the Kuta,
70% areas of the Legian and 52% areas of the Semwillages are vulnerable
to future tsunamis (see Figure 5.22). Around 91% areas of the Sanur and 76%
areas of the Sanur Kaja Villages are vulnerable to tsunami waves (see Figure
5.23).

The overlaying of the SWR WD O Y X O Q hithDxitela@nhindétrative D \H U
boundaies, allowed the calculation of tsunami vulnerability at ¥iilages level

(seeTable5.14)

Table5.14 The administrative areas that are vulnerable to tsunami.

The total vulnerability zones(km?)
Region Village Type Very high High Medium Low Very low
vulnerability | vulnerability | vulnerability | vulnerability | vulnerability
Kuta Kuta Urban 1.139 1.380 1013 2.000 2.101
Legian Urban 0.004 0.223 0.898 0.875 0.8%4
Seminyak | Urban 0.080 0.133 0.993 0.691 1.749
Sanur Sanur Urban 0.509 1.379 0.584 0.565 0.288
Sanur Kaja | Urban 0.200 0.236 0.708 0.693 0573
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Figure 5.22 The total vulnerability map of the Kuta Region.
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Figure 5.23 The total vulnerability map of the Sanur Region.
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Most (67%) areasof the Kuta Regionare vulnerable to tsunamivaves.
The total area that wilbe vulnerableis approximately9.418 km® (see Figure
5.24). It will mostly focus o Kuta and LegianVillages (see Figure 5.22. In
Sanur Region85% of the area is vulnerable to tsunamis, and the totaksalble
area is approximately 875 km? (seeFigure5.25), largely in Sanur Village (see
Figure 5.23). The calculation of the total vulnerable area is based oartias

influencedby physical, social and economic factors

1.738 k m Very low vulnerability

Low vulnerability

2.906 kn?

Medium vulnerability

3.569 kn? High vulnerability
H Very high vulnerability

Figure 5.24 The total vulnerablareain Kuta Region.

m Very low vulnerability
1.615 kn? 1.258 kn? Low vulnerability
Medium vulnerability

1.292 kn? High vulnerability
m Very high vulnerability

Figure 5.25 The total wilnerable arean Sanur Region.
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5.4. Risk Assessment Analysis

The isk map is the result of ovesling hazard andotal vulnerability
mays that mean multiplyindiazard andrulnerability score (see Figures 5.26 and
5.27). All of the areas at highest risk are in the vicinity tbe coastal zone. It
makes sense becaube tsunami wave force will desty everything that is in its
path. The areawithin 0 1.5 km from the shohlme will suffer the most
destructioraswas the caswith the2004Indian Ocean tsunami; most thfe areas
within 0 £2 km from the shorbne at low elevationwere damaged by tsunam
waves(Levy and Gopalakrishnan, 2005)

In this study, the risk assessment analysis differs from hazard assessment
and total vuherability assessment analysiBhe risk assessmemnalysis was
based on the risk zones that analysed by the combination of the inundation and
vulnerability zones. It was used to analyse the area administration, land use,
building and infrastructure, social and economic variables, special sites and
lifelines that are at risk from future tsunamis

The spatial hazard and vulnerability layers were overlaid using the same
method as was used for the physical vulnerability factorsGbepter 5.3.Land
the three vulnerabilities (se@hapter 5.3 except thalayers were multiplied
WRIJHWKHU UDWKHU WKDQ DGGHG WR REWDLQ WKH 3UL

Scores and weights were allocated to the previous hazard and total
vulnerability classifications in order to simplify the risk score calculation (see
Table 4.1 for the hazard assessment and Tables 5.12 and 5.13 for the total
vulnerability assessment). Thesmmbination method has been explained in the

previous chapter (see Chapte8.3.3) For Kuta and Sanur Regions, the highest
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score from the calculation is 250,000 and the lowest score is 10,000, so the class
range can be calculated as follows:

. twarr Fsrarr i
o ZPF 90T ——ffet fo—T %o o " Lvzirr

From the class range result, the risk assessment in both regions can be classified

into five classes (see Table 5.15)

Table5.15 The classification for risk map.

Risk Class Range Class
a. " Very low risk
b. 58,001+106,000 | Low risk
c. 106,001+154,000 | Medium risk
d. 154,001+202,000 | Highrisk
e. > 202,000 Very high risk

Around 44% of the area in Kuta Village is at risk from tsunami waves. On
the other hand, only around 34% of the area in Legiah 20% of the area in
Seminyak Villages those are at risk from future tsunamis. It means that Kuta
Village is the most at risk among the other villages (see Figure 5.26). Around 78%
of the area in Sanur Village is at risk from tsunami waves. In Sanar\Kkage,
only 25% of the area is at risk from tsunamis. Thus Sanur Village is the most at
risk area in Sanur Region (see Figure 5.27)

The overlaying of the 2 U L V N~ wthCadhhidistrative boundaas allowed

the calculatiorof tsunami risk at theillage level in both regiongseeTable5.16)

Table5.16 The administrative areas that are at risk from tsunami.

The risk zones(m?)
Region VIR Type Ve:)i/stlgh High risk | Mediumrisk | Low risk Ve:iiliow
Kuta Kuta Urban 0.726 0475 1272 0912 4.247
Legian Urban 0.005 0.226 0.019 0.723 1.882
Seminyak | Urban 0.060 0132 0.062 0.495 2.887
Sanur Sanur Urban 0.505 1.302 0.379 0.388 0.745
Sanur Kaja | Urban 0.200 0.143 0.091 0.160 1812
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Figure 5.26 The risk map of the Kuta Region.
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Figure 5.27. The risk map of the Sanur Region.
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Around 36% of the Kuta Region are# at risk from tsunamivaves. The
total area that wilbe at riskis approximatelys.103 km? (see Figure 5.28)t will
mostly focus a Kuta Village 6ee Figurés.26). In Sanur Region55% of the area
is at risk from tsunamis, and the total risk area is arouhtb&m? (see Figure
5.29). It will mostly focus on the Sanur Villagsge Figurés.27). The calculation
of the risk area is based on the areas that are influenced by hazard and total

vulnerability assessments

0.712 krm?
1.445 ki 2.562 kn? m Very low risk
| Low risk
Medium risk
0471 knd High risk
0.548 km?

| Very high risk

Figure 5.28 The ptal risk arean Kuta Region.

0.834 km?  0.794 kn?

1.344 kn? m Very low risk

2131 kn? Low risk
9.029 krt Medium risk

High risk

m Very high risk

Figure 5.29 The ptal risk arean Sanur Region.
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5.4.1Risk Analysis

5.4.1.1. Hazard Analysis

The distribution of risk in each villaga each regions notthe same. It
varies between villages and depends on the contribution of each variable
(physical, social, and economic) to the total (js&eFigure5.30).It is important
for local government t&now the most significant contribudi RU HDFK YLOODJH!
risk if a tsunami occurs to allow the allocation ioterventionresourcesand
mitigation plars. It will reduce the duplication of activities in each village and
optimize thefund allocatiorto the right place and right activity

The risk proportion in all villages is influenced by the physical factors.
Social factors contribute almost an equal value in each village. On the other hand,
the economic factors only make a smalhtibution for the risk in Legian and
Seminyak Villages. The calculation of risk proportion is based on the value of

physical, social and economic vulnerabilities (see Figure 5.30)

100% -
90% - m Physical
80% - m Social
70% - Economic
60% -
50% -
40% -
30% -
20% -
10% -
0% - | | | | |
Kuta Legian Seminyak Sanur Sanur Kaja

Figure 5.30 The proportion of riskin Kuta and Sanur Regionsasd on

physical, social, and econonfactors.
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JRU WKH KD]DUG DQDO\VLV WKH 2ODQG XVH" OD\H!
LV RYHUODLG ZLWK WKH 3UL Mdtate &and téldulatenid uséy LV SRV
that areat risk from tsunami waves in eacfilage.

There are 5 types of land use that at risk in Kuta Village, namely bareland,
buildings, open space, roads and sand. On the other hand, 6 other land use types
are located in tsunami least risk areas, such as agroforestry, grassdiledss

mangroves, ricefields and rivers (see Figure 5.32 and Table 5.17)

Table5.17. The land uses that are at risk from tsunami{uta Village.

Land use types = — e rigk ZONES : :
Very highrisk | Highrisk | Medium risk Low risk | Very low risk
Agroforestry km®) - - - - 0.120
Bareland km®) - 0.020 0.0 - 0.039
Building (unit) 356 661 2,330 2,020 2,699
Grassfield km®) - - - - 0.014
Lake km?) - - - - 0.346
Mangrove km) - - - - 0871
Open spacek(n’) 0.365 0.286 0814 0.540 1.858
Ricefield km) - - - - 0.255
River (km) - - - - 0.081
Road km) 2.645 3.505 14.082 12.207 31405
Sand km) 0.220 - - - -

Approximately onethird of the bareland, tw#hird of the buildings,
around half of all open space and roads, and all sand areas iViKage are at
risk from future tsunamis, due to their locations in Wying flat areas and near
the coast. Other land uses, such as agroforestry, grassfields, lakes, mangroves,
ricefileds and rivers are potentially safe from future tsunamis in thatgeill
These land use types are located in higher areas and far away from the coast (see

Table 5.17.
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Figure 5.31 The land use map of the Kuta Village.
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Figure 5.32 The land uses at risk in Kuta Village.
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There are 4 types of land use that at risk in Legian Village, namely
buildings, open space, roads and sand. On the other hand, 4 other land use types
are located in tsunami least risk areas, such as agroforestry, barelaneldsicef

and rivers (see Figure 5.34 and Table 5.18)

Table5.18 The land uses that are at risk from tsunamtiegian Village.

Land use types — - e ris_k S Lo : :

Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk
Agroforestry km®) - - - - 0.542
Bareland km®) - - - - 0.017
Building (unit) - 60 17 1,093 1,428
Open spacek(m’) 0.00(8 0.143 0.016 0471 0.827
Ricefield km?) - - - - 0.212
River (km°) - - - - 0.018
Road km) - 2.140 0.164 6.414 17.906
Sand km?) 0.005 0.063 - - -

Around half of all buildings and open space, é¢hed of the roads, and all
sand areas in Legian Village are at risk from future tsunamis, due to their
locations in lowdying flat areas and near the coast. Other land uses, such as
agroforestry, barelandricefileds and rivers are potentially safe from future
tsunamis in that village, due to their locations in higher areas and far away from

the coast (se€able 5.B).
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Figure 5.33 The land use map of the Legidillage.
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Figure 5.34 The land uses at risk in Legian Village.
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Most of the land use types are at risk in Seminydlage. It is only the

rivers that are located in tsunami least risk areas (see Figure 5.36 and Table 5.19)

Table 5.19  The land uses that are at risk from tsunan@eminyak Village.

Land use types

The risk zones

Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk
Agroforestry km®) - - - 0.006 0.185
Bareland km®) - - - 0.008 0.262
Building (unit) 3 44 25 521 2,918
Grassfield km?) - - - 0.004 0.191
Open spacek(m’) 0.0 0.071 0.040 0.369 1.389
Ricefield k) - - - 0.012 0.468
River (km?) - - - - 0.010
Road km) - 0.381 0.033 3.861 24.088
Sand km?) 0.050 0.053 0.006 - -

Approximately 5% of all agroforestry, bareland, grassfields and ricefileds,
less than 30% of all buildings, open space and roads, and all sand areas in
SeminyakVillage are at risk from future tsunamis, due to their locations inHow
lying flat areas and near the coast. It is only rivers that are potentially safe from

future tsunamis in that village. This land use types is located in higher areas and

far away fromthe coast (se€able 5.D).
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Figure 5.35 The land use map of the Seminyak Village.
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Figure 5.36 The land uses at risk in Seminyak Village.
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All land use types are at risk from future tsunamis in Sanur Village. There

is no land use type located in tsunami least risk areas in that village (see Figure

5.38 and Table 5.20)

Table 5.20  The land uses that are at risk from tsunem@anur Village.

Land use type = — e ris_k S Lo : :

Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk
Agroforestry km®) 0.086 0.101 0.017 0.001 0.066
Bareland km®) 0.013 0.026 - - 0.016
Building (unit) 308 2,245 560 786 1,501
Open spacek(m’) 0.265 0911 0.285 0.301 049
Road (m) 4.604 12707 3.459 3.508 8.613
Sand km?) 0.096 - - - -

More than twathird of all agroforestry, bareland, buildings, open space
and roads, and all sand areas in Safillage are at risk from future tsunamis.
These land use types are at risk from tsunamis because they are located in the

low ying flat areas and near the coast (see Table 5.20)
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Figure 5.37. The land use map of ttf&anur Village.
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Figure 5.38 The land uses at risk in Sanur Village.
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Most of the land use types are at risk in Sanur Kaja Village. It is only the
barelandhat are located in tsunami least risk areas in that village (see Figure 5.40

and Table 5.21)

Table5.21 The land uses that are at risk from tsunan@anur Kaja Village.

The risk zones
Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk

Land use type

Agroforestry km®) 0.008 0.007 0.015 0.030 0.208
Bareland km®) - - - - 0.100
Building (unit) 100 101 65 87 2,376
Grassfield km®) - - 0.001 0.007 0.003
Open spacek(m’) 0.116 0.070 0.065 0.079 0.775
Ricefield km?) 0.011 0.063 0.010 0.030 0477
Road km) 1.668 0.883 0.782 1.592 18.748

Sand km?) 0.041 - - - -

Approximately onethird of all agroforestry, buildings, open space,
ricefields and roads, twihird of the grassfields, and all sand areas in Sanur Kaja
Village are at risk from future tsunamis, due to their locations indigng flat
areas and near the coast. It is only bareland that is potentially safe from future
tsunamis in that village. This land use type is located in higher areas and far away

from the coast (se€able 521).
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Figure 5.39 The land use map of the Sanur Kaja Village.
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Figure 5.40 The land uses at risk in Sanur Kaja Village.
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5.4.1.2. Building and Infrastructure at Risk

JRU WKH EXLOGLQJ DQG LQIUDVWUXFWXUH DQDOV
YLOODJH LQ ERWK UHJLRQV LV RYHUODLGocateWK WKH 3
and calculatduildingsthat areat risk from tsunamis in each village. The building
types classification was based on the urban planning map, google earth and field

surveys

Table5.22 The building types at risk Kuta Village.

Building types The risk zones (unit)
Very high risk | Highrisk | Mediumrisk | Lowrisk | Very low risk

Bank - 1 6 15 8
Church - - 6 1

Cinema - - 1 -
Clinic - 1 - 3 2
Gas station - - - - 6
Government office 1 - - 6 19
Hamlet meeting hall - 1 5 3 3
Hospital - - - - 8
Hotel 186 363 1,327 1,120 1,116
House - 93 105 187 521
Industry - 4 4 24 84
Mall 1 - 8 1 19
Monument - - 1 - 1
Mosque - - 1 2 1
Police station - - - 3 -
Post office - - - 1 -
Pura temple 3 - 1 4 3
Restaurant 18 17 70 63 70
School - 6 12 12 19
Shop 6 54 353 298 676
Traditional market 1 2 1 9 10
Travel agency - - - 2 5
Vihara temple - - - 1 -
Villa 140 119 408 263 125
Water park - - 22 - -

Almost 67% of the total buildings that are located in Kdiidage are at
risk from future tsunamis. Only 33% of the total buildings are located in tsunami
least risk areas in that village. There are 2,996 units of hotels, 930 units of villas,
711 units of shops, 385 units of houses and 168 units of restaweatsd in

tsunami risk areas (see Table 5.22)
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Figure 5.41 The buildings at risk in Kuta Village.
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Figure 5.42 The building types at risk in Kuta Village.

All units of churches, cinemas, police stations, post offices, vihara temples
and water parks are at risk from future tsunamis in Kuta Village. More thas two
third of all villas, banks, hamlet meeting halls, hotels, mosques, pura temples and
restaurants aralso located in tsunami risk areas (see Figure 5.42). There are 2
building types which are located in tsunami least risk areas in that village, namely

gas stations and hospitals. Only these buildings could serve as recovery centres
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Table 5.23  The building types at risk Legian Village.

Building types o e U1 ”.Sk SOl : -
Very highrisk | Highrisk | Mediumrisk | Low risk | Very low risk
Bank - - - 2 1
Church - - - - 1
Clinic - - - 3 1
Government office - - - - 3
Hamlet meeting hall - - - - 3
Hotel - 50 14 732 588
House - - - 7 229
Industry - - 2 2 24
Pura temple - - - - 4
Restaurant - 5 1 27 4
School - - - - 22
Shop - 5 - 212 206
Traditional market - - - 1 -
Travel agency - - - 4 1
Villa - - - 103 340
Village cooperative unit - - - - 1

Around 45% of the total buildings that are located in Legian Village are at
risk from future tsunamis, while 55% of the total buildings are locatésuimami
least risk areas in that village. There are 796 units of hotels, 217 units of shops

and 103 unitef villas that are at risk from tsunami waves (see Table 5.23)
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Figure 5.43 The buildings at risk in Legian Village.
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Figure 5.44 The building types at risk in Legian Village.

All units of traditional markets are at risk from future tsunamis in Legian
Village. AlImost 90% of the restaurants are also at risk from tsunamis (see Figure
5.44). There are 6 building types which are potentially safe if a tsunami occurs in
that village ecause they are located in tsunami least risk areas, namely churches,
government offices, hamlet meeting halls, pura temples, schools and village

cooperative units. These buildings could serve as recovery centres
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Figure 5.45 The buildings at risk in Seminyak Village.

143



Table5.24  The building types at riskn Seminyak Village.

The risk zones (unit)

Building types

Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk
Church - - 1 -
Government office - - 4
Hamlet meeting hall - - - 1 3
Hotel 3 37 21 331 1449
House - - - 45 610
Industry - - - 30
Pura Temple 2 - 7 1
Restaurant 5 3 9 10
School - - - 12
Shop 1 18 158
Traditional Market - - 8
Travel Agency 1 -
Villa 108 633

Only 17% of the total buildings in Seminyakillage are at risk from

tsunamis, while 83% of the total buildings are located in tsunami least risk areas.

Moreover, there are 392 units of hotels, 108 units of villas and 45 units of houses

located in tsunami risk areas (see Table 5.24)
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Figure 5.46 The building types at risk in Seminyak Village.
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All units of churches and travel agencies in Seminyak Village are located

in tsunami risk areasée Figuré.46). Around 90% of the pura temples are also

at risk from future tsunamis. On the atheand, all units of government offices,

industries, schools and traditional markets in that village are located in tsunami

least risk areas. Some of these buildings could serve as recovery.centres

Table 5.25  The building types at riskn Sanur Village.

Building types

The risk zones(unit

Very highrisk | Highrisk | Mediumrisk | Lowrisk | Very low risk
Bank - 6 - 2 3
Clinic - 1 1 7
Diving agency 2 6 2 - 1
Electricity station - 2 - - -
Gas station - - 2 - -
Government office 5 16 9 - -
Hamletmeeting hall - 1 - 1 5
Hotel 140 1063 204 255 394
House - 279 83 288 539
Industry - 35 19 18 57
Mall - 3 - - 1
Post office - - - - 1
Pura temple 2 8 - - 1
Restaurant 18 102 25 18 34
School - 1 - 26 26
Shop 17 207 73 108 304
Traditional market 16 6 2 7 1
Travel agency - 4 2 3 7
Villa 108 504 138 60 120
Village cooperative unit - 1 - - -

Around 72% of the total buildings in Sarvilage are at risk from future

tsunamis, and it is only 28% of the total buildings that are located in tsunami least

risk areas. There are 1662 units of hotels, 810 units of villas, 650 units of houses,

405 units of shops and 163 units of restaurantenpiatly at risk if a tsunami

occurs there (see Table 5.25)
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Figure 5.47. The buildings at risk in Sanur Village.
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There are four building types in SarMitlage that are located in tsunami
risk areas, namely government offices, village cooperative units, electricity
stations and gas stations. On the other hand, all units of post offices in that village
are located in tsunami least risk areas. More thanttvrd of all diving agencies,
hotels, pura temples, restaurants, traditional markets and villas are also at risk

from tsunami waves (see Figure 5.48)
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Figure 5.48 The building types at risk in Sanur Village.
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Table 5.26  The building types at riskn Sanur Kaja Village.

Building type Area of Risk (unit)
Very highrisk | Highrisk | Medium risk Low risk | Very low risk
Bank - - - - 1
Clinic - - - - 2
Electricity station - - - - 2
Gas station - - - - 1
Hamlet meeting hall - - - 2 4
Hotel 55 54 36 26 166
House 7 - 1 10 1,609
Industry - - - - 69
Mall - - - - 8
Mosque - - - 1 -
Museum I - - - -
Police station - - - 7
Pura temple - 1 - - 20
Restaurant 1 3 1 8 48
School - - - 39
Shop 5 5 4 12 319
Sport Hall - - - - 2
Travel agency - - - - 11
Villa 25 38 23 28 68

Only 13% of the total buildings in Sanur Kajallage are at risk from
tsunamis, and around 87% of the total buildings are located in tsunami least risk
areas. Furthermore, there are 171 units of hotels, 114 units of villas and 26 units

of shops potentially at risk if a tsunami occurs there (seeeTaBb)
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Figure 5.49 The buildings at risk in Sanur Kaja Village.
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Figure 5.50 The building types at risk in Sanur Kaja Village.

All units of mosques and museums in SaKaja Village are located in
tsunami risk areas (see Figure 5.50). On the other hand, all units of banks, clinics,
electricity stationsgas stations, industries, malls, police stations, schools, sport
halls and travel agencies are potentially safe fromaisu wavesSome of these
buildings could serve as recovery centres

For te infrastructure analysis, there are 5 infrastructure types beside
social and economic infrastructures that are analysed in this study, namely roads,
houses, places of worship (sueh church, mosque, pura and vihara temples), gas
and electricity stations

For Kuta Village, around 43% of the houses, more than 82% of the places
of worship and around 50% of the total length of the roads are potentially at risk

from tsunami wavesOn the other hand, all units of gas stations are located in
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tsunami least risk areas. Furthermore, there is no electricity station in that village

(see Figuré.51)
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Figure 5.51 The infrastructure types at risk in Kuta Village.
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Figure 5.52 The infrastructure types at risk in Legian Village.
For Legian Village, less than 5% of the houses and around 23% of the

total length of the roads are located in tsunami risk areas. All units of places of
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worship are located in tsunami least risk ar8dwere are no electricity and gas
stations in that villagesge Figuré.52)

There are no electricity and gas stations in Seminyak Village. Moreover, it
is only 7% of the houses and less than I§%he total length of the roads that are
at risk from tsunani waves. On the other hand, more than 90% of the places of

worship are potentially in danger of tsunami impact in that village (see Figure
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Figure 5.53 The infrastructure types at risk in Seminyak Village.

All units of electricity and gas stations in Sanur Village are located in
tsunami risk areas. Furthermore, around 55% of the houses, more than 90% of the
places of worship and around 74% of the total length of the roads are also at risk

from tsunami wavegsee Figure 5.54)
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Figure 5.54 The infrastructure types at risk in Sanur Village.
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Figure 5.55 The infrastructure types at risk in Sanur Kaja Village.

For Sanur KajaVillage, around 3% of the houses, less than 10% of the
places of worship and around 21% of the total length of the roads are potentially

at risk from future tsunamis. On the other hand, all units of electricity and gas

stations are located in tsunami leask areas in that villages¢e Figuré.55)
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During evacuation, relief, and rehabilitation afsetsunamievent this
infrastructure play an important role used to transport people, food, and

materialsfor tsunami victims, and provide essential services or recovery locations

54.1.3. Social Variables at Risk

Informationaboutrisk enables paulation at risk of injury or deatliom a
tsunami evento be calculatedThis calculation is based on how many people
(total population, females, age groups (children and elderly) and disabled people)
are located in tsunami risk and least risk arbathis study, lhe definition ofage
groupsis the total numbexof children(0 +14 years oldand elderly(more than

60 years old)
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3 3
O T T T
Total Females Age groups Disabled
population people

Figure 5.56 The total number of people at risk in Kuta Village.
Source:Bdli Provincial Central Agency for Statistic (2009).

For Kuta Village, there are 5,095 people consisting of 2,488afes,
1,148 children and elderly, and 3 disabled people who are potentially victims from

a tsunami event. On the other hand, 6,390 people are potentially located in
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tsunami least risk areas, consisting of 3,122 females, 1,441 children and elderly,
and 3disabled peoplesge Figurd.56)

There are 1,144 people potentially in danger of future tsunamis in Legian
Village. They consist of 570 females, 329 children and elderly, and 3 disabled
people. On the other hand, 2,217 people potentially live in tsunami least risk
areas, consisting of 1,104 females, 637 children and elderly, and 5 disabled people

(see Figure 57).

2,500
2,217
2,000
1,500
1,104 m Risk
1,000 - H Least risk
637
500 T S2
3 5
0 -
Total Females Age groups Disabled
population people

Figure 5.57. The total number of people at risk in Legian Village.
Source:Bali Provincial Central Agency for Statistic (2009).

There are only846 people inSeminyak \lage that live at risk from
tsunamiwaves The composition of that populati@onsists of 425 females, 209
children and elderly, and 2 disabled people. On the other hand, around 3,304
people are potentially safe from future tsunamis because they live in tsunami least
risk areas, consisting of B8 females, 816 children and elderly, and 7 disabled

people (see Figure 5.58)
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Figure 5.58 The total number of people at risk in Seminyak Village.
Source:Bali Provincial Central Agency for Statistic (2009).
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Figure 5.59 The total number of people at risk in Sanur Village.
Source:Bdli Provincial Central Agency for Statistic (2009).

For Sanur Village, there are 11,687 people consisting of 5,758 females, 32
children and elderly, and 4 disabled people who are potentialtyngicof the

tsunami hazard. On the other hand, there are only 3,383 people who are
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potentially safe, because they live in tsunami least risk areas far away from the
coast. They consist of 1,667 females, 9 children and elderly, and 1 disabled person
(see Fgure 559).

There are 2,040 people potentially in danger of tsunami waves in Sanur
Kaja Village. They consist of 1,002 females, 8 children and elderly, and 2
disabled people. Around 6,223 people are potentially safe from future tsunamis
because they livenitsunami least risk areas. They consist of 3,057 females, 24

children and elderly, and 5 disabled people (see Figure 5.60).
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Figure 5.60 The total number of people at risk in Sanur Kaja Village.
Source:Bali Provincial Central Agency foBtatistic (2009).

Furthermore, rany social facilities are also at riflom tsunamissuch as
schools, government offices, police stations, post offices, hamlet meeting halls,
clinics and hospitalsThese facilitiesare important fothe villagecommunity

All units of police stations and post offices are located in tsunami risk

areas. More than twihird of all clinics, hamlet meeting halls and schools are
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also at risk from future tsunamis. Moreover, only arounddniiel of government
offices are locateth tsunami risk areas. On the other hand, all units of hospitals

are located in tsunami least risk areas (see Figure.5.61)
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Figure 5.61 The social infrastructure at risk in Kuta Village.

For Legian Village, around 75% of the clinics are builttsunami risk
areas. On the other hand, all units of government offices, hamlet meeting halls and
schools are located in tsunami least risk areas. Moreover, there are no hospitals,
police stations and post offices in that villaged Figuré.62).

All units of government offices and schools in Seminyak Village are
located in tsunami least risk areas. Only 1 unit of hamlet meeting hall is located in
tsunami risk areas. Other units of hamlet meeting halls are built in tsunami least
risk areas. Furthermoré¢here are no clinics, hospitals, police stations and post

offices in that village (see Figure 5.63)
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Figure 5.62 The social infrastructure at risk in Legian Village.
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Figure 5.63. The social infrastructure at risk in Seminyak Village.
All units of government offices in Sanur Village are located in tsunami
risk areas. On the other hand, all units of post offices are built in tsunami least risk

areas. Around half of schools are also located in tsunami least risk areas. Around
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onezhird of all clinics and hamlet meeting halls are built in tsunami risk areas.

There are no hospitals and police stations in that village (see Figure 5.64)
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Figure 5.64 The social infrastructure at risk in Sanur Village.

For Sanur Kaja/illage, all units of clinics, police stations and schools are
located in tsunami least risk areas. Less thantbivd of hamlet meeting halls are
located in tsunami risk areaBhere are no government offices, hospitals and post

offices in that villaggsee Figuré.65)
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Figure 5.65 The social infrastructure at risk in Sanur Kaja Village.

5.4.1.4. Economic Variables at Risk

There are rany economic facilities at risk such asagriculture,
agroforestrypanks, hotels, villas, shops, maligditional markets, industries and
restaurantsThese facilitiesare important forthe local government because they
serve as the main income for people and village revenue. Tsunamis can disrupt or
even destroy the economic activities

For Kuta Village, d areas of agriculture and agroforestry are located in
tsunami least risk areas. Around tw#lord of all banks, restauranthptels and
villas are in danger of future tsunamis. This infrastructure will not only stop the
economic activities, but it also mesists of many tourists who potentially become
victims if a tsunami occurs there. Half of all shops and traditional markets are also
built in tsunami risk areas. Only ogthird of all industries and malls are located

in tsunami risk areasé¢e Figure 5®).
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Figure 5.66 The economic infrastructure at risk in Kuta Village.

All areas of agriculture and agroforestry in LegMillage are located in
tsunami least risk areas. Around twluird of all industries and villas are also
located in tsunami least risk areas. On the other hand, all units of traditional
market are built in tsunami risk areas. Moreover, more than half efséhurants,
banks, hotels and shops are also built in tsunami risk areas. There is no mall in
that village (see Figure 5.67).

All units of industries and traditional markets in Seminyak Village are
located in tsunami least risk areas. More than 95%saoéaagriculture and
agroforestry are also in tsunami least risk areas. Furthermore, more than 70% of
the hotels, shops and villas are also built in tsunami least risk areas, but more than
60% of the restaurants are at risk from future tsunamis. Themeodbanks and

malls in that village (see Figure 5.68)
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Figure 5.67. The economic infrastructure at risk in Legian Village.
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Figure 5.68 The economic infrastructure at risk in Seminyak Village.
For SanurVillage, more than 50% of the total areas or units of all
economic infrastructure are located in tsunami risk areas. For example, around

two zhird of all hotels, malls, banks, traditional markets, restaurants and villas are
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potentially in danger of futuresunamis. Around half of all industries and shops

are also located in risk areas. Damage to this economic infrastructure will not only
reduce the economic income for this village, but also potentially trigger many
YLFWLPV IURP WKH W RbheUhawdVivefe ¥ InG &brical@Qrevinkhat R

village (seeFigure5.69).
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Figure 5.69 The economic infrastructure at risk in Sanur Village.

For Sanur Kaj&/illage, all units of banks, industries and malls are built in
tsunami least risk areas. More than t#nrd of all agriculture, agroforestry,
restaurants and shops are also located in tsunami least risk areas. On the other
hand, half of all hotels and l\as are at risk from future tsunamis. There is no

traditional market in that villages¢e Figuré.70)
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Figure 5.70 The economic infrastructure at risk in Sanur Kaja Village.

5.4.1.5. Special Sites and Lifelines at Risk

Special sitesn this studyinclude all locatios that need special attention
during a tsunami event because they naturally have problems to copeheith
tsunami force such as schools, clinics and hospitdldelines are important
facilities thatare essential for communitgecowery, such alinics andhospitas
(these aréncluded in both special sitand lifelines), gas and electricity stations

For KutaVillage, there is no electricity station in that village. More than
half of all clinics and schools are located in tsunami risk areas. On the other hand,
all units of gas stations and hospitals are located in tsunami least risksaeas (

Figure5.71)
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Figure 5.71 The special site and lifeline at risk in Kuta Village.

There are only two types of special sites and lifelines in Legian Village,
namely clinics and schools. More than tford of clinics are potentially at risk
from future tsunansi. On the other hand, all units of schools are located in

tsunami least risk areasefe Figuré.72)
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Figure 5.72 The special site and lifeline at risk in Legian Village.
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There is only one type of special site in Seminyékage, namely
schools. All units of schools are located in tsunami least risk areas (see Figure

5.73).
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Figure 5.73 The special site and lifeline at risk in Seminyak Village.

For SanurVillage, there are four types of special sites and lifelines,
namely clinics, schools, electricity and gas stations. There is no hospital in that
village. All units of electricity and gas stations are located in tsunami risk areas.
Furthermore, around Habf the schools are also at risk from future tsunamis. On
the other hand, more than twbird of the clinics are located in tsunami least risk
areas (see Figure 5.74)

For Sanur Kaja Village, there are four types of special sites and lifelines,
namely clnics, schools, electricity and gas stations. There is no hospital in that
village. All units of clinics, electricity stations, gas stations and schools are

located in tsunami least risk areasd Figure 55).
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Figure 5.74 The special site and lifeline at risk in Sanur Village.
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Figure 5.75 The special site and lifeline at risk in Sanur Kaja Village.

Local government has tbe concered with these areas because af
tsunamioccursduring the day, there are a lot ydung people ang@atients that
will be at risk of injury or death. Villages with high numbef schoolsin the

tsunami risk areas, such as Kuta and Sanur Villdge® to be prioritized for
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tsunami preparedness. Awaremesd education about how to respond and rescue

during tsunami event have to be conducted regularly

5.5. Summary

This analysis has grouped all variables into all of the tsunami risk zones.
Obviously GIS allows us to create multiple scenarios; for each risk foneach
type of variable, right down to types of buildings and individual buildings.
Government and community buildings and places of worship are especially
important as potential recovery centres depending on the zone in which they are
located. The G can alschas many more social and economic variables added
into the database and more scenarios developed. The building database can be
updated regularly and risk recalculated. The risk can also be applied to new
developments. Over time further infornmati about each building can be added

and mapped, such as number of storeys, building material, orientation, etc
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CHAPTER SIX #Discussion, Conclusion and Recommendatisn

6.1. Introduction

The primary objective of this study was to develop a madé¢he tsunami
risk assessment thaain be applied and used in other parts of co&stimnesia
with theframeworkbeing appliedo theKuta and Sanur Regions as a case study.
The results will give information to local people that live in tsurgmoneareas,
andto local governmentfor the development of tsunami mitigation planning

Local and provincial government officers and public servants need to be
able to access readily available data in order to estimate the terrestrial impact for
planning purpses. This model is fairlgrudebecause it relies upon data that can
be accessed at local levels and easily incorporated into planning schemes that can
be administered by local governments

In this study, the model from the results is a basic model toatsi risk
assessment. Moreover s very importantd have data collection &ical level so
thatlocal governments can apply and implement the results (tsunami risk aaps)
the local people who live in the study aseadwho possibly become victims &
tsunami occurs there. Moreover, it would be useful to include local people
information and knowledge because they know more about their surroundings.
Community knowledge of the physical and social environment is essential for
natural disaster manageméntan et al., 2009)

Although bathymetric data can enable more detailedspadific estimates
of tsunami rurip to be modelled, it has been excluded here, because the
complexity of the bathymetry data and its impact upon tsunami waves means that

the modelling must be carried out by expert oceanographers rather than local

170



governmat officers. Moreover, the bathymetry data is frequently not available in
detail at the local level. Therefore this study has concentrated on that terrestrial
data that is readily available to provincial and local government officers

In this chapter, theauthor discusses the results separately for each
assessment and creates a research framework for each assessment that can be

applied and used by local government officers

6.2. Tsunami Potential Assessment

The first goal of this study was tessessthe potentibof the tsunami
hazard to Kuta and Sanur Regions based on historical data in order to examine
whether such a study of tsunami potential needs be undertaken in this area. The
historical data showed tsunami hazard to be a serious and destructive threat for
coastal communities in Bali. The tsunami hazard cannot be prevented, but the
damage from the tsunami can be reduced by two types of actions, namely
structural and nosstructural(Clague et al., 2003)Structural actions include the
building of jetties, sea walls, breakwaters and tsunami resistant coiostrott
buildings, although these actions are very expensive. #rctural actions
include land use and building zoning and relocation, emergency preparedness for
coastal communities, and public education carried out in school or in coastal
community meengs, so that local people and students are aware and understand
this hazard

The first action in a tsunami potential assessment is to establish the
probability that a tsunami will occur in the future with estimates of probable
magnitudes. A detailed catgjue of tsunamis is needed for establishing the

tsunami probability, including the date of the event, the magnitude of the event,
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the area impacted, the causes, the highestipjrthe maximum inundation and

the number of victims. The catalogue can be Emppnted from newspapers,
journals, internet, and libraries. There are two agencies that provide a detailed
catalogue of tsunamis and other hazards that can be accessed online, namely The
National Geophysical Data Center (NGDC) from NOAA Agef@910)and The
Institute of Computational Mathematics and Mathematical Geophysics (ICMMG)

in Novosibirsk, Russig2010) These information sources can be used also as a
verification tool if here is inconsistency with the hazard occurrence data sets
(Cutter et al., 1997)Howeve, data prior to the 20 century, is usually less

accurate because of the less sophisticated instruments used to me#suiteit

et al., 2005)
The National Geophysical Dat; The Institute of Computational Mathematics and
Center (NGDC) Mathematical Geophysics (ICMMG)
A 4
Internet Journals Newspapers Libraries
v It should include:

Thecatalogue of

The date of the eventhe magnitude of the even

A

tsunamis the area impactedhe causesthe highest rurup,
the maximuninundationand thenumber of victims

The WVXQDPLJV S Formula:
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Figure 6.1. The frameworkor a tsunampotentialassessment.
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Figure 6.1 shows the framework for a tsunami potential assessment. This
framework is developed based on the methodologies that have been used in this
study. This framework igjuite simple to understand and refieattivities that
needto becarried outin thetsunami potentiahssessment proce3dhe results of
WKLV I[UDPHZRUN DUH WKH WVXQDPLYV SUREDELOLW\ I
and the worsicase (the highest) tsunami riup in the study area that will beads
in the tsunami hazard assessment

7TKH LQIRUPDWLRQ DERXW WVXQDPL DQG HDU\
occurrencegives local government, disaster planners and emergency managers in
Bali a perspective about mitigation programs tbah be carried outin the
midterm and longr term perio@ for coastal communitiesThe probability
FDOFXODWLRQ PD\ LPSURYH FRDVWDO FRPPXQLWLHYV
KDIDUG EHFDXVH WKHLU UDULW\ OHDGV WR D JUDGXD(
preparedness over time. Twake people prepare for a tsunami, they have to be
concerned about it, have enough awareness, and agree with the potential
magnitude and impact that is possible from a tsunami event. For example, during
the Indian Ocean tsunami on"28anuary 2004, morti&y on Simelue Island,
located near the earthquake epicentre, was low, because they knew what actions to

take based on past tsunarflisvy and Gopalakrishnan, 2005)

6.3. Hazard Assesment

The second goal of this study was to assess and map the tsunami hazard
based on the worstase tsunami rusip scenario. The worstase scenario was
used, as it will represent the highest tsunamidnprthat can occur on Bali based

on historical dataso it becomes a basic calculation for the inundation zones.
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However, it will not rule out the possibility that a tsunami #um could be larger
or smaller in the future. Moreover, the impact and damage of future tsunamis will
be larger than in the past laese of the increasing numbers of buildings and
coastal infrastructure development within coastal areas on Bali

The catalogue of historical tsunami events is examined and analysed to
find the highest tsunami rufp in the study area. This information is used to
identify the extreme inundation zones. The definition of the extreme inundation
zone is the zone or areattveen the shoreline and the highest contour of tsunami
runxp ever recorded on BaliPapathoma et al., 2003)n this study, the
simplification of contour elevations was used to make analysig. §d8s is
important in creating an analysis model that can be replicated by provincial
governments at the local level

A tsunami inundation map is a powerful tool in hazard mitigation and very
useful for disaster planners and emergency mangfersar et al., 2008)The
inundation map can be usedidentify and evaluate locations of important public
infrastructurein coastal areas, such as restaurants, shdlfes and hotels. This
might also help to determine which of these infrastructshesildbe relocated to
safe areas orretrofitted to withstand the tsunami force and inundatiorfror
example, hotel or restaurant buildings that only have one storey might be
expanded into two or three storeys, to allow vertical evacuation. If a tsunami
occurs and there is limited time to evacuate to a higher ianeauld be better to
run to the nearest building that has more than one storey for vertical evacuation

The framework for a tsunami hazard assessment is developed based on the

methodologies that have been used in this studyeftets activitiesthat needto
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be carried outin the tsunami hazarcissessment procegsee Figure 6.2)The

result of this framework is a tsunami inundation map based on thesasst(the
highest) tsunami rutup scenarian the study area. Furthermore, this result can be
overODLG ZLWK WKH :DGPLQLVWUDWLYH ERXQGDU\’
to determinewhich areas, land uses or buildingright be inundated bfuture

tsunamis within each inundation zonehe study area

Thetsunami potential

assessment
A 4
Theworsti€ase tsunami The catalogue of
runzup (the highest) |~ tsunamis
v It can be derived from:
DEM_ (Digital < Theodolite surveys, spot heights, topograpk
Elevation Madel) maps and DEM from the SRTM and Ast
satellite images
\ 4
Thetsunami It should be classified and gave scd
inundation map |~ ard weight for each inundation zone.
It can be overlaid with:
Y
Theclassification of The 3SDGPLQLVWUDWLYH ERXQ
inundation zones [~ SEXLOGLQJ W\SH®™ OD\HUV W
land uses or buildings might be inundated
future tsunamis within each inundation zone

Figure 6.2. The framework for a tsunarnazardassessment.

Coastal areas are favourite locatiorfor settlementand business. The
F R DV W D attrdotlven&sgdttinues to grow along with associatechousing,
coastal facilities and accommodatidevelopmentAs a resultmorelocal people

and touris$, and coastal infrastructure will btéhreatened by the tsunami hazard.
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Therefore, to manage and control new building construction in coastal areas, there
should be cooperation betwedime planning agencynd the local government
relatedto the city spatihplanning. For example, local government can create
economic disincentivesuch as higér taxation to discourage peopler investors

from creatingnew developments$n vulnerablecoastalareas Moreover, his map

also can be used to inform loagdvernment agencies, hazard task fotoeal
residents, investors, and visitors about preparedness and sesporisunami
evens. Thisactionhas been implemented in some counfriegh agthe USA as

part of a national program in planning for tsunaresilient communities
(JonientzTrisler et al., 2005)

The tsunamiinundation delineation is based on the existing or available
ground elevation datasuch asbase point for elevation reference. Therefore, it
needs ground checking to verify the inundation areas and exact ground elevation.
Moreover,the use of better elevation data will eventually increase the accuracy of
hazard delineatn. This condition can potentially discourage the application of
tsunami hazard assessnsim other coastalares in Indonesia because the
detailed opograpical map with high resolution of elevatiois generally not
available avillage or subslistrictlevel, probably due to the cost of surveys

Local governments atillage or subglistrict levelsthat do not have any
topographic maps, can use and derive the DEM (Digital Elevation Model) data
from the SRTM (Shuttle Radar Topography Missiddarvis et al., 2008and
ASTER GDEM (LPDAAC, 2010) images. These data are free and can be
downloaded through the internet. However, the spatial resolution for these images

is quite large. The spatial resolutitor SRTM is 90 m and for ASTER is 30 m.
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The analysis for the ground elevation can be dasea first action in tsunami
mitigation, but it will not be as accurate as using detailed topographical maps
because of the spatial resolution from the images. Tinesges will be suitable

for ground elevation analysis at the district or province area (larger Hrieegal
governments cannot do this action, it would be easy to give information for local
communities who live in the tsunami prone areaspbllic eduction, such as

training materials, public meetings, workshops, questionnaires, pictures, etc.

6.4. Vulnerability Assessment

The third goal of this study was to utilise a model to assess, locate and
map the physical, social and economic vulnerabilities to the tsunami hazards in
the Kuta and Sanur Regions. This of particular importance, as the vulnerability to
tsunami damage anidhpact is not consistent within the study area in space or
time, but rather is always dynamic. Therefore, physical, social and economic
factors were identified and analysed, and then used to create the primary database
for GIS analysis(Papathoma et al., 2003Q0Il parameters were selected and
chosen based on tsunami impact surveys, especially2@d Indian Ocean
tsunami(Levy and Gopalakrishnan, 2008hd the 2006 South Coast of Java
tsunami(Reese et al2007)

Vulnerability assessment is the next step to undertake after evaluating the
tsunami potential and probability of occurrence. Vulnerability assessments depend
on how close the coastal communities are to the primary tsunami impact, and their
socialand economic characteristi@Sutter et al., 2000)

In this study, the physical vulnerability determines hioeth Kuta and

Sanur Regionarevulnerable in relation to physical factors, such as distance from
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the shoreline, ground elevation and sldpecial and economieulnerabiliies, on
the other handreflect how areas irboth regionsare vulnerable in termof
number of pople females, age groups (children and elderly), disabled people,
poor families and fishermerit is important to know which village has a higher
vulnerability and how much the proportion of each factor contributes to the
vulnerability of each village. Therefore, local gsmment can allocate the right
actions and interventions for each village in mitigation plans to mitigate the
impact of future tsunamis

Most areas around Kuta and Saape flat and lowdying, beingbelow 5
m elevationand less than 6% slope. For thissaa tsunami waves can easily
reach and inundate inland areas. Furthermore, coastal infrastructure, such as
hotels, restaurants and shops are located near the shoreline. For example, the 2004
Indian Ocean tsunami in Aceh inundated 2 km inland and swampastat
infrastructure, such gsorts and power plants located in ldwing areas(Levy
and Gopalakrishnan, 2005)he 2006 South Coast of Java tsunami had auun
of more than  in some flat areas and inundated several hundred meters inland
(Reese et al., 200.7)sunamis are more dangerous if they hit lying flat areas,
such as Kuta and Sanur Regions because they can inundate from several hundred
meters to several kilometres inland and swamp the coastal infrastructure located
near the shoreline

The distribution of vulnerability is not uniform and physically it is highly
influenced by proximity tothe shordine, ground elevationand slope By
analysingthe physicalvulnerability mapJocal governmenhas information about

where a new development shdube placedand built. Developments and
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investments bylocal government,coastalcommunites and the private sector
should be minimized or strongly regulated in areas with high physical
vulnerability.

Analysesat village level givean opportunity to do fuher investigation
such ascommunity vulnerability mapping. Detail and update information can
be gatheredhrough local workshap and meetingsvith coastal community
membes to improve awareness and understanding about social and economic
conditiors in their villages. However, because th@reater detail of the
assessmentequiresa longer time and more monesgsearchershould consider
time and budget availability to conduct vulnerability assesssranthevillage
level. This is important in creatingn analytical model that can be replicated by
provincial governments at the local level

The tsunami vulnerability assessment framework in Figure 6.3 is
developed based on the methodologies and activities that have been carried out in
this study. It is simple to understand for local government officers. The result of
this assessment was a tamm vulnerability map based on the physical, social and
economic factors that influence tsunami vulnerabilitythe study aredor each
region The outputs in a map form are more meaningful and useful, as they
provide perspective to local communities alodal governmentsMaps can
provide clear, attractive pictures of the geographic distribution of potential
hazards that can be appreciated by local people with no specialist knowledge.
These maps frequently provide motivation for risk management acti@ns th
would be difficult to obtain without a compelling visual. These maps also

contribute to proper planning and resource allocation for disaster preparedness.
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The physical, social and economic factors that are used in this study are
based on the available parameters that can be found in each village and generally
are the basic parameters of any vulnerability study. For detailed vulnerability
assessments, sever@drameters can be added to develop the assessment. The
more parameters that are used, the more detailed is the assessment that can be
developed. However, detailed assessments require a longer time, greater budget
and more analysis to be done. For examislere are three physical parameters
used in this study, namely distance from the shoreline, ground elevation and
slope. Several parameters can be added, such as land cover, topography,
geological structures, physical sea defences, coastal type and tswaami
direction (Papathoma eal., 2003, Nugroho, 2006, Chen et al., 2003)r the
social aml economic parameters, several parameters can be added, such as
population density, number of people per building, type of building, building
environment, household income and number of tourists, houses and business

centre§Papathoma et al2003, Cutter et al., 2000, Chen et al., 2003)

6.5. Risk Assessment
The final goal of this study was to assess auagh the risk othe tsunami

hazardfor the physical, social, economic, and coastal infrastructure in Kuta and
SanurRegions. A risk assessment is important, as it can be used to provide
information for local government, disaster planners, emergency managers and
coastal communities about which areas, buildings, coastal infrastructure and
groups of people are at partiaulrisk of tsunami impact. Moreover, there will be
very limited time for people to evacuate and run to higher land because the

distance between the tsunami source and impact area is relatively short.
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Furthermore, tsunami arrival times may vary dependinghentsunami source
(Papathoma et al., 2003or example, in the 2004 Indian Ocean tsunami, the
tsunami occurred and hit Aceh and surrounding coastal area around 10 minutes
after the third largdsearthquake in the world occurred just north of Simeulue
Island, Northern Sumatra, Indonesia at a depth of 30 km with magnitude 9.0
(Levy and Gopalakrishnan, 2005)herefore, th effective mitigation of future
tsunamis can be applied and developed by using risk maps that show the risk area
of each village in each region

The risk for each natural hazard, including a tsunami, is different from one
area to another, depending on vwtdnerability. The result of a risk assessment
allows all parties (local government, disaster planners and emergency managers)
to focus limited resources on areas with the highest priority for evacuation,
recovery or rehabilitatioWood aml Good, 2004)Moreover, they should locate
the risk problems and determine the significance of the risk both qualitatively and
quantitatively. This is particularly important in the case of a tsunami hazard which
has impact that vary spatiall{zreiving et al., 2006)The ultimate goal of the
hazard risk assessment is to reveal different areas with different levels of risk
from the hazard by creating maps thgbspatial analysi@Vu et al., 2004)

As the assessment takes place prior to the actual event occurring, a certain
scenario, usualyD 3ZR-BVWH™ RQH LV GHYHORSHG DV D EDVLYV
The worstease scenario is preferable for the tsunami risk assessment because it is
very difficult to predict the scale and magnitude of a tsunami. To make tsunami
risk assessment simple, nstt, easy to adopt and flexible to apply in other

places, some researchers have made some simplifications, whereblyordf
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bathymetry and wave rufip calculations were not included. Papathoma and
DomineyiHowes(2003)did not use these parameters because of the time needed
for the processing and due to data costs. Therefore they used historical data of
past events to predict the wotsase scenario in aastal area

The tsunami risk scenario is therefore developed based on existing
historical data, numerical modelling and the wegase scenario. For example,
maximum wave rumip can be expressed as vertical (elevation of water) or
horizontal (distance ofinundation) and any rusp more than 1 meter is
considered dangerous. However, the horizontal inundation is influenced by
topography, such that the vertical mup is usually used in each scengf@ague
et al., 2003)

The risk of tsunami foKuta and Sanur Regionsannot be interpreted
directly fromtheinundationor hazard map anthe vulnerability distributionmap
An area that haa high or low vulnerabilitdoesnot necessarily also ka high or
low risk respectively. It is becausiee tsunami risk is the probability or expected
losses (deaths, injs, propest, infrastructure,livelihoods, economic activity
disrupted or environment damaged) resulting from interactions betdheen
tsunami hazardand vulnerable conditions1 a particular coastal are@SDR,
2002) Therefore, the hazard and vulnerability maps should be combined to obtain
risk maps that can be interpreted easily by local government, disaster planners,
emergency managers and coastal communities

Figure 6.4 shows the framework for artami risk assessment thraflects
activitiesthat needo becarried outin the tsunami riskassessment procedthe

result of this framework is a tsunami risk map based on the combination of
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tsunami inundation and tsunami vulnerability mapthe studyarea.The tsunami

risk map is the final result from a tsunami risk assessntamthermore, this

result can beused for the tsunami risk analysis by GdéSerlays with the
SDGPLQLVWUDWLYH EREXEDGOBLQFON\@E XRH :VRFLDO D
paraméWV H layers to identify which areas, land usesuildings social and

economic facilitiesaarepossiblyat risk fromfuture tsunamis within eadaisk zone

in the study areaThis risk analysis is very important for local governments,

disaster planners anemergency managers in decide and establish mitigation
programs for future tsunamis. The tsunami risk analysis framework is shown in

Figure 6.5
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Figure 6.4  The framework for a tsunamsk assessment.
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The 1isk distribution map clearly shows that someUHDV LQ 30RZ
YXOQHUDELOLW\" YLO O D Jwiver&bVity \maRatally Qav&/ &¥H W R WD
high risk of tsunami. It is because they are in ¥leey high, high or medium
inundation zong By evaluatingthe risk distribution of each village in each
region local government, disaster planners and emergency managers have clear
informationof specific mitigation programs and actiotisat are needed for each
village. Theywill know exactly wherewhich and how much area of eaghage
is in very high, high or mediuntisk of tsunamihazard They can allocate proper
resource to reduce the risk by increasinipe resilience and reducinghe
vulnerability.

It is also clear from the risk distribution that someareas in different
villages arein very high or high riskof tsunamibecause they have hightotal
populatiors andnumbers of femaleand some of them because they havedrigh
numbers ofpoor familes and fishermenFrom thisinformation they better be
able to determine wdt kind of actios should be implementedfor future
mitigation. For example, they can increaskication and awareness campaitgns
local communities and students in tinghly populated areas, ¢iney can increase
economic incentives to redug®verty and improve fishermefi Xesilience from
tsunami impacin the villages highly populated by poor families and fishermen

Constructing shelters or housingusing existing high buildings cdrelp
to cqoe with evacuation problemiligh buildings with more than two storeys are
very useful for vertical evacuation. Moreover, sheltams be built inappropriate
places to increasetheir effectivenes@and efficiency.For example, a shelter of

more than two sireys in the village or near a shoreline that is always crowded
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with people and tourists can house evacuees immediately after the submarine
earthquake.

Generatingincome activitiesis also important for villages with high
economic vulnerability. Risk dishution ma can also be used as a bafis
local governmento allocatefunds and economic stimulasithat are usually very
limited. For example, local governmenbpidesalternative additional incomtay
offering parttime jobs, such as motorcycle takivers or beach cleanei@ poor
families andfishermen This actionis very useful as part of the economic
stimulant activity Fishermeralsoneedinsurance dr their boats and fishing gear,
so they camecover quickly after tsunarmpact

Information on social variables that contribute adigh rik condition
determines which strategyill be used during the evacuation procémsdisaster
planners and emergency manag&sme villagesnayneed more resoursgsuch
as vehicles, assistant fficers, and sheltex for evacuation. Knowing this
information is also important in determining whether existing saa@sufficient
for vehicles and peopl® evacuateuringatsunamievent. Based onheresource
availability and capacitydisaster planers and emergenayanages also hae
options between providing as mawghicles andassistanofficers as possible or
building shelters for these aredigring a tsunami event

The tsunami impact will not only reduce the local revenue, but also disrupt
or maybe arrest thentire coastal economy. For example, the fishery sector will
suffer because of the damage to fishing ports, boats, and fishery facilities such as
cold storage rad processing equipment. Moreover, the recovery for this sector

also takes a long time because fishermen have no insurance or savings to repair or
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replace their boats and fishing ge#&pproximately 2% of the totd area of
agriculture in Seminyak Villagenal 18%of the total areaf agriculture in Sanur
KajaVillage may possiblybe in danger of tsunami impadn the caseof Sanur
Kaja, farmess may suffer substantiallyfrom future tsunams. They will need time
and money to rebuild their farmland, buy seedsd atart rice and vegetable
planting again in their new farmland

Information on tsunami vulnerability and risk is essential Kota and
Sanur Regionto develop preveative urban development planningulnerability
and risk map show the weak points arelements of thareas in each villager
future tsunams. These maps wilhelp localgovernment, disaster planners and
emergency managets estimatethe social andeconomic disruptionand human
impact ofthe tsunami. It isalso apart of the international programof United
Nationsdnternational Strategy for Disaster Reduction (#8DR)in reducingthe
impact of natural hazards in term of casesaltproperty damage, and social and
economic disruptiollSDR, 2002)

As with vulnerability, he distribution of risk in each village each region
varies between villages and depends on the contribution of each variable
(physical, social, and economic) to the total riBke contribution towards overall
risk from physical, social and economic vulnerabilities also varies. These results
show that the risk proportion in all villages is influenced mainly by the physical
factors. Social factors contribute almost an equal value in each village. On the
other hand, e economic factors only make a little contribution for the risk in
Legian and Seminyak VillagesThis information is importantfor local

governmentdisaster planners and emergency managecause they caknow
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exactly whatis the most significant contE XWRU IRU HDFKhould@ODJHY|V
tsunami occursMoreover, this informatiomvill help themto allocate intervention
and mitigation plas, by reducinghe duplication of activies in each village and
optimizingthe fund allocation into the right pla@nd right activity

For the tsunami risk analysis, the risk map can also be overlaid with the
30DQG XVH™ DQG 3E X in@@dr @bcae\&H calculxtd-Hlnd uses
and buildings in eackillage that arepotentially at risk from future tsunamis.
Based on the results, the local government may be interested to know which type,
how much area and the location of the land uses that are in danger of tsunami
impact. They may also be interested to know how maiigibgs are at risk from
future tsunamis, as well as which private or public buildings and social or
economic facilities (such as schools, houses, hospitals, clinics, and traditional
markets) should be relocated or protected because of the potential itsisham
By knowing this information, local government can create planning regulations,
direct building programmes and issue construction licences for the development
of coastal areagPapathoma et al 2003) Disaster planners and emergency
managers may be interested in areas that have a high population or population
density which relates to the numbers of possible victims if a tsunami occurs. Thus
disaster planners and emergency managers canecial decide where
emergency shelters should be located and which buildings should be used for safe
evacuatior{Papathoma et al., 2003)

Because everisunamieventis rare and hagn averagejong recurrene
times, coastatommunites and local governments have titoebuild and develop

resilienceto tsunamisHowever, if they fail to responiw the tsunami threathe
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risk will be greater tan in the pastbecause of population growth and
development and investment thhas increased social vulnerability, coastal
infrastructure and economiomplexity in the coastal area

Tsunamis are rare, leading some communities into a false sense of
security. Educationsi therefore essential if coastal communities are to become
more resilient to tsunamis. A public education program should provide tsunami
information at regular intervaland should include instructions on how to get
information during an alert, where to gand what things to take. Educational
initiatives shouldbe entrenched into school curricula to ensure that future
generations understartde hazards and potential impacts of tsunaBdgication
about tsunamis shouldot be limited to onlycoastal commuties, but to all
communitiesbecause people from inland regions often travel to tsupaome
areas.For example, the 2004 Indian Ocean Tsunami has caused more than
283,000 deaths witharound 9,000 peopléeing foreign tourists(Levy and
Gopalakrishnan, 2005A range of educational initiatives can be undertaken in
coastal communitiessuch as @ivity sheets containing graphics, pictures, data,
questions, and other relevamfformation can be used in schools to educate
students about tsunami hazards.

The 2004 Indian Ocean tsunami and the 2006 South Coast of Java tsunami
taught us that most coastal communities were not prepared for the hazard. There
needs to be disaster mitigan to learn and plan how to prepare for hazards by
increasing coastal community awareness. This risk map in Kuta and Sanur
Regions can be used for disaster mitigation in these areas. The maps can be used

to locate safe areas from tsunami for evacuafidre use ofevacuation zorge
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related to he existing early warning systemall be more effective if the coastal
communities know the early signs of the coming tsunami. Through edueation
training programsthe coastal communities wiltontribute to the successf

tsunami impact reduction programs

6.6. GIS in Disaster Management

The results of this study have demonstrated that GIS can be used for
disaster management, especially to manage and analyse complex spatial data sets.
Each layer thatontains information can be overlaid and combined to get a new
layer. This task is very useful for creating and analysing the vulnerability and risk
maps.

Moreover, the advantage of using GIS in disaster management is
generating a dynamic database that loa used and manipulated in different ways
depending on the entlser requirements. The attribute tables in this database can
be updated easily, the risk scenario can be modified, the scale of the study area
can be enlarged or reduced depending on the oédbe endtusers and the
database can have new attributes added for more detailed afRfathoma et
al., 2003)

The GIS database will provide the coastal communities, local government,
disager planners and emergency managers with a better map of the situation and
conditions in the study area. It serves as a guide to implement and run hazard risk
reduction projects and programs for the local communities who live in coastal
areas. Moreover, bgistinguishing and classifying between safe areas and tsunami
risk areas, local government, disaster planners and emergency managers can

develop evacuation plans and prepare mitigation strat€fjias et al., 2009)
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GIS is an important tool in storing and managing data, analysing
relationships and combining data through modelleny] therefore assisting the
decision making for natural hazard mitigati¢@hen et al., 2003)In natural
hazard assessment, GIS can supportipeact planning, post event response,
and the mitigation process. However it needs Hyglality data input and
verification to make it effective. Moreover, GIS analysis also requires an
understanding of dw the hazards relate to each other in space and over time
(Cutter et al., 1997)

In this study, there are some limitations in the GIS analysis. For example,
there was limited elevation data available for creating and therefore analysing the
DEM (Digital Elevation Model). The more elevation data that can be found for
the study area, the modetailed and complete will be the DEM. This will be
useful for creating a more accurate and detailed elevation layer to be used for
deciding the inundation zones in the hazard assessment, and ground elevation and
slope parameters in the physical vulneigbdssessment.

Furthermore, there was no information about how many tourists visit the
study area. In a tourism centre such as Bali, this information is essential for
estimating and counting how many tourists could possibly become victims of
future tsunans. Even though there are some limitations in this study, the risk map
of each village is easy to read and understand by the local government, disaster
planners, emergency managers and coastal communities. Moreover, these maps
can be displayed in differefdrmats and illustrated with aud#isual media, such

as video clips and photographs of the study.area
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6.7. Conclusion

The historical dataof tsunami events in Bali weresed to decide the
worstase (the highest) tsunami rup for the hazard assessment. tétical
data showing that the highest recorded tsunanminpinvas 4.4 m that occurred on
2" June 1994, led this study to use a potential maximum 5 m of tsunasaiprun
in the hazard assessment.

The result of the vulnerability assessment is the tsunameralbility map
based on the combination of physical, social and economic vulnerabilities. The
parameters of physical, social and economic factors that are used in this study can
be added to develop the assessment. However, detailed assessments require a
longer time, greater budget and more analysis to be done.

The result of the risk assessment is the tsunami risk map based on the
combination of hazard and vulnerability assessmdirits. distribution of risk in
each village in each region is not the same. It varies between villages and depends

on the contribution of each factor (physical, so@akl economic) to the total risk

For the risk analysisthe risk map can be overlaid withtW KH 30ODQG XVH’

SEXLOGLQJ W\SH’ tO® bddteUavid lcqcuRrte @llHamd uses, buildings,
social and economic facilities in each village that are potentallrisk from
future tsunamis.

The research framework in this study consists of thragia stages, namely
hazard, vulnerability and risk assessments. Local government, disaster planners
and emergency managers could do all three stages together or step by step
depending on the availability of resources and the urgency. This research

framework can also be used as a model for other coastal city managers in
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Indonesia for tsunami risk assessment studies. The map plays an important role in
showing the tsunami inundation zones, the tsunami vulnerability distribution and
the tsunami risk pattern foeach village. It completes the assessment and
improves the information value

This study has demonstrated that GIS as a tool can be used in disaster
management for assessing and mapping the tsunami hazard, vulnerability and risk
assessments by analysingoaelling and modifying data from the available data
that can be found in the study area. The results of this study will be usedlil for
agences in the study ared.ocal governmentan createplanning regulations,
direct building programmes and issue stoaction licences for the development
of coastal areadisaster planners and emergency managansuse the maps to
create tsunami preparedness and mitigation programs in the future. They also can
build and decide where emergency shelters should be located and which buildings
should be used for BaevacuationCoastal communities in the study asteould
become prepade knowedgeableand aware ofthe early signs of a potential

tsunamiin the future

6.8. Recommendation
Based orthe above facts and conditienit is essential t&Kuta and Sanur
Regions in Balito have tsunami preparedness and mitigation programs. It is

recommended that thecal governmentust:

X Integratetsunami risk information in all aspects obastaldevelopment
planning, regulation, investment, community life, eation, and economic

activities.
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X  Addressthe very high andhigh risk areas ofpopulation, social and
economic infrastructure and criticabdilities trough special tsunami
mitigation programs.

X  Conduct regular and systematic awareness and education about tsunami
hazard tocoastalcommunity within villagesn each regiorthat hae the
very high andighvalues for social vulnerability.

X  Consicer the sunamirisk map to support the spatial planning and integrated
coastal managemefdr the future regulations related with the construction
new buildings in coastal areaspecially irKuta and Sanur Regions.

Recommendations for future research totHer develop this project
include

X  Modelling of tsunami occurrence with different magnitudes for analysing
risk area with different scenario.

X  Integration of numerical modeling and GIS modeling to obtain better
results.

X  More detailed ground truthingn order to identify physical, social and

economic factors that influence the vulnerability assessment.

This analytical model that has been created in this study can be applied

and adapted tmther coastal locations and local government jurisdictions in

Indonesia and similarly tsunami vulnerable countries.
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Appendix

Appendix 1. TheTsunamiEvents in Indonesia from 18Q06 2010
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Source: National Geophysical Data Center, NOAA USA, July 2010.
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Appendix 2. The TsunamilntensityScale According to Soloviey1978)

Tsunami Intensity (Kg)

Run *up Height (m)

Description of Tsunami

0.5

Very slight.Wave so weak as to be percepti
only on tide gauge records.

1.0

Slight. Waves noticed by people living alor
the shore and familiar with the sea. On v
flat shores waves generally noticed.

2.0

Rather largeGenerally noticed. Flooding ¢
gently sloping coasts. Light sailing vess
carried away on shore. Slight damage to i
structures situated near the coast. In estua
reversal of river flow for some distang
upstream.

4.0

Large Flooding of the lsore to some depth
Light scouring on made  groun
Embankments and dykes damaged. Li
structures near the coast damaged. S
structures on the coast lightly damaged. La
sailing vessels and small ships swept inlang
carried out to sea. Coasts litee with floating
debris.

8.0

Very large General flooding of the shore

some depth. Quays and other heavy struct
near the sea damaged. Light structy
destroyed. Severe scouring of cultivated |z
and littering of the coast with floating objec
fish and other sea animals. With the except
of large ships, all vessels carried inland or

to sea. Large bores in estuaries. Harb
works damaged. People drowned, wa
accompanied by a strong roar.

VI

16.0

Disastrous Partial or complete destrien of
manmade structures for some distance fr
the shore. Flooding of coasts to great dep
Large ships severely damaged. Trees upro
or broken by the waves. Many casualties.

Source [http://www.riskfrontiers.com/scales/scalespagel6lhtm
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Appendix 3. TheProjectDocumentations.

Figure 8.1. The condition of Kuta BeaclThere are many tourists and small

kiosks whocould possibly become potential victims if tsunamis occur there.
Source:The author (2009).

Figure82. 7KH JDV VWDWLRQ 33HUW DReL@ Dé litehe. XWD 9LC

facilities that is essential for community recovery.
Source:The author (2009).
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Figure 8.3. The Catholic Church in Kuta Villagét is only around 20@n from

the Kuta Beach.
Source:The author (2009).

Figure 8.4. The front gate othe KRWHO 35DPDGD %LQWDQJ %DOL" L
One of the hotels which iscated in tsunami risk areas thwtuld potentiallybe

inundated by future tsunamis.
Source:The author (2009).
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Figure 8.5. The front gate ofthe JRYHUQPHQW HOHPHQWDU\ VFKF
'‘DVDU 1R /IHILDQ L QS¢hbdls re ofd @ D spidcial sites that

need special attention during a tsunami event.
Source:The author (2009).

Figure86. 7KH 3. XWD &OLQLF ™ LQinicX@Wd h@spi@ld EréH

lifeline facilities that are essential for community recovery.
Source:The author (2009).
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Figure8.7. 7KH 3% DOL %RPELQJ ORQXP HiggsWhonu@entXWD 9LO

is around 1 km from the Kuta Beach.
Source:The author (2009).

Figure 8.8. The front gate othe 3XUD 7HPSOH 3'DOHP 3HQDWDUDQ"~

Village. It is one of the places that can be used st®elter in tsunami mitigation.
Source:The author (2009).
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Figure 8.9. The condition ofSanur BeachBoats can become floating debris in

future tsunamis.
Source:The author (2009).

Figure 8.10. The open space ar@a Sanur Village. It is one of the placdsat
can be used as an evacuation placesumami mitigatiorbecause it is located in

the tsunami least risk areas
Source:The author (2009).
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Figure 8.11. Children canpotentially become victims if a tsunami occurs in

Sanur Kaja VillageChildren and elderly are people who need assistance during a

tsunami event.
Source:The author (2009).

Figure 8.12. The front gate othe WUDGLWLRQDO PDUNHW 33DVDU 6.
Sanur Village Traditional markets are one of the economic facilities which serve

as the main income for people and village revenue that can be disrupted by future

tsunamis.
Source:The author (2009).
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Figure 8.13. The front gate othe KRWHO 3/D 7DYHVi@ge. Thi® 6DQXU
hotel can be usefbr vertical evacuation because several buildings in there have

more than one storey.
Source:The author (2009).

Figure 8.14. The snall kiosksthatsell snaks and drinksn Sanur Beachlhese
kiosks can become dangerous floating debris that can potentially harm er injur

coastal communities during a tsunami event.
Source:The author (2009).
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Figure 8.15. The front gate othe JRYHUQPHQW MXQLRU KLJK VFKR
"HQ S DV [3anur IK&a VillageLarge schools are very useful fevacuation

centres during a tsunami event.
Source:The author (2009).

Figure 8.16. The griculture areas in Sanur Kaja Villag&uture tsunamis can
destroy these agriculture areas. Farmers requinch money and longamie to

rebuild these areas
Source:The author (2009).
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