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ABSTRACT: Tsunami disaster mitigation is essential to reduce the possibility of negative impacts on human
life by using ecologically acceptable alternatives. In line with the mitigation efforts, it is essential to focus on
strategies such as reducing the risk of casualties and planning for coastal development. An effective method
includes the implementation of coastal risk mapping for tsunami disasters. Therefore, this study aimed to
determine the propagation and run-up modeling of tsunami waves, as well as evaluate the timing and extent of
inundation, and identify affected areas, providing basic information for mapping tsunami risk and vulnerability.
Geospatial analysis adopting stacking methods with integrated weighting was applied, using physical
topography data as a basis. The results showed that the fault from the earthquake scenario, triggering a tsunami,
led to elevated water levels in the southern area. This was attributed to the upward orientation of the fault in
the southern area, causing higher waves. Specifically, wave height in the southern area reached a maximum of
8 meters, with the minimum wave value recorded at —4. Tsunami modeling presented a height of 22 meters,
resulting in a run-up affecting an area of 965.96 Ha. In conclusion, this study provided an important
contribution to the development of the basic theory related to the tsunami risk and vulnerability model.
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1. INTRODUCTION earthquake occurred in the southern waters of East
Java on November 16, 2016, at 15:10:10 UTC. This
Geologically, the southern coast of Java Island event was experienced simultaneously on 3 islands,
is at the confluence of 2 significant plates, namely namely Java, Bali, as well as Lombok, and had
Eurasian and Indo-Australian. The dynamic epicenter at coordinates 9.39° S and 113.09° E, the
interplay of these plates in the area poses a seismic forearc basin of the Indian Ocean, approximately
threat, potentially leading to earthquakes capable of 165 km southeast of Malang, East Java, and at a
triggering tsunamis. A historical account of the depth of 85 km [2].
events, spanning from 1991 to 2006, as documented The focus of tsunami disaster mitigation is to
by the Indonesian Agency for Meteorological, reduce the potential negative impacts on life by
Climatological, and Geophysics, shows a adopting ecologically acceptable alternatives. This
significant incident. On June 3, 1994, a tectonic comprises efforts to reduce risk of casualties and
earthquake in the Indian Ocean, registering a strategic planning for coastal development. A
magnitude of M = 7.8, instigated a tsunami along crucial aspect of the mitigation includes mapping
the southern coast of East Java, resulting in the vulnerability of coastal areas to tsunami
extensive damage to coastal settlements, disasters, to reduce risk of life loss.
particularly in the southern coastal area of The development of remote sensing technology
Banyuwangi Regency, with an estimated death toll using satellite photos, supported by geo-spatial
of 215 people [1]. Based on the recurrence of analysis in the concept of multi-criteria analysis,
earthquake-tsunami events over a prolonged period, has significantly contributed to comprehensive
there exists the potential for similar incidents in studies. These studies play an essential role in
coastal areas of East Java. estimating regional vulnerability to tsunami
In late 2016, an earthquake at the bottom of the disasters and assessing tsunami risk. The Cornell
waters presented the looming threat of tsunami Multi-grid Coupled Tsunami Model (COMCOT)
waves in coastal areas of East Java. This incident software, developed by Professor Philip Liu, has
served as a warning, presenting the vulnerability of proven instrumental. It is an open-source tool that
the southern region of Java Island, especially the applies equations of wavelengths and shallow
southern part of East Java, to tsunami risks. waters  through numerical simulations [3].
According to the USGS (United States Geological Numerical modeling is usually used to identify
Survey) earthquake risk program, a magnitude 5.7 inundation areas by generating a map serving as a
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reference for identifying tsunami-prone areas [4].

A previous study applied remote sensing and
spatial multi-criteria analysis to evaluate tsunami
vulnerability in the coastal area of Miyagi
Prefecture, Japan [5]. Similarly, some reports on
tsunami vulnerability incorporated remote sensing
in risk and vulnerability assessment related to
ecological and socio-economic vulnerability.
Methods such as moderate-resolution optical
satellite images, Digital Elevation Model, and
integrated GIS analyses have been applied to
identify inundation areas due to tsunamis [6, 7, 8].
Furthermore, parameters including soil type, urban
form, and social factors have played a key role in
determining  tsunami-vulnerable areas. This
determination is often achieved by comparing the
building damage map with the topography data [9].
A numerical model of tsunami inundation has been
developed, and an upscaled urban roughness
parameterization and Drag Force Model (DFM)
have been validated. This model stimulates the
effect of structures as a drag force acting on flow,
including multi-physics simulations for source
modeling, risk assessment, as well as real-time
forecasting and warning [10, 11].

To reduce the risk of coastal disasters,
conducting a risk mapping study is essential for
predicting and mapping potentially affected areas.
This investigation aims to show the propagation of
tsunami waves (ocean modeling) and run-up (run-
up modeling). It also evaluates the timing of
propagation and extent of inundation and identifies
the affected areas. Additionally, the study analyzes
physical parameters to map risk areas associated

with tsunami disasters.
2. RESEARCH SIGNIFICANCE

This study aims to identify areas prone to
inundation in the event of a tsunami. Additionally,
mapping areas with high vulnerability serves as
crucial data for planning effective evacuation
routes. By analyzing tsunami potential run-up,
inundation, and vulnerability, a mitigation plan can
be implemented to reduce the impact of tsunami
disasters. The areas with potential tsunami
inundation are designated as priority zones for
evacuation. Both evacuation routes and buildings
are planned in areas distant from tsunami
inundation and fall outside the high-risk category.

3. METHODS
3.1 Study Area and Dataset

This study was conducted in the coastal area of
Benoa, Bali, as presented in Fig 1. Benoa is a key
tourist attraction in Bali. Geographically situated in
the eastern part of Benoa Bay, it faces the Indian
Ocean to the southern area. Historical data indicates
that tsunamis have occurred 3 times in the southern
area of Bali. These incidents occurred during
significant seismic events, namely the 'Gejer Bali'
earthquake on January 21, 1917, the Sumba
earthquake with a magnitude of 8.3 on August 19,
1977, and the Banyuwangi earthquake with a
magnitude of 7.8 on June 2, 1994,
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Fig 1. Study area (Benoa, Bali)
Data collected for the analysis were utilized to

11

15 140"E. 15°16'0"E

address the objectives of the study. Table 1 shows
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the data and sources of acquisition.

Table 1 Dataset
No Data

1 Simulation Script, as a command algorithm for
running the simulation.

Source: https://github.com/AndybnAC T/GPU-
comcot/commit/

2  Digital Elevation Model (DEM) for the
elevation and slope analysis in the physical
tsunami vulnerability mapping.

Source:
https://tanahair.indonesia.go.id/demnas/

3 Bathymetry, to identify the depth and
topography of the waters.

Source: https://www.gebco.net

4 Earthquake historical data, as an input
parameter for the simulation.

Source: National Center for Earthquake Studies
2017

5  Landsat 8 OLI, for the landcover mapping.

Source: https://www.usgs.gov

3.2 Tsunami Modelling

Tsunami  modeling data processing was
conducted using COMCOT v1.7 software. These
yielded results pertaining to the height and travel
time of the tsunami upon reaching the land, as well
as the initial conditions during an earthquake. The
parameters used in this study were sourced from the
National Center for Earthquake Studies, with fault
parameters obtained from the Indonesian Agency
for  Meteorological,  Climatological, and
Geophysics. The investigation considered the worst
scenario, including focal depth, length, width,
dislocation, strike angle, dip angle, slip, origin
numerical domain, and epicenter, as shown in Table
2.

The script will be executed through the
command prompt, which generates output from
COMCOT wvi1.7. The file COMCOT.CTL
comprises all parameters needed for tsunami
simulation with COMCOT. In case multiple
fracture fields are specified, an additional control
file is FAULT_MULTI.CTL was required to set the
parameters for the fracture fields. The parameter
data was subjected to modification or viewing using
any TXT modification application, such as

Table 3. Tsunami modelling parameters

WordPad, UltraEdit, and NotePad. It is important to
note that the structure of these 2 files should remain
unchanged, except for the VALUED FIELD. Any
additional alteration may lead to difficulties in
COMCOT properly reading the files. In summary,
COMCOT.CTL contained 4 parameter sections,
offering control over the simulation, namely fault
model, wave generator, slide, and grid settings.

Table 2. Geographic coordinate for the data layer

No Latitude (S) Longitude (E)  Grid ID
1 -11.8 111.2 01
-6.2 118.8
2 -9.1 1142
-7.53 115.8 02
3 -9 114.8
-8.5 1155 03
4 -8.9 115.05 04
-8.6 115.3
5 -8.9 115.14
-8.8 115.18 05

The earthquake parameter data utilized as input
in COMCOT v1.7 adopts the Worst-Case scenario,
featuring a magnitude value of 8.5 Mw. The
associated parameters are detailed in Table 3.
Information in Table 3:

L =length (length of fault)
W = width (width of fault)
D =dislocation headings should be avoided

3.3 Tsunami Run-Up

In this study, data processing comprised the
running of tsunami modeling scenarios to generate
wave height. The utilized parameters included focal
depth, length, width, dislocation, strike angle, dip
angle, slip, origin numerical domain, and epicenter
area. Additionally, slope data and land use were
other crucial parameters for this study. The
modeling results were analyzed using ArcGIS
software and combined with other supporting data.
This integration aims to determine the height of
tsunami run-up by applying the Hloss method.

3.4 Tsunami Vulnerability

Tsunami vulnerability was analyzed using

Sumba Megathrust

I:Sal:JtI)t Epicenter (deg)  Mag. Depth Focal Mechanism Dimension Disloc.  Rigidity
Long Lat Mw Km  Strike Dip Rake L(km) W(km) (m) (GPa)
Fault 1 114.14 -9.82 8.15 31 277 19.7 90 108 75 8.687 30
Fault 2 115.14 -9.88 8.22 30 273 184 90 108 75 11.076 30
Fault 3 116.14 -9.94 8.18 29.5 274 175 90 108 75 9.647 30
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elevation, slope, coastal proximity, and land use.
The physical parameters were processed in a
geospatial analysis format, with calculations based
on the criteria outlined in Table 4. These criteria
were selected due to their significant influence on
determining vulnerability of a given area and were
divided into 5 classes. A very high vulnerability
class indicated that the area was highly susceptible
and would experience the most significant impact in
the event of tsunami.

Table 4. Tsunami vulnerability criteria

Elev.  Slope Coastal
(m) (%) prox. (m) Land use Class

<5 0-2 <556 Urban High

5-10 2-6 556-1400 Agriculture  Slightly
High

10-15  6-13 1400-2404  Bare land Medium

15-20 13-20 2404-3528 Water Slightly
Low

>20 >20 >3528 Forest Low

The entire data were analyzed through an
overlay process in the Geographic Information
System (GIS) framework. GIS has several
components such as layout, graphics, numbers, and
textual components [12, 13].

4. RESULT AND DISCUSSION
4.1 Tsunami Modelling and Time Travel

Tsunami wave height, as shown in Fig 2, was
divided into 5 classes, namely 0-3m (dark green), 3-
6 m (light green), 6-10 m (yellow), 10-14 m
(orange), and 14-22 m (red). Based on the elevation,
the Benoa area had a low topography, generating
the highest wave of 22 meters upon reaching land.
In areas near the coastline, a predominant yellow
color indicated that tsunami height was 6-10 m on
the mainland.

Earthquake source used in this modeling has
fault areas listed in Table 5, with a magnitude of 8.5
Mw, influencing the initial sea conditions which are
marked in green, as presented in Figure 3. The fault
from earthquake resulted in higher water levels in
the south position, as it was pointing upwards,
contributing to an elevated wave, indicated by
yellow with a value reaching 8. In contrast, blue
signifies a value of up to -4, reflecting a downward-
pointing fault causing water to flow in that
direction.

Table 5. Tsunami time travel

No Sample Time travel (minute)
1 Point-1 20 minutes
2 Point-2 20 minutes
3 Point-3 5 minutes
Tsunami  modeling produces sea level
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movements that last for 3 hours (10800 seconds).
This study showed that the sea conditions near the
earthquake epicenter are influenced by both the
hypocenter and plate shifts. These factors can
influence sea level, leading to rise and fall. In areas
adjacent to the sources of marine earthquake (fault),
certain sections of the ocean floor will be
permanently uplifted, while others subsidized. This
phenomenon prompted the up-and-down movement
of the water column. The distribution of the
maximum amplitude of tsunami can describe the
distribution of the impact and the pattern of
movement of wave from the epicenter to the
mainland.
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The height of approaching wave was influenced
by the slope of the seafloor and coastal cliffs. It is
important to note that the slope angle of the cliff
affected the rule of tsunami amplification factor,
fluctuating with incoming wave. A toe-erosion cliff
had a lesser run-up than a typical cliff. Additionally,
the length and run-up of an underwater ramp have
an interrelated effect [14].

The variances in distance between the
observation station and the epicenter accounted for
the variations in tsunami travel times. The time
taken for wave to reach the land increases with the
distance between the observation site and the
epicenter. Due to the characteristics of the water and
the bathymetry of the sea floor, tsunami wave that
reaches the land vary in shape [15].

In the conducted tsunami modeling, run-up map
results were obtained according to the height of
wave. For instance, in Fig 5(a), showing a tsunami
height of 22 meters, the area affected by the run-up
was 965.96 Ha. Similarly, a height of 10 m
produced the same measurement of the affected
area at 965.96 Ha. Another comparison was
observed in Fig 5(c), representing a 3 m tsunami,
which yielded a run-up area of 179.48 Ha. This
variation was attributed to coastal area of Benoa,
Bali, characterized by low topography and high
levels of tsunami vulnerability.

Table 6. Predicted inundation area

No Wave height Run-up area (Ha)
1 22m 965.96
2 10m 965.96
3 3m 179.48

Tsunami inundation is one of the last stages of
tsunami  evolution, occurring when  wave
encroaches and floods dry ground, claiming a
significant portion of the victims during this stage.
The nature of the method, whether a steady and
relatively calm rise of the ocean surface, depends on
various factors such as wave height, period, and
coastline morphology, including beach slope and
roughness. The open ocean propagation of a
traditional tsunami is a very simple process,
transmitting wave energy across basins with
fluctuations in wave speed dictated by local depth.
Upon reaching the nearshore area, defined by sea
depths of 100 m or less, a tsunami is subjected to
significant physical modification [16]. In numerical
studies, individual wave crests were mostly
dispersed, and run-up was dominated by the carrier
wave, resulting in a time-dependent, wave setup
challenge [17].

In addition to identifying major potential run-
up, model results also showed less vulnerable or
sheltered areas, such as the southern and eastern of
Phuket Island. The model anticipates mild run-up in
these areas, ranging from 1 to 2 m, which could be
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useful for coastal redevelopment plans. However,
any rebuilding initiatives would have to be carefully
planned, possibly incorporating simulated tsunami
risk maps created with even smaller grids,
specifically in challenging topography contexts
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and in comparison with land use.
4.2 Vulnerability Mapping

The elevation of Benoa Bali coastal area is
classified as low with a value of <5 m (high levels
of tsunami wvulnerability). Benoa area has a
relatively low elevation compared to other areas in
southern Bali. Despite hosting numerous tourist
attractions and hotels situated along the coast, some
parts of this area has relatively higher elevations,
ranging from 15-20 m. Areas with low elevations
have a higher level of vulnerability to tsunami, as
wave easily penetrates land and hits the ground.
Conversely, areas with high elevations have a lower
level of vulnerability to tsunami. The interplay
between low and high elevations in an area
significantly influences the extent of run-up.

The slope parameter in Benoa coastal area is
classified as sloping with a percentage of 6-13%
(high to slightly high levels of tsunami
vulnerability). Areas with a gentle slope are
vulnerable to tsunami, with the impact increasing as
the slope becomes gentler or lower. Steeper or
higher slopes result in diminished tsunami wave
impact. Based on the field survey, coastal area is
densely populated with a gentle slope, contributing
to increased tsunami risk.

Using the parameters and classes as shown in
Table 4, the map of tsunami vulnerability area was
created, as shown in Fig 6. Spatial Multicriteria
Analysis (SMCA) helps prioritize the decision-
making process through the integration of geo-
reference data. This tool is vastly different from
conventional ~ multi-criteria  decision-making
methods, due to the inclusion of an explicit
geographic element. In contrast to traditional
MCDM analysis, SMCA considers both criterion
values and geographical information of criteria, as
well as the decision-maker preferences regarding a
set of assessment parameters [19, 20]. Physical
characteristics, such as elevation, slope, shoreline
proximity, and land use, could be used to determine
vulnerability maps. Some studies further included
coastal geomorphology, coastal ecosystem
resources, tsunami wave direction, and distance
from the river [21, 22, 23]. The high vulnerability
areas were mostly identified in coastal area with the
sloping coast type. Furthermore, elevation and
slope play an important role in governing the
stability of a terrain [24]. A Tsunami vulnerability
study in Bali shows the non-uniform distribution of
vulnerability, is highly influenced by coastal
proximity, elevation, and slope [25, 26].

The places with the most potential for
infrastructure destruction, physical harm to the
environment, and fatalities were those with high
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and very high tsunami risk. The area was
distinguished by beaches and coastal areas with a
gentle slope, lower land elevation, terrestrial
vegetation, shrubs, and fields. The proximity to the
coastline, the presence of a river, and a relatively
dense population further contribute to the increased
risk [27].
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In generating an inundation map derived from
tsunami vulnerability map, historical tsunami, and
observation  data  were crucial  factors.
Predominantly, high vulnerability areas were in line
with sloping coasts, and capes, and are predicted to
experience inundation, spreading to places
identified with high and slightly high vulnerability.
Furthermore, in the pairwise comparison, elevation
holds the highest weight.

The study from the 2011 Tohoku Earthquake
Tsunami Joint Survey Group showed that most of
the damage area was dependent on surface
elevation. This was substantiated by instances
where areas near the coastline but at higher
elevations suffered comparatively less damage.
Most of the damage occurred on flat surfaces, where
tsunami wave had unrestricted flow [28].

5. CONCLUSIONS

In  conclusion, tsunami resulting from
earthquake was characterized by wave propagation
and varying heights. The fault caused a rise in water
levels in the southern region, with the southern part
pointing upwards, leading to elevation variations
between -4 and 8 meters. Tsunami modeling, which
used a propagation time of 3 hours, indicated a
consistent impact zone irrespective of tsunami
height, comprising an area of 965.96 hectares. In
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addition, for effective disaster mitigation, the
integration of tsunami modeling methods and
spatial multicriteria analysis for wvulnerability
mapping proved to be a valuable method. The
modeling outcomes affirmed that areas susceptible
to tsunami inundation fell in high and very high
vulnerability classes, as determined through
geospatial analysis. To minimize damage and loss
of life, it was crucial to establish evacuation routes
and identify evacuation building areas based on the
integration of these two methods. The results of this
study served as fundamental information for
effective disaster management in coastal areas.

An integrated tsunami risk assessment is
essential for comprehensive disaster management.
This assessment should comprise risk, vulnerability
maps, and tsunami wave propagation models
derived from the study. Risk assessment quantifies
the possible damage and loss due to tsunami by
integrating the results of risk assessment with
tsunami vulnerability.
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