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ABSTRACT: Buleleng Regency in North Bali was considered to be widely prone to tsunamis, as it is in close
vicinity to the active tectonic zone of the Flores Back-Arc Thrust that can lead to massive earthquakes. Flood
area, maximum run-up height, and wave arrival time are the three critical seismic parameters analyzed in this
research to assess tsunami risk in the studied region. This study used the COMCOT v1.7 software to perform
numerical simulations for a hypothetical Mw 7.5 earthquake, incorporating both all-land and all-water data. The
result shows that Gerokgak sub-district, which had the most inundated area, about 8.87 kmz2, and the other sub-
districts, such as Buleleng, Banjar, and Sawan, also faced inundation. At moderate water depths (0.5-3 m), the
most extensive inundated areas overlap frequently with high-density populated coastal areas, particularly at the
river outlets and lowlands. From the arrival time analysis, it is found that the eastern coast has the shortest
warning time, e.g., the tsunami arrives at Ponjok Batu Beach 1 min 46 s after the triggering event, while the
highest tsunami run-up value occurs at Bukti Beach (Kubu Tambahan), which is 9.86 m. Conversely, areas in the
west, such as Gilimanuk, experience a tsunami arrival time exceeding 20 minutes. According to the results, the
improvement of tsunami preparedness that includes early warning, evacuation planning, and coastal land use
planning is necessary. The results of this study provide critical information for risk reduction strategies in
Buleleng and similar coastal places.
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1. INTRODUCTION tsunamis [4]. The rapid development of coastal
tourism also increases exposure [5], and social-

Indonesia is located at the boundary of the Indo- spatial risk assessments are still limited in number
Australian, Pacific, and Eurasian plates, forming [6]. The Indo-Australian Plate is subducting beneath
subduction zones and numerous active faults [1][2]. the Sunda Plate at about 7 cm/year [7], pushing
The tectonic setting places Indonesia among the back-arc thrusting north of Bali [8]. The Flores Back
highest seismic-risk countries [3]. Arc Thrust Zone is shown in Figure 2. The main

sources include the Flores Back Arc Thrust (FBT),
which stretches from Flores to northern Bali [9].
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Bali Island, particularly Buleleng Regency on its Fig. 2 Map of earthquake sources in Bali, Nusa
northern coast with a 157 km coastline, has complex Tenggara, and the Banda Sea (Source: PUSGEN,
tectonic settings and a high level of vulnerability to 2017)
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Tsunamis generated by the Flores Back-Arc
Thrust (FBT) zone have previously hit some
coastlines in Buleleng Regency. Great Tsunamis of
North Bali, 1815: This tsunami of North Bali
happened on the 22nd of November with a
magnitude of 7.3. This tragedy alone killed 10,253
victims in Singaraja and Buleleng. The 1818 North
Bali earthquake produced a 3.5-m-high tsunami; the
1857 North Bali earthquake on 13 May generated a
3.4-m-high tsunami and resulted in 36 casualties,
and the 1917 North Bali earthquake on 21 January
resulted in a 2-m-high tsunami, killing 1,500 people
in Buleleng, Jembrana, and Tabanan [10][11].
GIS-based hazard mapping and numerical modeling
have been widely applied, with key parameters such
as run-up, beach slope, and surface roughness [12].
Reliable research information on the risk of tsunamis
at the study site is used to develop plans for
improvement in the event of a tsunami [13].
Previous studies include evacuation route modeling
on the south coast of Java using TUNAMI-N3 [14],
tsunami energy assessment in the Sulawesi Sea [15],
and risk studies in Kulon Progo [16]. More recently,
COMCOT has been applied to simulate tsunami
propagation, run-up, and inundation with high
accuracy [17] and is recommended by 10C-
UNESCO for tsunami analysis.

Based on this background, the present study
investigates tsunami hazards in Buleleng Regency
using the COMCOT v1.7 model, focusing on two
research questions:

1. What is the tsunami run-up maximum along the
coast of Buleleng?

2. How long does it take for a tsunami to reach the
coast of many different locations along the
coast?

The objective is to analyze inundation, run-up, and

arrival times as a scientific basis for evacuation

planning and disaster risk reduction in Buleleng [18].

Next, the present article moves on to discuss the
literature covering tsunami definitions, essential
variables, and inundation modelling. The method
section, follows, describing the area of study, data
applied and the earthquake source parameters. The
results and discussion will describe the tsunami
simulation in terms of wave propagation, arrival
time, wave height, and inundation area for a number
of sub-districts. Lastly, the paper will make a
conclusion of findings and discuss its implication to
Buleleng Disaster Risk Reduction.

2. RESEARCH SIGNIFICANCE

This study is significant in that it is the first
thorough tsunami hazard assessment of Buleleng
Regency under a scenario involving Flores Back-
Arc Thrust earthquake. Integrating numerical
modeling with spatial vulnerability analysis, the
study enhances current understanding of tsunami
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risk in North Bali, which has been relatively
underresearched before. The findings offer practical
application for disaster risk reduction through
informing early warning planning, evacuation
planning, and coastal zoning controls and thereby
promoting the resilience of communities and
supporting evidence-based decision making for local
governments.

3. METHODS
3.1 Study area

The research was conducted on beaches in
Buleleng Regency. The observation points of the
tsunami run-up are shown as the red triangles in Fig.
3. The regency’s 16 areas of observation are where
garbage is likely to accumulate, such as tourist sites,
ports, and residential districts.

Map of Buleleng Regency Coastal Area

Fig. 3 Research location

The data used in this study are the land surface
data, which are collected from the digital elevation
model of SRTM DEM, ocean field data collected
from DEMNAS, and the fault line data resulting in
tsunami [19].

Table 1. Earthquake Source Parameter Data

No  Faults Thrust Fault

1 Strike (km) 280.954

2 Length (km) 74.47

3 Width (km) 26.54
Latitude ©  7.849

4 Epicenter Longitude ©  115.23

5 Magnitudo (Mw) 7.5

6 Dip © 30

7 Rake © 90

8 Depth (km) 10

This study also compared the results from the
present work model with the BMKG Indonesian
tsunami catalog and supplemented it with a list from
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the years 416 and 2018 of the BMKG Tsunami
Catalog [19] and PUSGEN 2017 (Table 1).

This research utilizes the 2017 national seismic
hazard maps of Indonesia for the Flores Back Arc
Plate segment in Bali to constrain the characteristics
of the earthquake that generated the tsunami. The
epicenter of the earthquake was 7.849°S and
115.23°E, with a focal mechanism of Mw 7.5, fault
length of 74.47 km, fault width of 26.54 km, strike
of 280.954, dip of 30°, dip of 90°, and slip of 10 km.
Then this work developed numerical modeling to
track how the tsunami waves travel, when they
arrive, how high the waves are, and how far below
the Buleleng Regency will be inundated. The
National Tsunami Early Warning Center (BMKG)
provides three levels of tsunami wave height:
MAJOR WARNING (wave height is greater than 3
m), WARNING (wave height is between 0.5 m and
3 m), and ADVISORY (wave height is less than 0.5
m) (Table 2).

Table 2. Wave Height Warning Level for Early
Warning

No Wave Height (meter) Warning Level
1 >3 Major Warning
2 05-3 Warning
3 <05 Advisory

3.2 Tsunami modelling approach

The COMCOT v1.7 (Cornell Multi-grid Coupled
Tsunami model) is used in this research to simulate
propagation of the tsunami wave, wave height, run-

up, arrival time, and inundation at Buleleng Regency.

3.2.1 Definition of tsunami

A tsunami consists of a sequence of waves
produced by the abrupt displacement of substantial
volumes of water, typically instigated by
earthquakes, underwater volcanoes, landslides, or
atmospheric  and  meteorological ~ phenomena
[20][21]. These events suddenly elevate sea levels
due to seabed deformation or fault movements that
displace the overlying water column [22][23]. In
contrast to typical ocean waves, the velocity of a
tsunami is contingent upon water depth, as
articulated in the shallow water wave equation [24].

3.2.2 Terms related to tsunamis

The tsunami inundation parameters on land
define several variables, which are called tsunami
parameters. These tsunami characters are the
significant evidence that could be examined and
incorporated in studies of paleotsunami, tsunami
modeling, and evacuation route design [25]. The
parameters of the tsunami wave from Tsunami
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Glossary (2019) are shown in Figure 4.

incoming tsunami wave

run up height

I inundation distance I

tsunami parameters

Fig. 4 Tsunami Wave Parameters

3.2.3 Model formulation

COMCOT solves the shallow-water equations.
Linear shallow-water equations (LSWE) are applied
to tsunami propagation in deep ocean [Egs. 1-3],
while Nonlinear shallow-water equations (NLSWE)
are applied in shallow coastal and inundation regions
[Egs. 4-5], with nonlinear and bottom-friction terms
included. Variables include surface elevation (1),
water depth (h), fluxes (P, Q), Coriolis term (f), and
bottom friction terms (Fx, Fy).

Linear Shallow Water Equations (LSWE):
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Where:

H = water surface elevation (m)

H = still water depth (m)

H = y+h = total water depth (m)

P.Q = volume flux components in the x (east—
west) and y (north—south) directions (m3/s
per unit width)

W, = longitude and latitude (degrees)

R = Earth’s radius (6,371 km)

G = gravitational acceleration (9.81 m/s?)

F = 0 sin ¢ = Coriolis parameter due to
Earth’s rotation (s™'), with Q = 7.292 x
107 rad/s

Fx,Fy = bottom friction terms in the x and y
directions (m#s?), evaluated using

Manning’s formula

3.2.4 Boundary conditions

In COMCOT, detailed provisions about boundary
conditions are essential for computer simulations
that provide a realistic picture of tsunamis. A
number of different methods exist for the outermost
grid. These include a non-reflecting boundary
condition that allows waves to exit the domain
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freely; an absorbing boundary condition, in which a
sponge layer damps wave energy and reduces
reflections; or an input boundary condition where
solutions outwith the domain such as FACTS data
are prescribed. Waves that reach the input boundary
are satisfied to non-reflecting conditions. For inner
grids within a nested mesh, boundary conditions are
again interpolated between parent-gird sediment and
water. To improve stability and eliminate reflections,
the enhanced interpolated boundary scheme also
employs a sponge layer. These boundary treatments,
combined with the shallow water equations and
initial conditions, ensure accurate representation of
tsunami  generation, propagation, and coastal
inundation [26].

4. RESULTS AND DISCUSSIONS
4.1 Tsunami wave propagation

In the present work, the tsunami modeling was
performed for 60 minutes. Screenshots of outputs of
the modeling represent the predicted propagation of
tsunami waves for each minute after the earthquake.
The tsunami uplift wave is represented by the red
arrows, and the tsunami subsidence wave by the blue
arrows. An upward wave is one that can arrive at
the coast and inundate the tideless area.

The simulation findings show tsunami waves
might spread over the Flores Back Arc Thrust after a
Mw 7.5 earthquake. Wave energy is also moving to
the northern coast of Bali Island, with Buleleng
regency getting the most of it.

Fig. 5 Tsunami modeling on layer 1 (a) t = 0 minutes,
(b) t = 4 minutes, (c) t = 8 minutes, (d) t = 12
minutes, (e) t = 16 minutes, and (f) t = 20 minutes

Figures 5 (a)—(f) show how tsunami waves spread
out in the first 20 minutes following the earthquake.
At t = 0 min (Figure 5a), the first change in the sea
surface happens right after the rupture. The western
side of the fault goes up (red), while the eastern side
goes down (blue). At t = 4 min (Figure 5b), the first
waves start to move outward, mostly to the east and
west of the fault. At t = 8 min (Figure 5c), the
tsunami waves hit the neighboring shoreline, and the
shore starts to show more clearly the alternating
crests and troughs. At t = 12 min (Figure 5d), the
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waves spread out much more over the northern shore
of Bali. This illustration shows that incoming and
reflected waves are interfering with each other. At t
16 min (Figure 5e), the coastal wave field
develops more complicated because primary waves
and reflections from the coastline are interacting
with each other. Energy is still moving strongly east
and west. Finally, by t = 20 min (Figure 5f), the
tsunami has spread out across a larger area, and
reflected waves are having a bigger effect on the
overall pattern of propagation. Overall, these
pictures show how the earthquake caused the
seafloor to change, which in turn caused the sea
surface to change. This caused uplift and subsidence
on opposite sides of the fault and directed tsunami
energy mostly eastward and westward, which is
what would happen if the fault slipped orthogonal to
the strike.

4.2 Tsunami run up and arrival time along the
Buleleng coast

The time it takes for a tsunami to reach the
Buleleng shoreline area is very different. The eastern
shore is the most relevant because the first wave's
crest hit this shore less than two minutes after the
disturbance.
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Fig. 6 Tsunami amplitude recorded at 16 observation
points during the simulation

Table 3 below displays that most of the sites (12 out of
16) fall in the "Major Warning" category, with run-up
over 3 m, indicating very high risk of coastal damage
and flooding. Highest run-up occurs at Bukti Beach
(9.86 m), followed by Tegal Desa (7.82 m), Ponjok
Batu (7.05 m), and Sangit Port (7.44 m). Several other
beaches, such as Penimbangan Beach (6.28 m) and
Banyuning Beach (5.25 m), are also highly vulnerable.
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Table 3. Run-up tsunamis at observation locations

No Longitude Latitude Location Sib-district Code of Virtual Run-up Warning Level
Tide Gauge (meter)

1 115.42 -8.15 Cinta Bulakan Beach Tejakula TIKL1 6.28 Major Warning
2 115.34 -8.12 Tegal Desa Beach Tejakula TIKL2 7.82 Major Warning
3 115.28 -8.10 Ponjok Batu Beach Tejakula TIKL3 7.05 Major Warning
4 115.24 -8.08 Bukti Beach Kubu Tambahan KBTB 9.86 Major Warning
5 115.13 -8.08 Sangit Port Sawan SAWN 7.44 Major Warning
6 115.09 -8.10 Banyuning Beach Buleleng BLNG1 5.25 Major Warning
7 115.08 -8.10 Skip Beach Buleleng BLNG2 4.29 Major Warning
8 115.07 -8.12 Penimbangan Beach Buleleng BLNG3 6.28 Major Warning
9 115.02 -8.16 Lovina Beach Banjar BNJR 6.46 Major Warning
10 114.93 -8.18 Pengastulan Beach Seririt SRRT 6.08 Major Warning
11 114.83 -8.19 Celukan Bawang Beach Gerokgak CLBW 4.63 Major Warning
12 114.72 -8.15 Gondol Beach Gerokgak GRGK1 2.84 Warning

13 114.69 -8.14 Banyu Poh Beach Gerokgak GRGK2 2.02 Warning

14 114.66 -8.14 Pemuteran Gerokgak GRGK3 3.24 Major Warning
15 114.60 -8.13 Bangsal Port Gerokgak GRGK4 251 Warning

16 114.44 -8.16 Gilimanuk Port Gerokgak JMBR 1.24 Warning

Four locations, however, belong to the "Warning"
category with lower run-up values, but no less
hazardous due to adjoining settlements and

In general, the eastern and central coasts (Tejakula,
Sawan, Kubu Tambahan) are in the most threat, with
the western coast (Gerokgak, Gilimanuk) under

infrastructure: Gondol (2.84 m), Banyu Poh (2.02 m), lesser but still significant threats.
Bangsal Port (2.51 m), and Gilimanuk Port (1.24 m).
Table 4. Arrival Times of Tsunami Waves at Observation Locations

No  Longitude Latitude Location Sub-district Code of Virtual Arrival Times

Tide Gauge (minutes)

1 115.42 -8.15 Cinta Bulakan Beach Tejakula TIKL1 2.25

2 115.34 -8.12 Tegal Desa Beach Tejakula TIKL2 2.13

3 115.28 -8.10 Ponjok Batu Beach Tejakula TJKL3 1.76

4 115.24 -8.08 Bukti Beach Kubu Tambahan KBTB 2.50

5 115.13 -8.08 Sangit Port Sawan SAWN 2.50

6 115.09 -8.10 Banyuning Beach Buleleng BLNG1 2.8

7 115.08 -8.10 Skip Beach Buleleng BLNG2 2.8

8 115.07 -8.12 Penimbangan Beach Buleleng BLNG3 4.6

9 115.02 -8.16 Lovina Beach Banjar BNJR 5.25
10 114.93 -8.18 Pengastulan Beach Seririt SRRT 55
11 114.83 -8.19 Celukan Bawang Beach Gerokgak CLBW 6.8
12 114.72 -8.15 Gondol Beach Gerokgak GRGK1 6.96
13 114.69 -8.14 Banyu Poh Beach Gerokgak GRGK2 6.96
14 114.66 -8.14 Pemuteran Gerokgak GRGK3 8.06
15 114.60 -8.13 Bangsal Port Gerokgak GRGK4 10.3
16 114.44 -8.16 Gilimanuk Port Gerokgak JMBR 20.04

According to Table 4, tsunamis arrive very
differently across Buleleng Regency. In the fastest
areas, waves come very quickly. So it takes less then
2 minutes for a big wave to reach Ponjok Batu
Beach, less than 2 and a half minutes on average at
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Tegal Desa Beach or Cinta Bulakan Beach. Such
extremely low figures make Tejakula subject to very
high risks since evacuations can only start
immediately after shaking finishes. Two beaches just
to the west (Kubu Tambahan and Sawan's Sangit
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Port) both have arrival times of 2.5 minutes or less,
which is too short for any meaningful action in
response. On the north coast of Buleleng sub-district,
Skip Beach and Banyuning Beach are both reached
in 2.8 minutes while Penimbangan Beach receives
the waves, peaking out at 4.6 minutes before there's
only a little more time to run away. Side-stepping
into a more western position, tsunamis hitting the
shore at Banjar Beach and then Seririt's Pengastulan
Beach result in shorter delays in response times. In
the Gerokgak area, which lies to the southwest of
Buleleng sub-district, arrival times are considerably
longer. Reporting times range from 6.8 minutes at
Celukan Bawang to about 7 minutes at Gondol and
Banyu Poh and then 8 minutes on arrival in
Pemuteran. It's a 10.3 minute break at Bangsal Port,
while out west, at the most distant point possible,
Gilimanuk Port with its longest arrival time of 20
minutes.

4.3 Inundation Extent and Affected Areas

The inundation model shows that low-lying
coastal areas are particularly vulnerable to tsunami
flooding. Large portions of eastern Buleleng are
inundated, while inundation in the central and
western sectors is more localized.
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Fig. 7 Tsunami inundation map of Tejakula Sub-
District due to Mw 7.5 earthquake: (a) eastern part
and (b) western part

As shown in Figure 7, the tsunami flooded the

eastern and western parts of the Tejakula sub-district.

There are three groups of flooding locations
dependent on how deep the flow is. The flow depth
in the green category is less than 0.5 meters, in the
yellow category it is between 0.5 and 3 meters, and
in the red category it is more than 3 meters. The
chart shows that most of these flood zones are along
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the shore of the North Bali Sea, near major
communities. Tejakula's tsunami-affected area is
about 0.943 kmz2. Most of the affected area is in the
shallow inundation zone (< 0.5 meters), which is
about 0.472 km?2 in 1714 grid cells. This means that
the highest risk zone (> 3 meters) is widespread but
not very deep, with 0.216 km?2 in 786 cells. These
are areas that may be affected the most, especially
near the coast.
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Fig. 8 Tsunami Iﬁundation Map for the Seririt Sub-
district due to a Mw 7.5 Earthquake

1495 T8

Figure 8 demonstrates that the flooding from the
tsunami in Seririt is largely along the central to
eastern coast, notably around river mouths and
towns. The entire area impacted is around 1.10 km2,
The largest region is moderate flooding (0.5-3 m),
which covers 0.8208 km?2 in 2,982 grid cells. The
next largest area is shallow flooding (< 0.5 m),
which covers 0.2791 km2 in 1,014 grid cells. The
smallest area is heavy flooding (> 3 m), which
covers 0.2163 km2 and in 786 grid cells. Seririt is
more at risk than Tejakula because the moderate and
deep flooding goes deeper inland. This is probably
because of the river system and the fact that there
are a lot of communities along the coast.

Fig. 9 Tsunami Inundation Map for the Sawan Sub-
district due to a Mw 7.5 Earthquake

Figure 9 depicts how the tsunami flooded northern
Sawan, encompassing about 1.95 km? (7,100 grid
cells). The flooding is split into three areas: shallow
(< 0.5 m) with 0.5475 km? (1,989 cells) at the edges,
moderate (0.5-3 m) as the largest area with 0.9419
km2 (3,422 cells) going inland through river
estuaries, and deep (> 3 m) with 0.4649 km? (1,689
cells) near coastal settlements and facilities. In the
deep zone, houses, roads and infrastructure are all
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rendered insecure. Overall, Sawan’s coastal shape
combined with its river systems bring an increased
risk of tsunamis, highlighting the need for better
evacuation routes, land-use control, and disaster-
resilient facilities.
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Fig. 10 Tsunami Inundation Map for the Kubu
Tambahan Sub-district due to a Mw 7.5 Earthquake
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Figure 10 shows tsunami inundation in Kubu
Tambahan Sub-district after a Mw 7.5 earthquake,
covering about 0.77 km? (2,799 grid cells). The
flooding is divided into three zones: shallow (< 0.5
m) with 0.2461 km?2 (894 cells) scattered along the
coast, moderate (0.5-3 m) as the largest zone with
0.3523 km? (1,280 cells), and deep (> 3 m) covering
0.1720 km? (625 cells), concentrated in low-lying
coastal settlements. mostly nearshore occurrences
are reflected on the map while the highest hazard
zones are depicted red at the northwest and northeast

coastal parts.
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Fig. 11 Tsunami Inundation Map for the-Gerokgak
Sub-District Mw 7.5 earthquake: (a) eastern part and
(b) western part

Figure 11 reveals that Gerokgak is the most
devastated sub-district, with around 8.87 km?
(32,217 grid cells) of land being covered by the
tsunami. There are deep floods surrounding the bay
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and river estuary in the west, and lengthy, narrow
flood courses with many deep zones near heavily
inhabited areas in the east. There are three levels of
flooding: shallow (< 0.5 m), which affects 8,920
cells (2.37 km?); moderate (0.5-3 m), which affects
13,720 cells (5.36 km?2); and deep (> 3 m), which
affects 9,577 cells (1.14 km?). In Buleleng, the
coastal lowlands and communities of Gerokgak are
the most at risk from tsunamis.

Flow Depth (m)
<05

053
o --s

North Ball Sea

Fig. 12 Tsunami Inundatién Map for the Buleleng
Sub-district due to a Mw 7.5 Earthquake

Figure 12 shows that the tsunami inundation
significantly penetrates inland into the coastal plains,
especially in the heavily populated mid-areas of the
sub-district. Flooding is to be expected on bends
along the coast and at river mouths, with the red
areas representing the deepest inundation. The green
area (coastal) is represented as a thin layer outside
the settlement area, and the yellow one (inland)
wraps around the center of the settlement. Total
direct flood extent is about 2.67 km?2 (9,709 grid
cells). Shallow (less than half a meter) inundation
impacts 3,142 grid cells (covering 0.86 km?),
moderate (0.5 to 3) inundation hits 4,446 grid cells
(covering 1.22 km?), and deep (in excess of 3
meters) inundation affects 2,121 grid cells (covering
0.58 km2).

North Bali Sea

Fig. 13 Tsunami Inundation Map for the Bé‘r/l‘jar Sub-
district due to a Mw 7.5 Earthquake

Figure 13 shows a continuous stretch of flooding
along the coast. The area with the highest depth,
indicated by the red zone, is located around lowland
settlements and near the estuary. The shallow zone
(green) is spread along the coastline. The medium-
depth zone (yellow) dominates most of the affected
coastline and extends inland to densely populated
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areas. Data shows that the impact of flooding covers
a total of 2.11 km?, consisting of 7,654 grid cells.
The inundation is divided into three depth
categories: shallow inundation (< 0.5 meters)
impacts 2.289 grid cells. covering 0.63 km?
moderate inundation (0.5-3 meters) affects 4.333
grid cells. totaling 1.19 km?; and deep inundation (>
3 meters) occurs in 1.032 grid cells. spanning 0.28
km2.

4.4 Population and Land Use Exposure

Overlaying inundation map with population and
landuse shows high density populated clusters and
critical facilities (infrastructure) in low lying area are
directly hit by tsunami. This demonstrates some of
the potential for significant social and economic
impacts if no action is taken.

Table 5. The tsunami inundation area based on flood
depth for each sub-district

No  Sub-district  Shallow Moderate  Deep InuE?i?tlion

(km?) (km?)  (kmd) _ Area (km?)
1 Banjar 0.63 1.19 0.28 211
2 Buleleng 0.86 1.22 0.58 2.67
3 Gerokgak 2.46 5.28 1.14 8.87
s Tamt;ﬁ o 025 035 017 0.77
5 Sawan 0.55 0.94 0.46 1.95
6 Seririt 0.67 0.82 0.28 1.77
7 Tejakula 0.47 0.26 0.22 0.94
Total 5.89 1006  3.14 19.09

Information on tsunami inundation depth at seven
sub-districts is provided in Table 5. Inundation depth
is divided into three classes: <0.5 m, >0.5-<3.0 m,
and >3.0 m. Gerokgak has the largest flooding size
at all inundation depths, covering about 8.87 km2
Buleleng and Banjar are ranked next with 2.67 km?
and 2.11 kmz of total inundation area, respectively.
Tejakula has the least area inundated, at the size of
0.94 km2, In total, 10.06 km?2 is occupied by the
tsunami inundation, which is mainly within the
accommodation range of 0.5-3.0 m after taking all
areas into account. and 5.89 kmz2 in the less than 0.5
m category and 3.14 km? in the more than 3.0 m
category. The result suggests that water with a
moderate level of inundation (0.5-3.0 m) is the most
vulnerable, especially in the Gerokgak area, with a
high probability of tsunami.

4.5 Discussion

The models in this study reveal that the eastern
section of Buleleng will be affected by a tsunami in
less than two minutes, which is not enough time for
people to to evacuate horizontally. This finding is
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consistent with previous research, which indicated
that in Padang Barat, a brief evacuation period
significantly impeded horizontal evacuation [27].
Similar to Padang, this study findings suggest that
Buleleng should prioritize vertical evacuation,
particularly in densely populated lowland regions.

The modeled run-up heights at Buleleng, which
can reach 3.4 m in certain locations, show that there
is a substantial chance of major coastal flooding.
Similar studies at Pacitan Bay, which indicated
bottlenecks along evacuation routes in tsunami
modeling, this study demonstrate that effective
evacuation planning in Buleleng must account for
the limited warning time and the local traffic
capacity in coastal areas [28]. This also means that
safe zones shouldn't be easy to go to in a short
amount of time.

This research indicates that Designated
Evacuation Buildings in Buleleng must endure both
seismic and hydrodynamic tsunami forces. Previous
evaluations have shown that even reinforced
concrete structures in Padang, which meet the
earthquake resistance standards, may fail under
tsunami forces [29]. This comparison suggests that
the current public buildings in Buleleng require
evaluation and fortification to function successfully
as vertical evacuation shelters.

The flooding at Buleleng, where significant

portions of lowland beaches are inundated, is in line
with research linking land-use change to increased
tsunami vulnerability [30]. In the same way, the
urbanization of Buleleng is not as obvious, but the
tourism infrastructure along the beaches makes at-
risk flooding zones more likely to be hit.
Finally, this study's combination of tsunami
modeling and spatial vulnerability assessment is
similar to approaches that combine run-up modeling
with coastal vulnerability mapping in Bali [31]. The
novelty lies in focusing on the Flores Back Arc
Thrust as the source of the tsunami, which has never
been done previously. To lower the danger of
disasters in North Bali, it's important to identify
areas with the shortest warning time and the biggest
run-up.

5. CONCLUSION

In this research, tsunami hazard in Buleleng
Regency is evaluated using COMCOT v1.7 for an
Mw 7.5 event on the Flores Back Arc Thrust. The
findings reveal marked regional differences in the
effects of tsunamis related to local coastal
geomorphology and distance from the source.
Extremely critical on the eastern coast, where the
arrival time of tsunami waves is less than two
minutes at Tejakula (Ponjok Batu Beach 1.46 min,
Tegal Desa Beach 2.08 min, Cinta Bulakan Beach 2
min), etc. Such very short lead times allow for little
or no time for horizontal evacuation. In spatial
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extent, inundation is largest in Gerokgak (8.87 km2),
followed by Buleleng (2.67 km?), Banjar (2.11 km?),
Sawan (1.95 km?), and Seririt (1.77 km?2). Despite
having a smaller submergence area (0.94 km?),
Tejakula is especially vulnerable due to its short
warning time. The simulation indicates that Bukti
Beach (Kubu Tambahan) has the highest run-up
(9.86 m) making it the most at-risk location in the
study area, followed by Tegal Desa Beach (7.82 m),
Ponjok Batu Beach (7.05 m), Sangit Port in Sawan
(7.44 m), and Lovina Beach in Banjar (6.46 m).
These results display the magnitude and application
of tsunami threats along the coast of Buleleng.

When the maps are superimposed over
population and land use data, they show densely
populated villages, vital infrastructure installations,
and tourism facilities in low-lying areas are at
significant risk to both communities and the regional
economy. As a result, vertical evacuation and
structural strengthening of selected shelters have
been emphasized. Furthermore, tsunami hazard
maps should be incorporated in spatial planning and
coastal development policies to avoid further
exposure. By regarding the Flores Back Arc Thrust
as a tsunami source, this research introduces
discussion of tsunamigenic potential in North Bali
and provides scientific information to Buleleng
Regency for disaster risk reduction, evacuation
planning, and community preparedness.
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