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Abstract. Tsunamis pose a significant threat to the construction of Nuclear Power Plants. Therefore, it is necessary to carry out a comprehensive
study regarding the potential threat of tsunamis and mitigation measures using detailed data at prospective locations. This assessment is a prerequisite
for effective environmental impact planning and analysis. To determine the suitability of a prospective location, careful consideration of natural
factors, including earthquakes as triggers for tsunamis, is essential. The main objective of this tsunami research is to assess the level of safety of
potential locations against tsunami hazards and develop appropriate mitigation strategies. This research uses the Cornell Multigrid Coupled Tsunami
(COMCOT) tsunami modeling technique. This modeling approach utilizes topographic and bathymetric data obtained through extensive field surveys.
In addition, this research aims to determine the maximum tsunami height in the inundation area and identify potential tsunami hazards arising from
various scenarios related to the active tectonic potential of the Philippine Manila Trench. The Bengkayang Gosong Beach area and West Kalimantan
are among the candidate locations that may be affected with the estimated tsunami height being between 0.48 meters and 0.62 meters. The tsunami
arrival time was between 9 hours 10 minutes to 9 hours 24 minutes. These findings play an important role in conducting comprehensive risk
assessments for nuclear power plant development, ensuring that necessary steps are taken to reduce potential hazards associated with tsunamis.
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1. Introduction concerning Disaster Management (UU, 2007) enacted by the
President of the Republic of Indonesia, it is necessary for this
infrastructure development study to incorporate preventive and
countermeasures for managing earthquake and tsunami
disasters. These measures should be implemented before and
after a disaster to reduce the associated risks effectively.
Active faults and undersea volcanoes can serve as sources
of earthquakes that generate tsunamis. The West Kalimantan
region, particularly at Gosong Beach in Bengkayang Regency,
West Kalimantan, has a minimal earthquake record due to its
i ¢  In 2019. the West Kali ) ncial distance from active faults and tectonic activities. Nevertheless,
can trigger a tsunami. in 201+, the West halimantan provincia® ..., ding to Regulation No. 6/2014 (BAPETEN, 2014). It is
government proposed the Gosong Beach area in the Sungai . . L
. . . necessary to assess the potential tsunami hazards originating
Raya District, Bengkayang, West Kalimantan (Fig. 1), as a - . . - .
. . ; ) . from earthquake sources in the identified potential NPP site.
candidate site for a NPP. Given the high-risk nature of nuclear i . . . .
. e . Additionally, Presidential Regulation No. 79 of 2014, which
facilities, constructing a NPP must prioritize a high safety factor. . - . .
. . . . . pertains to the National Energy Policy (KEN), emphasizes
One crucial aspect of site safety is assessing the potential . . s .
including nuclear energy within the national energy system and

geological threats and the risk of coastal flooding caused by . . . .
. . . . . . underscores the importance of site preparation by applicable
tsunamis, which can disrupt the installation and operation of the .
safety regulations (PP, 2014).

reactor (BAPETEN, 2018). In line with Law No. 24 of 2007

Tsunamis are marine disasters that threaten coastal areas,
including nearshore nuclear reactors. Tsunamis are large waves
that occur when parts of the ocean floor change their geometry
due to plate movement, volcanic eruptions, or underwater
landslides (Diposaptono and Budiman, 2006). The main focus
for many industrial facilities near the coast is the threat of
tsunamis. Industries like Nuclear Power Plants (NPP) prioritize
safety, so when determining the feasibility of a site, it is crucial
to consider natural factors, including the earthquake source that
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Fig. 1 Map of the candidate site for a Nuclear Power Plant.

In light of the Tohoku Earthquake that occurred in Japan on
March 11, 2011, with a magnitude Mw of 9.1, causing a
devastating tsunami reaching a height of 14 meters, which
breached the sea wall and inundated the reactor building of the
Da-ichi Fukushima nuclear power station located 72 kilometers
from the tsunami source in the Pacific Ocean (Lipscy et al.,
2013), it is imperative to conduct research activities to prepare
the NPP at Gosong Beach against the threat of a tsunami hazard.

Based on population data for 2018, the total population
around the prospective NPP Pantai Gosong site at a radius of 5
km is 5,199 people, with the largest population in the River Desa
Raya, which has a population of 3,473 and the least is
Karimunting Village with a total of 769 inhabitants. The density
of the population is 177 people/km? (Alimah et al, 2021). The
demographic condition of the residents of Gosong Beach is
quite vulnerable if a disaster occurs to the NPP when it is
operating so it requires adequate mitigation planning.

This research aims to assess the safety level of the NPP site
in terms of potential tsunami hazards and develop appropriate
mitigation measures. Additionally, this research aims to
determine the height of tsunamis taking into account the effect
of inundation areas and identify potential tsunami hazards
associated with existing earthquake sources. Furthermore,
areas prone to tsunami disasters must implement preventive
and mitigation measures to address earthquake-related hazards
before and after such events occur. These measures are
essential for minimizing the risks associated with these
disasters. When selecting a suitable site for a nuclear power
plant, it is advisable to choose an area that has not experienced
coastal flooding caused by tides or tsunamis in the past. This
criterion improves the site's suitability and reduces the potential
impact of coastal hazards on the facility.

2. Methods
2.1. Tsunami

In order to conduct tsunami modeling, numerical modeling
techniques can be employed. The study of seawater's motion
properties  requires marine  hydrodynamic = models.
Hydrodynamics involves the exploration of governing
equations and numerical methods for tsunami modeling.

The linear and nonlinear shallow water equations can be
described in both Cartesian and Spherical coordinates. The
nonlinear shallow water equation affected by bottom friction
effects is sufficient to describe flow motion in the coastal zone
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(Kajiura and Shuto, 1990; Liu et al, 1994). The Cartesian
coordinate system has three axes: x, y, and z, resulting in the
formation of Cartesian spaces such as x-y, x-z, and y-z as well
as the eight octants. Conversely, the typical spherical coordinate
system utilizes three parameters: the radial distance R, the polar
angle 1, and the azimuth angle ¢ (Wang and Power, 2009). The
equations for spherical and Cartesian coordinates can be
formulated as follows:

an 1 opr 7] _ _oh

at Rcos¢ {ﬁ + % (COS cos (PQ )} - at (1)
apP gh 0dn _

o T Reospay 1@ =0 @
9Q | gh on _

o + 3 % fP =0 (3)

where variable 7] represents the elevation of the water surface,
the volume flux of the fluid material in the West-East (X) and
South-North (Y) directions is denoted by (P, Q) respectively,
meanwhile parameters (¢, 1)) correspond to Earth's latitude and
longitude, R represents the radius of the Earth, and the
acceleration due to gravity is denoted by g, h represents the
water depth, additionally, a term accounting for transient
seafloor movement can be incorporated to simulate tsunamis
triggered by landslides.

The f value represents the coefficient of the Coriolis force
due to the Earth's rotation and can be calculated using the
following equation:

f=20sing (4)

where (2 represents the rotation of the Earth, and ¢ is the
latitude. When conducting tsunami modeling in shallow water,
the influence of Earth's rotation is relatively small within the
narrow region of interest. Therefore, the shallow water
equations in Cartesian coordinates can serve as a suitable
reference for modeling, and they can be expressed as follows:

an , (0P L 0Q) _ _ on
at {a @}- at )
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2.2. COMCOT Modelling

Tsunami numerical modeling using the Cornell Multi-grid
Coupled Tsunami (COMCOT) model is based on the Shallow
Water Equations (SWE). Numerical models based on SWE offer
superior performance as they fulfil technical requirements such
as hydrodynamics, alignment with real-world scenarios,
operational conditions, and scientific evaluation (Dao and
Tkalich, 2007). COMCOT shares similarities with TUNAMI-N2,
including the model structure, numerical scheme, programming
language, and the use of Manning roughness. The latest version
of COMCOT, V1.7, has been enhanced with a multi-grid system
to improve accuracy and efficiency, and its documentation is
publicly available (Wang and Power, 2009).

Tsunami sources in this study utilized a fault model that
integrates empirical scale laws and inversion models of tsunami
waveforms, as established by Mansinha and Smylie (1971). The
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Fig. 2 Diagram for tsunami modeling work chart.

earthquake potential was systematically divided into 33 fault
segments, following the methodology outlined by Blaser et al.
(2010). This approach incorporates precise calculations derived
from diverse regression methods based on extensive global
data, providing a comprehensive scaling relationship for
determining the length, width, and moment magnitude of thrust,
normal, and strike-slip faults in both oceanic and continental
regions. The tsunami source scenarios in this research follow a
deterministic approach, where earthquake and tsunami experts
have predefined the tsunami source model (PUSGEN, 2018).
Our tsunami modeling employs detailed data with a resolution
as fine as 1 m to attain optimal results. Additionally, beyond the
utilization of geometrical features derived from detailed
bathymetric and topographic data at the study location, we
conduct a thorough analysis of other parameters, such as
tsunami wave velocity. This approach enables a more detailed
examination of the threat aspect in the water-cooling system
area and its associated infrastructures. In contrast to previous
studies that modeled tsunamis from their sources, propagation,
and estimated arrival to sea surface height within the numerical
domain, our study goes further by focusing on the Nuclear
Power Plant candidate. However, it should be noted that the
previous study did not delve into a more detailed evaluation of
this specific focal point. The stages of modeling work are
described in the diagram in Fig. 2.

2.3. Initial Tide Gauge

In order to obtain the height and arrival time of the tsunami
in the vicinity of Gosong Beach, an initial tidal point was
established, starting from the farthest location and progressing
towards the nearest location. These tidal points' positioning
varied to assess the response of the tsunami waves in different
areas, including the open sea, areas near small islands, and the
vicinity of Gosong Beach Bay. Placing tidal points on the
mainland would result in overlapping signals on the tide gauge,
rendering the modeling process unsuccessful. Therefore,
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artificial stations were strategically positioned on the high seas.
These stations measure the height and arrival time of the
tsunami at those specific locations, providing valuable data
before its landfall (Pribadi et al., 2021).

2.4. Data Acquisition and Assimilation

As a basis for making tsunami modeling, sea and land data
are needed. The availability of detailed data is absolutely
necessary to produce a quality tsunami hazard map (Latief,
2013). Bathymetry and topographic maps. A bathymetry map is
a map that describes the waters and their depth. A topographic
map is a type of map characterized by its large scale and detail,
usually using contour lines in modern mapping. Topographic
maps are detailed and accurate graphical representations of the
state of the world on a landmass.

For tsunami modeling, the first, second and third simulation
starts from the initial domain, namely the wide-scale sea surface
of the General Bathymetric Chart of the Oceans (GEBCO) with
a resolution of 480 meters. GEBCO provides the most
authoritative and publicly available bathymetric data set for the
deep world's oceans. The fourth and fifth domains were taken
from the National Bathymetry Geospatial Information Agency
(BIG) and the National Waters Bathymetry (BATNAS) with a
resolution of 180 meters. The source of BATNAS data
acquisition is based on BIG, NODC, BODC, LIPI, BPPT, P3GL
and global data. Horizontal and vertical references are WGS84
and MSL.

The sixth domain is the combination of BATNAS and Digital
Elevation Model (DEMNAS) topographic map with a resolution
of 8 meters. DEMNAS data sources were obtained from IFSAR,
TerraSAR-X, and ALOS PALSAR. DEMNAS references for
horizontal and vertical are WGS84 and EGM2008. The last
domain is a combination between the sixth domain and field
survey observation data. The stages of setting the resolution of
each modeling domain are described in Table 1.

2.5. Topography and Bathymetry field survey

Research on determining the location of potential NPP sites
in Bengkayang has carried out topographic and bathymetric
field surveys around Gosong beach in 2021 to 2023. Based on
geological observations, Gosong has a fairly shallow depth
evidenced by the turbidity of light brown sea water. The
dominant process is deposition due to coastal erosion which has
sedimentary rock units in the form of sandstone and alluvial.
The slope of the beach slope is in the range 3° — 15°. Intensive
erosion processes occur in coastal areas between Singkawang
City and the coast of Gosong, and are characterized by the
formation of an erosion escarpment as high as + 1.5 m (Suntoko
et al, 2021). This condition requires verification by a field survey
with topographical and bathymetric measuring equipment.

Topographic surveying is the process of measuring and
mapping the shape of the earth’s surface, including contours,
elevations and other features such as hills, valleys and rivers.

Table 1
Resolution of grid size domain.
Domain Data ref. Res (degree) Res (m)
1,2,3 GEBCO/G 0.00416667 463
4,5 BATNAS/B 0.00166667 180
6 B, DEMINAS/D 0.00006312 8
7 B, D, Field Survey  0.00000898 1
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Fig. 3 Topography and Bathymetry field survey

Topographic maps are useful in identifying the physical
characteristics of an area quantitatively such as geographic
coordinates and surface elevation. The Global Navigation
Satellite System (GNSS) is a fast method that uses satellite
signals to quickly determine the coordinates of many
measurement points with high accuracy (Schloderer et al, 2010).
Topographic measurements in this study also add UAV drone
or Unmanned Aerial Vehicle equipment, namely unmanned
aircraft to measure coordinates and altitude so that work can
take place faster and have a wider coverage area.

Retrieval of ocean shallow depth measurement data can
be done using an echo sounder. To measure coastal
bathymetry, in this study using the Multibeam Echo Sounding
(MBES) and Light Detection and Ranging (LIDAR) method.
MBES uses an array of beams from sonar sensors that generate
sound pulses to the ocean floor. Echoes reflected back from the
ocean floor are then recorded to measure depth. This method
provides high-resolution bathymetry data and enables accurate
mapping. LIDAR uses laser pulses but is emitted from aircraft
or ships to the surface of the sea. The reflected laser pulse is
then recorded to measure the shallow depth (Webb, 2017). The
detailed topography in this study is the result of integrating data
from BATNAS, DEMNAS, UAV, and field surveys to produce
high-resolution maps. To obtain a high-resolution map, the data
has been processed by smoothing and filtering satellite data
from SRTM. Subsequently, it was combined with DEM data for
the Gosong beach area. The resulting map product is a grid with
uniform spacing of a 3 x 3 m raster. High resolution maps are
capable of providing accurate and important results of modeling
tsunami inundation and run-up. Meanwhile, previously
recognized data has a rough resolution (Schlurmann et al, 2011).

Tsunami inundation model is very sensitive to height data
and depends on detailed topography and bathymetry data. High
resolution bathymetry data can be obtained by combining the
global GEBCO dataset used in deep water (90 m resolution) with
additional higher resolution naval chart data (DISHIDROS) in
shallow water areas. Meanwhile, topographic data uses digital
IFSAR data in the air (owned by BIG) with a horizontal distance
of 5 m resolution and a vertical accuracy of 3 m (Griffin et al,
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2016). Topographical and bathymetric field survey work can be
seen in Fig. 3.

2.6. Earthquake Source

Indonesia sits at the convergence of multiple tectonic plates,
including the Indian Ocean Plate and the Eurasian Plate. This
intersection occurs along the west coast of Sumatra, the south
coast of Java, Bali, and Nusa Tenggara, making these regions
prone to earthquakes and highly vulnerable to the threat of
tsunamis (Bock et al, 2003; Pribadi, et al., 2013). The collision
between the northward-moving Indo-Australian Plate and the
south-eastward-moving Eurasian Plate, at respective speeds of
approximately 7 centimetre/year and 0.4 centimetre/year,
contributes to these seismic activities. While Kalimantan Island
is situated far from the collision zone, it still experiences tectonic
processes that have given rise to geological structures like folds
and faults. Some of these faults are active and can be observed
through seismic events (Supartoyo, 2017).

The Bengkayang area and its surroundings are located
within the tectonic framework of the Sunda Shelf. This region is
crossed by various geological structures, resulting in the
exposure of Mesozoic-aged rocks at the surface. The
measurement data collected in the study area indicates
fluctuating changes in sediment supply, ranging from
transitional environments to the sea (Hakim and Setijadi, 2021).

Based on data from the Global Historical Tsunami Database,
accessible through the National Oceanic and Atmospheric
Administration (NOAA) (http://ngdc.noaa.gov), atotal amount
of 119 earthquakes around Kalimantan and Philippine with
tsunami potential were recorded from 1605 to 2023 in the region
between 5° South and 20° North, and 108° East to 129° East,
shown in Fig. 4. However, in Kalimantan, there are no significant
earthquakes that have caused tsunamis. The tectonic activity in
the western region of Kalimantan Island is relatively low. The

& 4
/ g oy

SE L— e p—————— S — ——
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Fig. 4 Map of regional earthquake distribution for the period 1960-
2022 (Sources: NOAA and IRIS).
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Fig. 5 Tsunami source of 33 segments generated by Manila
trench.

PUSGEN revealed the presence of several faults on the island of
Kalimantan. These include Meratus Fault in South Kalimantan,
Mangkalihat Fault (East Kalimantan), Tarakan Fault (North
Kalimantan), and Sampurna Fault, which passes near Sebatik
Island. The Sampurna Fault is tertiary, runs from the Makassar
Strait to the Paser area in East Kalimantan, trending southeast-
northwest. Although an earthquake occurred in the
Kendawangan area (West Kalimantan) on June 24, 2016,
resulting in damage to several residential houses, the seismic
activity in Kalimantan is generally not considered significant
(Supartoyo, 2017).

Therefore, for the purpose of modeling, this study considers
the earthquake potential for tsunamis using distant earthquake
sources. We use a tsunami generator source with a purely
tectonic scenario that is most likely to have an impact on the
prospective nuclear reactor site at Gosong Beach, Kalimantan.
We selected the most likely threat from the South China Sea
(SCS) namely the Philippines tsunami source. We take reference
from previous studies (Pribadi et al, 2021) by using a
probabilistic approach from the occurrence of earthquakes
around the Manila trench for a total of 33 segments which are
then assumed to occur at the same time so that the accumulated
results have a magnitude of M9.1 (Megawati et al., 2009).

3. Result and Discussion

Tsunami modeling uses the Manila trench tectonic scenario,
Philippines. Even though the generation using an earthquake is
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very large, the impact on the location of the nuclear power plant
will not be too significant because the location is very far away,
crossing the vast South China Sea, and being blocked by a series
of small islands.

To consider and strengthen tsunami-resistant building
construction, it is crucial to make a tsunami hazard forecast that
closely aligns with potential future events. Previous modeling
results indicate that West Kalimantan could experience a
tsunami with a height of approximately 0.5 meters originating
from the Philippine Trench fault source, similar to tsunamis
reaching the Singapore Strait at 0.4-0.6 meters. Additionally,
tsunami waves on the east coast of Malaysia can reach heights
of 0.8 meters to 1 meter (Dao et al., 2009; Megawati et al., 2009).
The latest modeling outcomes from Manila sources estimate a
tsunami height of around 0.3-0.5 meters at the prospective
Gosong beach site, with an estimated arrival time of
approximately 550 minutes (9 hours 10 minutes) after the
earthquake (Pribadi et al, 2019). However, the previous
modeling results did not use detailed topography and
bathymetry because they only used free data, so the results
were not optimal.

Tsunami modeling utilizing the Manila Trench source
incorporates seven scenario domains, each producing distinct
initial deformations that result in varying maximum tsunami
heights as shown in Fig. 6(a) to Fig. 6(f). The maps used in
domain 1 to domain 6 in Fig 6 use GEBCO, BATNAS, and
DEMNAS data respectively. Tsunami generated by an
earthquake with a Mw 9.1 in the Megathrust Subduction
beneath the Manila Trench. The height of the tsunami is taken
in the coastal area.

The first domain is in Fig. 6(a). The overall scope of this
research location includes the Philippines and parts of
Indonesia. The region is between 5° South and 20° North, and
108° East to 129° East. Tsunami height as high as 15 meters in
the area of the earthquake source, the maximum simulated
height value of the tsunami is in North Ilocos, Philippines around
24 meters.

The second domain is in Fig. 6(b) covers the South China
Sea. Tsunami wave height is about 3 meters hitting the islands
of Mindoro and Lubang in the Philippines (119.8° East, 13.5°
North) and arriving at Northwest Sarawak, Malaysia with a wave
height on the coast of about 2 m, while east of Phu Yen, Vietnam
the wave height up to 5 meter. The results of the tsunami run up
on the third domain of Fig. 6(c) show a tsunami wave height of
2 meters offshore around Mukah, Sarawak, Malaysia. The height
of the tsunami waves shows a decreasing trend at the fourth
domain of Fig. 6(d) is around height of covers the area around
Kuching, Malaysia between 1.2 meters to 1.6 meters and the
area around Sambas, Kalimantan, Indonesia between 0.8 meters
to 1.5 meters.

The fifth domain of Fig. 6(e) covers the Singkawang area,
West Kalimantan with a tsunami height of between 1 meter and
1.5 meters. The sixth domain of Fig. 6(f) is around the
Bengkayang area with a tsunami height of between 0.6 meter
and 1 meter. The outcomes are aggregated in a map displaying
the maximum tsunami heights, enabling preliminary analysis of
the significant tsunami propagation direction.

To understand the tsunami height at Gosong Beach and its
vicinity comprehensively, can be seen in the seventh domain as
the last domain with high resolution detailed topographic maps
for each scenario. For the tsunami height in the Gosong Beach
area as per the NPP site plan, which is the study location in Fig.
7, the highest tsunami wave height is between 0.3 meter to 1
meter.
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Nuclear power plants in general have a generator system
and cooling pipes. The nuclear system has at least a core
thermal capacity of 4,451 MWt (Megawatt thermal). The
Reactor Cooling System (RCS) functions to circulate hydrogen
in a closed cycle, and removes heat from the core reactor (IAEA,
2020). The hydrogen in question is the volume of seawater on a
large scale. The temperature of sea water coming out of the pipe
is between 30 degrees to 40 degrees. Furthermore, it
experiences cooling after circulating with wider sea water. The
depth of sea water is 10 meters for the foundation of the water-
cooling pipe. The path between the cooling pipes and the
nuclear reactor must be small for safety reasons, and not
affected by sea waves or turbidity currents. The design of the
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Fig. 8 The tsunami arrival time around Pantai Gosong.

Pantai Gosong NPP for water cooling is paraded from the
generator to a depth of 10 meters, which is between 1.5
kilometres and 2 kilometres following the design of the Bangka
Strait opposite NPP to Southern Sumatra. The location has a
depth of 10 meters for intake with the diameters of the pipe of 5
meters (1000 MWe) (Nugroho et al, 2021).

The site plan for nuclear power plant reactors in
Bengkayang refers to a prior study (Mudjiono et al., 2020). The
initial placement of tide gauges, water cooling pipes, and other
crucial bathymetric measurements was conducted at 12 points
scattered across Gosong Beach in the north, center, and south.
Additionally, several points were strategically positioned on
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The model results for time, height, and velocity in the x and y directions at the most potential site for NPP Bengkayang.

No Lon, Lat (degree) D (m) Time (HH:MM) h (m) Vx (m/s) Vy (m/s)
1 108.873, 0.712 0.6 9:23 0.58 0.34 0.46
2 108.871,0.715 0.9 9:20 0.60 0.26 0.58
3 108.873, 0.720 0.7 9:24 0.62 0.15 0.48
4 108.867, 0.719 0.9 9:23 0.61 0.50 0.61
5 108.858, 0.706 1.6 9:10 0.48 0.31 0.48
6 108.859, 0.713 0.9 9:18 0.52 0.12 0.76
7 108.858, 0.708 0.7 9:17 0.49 0.12 0.36
8 108.860, 0.710 0.4 9:21 0.52 0.07 0.12
9 108.865, 0.707 0.2 9:24 0.56 0.02 0.42
10 108.863, 0.711 0.2 9:23 0.61 0.12 0.13
11 108.870, 0.703 1.5 9:24 0.55 0.32 0.49
12 108.874, 0.701 2.0 9:22 0.56 0.40 0.30

*) Annotation:

Lon : Longitude h : Tsunami hight
Lat : Latitude Vx : Velocity axis X
D : Depth Vy : Velocity axis Y
Time : Tsunami estimate arrival

Fig. 9 The Bengkayang NPP site plan (Mujiono et al, 2020).

Semesak Island. The approximate location of the reactor
placement plan is also illustrated in Figures 9 and 10 below.
Fig. 10 depicts the geomorphological conditions of both the land
and sea at Gosong Beach. The initial tide gauge is represented
by a transparent red triangle, while the location of the potential
reactor is indicated by a yellow triangle. In Fig. 10(a), we
illustrate the disparities between topographic and bathymetric
maps in the final layer using only DEMNAS data with a
resolution of 11 meters (Pribadi et al, 2019), contrasting with
the complete data presented in Fig. 10(b). In the Manila tsunami
propagation area, other studies solely utilize GEBCO and
ETOPO data, which have a coarse resolution and only cover the
northern part of Borneo (Qiu et al., 2019; Mardi et al., 2015). This
study provides assimilated maps incorporating DEMNAS,
BATNAS, and field observation data, utilizing geodetic GNSS
tools and UAV photography for local topography, as well as the
Echosounder tool for measuring shallow sea depth.

The combined map reveals significant differences in
detailed topographic heights. For lowland areas with elevations
less than 10 meters, these results align with the actual ground
conditions. The bathymetry demonstrates the depth of the
shallow sea, ranging between 0 and 30 meters deep, visible
along the coast and around the cluster of islands. A previous
study presented model results at the outer tip of Semesak
Island, indicating a tsunami height of 0.4 meters and an

estimated time of arrival (ETA) of 9 hours and 36 minutes from
the initial epicenter of the Manila Trench. The closest point to
the prior location, number 5 to the west of Semesak Beach,
exhibited a higher tsunami height of 0.48 meters with a faster a
rrival time of 9 hours and 10 minutes. Detailed results of the
tsunami inundation model are presented in Table 2 and Fig. 8.
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Fig. 10 Map of the initial tide gauge locations. (a) DEMNAS data,

(b) a combination of BATNAS, DEMNAS, GNSS, UAV, and
Bathymetry.

108°53'00°E

ISSN: 2252-4940/© 2024. The Author(s). Published by CBIORE



S. Pribadi et al
ts1 ts2
1 - . i = =
M i Lo
0 r"«.*—‘k‘:": v 0 L \s:;}a A
1 1
o ] 10 15 1] 5 10 15
ts3 tsd
1 - . 1 = =
i
ey Nl e L
0 ] \ __..m'/.r A
1 ] L
0 g 10 15 1] 5 10 15
25 16
1 1
0 f"\“-,#r-r_i g Ll .,.*,_-\l
- 1 Wiy I
1 - J gL
o a ] 15 1] 5 10 15
7 158
1 1
o e, .Y
0 i o 0 ~~ e =
1 1
0 ] 0 ] 0 ] L} 15
ts9 ts10
1 . i =
. P "'*-.-'J“ 0 b / _*_-_2_‘_T :\:"‘1
1 1
0 ] 0 15 0 5 10 15
ts11 ts12
1 : X y —
amp m
0 4‘:-::1'_ 3 i 0 VE Mg /'I?‘.}h 1 s
gy Ty v mis g
1 1
0 5 0 15 0 ] L} 15
Tirme, hr Tne, hr

Fig 11. Initial waveform at water cooling location with detailed
topography after tidal correction

Drawing on detailed topographic and bathymetric maps,
inundation modeling yields optimal results following standard
tsunami inundation map guidelines (Latief, 2013). This study
addresses previous research with relatively coarse results due
to the utilization of DEMNAS topography alone. Despite the
homogeneity in bathymetric depth, the actual ground
conditions are quite diverse. The altitude contours appear
disorderly, portraying numerous high plains and cliffs along the
coast. Subsequent field verification revealed extensive plains
and vegetation. The combined observation map contradicts
DEMNAS data that does not align with reality.

Synthetic waveforms were generated following preliminary
testing and numerical modeling of tsunamis to depict the
tsunami height and arrival time at virtual gauge locations. These
synthetic waveforms provide a more detailed analysis of the
tsunami's maximum height and arrival time at the designated
virtual gauge points. Tsunami waveform as shown in Fig 11.

The analysis of results, employing detailed topographic
maps, is anticipated to closely reflect actual conditions, given
the incorporation of field data. Drawing on the insights of Griffin
et al. (2015), the use of accurate data is crucial for achieving
optimal and valid tsunami modeling results, especially
concerning tsunami height and its arrival time at the shore.
Validation of these results is feasible through field observations,
as demonstrated by the 2006 Earthquake-Tsunami incident in
Cilacap (Kongko, 2012), where the error or deviation was less
than 20%. In this study, the analysis of tsunami results reveals
that the highest tsunami was recorded on the west side of
Semesak Island (number 3), reaching a height of 0.62 meters.
Generally, within the last domain, tsunami heights range
between 0.48 meters and 0.62 meters. Notably, these results
surpass those of previous studies in the closest location, where
heights ranged from 0.3 meters to 0.5 meters, a discrepancy
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Table 3
Variation of tide in Bengkayang coastal area.

Variation of Tide Value (m Above MSL)

Highest High-Water Level (HHWL) 0.944
Mean High Water Level (MHWL) 0.772
Mean Sea Level (MSL) 0.000
Mean Low Water Level (MLWL) -0.772
Chart Datum Level (CD) -0.843

Lowest Low Water Level (LLWL) -0.944

attributed to the use of a coarse resolution (Pribadi et al., 2021).
Assuming the tsunami occurs under the HHWL condition as
stated in Table 3, the tsunami height in the area will range from
approximately 1.424 meters to 1.564 meters. This results in
minimal damage to the coast and ship damage (Latief et al.,
2003). In general, this location is quite adequate for the
placement of water-cooling system instruments because it is
under the foot of the hill at Gosong Beach. It is close to the
location of the candidate reactor on the top of the hill and the
cooling pipe with a bathymetry depth of 10 meters.

The arrival time for this study at a location west of Semesak
Island (no. 5) was 9 hours 10 minutes. The time results are
different from previous research values with an arrival time of
9,653 hours or 9 hours 39 minutes. This shows that the detailed
topography affects the results of the estimated time of arrival
(ETA). The previous observation point was outside Semesak
Island, some distance from the current study. We estimate
potential points for RCS placement north of Gosong Beach at
no. 2 and no. 3, and west of Semesak Island at no. 7 and no. 8.
Tsunami height in these points is around 0.49 meter to 0.62
meter. ETA is around 9 hours 17 minutes to 9 hours 24 minutes.
Based on the tsunami classification from the Tsunami Hazard
Map Technical Manual, this type of tsunami has the opportunity
to experience an early warning (medium type) with a range of
0.5 meters to 3 meters (Latief, 2013).

For candidate water cooling sites, the resultant wave
velocities for inundation range from 0.14 m/s to 0.79 m/s at
depths between 0.2 and 2 meters, which is considered relatively
safe to withstand the force of tsunami waves generated from the
northern Philippines source. However, it is crucial for the
cooling pipes to endure the compressive force exerted by the
tsunami waves.

We recommend that the government, in planning the
construction of the Bengkayang Nuclear Power Plant (NPP),
incorporates a safety factor of 30% based on calculations from
several worst-case tsunami scenarios, leading to an estimated
tsunami inundation height at the potential location of the NPP
reactor (FEMA, 2012).

4. Conclusion

To obtain a high-resolution map with detailed topography, the
initial tide point displays the integration results between the
BATNAS, DEMNAS, UAV maps, and field data of bathymetry
and topography measurements. Besides that, the calculation
domain is made up to the smallest scale grid up to the seventh
domain. In general, the height of the tsunami from the source of
the Manila trench is higher than the previous studies. The
tsunami arrival time is faster than ETA of previous studies. This
difference is due to better support for high-resolution data
compared to previous studies with wide grids. The locations of
Gosong Beach (no. 2 and no. 3) and Semesak Island (no. 7 and
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no. 8) are considered the most potential for NPP placement
because the locations are close to shallow seas making it
relatively easy to install a water-cooling system.
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