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Abstract—- The Sunda Arc-Indonesia is very vulnerable to tsunamis. There have been at least 55 tsunamis from 416-2018. Tsunami in
the Sunda Arec is classified as a near-field tsunami with an arrival time of < 30 minutes after the earthquake. Meanwhile, the BMKG
issued a warning within 5 minutes after the earthquake; therefore, speed in giving warnings is very vital. Artificial intelligence is an
alternative technology that can quickly predict a tsunami's height and arrival time. For developing this technology, adequate quality
and quantity of data and information on tsunamis are needed. Therefore, this study was conducted to build a tsunami database based
on the results of simulations and numerical modeling of multiple scenarios from hypothetical and historical earthquake sources. This
study used the open-source TUNAMI F1 model. This model simulates the propagation of tsunami waves using a linear equation. This
study obtained 465 hypothetical earthquake sources, 534 historical earthquake sources, and 9,990 datasets from tsunami model
simulation results. Each dataset contains ten information. Based on the 8.2 magnitude earthquake scenario, the potential tsunami
hazard is 3—47 m with an estimated arrival time of < 30 minutes. An earthquake <7 Mw can trigger a tsunami, especially an earthquake
that is shallow and close to the coast, even though the tsunami height is < 0.Sm. This data will be used to train an artificial intelligence-
based tsunami prediction system. The artificial intelligence-based tsunami prediction system is expected to be used to strengthen the
Indonesia tsunami early warning system (InaTEWS).
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According to data from the Agency for Meteorology,
I.  INTRODUCTION Climatology, and Geophysics of Indonesia (BMKG), there
have been at least 55 tsunamis in the Sunda Arc area from
416-2018, large and small [4]. In the Sunda Arc area, the
areas most frequently hit by tsunamis are the west coast of
Sumatra and East Nusa Tenggara [4]. A very large tsunami
incident in the Sunda Arc and still remembered today is the
Aceh tsunami of December 26, 2004, which claimed the lives

The Sunda Arc is a zone where the Indo-Australian Plate is
subducted under the Eurasian Plate, which extends from the
Andaman, Sumatra, Java, and Nusa Tenggara to the Banda
Sea (Figure 1). The movement of the two plates is part of the
movement of the Indian Plate, which collides with the Asian
Plate on the west side, and the movement of the Australian o
Plate, which collides with the Pacific Plate on the east side of more than 227 thousand people [4]. Then the Nias's
[1]. The active Sunda-Banda Arc stretches from the Andaman tsunami on March 2,8’ 2005 (the death toll is around 1,000
Islands to the Banda Sea for 6000 km. This arc was formed people), the tsunami on Jqu 17 at Panggndaran, 2006 (664
by the Indo-Australian Plate subducting under the Eurasian people), and the tsunami in Banyuwangi on June 2, 1994,
Plate [2]. The age of active subduction in the Sunda Arc is late which cl'fnmed the lives of more than 200 people) [4]. From
Eocene or early Oligocene, which occurred after the collision 2004 until now, in the Sunda Arc area, there have been at least

. : ‘o 11 tsunamis [5]. The last tsunami in this area occurred on
between India and Asia collision about 45 Ma ago [3].
go [3] December 25, 2018, due to a partial landslide of the body of

Mount Krakatau during high waves [6], [7].
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Meanwhile, based on historical data since 1900, in this
study area, there have been at least 45 tsunamis [8] (Fig.1).
The Sunda megathrust has generated numerous tsunamigenic
earthquakes: in the past 120 years, 12 earthquakes along this
boundary caused wave heights greater than 1 m [9]. Historical
data on tsunamis in Indonesia can be retrieved and studied

from world tsunami databases [10]-[12]. In addition to
historical data, there is the potential for a tsunami that may
occur in the future. South Java has the potential for a large
earthquake, which may cause a tsunami with a height of up to
20 m in the south of Java [13].
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Fig. 1 Tsunami source map (WinITDB with processing) 1800 - present, numbers indicate the year of occurrence [8]

Following the mandate of the Presidential Regulation of
the Republic of Indonesia No. 93 of 2019 related to Tsunami
Early Warning (TEW) in Indonesia [14], the National
Research and Innovation Agency (BRIN) began in 2020 to
develop a TEWS including the west Sumatra, south of Java
and south of Bali. One of the supporting activities is
developing a tsunami hazard prediction system that can
estimate tsunamis' height and arrival time through numerical
modeling and artificial intelligence. By using Near Real-Time
(NRT) modeling and artificial intelligence tsunami prediction,
it is hoped that when an earthquake with a potential tsunami
occurs, an early prediction of tsunami height and arrival time
can be made as part of a tsunami early warning. It is known that
most tsunamis in Indonesia are classified as 'near filed
tsunamis', where tsunamis generally arrive less than 30 minutes
after the earthquake. Hence, data collection, processing,
modeling, and analysis speed are vital [15].

For developing a tsunami prediction with artificial
intelligence, it is very necessary to have sufficient tsunami
data and information. However, historical tsunami data and
information are very limited to training the intelligence
system, while a large amount of tsunami data is needed.
Therefore, this activity was carried out to develop a tsunami
database based on simulations and numerical modeling of
multiple scenarios from hypothetical and historical
earthquake sources as input for tsunami prediction Al
training.

The advantages of artificial intelligence technology for
tsunami prediction have been widely stated, especially related
to the tsunamis in Aceh in 2004 and Tohuku in 2011. The
mean square error of applying Artificial Neural Networks
(ANN) for predicting the arrival time of tsunamis in the Indian
Ocean was 0.25 [16], [17]. The ANN forecasting model only
takes a few seconds to provide data with accuracy similar to
a typical tsunami propagation model, such as TUNAMI-N2,
which requires 10 minutes of Central Processing Unit (CPU)
time on a standard desktop PC [18], [19]. The correlation
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coefficients between the ANN prediction results and tsunami
simulation results at Osaka Bay are 0.94 - 0.99. This indicates
that this method is very reliable [20]. Rodriguez et al. [21]
also used neural networks to predict the tsunami's maximum
height & arrival time in the Spanish TEWS context.

Application of a deep learning algorithm for making
tsunami inundation databases could reduce + 90% of real-
time computational effort [22]. Utilization of convolutional
neural networks (CNNs) for TEW in Tohuku-Japan, verifying
the feasibility of Al-supported tsunami forecasting to provide
accurate and fast early warning [23]. Irfiani et al. classified
tsunami potential in Indonesia based on earthquakes using the
C4.5 algorithm [24]. Another Al algorithm, Bayesian Neural
Networks (BNN), agrees with the numerical model for
maximum tsunami heights over historical tsunami events
confirmed in testing. BNNs could reasonably predict the
maximum tsunami heights for virtual tsunamis [25].

The development of tsunami databases has been carried out
for various purposes. Lin et al. [26] used equations of 1D
nonlinear shallow water through a constant and uniform slope
(analytical Green's function) to build a database of run-up.
Setiyono et al. [27] built a pre-computed tsunami inundation
database in Pelabuhan Ratu, where this method can shorten
the time from 40 minutes to one minute. Harig et al. [5]
describes the evolution of a pre-computed database scenario
for the InaTEWS, especially in the tsunami modeling
component. Ibtihaj et al. [28] built a WebGIS paleo tsunami
database in Indonesia (there are 302 tsunami data) from the
Late Miocene to the last tsunami in 2018.

BMKG has also developed a tsunami database with various
scenarios. This database was compiled based on nonlinear
shallow water theory, and the faults discretization as an input
tsunami  modeling was made by  Geoscience
Australia/DMInnovation [29]. The calculation of tsunami
scenarios is based on the AWI-developed unstructured finite-
element mesh numerical model of TsunAWI. Nowadays,
InaTEWS uses the Tsunami Observation and Simulation



Terminal (TOAST) decision support system. The TOAST
system provides precalculated tsunamigenic earthquakes to
inform within TEW-1 and on-the-fly simulation of tsunami
propagation for TEW-2 [30], [31]. With this system, BMKG
can give warnings within 5 minutes after an earthquake[31].

Although using a different model, this study's results can
enrich the BMKG's database. This study generated the
tsunami database from the TUNAMI F1 model with historical
and hypothetical sources of tsunami-generating earthquakes.
The combination of historical and hypothetical data aims to
obtain as much data as possible with the distribution of
earthquake sources as evenly as possible.

II. MATERIAL AND METHOD

A. Area of Study

The study area stretches from the west (in Aceh) to the east
(in Wetar Island). In order to make the model run faster, the
Sunda Arc area is divided into six regions (Fig. 3). The
division of the region also considers the time of the tsunami
wave movement from the earthquake source to the coastline,
such that the tsunami arrival time is less than two hours. There
is a large overlap area between adjacent regions so that any
earthquake source can be located relatively far enough from
the domain edges to avoid instability (blow-up) in the model
simulation process.

B. Steps of Study

This study was carried out through a desk study by
collecting secondary data on the source of an earthquake-
causing tsunami and a tsunami model simulation with the
open-source TUNAMI F1 model from Tohuku University,
Japan. In general, the stages of implementing this activity are
(Fig. 2):

Develop a hypothetical earthquake source scenario.
Compile historical earthquake data with complete
parameters, including the mechanism of fault
movement and moment tensor.

Build a modeling domain based on national bathymetry
data [32].

Determine the observation locations on the shoreline.
Generate an initial tsunami wave based on earthquake
parameters using a multi-deform model.

Build a multi-scenario tsunami modeling application to
speed up the multi-scenario tsunami modeling process.
Modeling tsunami propagation with the TUNAMI F1
model

Build a dataset of the relationship between earthquake
source parameters with arrival time and tsunami wave
height at each observation location, which will be used
to train an artificial intelligence system for tsunami
prediction.

Geometry Data/

Hypothetical Earthquake

Historical Earthquake
Epicenter Data
(Lon, Lat, Mag, Depth,
Strike, Slip, Dip))

Bathymetry Epicenter Data
(Lon, Lat, Mag)
l ¢
Create a Extract Data (Depth,
Modeling Strike, Slip, Dip) from
Domain (Region Model Slab 2
1-6)

l

Generate Initial
Wave Height with
Multideform Model

l

Tsunami Modeling
with TUNAMI F1
Model

A

Create

l

Observation Points
at Coastline

Tsunami Database (Earthquake Parameters,

Tsunami Wave Height and it’s Arrival Time at
Observation Points)

Fig. 2 Design of the study
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C. Tsunami Propagation Modeling

The most important step in this study is tsunami
propagation modeling from the source of the earthquake to the
shoreline. This study used TUNAMI F1 model. This model
simulates wave propagation in spherical coordinates and
structured mesh (grid), based on linear equations and ignores
nonlinear terms such as bed roughness [33]. A tsunami expert
developed this model from Tohoku University, namely
Imamura.

The TUNAMI model has been very well validated with
data from the Pangandaran tsunami 2006. TUNAMI model
has been widely used to simulate several tsunami events in the
world with good results [17], [34], [35]. The results of the
TUNAMI modeling in the Pangandaran tsunami event are in
line to previous research and the results of the BMKG's
survey. Between the model and survey results, there is a
difference in wave height of around 0.98m (20.74%) [34],
[36]. Based on the 2004 Sumatera-Andaman tsunami
modeling, it's known that TUNAMI and other tsunami models
(such as MOST, COMCOT, TUNA) and ANN Tsunami
Predict models provide quite good results [36]. Adriano et al.
used TUNAMI model to simulate Sendai's tsunami on
November 22, 2016, based on a model with two earthquake
sources. The wvalidation of this model results on the
measurement data produces an NRMSE of 0.686-0.863 [37].

III. RESULTS AND DISCUSSION
A. Earthquake Source Data

The hypothetical earthquake sources generating tsunamis
are composed of 465 and are each about 50 km apart and
evenly distributed throughout the Indian Ocean (Figure 3a).
This hypothetical earthquake's depth, strike, dip and slip data
were extracted from Model Slab 2. The Slab2 model
calculated all active global subduction zones based on three-
dimensional geometry. This model describes a uniform
geometric analysis of all subducting plates [38].

Meanwhile, complete historical earthquake data with
depth, dip, slip, and strike data were taken from the Global
Centroid Moment Tensor (GCMT) [39], [40]. Since 1976,
Sunda Arc has experienced at least 534 earthquakes [39], [40]
(Fig. 3b). Historical data taken is an earthquake of magnitude
more than 5.5 Mw to anticipate the possibility of an
earthquake with a greater magnitude in that location.

Hypothetical and historical earthquake data will
complement each other because historical earthquake data are
not evenly distributed. Historical earthquake data shows
several areas have never had an earthquake (seismic gap). The
seismic gap areas include south of Timor Island, Bali, south
of East Java, Sunda Strait, and Mentawai Island [41]. Based
on the inversion global positioning system (GPS) data, it's
clearly revealed that there is a seismic gap in the south of Java
Island and the southwest coast of Sumatera. In the future, this
seismic gap has the potential to become a source of
megathrust earthquakes [13]. Whereas at that location, there
is a possibility that energy accumulation is occurring. The
accumulated energy will be released at a time as a strong
earthquake [13], [41].

In the model simulation, historically and hypothetically,
the earthquake magnitude was varied by ten values for each
earthquake epicenter, namely Mw 6.4; 6,6; 6.8; 7.0; 7.2; 7.4;
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7.6; 7.8; 8.0 and 8.2. The variation in the magnitude of Mw
6.4 is intended so that in the training of the AI model later, the
system can automatically interpolate if a magnitude has never
existed in the database. Meanwhile, BMKG has modeled an
earthquake with a magnitude 7.2--9 Mw and interval 2 [29].
When an earthquake occurs, BMKG will immediately retrieve
data from the existing database based on the magnitude and
epicenter closest to the earthquake that occurred [30].

Fig. 3 Earthquake epicenter for tsunami modeling input (a) hypothetical (b)
historical data

B. Observation Points

Observation locations on the coastline were made with an
average distance of 15 km (Fig. 4). For complex coastlines,
the observation locations can be closer, such as the coastline
in a bay. The total number of observation locations is 477
points (Fig. 3). Based on the tsunami modeling, each
observation point will obtain data on the tsunami's height and
arrival time for each model scenario (Fig. 8a and 8b).

-/ Region 6

Fig. 4 Observation locations on the shoreline



C. Initial Tsunami Wave

Based on the existing earthquake parameters, the initial
tsunami wave height data is generated at the earthquake
source using a multi-deform model [42]. The ‘multideform
model' was developed based on displacement data on inclined
faults [43]. Tsunami modeling requires an input of the initial
tsunami wave height. The initial tsunami wave height is
calculated based on the parameters of the fault (length, width,

slip angle, strike, and dip), the earthquake magnitude, and the
depth of the epicenter. This earthquake generated an initial
tsunami wave height, propagating in all directions [44].

D. Multi-Scenario Modeling Application

A simple multi-scenario modeling application was built to
speed up and automate the building database of tsunami
simulation results [45]. This application was built using
MATLAB to not model per scenario (Fig. 5).

! 3
2 % filename: NRT_Model R1-R6_Multi historis.m
3 % program to automate tsunami modeling from seismic data
4 $ W.H.2021
L 3
€ % INTRO
7 = clc;close all; clear all;
8 - disp ('NRT REGION 1 to 6 ver 2.2 (multiscenario seismic input) - WH.2021');
9 - AP (' == e e e e e e e e e e e e e e e e e e e - =2
10 - disp('This program: l)Reads multiparameters of earchquake');
11 - disp(' 2) Identify Region & M-regime, A!id assigns id for the event');
12 - disp(' 3)Generates tsunami initial wave');
13 = disp(’ 4)Calculates tsunami wave propagation'):
14 - disp(' S)Estimates max height & travel time at observation points');
15 - disp(' ')
1¢é
17 % READ INPUTS FROM USER
18 - disp ('SPECIFY YOUR MULTISCENARIO MODEL'):
19 - Mwlo=inputc (' - Enter lower Mw value : ‘');
20 - Mwhi=inpuc(* - Enter upper Mw value : ');
21 - event_start=input (' - Enter the first epicentexr ID : ');
22 - event_end=inpuc (' - Enter the last epicenter ID §i )
23 - disp(' '):
24
25 %% READ INPUTS FROM FILE
26 = [)for Mw=Nwlo:0.2:Mwhi
27 - earcthquakefile=('InpucGerxpatistoris_R1-R6_(1-534) v20210801.xyz");
28 - fid=fopen (eaxrthquakefile, 'x’); . ’
26 = | no_of_epicenter=534; Read input file of
o | Seesi(sad)) multiscenario
3l - a=fgcanf (fid, '%¢', [11,n0 of epicenter)): .
32 - a=a'; - mOde|Ing
33 - longicude=a(:,2):
M- lacitude=a(:,3);
38 = depth=a(:,4);
3¢ Ww=a(:,5);
37 - strikewa(:,6);
38 - dip=a(:,7):
3% - 8lip=90;
40 - disp(*' *): ‘
186 %% CALL MULTIDEFORM & TUNAMI MODULES Call Multideform and
187 - systex('multideform-auto.exe'); .
188 - system('Tunami-Fl.exe'); Tunam' Program
189 )
190 %% CREATE FOLDER FOR THE CURRENT SCENARIO/EVENT
a9l = foldername=(region,'/',event_id):
192 - movesrile ('skenario00000', foldername):

193 - statfilename=['stat-' event_id '.txt'):
194 = movefile('stat.txt', statfilenane);
195 - movefile (statfilename, foldernanme);

Develop modeling
results into database

196 - sourceparamfilename~('source-parameter~' event_id '.txt');

197 - movefile ('source-parameter.txt’,sourceparamfilename); structure
198 - movefile (sourceparamfilename, foldername) ;

166 - sourcefilename=('source-' event_id ‘'.asc');

200 - movefile('source.asc',sourcefilenane)

201 - movefile (sourcefilename, foldername)

202 ~ cx:nct]:

203~ lenda

204 = ‘“end

Fig. 5 MATLAB script snapshot for multi-scenario tsunami modeling



For a hypothetical earthquake scenario, this application
reads the magnitude and coordinates of the earthquake and
then uses the SLAB model to obtain all other earthquake
parameters [46]. As for historical earthquake scenarios, this
application automates the process, starting from reading
earthquake parameters (longitude, latitude, depth, magnitude,
strike, slip, and dip) from a single file that has been compiled
containing hundreds of tsunami-generating earthquake
scenarios.

Furthermore, based on the location of the earthquake's
epicenter, both hypothetical and historical scenarios, this
application identifies the location and inserts it into the right
region to be modeled with the appropriate domain. The next
step is to combine the 'scaling law model’, the 'multideform
model', and the TUNAMI F1 model. The 'scaling law model’
calculates the fault dimensions and the magnitude of the
dislocation based on the depth of the epicenter and the
earthquake magnitude [47]. The ‘'multideform model
generates the initial tsunami wave at the epicenter). TUNAMI
F1 models the propagation of tsunami waves from the source
to the coast. An additional script is written to calculate the
arrival time and the maximum tsunami wave at observation
points along the coastline.

E. Multi-scenarios Tsunami Modeling Database

The results of multi-scenario tsunami modeling, with
historical and hypothetical earthquake inputs, are stored in a
database of model results. This database contains thousands
of folders, each folder containing the result of tsunami
modeling from one scenario (Fig. 6). Inside each of these
folders contains the source parameters, the Sea Surface
Height (SSH) time-series matrix from generation to the end
of the simulation, the maximum SSH matrix ever recorded at
all points during the simulation, the wave arrival time matrix
at all points, as well as a table of extracts of SSH results and
time of arrival at the observation points along the coast (Fig.
7). In this study, the wave height threshold that is considered
a tsunami is 0.1m. So Estimated Time of Arrival (ETA) is the
arrival time of a 0.1m wave at the coastline. Based on this
study, it turns out that an earthquake with a magnitude < 7
Mw can trigger a tsunami, especially an earthquake that is
shallow and close to the coast, even though the tsunami height

Each folder representing each scenario is named based on
the id-code 'magnitude-epicenter number'. This name was
used to identify the results of multi-scenario modeling, which
will later be used as the Al-tsunami dataset. The results of the
multi-scenario modeling are stored in an earthquake-tsunami
database. This dataset is created to construct Al-tsunami. Due
to the very large area of the Sunda Arc, to speed up the
tsunami model simulation process as well as more realistic
results, especially regarding the arrival time of the tsunami,
the Sunda Arc area is divided into six regions. In addition, the
segregation of existing earthquake source data is also carried
out by eliminating some earthquakes with epicenters on land
or with a depth of more than 70 km.

After sorting the source data and existing earthquake
parameters based on historical data for region one, there are
115 earthquake sources. For region two, there are 130
earthquake sources, region three has 104 earthquake sources,
region four has 87 earthquake sources, region five has 83
earthquake sources, and region six has 15 earthquake sources.
So overall, in the Sunda Arc area, there are about 534
earthquake epicenters.

Each earthquake's epicenter will be modeled with ten
variations in magnitude depending on the maximum potential
of the existing earthquake magnitude, namely Mw 6.4; 6.6;
6.8;7.0; 7.2; 7.4; 7.6; 7.8; 8.0 and Mw 8.2. So based on this
historical data, 5,340 scenarios of tsunami modeling will be
simulated. Meanwhile, based on the hypothetical earthquake
source scenario, there are 465 earthquake sources. This
hypothetical earthquake source is also modeled with ten
variations of earthquake magnitude so that 4,650 data will be
obtained. BMKG 2017 added a tsunami database of 2,570
scenarios in the Sunda Arc based on earthquake magnitudes
of 7.0-9.0 [29] so that the data from this study can
complement the BMKG data, especially for earthquakes with
a magnitude < 7.0.

The problem that sometimes arises in the modeling process
is when the running of a model scenario is not completed until
the end (blow-up). Blow-up often occurs at earthquake
sources close to the coastline and of large magnitudes.
Running the model is repeated by reducing the time step (dt)
to obtain the required courant number so running does not
blow up [48].

is <0.5m.
—
[] Name Earthquake Magnw

P
6.4‘ 557
6.6)557
6.8‘ 5( Epicenter id )
7.0‘ 52>,
| 557
557
557
557
557
557

Date modified Type

05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:31 File folder
05/07/2021 11:32 File folder
05/07/2021 11:32 File folder
05/07/2021 11:31 File folder

Fig. 6 Folder names in the database, based on magnitude and epicenter
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whereas

- ETA Obsl.jpg: graphic of tsunami arrival time at the
observation point

- etatsu.asc: tsunami arrival time matrix for each place

- Extract.txt: extract the height and arrival time of the
tsunami waves at each observation point

- Hmax Obsl.jpg: graphic of maximum tsunami height
at the observation point

- Source-7.4-557.asc: initial tsunami wave for
magnitude 7.4 dan epicenter 557

- Source-parameter-7.4-557.txt:

SSHO00S7.0t SSHO0059.0t sshmaxtd  tabmaxobsix
t

tsunami
earthquake source parameter values

generating

- SSH00000.txt: tsunami height matrix at time step 0
- SSHO00060.txt: tsunami height matrix at time step 60
- SSHmax.jpg: maximum tsunami height image across

domains

- sshmax.txt: maximum tsunami height matrix across

domains

- tabmaxobs.txt: table of maximum tsunami heights at

observation points

Fig. 7 Files contained in a database folder

The following is an example of modeling results from an
earthquake source location in the case of the December 2004
Aceh tsunami (epicenter at coordinates: 95.982 East
Longitude and 3.295 North Latitude with a magnitude of Mw
8.8; depth 37.7 km; strike 312°; dip 15.6°; slip 90°.

1) Tsunami Maximum Wave Height and Arrival Time:
Based on Figure 8a, with the parameters mentioned above, it
can be seen that most of the tsunami wave heights on the coast
near the earthquake source reached 10 m, and the maximum
tsunami height was around 30 m, especially on the bay on the
island near the tsunami source (Fig. 8b). In the bay, the
tsunami height will generally be higher than on the normal

25m

@

Fig. 8 Example of model results in region 1: (a) maximum tsunami height (b) tsunami propagation time

2) Tsunami Wave Height and Arrival Time at
Observation Points: Model results were extracted at
designated observation points along the coastline to find out
more precisely the tsunami wave height along the coastline.
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coast [49], [50]. These results are similar to the research by
Rasyif et al. [S1]. Other researchers stated that the maximum
calculated tsunami height at Banda Aceh was about 5 m, and
the first arrival time was + 25 minutes after the earthquake
[52]. The difference in tsunami height is caused by differences
in the parameters of the earthquake generating the tsunami,
and the bathymetry data was used. The tsunami propagation
time is the time it takes for the first tsunami wave to move
from the source to the observation point. Based on this model,
the tsunami arrival time on the coastline was very fast. The
tsunami directly hit some locations shortly after the
earthquake.

120m

75m

50m —

25m

The results of the extraction of tsunami wave heights at
observation points along the coastline are shown in Fig. 9a. In
contrast, the tsunami wave's arrival time along the observation
points on the coastline is shown in Fig. 9b.
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Fig. 9 Extracted results at the observation point of region 1 (a) maximum tsunami wave height (b) tsunami arrival time

F. Potential Tsunami Threat along Sunda Arc

Multi-scenario tsunami modeling has been carried out
along the Sunda Arc, both with historical earthquake sources
(4,650 scenarios) and hypothetical (5,340 scenarios).
Analysis of the model results can provide a glimpse of the
distribution of the potential tsunami threat along the western
coasts of Sumatra, southern Java, Bali, and Nusa Tenggara, as
shown in the following figures.

Fig. 10a shows the distribution of potential tsunami threats
along the Sunda Arc caused by earthquakes along the Sunda
Arc subduction zone, with the same location (epicenter) and
depth as those that have occurred in history (historical),
assuming a maximum magnitude of 8.2 Mw. In this historical
case estimate, the potential threat ranges from three to 35
meters, with an estimated arrival time between zero and 30
minutes. The areas with the greatest potential threat are the
west coast of Aceh, West Sumatra, Bengkulu, the south coast
of Banten, East Java, and East Nusa Tenggara.

Meanwhile, Fig. 10b shows the distribution of potential
tsunami threats along the Sunda Arc caused by earthquakes
along the Sunda Arc subduction zone, with a hypothetical
epicenter distribution and depth according to the Sunda Arc
slab model, assuming a maximum magnitude of 8.2 Mw. In
the hypothetical case (Fig. 10b), assuming the epicenter is
evenly distributed throughout the SLAB model area (which
includes historical and unprecedented earthquake points), the
potential threat ranges from 8—47 m, with an estimated arrival
time of 0-28 minutes. The greatest potential threats are in
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35 io 22
5

(a) historical earthquakes assuming a maximum
magnitude of M8.2
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locations almost the same as in historical cases. In both
historical and hypothetical cases, the amplification of tsunami
height occurred rapidly at these locations, possibly due to a
bay's shoreline profile and the bathymetry changing the
profile from the deep sea to the coast.

G. Development of Tsunami Early Warning based on
Artificial Intelligence

Next time, the above data will be used to build a TEWS
with artificial intelligence technology. The artificial
intelligence algorithm used is an ANN. ANN toolbox is
available in MATLAB. This program also reads the
earthquake data as inputs and gives predicted heights and
arrival times as the outputs. However, ANN does not contain
modules to calculate fault displacement, initial wave,
propagation, etc. Instead, this program consists of algorithms
or formulae that can directly relate input parameters to
corresponding outputs due to the training/ learning process
using thousands of earthquake/tsunami model scenarios. This
enables ANN to run much faster than the numerical modeling
in an earthquake/tsunami and provides a preliminary hazard
estimate. At the same time, more accurate values are still
calculated by the model and available a few minutes later. The
preliminary application of the ANN in generating predictions
of height and travel time can predict high values and travel
time of tsunami waves south of Java with an R2 value of
0.9948 for wave height and an R2 value of 0.9846 for travel
time [17].
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Fig. 10 Potential tsunami threat along the Sunda Arc (tsunami height in meters)



IV. CONCLUSION

Based on this study, we obtained 9,990 datasets from tsunami
model simulation results from 999 earthquake epicenters. Each
dataset contains ten information. The main ones are maximum
tsunami height and tsunami arrival time at the coastline. If an
earthquake with magnitude 8.2 occurred, the potential
tsunami threat ranges from 3—47 m with an estimated arrival
time of < 30 minutes. Results from the multi-scenario
modeling will be used to train an artificial intelligence-based
tsunami prediction system and are expected to strengthen the
InaTEWS. In addition, the database from this study is
expected to enrich the BMKG database. Future development
potential is automating database updates from the latest
modeling results when a new earthquake occurs. It is also
necessary to develop a tsunami database base on modeling for
other regions in Indonesia, especially in eastern Indonesia.
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