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Abstract

Background: Tsunami caused by volcanic collapse are categorized as non-seismic uncommon events, unlike tsunamis caused
by earthquakes, which are common events. The traditional tsunami early warning based on the seismic sensor (e.g. earthquake
detectors) may not be applicable to volcanic tsunamis because they do not generate seismic waves. Consequently, these tsunamis
cannot be detected in advance, and warnings cannot be issued. New methods should be explored to address these non-seismic
tsunamis caused by volcanic collapse.

Objective: This study explored the potential of machine learning algorithms in supporting early warning level issuing for non-
seismic tsunamis, specifically volcanic tsunamis. The Anak Krakatau volcano event in Indonesia was used as a case study.
Methods: This study generated a database of 160 collapse scenarios using numerical simulation as input sequences. A
classification model was constructed by defining the worst tsunami elevation and its arrival time at the coast. The database was
supervised by labeling the warning levels as targets. Subsequently, a decision tree algorithm was employed to classify the
warning levels.

Results: The results demonstrated that the classification model performs very well for the Major Tsunami, Minor Tsunami, and
Tsunami classes, achieving high precision, recall, and F1-Score with very high accuracy of 98%. However, the macro average
indicates uneven performance across classes, as there are instances of ‘No Warning’ in some coastal gauges.

Conclusion: To improve the model performance in the ‘No Warning’ class, it is necessary to balance the dataset by including
more ‘No Warning’ scenarios, which can be achieved by simulating additional scenarios involving very small-volume collapse.
Additionally, exploring additional collapse parameters such as dip angle and outlier volume could contribute to developing a
more robust classification model.
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I. INTRODUCTION

High-consequence, low-probability (HCLP) events present significant challenges. ‘High-consequence’ refers to
events with severe impacts or outcomes resulting in major damages. Conversely, ‘low probability’ indicates events
that are unlikely to occur frequently. The consequences of HCLP events extend rapidly across various sectors, often
causing second or third-order impacts. Recent trends show that HCLP tragedies are increasing in severity and
frequency [1], yet historical data are scarce, making prediction difficult [2]. One example of a high-consequence, low-
probability (HCLP) event is tsunamis [3]. Tsunamis are commonly generated by seabed displacements caused by
earthquakes. However, they can also result from other mechanisms, such as volcanic activity, which is categorized as
non-seismic tsunamis [4]. Although non-seismic tsunamis are rare events (low probability), there have been
approximately 100 notable such as volcanic tsunamis recorded in the past three centuries, yet they pose significant
hazards due to their high consequences within the tsunami domain [4]. Furthermore, as highlighted by [5], one
significant source of tsunamis from volcanic activity is flank or sector collapse.

Anak Krakatau, part of the renowned Krakatau volcanic complex located in the Sunda Strait between Java and
Sumatra in Indonesia, has a storied history of volcanic activity. In December 2018, Anak Krakatau (AKV) experienced
amajor lateral collapse during a period of eruptive activity [6]. While flank instability and sector collapse are common
occurrences on volcanic islands, the collapse of the AKV posed a particularly severe threat, triggering a deadly tsunami
[7]. This catastrophic tsunami struck the Sunda Strait region, resulting in hundreds of fatalities, and thousands of
injuries [6], [8], [9], [10]. The volcano is mainly located together with the caldera wall [4], [11] which will be
contributing to the flank collapse of AKV and the triggering tsunamis. As happened in the event of December 2018,
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the thickness, volume, and velocity of collapse become important points in tsunami generation from volcano collapse
[4]. In order to save people’s lives from volcanic tsunamis, especially for coastal society, an early warning system is
significant for taking decisions and action [12]. However, currently, there is no standardized approach for early
warning systems particularly for non-seismic tsunamis [13]. Most tsunami warning systems are developed for
seismogenic tsunamis (e.g., earthquake-generated) and not for non-seismic tsunamis [14]. Therefore, the traditional
tsunami early warning method based on the seismic sensor may not be appropriate for detecting volcanic tsunamis, as
they do not produce seismic waves. Hence, detecting these kinds of non-seismic tsunamis and issuing early warnings
become very challenging tasks in the tsunami domain. Previous studies have only focused on numerical modeling to
understand the mechanisms of volcanic tsunamis [15], [16], [17], [18], [19], [20], yet still less emphasis on developing
effective early warning systems.

Moreover, other past research has studied various Machine Learning (ML) algorithms for disaster prediction. For
instance, Support Vector Machines (SVM) are widely used in classification tasks since this algorithm handles high
dimensional data and is able to make an optimal decision [21], [22]. Even though the accuracy of SVM is high, in
most cases, SVM is considered as black-box model. The reason because the model cannot give the appropriate insight
about how the decision occurs. Similar to SVM, k-Nearest Neighbors (kNN) is also usually for classification tasks in
many research and application fields, including disaster prediction [23], [24]. KNN has a strength point such as being
easy to interpretable and simple to implement. However, the computational cost is very high if the study uses a large
dataset since the kNN will be storing all training data dan have to calculate the distance for each new prediction. This
is incompatible with the purpose of tsunami early warning systems that require a real-time application. Alternatively,
the Decision Tree method is one of the ML algorithms that has a simple and interpretable model for dealing with the
decision process [25], [26]. The interpretability makes the Decision Tree suitable for the aim of immediate response
such as tsunami early warning. By splitting the dataset using some features and determined thresholds, this model
forms a structure like a tree structure where each branch stands for a decision rule, and each leaf illustrates a
classification score or output. This model gives two main advantages, namely transparency and efficiency.
Transparency is very important in the process of decision-making. Decision Tree can visualize the simple process and
make it easier to understand if-then rules. Regarding efficiency, Decision Trees can deal with large datasets and are
capable of reducing the computational cost. This is very important in the case of early warning issuing. Moreover,
Decision Trees are normally appropriate for handling imbalanced datasets and non-linear relationships between given
features, which usually appear in the processing of tsunami datasets.

In this research, a Decision Tree model and a tsunami numerical model were combined to optimize the classification
of early warning levels for non-seismic tsunamis. By integrating these two approaches, the numerical model plays an
important role in simulating tsunami events and creating a dataset while the Decision Tree algorithm classifies the
outcome data for improving the decision-making capabilities of tsunami early warning systems. This combination
allows for both accurate simulation of complex, non-seismic tsunami events, such as the Anak Krakatau collapse, and
efficient classification for real-time decision-making. By focusing on interpretability and operational efficiency, this
integrated approach ensures that early warning provides actionable insights promptly.

II. METHODS

The methodology of this study employs a comprehensive warning decision model that integrates tsunami numerical
simulations, input sequence consistency, and model construction for supervising the database within a decision-
making framework (Fig. 1). Tsunami numerical simulation utilizes COMCOT (Cornell Multi-grid Coupled Tsunami
Model) software [27], which simulates tsunami scenarios based on various volcanic collapse parameters.
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Fig. 1 Flowchart of the warning decision model

A. Tsunami simulation numerical model

When a tsunami happens, the dispersion effect is minimal because the tsunami's wavelength usually exceeds the
depth of the water. Shallow water equations are sufficient to generate tsunami numerical simulation as used by
previous studies [16], [28], [29], [30]. Numerical models based on shallow water equations are very effective for
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simulating transoceanic tsunamis because they use explicit numerical methods and do not require higher-order
derivatives related to non-linearity and frequency dispersion [27]. This study's main software tool for simulating
tsunami events caused by landslides is the COMCOT (Cornell Multi-grid Coupled Tsunami Model), created by [27].
This model uses linear shallow water equations in spherical coordinates and is based on shallow water equations
(equations 1-4). In order to accurately capture the dynamics of tsunami propagation and inundation, the model ensures
fine spatial resolution by using a grid size of 0.2 minutes, which is equivalent to 12 arc seconds or roughly 370 meters.
The following is a written representation of the nonlinear shallow water equations governing equations.
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in which H is the total water depth and H = n + h; F* and F,, represents the bottom friction in X and Y directions,
respectively. And these two terms are evaluated via Manning’s formula, where n is the Manning’s roughness
coefficient.
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There are a number of consecutive steps in the COMCOT model's flow chart. The first step in creating realistic and
precisely located tsunami scenarios is for COMCOT to read the setup parameters. This is followed by the crucial input
of bathymetric data. The simulation bathymetric data was derived from the official Indonesian source
(https://tanahair.Indonesia.go.id/demnas/#/), which also included the topography data. The model then goes on to
create the computational grid that will be used during the simulation procedure. The Landslide simulation model is
selected concurrently, and its parameters are included in the framework. When the model has finished initializing, it
configures the initial conditions (IC), which include the initial displacement of the water surface. Boundary conditions
(BC) are defined to finish the model configuration after the IC setup. The simulation then moves on to the computation
of the solver for the Shallow Water Equations (SWEs), which runs numerical techniques to solve the fluid dynamics
in the specified region. The model proceeds to handle floor deformation phenomena after the SWE solver calculation,
reflecting changes in the underwater landscape brought about by dynamic forces. At the end of the simulation, the
tsunami wavefield is generated, containing parameters like wave amplitude and temporal evolution, as well as time-
series records that are derived and provide comprehensive outputs that show the spatiotemporal evolution of the event.

1) Database generation

This study uses 160 volcanic collapse scenarios as a dataset which are generated from numerical modeling explained
previously. These scenarios are referred to the case study of the December 2018 Anak Krakatau Volcano tsunami to
define the worst-case wave elevation (see Table 1).

TABLE I
EXAMPLE OF SIMULATION SCENARIO FOR VOLCANIC TSUNAMI DATABASE GENERATION

Scenario  Collapse Direction ~ Angle Degree  Thickness (m) Length (m) Width (m)  Volume (km®)

1 East 9° 176 2906 78.2 0.04
22 north 9° 62 1250 903.2 0.07
43 northeast 9° 127 1395 846.7 0.15
66 northwest 9° 130 3288 444.5 0.19
91 south 9° 127 3490 541.5 0.24
114 southeast 9° 63 1499 2859.0 0.27
137 southwest 9° 43 1439 4848.3 0.30
160 west 9° 106 3727 835.3 0.33
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The dataset included the all of potential collapse possibilities by diversifying the collapse parameters such as
collapse direction, volume, dimensions (length, thickness, width), and angle-degree collapse. The collapse volumes
vary starting start from 0.04 to 0.33 cubic kilometers and the collapse directions covered all directions such as east,
north, northeast, northwest, south, southeast, southwest, and west referring to previous research [6], [8], [31], [32],
[33]. The initial landslide lengths and thicknesses also range from 1.0 km to 4.0 km as proposed in a previous study
[8]. Each scenario set in the simulation is expected to reflect the real event of a volcanic tsunami so that the resulting
database is a database that is close to real conditions so that it is accurate for model training.

B. Observation stations

We utilized four observation stations located on Java Island (Marina Jambu and Ciwandan) and Sumatera Island
(Panjang and Kota Agung) to record the time series of tsunami waveforms. These stations were strategically selected
to provide detailed record of tsunami waveforms and validate the accuracy of our simulation model. Initially, we
validated our simulation results against the actual 2018 Anak Krakatau tsunami event to ensure the model accurately
replicates the event for validating the simulation approach. This validation step was crucial to confirm the model's
reliability for future predictions and to generate training and testing databases. The simulated waveforms were
compared with the tsunami waveforms recorded at existing four tide gauge stations. All observed waveforms at each
gauge showed a reasonable match with the simulation waveforms (Fig. 2), using one scenario with an estimated
collapse volume of 0.24 km? [32].

LS — Observation 0.4 ~——— Observation
’é Simulation ’é‘ Simulation
< 10 =
c c I
K=l o o2 (
- - \ \
5 \
g o 8 | (i)
@ @ \ (g
w0 m oo ‘ \ ‘
(] [ |
3 3 ‘ ‘
|
= -05 +
-0.2 i |
= =1 |
0 a
- -
[T [}
o o
© © -04
R =
[ 1000 2000 3000 4000 5000 6000 7000 [ 1000 2000 3000 4000 5000 6000 7000
Time (s) Time (s)
(a) (®)
0.41 — observation —— Observation
= —— Simulation ‘ =1 ~—— Simulation
g g 02 imul
c c |
s ™ S c
= = 0.1
3 2 ‘
o ooof ————— L
W o0
] >
8 8
£t -02 t
= S -01
0 ]
5 =
9]
L= =
g 04 g -0.2
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time (s) Time (s)
(© (d

Fig. 2 Simulation test with a real event of the 2018 Anak Krakatau tsunami comparison in each station. (a) Marina Jambu (b) Ciwandan (c)
Kota Agung (d) Panjang

C. Supervised database and classifier model

After confirming that the simulation results reasonably match with the observed waveforms, we stored them in the
database as the simulated results. These simulation results were used to construct a supervised database, forming the
foundation for the decision support model. In this study, a supervised database refers to a dataset specifically structured
for use in supervised learning. It comprises input features derived from simulation results, such as maximum wave
elevation and collapse thickness, paired with labeled outputs representing tsunami warning levels. These labels enable
a classifier model to learn the relationship between the input attributes and the correct warning levels. The classifier
was trained using this supervised database, utilizing the learned relationship to predict warning levels from new
simulation outputs by determining the appropriate warning level based on the key attributes (Table 2). The definition
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of warning levels was based on the guidelines from the Indonesian Meteorology, Climatology, and Geophysical
Agency [34] as shown in Table 3: No Warning if wave height < 0.1 meter, Minor Tsunami issued if wave height range
between 0.1 and < 0.5 meter, Tsunami if wave height between 0.5 and < 3.0 meter, and Major Tsunami if wave height
range > 3.0 meter.

TABLE 2
SUPERVISED DATABASE WITH WARNING LEVEL FOR CLASSIFIER MODEL
Scenario Cgllapse Angle Thickness Length Width Voh}me Worst Elevation Tirpe at WE  Warning
Direction Degree (m) (m) (m) (km’) (WE) (min) Level
1 East 9° 176 2906 782 0.04 027 49.72 Minor
Tsunami
22 north 9° 62 1250 9032 0.07 0.18 41.00 Minor
Tsunami
43 northeast 9° 127 1395 846.7 0.15 0.76 41.13 Tsunami
66 northwest 9° 130 3288 4445 0.19 1.30 32.94 Tsunami
91 south 9° 127 3490 541.5 0.24 1.14 41.32 Tsunami
114 southeast 9° 63 1499 2859.0 0.27 1.24 32.85 Tsunami
137 southwest 9° 43 1439 4848.3 0.30 0.76 41.62 Tsunami
160 west 9° 106 3727 8353 0.33 0.83 42.72 Tsunami
TABLE 3

DEFINE WARNING LEVELS REFER TO INDONESIA METEOROLOGY, CLIMATOLOGY, AND GEOPHYSICAL AGENCY [34]
Warning Level ~ Wave Height (WH) Range [m]
No Warning 0.0=WH<0.1
Minor Tsunami 0.1 =WH<0.5
Tsunami 0.5=WH<3.0
Major Tsunami  WH >3.0

D. Decision tree algorithm

The Decision Tree is a supervised learning method applicable to both classification and regression tasks, primarily
used for classification problems. This method employs a tree-structured model where internal nodes signify dataset
features, branches indicate decision rule, and leaf nodes signify outcomes. Within a Decision Tree, there are two types
of nodes: Decision Nodes facilitate decision-making and have multiple branches, while Leaf Nodes represent final
outcomes without further branching. Decisions within the tree are based on dataset features, presenting a graphical
representation of all potential solutions or decisions given specific conditions. The tree starts with a root node and
branches out, forming a hierarchical structure, hence the name 'Decision Tree'.

The tree is constructed using the Classification and Regression Tree (CART) algorithm, which iteratively splits the
dataset based on specific criteria. The Decision Tree algorithm operates by asking a series of yes/no questions and
splitting the tree into sub-trees based on the answers (Fig. 3). Decision Trees are preferred for several reasons. Firstly,
they mimic human decision-making processes, making them easy to understand [35]. Secondly, their logic is
transparent and straightforward to interpret due to their tree-like structure [36]. To predict the class of a given dataset,
the Decision Tree algorithm starts at the root node and compares the root attribute values with the actual dataset
attributes. Based on this comparison, the algorithm follows the corresponding branch to the next node. This process
continues recursively until it reaches a leaf node.

Decision
Node 1

Decision
Node 2

Decision
Node 3

Fig. 3 Decision tree model
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Attribute Selection Measures (ASMs) are crucial for determining the best attribute for the root and sub-nodes. Two
popular ASMs are Information Gain and the Gini Index. Information Gain helps estimate the change in entropy
following dividing the data set based on the attributes present. It examines the sensitivity of information given to a
feature present about a class. The splitting in the Decision Tree algorithm starts with the highest gain first in order to
reach the maximum Information Gain. The calculation of how Information Gain and entropy occurred in the Decision
Tree are shown in equation 5-6.

Information Gain = Entropy (S) — (Weighted Avg * Entropy of each feature) 5)
Entropy (S) = —P(yes) log, P (yes) — P(no) log, P(no) (6)

On the other hand, the Gini Index is used to measure how good and optimal a node is in selecting features and
determining the separation point based on its target class. Attributes with a small Gini Index indicate something better
(purer) and, it is calculated as shown in equation 7 below.

Gini Index = 1 — Y jP} (7

E. Evaluation method

In using machine learning algorithms, evaluation methods are very important to measure the success of a model, in
this case the ability to classify. In the case of Decision Tree, confusion matrices, F1 score, macro, and weighted
average accuracies are used as evaluation methods. Confusion metrics will evaluate the comparison of actual versus
predicted tsunami warning levels at four coastal stations. While F1 is used to assess the accuracy of the model for each
class, especially when imbalanced datasets occur. To treat all classes equally, macro accuracy is used, and to find out
the frequency level in each class, weighted average accuracy is applied. The metrics mentioned above are expected to
be able and well proper to evaluate the performance of the classification model for volcanic tsunami early warning
level.

III. RESULTS

This result session will display tsunami waveform timeseries at each coastal tide gauge station along with
information related to the specific time the tsunami will arrive at the coast and its worst elevation information. In
addition, the calculation results of the decision tree algorithm and evaluation of the model classification performance
will be visualized.

A. Tsunami waveform on each gauge or station

Tsunami waves resulting from 160 scenario simulation datasets were recorded at four coastal tide gauges, namely
Marina Jambu, Ciwandan, Kota Agung, and Panjang. These four gauges are located on the islands of Java and Sumatra
in the Sunda Strait. Marina Jambu and Ciwandan are located on the coast of Java (Banten) and Kota Agung and
Panjang are located on the southern coast of Sumatra. The recorded tsunami wave recordings are important as input
information called water surface elevation (WSE). The waveform is then visualized into a plot that depicts the
waveform over time indicates tsunami behavior and its potential impact on coastal regions (Fig. 4).

At Marina Jambu tide gauge, the tsunami waveform is the most important to be noticed. By searching in the
database, scenario 109 becomes the very first significant elevation that surpasses the 0.01-meter threshold occurring
at around 28.72 minutes. This timing shows at what minute in the worst-case scenario from the database, the tsunami
starts to reach the coastal area and causes coastal inundation (indicated by the red dashed vertical line). This early
detection is critical, given that Marina Jambu is one of the closest points on the coast of Java to the tsunami source.
The relatively short time frame of approximately 27-28 minutes before the WSE exceeds the threshold underscores
the urgent need for rapid evacuation and early warning systems in this area. The Ciwandan gauge shows a similar
pattern, with the first elevation surpassing the 0.01-meter threshold at 35.15 minutes in scenario 109. The data indicates
that while Ciwandan has a slightly longer lead time compared to Marina Jambu, the difference is not substantial,
highlighting the need for swift action in both locations.

In Kota Agung, the first significant elevation above the 0.01-meter threshold occurs later, at 40.04 minutes in
scenario 140, as marked by the red dashed vertical line in the plot. This delay compared to the Java coastal gauges
suggests that communities in Sumatra, such as Kota Agung, have a slightly longer window to respond to tsunami
warnings. However, this extended time frame should not lead to complacency, as the waveform data still indicates a
pressing need for efficient and effective evacuation procedures. For Panjang gauge, the first elevation surpassing the
0.01-meter threshold occurs at 59.82 minutes in scenario 38. The waveform data here shows that Panjang, while
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experiencing the longest lead time among the four gauges, still faces significant tsunami risks that require prompt and

coordinated response efforts.
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Fig. 4 Waveforms of water elevation at four tide gauges during multiple scenarios. (a) Marina Jambu gauge (b) Ciwandan gauge (c) Kota

Agung gauge (d) Panjang gauge

Each subplot in the visualization not only highlights the initial exceedance of the 0.01-meter threshold but also
depicts the overall dynamics of water surface elevation changes across different coastal locations and scenarios. These
detailed waveforms offer a clear and comprehensive picture of how tsunamis evolve and impact various regions,
providing essential data for improving tsunami early warning systems and emergency response strategies.

B. Specific time for worst elevation of tsunami waveform on each gauge

The visualization of tsunami waveform data from 160 scenarios at the four coastal gauges—Marina Jambu,

Ciwandan, Kota Agung, and Panjang—provides a detailed look at the specific time intervals and maximum elevations
recorded at these locations. Each subplot in the image represents one gauge and plots the Water Surface Elevation
(WSE) in meters against time in minutes (Fig. 5). This detailed representation is crucial for decision-making when
determining warning levels, as it helps pinpoint the periods of highest tsunami elevation.
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Fig. 5 Specific time and worst elevation when reached coastal gauges (a) Marina Jambu record in 26-60 min (b) Ciwandan record in 34-60
min (c) Kota Agung record in 50-90 min (d) Panjang record in 58-105 min
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For Marina Jambu, the worst elevation occurs between 26 and 60 minutes. This is the fastest time span for a tsunami
to reach the coast compared to the other three coastal gauges because it arrived in less than 30 minutes. Similarly, the
Ciwandan gauge records the worst elevation between 34 and 60 minutes. The waveform data within this timeframe
emphasizes significant peaks in water surface elevation, underscoring the importance of this interval as tsunami worst
elevation input into the database. This targeted approach to warning and evacuation can significantly enhance the
effectiveness of tsunami response efforts. For Kota Agung, the worst elevation occurs between 40 and 90 minutes.
The wave shape recorded in Kota Agung tends to be similar to Marina Jambu with dynamic up and down fluctuations
even though the height is below one meter. For Panjang gauge, records the worst elevation between 58 and 105 minutes
with the average waveform in a flat form.

The plot visualization of waveform data on each coastal gauge above revealed the specific time intervals for
deciding the tsunami worst elevations. By identifying the periods when the WSE is highest, the early warning model
can be developed as one of the significant parameters of warning level classification. This targeted approach ensures
that warning issue strategies are timely and effective, reducing the potential impact of tsunamis on coastal
communities.

C. Decision tree model visualization

Figure 6 and 7 illustrate the results of decision tree classification applied to data from four coastal tide gauges: Kota
Agung, Panjang, Ciwandan, and Marina Jambu. Each decision tree represents a series of splits based on different
features related to tidal measurements, ultimately categorizing the potential tsunami warning levels at each gauge.

As shown in Fig. 6, for the Kota Agung gauge (a), the decision tree classifier begins by splitting based on the feature
highest kota agung. If this value is less than or equal to 0.099, the event is classified as a "Minor Tsunami" with a
Gini impurity of 0.428, indicating some uncertainty in the classification. This branch further subdivides into pure
nodes (Gini = 0) that classify as "No Warning" if the specified criterion is met. On the other hand, if
highest kota agung is greater than 0.099, the model results in further subdivisions, eventually classifying the
observations as either "Minor Tsunami" or "Tsunami." For the Panjang gauge (b), the initial split is also based on the
feature highest panjang. If then rule also applied to the value is less than or equal to 0.099, then the event is classified
as a "Minor Tsunami". The next splitting on highest panjang with different thresholds and samples leads to three
classifications namely "No Warning," "Minor Tsunami," and "Tsunami". Naturally, the nodes will become purer as
well as the Gini values decrease, demonstrating to become more confidence in classifications at the leaves of the tree
such as "Minor Tsunami" and "Tsunami".

|[ highest_kota_agung j= 0.099 L thhESCQEI r:nlang # 0.099

samples = 100.0% samples = 100.0%

value = [0.732, 0.134, 0.134] value = [0.643, 0.268, 0.089]
class = Minor Tsunami class = Minor Tsunami
~
(a (b)

Fig. 6 Decision tree classification results (a) Kota Agung gauge; (b) Panjang gauge

I_ highest_ciwandan I<= 0.501
gini = 0.538

samples = 112
value = [58, 5, 49]
class = Minor Tsunami

(2)

()

Fig. 7 Decision tree classification results. (a) Ciwandan gauge (b) Marina Jambu gauge
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Based on Fig. 7, at Ciwandan gauge (a), the decision tree classifier starts the process with highest ciwandan as a
feature. Then splitting at 0.501 is categorized as "Minor Tsunami". More splitting based on the different thresholds
classify into either "No Warning" or "Minor Tsunami". For Marina Jambu gauge (b), similar to Ciwandan, the decision
tree begins with the feature highest marina jambu. An initial split at 0.509 "Tsunami" is the most important feature.
The next splitting leads to a "Minor Tsunami" or "Major Tsunami" based on the threshold.

The decision tree classifiers for each gauge demonstrate a logical approach to categorizing tsunami early warning
levels. In addition, from all four gauges visualized above, the decision trees revealed that the highest of waveform
becomes a primary feature over the other features such as thickness. In order to improve the classification, trees
regularly split on important features at different thresholds to find the lowest gini impurity. As a result, a consistent
reduction of impurity confirms that the model predictions become increasingly accurate and reliable. The
classifications range from "No Warning" to "Minor Tsunami," "Tsunami," and "Major Tsunami," demonstrating how
various feature values determine these results. This structured approach allows the model to handle the complexity of
varying tsunami threats, enhancing its reliability and effectiveness for early warning.

D. Model evaluation: confusion matrix, f1, macro, and weighted average accuracies score

Figure 8 below shows the evaluation results of decision tree classification using confusion matrices at four coastal
stations. As widely used for assessing classification performance, confusion matrices provide detailed insights into
the number of true and false predictions produced by the model, categorized by the actual and predicted classes.

Based on Fig. 8, the confusion matrix on Marina Jambu gauge (a) shows the predictions result by the model. It
correctly predicted 1 "Major Tsunami", 6 "Minor Tsunami", and 40 "Tsunami" cases. Only 1 misclassification in this
gauge that predicted "Minor Tsunami" that should be "No Warning". Similarly, the Ciwandan gauge (b) revealed 24
correct predictions for "Minor Tsunami", 23 correct predictions for "Tsunami" and 1 correct for "No Warning". There
are no misclassifications in this gauge. Overall, confusion metrics for Marina Jambu and Ciwandan demonstrated the
model's proficiency in classifying between "Minor Tsunami" and "Tsunami" with high accuracy, despite a single
misclassification suggesting some room for improvement.

The confusion matrix for the Kota Agung gauge (c) shows high accuracy similar to the Ciwandan gauge previously,
with 36 correct predictions for "Minor Tsunami" 6 predictions accurate for "Tsunami", 6 correct predictions for "No
Warning". Importantly, there are no misclassifications in this gauge. For the Panjang gauge (d), the matrix shows 28
correct predictions for "Minor Tsunami," 15 correct for "No Warning," and 4 for "Tsunami". However, there is 1
misclassification where a "Minor Tsunami" is predicted as "Tsunami".
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Fig. 8 Model evaluation on each gauge. (a) confusion matrix on Marina Jambu (b) confusion matrix on Ciwandan (c) confusion matrix on

Kota Agung (d) confusion matrix on Panjang

Furthermore, F1, micro, and weighted average accuracy scores were used for evaluation (Table 4). These metrics
provided an understanding of model performance by combining precision and recall into a single score for each class.
For the Marina Jambu gauge, the F1 scores are as follows: 0.00 for "No Warning," 0.92 for "Minor Tsunami," 1.00
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for "Tsunami," and 1.00 for "Major Tsunami." The macro average of 0.73 and the weighted average of 0.97. These
high scores indicate the model's strong performance in predicting "Minor Tsunami," "Tsunami," and "Major Tsunami"
events. However, the score of 0.00 for "No Warning" reflects significant challenges in predicting this class, consistent
with the previously noted misclassifications. For the Ciwandan gauge, the F1 scores are 1.00 for both "No Warning"
and "Minor Tsunami," and 1.00 for "Tsunami." Since the gauge does not have data for "Major Tsunami", no score is
provided for that class. Both macro and weighted averages are also at 1.00. This perfect score demonstrates the model's
exceptional capability in predicting all relevant classes for this station, with no errors recorded in the confusion matrix.

For the Kota Agung gauge, the F1 scores are 0.00 for "No Warning," 0.92 for "Minor Tsunami," 1.00 for "Tsunami,"
and 1.00 for "Major Tsunami." Similar to Marina Jambu, the macro average of 0.73 and a weighted average of 0.97.
While the model effectively predicts "Minor Tsunami," "Tsunami," and "Major Tsunami" events, it struggles
significantly with the "No Warning" class, as indicated by the score of 0.00. Moving to the Panjang gauge, the F1
scores are 1.00 for "No Warning", 0.98 for "Minor Tsunami", and 0.89 for "Tsunami". Since there is no data for
"Major Tsunami", no score is provided for that class. The macro average of 0.96 and the weighted average of 0.96.
These scores indicate a generally strong performance, with the model performing slightly less effectively for the
"Tsunami" class compared to the other gauges.

TABLE 4
F1-SCORE, MACRO AND WEIGHTED AVERAGE ACCURACIES OF MODEL EVALUATION METRICS

Marina Jambu  Ciwandan Kota Agung Panjang

Fl-score
No warning 0.00 1.00 0.00 1.00
Minor tsunami 0.92 1.00 0.92 0.98
Tsunami 1.00 1.00 1.00 0.89
Major tsunami 1.00 - 1.00 -
Accuracy
Macro average 0.73 1.00 0.73 0.96
Weighted average  0.97 1.00 0.97 0.96

IV. DISCUSSION

This study simulating a 160-scenario dataset encompassing all possible collapse directions and varying volumes
has proven to be a suitable approach in anticipating future events similar to the 2018 Anak Krakatau Volcanic tsunami.
Based on this database, the selected decision tree algorithm is able to classify the warning level of volcanic tsunamis,
enhancing its predictive capabilities and solving challenges for early warning systems as will be discussed below.

A. Analysis of significant features and influences from geographical context

The results of the study show that the integration of numerical simulations and Decision Tree classification is
effective in predicting tsunami warning levels. The input features in the dataset included collapse thickness, maximum
amplitude on the coast, collapse volume, direction, dip, width, length, and time to maximum wave elevation. The
study finding is the identification of maximum wave amplitude (highest waveform) as the most significant feature
followed by collapse thickness by referring to information gain and gini index in the Decision Tree model. Information
gain measures the reduction in uncertainty (entropy) when the dataset is split while gini index measures the purity of
the splits generated by an attribute. Information gain and Gini index procedurally evaluated each feature contribution
to improving the predictive accuracy. Information gain was calculated by assessing the entropy before and after the
split, with attributes like maximum amplitude and collapse thickness. This result indicates that these two features were
the most critical in distinguishing between tsunami events and non-tsunami or minor tsunamis or even no warning.

Regarding Gini index, in this model, maximum amplitude achieved the lowest gini values at most of the tide gauges
showing they produced the purest splits. While other attributes, such as collapse volume, are also relevant, they
contributed less significantly to only on Marina Jambu gauge. The reason because that Marina Jambu has many input
features since this gauge is the closest to the volcano. By focusing on these significant attributes, the Decision Tree
model was able to effectively predict whether a tsunami would occur and classify the warning level. For example, the
high predictive accuracy at Marina Jambu and Ciwandan reflects the shorter tsunami arrival times in these two
locations, due to their closeness to the volcanic collapse. This also discovered the new insight into how the
geographical context plays a role in the model predictions, providing information for future evacuation planning.
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B.  Model performance across different locations

The model performance differed among various coastal gauges, mainly due to the geographical context of the
collapse site as previously mentioned. Marina Jambu and Ciwandan on Java Island revealed faster tsunami arrival
times, with Marina Jambu having a critical time of less than 30 minutes. The reason because these gauges are closer
to the Anak Krakatau volcanic collapse site. On the other hand, gauges on Sumatra Island, such as Kota Agung, had
longer lead times of about 40 minutes due to their greater distance from the collapsed volcano. It emphasizes the
importance of geographic context when issuing tsunami warnings such as distance from the collapse site. Moreover,
the simulation not only identifies the arrival time but also the worst-case wave elevations. For example, Ciwandan
had a time for the worst wave heights between 34 and 60 minutes, while Panjang in Sumatra saw these between 60
and 75 minutes. This information can help local decision makers with evacuation planning based on when the highest
risk and time of arrival is expected.

C. Class imbalance during the model learning

Another challenge of the model is the imbalance class which had limited representation between the different
categories in the dataset, especially "No Warning" category. The class imbalance problem appears when tsunamis
events dominate the dataset while no warning occusr less frequently. This imbalance can lead to bias toward predicting
the more common class such as "Tsunami", "Major Tsunami", and "Minor Tsunami" while struggling to predict the
less frequent "No Warning" class. Even though the dataset used in this study included a variety of scenarios, there was
less observance of the "No Warning" category. This made it difficult for the model to learn from these examples and
resulted in weaker performance in predicting when no tsunami would occur. Oversampling or undersampling
techniques can be used to address this issue. Alternatively, cost-sensitive learning can be implemented, where the
model is penalized more heavily for misclassifying the minority class. This forces the model to pay closer attention to
the underrepresented class, improving its ability to correctly predict less frequent events like "No Warning."

D. Comparative analysis with other studies

To point out the strength of this model, comparison to other studies using machine learning models such as
Regression Trees and integrated networks in tsunami early warning systems are conducted. For example, [37]
demonstrated the use of regression trees for tsunami wave forecasting, emphasizing the interpretability and
computational efficiency of decision-tree-based methods. This aligns with our findings, where the Decision Tree
algorithm enhances interpretability and provides real-time classifications, offering advantages over other approaches
that struggle with high training times and limited transparency, such as neural networks. Additionally, [38] proposed
a real-time tsunami monitoring system using submerged mooring systems, which we have referenced to highlight the
value of combining real-time data collection with machine learning models like ours to improve tsunami early warning
systems.

E. Model improvement strategies

To further improve the performance of the Decision Tree model in handling class imbalance, several strategies can
be implemented. Ensemble methods such as boosting and bagging are highly effective techniques for improving model
robustness. Boosting trains several weak classifiers, each one correcting the mistakes of the previous, then improves
the models ability to handle hard-to-predict cases like the "No Warning" category. Furthermore, in the case of a
tsunami dataset, bagging can be used by training multiple models on random portions of the data, such as wave height
or time intervals to reduce errors and avoid overfitting to specific tsunami scenarios. By integrating the predictions of
multiple classifiers, ensemble methods can handle the class imbalance of challenge. Besides to ensemble methods,
adding another significant feature dataset in the tsunami domain could enhance its predictive capabilities. For example,
seismic activity, atmospheric pressure, or collapse precursor signs may provide the model with a wider perspective
for predicting non-tsunami events.

V. CONCLUSIONS

The decision tree classifier model used in this study presents a solution to dealing with early warning decisions,
especially for non-seismic tsunamis such as volcanic tsunamis. Volcanic tsunamis, caused by events like submarine
and subaerial collapse, pose a distinct challenge for early warning systems. Unlike seismic tsunamis that can be
identified through seismic activity monitoring, volcanic tsunamis demand a different early warning strategy because
of their unique detection causes. Given the current lack of early warning for such events, this study tried to fill a
critical gap in preliminary non-seismic early warning system research by providing a classification warning model for
anticipating and responding to decision-making. The model addresses this challenge by simulating different collapse
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scenarios and storing the resulting data in a comprehensive database for use in a model classifier. As a result, the
model accuracy performance shows the reliability and effectiveness of the classification.

Moreover, to enhance the robustness and reliability of the decision model, it is important to explore additional
collapse parameters, such as seismic activity and collapse precursor signs. Including these parameters can lead to a
more detailed and accurate model that can handle a wider range of cases and give better predictions. A stronger grasp
of these factors will help build a full and effective early warning system. For example, the seismic activity affects the
collapse timing, and knowing this link can sharpen the model ability to predict. Furthermore, it is also important to
continue developing models and frameworks that integrate technical early warning systems with robust decision-
making processes. The current model is capable of classifying the warning level with high accuracy. This ability could
be integrated into the decision-making process to provide a more effective and timely early warning system for
volcanic tsunamis.

Additionally, improving the performance in predicting the "No Warning" class is also an important area for model
development. To cope with this situation, it is essential to balance the dataset by adding more scenarios that simulate
very small volume collapses, which may trigger the "No Warning" classification in gauge recordings. Training the
model with a more balanced dataset, can strengthen the ability to accurately "No Warning" class. Balancing the dataset
prevents bias toward frequent tsunami events, enabling the model to effectively identify all potential scenarios.
Moreover, training the model capabilities to handle outlier volumes, an exceptionally, large or small collapse, is very
important. Outliers can significantly impact the model predictive accuracy. Ensuring the model can effectively account
for these extremes in all collapse possibilities.

In conclusion, this study highlights the contribution of machine learning algorithm application, specifically the
Decision Tree, in classifying tsunami early warning levels based on non-seismic tsunami or volcanic tsunamis.
Furthermore, it also advances by integrating numerical simulations with machine learning to improve real-time
prediction and classification of tsunami warning levels. Although this research primarily focuses on the case study of
a tsunami triggered by the Anak Krakatau volcano, its implications extend beyond this specific event. Anak Krakatau
is only one of several key volcanoes in Southeast Asia identified as potential sources of subaerial volcanic tsunami
hazards. Other significant volcanoes include Ritter Island in Papua New Guinea, Lliwerung in Indonesia, and Didicas
in the Philippines. The methodology can be adapted to other volcanic settings, providing a foundation for enhancing
tsunami early warning systems in regions with similar risks of collapse-induced tsunamis.
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