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Abstract

Present tsunami warning systems have been focused on earthquake-generated
tsunamis, but rapidly evaluating the tsunamis caused by volcanic eruptions and/or
volcanic sector collapses remains a challenge. Various models are available to simulate
landslides and tsunami generation from volcanic sector collapse. However, implementing
such models for real-time forecasting is still challenging due to diverse and complex
mechanisms in tsunami generation that make it difficult to immediately estimate the
source model for the real-time forecasting simulation. The occurrence of volcanic sector
collapse tsunamis is less frequent than that of earthquake-generated tsunamis, but
potential catastrophe from volcanic tsunamis including sector collapse cannot be
underestimated and should be considered as an important tsunami source in terms of
hazards and disaster strategies.

A study focusing on the development of early warning system for the sector collapse
case of Anak Krakatau volcano in Indonesia was presented in this study. The present study
applied a numerical model to the 2018 Sunda Strait tsunami event, which was generated
by the sector collapse of Anak Krakatau, investigated a tsunami prediction skill by the
model, and developed a real-time forecasting method based on a pre-computed database
for future tsunamis accompanied by such eruption of Anak Krakatau. The database stores
spatiotemporal changes in water surface level and flux, which are simulated under various
collapse scenarios, for confined areas in the vicinity of potential source. The areas also
cover the locations of six observation stations that are virtually placed on uninhabited
islands surrounding the source area. For real-time tsunami forecasting, the most suitable

scenarios to reproduce the observed waveforms are searched quickly in the database



through waveform fitting procedures at observation stations. The pre-computed water
surface level and flux distribution under the identified scenarios are further provided as
input for rapid tsunami propagation simulation. Therefore, effective real-time forecasting
can be conducted to densely populated coastal areas located at a considerable distance
from the source, such as the coasts of Java and Sumatra. The forecasting performance
was examined by applying the method for three hypothetical collapse scenarios assuming
different volumes and sliding directions. The numerical experiments using hypothetical
collapse scenario in this study indicated that the tsunamis along the coast of Java and
Sumatra were successfully forecasted by applying our method. This study shows that the
combination of a pre-computed database and the utilization of observation stations near
the source area was able to produce appropriate tsunami forecasting for the coastal area
of Java and Sumatra even in a volcanic tsunami event. Moreover, implementing our
method allows us to estimate real-time tsunamis generated by volcanic activity of Anak
Krakatau without considering the information on source mechanisms.

Further study towards the development of tsunami warning was conducted by
simulating the sector collapse cases of Komagatake volcano located in Hokkaido, Japan.
Preliminary modeling of landslide and tsunami from the 1640 Komagatake tsunami was
first performed using a similar manner to the 2018 Sunda Strait event. Three different
collapse volumes were employed in the numerical simulation. The initial collapse volume
of 1.8-2.4 km® explained both tsunami deposit and tsunami height measurements,
suggesting the volume estimation range is appropriate to simulate the 1640 Komagatake
tsunami event. Further analysis on the tsunami characteristic was conducted by assuming
three hypothetical scenarios. All three collapse scenarios using different volumes and

directions resulted in similar tsunami height distribution patterns. The findings in this



study show that tsunami height distribution can be predicted by analyzing approximately
5 to 10 minutes waveforms observed at virtual observation stations. The variations in
tsunami height can be identified by looking at amplitude differences from the observed
waveforms at virtual stations. Rapid detection of tsunamis at the observation stations
allows us to have warning time targeted the coastal area of Hokkaido.

The topic in this study mainly covers a study related to the development of tsunami
warning system associated with volcanic sector collapses. Both studies on the volcanic
sector collapse of Anak Krakatau and Komagatake volcanoes shows that the existence of
observation stations in the vicinity of the volcano is essential towards the implementation
of tsunami early warning. Considering the findings, this study concludes that a well-
constructed tsunami forecasting method combined with the utilization of observation
should be feasible for future tsunami warning systems even for volcanic tsunami cases.

Keywords: Volcanic tsunamis, Anak Krakatau, Komagatake, Tsunami Warning System
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General Introduction

Tsunamis associated with volcanic sector collapse are widely recognized worldwide.
Although their occurrence is less-frequent than that of earthquake-generated tsunamis,
the potential catastrophe the collapse of volcanic island cannot be underestimated and
should be considered an important tsunami source in terms of hazards and disaster
strategies (Yamanaka and Tanioka, 2017; Williams et al, 2019). Most of volcanic islands
have complex morphology with weak substrata and unstable material due to rapid
accumulation of edifice during eruption (Walter et al. 2019). Tsunamis generated by the
collapse sector of volcano are frequently found in the area with the high density of
volcanoes that located close to the sea (Paris, 2015). Historical volcanic tsunamis events
such as the 1640 Komagatake and the 1741 Oshima-oshima tsunamis in Japan, also the
1856 Awu and the 1883 Krakatau tsunamis in Indonesia, show that those atypical tsunami
sources from the volcano cannot be underestimated.

In 2018, a devastating tsunami occurred in Sunda Strait, Indonesia, which caused
437 casualties in the vicinity of Sunda Strait along the coast of Java and Sumatra. The
2018 Sunda Strait tsunami was generated by the sector collapse of Anak Krakatau volcano.
The volcanic complex of Anak Krakatau has been known as the site of the 1883 Krakatau
eruption, which is considered as one of the most destructive tsunami events in history
(Deplus et al. 1995). Prior to the 2018 collapse, the Anak Krakatau had been in an intense
eruption phase since June 2018. At that time Anak Krakatau had a top elevation about
~250 m above sea level before the sector collapse event. The tsunami hazard from flank
collapse of Anak Krakatau volcano was highlighted by the study of Giachetti et al. (2012)

years before the occurrence of the 2018 event. They identified that the southwestern area



of volcano was prone to failure due to partial destabilization and would bring potential
danger for coastal area of Sunda Strait. Considering the highly populated area in the area
of Sunda Strait, a monitoring combined with efficient tsunami warning system should be
prepared for Anak Krakatau.

Tsunami generated by volcanic debris avalanches were widely recognized as a
natural hazard. Several major events of tsunamis related to volcanic sector collapse have
occurred in Japan. The collapse of Komagatake volcano in 1640, Oshima-Oshima
volcano in 1761, the Unzen Mayuyama volcano in 1792, and the Sakurajima volcano in
1781 were recognized as historical tsunamis related to volcanic sector collapse (Siebert
L, 1984; Furukawa et al. 2008). The 1640 Komagatake tsunami was one of the most
notable events which caused approximately 700 casualties. The collapse of the
mountaintop of Komagatake entered the sea and generated a tsunami along Uchiura Bay
and further southern coast of Hokkaido. Komagatake volcano has many eruption records
since 1640 such as those in 1856 and 1929 that were characterized by pyroclastic flow.
In the present time, the mountain area of Komagatake in Hokkaido is known as a famous
sightseeing spot. The development of the mountain foot area should take natural hazard
such as pyroclastic and debris avalanche due to the collapse of mountaintop. Here, we
present a study on tsunami generation by sector collapse of Komagatake volcano for
future tsunami warning purposes. Numerical simulation considering various collapse
scenarios of Komagatake were conducted to identify the characteristic of tsunami
resulting from the sector collapse of Komagatake volcano.

The existing tsunami warning systems mainly focus on earthquake-generated
tsunamis and rely on the observation systems to accurately detect tsunami potential from

earthquakes (Tsushima et al. 2014; Maeda et al. 2015; Tanioka et al. 2020). Various types



of tsunami monitoring systems have been actively operated for early tsunami warning
from small to gigantic tsunami scales. Present tsunami warning systems available
worldwide are mainly focused on the earthquake-generated tsunamis and other tsunami
sources especially from volcanic-tsunamis is not included in the system. In the case of
volcanic tsunamis, mitigating tsunamis remains challenging because it requires deeper
understanding of source mechanism of wave generation and monitoring techniques to be
combined. In specific cases such as volcanic sector collapses, estimating the source
mechanisms in real-time is challenging because of the diversity of waves generated by
mass failure. The initiation volume of the sector collapses is also complex by broad
variety of generation mechanisms, from small slides to large avalanches. Uncertainties in
the exact source mechanism of the volcanic sector collapse leave major challenges to
construct real-time tsunami forecasting (Grilli et al. 2019; Muhari et al. 2019).

Focusing on the development of tsunami early warning, here we conducted a study
mainly to explore the forecasting method and improve the existing tsunami warning
system to accommodate non-seismic tsunami sources including volcanic tsunamis. The
content of this study is divided into five chapters. The first chapter mainly provides a
review of the development of tsunami early warning systems for earthquakes and
landslides. The second chapter gives a review related to the tsunami generation by
volcanic sector collapse. The third chapter talks about the landslide and tsunami models
applied in this study. In the fourth chapter, a tsunami warning system is proposed for the
sector collapse case of Anak Krakatau volcano, and we discussed its effectiveness. In the
last chapter, numerical simulation of landslides and tsunami from the debris avalanche of
Komagatake volcano are performed to identify tsunami characteristics for future tsunami

warning systems.



Chapter 1

Review on the Development of Tsunami Early Warning System

1.1 Earthquake-generated Tsunamis

The 2011 Tohoku-oki tsunami and 2004 Indian Ocean tsunami were denoted as
examples of large tsunamis that severely damaged wide coastal communities (Mori and
Takahashi, 2012; Fritz et al. 2006). Over the years after, early tsunami warning systems
have been operated in many areas for anticipating future large tsunamis by improving the
forecasting capabilities, establishing mitigation strategy, and educating the wider
community (Kanoglu and Synolakis, 2015). Development of tsunami warning system is
primarily to detect and alert coastal communities about potential tsunamis in advance. A
comprehensive tsunami warning system becomes evident, particularly in the context of
earthquake-generated tsunamis as response to the continuous seismic events that
potentially bring tsunami threat. In tsunami early warning, rapidly and accurately
forecasting the tsunami impact (i.e. tsunami inundation) is important for reducing the
damage and casualties (Makinoshima et al. 2021). A significant challenge in addressing
earthquake-generated tsunamis lies in the rapid and accurate prediction of the potential
impact of tsunamis, as the complex seismic activity and subsequent wave generation
poses a formidable obstacle for precise warning systems. Earthquake magnitude alone
does not always characterize the size of impact because complex earthquake mechanism,
coastal morphological features, etc., influence the tsunami behavior (Mori et al. 2022).
Earthquakes vary in magnitude, depth, location, making it challenging to predict the exact

characteristics of the resulting tsunamis (Hanka et al. 2010). The unique characteristics
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of each earthquake contribute to the challenge of accurately forecasting the resulting
tsunami.

The evolution of tsunami early warning systems cannot be separated from the
improvement of tsunami monitoring systems over time. In present, advanced monitoring
systems play a crucial role in rapidly detecting and assessing earthquake-generated
tsunamis, enabling warning time and alerts for coastal areas (Aoi et al. 2021). Observation
technology such as DART buoy as well as ocean bottom sensors are widely recognized
as an effective monitoring system for the detection and tsunami measurements in the open
ocean (Rabinovich et al. 2017). Reliable information for tsunami forecasting can be
obtained by direct measurement through observation networks especially from offshore
tsunami observation networks. The networks can monitor sea level changes, providing
valuable data for forecasting. Moreover, offshore observation networks provide
opportunities for tsunami measurement before inundated the coastal area (Tsushima and
Ohta, 2014). Notable underwater cabled observatory systems are currently in operation
throughout the world such as S-net (Seafloor Observation Network for Earthquakes and
Tsunamis) in Japan and NEPTUNE (North-East Pacific Time-series Undersea Networked
Experiments) in Canada. Continuous monitoring data should be beneficial, not only for
operational of real-time tsunami forecasting but also for further tsunami research.

Tsunami forecasting methods have been proposed by utilizing the tsunami
observation network (Tsushima et al. 2012; Maeda et al. 2015; Yamamoto et al. 2016;
Takahashi et al. 2017). Wider exploration on the utilization of observation stations
combined with designated methods provides more variation of tsunami forecasting
methods such as forecasting based on the utilization of GNSS networks, radar data,

machine learning, etc. (Mulia et al. 2020; Makinoshima et al. 2021; Hossen et al. 2021;
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Mulia et al. 2022). Tsunami forecasting and modeling have progressed through the years
which makes early warning systems for earthquake-generated tsunamis available now.
Many tsunami warning system utilize the information received at observation stations and
use it for further analysis of tsunami impact during real-time forecasting. A method based
on the pre-computed tsunami database is widely used for tsunami early warning purposes
(Gusman et al. 2014; Jimenez et al. 2018). A different method called tsunami data
assimilation is also known as one of the promising forecasting methods. This method is
worked by continuously assimilating the dense tsunami data received at observation
networks into numerical simulation without considering the seismic source parameters
(Maeda et al. 2015). Another method of tFISH/RAPiD was initiated to forecast the
tsunami along the near-field coast by incorporated the initial sea surface elevation
distribution by GNSS data into inversion of tsunami waveforms (Tsushima et al. 2014).
1.2 Landslide-generated Tsunamis

Tsunamis generated by landslides or other non-tectonic sources present potential
hazards for coastal areas, demanding proactive measures for the safety of coastal
communities. Constructing an effective tsunami warning system for landslide tsunamis is
important for disaster mitigation. However, it comes with several challenges owing to the
unique characteristics of each event. Landslides are varied in size, scale, and
characteristics. Some events may be relatively small and localized, while others can be
massive and have an extensive range of impact. Complicated dynamics involved in the
landslide generation and its deformation make landslide-generated tsunamis remain one
of the least studied (Watts and Borrero, 2009). In terms of tsunami warning, the
application and exploration of real-time forecasting methods mainly concentrates on

earthquake-generated tsunamis. Several reasons underlying the difficulties in
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constructing tsunami early warning for landslide cases. One of the possible reasons is the
lack of a well-established method for accurately estimating the landslide dynamics.
Furthermore, the uncertainty of failure planes and complex behavior after the collapse
contribute to the difficulties in the development of tsunami warning (Lovholt et al. 2020).
The source mechanism of landslides is still difficult to estimate immediately after the
occurrence of landslides due to its complexity.

Contribution of landslides to tsunami wave generation has been widely recognized
and tsunami modeling has expanded to simulate wave generation and propagation from
landslide source (Lovholt et al. 2015; Reid and Mooney, 2023). Several landslide models
are available to model tsunami from both subaerial and submarine landslide including
volcanic failure cases i.e. AVALANCHE code (Heinrich and Piatanesi, 2000), Non-
Hydrostatic WAVE (NHWAVE) (Ma et al. 2012), Tsunami Squares (Xiao et al. 2015),
VolcFlow (Kelfoun et al. 2010), etc. Those models have been used to study the landslide-
generated tsunamis resulting from different collapse event cases around the world (Paris
et. al 2021; Kirby et al. 2016; Yamanaka and Tanioka, 2017; Giachetti et al. 2012).
Numerical modeling is available to simulate landslide-generated tsunamis, but employing
those models for tsunami warning purposes is still challenging. It is mainly due to the
difficulties in obtaining the initial landslide source as input for numerical modeling to
forecast the tsunami impact in actual time. The uncertainty in the generation mechanism
contributing to the difficulties for building tsunami warning and forecasting for landslide-
generated tsunamis.

In 2002, a sector collapse of Sciara del Fuoco on the volcanic island of Stromboli,
Italy, generated tsunami with maximum run-up of 10.9 m (Calabro et al. 2020). Since

then, a monitoring system has been available to monitor the flank collapse of Stromboli
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volcano in response to the potential tsunami. Two elastic beacon tsunami gauge system
was deployed about 300 m offshore to the Northeast and Southwest of the Sciara del
Fuoco. Each beacon was equipped with pressure sensors installed at 14 m and 46 m below
the sea surface. Utilizing two elastic beacon placed offshore, a tsunami warning system
is actively operated now at Stromboli island. The tsunami early warning method is mainly
based on the ratio of short-term average (STA) and long-term average amplitude (LTA).
Considering both calm and stormy conditions, the threshold ratio of STA/LTS was fixed
at 20. Immediate tsunami warning will be issued when the ratio of STA/LTA threshold is
larger than detected threshold (STA/LTA>20) for at least 90s at both observation stations.
This system has detected three tsunamis since the deployment and has been actively
monitoring Stromboli until now (UNESCO/IOC, 2024). In Indonesia, a sea level
monitoring system called IDSL (Inexpensive Device for Sea Level Monitoring) was
installed in 2019 after the devastating tsunamis of Anak Krakatau and Palu earthquake in
2018 to accommodate non-seismic tsunamis (Husrin et al. 2022). Currently, several
stations are placed around the coast of Java and Sumatra including a station placed in the
vicinity of Anak Krakatau for anticipating tsunami from the sector collapse of volcano.
More observation stations including tiltmeter, seismic stations, and surveillance camera
will be added to the network to anticipate the tsunami from sector collapse of Anak
Krakatau.

Tsunami observation networks are known as a reliable tool to detect tsunami and
many tsunami warning systems rely on the observation networks to forecast tsunamis
including landslide-generated tsunamis. In present, the utilization of observation
networks is still not optimal for tsunami early warning caused by landslides. It is mainly

due to the lack of designated methods that make optimal use of observation networks for
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tsunami forecasting. In present, very small numbers of tsunami warning system is
available in operational for landslide tsunamis. Further exploration of the forecasting
methods by utilizing the existing observation networks is needed to find the most effective
forecasting methods for landslide-generated tsunamis and other non-tectonic tsunami

Sources.
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Chapter 2

Review on the Volcanic Sector Collapse Tsunamis

The source of volcanic tsunamis is divided into several mechanisms such as
volcano-tectonic earthquakes, flank collapse, pyroclastic flow, underwater explosion,
shock wave, and caldera collapse (Paris, 2015). Among these mechanisms, volcanic flank
collapse represents a low-frequency occurrence but poses high magnitude hazard (Paris
et al. 2011). Apart from volcanoes, mass failure can occur in various areas such as fjords,
rivers, lakes, reservoirs, and in the deep water (Paris et al. 2021). Here, we limit our focus
study to the tsunami caused by sector collapse or flank collapse of volcano that is
considered as major threats from the volcanic islands (Walter et al. 2019).

In general, volcanic sector collapse tsunamis are generated from the displacement
of the water when the landslide enters the water bodies. Then, the generated waves travel
to the distant shorelines when entering the open waters and bring potential damage to the
coastal area. Flank collapse produced by volcanoes has a broad range of scales, from
rockfalls to sector collapse with volumes of cubic meters to tens of cubic kilometers (Day
S, 2015; Robbe-Saule, 2021). The mechanism of volcanic tsunamis is still not fully
understood due to several factors such as lack of direct observation and complexity of the
source characteristic (Day, 2015). A better understanding of the physical process of
volcanic tsunamis may be obtained by numerical modeling (Paris et al. 2020). Moreover,
laboratory experiments can help to understand landslide motion from the initial collapse
until entered the water column.

Tsunamis caused by sector collapse of volcanoes occurred worldwide which have

potential to cause major natural hazard for coastal population and infrastructure. Several
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cases were categorized as historical flank failures, for example, the rockslide avalanche
in Mount St. Helens that associated with earthquake (Voight et al. 1981), the collapse
sector of Ritter Island which had run-up heights of more than 20 m (Ward and Day, 2003),
the debris avalanche associated with intense eruption of the 1640 Komagatake volcano
that caused about 700 casualties (Furukawa et al. 2008), and the recent unwarned tsunami
of Anak Krakatau volcano in 2018 which caused large damage in Sunda Strait, Indonesia
(Muhari et al. 2019). Many volcanic sector collapse cases are related to the slope
instabilities caused by volcanic eruptions. However, the mass failure not always
associated with eruptions as the structure of the volcano are originally unstable by its
nature (Paris, 2015). Several factors such as structural origin, magmatic intrusion, edifice
accumulation, hydrothermal processes, and climatic factor include rain have contributed
to the source of instability and mass failure of volcanoes (Keating and McGuire, 2000;
Paris, 2015; Gallotti et al. 2020). Volcanic instability was defined as the condition within
which volcanic edifice has been destabilized to a degree sufficient to increase the
likelihood of structural failure of all or part of edifice (McGuire, 1996). In general, the
most important factors affecting the sector collapse tsunamis are volume, thickness, and
velocity. In post collapse event, the initial collapse volume can be defined by collapse
scar or deposit. The initial volume may contain important information about the initial
amplitude of the impulse wave generated from landslide (Robbe-Saule et al. 2021). Then,
the landslide most effectively generates tsunami when the thickness is comparable to the
water depth. The velocity affects the energy transfer to the open water with faster velocity
obviously have larger transfer energy (Day S, 2015).

The tsunamis generated by volcanic failure are different depending on their volume,

origin (submarine or subaerial), and dynamics (Paris, 2015). Generated water by volcanic
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collapse is generally characterized by an impulse wave which resulted from the entrance
of mass to the water (Fritz et al. 2004; Paris, 2015). When the edifice of collapse enters
the open ocean, then the displaced water mass rushes outward as a tsunami (Furukawa et
al. 2008). Compared to the earthquake generated tsunamis, the tsunami wave from the
sector collapse is characterized with shorter wavelength and stronger wave dispersion.
Such kind of mechanism often resulted in the large wave amplitude locally and high run-
up in the further coast (Ma et al. 2015; Gallotti et al. 2020). The tsunami genesis by a
collapse is mainly controlled by the types of collapse (rockfalls, debris flow, lahars, etc).
Moreover, the landslide volume and landslide dynamics (velocity, acceleration, etc.) also

have an important role to the wave generations (Lovholt et al. 2020).
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Chapter 3

Landslide and Tsunami Models in this Study

The study of sector collapse tsunamis is generally based on numerical models or
physical experiments due to scarcity of the events records (Paris et al. 2021). Many
studies have been conducted to gain a deeper understanding of tsunami generation
mechanisms from volcanic sector collapse by both numerical simulations and laboratory
experiments. Several numerical models are available to simulate the tsunami generation
and propagation of sector collapse tsunamis. A model based on the depth-averaged
approach was used by Kelfoun et al. (2010) to simulate the tsunamis generated by two
potential landslides at Reunion Island using a modified VolcFlow model (Kelfoun and
Druitt, 2005). Another model named NHWAVE was frequently used to estimate the
surface displacement and velocity resulting from either submarine or subaerial landslide
based on the three-dimensional non hydrostatic code (Ma et al. 2012; Kirby et al. 2016;
Grilli et al. 2019). Then, a different model of AVALANCHE code was able to simulate
both landslide and tsunami from the sector collapse considering one-phase grain-flow
model (Savage and Hutter, 1989) and coulomb basal friction by solving the equations of
conservation of mass and momentum (Heinrich et al. 2001b; Paris et al. 2019). Numerous
laboratory experiments were also carried out to obtain a better knowledge on the source
process and wave generation by landslides. Fritz et al. (2003) conducted a laboratory
experimental using a case of Lituya Bay tsunami. Their experiment was based on the
rockslide scenarios that impacted the assumed physical model of topography and
bathymetry in Lituya Bay. Another laboratory experiment using a large wave tank was

presented by Di Risio et al. (2009) to identify the landslide and tsunami generated from a
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conical island shape. A small scale of laboratory experiment initiated by Robbe-Saule et
al. (2021) was conducted by using different sets of landslide parameters and identified
the influence of each parameter such as grain size, water depth, etc. Those models and
laboratory experiments were just a few examples of many other models available for
landslide tsunamis. Diverse studies allow us to gain better understanding of the involved
process in the landslide tsunamis by numerical models and/or laboratory experiments. In
the context of natural hazard and disaster mitigation, it is expected that the deeper
knowledge of the source process of sector collapse tsunamis will lead to more relevant
mitigation strategies. The real-time tsunami forecasting approach in this study was
entirely based on numerical simulations without any physical laboratory experiments.

In the simulation of generation and propagation of tsunami associated with volcanic
sector collapse, this study mainly uses two models of VolcFlow and Boussineq models.
Volcflow numerical code is a model capable of simulating various kinds of mass flow
such as pyroclastic flows and debris avalanche related to tsunamis (Ulvrova et al. 2016).
VolcFlow model is a two-dimensional (2D) depth-average model that is capable to
simulate landslide and water including volcanic sector collapse case (Kelfoun and Druit,
2005; Kelfoun et al. 2010; Giachetti et al. 2011). The model is capable of simulating the
tsunami generation by two fluids (landslide and water), which interact at each time step
by solving general non-linear shallow water equations of mass conservation and
momentum balance (Kelfoun et al. 2010). Another complex second-order 3D effect and
dissipation due to the wave breaking were not considered in VolcFlow model. The
simulation neglected the mixing between the landslide and water. The landslide is
simulated by the following set of equations of momentum balance (1-2) and mass

conservation (3):
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where the 4, is the landslide thickness, p is the relative density, u = (uy,u,) is the landslide
velocity, kacipass 1S the earth pressure coefficient (dimensionless), T is the total retarding
stress, g is the gravity, and o is the ground slope angles. Then, the water is simulated using

set of equations (4-6) which is similar to those of landslide:
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= ghysin B, ghiycosp)+ £-3 S ()
0 0 0
&(hwvy) + a(hwvﬁ) + @(hwvyvx)
h, L9 S (ghiy cos ) + Ry 3w 5
= gh,, sin 3, ghy, cos o oo vy (5)
dh,,
> (h vx)+ (h v,) = (6)

The variable 4, is the water depth, S is the slope of ocean bottom, v = (vx,vy) is the water
velocity, g is the gravity, uw is the water viscosity, R is stress exerted by landslide on the
water, and py is the water density. More detail about governing equations can be found

in Kelfoun et al. (2010). The two sets of equations (1-3) and (4-6) are calculated at same
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time step. Numerical simulation by VolcFlow model was performed assuming a water
density of 1000 kg m™. For landslides, we applied a density of 1500 kg m™ referring to
the main volcanic material composition (Sudrajat, 1982; Camus et al. 1987; Giachetti et
al. 2012). Simulations of the landslide and tsunami generation by the volcanic sector
collapse in this study are mainly conducted using VolcFlow model.

Tsunamis generated by most landslides tend to display dispersive behavior at least
in some directions (Glimsdal et al. 2013). The variation of landslide thickness in the
generation mechanism of tsunamis may contribute to dispersion (Ward, 2001; Glimsdal
et al. 2013; Grilli et al. 2017). The short-wave components resulting from rapid
acceleration or deceleration from landslide affect the tsunami propagation by its
frequency dispersion (Harbitz et al. 2006; Paris, 2015; Grilli et al. 2019). The
characteristics of the landslide itself influence the dispersion to the generated waves by
its acceleration and velocity (Salmanidou et al. 2017). In the case of a tsunami associated
with volcanic sector collapse, a model that include the dispersion effect has been widely
applied and suggested to simulate a tsunami that was caused by mass failure (Tappin et
al. 2014; Grilli et al. 2017; Paris et al. 2019). Several previous studies employed a model
considering dispersive effect to simulate the propagation of tsunami from the 2018 Anak
Krakatau event (Grilli et al. 2019; Mulia et al. 2020; Paris et al. 2020). The VolcFlow
model is capable of simulating both the behavior of collapsed materials and the
propagation of tsunamis, but the speed of tsunami propagation is limited to that of the
long waves. The study conducted by Paris et al. (2020) highlighted the dispersive effects
in the generated tsunami waves from the numerical simulation of the 2018 Sunda Strait
tsunami. Comparing the numerical simulations using shallow water and Boussinesq

model, also estimating the dispersion effect by calculating the dispersion parameters of
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Glimsdal et al. (2013), their result indicates that dispersive effects in the Sunda Strait
appear to be significant mainly for the first waves. To account for dispersive
characteristics of tsunami, this study employs a non-linear dispersive theory (Boussinesq
model) (Yamanaka and Tanioka, 2017) to simulate the tsunami propagation from the
tsunami wave field first estimated by VolcFlow model. The manning roughness
coefficient of 0.025 m'® was assumed for the bottom friction terms in the Boussinesq
model. The details of Boussinesq model used in this study are fully described in
Yamanaka and Tanioka (2017). A couple of VolcFlow and Boussinesq models are mainly
used to simulate the landslide and tsunami propagation from the volcanic sector collapse

cases in this study.
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Chapter 4
Development of Early Warning System for Tsunamis Accompanied by Collapse

Sector of Anak Krakatau Volcano, Indonesia

4.1 Preliminary Modeling of the 2018 Sunda Strait Tsunami

4.1.1 Anak Krakatau Volcano

Anak Krakatau (‘Child of Krakatau in Indonesian’) is a relatively young active
volcano located in the middle of Sunda Strait between main islands of Java and Sumatra,
Indonesia (Fig. 4.1). The volcanic island complex of Anak Krakatau is well known as the
site of one of the most powerful eruptions of Krakatau volcano in 1883. The Krakatau
eruption in 1883 was recognized as one of the most powerful eruptions recorded in history.
The eruption occurred on 26™ — 28™ August 1883 with Plinian eruption type of Krakatau
volcano. The massive eruption in 1883 generated a devastating tsunami with run-up
height reached about 15 m to 40 m heights (Nomanbhoy and Satake 1995), caused more
than 35000 casualties (Simkin and Fiske, 1983; Giachetti et al. 2012). The nearby islands
and the vicinity of Sunda Strait were devastated by the 1883 Krakatau eruption.

After the powerful eruption in 1883, the Krakatau island almost completely
disappeared leaving only half cone of Rakata and only small rocks remains above sea
level (Deplus et al. 1995). A large flat bottom submarine caldera basin with depth of ~200
m and 7 km wide was formed following the Krakatau eruption in 1883, and it completely
changed the morphology of Krakatau complex (Paris et al. 2020). The volcanic activity
continued after 1883, producing Anak Krakatau volcano which is known as the child of
Krakatau. In the present day, this volcanic island complex consists of Anak Krakatau

volcano and three uninhabited islands of Sertung, Rakata, and Panjang (Fig. 4.1b). The
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water depth around Krakatau complex is relatively shallow with water depth not
exceeding 200 m compared to the west part Krakatau complex that has deeper water depth
(Paris et al. 2020). The Anak Krakatau volcano was built in the northeast steep edge of
Krakatau caldera that is aligned with the feeder vent of the 1883 Krakatau eruption
(Williams et al. 2019; Grilli et al. 2019; Paris et al. 2020). After the 1883 eruption, Anak
Krakatau was grown from a submarine volcano to a subaerial volcano which first emerged
to the surface in 1928 (Deplus et al. 1995). With gradual volcanic activity, the tuff-ring of
Anak Krakatau volcano reached a high of ~150 m above mean sea level by 1959 (Walter
et al. 2019). Early activity at Anak Krakatau was dominated by phreatomagmatic
explosions with first lava flows erupted between 1960 and 1963 as the vent become
subaerial (Grilli et al. 2019). Since then, numerous subsequent eruptions have contributed
to the growth and expansion of Anak Krakatau. Continuous intense eruption of Anak
Krakatau is occurring until present with strombolian to vulcanian style characterized by
small explosive eruptions with columns reaching several kilometers in height (Camus et
al. 1987; Deplus et al. 1995).

Located at the steep edge wall of the 1883 caldera, the instability of Anak
Krakatau has become a concern due to the lack buttressing support of the volcanic edifice
(Deplus et al. 1995; Walter et al. 2019; Ye et al. 2020). Flank collapse may become one
of the main hazards emerging from Anak Krakatau as the volcano is partly built on the
edge of the 1883 caldera wall (Giachetti et al. 2012). In October 1981, a small tsunami of
~2m high was recorded on Rakata Island resulting from the subaerial eruption
accompanied with flank collapse of Anak Krakatau (Camus et al. 1987). The potential
hazard from the instability edifice of Anak Krakatau has been noted in numerous studies

including Camus et al. (1987) and Deplus et al. (1995). Prior to the collapse sector in
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2018, Giachetti et al. (2012) has identified the potential danger of the collapse of Anak
Krakatau towards southwest area of volcano. In their study, they mentioned that the
edifice on the edge of 1883 Krakatau caldera is quite unstable and prone to collapse due
to the location of Anak Krakatau that partially build on the steep caldera wall.
Accumulation of volcanic material during the eruptive phase will continue from time to
time, making Anak Krakatau volcano keep evolving. Recurrence of sector collapse in the
future should be considered as one possible hazard resulting from the high volcanic
activity of Anak Krakatau. With naturally unstable environment and high volcanic activity
of Anak Krakatau, this condition may lead to tsunami hazard related to the sector collapse

and possess a threat to the coastal population of Java and Sumatra (Hochfeld et al. 2022).

4.1.2 The 2018 Sunda Strait Tsunami

On December 22, 2018, a devastating tsunami occurred in the Sunda Strait,
Indonesia, causing hundreds of death toll and thousands of injured people. The 2018
tsunami case was generated as a result of a large volume of volcanic material from Anak
Krakatau volcano that collapsed into the sea (Grilli et al. 2019; Heidarzadeh et al. 2020).
At that time, no associate earthquake event was recorded, and the source mechanism
could not be determined immediately (Ye et al. 2020). Prior to the collapse, the intense
new eruptive phase was initiated at Anak Krakatau in June 2018 and continue for several
months until December 22", 2018, when the activity evolved into a sector collapse
(Walter et al. 2019). The tsunami wave from the flank collapse of Anak Krakatau
significantly affected the adjacent coast of Sunda Strait. Immediate post-tsunami field
survey was conducted 4 days after the 2018 tsunami by Mubhari et al. (2019) along the
coast of Sumatra and Java. At the surrounding islands of Anak Krakatau, the impact of

tsunami was clearly seen from the outcrop and vegetation damage that observed from the
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airborne survey. From the post-survey measurement, a maximum tsunami runup height
and inundation distance of 13.5 m and 330 m, respectively, were measured at Tanjung
Lesung area located in the western coast of Java (Mubhari et al. 2019). The Sunda Strait
has been identified as an area prone to volcanic tsunamis due to the intense volcanic
activity of Anak Krakatau volcano. In 1883, a devastating tsunami occurred at the same
volcanic complex caused by the eruption of Krakatau volcano. The 2018 and 1883
tsunami events made it evident that tsunami sources resulting from volcanic eruption,
especially those related to the sector collapse of volcanic islands, were able to cause a
significant natural hazard (Hunt et al. 2021). Therefore, it is necessary to develop a real-
time tsunami forecasting method for Anak Krakatau and other area prone to volcanic
tsunamis in Indonesia. The Sunda Strait area is categorized as a highly populated area
where the big cities, ports, and industries are located. This area also considered as a
tsunami prone from both tectonic and volcanic sources. Concerning and focusing on the
future sector collapse of Anak Krakatau volcano, we aimed to develop a real-time
forecasting method designated for Anak Krakatau.
4.1.3 Various Study on the Sector Collapse of Anak Krakatau

The underlying processes of a tsunami associated with mass failure are commonly
investigated through physical experiments and/or numerical simulations. Years before the
occurrence of the 2018 collapse event, tsunami hazard from the collapse of Anak
Krakatau has been highlighted by Giachetti et al. (2012). Their study used a collapse plane
located at southwest side of Anak Krakatau considering the steep slope that prone to
collapse. Further numerical simulation was conducted to investigate the tsunami impact
on the coastal area using a hypothetical 0.28 km? volume of flank collapse. Their result

emphasized the impact on the local scale around Sunda Strait and suggested that rapid
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detection of the collapse by observation system coupled with reliable tsunami early
warning system should be available to prevent the event from being deadly (Giachetti et
al. 2012). After the 2018 tsunami event, various studies have been conducted on the 2018
Anak Krakatau event to gain deeper insights into the generation of volcanic tsunamis. A
study on the collapse and tsunami of Anak Krakatau by Zengaffinen et al (2020)
comparing the instantaneous and gradual collapse of the 2018 Anak Krakatau event.
Based on the comparison with observed tsunami at two tide gauge stations on Java island,
their study showed that sector collapse of Anak Krakatau in 2018 most likely took place
as instantaneous collapse rather than a gradual failure. Several studies also performed
investigation by using common numerical models adopting 2D depth-averaged coupled
models to understand the dynamics of tsunami caused by sector collapse. Based on the
satellite images interpretation, the collapse sector of Anak Krakatau reduced the subaerial
area of the volcano by 49 % (Grilli et al. 2019). Numerical simulations employing three
different collapse volume scenarios of 0.22 km?, 0.27 km?, and 0.30 km® were tested for
simulating the tsunami generation and propagation by coupled of NHWAVE (Ma et al.
2012) and FUNWAVE (Shi et al. 2012) models. Compared with tsunami measurement
data, the general estimation on the collapse geometry resulted in an appropriate landslide
volume range from 0.22 — 0.30 km? (Grilli et al. 2019). In terms of tsunami hazard, there
is possibility of future collapse to the southwest of Anak Krakatau as volcano continues
to grow (Grilli et al. 2019). Preliminary modeling on the 2018 landslide and tsunami of
Anak Krakatau was also performed by Paris et al. (2020) using a couple of AVALANCHE
(Heinrich et al. 2001b) and Boussinesq model (Lovholt et al. 2008). The numerical
simulation was conducted using 0.15 km? collapse volume and tsunami propagation was

simulated by using both shallow water model and Boussinesq models. Their analysis
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highlighted the dispersive effects that appeared to be significant from the tsunami
generated by the collapse of Anak Krakatau. Therefore, the use of Boussinesq models
should be relevant for the Anak Krakatau case (Paris et al. 2020). Further study to
investigate the appropriate source mechanisms of the 2018 tsunami event considering two
mechanisms from the eruption and landslide was conducted by Ren et al. (2020). The
generation of tsunami was simulated using a two-layer model (Kawamata et al. 2005) and
tsunami propagation model was performed based on non-linear shallow water equations
(LeVeque et al. 2011). The partial collapse volume ranges from 0.20-0.30 km® was used
for the simulation, and their calculated leading tsunami waves matched well with the tide
gauge records at Kota Agung, Marina Jambu, and Ciwandan. Similar with previous
studies (Grilli et al. 2019; Paris et al. 2020), the recording waves at Panjang station could
not explained well by the simulated waveforms from the study of Ren et al. (2020). For
anticipating future events, assessment of the potential landslide from the volcano was
suggested as an important point for tsunami hazard mitigation (Ren et al. 2020). Another
study by Heidarzadeh et al. (2020) combined the physical experiment and numerical
modeling to estimate the appropriate source for the 2018 Anak Krakatau case. Both
numerical modeling and physical experiments should be useful to understand the
underlying process of tsunami associated with volcanic sector collapse for the
improvement of future tsunami warning. The potential collapse of Anak Krakatau in the
future has been mentioned by many studies that conducted the numerical simulation of
landslide in Anak Krakatau. Lack of study and knowledge on the sector collapse of Anak
Krakatau may lead to insufficient disaster preparedness. Therefore, studies focusing on
tsunami warning and forecasting for Anak Krakatau and Sunda Strait area should be

carried out more.
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4.1.4 Data and Method

Tsunami waveforms from the 2018 Sunda Strait tsunami event were recorded at
four tide gauge stations located in Kota Agung, Panjang, Ciwandan, and Marina Jambu
with 1-min temporal resolution (Fig. 4.1). The original recorded tide gauge data are
available from the Geospatial Information Agency of Indonesia (http://tides.big.go.id). A
polynomial approximation method similar to that used by Mulia et al. (2020) was applied
to the data to extract tsunami waveforms from tide gauge records. Then, set of topography
and bathymetry data obtained from the same agency as the tide gauge data
(https://tanahair.indonesia.go.id/demnas/#/) were used for the numerical simulation. The
topography data has spatial resolution of 0.27 arc-sec and bathymetry data has 6 arc-sec
resolution. For tsunami numerical simulation of the 2018 event, a single computational
domain with a 3 arc-sec resolution was constructed by integrating the Indonesian
topography and bathymetry data with spatial resolution of a 0.27 arc-sec and 6 arc-sec
and resampled it. We also utilize the measurement data from the two different post-
tsunami surveys conducted by Muhari et al. (2019) and Heidarzadeh et al. (2020). How
many locations of surveys, time of surveys. Post-tsunami measurement by Mubhari et al.
(2019) conducted several days after the tsunami. We used measured tsunami run-up
height data at 12 locations along the coast of Java from the post-survey of Mubhari et al.
(2019). Additionally, we utilized the field survey data from Heidarzadeh et al. (2020) that
was conducted in the period of 4-11 January 2020, approximately one year after the event.
We used the tsunami run-up data with total of 25 locations along the western coast of Java
from the tsunami post-survey of Haidarzadeh et al. (2020).

The realiability of the selected models (VolcFlow and Boussinesq models) were

assessed by applying them to the 2018 Anak Krakatau tsunami event. The details of
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VolcFlow and Boussinesq models were explained in Chapter 3 of this study. The initial
collapse for the preliminary modeling of the 2018 tsunami event is situated in the
southwestern part of Anak Krakatau, with a total collapse volume of 0.24 km?®. This
collapse source was obtained from Mulia et al. (2020), who estimated the potential source
volume by comparing ALOS-2 satellite images of Anak Krakatau volcano from before
and after the sector collapse. For the numerical simulation, we are assumed the origin
time of tsunami at 13:56 UTC or 20:56 local time (Ye et al. 2020; Mulia et. al 2020). In
the computation, VolcFlow and Boussinesq models are sequentially applied for estimating
the tsunami generation and propagation. Using the same initial conditions as those used
by Mulia et al. (2020), we simulated the behavior of collapsed materials as well as the
tsunami generation and propagation based on VolcFlow to extract the spatiotemporal
distributions of the simulated water surface level and water fluxes during the event.
Subsequently, we switched to the Boussinesq model at a certain time (to) after the
occurrence of collapse to simulate only tsunami propagation, using the spatiotemporal
distribution of the water surface level and water fluxes from the VolcFlow simulation as
inputs. We tried the variation of switching time (to) and assessed the best switching time
by looking at the waveform’s comparison at tide gauge stations. We set to to 2 min based
on a trial-and-error method and used it as the switching time to the Boussinesq model.
The simulation of the 2018 Sunda Strait tsunami was performed by using VolcFlow model
for 2-min simulation of tsunami generation and propagation then switched to the
Boussinesq model to estimate only tsunami propagation for 100-min simulation.
4.1.5 Numerical Simulation of the 2018 Sunda Strait Tsunami

Numerical simulation of landslide and tsunami of the 2018 Anak Krakatau event

have been conducted by several studies applying various models. Grilli et al. (2019)

31



simulated the flank collapse of Anak Krakatau by interpreting the geometrical failure
plane from satellite images. Their study applied three different collapse volumes of 0.22
km?, 0.27 km?, and 0.30 km?® by considering two rheology (granular material and dense
viscous fluid) were used for simulation. Another study by Paris et al (2020) applied a
different collapse volume of 0.15 km? which is smaller compared to the collapse volume
in the study of Grilli et al. (2019). In the numerical simulation of landslide and tsunami,
estimating the exact initial collapse volume is difficult and still challenging. In the case
of subaerial volcano such as Anak Krakatau, the geometrical of landslide plane can be
more complicated as the volcano partially submerged in the water.

In the present study, the numerical simulation of collapse and tsunami of Anak
Krakatau in 2018 was conducted using combination of VolcFlow and Boussinesq models.
At the early stage of computation, the simulation of landslide and tsunami in the first 2
min were simulated using VolcFlow model (Fig. 4.2). The initial collapse with 0.24 km?
volume indicates in Fig. 4.2a is used as a collapse source for the simulation of the 2018
Sunda Strait tsunami. Based on the simulation, the landslide mass is mainly distributed
to the south and southwest part of Anak Krakatau then deposited over the caldera floor
(Fig. 4.2b). In the first 2 min, the initial collapse debris interacting with water and triggers
extreme wave with height of more than 30 m to the south-westward of the landslide scar
(Fig. 4.2c). Computation beyond 2 min was handled by Boussinesq model by
continuously simulating the tsunami propagation. The snapshots of tsunami propagation
simulation performed by Boussinesq model at 10 min, 20 min, 30 min, and 90 min are
shown in Fig. 4.3. The result indicates that tsunami waves are attenuated rapidly as they
are traveling towards the coasts of Java and Sumatra. Large leading waves are seen

propagating in all directions, with significant tsunami waves mainly towards east,
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southeast, south, and southwest part of Anak Krakatau (Fig. 4.3a). After 10 min, the initial
tsunami height propagated out of the source with tsunami waves exceeding 10 m, then
continued propagating further in all directions towards the coastal of Java and Sumatra.
Based on the simulation, tsunami reached the west coast of Java in the area of Tanjung
Lesung and Marina Jambu within 30-33 minutes after the initial collapse (Fig. 4.3¢c). Our
simulation is consistent with the tide gauge data at Marina Jambu station which recorded
the first tsunami arrival of 33 min after the assumed origin time of 13:56 UTC (Fig. 4.4d).
In less than 90 min from the initial collapse, tsunami have completely inundated the
western coast of Java and southeastern coast of Sumatra.

Assessing the model performance, we compared the observed tsunami waveform
at all four tide gauges stations with our simulated waveforms (Fig. 4.4). At Ciwandan, the
simulation shows that tsunami arrived at this station at 38 minutes with first wave
amplitude of 30 cm and it is consistent with the observed waveform at this station (Fig.
4.4c). Another tide gauge stations in Sumatra recorded the tsunami from the 2018 event
at two locations of Kota Agung and Panjang. The result from our simulation shows that
the tsunami arrived at the Kota Agung station in about 41 min which is slightly later than
the observed waveform (Fig. 4.4a). The first tsunami wave in Kota Agung with 30 cm
height is resulted from our simulation. At Panjang station, numerical simulation shows
that tsunami waveform underestimates the observed waveform with late arrival compared
to the recorded waveform (Fig. 4.4b). In general, the waveforms observed at Kota Agung,
Ciwandan, and Marina Jambu have a reasonable fit with the simulated waveforms.
However, a noticeable discrepancy between the simulated and observed tsunami
waveforms was found at Panjang station (Fig. 4.4b). A similar discrepancy for Panjang

station was found in other studies such as those by Grilli et al. (2019), Mulia et al. (2020)
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and Paris et al. (2020). The discrepancy in tsunami amplitude and arrival time were
possibly influenced by the effect of shallow water and energy dissipation, as complex
interactions occurred in a coastal area of the Panjang station. Moreover, limited grid
resolution in this simulation might contribute to the discrepancy of the tsunami simulated
at Panjang station (Mulia et al. 2020; Zengaftinen et al. 2020).

Further analyses on the performance of the models, we compared the simulation
to the measured run-up height along the coast of java from two different field surveys of
Mubhari et al. (2019) and Heidarzadeh et. al. (2020). First, we compare our simulations
with measured run-up height at 12 locations along the western coast of Java from the
measurement of Muhari et al. (2019). The comparison between run-up height
measurement and computation is shown in Fig. 4.5 and Table 4.1. Tsunami run-up height
comparison using Mubhari et al. (2019) data mostly indicates an underestimation, with
simulated run-up height about half of the observed ones (Fig. 4.5). Then, for further
assessment we compare our simulation with tsunami measurements from Haidarzadeh et
al. (2020). We compare our simulation with measured tsunami at 25 locations from the
survey of Haidarzadeh et al. (2020) (Fig. 4.6 and Table 4.2). The comparison between
measured and calculated tsunami height shows a better fit although there are still
discrepancies between measured and simulated runup heights (Fig. 4.6). The resolution
of the bathymetry and topography data we used in the simulation may be responsible for
the discrepancies in the runup height comparison for the 2018 tsunami simulation. The
inundation simulation result can be improved by implementing higher resolution of
bathymetry and topography data for modeling. Analysis on the maximum surface water
elevations computed in Sunda Strait for the 2018 tsunami is shown in Fig. 4.7. The result

shows that tsunami waves propagated in all direction with remarkable large tsunami wave
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propagating towards Java island. This result is consistent with the post tsunami field
survey by Mubhari et al. (2019) where a maximum runup height of 13.5 m was measured
in the area around Tanjung Lesung located in the southeast part of Sunda Strait.
Examining the general performance, we consider that the observed tsunami from
waveforms recorded at tide gauge stations and post-survey measurement of the 2018
Sunda Strait tsunami event were reasonably explained by our numerical simulation. Thus,
the selected models were appropriate for simulating the generation and propagation of
tsunamis triggered by the sector collapse of Anak Krakatau. After assessing the reliability
of the models through preliminary modeling, we used the combination of the selected
models (VolcFlow and Boussinesq models) to construct the pre-computed database of

sector collapse for Anak Krakatau volcano as a part of our forecasting strategy.
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Figure 4.1 (a) Sunda Strait area with four tide gauges located at Kota Agung, Panjang,
Ciwandan, and Marina Jambu recorded the 2018 tsunami are indicated by yellow

triangles. (b) Anak Krakatau volcanic complex is indicated by the red rectangle in (a).
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Figure 4.2. The landslide

and tsunami generation at 2 min using VolcFlow model. (a)

Initial collapse with 0.24 km® volume. (b) Collapse thickness at 2 min after the initial

collapse. (¢) Tsunami propagation simulation at 2 min.
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Figure 4.3. Snapshots of tsunami propagation simulation of the 2018 Sunda Strait
tsunami at 10 min, 20 min, 30 min, and 90 min (a-d), respectively. Black star indicates
the location of Anak Krakatau volcano. Yellow and magenta triangles indicate the real

and synthetic tide gauge stations around Sunda Strait, respectively.
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from 2018 Anak Krakatau event at four tide gauge stations: (a) Kota Agung, (b) Panjang,

(¢) Ciwandan, and (d) Marina Jambu.

39



Simulation

| t:Obs (Muhari et al. 2019

&
w

Latitude [degree]
&
&

64 -
645} .
65 .
'6'550 3 (; s; 1.2 15

Tsunami Height [m]
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Figure 4.7. Maximum surface elevation from the simulation of the 2018 Sunda Strait

tsunami event with the white star indicates the location of Anak Krakatau volcano.

42



Table 4.1 Comparison of the computed and measured tsunami from the post-tsunami

survey of Mubhari et al. (2019).

Tsunami Height (m)

Do Losg Eat Measurement Simulation
1 105.8547 -6.1511 3.74 2.09
2 1058475 -6.17476 454 2.23
3 1058497 -6.19602 3.29 191
4 1058362 -6.20232 58 2.63
5 105.8258 -6.23888 534 1.92
6 105.8289 -6.2621 457 2.87
7 105.8270 -6.27677 345 3.13
8 1056594 -6.48078 7.07 354
9 1056382 -6.50781 851 544
10 1056334 -6.51699 13.49 7.51
11 105.6289 -6.52415 10.94 6.50
12 105.6267 -6.52896 13.2 5.66

43



Table 4.2 Comparison of the computed and measured tsunami from the post-tsunami

survey of Haidarzadeh et al. (2020).

. Tsunami Height (m)

Ne Sus Loxg Lt Measurement Simulation
1 Sambolo-1 105.8821 -6.0983 15 1.24
2 Cilurah 105.8289 -6.2563 14 1.71
3 Pondok Paula 1058260 -6.2764 24 1.84
4 Stefani Villa 105.8265 -6.282 31 2.76
5 Carita-1 105.8295 -6.3168 29 275
6 Carita-2 105.8273 -6.3333 3:] 3.39
7 Labuan-2 105.8261 -6.4205 0.9 0.85
8 Tanjung Lesung-1  105.6532 -6.4795 40 3.69
9 Tanjung Lesung-23  105.6531 -6.4802 34 464
10 Kasavana Resort  105.6412 -6.5047 6.3 5.60
11 Joglo Beach House 105.6218 -6.5527 40 477
12 Banyuasih-1 1056179  -6.5675 5.2 484
13 Banyuasih School  105.6166 -6.5719 46 413
14 Banyuasih-23 105.6248 -6.5955 42 3.22
15 Banyuasth-4 105.6208 -6.5991 3.0 3.09
16 Banyuasih-3 1056086  -6.6324 26 2.56
17 Cisith Beach 105.5997 -6.6471 1.9 297
18 Sumur-1 105.5833 -6.6564 24 2.17
19 Sumur-2 105.5833 -6.6568 25 2.06
20 Sumur-3 105.5821 -6.6575 25 234
21 Sumur-4 105.5723 -6.6789 25 1.87
22 Sumur-5 105.5726 -6.68 23 1.74
23 Ciputih Resort-1 105.5491 -6.7018 39 197
24 Ciputih Resort-2 105.5497 -6.7018 40 232
25 Sumur-6 105.5418 -6.7048 3.0 1.51
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4.2 Tsunami Forecasting Strategy
4.2.1 Tsunami Characteristic from Anak Krakatau

Development of tsunami warning systems with effective tsunami observation
network have become a priority for tsunami prone areas (Mulia et al. 2017). A well-
designed tsunami observing network should be carefully constructed for reliable tsunami
forecasting (Wang et al. 2020). In present, numerous tsunami monitoring networks are
available and deployed in the tsunamigenic area such Japan, New Zealand, Canada, etc.
A remarkable tsunami monitoring network called S-net is actively operating for tsunami
warning in Japan with 150 ocean bottom pressure sensors (Mochizuki et al. 2016). In the
case of the 2022 Tonga eruption, tsunamis were observed by 106 ocean bottom pressure
sensors of S-net in Japan (Tanioka et al. 2022). Thus, the existence of tsunami monitoring
system is likely to be beneficial for the operation of tsunami forecasting not only for
earthquake generated tsunamis but also for non-tectonic tsunamis. In this study, we try to
propose a design of tsunami observation network for Anak Krakatau volcano that can be
used for real-time tsunami forecasting purposes.

Anak Krakatau volcano is identified as one of the most active volcanoes with
continuous intense volcanic activity in Indonesia. As mentioned before, the site of Anak
Krakatau volcano and Sunda Strait has been known as tsunami prone zone proven by
historical records of tsunamis. Even though it is known as a tsunami-prone area, the
tsunami monitoring network is still not fully available in that area. Focusing on the
development of tsunami forecasting for volcanic sector collapse, we propose a design for
tsunami monitoring network at Anak Krakatau. The Anak Krakatau volcano is surrounded
by three uninhabited islands: Sertung, Rakata, and Panjang. In this volcanic island

complex, tsunamis generated during the collapse sector of Anak Krakatau propagated
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towards the three pathways out between the uninhabited islands before traveling further
to the coastal area of Java and Sumatra. Considering these characteristics, we placed six
virtual observation stations in the vicinity of volcano to surround the Anak Krakatau and
divided the complex of Anak Krakatau into three regions A, B, and C (Fig. 4.8), as
monitoring and early tsunami detection. We placed the observation stations on the three
islands surrounding Anak Krakatau where each island has two observation stations
located on the edge of island. We placed the observation systems in locations that are
suitable for the installation of observation stations considering the coastal morphology of
the three surrounding islands. Moreover, rapid detection of tsunami was also considered
in the placement of observation stations. Currently, tsunami observation stations are not
available in the actual locations. Therefore, we addressed our six observation stations here
as virtual observation stations. We should note that the six observations here are the
minimum requirements number for the application of our tsunami forecasting methods
for Anak Krakatau.
4.2.2 Construction of Pre-computed Database

The construction of pre-computed database is conducted by simulating various
sector collapse scenarios using topography and bathymetry data around the Anak
Krakatau. A topography data with spatial resolution of 0.27 arc-sec was used to create
various landslide planes. Then, bathymetry data with 3-arcsec resolution was also used
for the numerical simulation. The topography and bathymetry data were obtained from
the Geospatial Information Agency of Indonesia and its available for free access
(https://tanahair.indonesia.go.id/demnas/). Here, we should note that the topography data
of Anak Krakatau used to build the database was data from pre-collapse state of the 2018

collapse and tsunami event. The top elevation of Anak Krakatau volcano from the
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topography data has a maximum height of about 250 m above sea level. The cross section
showing the elevation of Anak Krakatau volcano from the pre-collapse state is indicated
in Fig. 4.9.

The collapse scenarios in this study were created one by one by setting several
geometric parameters such as collapse thickness, dip, and strike angle. By varying the
geometric parameters, we obtained multiple collapse scenarios of Anak Krakatau with
different collapse volumes and directions. The numerical simulation of each collapse
scenario was conducted using the combination of VolcFlow and Boussinesq models for a
total of 3 min simulations. In each created scenario, the behavior of collapsed material
and the generation and propagation of tsunamis of up to 1 min were simulated using
VolcFlow model, then switched to the Boussinesq model for estimating only tsunami
propagation up to 2 min. The simulation tsunami generation and propagation for the pre-
computed database were performed in a similar manner to the analysis of the 2018
tsunami event presented in section 4.1.

The concept of a pre-computed database for tsunami forecasting has been applied
in many studies (Tanioka et al. 2014; Gusman et al. 2014; Tanioka and Gusman, 2018).
In earthquake studies, the pre-computed tsunami database method has been recognized
for its robustness and commonly used for the operation of early tsunami warning system.
The pre-computed database for earthquakes usually contains a pre-calculated set of data
such as fault models, tsunami waveforms, tsunami inundation, etc. The real-time
forecasting process for great earthquakes will be less time consuming by computing the
pre-calculated data from various earthquake scenarios (Gusman and Tanioka, 2014).
Attributing to the robustness of method, we adopt the concept of pre-computed tsunami

database for tsunamis generated by volcanic sector collapse.
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In the present study, we constructed a pre-computed tsunami database focusing on
the volcanic sector collapse of Anak Krakatau. Our database includes 16 sector collapse
scenarios (SC’s) with various volumes, locations and sliding directions. Multiple collapse
scenarios of Anak Krakatau were created from the topography data and we named all the
16 scenarios in our database as SC1 to SC16 (Fig. 4.10). From those 16 collapse scenarios,
we have variations of landslide direction mainly towards the southwest, southeast, north,
and west of Anak Krakatau. The range of collapse volume in our database also varied by
the variation of the collapse thickness with the largest collapse volume of 0.25 km?® and
smallest collapse volume of 0.04 km?®. The detailed collapse geometry in each scenario
and the illustration on the application of collapse thickness variations in our collapse
scenario are shown in Table 4.3. and Fig. 4.11. As mentioned before, the early generation
and propagation of tsunamis of up to 1 min were simulated using VolcFlow model, then
switched to the Boussinesq model for estimating only tsunami propagation in total of 3
min simulation for each scenario. The determination of the switching time here is based
on the VolcFlow simulation results, which shows that the significant tsunami generation
process under the assumed collapse scenarios is likely to end within 1 min after the
occurrence of collapse. Based on our trial simulations, the total elapsed time of 3 min
after the collapse was long enough for tsunamis to be generated and propagated through
the sea areas between uninhabited islands of Sertung, Rakata, and Panjang. Therefore, we
decided to use a total of 3 min numerical simulation for each created collapse scenario in
our database. The example of a 3-minutes collapse and tsunami simulation from one of
our scenarios is shown in Fig. 4.12. The panel (b-c) in Fig. 4.12 indicates the landslide

and corresponding tsunami for 1 minute simulation using VolcFlow model, and Fig. 4.12d
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shows the subsequent tsunami propagation simulation up to 3 min by Boussinesq model.
The same simulation was conducted for all 16 collapse scenarios that were created before.

The tsunami generation and simulation from our database are computed by total
of 3 min simulations. As mentioned before, the main reason is that the total elapsed time
of 3 min after the collapse was long enough for tsunamis to be generated, captured by the
virtual observation stations, and propagated through the sea areas between uninhabited
islands (Fig. 4.12d). At the time of 3 min after the collapse, significant components of the
tsunami were located within each region as shown in Fig. 4.13, and similar results were
obtained in any assumed scenario. Towards the next step, we stored a set of important
data from the 3 min tsunami generation and propagation simulation in each scenario into
the database. There are three important pieces of data that must be stored in the database
for each collapse scenario: synthetic waveforms at virtual stations (Fig. 4.13b-g), surface
water elevation (Fig. 4.13h-j), and flux distribution (Fig. 4.13k-p). Here, we stored the
synthetic waveform from the simulation with sampling interval of 2-s for the virtual
observation stations. Implementing the region division, we also stored the synthetic
waveforms and the spatiotemporal changes in the water surface level and flux distribution
for each regions A, B, C, into the database (Fig. 4.13).
4.2.3 Real-time Tsunami Forecasting

As briefly mentioned in the previous section, we consider that tsunami propagated
from the Anak Krakatau volcano consisting of three separate elements: tsunami
waveforms propagating through region A, B, and C, where each region covers a different
pair of two observation stations. Considering this characteristic, we propose a real-time
tsunami forecasting strategy by determining the best collapse scenario representing

tsunamis in each region (A, B, C). Then, used the pre-computed surface water elevation
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and flux distribution from the best scenarios at each region A, B, C, as initial condition
for the real-time simulation.

In the implementation of tsunami forecasting, the best scenario for each input A,
B, C is required as an initial condition for real-time simulation. The selection process of
the best scenario depends on the observed waveforms at six tsunami monitoring stations
surrounding Anak Krakatau. In our tsunami forecasting strategy, the scenario in the
database that has the most reasonable waveforms to the observed waveforms is firstly
determined as the best scenario. For region A, the best scenario is searched by comparing
the observed and pre-computed waveforms at the two virtual stations 1 and 2 located at
the end of region A. The changes in the water surface level and flux at the 3 min in region
A can therefore be determined based on the best scenario, because they have been
computed and stored in the database. For region B, the best scenario with considerable
pre-computed water surface and flux distribution is obtained by comparing the observed
and pre-computed waveforms at stations 5 and 6. Lastly, for region C, waveforms
comparison at stations 3 and 4 will result in the best scenario with considerable pre-
computed water surface and flux distribution. Three collapse scenarios are determined as
the best scenario, and these can be identical or combination of different scenarios. By
spatially integrating the spatial distributions of water surface level and flux in regions A,
B, and C under the identified scenarios at 3 min after the collapse, they can be inputs to a
single large-scale tsunami propagation simulation for Sunda Strait area. Real-time
tsunami estimation for the coasts of Java and Sumatra can be conducted based on this
propagation simulation. The important point of this method is that this method allows us
to conduct real-time tsunami estimation without considering any source in the actual

tsunami event associated with a volcanic eruption of Anak Krakatau. In our study,

50



generally we applied two types of numerical simulations. First, a numerical simulation
uses a combination of the VolcFlow and Boussinesq models for simulating the sector
collapse and tsunami propagation to construct the pre-computed database that explained
in previous section. Second, we used only the Boussinesq model to forecast the tsunami
without any estimation on collapse source for the demonstration of our real-time
forecasting simulation.

In the real-time application, the most suitable scenarios for each region A, B, and
C are identified based on a result from waveform comparison at observation stations. For
the comparison, a waveform fitting procedure between pre-computed and observed
waveforms at six observation stations with a time window of 100 s is conducted by Root
Mean Square Error (RMSE) analyses. The initial collapse time between the actual and
pre-computed scenarios might be different due to the different initiation of collapse. Then,
a direct comparison between observed and pre-computed waveforms at observation
stations may result in large misfits caused by different tsunami waveform phases
(Gusman et al. 2014). To avoid this problem, we applied a time shift procedure by shifting
the pre-computed waveforms to the observed waveforms every 2-s while calculating the
RMSE values. Thus, the best scenario with the corresponding optimal pre-computed
waveforms was obtained by minimizing the RMSE between the observed and pre-
computed waveforms. The RMSE values are calculated using simple formula that can be

written as:

RMSE — J 1Ly (5: = 0)? -

n
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where n is the number of data points, Si and Oi are the time series of simulated data and
actual observed data, respectively. Using this simple RMSE calculation, it allows us to
determine the best scenario without any complicated procedure and less time consuming.
In order to obtain the best tsunami wave field to explain the six observed tsunami
waveforms, the timing of three scenarios to put in the second type tsunami computation
is defined by the time shifts procedure. This time-shifting process involves comparing
pairs of waveforms, resulting in a calculated RMSE value in each region A, B, and C. An
example of time shift procedure is shown in Figure 4.14. In region A, we compared the
pre-computed and observed waveforms at sites 1 and 2 which resulted in an identical
optimal time shifting value (1a) (Fig. 4.14a-c). For region B, comparison of pre-computed
and observed waveforms at sites 5 and 6 will result in optimal time shift value (1v) (Fig.
4.14d-1). Lastly in region C, comparison of waveforms at sites 3 and 4 will result in
optimal time shift value (tc) (Fig. 4.14g-1). Therefore, the most suitable initial collapse
scenarios to respectively reproduce the observed waveforms in three regions can be
identified through this procedure. Using the identified best scenarios and optimal shifting
values, we synthesized corresponding spatial distributions of water surface level and flux
at 3 min after the collapse by integrating those in three regions A, B, and C. Then, use it
as input/initial conditions for single large tsunami numerical simulation using Boussinesq

model.
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105.36 105.39 105.42 105.45 105.48

Figure 4.8. Anak Krakatau complex divided into three regions A, B, and C for tsunami
forecasting purposes (red, green, and blue dashed line). Each region A, B, and C is
covered by a pair of virtual observation stations indicated by red triangles. Region A
covers pair of stations 1 and 2, region B covers pair of stations 5 and 6, lastly region C

covers pair of stations 3 and 4.
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Figure 4.9. (a) Topography data of Anak Krakatau from the pre-collapse state in 2018.
(b) Pre-collapse elevation of Anak Krakatau from the cross-section A-B indicated in (a).
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Figure 4.10. Various collapse area and volumes from 16 scenarios named SC1 to SC16

inside the database (a-p).
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Figure 4.11. Illustration on collapse thickness variations in scenario 1-4 (SC1-SC4) based
on the Table. 4.3. The dashed lines show the landslide plane, and the thick-colored lines

indicate the collapse thickness from the top of plane in SC1-SC4, respectively.
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Figure 4.12. Example of a 3-min simulation for pre-computed database. (a) Collapse
thickness scenario. (b-¢) Landslide and corresponding tsunami propagation for 1 minute
simulation using VolcFlow model. (d) Subsequent tsunami propagation simulation up to

3 min by Boussinesq model.
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Figure 4.13. Data for the pre-computed database. (a) Three regions A (red-dashed line),
B (green-dashed line), and C (blue-dashed line). (b-g) Synthetic waveforms at six virtual
observation stations. (h-j) Surface elevation distribution in three regions A, B, C. (k-m)
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time shifts.
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Table 4.3. Geometry parameter of each collapse scenario in the database

D Dip (®) Strike (°) Thickness (m) Volume (kms)
SC1 9 120 190 024
SC2 9 120 133 0.19
SC3 9 120 95 0.12
SC4 9 120 38 0.07
SC5 8 50 200 0.25
SCé 8 50 140 0.20
SC7 8 50 100 0.12
SC8 8 50 40 0.07
SC9 5 270 118 0.15

SC10 5 270 83 0.12
SC11 5 270 59 0.07
SCi12 5 270 24 0.04
SC13 s 190 200 0.13
SC14 7 190 140 0.10
SC15 7 190 100 0.06
SC16 7 190 40 0.04




4.3 Numerical Experiments of Tsunami Forecasting
4.3.1 Test Casel

Krakatau complex has relatively deep water in the southern part of the Anak
Krakatau volcano, where the 1883 post-eruption caldera is situated. The location of Anak
Krakatau, which is partially built on the steep edge of the caldera, makes it more unstable
and prone to volcanic collapse (Deplus et al. 1995; Giachetti et al. 2012). As consequences
of the position, the slope in the south-southwest side of Anak Krakatau is steeper than the
slope in the west side (Stehn et al. 1929; Giachetti et al. 2012). With the steep slope and
continuous growing of volcano towards southwest, the flank collapse on the south-
southwest part of Anak Krakatau cannot be excluded (Deplus et al. 1995). Considering
the instability of the structure, we created a possible collapse scenario for Test Case 1.
The first test case involved a hypothetical collapse scenario of 0.25 km? total collapse
volume with the main collapse area located in the southern part of the Anak Krakatau
volcano. The collapse area and thickness for this first scenario is shown in Fig. 4.15. Here,
we should note that the hypothetical collapse scenario of Test Case 1 is not included in
our pre-computed collapse database and designated only for this numerical experiment.
Furthermore, the hypothetical collapse scenario of Test Case 1 was simulated by two
different numerical simulations. For the first type, tsunami numerical simulation is
conducted by simulating the collapse and tsunami using combination of VolcFlow and
Boussinesq models as assumption of the future collapse event. For the second type, we
applied the forecasting method and simulated the tsunami using only Boussinesq model
to test and demonstrate our real-time forecasting method. We named the result of the first

and second type of numerical simulation as synthetic and forecasted, respectively. The
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performance of forecasting will be assessed by comparing the waveforms from those two
different computations at five locations around Sunda Strait.

In the demonstration of tsunami forecasting, first we compare the synthetic
waveforms at virtual observation stations computed by first type numerical simulation
mentioned before. Then, compare it with the pre-computed waveforms from our database.
Applying the procedure for real-time forecasting, we compared the synthetic and pre-
computed waveforms at the six virtual observation stations. Waveform fitting analyses by
RMSE misfit calculation was then performed to obtain the initial condition for the regions
A, B, and C. Waveform fitting together with time shift procedure at sta. 1 and 2 resulted
in the RMSE value variations to search for the best scenario in region A (Fig. 4.16a-d).
Then, applying the procedure for sta. 5 and 6 resulted in the RMSE value for the best
scenario in region B (Fig. 4.16e-h). Lastly, the best scenario for region C was obtained by
finding the smallest RMSE resulted from the waveform fitting procedure on sta. 3 and
sta. 4 (Fig. 4.161-1). Based on the waveform fitting result, we obtain the best combination
scenario for inputs A, B and C, that is, SC2 (0.19 km?®), SC7 (0.12 km?), and SC8 (0.07
km?), with optimal time shifts of +4, +4, and +22 s, respectively (Fig. 4.16). The surface
elevation and flux distributions at the time of 3 min in those three best scenarios inside
the database were then used as the initial conditions for the large-scale tsunami
propagation simulation by the Boussinesq model. We integrate those three scenarios as
initial condition while considering the time shift value for each input.

Tsunami propagation at 3.5 min is shown in Fig. 4.17. The forecasted waveforms
were compared to the synthetic waveforms (i.e., observation in the real case) from the
first type numerical simulation at five locations around Java and Sumatra island (Fig.

4.18). The comparison showed that the first tsunami peak and maximum amplitude
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generally matched well with the observations at the five locations. From this hypothetical
scenario, the significant tsunami height was forecasted at Tanjung Lesung, Marina Jambu,
and Ciwandan stations with maximum amplitudes of 3.8, 1.2, and 0.5 m, while smaller
maximum amplitude of 0.3 and 0.2 m were forecasted at Kota Agung and Panjang stations,
respectively.
4.3.2 Test Case 2

Volcanic edifices are naturally unstable because of the continuous change and
accumulation rates of volcanic deposits (Paris, 2015). Therefore, mass failures can occur
in different parts of the volcano with various scales. Considering the potential collapse
variety, we assumed a different hypothetical scenario for Test Case 2 to further assess the
performance of our method. In this case, we created a sector collapse scenario with a total
collapse volume of 0.21 km?, with the collapse area concentrated in the eastern part of
the volcano (Fig. 4.19). The collapse volume for Test Case 2 is smaller than the collapse
volume used for Test Case 1 before. The forecasting performance and the impact of
tsunami to the coastal area of Java and Sumatra will be assessed using the variation of
collapse volume and direction. The hypothetical collapse scenario for Test Case 2 is not
included in our database and newly created for the forecasting assessment. The numerical
simulation of tsunami was conducted through the same process as the previous test case
with two types of computation. The performance of the forecasting is assessed by
comparing synthetic and forecasted tsunami waveforms at five locations around Sunda
Strait.

The waveform fitting results indicated a combination of SC8 (0.07 km?), SC8
(0.07 km?®), and SC5 (0.25 km®) as the most suitable inputs A, B, and C, respectively (Fig.

4.20). The surface elevation and flux distribution at 3 min provided by the best
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combination of scenarios with optimal time shift of +14 s, -6 s, and -14 s were used as
the initial conditions for the large-scale simulation. The tsunami propagation at 3.5 min
can be seen in Fig. 4.21. For validation, we compared the synthetic and forecasted
waveforms at five locations. The synthetic waveforms are resulted from the numerical
simulation of tsunami using collapse source. The forecasted waveforms are resulted from
the forecasting simulation method that used integrated water surface level and flux
distribution from our database. The comparison of synthetic and forecasted waveforms is
shown in Fig. 4.22. The comparison showed that the first tsunami peak and maximum
amplitude generally matched well with the simulated waveforms at the five locations. At
the location of Tanjung Lesung and Marina Jambu, tsunami arrivals are about 30 min and
33 min with first tsunami wave height of about 1 m. The initial collapse sector is situated
at the east part of Anak Krakatau volcano, then the directivity of the landslide may
become the reason of the significant tsunami height at area of Tanjung Lesung and Marina
Jambu as tsunami leading wave propagating towards the coast of Java. At the other
locations of Kota Agung and Panjang, the forecasted waveforms were slightly ahead of
the arrival time compared with the synthetic waveforms. In this second case, although
there were small discrepancies in the tsunami arrival time, we considered that the
forecasted waveforms were generally acceptable for real-time tsunami warnings.
4.3.3 Test Case3

Considering a collapse scenario with various directions and volumes, we initiated
the last hypothetical collapse scenario to evaluate the accuracy of our tsunami forecasting
method throughout same process with two previous cases. This last hypothetical scenario
involved a volcanic collapse volume of 0.20 km?® with the main collapse situated in the

northwest part of Anak Krakatau volcano. Here, Test Case 3 involved the smallest
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collapse volume compared with the other previous test cases. The collapse thickness of
the hypothetical scenario of Test Case 3 is shown in Fig. 4.23. Anak Krakatau is built on
the steep wall of 1883 Krakatau caldera, and it is mainly active on its southwest side
(Giachetti et al. 2012). The collapse situated at the other area is also possible due to the
unstable edifice that accumulated from the eruption phase. Due to the complex
topography and the existence of Krakatau caldera, the water depth at the south part of
Anak Krakatau is much deeper than the other parts. Therefore, we assumed that collapse
volume in the south and southwest of Anak Krakatau can be much higher than collapse
at the other area.

Waveform fitting and RMSE misfit analyses suggested a combination scenario of
SC16 (0.03 km®), SC16 (0.03 km?3), and SC13 (0.13 km?), with optimal time shift of 0,
+14, and O s, respectively, as initial condition (Fig. 4.24). The large-scale tsunami
simulation was conducted using surface elevation and flux distribution from the
combination of the best scenarios as initial conditions. Fig. 4.25 shows the tsunami
propagation at 3.5 min. A comparison between the synthetic (i.e., observation in the real
case) and forecasted waveforms at the five locations for Test Case 3 is shown in Fig. 4.26.
The results indicated that the tsunami arrival time was explained well by the forecasted
waveforms. However, the forecasted tsunami waveforms from our simulation were
slightly underestimated at the five tide gauge locations. This was possibly caused by lack
of scenario variations in the database, so that the initial condition in the final simulation
is not at optimum combination.

Numerical experiments using three different hypothetical collapse scenarios in
this study show that this method can produce appropriate tsunami forecast even for

collapse scenarios that are not included in the database. These findings indicate the
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robustness of the forecasting method proposed in this study. Taking general analysis, the
numerical experiments using three different hypothetical collapse scenarios resulted in

reliable forecasting performance targeted the coastal of Java and Sumatra.
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Figure 4.16 RMSE value and considerable optimal time shift for selecting initial

conditions in region A, B, and C of Test Case 1. The RMSE values were calculated for
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Figure 4.24 RMSE value and considerable optimal time shift for selecting initial

conditions in region A, B, and C of Test Case 3. The RMSE values were calculated for all

scenarios in database (SC1-SC16) at pair of station 1 & 2 for Input A (a-d), station 5 & 6

for Input B (e-h), and station 3 & 4 for Input C (i-l). Black arrow indicates the best

scenario with optimal time shift and smallest RMS misfit.
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combination scenarios from the database for Test Case 3.
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4.4 Discussion

We demonstrated our forecasting method through a numerical experiment using
three test cases for Anak Krakatau sector collapse. In our method, we divided the Anak
Krakatau complex into three regions A, B, and C, then, determined the best scenario for
each region as initial conditions. As shown in the test cases, we obtained appropriate
tsunami forecasts along the coast even though the collapse scenarios for the test cases
were not inside the database. This method allows us to forecast the tsunami without
knowing the detailed information of the collapse source.

The Sunda Strait tsunami on December 22", 2018, swept the nearby coastline of
Java and Sumatra without any warning from either earthquake or alert system (Ye et al.
2020). Inadequate tsunami monitoring system has become one of the factors that
contribute to the absence of tsunami warning in the 2018 events. Without the tsunami
monitoring system, early tsunami detection and considerable tsunami forecasting will be
difficult to implement. The existence of observation stations has become important as
they are useful for tsunami forecasting and rapid tsunami detection. A study to investigate
the forecasting performance by assimilating offshore observation data and high-
frequency radar in the case of Tonga eruption was conducted by Wang et al. (2023). They
tested the method that resulted in high forecast accuracy for tsunami warning. Here, we
proposed a real-time forecasting method based on a pre-computed database and
utilization of observation stations near the source for Anak Krakatau volcano. Our method
required at least 100s of observed waveforms at six observation stations to conduct
waveform fitting. A suitable observation station should then be considered in the
application of our methods. Various observation networks designated for small to

extremely high tsunamis are available and actively operated in Japan. Pressure sensors to
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observe huge tsunamis were installed along the Japanese coasts (Tsuruoka et al. 2015).
Time series of water surface level at the site where the sensor was installed can be
estimated from observed pressure data. In 2011, the sensors observed the pressure
changes due to the 2011 Tohoku tsunami. The corresponding water surface level changes
were successfully estimated at each station although the observations were lacked in some
time periods (Japan Meteorological Agency, 2012). A waveform of the tsunami with a
peak height of ~ 10 m was also observed at a coastal station (Soma station). Applying
this, the output value from the pressure sensor can be sent via a dedicated cable to the tide
gauge converter that is placed separately in higher elevation area. Finally, the output data
is transmitted via satellite to the monitoring center (Tsuruoka et al. 2015). Adopted such
a pressure sensor, essential information such as initial tsunami waveforms that are needed
in our method can be provided. The technical issues could be solved by identifying the
best observation system that is suitable for monitoring the Anak Krakatau. In present,
about two tide gauge stations are placed in the area of Anak Krakatau complex for
continuously monitoring the water elevation changes. However, it is still insufficient for
the implementation of real-time tsunami forecasting. More observation stations with a
well-designed tsunami forecasting method should be combined to upgrade the tsunami
warning system in Indonesia. The availability of tsunami observation network will be
useful to detect and monitor either tsunami generated from tectonic or volcanic activity
in the Anak Krakatau and Sunda Strait area.

After the 2018 tsunami event, Anak Krakatau volcano continuously showed
intense volcanic activity. Considering the high volcanic activity, the topography of Anak
Krakatau has changed over time. Using satellite imagery and aerial footage can be used

to monitor the structural change in the Anak Krakatau. Since Anak Krakatau is
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categorized as one of the most active volcanoes in Indonesia, the edifice material from
the eruptive process will continue accumulating and change the morphology of Anak
Krakatau from time to time. In this study, we built a pre-computed database using
topography from the pre-collapse state of the 2018 Anak Krakatau tsunami to demonstrate
our tsunami forecasting methods. The structure and topography of Anak Krakatau will
change due to the dynamic processes such as erosion and accumulation of volcanic
material. Therefore, we suggest that it is necessary to update the topography data and
collapse scenario database in the implementation of this method. The frequency of
updating is hard to determine since the structural change of Anak Krakatau depends on
the dynamic volcanic activity over time. The quality of the topography data possibly
affects the accuracy of tsunami forecasting. Recent topography data with good resolution
should be obtained before implementing the forecasting method in our study. Moreover,
a good quality of bathymetry data around Sunda Strait should be available for the
numerical simulation. According to our analysis from the numerical simulation of the
2018 Sunda Strait tsunami, discrepancies and inaccuracy of numerical simulation may
arise due to insufficient topography and bathymetry data. Therefore, reliable topographic
and bathymetric data from the surface mapping or more detailed geophysical imaging are
necessary to conduct. The number of scenarios in the database should be considered as
another important factor. In the present study, we created 16 collapse scenarios with
various volumes and collapse areas for the demonstration of our real-time forecasting
method. A higher accuracy of tsunami forecasting can be achieved by increasing the
number of collapse scenarios in the database. However, large numbers of scenarios may
consume more time in the selection process of initial conditions for the real-time

simulation. In the implementation of this method, it is important to find the optimal
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number of collapse scenarios in the database as the Anak Krakatau volcano grows rapidly
over time.

The tsunami generation and propagation models in this study were carefully tested
by performing a numerical simulation of the 2018 Anak Krakatau tsunami and were
validated with observed waveforms at four tide gauge stations and tsunami measurements
from the field survey. For future disaster mitigation strategies, we propose a real-time
tsunami forecasting method based on the pre-computed database for the Anak Krakatau
volcanic tsunamis in Indonesia. Numerical experiments for the three test cases showed
that our method could efficiently produce appropriate tsunami forecasts in the vicinity of
the Sunda Strait. Moreover, by implementing our method, we can estimate real-time
tsunamis generated by volcanic activity of Anak Krakatau without information on
complex source mechanisms.

Systematic tsunami warning and forecasting method for sector collapse of Anak
Krakatau have been proposed in this study. However, further improvements should be
made to the application of this tsunami warning system. Volcanic eruptions may induce
pyroclastic flows, explosion, subaerial collapse, and submarine landslides, which all
could give contribution to the tsunami generation. The current forecasting method
proposed in this study was based on the pre-computed database that constructed
considering sector collapse scenario only. Inadequate variation of source mechanisms in
the database can cause less accuracy of forecasting tsunamis. Therefore, a pre-computed
database considering various source mechanisms should be considered as future
improvements of this study. Our forecasting method requires time to obtain initial
conditions for real-time tsunami forecasting. With a larger number of scenarios in

database, it may consume more time to obtain the best combination of scenarios as input
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for simulation. A designed system should be created to speed up the process of searching
for the best scenario. In actual implementation, warning time should be one of the most
important component of tsunami warning and forecasting. Our method requires real-time
simulation to provide information about tsunami impact to the coastal area. Advanced
devices should be prepared to perform faster simulation to forecast the tsunami. Higher
resolution of topography and bathymetry data is also required to provide more accurate

tsunami forecast to the targeted area.
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Chapter 5
Study on the Tsunami Generation by Sector Collapse of Komagatake Volcano for

Future Tsunami Warning System

5.1 The 1640 Komagatake Tsunami

On July 31%, 1640, the summit of Mt. Komagatake collapsed due to volcanic activity
and caused a large tsunami known as Komagatake tsunami. Part of the avalanche
collapsed to the eastward from the summit of Komagatake and then entered the sea
causing a large tsunami (Nishimura et al. 1999). Tsunami generated by collapse of
Komagatake volcano in 1640 washed over the coast of Uchiura bay and killing about 700
people (Katsui and Yamamoto, 1981; Furukawa et al. 2008; Nakanishi and Okamura,
2019). Komagatake is a conical stratovolcano located in the southwest part of Hokkaido,
Japan (Fig. 5.1). The summit of Komagatake has a horseshoe-shaped crater with
approximately 2 km diameter. The tsunami traces from the 1640 event were confirmed
by tsunami deposits data consisting of gravel to sand layer covered with Komagatake d
(Ko-d) tephra from the 1640 eruption in several locations along Uchiura Bay (Nishimura
and Miyaji, 1998). Survey conducted by Yoshimoto et al. (2003) using side scan sonar
shows that debris avalanche from the 1640 eruption was deposited 80 m deep seafloor
and deposited to the eastward and northeast of volcano. Total collapse volume with range
of 0.92 to 1.20 km® was estimated by extrapolating the pre-collapse topography from the
surrounding area (Yoshimoto et al. 2003). Moreover, information about the tsunami
height from the 1640 Komagatake tsunami was also available from the measurement
along the southern coast of Iburi to Uchiura Bay, maximum run up heights of 2.9 m, 8.5

m, 7.3 m, 4.5 m, and 5.8 m were recorded at Shadai, Zenko-ji, Arutori, Kogane, and
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Washinoki, respectively (Nishimura and Miyaji, 1995; Nishimura et al. 1998). Also, the
information about the tsunami deposit from the 1640 Komagatake tsunami is available
from several studies including Nakanishi and Okamura, (2019). After the 1640 eruption,
several noticeable eruptions occurred in the years 1694, 1856, and 1929 with Plinian
eruption style. At this moment, the activity of Komagatake is continuously monitored by
the authorities including Japan Meteorological Agency.
5.2 Numerical Simulation of the 1640 Komagatake Tsunami

In this study, a preliminary modeling of the 1640 Komagatake tsunamis is
conducted to test the reliability of landslide and tsunami models. The numerical
simulation of landslide and tsunami of Komagatake is mainly performed using the
coupled models of VolcFlow (Kelfoun and Druitt, 2005; Kelfoun et. al. 2011) and
Boussinesq models (Yamanaka and Tanioka, 2017). The generation and propagation of
tsunami from the landslide is modeled using combination of those two models in a similar
manner with the preliminary modeling of the 2018 Sunda Strait tsunami event. Slightly
different from previous simulation of Anak Krakatau, the initial generation of landslide
and tsunami is performed for 3-min using VolcFlow model then later computation will
take over by only Boussinesq model for another 120-min simulation. Considering the
larger collapse volume of Komagatake, the early stage of simulation by VolcFlow model
was set to 3 minutes to anticipate the prolonged landslide-water simulation. In this
computation, a set of topography and bathymetry data with resolution of 150 m was
applied for the entire computation domain. The simulation results from preliminary
modeling of the 1640 Komagatake tsunami will be compared with available historical

tsunami data including run-up height and tsunami deposit.
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In the numerical simulation of the 1640 Komagatake tsunami, an initial collapse
volume of 1.2 km? based on the study of Yamanaka and Tanioka (2017) was employed as
an initial condition for the simulation. The initial collapse and the elevation profile from
before and after the 1640 collapse is indicated in Fig. 5.2 and the collapse thickness from
first 3 minutes simulation is shown in Fig. 5.3. Based on the simulation, in 3 min the
center of the mass collapsed from towards the eastern part of Komagatake volcano. The
deposit was scattered in a large area underwater mainly to the eastern part of volcano.
Further result of tsunami propagation simulation is shown in Fig. 5.4. In the first 3 min,
the collapse generated tsunami with initial height more than 35 m then propagating
towards all directions (Fig. 5.4a). Approximately 20 min after the initial collapse, the
tsunami arrived at the location across the volcano in loc D (Kogane) (Fig. 5.4b). Then
after 100 min, the tsunami completely inundated the large coastal area along Uchiura Bay
in the southern part of Iburi coast (Fig. 5.4d). Furthermore, the simulation was evaluated
by comparing the simulated tsunami with the available tsunami data of maximum run-up
heights (Nishimura and Miyaji, 1998) and tsunami deposit data (Nakanishi and Okamura,
2019). The inundation simulation from this study was compared with the distribution of
tsunami deposits data of the 1640 Komagatake found at seven places along Hokkaido
coast (Fig. 5.5). Then, a comparison between measured and simulated tsunami run-up
heights at five locations is presented in Fig. 5.6. Based on comparison, the tsunami
deposits distribution at seven places were generally well-explained by our numerical
simulations (Fig. 5.5). However, the comparison with measured run-up height at five
places shows that there are discrepancies between the observed and simulated tsunami
height indicated by overestimation and underestimations (Fig. 5.6). The underestimations

were found especially at the location of B (Zenko-ji), C (Arutori), E (Washinoki), that
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located along Uchiura Bay. Similar discrepancies between measured and simulated
tsunami height at five locations were also found in the study of Yamanaka and Tanioka
(2017) who performed the numerical simulation using different landslide model. Further
investigation into the discrepancies in the simulation especially at the locations along
Uchiura Bay (location B, C, E) was conducted by employing larger collapse volume from
the initial collapse volume we used before. Two larger collapse volumes of 1.8 km® and
2.4 km® were created by increasing the collapse thickness by 1.5 times and 2.0 times ratio
from 1.2 km® initial volume, respectively. Landslide and tsunami simulation were
computed again using two larger collapse volumes. The comparison of measured and
simulated run-up heights using variation of collapse volumes is presented in Fig. 5.7.
Snapshots of tsunami propagation resulted from increased volume variations of 1.8 km?
and 2.4 km® were shown in Fig. 5.8 and 5.9 respectively. Comparing the results, the
measured run-up height at location C (Arutori) and E (Washinoki) were explained better
using two increased volume variations (Fig. 5.7). However, the measured run-up height
at location B (Zenko-ji) still could not explained well by the collapse volume variations.
The inundation simulation comparison in the locations of B (Zenkoji) and Arutori (C)
from three different collapse volumes of 1.2 km?, 1.8 km?, and 2.4 km? is presented in
Fig. 5.10. As result, the increased volumes resulted in larger inundation at Zenkoji (B),
but the measured tsunami still could not explain well by those collapse volume variations.
It is possibly due to the coarse resolution of topography and bathymetry data used in the
simulation. The collapse deposits from the 1640 Komagatake tsunami were distributed to
the northeast and east parts of Komagatake based on the study of Yoshimoto et al. (2003).
The collapse thickness of the landslide from three different volumes of 1.2 km?, 1.8 km?,

and 2.4 km® were compared to the collapse depositional area from the survey by
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Yoshimoto et al. (2003) (Fig. 5.11). The comparison shows that initial volume of 1.8 km?
and 2.4 km? explained well both the observed tsunami heights (Nishimura and Miyaji,
1998) and the depositional area from the field survey of Yoshimoto et al. (2003).
5.3 Tsunami Characteristics and Hazard Assessment

Further study on the tsunami characteristic and hazard assessment from the sector
collapse of Komagatake volcano is conducted by simulating hypothetical collapse
scenarios assuming the future collapse of Komagatake. The hypothetical collapse
scenarios are carefully created using the present topography data. Assuming the future
collapse cases, this study created three hypothetical collapse scenarios using the same
method as applied in the construction of pre-computed database for sector collapse of
Anak Krakatau in the previous chapter. Furthermore, three virtual observation stations
were placed to the vicinity of volcano to identify the characteristics of tsunami from the
sector collapse of Komagatake (Fig. 5.14).
5.3.1 Hypothetical Collapse Scenario 1

The first hypothetical collapse has a total collapse of 0.87 km?* with the main

collapse plane located to the northeast part of Komagatake volcano (Fig. 5.12). Using the
hypothetical collapse scenario, the simulation of landslide and tsunami was then
conducted based on the same manner with the preliminary modeling of the 1640
Komagatake event by sequence of VolcFlow and Boussinesq models. The landslide
thickness from 3 minutes simulation is shown in Fig. 5.13. At the first 3-min simulation,
it is shown that the collapse materials were widely distributed towards the north, northeast,
and eastern part of Komagatake volcano (Fig. 5.13d). Then, the snapshot of tsunami
propagation simulation at 5, 10, 20, and 100 min from the initial collapse using

hypothetical collapse scenario 1 are shown in Fig. 5.14. Assessment on the tsunami hazard
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was conducted by extracting the maximum tsunami height at four locations (Yakumo,
Oshamanbe, Date, and Muroran) indicated by red triangles in Fig. 5.14. As result, the
hypothetical collapse scenario 1 with main collapse plane located at the northeast part of
Komagatake volcano produced significant tsunami at the area across volcano especially
Muroran and Date area with maximum tsunami height of 15.1 m and 10.1 m, respectively
(Fig. 5.14d). The characteristics of tsunami generated by hypothetical collapse scenario 1
were further assessed using the extracted waveforms at three virtual observation stations
(Fig. 5.15). By comparing the extracted waveforms, virtual observation stations 2 located
to the northeast of volcano observed the highest tsunami elevation compared to the other
two stations. The first hypothetical collapse scenario has a main collapse plane in the
northeast part of volcano and resulting in a highest observed tsunami amplitude at station
located also to the northeast of volcano. The highest recorded waveforms at observation
stations correspond to the main collapse plane and collapse direction. A single collapse
scenario might be not enough to identify the characteristics of tsunami resulting from the
sector collapse of Komagatake. Therefore, another collapse scenarios with different
volumes and main collapse locations are needed to give more detailed information about
tsunami characteristics.
5.3.2 Hypothetical Collapse Scenario 2

The second hypothetical collapse was created using different collapse geometry
with the main collapse plane located at the north part of volcano (Fig. 5.16). Considering
the variety of landslides, another scenario with total collapse volume of 0.63 km? is
employed to the numerical simulation as initial source. Numerical simulation was
conducted using the same manner as previous simulation in scenario 1. The landslide

thickness from 3-min simulation is shown in Fig. 5.17. From 3 minutes landslide
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simulation, the hypothetical collapse scenario 2 resulted in a relatively wide collapse
deposit area (Fig. 5.17d). The snapshot of tsunami propagation simulation at 5, 10, 20,
and 100 min from the initial collapse using hypothetical collapse 2 is indicated in Fig.
5.18. The impact of tsunami to the coastal area of Hokkaido was conducted by examining
the maximum tsunami height at four places. Similar with previous collapse scenario, the
numerical simulation of landslide and tsunami from the hypothetical collapse 2 resulted
in the significant height at the area around Muroran and Date with maximum tsunami
height of 13.1 m and 9.1 m, respectively (Fig. 5.18d). Furthermore, the extracted
waveforms at three virtual observation stations were used to identify the tsunami
characteristic from the hypothetical collapse scenario 2. As comparison from extracted
waveforms at three virtual stations, it shows that the collapse plane in the north part of
volcano resulting in significant tsunami height recorded at virtual observation 1 and 2
located at the northwest and northeast of volcano with highest tsunami amplitude
recorded at virtual observation 2 (Fig. 5.19).
5.3.3 Hypothetical Collapse Scenario 3

The last hypothetical scenario involved a scenario with total collapse volume of
0.72 km® with main collapse plane located at the northwest area of Komagatake (Fig.
5.20). Numerical simulation was conducted in the same manner with the previous two
scenarios using combination of VolcFlow and Boussinesq models. In this last hypothetical
scenarios, landslide thickness shows that the collapse is widely distributed towards
northwest, north, and northeast side of Komagatake volcano, which is similar
characteristic with the previous two collapse scenarios (Fig. 5.21). From this scenario,
large collapse deposits were mainly accumulated in northwest to the north of volcano.

The snapshots of tsunami propagation are shown in Fig. 5.22. The hypothetical collapse
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scenario 3 with main collapse located at the northwest area of volcano resulted in the
significant tsunami height in Date and Muroran areas (Fig. 5.22d), which indicates similar
tsunami distribution pattern with previous two collapse scenarios. The waveforms
identification at three virtual observation stations shows that the highest tsunami
amplitude appears in virtual observation 1 (Fig. 5.23). The hypothetical collapse scenario
3 has a main collapse plane to the northeast part of volcano and resulting in a highest
observed tsunami amplitude at virtual station 1 located to the northeast of volcano. This
result indicates that the recorded waveforms at virtual observation stations can give
primary information about the main collapse plane and collapse direction. The result from
the waveforms analysis here highlights that important information related to the initial
collapse and generated tsunami waves from the sector collapse can be identified from the
waveforms at observation stations. This can be one of the advantages from the existence
of observation stations in the vicinity of volcano towards the development of tsunami
warning.
5.4 Discussion

Study on the tsunami generation by sector collapse of Komagatake was conducted
by preliminary modeling of the 1640 Komagatake tsunami event and numerically
computed three hypothetical collapse scenarios assuming the future collapse of
Komagatake. The simulation of the 1640 Komagatake was assessed by the available
tsunami data including tsunami deposit and tsunami height measurement along the coast
of Hokkaido. Higher collapse volumes of 1.8 and 2.4 km? explained well the tsunami
deposits and tsunami height from the field survey. The survey of Yoshimoto et al. (2003)
explained that total debris volume that flowed to the sea is estimated to be 0.92 to 1.20

km?, while the amount of collapse deposit in the land is about 0.50 km?. Considering total
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collapse deposit inland and sea area, the collapse volumes estimation of 1.8-2.4 km?
suggested in this study is consistent with the total collapse volume from the surveyed data.
This study suggested that the initial collapse volume of 1.8-2.4 km? should be appropriate
for simulating the 1640 Komagatake tsunami event.

Further analysis on the characteristics of tsunami resulting from the sector collapse
of Komagatake and its impact to the coastal area were investigated by simulating three
hypothetical collapse scenarios. The hypothetical collapse scenarios with different initial
collapse and volumes were employed to the numerical models assuming the future
collapse of Komagatake. Based on the simulations using three hypothetical scenarios, the
landslides resulted in similar tsunami height distribution pattern along Uchiura Bay. All
three hypothetical scenarios resulted in larger tsunami heights around Date and Muroran,
while smaller tsunami heights were found around Yakumo and Oshamanbe area (Fig.
5.24). The topography and bathymetry profile along Uchiura Bay are possibly responsible
for those similar tsunami distribution patterns. Through this analysis we know that the
tsunami distribution pattern along Uchiura Bay was likely similar regardless of the
landslide direction. This suggests that the tsunami heights along Uchiura Bay should be
well predicted using the amplitudes of three virtual stations which are influenced by
collapse volume. However, there are still minor variations of tsunami height distribution
along Uchiura Bay. Those variations can also be predicted by analyzing approximately 5-
10 minutes waveforms observed at virtual observation stations. The variations in tsunami
height can be identified by looking at amplitude differences from the observed waveforms
at virtual stations. Based on our numerical simulations, tsunami arrival time from the
sector collapse of Komagatake are varied from 16-26 minutes after the initial collapse at

location along Uchiura Bay. Therefore, using the information from 5-10 minutes
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waveforms at observation station, we still can obtain warning time of 10-15 minutes for
coastal area across the volcano especially in Uchiura Bay. By conducting numerical
experiments using three hypothetical scenarios, this study showed the existence of
observation stations should be beneficial for tsunami warning and forecasting purposes.
Tsunami warning and forecasting for sector collapse case of Komagatake have not fully
constructed in this study. The result in this study mainly provides insight for the
importance of observation stations to identify the collapse sources and early tsunami
detection. Careful consideration should be given to the construction of tsunami warning

for sector collapse of Komagatake.
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Figure 5.2 Elevation profile of Komagatake from before and after the collapse in 1640.
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Figure 5.4 Snapshots of tsunami propagation simulation from the 1640 Komagatake
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Figure 5.6 Comparison between measured (black bar) and simulated (red line) run-up
heights at five locations of A (Shadai), B (Zenko-ji), C (Arutori), D (Kogane), and E

(Washinoki).
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Figure 5.7 Comparison between measured (black bar) and simulated run-up height at five
locations with collapse volume variations of 1.2 km? (red line), 1.8 km? (green line), 2.4

km?® (magenta line).
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Figure 5.8 Snapshots of tsunami propagation simulation from the 1640 Komagatake

tsunami using increased initial collapse volume of 1.8 km?.
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Figure 5.9 Snapshots of tsunami propagation simulation from the 1640 Komagatake
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Figure 5.10 Inundation simulation at Zenkoji (left) and Arutori (right) using different

collapse volumes of 1.2 km? (a-b), 1.8 km? (c-d), and 2.4 km? (e-f).
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Figure 5.11 Collapse thickness deposit of 1.2 km? (a), 1.8 km? (b), and 2.4 km? (c)

collapse volumes from 3 minutes landslide simulation. Red-dashed line indicates the

depositional area from the study of Yoshimoto et al. (2003).
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Figure 5.12 Collapse plane of the hypothetical collapse scenario 1 with total collapse
volume of 0.87 km?. (a) Elevation profile from the cross-section A-B indicated in (b). (c)

Main collapse plane at the northeast of Komagatake volcano.
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Figure 5.15 Extracted tsunami waveforms at three virtual observation stations resulting

from the hypothetical collapse scenario 1.
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Figure 5.16 Collapse plane of the hypothetical collapse scenario 2 with total collapse

volume of 0.63 km?. (a) Elevation profile from the cross-section A-B indicated in (b). (c)

Main collapse plane at the north part of Komagatake volcano.
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Figure 5.18 Snapshots of tsunami propagation simulation from hypothetical collapse
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Figure 5.19 Extracted tsunami waveforms at three virtual observation stations resulting

from the hypothetical collapse scenario 2.
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3 with total collapse volume of 0.73 km?.
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Figure 5.22 Snapshots of tsunami propagation simulation from hypothetical collapse

scenario 3 at 5 min (a), 10 min (b), 20 min (c), and 100 min (d). The black circle indicates

the three virtual observation points. The red triangles and label in the fig (d) indicate the

maximum tsunami height at those locations.
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Figure 5.23 Extracted tsunami waveforms at three virtual observation stations resulting

from the hypothetical collapse scenario 3.
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General Conclusion and Future Directions

Study towards the development of tsunami warning system associated with
volcanic sector collapse was conducted through numerical simulation of landslide and
tsunami from Anak Krakatau and Komagatake volcano. In the case of Anak Krakatau, a
real-time forecasting method was proposed for volcanic sector collapse tsunami of Anak
Krakatau in Indonesia. The tsunami generation and propagation models in this study were
carefully tested by performing a numerical simulation of the 2018 Anak Krakatau tsunami
and were validated with observed waveforms at four tide gauge stations. For future
disaster mitigation strategies, we propose a real-time tsunami forecasting method based
on the pre-computed database for the Anak Krakatau volcanic tsunamis in Indonesia.
Numerical experiments for the three test cases showed that our method could efficiently
produce appropriate tsunami forecasts in the vicinity of the Sunda Strait. Moreover, by
implementing our method, it allows us to estimate real-time tsunamis generated by
volcanic activity of Anak Krakatau without considering the information on source
mechanisms.

Further study relating to the development of tsunami warning was conducted by
simulating the sector collapse and tsunami of Komagatake volcano located in Hokkaido,
Japan. Preliminary modeling of the 1640 Komagatake tsunami was performed and
validated with the available tsunami measurement data including tsunami deposits and
tsunami height. The findings of this study suggested that an initial collapse volume of
1.8-2.4 km? is appropriate for simulating the 1640 Komagatake tsunami event. Further
study on the tsunami characteristics indicated that the essential information on tsunami

generation can be identified from the recorded waveforms at observation stations. Given
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those results, tsunami warning can be done by utilizing available information obtained
from observation stations. Moreover, rapid tsunami detection at observation stations
allows us to have warning time for targeted coastal areas. Various technique with
utilization of observation stations have been available for tsunami forecasting including
pre-computed database, tsunami data assimilation, etc. Tsunami warning with pre-
computed database concept should be work for sector collapse of Komagatake. This
method can provide rapid tsunami forecasting along the coast by finding the best scenario
based on the obtained information from observation stations. Using another method of
tsunami data assimilation can be another options for sector collapse case of Komagatake.
However, applying data assimilation method requires more numbers of observation
stations in the vicinity of Komagatake. Finding the most suitable forecasting technique
for sector collapse case of Komagatake should be prioritized for further improvement of
the study of Komagatake.

Performing study for two different volcanic sector collapse cases, both study on the
volcanic sector collapse of Anak Krakatau and Komagatake volcano shows that the
existence of observation station in the vicinity of volcano is essential towards the
implementation of tsunami early warning. Considering the findings, a well-constructed
tsunami forecasting method based on the utilization of observation stations should be

feasible for future tsunami warning systems even for volcanic tsunami cases.
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