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Present tsunami warning systems have been specialized for earthquake-
generated tsunamis, but rapidly evaluating the tsunamis caused by volcanic
eruptions and/or volcanic sector collapses remains a challenge. In this study,
we applied a numerical model to the 2018 Anak Krakatau tsunami event, which
was generated by the sector collapse, 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 observation stations that
are virtually placed on uninhabited island surrounding the source area. During an
actual volcanic tsunami event, a tsunami is expected to be observed at the
observation stations. For real-time tsunami forecasting, the most suitable
scenarios to reproduce the observed waveforms are searched quickly in the
database. The precomputed results under the identified scenarios are further
provided as input for rapid tsunami propagation simulation. Therefore, an 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 themethod
for three hypothetical collapse scenarios assuming different sliding directions. We
demonstrated that the tsunamis along the coasts were successfully forecasted.
Moreover, we showed that the combination of a pre-computed database and the
existence of observation stations near the source area was able to produce
appropriate tsunami forecasting for the coastal area even in a volcanic event.
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1 Introduction

On 22 December 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
(Figure 1) that collapsed into the sea (Grilli et al., 2019; Heidarzadeh et al., 2020a). This
tsunami event significantly affected the vicinity across Sunda Strait with recorded maximum
tsunami runup height and inundation distance of 13.5 m and 330 m, respectively, along the
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coasts of Java and Sumatra (Muhari 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 1883 tsunami
run up to a height of 30–40 m and a total number of death toll
exceeded 36.000 (Verbeek, 1885; Simkin and Fiske, 1983). 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). It is necessary to
develop a real-time tsunami forecasting method for Anak Krakatau
and other area prone to volcanic tsunamis in Indonesia.

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 from volcanic tsunamis 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). The underlying processes of a tsunami
associated with mass failure can be investigated through physical
experiments and/or numerical simulations of tsunami generation
and propagation. Various studies have been conducted on the
2018 Anak Krakatau event to gain deeper insights into the
generation of volcanic tsunamis. Several studies performed
investigation by using common numerical models adopting 2D
depth-averaged coupled models to understand the dynamics of
tsunami caused by sector collapse such as Grilli et al. (2019) and
Paris et al. (2020). A study to investigate the appropriate source
mechanisms of the 2018 tsunami event considering twomechanisms
from the eruption and landslide was conducted by Ren et al., 2020.

Another study by Heidarzadeh et al. (2020b) 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.

Various types of tsunami monitoring systems have been actively
operated for early tsunami warning from small to gigantic tsunami
scales. 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., 2011; Maeda et al., 2015; Tanioka, 2020). In
Indonesia, the tsunami warning system is actively operated by
Indonesia Tsunami Early Warning System (InaTEWS) (Harig
et al., 2020). However, it 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 case 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 a real-time tsunami
forecasting (Grilli et al., 2019; Muhari et al., 2019).

Concerning the future sector collapse of Anak Krakatau volcano,
we aimed to develop a real-time forecasting method using a pre-
computed database. To this end, first, we conducted a case study at

FIGURE 1
(A) Study area of Sunda Strait with tide gauge location indicated by triangles: yellow (real) and magenta (virtual). (B) Anak Krakatau volcanic complex
is indicated by the red rectangle in (A), and six virtual observation stations are indicated by red triangles.
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Anak Krakatau for the 2018 tsunami event in order to investigate the
predictive skills in numerical models used in this study. Second, we
simulated tsunami waveforms under various collapse scenarios
assumed for a future collapse and stored the necessary
information in a database. Finally, we proposed a forecasting
method using a database and discussed its effectiveness.

2 Data and method

Tsunami waveforms from the 2018 Anak Krakatau event were
recorded at four tide gauge stations located in Kota Agung, Panjang,
Ciwandan, and Marina Jambu (Figure 1A). 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.

Tsunami generation by the sector collapse of Anak Krakatau
volcano was simulated using VolcFlow model (Kelfoun and
Druitt, 2005). VolcFlow model is a two-dimensional (2D)
depth-average model which was modified to incorporate 3D
interactions between landslide and water to give greater
accuracy (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 shallow water equations of mass conservation and
momentum balance (Kelfoun et al., 2010; Paris et al., 2011).
Another complex second-order 3D effect and dissipation due to
the wave breaking were not considered in VolcFlow model.
Numerical simulation by VolcFlow model was performed

using a water density of 1,000 kg m−3. For landslides, we
applied a density of 1,500 kg m−3 referring to the main
volcanic material composition of Anak Krakatau (Sudrajat,
1982; Camus et al., 1987; Giachetti et al., 2012) and a constant
retarding stress of 5 kPa for the numerical simulation of
VolcFlow (Mulia et al., 2020).

In the case of a tsunami associated with volcanic sector collapse,
a dispersive model has been widely applied and suggested to
simulate a tsunami that caused by mass failure (Tappin et al.,
2014; Grilli et al., 2017; Paris et al., 2019). The variation of
collapse thickness in the generation mechanism of tsunamis may
contribute to dispersion (Ward and Day, 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 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. To account for dispersive
characteristics of tsunami, we employ 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. Manning roughness
coefficient of 0.025 m−1/3 was assumed for the bottom friction
terms in the Boussinesq model.

Generally, we apply two types of numerical simulations in this
study. First, the numerical simulation using a combination of the
VolcFlow and Boussinesq models for simulating the sector collapse
and tsunami propagation to construct the pre-computed database.
Second, we used only the Boussinesq model to forecast the tsunami
without any estimation on collapse source for the demonstration of

FIGURE 2
Comparison between observed (blue) and simulated (red) tsunami waveforms from 2018 Anak Krakatau event at four tide gauge stations: (A) Kota
Agung, (B) Panjang, (C) Ciwandan, and (D) Marina Jambu.
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our real-time forecasting simulation. Computational domain with a
3 arc-sec resolution was constructed by integrating the Indonesian
bathymetry and topography data with spatial resolution of a 6 arc-
sec and 0.27 arc-sec and resampled it.

3 Numerical test for the 2018 Anak
Krakatau tsunami event

The estimation characteristics of the selectedmodels (VolcFlow and
Boussinesq models) were assessed by applying them to the 2018 Anak
Krakatau tsunami event. The initial collapse area of 2018 event is
situated in the southwestern part of AnakKrakatau, with a total collapse
volume of 0.24 km3. This collapse source was obtained fromMulia et al.
(2020), who estimated the collapse volume by comparing the satellite
images of AnakKrakatau volcano frombefore and after the event. In the
numerical simulation, 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 (t0) after the
occurrence of collapse, using the spatiotemporal distribution of the
water surface level and water fluxes from the VolcFlow simulation as
inputs. We set t0 to 2 min based on a trial-and-error method and used
the Boussinesq model to simulate the propagation of the 2018 tsunami
for 100 min.

The simulated waveforms were compared with the tsunami
waveforms recorded at the four tide gauge stations (Figure 2).
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 (Figure 2B). A
similar discrepancy was found in other studies such as those by Grilli
et al. (2019), Mulia et al. (2020) 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 (Mulia et al., 2020; Zengaffinen et al., 2020). By assessing
the general performance, we consider that the observed tsunami
heights for the 2018 Anak Krakatau tsunami event were reasonably
explained by our numerical simulation. Thus, the selected models

FIGURE 3
Example of a 3-min simulation for pre-computed database. (A)Collapse thickness scenario. (B,C) Landslide and corresponding tsunami propagation
for 1 min simulation using VolcFlow model. (D) Subsequent tsunami propagation simulation up to 3 min by Boussinesq model.
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were appropriate for simulating the generation and propagation of
tsunamis triggered by the sector collapse of Anak Krakatau.

4 Tsunami forecasting strategy

Our real-time tsunami forecasting strategy is based on a pre-
computed database. 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 towards the three pathways out
in between the uninhabited islands before traveling further to the
coasts of Java and Sumatra. Considering these characteristics, we

placed six virtual observation stations in the vicinity of volcano to
surround the Anak Krakatau (Figure 1B), as monitoring and early
tsunami detection. Moreover, 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. The six observations here are the minimum requirements
for the application of our methods.

The concept of a pre-computed database for tsunami forecasting
has been applied in many studies such as Tanioka et al. (2014) and
Gusman et al. (2014). In the present study, we constructed a pre-
computed tsunami database for the volcanic sector collapse of Anak
Krakatau. Our database includes 16 sector collapse scenarios (SC’s) with
various volumes, locations and sliding directions (Supplementary

FIGURE 4
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) Flux distributions in south direction, and
(N–P) east direction, in regions A, B, C.
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Figure S1). We create those collapse scenarios by setting several
parameters such as collapse thickness, dip and strike angle. The
detail collapse geometry in each scenario and illustration on the
application of collapse thickness variations in our database are
shown in Supplementary Table S1 and Supplementary Figure S2
inside the Supplementary Material. 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
(Figures 3B, C), then switched to the Boussinesq model for estimating
only tsunami propagation with similar manner to the analysis of the
2018 tsunami event (Figure 3D). The determination of the switching
time 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.
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
(Figure 3D). The simulation results of the spatiotemporal changes in the
water surface level and flux up to 3 min after the collapse were then
stored in the database with a sampling time step of 2-s for the virtual
observation stations and three regions A, B, C (Figure 4).

FIGURE 5
Waveform fitting procedure to obtain best combination scenario by RMSE calculation and time-shifting for input A (A–C), Input B (D–F), and Input C
(G–I). Black arrows indicate the smallest RMSE misfit with considerable optimal time shift.

FIGURE 6
Hypothetical collapse scenario with total collapse volume of
0.25 km3 for the Test Case 1.
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This study considered a tsunami that propagated from an area
near the volcano consisting of three separate tsunami elements:
tsunami propagating through region A, B, and C (Figure 4A). Each
region covers a different pair of two observation stations (Figures
4B–G). At the time of 3 min after the collapse, significant

components of the tsunami were located within each region as
shown in Figures 4H–P, and similar results were obtained in any
assumed scenario. Considering these characteristics, in real-time
forecasting strategy, 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. Following these, the same analysis is applied to regions
B and C. Three collapse scenarios are determined as the best
scenario, and these can be identical or 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. Real-time tsunami estimation for
the coasts of Java and Sumatra can be conducted based on this
propagation simulation. This method allows us to conduct real-time
tsunami estimation without considering any source in the actual
tsunami event associated with a volcanic eruption.

5 Selection of waveforms and initial
collapse scenarios

In the real-time application, the most suitable scenarios for each
region A, B, and C are identified based on a result from waveform

FIGURE 7
Tsunami propagation at 3.5 min using the initial condition from
the best combination scenarios from the database for Test Case 1.

FIGURE 8
Comparison between synthetic and forecasted waveforms from Test Case 1 at five locations: (A) Kota Agung, (B) Panjang, (C) Ciwandan, (D)Marina
Jambu, and (E) Tanjung Lesung.
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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 (Figure 5). The initial
collapse time between the actual and pre-computed scenarios might
be different. 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. Thus, the optimal pre-computed waveforms with the

corresponding scenario were obtained by minimizing the RMSE
between the observed and pre-computed waveforms.

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 process involves comparing pairs of waveforms, resulting in a
calculated RMSE value in each region A, B, and C (Figure 5). In
region A, we compared the precomputed and observed waveforms at
sites 1 and 2 resulted in an identical optimal time shifting value (τa)
(Figures 5A–C). In two other regions, the calculation using the data at
stations 5 and 6 is for region B (Figures 5D–F), and that using the data at
stations 3 and 4 is for region C (Figures 5G–I). 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 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.

6 Numerical experiments of tsunami
forecasting

The performance of our tsunami forecasting method was
assessed in three hypothetical scenarios which considered a
represented direction and considerable collapse volume of Anak
Krakatau volcano. The hypothetical scenarios were newly assumed
for this numerical experiment after the development of database and
were not included in the database. To create synthetic waveforms,
tsunami under three hypothetical scenarios were calculated based on
the similar method described in Section 4.

6.1 Test case 1

The first test case involved a collapse scenario with 0.25 km3

volume, with the main collapse area located in the southern part of
the Anak Krakatau volcano. The collapse thickness for this scenario
is shown in Figure 6. Krakatau complex has relatively deep water in
the southern part of the Anak Krakatau volcano, where the
1,883 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).

By 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. Based on the waveform
fitting result, we obtain the best combination scenario for inputs
A, B and C, that is, SC2 (0.19 km3), SC7 (0.12 km3), and SC8
(0.07 km3), with optimal time shifts of +4, +4, and +22 s,
respectively (Supplementary Figure S3). The surface elevation
and flux distributions at the time of 3 min in those three scenarios
inside the database were then used as the initial conditions for the
large-scale tsunami propagation simulation by the Boussinesq
model. Tsunami propagation at 3.5 min is shown in Figure 7. The
forecasted waveforms were compared to the synthetic waveforms
(i.e., observation in the real case) from the forward numerical

FIGURE 9
Hypothetical collapse scenario with total collapse volume of
0.21 km3 for Test Case 2.

FIGURE 10
Tsunami propagation at 3.5 min using the initial condition from
the best combination scenarios from the database for Test Case 2.
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modeling at five locations (Figure 8). The comparison showed
that the first tsunami peak and maximum amplitude 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.

6.2 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 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 km3, with
the collapse area concentrated in the eastern part of the volcano
(Figure 9). Subsequently, a numerical simulation was conducted
through the same process as the previous test case.

The waveform fitting results indicated a combination of SC8
(0.07 km3), SC8 (0.07 km3), and SC5 (0.25 km3) as the most
suitable inputs A, B, and C, respectively (Supplementary
Figure S4). The surface elevation and flux distribution at
3 min provided by the best 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 Figure 10. For validation,
we compared the forecasted waveforms from our method with
synthetic waveforms acquired from forward numerical modeling

FIGURE 11
Comparison between synthetic and forecasted waveforms from Test Case 2 at five tide gauge locations: (A) Kota Agung, (B) Panjang, (C) Ciwandan,
(D) Marina Jambu, and (E) Tanjung Lesung.

FIGURE 12
Hypothetical collapse scenario with total collapse volume of
0.20 km3 for Test Case 3.
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at the five tide gauge stations (Figure 11). The comparison
showed that the first tsunami peak and maximum amplitude
generally matched well with the simulated waveforms at the five
locations. At 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.

6.3 Test case 3

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 km3 with the main collapse situated in the northwest part of
Anak Krakatau volcano. The collapse thickness of the hypothetical
scenario of Case 3 is shown in Figure 12.

Waveform fitting and RMSE misfit analyses suggested a
combination scenario of SC16 (0.03 km3), SC16 (0.03 km3), and
SC13 (0.13 km3), with optimal time shift of 0, +14, and 0 s,
respectively, as initial condition (Supplementary Figure S5). The
large-scale tsunami simulation was conducted using surface
elevation and flux distribution from the combination of the best
scenarios as initial conditions. Figure 13 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 Case 3 is shown in Figure 14. The results
indicated that the tsunami arrival time was explained well by the
forecasted waveforms. However, the forecasted tsunami waveforms

FIGURE 13
Tsunami propagation at 3.5 min using the initial condition from
the best combination scenarios from the database for Test Case 3.

FIGURE 14
Comparison between synthetic and forecasted waveforms from Test Case 3 at five tide gauge locations: (A) Kota Agung, (B) Panjang, (C) Ciwandan,
(D) Marina Jambu, and (E) Tanjung Lesung.
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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.

7 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 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 100 s 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 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, an essential information
such as initial tsunami waveforms that are needed in our method
can be provided.

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. 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 methods.
However, in the real application of this method, it is
important to frequently renew the topographic data of Anak

Krakatau and use it to update the pre-computed database.
Moreover, 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. A higher accuracy of the proposed method can be achieved
by increasing the number of collapse scenarios in the database.
However, large numbers of scenarios may require 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 number of collapse scenarios in
the database as the Anak Krakatau volcano grows rapidly
over time.

8 Conclusion

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, we can estimate real-time tsunamis
generated by volcanic activity of Anak Krakatau without
information on source mechanisms.
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