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Abstract. Generally, long wave propagation numerical models are used to model
the propagation of tsunami waves, which both are caused by volcanic earth-
quakes and tectonic earthquakes that occur in the middle of the sea. In this re-
search, the time and height of tsunami wave propagation are presented and sim-
ulated. Tsunami waves are simulated with the assumption that if in the future at
the location of Mount Anak Krakatau an eruption of Mount Anak Krakatau oc-
curs, or from around the fault zone on the west coast of Sumatra a tectonic earth-
quake occurs. It is assumed that the earthquake that occurred will cause a tsunami
wave. The waves will propagate to the coastal areas of Lampung and the west
coast of Sumatra. To model the propagation of tsunami waves, nonlinear wave
equations are used. The explicit finite difference method is used to approach this
equation. Aim of this research presented here is to show that the propagation of
tsunami waves caused by tectonic earthquakes is more dangerous than tsunami
waves caused by volcanic earthquakes if it is assumed that the energy or height
of the tsunami waves at the source location is the same.

Keywords: Tsunami, volcanic and Tectonic Earthquakes, Anak Krakatau

1 Introduction

Generally, numerical models are used by researchers to model natural events such
as wave propagation. Wave propagation theory is used by researchers, especially in
developing models for the propagation of water surface wave motion. Researchers usu-
ally use long wave theory in developing numerical models of surface wave propagation
moving towards the coast. This modelling is very important in the field of civil engi-
neering. In this paper, the results of the development of a numerical model/program
called SIGERD (Simulation of Diffraction Refraction Waves) are presented. This pro-
gram uses the Fortran programming language and the explicit finite difference method,
for a numerical approach to the two-dimensional nonlinear long wave equation, this
equation is used to model the propagation of tsunami waves.

Many studies on surface wave propagation have been carried out, including those
carried out by [1]. In their research, [1] carried out physical and numerical modelling.
Where, the wave breaker was physically modelled to study wave run-up, reflection,
dissipation, and dispersion effects. Wave propagation in breakwaters has also been
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modelled to investigate transmission effects. Apart from that, a researcher has also
tested wave propagation models at offshore breakwaters to model the shoreline re-
sponse [2].

Numerical simulations of 2-D non-linear surface wave propagation have been intro-
duced by many researchers, including [3], where the simulations carried out were used
to study the case of one-dimensional tsunami wave run-up. Apart from that, a discus-
sion of 2-D non-linear wave propagation has also been presented by [4], where in their
research they studied the problem of dispersion of two-dimensional waves. In a study
conducted by [5], he reviewed the achievements and findings of studies related to nu-
merical modelling of tsunami wave observations since the 2011 Tohoku earthquake.
Wave propagation simulations using 2-dimensional hyperbolic equations have also
been used by [6] to study dispersion problems at physical boundaries (boundaries) and
the influence of changes in gird width on the level of model accuracy, from low accu-
racy to high accuracy. Based on research that has been carried out, and by using 2-
dimensional non-linear wave equations [3], a 2-dimensional surface wave propagation
model was developed [7, 8] to simulate the propagation of tsunami waves due to vol-
canic eruptions. children of Krakatoa. With this simulation, it is hoped that the risk due
to tsunami waves can be estimated.

To be able to estimate the risk of a tsunami if Mount Anak Krakatau erupts, research-
ers can do this by simulating tsunami waves numerically. Many researchers have car-
ried out tsunami wave simulation modeling,

both due to volcanic and tectonic earthquakes. To be able to model tsunamis [9],
[10], [3], [11], [4], [12—14], [15], and [16] have carried out tsunami modelling. Model-
ling of tsunamis resulting from volcanic earthquakes has also been carried out, includ-
ing by [17] and [18]. Here, [18] conducted a review of the tsunami event caused by
Krakatoa in 1883. In tsunami simulation modelling, hydrodynamic equations with an
explicit difference approach up to order 2 accuracy were used.

Furthermore, the aim of this research is to simulate the propagation of tsunami waves
which are assumed to occur either due to tectonic earthquakes (faults) or volcanic earth-
quakes (due to the eruption of Mount Anak Krakatau) in the waters of the west coast of
Sumatra and its surroundings. And are tsunamis caused by tectonic earthquakes more
dangerous than tsunamis caused by volcanic earthquakes?

2 Numerical Modelling

The research approach employed in this study exclusively utilizes quantitative meth-
ods. By using numerical methods, the research costs incurred will be cheaper compared
to physical modelling and modelling research in the field.
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In this research, the wave equation used to model two-dimensional nonlinear wave
propagation was used to model tsunami wave propagation. For modelling 2-D nonlin-
ear wave propagation [3], a series of momentum and continuity equations are usually
used as follows,

2.1  Momentum Equation,

x-axis direction

6u+ 6u+ du an :
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2.2 Continuity Equation,
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Where:
D
n = water surface elevation

r = friction coefficient = 0.025

u = wave propagation speed in the x direction
v = wave propagation speed in the y direction
g = acceleration due to gravity

D =total depth=4h+ 7

h =water depth (m)

At = time step = 1 sec

Ax= Ay = grid width = 850 m

The solution to the 2-D nonlinear surface wave equation used in this research is an
explicit finite difference method. Using this method, the equation can be approached
using the first derivative approach to time as follows,
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The propagation of modelled surface waves is limited by boundaries because they
are not physically real. Boundaries are usually referred to as nonphysical boundaries or
open boundaries. To simulate waves that can propagate across nonphysical boundaries,
mathematical equations must be applied to these boundaries. This mathematical equa-
tion is used to minimize or reduce nonphysical reflections from the computational
boundary. Many methods have been developed to reduce non-physical reflections, of
course each method has advantages and disadvantages.

In this research, the boundary condition method that is usually used in wave propa-
gation modelling is the transparent boundary condition method. Boundary condition
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methods are needed to reduce waves propagating beyond nonphysical boundaries.
From the boundary, wave reflection is not permitted. The equation used as an open limit
is as introduced by [19] as follows,

My 17)

Using Equation (17) above, it is possible to reduce nonphysical reflections from the
boundaries. Using non-linear surface wave equations and the Reynolds transparent
boundary condition method, surface wave propagation can be modeled. For surface
wave propagation, the above boundary conditions can be used by changing the wave
velocity (c) to the gravitational acceleration (g). The same can be done for speed (u and
v). Using different values of wave velocity, tsunami wave propagation can be modelled
to see to what extent the effects of wave propagation and propagation can be simulated.

For wave sources, use the Ricker wavelet function [6] which can be presented as
follows,

1 2
fo = (¢ —%,;)-6'5“2(“7“) (18)
Where:

o=2.m. f, and

f, = wavelet fundamental frequency

Equation (18) is used to simulate the source of tsunami waves. This equation is better

used as a wave source function compared to the sine function.

3 Wave propagation Scenarios

In this numerical modelling, the surface wave sources used are wave sources in the
form of lines to simulate wave sources resulting from tectonic earthquakes and wave
sources in the form of points to simulate wave sources resulting from volcanic earth-
quakes. The wave source in the form of a line is assumed to be a source of many point
waves and forms lines/faults. To model the wave source, the Ricker wavelet equation
is applied as used by [6]. In this research, the partial wave propagation model uses
scenario assumptions as presented in Fig. 1. Grid scheme was used to simulate the
propagation of tsunami waves caused by the eruption of Anak Krakatau as presented in
research conducted by [8] and [7]. The bathymetric data used in the numerical simula-
tions were obtained from the General Bathymetric Chart of the Oceans (GEBCO),
where the bathymetric data uses an accuracy of 30 seconds. Volcanic earthquakes are
assumed to originate from Mount Anak Krakatau, where the coordinate position of
Anak Krakatau is assumed to be a point source, where the tsunami wave height at the
source location is assumed to be equal to 200 meters [18]. This level is based on pub-
lished literature regarding the height of the tsunami waves due to the eruption of Mount
Krakatoa in 1883. Apart from being based on the literature above, tectonic earthquakes
are also assumed to occur at a location from several locations that are predicted to be
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most likely to occur. It is also based on information from literature released by the
USGS.

Pre-Instrumental Seismicity 1500-1899
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Fig. 1. Map of the location of the earthquake with the largest tsunami in Sumatra [20].

4 Results and Discussion

From the results of 2-dimensional tsunami wave propagation modelling for various
scenarios of source types and wave locations, the following results are obtained:

Fig. 2. Snapshot of tsunami wave propagation at t = 50 Fig. 3. Snapshot of tsunami wave propagation at t = 500
seconds due to a volcanic earthquake (scen 1) seconds due to a volcanic earthquake (scen 1)



Simulation of tsunami wave propagation due to volcanic and tectonic earthquakes 309

longiudes

fongiudes
S E16 82084 83852 55 02 96 488 57 956 58 424100 89210235103, 82805 o 1616 62 064 63,55 05 02 66 488 57,958 60 424100 802102 38103 826105

latnudes:
Iattudes

50 26 50

N > R -~ |

N n

: pii o

5748, 2 ~ »
5216, * 5216 20
Al “o 6604 0
3 o - x 50

Fig. 4. Snapshot of tsunami wave propagation at t = 1000 sec-
onds due to a volcanic earthquake (scen 1)

Fig. 5. Snapshot of tsunami wave propagation at t = 2000
seconds due to a volcanic earthquake (scen 1)
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Fig. 6. Snapshot of tsunami wave propagation at t = 50 sec- Fig. 7. Snapshot of tsunami wave propagation at t = 500
onds due to a tectonic earthquake (scen 2) seconds due to a tectonic earthquake (scen 2)
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Fig. 8. Snapshot of tsunami wave propagation at t=1000  Fig. 9. Snapshot of tsunami wave propagation at t = 2000
seconds due to a volcanic earthquake (scen 2) seconds due to a volcanic earthquake (scen 2)
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Fig. 10. Snapshot of tsunami wave propagation att =50  Fig. 11. Snapshot of tsunami wave propagation at t = 500
seconds due to a tectonic earthquake (scen 3) seconds due to a tectonic earthquake (scen 3)
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Fig. 12. Snapshot of tsunami wave propagation at t = Fig. 13. Snapshot of tsunami wave propagation at t = 50
1000 seconds due to tectonic earthquake (scen 3) seconds due to a tectonic earthquake (scen 4)
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Fig. 14. Snapshot of tsunami wave propagation at t = 500 Fig, 15. Snapshot of tsunami wave propagation at t = 1000
seconds due to a tectonic earthquake (scen 4) seconds due to a tectonic earthquake (scen 4)
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Fig. 17. Snapshot of tsunami wave propagation at

Fig. 16. Snapshot of tsunami wave propagation at t = 50 X
t=1000 sec due to a tectonic earthquake (scen 5)

sec due to a tectonic earthquake (scen 5)

Fig. 2. to Fig. 5. shows a snapshot of the simulation of tsunami wave propagation
due to a volcanic and tectonic earthquake or the consequences if the Anak Krakatau
volcano erupts (scen 1) and a snapshot of the consequences if a tectonic earthquake
occurs (scen 2 to scen 5). These results also show that changes in tsunami wave height
due to volcanic earthquakes will decrease over time as they propagate, but changes in
tsunami wave height due to tectonic earthquakes do not decrease or experience signif-
icant changes. This means that tsunamis caused by tectonic earthquakes are more dan-
gerous or hazardeous than tsunamis caused by volcanic earthquakes.

From scen 1 it also shows that the tsunami wave height caused by the volcanic earth-
quake (Mount Anak Krakatau) on the west coast is much smaller than the tsunami wave
height in the Tanggamus and Teluk Betung coastal areas. Meanwhile, the tsunami wave
height in the Tanggamus and Teluk Betung areas was estimated to be below 5% of the
wave height at the source (Child of Krakatoa). The propagation time of tsunami waves
due to volcanic earthquakes in the west coast area is much longer than the propagation
time of tsunami waves in the Tanggamus coastal area and the Teluk Betung coastal
area, which is more than 60 minutes. Research conducted by [18] also shows that the
propagation time for tsunami waves caused by volcanic earthquakes can reach Teluk
Betung in more than 60 minutes.

From the results of scen 2, it is estimated that the tsunami can reach the coast of
Bengkulu after 35 minutes with a height that can reach 25% of the wave height at the
source of the tectonic earthquake. Meanwhile, the tsunami could reach Krui Beach after
44 minutes with a tsunami height of more than 20%. After 52 minutes the tsunami could
reach the coast of Padang with a height of more than 30%. For scen 3, the tsunami
danger to the west coast of Sumatra is estimated to be much smaller compared to scen
2. For scen 4 and scen 5, the tsunami can reach the coast of the west coast of Lampung
in more than 17 minutes with a height that can reach 40% of the wave height at earth-
quake source. The results of this study show that the propagation time of tsunami waves
due to tectonic earthquakes to the west coast of Sumatra in general and the west coast
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of Lampung Province is much faster than the propagation of tsunami waves due to
tectonic earthquakes to the coasts of the Tanggamus coast and the Teluk Betung coast.
This study also shows that the high percentage of tsunami waves reaching the coast
from their source due to volcanic earthquakes is smaller than the high percentage of
tsunami waves resulting from tectonic earthquakes.

5 Conclusions and Suggestions

5.1 Conclusion

Based on the results of research that has been carried out, it can be concluded that
tsunamis caused by tectonic earthquakes are more hazardous than tsunamis caused by
volcanic earthquakes. The tsunami that will occur as a result of a tectonic earthquake
in the western region of Sumatra could be more dangerous for the western coastal re-
gion of Lampung Province because the tsunami wave propagation time is less than 20
minutes.

5.2 Suggestion

To obtain more accurate results, the simulations carried out should also use various
other long wave equations. To be able to estimate the risk more accurately, the simula-
tion should be carried out using an equation that can calculate inundation by applying
the 2-dimensional moving boundary equation. However, unfortunately this is not casy
to do because it must use much smaller and denser bathymetric and topographic data.
So, to carry out the simulation a supercomputer is needed.
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