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Abstract

On July 17, 2006 an earthquake with a magnitude of M,,, 7.7 triggered a tsunami that struck 500 km of
the coast in the south of the island of Java. The tsunami generated is classified as an earthquake tsunami
because the waves generated were quite large compared to the strength of the earthquake. The difference
in the strength of the earthquake and the resulting tsunami requires a tsunami modeling study with an
estimated fault area in addition to using aftershock and scaling law. The purpose of this study is to validate
tsunamis that occur based on the estimation of the source mechanism and the area of earthquake faults.

Determination of earthquake source mechanism parameters using the Teleseismic Body-Wave Inversion
method that uses teleseismic waveforms with the distance recorded waveform from the source between
30%and 90°. Whereas, tsunami modeling is carried out using the Community Model Interface for
Tsunami (commit) method. Fault plane parameters that obtained were strike 290°, dip 10°, and rake
102° with dominant slip pointing up to north-north-west with a maximum value of 1.7 m. The fault plane
is estimated to have a length of 280 km in the strike direction and a width of 102 km in the dip direction.

From the results of the tsunami modeling, the maximum inundation area is 0.32 km’ in residential areas
flanked by Pangandaran bays and the maximum run-up of 380.96 cm in Pasir Putih beach area. The
tsunami modeling results in much smaller inundation and run-up from field observations, it was assumed
that the fault plane segmentation had occurred due to the greater energy released than the one from the
fault area, causing waves much larger than the modeling resullts.

Keywords: Tsunami; inundation; run up, source mechanism; tsunami earthquake
Analisa Inundasi Tsunami Di Selatan Jawa Berdasarkan Solusi Model Finite Fault

Abstrak
Pada tanggal 17 Juli 2006 terjadi gempa bumi dengan magitudo M,, 7.7 yang memicu tsunami yang
menerjang 500 km wilayah pesisir pantai di selatan pulau Jawa. Tsunami yang ditimbulkan tergolong
tsunami earthquake karena gelombang yang ditimbulkan cukup besar dibandingkan dengan kekuatan
gempanya. Perbedaan kekuatan gempa dan tsunami yang ditimbulkan memerlukan kajian pemodelan
tsunami dengan estimasi luas sesar selain menggunakan aftershock dan scaling law. Tujuan dari

penelitian ini yaitu untuk memvalidasi tsunami yang terjadi berdasarkan hasil estimasi mekanisme
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sumber dan luas bidang sesar gempabumi. Penentuan parameter mekanisme sumber gempa menerapkan
metode Teleseismic Body-Wave Inversion yang menggunakan waveform teleseismic dengan jarak
rekaman waveform dari sumber antara 30° — 90°. Sedangkan pemodelan tsunami dilakukan dengan
metode Community Model Interface for Tsunami (commit). Parameter bidang sesar yang diperoleh yaitu
strike 290°, dip 10°, dan rake 102° dengan slip dominan mengarah ke atas arah utara barat laut
dengan nilai maksimum sebesar 1,7 m. Bidang sesar diestimasikan memiliki panjang 280 km pada arah
strike dan lebar 102 km pada arah dip. Dari hasil pemodelan tsunami didapatkan wilayah inundasi
maksimal 0,32 km? di pemukiman penduduk yang diapit oleh kedua teluk pangandaran dan nilai run-up
maksimal yang diperoleh setinggi 380,96 cm di daerah Pantai Pasir Putih. Pemodelan tsunami
menghasilkan inundasi dan run up yang jauh lebih kecil dari hasil observasi di lapangan diduga telah
terjadi segmentasi bidang sesar akibat energi yang dilepaskan lebih besar dibandingkan luasan bidang

sesar yang patah, sehingga menimbulkan gelombang yang jauh lebih besar dari hasil pemodelan.

Kata Kunci: Tsunami; inundasi; run up, mekanisme sumber; tsunami earthquake

PACS: 92.10.hl; 91.30.P-; 91.30.Px
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I. INTRODUCTION

Java is one of the largest islands in
Indonesia with a high index of seismic
vulnerability [1]. Tectonically, Java is an
island that is affected by the subduction of
Indo-Australian plates which goes down to the
Eurasian plate. This subduction zone occurs at
about 200 km off of the south coast of Java
with a velocity of 7 cm per year [2]. One
interesting area in Java that worth studying is
the West Java geological order. Not only that
it is being influenced by world's large plates,
West Java region is also influenced by fault
structures with east-west direction which most
of its fault types are reverse and strike slip
fault [3]. Three regional structures that
affecting West Java are Cimandiri Fault,
Baribis Fault, and Lembang Fault [1].

On July 17, 2006 an earthquake with a
magnitude of M,, 7.7 occurred at a depth of 20
km. This earthquake triggered a tsunami that
hit along 500km of the southern coast of Java,
with a high of run-up about 1 m in
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Pameungpeuk and 3-8 m in Pangandaran.
Estimated fault area in tsunami modeling
usually uses aftershock distribution scaling
[4]. The weakness of this method is that it is
not able to explain the actual fault area
because the accurate source mechanism data
hasn't been calculated yet.

One way that can be used to determine
the source mechanism parameter and area of
the fault plane is by using the waveform
inversion method and by applying the wells
and coppersmith equations [5]. Waveform
inversion method that used in this reasearch is
the Teleseismic Body-Wave Inversion method
[6]. The Teleseismic Body-Wave Inversion
method uses P, SH, SV, and PP wave phases
together in the inversion process, then a multi-
layer structure is used to calculate the
responses from the source [7]. The use of
teleseismic waves is believed to reduce the
effect of local noise, so that signals with low
frequencies can be obtained optimally and can
maximize the results of interpretation of the
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source mechanism [6].

The waveform used in the inversion
method is a teleseismic waveform with its
distance from the source to the station ranging
from 30° to 90° [8]. Teleseismic waveforms
are used in the inversion process because they
have good low frequency waves [9]. This is
due to waves with high frequencies already
attenuated during the wave propagation [10].
The waveform inversion will produce source
mechanism parameters, slip distribution, and
asperity zones in the fault plane. The highest
number of slips and energy is not always
obtained in the hypocenter position but rather
in the asperity zone [11]. The asperity zone is
an area in the fault plane which is interlocked
due to surface roughness in two rock plane in
rigid contact [12].

The estimation results of the fault area
and source mechanism parameters obtained
from inversion calculations will be used as
input in tsunami modeling so that a more
accurate tsunami modeling result is obtained.
The method used in tsunami modeling is the
Community Model Interface for Tsunami
(commit) method. ComMIT is a software
designed by NOAA (National Oceanic and
Atmospheric Administration) to facilitate
users in simulating and handling concerns
related to bathymetry and topography
problems in tsunami cases [ 13]. ComMIT uses
NOAA's Method of Splitting Tsunami
(MOST) which is divided into three stages:
the deformation phase, the propagation phase,
and the inundation phase [14].

Deformation phase is very dependent on
the initial data in the form of the fault area and
the fault plane parameters so that it is
necessary to improve the estimation of the
fault area [15]. It is because the initial
conditions that simulate changes in the seabed
move due to an earthquake [13]. After going
through the deformation stage, the next step is
the propagation stage where the modeling
using Nonlinear Shallow Water (NSW) wave
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equations is carried out. From the research of
Kanamori  [16], earthquake
mechanism are formed as a result of a long
rupture period which causes slow deformation
under the sea floor. Besides, Murotani, et al.
[17] states that the rupture length and the
extent of asperity greatly affect the magnitude
of the earthquake produced.

In some previous studies [4,6,10], the
estimated area of the fracture area uses the
relationship magnitude  and
earthquake and estimates based on aftershock
distribution.  However,
estimation given is not suitable for use in
earthquake tsunami modeling. In this research,
the estimation of the fault area is carried out
using teleseismic body wave inversion to
obtain an estimate of the fault area based on
source parameters.

Pangandaran Tsunami is a tsunami
earthquake which has characteristics with a
strength that is not too large but produces a
large tsunami. In this study, we carried out
tsunami modeling from the Pangandaran
earthquake on July 17, 2006 with a magnitude
of M,, 7.7. Characterization of earthquake
tsunamis in past events is needed to estimate
tsunami simulations that are formed from the
length of the rupture and the deformation form.

tsunami

between

sometimes  the

Il. METHOD

This study uses waveform data of 2006
Pangandaran earthquake in the southern
region of Java. Waveform data is obtained
from IRIS (Incorporated Research Institutions
for Seismology) which can be accessed freely
at https://ds.iris.edu/wilber3/. The focus of the
research area is divided into 3 grids, namely
grid A: 9,82°-585%° S and 105,07° -
109,81° E , grid B : 7,93°-7,44° S dan
108,10° - 108,77° E, grid C: Pangandaran
Regency coastal area which will be divided
into 3 to 4 parts. The grid is the input area for
tsunami modeling at the study site.

First of all, the obtained teleseismic
waveform will be corrected in the p wave and
s wave phases using equation (1). The
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correction is used to perform power spectral
calculations at all recording seismic stations.
Furthermore, computing is done using Green
Function by calculating the source function
and receiver function using the Haskell matrix
[18]. Equations (2) and (3) are equations used
for computing the Green Function. The
equation was developed by Kikuchi and
Kanamori [18].

exp[2nf (¢; - t;)] (D)
M;; = anMy (2)

Np
Y6P) = ) @) (3)

After computing the Green Function,
the results of the calculations in the form of
synthetic signals will be matched with the
observed waveform. The wave fitting will
produce the moment tensor element M,
which will be calculated and form a moment
tensor element matrix. Furthermore, the fault
plane is assumed to have a temporal and
spatial slip distribution in each direction in
each fault plane that is expanded spatially by
equation (4) [19].

J
M, t) = ) PalOP Wt @)
j=1

The unit vector representing the slip

direction is denoted by ﬁ,{ (t) . The slip

direction is always parallel to the fault plane
and is a function of time. ¢/ (x) is a spatial
basis function and f/(x,t) is a slip time
function. Determination of the length and
width of the fault plane using the Wells and
Coppersmith’s (1994) equation in equation (5)
and (6).
Log L =0,58M,, — 2,42 (5)
LogW =0,41M, — 1,61 (6)
Then, the tsunami modeling is done
using nester grid from the ComMIT software.
Nested grid is a method of calculating wave
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height values in a grid in the leap-frog scheme
[20]. The leap-frog scheme is used to solve
numerical equations when initial sea level
conditions are calculated [21]. From the
results of the flux, then sea level value at time
k + 1 iscalculated. The constant K is a grid
of flux change in units of time. With the leap-
frog scheme, the values of F (flux) on the
border grid in the overlap area are used to
calculate the grid value in the other areas [22].

Figure 1 shows the nested grid scheme
for spatial and time grids. The blue triangle
symbol shows the water level while the red
circle symbol is fulks.

4
<

Time Grid
2

o A A k . A
1 2 3 4
Spatial Grid —»

Figure 1. Illustration of Leap-Frog Scheme [20]
In flux grid, the continuity equation is
used while the water level grid uses the
momentum equation. Equation (7) is a
momentum equation and equation (8) is a
continuity equation. The equation is a leap-
frog scheme developed by Yanagisawa [23]

1 1 At
Mtz = M*2—gDp | — — 7
g t+%Ax Me1 — 1) (7)
At
Ml = pk——I[M, 1-M ) 8
n n Ax( e+l - 8

Tsunami modeling results will produce
inland wave height and inundation. The
modeling obtained has been corrected by the
area of fault and source mechanism
parameters from the results of the fault
solution.
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I11.RESULTS AND DISCUSSION

Fault plane parameters obtained from
the Pangandaran earthquake are strike 290°,
dip 10° and rake 102° innodal 1 whereas in
nodal 2 field are strike 98°, dip 80°, and rake
88° . The Pangandaran area has a strike
direction that corresponds to the nodal 1 plane
because it leads to a subduction zone in south
of Java. Figure 2 shows the results of
teleseismic body wave inversions from the
Pangandaran M,, 7.7 earthquake.

30 60 90

(290.,10., 118.)

H= 20.0km T=

The results of the comparison between
observational waves and synthetic waves
produce an error rate (variant) of 0.3675.
Moment rate (M) of the inversion result is
0.538x10*! Nm which is equivalent to the
magnitude of M,, 7.62. The wave inversion
indicates Pangandaran earthquake has a
source time duration of 90 seconds with a
maximum peak at 60 seconds.

Mo = 0.238E+21 Nm Mw= 7.62

s var.= (.3675
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Figure 2. The Result of Body Teleseismic Wave Inversion of 7.7 M,
Pangandaran Earthquake (08:19:26 UTC)
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Figure 3. Map of Slip Distribution and Asperity Zones of 7,7 M,, Pangandaran Earthquake
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Figure 4. Fault Plane Parameters as Input for ComMIT Tsunami Modeling Scenario

From the obtained plane mechanism, it
is known that Pangandaran earthquake is an
earthquake with a type of thrust fault with a
depth of 20 km. The average seismic wave
from the Pangandaran earthquake has a clear
initial wave impulse. From the inversion
process, the distribution of slip and asperity
will be obtained. To clarify the distribution of
Pangandaran earthquake slip,
projection is made to the surface.

orthogonal

Ramadhan Priadi, et al

Figure 3 shows the map of slip and
asperity  distribution of  Pangandaran
earthquake from orthogonal projection results.
It shows that the dominant slip is pointing up
with  north-northwest  direction.  The
maximum slip produced is 1.7 and is located
west of the earthquake hypocenter. The width
of the fault area from the inversion results is
estimated to have a length of 280 km in the
strike direction and a width of 102 km in the
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dip direction. The area of the fault is divided
into 15 % 6 sub-faults with dimensions of 20
km x 22 km for each sub-fault grid in the
direction of strike and dip. The map shows
that asperity is formed in the down-dip part of
the initial break (hypocenter).

The highest number of slips is not
always near the initial break but rather in areas
with high asperity [24]. Asperity occurs in
areas with the least aftershock [25]. There is a
large accumulation of stress in the down-dip
area, marked by high asperity in the down-dip
section. This indicates that there is a strong
push from the subduction zone [26]. Asperity
formed in the Pangandaran earthquake is not
a single asperity, so that cementation can
occur to the right and left of the estimated fault
area [27]. Fault plane parameters that have
been successfully identified are then used as
scenario input for tsunami modeling with the
ComMIT software.

From the results of the modeling, the
height of the sea level in the fault area has
increased between 20-40 cm shortly after the
earthquake. Figure 4 shows the fault plane
parameters obtained as a form of tsunami
modeling. The sea waves then propagate and
approach the coast with increasing height.

The tsunami arrival time on grid C1 was
48-57 minutes after the earthquake occurred,
while on the C2 grid, it was 50-53 minutes
after the earthquake occurred. The maximum
amplitudes on the C1 and C2 grids are 422.4
cm and 221.9 cm respectively.

Figure 5 shows the initial condition
from the Pangandaran tsunami modeling
results. Maximum amplitude occurs in the
area around Pangandaran Beach and Muara
Bojong Salawe. The topography of the study
area in a form of a bay is a factor causing the
high tsunami waves [27].

pangandarani Initial Condition Maximum Amplitude [cm]
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Figure 5. Initial Condition of Pangandaran tsunami modeling
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Figure 6. Snapshot of Tsunami Arrival Time at Minute 50 for Grid C1 (Left) and C2 Grid (Right)

From the modeling results, the  in the study area reached 53,894 km? on the
maximum run-up value is 380.96 cm on the ~ C1 grid and 18.76 km? on the C2 grid. Figure
C1 grid (Pantai Pasir Putih area) and 160.62 7 shows the submerged area from the results
cm on the C2 grid (west of the Pangandaran ~ of the Pangandaran tsunami modeling. The
airport runway). The results of the modeling ~ maximum inundation area on the C1 grid is
are shown in Figure 6. The total area affected ~ 0.32 km? and 0.27 km? on the C2 grid.

Figure 7. Submerged / inundation area of grid C1 (left) and grid C2 (right)

The area with maximum submergence is Pangandaran Airport around Muara Bojong
in residential areas flanked by both  Salawe (grid C2). When referring to the
Pangandaran Bay (grid C1) and west of  results of the research by Yamanaka and
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Kikuchi [28] only earthquakes with a single
asperity can generate earthquakes that trigger
tsunamis when the hypocenter is at sea.
Research of Yamanaka and Kikuchi [28]
shows that Tokachi-Oki earthquake has the
potential to generated a tsunami because it has
a single asperity. This is consistent with the
obtained inversion results if the Pangandaran
earthquake has a single asperity that has the
potential to generated a tsunami.

These results indicate the assumption of
the fault area is very influential on the results
of tsunami modeling [29]. Based on the
formed finite asperities modeling results, a
large energy accumulation in the down-dip
section is seen and it almost covers the entire
estimated fault area. It is suspected that in the
Pangandaran earthquake,
segmentation of the fault plane due to the
release of energy greater than the one of the
fault area [30]. This causes the rupture to
occur longer than the actual fault area because
the results of modeling are much smaller than
the results
earthquake tsunami is a phenomenon that is
still debated. The presumption that is always
expressed is the occurrence of segmented
ruptures so as to provide enough energy to
produce a tsunami. This research is expected
to provide other options for calculating fault
area for tsunami modeling. In addition, this
research is expected to be a reference in the
field of geophysics.

there was a

of field observations. The

IV.CONCLUSION

The Pangandaran earthquake is a unique
earthquake because it can cause tsunamis even
with only moderate magnitude. Finite
processing results indicate that the largest slip
is pointing up with the north-northwest
direction. The maximum inundation area is in
the residential areas flanked by both
Pangandaran Bay and west of Pangandaran
Airport around Muara Bojong Salawe. It is
suspected that the Pangandaran earthquake
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was segmented due to the release of energy
which is greater than the fault plane. This
caused the Pangandaran earthquake to be
accompanied by a tsunami. Improvement in

estimated  fault area can  provide

improvements to  earthquake tsunami

modeling going forward.
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