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This study assesses the tsunami hazard potential in Padang, Indonesia probabilistically
using a novel stochastic tsunami simulation method. The stochastic tsunami simulation
is conducted by generating multiple earthquake source models for a given earthquake
scenario, which are used as input to run Monte Carlo tsunami simulation. Multiple
earthquake source models for three magnitude scenarios, i.e., My 8.5, M,, 8.75, and
M., 9.0, are generated using new scaling relationships of earthquake source parameters
developed from an extensive set of 226 finite-fault models. In the stochastic tsunami
simulation, the effect of incorporating and neglecting the prediction errors of earthquake
source parameters is investigated. In total, 600 source models are generated to assess
the uncertainty of tsunami wave characteristics and maximum tsunami wave height
profiles along coastal line of Padang. The results highlight the influence of the uncertainty
of the scaling relationships on tsunami simulation results and provide a greater range of
tsunamigenic scenarios produced from the stochastic tsunami simulation. Additionally,
the results show that for the future major earthquakes in the Sunda megathrust, the
maximum tsunami wave height in Padang areas can reach 20 m and, therefore, signifi-
cant damage and loss may be anticipated in this region.

Keywords: stochastic tsunami simulation, earthquake source modeling, uncertainty and sensitivity of tsunami
hazard, Sunda megathrust, West Sumatra

INTRODUCTION

Located among three major plates, namely the Indian-Australian, the Pacific, and the Eurasian,
Indonesia archipelago is one of the most seismically active regions in the world. In the last 20 years
(1994-2014), 528 earthquakes occurred in Indonesia, i.e., about 26 earthquakes per year (United
States Geological Survey (USGS), 2015). Sumatra Island is the most seismically active region since
it is located at the interface between the Indian-Australian and Eurasian Plates. Two major seis-
mic sources are the 1,900-km long Sumatran fault located along the center of Sumatra Island and
the Sunda megathrust zone traversing more than 2,000 km along the western coast of Sumatra
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(Sieh and Natawidjaja, 2000). In the past two decades, several
large earthquakes occurred along the Sunda megathrust includ-
ing the Aceh-Andaman earthquake in December 2004 (M, 9.15),
the Nias earthquake in March 2005 (M, 8.6), two earthquakes
of Bengkulu in September 2007 (M, 8.4 and 7.9), the Mentawai
tsunamigenic earthquake in October 2010 (M, 7.7), and the
Indian Ocean earthquake in April 2012 (M, 8.6). Two of the most
devastating earthquake events among those were the 2004 Aceh-
Andaman earthquake triggering large tsunamis along the coastal
line of Sumatra, Thailand, Sri Lanka, and India with the casualties
of more than 250,000 people and the 2005 Nias earthquake which
killed 2,000 people (Hsu et al., 2006; Banerjee et al., 2007).

The 2004 Aceh-Andaman earthquake was caused by the
1,600-km long rupture of the Sunda megathrust starting from
North of Simeulue Island to North of Andaman Islands (Meltzner
et al., 2006). This failure led to another 400 km rupture of the
megathrust fault in the southern part of Simeulue Island (see
Figure 1) causing the M, 8.6 2005 Nias earthquake (Briggs et al.,
2006). A paleotsunami study based on a 1,000-year long record
of tsunami deposits in North-West of Sumatra suggests that the
occurrence interval of tsunamigenic earthquakes (M, 9.15) from
the Sumatra-Andaman region is about 600 years (Monecke et al.,
2008). Although the devastating tsunami event might not occur
in the next few centuries in the Sumatra-Andaman segment, the
ruptures of the megathrust fault have increased the failure prob-
ability of the Mentawai segment of the Sunda megathrust areas
(see Figure 1) which islocated in South of the fault rupture areas of
the 2004 and 2005 events (Nalbant et al., 2005; Chlieh et al., 2008;
Sieh et al., 2008; Collings et al., 2012, 2013). The past seismicity
in the Mentawai segment indicates that there were two major
tsunamigenic events occurred in 1797 and 1833 (M, ~8.8) that
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FIGURE 1 | Historical recent seismic activities in the Sumatra areas
(Sim: Simeulue, Ni: Nias, Ba: Batu Islands, Sib: Sibereut, Sip: Sipora,
Pag: Pagai Islands, and Eng: Enggano).

affected the coastal areas of Padang and Bengkulu. Geodetic and
paleogeodetic studies indicate that the slip deficit accumulated
in the Mentawai segment has already exceeded the slip occurred
during the 1797 and 1833 earthquakes (Collings et al., 2013).
A large earthquake in 2007 (M, 8.4) that ruptured the Sunda
megathrust near the 1833 rupture area was significantly smaller
than the accumulated slip since the twin events of the 1797 and
1833 earthquakes (McCloskey et al., 2005; Nalbant et al., 2005).
Hence, the possibility of earthquake and tsunami hazards in West
of Sumatra from the Mentawai segment which has a recurrence
interval of 200 years according to paleoseismological studies
remains large (Sieh et al., 2008). In addition, the slip deficit is
sufficient to generate a M,, 8.8-9.0 earthquake (Zachariasen et al.,
1999; Sieh et al., 2008).

Several earthquake source models have been developed with
respect to the unruptured Mentawai segment (Borrero et al,
2006; Aydan, 2008; Griffin et al., 2016) and have been imple-
mented to assess the earthquake and tsunami potential in several
highly populated areas along the western coast of Sumatra, i.e.,
Padang, Painan, Bengkulu, and Pariaman (Borrero et al., 20065
McCloskey et al., 2008; Muhari et al., 2010, 2011). A wide range
of rupture scenarios is essential for evaluating the earthquake and
tsunami risk potential in coastal areas to capture worst (extreme)
cases for emergency response preparedness and risk mitigation
actions. However, except for the investigations by McCloskey
et al. (2008) and Griffin et al. (2016), those studies implemented
uniform slip models that oversimplify the earthquake source
characteristics and considered a limited number of scenarios for
future tsunamigenic events. On the other hand, McCloskey et al.
(2008) considered the uncertainty of slip distribution by imple-
menting the heterogeneous spatial distribution of slips based on a
methodology proposed by Mai and Beroza (2002) and produced
more than 100 scenarios to assess the tsunami hazards along the
western coast of Sumatra. However, the events evaluated by Mai
and Beroza (2002) were crustal earthquakes of magnitudes up to
8 and were not tsunamigenic. Recently, the Mai-Beroza method
has been extended to apply to M, 9.0 megathrust subduction
earthquakes by adopting inverted source models from the 2011
Tohoku, Japan earthquake (Goda et al, 2014, 2015). Griffin
et al. (2016) generated heterogeneous earthquake slips to assess
tsunami hazard in Mentawai Islands based on the random slip
modeling proposed by Gallovi¢ and Brokesova (2004). Up to
15 million random slip models were generated using existing
scaling relationships that were based on only seven subduction
earthquake events in Sumatra and eventually 1,000 tsunami
simulations from those slip models were further performed to
assess the tsunami hazard in Mentawai Islands.

Moreover, those previous investigations for the Mentawai-
Sunda subduction zone adopted the global empirical scaling rela-
tionships [e.g., Mai and Beroza (2002), Gallovi¢ and Brokesova
(2004), and Aydan (2008)] to generate only either deterministic
fault geometry parameters (width and length) or slip distribution
parameters without considering the uncertainty and relationships
among earthquake source parameters. Recently, new probabilistic
scaling relationships of fault geometry, slip statistics, and spatial
slip heterogeneity parameters have been developed by Goda et al.
(2016) using numerous inversion models (226 models) from the
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SRCMOD database (Mai and Thingbaijam, 2014) and can be used
for tsunami hazard analysis. In those previous studies, the evalua-
tion of regional earthquake source parameters from the finite-fault
models of the past Sunda subduction earthquakes with respect to
the global empirical relationships is also neglected. Hence, it is
highly desirable to generate multiple earthquake source models
by taking into account all relevant source parameters that are
consistent with the regional source characteristics of the future
tsunamigenic earthquakes in the Mentawai-Sunda zone.

Additionally, within the area of the Mentawai segment, Padang
is one of the most anticipated areas to be affected by the tsunami
compared to the other areas in the western coast of Sumatra. With
the total population of 850,000 people, the social and economic
impacts due to the future tsunamigenic earthquakes are high.
The investigations considering multiple earthquake scenarios by
McCloskey etal. (2008) and Griffin et al. (2016) only estimated the
maximum tsunami height along the western coast of Sumatra and
assessed the tsunami hazard in Mentawai Islands but excluded a
rigorous evaluation in Padang areas. Moreover, the past tsunami
hazard assessment studies in several important cities along the
western coast of Sumatra, i.e., Padang, Painan, and Bengkulu,
were performed using deterministic earthquake scenario
approaches only (Borrero et al., 2006; Li et al., 2012). Therefore,
it is important to apply the stochastic tsunami simulation method
to assess the tsunami hazard in Padang probabilistically due to the
future megathrust earthquakes in the Mentawai segment of the
Sunda subduction zone.

The main objectives of this study are (1) to develop stochastic
earthquake slip models for the future tsunamigenic earthquakes
in the Mentawai segment of the Sunda subduction zone, (2) to
evaluate the impact of stochastic earthquake slip on tsunami
simulation results in terms of tsunami wave profiles and maxi-
mum tsunami height along the coastal line of Padang by consid-
ering the uncertainty and dependency of the earthquake source
parameters, and (3) to assess the tsunami hazard in Padang using
a wide range of earthquake scenarios generated from the novel
stochastic tsunami simulation method. Extensive tsunami simu-
lation for the future tsunamigenic earthquakes is conducted by
developing a large number of stochastic earthquake slip models
for different magnitude ranges. Three magnitudes, i.e., M, 8.5,
M, 8.75, and M, 9.0, are selected to develop stochastic source
models. The earthquake source parameters from the finite-fault
models of the past Sunda subduction earthquakes are first cal-
culated and then compared with the global scaling relationships
developed by Goda et al. (2016) to validate the applicability of the
global models to the Sunda subduction zone. The verified scaling
relationships are further used to generate the earthquake source
models for tsunami simulation. Uncertainty and dependency
of the earthquake source parameters are taken into account in
producing earthquake source models stochastically which have
not been implemented in the past studies of the tsunami hazard
analysis in West of Sumatra. In total, 600 synthetic earthquake slip
models are generated to obtain multiple realizations of maximum
tsunami wave heights at various locations in Padang areas. For
validation purposes, the simulated tsunami wave profiles for the
M., 9.0 scenario are used to compare with the results by Muhari
etal. (2010) because they used M,, 8.92 to define their earthquake

source scenario. The tsunami hazard analysis in Padang areas are
further performed by evaluating the tsunami wave height profiles
and the maximum tsunami wave height along the coastal line of
Padang.

In this study, the tsunamigenic earthquake potential of the
Mentawai segment in the Sunda subduction zone is first discussed.
The earthquake source parameters from the finite-fault models of
the past Sunda subduction are further evaluated to determine the
applicability of the global scaling relationships for the Mentawai-
Sunda subduction zone. A summary of the stochastic tsunami
simulation used in this study is then presented, and the stochastic
source models for the Mentawai-Sunda megathrust are further
developed. Subsequently, the main tsunami simulation results
using different earthquake source models in Padang areas are
discussed. To demonstrate the tsunami simulation results in
comparison to the previous work, the results for the M, 9.0
scenario are presented first. The tsunami simulation results for
the other scenarios are then discussed to evaluate the tsunami
hazard potential in Padang areas. Finally, the key conclusions of
this work are drawn.

TSUNAMI POTENTIAL OF THE
MENTAWAWI-SUNDA MEGATHRUST
ZONE

Extensive paleogeodetic, geodetic, and numerical modeling
studies suggest that the potential of megathrust tsunamigenic
earthquakes in the Mentawai segment of the Sunda subduction
zone is high (Natawidjaja et al., 2006; McCloskey et al., 2008;
Collings et al., 2012, 2013). The past seismicity in the Mentawai
segment indicates that the most destructive historical event in
this segment occurred in 1833. The shaking was reported from
Bengkulu to Pariaman and near Pagai Islands. Tsunamis were
observed along the western coast of Sumatra extending from
Pariaman to Bengkulu due to this event. Bengkulu and Indrapura
areas were greatly affected by the 1833 tsunamigenic event. The
tsunami heights reaching 3-4 m were recorded near Padang.
Another historical earthquake event occurred in 1797 produced
a destructive tsunami at Padang and nearby. The shaking was
the strongest in living memory in Padang, and the tsunami flow
depth in Padang was about 5 m (Natawidjaja et al., 2006).
Rupture scenarios of the 1797 and 1833 earthquakes were
developed based on the seismotectonic features, geodetic, and
paleogeodetic measurements (see Figure 2). The seismotectonic
study by Newcomb and McCan (1987) concluded that the rupture
of the 1833 earthquake extended ~300 km from near Enggano
Island in South to Batu Islands in North with the earthquake
size of M, 8.7-8.8. A paleogeodetic study by Natawidjaja et al.
(2006) based on the measurements of the coral microatoll uplift
confirmed that the uplift between 1 and 3 m occurred over a
170-km long stretch of the Sumatran outer arc ridge. Elastic
dislocation modeling of those uplift data yielded the slip predic-
tion of 9-18 m between 2°S and 5°S. The 220-km long rupture
extension from the southern part of the uplift was defined as
the south-eastern boundary of the 1833 fault rupture. In addi-
tion, the north-western limit of the rupture was likely to be at
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FIGURE 2 | Geometry of earthquake source models of the 1797 and
1833 events (Ni: Nias, Ba: Batu Islands, Sib: Sibereut, Sip: Siora, Pag:
Pagai Islands, and Eng: Enggano).

2°S; the end point may be extended as much as 160 km farther
North-West with much smaller amounts of slip. The North-West
extension of 160 km beyond the rupture of the 1833 event was
likely to stop at 0.5°S. The earthquake size was predicted in the
range of M,, 8.7-8.9. On the other hand, the records of coral and
microatoll uplift due to the 1797 earthquake showed that the
1797 event preceded the 1833 giant earthquake by 37 years. The
south-eastern limit of the rupture was at about 3.2°S since the
south-eastern limit of the uplift due to the 1797 event was on
South Pagai Island. The slip was estimated to be in the range of
4-8 m with the depth from 34 to 50 km. In addition, the mag-
nitude of the earthquake was estimated to be in the range of M,
8.5-8.7 (Natawidjaja et al., 2006).

A recent significant earthquake occurred in the Mentawai
segment was the M, 8.4 12 September 2007 Bengkulu earth-
quake. Twelve hours later, a subsequent fault rupture produced
another major earthquake of M, 7.9. The geodetic and paleo-
geodetic modeling suggested that the rupture areas of these two
events extended from North of Sipora Island at ~2°S to South
of Pagai Islands at ~5°S. The maximum slip from this event is
only a half of the maximum slip from the 1833 earthquake.
Moreover, the total seismic moment released from the two
earthquakes of Bengkulu in 2007 was significantly smaller than
the 1833 rupture and the accumulated moment deficit since the
last rupture in the Mentawai segment. Therefore, the potential
for large tsunamigenic events in the Mentawai segment remains
high (Konca et al., 2008). In addition, a 700-year sea-level
change recorded in the corals of the Mentawai segment implies
that the recurrence time of the major earthquakes, i.e., the
sequence of the 1797 and 1833 earthquakes, is ~200 years (Sich
et al.,, 2008). At least two of the three ancient sequences began
with events that were smaller than the main events and in this

context, the 2007 earthquakes may be considered to be only the
beginning of an episode of the rupture of the Sunda megathrust
in the Mentawai segment (Sieh et al., 2008). The failure of the
Mentawai segment may significantly affect the western coast
of Sumatra specifically in Padang areas. With the plain topo-
graphic features and high population density in urban areas,
Padang will face significant economic and social losses due to
the future tsunamigenic event in the Mentawai segment of the
Sunda subduction zone.

EARTHQUAKE SOURCE PARAMETERS
FOR SUMATRA EARTHQUAKES

This study implements the stochastic tsunami simulation to
assess the tsunami hazard in Padang areas. To run the stochastic
tsunami simulation, earthquake source models need to be gener-
ated stochastically. Predicting the earthquake source parameters,
i.e., the geometry of the fault, slip statistics, and spatial slip dis-
tribution parameters, are needed to generate earthquake source
models. In order to generate the earthquake source parameters,
the fault length (L), fault width (W), mean slip (D,), maximum
slip (D.n), Box—Cox parameter (1), correlation length along strike
direction (A,), correlation length along dip direction (A;), and
Hurst number (H) of 19 finite-fault models of the past Sunda
subduction earthquakes are calculated. The width, length, strike,
and dip angles define the geometry of the fault plane, while the
mean slip, maximum slip, and Box-Cox parameter character-
ize the slip statistics values. In addition, the correlation lengths
and Hurst number are used to model the spatial heterogeneity
of the slip values. Subsequently, the calculated earthquake
source parameters of the past Sunda subduction earthquake are
evaluated against the global scaling relationships developed by
Goda et al. (2016). The global scaling relationships developed
by Goda et al. (2016) will be adopted only if the calculated
earthquake source parameters from the 19 finite-fault models
of the Sunda subduction earthquakes are consistent with these
global relationships. Otherwise, the global scaling relationship
should be adjusted to account for the regional differences of the
source parameters based on the finite-fault models of the past
Sunda subduction earthquakes. Calculations of the earthquake
source parameters of the finite-fault models from the past Sunda
subduction earthquakes are based on the effective dimension
analysis (Mai and Beroza, 2000), Box-Cox analysis, and spectral
analysis (Mai and Beroza, 2002; Goda et al., 2014). The effective
dimension analysis is carried out to calculate the width, length,
mean slip, and maximum slip, while the Box-Cox analysis is used
to characterize the probability distribution of the slip values. In
addition, the spectral analysis is conducted to define the correla-
tion lengths along dip and strike and the Hurst number. Figure 3
illustrates the procedures of earthquake source parameter
estimation using the Konca et al. (2007) model from the 2007
Bengkulu earthquake event.

First, the effective dimension analysis is carried out. The
motivation to analyze the effective dimensions of the finite-fault
models is because some of the finite-fault models have insignifi-
cant portions of slip located along the edges. The use of these
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FIGURE 3 | Procedures for source parameter estimation. (A) Effective dimension analysis. (B) Box-Cox analysis. (C) Spectral analysis.

insignificant portions may lead to overestimation of the rupture
area and hence, it should be excluded from the source models.
The insignificant portions of earthquake slip are removed in
two steps. The first step is to simply trim the slip distribution
when rows/columns having zero slip exist along the edges of
the slip distribution. As shown in Figure 3A, three rows having
zero slips are removed to produce a trimmed slip distribution.
The second step is to determine the effective width and length
by calculating the auto-correlation dimensions as defined by
Mai and Beroza (2000). These dimensions, i.e., effective width
and length, are then defined as W and L, respectively. Using
the results from effective dimension analysis, the slip statistics
parameters, D, and D,,, are calculated. The mean slip may be

changed from the original mean slip due to the effective dimen-
sion analysis.

Second, using the effective dimension, the Box-Cox analysis is
conducted to characterize the probability distribution of slip val-
ues within the fault plane by identifying the best power parameter
(M) to transform a non-normal random variable (X) to a normal
random variable (Y) as presented in Eq. 1.

X" -1
S 1)
r=— (1#0)

The Box-Cox parameters corresponds to the lognormal
transformation if the A = 0. The best power parameter (Box—
Cox parameter) can be determined by calculating the linear
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correlation coeflicient of the standard normal variable and the
transformed variable of the slip values (after standardization).
The Box-Cox parameter (M) is then obtained based on the
value that achieves the maximum linear correlation coeflicient
(see Figure 3B).

Third, Fourier spectral analysis is carried out to calculate
spatial heterogeneity parameters of the slip, i.e., A,, A, and H.
The Hurst number is used to characterize spectral decay as a
function of wavenumber. Before carrying out spectral analysis,
a cell-based grid of the finite-fault models is converted to a
grid-based slip distribution and then the slip is interpolated
using a selected grid spacing which is not smaller than one-
fifth of the original grid resolution (left panel of Figure 3C).
The interpolated grid-based slip distribution is then tapered
using a Hanning window to control the edges of the rupture
plane so that no significant slips occur along the rupture plane
edges. Two-dimensional Fast Fourier Transform is calculated
to obtain the 2D normalized power spectrum (middle panel
of Figure 3C). The applicable wavenumber range for the spec-
tral analysis is then defined by considering the original grid
resolution and the characteristic size of the fault plane (right
panel of Figure 3C). The circular average of the normalized
wavenumber spectra is calculated, and the fractal dimension Dy
is defined based on the least squares fitting. The Hurst number
is then calculated after converting from the fractal dimension
(i.e., H= 3 — Dy). Finally, A. and A, are obtained by minimiz-
ing the norm between the along-dip/along-strike wavenumber
spectrum and the analytical von Kiarman model (Mai and
Beroza, 2002) calculated using Eq. 2 by varying the correlation
length along-dip/along-strike.

AZ AX

P(k)mm

2)

where P(k) is the power spectrum of von Kdrman model and k is the
wavenumber defined as, k = (Azzkz2 + szkx2 )05 (Godaetal., 2016).

The results of estimated source parameters for the nineteen
source models are shown in Table 1 and Figure 4. Fourteen from
the 19 source models shown by model number 1-14 in Table 1
are part of the 226 models used in Goda et al. (2015). In Figure 4,
scaling relationships for tsunamigenic earthquakes by Goda
et al. (2016) are also included. These equations are summarized
in Table 2, noting that they are indeed probabilistic prediction
models that allow characterizing the prediction errors. In the
equations, epsilon terms represent the prediction errors of the
equations, and furthermore, their correlation coefficients are
given in Table 3. The results shown in Figure 4 indicate that the
estimated source parameters are in agreement with the scaling
relationships; for most cases, the estimated parameters fall within
the 16th to 84th percentile confidence interval of the prediction
equations. Therefore, the use of the scaling relationships by
Goda et al. (2016) for generating stochastic source models for
the future tsunamigenic earthquakes in the Mentawai segment
of the Sunda subduction zone can be justified. In Figure 4, the
source parameters for the model 19 by Muhari et al. (2010) are
shown with the red circle (see also Table 1). This model is used as
a benchmark to be compared with stochastic tsunami simulation
results in Padang areas.

STOCHASTIC TSUNAMI SIMULATION

The stochastic tsunami simulation can be conducted by generat-
ing multiple source models for a given earthquake scenario
and by performing tsunami forward modeling iteratively.
Figure 5 presents a computational flowchart of the stochastic
tsunami simulation. In the following, detailed procedures of

TABLE 1 | Summary of earthquake source parameters for the 19 finite-fault models of the Sumatra subduction earthquakes.

No Date M, w L Strike Dip Mean Maximum Box-Cox Correlation Correlation Hurst References
(km)  (km) ) (°) slip (m) slip parameter length along length along number
(m) dip (km) strike (km)
Model 1 26/12/2004  8.89 180 450 320 11 6.77 19.82 0.5 54.00 121.50 0.99  Ji(2005a)
Model 2 28/03/2005 8.68 220 340 326 8 3.14 12.50 0.4 64.60 98.80 0.99  Shao and Ji (2005)
Model 3 28/03/2005 85 192 304 325 10 2.13 15.20 0.0 58.24 99.84 0.83  Konca et al. (2007)
Model 4 28/03/2005 8.7 192 380 325 15 3.34 13.75 0.5 60.00 108.00 0.99  Ji (2005b)
Model 5 12/09/2007 7.9 90 225 319 19 0.68 3.89 0.3 31.30 84.51 0.99 Jiand Zeng (2007)
Model 6  12/09/2007 7.9 110 192 323 15 0.69 6.00 0.0 28.80 36.00 0.99 Konca et al. (2008)
Model 7 12/09/2007 7.9 100 168 319 19 0.83 7.40 -0.2 38.40 52.80 0.99  Sladen and Konca
(2007)
Model 8  12/09/2007 85 225 300 328 9 1.55 5.44 0.1 64.00 80.00 0.99  Gusman et al. (2010)
Model 9  12/09/2007 8.4 159.5 460 328 12 1.08 3.61 0.7 56.00 100.80 0.99  Ji(2007)
Model 10 12/09/2007 84 192 256 324 15 1.30 9.60 0.1 44.00 68.00 0.46  Konca et al. (2008)
Model 11 20/02/2008 7.4 165 110 296 7.55 0.14 1.00 0.0 54.40 27.20 0.29 Hayes and Ji (2008)
Model 12 20/02/2008 7.4 112 152 302 7 0.15 1.08 -0.2 24.32 25.84 0.99  Sladen (2008)
Model 13  06/04/2010 7.8 144 144 313 12.04 043 3.17 -0.2 40.80 31.20 0.67 Hayes (2010a)
Model 14 09/05/2010 7.2 54 72 305 1752 0.35 1.13 0.4 15.30 17.10 0.99 Hayes (2010b)
Model 15 25/10/2010 7.7 140 195 325 1162 0.28 1.20 0.1 33.75 45.00 0.99 Hayes (2010c)
Model 16  25/10/2010 7.7 120 210 326 9.75 1.35 6.10 0.8 52.50 115.50 0.66  Satake et al. (2013)
Model 17 25/10/2010 7.7 725 180 324 75 4.10 23.41 0.2 25.20 41.40 0.99 Yueetal (2014)
Model 18 25/10/2010 7.8 140 225 325 11.62 2.10 9.63 0.4 36.00 60.75 0.99 Newman et al. (2011)
Model 19 Future event  8.92 240 520 325 13.00 7.48 14.90 0.9 83.20 140.40 0.99  Muhari et al. (2010)
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TABLE 2 | Scaling relationships of the earthquake source parameters
(Goda et al., 2016).

TABLE 3 | Linear correlation coefficients of regression residuals of the
scaling relationships for the six earthquake source parameters.

Parameter Prediction models Variables ew €L €, e, €a, €a,

w logio/ = —0.4877 + 0.3125M,, + 0.1464¢y ew 1 0.139 -0.68  -0.545  0.826 0.035

L logiol. = —1.5021 + 0.4669M, + 0.1717¢, & 0'0122 015 o ~09% _00553156 0'0222 Og;j .
SDa =VU. =U. . =U. =U.

D, log,, D, =-5.7933+0.7420M,, + 0.2502¢,, e, _0545 -0516 0.835 1 _0564 -0337

D log,, D,, =-4.5761+0.6681M,, + 0.2249¢, €, 0.826 0.249 -0.62 —-0.564 1 0.288

4 log,, A, = —1.0644 +0.3093M, +0.1592¢, e, 0.035 0.734 -0.374 -0.337 0.288 1

Ax log,, A, =-1.9844 +0.4520M,, +0.2204¢, Note that the Box-Cox parameter and the Hurst number are considered to be

Box-Cox power
Hurst number

A normal variable with mean = 0.312 and SD = 0.278
A value of 0.99 with probability of 0.43 and a normal variable
with mean = 0.714 and SD = 0.172 with probability of 0.57

The prediction error terms of the scaling relationships are represented by epsilons,
which are the standard normal variables (i.e., zero mean and unit SD).

independent.

the stochastic tsunami simulation for the future tsunamigenic
earthquake in the Mentawai segment of the Sunda subduction
zone are explained.
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Earthquake Scenarios and Fault Zone
Model

Before running the stochastic tsunami simulation, earthquake
scenarios (e.g., magnitude and source zone) need to be selected
and a suitable fault rupture zone model (e.g., geometry and asper-
ity zone) needs to be defined. The fault plane is used to model the
source zone of the earthquake, while within the fault plane the so-
called asperity zone is set up. When generating stochastic earth-
quake source models, the source zone of the earthquake is needed
to define the area of earthquake source and the asperity zone is

essential as the concentration region for certain amount of slip.
In addition, the selected magnitude should be determined based
on the purpose of the analysis. Since this work aims at assessing
the tsunami hazards in Padang due to megathrust earthquakes
from the Mentawai segment of the Sunda subduction zone, three
magnitudes are considered: M, 8.5, M,, 8.75, and M, 9.0.

First, a possible source zone of the future tsunamigenic
earthquakes in the Mentawai segment is defined based on
source models for the past Sunda subduction earthquakes. The
19 source models of the past Sunda subduction earthquakes are
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used to determine the rupture areas for the future megathrust
tsunamigenic earthquakes in the Mentawai segment (Table 1).
The strike and dip angles of these models are typically in the range
of 296° to 326° and 7° to 19°, respectively. A generic fault model
covers the region of the Mentawai segment starting from North
of Batu Islands to South of Enggano Island. The length and width
of the Mentawai source zone are 920 and 250 km, respectively.
The top-edge of the fault plane is located at a depth of 3 km. This
depth is consistent with the past Mentawai finite-fault models
developed for the 2010 Mentawai tsunamigenic earthquakes and

the twin events of the 1797 and 1833 tsunamigenic Mentawai
earthquakes which have the top-edge depth between 2 and 5 km
(Newman et al., 2011; Satake et al., 2013; Philibosian et al., 2014;
Yue et al., 2014). The fault plane has a constant strike angle of
325°. On the other hand, dip angles are varied depending on the
depth. The dip angles for the depth from 3 to 10 km, from 10 to
17 km, from 17 to 29 km, and below 29 km are 8°, 10°, 12°, and
16°, respectively. These values are comparable to the slab models
for the Sunda subduction zone produced by the USGS (Hayes
et al., 2009, 2012). For stochastic source modeling and Monte
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FIGURE 6 | (A) Tsunami source zone. (B) Nested grid system for tsunami simulation in Padang. (C) GEBCO2014 bathymetry for the Sumatra region.
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Carlo simulation, the Mentawai source zone is discretized into
10 km by 10 km sub-faults. In stochastic source modeling, slip
values that are consistent with considered spatial slip distribution
features are generated.

Second, an asperity zone is set up within the fault plane of
the source zone along with the required slip concentration range.
The seismological knowledge of earthquake rupture in the target
region must be reflected in the asperity zone. Basically, the asper-
ity zone serves as crude constraints of the generated source model
regarding the spatial distribution of earthquake slip within the
fault plane. In generating the stochastic source models, a certain
amount of slip must be concentrated within the target region.
Generally, the determination of asperities of the future tsunami-
genic earthquake in the Mentawai segment of the Sunda subduc-
tion zone is complex and involves large uncertainty (McCloskey
et al., 2008; Philibosian et al., 2014). The interseismic coupling
and coseismic slip modeling based on the paleogeodetic study
confirm that the asperities in the Mentawai segment must be
multiple. A future megathrust earthquake in the Mentawai seg-
ment may rupture similar to the scenarios of either the 1797 event
or the 1833 event. This assumption is based on the paleogeodetic

study that finds the potential of giant earthquakes is high in the
Mentawai segment as the source earthquake region for the 1797
and 1833 events (Chlich et al., 2008; Sieh et al., 2008). The asperity
areas of the 1797 event are closer to Padang in comparison with
those of the 1833 event (Philibosian et al., 2014). In addition,
effects of the 1797 event in Padang in terms of ground shaking
and flow depth were greater than the 1833 event. Therefore, the
asperity zone of the future megathrust earthquake for tsunami
hazard assessment in Padang is assumed to follow the asperity
areas of the 1797 event (see Figure 6A).

Stochastic Tsunami Simulation

Essentially, the stochastic tsunami simulation involves two main
calculations, i.e., generation of stochastic source models and
Monte Carlo tsunami simulation (Figure 5). First, earthquake
source parameters, i.e., W, L, Da, Dy, A, A., Ay, and H, are gener-
ated using the prediction models (Tables 2 and 3). The uncer-
tainty and correlation associated with the prediction models
are taken into account in sampling the values of the earthquake
source parameters from the multivariate normal distribution.
To control the consistency of the generated earthquake source
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parameters, the simulated seismic moment (M, = pWLD,, where
p is the rock rigidity which is set to 40 GPa) is compared with the
target seismic moment defined by the scenario magnitude. The
combination of W, L, and D, are calculated iteratively until the
seismic moment criterion is satisfied (note: a tolerance of +0.05
magnitude units is permitted).

Subsequently, a random slip field is generated using a Fourier
integral method (Pardo-Iguzquiza and Chica-Olmo, 1993).
The synthesized slip distribution is converted via Box-Cox
transformation to achieve slip distribution with realistic positive
skewness (Goda et al., 2014). To achieve the target mean slip D,
and to avoid very large slip values exceeding the target maximum
slip Dy, the transformed slip distribution is further adjusted.
Next, the synthesized fault plane position is randomly located
within the source region. The final synthesized earthquake slip
model should be consistent with the seismotectonic features of
the target region. For this purpose, two criteria for acceptance of
the candidate slip model are implemented, i.e., the asperity area
ratio of the candidate slip distribution is within the range of 0.2
and 0.3 and the simulated earthquake slip is more concentrated
in the considered asperity region with the percentage range of
50-80%. Multiple slip distributions are generated iteratively until
an acceptable source model is obtained which has all the expected
features.

Once a realistic stochastic source model is generated, the
initial water surface elevation is calculated using Okada (1985)
and Tanioka and Satake (1996) formulae which consider the
deformation due to both vertical and horizontal displacements
of seafloor. Tsunami wave propagation is then evaluated by
solving non-linear shallow water equations with run-up (Goto
etal., 1997). The effects of surface roughness on tsunami flows are
modeled through the Manning’s bottom friction formula with a
uniform roughness coefficient of 0.025 m~'"s. The fault rupture
is assumed to occur instantaneously, while the duration of the
simulation is set to 2 h and the time step for the simulation is
0.5 s, which satisfies the C.EL. criterion for the bathymetry and
elevation data for the Mentawi region.

For tsunami forward modeling, digital elevation model
(DEM) and bathymetry data are needed. For the western coast
of Sumatra, the bathymetry and elevation data are constructed
from the publicly available data, i.e., GEBCO2014 (http://www.
gebco.net/data_and_products/gridded_bathymetry_data/) and
GDEM2 (https://asterweb.jpl.nasa.gov/gdem.asp). The nested
grid systems of bathymetry and DEM having four resolutions
are developed to assess the tsunami hazard in Padang due to the
future tsunamigenic earthquakes in the Mentawai segment. The
crudest grid is 1,350 m, while the finest grid is 50 m. To connect
grid systems with different resolutions, two grids having different
grid resolutions by a factor of 3 are considered. Therefore, the
nested grid resolutions to carry out tsunami simulation in Padang
are 1,350, 450, 150, and 50 m (Figure 6B). The 1,350 m region
covers the entire region of West Sumatra.

The GEBCO2014 dataset is adopted for bathymetry data
with the resolution of 30 arc-sec (~900 m). The bathymetry
plot of the Sumatra region from GEBCO2014 is presented in
Figure 6C. For DEM, the GDEM2 dataset having the resolution
of 1 arc-sec (~30 m) is used. In this study, bathymetry data

with a 50-m resolution are adopted to run the tsunami simu-
lation in the shallow water and land regions. To develop such
bathymetry datasets, GEBCO2014, GDEM2, and SRTM Water
Body Data (SWBD), are merged by considering the resolution
of 1 arc-sec (same as GDEM2). The merging of the datasets is
conducted by simply substituting NaN (Not a Number) values
(i.e., ocean areas) in GDEM2 with the GEBCO2014 data at the
same coordinate, while all land elevations from the GEBCO2014
data are neglected. In addition, the coastal line data from SWBD
are defined as “zero” in the merged dataset. Subsequently, linear
interpolation is performed to produce a 1 arc-sec of the merged
data. The merged and interpolated data are used to produce a
50 m resolution dataset along the coastal line of Padang areas. The
use of the linear interpolation scheme is deemed as appropriate
over other more complex schemes, such as spline interpolation,
because at the near coastal line areas (where drastic changes of
the spatial density of the data points are inevitable), complex
interpolation methods may over-interpolate the topographical
features.

Finally, the above simulation procedure is run iteratively until
a sufficient number of acceptable source models are generated
and their tsunami inundation heights at locations of interest are
evaluated. The results from the Monte Carlo tsunami simulation
are useful for evaluating variability of tsunami simulation results
at different locations and for developing stochastic tsunami
hazard maps (Goda et al., 2014).

RESULTS AND DISCUSSION

The tsunami simulation results including the simulated tsunami
wave height profiles and maximum tsunami heights along the
coastal line are presented in this section by considering three
magnitude scenarios (M, 8.5, 8.75, and 9.0) and two cases
ignoring and incorporating the uncertainty of the scaling
relationships. The motivation to involve the uncertainty of the
scaling relationships in the analysis is to assess the effect of
incorporating the uncertainty of the scaling relationships to the
tsunami simulation results. In addition, the height presenting
in this section corresponds to the height of water flow above
sea level. For each combination of magnitude scenario and
uncertainty case, 100 stochastic source models are generated
and used in Monte Carlo tsunami simulation. The stochastic
tsunami simulation results from the M, 9.0 scenario are used
to investigate the sensitivity of the tsunami simulated wave
profile and are compared with the reference results based on
the Muhari et al. source model.

Tsunami Simulation Results: M,, 9.0

Scenario

Using the stochastic tsunami simulation results for the M,
9.0 scenario, sensitivity analysis of the tsunami simulated
wave profiles is carried out and presented in this section. The
simulated tsunami wave profiles produced from Muhari et al.
(2010) are used as a benchmark to demonstrate the tsunami
simulation results. The earthquake source model considered
by Mubhari et al. (2010) is shown in Figure 7A. The model
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was developed based on the slip accumulation of the current
locked zone in the Mentawai segment with the total sub-fault
number of 348 and the sub-fault size of 20 km by 20 km. Its
moment magnitude was M, 8.92. The comparison results show
that the Muhari et al. model is in agreement with the global
scaling relationships (Figure 4). For each tsunami simulation
run, tsunami waveforms are recorded at three points with the
water depth of 5 m: Tabing (0.85°S and 100.34°E), Purus (0.88°S
and 100.345°E), and Teluk Bayur (1°S and 100.38°E) as shown
in Figure 9A. These points are selected because they were also
considered by Muhari et al. (2010). In addition, the maximum
tsunami wave height contours are recorded to investigate the
inundated area in Padang.

Two sets of 100 stochastic source models are generated for
the M., 9.0 earthquake scenario to carry out the Monte Carlo
tsunami simulation. The first set takes into account the uncer-
tainty of the scaling relationships of the source models, while
the second set does not. Figures 7 and 8 illustrate four realiza-
tions of the stochastic source models for the cases of including
and excluding the uncertainty of the scaling relationships,
respectively. The figures show that neglecting the uncertainty
of the scaling relationships leads to identical dimensions (L and
W) of the generated earthquake source models and the same
slip statistics values for different realizations. For example, the

generated values of D, and D,, for the M., 9.0 scenario are 8
and 30 m, respectively, while the spatial slip distribution and
location of the fault rupture within the overall source zone are
varied. By contrast, incorporating the uncertainty of the scal-
ing relationships results in variability of dimensions and slip
statistics.

The tsunami wave profiles at three recording points pro-
duced from the 100 stochastic source models for the M, 9.0
scenario generated without considering the uncertainty of the
scaling relationships (Figure 7) are shown in the middle panels
of Figures 9B-D, whereas similar results obtained based on
the Mubhari et al. source model are shown in the top panels of
Figures 9B-D. The raw simulated data are shown with gray
color and the median and 10th/90th percentiles of the simu-
lated tsunami waveforms are illustrated with red line and blue
line, respectively. Large variations in the temporal tsunami
wave profiles are observed at the recording points 1 to 3 (P1
to P3). For instance, at the Teluk Bayur station (P3), the varia-
tions in the simulated results range from —5 to 15 m, while the
range between the 10th and 90th percentiles varies from —5 to
12.5 m. These trends are also observed at the other two stations.
The medians of the simulated tsunami wave profiles recorded
at three stations demonstrate results that are comparable to
the Mubhari et al. model with the maximum tsunami height of
about 5 m. In addition, the tsunami arrival time to the coastal
areas of Padang based on the median simulation results and
Mubhari et al. results are also consistent, i.e., 20-25 min after
the event. Furthermore, the tsunami simulation results based
on the 100 stochastic source models generated by incorporat-
ing the uncertainty of the scaling relationships for the M, 9.0
(Figure 8) are presented. The simulated tsunami wave profiles
at three recording points are shown in the bottom panels of
Figures 9B-D. In general, the medians of tsunami wave
profiles are similar to those produced without considering the
uncertainty of the scaling relationships. Large variations in
tsunami wave heights are observed at those three points with
the maximum tsunami height of 15 m. From the medians of
the tsunami waveforms at three recording points, consistent
tsunami waveforms compared to the Muhari et al. results are
also demonstrated.

To evaluate the differences of tsunami simulation results
between excluding and including the uncertainty of the scaling
relationships, 150 points are selected to record the maximum
tsunami wave height along the coastal line of Padang starting
from Tabing to Teluk Bayur (see Figure 10A). The median and
the 10th/90th percentiles of maximum tsunami wave height
profiles along the coastal line of Padang are shown in Figure 10B.
In addition, the maximum tsunami wave height profiles from the
200 stochastic models excluding the uncertainty and including
the uncertainty are presented in Figures 10C,D, respectively.
The ranges between the 10th/90th percentiles of the maximum
tsunami heights from those two cases show that the models
with the uncertainty have greater variability in comparison to
the models without the uncertainty. The range of the maximum
tsunami wave height of the models considering the uncertainty
is between 2.5 and 20 m, while the corresponding range for
the models excluding the uncertainty is between 5 and 17.5 m.
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However, as observed from the tsunami wave profiles at the three
recording stations, i.e., Tabing, Purus, and Teluk Bayur stations,
the median of maximum tsunami wave profiles produced from
these two calculation cases are similar (see black and green lines
in Figure 10A).

Tsunami Hazard Assessment in Padang:

All Magnitude Scenarios

The tsunami simulation results produced from different magni-
tude scenarios are presented in this section. Figures 11-13 show
the tsunami waveform results based on the stochastic source
models for three scenario magnitudes, i.e., M 8.5, M, 8.75, and
M, 9.0, both including and excluding the uncertainty of the

scaling relationships recorded in Tabing, Purus, and Teluk Bayur
stations, respectively. One hundred stochastic source models
are used to run the tsunami simulation for each magnitude and
uncertainty consideration (600 cases in total). In general, thelarge
variation of wave amplitudes from the 10th and 90th percentile
curves suggests that the earthquake slip model is an important
source of uncertainty for the tsunami prediction. In addition, the
tsunami waveforms from all three locations exhibit that the varia-
tion of tsunami wave heights increases with the magnitude. It can
be seen that the 10th and 90th percentile curves vary significantly
from the M, 8.5 scenario to the M, 9.0 scenario. For instance,
at the Tabing station (P1), the percentiles range from —2 to 2 m
for the M, 8.5 scenario and the range increases to —5 to 10 m
for the M,, 9.0 scenario. The median of the tsunami waveforms
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shows that the tsunami wave height increases by a factor of 2 for
the increasing magnitude by 0.25 U. Additionally, the tsunami
hazard in Padang areas can also be assessed from the maximum
tsunami wave height along the coastal line of Padang areas (see
Figure 10). These data show that the maximum tsunami wave
height in Padang can reach 20 m in urban areas (Tabing-Purus)
where many important public facilities exist (e.g., school, hospi-
tal, and gas station). Therefore, the economic and social losses
can be significant.

Another important characteristic illustrated from the tsunami
wave profiles for all scenarios is the feature of secondary waves
(second and third waves) which are important to design an evacu-
ation plan for the areas of interest. As presented at P1 and P3, the
secondary wave heights for the scenarios of M, 8.5 and M,,8.75 are
insignificant with the heights of below 1 m. However, the heights
increase significantly when the M, 9.0 scenario are considered.
The medians of the second waves in Tabing and Purus areas (P1
and P2) reach ~3 m for both uncertainty considerations with
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the maximum height of 5 m for the 90th percentile. In the Teluk
Bayur region (P3), the second and third waves increase drasti-
cally with the increasing magnitude. For instance, the maximum
height from the 90th percentile of the second and third waves
for the M, 9.0 scenario without considering the uncertainty is
~5 m, while it is ~7.5 m for the case considering the uncertainty
of the scaling relationships. The striking times of the second and
third waves in those three locations are in the range of 60-90 min,
respectively. With the expected maximum height of the second-
ary waves as much as 7.5 m within the period of 90 min after
the earthquake, people living within the coastal region of Padang
must evacuate earlier and stay out of the inundated areas oth-
erwise the secondary waves may cause additional human loses.
Moreover, by neglecting the uncertainty of the scaling relation-
ships in generating the earthquake scenarios for the worst case
(M., 9.0), the tsunami hazard in terms of the maximum secondary
wave heights is underestimated and hence, may oversimplify the
evacuation plan in the target region.

The tsunami hazard evaluations using multiple scenarios
show that Padang may face a significant risk due to the future
tsunamigenic event from the Mentawai segment. In comparison
to the multiple-earthquake scenario approach, a deterministic
scenario is not complex and requires a less computational effort.
Although the single scenario approach is straightforward to

communicate with the hazard results with emergency officers
and relevant stakeholders, the multiple-scenario approach can
produce a greater range of tsunami scenarios and therefore,
more informed decisions regarding evacuation and mitigation
actions can be made. In addition, for the risk assessment, the
worst scenarios may be more relevant for critical facilities, such
as public evacuation facilities. It is critically important to capture
the most devastating effect that may occur in the target region.
Using the stochastic tsunami simulation approach, the worst
scenario (M, > 9.0 at different percentile levels) can be con-
sidered to predict the future tsunamigenic earthquake impact,
and therefore, a probabilistic approach is recommended to be
implemented for preparing a better tsunami mitigation system
for the future event.

CONCLUSION

The main objective of this study was to assess the tsunami
hazard in Padang due to the future tsunamigenic event from the
Mentawai source region in terms of near-shore tsunami wave
profiles and maximum tsunami wave height data along the coastal
of Padang using a novel method namely stochastic tsunami simu-
lation. Extensive tsunami simulation for the future tsunamigenic
earthquakes was conducted by developing a large number of
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stochastic earthquake slip models for different magnitude ranges.
The earthquake source parameters from the finite-fault models
of the past Sunda subduction earthquakes were firstly calculated
and then compared with the corresponding scaling relationships
for global tsunamigenic earthquakes developed by Goda et al.
(2016). The verified scaling relationships were further used to
build the earthquake source models for tsunami simulation.
Uncertainty and dependency of earthquake source parameters
were taken into account in producing earthquake source models
stochastically. In total, 600 synthetic earthquake slip models were
generated to obtain multiple realizations of maximum tsunami
wave heights at various locations in Padang areas. Three scenarios
magnitudes, i.e., My 8.5, M, 8.75, and M, 9.0, were considered
to generate the stochastic earthquake source models, while the
asperity zone was based on the significant slip areas from the
1797 tsunamigenic event. The simulated tsunami wave profiles
from the M, 9.0 scenario were compared with the results from
Mubhari et al. (2010) that predicted the tsunami hazard in Padang
areas using the earthquake source models developed from the slip
accumulation. The tsunami hazard in Padang was further evalu-
ated using the tsunami wave profiles and maximum tsunami wave
height data based on 600 stochastic tsunami simulations.

The stochastic earthquake source models for the future tsu-
namigenic earthquake in the Mentawai segment of the Sunda

subduction zone have been successfully developed and further
used in stochastic tsunami simulation. The estimated median of
the simulated tsunami wave profiles produced from stochastic
tsunami simulation is acceptable in comparison to the results
from Muhari et al. (2010). Incorporating the uncertainty of the
scaling relationships results in a larger variability of tsunami haz-
ard parameters in comparison to excluding the uncertainty of the
scaling relationships. The magnitude of earthquake scenarios has
significant influence on the hazard assessment. In particular, the
tsunami hazard assessment in Padang indicated that this region
may experience a significant tsunami event with the maximum
inundation height of 20 m in main urban areas (Tabing-Purus).
Therefore, it can be concluded that the tsunami risk potential in
Padang is high due to the future tsunamigenic event from the
Mentawai segment of the Sunda subduction zone. Importantly,
multiple scenarios of tsunami simulation using the stochastic
methodology can produce a greater range of tsunami scenarios
and hence, can inform emergency officers and stakeholders of the
tsunami risk for improving the better tsunami mitigation system
in the target region.
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