
Study on earthquake and tsunami
hazard: evaluating probabilistic
seismic hazard function (PSHF)
and potential tsunami height
simulation in the coastal cities of
Sumatra Island

Wahyu Triyoso1*, Widjo Kongko2, Gegar S. Prasetya3 and
Aris Suwondo4

1Faculty of Mining and Petroleum Engineering, Institut Teknologi Bandung, Bandung, Indonesia,
2Research Center for Hydrodynamic Technology, Badan Riset dan Inovasi Nasional, Surabaya, Indonesia,
3Ikatan Ahli Tsunami Indonesia (IATSI), Jakarta, Indonesia, 4Meteorology, Climatology, and Geophysical
Agency, Jakarta, Indonesia

This study uses integrated geological, geodesy, and seismology data to assess the
potential tsunami and Probabilistic Seismic Hazard Function (PSHF) near
Sumatra’s coastal cities. It focuses on estimating the possible level of ground
shaking due to the seismic activity within the Sumatran Fault Zone (SFZ) and
subduction zone. It uses the Peak Ground Acceleration (PGA) as a measure. An
amplification factor that is based on the previous study is used. It is calculated
through the Horizontal-Vertical Spectral Ratio (HVSR), which measures possible
surface ground shaking. The Seismic Hazard Function (SHF) is calculated
considering magnitudes 6.5 to 9.0 for subduction sources and 6.5 to 7.8 for
SFZ sources. Also, the PGA based on the Maximum Possible Earthquake (MPE)
magnitude is estimated, and tsunami heights are simulated to assess the possible
hazard risk. The tsunami source model in this study is characterized by
considering the possibility of the long-term perspectives on giant earthquakes
and tsunamis that might occur in subduction zones around the off-coast of
southern Sumatra Island. The potentiality source zone is characterized based on
the utilization of the cross-correlation of correlation dimension (DC) based on the
shallow earthquake catalog of 2010 to 2022 and the SHmax-rate of surface strain
rate. Based on the MPE, the relatively high estimated PGA at the base rock was
found around Mentawai and Pagai Utara islands at about 0.224 g and 0.328 g,
with the largest estimated PGA based on the MPE at the surface with values of
about 0.5 g and 0.6 g. The possible maximum tsunami height (Hmax) estimated
based on source scenarios position around the west coast of Sumatera Island,
such as for Kota Padang and Kota Bungus, reaches up to 12.0 m and 22.0 m,
respectively. The findings provide valuable insight into seismic and tsunami
hazards, benefiting future mitigation strategies.
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1 Introduction

The island of Sumatra moves independently due to the
interactions between several tectonic plates, with each segment
behaving differently. This movement becomes particularly
noticeable with the convergence of the Indo-Australian Plate.
This plate subducts towards the Eurasian plate, demonstrating
the dynamic nature of the region’s geology (Fitch, 1972; Jarrad,
1986). Further research by Sieh and Natawidjaja (2000) and Bradley
et al. (2017) found that the subduction plate movement along the
Sunda Trench in Sumatra Island’s southwest part displays a pattern
of low-obliquity subduction. A right-lateral shear fault parallel to the
trough, known as the Sumatran Fault Zone (SFZ), was discovered
near the southwest coast. Sieh and Natawidjaja (2000) uncovered
that the curved shape of the plate boundary causes variation in the
orientation and magnitude of the relative plate movement velocity
vectors along the edges. The observed speeds are 52 mm/yr in the
northern segment, 57 mm/yr in the middle, and 60 mm/yr in the
southern part. Combining oblique subduction and Sumatran shear
faults allows one to discern Sumatra’s complex stress, strain, and
deformation patterns. This amalgamation causes displacement
along the subduction plane and deformation along the overriding
plate (Fitch, 1972). The convergent plate movement occurring at
about 49 mm/year (Zachariasen et al., 2000) results in a high annual
rate of earthquakes. Notably, over the past 250 years, five significant
earthquakes (Mw ≥ 8.0) have occurred along the Sumatran
megathrust (Megawati and Pan, 2009). Earthquakes in the
subduction zones often trigger subsequent quakes. McClosky
et al. (2005) highlighted that such stress interaction could impact
seismicity in the forearc area (Pollitz et al., 2006; Triyoso and Sahara,
2021). For instance, the 2004 Sumatra-Andaman earthquake altered
the Andaman Sea’s seismic activity (Sevilgen et al., 2012), potentially
inducing the 2005 earthquakes in Nias.

Konca et al. (2008) study suggests the Mentawai area—which
last experienced a megathrust rupture in 1833—still faces potential
seismic events. The 2007 earthquakes, magnitudes of 8.4 and 7.9,
seemingly only fractured a small portion of the region disrupted by
the 1833 quake, leaving other megathrust patches locked and
potentially rupturing. These findings corroborate prior
assessments that the Mentawai segment remains at high risk for
a significant earthquake. Moreover, the study by Konca et al. (2008)
indicates the nature and scope of future ruptures in the Mentawai
segment could vary, influenced by factors such as the rupture of
singular asperities, the combined rupture of multiple asperities, or
the impact of non-permanent resistance zones possessing low local
pre-stress. Therefore, we cannot dismiss the possibility of future
megathrust events in the Mentawai area. This study unveiled that a
substantial amount of strain has been accumulated since the
1833 earthquake, suggesting the stress condition of the Sunda
megathrust faults in 2007 may not have been adequate to
generate a major fault rupture, further affirming the area’s
susceptibility to future quakes (Muhammad et al., 2016).

Satake and Atwater (2007) discussed the long-term perspectives
on giant earthquakes and tsunamis in subduction zones. The
researchers suggested that future earthquakes on some faults may
potentially exceed the size of any previously recorded in the faults’
historical or instrumental record. Evidence of this was demonstrated
by the 2004 Sumatra-Andaman earthquake. Further

paleoseismological evidence has been uncovered at Cascadia and
Hokkaido, suggesting the possibility of historically unparalleled
earthquakes. This potential for extreme seismic activity is
considered part of the natural variability in earthquake sizes,
similar to patterns observed from instrumental recordings of
subduction earthquakes off Colombia and Ecuador (Kanamori
and McNally 1982), the Aleutians (Johnson et al. 1994; Tanioka
and Gonzalez 1998), and the Nankai Trough (Ando 1975). However,
it would simplify matters if a subduction zone consistently produced
earthquakes of a single size. However, records show that variability is
more common. This unsteadiness likely stems from variations in
fault segments. For instance, smaller earthquakes result from the
rupture of a single segment, while larger earthquakes indicate breaks
across multiple segments. These segments often correspond to
sedimentary basins (Sugiyama 1994; Wells et al. 2003).

Burton and Hall’s (2014) research centered on the segmentation
of the Sumatran fault using the k-means algorithm. They proposed
that the optimal segmentation of the Sumatran Fault Zone (SFZ)
consists of around sixteen clusters. Furthermore, they posited that
the sixteen-cluster model could be broken down into fault segment
lengths that range from 22 to 196 km. These lengths correlated with
the maximum earthquake potentials, measured in Mw

6.5–7.8 magnitudes. Eight significant segments primarily
dominate the SFZ. These central segments are evenly dispersed
along Lake Maninjau. Historical data showed that these central fault
segments have been the primary contributors to the hazard.
Conversely, the far north region poses less of a threat because it
comprises shorter segments.

Triyoso et al. (2022) estimated a reasonable correlation between
two seismotectonic parameters of correlation dimension (DC) and
the b-values along the Sumatran Fault Zone (SFZ). The most critical
finding shows that the result of the SHF curve of total probability of
exceedance versus the mean of the peak ground acceleration of each
observation point indicates that the relatively high Dc coincides with
the high SHF curve. This most likely implies that the high
correlation dimension is closely related to the possible existence
of high seismic hazards. The areas with relatively high DC levels
show potential high SHF in West to South Sumatra, specifically, the
Padang, Bengkulu, and Lampung zones.

Seismic hazard analysis serves as a compass, guiding toward
decreased earthquake damage. It also stands as a gatekeeper, a
prerequisite for risk reduction efforts. This is methodically
executed through the probabilistic seismic hazard analysis
(PSHA), the framework upon which international standards for
seismic risk assessment are built. The credibility of a PSHA is
directly tethered to the trustworthiness of the earthquake source
model, seismic activity rate, and ground motion model. The
functionality of the earthquake model is a crucial aspect of this,
as emphasized by Triyoso and Shimazaki (2012), along with
knowledge of possible sources, data completeness, and seismicity
rates. The potential for earthquakes in a given area can be gauged by
estimating the seismic moment rate—a measure derived from
seismic wave amplitude, GPS or geodetic data, and the slip rate
of a Late Quaternary fault (Triyoso and Shimazaki, 2012). Seismic
hazards are typically derived from seismic activity relevant to the
area in question—this process leans heavily on the
Gutenberg–Richter magnitude-frequency relation (Gutenberg and
Richter 1944). This critical point was noted by both Triyoso and
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Shimazaki (2012) and Triyoso et al. (2020). However, this method
does come with a catch: hazard estimations become dependent on
the extent of our knowledge of the area’s seismic history and often
require much subjective judgment.

Triyoso et al. (2020) studied the earthquake hazards of coastal
sources of the Padang and Bengkulu cities of Sumatra Island. The
estimated hazards are presented as probabilistic seismic hazard
maps of the PGA of 10% Probability of Exceedance (PE) in
50 years. In assessing the seismic potential in Sumatra, they
jointly estimated the seismic moment rate, a measure indicating
the size of an earthquake, from two factors. These included a
smoothed average rate of seismicity and a pre-seismic surface
strain rate model in the subduction zone nearby. The subjects of
interest were particularly Bengkulu and Padang, two regions located
along the Sumatran subduction zone. The results demonstrated that
the Seismic Hazard Function (SHF), a measure of how often a
certain degree of seismic hazard is expected to occur, is greater in
Bengkulu than in Padang.

Triyoso and Suwondo (2022) conducted a geodynamic
simulation study based on pre-seismic modeling. They used the
slip rate input from a recent study focusing on Liwa and its
surrounding areas. Their results showed a relatively high level of
compression. They estimated the seismic moment rate based on
current surface strain data, consistent with their pre-seismic
modeling result and a previous analysis using correlation
dimension (DC). Their analysis revealed a high DC in the
Kumering segment, indicating a relatively high-stress level. It
aligns with the assertion that large strike-slip earthquakes occur
more frequently. The recent study’s finding that the slip rate has
increased supports this. Historical records show that Liwa
experienced at least three destructive earthquakes in 1908, 1933,
and 1994. From a deterministic hazard analysis viewpoint, the area
around the SFZ is expected to experience significant ground shaking
due to its proximity to the source. In contrast, a Probabilistic Seismic
Hazard Analysis (PSHA) conducted in the southern part of Sumatra
Island, particularly in areas close to the coastal boundary, indicated
that shaking from subduction and intermediate depth sources is
more frequent than the SFZ source.

Triyoso et al. (2023) comprehensively investigated prospective
earthquake and tsunami hazards along the Sumatran subduction
margin. Their focus was explicitly on the coastal areas of West
Sumatra-Bengkulu. This examination was founded on collecting
pre-seismic surface displacement data and a catalog of shallow
crustal earthquake data spanning 1907 to 2016. The pre-seismic
surface displacement data comprised displacement information
collated before and corrected displacement figures after
significant earthquakes. Drawing inspiration from our earlier
study on the local covariance function and the association
between the Correlation Dimension (DC) and the b-value of the
Gutenberg-Richter (GR) Law, we approximated the highest
horizontal crustal strain rate (SHmax-rate) and DC for the specified
region. Triyoso et al. (2023) intended to achieve two goals with their
research. The first was to estimate the remaining considerable
earthquake potential around the Sumatran subduction zone,
particularly in the Mentawai region. It followed Konca et al.
(2008) remark about the enormous potential of megathrust
earthquake events in the Mentawai region. Secondly, Triyoso’s
2023 team aimed to calculate the probabilistic seismic hazard

function (PSHF) and peak ground acceleration (PGA) derived
from the maximum possible earthquake (MPE). They also
suggested simulating tsunami heights to understand potential
hazards better and support mitigation plans. Their study allows
for the identification of possible source areas for future earthquake
hazards, seismic gaps, and tsunami threats. The future potential of
these source areas can be determined by the cross-correlation of
relatively high DC and the estimated maximum shear strain rate.
When this data is overlaid with large historical earthquake data
collected from 1907 to 2010, it aligns with the 1797 subduction
earthquake event, as noted by Natawidjaja et al. (2006).

Triyoso (2023a) based his study of the probabilistic seismic
hazard function (PSHF) around the west coast of Sumatra Island
before large earthquakes on the hypothesis that the Akaike
information criterion (AIC) is a reliable tool in earthquake
forecast algorithms. This research revealed that using the b-value
(DC)— a seismic precursor—can be assessed regarding its reliability
as a function of time and space before significant seismic events.
Triyoso’s (2023a) investigation also examined the correlation
between the quantity of δAIC and the class or size of Mw,
indicating that the PSHF undergoes a substantial change when
this quantity is large enough. Furthermore, as the earthquake
potency and PSHF are functions of the b-values (DC), applying
the proposed method, we could measure how reliable the b-value
(DC) is as the precursor before a large earthquake from the viewpoint
of PSHA. The result is suggested to be very beneficial for PSHA and
seismic mitigation realization.

Triyoso (2023b) investigated the spatiotemporal probabilistic
seismic hazard function (PSHF), leveraging data from the
comprehensive earthquake catalog from 1963 to 2016 to enhance
future earthquake spatial predictions. Seismicity is smoothed using a
catalog of small to moderate earthquakes, with the model anchored
to larger earthquakes. The model combines the uniform background
seismicity rate from the earthquake fault’s data and pre-seismic
surface strain rate data to establish a more reliable seismicity rate.
The model’s efficiency in active zone characterization along the
Sumatra subduction zone is assessed using the Akaike information
criterion (AIC). Combining methodologies from Frankel (1995) and
Triyoso and Shimazaki (2012), the model exploits an exhaustive
earthquake catalog, focusing on moment magnitudes (Mw) between
4.5 and 6.5. Earthquake faults with an Mw of 6.5 or higher
(Natawidjaja and Triyoso, 2007) are used for reliability
assessment. By adopting the ideas of Taroni and Akinci (2021),
Frankel (1995), and Triyoso and Shimazaki (2012), the model can
more accurately identify potential active source zones, thereby
improving spatial earthquake forecast accuracy. The key finding
from Triyoso, (2023b) reveals an algorithm that substantially
improves future earthquake spatial forecasts using PSHF.
Incorporating comprehensive seismic data with pre-seismic
surface strain rate information, this model could significantly
contribute to establishing a reliable seismicity rate, paving the
way for an effective PSHF model.

Following the finding of Triyoso and Suwondo (2022), in the
southern part of Sumatra Island, particularly in areas close to the
coastal boundary, it was indicated that shaking from subduction and
intermediate depth sources is more frequent than the SFZ source. The
studies by Triyoso et al. (2023) and Triyoso, (2023b) provided an
algorithm that improves the future of shallow earthquake spatial
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forecasts using the Probabilistic Seismic Hazard Function (PSHF). This
algorithm and model significantly contribute to establishing a reliable
seismicity rate, thus advancing the development of an effective PSHF
model. Therefore, the motivation of this study is to use the combined
data of Geology, GPS, and Seismology to understand the possible
shallow earthquake hazard near coastal cities on the island of Sumatra

with the amplification factor estimated and incorporated into the PGA
estimated. Implementing practical earthquake hazard analysis, such as
probabilistic seismic hazard analysis (PSHA), requires extensive
knowledge and understanding of potential earthquakes and their
causes. PSHA involves incorporating a reliable seismicity model. The
seismicity of the area where the building is located is a significant factor

FIGURE 1
(A) The distribution of shallow earthquake catalog data from PuSGeN 2017 (Tim Pusat Studi Gempa Nasional, 2017), ISC-GEM (2017–2022), and
GCMT of 2017–2022 (Dziewonski et al., 1981; Ekström et al., 2012). The data selected are those relating to shallow crustal earthquakes, with a maximum
hypocenter depth of 50 km and a minimummagnitude (Mw) of 4.5. (A) illustrates the chosen area and the distribution of such earthquakes from 1963 to
2022. Meanwhile, (B) presents the distribution of shallow earthquakes in the same study area and timespan, characterized by depths less than 50 km
and magnitudes ranging from 4.5 to less than 6.5.

FIGURE 2
(A) The distribution of the GPS model generated based on the data of Triyoso et al. (2023) in this study is overlaid with the distribution of shallow
earthquake moment magnitudes (Mw) of 6.5 or greater (earthquake faults), less than 50 km depth, and dates between 1963 and 2022. (B) shows the
bathymetry data used for the tsunami simulation. The data was obtained from amixture of the General Bathymetric Charts of theOceans (GEBCO version
11.1, as of September 2008) and a digitized nautical chart obtained from theCentre for HydrographicOffice, a subsidiary of the Indonesian Navy. The
data was arranged in a 1’arc grid (with each gridmeasuring approximately 1,854 m across). It was later resampled for finer analysis at a spatial resolution of
30’’(corresponding to an approximate dimension of 927 m).
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that must be considered for correctly designing and detailing reinforced
concrete (R/C) buildings (Chrysanidis et al., 2022; Chrysanidis, 2023).
After identifying potential earthquake hazard zones around the
southern coast of Sumatra Island, this study examined the Tsunami
Height simulation. We included our current discoveries, which align
with Konca et al. (2008) observations about the significant potential for
megathrust earthquake events in the Mentawai region. We also
considered the possibility of giant earthquakes and tsunamis
occurring in subduction zones in the long term, as discussed in
Satake and Atwater, (2007). The outputs can then be integrated into
planning and policy decisions, enhancing seismic and tsunami hazard
mitigation strategies.

2 Data and method

2.1 Data

This study employs earthquake catalog data from PuSGeN 2017
(Tim Pusat Studi Gempa Nasional, 2017), ISC-GEM (2017–2022), and
GCMT of 2017–2022 (Dziewonski et al., 1981; Ekström et al., 2012).
The data selected are those relating to shallow crustal earthquakes, with
a maximum hypocenter depth of 50 km and a minimum magnitude
(Mw) of 4.5. Figure 1A illustrates the chosen area and the distribution of
such earthquakes from 1963 to 2022. This study also considers pre-
seismic surface displacement data from Triyoso et al. (2022), Triyoso
et al. (2023) and Triyoso (2023a), Triyoso (2023b). The GPS model
generated based on the surface displacement data of Triyoso et al.
(2023), as shown in Figure 2A, overlaid with the distribution of shallow
earthquake moment magnitudes (Mw) of 6.5 or greater (earthquake
faults), less than 50 km depth, and dates between 1963 and 2022.
Meanwhile, Figure 1B presents the distribution of shallow earthquakes
in the same area and timespan, characterized by depths less than 50 km

and magnitudes ranging from 4.5 to less than 6.5. The geological data
employed in this analysis is derived from a study conducted by Triyoso
et al. (2020), in which alterations and fault geometry were predicated
upon the revised and simplified conclusions of Natawidjaja et al. (2006)
and Konca et al. (2008). These findings were established using a
rectangular fault model. Co-seismic and pre-seismic models,
particularly those of the southern geometry of the subduction zone,
display disparate characteristics. In the co-seismic model, the fault dip
and rake measurements are approximately 20° and 98°, respectively,
while the pre-seismicmodel profiles a rake of about 278° (Shamim et al.,
2019). Figure 2B illustrates the bathymetry data that was used for the
tsunami simulation. This data was sourced from a mixture of the
General Bathymetric Charts of the Oceans (GEBCO version 11.1, as of
September 2008) and a digitized Nautical Chart obtained from the
Centre for Hydrographic Office, a subsidiary of the Indonesian Navy.
The data was arranged in a 1’arc grid (with each grid measuring
approximately 1,854 m across). It was later resampled for a finer
analysis at a spatial resolution of 30’’(equating to an approximate
dimension of 927 m).

2.2 The b-value and correlation
dimension (DC)

2.2.1 The b-value
The b-value from the Gutenberg-Richter Equation, established by

Gutenberg and Richter, 1944, is a significant parameter. It exemplifies
the correlation between the scaling characteristics of seismic activities
and their possible magnitude. Frohlich and Davis (1993) found that, on
a regional scale, the b-value typically averages around 1. To understand
better and forecast the behavior of future earthquakes, accurate
calculation of the b-value is critical (Ben-Naim, 2008; De Santis
et al., 2011; Nuannin et al., 2012; Triyoso et al., 2021; Triyoso et al.,
2022; Wang et al., 2021). Aki’s (1965) maximum likelihood method is
one of the most effective for calculating this value. Further elaborations
by Utsu (1978) on this method further highlighted that the b-value
could be written as follows:

b � 1
In 10( ) �M −Mc + 0.05( ) (1)

where �M is the average magnitude value greater or equal to Mc, and
Mc is the magnitude completeness. Mc is determined based on the
maximum curvature method of the Gutenberg-Richter Law of
earthquake magnitude distribution (Wiemer, 2001). The 0.05 in
Eq. 1 is a correction constant. By referring to Triyoso et al. (2023)
and Triyoso (2023a), Triyoso (2023b), the b-value is a constant
number with a radius of 100km, and the number of events in
calculating refers to Triyoso and Yuninda (2022), Triyoso (Triyoso,
2023a; Triyoso, 2023b) and Triyoso et al. (2023).

2.2.2 Correlation dimension (DC)
A correlation dimension is a fundamental tool for determining

the geometric characteristics of self-similar (repetitive pattern)
objects, as outlined by Grassberger and Procaccia, 1983. The two
primary estimates are utilized: the correlation dimension (DC) and
the correlation sum (C(r)). The correlation dimension estimates the
number of degrees of freedom of the system’s dynamics. In contrast,

FIGURE 3
The distribution station of BMKG data and the distribution
stations (magenta) are used in this study. The estimation of site
amplification for the BMKG stations is conducted by referencing the
findings of Suwondo (2020) and Triyoso et al. (2021).
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the correlation sum is a quantity related to the probability of finding
pairs of points in the phase space that are less than a certain distance
apart. Both estimates work together for a quantitative understanding
of a system’s complexity. The DC and the correlation sum C(r) are
estimated as follows:

Dc � lim
r→∞

log Cr

log r( )( ) (2)

C(r) is the correlation function, and r is the distance between two
epicenters. The earthquake epicenter distribution has a fractal structure,
and the following relationship would be obtained (Pailoplee and
Choowong, 2014; Triyoso et al., 2022; Triyoso et al., 2023):

C r( ) � 2NR < r

N N − 1( )( ) (3)

N is the number of pairs of events separated by distance R < r.

C r( ) ~ rDc (4)

DC is the correlation dimension, and r is the distance between
two earthquakes in degrees. The spatial and temporal distribution
patterns of earthquake seismicity were fractal using a two-point
correlation dimension (DC). Following Triyoso et al. (2023), DC is
evaluated based on the mean value of the following relationship:

Dc � 2.80 − 1.220.b (5)
and

Dc � 2.064 − 0.272.b (6)

DC is the Correlation Dimension, and b is the b-values of the
Gutenberg-Richter Equation (Gutenberg and Richter, 1944).

Lower b-values and a high DC indicate lower heterogeneity in the
fractured medium. They can also suggest higher stress or strain,
increased deformation rates, and more considerable faults, pointing
to a heightened degree ofmaximum shear strain or seismicmoment. As
such, areas with these characteristics (Caneva and Smirnov, 2004;Wyss
et al., 2004; Roy et al., 2011; Goebell et al., 2017; Triyoso et al., 2023).

2.3 Geodetic modeling: SHmax and seismic
moment (Mo-rate) rate estimation

This study procured geodetic modeling data by assuming a
homogeneous, isotropic horizontal displacement field for each
observation point over the entire seismogenic depth. The study
denotes the horizontal displacement in east-west and north-south
directions by the variables u and v. Citing the works of El-fiky et al.
(1999), an assumption is made to pinpoint signals in u and v that
exhibit no correlation. The study area was gridded into sections
measuring 10 km by 10 km, and the surface strain rate was
subsequently computed. The horizontal crustal strain rate in each
grid or cell is calculated based on the procedures from previous studies
(Triyoso et al., 2020; Triyoso et al., 2021; Triyoso et al., 2022; Triyoso
and Sahara, 2021; Triyoso and Suwondo, 2022; Triyoso, 2023b;
Triyoso et al., 2023) in which the Least Square Collocation method
were applied. The local covariance functions using the horizontal
surface displacement data were utilized in estimating each grid or
cell’s horizontal surface displacement within the study area. The studyT
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used the horizontal crustal strain to gauge the maximum shear strain
across the region. By using the following formula, the LSC-based
surface strain rate model is subsequently applied to compute the
maximum shear strain (SHmax) and the scalar moment rate.

SHmax �
���������������������������
εuu − εvv( )2 + 0.25 εuv + εvu( )2( )( )√

(7)
SHmax is the maximum shear strain, and εij is the strain component.

_Mo � 2μHAmax e1| |, e2| |( ) (8)
Where µ is the rigidity, H is the seismogenic depth, A is the unit area,
and e1 and e2 are the principal strain rates. The GPS data mainly used
in this study is based on Triyoso et al. (2023) and Triyoso (2023b).

3 Probabilistic seismic hazard function
estimation

3.1 Potential earthquake fault area
characterization and rate estimation

Following Triyoso (2023b), the earthquake fault characterization
and rate estimation potential is achieved by considering the complete
earthquake catalog to improve predictions of future earthquake spatial
occurrences (Taroni and Akinci, 2021). The model merges
methodologies from previous studies by Frankel (1995) and Triyoso

and Shimazaki (2012), using the complete earthquake catalog with a
momentmagnitude (Mw) range of 4.5—less than 6.5 to build themodel.

To begin with, we utilized the complete shallow earthquake
catalog from 1963 to 2022 (with 4.5 ≤ Mw < 6.5). We then applied
seismicity smoothing with correlation distances of 50 and 75 km.
We combined these using an equal weight of 0.5 for each and
normalized the results. It produced the spatial source earthquake
fault model. Next, we applied Equation 8 to build a normalized
seismic moment rate model. To determine the reliable long-term
earthquake fault rate model, we relied on the methodology provided
by Triyoso (2023b). We then combined three parts by multiplying
the spatial source earthquake fault model, normalized seismic
moment rate model, and the uniform background seismicity rate
of the declustered earthquake with Mw ≥ 6.5.

Thus, in this study, the earthquake fault rate model was defined
as follows,

vi ≥Mc( )≈ AEF−background
_Mo−rate

max _Mo−rate( ) normalized EqFaultmodel( )⎛⎝ ⎞⎠
�AEF−rate

(9)
Where AEF-background is uniform background earthquake fault seismicity
with magnitude ≥Mref in grid i, the Mo-rate is the seismic moment rate
estimated using equation (8) at the grid of i, and max(Mo-rate) is the
maximum Mo-rate over the entire study area. The vi represents the

FIGURE 4
(A) The result of combined seismicity smoothing the complete shallow earthquake catalog with correlation distances of 50 and 75 km. An equal
weight of 0.5 was used for each correlation distance, and the subsequent results were normalized. The shallow earthquake catalog spanning 1963 to
2022 with moment magnitude (Mw) within the range of 4.5 ≤Mw < 6.5. It is addressed to better characterize the spatial source earthquake fault model. (B)
shows the normalized seismic moment rate model. (C) shows the three models’most reliable long-term earthquake fault rate. It is constructed by
following the algorithm of Triyoso et al., 2023 by using the earthquake fault data (Mw ≥ 6.5) as the reference to find the adjustment rate factor and the
maximum log-likelihood value to produce the most reliable long-term earthquake fault rate of the combined three models.
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FIGURE 5
Shows the outcomes of the Probabilistic Seismic Hazard Function (PSHF) for the coastal and near-coastal cities on the islands of Sumatra. (A)
illustrates the PSHF at the base rock and the surface for locations P1, P2, P3, and P4. In calculating PSHF, we only considered the subduction source. As per
Triyoso et al. (2021) and Triyoso and Suwondo (2022), the impact of the SFZ is trivial compared to subduction sources and, hence, can be disregarded. (B)
shows the PSHF estimation for locations P5 and P6 at the base rock and the surface. This estimation incorporates the amplification factor using the
HVSR result from Figure 3 and considers both the subduction source and the SFZ for its formulation.

FIGURE 6
(A) shows the utilization of the cross-correlation of DC based on the shallow earthquake catalog of 2010 to 2022, estimated based on averaging of
equations (5 and 6), and the SHmax-rate calculated based on equation (7), giving insights into potential seismic and corresponding tsunami source zones.
The fault’s configuration classification refers to Triyoso et al. (2023). The fault length, however, is an exception, updated to approximately 536.5 km based
on the findings of this research. TheMPE of theMomentMagnitude is about 9.0 (Mw ~ 9.0 per Blaser et al., 2010). (B) shows The PGA estimates based
on the MPE. The PGA for sites P1, P2, P3, P4, P5, and P6 at the base rock are as follows: 0.021 g, 0.078 g, 0.224 g, 0.328 g, 0.039 g, and 0.059 g. An analysis
of these values reveals that sites P3 and P4 exhibit the greatest estimated PGA based on MPE at the surface, with values of about 0.5 g and 0.6 g.
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likelihoodestimation seismicity rate (annual of the10a)withamagnitude
greater than or equal to a given earthquake magnitude reference (Mref).
The Mref in this study is Mw = 6.5.

Furthermore, by substituting 10a of Eq. 9 in the Frequency-
Magnitude of the Guttenberg-Richter equation (Guttenberg-
Richter, 1944), we may write the following equation:

vi ≥m( ) ≈ AEF−rate
b ln 10( ) 10

bm 1 − 10b m−Mmax( )( ) (10)

AEF-rate is the estimated seismicity rate above or equal to a
magnitude greater than or equal to the magnitude reference
(Mref). The b is the b-value.

3.2 Probabilistic seismic hazard function
(PSHF) estimation

3.2.1 Probability exceedance (PE)
The Seismic Hazard Function (SHF) is constructed by cross-

plotting between the Probability of Exceedance (PE) vs. Peak
Ground Acceleration (PGA) of a given magnitude reference

(Mref) and a distance between the source and a site of
observation. The PE formulation of the annual earthquake rate
with a magnitude greater than or equal to Mref, which is the
estimated maximum ground acceleration denoted by a, is
calculated using GMPE at an observation point due to the
earthquake source on the grid k can be written as:

P a≥ ao( ) � Pk m≥m ao,Rk( )( ) � 1 − e −vk ≥m ao ,Rk( )( )( ) (11)
in which Pk (m

3 m (ao, Rk)) is the annual PE of earthquakes in
the kth grid or cell, m(ao, Rk) is the magnitude in the ith source
grid that would produce a PGA estimated of ao or larger at the
site, and Rk is the distance between the site and the source grid.
The vk in equation (11) is estimated based on equation (10). The
PSHF parameter calculation is based on Triyoso and Suwondo
(2022), where the starting locking depth at the top is 5 km
(The 2017 PusGen, 2017). Following Triyoso and Suwondo
(2022), the focal depth value is estimated from half the
seismogenic thickness of about 10 km; thus, the focal depth
used is 15 km. The function m(ao, Rk) is the GMPE relation.
The following equation determined the total PE distribution of
PGA at the site,

FIGURE 7
The illustration of the 3-fault model scenario location with their initial tsunami conditions was calculated using Mashinha and Smylie (1971).
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FIGURE 8
The maximum tsunami height (Hmax) distribution plot from the three scenarios. They are Scenario-1 (A), Scenario-2 (B), and Scenario-3 (C) of
Figure 7 correspond with the maximum tsunami height plot along the coast of the offshore island (Mentawai) and the West coast of Sumatera Island,
showing a different peak of tsunami height distribution with shifting the epicenter hence the fault segment towards the Sumatera Island. In comparison,
the arrival time of a tsunami is less than 15 min after the quake for the areas perpendicular to the source region.

Frontiers in Built Environment frontiersin.org10

Triyoso et al. 10.3389/fbuil.2024.1310251

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1310251


P a≥ ao( ) � 1 −∏Pk m≥m ao, Rk( )( ) (12)

Thus, by substituting the GMPE in (11) into equation (12), we
could calculate the annual PE of the particular PGA as follows:

P a≥ ao( ) � 1 −∏ e −vk ≥m ao ,Rk( )( )( ) � 1 − e−Σvk ≥m ao ,Rk( )( ) (13)

For a given specified time of observation of T, the PE could be
calculated as follows:

P a≥ ao( ) � 1 −∏ e −Tvk ≥m ao ,Rk( )( )( ) � 1 − e−ΣTvk ≥m ao ,Rk( )( ) (14)

The annual PE of each grid or cell of specified ground motion is
calculated using Eq. 13. For a time duration of T, the PE of specified
ground motions is computed using Eq. 14.

3.2.2 PGA estimation based on the maximum
possible earthquake (MPE) magnitude

Following Triyoso et al. (2023), the characterized source area
resulting in this study is used to estimate the PGA based on the MPE
magnitude using the recommended GMPE—based on Atkinson-
Boore’s (2006), Youngs et al.’s (1997), and Zhao et al.’s (2006)
studies—by The 2017 PuSGeN (Tim Pusat Studi Gempa Nasional,
2017) for the case of the megathrust source. The MPE magnitude is
based on the megathrust source model based on the cross-correlation
of DC and the SHmax rate. The study utilizes fault geometry and
parameters such as dip, width, and rake based on Triyoso et al, (2023),
except for fault length. The fault length has been adjusted based on the
results of the present study. In the context of co-seismic events, the dip
and rake are approximately 20o and 98o, respectively. In contrast, a
278o rake is used in instances of pre-seismic activities.

3.2.3 The ground motion prediction equation
(GMPE) and Horizontal-Vertical Spectral
Ratio (HVSR)

To develop SHF as a function of the peak value of the horizontal
ground motion component, which can be expressed as a function of
the peak ground acceleration (PGA) versus probability exceedance
(PE). The GMPE is required to function earthquake magnitude and
distance. For the case of the megathrust or subduction zone source,
the GMPE is similar, as explained in Section 3.2.2. While the SFZ
sources, the GMPE is based on Natawidjaja and Triyoso (2007),
Triyoso et al. (2021) and Triyoso and Suwondo (2022). In addition,
the GMPE of Fukushima and Tanaka (1992) is used for subduction
and strike-slip sources. The Horizontal-Vertical Spectral Ratio

(HVSR) method estimates ground motion’s resonant frequency
and amplification, factors influenced by the surface layer. This
calculation divides the horizontal component’s spectrum from
the vertical component’s spectrum. The fundamental principle
behind the HVSR method suggests a value of one for the H/V
ratio in bedrock.

When Mucciarelli and Gallipoli (2004) reviewed HVSR methods
using Rayleigh waves and noise, they found consistent results.
Another pivotal research was conducted in the Los Angeles Basin
using Rayleigh and body waves. This research, completed by Bowden
and Tsai, 2017, demonstrated the superiority of Rayleigh waves in
retrieving amplification information in sedimentary basin areas
compared to utilizing only body waves. The study uses signal data
to calculate amplification, specifically focusing on a frequency band of
0.3–0.7 Hz. This selected frequency range is drawn from the work of
Bowden and Tsai (2017). The amplification into Peak Ground
Acceleration (PGA) is achieved by multiplying the Seismic Hazard
Function (SHF) with the amplification factor. This operation mimics
the conversion process from the PGA estimated at the base rock to the
PGA at the surface. A separate study by Suwondo (2020) extensively
evaluated the Horizontal Vertical Spectral Ratio (HVSR) of the
Meteorological, Climatological, and Geophysical Agency (BMKG)
data across Sumatra Island, drawing on ground acceleration and
microtremor data. The consistency of the H/V ratios in both datasets
was very similar when analyzed according to the Bowden and Tsai
(2017) method, leading to the decision to use the amplification factor
derived from the HVSRmethod that has been done based on previous
research and studies (Suwondo, 2020; Triyoso et al., 2021). The site
amplification estimation results for the BMKG stations used in this
study are based on the results from Suwondo (2020) and Triyoso et al.
(2021), as shown in Figure 3. The amplification was incorporated into
the estimated PGA by multiplying the estimated PGA at the base rock
by the amplification factor. It means that the PGA estimated at the
base rock was converted to the PGA at the surface.

4 Tsunami modeling

This study used the Non-Linear Shallow Water Equation
(NLSWE) of the TUNAMI-N3 model, which was initially
developed by Tohoku University in Japan (Imamura et al., 2006),
to simulate and predict the behavior of tsunamis accurately
(Pakoksung et al., 2021). The TUNAMI-N3 is modified of the
TUNAMI-N2 that is based on linear theory in deep sea, shallow-

TABLE 2 The difference between maximum tsunami height Hmax and tsunami arrival time from three scenarios.

No City Hmax (meter) Tmin (minute)

Scenario-1 Scenario-2 Scenario-3 Scenario-1 Scenario-2 Scenario-3

1 Sibolga < 0.03 < 0.03 < 0.03 n/a n/a n/a

2 Kota Paiaman 2.27 6.51 7.18 35.77 23.42 14.97

3 Kota Padang 4.80 12.05 13.50 30.93 19.36 7.63

4 Kota Bungus 4.42 22.87 24.01 30.81 19.28 7.26

5 Kota Bengkulu 3.29 5.23 6.26 50.81 34.63 0.02

6 Tua Pejat (Siberut Island) 8.69 10.50 4.28 7.85 0.02 0.02
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water theory in shallow sea, and runup on land with varying grids.
The TUNAMI does not use the fault data as it is, but it needs the
model of the initial wave produced by the fault model. Thus, the
TUNAMI uses this initial wave data to start with the modeling. The
initial wave is estimated based on the vertical deformation of the
fault slip model using Mashinha and Smylie (1971). The potentiality
of the tsunami source zone is characterized using a method based on
the cross-correlation of DC and the SHmax-rate. Since this study
aims to indicate the potentiality of the tsunami source, we assume a
simple source model with a uniform slip by referring to the
geological data employed from a study conducted by Triyoso
et al. (2020), Natawidjaja et al. (2006), Konca et al. (2008) and
Triyoso et al. (2023). Referring to the finding of the potentiality of
the tsunami source zone in this study, we define the geometry fault
parameters based on the subduction zone geometry of Hayes et al.
(2012). The dip, width, and rake are based on research by Triyoso
et al. (2023), with a fault length of about 536.5 km. Based on the
empirical scaling law, the Mw estimated of the Oceanic/Subduction
Zone Earthquake source model is about 8.9–9.0 (Blaser et al., 2010).
As Hank and Kanamori (1979) suggested, the seismic moment
summation of the proposed fault model was utilized to estimate
the Mw. To understand better the possible potentiality of the
tsunami height, in this study, we proposed using three scenarios
of locking area that are expressed as three different source depths in
which the epicenters are placed in themiddle of the source zone area.
The possible potentiality source parameters are summarized in
Table 1. In this study, the controlling Megathrust Earthquake
and Tsunami Dynamics: Stress, Rigidity, and Sediment Strength
were based on Ulrich et al. (2022). The gauge sites evaluated are
Sibolga, Kota Pariaman, Kota Padang, Kota Bungus, Kota Bengkulu,
and Tua Pejat, as is shown in Figure 8.

5 Results and discussion

This paper strives to utilize the combined data from Geology, GPS,
and Seismology to assess the potential for shallow earthquake hazards
near coastal cities on Sumatra Island, incorporating an estimation of the
amplification factor into the estimated Peak Ground Acceleration. This
study delved into the Tsunami Heights simulation after pinpointing the
potential earthquake hazard zones along Sumatra’s southern coast. Our
recent findings align with observations made by Konca et al. (2008)
concerning the significant likelihood of megathrust earthquake events
in the Mentawai region and have not been disregarded. Additionally,
the possibility—outlined by Satake and Atwater (2007)—of enormous
earthquakes and tsunamis in the long term was considered in
subduction zones.

In developing the model, the present approach was aligned with
Triyoso’s (2023b) earthquake fault characterization and rate
estimation potential methods. This method relies on the
complete earthquake catalog to better forecast future spatial
occurrences. The model of this study harmonizes methodologies
from earlier studies by Frankel (1995) and Triyoso and Shimazaki
(2012). It draws on the comprehensive earthquake catalog
encompassing a moment magnitude range of 4.5 to less than 6.5.
The research started by utilizing the complete shallow earthquake
catalog spanning 1963 to 2022 with a moment magnitude (Mw)
within the range of 4.5 ≤ Mw < 6.5. Following this, seismicity

smoothing was pursued with correlation distances of 50 and
75 km. An equal weight of 0.5 for each correlation distance was
provided and normalized the subsequent results. The result is shown
in Figure 4A. Consequently, this generated the spatial source
earthquake fault model. Next, the equation was utilized to create
a normalized seismic moment rate model, as shown in Figure 4B.
Through the methodology outlined by Triyoso (2023b), a
dependable, long-term earthquake fault rate model could be
constructed. Conclusively, three elements were combined,
multiplying the spatial source earthquake fault model, the
normalized seismic moment rate model, and the uniform
background seismicity rate of the declustered earthquake with
Mw ≥ 6.5. Referring to Triyoso (2023b), then the earthquake
fault data (Mw ≥ 6.5) was used as the reference to find the
adjustment rate factor and the maximum log-likelihood value to
produce the most reliable long-term earthquake fault rate of the
combined three models. The result is shown in Figure 4C.

Figure 5 represents the outcomes of the Probabilistic Seismic
Hazard Function (PSHF) for the coastal and near-coastal cities on
the islands of Sumatra. Figure 5A illustrates the PSHF at the base
rock and the surface for locations P1, P2, P3, and P4. In calculating
PSHF, we only considered the subduction source. As per Triyoso
et al. (2021) and Triyoso and Suwondo (2022), the impact of the SFZ
is trivial compared to subduction sources and, hence, can be
disregarded. Figure 5B shows the PSHF estimation for locations
P5 and P6 at the base rock and the surface. This estimation
incorporates the amplification factor using the HVSR result from
Figure 3 and considers both the subduction source and the SFZ for
its formulation. The PSHF estimation consists of both the
subduction source and the SFZ. The PSHF estimated is expressed
as the median PGA. Thus, based on each source, the median value in
the PSHF calculation was used in each observation site. The PSHF is
in the form of a cross plot between PE and PGA values. The PE and
PGA of the selected influence sources around the study area’s
subduction zone are estimated based on the magnitude range of
6.5–9.0 for megathrust sources and a magnitude of 6.5–7.8 for the
SFZ sources. Since there was a focus on the shallow source
characterization, the intermediate to deep sources were not
included. The parameters that influence the predicted ground
motions change the variable’s value in the magnitude and
distance of earthquakes. The radius distance used in this study is
about 100 km. Therefore, the source position is placed in the middle
of the seismogenic thickness in the case of shallow crustal sources.
The focal depth value is estimated from half the seismogenic depth at
10 km and the starting locking depth at 5 km. Thus, the focal depth
used is 15 km. The recommended GMPE—based on Atkinson-
Boore’s (2006), Youngs et al.’s (1997), and Zhao et al.’s (2006)
studies—by Tim Pusat Studi Gempa Nasional, 2017 for the case of
themegathrust source is used in this study. According to Triyoso and
Suwondo (2022), the GMPE Zhao et al. (2006) tends to ft better with
BMKG data, especially for Sumatra, so in this study, we put more
weight on the estimated PGA based on this GMPE. The GMPE of
Fukushima and Tanaka (1992) is used for strike-slip sources. The
b-value used to estimate PSHF was based on the earthquake with
magnitude Mw ≥ 6.5 (earthquake fault), for which the b-value
estimated is ~ 1. Based on Figure 5A, it is observed that the
Probabilistic Seismic Hazard Functions demonstrate that site P3
(in Mentawai) has the most substantial hazard function, both at the
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surface and at the base rock. In contrast, Figure 5B reveals that the
effect of the Seismic Fault Zone is predominant for the PSHF at both
sites P5 (Padang) and P6 (Bengkulu Fatmawati). Among the two,
P5’s PSHF, owing to the SFZ source, potentially presents a more
extensive hazard compared to P6.

Aligned with the work by Triyoso et al. (2023), this study utilizes the
cross-correlation of DC and SHmax-rate, giving insights into potential
seismic and corresponding tsunami source zones. The earthquake
catalog used to estimate DC is based on shallow earthquake data
with depths less than or equal to 50 km from late 2010 to 2022. The
fault’s configuration classification, including the estimated dip (~20o)
and the rake (~98o), relied on their research. The fault length, however, is
an exception, updated to approximately 536.5 km based on the findings
of this research. The Maximum Probable Earthquake is conjectured
from the empirical scaling law (Mw ~ 9.0 per Blaser et al., 2010), which
becomes the basis for determining Peak Ground Acceleration (PGA).
Consequently, this study extensively uses Triyoso et al. (2023) findings
for fault’s geometrical attributes and parameters with the sole
amendment to the length. Figures 6A, B visually represent future
earthquake or tsunami potential and the estimated PGA based on
the deterministic method at the base rock around the coastal city
and the near coastal city, respectively, considering the MPE of Mw ~
9.0. The PGA estimates based on theMPE for various sites P1, P2, P3, P4,
P5, and P6 at the base rock, respectively, as follows: 0.021, 0.078, 0.224,
0.328, 0.039 g, and 0.059g. An analysis of these values reveals that sites P3
and P4 exhibit the greatest estimated PGA based on MPE at the surface,
with values of about 0.5 and 0.6 g.

The outcomes of the tsunami model could be described as follows.
From the earthquake data analysis, three scenarios of the fault model
are used to evaluate the impact of tsunamis along the offshore islands
of Mentawai and Sumatera Island. These are the fault models with the
epicenter close to the trench, between the offshore island and
Sumatera Island, and near the coast of Sumatera Island, as shown
in Figure 7 and as described in Table 1. The tsunami modeling results
from these three scenarios showed the importance of the fault model
location segmentation related to the offshore island’s effect on the
tsunami propagation and the resulting impact, as shown in Figure 8
and described in Table 2. The first scenario, where the location of the
fault model close to the trench provided a high impact to the west
coast of the offshore islands with Hmax ~ 8.69 m and less to the west
coast of Sumatera Island, where the maximum tsunami height is less
than 5 m. In this case, the offshore islands acted as an offshore
breakwater that protected the west coast of Sumatera Island,
located behind the offshore island. The displacement of the
epicenter and hence the location of the fault model close to
Sumatera Island or between the offshore island and Sumatera
Island for Scenario-2 and Scenario-3 provide a huge impact on the
west coast of Sumatera Island, such as for Kota Padang and Kota
Bungus. The maximum tsunami height (Hmax) reaches up to 12 and
22 m, respectively, compared to scenario 1, where the Hmax is less than
5 m. The shifting of the epicenter with Scenario-2 and Scenario-3
provides a multiplication of Hmax with factor ~ 3 to 5 times compared
to the Hmax at Scenario-1 for all Hmax recorded at the west coast of
Sumatera Island that are perpendicular to the source areas, as is shown
in Table 2. The tsunami arrival time shows that the tsunami will
arrive < 15 min after the quake for locations perpendicular to the
source region. These results provide significant information on
tsunami impact and hazard mitigation measures and early warning

to people who lived along the west coast of the offshore island and the
west coast of Sumatera Island. Based on this assessment, knowing the
epicenter location of the earthquake immediately after the quake could
provide information and warning to people about the potential
impending tsunami that may have occurred and the best way to
deal with the tsunami attack. Model results in this study have
profound implications for tsunami warnings and hazard
mitigation. For offshore islands, the warning system relies
primarily on natural signals from earthquake-induced ground
shaking. Land-use planning, building codes, and ongoing education
are crucial in these systems. However, aside from these measures,
there’s an additional opportunity to issue timely tsunami warnings for
the west coast of Sumatra Island. For instance, a tsunami warning can
be circulated less than 5 minutes post-earthquake using a combination
of real-time coastal cGPS and sea-level measurements. This method
supplements Indonesia’s operational tsunami warning system based
on earthquake data and a pre-calculated database. The tsunami early
warning system can utilize GPS to acquire tsunami source parameters
in near real-time (Chen et al., 2015; Melgar et al., 2016). Concurrently,
real-time monitoring of sea levels along the coast can provide a near-
real-time report of anomalies in sea-level changes.

6 Conclusion

In summary, this study has used integrated data sources from
geology, GPS, and seismology to assess the potential for shallow
earthquake hazards near coastal cities on the island of Sumatra.
Combining these techniques has produced a comprehensive shallow
large earthquake potential model and robust spatial predictions of future
seismic events. The method also provided important insights into
potentially hazardous tsunamis, particularly in the Mentawai region.
These results have profound implications for disaster preparedness and
response in these regions. They underscore the importance of advanced
warning systems, detailed land-use planning, adherence to building
codes, and ongoing public education to mitigate the effects of such
events. Ultimately, the model and methodology outlined in this study
provide a valuable tool for predicting and better-managing earthquake
and tsunami risks, thus helping to protect communities in areas of high
seismic activity better. For further research, it would be advisable to
extend the seismic hazard models to include intermediate and deep
sources and study the socio-economic impacts of potential seismic
events on the regions studied.
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