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Abstract —This work improves seismic hazard evaluation for the Lampung region in Sumatra by tackling the precision
in magnitude conversion, attenuation of seismicity, and area-source modelling. Considering the variety magnitude. The
magnitude conversion equations were initially validated using scales from historical earthquake data. And, if required,
enhanced to guarantee their dependability for the area. Utilizing maximum likelihood estimation Maximum Likelihood
Estimation (MLE) and ordinary. Ordinary least squares (OLS) regression was employed to compute parameters for
frequency-magnitude distributions. Facilitating a comprehensive comparison that acknowledges OLS's sporadically
superior alignment with observed data. Gaussian distribution smoothing was utilized diverse bandwidths (25, 50, 75,
and 100 km) to illustrate spatial seismicity patterns, disclosing a distance of 50 kilometers. Bandwidth provides the
most consistent model performance, especially in terms of accuracy in the Molchan illustration. The area skill score
(ASS) validates the superior forecasting capacity of the smoothed seismicity models. Using bandwidths of 25, 50, and
75 kilometers producing competitive outcomes. Furthermore, the region was partitioned into discrete seismic zones
predicated on fault characteristics and seismicity density, further augmenting localized hazard assessments. This is
polished. multi-method approach encompassing magnitude conversion, spatial smoothing, and area-specific analysis.
Modelling offers a comprehensive framework for seismic hazard preparedness in Lampung, providing useful insights
for infrastructure strategic planning and disaster mitigation.
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INTRODUCTION

Background

Lampung, located at the southern tip of Su-
matra, is positioned as a crucial economic link
between Sumatra and Java, two of Indonesia's
most vital regions in terms of population density

and economic activity (Hu et al., 2026). This
strategic location makes Lampung essential for
regional development, but it also faces various
natural hazards, particularly seismic and volca-
nic activity. Lampung faces various natural haz-
ards, particularly seismic events and volcanic
activity. The region is highly seismically active,
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primarily because of the transition zone that ex-
ists between the normal subduction beneath Java
and the oblique subduction beneath Sumatra,
where the Indo-Australian Plate converges with
the Eurasian Plate (Collings et al., 2013; McCaf-
frey, 2009). This tectonic setting not only results
in convergent plate boundaries but also features
shallow active faults within the region (Bellier
et al., 1997; Bradley et al., 2017, Siech and Na-

tawidjaja, 2000). Given this tectonic framework,
the two principal seismic sources influence the
Lampung region: the Sunda Megathrust to the
south and the Great Sumatran Fault (GSF) to
the west, with each contributing to the region's
overall tectonic complexity and seismic hazard
potential. Historically, several large earthquakes
have occurred in the area shown in Figure 1 (last
accessed on 25™ September 2024, https://www.
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Figure 1. Seismicity data and historical earthquakes M > 6.5 including their focal mechanisms after conversion (Willemann
and Storchak, 2001). earthquake epicenters (1964-2024) are shown by circles scaled to magnitude, with color classifica-
tions for M 4,4-6, and >6. Red circles represent historical earthquakes discussed in the background section for which focal
mechanisms are unavailable. Red lines denote active fault segments (<320 km), blue lines indicate other mapped fault seg-
ments (Irsyam et al., 2017), and the black line marks the subduction trench. The hatched area delineates Lampung Province
boundary. Major historical events are annotated with their occurrence dates and magnitudes.
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isc.ac.uk/iscbulletin/search/). On June 24t
1933, a magnitude 7.5 M earthquake struck at
a depth of 20 km. The earthquake occurred at a
depth of 20 km, with the majority of the shak-
ing registering a modified Mercalli intensity
(MMI) VII, which affected areas as far away as
Java and even Singapore. This event was likely
associated with shallow crustal faulting in the
onshore segment of the Great Sumatran Fault
system, reflecting strike-slip motion along the
fault zone. Another significant event occurred
in February 1994, when a magnitude of a 6.9
earthquake struck at a depth of 23.1 km, which
also appears to have originated from the same
fault system near the 1933 epicentral area,
suggesting repeated activity along a similar
crustal structure. Additionally, on April 1%,
1943, a magnitude 7.0 an earthquake occurred
at a depth of 35 km in the Sunda Strait, which
is interpreted to be related to slip on the deeper
portion of the Sunda subduction interface, pro-
ducing shaking measured at modified Mercalli
intensity (MMI) VI, affecting Lampung and its
surrounding areas.

Given the region's vulnerability, a detailed
and high-resolution seismic hazard assessment
is necessary to mitigate potential disasters.
However, the current seismic hazard models for
Lampung, Sumatra, and even Indonesia have a
certain constrains (e.g., [rsyam et al., 2020; Pe-
tersen et al., 2004; Triyoso et al., 2020; Triyoso
and Sahara, 2021; Haifani et al., 2026; Rasimeng
et al., 2022), particularly in the application of
area source modeling and seismicity smoothing
techniques. These methodologies are essential
for accurate hazard forecasts as they account for
the spatial distribution of earthquake events and
improve hazard resolution, crucial for regions
like Lampung, which face a complex tectonic
setting.

This study aims to bridge these gaps by first
converting existing magnitude catalogues, which
ensures that the seismicity data is uniform and
reliable for further analysis. Earthquake mag-
nitudes are often reported using different scales
(e.g., moment magnitude M, local magnitude

M, , surface-wave magnitude M, etc.), and these
scales measure different aspects of an earth-
quake’s energy or effects. Since probabilistic
seismic hazard assessment (PSHA) requires a
uniform dataset to assess seismic hazards, con-
verting magnitudes to a single, consistent scale—
typically the moment magnitude M__ - ensures that
all earthquake data can be directly compared and
properly integrated into the hazard model (e.g.,
Irsyam et al., 2017). Moment magnitude (M, ) is
a commonly used scale for measuring seismic
size that was developed prior to the availability
of modern seismological techniques (Hanks and
Kanamori, 1979). Unlike other scales, such as
local magnitude (M,) or surface-wave magnitude
(M,), which can saturate and underestimate the
size of larger earthquakes (aroundM6 - 6.5 for
M, and ~M7.5 for M_. Unlike these scales, M|
accurately represents the total energy released
during an earthquake, making it ideal for use in
seismic hazard assessments.

In this study, after obtaining reliable cata-
logues for further analysis, we propose an
earthquake forecasting approach specifically
designed for Lampung, integrating seismicity
smoothing techniques and area source modeling
to enhance the spatial and temporal resolution
of earthquake sources. Seismicity smoothing is
then applied to obtain high-resolution seismic-
ity rates, offering a more precise representation
of seismicity rates in the region as proposed
by Frankel (1995). In addition, the area source
model, which segments regions into seismic
zones (Wiemer et al., 2009), is developed to
complement the smoothing technique (e.g.,
Xhafaj et al., 2024). These models are validated
using the Molchan diagram, a statistical tool
that evaluates the performance of earthquake
forecasting models (Kagan and Jackson, 1994;
Molchan, 1990; Zechar and Jordan, 2008).

The outcomes of this research have signifi-
cant implications for seismic hazard preparation,
particularly concerning shallow seismic sources.
Increasing awareness of seismic sources in
Lampung can improve disaster readiness across
various sectors, from infrastructure development
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to community safety planning. As a vital region
for economic growth, strengthening resilience
against seismic hazards is crucial not only for
safeguarding local populations but also for ensur-
ing national economic stability.

Tectonic Settings

Lampung is situated at the transition between
the normal subduction beneath Java and the
oblique subduction beneath Sumatra (Figure 1),
making it a key area for studying complex tec-
tonic interactions. Figure 1 illustrates the histori-
cal seismicity, mapped faults, and segmentation
of the Sunda Megathrust considered in this study.
The region is primarily shaped by the oblique sub-
duction of the Indo-Australian Plate beneath the
Eurasian Plate along the Sunda megathrust. This
oblique convergence results in both compres-
sional and strike-slip deformation, contributing
to the region's high seismicity.

The Sunda megathrust is segmented along
its length, with distinct seismic behavior associ-
ated with each segment. The segmentation was
defined by rupture area of the largest historical
earthquake (e.g., Haridhi et al., 2018; McCaffrey,
2009; Natawidjaja et al., 2006; Pesicek et al.,
2008; Qiu and Chan, 2019; Singh et al., 2008;
Subarya et al., 2006). This tectonic complexity
is further compounded by the presence of the
Great Sumatran Fault (GSF), an active strike-slip
fault system that runs along the spine of Sumatra,
accommodating significant lateral displacement.
For seismic hazard assessment, international
guidelines recommend a source-to-site minimum
radius of 320 km to account for significant seismic
sources around the site (USNRC, 2007). Although
originally developed for nuclear power plant as-
sessments, this radius has been widely adopted
in regional hazard studies where both crustal and
subduction sources contribute to seismic hazard
assessment (e.g., Mandal et al., 2013; Lamich-
hane et al., 2025). Its application to Lampung
is appropriate given the region’s proximity to
the Sunda Megathrust and active fault systems.
Accordingly, we selected seismic sources within
this radius, as illustrated in Figure 1.
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METHODS AND MATERIALS

Materials

In this study, seismicity data were sourced
from the International Seismological Centre (ISC)
Bulletin, covering the period from 1900 to 2024
(Willemann and Storchak, 2001). The ISC cata-
logue is compiled from multiple seismic agen-
cies worldwide, including global and regional
networks that contribute earthquake parameters
such as location, magnitude, depth, and focal
mechanism solutions. These agencies contribute
data on event location, magnitude, depth, and
focal mechanisms, which are further reviewed
and vetted by the ISC to maintain high-quality
standards. Often, different agencies report various
types of magnitudes for the same event, such as
surface-wave magnitude (M ), moment magni-
tude (M, ), narrow band body wave magnitude
(mb), boardband body wave magnitude (mB),
local magnitude (M, ), local vertical magnitude
(M,,), summary magnitude (M), which are all
included in the catalogue.

M_measures the amplitude of Rayleigh surface
waves, typically at a period of around 20 seconds.
mb is a narrow-band body wave magnitude deter-
mined using WWSSN-SP filtered trace. mB also
measures body wave amplitudes, but unlike mb,
it uses a broader frequency range and longer time
windows. M, refer to the local magnitude, initially
developed by Richter (1958) for Southern Cali-
fornia. M, ,, is a local magnitude calculated using
the vertical component and adjusted to align with
the standard M, . M is a summary magnitude that
represents a weighted average of different mag-
nitude types, aiming to produce the best overall
estimate. M is based on the relationship between
seismic energy and seismic moment. Since it does
not saturate for either large or small events, M|
is considered the most reliable scale for conver-
sion to a uniform magnitude, making it ideal for
seismic hazard assessments (Baker et al., 2022).

An example of the ISC catalogue content
used in this study includes detailed earthquake
information shown in Table 1. An earthquake
in 1943, summarized by three agencies: ISC,
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Table 1. Examples of the ISC content catalogue. The available agencies on the other events are variant and different from

this table.

Agency m, m, M, M, M, M M,
date: 1943-04-01, time: 14:18:17.10, latitude: -6.3894, longitude: 105.4796, depth: 35.0
ISC - - 7.2 - - - -
PAS - - 7.0 - - - -
ABEl - 6.9 7.1 - - - -
date: 2024-07-10, time: 15:32:42, latitude: -5.4, longitude: 100.9, depth: 10.0
IPGP - - - - - - 5.8
IDC 52 - 52 4.9 - - -
NEIC - - - - - 5.4 -
GFZ 6.0 - - - - 5.7 -
date: 1984-01-05, time: 07:43:08.29, latitude: -5.1174, longitude: 102.2559, depth: 31.7
ISC 5.6 - 5.2 - - - -
DJA 5.6 - 4.5 - - -
NEIS 54 - 5.1 - - - -
PEK 4.8 - 5.5 - - - -
MOS 5.8 - 52 - - - -
GCMT - - - - - - 53
ISC* International Seismological Centre (2024)
PAS*  California Institute of Technology
ABEI* Abe (1981)
IPGP* Institut de Physique du Globe de Paris
IDC* International Data Centre, CTBTO
NEIC* National Earthquake Information Centre
GFZ*  German Research Centre for Geosciences
NEIS* National Earthquake Information Service
PEK*  Peking, China
MOS*  Geophysical Survey of Russian Academy of Sciences
GCMT* The Global CMT Project
DJA* Badan Meteorologi, Klimatologi dan Geofisika, Indonesia

*directly provided by ISC Bulletin

PAS, and ABE1 which contain mb and M with
different level. Furthermore, in 2024 was oc-
cured earthquake with magnitude summarized
by IPGP M= 5.8, IDC mB =52; M =5.2;
M, =4.9,NEIC M = 5.4, and GFZ mb = 6.0; M
= 5.7. All data 24.315 earthquake events, each
events contain different magnitude types this
range of magnitude types allows for converting
to a magnitude scale.

Methods

Improving seismic hazard preparation in
Lampung, Sumatra, involves several methodical
steps, each critical in ensuring the accuracy and
reliability of earthquake data for better hazard
assessment. The first component, magnitude
conversion, aims to standardize all recorded
earthquake magnitudes by converting them to
M . Moment magnitude is particularly useful
because it remains accurate for larger seismic
events, unlike other magnitude scales that tend

to saturate and underestimate energy release in
larger earthquakes. The process begins by gath-
ering earthquake records that have both moment
magnitudes and other magnitude types, such as
mb, mB, M, M, , M, , and M. Using Ordinary
Least Squares (OLS) regression, a relationship is
established between M and each of these other
types (Kadirioglu and Kartal, 2016). After deriv-
ing a mathematical expression with an R-squared
value as a consideration, this expression is applied
to events that lack a recorded moment magnitude,
enabling consistent moment magnitude data
across the catalog.

To further refine the data, declustering of
the earthquake catalog is implemented, with the
primary goal of isolating independent seismic
events by removing foreshocks and aftershocks.
This step is essential because foreshocks and
aftershocks are time-dependent and can distort
statistical analyses if included indiscriminately.
Focusing on events from 1964 onward, the
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Gardner and Knopoff (1974) method is used to
decluster the dataset. This method identifies and
removes dependent seismic events, ensuring a
catalog of mainshock events that provides a more
reliable basis for seismic hazard assessment.

Smoothing seismicity is the next phase,
designed to create a more uniform picture of
earthquake occurrence across the study area.
The first task is to determine the magnitude of
completeness (M) over time, from 1964 to 2024,
ensuring that only well-documented earthquakes
are included in the analysis. Based on the mag-
nitude of completeness, a correction factor (t,)
is calculated (Weichert, 1980). The study area is
divided into a grid with intervals of 0.2 x 0.2°.
In each cell, earthquake events up to 2014 are
counted, and their magnitudes and the year of
occurrences are assessed to confirm they meet the
M_ threshold and the year of M . The counts are
then adjusted by t, resulting in an estimated rate
of events per cell. Earthquake events recorded
post-2014 serve as test data in a Molchan dia-
gram, an evaluative tool for predictive accuracy
(Molchan, 1991; Molchan and Kagan, 1992).
Seismicity smoothing within each cell is con-
ducted using an isotropic Gaussian smoothing
kernel (Frankel, 1995), with varying bandwidths,
they are 25, 50, 75, and 100.

Another spatial approach is achieved by defin-
ing area sources based on seismic activity pat-
terns. To begin with, in the entire study region, a
and b values are calculated using data from events
up to 2014, while post-2014 events again serve
as test data in the Molchan diagram. Besides,
M_ is checked for the entire dataset. Maximum
Likelihood Estimation (MLE) and OLS regres-
sion methods are compared to estimate the @ and b
values, which represent the frequency-magnitude
distribution (FMD) characteristics. If necessary,
the regression trend can be split into two, with
weighting based on data density for each trend
segment. The study area is then divided into
smaller regions considering factors like slip rates,
seismic source types, and event density. Each area
is reassessed for the a and b values, with an option
to fix the b value at 1- matching the assumed b
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for smoothed seismicity - is evaluated. The M_
for the smaller regions is standardized using the
value from the entire study area.

Finally, the Molchan diagram is employed to
compare the predictive accuracy of the smoothed
area using variant bandwidths and the area source
model, providing insights into the reliability of
each approach. By calculating the Area Skill
Score (ASS) as the area above the Molchan dia-
gram, a quantitative measure of predictive skill is
obtained (Zechar and Jordan, 2010). Those calcu-
lations are conducted using Python implementing
and modifying the particular code from Savran
et al. (2024). This final step helps determine the
most effective model for forecasting and hazard
preparation in Lampung.

RESULT AND ANALYSIS

Magnitude Conversion and Seismicity Data
Figure 2a-f presents the linear regression
analysis between M and various magnitude
scales. The red lines represent the best-fit linear
relationships, with corresponding regression
equations shown in each panel. In addition, the
summary of Figure 2 is shown in Table 2. The first
panel (Figure 2a) shows a strong linear relation-
ship between M and mb. The regression equation
M, =-0.06501 + 1.0198mb indicates a near 1:1
correlation between these two magnitude types,
suggesting that mb can be a reliable predictor
of M with minimal conversion bias. The high
clustering of data points around the regression
line reinforces the strength of this relationship.
For another form of body wave magnitude (mB)
in Figure 2b, the relationship with M is divided
into two magnitude ranges: mB <6.5 and mB
>6.5. The regression results show that the rela-
tionship is weaker for smaller magnitudes, with
a slope of 0.81118, while for larger events, the
slope increases to 1.2033. This difference implies
that mB underestimates M at lower magnitudes
but becomes more accurate for higher-magnitude
events. The M_shows a segmented relationship
with M (Figure 2¢), similar to mB. For magni-
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Figure 2. The plot between M and other magnitudes. Red lines represent their regressions.

tudes M_ <6, the regression slope is relatively
low (0.52321), indicating that M_increases more
slowly compared to M . However, for larger
magnitudes (M_>6.1), the slope increases to
0.89954, suggesting a stronger correlation. Local
magnitude (M, ) shows a weaker linear relation-
ship with M  compared to the previous magnitude
types (Figure 2d). The slope of 0.49767 suggests
that M, generally underestimates M, particularly

at higher values. For the relationship between
M and M, (Figure 2d) shows a moderately
strong correlation, with a slope of 0.85058. The
final panel (Figure 2f) presents the relationship
between M and a generic magnitude type M,
with a near-perfect slope of 1.0201. The data
points show minimal scatter, indicating that M
is almost directly comparable to M. This panel
demonstrates that the generic magnitude M can
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Table 2. Relationships between Moment Magnitude (M, ) and Other Magnitude Scales (mb, mB, MS, ML, MLv, M). Each
row details the regression equations used to convert various magnitude scales to M, along with the respective data range,
total number of events, and the coefficient of determination (R?) for each relationship.

Magnitude Equation Data Range Total of events R?
M,, and m, M, =-0.06501 + 1.0198m, 34<m <6.67 1066 0.680
M. and M, =0.8134+0.81118m, m,<6.5 48<m,<6.5 842 0.423
and m
W B M,, =-1.4+1.2033m, m,>6.5 6.55<m, <738 37 0.566
M. and M M, =2.788 +0.52321M;, M <6.1 3.0<M <6.08 950 0.688
an
W s M,, = 0.6554 + 0.89954M_ M. >6.1 6.13 <M <8.35 66 0.814
M,, and M, M,, =2.968 +0.49767M 3.0=M, <7.1 485 0.255
M, and M, M, =0.4384 + 0.85058M, 24<M, <72 459 0.827
M,, and M M,, =-0.1689 + 1.0201M 43<M<69 223 0.805

be effectively used for quick conversions to M
with little error.

This study also compares the conversion
equations from the previous study (Irsyam et al.,
2017) by conducting the analysis of the residuals
between the observed and estimated M, (M,
9~ My () based on various magnitude types
(Figures 3 and 4). In fact, the previous study only
has the conversion equations for mb, Mg, and M, .
However, it is assumed that mB and M, in the
previous study have the same equations for mb
and M_ respectively and the generic magnitude
M is equal to M. These residuals show how
closely the estimated magnitudes match the
observed ones, with zero representing a perfect
match. The histograms illustrate that this study’s
conversions (black bars) generally cluster closer
to zero, suggesting that the regression models in
this study offer improved accuracy over the pre-
vious model, particularly for mB, M, and M, .
Additionally, the scatter plots offer a closer look
at the distribution of residuals for each magni-
tude type. This study’s models are more tightly
centered around zero compared to the previous
study which indicate that these models achieve
a balanced accuracy, minimizing both over- and
underestimations across the magnitude range.
This enhancement is critical for reducing errors
in earthquake magnitude estimations, which can
significantly impact seismic hazard assessment.
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In order to estimate M for each event, Figure
5 presents M, a comparison between observed
and estimated using two different estimation
methods. In plot (a), the estimated magnitudes
are derived from the mean of available converted
magnitudes and in plot (b), the estimated magni-
tudes are selected based on the highest R? from
available converted magnitudes. Although the
plot (b) shows a slightly better fit, it is crucial
to minimize the error of magnitude conversion.
Thus, we decide to use the highest R> method to
conduct the next steps.

Smoothing Seismicity Model

The temporal distribution of earthquake mag-
nitudes prior to and following declustering is
shown in Figure 6. The beginning time-magnitude
distribution of 24,315 recorded events is shown
in panel (a), and the matching occurrence rate of
these events is shown in panel (b). The dataset
decreases substantially to 7,277 events by the
declustering technique, which eliminates after-
shocks and foreshocks to keep only independent
mainshock events, as seen in panels (¢) and (d). In
order to improve the stability and dependability of
the seismic hazard forecast, it is crucial to make
sure that the statistical studies of the Frequency
- Magnitude Distribution (FMD) that follow are
based on separate seismic occurrences. Figure 7
displays the declustered events' distribution. Ad-
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Figure 3. The histogram of residuals between this study and Irsyam et al. (2017).

ditionally, the temporal history of M_from 1964
to 2024 is presented in Table 3, which supports the
time-magnitude analysis in Figure 6. M_values,
which represent the lowest earthquake magnitude
that can be accurately recorded, have gradually
declined from 5.1 in 1964 to 2.2 in 2019. This
pattern shows how seismic monitoring technol-
ogy has advanced significantly over time, making
it possible to identify earthquakes with smaller
magnitudes.

Figure 8 expands on the spatial analysis by de-
picting smoothed seismicity rates across the study
area, with different smoothing bandwidths (25,
50, 75, and 100 km). The maps visualize annual
seismicity rates with color gradients, where green
indicates lower rates and red denotes higher rates.
Events are further categorized by magnitude,
with smaller magnitudes represented by dots and
larger events by stars. This layered approach, us-
ing varying bandwidths for Gaussian smoothing,
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Figure 4. The plot of residuals between this study and Irsyam et al. (2017).

reveals how changes in spatial aggregation affect
the resolution of seismic activity. The application
of different bandwidths enables a detailed exami-
nation of spatial smoothing, balancing regional
coverage and localized detail, which is essential
for accurate hazard identification (Helmstetter
and Werner, 2014; Xhafaj et al., 2024).

Area Source Model
Figure 9 presents FMD of declustered seismic
events before 2014, demonstrating the need to
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accommodate two distinct trends in FMD. To
accurately model these trends, we decide by se-
lecting a weighted average of R? values for each
scenario of cut-off magnitude, splitting the main
trend into two distinct linear segments. This ap-
proach addresses the variation in seismicity rates
across different magnitudes, ensuring that the
regression captures both high- and low-magnitude
events realistically. In Figure 10, the study area is
delineated into distinct seismic source zones by
considering the slip rate, fault type, and density
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Figure 5. The plot of M, between estimated and observed data. Red lines represent their regressions. Estimated data are
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Figure 6. (a) Time-magnitude distribution and (b) event occurrences over time before declustering, with a total of 24,315
events. (c) Time-magnitude distribution with M_ and (d) event occurrences over time after declustering, with a reduced

total of 7,277 events.

of recorded events. These criteria allow for tar-
geted assessments of seismic hazard, as different
regions may experience varying levels of seismic
activity and tectonic settings.

Figure 11 and 12 provide further insights into
FMD within the delineated area sources, using

different methods for parameter estimation. Be-
sides, Table 4 and 5 summarize the area-specific
parameters derived from Figures 11 and 12, re-
spectively. Figure 11 presents estimates for both
a and b values, whereas Figure 12 estimates only
the a values, fixing the b value at 1, consistent
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Figure 7. Declustered Earthquake Events in this study. The map displays earthquake events categorized by depth, with blue
circles representing shallow events (< 60 km) and green circles representing deeper events (> 60 km). Key geological features
are highlighted, including trenches (black lines), fault segments less than 320 km (red lines), and other fault segments (black

lines). The highlighted area represents Lampung Province, a key area of study due to its seismic activity.

Table 3. Temporal Trends in Magnitude of Completeness (M,) from 1964 to 2024

1964
5.1

1978
5.0

1990
4.8

1997
4.1

1999
3.8

Year
M

C

2005
3.6

2008
35

2010
33

2012
2.5

2017
23

2019
2.2

with the assumed b for smoothed seismicity. This
approach maintains a standardized b-value, al-
lowing for comparison with smoothing models.
In Table 4 and 5, the selected regression types-
MLE or OLS-are chosen based on the lowest
standard deviation of b values rather than the
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highest R? values, as lower b-value variability
provides a more stable and visually realistic
model. Previous assessments in the southern
Sumatra Subduction Zone, specifically across
the Bengkulu, Lampung, and Sunda segments,
strongly support the importance of evaluating
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Figure 8. Smoothed Seismicity Rates (Testing Period: Events until 2014, Magnitude < 6.5). The maps display annual seismicity
rates with different smoothing bandwidths: (a) 25 km, (b) 50 km, (c) 75 km, and (d) 100 km. Seismic events are categorized
by magnitude, with symbols representing magnitudes < 4 (small dots), 4-6 (larger dots), and > 6 (larger stars). The color
scale indicates the annual seismicity rate (/km?/year), with green representing lower rates and red representing higher rates.
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Figure 10. Seismicity Rates by Area Source in 2014 for Magnitude of Completeness (M,) = 3.5. This map illustrates dif-
ferent seismic source areas in Sumatra and Java, labeled from 1 to 11, along with their respective annual seismicity rates
(/km?/year). The color gradient represents varying seismicity rates, with green indicating lower rates and red indicating
higher rates. The division of the region into distinct source areas allows for targeted seismic hazard assessments based on

localized activity levels.

these regional seismicity parameters. Rasimeng
et al. showed that the degree of geographical
variability and high levels of stress are correlated
with segment-specific differences in b-values
(ranging from 0.69 to 0.83). Analyzing these
differences is also crucial since they are impor-
tant markers for estimating the likelihood and
duration of future large-magnitude earthquakes
in those specific areas.

Model Validation

The validation of the area source and smooth-
ing seismicity models is rigorously evaluated
using the Molchan diagram presented in Figure
13. By comparing the performance of various
smoothing bandwidths and area source models,
the Molchan diagram quantifies the models'
skill in capturing real earthquake occurrences
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within the defined study period, with ASS used
as a key metric for evaluation. In the Molchan
diagram, a curve closer to the bottom left corner
indicates a higher predictive skill, as it suggests a
model can accurately forecast events. In general,
the smoothed seismicity models exhibit better
performance than the area source model, demon-
strating greater sensitivity to localized seismicity
variations. This sensitivity is quantitatively sup-
ported by the ASS values summarized in Table
6, where smoothed seismicity models achieve
consistently higher scores (0.81) compared
to the area source model (0.7). Moreover, the
smoothed seismicity models show competitive
performance across different bandwidths, em-
phasizing the importance of selecting an optimal
bandwidth-such as 50 km-for stable and reliable
hazard forecasting.
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Figure 11. Frequency-Magnitude distributions of declustered seismic events (year <2014, M, <6.5, and depth < 60 km) for
each area source (Area 1 to Area 8). Each plot shows the annual rate of events as a function of magnitude, with maximum
likelihood estimates (MLE) and ordinary least squares (OLS) fitted lines represented in red and blue, respectively. The sta-
tistical parameters (e.g. a- and b-values, R?) for each area are displayed on the plots, providing insights into the seismicity
characteristics across different regions.
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Figure 12. Frequency-Magnitude distributions of declustered seismic events (year < 2014, M <65, and depth < 60 km)
across eight area sources (Area 1 to Area §8), assuming a b-value of 1. Each plot presents the annual rate of events as a
function of magnitude, with maximum likelihood estimates (MLE) and ordinary least squares (OLS) fits shown in red and
blue, respectively. Statistical parameters, including a - and b-values, R? coefficients, are noted on each plot, highlighting

variations in seismicity among different regions.
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Table 4. Characteristics of area sources, showing seismicity parameters and descriptions for each area. Parameters include
area size, a - and b -Values (with standard deviations), R* values, regression type, and the calculated annual seismicity rate
per square kilometer. All areas assume a magnitude of completeness M =3.5. The regression type OLS or MLE is selected

based on the lowest o,.

Area

Annual Seismicity Rate

No. Area (km?) a (/year) b R? Regression Type (km?/year)
1 74,171.1 2.127 £0.042 0.375+0.010 0.99 OLS 0.0018062
2 98,873.4 1.916 +0.020 0.277 £ 0.005 0.98 OLS 0.0008335
3 131,583.0 2.060 +0.026 0.313 £0.006 0.99 OLS 0.0008726
4 132,717.1 2.528 £0.039 0.417 £0.009 0.99 OLS 0.0025414
5 30,163.4 1.944 £0.126 0.497 £0.031 0.99 OLS 0.0029142
6 29,939.7 2.889+£0.234 0.729 £ 0.067 0.87 MLE 0.0258674
7 29,681.7 2.686 +0.271 0.676 £ 0.060 0.93 OLS 0.0163498
8 35,737.5 1.281 £0.021 0.216 = 0.005 0.99 OLS 0.0005344
9 37,316.9 2.195+0.176 0.571 +£0.050 0.95 MLE 0.0041985
10 25,746.3 2.590 +0.430 0.727 £ 0.096 0.95 OLS 0.0151107
11 307,656.5 3.586 +£0.214 0.816 £ 0.061 0.92 MLE 0.0125295

Table 5. Characteristics of area sources assuming b = 1, showing seismicity parameters and descriptions for each area.
Parameters include area size, magnitude of completeness (M), a-values (with standard deviations), R* values, regression
type, and annual seismicity rate per square kilometer. The regression type OLS or MLE is selected based on the lowest o,.

’?\f“:a Area (km?) M, a (lyear) b R Re’,"fy?i"’" A&‘;:ii:g;’;;:':)y
1 74,171.1 52 4.923 +0.505 1.000 + 0.089 0.81 OLS 1.1291845
2 98,873.4 5.2 5.333+0.357 1.000 + 0.062 0.89 OLS 2.1773119
3 131,583.0 52 5.154 £ 0.336 1.000 £+ 0.058 0.83 OLS 1.0834284
4 132,717.1 52 5.087 +£0.300 1.000 + 0.052 0.72 OLS 0.9206043
5 30,163.4 3.5 3.696 + 0.507 1.000 £ 0.145 0.62 MLE 0.1646342
6 29,939.7 3.5 3.838 +£0.440 1.000 £ 0.126 0.71 OLS 0.2300129
7 29,681.7 3.5 4.145+0.593 1.000+0.132 0.71 OLS 0.4704475
8 35,737.5 5.2 5.079 £ 0.607 1.000 £+ 0.105 0.89 OLS 3.3564126
9 37,316.9 35 4.175 £ 0.696 1.000 £ 0.155 0.62 OLS 0.4009544
10 25,746.3 35 3.519+0.633 1.000 + 0.181 0.34 MLE 0.1283172
11 307,656.5 35 4229+ 0.321 1.000 + 0.092 0.73 MLE 0.0550724
DiscusSION magnitude conversion relationships, comparing

In this study, using magnitude conversion
equations from prior research without verification
may not yield accurate results for this specific re-
gion. The previous equations may not accurately
represent the unique seismic characteristics of the
study area. To address this concern, the study pro-
poses verifying the suitability of these equations.
When uncertainty remains, regression analysis
can be performed to generate new equations tai-
lored to the region, improving the reliability of
magnitude estimations for hazard assessments.
Figures 2 and 3 in the study illustrate various

them with past models to highlight potential im-
provements in estimation accuracy for this region.

Although MLE is generally favored for esti-
mating linear regressions within FMD, OLS can
serve as a useful comparative approach in this
study. Notably, OLS sometimes demonstrates a
better visual fit with observed data, potentially
enhancing interpretability in certain cases. In the
study, both MLE and OLS regression methods are
used, as shown in Figures 11 and 12, where each
approach's outcomes are analyzed to determine
which yields the most stable estimates of seismic
parameters within different segmented areas. This

237



Indonesian Journal on Geoscience, Vol. 13 No. 2 August 2026: 221-241

1.0
—— Smoothed area (25), ASS=0.81
—— Smoothed area (50), ASS=0.81
—— Smoothed area (75), ASS=0.81
—— Smoothed area (100), ASS=0.8
0.81 —— Area Source, ASS=0.7
— diagonal line
2 0.6
S
~
12}
]
=
0.4
0.21
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Fraction of area occupied by alarms

Figure 13. Molchan diagram comparing the performance of
different seismic hazard models, illustrated by smoothed ar-
eas at various scales (25, 50, 75, and 100) and an area source
model. The diagram shows the trade-off between the miss
rate and the fraction of area occupied by alarms, with Alarm
Skill Score (ASS) values indicating model effectiveness. The
diagonal line represents random prediction.

Table 6. Model performance comparison between smoothed
seismicity and area source models based on the Area Skill
Score (ASS)

Moty oo A ol S
Smoothed Area 25 0.81
Smoothed Area 50 0.81
Smoothed Area 75 0.81
Smoothed Area 100 0.8

Area Source N/A 0.7

comparative analysis provides insight into the
potential for variability in regression performance
across different models.

Area-source modeling and seismicity smooth-
ing are then employed as complementary ap-
proaches. The area-source models capture broad
trends within defined geographic regions, while
smoothed seismicity models apply varying band-
widths to highlight seismic hazard patterns across
space. For model validation, the Molchan diagram
serves as a critical tool in assessing the predic-
tive accuracy of both area source and smoothed
seismicity models (Figure 13). By plotting the
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fraction of observed seismic events that fall within
forecasted areas against the fraction of the study
area marked as "alarmed," the Molchan diagram
provides a quantitative measure of each model’s
effectiveness. A model with curves closer to the
bottom-left corner indicates higher predictive
skill, as it accurately captures events within a mini-
mal alarmed area. In addition, ASS has proven
effective in evaluating the accuracy of seismic
models, where a higher ASS indicates a model's
increased accuracy in capturing observed seis-
micity patterns. In particular, smaller bandwidths
reveal more granular insights into high-seismicity
areas, which are crucial for site-specific hazard as-
sessments, while larger bandwidths yield broader
trends that are helpful for regional planning. In
comparing variant bandwidths within smoothed
seismicity models, bandwidths of 25, 50, and
75 exhibit competitive ASS values. However, a
notable trade-off emerges below and above the
0.4 threshold for the "Fraction of area occupied
by alarms," with discrepancies in miss rate ob-
servable in Figure 13. Of these options, a 50 km
bandwidth achieves a more stable curve, minimiz-
ing the influence of this trade-off and ensuring
consistent performance in forecasting seismic
events. This finding underscores the importance
of bandwidth selection in producing stable and
reliable models for seismic hazard assessment.
The study’s multi-faceted approach to seismic
hazard assessment in Lampung offers a robust
framework for understanding and mitigating
seismic risks in the region. By combining rigor-
ous magnitude conversion, declustering, spatial
smoothing, and area-source modeling techniques,
it develops a comprehensive picture of local seis-
micity. Such an approach is critical for informed
decision-making, providing a valuable resource
for both local authorities and regional planners
tasked with designing infrastructure and safety
protocols that can withstand potential seismic
impacts. This methodology demonstrates how
a detailed, region-specific analysis can enhance
the reliability of seismic hazard assessments,
ultimately contributing to more resilient and
disaster-prepared communities.



Enhancing Seismic Hazard Preparation in Lampung, Sumatra: Improved Magnitude Conversion,
Seismicity Smoothing, and Area-Source Modeling (R. Wulandari ef al.)

CONCLUSIONS

This study provides an enhanced seismic haz-
ard assessment for the Lampung region through
a refined approach to magnitude conversion,
seismicity smoothing, and area-source modeling.
By adjusting magnitude conversion equations,
we ensure that the models are regionally relevant
and accurate.

The comparison of MLE and OLS for
frequency-magnitude distribution reveals that,
although MLE is generally preferred, OLS can
yield a visually closer fit with observed data in
specific instances, making it a useful comple-
mentary method.

Applying Gaussian smoothing with variant
bandwidths demonstrates that a 50 km bandwidth
offers a stable and high-performing model, as con-
firmed by the ASS and Molchan diagram, which
emphasize the predictive reliability of smoothed
seismicity models.

Dividing the study area into separate seismic
zones based on tectonic characteristics and event
density improves the detail of the hazard assess-
ment, allowing high-seismicity regions to be
accurately identified.

Overall, the study’s combination of region-
specific magnitude conversion, smoothing
seismicity, and shallow area source modeling
produces a comprehensive framework for seismic
hazard preparedness. These insights provide a
robust foundation for informed decision-making,
facilitating effective disaster risk mitigation and
resilient infrastructure planning in Lampung.
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