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Abstract. The fundamental components for evaluating seis-
mic hazards and forecasting earthquake events in a region in-
clude a complete and homogeneous earthquake catalog. Pre-
viously, a few studies were performed to combine earthquake
databases from various sources to produce a unified earth-
quake catalog for the Korean Peninsula. To conduct seismic
hazard assessments across these regions, this study proposes
creating a comprehensive, up-to-date, and unified earthquake
catalog for South Korea and its neighboring regions using
data from multiple sources. We collected data from the Ko-
rea Meteorological Administration (KMA), the International
Seismological Centre (ISC), and the Japan Meteorological
Agency (JMA). The earthquake database covers the time pe-
riod from 1905 to 2023, and the geographical area spans 31—
43°N and 122-132.5°E. As creating a new earthquake cat-
alog entails combining information from many earthquake
record sources, we avoided duplication of occurrences that
may arise during the integration process by carefully analyz-
ing the timing and location criteria for each earthquake event.
To unify the magnitude scale and produce a homogeneous
earthquake catalog, both global and regional empirical equa-
tions were used to convert the moment magnitude (M) and
other reported magnitude scales. The resulting homogeneous
catalog comprises 63 298 earthquake events, with My, rang-
ing from 2.0 to 7.9. Declustering of the homogeneous cata-
log was then conducted to remove dependent events, such as
foreshocks and aftershocks, and to identify the mainshocks.
Four declustering methods were used to compare and exam-
ine their individual influences on mainshock identification in
the catalog. The resulting unified and declustered earthquake

catalog provides a useful and dependable database for seis-
micity analysis, seismotectonic studies, and seismic hazard
assessments in and around South Korea.

1 Introduction

In the present study, significant research has been conducted
to prepare a complete and unified earthquake catalog for
South Korea and its neighboring regions. Although the Ko-
rean Peninsula is not located directly on a tectonic boundary,
earthquakes have occurred in the region since historic times.
To gain a thorough understanding of earthquake occurrences
in a specific area, a comprehensive and cohesive earthquake
catalog is essential for seismologists, geologists, policymak-
ers, engineers, and communities because it forms the foun-
dation for risk assessment, hazard mitigation, and resilient
infrastructure development. Every year, numerous organiza-
tions publish earthquake records in the form of bulletins, in-
cluding the United States Geological Survey (USGS), the
International Seismological Centre (ISC), the Korea Mete-
orological Administration (KMA), the Japan Meteorologi-
cal Agency (JMA), and the European-Mediterranean Seis-
mological Centre (EMSC). Building on these bulletins, vari-
ous researchers worldwide (e.g., Das and Meneses, 2021; Di
Giacomo et al., 2018; Makropoulos et al., 2012; Rovida et
al., 2022; Tan, 2021) systematically develop earthquake cat-
alogs, which integrate diverse datasets and serve as essential
inputs for probabilistic seismic hazard assessment (e.g., An-
bazhagan et al., 2009; Du and Pan, 2020; Tselentis and Dan-
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ciu, 2010; Simeonova et al., 2006; Mahmood et al., 2020;
Danciu et al., 2024). Studies on earthquake catalogs in South
Korea have been conducted over several decades, with sig-
nificant contributions from Li (1986), Kim and Gao (1995),
and Lee (1999). Since the Korea Meteorological Administra-
tion (KMA) has strengthened its national seismological ob-
servation network, recent efforts have focused primarily on
estimating historical earthquakes (Lee and Yang, 2006; Seo
et al., 2010). Seismic hazard studies in South Korea typically
use earthquake data from the KMA database (Han and Choi,
2008; Kyung et al., 2016). Ideally, a comprehensive earth-
quake catalog should be compiled by integrating earthquake
data from all available sources, not just regional ones. Re-
cent seismic hazard research by Park et al. (2021) identified
this issue and incorporated instrumental earthquake catalogs
from the KMA, the JMA, and the China Earthquake Admin-
istration (CEA) for their analysis. However, their database
was limited to South Korea, and their primary focus was on
seismic hazard studies rather than catalog details. By con-
trast, our study aimed to prepare a homogeneous catalog en-
compassing the entire Korean Peninsula. In addition, detailed
descriptions and an updated catalog are provided in the Sup-
plement, intended to aid in understanding seismic activity in
the region and to enhance earthquake-related research and
preparedness efforts. Seismic catalogs typically incorporate
various magnitude scales, including measures, such as local
magnitude (M), body wave magnitude (My), surface wave
magnitude (M), duration magnitude (Mp), velocity magni-
tude (My), and moment magnitude (My). Therefore, con-
verting the various magnitude scales into a unified magni-
tude scale was necessary. The My, M, My, Mp, and My
magnitude scales exhibit saturation effects at certain levels
for significant earthquakes. In addition, these scales display
non-uniform behavior across various magnitude ranges. To
overcome this limitation, the My, scale was considered the
most reliable, as it directly links the seismic moment to earth-
quake magnitude, ensuring consistent behavior across all
magnitude ranges. Thus, the main objective of this study is
to compile a homogeneous moment magnitude (My,)-based
earthquake catalog for an area comprising South Korea and
its neighboring regions. The earthquake database covers the
time period from 1905 to 2023, and the geographical area
spans 31 to 42°N and 122 to 132.5°E, with a magnitude
range of My, from 2.0 to 7.9.

Earthquakes are regarded as a complex phenomenon,
forming clusters in both space and time, which introduces
a bias in seismic catalogs. Consequently, declustering is
deemed essential in seismic studies, particularly in proba-
bilistic seismic hazard and regional seismicity analyses (An-
bazhagan et al., 2019; Joshi et al., 2024; Taroni and Ak-
inci, 2021). The declustering process in an earthquake cat-
alog involves identifying independent earthquakes (main-
shocks) and dependent events (aftershocks and foreshocks)
in a dataset. The purpose is not only to eliminate bias but
also to disentangle mainshocks from dependent events. Nu-
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merous declustering approaches have been proposed, as out-
lined by van Stiphout et al. (2012). These methods include
deterministic strategies, such as the window-based method
(Gardner and Knopoff, 1974; Uhrhammer, 1986); the clus-
ter method, linked to spatial interaction zones (Reasenberg,
1985; Savage, 1972); probabilistic approaches, including the
stochastic model (Kagan and Jackson, 1991; Zhuang et al.,
2002); and the independent stochastic declustering model
(Marsan and Lengliné, 2010). The resulting declustered cat-
alogs often exhibit notable differences depending on the cho-
sen method. This discrepancy raises concerns, prompting
questions about the selection of the optimal declustering al-
gorithm and its impact on seismic hazard assessment. Con-
sequently, this study aimed to quantify and compare the re-
sults of various declustering techniques. In this study, we
assess four widely used declustering methods: Gardner and
Knopoff (1974), Uhrhammer (1986), Reasenberg (1985), and
an independent stochastic declustering method (Marsan and
Lengliné, 2010).

Therefore, the primary contributions of the current study
are listed as follows:

— A comprehensive process for building a unified earth-
quake catalog for South Korea and its neighboring re-
gions is described.

— A newly compiled unified earthquake catalog for the
Korean Peninsula and its neighboring regions has been
developed. A supplement, including a homogeneous
earthquake catalog and a declustered earthquake cata-
log, is also provided.

— A comparison and evaluation of the effects of various
declustering algorithms on a homogeneous earthquake
catalog are described.

— Completeness analysis of all declustered earthquake
catalogs is performed, which is essential for the seis-
micity analysis of a region.

Thus, by critically examining the methodologies em-
ployed in earthquake catalog compilation, we sought to en-
hance the reliability and accuracy of seismic information, ul-
timately contributing to more robust seismic hazard assess-
ments.

2 Methodologies for catalog compilation

This section provides an in-depth overview of the methodol-
ogy used in this study. The work emphasizes the collection
of reliable and relevant data with the goal of enhancing the
overall quality of the earthquake catalog. This improvement
aims to minimize uncertainties and provide a more robust
earthquake dataset by incorporating both regional and global
databases, ensuring detailed coverage that encompasses the
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entire Korean Peninsula. Figure 1 depicts a flowchart outlin-
ing the methodology adopted in the present study, accompa-
nied by concise descriptions of each step.

— Earthquake data compilation. Initially, historical and
instrumental earthquake data were gathered from vari-
ous agencies, organizations, and global research stud-
ies. Raw earthquake data were collected from three
global agencies: the Korea Meteorological Adminis-
tration (KMA), the International Seismological Centre
(ISC), and the Japan Meteorological Agency (JMA).

— Merged earthquake catalog. In this step, earthquake
data collected from various sources were integrated into
a single combined dataset. This integration involved
a careful examination to identify duplicate events that
may exist in the compiled data. Once identified, dupli-
cate events were systematically removed to ensure the
integrity and accuracy of the earthquake catalog. The
goal was to create a consolidated dataset that avoids re-
dundancy and provides a reliable foundation for subse-
quent analyses and interpretations in seismic studies.

— Homogenization of the earthquake catalog. The stan-
dard practice in earthquake catalog studies involves the
unification of the magnitude scale by converting com-
monly reported magnitudes (M, My, and M) into M,,.
Therefore, in this step, events of all magnitudes were
converted into My,.

— Declustering analysis. Declustering analysis is the pro-
cess of removing dependent earthquake events from a
homogenized catalog, which is a crucial step in seis-
micity analysis. In the present study, four declustering
algorithms were used to identify mainshocks and after-
shocks, which are discussed in detail in subsequent sec-
tions.

— Completeness analysis. The seismicity of a region
varies spatially and temporally. Therefore, statistical
analyses using incomplete data may yield unacceptable
results. Ensuring the completeness of an earthquake cat-
alog is crucial for seismicity and hazard analyses. In
the present study, we employed the methods outlined by
Tinti and Mulargia (1985) and Stepp (1972) to conduct
the completeness analysis.

2.1 Earthquake data source and compilation

The earthquake data collected for each event in the database
included information, such as the date, epicentral coordi-
nates, depth, and earthquake magnitude measured at vari-
ous scales. To assemble earthquake data for a new earth-
quake catalog of the Korean Peninsula, we incorporated
available data from both national and international seismo-
logical databases.

https://doi.org/10.5194/nhess-25-4021-2025

2.1.1 Korea Meteorological Administration (KMA)
database

The Korea Meteorological Administration (KMA), the gov-
ernmental meteorological body of South Korea, is responsi-
ble for disseminating information regarding earthquakes and
tsunamis. In 1997, the KMA initiated a project to enhance
the national seismological observation network and tsunami
warning system. Prior to this, there was a lack of adequate
earthquake data, necessitating the amalgamation of records
from other international agencies. A total of 2114 events
spanning 1978 to 2023, with magnitudes ranging from 2.0 to
5.8, were collected from the KMA database. All the data in-
cluded local- or regional-scale magnitude My . The seismic-
ity distribution of earthquake locations in the KMA database
is shown in Fig. 2.

2.1.2 The ISC bulletin event database

To produce a new global reference for the earthquake cat-
alog, the International Seismological Centre (ISC) bulletin
compiled reports on all earthquake data in digital format
starting from 1900. Serving as a comprehensive and refined
seismic bulletin, it stands out internationally when compared
with other sources. The bulletin incorporates both raw and
revised earthquake data gathered from approximately 130
local and national networks. The ISC bulletin expends sig-
nificant efforts to relocate earthquakes and recalculate their
magnitudes, thereby contributing to the overall reliability of
seismic data. For this study, data on 51 894 earthquakes with
a magnitude greater than 2.0, covering the time span from
1905 to 2023, were gathered from the ISC bulletin and docu-
mented using various magnitude scales (My, M, My, MjMA,
My, My, and Mp). The seismicity distribution of earthquake
locations in the ISC database is depicted in Fig. 3, where all
magnitude scales are represented using distinct colors.

2.1.3 Japan Meteorological Agency (JMA) database

The Japan Meteorological Agency (JMA) was the first to
make substantial advances in earthquake instrumental mea-
surements and to digitize seismic station bulletin data within
and around the Japanese region. This information is regu-
larly updated to create a JMA-unified earthquake catalog in
a collaborative effort with the Ministry of Education, Cul-
ture, Sports, Science, and Technology (MEXT). Utilizing
seismic waveforms from stations affiliated with the JMA, the
National Research Institute for Earth Science and Disaster
Resilience (NIED), the Japan Agency for Marine Earth Sci-
ence and Technology (JAMSTEC), universities, and various
institutes have contributed to the catalog’s comprehensive
data. The observed number of seismic events has increased
since 2000, primarily due to the implementation of the Hi-
net NIED network (Okada et al., 2004). The JMA earthquake
catalog includes 48571 earthquakes consisting of various
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Figure 1. Flowchart of preparing the earthquake catalog for a region.

magnitude scales (My, Myva, Mp, and My) spanning 1919
to 2023, primarily covering the Japanese islands, southeast-
ern South Korea, and surrounding regions. The magnitudes
of the earthquakes in this catalog range from 2.0 to 7.3, as
illustrated in Fig. 4.

2.2 Merging of earthquake data from all sources

Data cleaning was required prior to merging earthquake cat-
alogs from the KMA, JMA, and ISC data sources. Unneces-
sary information, such as the names of source agencies, au-
thor names, time zones, region names, and ID numbers, was
systematically removed to streamline the datasets. The essen-
tial parameters common to all datasets, such as date, time,
latitude, longitude, depth, and magnitude, were retained to
ensure the structural integrity of the three data sources. In
the subsequent phase, each dataset event was consistently
adjusted to Korean Standard Time (KST) to maintain tem-
poral coherence. This step established a unified data struc-
ture across all datasets, facilitating seamless merging and ma-
nipulation. To provide a comparative overview of the earth-
quake reporting patterns from the three catalogs, the annual
number of events reported by KMA, JMA, and ISC is plot-
ted as shown in Fig. 5. This highlights key differences in
the temporal reporting patterns across the three catalogs. Fi-
nally, a multi-window search technique was applied to re-
move duplicate events from the catalog. In this multi-window
search criteria, the differences in source parameters, such as
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the origin time and location of the earthquakes, were used
to detect duplicate events. This approach has been used in
several studies that combine earthquake catalogs. For exam-
ple, Mueller (2019) and Petersen et al. (2014) merged mul-
tiple regional catalogs of the USGS National Seismic Haz-
ard Model. They used time-window criteria ranging from 10
to 60s and distance criteria ranging from 20 to 250km to
identify duplicate events. In the South Korean region, Park et
al. (2021) used origin time differences of 20 s and distances
of 100km to identify duplicate events across different cat-
alogs. The criteria for these studies were selected based on
careful inspection and manual checking of records that cor-
respond to the same event in the compiled catalog. This en-
sures that the time and distance inputs accurately reflect the
characteristics of duplicate events. The window criteria were
determined through iterative testing and a manual review of
duplicate events, after which the search window criteria were
fine-tuned. A time window of 30s and a location-distance
difference of 70 km were applied to effectively identify and
filter duplicate events. In addition to these criteria, we also in-
corporated a magnitude consistency filter, where events were
considered potential duplicates only if their reported mag-
nitudes differed by less than £0.1 units. All events that de-
viated from magnitude difference and satisfied the temporal
and spatial initial criteria were then manually reviewed on
a case-by-case basis to ensure accuracy and consistency in
the final catalog. This thorough inspection allowed us to re-
solve ambiguities and select the most reliable entries. This
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Figure 2. Seismicity distribution of earthquake locations from
the Korea Meteorological Administration (KMA) source. Terrain
basemap generated from the SRTM GL1 digital elevation model
(NASA Shuttle Radar Topography Mission, 2013).

combined approach of using time-distance criteria and man-
ual checking has also been followed in other studies, such as
Sawires et al. (2019), Griinthal and Wahlstrém (2012), and
Wang et al. (2009). When duplicate events were identified,
the final decision on which record to retain was based on
the priority given to regional bulletins — with preference as-
signed first to the KMA, followed by the JMA, and then the
ISC. Following this cleaning and merging process, the re-
sulting (inhomogeneous) catalog consisted of 63 298 events
with magnitudes ranging from 2.0 to 7.9. This meticulous
data cleaning and merging process ensured the creation of a
consolidated and reliable earthquake catalog for the compre-
hensive analysis of the homogeneous earthquake catalog.

3 Magnitude homogenization of the earthquake
catalog

Numerous researchers worldwide (e.g., Bormann et al.,
2007; Bormann and Saul, 2008; Das et al., 2011; Griin-
thal et al., 2009; Scordilis, 2006; Sheen et al., 2018; Utsu,
2002) have undertaken the compilation and validation of
magnitude-scale relations, contributing to the understanding
and standardization of seismic measurements. The present
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Figure 3. Seismicity distribution of earthquake locations from the
International Seismological Centre (ISC) bulletin. In this figure, dif-
ferent magnitude scales, including My,, Mymva, Ms, Mw, ML, Mp,
and My, are represented using distinct colors. Terrain basemap gen-
erated from the SRTM GL1 digital elevation model (NASA Shuttle
Radar Topography Mission, 2013).

study adopted the most globally recognized relations devel-
oped by Scordilis (2006) for the conversion of surface wave
magnitude (M) and body wave magnitude (Mp) to moment
magnitude (My ). The choice of these relations was rooted in
the comprehensiveness and reliability of Scordilis’s dataset,
which encompasses 20407 earthquakes sourced from di-
verse international seismological databases, reflecting seis-
mic events worldwide. The robustness and well-defined na-
ture of the Scordilis (2006) relations make them particularly
suitable for accurate magnitude conversions. In the merged
earthquake catalog comprising 63 298 seismic events, the M,
and My, magnitudes were systematically extracted and subse-
quently transformed into My, using the established relations
depicted in Egs. (1) and (3). This methodology ensures the
consistency and validity of the moment magnitude estimates
across a broad spectrum of seismic activities considered in
this study.

My, = 0.85(£0.04) x My + 1.03 (£0.23)

20<Mp,<6.5 (D
My, = 0.67 (£0.005) x M +2.07 (£0.03)
20< M, <6.1 ?)
My, = 0.99 (£0.02) x Mg+ 0.08 (£0.13)
62<M;<82

The seismic magnitudes recorded by the JMA seismic net-
work are denoted as My\a and represent the local magnitude
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Figure 4. Seismicity distribution of earthquake locations from the
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phy Mission, 2013).
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Figure 5. Annual earthquake counts reported by KMA, JMA, and
ISC in the Korean Peninsula. The plot allows comparison of tempo-
ral variations in seismic reporting among the three agencies.

scale, as outlined by Katsumata (2004) and Funasaki and
Earthquake Prediction Information Division (2004). Both the
JMA and the ISC earthquake catalogs reported events us-
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ing the Mp\a magnitude. Scordilis (2005) provided a cali-
brated relation to convert Mjya to moment magnitude (My,)
for both strong (Mjva > 5.6) and weaker (Myma <5.5) seis-
mic events, as expressed in Eq. (3). However, Uchide and
Imanishi (2018) identified discrepancies in the magnitude es-
timations, especially for micro- and small-scale earthquakes.
Consequently, they introduced a nonlinear quadratic func-
tion, represented by Eq. (4), to enhance the accuracy of
Mjima to My conversion for these events. In the present
study, both relations developed by Scordilis (2005) and
Uchide and Imanishi (2018) were used to convert My to
M,,. The final My, value was estimated by averaging the re-
sults obtained from the two equations, providing a more nu-
anced and comprehensive approach to the magnitude con-
version from Myyva. The standard deviation between the two
estimates is calculated to reflect the uncertainty in the fi-
nal magnitude conversion and is included in the homoge-
neous catalog. In addition, Uchide and Imanishi (2018) high-
lighted a noteworthy observation regarding the JMA earth-
quake magnitude scale. Specifically, they noted that the cat-
alog employs displacement amplitude for larger earthquakes
and velocity amplitude for smaller earthquakes to estimate
the Myva magnitude. Consequently, the nonlinear quadratic
function presented in Eq. (4) by Uchide and Imanishi (2018)
was extended to convert the displacement magnitude (Mp)
and velocity magnitude (Mvy) scales to My,. Thus, Eq. (4)
was incorporated to convert the Mp and My magnitudes into
M.

My, = 0.58 x Mypya +2.25,
2.0 < Myma <55 o0=0.28

My, = 0.97 x Miyia +0.04, @)
56 <Mypma <82 o0=022
My =0.053 (£0.003) x M2, +0.33 (£0.02) x Miyia
£ 1.68(£0.03) 0.5 < Myya <7 )

In the KMA earthquake catalog dataset, the recorded mag-
nitudes were predominantly on the My, scale. For a consis-
tent and accurate analysis, a regional relation between the
moment magnitude (My) and local magnitude (M) was
used, based on the work of Sheen et al. (2018). Sheen et
al. (2018) conducted a comprehensive study in which they
estimated My, by analyzing both the horizontal and the ver-
tical components of seismic events separately. The study uti-
lized 6327 horizontal and vertical peak amplitudes from 269
earthquakes in the magnitude range of 2.0 to 5.8 that oc-
curred in and around the Korean Peninsula from 2001 to
2016. The vertical peaks and geometrical means of the hor-
izontal peaks were utilized separately to estimate the em-
pirical attenuation curve, station corrections, and earthquake
magnitudes accurately. Thereafter, an orthogonal linear re-
gression analysis was performed using the event magnitudes
(Myp) determined from the horizontal and vertical compo-
nents along with the M,, values obtained from the S-wave
source spectra. It is worth noting that their M1 magnitudes

https://doi.org/10.5194/nhess-25-4021-2025
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deviated slightly from those derived by the KMA. To match
the data, an initial conversion was performed using the re-
lations presented in Egs. (5) and (6), transforming My, into
MEMA. Afterward, the dataset underwent an additional con-
version to obtain the moment magnitude (My,) using the re-
lations outlined in Egs. (7) and (8). The resulting My, values
of these two components were averaged to obtain a consol-
idated and refined M,, magnitude estimate. This multistep
process ensures a unified and standardized magnitude scale
for a more accurate and comprehensive seismic analysis. The
associated standard deviation of the magnitude is also esti-
mated and incorporated in the catalog.

My =0.9187 x MFMA +0.3906  for horizontal )
My = 0.9234 x MFMA 03262 for vertical (6)
My, =0.9294 x My +0.3730 for horizontal (7
My, =0.9208 x M1, 4+ 0.4394  for vertical (8)

Finally, all events were unified using the magnitude conver-
sion equations. The homogenized M -based earthquake cat-
alog is presented in Fig. 6, encompassing 63 298 events rang-
ing from 1905 to 2023. A database containing homogenized
earthquake events with associated standard deviation is pro-
vided as a supplement (Table S1). This additional resource
allows researchers and other organizations to access and ex-
plore detailed information, enhance transparency, and facili-
tate further in-depth seismic hazard analyses.

4 Declustering of earthquake catalog

The declustering of earthquake catalogs plays a pivotal role
in seismic hazard analysis, particularly concerning the fun-
damental assumptions in probabilistic seismic hazard assess-
ment (PSHA), in which the earthquake occurrence process
adheres to a Poisson distribution. This assumption implies
a uniform and random distribution of seismic events, which
may be compromised when considering clustered (depen-
dent) events. The presence of clustered events deviates the
seismicity from a Poisson distribution by introducing non-
random patterns. Moreover, the inclusion of aftershock (de-
pendent event) sequences can lead to an overestimation of
the earthquake occurrence rate, potentially resulting in an in-
accurate prediction of seismic activity in a region. This ne-
cessitates a thorough examination of the declustering process
to ensure the reliability of earthquake catalogs and, conse-
quently, to enable more accurate seismic hazard assessments.
In this section, we analyzed different declustering algorithms
by examining the impact of the adopted processes on a homo-
geneous earthquake catalog. Various methods have been ex-
plored to gauge their effectiveness and their implications for
earthquake data analysis. Identifying aftershocks that are de-
pendent on mainshocks poses a challenge because they lack
distinct features in their waveforms. Their selection relies
on their spatial and temporal proximity to preceding earth-
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Figure 6. Homogeneous earthquake catalog for South Korea and
neighboring regions covering the period from 1905 to 2023. Terrain
basemap generated from the SRTM GL1 digital elevation model
(NASA Shuttle Radar Topography Mission, 2013).

quakes or occurrence rates exceeding the average long-term
seismicity. Associating an aftershock with a mainshock ne-
cessitates defining a measure for their space—time distance
and establishing criteria based on event occurrence. In this
study, four types of declustering techniques were employed:
window methods, including Gardner and Knopoff (1974) and
Uhrhammer (1986); a cluster method utilizing the Reasen-
berg algorithm (1985); and stochastic declustering imple-
mented through the Marsan and Lengliné approach (2010).

4.1 Window-based methods

Windowing techniques offer a straightforward approach to
differentiating between mainshocks and dependent events
(aftershocks and foreshocks). Each earthquake in the cata-
log with a magnitude My, was initially designated as a main-
shock. Subsequent shocks were identified as aftershocks if
they occurred within a specified time interval T (M) or dis-
tance interval L(M). Conversely, foreshocks were handled
in a manner comparable to aftershocks. Specifically, if the
most significant earthquake occurred later, preceding fore-
shocks were reclassified as dependent events. This process
involves resetting the time—space windows based on the mag-
nitude of the largest shock in the sequence. Based on the

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025
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Table 1. Time and space windows used to eliminate aftershocks.

Gardner—Knopoff ‘ Uhrhammer
M L(km) T (days) | L(km) T (days)
2.5 19.61 6.39 2.68 1.24
3.0 22.62 11.90 4.01 2.30
35 26.08 22.19 5.99 4.27
4.0 30.07 41.36 8.95 7.92
4.5 34.68 77.10 13.38 14.69
5.0 39.99 143.71 20.01 27.25
5.5 46.12 267.89 29.90 50.53
6.0 53.19 499.34 44.70 93.69
6.5 61.33 884.91 66.82 173.73
7.0 70.73 918.12 99.88 322.14
7.5 81.56 952.58 | 149.31 597.35
8.0 94.06 088.33 | 223.18 1107.65

aforementioned assertion, Gardner and Knopoff (1974) pro-
vided a mathematical formula for the two determining fac-
tors, time and distance, as shown in Eq. (9). Similarly, the
time and distance identification criteria provided by Uhrham-
mer (1986) were estimated using Eq. (10). Table 1 lists the
lengths and durations of these windows. The Gardner and
Knopoff approach has inspired numerous researchers across
generations, with the common goal of distinguishing be-
tween background and dependent earthquakes and quantify-
ing the extent of non-randomness in estimated background
events.

d= 100.1238XM+0.983 [km]

100.032><M+2.7389’ if M > 6.5
t ={ 1Q0S409X M—0.547 e [days] ©
d= e—1.024+0.804xM [km]
t= 6—2.87+1.235><M [days] (10)

In this study, we utilized a homogeneous earthquake
database to implement a declustering method using Eqgs. (9)
and (10): the Gardner and Knopoff algorithm identified
30912 independent events and 32386 dependent events,
whereas the Uhrhammer algorithm identified 38 572 inde-
pendent events and 24 726 dependent events.

The declustered seismicity map distribution of the Korean
Peninsula, encompassing the time span from 1905 to 2023,
with the application of the Gardner—Knopoff and Uhrham-
mer algorithms, is shown in Figs. 7 and 8, respectively. The
maps provide distinct visualizations of both the mainshocks
and the aftershocks, which are portrayed separately.

Magnitude and time histograms were generated to visual-
ize the distribution of mainshocks and aftershocks, as iden-
tified by the Gardner—Knopoff and Uhrhammer algorithms,
and are shown in Figs. 9 and 10, respectively.
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Table 2. Input parameters for the declustering algorithm by Reasen-
berg.

Parameter Standard Min Max

value value value
Tmin [days] 1 0.5 2.5
Tmax [days] 10 3 15
P1 0.95 0.9 0.99
Xi 0.5 0 1
Xmeff 1.5 1.6 1.8
Ffact 10 5 20

4.2 Cluster-based method

Reasenberg (1985) introduced a methodology to identify af-
tershocks associated with earthquakes by linking events to
clusters based on their spatial and temporal interaction zones.
Consequently, earthquake clusters tend to expand in size as
more earthquakes are included in the analysis. Reasenberg’s
algorithm establishes a spatial interaction relation defined by
the threshold logd(km) = 0.4My — 1.93 + k (Molchan and
Dmitrieva, 1992), where k is 1 for the distance to the largest
earthquake and O for the distance to the last earthquake.
The temporal extension of the interaction zone was deter-
mined using Omori’s law. All linked events collectively form
a cluster, where the largest earthquake is designated as the
mainshock, and smaller earthquakes are classified as fore-
shocks and aftershocks (van Stiphout et al., 2012). Origi-
nally, Reasenberg (1985) focused on identifying foreshocks
and aftershocks in central California from 1969 to 1982.
Over time, this algorithm has gained popularity in the seis-
mological community. The adoption of standard parameter
values from Table 2 has become common practice (Wiemer,
2001; Helmstetter et al., 2006; Mizrahi et al., 2021; Del Gau-
dio et al., 2009; Peng et al., 2021; Teng and Baker, 2019). In
the algorithm, 7, represents the minimum look-ahead time
for constructing clusters when the initial event is not clus-
tered, whereas thax denotes the maximum look-ahead time
for cluster formation. The parameter p; signifies the prob-
ability of detecting the next clustered event, used in com-
puting the look-ahead time, 7. In addition, x; represents
the increment in the lower cutoff magnitude during clusters:
Xmeff = Xmeff +Xx M, where M is the magnitude of the largest
event in the cluster. xpefr represents the effective lower cut-
off magnitude for the catalog, and rg,¢ signifies the number
of crack radii surrounding each earthquake within new events
considered to be part of the cluster (van Stiphout et al., 2012).
For a detailed understanding of these parameters, refer to the
original publication by Reasenberg (1985).

In this study, we utilized a homogeneous earthquake
database to implement a declustering method using the
Reasenberg algorithm. The default parameters listed in Ta-
ble 2 were implemented to ensure consistency and reliabil-
ity of the analysis. By applying the Reasenberg algorithm,
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Figure 7. Declustered seismicity distribution map using the Gardner and Knopoff method depicting (a) mainshocks and (b) aftershocks,
covering the period from 1905 to 2023. Terrain basemap generated from the SRTM GLI1 digital elevation model (NASA Shuttle Radar

Topography Mission, 2013).
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Figure 8. Declustered seismicity distribution map using the Uhrhammer method depicting (a) mainshocks and (b) aftershocks, covering

the period from 1905 to 2023. Terrain basemap generated from the
Mission, 2013).

39978 events were identified as mainshocks and character-
ized as independent events. In addition, 23 320 events were
recognized as aftershocks and foreshocks, representing de-
pendent events in the seismic sequence.

https://doi.org/10.5194/nhess-25-4021-2025

SRTM GL1 digital elevation model (NASA Shuttle Radar Topography

A comprehensive declustered seismicity map encompass-
ing the time span from 1905 to 2023, with the application
of the Reasenberg algorithm, is presented in Fig. 11. The
map provides distinct visualizations for both mainshocks
and aftershocks, portrayed separately in Fig. 11a and b, re-
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Figure 10. Histogram plots for (a) number of events by magnitude and (b) temporal distribution of events for mainshocks and aftershocks

using the Uhrhammer method.

spectively. These detailed seismicity maps contribute to a
spatial understanding of earthquake distribution, highlight-
ing regions with heightened seismic activity and illustrating
the prevalence of aftershocks in the aftermath of mainshock
events. The cluster linkage criteria showed a higher density
in the active regions of Japan and the southeastern part of
South Korea, suggesting a concentration of dependent seis-
mic events in these areas. Conversely, the density was dif-
fused in other regions, indicating a comparatively lower fre-
quency of clustered events. Such graphical representations
enhance the interpretation of seismic patterns and aid re-
searchers and seismologists in discerning the geographical
dynamics of earthquake occurrences over a specified period.
Magnitude and time histograms were generated to visualize
the distribution of the mainshocks and aftershocks identified
by the Reasenberg algorithm, as shown in Fig. 12. These
plots offer a detailed exploration of seismic activity, por-
traying the frequency and temporal occurrence patterns of
both mainshocks and their associated aftershocks. Analysis
of these histograms provides a comprehensive overview of
the seismic behavior in the studied regions, aiding in the

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025

characterization of earthquake sequences and their temporal
evolution.

4.3 Stochastic decluster method

The decluster algorithm, which uses window- and cluster-
link-based approaches, involves the use of subjectively cho-
sen parameters, such as the size of windows and the dis-
tance between linked nodes. Variations in parameter values
lead to variations in declustered catalogs and the assessment
of background seismicity estimates. Typically, researchers
determine these parameters based on prior expertise, using
specific datasets. Depending on the declustering results, a
trial-and-error process is often used, with particular atten-
tion to how different parameter choices influence the sepa-
ration between background and clustered events, which may
vary across studies and introduce inconsistencies. In contrast
to deterministic declustering methods and integrating prob-
abilistic treatments into the clustering model, Marsan and
Lengliné (2010) proposed the model-independent stochas-
tic declustering (MISD) approach. This method does not de-
pend on a specific model or parameterization. Essentially, it

https://doi.org/10.5194/nhess-25-4021-2025
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Figure 11. Declustered seismicity map using the Reasenberg algorithm depicting (a) mainshocks and (b) aftershocks, covering the period
from 1905 to 2023. Terrain basemap generated from the SRTM GL1 digital elevation model (NASA Shuttle Radar Topography Mission,

2013).
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using the Reasenberg algorithm.

relies on the fact that seismicity dynamics are a linear cas-
cade of earthquake triggers, which helps to distinguish af-
tershocks directly triggered by earthquakes from those indi-
rectly triggered (Hainzl and Marsan, 2008). In this method,
mainshocks that were sufficiently isolated from other signif-
icant seismic events were initially selected to avoid confu-
sion with unrelated earthquakes. Thereafter, the shortest dis-
tances from the mainshock to subsequent earthquakes were
calculated, providing a more accurate representation of the
aftershock. The core of the method involves estimating the
probability “wAB” that an earthquake “B” is an aftershock of
earthquake “A”, allowing for a continuous range of probabil-
ities, unlike traditional declustering methods where “wAB”

https://doi.org/10.5194/nhess-25-4021-2025

can only be O (not an aftershock) or 1 (aftershock). This
probability is derived using stochastic and inversion tech-
niques. The background seismicity was accounted for by
comparing the observed aftershock distribution with the ex-
pected distribution from normal seismic activity. Parameter
optimization, which is achieved by solving nonlinear equa-
tions using an expectation—maximization algorithm, ensures
accurate and reliable results. This comprehensive approach,
which includes modeling both direct and indirect aftershocks
and employing the Monte Carlo method for probability esti-
mation, provides a detailed and refined understanding of af-
tershock patterns and their spatial decay relative to the main-
shock. Ideally, this model should be less sensitive to arbitrary

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025
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parameterization than other declustering methods, thereby
enhancing its reliability.

Model-independent stochastic declustering (MISD) anal-
ysis was performed using C-based programming code devel-
oped by David Marsan (Marsan and Lengliné, 2008). The IS-
Terre website provides this code, which facilitated the iden-
tification of the mainshocks and aftershocks in our study
(Marsan, 2007). The utilization of Marsan’s code provides
a reliable and efficient means for conducting MISD analy-
sis, contributing to the accuracy of our seismic event cate-
gorization. From a homogeneous dataset of 63298 events,
the MISD algorithm identified 25 229 mainshock events and
38069 aftershocks . Notably, this method is more sensitive
to seismic patterns than the Reasenberg algorithm and pro-
duces a larger number of aftershocks. Figure 13 depicts the
declustered seismicity map, spanning 1905-2023, employing
the MISD algorithm to categorize the event distribution of
the (a) mainshocks and (b) aftershocks. Furthermore, Fig. 14
enriches our analysis by showing the magnitude and time
histogram plots, providing insights into the distribution and
temporal occurrence patterns of both mainshocks and after-
shocks in terms of both magnitude and time.

5 Completeness analysis

The earthquake catalogs exhibit spatial and temporal irreg-
ularities. These inconsistencies arise from variations in spa-
tial coverage, changes in network configuration over time,
and advancements in the constituent instruments. Hence, an
earthquake catalog must be complete with respect to the rela-
tive frequency of earthquake occurrences over time. As earth-
quake catalogs are inherently incomplete across the magni-
tude range covered, a thorough completeness analysis was
conducted. This analysis established the magnitude threshold
(M,) above which all events were reliably recorded. The esti-
mation of M, is essential for various seismological statistical
analyses and plays a critical role in estimating the parame-
ters of the Gutenberg—Richter (GR) law, namely, the a and
b values. The seismicity recurrence parameters may exhibit
bias without accurate completeness analysis, leading to inap-
propriate estimations in seismicity analysis and probabilis-
tic seismic hazard assessments (Bayliss and Burton, 2007;
Popandopoulos et al., 2016; Sawires et al., 2019). In gen-
eral, earthquake catalogs become sparser and more uncertain
when observed backward in time, indicating that complete-
ness periods fluctuate over time. For large earthquakes, the
completeness period extends to pre-instrumental or historical
times. Conversely, for small-magnitude earthquakes, com-
pleteness was achieved only in the most recent decades of
the instrumental epoch because instrumental recording was
not available in the past, resulting in the non-recording of
many smaller-magnitude events in the region.

The completeness periods and threshold magnitudes were
estimated individually for the four sets of declustered cata-
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logs. In this study, we focused on determining completeness
analysis using two methods. The first is the cumulative vi-
sual inspection (CUVI) method proposed by Tinti and Mu-
largia (1985), and the second is based on statistical analysis
by Stepp (1972). In the CUVI method, a graph plotting the
cumulative number of earthquakes against time duration was
generated. The catalog was deemed complete during periods
when the earthquake occurrence rate remained constant. It is
conventionally assumed that the latest change in slope sig-
nifies when the data are complete, and the interval with the
highest slope is chosen.

In this section, analysis conducted using the Gardner and
Knopoff declustered earthquake catalog is presented. The re-
sults stemming from this particular catalog are discussed sub-
sequently. For a comprehensive view, the results obtained
from the utilization of alternative declustered catalogs are
provided in the Supplement (Figs. S1-S6). This separation
ensures clarity and allows readers to explore the outcomes
of the various declustered datasets without complicating the
primary analysis presented in the main text. In this study, a
completeness analysis was conducted by dividing the declus-
tered earthquake catalog into magnitude intervals, starting
from a magnitude of 2.0 with an increment of 1. The cumula-
tive number of events for each magnitude bin was calculated
and plotted against the time period, as shown in Fig. 15. A
graph depicting the cumulative number versus the time pe-
riod was visually inspected to identify the point at which the
curve becomes a straight line. This point was considered the
period of completeness for the magnitude bins, and the cal-
culated completeness period for each magnitude is tabulated
in Table 3.

The second method, proposed by Stepp (1972), relies
on the assumption that earthquake occurrences within each
magnitude subclass adhere to a Poisson distribution when
represented as a point process over time. In this regard, the
catalog was segmented into five magnitude bins: 2 < My, < 3,
3<My <4, 4<My <5, 5<M, <6, and My, > 6. Subse-
quently, the average number of earthquakes per decade was
estimated for each magnitude bin. Let the number of events
per unit time interval be defined as x1, x2, ..., x, for each
magnitude bin; the unbiased estimate of the mean rate per
unit time interval is given by Eq. (11):

1 n
h=—= xi, (1)
i3

where n denotes the unit time interval. The variance is in-
versely proportional to the length of the sample period and
is defined as af = %, where T is the duration of the sample.
The standard deviation of the mean occurrence is defined as
o) = \/; . A plot of Stepp’s method for the five magnitude
bins is shown in Fig. 16, where the standard deviation of the
mean rate for the different magnitude bins versus time inter-
val is plotted. The time interval used in the present study is
10 years, starting from the present year (2023) and extend-

https://doi.org/10.5194/nhess-25-4021-2025



S. K. Maiti and B. Kim: Homogeneous earthquake catalog of South Korea

(a) Mainshocks (Marsan)
125°E 130° E

4033

(b) Aftershocks (Marsan)

125°E 130°E

45° N

= ZZ
g EL
=z | z=z
gpw = g :
> 2.0 - 3.0% ©20-30
©3.1-40 ©3.1-40
®©41-5.0 c““’c ®©41-5.0
®51-6.0 . ®51-6.0
Z®61-7.0 Z“Z @6.1-7.0 =
SIXTA-79 oo wmm = S| *71-79 o w mm | b
125°E 130°E 125°E 130°E

Figure 13. Declustered seismicity map using the Marsan algorithm depicting (a) mainshocks and (b) aftershocks, covering the period from
1905 to 2023. Terrain basemap generated from the SRTM GL1 digital elevation model (NASA Shuttle Radar Topography Mission, 2013).
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Figure 14. Histogram plots for (a) number of events by magnitude and (b) temporal distribution of events for mainshocks and aftershocks

using the Marsan algorithm.

ing backward into the past. Thereafter, tangent lines with a
slope of 1/+/T for each magnitude bin are plotted. The com-
pleteness period of that magnitude class is identified during
the period when the data followed a trend parallel to the tan-
gent line. The point at which this downward trend deviates
indicates the beginning of an incomplete period of catalog
reporting for a specific magnitude interval.

A summary of the completeness analysis using the two
methods (CUVI and Stepp) for all four declustered catalogs
is presented in Table 3 for comparison. In the past, only sig-
nificantly large earthquake events were recorded or reported.
However, smaller earthquakes began to be recorded as the
seismograph network expanded and became more sensitive
over time. The completeness results based on both meth-

https://doi.org/10.5194/nhess-25-4021-2025

ods indicate the completeness level of small- to moderate-
magnitude earthquakes has been achieved over the last 40
years with advancements in seismic monitoring. Interest-
ingly, the completeness period tended to increase for higher-
magnitude earthquakes, showcasing the limited capabilities
of the seismograph network to capture moderate to large
seismic events across a broader range over time. The com-
pleteness analysis results for both methods yielded consis-
tent ranges of completeness periods (Table 3). The similari-
ties between the findings of the two methods suggest a degree
of validation and mutual support, reinforcing the accuracy of
the identified completeness periods for seismic events. The
Supplement includes detailed information on the periods of
magnitude completeness obtained through other declustered

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025
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catalogs (Figs. S1-S6). The completeness analysis results for
the multiple declustering catalogs enhanced the comprehen-
siveness of the study, allowing for a thorough comparison of
their findings. Notably, the completeness period for the mag-
nitudes across these declustered catalogs demonstrated simi-
lar results, reflecting a consistent trend in earthquake record-

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025

ings over time. Despite variations in the mainshocks identi-
fied by each declustered catalog, the coherence in the com-
pleteness periods suggests a shared understanding of seis-
micity patterns within the studied region.

6 Results and discussion

The results of the earthquake declustering analysis conducted
for the Korean Peninsula using four discrete methods — Gard-
ner and Knopoff, Uhrhammer, Reasenberg, and Marsan and
Lengliné — reveal variations in the categorization of after-
shocks and dependent events, as presented in Table 4. Differ-
ent methods have distinct criteria for identifying dependent
events. Consequently, these procedures yield different num-
bers of independent and dependent events. In particular, the
Gardner and Knopoff algorithm exhibited a notable tendency
to classify a significant proportion (51 %) of events with
stronger shaking as dependent events, characterizing them as
aftershocks. Notably, a key contributing factor to the higher
count of dependent events observed with the Gardner and
Knopoff algorithm was the large spatial window employed,
which was originally developed based on the seismic charac-
teristics observed in earthquakes in California. By contrast,
the Uhrhammer method, while identifying dependent events,
uses a more conservative approach, resulting in a lower per-
centage of aftershocks. The Reasenberg algorithm demon-

https://doi.org/10.5194/nhess-25-4021-2025



S. K. Maiti and B. Kim: Homogeneous earthquake catalog of South Korea 4035

=lggged
S| 33330
2|00 0 0 >
T B >SS
SlElooceod
z| = |FTh o>~
g
o cnnenenn
o aaaa A
j5) cococ oo
= aaaaa
= =2 I N N A
] Sl omaonan
= E o> 0ond
< S|
2 A==
Sl——
51 o
1 I PP
S g S8 380
= & O U 0 O~
Bl B | >>»>>5
S|l eg|lmaoxdS
S| = | F o=
g
- ocnoonoonoonon
> aaaaa
5 coo oo
AQaaaa
Q| [N A A |
S lawnoon
C o> 9o
gl
@
=|lzzg2gs8
13§55
D B S
2lg|loogood
2| = | TP S0~
g
e en
& aaaaaq
= |5} [cRelelel -]
S| 2 Aaaaaa
121 8ddddd
:LE) Tl oA
RN IR~ NN N~ NN
o0 Alm=aaA
2
5 —| —
i<} .
= = | 888 ¢8¢g
2 S| 38333
2 Z |00 0 00
Slo| 8| >>>>%
|l |l g |lbwa oo
S| S|t o
5]
g
— N noenen
= [N NSNS
[cleBelel—]
Ble|3578F
“lglgegga
=
. RN IR NN S~ NN
% Alm=a=A
=]
Q
< nEEEE:
Q s S 8 I I O
E 2|00 0 0 »
DB >SS
=% Sl gloococod
aQ e <t v O 0 —
2 £
=
75] a oo
o aaaaa
T |2l E.|88885
g £lalg (99999
— T EleR38ey
= & S|
5 5 A= ===
gl —|—
o |E e wvee
o | £ 5| 55586
= = BEEEESS
=] _:"8 8
0>
éﬁ DEE < n o
.- Q
7]
= ,_E. o enenen
= aaaaaA
) cococoo
2 gl=|39929
n Olglvuosox
< E oo FA
— S|
o Ay | = o= = =
) PR (O
=] »
2 —|2zzeeg
3= 4 SIS0
=) 2|0 0 0 0 >
) R
< Sl Eloocoocod
E 5 | = <+ O 0 —
- E
=] coenonon
2 5 |ddddd
O 2 AQaaaa
4= Q|| 9 |
= =} Sl oo™
= = C|lo>oxq
1 S|
o g Al =2=22
o |
o =
15}
%] = 4]
h=} e =|zgzg2gs8
o) 5 Sl s IO
= 2|00 0 0 >
5 Og S| >
RN v E=]
=% T|E v TR 6=
2 g
w2
— e en
“:’ > aaaaaq
b5 5 cococ oo
b olzg 99999
=2 Sl lgw=own
=% E om0 FA
S|
g a|22222
o
O o
. = ceeee
(3o} 2 e RS
2 5 AL AL AL AL AL
< S |$54853
&

https://doi.org/10.5194/nhess-25-4021-2025

strated the most conservative stance, removing the minimal
number of stronger dependent events and accounting for ap-
proximately 37 % of the datasets as aftershocks. Importantly,
the Marsan and Lengliné method introduces a new perspec-
tive on the stochastic approach and classifies fewer main-
shocks, accounting for only 40 % of the dataset. This method
displays a distinctive tendency to identify a higher propor-
tion of aftershocks, contributing to a more restrained count
of mainshocks. This observation adds a layer of complexity
to the overall findings, suggesting that the algorithm tends to
overestimate aftershocks compared to other traditional meth-
ods. In addition to the results obtained for the Korean Penin-
sula, Table 4 presents a comparative summary of findings
from selected studies conducted in other regions worldwide.
These studies report the proportion of dependent events re-
moved and mainshocks retained using various declustering
algorithms. While the tectonic settings differ, the consistent
application of comparable methodologies allows for mean-
ingful contextualization of our findings. For example, simi-
lar to our results, previous studies have shown that the Gard-
ner and Knopoff method tends to eliminate a larger percent-
age of events due to its conservative space—time window-
ing, whereas clustering methods like Reasenberg retain more
mainshocks.

In addition to the declustering analysis, we evaluate the
impact of each declustering method on the frequency—
magnitude distribution by comparing the Gutenberg—Richter
(GR) parameters of the homogeneous and declustered cata-
logs. The GR relationship (Gutenberg and Richter, 1944) ex-
presses the logarithmic frequency of earthquakes exceeding
a given magnitude M and is defined as (Eq. 12)

10g10N=a—bM, (12)

where N is the cumulative number of events with magnitude
>m, the a value characterizes the overall seismicity rate,
and the b value (the slope parameter) describes the relative
proportion of small earthquakes to large earthquakes. To as-
sess the consistency of this distribution across different cata-
logs, we estimate the b value using the maximum likelihood
method proposed by Aki (1965) and Utsu (1965), given by
Eq. (13):

logjp(e)
[Mmean - (Mmin - %)] 7

where Mmean 1S the mean magnitude, Mp, is the minimum
magnitude above which the catalog is complete, and Am is
the magnitude bin size (= 0.1 in the present study). Once the
b value is estimated, the corresponding a value is computed
by fitting the GR (Eq. 12).

The results of this analysis are summarized in Table 5.
The parameters were estimated separately for the entire study
area and the South Korean mainland, allowing for the assess-
ment of regional variations. The comparison of magnitude—
frequency distributions shows that b values remain relatively

b=

13)
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Table 4. Declustering results for the Korean Peninsula and summary of findings from selected studies in other regions.

Study

Declustering method

Mainshocks

Aftershocks

Notes

Present study

Gardner method
Uhrhammer method
Reasenberg method
Marsan method

30912 (49 %)
38572 (61 %)
39978 (63 %)
25229 (40 %)

32386 (51 %)
24726 (39 %)
23320 (37 %)
38069 (60 %)

Region: Korean Peninsula and

surroundings

Perry and Bendick (2024) GK 3018 (19%) 12876 (81 %) Japan (2010-2018)
Reasenberg 2855 (18 %) 13039 (82 %)
Uhrhammer 4410 28 %) 11484 (72 %)
Zhuang-ETAS Stochastic 6001 (38 %) 9893 (62 %)

Nas et al. (2019) GK 6713 (51 %) 6593 (49 %)  Tirkiye catalog (1900-2016)
Reasenberg 11420 (85 %) 1886 (15 %)
Uhrhammer 9009 (67 %) 4297 (33 %)
ETAS 6959 (52 %) 6347 (48 %)

Poudyal et al. (2025) GK 1466 (45 %) 1724 (54 %) Kathmandu Valley
Reasenberg 2313 (72 %) 877 (28 %)
Uhrhammer 1770 (55 %) 1420 (45 %)

Perry and Bendick (2024) GK 2891 (44 %) 3633 (56 %) Northern Rockies (Canada)
Reasenberg 5222 (80 %) 1302 (20 %)
Uhrhammer 4539 (70 %) 1985 (30 %)
Zhuang-ETAS Stochastic 1862 (29 %) 4662 (71 %)

GK - Gardner and Knopoff (1974). ETAS — Zhuang et al. (2002).

Table 5. Summary of results, including Gutenberg—Richter a and b values for all declustered catalogs, along with the changes in a and b

(Aa, AD) relative to the homogeneous catalog.

Method Entire study region ‘ Mainland South Korea

a value b value Aa Ab ‘ a value b value Aa Ab
Homogeneous catalog 6.98 0.83 - - 6.18 1.26 - -
Gardner method 6.50 0.79 —-048 —0.04 5.68 1.15 —-0.50 —-0.11
Uhrhammer method 6.65 0.82 —-033 —-0.01 5.78 1.16 —-0.40 -0.10
Reasenberg method 6.72 0.8 —-026 —0.03 5.87 1.18 —-0.31 —0.08
Marsan method 6.40 0.75 —-0.58 —0.08 5.58 .11 —-0.60 —0.15

consistent across different declustering methods. However,
notable variations were observed in the a values, which re-
flect the overall rate of seismicity. These variations reflect
differences in the total number of events retained in each
catalog and thus in the estimated seismicity rates. In gen-
eral, all declustering methods reduce the a value relative to
the homogeneous catalog, reflecting a lower total number of
earthquakes retained in the catalogs after dependent events
are removed. The b value, which characterizes the relative
proportion of small to large earthquakes, also shows some
variation across methods. For the entire study region, the b
value ranges from 0.75 (Marsan method) to 0.82 (Uhrham-
mer method) compared to 0.83 in the raw catalog. The
Marsan method, which retains 40 % of mainshocks, results
in the largest drop in both a value (Aa = —0.58) and b value
(Ab = —0.08), suggesting a significant reduction in both

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025

overall seismicity rate and the proportion of smaller earth-
quakes. The Gardner method, which retains 49 % of main-
shocks, also shows a notable reduction (Aa = —0.50, Ab =
—0.11), followed by more moderate decreases using the
Uhrhammer and Reasenberg algorithms. On the South Ko-
rean mainland, similar trends are observed. The b value de-
clines from 1.26 in the raw catalog to as low as 1.11 under the
Marsan method (Ab = —0.15), with corresponding reduc-
tions in the a value from 6.18 to 5.58 (Aa = —0.60). This im-
plies that the Marsan method preferentially removes smaller-
magnitude clustered events, leaving a catalog weighted more
toward larger events. Overall, the Marsan method shows the
strongest influence on both the frequency and the magnitude
distribution of seismicity, while Uhrhammer and Reasenberg
preserve a b value closest to that of the homogeneous catalog.
A decrease in the b value is often interpreted as an indication

https://doi.org/10.5194/nhess-25-4021-2025
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of higher regional stress and a catalog dominated by rela-
tively larger events. On the other hand, the a value represents
the overall rate of seismicity, and a reduction implies fewer
expected earthquakes, which can significantly affect seismic
hazard calculations. Thus, the catalog declustering algorithm
directly impacts both the estimated occurrence rates of earth-
quakes and the inferred tectonic behavior of the region. Al-
though the present analysis provides a first-order assessment
based on spatially aggregated regions, a more robust eval-
uation of declustering impacts on hazard would require in-
corporating detailed source-based models. These would in-
volve polygonal or tectonic source zones, enabling improved
source characterization and more accurate regional seismic-
ity modeling. Therefore, careful evaluation of the decluster-
ing approach is essential for producing robust seismic source
models, particularly in regions with frequent clustered seis-
micity.

The time-series analysis of the cumulative seismicity for
each algorithm is visually depicted in Fig. 17 for the main-
shocks and Fig. 18 for the aftershocks. These plots provide
a comprehensive representation of the cumulative number of
seismic events over time. In Fig. 16, which focuses on the
mainshocks, the trends observed across the algorithms pro-
vide valuable insights into the temporal distribution of sig-
nificant seismic events in the region. Each algorithm’s dis-
tinctive declustering approach becomes apparent and influ-
ences the accumulation of mainshocks over time. Notably,
the Reasenberg algorithm, with its tendency to classify a
higher proportion of events as mainshocks, may exhibit a
steeper upward trajectory in the cumulative seismicity plot
compared with the more conservative approaches of the oth-
ers. By contrast, in Fig. 17, the Marsan and Lengliné method,
with its tendency to identify more aftershocks, may show a
steeper pattern in the cumulative plot. Time-series plots serve
as tools to assess the performance of declustering algorithms
over time, allowing researchers and seismic hazard practi-
tioners to identify patterns, anomalies, and potential areas of
improvement. In addition, the plots for mainshocks and after-
shocks provide valuable information for refining declustering
methodologies and enhancing our understanding of seismic
activity in the Korean Peninsula. For a visual representation,
the time of occurrence vs. a latitude—longitude comparison
plot of the mainshocks obtained from the four declustering
algorithms is depicted in Fig. 19. The seismic activity pattern
in the region reveals that no large (M, > 6) earthquakes have
occurred in the Korean Peninsula over the past 40 years, with
earthquakes occurring predominantly in the M, 2-5 range.
This implies that the region predominantly experienced low
to moderate seismic activity. The earthquake cluster indi-
cates a relatively stable seismic environment for the Korean
Peninsula, with occasional moderately high tremors. While
this might suggest a relatively low level of seismic hazard
based on recent activity alone, historical records and pale-
oseismic studies indicate that larger, potentially damaging
earthquakes have occurred in the region. Thus, the absence of

https://doi.org/10.5194/nhess-25-4021-2025
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Figure 17. Time-series plot of cumulative seismicity of mainshocks
for each algorithm.
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Figure 18. Time-series plot of cumulative seismicity of aftershocks
for each algorithm.

large earthquakes in recent decades should not be interpreted
as an assurance of long-term stability. Therefore, although re-
cent data indicate a reduced likelihood of significant seismic
events, the limitations of earlier data introduce a degree of
uncertainty into long-term seismic hazard assessments. This
highlights the importance of considering both instrumental
and historical information when evaluating regional seismic
hazard and risk analysis.

7 Conclusions

In this study, we prepared a homogeneous and complete
earthquake catalog for the Korean Peninsula and observed
disparities in the declustering results. In South Korea, there
is a high probability of seismic events in Gyeongsangnam-
do Province (southeastern region), highlighting the impor-
tance of seismic hazard evaluation for the region. The present
study emphasizes the importance of evaluating the effec-
tiveness of declustering techniques in seismic catalogs, fo-
cusing not only on the temporal properties of events but
also on their spatial features through clustering techniques.
Additional supplementary material is available, including a

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025
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Figure 19. Time of occurrence vs. latitude—longitude comparison plot of mainshock earthquakes using the (a) Gardner method, (b) Uhrham-

mer method, (¢) Reasenberg approach, and (d) Marsan method.

homogenized earthquake catalog, a declustered earthquake
catalog, and the results of the completeness analysis. Re-
searchers can access these resources in the Supplement. A
particular approach may not be suitable for different tectonic
settings, emphasizing the need for continued refinement and
adaptation of declustering algorithms to enhance their ac-
curacy in seismic hazard assessments. This study provides
valuable insights into seismic activities in the South Korean
region and serves as a foundation for further research to op-
timize declustering methodologies for enhanced seismic risk
evaluation and mitigation strategies. Nonetheless, identify-
ing the most effective method for removing dependent earth-
quakes is challenging because there is no inherently unique
approach, and the elimination results are not absolute. A fu-
ture extension of this work involves estimating seismic haz-
ards with a specific focus on discerning the distinct effects
associated with each declustered catalog. A detailed PSHA
is necessary to confirm the possible influence on the uniform
hazard spectra and disaggregation analysis. This is important
because different methods of studying earthquakes may yield
different results. By comparing these results, we can improve
our understanding of earthquake risks associated with the
declustering method and develop better plans to keep peo-
ple and structures safe. This homogeneous and declustered
earthquake catalog will serve as a reliable source for eval-
uating seismicity parameters and seismic hazards in South
Korea and its surrounding regions.

Nat. Hazards Earth Syst. Sci., 25, 4021-4041, 2025

Data availability. The earthquake data were downloaded
from the following websites: Korea Meteorological Ad-
ministration (KMA, 2023; https://necis.kma.go.kr/necis-dbf/
user/earthquake/selectEarthquakeList.do, last access: Decem-
ber 2023), International Seismological Centre (ISC, 2023;
https://doi.org/10.31905/D808B830) and Japan Meteorological
Agency (JMA, 2023; https://www.data.jma.go.jp/svd/eqev/data/
bulletin/index_e.html, last access: December 2023). The Shuttle
Radar Topography Mission (SRTM) 30m resolution digital
elevation data are available from the OpenTopography portal at
https://doi.org/10.5069/G9445JDF (NASA Shuttle Radar Topogra-
phy Mission, 2013). The homogeneous earthquake catalog and all
the declustered earthquake catalogs are provided in the Supplement
(.xIsx files). Refer to the resources provided and the Supplement
for further details.

Supplement. The supplementary documents include the fol-
lowing: the homogeneous earthquake catalog (Table S1), the
declustered earthquake catalog based on four methods (Ta-
bles S2-S5), and the completeness analysis results (Figs. S1-
S6). The supplement related to this article is available online
at https://doi.org/10.5194/nhess-25-4021-2025-supplement.
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