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Abstract we present a new flatfile of automatically processed ground motions recorded by both the
Kyoshin (K-NET) and Kiban-Kyoshin (KiK-net) networks in Japan. The flatfile comprises over 950,000 three-
component ground motions recorded over 29 years (between May 1996 and December 2025), including the
2024 and 2025 My > 7 Noto, Hyuga-nada, and Aomori earthquakes. The ground motions were recorded by Co
1,047 K-NET surface stations and 702 KiK-net surface and borehole stations, with events ranging from JMA
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magnitude 2.5 to 9 and distances up to 1,200 km. The records are systematically processed, with detailed

metadata describing both event parameters and recording characteristics. The flatfile includes key ground-
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motion parameters such as peak amplitudes (PGA, PGV, PGD), pseudo-spectral and Fourier amplitudes, and

quality indicators like signal-to-noise ratios and usable frequency ranges. This flatfile is the first to integrate
K-NET and KiK-net data at this scale, offering a harmonized and comprehensive resource for earthquake en-
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gineering research. Hosted in an open repository, it supports diverse applications, including ground-motion Accepted:

modeling, machine learning, and systematic analyses of ground-motion characteristics. The flatfile is avail-

able at https://doi.org/10.5880/GFZ.LKUT.2026.003.

1 Introduction

For systematic analysis of strong-ground motion data
and development of ground motion models (GMMs),
large and uniformly processed ground-motion datasets,
covering a wide range of magnitudes and distances,
are essential. A ground motion flatfile is a parametric
table containing processed earthquake waveform pa-
rameters, metadata, and intensity measures. Widely
used flatfiles include NGA-West 1 (Next Generation At-
tenuation Relationships for Western US, Chiou and
Youngs, 2008) and 2 (Ancheta et al., 2014) for global shal-
low crustal earthquakes in active tectonic regions; RE-
SORCE (Reference Database for Seismic Ground-Motion
in Europe, Akkar et al., 2014) and ESM (European Engi-
neering Strong-Motion, Lanzano etal., 2019; Luzi et al.,
2020) for Europe; and the works of Dawood et al. (2016)
and Bahrampouri et al. (2020) for Japan. More recently,
country-specific flatfiles have been developed for e.g.
Chile (Bastias and Montalva, 2016; Castro et al., 2022;
Bastias et al., 2026), New Zealand (Manea et al., 2023),
Tiirkiye (Sandikkaya et al., 2024), and France (Traversa
et al., 2020; Buscetti et al., 2024).

Japan hosts one of the world’s most extensive, contin-
uously operating seismic networks, with the Kyoshin (K-
NET) and Kiban-Kyoshin (KiK-net) networks operated
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by the National Research Institute for Earth Science and
Disaster Resilience (NIED) (2019). These networks pro-
vide high-quality ground-motion data from 1,047 sur-
face stations (K-NET) and 702 surface and borehole sta-
tions (KiK-net) (Aoi et al., 2011; Okada et al., 2004), and
have added incredible value for strong-motion research
worldwide (e.g., Zhao et al., 2006; Kokusho and Sato,
2008; Bonilla et al., 2011; Dawood and Rodriguez-Marek,
2013; Kaklamanos et al., 2013; Wang et al., 2023). The
large scale and high quality of the data have also allowed
for training and testing of new methods that require
large amounts of data, e.g. machine learning methods
(e.g., Derras et al., 2020; Roten and Olsen, 2021; Esfa-
hani et al., 2022; Lilienkamp et al., 2022). A few years
ago, building upon the work of Dawood et al. (2016)
(hereafter referred to as DAW16), Bahrampouri et al.
(2020) (hereafter BEA20) developed an updated flatfile
for KiK-net ground motions including a wider magni-
tude range, a new automatic processing scheme, and
new ground motions recorded up to the end of 2017.

Since then, over 4,000 additional earthquakes have
been recorded by KiK-net and K-NET, including sev-
eral major events: the 2018 My 6.6 Hokkaido East-
ern Iburi Earthquake (Ito et al., 2021), the 2022 My
7.4 Fukushima Earthquake (Kobayashi et al., 2023), the
2024 Mw 7.5 Noto and M 7.1 Hyuga-nada Earthquakes
(Fujii and Satake, 2024; Itoh, 2025), and the 2025 My
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7.6 Aomori earthquake (Yoshida et al., 2026). Here we
provide a significantly expanded flatfile that includes
records through December 2025 from both KiK-net and
K-NET (DAW16 and BEA20 considered ground-motions
from KiK-net only). The processing steps largely fol-
low the methods of Boore (2005) and Ancheta et al.
(2014), with some processing steps (e.g. selection of
cutoff frequencies) differing from the previous datasets.
The flatfile contains an extensive and more complete set
of ground motion intensity measures, such as RotD50
pseudo-spectral amplitudes (PSA); Fourier amplitude
spectra (FAS); peak ground acceleration (PGA), velocity
(PGV), and displacement (PGD); Arias intensity; signifi-
cant duration; and cumulative absolute velocity (CAV).
In addition, we include several quality measures, in-
cluding usable frequency ranges, signal-to-noise ratios,
and an energy ratio parameter for detecting multiple
event arrivals.

This flatfile is therefore well-suited for earthquake en-
gineering research and systematic analysis of ground
motions, particularly on K-NET, and large scale compar-
ison between KiK-net and K-NET, which has not been
possible with previous ground motion datasets (Dawood
etal., 2016; Bahrampouri et al., 2020). Furthermore, be-
cause the waveform processing is fully automatic, the
flatfile can be continuously updated with new ground
motion records. In the following sections, the auto-
matic processing steps are described and the resulting
ground motion parameters are compared to other sim-
ilar datasets.

2 Earthquake databases in Japan:
NIED, JMA, and F-net

Japan is one of the most seismically active regions glob-
ally and has deployed strong-motion stations since the
1950s (Aoi et al., 2011). Following the 1995 Great Han-
shin Earthquake, a major initiative was undertaken to
establish a dense and uniformly distributed network of
seismic stations capable of recording a broad range of
amplitudes and frequencies. This led to the develop-
ment of the broadband F-net, the high-sensitivity Hi-
net, and the strong-motion networks K-NET and KiK-net
(Aoi et al., 2011; Okada et al., 2004).

The K-NET network consists of 1,047 surface stations,
uniformly spaced at approximately 20 km intervals, pri-
marily in urban areas. In contrast, the KiK-net network
comprises 702 co-located surface and borehole stations,
integrated with Hi-net. In terms of site conditions, K-
NET stations are generally located on softer soils with
deeper sediments, as indicated by the distributions of
the average shear-wave velocity in the top 10m (Vs10)
and fundamental frequency (fp), shown in Figure la
and b. Although Vg3 is a more commonly used site pa-
rameter, it is not readily available for K-NET sites; there-
fore, Vs19 is used here for comparison. The site param-
eters are retrieved from the site dataset of Zhu et al.
(2021) which consists of a large variety of site parame-
ters for the KiK-net and K-NET stations. The spatial dis-
tribution and event density for both networks are shown
in Figure 1c and d.

The borehole depth and the Vs atthe KiK-net borehole
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sensor are shown in Figure le and f. Although the KiK-
netboreholes are at least 100 m deep and were designed
to reach engineering bedrock, Figure 1f shows that this
is not always achieved with Vg pborenole @s low as 300 m/s
for a few sites.

In addition to strong-motion data from KiK-net and
K-NET, we incorporate earthquake information from
the Japan Meteorological Agency (JMA) catalog and
moment tensor solutions from the F-net catalog. Be-
cause KiK-net and K-NET metadata provide origin times
only to the nearest minute, precise origin times from
JMA and F-net are used. While both catalogs contain
identical hypocenter information, the JMA catalog pro-
vides higher completeness, whereas the F-net catalog
includes moment tensor solutions (Fukuyama, 1998).
To ensure accurate event matching, we associate earth-
quakes recorded by KiK-net and K-NET with both cat-
alogs using the origin times (in UTC), JMA magnitude
(Mjma), epicenter location, and distance in terms of
surface rupture length surrounding the epicenters. The
rupture length is estimated from the magnitude-scaling
relation of Blaser et al. (2010). Although the estimated
rupture length has uncertainty related to magnitude er-
rors and misclassifications of focal mechanism, apply-
ing a fixed distance-window criterion would fail to ac-
count for the wide magnitude range in this dataset.

Events are considered matches when their differ-
ences in origin time are less than one minute, mag-
nitude differences are within 0.3 units, and distances
between K-NET/KiK-net and JMA epicenters are within
three times the estimated rupture length. Due to un-
certainties in depth estimation and the possibility that
some events may have been assigned a standard depth
(e.g., 320 events have depth =0m), we do not include
depth as a matching criterion.

The final JMA Unified Hypocenter Catalog is available
until December 2023, while the F-net catalog includes
events from January 1997 to December 2025. Between
May 11, 1996, and December 31, 2025, a total of 20,742
earthquakes were recorded by KiK-net and K-NET. Of
these:

+ 17,941 (86.5%) match events in the JMA catalog (up
to December 31, 2023)

+ 12,414 (59.8%) match events in the F-net catalog (up
to December 31, 2025)

For processing, we retain only events matched in ei-
ther (or both) the JMA or F-net catalogs, excluding un-
matched records. The final flatfile includes all available
magnitude scales (Mjna, Mw, My, etc.) and depth val-
ues from both catalogs. The distributions of magnitude,
depth, and event year for the included earthquakes of
each catalog are shown in Figure S1 in Supplementary
Material.

2.1 Focal mechanisms

In this study, we use moment tensor solutions from F-
net (Fukuyama, 1998) and classify earthquakes as re-
verse (R), strike-slip (S), or normal (N) based on the dip
angles of their respective axes relative to the horizon-
tal, following the criteria of Boore and Atkinson (2007),
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Figurel Comparisonof K-NET (green)and KiK-net (orange) site characteristics. (a) Distribution of V519 and (b) fundamental
frequency (fy), both obtained from the site dataset of Zhu et al. (2021). (c) Spatial distribution of K-NET stations and (d) KiK-
net stations, with colors indicating the number of recorded events per station. (e) The distribution of depth to borehole, note
that by design most boreholes are 100 or 200 m deep (Okada et al., 2004). (f) The distribution of Vg at the borehole sensor for

the KiK-net borehole stations.

as summarized in Table 1. An event remains undefined
(none) when not meeting any of the criteria set in Tab. 1
or when the moment tensor solution is not available (no
F-net match).

Focal mechanism

P-axis plunge T-axis plunge

Reverse (R) < 40° > 40°
Strike-slip (S) < 40° < 40°
Normal (N) > 40° < 40°

Table 1 Fault-type definition based on the criteria of
Boore and Atkinson (2007).

The number of events per focal mechanism and the
spatial distribution of the classified events are shown
in Figure 2. The majority of recorded events are clas-
sified as reverse (R) or undefined (none, mainly due to
no match with F-net catalog), which is consistent with
Dawood et al. (2016) and Bahrampouri et al. (2020).

2.2 Distance Metrics and Rupture Plane Esti-
mation

Epicentral (R.p;) and hypocentral (Rhypo) distances,
representing the distances between a site and the earth-
quake epicenter and hypocenter, respectively, are com-
puted for every record in the dataset. The Joyner-Boore
(RjyB) and rupture plane (R,,p) distances are calculated

3

only for events matched with the F-net catalog. These
distances measure the shortest distance from a site to
the rupture plane, with R,,, being the minimum dis-
tance to the rupture surface and R;jp representing the
shortest distance to the surface projection of the rup-
ture plane.

The rupture planes used to compute Rjg and Rryp
are either directly from NIED (National Research In-
stitute for Earth Science and Disaster Resilience, 2025)
rupture models or estimated from the hypocenter loca-
tion, My, fault strike, dip, and rake from the F-net cat-
alog (Fukuyama, 1998). The NIED rupture models are
available for 12 significant earthquakes which are listed
in Table S1 in Supplementary Material. For all other
events that are matched with the F-net catalog, the rup-
ture dimensions are estimated using the fault scaling re-
lations of Blaser et al. (2010). The minimum distance
is then determined using an iteratively refined mesh.
All estimated rupture planes account for Earth’s curva-
ture, and are verified to ensure that calculated rupture
planes do not extend above the Earth’s surface; if nec-
essary, the plane is adjusted down-dip to position the
centroid just below the seismogenic depth (Scherbaum
et al., 2004).

Our calculated Rjp and R,,, distances for KiK-net
records are compared against corresponding distances
from the BEA20 and DAW16 datasets (Fig. 3). Because
different studies employ varying methods to estimate
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F-net catalog.

rupture planes and fault scaling, exact agreement be-
tween distance calculations is not expected. However,
despite these methodological differences, the distri-
butions of Rjg and R,,, are similar across datasets,
with high Spearman correlation coefficients (p > 0.96).
Nonetheless, Figure 3 show that notable differences ex-
ist, also between DAW16 and BEA20, and particularly
for higher-magnitude events (darker colored points in
Fig. 3). The primary source of these discrepancies is
likely the method used to define rupture planes and se-
lect fault-scaling relations. Both DAW16 and BEA20 ap-
plied the approach of Chiou and Youngs (2008), where
the Wells and Coppersmith (1994) scaling relation is
used for all fault types. However, BEA20 further in-
corporated the relations of Thingbaijam et al. (2017),
differentiating between shallow crustal and subduction
earthquakes. In this study we employ the fault scaling
of Blaser et al. (2010), which is based on a larger dataset
than Wells and Coppersmith (1994) and also includes
subduction events.

Another key distinction is the method used to deter-
mine the shortest distance to the rupture plane. This
study refines a grid iteratively to locate the minimum
distance, whereas DAW16 and BEA20 generated mul-
tiple (100-1000) rupture realizations and used the me-
dian distance. This difference contributes to deviations
in the calculated distances, particularly for large rup-
ture planes and high-magnitude events. Moreover, for

4

larger earthquakes (Mjya > 5) and when available, rup-
ture models from published sources are used. How-
ever, because multiple rupture models often exist for
the same event, the different datasets do not necessarily
use the same rupture models. This further explains why
most of the events exhibiting large deviations are high-
magnitude events, with the most significant differences
observed for the My s 9 Tohoku earthquake of March
11, 2011.

While these differences in Ry and Ry, highlight the
uncertainty associated with the calculations, it is be-
yond the scope of this study to draw conclusions about
which method and results are most correct. The aim
of this comparison is rather to demonstrate the overall
consistency of results (as indicated by the high correla-
tion coefficients) while acknowledging the inherent dif-
ferences between approaches.

3 Automatic Processing of Accelera-
tion Waveforms

The acceleration waveforms were processed automat-
ically following the steps illustrated in Figure 4. The
waveforms for each component were read, and the units
were converted from cgs to SI, i.e., from gal to m/s2. The
data were then demeaned and detrended using a first-
order polynomial to remove any linear trends.
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One of the primary challenges associated with the
Kyoshin networks is that the records are trigger-based.
Ideally, each record should begin at least 15 seconds be-
fore the P-wave arrival; however, this is not always the
case. Some records start after the P-wave arrival or,
in some cases, even after the S-wave arrival. Records
that start after the S-wave arrival are discarded. To de-
termine whether the P- and S-wave arrivals are within
the recorded waveform, we use a travel-time table from
JMA to calculate the theoretical P- and S-wave arrival
times. The JMA travel-time table provides the P- and S-
wave travel times as a function of focal depths and epi-
central distance. Bilinear interpolation is then used to
obtain any value within the table’s range (distance: 0 km
to 2000 km, depth: 0km to 700km). The travel time is
then added to the event origin time to estimate the ar-
rival times at the recording station. Since the origin
times provided in the metadata are only accurate to the
nearest minute, we use the origin times from the JMA
catalog. If the theoretical P-wave arrival occurs signifi-
cantly late after the start of the record (here, arbitrarily
set to 80s), the record is cut to 11 seconds before the
theoretical P-arrival to retain only the relevant portion
of the waveform.

3.1 Energy Ratio

Identifying waveforms containing multiple event ar-
rivals is a major challenge in automatic processing.

5

Such waveforms can cause high-frequency distortion
and unreliable estimates of certain intensity measures,
such as Arias intensity and CAV (Dawood et al., 2016;
Bahrampouri et al., 2020).

To assess the potential for multiple event arrivals in
the time series, we introduce a method that compares
the computed energy within the theoretical P- and S-
wave windows to the total energy of the entire record.
In an undisturbed waveform, most of the energy (here
set to 80%) should be within the theoretical P- and S-
wave windows (e.g., Perron et al., 2018). If more than
20% of the total energy lies outside this window, we as-
sume contamination by an unexpected signal, such as
another event arrival. These records are still included
in the flatfile but should be used with caution.

The theoretical S-wave window duration is calcu-
lated following Perron et al. (2018), using the corner
frequency (f.) derived from the Brune model (Brune,

1970):
) 1/3

where the average crustal shear-wave velocity (Vs crust)
is set to 3500 m/s, the stress drop Ac = 1MPa, and
the seismic moment M, is computed from the mo-
ment magnitude My, using the relation from Kanamori
(1977):

16A0 - 10°

Mo (1)

fc = O~37VS,crust <

MO — 101.5Mw+9.1.

(2)
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Figure 4 Flow chart of the processing steps. The grey boxes refers to input and output of the processing. The processing
stepsin the green boxes are applied to the waveforms, while the processing in the blue boxes are related to computations of
values from the waveforms. Each processing step is described in more detail in the Processing steps section.

The theoretical S-wave window duration Dg is then
given as:

DS = min |:maX (DS,mina fi + (TS - TP)> 7DS,maX:| ;
Cc

(3)
where Tp and Ts are the theoretical P- and S-wave ar-
rival times obtained from the JMA travel-time table, and
Dg min and Dg pyax are the minimum and maximum S-
wave durations, respectively. Dg min 1S here set to 5s,
to ensure sufficient spectral resolution at low frequen-
cies (Perron et al., 2018), particularly for waveforms
recorded at stations close to the hypocenter. Dg pax
is set to 120 s as this was initially the minimum length

of the raw waveforms from the Kyoshin networks (Aoi

6

etal., 2011; Okada et al., 2004).

The energy of the theoretical P- and S-wave window
(combined) and the energy of the entire waveform (of
each component) are computed as the sum squared
acceleration amplitudes. Finally, the ratio of signal-
window energy to total energy is obtained for each com-
ponent. If the mean energy ratio of the three compo-
nents is less than 80%, the record is flagged as a po-
tential multiple-event arrival, as demonstrated in Fig-
ure 5 for a waveform recorded on 2004-10-23 at station
NIGO028. It should be noted, however, that this method
does not detect cases where multiple arrival events oc-
cur within the theoretical P- and S-wave window. For
such cases, there is no simple and automatic way to de-
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tect multiple arrival events.

3.2 Determination of Signal and Noise Win-
dows

The observed first arrival is automatically detected us-
ing the Short-Term Average over Long-Term Average
(STA/LTA) method (Allen, 1978), following the approach
of Akazawa (2004). The first arrival is identified as either
P- or S-wave depending on whether the waveform starts
before or after the theoretical P-wave arrival. If the first
arrival is P-wave and at least 11 s of pre-event data are
available, we use the pre-event window as noise. If the
first arrival is S-wave or insufficient pre-event noise is
available, the noise window is selected either as the last
20 seconds of the record, or (if the last 20 seconds con-
tain excessive noise) a quieter noise window (at least 11
seconds long) is identified between the end of the main
signal and the end of the record.

Identifying a suitable noise window unaffected by
earthquake signals is crucial for accurately estimating
the signal-to-noise ratio (SNR). Pre-event noise is pre-
ferred over post-event noise because KiK-net and K-NET
records have limited durations (typically not exceeding
300s), increasing the likelihood of coda wave contam-
ination at the end of the signal. To evaluate the noise
window quality, we compute the ratio of noise window
energy to total waveform energy. If this noise energy
ratio is low, we assume minimal earthquake signal con-
tamination. A threshold of 1% is used, corresponding to
the mean noise energy ratio for records with sufficient
pre-event noise (at least 11 seconds before the P-wave
arrival).

If a waveform lacks sufficient pre-event noise and the
noise energy ratio of the post-signal window is too high
(> 0.01), an alternative noise window is sought at the
end of the signal. If no acceptable noise window is
found, the record is flagged but still included in the flat-
file and should be used with caution.

3.3 Significant Duration and End of Signal

The significant duration and end of the main signal are
determined using the running Arias intensity (Arias,
1970; Bommer and Martinez-Pereira, 1999):

t
Ialt) = 5 / a(r)? dr, @)

where a(7) is the acceleration at time 7 and g is grav-
itational acceleration. The normalized Arias intensity,
TA(t) = IA(t)/Ia(tmax), is computed, where t,,. is the
total waveform duration. Significant duration is defined
as the time interval between the 5th and 75th percentile
(Ds5_75) and the 5th and 95th percentile (D5_g5) of 14 (t)
(e.g., Bommer et al., 2009; Baker et al., 2021). The end of
the main signal is taken as the maximum of the 97.5th
percentile (Ds5_g7 5) and the theoretical S-wave window
duration Dg, as demonstrated in Figure S2 in Supple-
mentary Material for a waveform of the Chuetsu-oki
earthquake (237¢ of October 2004) at station SIT011. The
significant duration values (Ds_75, D5 _g5) which are in-
cluded in the flatfile are computed from the final pro-
cessed waveform.
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The waveform is cut to include only the signal, retain-
ing 5 seconds before the observed P-wave arrival to the
identified end of the signal. This ensures sufficient data
for subsequent tapering. If the observed P-wave arrival
occurs before the record start, the signal is cut to begin
5 seconds before the S-wave arrival. Records starting
after the S-wave arrival are omitted. After cutting, the
waveform is again detrended using a 1st order polyno-
mial.

3.4 Finding Usable Frequency Range and Se-
lecting Filter Corner Frequencies

To calculate the signal-to-noise ratio (SNR) and de-
termine the usable frequency band, the spectra for
both the signal and noise windows are computed and
smoothed. Spectral smoothing is performed using
LOESS (locally estimated scatterplot smoothing) regres-
sion (Hastie et al., 2009), where a fourth-order polyno-
mial is fitted over k£ = 30 nearest neighbors around each
target frequency.

The usable frequency band is defined as the fre-
quency range where the majority of the SNR values ex-
ceed 3 (Boore and Bommer, 2005), ignoring windows
with fewer than five samples (Fig. 6). The filter cor-
ner frequencies are selected as the minimum and maxi-
mum frequencies within this usable range, constrained
by predefined limits based on the noise window dura-
tion D, to avoid unrealistic values (Tab. 2).

Corner frequency Minimum Maximum
Lower cutoff frequency fe,o  fe,0,min =1/ Drnoise  fe,0,max =0.7 Hz
Higher cutoff frequency fe,1 fe,1,min =15Hz fe1.max =30Hz

Table 2 Minimum and maximum lower (f. o) and upper
(fe,1) corner frequencies used for filtering.

The inner frequency range (0.7Hz to 15Hz) is se-
lected to ensure a sufficiently wide frequency band for
each record, while f. 1 max 1S constrained by the 30 Hz
anti-aliasing filter applied to the data prior to record-
ing (Aoi et al., 2011). Each corner frequency is deter-
mined separately for the horizontal components, and
the more conservative of the two is selected, (f.o =
maX[fc,O,EW7 fc,o,Ns] and f.1 = min[fc,l,EWa fc,l,NsD-

Although using the most conservative frequency
band may filter out valuable information from high SNR
components due to an orthogonal component with low
SNR, we use the same cut-off frequency for all compo-
nents for two main reasons. Firstly, the pseudo-spectral
amplitudes are computed from a rotational combina-
tion of the horizontal components. Using a combina-
tion of the horizontal components for ground motion
analysis is common practice in earthquake engineer-
ing (e.g., Ancheta et al., 2014), where flatfiles are widely
used. Secondly, the selected cutoff frequencies are sub-
ject to large uncertainty due to the aforementioned is-
sue of finding a long, high-quality noise window.

If the selected f. > 0.7 Hz, the record is flagged for
potential low-frequency noise, and if f.1 < 15Hz, itis
flagged for potential high-frequency noise. The usable
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Figure5 Demonstration of how the energy ratio detects multiple event arrivals in the waveform for the My, 6.8 earthquake
recorded on October 23, 2004, at station NIG028. (a) Detrended waveform for the NS (black) and EW (silver) components.
(b-d) Energy ratio between the main signal window (P- and S-wave, dotted orange line) and the entire waveform (solid blue

line) for the (b) EW, (c) NS, and (d) UD components.

frequency range ratio is computed as

q _ fc,l — fc,O (5)
range — .
& fc,l,max - fc.,O,min

Records flagged for low or high-frequency noise, or with
grange < 0.6, should be used with caution. Additionally,
the mean SNR are provided for each horizontal compo-
nent. However, as discussed previously, SNR calcula-
tions depend on the selected noise window and should
only be considered reliable for records with acceptable
noise windows (i.e., with noise energy ratios < 0.01).
Note that while we provide guidelines for identifying
low-quality records, the flat file includes all records re-
gardless of grange and noise energy ratios. Therefore,
data selection is left to the user.

3.5 Filtering and Baseline Correction

Prior to filtering, waveforms are tapered to reduce spec-
tral leakage using a 2.5% cosine taper (Havskov and Ot-
temoller, 2010) and padded with zeros to prevent con-
tamination from finite-duration signal effects and the
circular properties of the Fast Fourier Transform (FFT)
(Boore, 2005).

Filtering is performed using an acausal fourth-order
Butterworth filter (implemented with the SCIPY Python
package). After filtering, the zero-padding is removed,
and a baseline correction is applied to eliminate non-
physical long-term trends, ensuring compatibility be-
tween the processed acceleration, velocity, and dis-
placement time series (Boore et al., 2012). The baseline
correction follows the approach of Boore et al. (2012)
and Ancheta et al. (2014).
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First, the acceleration time series is double-
integrated to displacement. A sixth-order polynomial,
with constraints on the zeroth and first-order coeffi-
cients to prevent shifts in displacement and velocity,
is then fitted to the displacement trace. Finally, the
second derivative of this polynomial is subtracted from
the acceleration trace, and the corrected acceleration
trace is integrated to obtain the corrected velocity and
displacement time series.

3.6 Calculation of Intensity Measures

In the final step, before calculating intensity measures,
the baseline-corrected acceleration and velocity time
series are oversampled to 400 Hz. Oversampling is per-
formed using the Whittaker-Shannon interpolation for-
mula (Shannon, 1949), also known as sinc interpola-
tion, where the original time series is convolved with
the sinc function at time ¢ and time interval A¢. The
purpose of oversampling is to estimate the largest po-
tential extrema within the dataset (Nigam and Jennings,
1969; Boore and Goulet, 2014). While linear interpola-
tion of the time-series could lead to underestimation of
the absolute peaks and introduce high frequency noise
above the Nyquist frequency (fxyquist), the sinc inter-
polation used here avoids these issues by zero-padding
the Fourier spectra beyond fyyquist before transforming
back to time domain (Boore and Goulet, 2014). To eval-
uate the impact of oversampling we compute the peak
amplitudes before and after oversampling. The com-
parison, shown in Figure S3 in Supplementary Mate-
rial, shows that the values are highly similar, with Spear-
man’s correlation coefficients p > 0.99, demonstrating
that oversampling does not introduce artifacts in the
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Figure6 Selection of the usable frequency range and corner frequencies for filtering, demonstrated for the EW (top) and NS
(bottom) components of the My 4.8 earthquake recorded on November 11, 1999, at station HYGHO02. The signal and noise
are smoothed using LOESS (locally estimated scatterplot smoothing) regression.

peak amplitude computation.

The peak amplitudes for acceleration (PGA), velocity
(PGV), and displacement (PGD) are then identified as
the absolute maxima of the oversampled traces for each
horizontal component. Additionally, pseudo-spectral
acceleration (PSA), Fourier amplitude spectra (FAS),
Arias intensity (I4), significant duration (D5_75, D5_g5),
and cumulative absolute velocity (CAV) are computed
from the processed waveforms.

PSA, which represents the peak response of a single-
degree-of-freedom (SDOF) harmonic oscillator sub-
jected to a ground motion record, is calculated using the
Nigam and Jennings (1968, 1969) algorithm. PSA values
are computed for RotD0, RotD50, and RotD100, which
are determined by rotating the two horizontal compo-
nents in 1° increments through all angles (0° to 180°).
At each angle, spectral acceleration is computed from
the rotated time series, and RotD0, RotD50 and, RotD100
are defined as the minimum, median, and maximum,
respectively, over the rotation angle for each response
period T (Boore et al., 2006; Boore, 2010).

The FAS for all three components are calculated using
the discrete Fourier transform for 239 logarithmically
spaced frequencies between 0.1 Hz and 24 Hz. Arias in-
tensity (I4) and CAV are computed from the accelera-
tion time series (a(7), e.g., Baker et al., 2021):

T tmax

I a(T)2 dr (6)

29 Jo
and

tmax
CAV = / la(T)|d, (7)
0

where g is gravitational acceleration.
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4 Processed Dataset Overview

Of the 20,742 earthquakes recorded by KiK-net and K-
NET, 18,738 (90.3%) were successfully processed, re-
sulting in 950,796 ground-motion records from 1,749
stations. Among the unprocessed events, the major-
ity (1,571) were rejected due to no match with either
the JMA or F-net catalogs, and 582 events were dis-
carded due to low magnitude Mypma < 2.5). Addition-
ally, 17,566 ground-motion records were rejected dur-
ing processing, primarily due to waveforms starting af-
ter the S-wave arrival (Fig. S4a in Supplementary Ma-
terial). The year, magnitude, distance, and PGA dis-
tributions of the rejected records are shown in Figure
S4b-e. Notably, a larger number of records were re-
jected from KiK-net compared to K-NET. Additionally,
as also shown in Figure S4e, the PGA distribution of the
rejected KiK-net records is centered around lower PGA
values (~0.003m/s?) than K-NET (~0.02m/s?). This is
likely due to KiK-net recording lower-amplitude ground
motions more often than K-NET, as a result of differ-
ent thresholds used to trigger recording by the two net-
works (Aoi et al., 2004): while KiK-net starts recording
at 0.002 m/s? to 0.004 m/s? (0.2 gal to 0.4 gal), K-NET has
a higher threshold of 0.02 m/s? (2 gal).

The results of the processing and an overview of the
parameters included in the dataset are given in this
section. Because K-NET and KiK-net use the same in-
struments and are installed and organized by the same
agency (National Research Institute for Earth Science
and Disaster Resilience (NIED), 2019), the same pro-
cessing steps were applied to both networks. In addi-
tion, the recordings from the KiK-net borehole stations
are also processed. To efficiently process the borehole
records, the borehole stations are considered as a sep-
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arate network from the KiK-net surface stations in the
processing procedure. While the overall processing re-
sults are similar across the three networks (K-NET, KiK-
net surface and KiK-net borehole), some differences ex-
ist and are discussed in the following subsections.

4,1 Waveform Start Time and Noise Window
Selection

A key challenge in processing Kyoshin network records
is that they are trigger-based. Ideally, each record
should start at least 15 seconds before the P-wave ar-
rival; however, this is not always the case. Some records
start after the P-wave arrival or even after the S-wave ar-
rival. In the latter case, the record is discarded. While
most ground-motion records start at the P-wave arrival,
approximately 25 % start from the S-wave arrival across
both KiK-net (surface and borehole) and K-NET (Fig. 7a).
Additionally, as described in the Processing Steps sec-
tion, records where the theoretical P-wave arrival oc-
curs more than 80 s after the start are truncated to 11
s before the theoretical P-arrival. This is the case for
0.3% of the records (2,645 records; 2,040 from KiK-net
and 605 from K-NET).

Late triggering is particularly challenging for SNR cal-
culations in relation to selecting a suitable noise win-
dow unaffected by earthquake signals. As described in
the Processing Steps section, a pre-event noise window is
preferred but must be at least 11 seconds long. If this
is not the case, a suitable noise window is selected be-
tween the end of the main signal (determined using the
Perron et al., 2018, method) and the end of the record.
The quality of the noise window is assessed based on the
energy ratio between the noise window and the entire
waveform. A noise window is considered acceptable if
this energy ratio is below 1% (< 0.01).

Figure 7b shows that for KiK-net (surface and bore-
hole), nearly half (45%) of the records have sufficient
pre-event noise, with slightly more records from the
borehole stations than from the surface stations. In
contrast, most K-NET records rely on the end of the sig-
nal as the noise window. Furthermore, 60% of K-NET
records have a noise energy ratio below 0.01, compared
to 90% of KiK-net records (Fig. 7c). This discrepancy
may be attributed to the shorter average length of K-
NET records. Figure 7d shows that while most KiK-net
records are 120 s long, the majority of K-NET records are
60s in length. Consequently, noise windows selected
from the end of these shorter records may be contam-
inated by earthquake signals, such as coda waves. For
the final processed waveforms, however, K-NET and
KiK-net show similar length distributions (Fig. 7e).

4.2 Frequency content, energy ratio and cut-
off frequencies

The three main parameters for evaluating the usability
and quality of each ground-motion record in this flatfile
are the usable frequency range ratio ¢range (€q. 5), the
noise energy ratio, and the energy ratio of the main sig-
nal (P and S-wave window) relative to the entire wave-
form. Ground-motion records are considered accept-
able quality if they meet the following criteria:
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+ Usable frequency range ratio: gyange > 0.6
+ Noise energy ratio: < 0.01

+ Signal energy ratio: > 0.8

Ground motions with values outside these ranges are
still included in the flatfile, but should be used with
caution. Figure 8a shows that most records have high
range, although especially K-NET has a significant num-
ber (10%) of records with little to no usable frequency
range. This is likely related to the difficulty of find-
ing a suitable noise window, which is particularly chal-
lenging for the many short K-NET records (Fig. 7c and
d). For KiK-net, the surface and borehole recordings
have similar distribution, with slightly more borehole
records having ¢;ange close to one. The signal energy ra-
tio distributions, however, are similar for both K-NET
and KiK-net (surface and borehole), with high values (>
0.8) for most records. This shows that for most records
the main energy is within the expected P- and S-wave
window and not distorted by multiple events or unex-
pected noise sources. Considering the quality criteria
described above 59% of the records (556,831 records;
303,143 from KiK-net and 253,688 from K-NET) can be
considered high quality.

Figures 8c and d show the distributions of the low-
(fe,0) and high-cutoff frequencies (f.1) used for wave-
form filtering. As described in the Processing steps sec-
tion and Table 2, the corner frequencies are constrained
(fc,O,min = ﬁ HZ; fc,O,max = O'7HZ) fc,l,min = 15Hz
and f.1,max = 30Hz). The distributions in Figure 8c
and d show that for the majority of the records the cor-
ner frequencies are the same as the constraining val-
ues. This is particularly relevant for f.,, suggesting
that many records require a higher low-frequency cut-
off due to low-frequency noise, such as instrumental
or weather-related noise (e.g. Aoi et al., 2011). While
the upper cutoff frequency f. 1 is constrained by the
30 Hz anti-aliasing filter applied at KiK-net and K-NET
sites (Aoi et al., 2011), a substantial number of records
have f, ; setto the minimum 15 Hz (27% for KiK-net and
38% for K-NET), indicating potential high-frequency
noise contamination. These records should therefore
be used with caution. Note that because the KiK-net
borehole records are processed separately from the sur-
face records, the records are filtered using different cut-
off frequencies. For site response studies using the
surface-to-borehole-ratio (SBr, e.g. Bonilla et al., 2011,
Régnier et al., 2013), only the most conservative fre-
quency range (fSBnmin = max[fc,o,surfacea fc,O,borehole] and
fSBr,max = min[fc,l,surface» fc,l,borehole]) should therefore
be considered.

The distribution of the different types of noise win-
dows used to select lower, mid, and maximum range
of f.o and f., are shown in Figures 8e-j. For f., the
noise window seems to have an impact on the selected
cutoff frequency, with the majority of the records with
fe.0 = 0.7Hz relying on a noise window from the end of
the waveform (Fig. 8g), while pre-event noise is used for
the majority of the records with f., < 0.7 Hz (Figs. 8e
and f). For f. 1, the noise window does not appear to
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Figure 7 Distribution of waveform and noise characteristics for K-NET (green), KiK-net surface (orange), and KiK-net bore-
hole (yellow). (a) Wave type (P for waveforms starting at the P-arrival and S for waveforms starting at the S-arrival). (b) Noise
type. (c) Energy ratio between the noise window and the rest of the waveform. (d) Length of raw signal. (e) Length of final
processed signal. The noise windows are separated into pre-event noise (prior to the P-arrival), and end of signal noise, ei-
ther as exactly the last 20 seconds of the waveform, within the last 20 second but with length shorter than 20 s, or sometime
between the end of the signal and end of the waveform (other).

have a strong impact on the selected cutoff frequency,
with similar distribution for all ranges (Figs. 8h-j).

5 Comparison with Other Processed
Flatfiles

As described in the Introduction, several other flatfiles of
ground-motion records have been published in recent
years, including datasets containing records from KiK-
net and K-NET. Here, we compare the results of our pro-
cessing with some of these studies. In addition to the
KiK-net flatfiles from DAW16 and BEA20, we also com-
pare our results with the NGA-West 2 dataset (Ancheta
et al., 2014), which also includes K-NET records.
Similar to the comparison of distances in the Distance
Calculations section, due to differences in computation
methods and processing steps, we do not expect exact
agreement between datasets (e.g., Boore et al., 2012).
Here, we rather highlight the similarities and differ-
ences due to the different processing schemes, as previ-
ously discussed in similar studies (Paolucci et al., 2011,
Boore et al., 2012; Lanzano et al., 2019). For compar-
isons with KiK-net, only surface records are considered.
Recently, a flatfile from NIED was published con-
taining ground motion records recorded by KiK-net
and K-NET up until the end of 2024 (Morikawa et al.,
2024,  https://www.j-shis.bosai.go.jp/en/labs/ground-

11

motion-flatfile/, last accessed 18.02.2026). Because the
flatfile was published only recently, we do not provide
a comprehensive comparison here. However, the main
differences between the two are that the flatfile from
this study includes FAS, PGD, and distances based
on rupture (Rpp and Ryp), while the NIED flatfile
includes PGA, PGV, and PSA calculated for RotD25 and
RotD75 (in addition to RotD0, RotD50 and RotD100) and
classifications of earthquake types. Also, DAW16 and
BEA20 include earthquake classifications, separating
between interface subduction, intraslab subduction,
outer subduction, and shallow crustal events. Although
separating earthquake types is important for ground
motion modeling, the method of classification is highly
user-dependent. Therefore, we leave this step to the
users of the flatfile.

The magnitude-distance-PGA distribution for K-NET
and KiK-net (surface) in this study, NGA-West 2, DAW16,
and BEA20 is shown in Figure S5 in Supplement Mate-
rial. The primary differences between the datasets arise
from the selection of magnitude and distance ranges. In
this study, the lower magnitude cutoff is set at My =
2.5, while BEA20 and DAW16 include only events with
Mjma > 3and Mjya > 4, respectively. In this flatfile we
include all epicentral distances up to 1200 km, whereas
DAW16 and BEA20 use epicentral distances ranging
from 1km and 0.6 km, respectively, up to 2000 km. Ad-
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Figure 8 Distribution of key processing parameters for K-NET (green), KiK-net surface (orange), and KiK-net borehole (yel-
low). Top: (a) Usable frequency range ratio grange (Equation 5). (b) Energy ratio of the main signal (P- and S-wave window)
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ditionally, a clear difference in the distribution of low
PGA values between K-NET and KiK-net is observed,
likely due to the different recording threshold levels for
KiK-net and K-NET (Aoi et al., 2011).

An important processing difference between datasets
is the method used for selecting cutoff frequencies in
filtering. In NGA-West 2, cutoff frequencies were se-
lected manually by visually checking the Fourier am-
plitude spectra and integrated displacement traces (An-
cheta et al., 2014). DAW16, which was an early exam-
ple of automatic processing, applied a set of predefined
high-pass corner frequencies (0.07 Hz, 0.09 Hz, 0.14 Hz,
0.17 Hz, 0.22 Hz, 0.35 Hz, 0.46 Hz and 0.70 Hz) and used
an iterative process to determine the most suitable fre-
quency for each ground motion (Dawood et al., 2016).

Similar to this flatfile, BEA20 used the smoothed FAS
of the noise and signal to select the corner frequencies.
However, BEA20 selected the lower cutoff frequency as
the point where the smoothed FAS of the entire wave-
form intersects the linearly scaled (by a factor of three)
smoothed FAS of the noise, corresponding to SNR= 2.
For f. 1, the noise was linearly scaled by a factor of two,
corresponding to SNR= 1 (Bahrampouri et al., 2020).
Figure 9 shows the low (a) and high (b) corner frequen-
cies for KiK-net from this study, NGA-West 2, DAW16,
and BEA20. For the DAW16 dataset, the records were
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only high-pass filtered, so only the low corner frequen-
cies for DAW16 are shown in figure 9. For both f.
and f. 1, the NGA-West2 values are in the lower range
compared to the other datasets, as also reported by Da-
wood et al. (2016). However, since there are only four
KiK-net events in the NGA-West 2 flatfile (corresponding
to around 400 records), these values may not be repre-
sentative of the entire KiK-net. For f,. o, this study and
BEA20 show an overall similar distribution, but with the
BEA20 f. o centered at slightly lower values, while our
fe,0 have more values set to maximum (0.7 Hz). This is
likely because BEA20 consider SNR= 2 and a slightly dif-
ferent method to select f. . For f,. 1, the differences are
larger, with f.; ranging from 15 to 30 Hz for this flat-
file, and from 25 to 100 Hz for BEA20. This is mainly
due to the different maximum values used: here we set
fc,l,max = 30 HZ, while for BEA20 fc,l,max = fNyquist Hz.
These differences are likely primarily due to the chal-
lenges associated with the limited availability of suit-
able noise windows for KiK-net and K-NET sites. How-
ever, this comparison also highlights the challenge of
selecting cutoff frequencies for filtering in automatic
processing of ground motions.

Within the engineering-relevant magnitude and dis-
tance ranges (Mjyya > 5 and Ryyp, < 100), we compare
PGA, PGV, and PGD for records common to this study
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Figure9 (a) Lower cutoff frequency for KiK-net (this study), NGA-West 2, DAW16, and BEA20, and (b) higher cutoff frequency
for KiK-net (this study), NGA-West 2, and BEA20. Note that DAW16 only apply a high-pass filter and therefore do not include
a higher corner frequency. This figure shows that the selection of cutoff frequencies for filtering is highly dependent on the

processing and choice of the dataset designer.

(both KiK-net surface and K-NET) and NGA-West 2, and
for records common to this study and DAW16 (Fig. 10).
Note that because the BEA20 flatfile does not include
PGV and PGD values, it is not included in this compar-
ison. PGA has an overall good correlation between the
different studies, with high Spearman’s correlation co-
efficients (p > 0.99). For PGV, although the Spearman’s
correlation coefficients are still high (p > 0.96), there
are also clear differences, particularly for low values
and records with large absolute difference in selected
fe,0. This is also the case for PGD, which have the lowest
correlation (p = 0.622) between KiK-net (surface) from
NGA-West 2 and from DAW16. These differences em-
phasize the impact of processing procedures and cut-
off frequency selection on PGV and, in particular, PGD
values (e.g., Paolucci et al., 2011). While PGA is rel-
atively insensitive to processing differences, PGV and
PGD show greater variability depending on the filtering
and baseline correction methodologies applied.

6 Summary and conclusions

The comprehensive and openly available strong-motion
networks K-NET and KiK-net from NIED provide an in-
valuable resource for strong-motion seismology and an
excellent opportunity to compile the available ground-
motion data into a harmonized flatfile. Due to the large
amount of data, the ground-motion records can realisti-
cally only be processed automatically. In this study we
developed an automatic processing scheme for K-NET
and KiK-net ground-motion records. The steps include
matching the events with the JMA and F-net earthquake
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catalogs, P- and S-wave detection, SNR calculation, us-
able frequency range ratio estimation, filtering, base-
line correction, and calculation of common intensity
measures.

However, the large dataset also presents challenges
that cannot be handled manually. In particular, the au-
tomatic selection of the usable frequency band and the
cutoff frequencies for filtering is a key challenge that
requires a sufficiently long noise window uncontami-
nated by earthquake signals. A suitable noise window
is needed to accurately estimate the signal-to-noise ra-
tio of the earthquake recordings. However, finding a
sufficiently long and uncontaminated noise window is
challenging due to the trigger-based recording method
of Kyoshin networks. To address this, we propose a new
method using the energy ratio of the noise window rel-
ative to the entire record to evaluate the quality of the
available noise window. Finally, to avoid usable fre-
quency bands that are too short, the cutoff frequencies
are limited to a range between 0.01 and 0.7 Hz for the
lower cutoff and between 15 and 30 Hz for the higher
cutoff.

In a highly seismically active country like Japan, an-
other challenge is that some of the records may contain
multiple event arrivals that are difficult to detect auto-
matically. Since the P- and S-wave windows of an earth-
quake are expected to contain most of the signal energy,
we use the energy ratio between the P- and S-wave win-
dow and the entire waveform to assess whether addi-
tional event arrivals may be present outside the main
window.

To evaluate the effect of the processing steps, a sys-
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Figure 10 Comparison of peak ground-motion parameters across datasets. The left, middle, and right panels show peak
ground acceleration (PGA), peak ground velocity (PGV), and peak ground displacement (PGD), respectively. The top row com-
pares values from this study (KiK-net and K-NET) with NGA-West 2 (302 common values), the middle row compares KiK-net
from this study with DAW16 (4,654 common values), and the bottom row compares DAW16 with KiK-net from NGA-West 2
(120 common values). Only strong motions in the engineering magnitude and distance range of interest (Mjya > 5 and
Rhypo < 100) are shown. Values are colored by the absolute difference in selected f. o between datasets. Spearman’s corre-

lation coefficients (p) are provided in each figure.

tematic comparison with previously published flatfiles
is performed. While the correlation coefficients are
high (p > 0.6) for both the calculated rupture-based dis-
tances (Rjp and Ryyp) and the peak ground amplitudes
(PGA, PGV, and PGD), there are also clear differences.
The differences are mainly due to the different calcula-
tion methods and, for PGV and PGD in particular, due to
the difference in selected cut-off frequencies.

In total 950,796 ground motions from 18,738 earth-
quakes and 1,749 stations were processed, with 556,831
(59%) of these considered as high quality by having a
usable noise window (noise energy ratio < 0.01), ac-
ceptable frequency range ratio (grange > 0.6), and low
chance of multiple event contamination (signal energy
ratio > 0.8). A ground motion flatfile is made avail-
able (see Data and code availability section) which in-
cludes metadata describing event and record proper-
ties, along with quality measures such as the usable
frequency range ratio, SNR, and energy ratios. Ad-
ditionally, the flatfile provides the intensity measures
(peak amplitudes PGA, PGV, PGD), energy and dura-
tion measures (Arias Intensity, CAV, significant dura-
tion), RotD50 pseudo-spectral amplitudes, and Fourier
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amplitudes for all components. This flatfile is partic-
ularly suited for earthquake engineering research and
systematic analyses of ground-motion properties, as it
integrates recently recorded ground-motions from both
KiK-net and K-NET, which have not previously been pro-
vided together in a flatfile of such large scale.
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