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Abstract We study the ground motion simulations
based on three finite-source models for the 2007
Mw®6.6 Niigata Chuetsu-oki, Japan, earthquake in order
to discuss the performance of the input ground motion
estimations for the near-field seismic hazard analysis.
The three models include a kinematic source inverted
from the regional accelerations, a dynamic source on a
planar fault with three asperities inferred from the very-
near-field ground motion particle motions, and another
dynamic source model with conjugate fault segments.
The ground motions are calculated for an available 3D
geological model using a finite-difference method. For
the comparison, we apply a goodness-of-fit score to the
ground motion parameters at different stations, includ-
ing the nearest one that is almost directly above the
ruptured fault segments. The dynamic rupture models
show good performance. We find that seismologically
inferred earthquake asperities on a single fault plane can
be expressed with two conjugate segments. The rupture
transfer from one segment to another can generate a
significant radiation; this could be interpreted as an
asperity projected onto a single fault plane. This
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example illustrates the importance of the fault geometry
that has to be taken into account when estimating the
very-near-field ground motion.
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1 Introduction

Predicting the ground motions for any given scenario of
an earthquake is an important seismological task for
seismic hazard evaluation (Douglas and Aochi 2008).
Nowadays, the earthquake model is kinematically con-
structed based on the statistical analyses of past earth-
quakes obtained from various inversions or synthetic
earthquake scenarios dynamically simulated (e.g., Mai
and Beroza 2002; Irikura and Miyake 2011; Song et al.
2013). In some research projects, there have been at-
tempts to carry out the ground motion simulations using
the dynamically simulated earthquake models directly
(e.g. Olsen et al. 2009). Indeed, for two decades, dy-
namic rupture models have been more commonly ap-
plied to reproduce the ground motions of recent earth-
quakes, such as the 1992 Landers earthquake (Olsen
et al. 1997; Peyrat et al. 2001; Aochi et al. 2003).
Furthermore, the characteristics of the ground motion
based on the dynamic rupture models are synthetically
studied in terms of rupture velocity, fault geometry,
heterogeneity, and so on (e.g., Oglesby and Day 2002;
Aochi and Olsen 2004; Aochi and Douglas 2006;
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Schmedes and Archuleta 2008; Dunham and Bhat
2008). Regardless of the progress in dynamic rupture
modeling, the models are difficult to produce and cali-
brate. In this paper, we aim to show the applicability and
the utility of the dynamic rupture models for the near-
field ground motion simulations applied to the 2007
Mw6.6 Chuetsu-oki, Japan, earthquake.

The 16th July 2007 Chuetsu-oki earthquake (Niigata
prefecture, Japan; Fig. 1) led to some damage in
Kashiwazaki and the shutdown of the Kashiwazaki-
Kariwa Nuclear Power Plant (NPP), located near station
KSH. The dense seismological observational networks,
the geodetic observations, and the aftershock analyses in
this region reveal the complexity of this earthquake in
every aspect: source, propagation, and site (e.g.,
International Atomic Energy Agency 2007). The

capability of reproducing the observed records through
numerical modeling becomes a key issue for testing our
knowledge and understanding of the quantitative seismic
hazard assessment at any location, in particular in the
very near field of the causal earthquake source area (e.g.,
Irikura 2010). This paper focuses on the input ground
motion at the nearest seismological observations—the
borehole data within the site of Kashiwazaki-Kariwa
NPP (KSH-SG4). Utilizing the best available 3D geo-
logical model, we carry out the ground motion simula-
tions based on different earthquake source models includ-
ing both kinematic and dynamic descriptions. The pur-
pose was to emphasize how kinematically inferred earth-
quake asperities look from the dynamic rupture models
and to discuss the applicability of the dynamically simu-
lated source models for estimating input ground motion.
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Fig. 1 Map of the studied earthquake and area showing depth
contours to the top of the Teradomari formation (Middle to Upper
Miocene Mudstones), approximately corresponding to
Vs=1,000 m/s, from the 3D geological model (contours every
200 m) proposed by Sekiguchi et al. (2009). Triangles represent
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the permanent seismological observation networks, and the names
are given for those which are going to be used in this study. The
acceleration records are at the two nearest stations, KSH (SG4 at
depth of 250 m) and NIGO18. No frequency filter is applied
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2 Source models of the 2007 Chuetsu-OKki
earthquake

Figure 2 summarizes three source models for the 2007
Chuetsu-oki earthquake used in this study. Various re-
searchers used inversion to obtain kinematic descrip-
tions of the source process. The fault orientation (SE-
or NW-dipping thrust faulting) was not evident just after
the earthquake mainly because the estimated rupture
zone is off the coast and the routinely determined loca-
tion of the aftershocks were inaccurate (Aoi et al. 2008).
The observed strong ground motion along the coastline
suggested a NW-dipping fault such that the ground

motion could be influenced by rupture directivity.
However, the interpretation for faulting based on a SE-
dipping faulting became widely accepted (e.g., Miyake
etal. 2010) according to the relocation of the aftershocks
from temporary observation networks (e.g., Shinohara
et al. 2008; Kato et al. 2008). For this study, we adopt
one of the SE-dipping fault models, model B of Aoi
et al. (2008), as a reference, though we refer to it as
model K (Fig. 2). This model was also used in previous
ground motion simulations (Aochi et al. 2013a).

The strong ground motion observed in the near field
(a distance from the ruptured fault plane closer than
10 km) was the subject of a major debate about the
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Fig. 2 Map view showing the geometry of the three source
models and the locations of stations. Model K: a kinematic source
model derived from model B of Aoi et al. (2008). Model AD: a
dynamic source model with three strong motion generation areas
simulated in Aochi and Dupros (2011). Model AK: a dynamic
source model with rupture on two cross-cutting faults (NW- and
SE-dipping segments in the north and south, respectively)
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simulated in Aochi and Kato (2010). Stars represent the epicenter
locations in the map. In the bottom, the rupture time (Tryp),
maximum slip rate, and final slip distribution are shown, respec-
tively, with the same scale. For the points of the maximum slip in
the three models (denoted by a cross), slip rate evolutions are
illustrated at the bottom
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reliability of seismic hazard estimation (Strasser and
Bommer 2009; Baumann and Dalguer 2014). The
nearest seismic stations (KSH and NIG018; Figs. 1
and 2) are located above the inferred ruptured area along
the fault strike. The ground motion at these stations is
significantly affected by near-field effects of the earth-
quake source, such as asperity locations. They were not
used in the inversion of Aoi et al. (2008). Irikura (2008)
proposed a characteristic model consisting of three as-
perities, identified as strong motion generation areas
(SMGASs). These localized asperities should produce
recognizable phases in the seismograms. This character-
istic earthquake model was further studied by dynamic
modeling assuming a slip-weakening friction law
(Aochi and Dupros 2011) and re-illustrated in Fig. 3.
From the dynamic point of view, these SMGAs corre-
spond to areas that have stress drops two times larger
than the rest of the fault area. This is consistent with the
generalized strong motion recipe of Irikura and Miyake
(2011). Irikura (2008) proposed that the rupture of the
third asperity located in the southernmost end was in the
opposite direction of the general southward rupture
propagation of this earthquake (multi-hypocenter mod-
el). In order to reproduce this effect dynamically, the
third asperity needs to be partially surrounded by bar-
riers so that the rupture first moves to the southern edge
of the asperity and then ruptures to the northern edge
(see the snapshot at 8.3 s in Fig. 3). This dynamic model
is presented as model AD.

Most geodetic studies, on the other hand, propose
two segmented, conjugate fault planes (Aoki et al. 2008;
Nishimura et al. 2008), which were also inferred from
the most accurate aftershock distributions (Shinohara

Fig. 3 Dynamic model
parameters (initial shear stress, 79;
peak strength, 7,,; dynamic stress,
7;; and critical slip displacement,
D.) and snapshots of slip velocity
and shear stress for source model
AD—dynamically simulated as
rupture on a single fault plane
with three asperities (modified
after Aochi and Dupros 2011). e

Slip Velocity
t =<1 0s

Note that the slip-weakening rate, S PO

(75— 7)/D, is the same

everywhere Shear Stress
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et al. 2008; Kato et al. 2008). Aochi and Kato (2010)
previously carried out dynamic rupture simulations for
the conjugate fault geometry consisting of a northern
NW-dipping segment (segment N) and a southern SE-
dipping one (segment S). They varied the intersection
angle and the overlapping distance, as illustrated in
Fig. 4. Among their 45 simulations, only 14 show a
sequential rupture transfer from one to another segment.
We adopt one scenario in which the model parameters
are moderate: a frictional coefficient of 0.3, an overlap-
ping distance of two segments of 4 km, and a dipping
angle of SE-dipping fault of 45°. This is designated as
model AK.

3 Numerical simulations of ground motion
3.1 Simulation methods

The complexity of the 3D geological structure is well
known in this region due to its complex tectonics. Aochi
et al. (2013a) used the three available structure models
of this region (Kato et al. 2008; Fujiwara et al. 2009;
Sekiguchi et al. 2009) for ground motion simulations
and discussed the validity of each model. Ground mo-
tion using the 3D structure obtained by tomography
(Kato et al. 2008) shows a good coherence on rock sites
that are situated close to each other. On the other hand,
the models calibrated based on the geological map and
the geophysical cross-sections (Fujiwara et al. 2009;
Sekiguchi et al. 2009) are generally suitable for the soft
sites. However, even when the models are good enough
for the direct waves at certain stations, it is still difficult
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Fig. 4 Dynamic model parameters (initial shear stress, 7,; peak
strength, 7,; dynamic stress, 7;; and initial normal stress, 0. Note
that the slip-weakening rate is 30 MPa/m and is given everywhere)

to obtain coherent phases for the later seismic arrivals.
In this study, we adopt the 3D structure model by
Sekiguchi et al. (2009) which has integrated geological
layers, as shown in Fig. 1, and has a minimum shear
velocity of V,,;, =400 m/s.

For ground motion simulations, we use a fourth-order
finite-difference method (Aochi et al. 2013a, b) with a
grid spacing of As=80m for a dimension of 110 km
(EW) x 120 km (NS) x 30 km (UD). The ground surface
is approximated as flat, and the Sea of Japan is not taken
into account. The maximum reliable frequency is esti-
mated as fiax = Vinin/(5 - As)=400/(5-80)=1.0HHz. The
time step is 0.004 s; the calculation is run for a duration
of 60 s. The simulation procedure for generating ground
motion is basically the same for both the kinematic and
dynamic source models, as in Aochi and Dupros (2011)
and Aochi et al. (2013a), but using finer grids in this
study. Any finite source can be introduced as a series of
point sources with a predefined slip function of any
arbitrary shape (Aochi et al. 2013b).

The included source model has been previously pre-
sented; its characteristics are summarized in Fig. 2. We
propose the following models: the kinematic model K
has a large rupture area, while the dynamic rupture

Normal Str.(MPa)

and snapshots of the slip rate and shear stress for the dynamic
rupture process (model AK) on two conjugate fault segments
(modified after Aochi and Kato 2010)

models AD and AK have shorter rupture dimensions.
The slip velocity function is also smooth (lower peak
and longer duration) in model K and is shaper in AD and
AK.

3.2 Simulation results

Figures 5, 6, and 7 show the simulated ground motions
for the nearby stations. For model K, the synthetic
ground motions have been presented by Aochi et al.
(2013a). The dynamic rupture models (models AD and
AK) were computed using the 3D geological model.
The ground motions are aligned at the origin time of
each simulation which coincides with the origin time of
the hypocenter (10:13:22.16 local time). All ground
motions are bandpass-filtered between 0.1 and 1.0 Hz.
The kinematic model K uses a simpler 1D structure.
Using only a portion (14 s around the direct S wave’s
arrival) of the seismograms, the reconstruction of the
full waves in a 3D structure does not always ensure the
coherent fitting of the waveforms even within this fre-
quency range. At the nearest station, NIGO18, it is
known that the soft soil had been subjected to
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Fig.5 Comparison of the synthenc EW ground motion from the three source models (K, AD, and AK) with the recorded EW velocity. The
ground motions were filtered between 0.1 and 1.0 Hz. For reference, the source model K is illustrated on the map

liquefaction (Fig. 1) so that the synthetic ground mo-
tions cannot be compared directly to the observations.
It is difficult to capture the waveform characteristics
precisely in the backward direction of the rupture prop-
agation, namely, in the northeast area (NIG10 and
NIG11). However, in the forward direction in the south-
west area (NIG024 and NIG025), we find that the char-
acteristic waveforms are better simulated by the dynam-
ic model (AK) than by the kinematic model (K). This is
an important feature. The kinematic model is based on
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NIGO010 (A=7.75)

an inversion that might have missed or underestimated
significant behavior of the rupture process due to a priori
constraints or smoothing of the inversion. Therefore, the
source model might underestimate the strong ground
motions that are closely related to the source process.
The dynamic models AD and AK produce similar wave-
forms, in particular at NIG024, NIG025, NIG004, and
NIGO019, and seem to be closer to the observations than
model K. The similarity of the resultant ground motions
for the two models, AD and AK, indicates that the
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Fig. 7 Comparison of the synthetic UD ground motion from the three source models (K, AD, and AK) with the recorded UD velocity. The
ground motions were filtered between 0.1 and 1.0 Hz. For reference, the source model K is illustrated on the map

asperities inferred on a single fault plane can be repre-
sented by the geometrical irregularities of the fault
system.

In Fig. 8, we compare two additional simulations in
which we use either segment (N only or S only) of

KSH - SG4 EW

model AK to clarify the contribution of the non-planar
fault structure. At the closest KSH station, the contribu-
tion is clear. The main features of the waveforms are
reproduced by segment S, which is closer to KSH and
releases 71 % of the total seismic energy. On the other
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Fig.8 Comparison of the synthetic ground motions from either segment (segment N or S only) of model AK with the recorded velocity. The
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hand, it is observed that the first pulse is represented by
segment N. Such identification becomes difficult at
NIGO004 as the wave propagation is perturbed during a
longer propagation distance. We also compare the final
displacement field on the ground surface among models
K, AD, and AK in Fig. 9 since two fault segments are
proposed by geodetic observation (Aoki et al. 2008;
Nishimura et al. 2008). A difference is hardly found in
the vertical component (UD). In the horizontal compo-
nents, model AK generates a clearer change in trend,
although, again, the field is governed principally by
segment S. The comparison between the planar models
(K and AD) and the non-planar one (AK) has important
implications for seismic hazard. Given that it is difficult
to identify a priori any asperities on a fault plane before
an earthquake, it may be more important to determine
the fault structure first.

4 Criteria for ground motion estimation

This paper does not aim to improve the model parame-
ters, but tries to show the performance of different
earthquake models in generating the ground motion, in
particular the performance of the two dynamic rupture
models. Although inversion of dynamic rupture

Model K

Model AD

138°30' 139°00' i 138°30' 139°00'

138°30" 139°00' 138°30"  139°00'

parameters has been done for a decade (Peyrat et al.
2004; Ruiz and Madariaga 2011; Douilly et al. 2015),
the number of inverted model parameters is usually
limited to about 10 due to the high nonlinearity of the
system and computational costs. This means that one
cannot expect the same degree of spatial or temporal
resolution as found in kinematic inversions unless the
model parameters of dynamic rupture are constrained by
kinematic inversion results (e.g., Peyrat et al. 2004). For
the purpose of the ground motion prediction for seismic
hazard, the engineers are more interested in the ground
motion parameters than in coherent waveforms. Aochi
and Douglas (2006) proposed to compare statistically
the ground motion parameters at numerous points from
the simulations with the ground motion prediction equa-
tions in terms of peak ground acceleration (PGA), peak
ground velocity (PGV), response spectral acceleration,
Arias intensity, and relative significant duration.

Olsen and Mayhew (2010) propose a goodness-of-fit
(GOF) criterion for the validation of the broadband
synthetics, which consists of different tests on ground
motion metrics. The GOF score (normalized to 100) is
defined as the complementary error function (erfc) of a
normalized residual, NR (Olsen and Mayhew 2010)

2|x—y

GOF = 100 x erfc(NR), where NR = (1)
X+y
Model AK
S, 20
g 191 _
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Fig. 9 Comparison of the synthetic final ground displacement in the EW and NS components from the three source models (K, AD, and
AK). The causal fault planes are projected on the map. The profiles are shown along a white line on the map, along the coastline
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where x and y are two sets of positive scalar metrics.
By associating a weight on the GOF score calculated
for each of the metrics, the average GOF score is
obtained. Olsen and Mayhew (2010) used the metrics
consisting of PGA, PGV, peak ground displacement
(PGD), averaged response spectral acceleration (RS),
Fourier spectrum (FS), energy duration (DUR), and
cumulative energy (ENER) for broadband synthetics
between 0.1 and 10 Hz for the 2008 Mw5.4 Chino
Hills earthquake.

In this paper, our simulations are limited to low
frequencies. We define the GOF score here as simply
an equally weighted average of PGV, PGD, RS (1-10,
4-10, 24, and 1-2 s), FS (0.1-1, 0.1-0.25, 0.25-0.5,
and 0.5-1.0 Hz), DUR, and ENER for the synthetics
with respect to the observed seismograms filtered be-
tween 0.1 and 1.0 Hz, as already shown in Figs. 5, 6, and
7. Figure 10 shows the GOF scores calculated for the
waveforms based on models K, AD, and AK at sur-
rounding stations; the detailed scores are shown in
Tables 1, 2, and 3 of the Appendix for each ground
motion parameter to figure out the impacts in the syn-
thetic seismograms. It is generally considered that the
score is “excellent” for more than 80 %, “good” for
more than 60 %, “fair” for more than 40 %, and “poor”
for the rest. As observed in the waveform comparison in
the previous section, the GOF scores for both AD and

AK models are generally better than those from the
kinematic model (K). One of the reasons is that the
simulations using model K were not computed using
the 3D geological model. However, we think the prin-
cipal reason is that the kinematic model may have
smoothed the rupture process itself because of the way
in which it was originally determined by inversion, e.g.,
constraints on the source time function and sub-fault
size. The dynamic rupture model, on the other hand,
can naturally describe any drastic change in the rupture
process. We also note that at particular stations, the GOF
scores are not good for any source model. For example,
stations NIG010 and NIGO11 are located relatively far
from the source in the Niigata basin, where the surface
waves become dominant and continue shaking until the
end of the calculation (60 s). This is one reason why the
score is not good. On the other hand, we know that the
nearest station, NIGO18 (in Kashiwazaki basin), is at a
site that liquefied; it is not possible to compare the
scores when the ground motion simulation is based on
a linear-elastic calculation. However, these stations are
also included in the averaged GOF scores, which are
still in the “fair” range for the dynamic source models
AD and AK. Although the statistical analysis on the
synthetics provides a means to quantify how good the
results are among the different models, one should still
try to understand the basic features of each seismogram.
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Fig. 10 Comparison of the GOF scores for the synthetics from the
three source models (K, AD, and AK) with respect to the observed
seismograms. The GOF score is an average of the six metrics
(PGV, PGD, DUR, RS, FS, and ENER) calculated from the
waveforms filtered between 0.1 and 1.0 Hz. Broken line shows

the average GOF score of each source model over all the stations.
Thick short line is the GOF score averaged for each station. GOF
scales are from 0 (poor) to 100 (excellent). The detailed scores by
each ground motion parameter are shown in Tables A1, A2 and A3
of the Appendix
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Kiristekova et al. (2009) proposed a method to eval-
uate a GOF score in the time—frequency space in order
to judge the local variation of the fit between the data
and synthetic waveforms. Figure 11 shows the GOF
score (normalized to 10) on the time—frequency enve-
lope between the observed and synthetic ground veloc-
ities at station KSH-SG4 for all three components.
Compared to the kinematic model K, the dynamic mod-
el AD for this station is slightly different for the EW
component, but quite different for the NS component.
This figure confirms that the dynamic model AK shows
similar scores over the time—frequency range. The col-
ored (yellow + orange) area of model AK is slightly
smaller than in model K (by 23 % for the EW compo-
nent). This comparison of models shows that the dy-
namic model can generate input ground motion equally
well as the kinematic model. This suggests that a hybrid
approach, i.e., combining a low-frequency dynamic
rupture with any stochastic approach, could be used
for generating the broadband ground motion in future
applications, as suggested with various finite-source

models (e.g., Graves and Pitarka 2015; Crempien and
Archuleta 2015; Olsen and Takedatsu 2015).

5 Discussion and summary

The aim of this paper was to examine the performance
of the dynamically simulated earthquake ruptures in
computing ground motion for the purpose of quantita-
tive seismic hazard analysis. For the 2007 Mw6.6
Chuetsu-oki, Japan, earthquake, we compute ground
motion in a 3D geological model using a kinematic
source model and two dynamic source models. To
quantify the performance of the models, we apply a
GOF criterion to the simulated ground motions. From
the comparisons, we find that the kinematic model does
not always have the best performance in reproducing the
characteristics of the strong ground motion. In particu-
lar, it does not work well in the very near field and in the
forward direction of the rupture propagation. This is
probably because an abrupt change in the rupture

KSH SG4 EW KSH SG4 NS KSH SG4 UD
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£ 150——_/WW\W 150F——— 2w\ 150 A A A~~~ Obs
< 100 — 100 — 100 — K
-§ 50_ - 50_ ~ 50__._/*W_.~W AD
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Fig. 11 Time—frequency envelope GOF for the synthetics at SKH-SG4. The three source models are compared for three components (x:
EW, y: NS, and z: UD) of the velocity seismograms. GOF scales are from 0 (poor) to 10 (excellent)
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process (rupture onset and changes in rupture velocity)
may not be well simulated by the kinematic description.
Two dynamic rupture models produce a similar ground
motion radiation. However, the model with the asperi-
ties distributed on a single fault plane might be a pro-
jection of the rupture process on conjugate fault seg-
ments. The rupture process changes the wave radiation
naturally due to the geometrical irregularities. From this
perspective, the dynamic rupture model on a complex
fault geometry produces a reasonable rupture scenario
and wave radiation for practical applications.

For the 2007 Chuetsu-oki earthquake, the conjugate
segments might be a reasonable causal source model, as
inferred from the geodetic analyses (Nishimura et al.
2008; Aoki et al. 2008). Although the model parameters
could be calibrated better, the rupture process on each
segment could be very simple, represented by three
phases: first, rupture on the NW-dipping segment; sec-
ond, a dynamic rupture transfer between conjugate seg-
ments (which changes the wave radiation); and third,
rupture on the SE-dipping segment. These features cor-
respond to the three asperities commonly found from the
seismological finite-source inversions. It is not possible
to distinguish between the two rupture scenarios. To
allow for possible mechanisms, one has to consider the
possibility of rupture transfer from one segment to an-
other and be included in probable rupture scenarios used
to estimate the ground motion. Indeed, recent improve-
ments of the geophysical observations often reveal com-
plex fault geometries even for moderate-magnitude
earthquakes, such as the 2009 Mw6.4 Suruga Bay,
Japan (Aoi et al. 2010), and the Mw6.9 Iwate-Miyagi
Nairiku, Japan, earthquakes (Fukuyama, 2015). In the
seismological analyses, these earthquakes were mostly
studied as ruptures on a single fault plane, an approxi-
mation good enough for regional or teleseismic scales.

There remains a scientific debate on the different
aspects of the dynamic rupture process because the
dynamics are technically difficult to solve and the fric-
tional component of the faulting is difficult to study.
However, progress over the last two decades helps us to
understand various aspects of the dynamics of the earth-
quake mechanism. Dynamic rupture scenarios have
been used to compute the ground motions for high-
seismic-hazard areas such as California (e.g., Olsen
et al. 2009), Japan (Sekiguchi and Kase 2012), and
Turkey (Aochi and Ulrich 2015). The parameter studies
on dynamic rupture allow retrieving probable rupture
scenarios and ground motions (e.g., Aochi et al. 2006;

Aochi and Ulrich 2015). Moreover, these dynamic sim-
ulations provide insight about the variability of the
phenomena and extreme ground motions (e.g.,
Andrews et al. 2007).
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Appendix

Tables 1, 2, and 3 summarize the GOF scores for each
ground motion parameter by component for the three
source models (K, AD, and AK), respectively. The
average of the scores by each seismogram is shown in
Fig. 10. DUR energy duration, PGV peak ground veloc-
ity, PGD peak ground displacement, RS response spec-
tral acceleration (averaged for periods between 1 and
10 s (the entire period of study), 4 and 10, 2 and 4, and 1
and 2 s, respectively), FS Fourier spectrum (smoothed to
reduce variance for frequencies between 0.1 and 1 Hz
(the studied entire frequency), 0.1 and 0.25, 0.25 and
0.5, and 0.5 and 1 Hz, respectively), ENER cumulative
energy (Olsen and Mayhew 2010). For some stations,
we observe that the ground oscillation does not cease yet
in Figs. 5, 6, and 7 by the end of the calculation (60 s). In
such cases, we had to cut the end of DUR automatically
by the end of the calculation. This may be one of the
reasons why the DUR score is not high compared to the
other parameters.
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Table 1 GOF scores for the defined 13 ground motion parameters by each component of the seismograms between observation and
synthetics based on source model K

DUR PGV PGD RS(s) FS (Hz) ENER  Average

1-10  4-10 24 -2 01-1 0.1-025 02505 051

EW
NIGO16  33.7 359 486 495 545 517 270 309 54.8 429 24.8 10.5 38.7
NIGO10 338 22 1.7 3.0 2.8 29 7.6 33 2.1 22 6.3 0.6 5.7
NIGO11 14.8 277 197 285 337 267 9.1 7.7 19.9 20.2 34 2.0 17.8
NIGHO07 494 545 413 370 261 699 247 293 27.1 58.9 18.2 7.1 37.0
NIGH09  67.0 79 234 15.1 289 8.3 2.0 43 51.7 9.5 2.1 1.5 18.5
NIGO17 309 877 406 716 560 715 440 699 49.8 57.1 47.1 36.4 55.2
NIGH12  77.0 31.8  29.6 14.4 14.3 139 156 150 17.3 14.1 16.2 22 21.8
NIGO19 428 31,5 215 287 190 537 408 306 19.0 453 28.3 44 30.5
NIGH11 ~ 48.1 169 305 381 416 437 209 346 43.0 553 29.4 11.5 34.5
NIG024 435 85 299 190 316 123 4.0 5.2 472 14.5 33 23 18.4
NIG025 293 5.1 6.3 6.5 6.9 6.3 6.1 5.8 74 42 6.6 0.9 7.6
NIGO18 16.6 5.6 7.0 6.0 6.5 6.0 42 100 57.8 6.6 12.1 1.1 11.6
NIG004 79 762 674 457 386 671 219 213 18.2 523 10.8 7.6 36.2
Average  38.1 30.1 283 279 277 334 175 206 319 29.5 16.0 6.8 25.7

NS
NIGO16 385 88.7 648 997 923 816 950 59.1 59.0 82.2 51.0 30.3 70.2
NIGO10 279 7.4 32 59 5.0 7.9 9.0 6.1 4.8 54 7.7 0.7 7.6
NIGO11 28.1 247 10.1 14.1 105 351 105 126 8.6 232 10.6 1.5 15.8
NIGHO07 523 42.3 109 330 297 388 322 243 235 383 19.4 3.6 29.0
NIGH09  33.7 12.4 8.4 11.6 10.8 19.7 42 49 12.9 14.3 2.7 1.3 11.4
NIGO17 432 93.1 654 682 515 987 888 857 38.4 92.6 99.7 28.1 71.1
NIGH12  78.7 632 469 458 530 368 369 29.6 25.5 423 26.9 7.4 41.1
NIGO19  75.1 272 159 232 175 376 31.8 214 12.2 272 21.9 2.8 26.1
NIGH11 654 293 439 392 359 437 421 340 26.7 46.2 324 8.1 37.2
NIG024 445 6.5 8.4 7.7 8.1 6.3 8.9 73 10.3 59 79 1.1 10.2
NIG025 273 19.7  29.1 279 428 72 9.9 8.3 233 43 8.7 2.5 17.6
NIGO18 12.2 4.5 42 44 4.7 3.9 5.1 5.7 229 4.0 8.2 0.8 6.7
NIG004  36.7 13.9 5.8 15.2 11.7  36.1 6.1 8.7 12.8 30.7 4.0 1.7 15.3
Average 433 333 244 305 287 349 293 237 21.6 32.0 232 6.9 27.6

UD
NIGO16 334 72.7 198 640 619 724 614 513 70.3 404 56.5 14.4 515
NIGO10 273 72 6.1 73 57 127 177 8.6 39 6.8 16.9 0.8 10.1
NIGO11 35.1 504 318 398 396 365 504 216 30.4 23.7 224 43 322
NIGHO7  37.9 458 252 432 420 594 170 352 494 68.5 18.4 11.1 37.8
NIGH09  49.7 434 336 356 335 550 122 171 48.5 50.8 7.6 7.1 32.8
NIGO17 434 644 824 894 746 419 510 471 44.6 32.1 45.8 24.6 53.4
NIGH12 91.6 10.3 8.1 10.0 8.4 16.9 84 149 16.1 21.8 12.4 1.7 18.4
NIGO019  60.4 373 490 287 289 319 219 217 28.5 30.1 19.0 42 30.1
NIGH11 354 265 303 301 322 321 185 186 61.9 20.0 15.7 53 272
NIG024 254 200 351 190 203 203 81 112 22.8 24.1 6.9 3.7 18.1
NIG025 225 68.1 904 586 759 295 31.1 259 99.1 16.8 22.7 15.8 46.4
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Table 1 (continued)
DUR PGV PGD RS(s) FS (Hz) ENER  Average
1-10 410 24 12 01-1 0.1-025 0.25-0.5 0.5-1
NIGO18  72.0 8.6 7.9 10.7 10.3 9.0 19.0 189 8.0 11.6 29.8 1.8 17.3
NIG004  43.6 159 214 228 29.1 153 164 169 20.0 27.6 134 2.6 20.4
Average 444 362 339 353 356 333 256 238 38.7 28.8 22.1 7.5 304

Table 2 GOF scores for the defined 13 ground motion parameters by each component of the seismograms between observation and
synthetics based on source model AD

DUR PGV PGD RS(s) FS (Hz) ENER  Average
1-10 4-10 24 -2 01-1 0.1-025 02505 0.5-1
EW
NIGO16  39.7 66.8 867 788 979 41.1 319 537 94.0 34.7 554 34.7 59.6
NIGO10 434 12.8 54 12.0 13.6 41 540 182 7.5 3.0 57.2 1.2 19.4
NIGO11 264 944 404 502  60.1 27.1 528 309 38.8 16.8 384 53 40.1
NIGHO07  35.6 58.1 91.7 703 69.3 86.0 53.6 923 92.0 71.1 72.8 614 71.2
NIGH09 579 2577 405  29.8 52.1 12.9 79 10.6 72.3 9.8 8.0 3.0 27.5
NIGO17  54.0 78.1 71.0 823 770 99.8 889 82.1 82.6 93.9 67.5 923 80.8
NIGH12  76.1 530 917 626 730 568 244 449 78.0 339 39.8 43.7 56.5
NIGO019  82.1 44.6 502  67.1 81.6 388 505 61.6 733 273 68.7 41.8 573
NIGH11  54.6 859 859 834 618 909 66.6 985 54.8 94.9 922 89.2 79.9
NIG024  22.6 378 294 528 345 80.0 90.6 795 17.1 98.7 64.3 59.7 55.6
NIG025 448 877 712 718 726 715 70.6 592 27.2 43.6 70.1 20.6 59.2
NIGO18 56.6 572 756 716  99.1 49.0 25.0 505 114 26.6 53.7 284 50.4
NIG004 73 804  43.1 969 599 17.6 285 29.6 96.6 14.8 26.0 72.9 47.8
Average  46.2 60.2 602 63.8 656 52.0 49.6 547 574 43.8 54.9 42.6 54.3
NS
NIGO16 463 459 565 667 80.8 444 510 572 95.6 26.3 66.6 30.2 55.6
NIGO10  30.1 36.8 13.3 20.1 169 232 479 205 13.0 10.9 329 1.6 223
NIGO11 32.1 97.6  59.0 595 556 610 786 624 32.1 25.9 89.6 10.4 553
NIGHO07  35.1 530 418 960 944 628 392 969 38.0 37.7 58.4 24.6 56.5
NIGH09  31.2 76.7 302 431 55.7 260 325 204 60.8 17.1 19.3 4.6 34.8
NIGO17 375 350 579 549 632 538 234 424 98.6 97.9 22.5 60.5 54.0
NIGHI12  85.0 96.2  91.1 94.3 81.6 504 69.1 740 70.3 46.0 80.7 64.1 75.2
NIGO019  90.1 72.1 589 856 79.1 97.1 973 895 83.0 84.2 91.0 94.8 85.2
NIGH11 493 88.7 347 589 392 827 985 998 43.7 61.9 934 65.8 68.1
NIG024  35.8 325 313 404 460 248 417 364 64.7 304 35.8 13.0 36.1
NIG025 339 69.2 821 88.6  98.1 854 604 926 66.1 70.9 75.7 72.6 74.6
NIGO18 65.8 66.3 505 645 702 505 905 813 21.1 394 86.0 33.8 60.0
NIG004 299 429 279 429 489 332 292 259 433 229 24.8 9.7 31.8
Average  46.3 62.5 489 627 638 535 584 615 56.2 439 59.8 374 54.6
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Table 2 (continued)

DUR PGV PGD RS(s) FS (Hz) ENER  Average
1-10 410 24 12 01-1 0.1-025 02505 0.5-1
UD
NIGO16  45.8 842 273 694 615 600 71.6 878 51.8 452 56.5 49.7 59.2
NIGO10 283 24.8 15.1 17.0 139 148 829 377 7.3 11.0 93.9 1.7 29.0
NIGO11 28.1 953 670 993 970 741 431 915 63.8 42.6 77.0 474 68.9
NIGHO07 289 412 819 926 998 89.7 599 86.1 88.3 82.8 66.1 61.3 73.2
NIGH09  35.1 73.6 616 780 895 568 59.7 528 98.9 459 50.3 29.3 61.0
NIGO17 433 503 343 366 185 936 51.0 620 12.7 52.9 44.9 483 45.7
NIGH12  86.6 409 403 561 629 335 679 754 96.0 459 88.3 31.2 60.4
NIGO19  76.9 796 778 948 750 573 985 967 36.2 33.7 86.3 95.4 75.7
NIGH11 ~ 51.8 632 468 473 378 720 69.7 772 26.3 98.9 77.1 32.0 58.4
NIG024 14.0 437 331 547 479 802 823 993 414 89.7 87.4 26.0 583
NIG025 249 28.3 182 515 379 940 841 942 21.9 71.5 81.0 339 53.5
NIGO18  96.9 80.2 990 867 731 783 957 846 81.8 63.6 61.1 93.7 82.9
NIG004 209 889 455 735 426 456 653 709 63.0 48.4 69.8 97.8 61.0
Average  44.7 61.1 498 660 583 654 717 782 53.0 56.3 72.3 49.8 60.5

Table 3 GOF scores for the defined 13 ground motion parameters by each component of the seismograms between observation and
synthetics based on source model AK

DUR PGV PGD RS(s) FS (Hz) ENER  Average
1-10  4-10 24 -2 01-1 0.1-025 02505 0.5-1
EwW
NIGO16 445 86.6 782 900 738 736 81.8 843 91.0 78.8 84.7 79.6 78.9
NIGO10  26.8 17.9 10.0 17.2 16.6 112 62.1 23.1 8.5 6.3 61.1 1.2 21.9
NIGO11 15.6 894 953 88.0 929 442 588 400 62.4 32.8 39.7 17.5 56.4
NIGHO07  53.1 94.7 72,6 743 579 820 775 904 73.0 87.5 82.2 98.5 78.6
NIGH09  53.7 344 535 374 592 267 70 152 95.2 24.4 8.5 6.8 352
NIGO17  36.5 57.1 433 55.1 5577 445 728 497 80.7 44.6 44.6 45.9 52.5
NIGHI12 773 723 999 876 896 91.0 704 919 54.5 68.7 79.9 76.9 80.0
NIGO19 747 79.2 702 889 636 472 384 720 51.2 529 66.3 90.3 66.2
NIGH11  33.1 27.5 266 213 140 398 37.6 399 10.8 42.8 433 74 28.7
NIG024 174 42.1 329 515 371 669 956 89.2 18.7 69.4 70.0 48.5 533
NIG025 422 98.0 929 964 865 995 790 972 46.0 51.6 76.0 90.4 79.6
NIGO18 239 55.1 520 723 92,6 60.1 345 765 10.8 51.6 80.5 51.9 55.1
NIG004 10.6 588 426 673 590 942 582 964 79.5 82.2 86.0 92.0 68.9
Average  39.2 62.5 592 652 614 601 595 66.6 52.5 534 63.3 544 58.1
NS
NIGO16 404 949 614 845 752 993 999 96.1 69.2 85.9 96.6 91.0 82.9
NIGO10  28.0 23.5 11.8 17.0 15.1 1.1 704 26.1 7.7 6.5 56.1 1.5 229
NIGO11 36.1 639 S51.8 436 415 485 476 474 25.7 26.0 66.6 6.3 42.1
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Table 3 (continued)
DUR PGV PGD RS(s) FS (Hz) ENER  Average
1-10 410 24 12 01-1 0.1-025 0.25-0.5 0.5-1

NIGHO07  53.2 978 873 992 87.6 59.1 833 849 99.7 39.8 92.8 53.6 78.2
NIGH09 314 52.8 472 432 586 348 138 167 73.6 22.1 12.5 59 344
NIGO017 420 80.3 482 682 708 847 358 63.1 93.0 96.7 40.6 76.2 66.6
NIGH12 748 623 946 560 463 712 759 850 444 82.7 89.8 56.6 70.0
NIGO19 783 655 698 547 554 436 812 770 54.0 63.8 84.9 52.5 65.1
NIGH11 509 369 166 239 169 400 519 545 15.1 49.5 67.2 11.2 36.2
NIG024 10.9 939 919 923 947 76.0 925 80.1 98.4 55.5 87.5 66.6 78.4
NIG025 454 66.5 773 757 905 658 449 736 56.3 73.6 54.4 87.5 67.6
NIGO18 6.9 194 199 238 363 126 21.5 398 322 13.0 66.8 7.1 25.0
NIG004 209 979 622 929 940 967 777 79.8 96.4 90.1 74.8 56.2 78.3
Average 399 658 569 596 602 572 613 634 58.9 54.3 68.5 44.0 57.5

UD
NIGO16 473 809 667 91.1 974 932 406 594 96.8 74.7 36.9 91.4 73.0
NIGO10  26.7 425 414 303 309 16.1 732 337 12.5 12.3 77.7 4.1 334
NIGO11 29.9 884 997 925 845 802 677 874 91.9 49.1 89.8 47.0 75.7
NIGHO07  36.8 82.1 746 739 599 938 696 99.5 50.7 95.1 87.3 65.0 74.0
NIGH09 352 844 703 808 639 870 702 635 58.3 66.9 50.7 96.4 69.0
NIG017  31.5 339 213 280 149 674 472 481 6.6 95.6 422 17.4 37.8
NIGH12 929 64.1 550 555 484 836 536 695 31.4 96.8 64.2 324 62.3
NIGO19  61.0 732 481 50.8 384 915 525 o644 17.9 96.3 57.9 335 57.1
NIGH11 ~ 25.1 28.3 15.5 14.3 101 27.1 392 375 5.1 54.5 453 2.9 254
NIG024 6.1 416 293 470 495 420 414 60.0 424 70.8 58.8 26.6 43.0
NIG025 11.7 22.0 156 314 203 935 387 65.1 17.0 59.5 53.0 17.0 37.1
NIGO18  82.5 923 688 722 528 753 89.7 748 63.8 84.9 58.3 43.8 71.6
NIG004  23.1 545 31.0 455 292 851 89.0 86.7 40.5 69.4 95.0 57.5 58.9
Average  39.2 60.6 490 549 462 720 594 653 41.1 71.2 62.9 41.1 55.3
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