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Abstract 

We analyzed strong-motion and broadband recordings of two moderate-magnitude earthquakes that occurred in the 
Nankai Trough. The first event was the 2004 Mw 6.5 southeast off-Kii peninsula earthquake, an aftershock event inside 
the Philippine Sea Plate near the Nankai Trough axis. The second event was the 2016 Mw 5.8 southeast off-Mie Pre-
fecture earthquake, an independent event in the rupture area of the 1944 Mw ~ 8 Tonankai earthquake. The centroid 
depths were 11 and 14 km for the 2004 and 2016 events, respectively. Despite a large difference in the moment mag-
nitude between the two events, the JMA magnitude (Mj) was 6.5 for both the events. We found that the short-period 
ground motions (e.g., response spectra at periods < 1 s) as well as the much longer-period ground motions (> 20 s) for 
the 2016 event scaled generally well with the moment magnitude of the event. In contrast, the ground motions from 
the 2016 event were comparable to those for the larger-moment-magnitude 2004 event at equal distances at periods 
of about 2–20 s in wide areas and the observed acceleration response spectra at those periods were noticeably 
underestimated for the 2016 event by the ground motion prediction equation (GMPE) that employs Mw. An examina-
tion of the existing subsurface velocity model suggested that the difference in the relative location of the two events 
with respect to the thick accretionary prism of low seismic velocity most probably caused the comparable amplitude 
of the seismic waves at those periods. As a result, we posit that the values of Mj are equal for the two events because 
Mj is estimated using the displacement amplitude of ground motions at periods smaller than about 6 s. On the other 
hand, GMPE employing Mj generally described the observed data well. The results suggested that the plate boundary 
earthquakes in the Nankai Trough may excite strong long-period ground motions of engineering importance, and 
these ground motions appear to be better explained by Mj than by Mw in GMPEs for moderate-magnitude earth-
quakes in the Nankai Trough subduction zone.
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Introduction
The Nankai Trough is a prominent geological structure 
resulting from the continuous subduction of the Phil-
ippine Sea Plate beneath the southwest Japan. Large 
earthquakes with magnitudes around 8 have occurred 
repeatedly in the region and have caused tremendous 
damages in southwest Japan (e.g., Ando 1975; Mochi-
zuki and Obana 2003). The Headquarters for Earthquake 
Research Promotion (HERP), Japan, has estimated proba-
bilities of 70–80% for the next magnitude 8–9 class earth-
quake to occur within the next 30  years in the Nankai 
Trough area, based on certain assumptions (HERP 2018). 
Moderate-magnitude earthquakes are not very frequent 
in the Nankai Trough compared with those in the Japan 
Trench area in northeast Japan. On April 1, 2016, an Mw 
5.8 earthquake occurred in the coseismic slip area of the 
1944 Tonankai earthquake, which was independent of the 
2004 southeast off-Kii peninsula earthquake sequence. 
Ground motions for these earthquakes were recorded 
by hundreds of strong-motion stations operated by the 
National Research Institute for Earth Science and Disas-
ter Resilience (NIED). In the present study, we processed 
and compared the observed ground motion recordings 
for two moderate-magnitude earthquakes in the Nankai 
Trough: one having an Mw of 6.5 (an aftershock of the 
2004 southeast off-Kii peninsula earthquake) and the 
other having an Mw of 5.8 (the 2016 southeast off-Mie 
Prefecture earthquake). According to the revised list of 
region names for earthquake information by Japan Mete-
orological Agency (JMA), both the 2004 and 2016 events 
belong to the same region: Mie-ken Nanto-Oki, which 
means the southeast off-Mie Prefecture. However, we 
used the two distinct names for the earthquakes to sepa-
rate the 2016 event, which presumably occurred as a plate 
boundary event, from the 2004 earthquake sequence that 
occurred inside the subducting Philippine Sea Plate as 
intraslab events. Moreover, the region name for the 2004 
event referred to in this paper is consistent with the pre-
vious region name (see Availability of data and materials) 
and the published literature discussed below.

The 2004 Mw 6.5 earthquake occurred as an after-
shock of the 2004 off-Kii peninsula earthquake sequence. 
The mainshock (Mw ~ 7.5) in the sequence occurred 
on September 5 23:57 JST (UTC + 9 h), while the after-
shock analyzed in this study occurred on September 7 
08:29 JST. These earthquakes did not overlap with but 
occurred near the source region of the anticipated meg-
athrust earthquake in the Nankai Trough. As the ground 
motions from the earthquakes were recorded by the 
nationwide dense seismic observation network (Okada 
et al. 2004), the events drew huge attention from the seis-
mological community. The ground motions for the main-
shock and the largest foreshock (Mw ~ 7.2) were analyzed 

by a number of researchers (e.g., Hayakawa et  al. 2005; 
Miyake and Koketsu 2005; Yamada and Iwata 2005; Furu-
mura et al. 2008). Because the earthquakes occurred off-
shore, about 120 km from inland settlements, the damage 
done by the earthquakes was limited. On the other hand, 
significant sloshing of liquid and damage to the gauge 
pole in a large oil storage tank located on the Kanto 
Plain, about 400  km from the epicenter of the main-
shock, was reported (Hatayama and Zama 2005). Miyake 
and Koketsu (2005) noted that the 2004 mainshock pro-
vided a timely warning of damaging long-period ground 
motions from future great magnitude Nankai Trough 
earthquakes. Furumura et  al. (2008) showed by com-
puter simulations of long-period ground motions that 
earthquakes in the Nankai Trough are expected to be the 
most disastrous as they can produce extraordinarily large 
and long-duration shakings in the Kanto Plain. However, 
ground motions from the relatively smaller magnitude 
aftershock events were not analyzed in detail in previous 
studies.

The 2004 earthquake sequence was found to consist of 
shallow intraplate earthquakes that occurred inside the 
Philippine Sea Plate near the Nankai Trough axis (e.g., 
Enescu et al. 2005; Sakai et al. 2005). Because these earth-
quakes occurred inside the subducting Philippine Sea 
Plate, they are also referred to as intraslab earthquakes. 
The 2016 Mw 5.8 event, however, which occurred on 
April 1 11:39 local time, about 85 km closer to land than 
the 2004 event (Fig. 1), has been suggested to be a plate 
boundary event (e.g., Wallace et  al. 2016; Nakano et  al. 
2018; Takemura et  al. 2018). The 2016 Mw 5.8 event 
is the largest plate boundary event that occurred in the 
source region of the 1944 Tonankai earthquake (Mw ~ 8) 
after its occurrence (Kikuchi et  al. 2003; Asano 2018). 
That the 2016 Mw 5.8 event occurred in the coseismic 
slip area of the Tonankai earthquake has been interpreted 
to be an indicator of the ongoing process preparing for 
the next megathrust earthquake in the Nankai Trough 
(Nakano et al. 2018). The ground motions for this event 
were recorded by hundreds of strong-motion stations 
on land and some tens of ocean bottom seismographs 
(Kawaguchi et al. 2015). Because the 2016 event and 2004 
aftershock event occurred at different locations and their 
moment magnitudes are different (Table  1), the ground 
motions recorded at any particular site for the two earth-
quakes cannot be easily compared. On the other hand, 
despite the large difference between the moment magni-
tudes of the two events, the JMA magnitude (Mj) was 6.5 
for both (Table 1).

The JMA magnitude and moment magnitude are 
determined differently. The JMA magnitude is an ampli-
tude-based scale and is determined from the maximum 
displacement amplitude, high-pass-filtered at a corner 
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Fig. 1  Index maps. a The red stars denote the epicenters of the 2004 Mw 6.5 and 2016 Mw 5.8 earthquakes. The red rectangle denotes the 
boundary of the enlarged map shown in b. The purple circles denote the broadband stations used in the paper. b The magenta star and 
rectangular area denote the epicenter and boundary of the fault model of the 1944 Tonankai earthquake (Kikuchi et al. 2003). Green circles denote 
the strong-motion stations used in the paper. The black dashed lines denote the surface lines for velocity profiles plotted in Fig. 2
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frequency of 6 s (Katsumata 2004). When an earthquake 
is so small that the magnitude cannot be determined 
based on the displacement amplitude, the JMA magni-
tude is determined based on the velocity amplitude using 
the magnitude formula given by Funasaki and Division 
(2004). The moment magnitude, however, is determined 
from the seismic moment by modeling long-period seis-
mic waves. For example, the F-net moment magnitudes 
are determined by modeling seismic waves in the period 
range of 20–100 s for moderate events, and 50–200 s for 
events larger than Mj 7.5 (Kubo et al. 2002). The average 
JMA magnitude is larger than the moment magnitude 
by about 0.1 or less in the Mw range of about 5–7 for 
earthquakes with focal depths smaller than 100 km (Utsu 
2002). The reason for the difference between the JMA 
and moment magnitudes is generally well understood for 
inland crustal events (e.g., Furumura and Kennett 2001). 
However, similar phenomena for plate boundary earth-
quakes have been discussed less in the literature. In this 
regard, it is important to distinguish the ground motion 
characteristics of the 2004 and 2016 events for the sake 
of reliably predicting ground motions of future large plate 
boundary earthquakes in the Nankai Trough subduction 
zone.

In this paper, we first describe selection and process-
ing of the data used in the present study. Next, we set up 
the essential elements for sections that follow by intro-
ducing and describing example recordings at two sites 
common to both events. Thirdly, we compare the peak 
ground accelerations (PGAs) and peak ground veloci-
ties (PGVs) obtained from strong-motion recordings 
of the two events with reference to the existing ground 
motion prediction equations (GMPEs). Then, we com-
pare the absolute acceleration response spectra (ARS) 
of the two events at selected periods between 0.1 and 
10  s with reference to GMPEs that employ moment 
magnitude in their prediction model. Absolute velocity 
response spectra (AVRS) of the two events at selected 
periods are then compared with reference to GMPEs that 
employ JMA magnitude in their prediction model. Fol-
lowing our presentation of the comparisons, we summa-
rize them quantitatively based on an analysis of residuals. 
We also compare PGVs from broadband recordings at 
different passbands between 5 and 100 s. Finally, we dis-
cuss the implications of our findings for future ground 

motion predictions for Nankai Trough subduction zone 
earthquakes.

Data selection and processing
The hypocenter locations and magnitudes of the 2004 
and 2016 events used in this paper are listed in Table 1. 
The hypocenters are taken from the unified JMA hypo-
center catalog, and centroid depths and moment magni-
tudes are taken from F-net moment tensor catalog (Kubo 
et  al. 2002). Figure  1 depicts the epicenter locations for 
the events. Based on the focal and centroid depths, both 
events are categorized as intraplate earthquakes. How-
ever, in this paper, we treat the 2016 event as a plate 
boundary event and the 2004 event as an intraslab event 
based on the published literature, of which some papers 
were introduced in the previous section. We used the 
strong-motion data recorded by K-NET and KiK-net 
and broadband ground motion data recorded by F-net 
(Okada et  al. 2004). The locations of the strong-motion 
and broadband stations used in this study are depicted 
in Fig. 1. We selected the strong-motion recordings that 
contained the arrival of S-waves. The S-wave arrival 
times were estimated based on a 1D velocity model 
(JMA 2001, Ueno et  al. 2002), and the waveforms were 
visually inspected to confirm the S-wave arrivals. We also 
removed records dominated by long-period noises in the 
target periods by visual inspection of acceleration Fourier 
spectra, which normally fall off smoothly at longer peri-
ods (Brady 1988).

The PGAs, PGVs, and response spectra were calcu-
lated from the bandpass-filtered strong-motion seismo-
grams with a cutoff frequency of 0.07 Hz. We computed 
two types of response spectra: absolute acceleration 
response spectra and absolute velocity response spec-
tra for a 5% damping ratio. The response spectra were 
computed following the method of Nigam and Jennings 
(1969). The values of the PGAs and PGVs were taken as 
the maximum values of the vector sum (i.e., the square 
root of the sum of squares) of two horizontal component 
acceleration and velocity time histories, respectively, over 
the available time steps, while the response spectra were 
obtained as the maximum values of the vector sum of 
two horizontal component response time histories com-
puted for the corresponding periods. The F-net broad-
band recordings were processed to correct for the effects 

Table 1  Source parameters for the earthquakes used in the paper

Origin time (JST) Epicenter JMA NIED

Longitude Latitude Mj Depth Mw Depth

September 7, 2004, 08:29 137.2928 33.2092 6.5 40 6.5 11

April 1, 2016, 11:39 136.3832 33.3233 6.5 28 5.8 14
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of instrumental response, and PGVs were computed at 
different passband frequencies from the two horizontal 
component recordings similar to the PGVs of strong-
motion recordings.

We used the subsurface velocity model provided by the 
Japan Seismic Hazard Information Station (J-SHIS 2018) 
of NIED to extract the depth of the layer beneath the 
strong-motion sites to correct for the amplification effect 
of deep sediments on the observed data. These correc-
tions were applied to the observed data for comparison 
with prediction curves created using the GMPEs. Simi-
larly, the AVS30 (average S-wave velocity in the upper 
30  m of the earth beneath the recording station) values 
derived from the PS-logging information described in 
Kanno et  al. (2006) were employed to correct for shal-
low soil effects on the observed data. At stations where 
AVS30 values are not available, geomorphologically 
derived AVS30 values were used (Matsuoka and Waka-
matsu 2008). We also used the Japan integrated veloc-
ity structure model (JIVSM) constructed for predicting 
long-period ground motions in Japan (Koketsu et  al. 
2012) to supplement the propagation path effects dis-
cussed in this study. The JIVSM utilized different kinds 
of geological and geophysical data sets such as deep bor-
ings, reflection and refraction surveys, gravity surveys, 
microtremor surveys, and earthquake observations, fol-
lowing the standard procedures described in Koketsu 
et al. (2009, 2012). As an example, the vertical cross sec-
tions of the JIVSM along two surface lines are shown in 
Fig. 2.

Example recordings
In this section, we present recordings from two different 
sites: AIC004 and AICH15, which are located at similar 
distances of about 200 km from both the 2004 and 2016 
events. See Fig. 1 for the site locations. Site AIC004 is a 
deep soil site, while AICH15 is a stiff soil site. In fact, the 
original AIC004 site was moved about 5  m in the hori-
zontal direction, with the old and new locations being 
separated by a cliff about 2 m high, and the old site being 
on the cliff side, on October 27, 2004. The AVS20 val-
ues at the old and new locations based on 20-m-deep 
PS-loggings are 274.0 and 278.4  m/s, respectively. We 
do not think that these small differences in the Vs pro-
files and the small change in topography would cause 
large differences at target periods larger than about 1  s. 
Hence, we consider site AIC004’s old and new locations 
as being the same in the present paper. We present the 
observations for site AIC004 first. The three-component 
accelerograms at site AIC004 are plotted in Fig.  3 for 
both events. The arrival times for the P- and S-waves 
are also indicated in the figures. Since the K-NET and 
KiK-net recording systems are triggered based on preset 

acceleration thresholds, early parts of the P-waves are 
not available at the site for the 2016 event owing to its 
smaller P-wave amplitudes. On the other hand, very clear 
onsets of P- and S-waves can be recognized on all three 
components for the 2004 event. The PGAs for the 2004 
event are about 4–6 times larger than those for the 2016 
event. As the original location of site AIC004 was on the 
2-m-high cliff, topographic amplification of short-period 
components of ground motions may have partially con-
tributed to the larger PGAs for the 2004 event. Despite 
these differences, the coda parts for both events show 
similar amplitudes.

We present the velocity seismograms obtained by 
integrating the accelerograms at the AIC004 site for the 
two events in Fig. 4 to enhance the long-period ground 
motions. Unlike the accelerograms, the velocity seismo-
grams for the two events have very similar peak ampli-
tudes and both have similar later phases (except for the 
S-wave parts). The ratio of the PGVs for the two events 
is about 1.0 for the horizontal components and about 
1.5 for the vertical components, the larger values being 
for the larger-moment-magnitude 2004 event. Having 
nearly identical PGVs at the AIC004 site does not mean 
that the PGVs for the two events are similar at equal dis-
tances. This is clearly not the case for site AICH15. As 
explained in the next section, on average, the PGVs for 
the 2004 event are larger than those for the 2016 event 
at comparable distances. The Fourier amplitude spectra 
of the velocity seismograms at site AIC004 are plotted in 
Fig. 5. The plot clearly shows systematically higher ampli-
tudes at frequencies above about 1 Hz for the 2004 event 
than those for the 2016 event. By inspecting the S-wave 
portions of the accelerograms in Fig. 3, it becomes obvi-
ous that the large spectral amplitudes at higher frequen-
cies come from the S-wave parts for the 2004 event. In 
contrast, the amplitudes for the two events are similar at 
frequencies between 0.1 and 1 Hz (i.e., 1 and 10 s).

The following observations were made at AICH15. 
AICH15 is a KiK-net site, and PS-logging information 
is available down to a depth of 120  m at the site. An 
8-m-thick top layer with an S-wave velocity of 340  m/s 
lies over a layer having an S-wave velocity of 900 m/s. The 
AVS30 value is 663 m/s. The measured S-wave velocity at 
a depth of 120 m is 2600 m/s. Hence, the site may be con-
sidered to be rock with a thin sediment cover. The site’s 
three-component accelerograms are plotted in Fig. 6 for 
both events. The PGAs for the 2004 event are about 10 
times larger than those for the 2016 event. The band-
pass-filtered velocity seismograms at periods between 
1 and 10 s are compared in Fig. 7. In the figure, surface 
waves, which arrived noticeably later, dominate the seis-
mograms, and the amplitudes of these phases are com-
parable for the two events. We show the velocity Fourier 
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spectra at the site in Fig.  8. Similar to those shown in 
Fig. 5 for AIC004, the spectral amplitudes are comparable 
for the two events at periods between about 1 and 10 s, 
while they are noticeably larger at shorter periods for the 
2004 event. The increased spectral amplitudes at periods 
around 0.15 s (~ 6.67 Hz), which are seen on the horizon-
tal components for both events, are due to the velocity 
contrast between the top and lower layers at AICH15, as 
mentioned above.

The PGAs and PGVs, after adjustments explained in 
the next section, for the two events are plotted in Fig. 9, 
and sites AIC004 and AICH15 are indicated on the plots. 
The plots demonstrate that the difference in the PGVs 

for the two events is smaller than the corresponding dif-
ference in their PGAs. Higher stress drops have been 
reported to explain the larger PGAs observed for intra-
slab events in Japan (e.g., Morikawa and Sasatani 2003; 
Asano et al. 2003). More recently, Baltay et al. (2017) and 
Oth et  al. (2017) showed a clear dependency of ground 
motion variability on the estimated stress drop. In addi-
tion to the difference in the moment magnitude for the 
two events, the larger PGAs for the 2004 event, which 
was an intraslab event inside the Philippine Sea Plate, 
may be interpreted as indicating a higher stress drop.

If we assume that site amplification effects are similar 
for both events, the similarity between the low-frequency 

Fig. 2  a, b Vertical cross sections of the JIVSM along the surface lines joining site AIC004 with the epicenters of the 2004 and 2016 events, 
respectively. The S-wave velocities in major layers are indicated. The circles and stars denote the location of site AIC004 and the F-net centroid 
depths of the events, respectively. Note that the vertical and horizontal scales are different
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components of the ground motions may be related to 
earthquake type and path effects. Previous studies have 
shown relatively smaller PGVs (e.g., Si and Midorikawa 
1999) and smaller response spectra at frequencies higher 
than about 0.1 Hz (e.g., Dhakal et al. 2010; Morikawa and 
Fujiwara 2013) for inter-plate events than for intraslab 
events at distances shorter than about 300 km. Since the 
observations for the 2016 event are contrary to previous 
results, i.e., the observed values are larger than expected 
for the moment magnitude of the event, the path effect 
seems to be a probable reason for the similarity of the 
spectral amplitudes at frequencies between about 0.1 and 
1  Hz (1–10  s). More recently, Uetake (2017) suggested 
that the existence of thick sedimentary layers above the 
source region of the shallow earthquake could be the 
reason for the stronger excitation of long-period surface 
waves than in the case of similar events lacking thick 

sedimentary layers above the source. According to the 
JIVSM, there is a thick (~ 5  km) low-velocity sedimen-
tary layer (Vs = 1.0 km/s) above the centroid location for 
the 2016 event, while the low-velocity layer is less than 
1 km thick above the centroid location for the 2004 event 
(Fig. 2). Therefore, the effect of thick unconsolidated sed-
iments near the source may be an important contributing 
factor to the observed large long-period ground motions 
for the 2016 event.

Comparison of PGAs and PGVs
Morikawa and Fujiwara (2013) updated the database 
used by Kanno et  al. (2006) with additional data and 
obtained GMPEs for PGAs, PGVs, JMA intensities, and 
acceleration response spectra between 0.05 and 10  s 
applicable to different tectonic environments, as well 
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as sites located on deep sediments in Japan. Because of 
their applicability to a wide range of site conditions, we 
selected the GMPEs in Morikawa and Fujiwara (2013) 
and adjusted the observed values for amplification due 
to deep and shallow sediments following the correction 
terms in the GMPEs. We adopted the hypocentral dis-
tance as a measure of the distance between the source 
fault and the site for use in the GMPEs, considering the 
moderate size of the earthquakes, and relatively longer 
distances from the epicenters to the recording stations 
(> 50  km for the 2016 event and > 100  km for the 2004 
event). The data for the 2004 event were adjusted for the 
anomalous path effects for west Japan due to the effect 
of Philippine Sea Plate as described by Morikawa and 
Fujiwara (2013). These anomalous path effects neces-
sitate general corrections for larger seismic intensity in 
the fore-arc regions observed during deep-focus events 
due to effective propagation of high-frequency seismic 
waves that results from a high Q in the oceanic plates 
(e.g., Utsu and Okada 1968; Furumura and Kennett 
2005). The anomalous path effects considered here are 
different from those due to unconsolidated sediments 
in the accretionary prisms discussed later in this study. 
The adjusted PGAs and PGVs are plotted as functions of 
hypocentral distance in Fig.  9a, b, respectively. Predic-
tion curves with the ranges of one standard deviation are 
also plotted. The observed PGAs for the 2016 event (red 
circles) generally follow the trend of the prediction curve 
(pink line), and most data lie well within the range of one 
standard deviation (dashed pink lines), suggesting that 
the PGAs are typical of those from previous plate bound-
ary events. Unlike the 2016 event, the 2004 event is an 
intraslab event and the prediction curves plotted are also 
for intraslab events. The observed PGAs (black circles) 
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vertical (lower panel) component accelerograms at site AICH15 
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for the 2004 event are noticeably underestimated by the 
GMPEs, with many data points more than one standard 
deviation above the curve (dashed gray lines). This sug-
gests that the radiation of short-period ground motions 
was stronger for this event than the median values for 
previous intraslab events. The PGVs also generally follow 
a trend similar to that for the PGAs for the 2016 event, 
while the PGVs for the 2004 event are better explained by 
the prediction curves, unlike the PGAs. In summary, the 
PGAs and PGVs for the 2004 event are generally larger 
than those for the 2016 event, and while the PGAs for 
the 2016 event are consistent with the prediction curves, 
the PGA values for the 2004 event suggest event-specific 
radiation.

To get a rough idea on the strength of high-frequency 
radiation, we estimated the approximate values of the 
corner frequencies for the two events using the S-wave 
recordings at two selected F-net stations located at rock 

sites. An additional file is provided that deals with the 
estimation of the corner frequencies for the two events 
(see Additional file 1). We found that the corner frequen-
cies for the 2004 event are higher than or similar to those 
for the 2016 event. Given the similar corner frequencies 
for the two events, the stress drop for the 2004 event is 
expected to be much larger because the seismic moment 
of the 2004 event is larger by a factor of about 12 than 
that for the 2016 event (Brune 1970, 1971). Stress drop 
may be considered as one of the parameters that control 
the strength of high-frequency radiation (Boore 1983). 
In fact, as mentioned above, the observed PGAs were 
clearly underestimated by the GMPEs for the 2004 event, 
while the prediction was reasonable for the 2016 event. 
Together, these observations may indicate that the 2004 
event was a higher stress drop event.

Comparison of ARS
Figure  10 shows a comparison of the acceleration 
response spectra for the two events at periods of 0.1, 0.5, 
1, 2, 5, and 10 s. Similar to the modifications described 
in the previous section, the values were adjusted for site 
amplification effects for the two events and anomalous 
path effects for the 2004 event using the equations of 
Morikawa and Fujiwara (2013). It can be seen that the 
values at 0.1 and 0.5  s generally follow the trend of the 
prediction curves for the 2016 event, while the values 
are clearly underestimated at these periods for the 2004 
event. The values for the 2004 event are clearly larger 
than those for the 2016 event at comparable distances. 
In contrast, it can be seen that the response values for 
the two events are similar at many sites between 1 and 
10 s, and the median prediction curve for the 2016 event 
clearly underestimates the observed values at periods 
of about 2–10  s at most sites and at distances beyond 
about 100 km. It is noteworthy that the data at distances 
smaller than 100 km generally conform with the predic-
tion curves at periods smaller than about 5 s. This may be 
explained by the peak amplitudes being produced mostly 
by body waves at short distances, and the effect of path-
amplified surface waves not being so strong. However, 
the observed values for 10 s are clearly underestimated at 
small distances (< 100 km) by the prediction curves (bot-
tom right panel in Fig. 10). In general, the systematically 
larger values than those implied by the GMPEs, espe-
cially at distances beyond 100  km, may indicate propa-
gation path effects for the 2016 event. We discuss this 
further in later sections.

Comparison of AVRS
Unlike the moment magnitude, the JMA magnitude for 
both the 2004 and 2016 events is 6.5. Considering the 
faster estimation of the JMA magnitude, Dhakal et  al. 
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(2015) constructed GMPEs for absolute velocity response 
spectra at periods between 1 and 10  s from the view-
point of early warning of earthquake long-period ground 
motions using the JMA magnitude, hypocentral dis-
tance, and site correction terms. They used events having 

focal depths shallower than 50 km and treated all events 
identically despite their different tectonic settings. Site 
parameters, namely AVS30 and depth of deep sediments, 
were employed to obtain the site correction coefficients. 
The site parameters were identical to those employed 
by Morikawa and Fujiwara (2013). The AVRS, relative 
velocity response spectra, and pseudo-velocity response 
spectra are identical at the peak response period and dif-
fer gradually at longer or shorter periods (Dhakal et  al. 
2014). In this section, we compare the observed AVRS for 
the two events with reference to the GMPEs of Dhakal 
et al. (2015).

The observed AVRS values were adjusted using the 
same site parameters (AVS30 and depth of sediments) 
as used to predict the ARS in the previous section 
and are plotted in Fig. 11 at periods of 1, 2, 3, 5, 7, and 
10  s. Because of the identical JMA magnitudes, a sin-
gle median prediction curve with a range of one stand-
ard deviation is drawn at each period for both events. 
As described in the previous section for the ARS, the 
observed values for the two events overlap considerably 
at all periods between 1 and 10 s and at distances beyond 
100 km. At distances smaller than 100 km, the observed 
AVRS are generally overpredicted by the GMPEs at peri-
ods smaller than 7 s. On the other hand, the observed val-
ues are generally well described by the GMPEs for both 
events at longer distances, suggesting that the observed 
data are not systematically different from those for past 
shallow-focus events with identical JMA magnitudes.

We show the spatial distribution of the observed AVRS 
at a period of 10 s for the 2004 and 2016 events in Fig. 12. 
At this period, the GMPEs for the ARS clearly underesti-
mated the observed values for the 2016 event as shown 
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in Fig. 10 (bottom right panel), while the observed values 
for the 2004 and 2016 events are comparable at equal dis-
tances. Figure 12 shows circles with radii of 100–400 km 
at intervals of 100 km. Their centers lie at the epicenters 
of the two events. The spatial distributions of the data 
illustrate that the strong-motion recordings for the 2004 
event come from more stations over a relatively wider 
area than those for the 2016 event. This is because the 
K-NET and KiK-net system is triggered based on preset 
acceleration thresholds, and the 2004 event generated 
much stronger short-period ground motions, such as 
PGAs, than the 2016 event.

Despite the difference in the number of recordings, 
the general distribution pattern is identical at a period 
of 10 s for the two events. Large response values can be 

seen at sites located in sedimentary basins such as the 
Osaka basin for both events. At equal distances, such as 
between radii of 200 and 300 km, the observed values and 
their distribution are similar for the two events. This sug-
gests that seismic waves with a period of about 10 s were 
similarly excited and/or transmitted from areas close to 
the sources. We discuss the similarity of ground motions 
at longer periods further in later sections.

Quantitative comparisons
To augment the qualitative comparisons described 
above, we computed mean residuals and standard devia-
tions with respect to the GMPEs to summarize the com-
parisons numerically. Because the difference between 
the two events is obvious at short periods, two statisti-
cal parameters (the mean and standard deviation of the 
residuals) are computed for selected periods between 1 
and 10 s. The data were divided into three groups based 
on hypocentral distances: those smaller than 100  km, 
those between 100 and 200  km, and those larger than 
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200  km. The mean residuals and standard deviations 
were computed at periods of 1, 2, 5, 7, and 10 s. The mean 
residuals are computed for each group of data from the 
logarithmic differences between the observed values and 
those predicted using the GMPEs for the ARS and AVRS 
described above. Positive values indicate underprediction 
(i.e., the observed values are larger than the predictions), 
on average, over the range of analysis, while negative 

values indicate the opposite. Similarly, the standard devi-
ations are computed from the logarithmic differences of 
the observed and predicted values as root-mean-square 
residuals in each group of data.

The computed mean residuals and standard devia-
tions are plotted in Figs.  13, 14, respectively. The mean 
residuals for the 2004 event for distances between 100 
and 200 km (Fig. 13a) and longer than 200 km (Fig. 13b) 

Fig. 12  Spatial distribution of AVRS at the period of 10 s for the 2004 Mw 6.5 event (upper panel) and 2016 Mw 5.8 event (lower panel). Circles are 
drawn for radii of 100, 200, 300, and 400 km with the epicenters as the centers of the circles
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are negative using both GMPEs. The absolute values are 
slightly smaller at distances longer than 200 km. In con-
trast to the 2004 event, the mean residuals for the 2016 
event (Fig.  13c, d) using the GMPEs of Morikawa and 
Fujiwara (2013) are positive, and the values are larger at 
distances greater than 200 km than at distances between 
100 and 200 km. The mean residuals in Fig. 13a indicate 
that the median predictions (Morikawa and Fujiwara 
2013) are larger than the observed values by factors of 
about 1.5–2.0 for the 2004 event at distances between 100 
and 200 km. On the other hand, the mean residuals for 
the 2016 event for the corresponding distances and peri-
ods (Fig. 13c) indicate that the observed values are larger 
than the median predictions by factors of about 2.0–3.5, 
the largest value being for a period of 10 s. The observed 
data deviate more at distances beyond 200  km and are 
larger than the median predictions by factors of about 
2.5–4.5 for the 2016 event (Fig. 13d). The mean residuals 
using the GMPEs of Dhakal et al. (2015) show consistent 

values (mostly negative mean residuals) for both the 2004 
and 2016 events, and the absolute values are smaller than 
those from Morikawa and Fujiwara (2013). The abso-
lute mean residuals for distances smaller than 100  km 
for the 2016 event (Fig. 13e) are comparable for the two 
GMPEs except for the 10-s period. Its mean residual is 
approximately zero using the GMPEs of Dhakal et  al. 
(2015), but is about 0.4 using the GMPEs of Morikawa 
and Fujiwara (2013). However, there are only 14 data 
points in the group closer than 100  km, so the results 
presented in Fig. 10e may not be conclusive. See Fig. 13 
for the number of data points in each group as deline-
ated above. The standard deviations plotted in Fig.  14 
correspond well with the results presented in Fig. 13; the 
larger the mean residual, the larger the standard devia-
tion. The standard deviations are generally smaller using 
the GMPEs of Dhakal et al. (2015) for both the 2004 and 
2016 events, except for the group of data closer than 
100 km from the epicenter. The standard deviations are 
considerably smaller for the 2016 event at periods of 7 
and 10  s for data at distances larger than 100  km using 
the GMPEs of Dhakal et al. (2015). In general, the stand-
ard deviations obtained in the present study for the 2004 
event are either similar to or somewhat larger than the 
tabulated standard deviations of Morikawa and Fujiwara 
(2013) using their equations. The standard deviations for 
the 2016 event using their GMPEs, however, are two to 
three times larger than the tabulated values, especially at 
periods of 7–10 s. In summary, the larger absolute mean 
residuals and standard deviations for the 2016 event 
based on the GMPEs of Morikawa and Fujiwara (2013) 
suggest that the 2016 event differed systematically from 
the average characteristics of past earthquakes of simi-
lar moment magnitudes, while the data at corresponding 
periods from that event generally follow the GMPEs of 
Dhakal et al. (2015).

Comparison of PGVs from broadband recordings
In the previous section, we described the results of some 
statistical analyses of the residuals between the observed 
strong-motion data and median predictions determined 
using GMPEs. The strong-motion data were recorded by 
K-NET and KiK-net and were mostly for distances within 
400  km of the epicenters (for example, see Figs.  10 and 
12). The K-NET and KiK-net recordings have limitations 
at much longer periods such as 20–100 s due to either a 
low signal-to-noise ratio or a limited duration for moder-
ate earthquakes. The F-net waveform data, on the other 
hand, are continuous and are recorded in a low-noise 
system and environment. As a result, ground motions 
at much longer periods, such as 50–100  s, and for 
much longer distances, at which strong-motion stations 
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were not triggered, can be evaluated using the F-net 
recordings.

In this section, we compare the PGVs for the 2004 
and 2016 events at different passbands using the broad-
band ground motion data recorded by F-net all over 
Japan. For some stations, the PGVs were obtained from 
velocity-type strong-motion sensors collocated at F-net 
broadband stations to avoid the effect of amplitude satu-
ration (Fukuyama et  al. 1996). The PGVs were obtained 
at four different passbands: 5–10  s, 10–20  s, 20–50  s, 
and 50–100  s using second-order Butterworth filtering. 
The locations of the F-net stations used in this study are 
plotted in Fig. 1a, and the PGVs at the above-mentioned 
passband frequencies are plotted in Fig. 15. Similar to the 
results presented in the previous sections, the PGVs for 
the 5–10 s passband are similar at equal distances for the 
two events except at some sites. In the 10–20-s passband, 
differences between the two events start to appear, but 
the values still overlap at many sites. However, the PGVs 

at passbands of 20–50  s and 50–100  s clearly separate 
into two groups of values.

The PGVs at different passbands are regressed sepa-
rately with respect to the hypocentral distances for 
the corresponding events using the linear least square 
method, and the fitted lines are drawn in Fig. 15. The fit-
ted lines clearly show different slopes for the different 
passbands, becoming gentler as the period increases. 
These results support the longer-period ground motions 
decaying slowly with distance. The difference between 
the fitted lines for the two events increases as the period 
increases at equal distances, while the difference remains 
generally constant for a given passband regardless of dis-
tance. As evidenced from the plot for the longest periods 
(50–100 s) analyzed in this study, we found that on aver-
age the ratio (~ 13) of the fitted values is similar to the 
ratio of the seismic moments (6.0E + 18 Nm to 4.9E + 17 
NM ~ 12), estimated by F-net (NIED) for the two events.
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Site amplification effects may be neglected at periods 
over 5  s at the F-net stations because the stations are 
set up inside tunnels constructed on stiff or hard rock. 
Both events were reverse fault events with similar dip 
amounts, and the station coverage is almost identical for 
the two events. There were more than 60 recordings cov-
ering all of Japan for each event. Therefore, the similari-
ties at periods of 5–20 s for these two events that had a 
significantly large difference in moment magnitude may 
be attributed to factors closely related to path effects.

Discussion
We compared the observed peak ground motions for the 
2004 Mw 6.5 off-Kii peninsula and 2016 Mw 5.8 south-
east off-Mie Prefecture earthquakes. The comparisons 
were complimented with GMPEs based on past earth-
quake recordings. Based on these comparisons, the two 
earthquakes are nearly identical in terms of their peak 
ground motions at periods of about 2–20  s, but their 
short-period (smaller than about 2  s) and much longer-
period (larger than 20 s) peak ground motions are clearly 
different. Obviously, their tectonic locations and moment 
magnitudes are different based on results published by 
many researchers. The Mw for the 2016 event, estimated 
by the Global CMT project (e.g., Ekström et al. 2012), is 
5.9, which is identical to that estimated for the 2016 event 
by Asano (2018) using the empirical Green’s function 
method (Irikura 1986; Irikura et  al. 1997) based mostly 
on ocean bottom recordings, while the corresponding 
value from the F-net moment tensor catalog is 5.8. Simi-
larly, the Mw for the 2004 event is 6.6 in the Global CMT 
catalog, while it is 6.5 in the F-net moment tensor cata-
log. Such differences in the value of the moment magni-
tude arise from differences between the data sets, crustal 
and subsurface velocity models, mathematical approxi-
mations, and other factors used in the simulations (e.g., 
Kubo et al. 2002). For example, moment magnitudes dif-
fering by up to 0.5 units have been reported for the same 
moderate-magnitude events under thick sediments dur-
ing the 2012 Ferrara seismic sequence in northeast Italy. 
These discrepancies were caused mainly by differences 
in the velocity models employed in the inversions (e.g., 
Malagnini and Munafò 2017). More recently, Takemura 
et  al. (2018) estimated the moment magnitude of the 
2016 event in the Nankai Trough using the 3D Green’s 
function computed by 3D FDM employing a realistic 3D 
subsurface velocity model that includes both the uncon-
solidated soft sediments and subducting oceanic plates. 
Their estimated moment magnitude is 5.6 for the 2016 
event, compared to its 5.8 F-net and 5.9 GCMT catalog 
magnitudes. If we took the 5.6 value into consideration in 
the GMPEs, the observed data for the 2016 event would 
be further underestimated by the GMPEs presented 

in Figs.  9, 10. This means that shallow plate boundary 
events in the Nankai Trough produce significantly large 
ground motions at periods of about 1–10 s in relation to 
the GMPEs of Morikawa and Fujiwara (2013). One of the 
reasons for the differences between the GMPEs (Mori-
kawa and Fujiwara 2013) and the data, particularly for the 
2016 event, is that the GMPEs for plate boundary-type 
events were constructed using mostly plate boundary 
events in northeast Japan due to the lack of correspond-
ing records in the Nankai Trough subduction zone.

Furumura et  al. (2008) performed 3D simulations of 
long-period ground motions for the 1944 Tonankai earth-
quake using the source model proposed by Yamanaka 
(2004) and a detailed 3D velocity model reconstructed 
by Tanaka et  al. (2006) comprising the subducting Phil-
ippine Sea Plate and the overlying sedimentary layer in 
the accretionary wedge. The simulations of the Tonankai 
earthquake produced about ten times larger peak ground 
displacements and velocity response spectra at periods 
larger than 2 s in the Kanto Plain, located about 400 km 
from the epicentral area, than those for the observed 
Mw ~ 7.5 mainshock event of the 2004 off-Kii peninsula 
earthquakes. The large difference was largely due to the 
greater moment magnitude of the Tonankai earthquake 
(Mw 8.1). In contrast, in the present study, the 2016 event 
is smaller than the 2004 event by 0.7 moment magnitude 
units, but the observed ground motions at periods of 
about 2–20  s are as strong as those for the 2004 event. 
These observations may suggest that the subsurface 
velocity structure in the Nankai Trough subduction zone 
is favorable for producing much stronger long-period 
ground motions for plate boundary events than for intra-
plate events inside the Philippine Sea Plate due to its 
proximity to overlying unconsolidated sediments. More 
recently, Uetake (2017) compared ground motions for 
two shallow crustal events having identical JMA magni-
tudes (Mj 6.7), similar moment magnitudes (Mw 6.2 and 
6.3), similar focal depths, similar focal mechanisms, and 
similar source-to-target-site distances in central Japan. 
The subsurface velocity structures were clearly different 
near the source regions of the two events. One event, 
which originated beneath a relatively thick, low-velocity 
sedimentary layer, excited surface waves of larger ampli-
tudes with a dominant period of about 5 s. These waves 
propagated into the Kanto Plain, which further amplified 
and trapped the waves to produce large, long-duration 
shaking. By complementing the observations with simu-
lations, Uetake (2017) confirmed the effects of the sub-
surface velocities in the source regions on long-period 
ground motions. The vertical cross sections of the JIVSM 
plotted in Fig. 2 show that the thickness of low-velocity 
sediments is much larger in the source region of the 2016 
Mw 5.8 event than in the source region of the 2004 Mw 
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6.5 event. The 2004 event also generated significant long-
period shaking, but the comparable peak amplitudes 
of ground motion at periods of 2–20  s for the smaller-
moment-magnitude 2016 event are most likely due to 
differences in the subsurface velocity structures near the 
source regions of the two earthquakes.

An analysis of seismic moments from many shallow-
focus, inland, and plate boundary earthquakes by Take-
mura (1990) suggested that the excitation of somewhat 
longer-period surface waves near the sources for shal-
low-focus and inland earthquakes could be the reason 
for the larger JMA magnitudes for these earthquakes 
even when their seismic moments are similar to ordi-
nary plate boundary earthquakes in northeast Japan. 
The larger Mj values for crustal events away from 
subduction zones in western Japan are posited to be 
related to the efficient propagation of Lg-type waves in 
the region (Furumura and Kennett 2001). Seismic wave 
propagations for the 2016 event may also have been 
compounded by wave-guide effects due to the sub-
ducting Philippine Sea Plate in the offshore region, and 
Lg-type wave conversion and transmission through the 
inland crustal structure in southwest Japan (Furumura 
et  al. 2014). Together, all these effects contributed to 
the JMA magnitude being larger by 0.7 magnitude 
units than its F-net catalog Mw value of 5.8.

Dhakal et al. (2015) employed Mj and Mw separately 
in identical ground motion prediction models for events 
having Mw > 6.5 and found that inter-event errors were 
significantly smaller using Mj than those using Mw at 
periods between 1 and 10  s. The results were obtained 
for events including a large proportion of data from 
plate boundary events with focal depths smaller than 
50 km in northeast Japan as well as inland earthquakes. 
On average, the JMA magnitude was larger than the 
Mw for events having Mw values smaller than about 
7 in their data set, and for some events, the difference 
was 0.4 or larger. It has now become apparent that the 
GMPEs by Dhakal et al. (2015) described the observed 
response spectra of the 2016 Mw 5.8 event well at peri-
ods between about 2 and 10  s without correction for 
propagation path effects caused by either thick sedi-
ments or surface waves generated near the source, while 
GMPEs employing Mw appear to be insufficient without 
correction for propagation path effects in the Nankai 
Trough, especially for events whose JMA and moment 
magnitudes are significantly different. The GMPEs of 
Dhakal et  al. (2015) were constructed from an earth-
quake early warning viewpoint. Therefore, their GMPEs 
should be used with caution for other purposes such as 
the seismic hazard analysis. Nonetheless, the findings 
of this study clearly indicate the necessity of consider-
ing propagation path effects in the GMPEs for seismic 

hazard evaluation of long-period ground motions in the 
Nankai Trough. Moreover, evaluating the long-period 
ground motions of future Nankai Trough plate bound-
ary earthquakes will be greatly assisted by further vali-
dation of the available velocity models against observed 
data for moderate-magnitude earthquakes.

Conclusions
We analyzed strong-motion and broadband ground 
motion data for the 2004 Mw 6.5 southeast off-Kii pen-
insula earthquake, an offshore aftershock event that 
occurred inside the Philippine Sea Plate near the Nankai 
Trough axis. We also analyzed similar data for the 2016 
Mw 5.8 southeast off-Mie Prefecture earthquake, an 
independent offshore event in the source area of the 1944 
Tonankai earthquake. Despite a large difference in the 
moment magnitudes for the two events, their magnitudes 
in the JMA magnitude scale were identical, both being 
6.5. We found that the PGAs and ARS at periods smaller 
than about 0.5 s were noticeably underestimated by the 
GMPEs for the 2004 event, while the ARS at longer peri-
ods were generally well explained. In contrast, the PGAs 
and ARS at periods smaller than about 1 s were generally 
explained well by the GMPEs for the 2016 event, while 
the ARS at periods of about 2–10  s were significantly 
underestimated, especially at distances larger than about 
100 km. We found that the ground motions for the 2016 
event (Mw 5.8) were comparable to those for the larger-
moment-magnitude 2004 event (Mw 6.5) at equal dis-
tances for periods of engineering importance of about 
2–20 s over wide areas. We checked the existing subsur-
face velocity model, which suggested that the difference 
in the relative location of the two events, particularly 
with respect to the presence of a thick accretionary prism 
of low seismic velocity in the Nankai Trough, might have 
caused the difference between the two events in their 
excitation of seismic waves with periods of 2–20 s. Inter-
estingly, it was found that the observed ARS are gener-
ally consistent with the GMPEs at distances shorter than 
about 100 km for the 2016 event. These observations sug-
gested that the large response spectra at periods of about 
2–10 s for the 2016 event at larger distances are not due 
to source effects. Moreover, GMPEs employing Mj gen-
erally described the observed AVRS well at correspond-
ing periods for both events. These results suggest that 
the intensity of long-period ground motions at periods 
of about 2–10 s may be better represented by Mj than by 
Mw in GMPEs for shallow and moderate earthquakes in 
the Nankai Trough subduction zone, unless some adjust-
ments are made in Mw-based GMPEs to account for 
propagation path effects due to the accretionary wedge in 
the Nankai Trough.
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