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Seismic waveforms of the 2011 off the Pacific coast of Tohoku Earthquake recorded at the base of a dam 
site in Fukushima prefecture were analyzed comparing bore-hole motion records of the KiK-net stations, 
and were reproduced on the empirical Green’s function method. Three empirical Green’s functions were 
prepared to five strong-motion-generation-areas (SMGAs) model, considering the spread of the fault area. 
The observed peak ground acceleration (PGA) values and Fourier spectra were roughly explained by the 
synthetic, but the observed PGA time could not be explained. So we synthesized using another fault model, 
SPGA model. The comparison of the observed and synthetic waves made it clear that nearly simultaneous 
arrivals of waves from SMGAs or SPGAs at off-shore Miyagi prefecture and off-shore Fukushima pre-
fecture contributed the PGA value and the peak time at the target site. 
 
   Key Words: empirical Green’s function method, the 2011 off the Pacific Coast of Tohoku Earthquake, 

strong-motion-generation-area (SMGA), strong-motion-pulse-generation-area (SPGA) 
 

1. INTRODUCTION 
 

Dam sites located in Tohoku area have recorded 
many seismic waveforms of the 2011 off the Pacific 
coast of Tohoku Earthquake, Japan, which occurred 
on March 11, 2011 (main shock, Mw 9.0) and its 
aftershocks. Several kinds of rupture processes of the 
main shock have been proposed using teleseismic 
waveforms (e.g., Ide et al., 20111), Ammon et al., 
20112)) or strong motions (e.g., Furumura et al., 
20113), Kurahashi and Irikura, 20114)). It is common 
that every rupture model shows complex rupture 
propagation though the results vary from the focused 
frequencies or the analysis methods. The authors 
reproduced the waveforms of the main shock using 
the empirical Green’s function (EGF) method (Iri-
kura, 19865)). The EGF method is a technique to 
synthesize seismic records of a large event using the 
recorded data at small events as Green’s functions. 
After the second proposal of Japan Society of Civil 
Engineering (JSCE), following the Southern Hyogo 

prefecture earthquake in 1995, simulation of earth-
quake ground motions using the Green’s function 
approach for a potential rupturing fault, has been 
included in one of the seismic resistant design codes 
(JSCE, 1996). Since the EGF method mainly de-
pends on and uses small ground motion histories, 
small events selected as Green’s functions are nec-
essary to share the same path and site effects with the 
target event. Seismic waveforms recorded at the base 
of dam sites are suitable for this analysis, where 
seismic motion is less affected by sedimentary layers. 
Seismic records at the base of dam sites are affected 
by the structure above at high frequency range. 
However, seismic records are not able to explain the 
peak time of the observation wave. Therefore this 
report calculates a pulse wave pattern seen at a few 
effects of the sedimentation layer of records, which 
located off-the-coast of Miyagi through off-the-coast 
of Ibaragi using the super asperities model (Nozu, 
20123)). The agreement between the observed and 
calculated ground motions is quite satisfactory, es-
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pecially for a frequency range of the waveforms 
(0.2-1.0 Hz) including near-source pulses. 

  
2. WAVEFORM REPRODUCTION OF 
THE MAIN SHOCK 
 

The target dam site is located in the Tohoku area, 
and the location is marked by a filled triangle in Fig. 
1. This dam is a rock-fill dam. Seismographs are 
installed at the tops and the base of the dam. This site 
has recorded seismic waves of the main shock and its 
aftershocks. Seismic waveforms of horizontal up-
stream-downstream (orthogonal to the enclosing 
bund) component recorded at the base of the dam site 
were used in this study. 

To simulate strong motions using EGF method, the 
characterized source model and the EGFs are needed. 
The characterized source model was constructed 
using Kurahashi and Irikura (2011) 4) model, which 
consists of five strong-motion-generation-areas 
(SMGAs). EGFs were selected from the aftershock 
records and the past records prior to the main shock, 
considering the propagation path and the radiation 
characteristic from the source. 
 
3. SELECTION OF THE EGF 
 

The target dam site has nine seismic records other 
than that of the main shock, whose record length 
exceed 40 seconds and whose epicenters are inside or 
around the fault zone of the main shock. These nine 
records are the candidates for EGFs. The hypocenters 
and CMT solutions of these records are shown in Fig. 
1. The source parameters of the main shock and the 
small events reported by the Japan Meteorological 
Agency (JMA) and the CMT solutions reported by 
F-net (Okada et al., 20047)) are shown in Table 1. 
Event-1 to -5 occurred after the main shock, whereas 
event-6 to -9 occurred prior to the main shock. 

The small events’ records used as EGFs have to 
share the propagation path and site effects as well as 
the radiation characteristic from the source. Event-8 
(August 16, 2005, Mw 7.1) was commonly selected as 
the EGF for SMGA 1 and 2. We call this event as 
EGF-A. In a similar way, event-6 (March 14, 2010, 
Mw 6.5) was selected as the EGF for SMGA 3 and 4 
(EGF-B), and event-7 (May 8, 2008, Mw 6.8) was 
selected for SMGA 5 (EGF-C). Event-3 was not 
selected as an EGF, on the grounds that this event 
was not an inter-plate earthquake but an intra-slab 
one (Ohta et al., 20118)), although the epicenter was 
inside the fault zone. The moment magnitude of 
event-5 (Mw 7.8) was too large to use as EGF. 

The information of stress drop and fault area is 
needed to use the waveforms as EGF. The corner 

frequencies of EGF-B and EGF-C were estimated 
using bore-hole motion records of KiK-net (Aoi et 
al., 20009)) as shown in Fig. 2. The stress drop of 
these small events was calculated from the corner 
frequency and seismic moment relation (Boore, 
198310)). The fault area of the small event was ob-
tained by the circular clack model by Brune (197011), 
197112)). Conversely, the source models of EGF-A 
had been estimated (e.g., Kamae, 200613), Suzuki and 
Iwata, 200714)). The estimated models showed that 
this earthquake consisted of two large slips. We de-
cided the fault size of EGF-A considering total size 
of large slips. Stress drop was obtained from the size 
and seismic moment using the circular crack formula 
(Eshelby, 195715)). In this study, the observed records 
used as the EGFs were band-pass-filtered from 0.15 
Hz to 10 Hz, considering the reliable frequency range 
of the observed records. 

Fig.1 The location of the target dam site (filled triangle), the 
fault zone (large dashed rectangle), characterized source 
model consisting of five SMGAs in the fault zone (small 
solid rectangles).  The small rectangles and the closed 
circles inside them show the SMGAs and their initiation 
points. The open star and the closed stars show the epi-
centers of the main shock and the small events which are 
candidates for EGFs, respectively. EGF-A (for SMGA1, 
2), B (for SMGA3, 4) and C (for SMGA5) are selected as 
EGFs.  The target dam site is located in the Tohoku area, 
and the location is marked by a filled triangle. 
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4. CHARACTERIZED SMGA SOURCE 
MODEL AND GROUND MOTION 
SIMULATION 
 

The characterized source model was constructed 
using Kurahashi and Irikura (20114)) model, slightly 
modifying the source parameters for our EGFs. The 
source parameters of each SMGA, such as the length, 
width, seismic moment, stress drop and delay time 
from the origin time of each SMGA are listed in 
Table 1. To calculate ground motions from each 
SMGA, the area of the SMGA was divided into 
equally-sized square sub faults, the area of which was 
set to be the same as the small events area as shown in 
Fig. 1. SMGA 1 and SMGA 3 are located off-shore 
Miyagi prefecture. SMGA 2, SMGA 4 and SMGA 5 
are located off-shore Iwate prefecture, Fukushima 
prefecture and Ibaraki prefecture, respectively. 
 The rise times inside each SMGA were given by 

the empirical relations by Kataoka et al. (200316)). 
The average S wave velocity and the rupture velocity 
were given to be 3.5 km/s and 2.8 km/s, respectively. 
The QS value for plate boundary earthquakes in 
Eastern Japan area, which was proposed by Kawase 
and Matsuo (200417)), was used as the propagation 
property at this area; QS = 93 f 0.89; Here f is frequency 
(Hz). 

 
 

5. DISCUSSION 
 

Various segments of the Great Sumatra earth-
quakes (2004, 2013) were divided by their rupture 
speeds (Ishii et al., 200518), Ya et al., 201219)). In this 
study, 3 empirical Green’s functions are prepared by 
using 5 SMGAs models based on the records of the 
spread of the faults areas from small events.  

Nearly simultaneous arrival from SMGAs at 
off-shore Miyagi and off-shore Fukushima contrib-
uted to the maximum acceleration value at the dam 
site (Fig.3). 

Although the main shock was Mw 9.0, the epicenter 

distance was about 300 kilometers; the maximum 
acceleration value was low level. The difference 
between the maximum acceleration 23 gal in this 
observation and 24 gal in this synthetic wave is not so 
significant. The maximum acceleration is reproduc-
ible although the seismic waves which were obtained 
from background regions other than SMGA areas are 
not considered in this simulation. Thus, it is thought 
that contribution from a background region is little 
effect. The preliminary tremor level at around 25 
seconds of the observation waveform does not exist 
in a synthetic waveform. The preliminary tremor 
movements for 25 seconds are not recorded as small 
events. Large recorded levels only remain after the 
Share wave arrived. The synthetic waveform after 
dominant motion has two characteristic movements, 
which consists of the first half part of 20 seconds and 
the last half part of 70 seconds. It was able to reap-
pear consisting of two dominant movements. The 
first half part of the synthetic waveform had a better 
reappearance than the observation waveform. The 

Table 1 The source parameters of the main shock and the small events 
which are candidates for EGFs. The origin times and the lo-
cations were determined by JMA. The CMT solutions and 
moments were reported by F-net. Stress drops and areas for 
EGFs were determined in this study. 

(b) EGF-C

Fig. 2 Displacement spectra estimated from bore-hole 
motion records at the KiK-net stations on rock 
from the small events ((a) EGF-B and (b) EGF-C) 
used as the empirical Green’s functions. The 
shadow areas at low frequencies lower than 0.15 
Hz show unreliable frequency range that was not 
used for the simulation. 

(a) EGF-B

(b) EGF-C
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waveform figures also differ. 
The last half part of the synthetic waveform is a 

different, which is seen by observation during dom-
inant movement. The observation waveform be-
comes larger at 75 seconds and 100 seconds. On the 
other hand, the synthetic waveform becomes larger at 
85 seconds. In order to investigate this cause, the 
waveform is inspected from each areas of SMGA.   
According to Fig.5, the first 70 seconds is effected 
with only SMGA 1 area. The second strong motion is 
from the synthetic waveform at SMGA 3 and SMGA 
4 areas. At SMGA 2 and SMGA 5 areas, the synthetic 
waveform is small, compared with other SMGA 
areas. In the observation waveform, an acceleration 
value of the dam axis direction becomes larger than 
the stream direction. The acceleration values exist at 
25, 75 and 100 seconds.  

Those wave arrival times correspond with the 
secondary wave arrival time from SMGA 1, SMGA 
3, and SMGA 4 areas. According to Fig.5, the syn-
thetic waveform in each SMGA area becomes grad-
ually large after the secondary wave arrival time. It 
seems that a synthetic waveform has large amplitude 
at secondary wave arrival time. Although the epi-
center model and the Green function are the causes, 
this paper does not describe this model. 

The acceleration of the observation has a peak 
value at 100 seconds, which is addition of both 
SMGA3 and SMGA4 effects. The starting rupture 
time is delayed by 40 seconds (Table 1). However, 
the arrival time interval at the dam site is shortened 
by about 25 seconds (Fig.4). At SMGA 5 area, rup-
ture propagation away from the dam site, the time 
difference of SMGA 4 and SMGA 5 areas becomes 
larger than the starting rupture time difference. This 
difference is based on the relative relationship of the 
SMGA area position and the dam site. And it is re-
lated to advance in the direction in which the rapture 
propagation moves in a fault area to the dam site. As 
a result, the addition to the effect of other SMGAs 
becomes small. 

Comparison of the observation waveform and the 
synthetic waveform is in Fig.3 with the Fourier 
spectrum. In the wide frequency domain, the spec-
trum of a synthetic waveform and the spectrum of the 
observation waveform are excellent. Composition of 
the observation and synthetic waveform is good at 
the peak frequencies of 0.36 Hz and 1.0 Hz. The 
Fourier spectrum shape appears in the depression at 
1.8 Hz. 

 
Super asperities model 

In the source models of EGF, the peak record was 
not able to be synthesized at 156 seconds which did 
not appear in the envelope of an observation wave-

form. Although aimed at the wide range zone of 
0.15~10 Hz for the source models of EGF, the super 
asperities model is synthesized by limiting to 0.2~1 
Hz. 

Nozu (2012) 6) concentrated the simulation of the 
super asperities model at the frequency range of 
0.2~1 Hz of the seismic records. In the observation 
point of a few effects of the sedimentary layers, 
which are located off-the-coast of Miyagi through to 
off-the-coast of Ibaraki using the super asperities 
model (Table2, Fig.8), pulse seismic waves have 
appeared clearly. This simulation of the ground mo-
tions is concentrated at a frequency range of the 
waveforms (0.2-1.0 Hz) including near-source pulses 
(Fig.7).  

 The KiK-net underground records the recorded 
waveforms, integrated as velocity waves and band 
pass filtered in the frequency range 0.2~1 Hz, are 
shown in Fig.9. 

In the dam site record, the pulse with large am-
plitude has appeared at 156 seconds in each case. 
This pulse appeared also in the envelope waveforms 
(Fig.5); its first 3 peaks are not so clear in the velocity 
waveforms.  

The first 3 peaks at frequency range higher than 1 
Hz and the frequency range in lower than 1 Hz is not 
included. On the other hand, the acceleration peak 
had the frequency range of 0.2~1 Hz. In the synthetic 
waveform, the pulse appeared in 150 seconds. This 
peak did not appear in the next half in the synthetic 
waveform. The pulse, which appeared in the dam site 
records and also in the KiK-net observation records, 
is not a clear pulse as the observed waveform by 
Nozu and Wakai (2012). 
  Another characterized source model was con-
structed using Nozu and Wakai (2012)20), which 
consists of nine strong-motion-pulse-generation- 
areas (SMGAs). An earthquake source parameter is 
shown in Table 2. The hypocenters and CMT solu-
tions of these records are shown. The location of the 
target dam site, the fault zone, characterized source 
model consisting of nine SPGAs in the fault zone are 
shown in Fig. 2. Earthquake and strong ground mo-
tions are simulated based on site amplification and 
phase characteristics. Small events referred to Nozu 
and Wakai (2012). SPGA1, SPGA2 and SPGA3 
chose Event-8 (EGF-A) of Table 1. SPGA9 was 
selected Event-7 (EGF-C) of Table 1. Other SPGA 
was selected a near the hypocenter. SPGA4 was se-
lected as Event-8. SPGA5, SPGA6 and SPGA7 were 
selected as Event-6 (EGF-B). 
  Since the simulations were not estimating the 
Strong motion technique using site-specific ampli-
fication, it does not explain about the ampli-
tude-spectrum of the synthetic waveforms.  
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The aim of simulations is reproduced velocity 
waveform and pulse time. Velocity waveform am-
plitude during the 150 seconds becomes larger than 
the 120 seconds before. The pulse at 156 seconds was 
increased by the stacking together of SPGA4, 
SPGA5, SPGA6 and SPGA7 pulse effects. In the 

dam site or the nearby KiK-net observation sites was 

not as significant as the clear pulse such as Nozu 
(2012) 6) report. For the duration time of about 30 
seconds, the observation point was far from SPGA. 
In addition, the earthquake motion of SPGA4 off 
Miyagi was an accumulation of SPGA5, SPGA6 and 
SPGA7 effects in the off Fukushima area. 

Fig. 3 Comparison of the observed (black traces) and synthetic (red traces) seismographs by the EGF method at the dam site. 
The acceleration waveforms (left graph) and Fourier spectra (right graph) are composed. The waveforms performed 
filter processing to cut a low frequency than 0.15Hz. 

(b) Dam axis component 

Fig.4 Comparison of synthetic waveforms from five SMGAs (red trace) and from individual SMGAs (black traces) from 
SMGA1 to SMGA5. The waveforms performed filter processing to cut a low frequency than 0.15Hz. 

(a) Upstream-downstream component                    

(a) Upstream-downstream component                          (b) Dam axis component 
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Table 2    The source parameters of each SPGA. 

Fig. 6    Comparison of the observed (black traces) and synthetic (red traces) seismographs by the SPGA method at the dam 
site.  The integrated velocity waveforms, which performed band pass filter processing from 0.2 to 1Hz.  

(a) Upstream-downstream component                                               (b) Dam axis component 

 
Fig. 8 Comparison of synthetic waveforms from nine SPGA s (red trace) and from individual SPGAs (black traces) from 

 SPGA 1 to SPGA 9. The waveforms performed band pass filter processing from 0.2 to 1Hz. 

(a) Upstream-downstream component                                               (b) Dam axis component 

Fig.7 The location of the target dam site (filled tri-
angle), the fault zone (large dashed rectangle), 
characterized source model consisting of nine 
SPGAs in the fault zone (small solid rectan-
gles).

Fig.5 Comparison of synthetic horizontal enveloped wave-
forms from five SMGAs (red trace) and from individual 
SMGAs (black traces) from SMGA1 to SMGA5. The 
waveforms performed filter processing to cut a low 
frequency than 0.15Hz.
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6. CONCLUSION 
 

The earthquake motion record obtained at the 
dam site located from the Tohoku district Pacific 
Ocean in Fukushima Prefecture in 2011 was repro-
duced using the experiential Green function method 
and the statistical Green function method.  

The earthquake motion obtained by dam founda-
tion has a subterranean earthquake motion feature 
similar to the KiK-net observation, and is not subject 
to most influences of the sedimentary layers near the 
surface.  

When one side applied three Green functions to 
five SMGA(s) in the SMGA model of the size of 
several 10 km, about PGA and the Fourier spectrum, 
observations were able to be excellently obtained.  

In comparison with the case where one Green 
function is applied to all the SMGA(s), the use of 
three Green functions the reproduced observations 
were much better.  

Moreover, in comparison of the envelope, a 
SMGA which corresponds to the peak of an obser-
vation waveform existed. And it was understood how 
the earthquake motion from each SMGA formed the 
whole observation waveform.  

As for the time when the acceleration in the second 
half of an observation waveform serves as the 
maximum, it turned out that the earthquake motions 
of SMGA3 off Miyagi and SMGA4 off Fukushima 
overlapped and increased.  

In the SMGA model, since reappearance of the 
time when acceleration serves as the maximum, was 
not completed. The waveform composition was 
performed using the statistical Green function 
method by the SPGA model of one-side the size 
which is several kilometers. The amplitude of the 
second half became larger than the first half of the 
observation waveform.  

The earthquake motions of SPGA4 off Miyagi, 
and SPGA5, 6 and 7 off Fukushima were over rapped 
and increased.  

The relationship of SMGA-SPGA and the dam site 
records determined the maximum time of accelera-
tion appearing in the SMGA model. 
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