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    Abstract     The kinematic source process of the 2011 Off the Pacifi c Coast of Tohoku 
earthquake is studied using strong motion data both in low- and high-frequency 
ranges. The slip distribution is estimated by the waveform inversion analysis using 
velocity waveforms in the frequency range from 0.01 to 0.125 Hz at strong motion 
stations along the Pacifi c coast. The strong motion generation area (SMGA) is esti-
mated by the strong ground motion simulation in 0.1–10 Hz using the empirical 
Green’s function method. The slip distribution is characterized by a large asperity 
with peak slip of 48 m which is imaged in the shallower portion of the source fault 
near the Japan Trench. Four SMGAs are identifi ed in the deeper portion of the 
source fault. Unlike the past M7–8 subduction-zone plate-boundary events, the 
SMGAs and the asperity seem to be complementary in space. But the rupture time 
of each SMGA matches the timing of slip in each area. The total size of SMGAs is 
much smaller than the asperity area. This event coincides with empirical scaling 
relationships between total rupture area, asperity area, SMGA, and its seismic 
moment proposed for subduction-zone plate-boundary earthquakes by previous 
papers although the asperity abstracted for this event may have different nature from 
those of past smaller earthquakes.  

  Keywords     Relationship between slip distribution and strong motion generation 
area   •   Scaling relationship   •   Source process of the 2011 Tohoku earthquake   •   Strong 
motion data   •   Strong motion generation area  
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3.1         Introduction 

 The 2011 Off the Pacifi c Coast of Tohoku earthquake (Mw9.0, hereafter the 2011 
Tohoku earthquake) which occurred at 14:46 on 11 March 2011 (JST = UT + 9) is 
the best observed megathrust earthquake, thanks to the present dense observation 
network in Japan. For example, nationwide dense strong motion observation net-
works K-NET and KiK-net operated by the National Research Institute for Earth 
Science and Disaster Prevention (NIED) (Aoi et al.  2004 ,  2011 ) succeeded in 
recording the acceleration waveforms during the mainshock at 1,223 stations as of 
December 2011 (Kunugi et al.  2012 ). The seismic intensity of 7 in the intensity 
scale of the Japan Meteorological Agency (JMA) was observed at Tsukidate, 
Kurihara city 175 km west of the epicentre, and the seismic intensity of 6+ was 
observed at many sites in Tohoku and Kanto districts (see, e.g. Hoshiba et al.  2011 ). 

 Figure  3.1  shows the spatial distribution of the observed peak ground accelera-
tion (PGA) and the peak ground velocity (PGV) at strong motion stations in east 
and central Japan. These strong motion stations include the K-NET and KiK-net 
stations and the seismic intensity observation sites of JMA. Among these stations 
twenty stations in Tohoku and Kanto districts recorded ground accelerations larger 
than the gravitational acceleration.

   Figure  3.2  shows the record sections of the north–south components of observed 
original acceleration waveforms and fi ltered velocity waveforms along the Pacifi c 

  Fig. 3.1    Observed peak ground acceleration ( left ) and peak ground velocities ( right ) during the 
2011 Tohoku earthquake at K-NET, KiK-net, and JMA strong motion stations       
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coast ordered by the latitude of stations. Four distinctive wave packets propagating 
northward and southward are recognized from the record section of the observed 
acceleration. Both the fi rst (S1) and second wave packets (S2) are originated from 
off Miyagi prefecture, but S1 and S2 are separated by approximately 40 s. The third 
wave packet (S3) propagates from off Fukushima prefecture, and the fourth wave 
packet (S4) propagates from off the border between Fukushima and Ibaraki prefec-
tures. Those observed characteristics of strong ground motions give us a brief image 
of the source process related to the strong ground motion generation during the 
2011 Tohoku earthquake. However, these acceleration wave groups do not exactly 
correspond to the distinctive phases observed in the low-frequency (0.01–0.125 Hz) 
velocity waveforms, which means that spatiotemporal distributions of rupture con-
tributing to high- and low-frequency wave radiation are different (Fig.  3.3 ).

    In this chapter, we introduce the kinematic source process inverted from strong 
motion data in low-frequency band of 0.01–0.125 Hz by Suzuki et al. ( 2011 ) and the 
source model composed of strong motion generation areas (SMGAs) estimated by 
the forward modelling of broadband strong ground motion in 0.1–10 Hz by Asano 
and Iwata ( 2012 ). We will discuss the spatial relationship between large slip and 
SMGA to understand strong motion generation process during the 2011 Tohoku 
earthquake by comparing past subduction-zone plate-boundary earthquakes in 
northeast Japan.  

  Fig. 3.3    Observed ground velocity waveforms of the east–west component at MYG011 without 
band-pass fi lter ( top ), low-pass fi ltered at 0.1 Hz ( middle ), and band-pass fi ltered between 0.1 and 
10 Hz ( bottom )       
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3.2     Source Process by Waveform Inversion 
in Low- Frequency Band 

3.2.1     Method 

 Suzuki et al. ( 2011 ) employed the multi-time-window linear waveform inversion 
method (   Olson and Aspel  1982 ; Hartzell and Heaton  1983 ) to derive the rupture pro-
cess. They assumed a rectangular fault model (Fig.  3.2 ), constructed to follow the 
geometry of the Pacifi c plate (Hasegawa et al.  1994 ). The strike and dip angles of the 
fault plane were set to 195° and 13°, respectively. The fault plane had a length of 
510 km and a width of 210 km and was divided into 30 × 30 km 2  subfaults. The slip 
history of each subfault was represented by 25 6-s time windows, each of which was 
separated by 3 s, allowing slip for 78 s. The rupture starting point was set to 38.10°N, 
142.85°E, 24 km deep, referring to the hypocentre determined by the NIED and JMA. 

 Strong motion data used for the inversion analysis was the S wave portion of the 
0.01–0.125 Hz velocity waveforms of 10 K-NET stations and of 26 KiK-net bore-
hole stations within 120–400 km epicentral distances. The observed and synthetic 
waveforms are aligned on the S wave arrivals. Green’s functions were calculated 
using the discrete wave number method (Bouchon  1981 ) and the refl ection/trans-
mission matrix method (Kennett and Kerry  1979 ). The rupture propagation effect 
inside the subfault, expected from the fi rst time window triggering velocity, was 
considered by convolving the moving dislocation (Sekiguchi et al.  2002 ). A one- 
dimensional underground structure model for the calculation of the Green’s func-
tion was constructed for each station considering the three-dimensional crustal 
structure model (Fujiwara et al.  2009 ). The rupture process was inverted using the 
least squares method with an inequality constraint (Lawson and Hanson  1974 ), to 
limit the variation of the rake angle to within 90° centred at 90°, i.e. the pure dip slip 
angle. The smoothing constraint on slips was applied following the procedure pro-
posed by Sekiguchi et al. ( 2000 ).  

3.2.2     Result 

 Figure  3.4a, b  shows the slip distribution estimated from their inversion analysis. 
The contour interval is 5 m. A large slip area, in which the slip is larger than 20 m, 
extends from the area around the hypocentre to the shallower part of the fault plane. 
A maximum slip of 48 m is estimated to the east of the hypocentre near the trench 
axis, far off Miyagi prefecture. The slips near the coastline are relatively small, 
except off Miyagi prefecture, where the slip is greater than 5 m from the coastline 
to the trench. The total seismic moment of the derived model is 4.42 × 10 22  Nm 
(Mw9.0). The fi rst time window triggering velocity of 3.2 km/s was selected because 
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this velocity gives the smallest residual value (Fig. S1 in Suzuki et al.  2011 ). The 
observed and synthetic waveforms are compared in Fig.  3.4c . In order to observe the 
temporal characteristics, we show the slip distribution every 10 s with a contour 
interval of 1 m in Fig.  3.5 . The fi rst remarkable moment release started 20 s after the 
initial break, when the rupture occurred around the hypocentre. Then, at approxi-
mately 40 s, the rupture proceeded northward along the trench axis and toward the 
down-dip direction. Somewhat later, the rupture also extends southward along the 
trench axis. The largest slip event occurred from 60 to 100 s, with the rupture 
expanding toward the down-dip direction from the area along the trench axis. In this 
stage, large slip occurred continuously far offshore of southern Iwate, Miyagi, and 
northern Fukushima prefectures. The slip amount of the largest slip event was con-
siderably decreased when raising the low-frequency limit of the data for the inver-
sion to 0.02 Hz. This means that the largest slip event radiated seismic waves high 
in lower-frequency components (<0.02 Hz).

  Fig. 3.4     (a)  Slip distribution of the source fault plane,  (b)  slip distribution projected on the map, 
and  (c)  comparison between the observed ( black ) and synthetic ( red ) velocity waveforms between 
0.01 and 0.125 Hz (Suzuki et al.  2011 )       
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    The last stage starts at around 100 s, where the rupture propagated southward in 
the area off Fukushima and Ibaraki prefectures. The entire rupture almost ceased 
within 150 s. The slip-velocity time function (Fig. 3 in Suzuki et al.  2011 ) shows 
that the subfaults around the hypocentre and the shallow part of the fault experi-
enced two slip events.   

3.3     SMGA Source Model for Strong Motion Simulation 
in 0.1–10 Hz 

3.3.1     Location and Rupture Time of SMGAs 

 Asano and Iwata ( 2012 ) assumed that each wave packet S1–S4 seen in the record 
section of the observed acceleration waveforms (Fig.  3.2 ) is generated from corre-
sponding strong motion generation area, SMGA1–SMGA4. SMGA is defi ned as 
the area characterized by a large uniform slip velocity within the total rupture area, 
which reproduce near-source strong ground motions up to about 10 Hz (Miyake 
et al.  2003 ). Asano and Iwata ( 2012 ) modelled those SMGAs to fi t the simulated 
ground motions to the observed ones. They fi xed the hypocentre at the location 
determined routinely by JMA (red star in Fig.  3.6 ) and assumed that each SMGA is 
on the surface of the subducting Pacifi c slab, whose depth was determined by 
Nakajima and Hasegawa ( 2006 ) and Nakajima et al. ( 2009 ).

   Asano and Iwata ( 2012 ) read the onset of S1–S4 in the observed waveforms at 
K-NET and KiK-net stations along the coast to determine the location of rupture 

  Fig. 3.5    Snapshot of slip amount at every 10 s from the initial break (Suzuki et al.  2011 ) with 
locations of SMGAs (Asano and Iwata  2012 )       
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starting point and rupture time for each SMGA objectively. The optimum set of 
parameters was determined to minimize the root mean square of difference between 
the observed and theoretical travel times by grid search. The one-dimensional veloc-
ity structure model was assumed, and the difference between the observed and theo-
retical travel times was corrected by using an Mw6.0 foreshock (EGF1 in Fig.  3.6 ) 
occurring at 03:16 on 10 March 2011 (JST) as a reference event, whose location was 
fi xed at the hypocentre determined by JMA. The search intervals in the grid search 
were 0.005° for latitude and longitude and 0.1 s for rupture time. 

 The estimated locations of the rupture starting points of the four SMGAs are 
indicated by the open stars in Fig.  3.6 . The rupture delay times from the origin time 
are estimated to be 24.1, 65.4, 106.5, and 133.0 s, respectively. The spatial 

  Fig. 3.6    Source model for broadband strong motion simulation between 0.1 and 10 Hz composed 
of four SMGAs projected on the map (Asano and Iwata  2012 )       
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uncertainty in the dip direction is relatively larger than that in the strike direction 
due to the nonuniform distribution of observed stations surrounding the source 
region (see Asano and Iwata  2012 ).  

3.3.2     SMGA Source Modelling for Broadband Strong Ground 
Motion Simulation 

 Asano and Iwata ( 2012 ) constructed the source model composed of four SMGAs 
based on broadband strong motion simulation from 0.1 to 10 Hz using the empirical 
Green’s function method by Irikura ( 1986 ). In this method, the ground motion for a 
target event is synthesized by summing up the records of small events with a fi lter-
ing function which corrects the difference in the slip-velocity time function between 
the large and small events following the source scaling law and the  ω  −2  source spec-
tral model (Irikura  1986 ; Miyake et al.  2003 ). These scaling relationships are con-
trolled by two parameters  N , which corresponds to the ratio of spatial dimension 
and slip amount between the large and small events, and  C , which corrects the dif-
ference in the stress drop between the large and small events. 

 The scaling parameters  N  and  C  were determined for each SMGA by a source 
spectral fi tting method (Miyake et al.  1999 ,  2003 ). This method derives these param-
eters by fi tting the observed source spectral ratio between the large and small events 
to the theoretical source spectral ratio following the  ω  −2  source spectral model. The 
moment ratio and the corner frequency of the target and small events were estimated 
by the grid search algorithm. The propagation path effects were corrected for geo-
metrical spreading for the body waves and an attenuation factor. The frequency- 
dependent quality factor,  Q (  f  ) = 110 f   0.69  obtained by Satoh et al. ( 1997 ) in this region 
and the S wave velocity of 4.46 km/s were used to correct the attenuation factor. The 
records of an Mw6.0 event, which occurred at 03:16 on 10 March 2011 (JST), were 
used as EGF for SMGA1 and SMGA2 (EGF1), and those of an Mw5.5 event, which 
occurred at 22:12 on 22 October 2005 (JST), were used as EGF for SMGA3 and 
SMGA4 (EGF2). The epicentres of two EGF events are shown in Fig.  3.6 .  N  values 
are 3, 3, 5, and 5 for SMGA1, SMGA2, SMGA3, and SMGA4, respectively.  C  val-
ues were estimated to be 10.6 and 4.0 for SMGA3 and SMGA4, respectively.  C  
values for SMGA1 and SMGA2 were searched together with other unknown param-
eters in the following strong motion simulations because these  C  values were not 
constrained well by the source spectral fi tting method due to the small number of  N . 

 Then, the source parameters of the four SMGAs were estimated based on the 
broadband strong motion simulations using the empirical Green’s function method. 
The best set of parameters was searched by minimizing the residuals of acceleration 
envelopes and displacement waveforms through a grid search (Miyake et al.  1999 , 
 2003 ). The parameters to be estimated by the grid search are the spatial dimensions, 
rise times of the EGF events, the stress drops (i.e.  C  values) and rupture starting 
subfaults of each SMGA, and the rupture propagation velocities within the SMGAs. 
The length  L , width  W , and rise time  T  of the SMGA are given by  Nl ,  Nw ,  Nτ  from 
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the length  l , width  w , and rise time  τ  of the EGF event. The search range and its grid 
interval of the model parameters in the grid search are referred to Asano and Iwata 
( 2012 ). The stress drops of the EGF events were calculated assuming the circular 
crack source model (Eshelby  1957 ). The strike and dip angles of each SMGA were 
determined based on the local geometry of the plate interface (Nakajima and 
Hasegawa  2006 ; Nakajima et al.  2009 ). The deeper SMGA has slightly steeper dip 
angle because of the bending of the subducting Pacifi c slab. The strong motion sta-
tions used in this modelling are indicated by the solid triangles in Fig.  3.6 .  

3.3.3     Result 

 Figure  3.6  shows a map view of the estimated source model. The source parameters 
of each SMGA are listed in Table  3.1 . The rupture within SMGA1 propagates 
towards the up-dip direction, whereas that within SMGA2 propagates towards the 
down-dip directions. The ruptures of SMGA3 and SMGA4 located southwest of the 
hypocentre mainly propagate in southwest direction. The rupture propagation 
velocity within each SMGA is 4.0 km/s. The stress drops of four SMGAs range 
from 6.6 to 27.8 MPa.

   Figure  3.7  shows the comparison between the observed and synthetic accelera-
tion, velocity, and displacement waveforms in the frequency range from 0.1 to 
10 Hz at 23 strong motion stations. The synthetic ground motions explain well the 
characteristics of observed ground motion in the broadband frequency range.

   Asano and Iwata ( 2012 ) pointed out that SMGA1, SMGA2, and SMGA3 spa-
tially overlap the source area of past M7 class earthquakes in 1936, 1933, and 1938, 
respectively.   

   Table 3.1    Source parameters of SMGAs   

 SMGA1  SMGA2  SMGA3  SMGA4 

 Latitude (°N)  38.075  38.075  37.060  36.995 
 Longitude (°E)  142.070  142.555  141.655  141.000 
 Depth (km)  36.8  28.0  37.1  53.8 
 Rupture time (s)  24.1  65.4  106.5  133.0 
 Strike (°)  195  195  198  203 
 Dip (°)  13  13  17  20 
  N   3  3  5  5 
  C   12.0  14.0  10.6  4.0 
 Length (km)  36  36  35  35 
 Width (km)  36  36  35  35 
 Area (km 2 )  1,296  1,296  1,225  1,225 
 Rise time (s)  6.90  6.90  1.70  1.70 
 Seismic moment (Nm)  4.57 × 10 20   5.33 × 10 20   3.07 × 10 20   1.16 × 10 20  
 Stress drop (MPa)  23.9  27.8  17.5  6.6 
 Slip amount (m)  5.2  6.1  3.7  1.4 

  Latitude, longitude, and depth are defi ned at the rupture starting point of individual SMGA  
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3.4     Relationship Between Heterogeneous Rupture Process 
and Strong Motion Generation Areas 

3.4.1      Spatial Relationship Between Slip Distribution 
and SMGAs 

 The spatial relationship between large slip area and SMGA has been argued for past 
earthquakes. As for inland crustal earthquakes, Miyake et al. ( 2003 ) concluded that 
the location and size of SMGA correspond to the asperity, or large slip area on the 

  Fig. 3.7    Comparison between the observed and synthetic horizontal acceleration, velocity, and 
displacement waveforms in 0.1–10 Hz (Asano and Iwata  2012 )       
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source fault. Suzuki and Iwata ( 2007 ) analysed the 2005 off Miyagi earthquake 
(M JMA  7.2), which was a subduction-zone plate-boundary event occurring west of the 
epicentre of the 2011 Tohoku earthquake. They confi rmed that two SMGAs of the 
2005 off Miyagi earthquake existed inside the asperity area estimated by the kine-
matic waveform inversions but size of that area was signifi cantly smaller than asper-
ity area. The source model of the 2003 off Tokachi earthquake (M JMA  8.0) also shows 
the same features (Kamae and Kawabe  2004 ). That is, most cases of past subduc-
tion-zone plate-boundary earthquakes show the overlap of asperity and SMGA 
areas. It should be noted that the kinematic waveform inversion studies for the 2003 
off Tokachi and 2005 off Miyagi earthquakes use fi ner spatial grid than current stud-
ies for the 2011 Tohoku earthquake and the analysed frequency range is partly over-
lapped with those used for SMGA modelling. Suzuki ( 2008 ) proposed a hierarchical 
broadband source model for plate-boundary earthquake in which SMGA is a local-
ized area inside the asperity area having particularly high slip velocity. 

 The SMGAs of the 2011 Tohoku earthquake by Asano and Iwata ( 2012 ) and the 
fi nal slip distribution obtained by Suzuki et al. ( 2011 ) are compared in Fig.  3.8 . 
SMGA2 is located near the edge of the asperity and the others are outside the asper-
ity. That is, the large slip area and SMGAs are apparently not overlapped in space 
for the 2011 Tohoku earthquake. It is a signifi cant characteristic of this event that is 
different from past M7–8 subduction-zone plate-boundary events in this region. The 
frequency dependence of rupture process is one answer for the question why SMGA 
and asperity is apparently complementary in space. Recently, Lay et al. ( 2012 ) pro-
posed depth-varying seismic characteristics with four distinct failure domains 
(domain A to D) extending along the megathrust from the trench to the down-dip 
edge of the seismogenic zone based on the analyses for three megathrust earth-
quakes in the world. The domain B from 15 to 35 km deep, which is defi ned as a 
portion generating large displacements over large-scale region with only modest 
coherent high-frequency radiation, corresponds to the asperity of this event. The 
domain C from 35 to 55 km deep defi ned as rupture of smaller isolated patches 
producing bursts of coherent high-frequency energy corresponds to four SMGAs.

   In order to see temporal relationship between slip progression and SMGA rup-
ture, the locations of the four SMGA estimated by Asano and Iwata ( 2012 ) are 
compared with the temporal slip history in low-frequency range estimated by Suzuki 
et al. ( 2011 ) in Fig.  3.5 . The rupture time of the four SMGAs matches the timing of 
slip occurrence in each area on the fault plane. This fi gure implies the possibility 
that smaller scale local slip peaks in the inverted source process match the SMGAs 
and such local slip peaks are masked by the dominating large slip near the trench in 
the fi nal slip distribution. 

 For solving this problem, the more detailed slip inversion analysis using higher- 
frequency waveforms, fi ner spatial grids, and reliable Green’s functions is required 
to see whether the localized small asperity or high slip-velocity area corresponding 
to SMGAs can be resolved or not.  

K. Asano et al.
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  Fig. 3.8    Spatial comparison between SMGAs by Asano and Iwata ( 2012 ) and fi nal slip distribu-
tion by Suzuki et al. ( 2011 )       
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3.4.2     Scaling Relationships 

 In this section, we compare the source features of this earthquake obtained by Asano 
and Iwata ( 2012 ) and Suzuki et al. ( 2011 ) with the empirical scaling relationships 
between the size of SMGA and seismic moment and between rupture area and 
asperity area. 

 The empirical scaling relationships between rupture area, total asperity area, and 
seismic moment for plate-boundary earthquakes are studied by Murotani et al. 
( 2008 ). Murotani et al. ( 2008 ) compiled the heterogeneous slip models of 26 plate- 
boundary earthquakes in Japan and characterized the total rupture area and asperi-
ties following the procedure proposed by Somerville et al. ( 1999 ). We extracted the 
total rupture area and asperities of the 2011 Tohoku earthquake following the same 
procedure and found them as 107,100 and 24,300 km 2 , respectively. Those values 
are plotted in Fig.  3.9a–c  together with other events studied in the previous studies. 
The rupture area and asperity of the 2011 Tohoku earthquake follow the empirical 
scaling relationship by Murotani et al. ( 2008 ). The rupture area and asperity of 
plate-boundary earthquakes have relatively larger dimensions than those of inland 
crustal (Somerville et al.  1999 ) and intraslab earthquakes (Iwata and Asano  2011 ) 
of the same seismic moment. But we have to be careful in treating the asperity area 
abstracted for this earthquake by the conventional method. As discussed in the 

  Fig. 3.9    Scaling relationships between  (a)  total rupture area and seismic moment,  (b)  combined 
area of asperities and seismic moment,  (c)  combined area of asperities and total rupture area, and 
 (d)  strong motion generation area and seismic moment          
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Subsection  3.4.1 , the asperity of this event radiated low-frequency dominantly and 
does not include SMGAs. Its nature may be different from those abstracted for the 
past M7–8 plate-boundary earthquakes.

   Combined area of SMGAs of the 2011 Tohoku earthquake obtained by Asano 
and Iwata ( 2012 ) is 5,042 km 2 . The total size of SMGA is about 1/5 of the asperity 
area. This value against the seismic moment is plotted in Fig.  3.9d  together with the 
SMGA areas for the other earthquakes. SMGA source models have been constructed 
for past plate-boundary earthquakes in northeast Japan: the 1994 far off Sanriku 
earthquake (Mw7.7) by Miyahara and Sasatani ( 2004 ), the 2003 off Tokachi earth-
quake (Mw8.3) by Kamae and Kawabe ( 2004 ), the 2005 off Miyagi earthquake 
(Mw7.2) by Suzuki and Iwata ( 2007 ), and the 1982 and 2008 off Ibaraki earth-
quakes (Mw7.0 and 6.8) by Takiguchi et al. ( 2011 ). Suzuki and Iwata ( 2005 ) anal-
ysed other Mw6.0–7.0 plate-boundary earthquakes in northeast Japan. Miyake et al. 
( 2003 ) analysed SMGA for inland crustal events in Japan and concluded that the 
size of SMGA corresponds to the size of asperity for inland crustal earthquakes. 
That is, SMGA for inland crustal earthquakes follows the empirical scaling relation-
ship for asperity and seismic moment proposed by Somerville et al. ( 1999 ). On the 
other hand, the size of SMGA of plate-boundary earthquakes in northeast Japan is 
smaller than those of inland crustal earthquakes of the same seismic moment. This 
fact indicates that the stress drop of SMGA for subduction-zone plate-boundary 
earthquakes is larger than that of inland crustal earthquakes (Suzuki and Iwata 
 2007 ). The 2011 Tohoku earthquake also shows similar tendency with previous 
subduction-zone plate-boundary earthquakes.   

3.5     Source Models by Other Research Groups 

 For the 2011 Tohoku earthquake, many research groups in seismology and geodesy 
are extensively working on analysing the heterogeneous source process using vari-
ous kinds of data (strong motion, teleseismic body and surface waves, static and 
high-rate GPS, InSAR, tsunami waveform, etc.). In Table  3.2 , we summarize the 
spatiotemporal heterogeneous slip models derived using seismological data (e.g. 
strong motion, teleseismic, and high-rate GPS data) from published papers. Most of 
papers use multiple time windows for each subfault in their source inversion analysis 
(Ide et al.  2011 ; Koketsu et al.  2011 ; Lay et al.  2011 ; Lee et al.  2011 ; Suzuki et al. 
 2011 ; Yagi and Fukahata  2011a ; Yokota et al  2011 ;    Yoshida et al.  2011a ,  b ; Yue and 
Lay  2011 ), whereas the others use single time window with variable slip duration 
(Ammon et al.  2011 ; Hayes  2011 ; Shao et al.  2011 ). Peak slip amount in these source 
models varies from 28 to 63 m. The rupture dimension differs by a factor of two.

   SMGA source model is also published by Kurahashi and Irikura ( 2011 ). Back- 
projection analyses using teleseismic and regional array dataset are studied to infer 
frequency-dependent seismic wave radiation process on the fault (Honda et al. 
 2011 ; Ishii  2011 ; Kiser and Ishii  2012 ; Koper et al.  2011 ; Meng et al.  2011 ; Roten 
et al.  2012 ; Wang and Mori  2011 ; Zhang et al.  2011 ).  
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3.6     Summary 

 We compared the source process of the 2011 Tohoku earthquake seen in lower- and 
higher-frequency bands and discussed their relation based on the kinematic source 
model inverted from strong motion data in 0.01–0.125 Hz by Suzuki et al. ( 2011 ) 
and the SMGA model estimated by the forward modelling of strong ground motion 
in 0.1–10 Hz by Asano and Iwata ( 2012 ). The slip distribution is characterized by a 
large asperity with peak slip of 48 m which is imaged in the shallower portion of the 
source fault near the Japan Trench east of the epicentre rupturing from 60 to 100 s 
after the initial break. The entire rupture lasted about 150 s. Four SMGAs are identi-
fi ed in the deeper portion of the source fault. The rupture area and asperity of the 
2011 Tohoku earthquake coincide with the empirical scaling relationship for plate- 
boundary earthquake derived by Murotani et al. ( 2008 ).    Although the asperity of 
this event abstracted based on slip amount may have different nature from those of 
past earthquakes compiled in Murotani et al. ( 2008 ), the SMGA area is signifi cantly 
smaller than asperity area, which is similar to past plate-boundary events in north-
east Japan. Unlike past events, the SMGAs and the asperity apparently do not over-
lap for this earthquake, whereas the rupture time of each SMGA matches the timing 
of slip in each area. This is a signifi cant difference between the 2011 Tohoku earth-
quake and past M7–8 subduction-zone plate-boundary events in this region. The 
frequency-dependent characteristics of spatiotemporal slip history of this event 
might cause this difference because the target frequency ranges of current two stud-
ies almost do not overlap. The source modelling for strong motion prediction of 
future subduction-zone plate-boundary mega earthquakes should be advanced based 
on the knowledge obtained from this event.     
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