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Abstract. This paper describes a validated dynamic rupture model of the 2011 Tohoku earthquake that
reproduces both long-period (20-100sec) and short period (3-20sec) ground motions. The purpose of the study is
to gain insight into parameters, such as slip time functions, that are poorly resolved by source inversions. In
order to reproduce the observed large slip area (slip asperity) we assign a large Dc area following kinematic
source inversion results. Sufficiently large slip was achieved through rupture reactivation by the double-slip-
weakening friction model. In order to reproduce strong-motion generation areas (SMGASs), we assign short Dc
and large stress-drop areas following EGF simulation results, which indicate that although more distant from the
hypocenter, SMGAL ruptured earlier than SMGA2 or SMGA3, which are closer to the hypocenter. This
observation is confirmed by the back-projection method (Meng et al, 2011[11). In order to reproduce this
important feature in dynamic simulation results, we introduced a chain of small high stress-drop patches between
the hypocenter and SMGAL, leading to rupture from the hypocenter to SMGAL. By the systematic adjustment of
stress drops and slip critical distance (Dc) values, the rupture reproduces the observed sequence and timing of
SMGA ruptures and the final slip derived by kinematic models.

This model also reproduces the multi-seismic wave front observed from strong ground motion data recorded
along the Pacific coast of the Tohoku region. We compare the velocity waveforms recorded at rock sites along
the coastline with 1D synthetic seismograms for periods of 20-100s. The fit is very good at stations in the
northern and central areas of Tohoku. We also perform 3DFDM simulations for periods of 5-20s, and confirm
that our dynamic model also reproduces wave envelopes in northern and central Tohoku. Overall, we are able to
validate the rupture process of the Tohoku earthquake.
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1. Introduction

The March 11t 2011, Mw 9 Tohoku earthquake occurred in the subduction zone, between
the Pacific and North American plates in northeastern Honshu, Japan. This giant event was
recorded by a vast GPS and seismic network. The Tohoku earthquake featured complex
rupture patterns involving multiple rupture fronts. Numerous source models have been
generated using extensive teleseismic, GPS, strong ground motion, and tsunami data (see
review Tajima et al. 2013, and Lay, 20171, for the most recent results).

Visual inspection of the short-period strong ground motion recorded by the K-NET and KiK-
net networks and the high-rate 1 Hz GPS long-period displacements recorded by the
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FIG. 1. The green and read squares are the seismic and GPS stations respectively. The red arrow are
the coseismic displacements generated during Tohoku earthquake. (b) High-rate continuous GPS
records sampled at 1 Hz from the GEONET network. The transparent red lines delineates the first (S1)
and second seismic wave fronts (S2) observed in the records. The green line (S3) highlights the third
pulse observed in the southern part. (c) The strong ground motion recorded from (Kik-net and K-NET)
networks between 0 and 3 Hz. Colored lines denotes wave packets WP1-WP5 identified by Kurahashi
and Irikura, 20131,

GEONET network along the Japanese coast clearly show several groups of waves. Two long-
period groups of waves (S1 and S2 in FIG. 1) arrive about 40-50 seconds apart in both the
Miyagi and Iwate regions. A third group of waves (S3 in FIG. 1) is observed further south in
the Ibaraki and Chiba regions. Short-period ground motions have a more complicated pattern:
five wave packets (WP1-WP5 in FIG. 1) were identified by Kurahashi and Irikura, 20133,
These observations indicate that the Tohoku earthquake featured complex rupture patterns
involving multiple rupture fronts. Kurahashi and Irikura (2011, 2013)42! found that these
multiple wave fronts were generated by strong ground motion areas (SMGAS) located in the
deep region of the plate interface.

There is strong evidence that the fault regions that generate short-period and long-period
wave radiation during a given earthquake are spatially distinct. The most direct observations
of this phenomenon have been obtained for large subduction earthquakes, for which the
combination of geodetic, tsunami, strong motion and teleseismic data (including back-
projection of high-frequency teleseismic data from large arrays) provides adequate spatial
resolution on the location of slip at different frequencies (e.g. Tohoku 2011: Kubo et al., 2013,
Yoshida et al., 2011, Kurahashi and Irikura, 2013[> ¢ 31). Other related observations include a
lack of coincidence between the timing of low and high frequency wave amplitudes in
teleseismic data (e.g. Gusev et al., 2006[1). A statistical analysis of kinematic finite source
models inferred from geophysical data reveals that areas of large final slip (long-period
generation areas) and areas of large peak slip rate (short-period generation areas) are spatially
distinct (Simons et al., 2011; Meng et al., 2011; Huang et al., 2013, 2014; Galvez et al., 2014,



2016; Avouac et al.,, 20158 9 10,11, 12,13, 14) " Thjs feature has important implications for
procedures adopted for the prediction of strong ground motion. In particular, it is not
incorporated in many kinematic/stochastic source models developed for engineering
applications that assume that high-frequency radiation is uniformly distributed over the
rupture area or correlated with the spatial distribution of final slip (e.g. Somerville et al., 1999,
Irikura and Miyake, 2001[*5 16]),

One plausible explanation for the discrepancy between short-period and long-period
generation areas is based on the spatial heterogeneity of stress and strength (frictional
parameters) along the fault. In fundamental models of earthquake dynamics based on classical
fracture mechanics, high-frequency radiation is most efficiently generated by abrupt changes
of rupture speed (e.g. Madariaga, 1977, Pulido and Dalguer, 200917 18) induced by the
residual stress concentrations left by previous slip events, or by sharp spatial contrasts of
fracture energy due to heterogeneities of friction properties or effective normal stress (Huang
et al., 2013, 2014; Galvez et al., 2014, 201610 11. 12 13])  High frequency radiation is also
enhanced by short rise time (the duration of slip at a given point on the fault, e.g. Nakamura
and Miyatake, 2000, Hisada 2000, 2001, Guatteri et al., 2003[%% 20. 21, 22I) which can be
controlled by a number of processes, such as frictional velocity-weakening parameters,
characteristic width of asperities, and thickness of a damaged fault zone (Heaton., 1990,
Perrin, 1995, Beroza and Mikumo, 1996, Huang and Ampuero, 201123 24,25, 26])

In order to simulate dynamic earthquake rupture and strong ground motion in realistic models
that include crustal heterogeneities and complex fault geometries, which is an important goal
of computational seismology, Galvez et al., 2014[%2], incorporate dynamic rupture modelling
capabilities in a spectral element solver on unstructured meshes, the 3-D code SPECFEM3D.
This tool provides high flexibility in representing fault systems with complex geometries,
including non-planar faults and sharp wedges. The domain size is extended with progressive
mesh coarsening to maintain an accurate resolution of the static field. They present a
conceptual minimalistic dynamic rupture model of the 2011 Mw 9.0 Tohoku earthquake
including a non-planar plate interface with heterogeneous frictional properties and initial
stresses. The model is consistent with depth-dependent frequency content of slip, where the
shallow part radiates coherent energy at low frequency (kinematic source inversions, tsunami
models) and the deep part radiates at high frequency (back projection of HF radiation). The
deep HF radiation is interpreted as the rupture of high stress drop patches in the bottom part
of the seismogenic zone of the megathrust (e.g. Huang et al. 2012; Lay et al. 2012[2"-28]), The
model parameters are assigned by systematic trials, taking as a starting point the 2-D dynamic
rupture models developed by Huang et al., 2012?71, The simulation results of Galvez et al.,
2014012 qualitatively reproduce the depth-dependent frequency content of the source and the
large slip close to the trench observed in the Tohoku earthquake.

Galvez et al., 2016, developed a new rupture reactivation model based on a double-slip-
weakening friction law similar to that introduced by Kanamori and Heaton, 2000[2°]. These
authors proposed that melting or fluid pressurization induced by frictional heating can reduce
fault strength when slip exceeds a certain critical slip distance (Dr). They argued that, when
superimposed to the conventional (isothermal) slip-weakening process with shorter critical
slip distance (Dc), these thermally activated weakening mechanisms lead to a slip-dependent
friction model with two sequential strength drops.

The main goal of Galvez et al., 201631 was to show that the double slip-weakening friction in
the form proposed by Kanamori and Heaton, 2000[?%] offers a plausible model for the rupture
process of the 2011 Tohoku earthquake, including large shallow slip, rupture reactivation, and



large rupture extent. They present evidence supporting this friction model, obtained from
seismological observations, laboratory experiments, and theoretical considerations. Then, they
extend the dynamic rupture model developed by Galvez et al., 201412 by modifying the slip-
weakening friction model to account for rupture reactivation. Finally, they show that this
model produces (1) a rupture pattern consistent with a kinematic source inversion model that
features rupture reactivation and (2) ground-motion patterns along the Japanese coast
consistent with the observations, namely, two groups of long-period seismic waves.

In order to reproduce the large rupture extent and the depth-dependent frequency content
qualitatively, Galvez et al., 2014; 20162 131 used cloudy distributions of high stress drop
patches in the deep part of the megathrust, following the back projection results of Meng et
al., 20111, In contrast, Kurahashi and Irikura, 2011, 2013[*3! (as well as Asano and lwata,
2012, Satoh, 2012, and Kawabe and Kamae, 2013[30.31.32]) ' ysed empirical Green’s function
(EGF) simulations and demonstrated that strong ground motions can be reproduced by a
model having only five compact SMGAs, numbered SMGA1-SMGAS in accordance with
their rupture time. From the rupture dynamics point of view, a problem of the EGF results is
that hypocenter, SMGAL and SMGAS3 are located approximately on the same east-west line
but in a reverse order of timing: SMGAL, which ruptured first, is far from the hypocenter,
while SMGA3, which is between the hypocenter and SMGAL, ruptured after SMGAL1, as
shown in FIG. 2.
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FIG. 2. Distribution of SMGA areas of the 2011 Tohoku earthquake. Rectangular areas are SMGAs
according to the EGF analysis of Kurahashi and Irikura, 2013 (red), Asano and Iwata, 20125,
(green) Kawabe and Kamae, 2013521 (blue), and Satoh 2012 (light blue). The numbers assigned to
the SMGA s correspond to their rupture sequence. Arrows indicate reverse sequence from SMGAL to
subsequent SMGA2 or SMGAS. The star marks the earthquake epicenter.



In this study we modify the dynamic model of the 2011 Tohoku earthquake developed earlier
in by Galvez et al., 2014; 2016112 13 in order to obtain good agreement between simulated
and recorded strong motion waveforms, between dynamically modelled slip and slip
distribution estimated by kinematic source inversion, and finally between dynamically
modelled and EGF modelled SMGA rupture time. The improved dynamic model of the 2011
Tohoku earthquake has five SMGAs in the deeper part (consistent with Kurahashi and Irikura,
2013E1) and one large slip area in the shallower part of the fault.

We extract the dynamic source parameters, slip velocity or moment rate function, at each grid
point on the fault and use them in calculating the strong ground motions of the Tohoku
earthquake using 3D-FDM. The results are compared with the observed waveforms.

Our goal is to understand the mechanical origin of the phenomenon at a sufficient level to
provide a physical basis for the formulation of simplified methods to account for distinct
short- and long-period slip in kinematic or pseudo-dynamic earthquake source generation
algorithms for engineering ground motion prediction.

2. Dynamic model settings

Following the asperity model presented by Galvez et al., 20163, we present a minimalistic
dynamic rupture model with slip reactivation. The tool used to simulate rupture process for
the 2011 Tohoku earthquake is SPECFEM3D with the recent dynamic rupture module
implemented by Galvez et al., 201412, The intra-slab fault geometry has been adapted from
Simons et al., 2011, taking into account the folded slab interface including the small angles
in the wedge close to the trench. The state-of-the-art unstructured mesh software CUBIT
provides a powerful tool to deal with geometrical complexities. We use these capabilities to
perform dynamic rupture simulation for the Tohoku earthquake including the non-planar slab
interface and small angles (<5 degrees) found in the trench wedge, see FIG. 3. The velocity
structure is a 1D layered medium taken from Fukuyama et al., 1998[%% see TABLE 1. Based
on this non-planar fault geometry, we assign asperities and SMGAs following the source
inversion results and gradually modify the asperity distribution.

To create more slip in the shallow regions, the main asperity was moved closer to the trench
in comparison with Galvez et al., 2016131, Many kinematic models has been generated by
seismic inversion for the 2011 Tohoku earthquake and most of them unequivocally reveal a
shallow region (< 20 km) of large slip (> 40 m) close to the trench (e.g. Lee et al. 2011; Yue
and Lay 2011; Suzuki et al. 2011; Yagi and Fukahata 2011; Yoshida et al., 2011; Wei et al.
2012134, 35,3637, 6,38])  Models of this type are supported by tsunami inversion (e.g. Satake et
al., 2013, Gusman et al., 2012[3% %%l) or are able to reproduce tsunami by themselves (e.g.
Yamazaki, 2013, Petukhin et al., 2017[41:421), Here we follow the final slip model of Lee et al.,
20118331 (see FIG. 7 below) and place a semi-elliptical asperity closer to the trench,
delimitating the region of large slip (FIG. 4).

In deeper regions between 30 to 50 km depth, high frequency radiation has been detected by
empirical Green’s function techniques (EGF, e.g. Kurahashi and Irikura, 2011; 2013, Asano
and Iwata, 2012 3 30)) and also back projection techniques (e.g. Meng et al. 2011; Ishii,
2011; Yagi et al. 2012[% 43 44]) possibly explained by the presence of prior small asperities
from historical earthquakes (Ide and Aochi 2013[*%]) that broke again during the Tohoku
earthquake. We place deep asperities on the detected SMGAS, close to the positions identified
by Kurahashi and Irikura, 2013[% and other researchers; see FIG. 4.



The slip weakening friction law is assumed. By the systematic adjustment of stress drops and
slip critical distance (Dc) values, the rupture reproduces the final slip derived by kinematic
models (e.g. Suzuki et al., 2011; Lee et al., 2011[6:34). Around 20 models were investigated
in total. In FIG. 5 the frictional parameter settings, and in FIG. 4 the stress drop (To-Td) are
shown.

3D Strucuture

Plate Interface

2D profile

FIG. 3. The blue non-planar interface adapted from Simons et al., 2011 is the fault geometry used in
our model. The vertical brown plane is the vertical section of the volume meshed by CUBIT. (b) 'PQ’
is a profile cutting the mesh. The rectangle 'R’ is the zoom in region close to the trench. Tiny angles

(< 5 degrees) could be meshed.

TABLE 1: ONE DIMENSIONAL VELOCITY STRUCTURE USED IN DYNAMIC SIMULATION.
Thickness (m) | P-velocity (m/s) | S-velocity (m/s) | Density (kg/m?)

3000 5500 3140 2300
15000 6000 3550 2400
15000 6700 3830 2800
67000 7800 4460 3200

inf 8000 4570 3300
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FIG. 4. Asperity and stress drop distribution. The circles labeled “S1-S5” are located on the SMGA
regions found by Kurahashi and Irikura, 20131, Asperity A has been placed on a region of large slip
revealed by the kinematic models. The chain of two high stress drop spots (bridge) between the
rupture initiation area (orange colored spot inside asperity A) and S1 on this and previous figures was
introduced in order to drive rupture to S1 first in accordance with the rupture sequence in Figures 1
and 2.
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FIG. 5. Slip critical distance and friction law used by this model. The asperity (A) follows a slip
weakening distance friction with two stress drop steps. In this constitutive friction law, the stress drops
a second time once the slip reaches a critical distance (Dr). In the deeper asperities, a slip weakening

friction law has been prescribed with only one stress drop step.



2.1.Friction model settings for asperity A: slip reactivation

Following Galvez et al., 20161131, reactivation by the double-slip-weakening friction model
was considered in this study. Evidence of a slip reactivation process, first proposed by
Kanamori and Heaton, 2000[?°!, has been reported by Lee et al., 2011134 for the Tohoku
earthquake, and by laboratory rock experiments (O’Hara et al., 2006M6]), although the
relevance of experimental material to the fault material is unclear. According to this
experiment, during faulting the fault surfaces reach high temperature and decay emanating
CO2 (thermal decomposition). This thermal decomposition process generates nano-layers of
soft material weakening the fault once again. The experiment recorded 4 stages of friction. In
stage I and I, the friction coefficient decreases (first weakening) during the first 2-5 meters of
slip. In stage 111, the friction initially remains constant but after 20-25 meters of slip a second
reduction in friction occurs. This second drop of friction may have produced the slip
reactivation process that evidently occurred during Tohoku earthquake. Experiments on a
more relevant granitic rock were made recently by Chen et al., 20171*7). These experiments
also reveal a second friction drop due to melting at large slip.

The kinematic model of Lee et al., 201134 shows a predominant repeating slip patch close to
the hypocenter. This model inverted teleseismic, local dense strong ground motion and near-
field coseismic geodetic data covering a broad frequency range that allowed the details of the
megathrust earthquake rupture to be resolved. The inversion method made use of multiple
time windows and took advantage of robust data and powerful parallel computing techniques
to achieve a high resolution source inversion. Lee’s model shows a slip reactivation on the
largest asperity close to the trench. To illustrate the rupture reactivation, Galvez et al.,
201631, took a sequence of slip-velocity snapshots and stacked the slip velocity on the fault
at locations crossing the hypocenter. The stacking of slip velocities along these locations
reveals two ruptures, both initiating close to the hypocentre, separated by about 40-50
seconds. The first rupture propagates mainly towards the trench and the second rupture
propagates bilaterally with one front moving towards the trench and the other front moving
down-dip.

Galvez et al., 2016[%% also computed the dynamic fault stress changes implied by the Lee et
al., 20114 kinematic source model by applying its spatiotemporal distribution of slip
velocity as a boundary condition along the fault in a spectral element seismic-wave
propagation simulation done with the SPECFEM3D code. The stress change features two
sequential drops, correlated in time with two peaks of slip velocity. In particular, it shows that
the critical slip for the onset of the second weakening is Dr =~ 20 m in the hypocentral region
(FIG. 6a). The second stress drop starts at 40 seconds when the slip reaches 20 m and the slip
rates increases again. This second stress drop causes the slip rupture reactivation. There is a
step in the stress versus slip function. This stress-slip step function has been adapted to a
simple linear slip-weakening friction law where the friction decays linearly to a critical slip
weakening distance (Dc) and after reaching a threshold slip (Dr), the friction decreases again
(FIG. 6b).

This model qualitatively reproduces the multi-seismic wave front observed in the strong
ground motion and GPS data along the Japanese coast (FIG. 1). The fitting of the recorded
velocity waveform with our 1D synthetic between 20 to 100 seconds period is very good at
this station but not this good at other stations.
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FIG. 6. (a) Step-stress-slip distribution at a point close to the hypocenter computed from the slip-rate
snapshots of Lee et al., 201134; dashed ellipse indicates stress drop related to the rupture
reactivation. (b) Sketch of the stress-slip relation used in the dynamic model.
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FIG. 7. Source area of the 2011 Tohoku earthquake. Contours represent the slip distribution
according to a kinematic source inversion (Lee et al., 2011B4). Dots are high-frequency radiators
according to the back-projection analysis of Meng et al, 2011F! reduced from USGS to the IMA
epicenter location. Color of dots denotes timing with respect to the source time; size of dots denotes
radiation amplitudes. Arrows indicate propagation of high-frequency radiator. The reverse character
of the propagation is similar to the rupture sequence of SMGAs in FIG. 1.



2.2.Distribution of SMGAs and smaller asperities: bridge of small asperities

Based on the observations of Kurahashi and Irikura, 2013[, we placed small SMGAs at a
depth of around 30 km along the intra-slab interface, denoted by SMGA1~SMGAGS according
to their rupture sequence, as shown in FIG. 5.

Using EGF simulations, Kurahashi and Irikura, 2013E! (see also Kawabe et al., 2011, Asano
and Iwata, 2012132 3%1) observed a reverse rupture sequence of SMGAs: Hypocenter-SMGA1-
SMGA2-SMGAS3, see FIG. 2. In order to reproduce this anomalous SMGA strong motion
radiation sequence, we need to try specific SMGA settings, like the example in FIG. 4, where
small patches having high stress-drop drive rupture to SMGAL1 first, and then let rupture
propagate to SMGA2 and SMGAZ3 in the order found by Kurahashi and Irikura, 20131,

FIG. 7 demonstrates observational evidence for the bridge in the back projection result of
Meng et al., 2011, which indicates a chain of bursts of high-frequency radiation from the
hypocenter to the west (chain of blue dots marked by the first arrow).

2.3.Dynamic simulation results (periods 20-100 sec)

For efficiency, SPEC3FDM requires large meshes for regions outside the rupture zones. As a
result, waveforms produced by dynamic simulation are valid in the long-period range: 20 -
100 sec. The dynamic model including the SMGA regions radiates a complex seismic wave
field. FIG. 8 shows snapshots of rupture propagation. In the first 20 seconds, the rupture
initially propagates up-dip towards the trench, and between 30 to 40 seconds a down-dip
rupture front breaks the SMGAL asperity.

FIG. 8. Slip-rate snapshots showing the rupture sequence. Initially the rupture propagates to the
trench and a down-dip rupture front appears at 22.8 seconds and starts to break the SMGA1 asperity
at between 40 to 45.5 seconds. During this time the up-dip rupture reactivates close to the trench and

generates a second rupture front strong enough to break SMGAS3 at 68.2 seconds. At 100.8 seconds
the southward rupture propagation breaks SMGA4 and finally activates SMGA5 at 120.2 seconds.



During up-dip propagation, the rupture reactivates, strongly breaking the trench and
generating a second rupture front with enough energy to rupture SMGAS3 at 68.2 seconds.
Subsequently the rupture propagates northwest activating SMGAZ2 between 75 to 80 seconds.
In the southward propagation, the rupture breaks SMGA4 at 100 seconds and travels further
to finally activate SMGADS at 120 seconds. The rupture time is shown in FIG. 9.

Supplementary animation of seismic wave propagation shows the multi-seismic wave fronts
that arrive at the seismic stations along the Japanese coast. In the first 30 seconds the up-dip
rupture radiates an energetic seismic wave field towards the trench but radiates weak seismic
waves toward the land. In fact the waves die out before arriving at the Japanese coast. The
first strong seismic waves onshore appear once the down-dip rupture starts breaking the
SMGAs. These SMGA asperities have enough stress drop to radiate seismic waves that are
detected by the seismic stations along the Japanese coast. In FIG. 10 recorded and synthetic
waveforms at the Japanese seismic stations (Kik-net and K-net) are compared. FIG. 10
demonstrates that the waveform fit for periods 20-100 sec is good or very good in northern
and central parts of the region (Aomori, lwate and Miyagi prefectures). In the southern part
(Fukushima, Ibaraki and Chiba prefectures) the amplitude fit is good, but the delay time of
synthetic waveforms is smaller than observed. This model also reproduces qualitatively the
multi-seismic wave-front observed from the strong ground motion and GPS data along the
Japanese coast; see FIG. 1.

The rupture time is shown in FIG. 9. This sketch reflects the time when the rupture broke the
SMGA regions. Additionally we provide the final slip and peak slip rate distributions shown
in FIG. 11, and for reference we show final stress drop distribution in FIG. 12, see also
TABLE 2. Comparison of the rupture time with the EGF model of Kurahashi and Irikura,
2013[3 for example (see TABLE 3) demonstrates that our improved model reproduces the
rupture time of the EGF model.

Rupture time (s)

00 38 70 105 1500

FIG. 9. Dynamic simulation results: Rupture time showing the time when the SMGAs asperities were
activated.
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FIG. 11. Dynamic simulation results: (a) final slip (m), and (b) peak slip rate (m/s) distributions. Light
gray area is not ruptured.
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TABLE 2: STRESS DROP (MPA). DYN : DYNAMIC MODEL (THIS STUDY), K&I :

KURAHASHI & IRIKURA, 20131,

Model

SMGA1

SMGA2

SMGA3

SMGA4

SMGAS5

Dyn

14.5

20.5

14.7

25

29

K&l

16

20

20

25.2

26

IRIKURA, 2013,

TABLE 3: RUPTURE SEQUENCE (S). DYN : DYNAMIC MODEL, K&I : KURAHASHI &

Model [ SMGAL1 | SMGA2 | SMGA3 | SMGA4 [ SMGAS5
Dyn 38.0 72.0 67.3 106.0 120.0
K&l 245 66.5 66.5 1175 127.5

2.4.3D FDM simulations of short period waves (5~20sec)

The objective of this work is to develop a dynamic model that qualitatively reproduce
waveforms in the strong-motion period range. To check if the developed model can reproduce
these waveforms, we ran 3D simulations in the 3~20 sec period range using the staggered grid
3D FDM (Graves, 1996; Pitarka, 1999148 4%l), The 3D velocity structure model is taken from
JIVSM which is shown in Figure 10 of Koketsu et al. (201255%). FIG. 13 shows a depth cross-
section of the JIVSM model through the hypocentral region of Tohoku earthquake. We
compare simulation results for envelopes of velocity records, see FIG. 14. Simulated
envelopes generally reproduce the observed envelopes, both in amplitude and arrival of the



most intense wave packets WP1, WP2 and WP5. Wave packets WP3 and WP4 are unclear in
the 3~20 sec period range. In the southern part of the region, simulated amplitudes are
overestimated (FIG. 14).

Overall, we could reproduce the rupture process of the Tohoku earthquake and qualitatively
reproduce the recorded multi-seismic wave front detected by the KNET and KiK-net
networks, and in this way validate the dynamic rupture model.
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FIG. 13. Cross-section of the 3-D JIVSM velocity structure model in the study region. The location of
the cross-section is shown by the red line in the upper panel. Middle and lower panels are P-velocity
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rock sites along the Japanese coast shown in FIG. 3. Colored lines denotes wave packets WP1-WP5
identified by Kurahashi and Irikura, 2013E1; dashed segments are our extension. Colored circles
correspond to S1-S5 in FIG. 7.



2.5.Discussion

An important contribution of the SMGA’s is that they allow the continuous increase in total
slip as the rupture keeps growing down-dip. As shown in Figure 13 of Galvez et al. (2016), in
the absence of the SMGA asperities, the down-dip rupture arrests once it leaves the shallow
slip and ends with lower total slip. Therefore the existence of the SMGA’s contributes not
only to the ground motions but also to the final earthquake magnitude. In the southern
regions, there is an overestimation of peak ground motions due to the values of stress drop
prescribed in the SMGA'’s. Even though the values of stress drop (defined here as: Initial
shear stress — normal stress x kinematic friction coefficient) at the SMGA’s have been taken
from Kurahashi and Irikura, 2013 [, the dynamic overshoot of slip in dynamic rupture
modelling results in larger dynamic stress drop (initial shear stress — final shear stress,
computed once the rupture stops). Therefore decreasing the stress drops in the SMGA’s will
lead to better fitting of ground motions in the southern region.

Among the main targets of dynamic modelling like this one is the “indirect measurement” of
parameters that are important for strong ground motion simulation but cannot be estimated or
are poorly estimated by direct measurement or kinematic inversion of observational data. One
of these is the duration of the source time function (STF): short pulse-like STFs effectively
generate short-period strong ground motions, while long smooth STFs only generate long-
period ground motions. In previous companion studies (Galvez et al., 2014, 201512 51), we
found that the duration of STFs may correlate well with Dc values. STFs in high Dc asperity
A are long and smooth. STFs in low Dc SMGA areas are short and impulsive. Dc is an
internal property of the fault and, in contrast to stress distribution for example, it persists
through earthquake cycles. This finding (if confirmed) will be invaluable for strong motion
predictions (Irikura and Miyake, 2011152, because it limits the location of SMGAs of future
earthquakes to the location of SMGAs of past earthquakes on the same fault. However, if this
is not the case, it may be necessary to vary the location of SMGA‘s.

Somewhat similar reverse rupture propagation was observed by EGF analysis and ray
concentration analysis for the 2007 Niigata-ken Chuetsu-oki earthquake. Kamae and Kawabe,
2008; Petukhin et al., 2009653 541, (see also Irikura et al., 2009%%]) found that large ground
motions recorded at the Kashiwazaki Kariwa NPP (KKNPP) could be explained better using a
source model with 3 asperities and rupture of Asperity 3 toward KKNPP, opposite that of the
main rupture. In addition to the 2011 Tohoku earthquake example, the 2007 Chuetsu-okKi
example shows that reverse rupture propagation may be not rare on heterogeneous faults.

2.6.Conclusions

We performed dynamic rupture simulation of the Tohoku earthquake using spectral element
code SPECFEM3D. This tool allows for complex ruptures in subduction zones. Using these
capabilities, a down-dip asperities with a bridge by a small high stress drop patches have been
introduced to reproduce the observed rupture sequence of SMGAs: Hypocenter-SMGAL-
SMGA2&3-SMGA2-SMGAS. The resulting dynamic model successfully reproduced the
recorded waveforms in the 20~100 seconds period range. For short period waveform
simulation (5~20sec), 3D FDM has been used with a detailed 3D JIVSM velocity model. The
peak amplitudes of the simulated short period waveforms generally reproduce the peak
amplitudes of the recorded waveforms. However in southern areas they are overestimated due
to the larger stress drop in SMGALI,
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