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We investigate the cause of anomalously long lasting (>150 s) long-period ground motion (T=13~14 s) observed during outer-
rise earthquakes occurring off-Tohoku by means of seismic wave propagation simulation. The observed long-period ground motion
consists of two Rayleigh wave packets arriving with a time interval of ~100 s. The two packets do not appear during interplate
earthquakes. We conduct the simulation for wave propagation during the outer-rise earthquake by means of 3D finite difference
method using 3D model structure considering sediments, subducting plate, topography and seawater. It is shown that ocean-
influenced Rayleigh waves are generated around the epicenter located deep sea area. The higher mode oceanic Rayleigh wave is
converted to the fundamental mode Rayleigh wave at seafloor slope and appears as the first packet at land. The fundamental mode
oceanic Rayleigh wave propagates much slowly through deep sea, converted similarly and appears delayed as a second packet at
land. This phenomenon does not occur in the simulation ignoring seawater because oceanic Rayleigh wave is not generated. This
result indicates that we should take seawater into account appropriately in the estimation of long-period ground motion during

earthquakes in sea area.

Keywords: Long-period ground motion, Outer-rise earthquake, Computational seismology, Rayleigh wave,

Seismic wave propagation

1. Introduction

We found an anomalously long-lasting long-period ground
motion during outer-rise earthquakes occurring off-Tohoku.
For ground motion, not only the amplitude but the duration is
important because it could influence on the damage of large
structures, the sloshing of oil tank for example. We investigate

the observed long-duration long-period ground motion in detail

and reveal the mechanism of the phenomenon by means of

ground motion simulation.

2. Observation

We found the long-duration long-period ground motion
with large amplitude during M7 outer-rise earthquake occurred
November 15", 2005 (Fig. 1(b)). We investigated broad-band

(a) {b) Observation, UD Displacement (2-20 5) (€) simulsted, UD displacement (2-20 5) (d) simulated without seawater, UD displacement, 2-20 5

time(s) time(s) time(s)
o 100 200 300 400 500 600 O 100 200 300 400 500 600 O 100 200 300 400 500 600
T

T T

o P 5 RI R2 P 5 RI R2 P 5 R

44N [ roror r 4
v

38°N

34°N 4

o 100 200 300 400 500 600 O 100 200 300 400 500 600 O 100 200 300 400 500 600

timefs) time(s) time(s)

Fig. 1 Vertical component displacement seismograms: (b) observed during the outer-rise earthquake shown in (a), (c¢) simulated considering
seawater and (d) simulated without seawater along a profile (straight black line in (a)), with Hi-net stations indicated by black triangles. All
waveforms are normalized by the maximum of all waves during each event. P, S, R1 and R2 show P-wave, S-wave and Rayleigh wave packets
respectively.
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wave field using dense pseudo broad-band records which are
derived by applying a time-domain digital filter (Maeda et al.,
2011[1]) on the seismic records by Hi-net, short-period high-
sensitivity observation network operated by NIED (Okada et
al., 2004[2]). It is clearly shown that the long-lasting ground
motion consists of two wave packets (R1 and R2 in Fig. 1(b)) in
the record section. The two packets are dominant at a period of
13-14 s and show characteristics as a retrograde Rayleigh wave
propagating westward. We checked other earthquakes occurring
around off-Tohoku and found that such typical wave packets are
observed during outer-rise earthquakes only, while they do not
appear during the other earthquakes occurring at the west side
of Japan Trench. It indicate that the long-duration due to typical
two packets could attributed to the propagation path including
deep sea (~6 km depth), trench and seafloor slope.

3. Simulation

We conduct the simulation for wave propagation during
outer-rise earthquake by means of 3D finite-difference method
using realistic model structure including sediments, subducting
plate, topography, bathymetry and seawater. For subsurface
structure, we use the model structure derived by extending
JIVSM model (Koketsu et al., 2012[3], Maeda et al., 2014[4]).
We apply a solid-liquid boundary condition (Nakamura et al.,
2012[5]) to take the seawater into account in the simulation.
Further details are reported in Noguchi ez al. (2016)[6].

The result is shown in Fig. 2. We can see that the oceanic
Rayleigh waves (O1 and O2 in Fig. 2) are generated in deep
sea area following P and S wave. The O1 phase propagates at
~3 km/s in deep sea (Fig. 2(a), (b)), converted to R1 at seafloor

slope between the trench and land (Fig. 2(b)) and spreads over
Tohoku and Kanto region (Fig. 2(c), (d)). Following O1 phase,
the O2 phase propagates slowly (<1 km/s) in deep sea area (Fig.
2(a)~(e)) and converted into R2 phase similar to the O1 (Fig.
2(c), (d)). The conversion can be recognized clearly seeing the
propagation speed increasing obviously as the O2 crosses the
trench. This simulation reproduces the observation at land very
well (Fig. 1(c)). We confirmed that the O1 phase is the first
higher mode of oceanic Rayleigh wave, which is the Rayleigh
wave which exists in the case with liquid layer. Similarly, the
02 phase is the fundamental mode of oceanic Rayleigh wave.
The slow propagation speed of Ol phase is confirmed by
dispersion curve analysis considering 6 km deep water layer.
Such oceanic Rayleigh waves are also reported in the analysis
of ambient noise recorded by ocean bottom seismometers by
Takeo et al. (2014)[7].

We also conducted another simulation in the case without
seawater replacing seawater layer with air layer. The two
Rayleigh wave packets and oceanic Rayleigh waves did not
appear (Fig. 1(d)). In the case of interplate earthquake, the
oceanic Rayleigh waves were also generated, but it propagated
toward the Pacific only and did not reach at land. It would be
due to shallower bathymetry of epicenter and the geometry of

seafloor slope.

4. Conclusions

We revealed the cause of long-duration long-period ground
motion observed during outer-rise earthquakes by means of
the simulation for wave propagation using 3D realistic model

structure including seawater. The simulation result represents

t = 288 5

\’“ﬁ;ﬁ

()

wa

Fig. 2 Snapshots of vertical component displacement motions at the surface and seafloor taken from FDM simulation with a model that includes

water. Lower panels show cross sections along the dashed line in the upper panels. Up- and downgoing motions are shown in red and blue,

respectively. The yellow star in each plot shows the hypocenter. P, S, O1, 02, R1 and R2 show P-wave, S-wave, oceanic Rayleigh waves and

Rayleigh wave packets respectively.

22



WERY I 2 L — & AFEHE — Earth Simulator Proposed Research Project —

clearly the mechanism of the long-period ground motion; the
fundamental mode and first higher mode of oceanic Rayleigh
waves which propagate with different speed are separated in
deep sea and appear as two Rayleigh wave packets at land
lengthening the duration of long-period ground motion. This
phenomenon could not be represented by simulation without
seawater. The duration of long-period ground motion is
also important to estimate the damage on huge structures,
the sloshing of oil tanks for example. Our result shows that
considering seawater and realistic structure in the estimation of
ground motion and damage brought by earthquakes in sea area

is quite important.
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