
Geophysical Journal International
Geophys. J. Int. (2016) 205, 1099–1107 doi: 10.1093/gji/ggw074
Advance Access publication 2016 February 24
GJI Seismology

Ocean-influenced Rayleigh waves from outer-rise earthquakes and
their effects on durations of long-period ground motion

Shinako Noguchi,1 Takuto Maeda2 and Takashi Furumura2

1Association for the Development of Earthquake Prediction (ADEP), 1-5-18 Sarugaku-cho, Chiyoda-ku, Tokyo 101-0064, Japan.
E-mail: noguchi@8f.adep.or.jp
2Earthquake Research Institute, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan

Accepted 2016 February 18. Received 2016 February 17; in original form 2015 November 9

S U M M A R Y
We investigate the cause of anomalously long duration (>100 s), long-period (T = 13–14 s)
phase packets following the Rayleigh wave, which are observed widely in eastern Japan during
outer-rise earthquakes. As this phase is not seen in records of interplate earthquakes, the late
long-period phase is assumed to develop as a result of propagation across the Japan Trench.
Using 3-D finite-difference simulations of seismic wave propagation with a detailed structural
model that includes seafloor topography and water layers, we demonstrate that the late phase
could be generated by a fundamental-mode oceanic Rayleigh wave propagating in the deep
Pacific (at a depth of 6 km), which converts to a fundamental-mode continental Rayleigh wave
as it crosses the Japan Trench. Our models suggest that the conversion is caused by the change
in bathymetry. Based on analysis of surface wave dispersion, we confirm that the first arrival
of the Rayleigh wave on land can develop from the first higher mode oceanic Rayleigh wave.
The successive arrivals of the two types of Rayleigh waves on land produce ground motions
with very long durations after outer-rise earthquakes.

Key words: Earthquake ground motions; Surface waves and free oscillations; Computational
seismology; Wave propagation; Pacific Ocean.

1 I N T RO D U C T I O N

In this study, we clarify the mechanism of a prolonged long-period
(T > 10 s) late phase arrival observed widely in eastern Japan on
records of outer-rise earthquakes near the Japan Trench. The total
duration of strong ground motion for this unknown long-period
late phase can exceed 100 s. Because this phase is not observed
during interplate earthquakes, even those that occur near outer-rise
earthquakes, it is strongly suspected that the later phase is generated
along the propagation path, between the deep Pacific and the eastern
shore of Japan. In this region, the Japan Trench is covered by 6–
10 km of water.

This late phase is of practical interest because long-period ground
motion causes serious damage, especially to large structures, includ-
ing high rise buildings, long bridges and oil-storage tanks. Some
modern oil-storage tanks have a natural period >10 s, correspond-
ing to the period of this unknown phase. The long duration of the
phase’s ground motion increases the risk of sloshing damage in oil-
storage tanks; this phenomenon was documented during the 2003
Off Tokachi earthquake, which occurred in northern Japan (Koketsu
& Miyake 2008). Thus, understanding this long-period late phase,
and more generally, investigating the possible causes of unusually
lengthy later phase arrivals during outer-rise earthquakes, is very
important.

It is well known that the characteristics and propagation of a
surface wave depend on the properties of the medium, including
topography and bathymetry. Snieder (1986) developed the theory
of scattering and conversion of surface waves due to topography.
Typical boundary waves are frequently observed in the sea layer
during marine seismic exploration studies (Rauch 1986). However,
for land records of undersea earthquakes, it is not easy to constrain
how water influences seismogram characteristics.

Recent developments in computing have facilitated large-scale
simulations of an earthquake that take the water layer into consid-
eration. For example, Petukhin et al. (2010) investigated the influ-
ence of the water layer on ground motion using numerical simula-
tions of seismic wave propagation in southeastern Japan. Nakamura
et al. (2012) synthesized some of the waveforms recorded during
an earthquake that occurred at Suruga Bay, Japan. Shapiro et al.
(2002) examined the causes of the extended duration of long-period
ground motion in the Valley of Mexico from Mexican subduction
zone earthquakes, using simulations of seismic wave propagation.

Some observations of anomalous later phases can be found
among these earlier studies, implying that these phases could arise
due to the influence of water or topography on surface waves. In
this paper, we first describe the characteristics of the later phase.
We then perform 3-D finite-difference method (FDM) simulations
to reproduce the observations across a wide area of eastern Japan,
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Table 1. Source parameters and R2 phase characteristics for events shown in Fig. 1.

Origin time (UTC) Longitude Latitude Depth (km) Mw Location Mechanism R2 phase

A 2005.08.16. 02:46 142.05N 38.24E 37 7.2 Interplate Thrust No
B 2005.11.14. 21:38 144.97N 38.22E 18 7.0 Outer-rise Normal fault Appears
C 2008.12.20. 10:29 142.54N 36.56E 12 6.3 Interplate Thrust No
D 2011.03.09. 02:45 142.78N 38.56E 14 7.3 Interplate Thrust No
E 2011.03.12. 01:47 142.84N 37.57E 14 6.5 In upper plate Normal fault No
F 2011.03.22. 07:18 144.00N 37.11E 12 6.4 Outer-rise Normal fault Appears
G 2011.08.17. 11:44 143.84N 36.80E 12 6.2 Outer-rise Normal fault Appears
H1 2012.12.07. 08:18 144.09N 38.01E 58 7.2 Outer-rise Doublet∗ Appears
H2 2012.12.07. 08:18 143.83N 37.77E 20 7.2
I 2013.10.25. 17:10 144.66N 37.17E 25 7.1 Outer-rise Normal fault Appears
∗Normal faulting H2 occurs ∼20 s after reverse-faulting H1 (Harada et al. 2013).

Table 2. Typical phases appearing in observations and simulations.

Label Wave speed Description

P ∼8 km s−1 P wave
S ∼4 km s−1 S wave
R ∼3 km s−1 Rayleigh wave
R1 ∼3 km s−1 Rayleigh wave converted from O1 phase
R2 ∼3 km s−1 Rayleigh wave converted from O2 phase
O1 ∼3 km s−1 First higher mode oceanic Rayleigh wave
O2 ∼1 km s−1 Fundamental-mode oceanic Rayleigh wave

using a model with detailed topography and a heterogeneous sub-
surface structure that extends across the Japan Trench subduction
zone from the source to the coast. We show that the mechanism gen-
erating this later phase is likely an oceanic Rayleigh wave, which
first develops by propagation through the deep ocean area, converts
to an ordinary Rayleigh wave as it crosses the Japan Trench, then
propagates upslope along the seafloor.

2 O B S E RVAT I O N S

Table 1 and Fig. 1 show hypocentres of moderate to large (Mw

6.2–7.3) earthquakes that have occurred off of Tohoku, Japan.
Among them, we find that outer-rise events generate an anoma-
lously long-lasting later phase, which is observed widely in eastern
Japan. Fig. 2(b) shows an example of vertical-component displace-
ment motions from an outer-rise event along a profile from north
(Hokkaido) to south (Kanto), recorded by the dense (∼20 km spac-
ing), short-period Hi-net (High Sensitivity Seismograph Network;
Okada et al. 2004) seismic network, operated by the National Re-
search Institute for Earth Science and Disaster Prevention (NIED).
The waveforms are created by applying a time-domain digital filter
(Maeda et al. 2011), which translates the short-period (Tc = 1 s)
instrument response of the Hi-net sensors to a broad-band (Tc =
130 s) frequency response, comparable to that of an STS-2 broad-
band sensor. Because of the wide dynamic range of Hi-net sensors,
we can reconstruct broad-band records to T ∼ 50 s by applying this
filter to M7 earthquakes. The seismograms in the figure, recorded
by a dense network, clearly illustrate the widespread observabil-
ity of the late phase arrival in northern Japan: the phase, with a
dominant period of about T = 13–14 s, can be seen from Tohoku
to Kanto, and extends to ∼100 s after the arrival of the Rayleigh
wave. Particle motions of the later phase show retrograde oscilla-
tion, indicating a Rayleigh wave propagating westward from the
epicentre (Fig. 3). We will refer to this phase hereafter as the ‘R2
phase’; note that this is not the same as the major arc Rayleigh
phase R2 in global seismology. Successive arrivals of the Rayleigh

32˚N

34˚N

36˚N

38˚N

40˚N

42˚N

44˚N

BB

G F

E

D

C
I

A

140˚E 142˚E 144˚E 146˚E

−8000

−7000

−6000

−5000

−4000

−3000

−2000

−1000

0

1000

2000

m

H1H1
H2H2

 

Figure 1. Bathymetry, trench location and source distributions of events
analysed in this study (see Table 1).

wave (hereafter called the ‘R1 phase’) and the R2 phase can create
high-amplitude long-period ground motion that lasts for >150 s.

We investigated seismic records for other earthquakes, and noted
that the R2 phase was not observed during the interplate earth-
quake of 2005 August 16, which had a similar magnitude and depth
(Mw 7.2, z = 37 km), and occurred across the Japan Trench, near
the coast (denoted ‘II’ in Figs 2a and c). As shown in Table 1 and
Fig. 1, the R2 phase appears only for outer-rise events, irrespective
of source depth, location, magnitude, bathymetry in the epicentral
region, or focal mechanism. Thus, the R2 phase is presumed to
develop due to conversion of seismic waves as they cross the Japan
Trench, rather than due to source-specific causes (such as multiple
shocks).
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Ocean-influenced Rayleigh waves 1101

Figure 2. Vertical-component displacement seismograms for: (b) an outer-rise event (B in Table 1 and Fig. 1) and (c) a deep interplate event (A in Table 1 and
Fig. 1), along a profile from Tohoku to Kanto (straight black line in (a)), with Hi-net stations indicated by black triangles. All waveforms are bandpass filtered
at 2–20 s and normalized by the maximum of all waves during each event. See Table 2 for additional information about each phase.

3 F D M S I M U L AT I O N S

To investigate the development and widespread observability of the
R2 phase in outer-rise earthquake records, we conducted 3-D FDM
simulations of seismic wave propagation, using a detailed seafloor
topography model, a water layer for the ocean and a 3-D subsurface
structural model of the Japan Trench subduction zone.

3.1 Simulation model

The 3-D FDM simulation region is 1560 km × 640 km, extends
to a depth of 117 km, and includes the Hokkaido, Tohoku and
Kanto districts (Fig. 4). The model consists of a water layer, surface
topography, bathymetry, sedimentary layers, the subducting Pacific
Plate and the Philippine Sea Plate. These layers are based on the
standard velocity and attenuation model of the Japan Integrated
Velocity Structure Model (JIVSM; Koketsu et al. 2012). As the
original JIVSM does not contain the SE part of the region (off of
the Kanto Plain), we use the extended model developed by Maeda
et al. (2014).

The simulation model is discretized at grid intervals of 1 km in
the horizontal direction and 0.5 km in the vertical direction, which
use a fourth-order and second-order staggered-grid 3-D FDM in
space and in time, respectively. In this simulation, we set a min-
imum Vs = 0.8 km s−1 in the near-surface sedimentary layer, so
that the FDM simulation can model the propagation of waves with
periods longer than 10 s; such long-period waves encompass eight
gridpoints or more for each wavelength of the S phase. To properly
incorporate bathymetry and the water column in FDM simulations,
we applied a solid–fluid boundary condition (Okamoto & Takenaka
2005; Nakamura et al. 2012) at the seafloor, sea surface and ground
surface; for details of this procedure, see Maeda & Furumura (2013)
and Maeda et al. (2013). The water layer uses model parameters of
Vp = 1.5 km s−1, Vs = 0 km s−1 and ρ = 1000 kg m−3.

The source parameters of the modeled outer-rise event are given
in Fig. 2(b). All values are based on the Global CMT Catalogue (Ek-
ström et al. 2012), with a normal-fault double-couple (strike = 181◦,
dip = 43◦ and strike = −104◦) point source located 18 km below
the sea surface, or ∼12 km below the seafloor (filled stars in Fig. 4).
The source-time duration of this event is set to 10 s, following Hino
et al. (2009).

3.2 Simulation results

Snapshots of the ground motion as the surface waves propagate on
the land and seafloor, extracted from our 3-D FDM simulations, are
shown in Figs 5(a)–(e). At t = 70 s (Fig. 5a), we can see P and
S waves radiating from the source and propagating toward eastern
Japan. Following the S wave, a phase that propagates across the
Pacific seafloor converts from O1 phase in the deep sediment along
the Japan Trench (Fig. 4b), and arrives on land as a Rayleigh wave
(denoted ‘R1’ in Fig. 5). This corresponds to the observed R1 phase.
On the ocean bottom (‘O1’ in Fig. 5), this phase resembles an ordi-
nary Rayleigh wave on land because of its propagation speed (∼3
km s−1). Following this phase arrival, we see a large wave packet
around the epicentre that spreads across the deep ocean floor at rel-
atively slow speeds (denoted ‘O2’ in Fig. 5). Once this later signal
crosses the Japan Trench (Figs 5c and d), propagation speed in-
creases significantly from trench to coast, as ocean depth decreases.
Finally, this later phase arrives across Tohoku and the Kanto region
with a high amplitude (denoted ‘R2’ in Fig. 5), comparable to that
of R1. Consequently, the R2 phase appears to develop from con-
version of an oceanic Rayleigh wave propagating slowly through
the deep ocean area, which is converted to an ordinary Rayleigh
wave as it crosses the Japan Trench, and which propagates on land
at a higher velocity. This process is clearly seen in the snapshots of
Figs 5(a)–(e) and the corresponding part of animation (t > 120 s of

 at N
ational R

esearch Institute for E
arth Science and D

isaster Prevention on M
arch 29, 2016

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


1102 S. Noguchi, T. Maeda and T. Furumura

Figure 3. Distribution of polarization plots for the R2 phase of the 2005
outer-rise earthquake (B in Table 1 and Fig. 1). The red straight line shows
the profile of the record sections shown in Fig. 2.

Animation S1, Supplementary Information): the R2 phase appears
suddenly as a signal across the trench axis, due to amplification
of ground motions by low-velocity sediments overlying the trench
(Fig. 4b).

The conversion from oceanic to ordinary Rayleigh wave can be
also confirmed by examining records of vertical-component ground
displacement along a source–receiver profile that crosses the Japan
Trench (Fig. 6a). With our model, the propagation speed of an
oceanic Rayleigh wave in the deep Pacific Ocean (O2 in Fig. 6a)
is very slow, less than 1 km s−1, but increases to 3 km s−1 as
it approaches the coast. The faster wave speed of the converted
Rayleigh wave (R2 in Fig. 6a) is comparable to that of the previous
Rayleigh wave on land (R1 in Fig. 6a). This indicates that a sort of
‘mode conversion’ indeed occurs, from an oceanic Rayleigh wave
to an ordinary Rayleigh wave, when the Rayleigh wave crosses the
trench axis.

We also confirm our interpretation using an FDM simulation
with the same source and structural model, but with the water layer
replaced by an air column. We find that no R2 phase develops on
land, but the preceding Rayleigh wave remains (Figs 5f–j and 6b).
We consider this proof that the R2 phase originates due to conversion
of an oceanic Rayleigh wave. In addition, Fig. 5(g) shows that a

Figure 4. Model used in 3-D FDM simulations. Filled stars and open stars
show epicentres and hypocentres of the outer-rise earthquake (Fig. 2b) and
interplate earthquake (Fig. 2c), respectively. (a) Topography and bathymetry.
(b) Vertical cross-section along the line y1–y2 in (a). Layer labels correspond
to the following features: a, sea water; b, continental crustal layer 1; c,
continental crustal layer 2; d, continental crustal layer 3; e, continental
mantle; f, oceanic crustal layer 2; g, oceanic crustal layer 3; h, oceanic
mantle. Sedimentary layers are between layers a and b. The vertical scale in
(b) is exaggerated by a factor of 5 relative to the horizontal scale.

Rayleigh wave modeled without water appears to have a slightly
higher velocity, and contains shorter period waves relative to the
corresponding ocean phase (R1 in Fig. 5b). This difference also
appears in the record sections of Figs 6(a) and (b). This indicates
that the faster phase (∼3 km s−1) that propagates along the ocean
bottom (‘O1’ in Figs 5 and 6a) is something other than an ordinary
Rayleigh wave on land.

Fig. 7(a) shows records of simulated vertical ground motions for
stations aligned north to south, which can be compared with the
seismograms of Fig. 2(b). The simulations reproduce the observed
R2 phase with a high degree of visual similarity. In this simulation,
however, we assume a simple double-couple point source, rather
than a realistic finite-fault source for an Mw = 7 event. Good visual
agreement between simulated P and S waveforms and observed
seismograms means that a point source with source duration of
10 s is sufficient to simulate seismic wave propagation from this
event. The simulated R2 phase has a dominant period of T = 13–
14 s and a high amplitude relative to the preceding R1 phase. This
corresponds well to the observations of Fig. 2(b). In addition, the
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Figure 5. Snapshots of vertical-component displacement motions at the surface and seafloor, taken from FDM simulations at times t = 70, 100, 150, 200 and
250 s from the earthquake origin time. Lower panels show cross-sections along the dashed line in the upper panels. (a)–(e) are taken from a simulation with a
model that includes water; (f)–(j) are from the corresponding simulation whose model excludes water. Up- and downgoing motions are shown in red and blue,
respectively. The yellow star in each plot shows the hypocentre. Phase labels are explained in Table 2. See also Animation S1 in Supplementary Information.

retrograde particle motion of the simulated R2 phase is consis-
tent with our observations. However, the amplitudes of the sim-
ulated phase appear somewhat larger than the observed values at
the northern- and southernmost stations. This may be because the

sedimentary structure along the trench, to which surface wave prop-
agation is very sensitive, is not sufficient to reproduce the R2 phase
accurately everywhere. However, Hi-net stations in the Kanto Basin
(southern part of the record section) occupy deeper borehole sites
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Figure 6. (a) Vertical-component displacement records for the ground and
seafloor on the profile that crosses the Japan Trench, snapshotted from
FDM simulations. Up- and downgoing motions are shown in red and blue,
respectively. Phase labels are explained in Table 2. Offset for permanent
deformation due to the earthquake appears above the source area before the
P wave arrival. (b) Record section extracted from the corresponding FDM
simulation without the water layer. (c) Cross-section along the profile shown
in (a) and (b). The star shows the hypocentre.

(z ≥ 2 km), whereas most other stations in the study are installed near
the surface (z ∼ 100 m). Thus, surface waves amplitudes recorded
by the Kanto Basin stations could be much lower than synthetic
values.

Fig. 7(b) shows the record section generated using the FDM
model without water, in which no R2 phase follows the Rayleigh
wave. These waveforms also show marked differences from the
shape and frequency of Rayleigh wave packets in simulations with
and without water (Figs 5 and 6). The maximum Rayleigh wave
amplitudes at each station are almost independent of the presence

or absence of water (e.g. Figs 7a and b are plotted with the same
amplitude scaling); however, the duration of the R2 phase is greatly
extended in the model with water. On the other hand, it is known that
the maximum amplitude of body waves is reduced by the presence
of water (Maeda et al. 2013; Kozdon & Dunham 2014).

Fig. 7(c) shows simulation results for an interplate earthquake
(Fig. 2c), from which we confirm that no R2 phase is generated
when earthquakes occur at the top of the slab beyond the trench.
This is also confirmed in simulation snapshots and synthetic and
real seismograms of the interplate earthquake, which do not show
an O2 phase that propagates landward in the ocean.

In order to constrain the possible causes of the R2 phase, we
conducted additional simulations using each segment of the het-
erogeneous structure that comprises the Japan Trench subduction
zone. In these simulations, the R2 phase developed even in models
without sediment or a subducting plate. In addition, we confirmed
that the R2 phase could also be generated by other source mecha-
nisms, such as a reverse-faulting source in the same position as the
outer-rise earthquake of Fig. 2. An R2 phase always developed from
an outer-rise event, due to conversion of an oceanic Rayleigh wave
at the Japan Trench.

4 D I S P E R S I O N C U RV E A NA LY S I S

To investigate the propagation efficiency of the Rayleigh wave,
we examine dispersion curves for phase and group velocities and
eigenfunctions of the Rayleigh wave calculated by DISPER80 (Saito
1988) using 1-D models with different sea depths (Fig. 8). We focus
on the deep Pacific Ocean (with a maximum water depth ∼6 km),
the shallow sea (close to the coast), and the possibility of conversion
across the Japan Trench with a sudden decrease in water depth. The
dispersion curve for the 6 km thick water model, which corresponds
to the sea depth at the epicentre of the outer-rise event (Fig. 4b),
shows a group velocity minimum (∼0.9 km s−1) near T = 14 s
(Fig. 8a). This matches the dominant period of the observed and
simulated R2 phases, and the slow group velocity of the simulated
O2 phase (Fig. 6a) matches the minimum group velocity. Thus,
we conclude that the large-amplitude R2 phase first develops as a
high-amplitude packet with a period corresponding to the minimum
group velocity of an oceanic Rayleigh wave that propagates in the
deep sea, similar to an Airy phase.

The eigenfunctions of the fundamental-mode Rayleigh wave
(Fig. 8c) indicate that most of the energy at periods T ∼ 14 s and
wavelengths ∼36 km is trapped by the water layer in the deep ocean
(>6 km), which corresponds to a relatively slow velocity of ∼0.9
km s−1. However, if ocean depth decreases, then a longer period
(longer wavelength) oceanic Rayleigh wave cannot be captured in
the thinner (1–3 km) water layer. Consequently, most of the energy
of the Rayleigh wave will be transmitted into the crust and the man-
tle, which creates an ordinary Rayleigh wave propagating through
continental structure at a higher velocity of ∼2.8 km s−1 (denoted
‘C0 0’ in Fig. 8b). Gradual conversion occurs with decreasing sea
depth and changes in subsurface structure after it crosses the Japan
Trench. Calculated eigenfunction amplitudes as a function of depth
correspond to our simulation results (Figs 5a–e, Animation S1,
Supporting Information) for the deep ocean: vertical-component
ground displacement attains a maximum value at sea surface, while
the radial component attains its maximum at the seafloor.

The first higher mode of an oceanic Rayleigh wave (S6 1 in
Fig. 8b) can also explain our simulation results. With a water depth
of 6 km, the group velocity of the first higher mode has a sharp
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c

Figure 7. Record section along the profile shown in Fig. 1(a), extracted from FDM simulations of (a) an outer-rise earthquake with a water layer, (b) an
outer-rise earthquake without a water layer and (c) an interplate earthquake with a water layer. Hypocentres for each earthquake are shown in Fig. 4. See Table 2
for the meanings of labeled phases. All waveforms are bandpass filtered from 2 to 20 s and normalized by the maximum of all waves in each simulation. (a)
and (b) are plotted with the same scaling.

local minimum T ∼ 14 s, similar to the fundamental-mode Rayleigh
wave. This can also generate a high-amplitude packet, but the phase
propagates faster than that of the fundamental mode (∼2.6 km s−1).
This corresponds to the Rayleigh wave in the ocean area that we
simulated (O1, Fig. 6a). It is possible that this first higher mode
packet is also converted to a continental-mode Rayleigh wave (∼2.8
km s−1) in areas of shallow bathymetry, and appears on land as the
R1 phase. The monochromatic spectrum of the observed and sim-
ulated R1 phases (Figs 3b and 7a) can be explained by conversion
from a high-amplitude packet generated in the very narrow band-
width of minimum group velocity for this first higher mode (S6 1 in
Fig. 8b). On the other hand, a dispersed Rayleigh wave packet in a
model without a water layer (Figs 6b and 7b) corresponds to the fun-
damental mode of an oceanic structure model without water (S0 0
in Fig. 8b). Around T = 14 s, the group velocity of a Rayleigh wave
in a model without water is faster (∼4 km s−1) than the first higher
mode in a model with water (S6 1), and does not show a minimum
in group velocity. This causes a degree of dispersion for a Rayleigh
wave without water. In short, the main packet of the Rayleigh wave
can be generated by different mechanisms in a variety of models,
with or without a water layer. The principal effect of the water layer
is that it appears to control the duration and dominant period of
ground motion on land.

5 D I S C U S S I O N

A similar pair of Rayleigh waves in ocean areas, with conversions
caused by sea-bottom heterogeneities (e.g. seamounts and oceanic
plateaus), was discovered by Takeo et al. (2014) by analysing the
ambient noise recorded by ocean-bottom seismometers; they termed
these an ‘ocean-mode Rayleigh wave’ and a ‘solid-mode Rayleigh
wave.’ Furthermore, they showed that an ocean-mode Rayleigh wave
is the fundamental mode of a Rayleigh wave that slowly propagates
through the deep ocean at T = 10–20 s; similarly, their solid-mode
Rayleigh wave was the first higher mode of a Rayleigh wave propa-

gating at a higher velocity. These Rayleigh waves correspond to our
oceanic Rayleigh wave (O2 in Figs 5 and 6), while the faster phase
at the ocean bottom resembles an ordinary Rayleigh wave (O1 in
Figs 5 and 6).

Regarding the conversion of Rayleigh waves in marine environ-
ments, Noguchi et al. (2013) reported a trench-trapped source for
an anomalous later phase observed in the southern islands of Japan
during the 2005 Off Tohoku outer-rise earthquake. They showed
that the later phase, which appeared at distances far from the epi-
centre (∼800 km), was a Rayleigh wave converted from a trapped
low-velocity oceanic Rayleigh wave propagating along the Japan
Trench. However, the detailed mechanism is different from the R2
phase observed in Tohoku and Kanto, which has been the focus of
this paper.

6 C O N C LU S I O N S

We investigated the cause of long-period, long duration ground
motion observed in eastern Japan following the Rayleigh wave ar-
rivals of outer-rise earthquakes. Based on 3-D FDM simulations
of seismic wave propagation, and dispersion analysis using a 1-D
model, we have shown that the first arrival of this phase on land is
a fundamental-mode Rayleigh wave converted at the Japan Trench
from the first higher mode of the oceanic Rayleigh wave; the second
arrival is converted from the fundamental-mode oceanic Rayleigh
wave, similarly. The successive arrivals of two distinct Rayleigh
wave packets at different wave speeds extend the duration of ground
motion on land. Our simulation results reveal the strong influence
on Rayleigh wave propagation of ocean overlying the Japan Trench.

It has long been recognized that shallow outer-rise earthquakes
can create large tsunamis, such as the example that followed the
1933 Sanriku earthquake (e.g. Tanioka & Satake 1996). The findings
of this current study warn of other possible damage associated with
the long durations of long-period ground motions caused by outer-
rise events. These ground motions strongly resonate at frequencies
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Figure 8. Dispersion curves (a) and (b) and eigenfunctions (c) of a fundamental-mode Rayleigh wave with period T = 14 s. (a) Dispersion curves of
fundamental-mode Rayleigh waves, assuming a sea water layer and the oceanic structure shown in (c). S6 0 and S6 1 in (b) show the dispersion curves for
the fundamental-mode and first higher mode Rayleigh wave with a 6-km-thick sea water layer and an oceanic structure. S0 0 shows the fundamental-mode
Rayleigh wave of the oceanic structure without a water layer. C0 0 shows the fundamental-mode Rayleigh wave with a continental structure. The amplitudes
of the eigenfunctions are normalized by the vertical displacement at the sea surface.

similar to the fundamental frequencies of large, modern buildings,
for example, high rise buildings, large oil-storage tanks and long
bridges (e.g. Furumura & Hayakawa 2007; Furumura 2014). Thus,
it is important to fully anticipate the strength and duration of long-
period ground motions associated with future large (M > 8) outer-
rise earthquakes, using high-resolution computer simulations with
adequately detailed bathymetric models and water layer. Because
our proposed mechanism arises purely from the bathymetry, the
same effect seen here could be expected for global surface wave
propagation at the same periods as those of surface waves that
propagate across the deep trench.
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Additional Supporting Information may be found in the online ver-
sion of this paper:

Supplementary Animation S1.mp4
Animation S1. Animation of the simulated vertical displacement
at the Earth surface and seafloor. Up- and downgoing motions
are shown in red and blue, respectively. Lower panel shows a
cross-sectional view looking across the Japan Trench, including
the hypocentre.
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggw074/-/DC1).
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