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Seismic Wavefields in the Deep Seafloor Area from a Submarine Landslide Source

TAKESHI NAKAMURA,I HirosHI TAKENAKA,2’4 Taro OKAMOTO,3 and YosHIYUKI KANEDA'

Abstract—We use the finite difference method to simulate
seismic wavefields at broadband land and seafloor stations for a
given terrestrial landslide source, where the seafloor stations are
located at water depths of 1,900—4,300 m. Our simulation results
for the landslide source explain observations well at the seafloor
stations for a frequency range of 0.05-0.1 Hz. Assuming the epi-
center to be located in the vicinity of a large submarine slump, we
also model wavefields at the stations for a submarine landslide
source. We detect propagation of the Airy phase with an apparent
velocity of 0.7 km/s in association with the seawater layer and an
accretionary prism for the vertical component of waveforms at the
seafloor stations. This later phase is not detected when the struc-
tural model does not consider seawater. For the model
incorporating the seawater, the amplitude of the vertical component
at seafloor stations can be up to four times that for the model that
excludes seawater; we attribute this to the effects of the seawater
layer on the wavefields. We also find that the amplification of the
waveform depends not only on the presence of the seawater layer
but also on the thickness of the accretionary prism, indicating low
amplitudes at the land stations and at seafloor stations located near
the trough but high amplitudes at other stations, particularly those
located above the thick prism off the trough. Ignoring these char-
acteristic structures in the oceanic area and simply calculating the
wavefields using the same structural model used for land areas
would result in erroneous estimates of the size of the submarine
landslide and the mechanisms underlying its generation. Our results
highlight the importance of adopting a structural model that
incorporates the 3D accretionary prism and seawater layer into the
simulation in order to precisely evaluate seismic wavefields in
seafloor areas.
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1. Introduction

Submarine landslides are gravitational phenom-
ena that occur at the seafloor in regions of steep slope.
Several observational and simulation studies (pri-
marily bathymetric surveys and tsunami studies) have
shown that submarine landslides are most likely to be
triggered during large earthquakes. Moreover, gen-
eration of submarine landslides can cause (or at least
contribute to) the amplification of tsunamis and can
damage infrastructure such as submarine cables and
water pipes. HEEZEN and EwiNG (1952) attributed the
breaking of transoceanic telegraph cables connecting
North America to Europe to submarine landslides and
turbidity currents that occurred around 13 h after the
1929 Grand Banks, Canada, earthquake (M 7.2).
Similarly, TappPIN et al. (2001) found evidence for
submarine landslides related to the 1998 Papua New
Guinea earthquake (M 7.0) based on bathymetric
surveys, and presented evidence to suggest that these
landslides were associated with the tsunami source.
Moreover, investigation of seafloor topography
before and after the 2011 Tohoku earthquake (M 9.0)
in Japan produced evidence of a local submarine
landslide adjacent to the trench axis (FunwaRra et al.
2011). Kawamura et al. (2012) proposed large hori-
zontal displacements due to submarine landsliding as
a possible cause for the tsunami that struck Japan in
2011. BaBa et al. (2012) found a clear difference in
seafloor topography before and after the 2009 Suruga
Bay, Japan, earthquake (M 6.4), which they inter-
preted to be associated with a submarine landslide on
the basis of bathymetric surveys. Moreover, they
demonstrated that numerical simulations assuming
this change in seafloor topography associated with the
submarine landslide were better able to explain the
tsunami observed in coastal areas than those based on
fault motion alone.
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Terrestrial landslides have been studied exten-
sively by adopting geomorphological, geological, and
geophysical approaches. In particular, previous
studies have found evidence for diverse sources of
terrestrial landslides, including volcanic activity,
extreme rainfall, melting snow, and rising ground-
water levels; however, these may be different to the
factors that induce submarine landslides. KANAMORI
and GIven (1982) analyzed low-frequency seismic
signals associated with a terrestrial landslide related
to the 1980 Mount St. Helens eruption in Washing-
ton, finding a horizontal single force to be the source
of seismic radiation. Similarly, LA Rocca et al.
(2004) analyzed seismic signals associated with ter-
restrial landslides and tsunamis that occurred at the
Stromboli volcano in Italy, and YamaDA et al. (2012)
analyzed high-frequency seismic signals to determine
the source location of terrestrial landslides due to a
typhoon in southwest Japan. Moreover, GUZZETTI
et al. (2002) investigated terrestrial landslides caused
by rapid melting of snow in Italy in 1997, proposing a
scaling model for the frequency—size distribution of
such landslides.

One of the prominent features typically found in
seismic signals from landslides is a long-lasting
motion involving low-frequency (<0.1 Hz) signals.
Kanamori and Given (1982) found that observed
waves from terrestrial landslides at great distances
are rich in low-frequency components compared with
those of ordinary earthquakes. Similarly, CHEN et al.
(2013) investigated differences in spectrograms
between landslides and local and teleseismic events
and found much of the prolonged seismic energy
associated with the landslides to lie within a rela-
tively narrow low-frequency band. Such long-lasting
low-frequency components have been interpreted as a
result of predominantly gravitational fall of a large
rock mass around the free surface, which is often
expressed seismologically as a single force with long
duration. Thus, based on the observation of this
unique feature in seismic data, it should be possible to
detect seismic signals associated with terrestrial
landslides and distinguish them from those of ordin-
ary earthquakes.

Few studies to date have investigated seismic
signals from submarine landslides occurring at the
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deep seafloor, likely owing to the rare occurrence of
such landslides, which depends primarily on the fre-
quency of occurrence of large
earthquakes. Moreover, few seismic stations are
located in the oceanic areas in which such events

suboceanic

occur. Furthermore, it is often difficult to ascertain
whether a submarine landslide has really occurred
because ship-based topographic surveys after earth-
quake events require immense time and -effort.
Therefore, analysis of seismic signals received at land
stations is currently one of the most practical and
rapid means of detecting submarine landslides with-
out a field survey. For example, LiN er al. (2010)
detected submarine landslides in Taiwan and ana-
lyzed the mechanisms underlying these landslides by
conducting waveform inversion for low-frequency
seismic data observed by the dense broadband seis-
mic network covering land areas. However, care must
be taken when identifying seismic signals associated
with submarine landslides in cases involving limited
observation data obtained from a limited number of
land stations that are located far from the associated
epicenter. Some unusual suboceanic events such as
submarine volcanic activity, very low-frequency
(VLF) earthquakes, and tsunami earthquakes typi-
cally generate long-lasting low-frequency seismic
signals (e.g., Kanamori, 1972; Sucioka et al. 2012),
which may introduce difficulties in separating the
seismic signals associated with submarine landslides
from those related to unusual suboceanic events.
However, use of seafloor broadband seismic stations
near sources should improve detection of submarine
landslide signals by allowing direct observation of
suboceanic phenomena in oceanic areas. Addition-
ally, performing seismic simulations for such
phenomena and comparing the simulation results
with seafloor observations will allow verification of
the occurrence of submarine landslides.

Recently, we deployed seafloor stations with a
dense array, namely DONET (Dense Oceanfloor
Network System for Earthquakes and Tsunamis), in
water depths of 1,900-4,400 m near the Nankai
trough in southwest Japan (Fig.1) (KANEDA et al.,
2010; KawagucHr et al. 2011). The network system
consists of 20 dense array stations in total. Each
station has strong motion and broadband seismic
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sensors and pressure gauges to observe broadband
signals for seismic events, geodetic deformations, and
tsunamis. We believe that this network system is also
useful in the detection and analysis of signals from
submarine landslides because the network can
observe signals directly at the seafloor. The stations
are distributed throughout an area that spans
50 km x 100 km (along and perpendicular to the
trench axis, respectively), which is comparable to or
greater than the density of the associated land station
network.

In this study, we investigate seismic wavefields at
DONET seafloor stations for a terrestrial landslide
and a submarine landslide based on finite difference
simulation. Our finite difference method can incor-
porate a three-dimensional (3D) structural model that
incorporates a seawater layer and seafloor topography
into the simulation. The simulation for DONET will
contribute to our analysis and interpretation of
recordings for such submarine events and will
enhance our understanding of wavefields at the deep
seafloor. Additionally, we compare the simulated
waveforms for cases with and without the seawater
layer in the structural model; then, we discuss the
possible causes underlying any waveform differences
and the effects of the seawater layer on the seismic
wavefields.

2. Simulation Method

We employ the heterogeneity, oceanic layer, and
topography (HOT)-FDM scheme adopted by Na-
KAMURA et al. (2012) to simulate seismic wave
propagation in land and oceanic areas. This scheme
can incorporate heterogeneities, a seawater layer, and
topography into the finite difference simulation.
Moreover, in contrast to conventional FDM schemes,
this scheme can also implement the fluid—solid
boundary correctly for the ocean surface, seafloor,
and land surface (free surface) (OkamoTo and TAKE-
NAKA 2005; TAKENAKA et al., 2009). Thus, calculation
errors due to unsatisfactory representation of fluid—
solid boundary conditions can be avoided (NAKAMURA
et al., 2011). Accordingly, we believe that the HOT-
FDM scheme is appropriate for simulation of sub-
marine sources at the seafloor.
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3. Source Model used in Simulations

In the first simulation, we calculate seismic
wavefields detected at land and seafloor stations
from a terrestrial landslide (simulation 1) that
occurred inland to demonstrate that our HOT-FDM
scheme adequately reproduces observations at the
stations. The landslide we simulate was caused by a
typhoon passing over the Kii peninsula in southwest
Japan on September 4, 2011. In our simulation, we
use the source location (longitude, latitude =
135.715°, 34.133°) described by Yamapa et al
(2012) and the source time function derived from the
waveform inversion conducted by YAMADA et al
(2013). The locations of the landslide and the sta-
tions used in our simulation are presented in Fig. 1.
We also present a detailed topographic map in
Fig. 1b; this map was created using topography data
obtained from a 5 m mesh provided by the Geo-
spatial Information Authority of Japan (GSI).
CHIGIRA et al. (2012) estimated a landslide area of
4.2 x 10° m* and a sliding volume of 8.0 x 10° m’
by comparing topographic data obtained before and
after the event. The source time function of a single
force suggests a maximum force of 5.5 x 10'° N, a
duration of 50-70 s, and a maximum sliding speed
of 28 m/s (Yamapa et al. 2012, 2013). We extract
the part representing the appropriate duration from
their original function data and apply a cosine taper
of 5 s to the beginning and end to produce a smooth
function. Figure 2 illustrates the source time func-
tion used in our simulation. Such long source
duration could be caused by a landslide occurring
with the speed of a gravitational fall rather than an
elastic rupture. Furthermore, the single force acts in
the opposite direction to the sliding flow, in agree-
ment with previous seismological studies (e.g.,
Kanamorr and GiveN, 1982; EissLEr and KANAMORI
1987; DaHLEN, 1993; Fukao, 1995).

Next, we simulate the wavefields from a sub-
marine landslide (simulation 2), assuming that future
landslides may occur on the steeply sloping seafloor
off Cape Shiono (Fig. 1), where a large slump can be
seen clearly on maps of seafloor topography. We also
present a detailed topographic map in Fig. lc; this
map is based on merging bathymetric survey data
observed along cruise tracks of research vessels. We
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Figure 1
a Location of sources and stations used in our simulation. We simula%e two cases: a terrestrial landslide source (simulation 1) and a submarine
landslide source (simulation 2), indicated by yellow stars. The sliding direction is indicated by black arrows. Blue triangles and red diamonds
indicate the locations of land stations of F-net and seafloor stations of DONET, respectively. A red rectangle indicates the area of our
simulation. Black contour lines indicate land and seafloor topography at intervals of 500 m. The Cartesian coordinate system used in this study
is also shown. b Detailed topographic map of 5 m mesh data around the terrestrial landslide source. Yellow portion indicates the area of the
2011 landslide, obtained by digitizing the results of CHIGIRA (2012). ¢ Detailed topographic map around the submarine landslide source,
obtained by merging bathymetric survey data observed along cruise tracks of research vessels. A yellow circle indicates the area of the
submarine landslide used in our simulation

assume the epicenter to be located in the middle of
the slump (longitude 135.982°, latitude 33.170°).
Because seismometer observations of submarine
landslides are rare and the source mechanisms of such
landslides remain poorly understood, we here use the
source time function for landslide sources presented
by YaMADA et al. (2013). We believe the use of this
function to be appropriate because the source time
function of the submarine landslide could exhibit a
sinusoidal shape (Hasecawa and Kanamori 1987),
similar to that of the terrestrial landslide. As dis-
cussed above, the maximum sliding speed of 28 m/s
for the terrestrial landslide is also considered to be
appropriate based on other studies of submarine

landslides. Based on tsunami simulations, BONDEVIK
et al. (2005) suggested a maximum sliding speed of
approximately 25-30 m/s for the Storegga slide, one
of the largest known submarine landslides. Other
studies have suggested speeds of a few tens of meters
per second at the seafloor, e.g., for the Nuuanu
landslide off the Hawaiian Islands (Warp, 2001) and
the 1998 Papua New Guinea earthquake (HEINRICH
et al. 2001). In our simulation, we also assume that
the submarine landslide is sliding toward the south-
east (black arrow in Fig. 1), which is consistent with
the slumping flow indicated by the topographic map.
Since the sliding or force direction is opposite to that
of the terrestrial landslide in the Kii peninsula, we
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Source time function of the terrestrial landslide (simulation 1 in
Fig. 1) used in our simulation. The function is based on the results
of the waveform inversion by Yamapa (2013). We extract the part
representing the main duration from their original function data and
apply a cosine taper of 5 s to the beginning and end to produce a
smooth function. We use the same function for the submarine
landslide source (simulation 2 in Fig. 2), but reverse the sign of the
horizontal component based on the assumption that the force is
acting in the opposite direction to that of the terrestrial landslide
source

reverse the sign of the horizontal component of the
function presented by Yamapa et al. (2013) and use
this for the simulation.

4. Subsurface Structural Model used in Simulations

We use a structural model, the Nankai Rendo
Project 2011 model (Citak et al. 2012), that includes
subducting plate, oceanic mantle, and accretionary
prism components. This model defines the 3D shape
of each layer, which is determined by compiling the
results of reflection and refraction seismic surveys
(e.g., NakanisH et al. 2002), Japan Meteorological
Agency (JMA) hypocenter distributions, and receiver
function analysis (e.g., SHioMI et al., 2004). We also
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use the JIMA 2001 velocity model (Ueno et al. 2002)
for the structure of the continental crust. The density
used is that determined based on an empirical rela-
tionship as a function of Vp given by BRocHER (2005).
For land and ocean bottom topography, we use 50 and
500-m mesh data provided by the GSI and the Japan
Oceanographic Data Center (JODC), respectively. We
implement a seawater layer with Vp = 1.5 km/s,
Vs = 0.0 km/s, and p = 1.05 g/cm3; we also incor-
porate an air layer with Vp = Vs = 0.0 km/s to
incorporate the effect of land topography (TAKENAKA
et al. 2009). Figure 3 illustrates the structural model
for Vp used in our simulation. The minimum veloci-
ties of Vp and Vs are 2.0 and 1.0 km/s, respectively, in
the shallowest layer in the accretionary prism.

The computational domain in this study covers an
area of 270 km x 220 km in and around the sources
of the terrestrial and submarine landslides sources
and extends to a depth of 94 km. The spatial and
temporal grid spacings are 0.2 km and 0.01 s,
respectively. We divide the computational domain
into subregions, which allows us to perform efficient
parallel computation for a large number of grids
using existing message passing interface (MPI)
libraries. The computational time and total memory
requirement for 25,000 time steps (corresponding to
250.0 s) using Xeon 2.6-GHz processors with a
1,024-core SGI ICE X cluster are approximately
15.6 h and 633 GB, respectively. We avoid artificial
reflections from the sides and bottom of the compu-
tational domain by implementing convolutional
perfectly matched layers (PMLs; e.g., DROSSAERT and
GiannoprouLos 2007) in our code.

5. Results and Discussion

5.1. Terrestrial Landslide Simulation

We compare the simulation results for the terres-
trial landslide source (simulation 1 in Fig. 1) with the
observations obtained at land stations of F-net and
seafloor stations of DONET in Fig. 4. The waveforms
are converted to radial, transverse, and vertical
components using sensor azimuth (NAkano et al.
2012) and back azimuth to the source epicenter. We
show only the vertical component for the
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Figure 3
Cross-sectional representation of the structural model used in our simulation. The color scale indicates P-wave velocity. The cross section is
based on the x—z plane through the landslide source epicenter

observations at stations KMCI0 and KMCI1 of
DONET because extraordinary observation noise was
present in the horizontal component owing to the low
coupling with ground sites. We apply an appropriate
time shift for the synthetic waveform for all stations
to match the main phases of the observed waveform
in Fig. 4, since the origin time of the landslide source
has been poorly determined owing to noise detected
around the time of onset of body waves in the
observation. We estimate the shifting time based on
the time difference between the observed and
synthetic waveforms of the main phases at station
NOK of F-net, which is located near the source. The
waveforms represent particle velocity (cm/s) that is
band-pass filtered in the frequency range
0.05-0.1 Hz. For the upper corner frequency of
0.1 Hz and grid spacing of 0.2 km used in our
simulation, the model has more than 50 grid points
per minimum shear wavelength in solid media. Then,
we include many more grid points than would be
included under standard sampling conditions for the
fourth-order accurate finite-difference scheme, allow-
ing us to suppress the numerical dispersion (ALFORD
et al. 1974; Moczo et al. 2000). By applying the
corner frequency of 0.1 Hz, we can also suppress
contamination of waveforms observed at seafloor

stations by high-frequency noise, which results from
local microseisms (e.g., WEBB 1998; YANG et al.
2012), and the high ground and underwater noise
levels generated by the approach of the typhoon
itself.

The observed waveforms at land stations NOK
and WTR exhibit long-duration seismic motions of
more than 60 s, which is significantly longer than the
waveforms recorded from local seismic events. This
suggests that the source process involves a relatively
slow rise time due to a gravitational fall at the time of
the event. We find the same features in the wave-
forms observed at the seafloor stations of DONET in
the frequency range 0.05-0.1 Hz. Moreover, the
synthetic waveforms closely reproduce the features
of the observed waveforms in terms of the arrival
times of the main phases (i.e., those with the largest
amplitudes) and the waveform as a whole at the land
and seafloor stations in Fig. 4. However, the synthetic
waveforms underestimate the amplitude at most of
the seafloor stations. For example, the maximum
amplitudes of the radial component of the synthetic
and observed waveforms at station KMAOI are
6.37 x 10> and 1.56 x 10~* cm/s, respectively;
that is, the observed amplitude is around two and a
half times the synthetic amplitude. This difference
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Figure 4

Simulation results for the terrestrial landslide source (simulation lgin Fig. 1), displayed with observations. Black and blue lines indicate
observed and synthetic waveforms (velocity, cm/s), respectively. Upper, middle, and lower traces for each station represent the radial,
transverse, and vertical components, respectively. The amplitude is normalized for each component with respect to the larger of the observed
and synthetic waveforms. a Waveforms at land stations of F-net. b Waveforms at seafloor stations of DONET. We show only the vertical
component for the observations at stations KMC10 and KMC11 of DONET owing to observation noise in the horizontal component due to the
low coupling with the ground site

may arise from the fact that the source time function
is estimated using only land station data and assum-
ing a 1D velocity structure, without using seafloor
data and considering subsurface 3D heterogeneities,
including the seawater layer and topography in the

source analysis. The difference may also arise as a
result of the effects of the shallow (i.e., near the
seafloor) low-velocity structure on the seismic wave-
field. We do not incorporate any low-velocity layers
of less than Vs = 1.0 km/s around the seafloor or
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Figure 4
continued

incorporate local site effects immediately below the
station into our simulation because we have adopted a
spatial grid size of 0.2 km. Furthermore, we do not
incorporate any models to describe very shallow
structures, particularly with regard to S-wave veloc-
ities derived from seismic survey data using an
explosion source or from the limited number of core
sample data at the seafloor. We believe that incorpo-
rating such information from source and structural
models could lead to underestimation of the observed
amplitude.

We examine the spatial distribution of the
waveform amplitude among the stations and

illustrate the maximum amplitude of each compo-
nent for the synthetic and observed waveforms at
the stations in Fig. 5. The systematic underestima-
tion of the synthetic waveform is evident at the
seafloor stations (Fig. 5), which may imply that the
underestimation can be improved to some extent by
modifying the source time function and structure. It
is also clear from Fig. 5 that NOK and WTR of
F-net (land stations) and KMC09-KMC12 of DON-
ET (seafloor stations) exhibit lower amplitudes than
other stations for both synthetic and observed
waveforms. The reason for this will be discussed
in Sect. 5.3.
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Comparison of the maximum amplitude of the observed and
synthetic waveforms between stations. Open diamonds, circles, and
pentagons indicate radial, transverse, and vertical components of
the observed waveforms, respectively. Solid diamonds, circles, and
pentagons indicate radial, transverse, and vertical components of
the synthetic waveforms, respectively. It should be noted that the
maximum amplitude is relatively small and independent of
epicentral distance at land stations NOK and WTR of F-net and
seafloor stations KMC09-KMC12 of DONET

5.2. Submarine Landslide Simulation

Our terrestrial landslide source simulation results
explain well the overall features of the observed
waveforms. In this section, we present the simulation
results for the submarine landslide source (simulation
2 in Fig. 1).

The synthetic waveforms are represented by blue
lines in Fig. 6 and indicate long-duration seismic
motions similar to those found for the terrestrial
landslide source as described in Sect. 5.1. The
duration of these motions exceeds 100 s at several
stations far from the submarine source (e.g., KMAO1
of DONET), and these motions are similar to the
reverberation of seismic waves. At DONET stations
KMBO05-KMBO0S, KMC09-KMC12, and KMD13—
KMD16, we find an isolated later phase in the vertical
component. For example, the later phase is most
distinct during 150-240 s of the vertical component
of the synthetic waveform at station KMBOS. This
phase is a Rayleigh wave with very slow group

Simulation of Seismic Waveforms for a Submarine Landslide 1161

velocity, sometimes less than the speed of P waves in
seawater (1.5 km/s), and is strongly associated with
the seawater layer and subsurface solid layers. The
propagation speed and dominant frequency of this
phase can be estimated from the group velocity curve,
which depends considerably on the thickness of the
seawater layer and the velocity structure of the
subsurface solid layers. The phase exhibits large
amplitudes at stations at local maxima or minima of
the dispersion curve owing to the almost simulta-
neous arrival of waves from a range of frequencies.
PexEeRIs (1948) referred to this prominent part of the
waveform as the Airy phase. Moreover, PREss et al.
(1950) summarized the phase and group velocity
curves for a structure consisting of a liquid layer
resting upon a solid layer of infinite thickness. In the
case of the specific structure illustrated in their study,
ap = 1.52 kmls, o = /3Ba, fo = 204, p2 = 2.5p1,
and H = 5.0 km, where a, 5, p, and H are P-wave
velocity, S-wave velocity, density, and the thickness
of the water layer, respectively; the subscripts 1 and 2
denote water and the solid layer, respectively. The
group velocity dispersion curve of the fundamental
Rayleigh wave in the structure of PrEss et al. (1950)
indicates a local minimum at a propagation speed of
1.2 km/s and dominant frequency of 0.1 Hz, indicat-
ing that the wave with this speed and frequency (i.e.,
the Airy phase) is amplified significantly during
propagation. In our 3D simulation case, we estimate a
propagation speed of approximately 0.7 km/s in the
Airy phase, based on analysis of the apparent velocity
of the isolated later phase at DONET stations
KMBO05-KMBO08 and KMD13-KMD16, where the
thicknesses of the accretionary prism and the seawa-
ter layer are almost constant. Figure 7 illustrates the
vertical component of the synthetic waveform at
these stations in order of epicentral distance, indicat-
ing propagation with an apparent velocity of 0.7 km/
s. An Airy phase with similarly slow propagation has
also been found in temporary ocean bottom observa-
tions of VLF events with source depths of 5-12 km
near DONET stations (Sucioka et al. 2012).
Comparison of wavefields simulated using struc-
tural models with and without a seawater layer
clearly illustrates the contribution of the Airy phase
to the waveform. We calculate waveforms from the
submarine landslide source at the stations using a
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Simulation results for the submarine landslide source (simulation 2 in Fig. 1). Blue and green lines indicate synthetic waveforms (velocity,
cm/s) for the structural model with and without the seawater layer, respectively. Upper, middle, and lower traces for each station represent the
radial, transverse, and vertical components, respectively. a Waveforms at land stations of F-net. b Waveforms at seafloor stations of DONET.
The significant waveform difference between the structural models for the vertical component is shown at the seafloor stations of DONET

structural model without a seawater layer, which we
construct simply by replacing the seawater layer of
the original structural model with an air layer. The
green line in Fig. 6 represents the synthetic wave-
forms for the non-seawater structural model. For the
vertical component, we find the main seismic motions
to have shorter durations than those obtained for the
model that includes the seawater layer (blue line).
This difference in synthetic waveforms between

models is almost imperceptible for the three compo-
nents at the land stations and the transverse
component at the seafloor stations but is considerable
for the vertical component at the seafloor stations. In
the case of the non-seawater model, we are unable to
discern the prominent later phase corresponding to
the Airy phase for the vertical component of the
synthetic waveform at the DONET seafloor stations.
For example, at station KMBOS, the prominent later
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continued

phase cannot be seen for 150-240 s of the vertical

propagation at the seafloor. Figure 8 illustrates snap-

component, in contrast to the results for the seawater
model. These results indicate that the seawater layer
plays an important role in amplifying the Airy phase
for slow propagation speeds and contributes to the
generation of a long duration composed of successive
large seismic motions at the seafloor.

5.3. Effects of Accretionary Prism and Seawater
on Wavefields

Here, we discuss the effects of the accretionary
prism and the seawater layer on seismic wave

shots at 20, 80, and 120 s for the vertical component
of waveforms derived from the terrestrial and
submarine landslide sources. The cross section of
the snapshots is based on the x—z plane through each
source epicenter. We find that seismic energy is
accumulated primarily at shallow depth around the
seawater layer and the accretionary prism, whereas
little energy accumulated in the deep regions and
around the free surface of the land area. Such
accumulation is likely due to trapping of seismic
energy, which consists primarily of S waves and
Rayleigh waves, in the accretionary prism and the
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KMBO05-KMBO08 and KMD13-KMD16 of DONET in order of
epicentral distance. The propagation of the Airy phase with an
apparent velocity of 0.7 km/s is shown by a thick gray line

seawater layer. These propagation features, which are
strongly dependent on the velocity structure, are
responsible for the main differences in waveform
amplitude and duration of seismic motion between
stations. Furthermore, we have illustrated the spatial
distribution of the maximum amplitude for the
synthetic and observed waveforms for a given
terrestrial landslide source in Fig. 5. Our results
show that the maximum amplitude is relatively small
and is independent of epicentral distance for stations
NOK and WTR of F-net (land stations) and KMC09—
KMCI12 of DONET (seafloor stations). This occurs
because the seismic waves are trapped to a lesser
degree around these stations than around other
stations in the study area (see snapshots in Fig. 8).
The accretionary prism extends below stations
KMC09-KMC12 but forms only a thin layer, result-
ing in the smaller amplitude detected for these

Pure Appl. Geophys.

stations, particularly compared to other seafloor
stations where the accretionary prism is thicker
(e.g., KMB05-KMBO08 and KMD13-KMD16).

We have obtained the maximum amplitude of
each component at the stations for the submarine
landslide source using structural models with (solid
symbols) and without (open symbols) a seawater
layer (Fig. 9). Our results indicate trends in amplitude
distribution that are similar to those found for the
terrestrial landslide source, although these trends are
more pronounced for the seawater model than the
non-seawater model. It should also be noted that a
significant difference in amplitude is found between
the seawater and non-seawater models, particularly
for the vertical component; this can be attributed to
the amplification of the Airy phase as described in
Sect. 5.2. At station KMD15, the maximum ampli-
tude of the vertical component of the synthetic
waveform for the seawater model is four times
greater than that for the non-seawater case; this
implies that the amplitude of the seismic waveform in
the oceanic area depends significantly on the velocity
structure, particularly on the presence of the seawater
layer and accretionary prism. Ignoring these charac-
teristic structures in the oceanic area and simply
calculating the Green’s function using the same
structural model used for land areas would result in
erroneous estimation of the size of the submarine
landslide and the mechanisms underlying its gener-
ation. We emphasize that it is necessary to
incorporate a structural model that includes the 3D
accretionary prism and seawater layer into simula-
tions in order to precisely evaluate seismic wavefields
in seafloor areas.

6. Conclusions

We model seismic wavefields for a terrestrial
landslide source at land stations of F-net and seafloor
stations of DONET around the Kii peninsula in
southwest Japan using our HOT-FMD scheme for
frequencies of 0.05-0.1 Hz. Assuming the epicenter
to be located in the vicinity of a large submarine
slump, we also model wavefields at the same
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Figure 8
Snapshots of the vertical component of waveforms at 20, 80, and 120 s. Left and right panels show the snapshots for the terrestrial (simulation
1 in Fig. 1) and submarine (simulation 2) landslide sources, respectively. The cross section of the snapshots is based on the x—z plane through
each source epicenter. The seismic energy with slow propagation speed accumulates primarily at shallow depths, particularly around the
seawater layer and the accretionary prism, whereas little energy accumulates in the deep region and around the free surface of the land area

stations for a submarine landslide source. Our results
find the propagation of the Airy phase with an
apparent velocity of 0.7 km/s to be associated with
the seawater layer and the accretionary prism for the
vertical component of waveforms at the seafloor
stations. However, we do not witness this later phase
when adopting a structural model that does not
incorporate the seawater layer. We also find that the
amplification of the waveform depends on both the
presence of the seawater and the thickness of the
accretionary prism, as indicated by the low ampli-
tudes found at the land stations and at seafloor
stations near the trough (which are located above a
thin low-velocity layer) and the high amplitudes
found at the other stations away from the trough
(which are located above a thick layer). For the

model incorporating seawater, the amplitude of the
vertical component at seafloor stations KMB and
KMD (which are located between the trough and the
coast) can be up to four times greater than that for
the model excluding seawater, likely owing to the
effect of the seawater layer on the wavefields.
Ignoring these characteristic structures in the oceanic
area and calculating wavefields simply using the
same structural model used for land areas would
result in erroneous estimation of the size of the
submarine landslide and the mechanisms underlying
its generation. Our results highlight the importance
of incorporating a structural model that includes the
3D accretionary prism and the seawater layer into
simulations in order to precisely evaluate seismic
wavefields in seafloor areas.
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