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ARTICLE INFO ABSTRACT

Keywords: The development of offshore observation technology will provide researchers with tsunami records from within
Seismic wave an earthquake focal area, but this will create new problems. Because seismic waves coexist with tsunami inside a
Tsunami

focal area, the seismic waves could act as noise for the tsunami signal. This study shows an efficient method to
calculate sea surface height change caused by an earthquake including both seismic waves and tsunami.
Simulation results indicate that seismic waves overlap with tsunami; both affect the change in sea surface height
although most previous tsunami studies have neglected the contribution of seismic waves. We also numerically
simulated the sea-surface displacement wavefield and hypothesized results for an anticipated rupture scenario of
a huge earthquake that may possibly occur in the Nankai Trough, Japan. The synthesized record could be used to
evaluate the performance of a real-time tsunami prediction method. Additionally, we discussed the similarity
and difference between two kinds of tsunami waveforms: the displacement of the sea surface and the pressure
change at the sea bottom. Although seismic waves appeared in both waveforms, the contribution of seismic

Earthquake rupture
Sea surface displacement

waves was lower in the displacement at the sea surface than in the pressure change at the sea bottom.

1. Introduction

The development of observation technology has greatly promoted
our understanding of tsunami characteristics. In the past, tsunami re-
cords used for waveform analyses were mainly obtained by tide gauges.
However, tide gauges detect tsunamis only at coasts or in very shallow
seas. These records are considerably affected by the specific geometry
of each harbor and bay (e.g., Namegaya et al., 2009; Hayashi, 2010).
However, tsunami records observed at deep ocean sites are usually free
from site effects, which makes it possible to investigate the details of
tsunami propagation and the source process (e.g., Inazu and Saito,
2014; Tsushima and Ohta, 2014; Kubota et al., 2018a). In particular,
tsunamis with short wavelengths showing such dispersion were clearly
recorded in the deep ocean (e.g., Gonzalez and Kulikov, 1993; Saito
et al., 2010b). Nonetheless, we should note that waves with short wa-
velengths are not reproduced by the long wave equation that was often
used for simulating the tide gauge records. Dipersive approaches such
as the Boussinesq equation are necessary for modeling short wavelength
tsunami in deep oceans (e.g., Tanioka, 2000; Saito et al., 2010a; Kirby
et al., 2013; Miyoshi et al., 2015; Dettmer et al., 2016; Baba et al.,

* Corresponding author.
E-mail address: saito-ta@bosai.go.jp (T. Saito).

2017). This clearly indicates that we need to use an appropriate theory
depending on the observation situation.

In most cases, tsunami observation in deep seas has been conducted
far from the tsunami source. Recently, observations have been in-
creasing within eathquake rutpure areas. In eastern Japan, numerous
sensors are densely deployed in a wide area where extensive tsunami-
genic earthquakes could possibly occur in future (e.g., Maeda et al.,
2015; Yamamoto et al., 2016; Kubota et al., 2018b). This situation is
essentially different from the case where sensors were located far from
the source. When the observation site is distant from the source, the
tsunami arrives much later than seismic waves because tsunamis pro-
pagate much slower than seismic waves. Hence, the tsunami signal is
separately recorded from the seismic signal in a waveform record.
However, if the observation point is inside the focal area, the seismic
waves overlap with the tsunami. We therefore cannot specifically detect
tsunami signals because of contamination by seismic waves. In order to
analyze the tsunami signal overlapped with seismic waves, we need to
know how the seismic wave appears in the record. It is therefore im-
portant to simulate records including both tsunami and seismic waves.

Currently two kinds of sensors are predominantly used to record
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tsunami signals. One is an ocean-bottom pressure gauge that measures
the pressure change at the seabed. Some studies developed a method for
rapid tsunami prediction near coastlines by analyzing pressure changes
(e.g., Titov et al., 2005; Tang et al., 2009; Tsushima et al., 2009;
Gusman et al., 2016; Yang et al., 2019). Recently Saito and Tsushima
(2016) investigated how seismic waves influence the pressure changes
and the effects of these on rapid tsunami source estimation. Another
sensor is real-time kinematic (RTK) GPS that measures the displacement
at the sea surface (e.g., Kato et al., 2000). Foster et al. (2012) reported
that a kinematic GPS deployed on a ship detected an off-shore tsunami
of 0.1 m due to the 2010 Maule, Chile, earthquake. Recent studies have
developed a method for a real time tsunami source estimation by using
the displacement at the sea surface (Inazu et al., 2016; Mulia et al.,
2017). These studies illustrated that the GPS gauges located upon cargo
ships are potentially available to measure the displacement at the sea
surface and that this data can be used for rapid source estimation.
However, the contribution of seismic waves to the sea surface dis-
placement has been neglected. It is important to understand how
seismic waves and tsunami each contribute to the sea surface dis-
placement.

There are a few established approaches for synthesizing the dis-
placement caused by an earthquake. The normal mode theory is used
for the wavefield in the simple 1-D structure constituted from the sea
layer and subsurface layers (e.g., Ward, 1980), but these waveforms
might be too simple to compare with observed records. Numerical si-
mulations of the finite difference method can take a realistic bathy-
metry into account (e.g., Maeda et al., 2013; Maeda and Furumura,
2013; Lotto and Dunham, 2015).

This study shows an alternative efficient numerical method to syn-
thesize displacement at the sea surface caused by an earthquake in-
cluding both seismic waves and tsunami. Section 2 illustrates our
method to synthesize the sea-surface height change. Section 3 shows
the example of the sea surface height change caused by an earthquake
in a simple case to demonstrate the fundamental nature of seismic
waves and tsunami. In Section 4, by integrating a dynamic earthquake
rupture model with our numerical method, we synthesized hypothetical
records for a scenario based upon the anticipated huge Nankai Trough
earthquake. By using the synthesized scenario records, we evaluated an
automated tsunami source estimation method. Section 5 discusses the
merit and detriment of our synthesizing method. We also briefly men-
tion the intrinsic difference between the seismic-wave contribution to
sea surface height and sea bottom pressure changes.

2. A theory for sea-surface height change

When an earthquake occurs beneath the sea, displacement of the sea
floor due to the earthquake uplifts the sea surface (Fig. 1a). The raised
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sea surface then collapses due to gravity and a massive amount of
seawater is displaced in a horizontal direction. The displacement pro-
pagates as tsunami (Fig. 1b). This process is theoretically investigated
based on water wave theory (e.g., Takahashi, 1942; Kajiura, 1963;
Kervella et al., 2007; Saito, 2013; Saito, 2019). The theory suggests that
the generation process is basically described without gravity, whereas
tsunami propagation is due to gravity as restoring force. Most past
studies implicitly assumed this idea and neglected gravity when cal-
culating the initial tsunami-height distribution (e.g., Satake, 2015;
Heidarzadeh et al., 2017). This study also follows this idea and employs
a two-step method (Saito, 2019) to calculate the evolution of the dis-
placement as shown below.

2.1. Linear seismic wave simulation

In order to include the contribution of seismic waves in tsunami
generation, we use the equation of motion for the whole location in-
cluding sea and crust as

o (x,1)
o Ttk M

where p is the density of the medium (sea and crust), v; is velocity field,

7; is the stress field, and f; is the body force distribution that is

equivalent to a fault motion. We represent a finite earthquake fault as a

set of numerous point dislocation sources. The constitutive relation of

the elastic medium:
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is used where A and p are Lamé's constants.
Note that the equation of motion (Eq. (1)) does not include gravity.

Therefore, the calculated sea surface shows permanent deformation

over the focal region. We then use the vertical velocity at the sea sur-

face v,(x,y, Zsur, t), Where zg,, represents the sea surface, as an input in

the following tsunami simulation.

@

2.2. Nonlinear tsunami simulation

At the second step, we conduct a tsunami propagation simulation in
order to simulate the time evolution of sea surface displacement due to
gravity. We use nonlinear long wave tsunami equations:
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Fig. 1. A schematic illustration of (a) tsunami generation and (b) propagation.
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where 7 is vertical displacement at the sea surface, h is the sea depth,
v and v, represent horizontal velocity averaged over the sea depth,
and g is the gravitational acceleration.

At time t; = iAt, sea surface height is incremented by Az (x,y,t) as

0Ly, 6) = n*(x,y, 6) + An(x,y, &) (6)

where 7"(x, ¥,t) is the tsunami height distribution calculated from the
tsunami height and velocities at the previous time t = t;_; based on
Egs. (3), (4), and (5). The increment of the sea-surface height Ay (x,y,t;)
is produced from vertical velocity at the sea surface v,(x,Y, Zsur, t;) nu-
merically calculated by the seismic wave simulation:

A’?(X,y, [i) = vz(x’y’zsur»ti)AL (7)

Egs. (3), (4), (5) and (6) capture the surface-height evolution caused
by elasticity and gravity as restoring force.

2.3. Difference from the method proposed by Saito and Tsushima (2016)

Saito and Tsushima (2016) proposed another two-step method for
the ocean-bottom pressure change. The methods proposed in this study
and that in Saito and Tsushima (2016) look similar at first glance.
However, there is an intrinsic difference between them. Saito and
Tsushima (2016) calculated the pressure change while the present
study calculates the surface displacement.

For pressure change, the signal would be decomposed into two
components without any overlap between the two components in a
linear system: one is related to gravity and the other is independent of
gravity but due to fluid motion. However, for the sea surface dis-
placement, the sea surface height cannot be simply decomposed into
two parts. Hence, we use Egs. (6) and (7) to include the contributions
from elasticity and gravity. Using Egs. (6) and (7), this study con-
tinuously connects the wavefield dominated by seismic waves for short
elapsed time and small time scale (Saito, 2017) to the wavefield
dominated by tsunami for long elapsed time and long time scale.

3. Simulations using kinematic sources: a simple case
3.1. Simulation setting

In order to illustrate fundamental features of seismic waves and
tsunami, this section employs a simple model: a 2-D layered structure
consisting of sea and crust (Fig. 2). Sea layer is characterized by P-wave
velocity of Vp = 1.5 km/s, S-wave velocity of Vs = 0.0 km/s, and
density of p = 1.0 x 10> kg/m*® and the crust is characterized by
Vp = 6.92 km/s, Vg = 4.0 km/s, and p = 2.8 x 10®> kg/m>. At the
boundary between liquid and air layers, traction-free condition is set.
The sea depth is set as hy = 4 km. An earthquake fault represented as
100 km long with 15 degrees dip is embedded in the crust. The shal-
lowest part of the fault is located 5 km below the sea floor. A uniform
slip of dy = 1 m on the fault is assumed. The slip rate function is given
by the Gaussian function as,

Free surface

Sea 4k
V, = 1.5 km/s, V¢ = 0.0 km/s, = 1.0 g/cm? m

Fig. 2. A layered structure consisting of sea and crust.
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where the parameter t, (=60 s) represents the time of the peak slip rate
and t, represents rise time.

The two-step simulation explained in Section 2 is conducted in the
2-D space. At the first step, we conducted seismic wave simulation using
the finite difference method with the second order in space and time
(e.g., Saito, 2017). Note that we used the second-order approximation
of finite difference in space (the grid spacing is 0.2 km), because the
fourth order or higher order approximation in space is not appropriate
to represent fluid-solid/fluid-air boundaries (e.g., Nakamura et al.,
2012; Takemura et al., 2015). Using the second-order approximation
for the finite difference operation in time with the time step of 0.01s
(Ohminato and Chouet, 1997), this study focuses on seismic waves
whose period is longer than about a few seconds. In the boundary be-
tween the sea and crust, the density is given by the arithmetic average
as effective medium parameters (Nakamura et al., 2012).

3.2. Tsunami simulation including seismic waves

Fig. 3 shows the simulated results for a source duration t, = 10sina
sea depth of hyg = 4 km. Vertical displacement at the sea surface is
plotted in blue and vertical displacement of the sea floor is plotted in
black. These plots lie in the upper panel. The velocity distribution
(vertical component) is displayed in lower panel for different elapsed
times. We see a Rayleigh wave propagating towards the right along the
sea surface and the sea bottom (Fig. 3a—c). Ocean acoustic waves (or P-
waves trapped within the sea layer) also appear. Note that sea surface
height distribution and the sea bottom height distribution are not in
agreement for all the elapsed times. This difference is due to the ex-
istence of seismic waves. The sea surface displacement remains as a
permanent deformation (Fig. 3d).

The second step involved conducting tsunami simulation by using
the sea surface velocity calculated by the seismic wave simulation.
Fig. 4 shows the temporal change in the sea-surface height distribution
calculated by the tsunami simulation and the sea-bottom deformation
calculated by the seismic simulation. Because the tsunami equations
(Egs. (4)-(6)) include gravity, the sea surface elevation collapses and
propagates as tsunami. At the elapsed times of 200 and 800, tsunami
propagation is clearly recognized. The peak height is located at 30 and
150km at times equal to 200 s and 800s. The velocity is ~0.2 km/s.
This is also predicted by the long wavelength theory for tsunami as
\/go—ho ~0.2 km/s for ho = 4 km. With careful scrutiny, we can see a
slight difference between the sea surface height in Fig. 4b and that in
Fig. 3b at the elapsed time of 80 s. This difference is due to gravity. A
dashed line indicates the maximum sea-surface height distribution. The
peak of the maximum height distribution is ~0.6 m.

3.3. Tsunami simulation excluding seismic waves

In order to clarify the contribution of seismic waves to sea surface
height distribution, we conducted tsunami simulation without seismic
waves. First, we calculated the permanent sea bottom vertical dis-
placement caused by the earthquake faulting in a homogeneous half
space. We solved the equilibrium equation by using the code of Okada
(1985). Then we calculated the sea surface height distribution caused
by the sea bottom displacement based on the analytical solution of the
incompressible fluid theory (Kajiura, 1963). Note that Saito (2017)
compared the permanent vertical displacement at the sea surface cal-
culated by elastic dynamics with compressible sea water and that cal-
culated by fluid dynamics with incompressible sea water to confirm
that these two permanent vertical displacement distributions were al-
most identical. This is because the shear strain dominates over the
volumetric strain in the sea water. We set the sea surface height dis-
tribution calculated by assuming an incompressible fluid as 7q(x, 25, )H
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Fig. 3. Results of seismic wave simulations with the source duration given by t, = 10s for the various elapsed times: (a) 65s; (b) 80s; (¢) 120s; and (d) 200s.
Vertical-displacement distributions at the sea surface (blue) and at the sea bottom (black) are plotted in the upper bin. Vertical-velocity distribution in the vertical
cross section is displayed with a color map in the lower bin. The sea depth is 4km (0 < z < 4km). The black line in the crust indicates the earthquake fault. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(t). This is the response of the fault slip given by doH(t) (do = 1 m)
where H(t) is the step function. Since the sea surface change caused by
the earthquake is proportional to the fault slip in this study (a linear
problem), we calculated the sea surface vertical velocity v,(x, sy, t) for
the slip rate function f(t) (Eq. (8)) by multiplying the slip rate function
(Eq. (8)) with the sea surface displacement as v,(x, Zsur, t) = 70(X, Zsur)f
(). This vertical velocity does not include seismic waves. We simulated
the tsunami propagation using this sea surface velocity in Egs. (6) and
.

Fig. 5 shows the simulation results without seismic waves. The sea
surface height distribution in Fig. 5 is much smoother than found in
Fig. 4 in the time window between 65 and 120 s because of the absence
of seismic waves. As a result, the maximum height at the sea surface
(~0.3 m) is smaller than that in Fig. 4. However, we should note that at
later times (for example at the time of 800s) the sea-surface height
distributions at Figs. 4f and 5f are almost identical.

Fig. 6 compares sea-surface displacement both including seismic
waves (red) and without seismic waves (gray). At 65s, there is a

significant difference between the sea surface height distributions. At
800 s we see excellent agreement between the two lines. This is because
the seismic waves no longer exist in the simulation region and only the
tsunami remains. This indicates that the tsunami is almost independent
of seismic waves. In other words, we can simulate tsunami appro-
priately without considering seismic waves.

Fig. 7a shows the temporal change in the sea surface height at
x = — 50 km. A red line indicates the sea surface height change when
the earthquake rupture is characterized by t, = 10 s, which shows large-
amplitude and high-frequency oscillation between ~60s and ~200s.
The dominant period of oscillation is ~10s. In comparison, we plot the
sea surface height change calculated without seismic waves (gray line).
There is a significant difference between the two waveforms, particu-
larly between the high-frequency components (~10s). Also, the max-
imum height is ~0.5m when including seismic waves whereas it is
~0.15 m when seismic waves are not considered. We applied a low-pass
filter (the cut-off period is 60 s) to the waveform in order to remove the
high-frequency seismic waves (Fig. 7b). The cut-off period of 60 s was
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Fig. 4. Results of tsunami simulation in the case the source duration is given by t, = 10s. Vertical-displacement distributions at the sea surface (blue) and at the sea
bottom (black) are plotted in the upper bin. Dashed lines indicate the maximum sea-surface height distribution. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

set by Tsushima et al. (2012) to remove the high frequency noise but to
keep the tsunami signal in actual observed records. Fig. 7b shows that
the low-pass filter considerably reduced the high-frequency component,
although we still found a small difference between the two waveforms
at the elapsed time ~100s. This indicates that we cannot completely
remove the seismic waves with the low pass filter.

4. Simulations using dynamic rupture model and realistic
bathymetry data

In this section, we simulated sea surface displacement using a more
realistic model. A large earthquake that is anticipated to occur in the
Nankai Trough, southwestern Japan, is simulated as an example.

4.1. A rupture model

Along the Nankai trough, southwestern Japan (Fig. 8), the Phi-
lippine Sea Plate subducts beneath the Eurasian Plate at a rate of
2-6 cm per year (e.g., Seno et al., 1993). Great earthquakes (M ~ 8)
have occurred repeatedly along the plate interface with a recurrence

interval on the order of 100years (e.g., Kumagai, 1996; Ishibashi,
2004). The 1944 Tonankai (M 7.9) and the 1946 Nankai (M 8.0)
earthquakes caused serious tsunami damage along the Pacific coast of
southwestern, Japan. The 1707 Hoei earthquake is believed to have
ruptured the whole region from Hyuganada to the Tokai area (e.g.,
Furumura et al., 2011). Such huge earthquakes generated strong
ground motion and tsunami, which caused serious damage throughout
this region (e.g., Furumura and Saito, 2009; Kim et al., 2016).

We used an earthquake scenario proposed by Hok et al. (2011). The
rupture model was constructed based on the friction law established in
laboratory experiments and the slip deficit distribution estimated using
geodetic-data analysis. Fig. 9 shows the evolution of the slip distribu-
tion for the 1946 Nankai-like earthquake scenario. Fig. 10a shows the
temporal change in potency P(t) calculated as

P() = [ dE&nds®

where d(&, ) is the dislocation on the fault area S(€), and Fig. 10b shows
the potency rate. The seismic wave amplitude is proportional to the
potency rate rather than the potency itself (e.g., Aki and Richards,
2002). Fig. 10c shows the spectral amplitude of the potency rate. The

©)
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Fig. 5. Results of a tsunami simulation without seismic waves. Vertical-displacement distributions at the sea surface (blue) and at the sea bottom (black) are plotted
in the upper bin. Dashed lines indicate the maximum sea surface height distribution. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

high frequency (> 0.01 Hz) components decrease rapidly with in-
creasing frequency. The rupture starts in the area adjacent to cape
Shiono and propagates westward (local names shown in Fig. 8). At the
time of 80 s, the rupture reaches nearby cape Muroto and the potency
rate (or moment rate) reaches a peak (Fig. 10b). A large slip of greater

than ~6 m appears off cape Muroto. The rupture ends at the time of
120 s. The final value of the potency is ~130 km® corresponding to My
8.4 (M, = 5.8 x 10*! N m) where the rigidity is u = 45 GPa.

(@ (b) (c)
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08 i I i 08 ! i i 08 [ i i
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0.4 0.4 1 04} 4
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Fig. 6. Sea-surface height distributions for various elapsed times: (a) 65, (b) 200, and (c) 800 s from the origin time. Red lines are the simulation results including
both seismic waves and tsunami. Gray lines are the results including only tsunami. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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4.2. Seismic wave simulation

Hok et al. (2011) used 13,385 triangular elements to represent a
dynamic rupture. The size of each triangular element changes according
to the location. The area of each triangular element varies according to
the dip of the area and is ~20km? By representing each triangular
element as a point source moment tensor, we represent the spatial and
temporal distribution of the dislocation in the 3-D seismic wave pro-
pagation simulation.

In the seismic wave simulation, we used a layered subsurface
structure (Table 1) with topography and bathymetry. We used ETOPO1
for the topography and bathymetry data (Amante and Eakins, 2009).
The elastic wave velocities and density are listed in Table 1 (e.g.,
Dziewonski and Anderson, 1981). Lamé's constants are given by
A = p(Vp? — 2Vs?) and p = pVg2 The attenuation was included in the
whole space by the method of Graves (1996) with Q = 600 for the wave
period of 1s. The simulation region is shown in Fig. 8. The region was
discretized by the horizontal grid spacing of 0.5 km and the vertical grid
spacing of 0.25km. Our simulations calculate seismic waves for wa-
velengths longer than 20 km (0.5km X 40 grid spacing) without sig-
nificant numerical dispersion. This corresponds to wave periods longer
than ~7s for an S-wave velocity of 3.2 km/s. We used 1800 (EW di-
rection) X 1600 (NS direction) X 796 (vertical direction) grids to re-
present the simulation region. We numerically solved the equations of
motion by the finite difference method with the time step of At = 0.01 s
for 600 s (60,000 steps).

Fig. 11 shows snapshots of vertical displacement on the free surface
(sea surface in sea and ground surface in land) calculated by the si-
mulation. Rayleigh wave propagation along the dip direction is re-
cognized at the elapsed time from 30 s to 150 s (marked by R). At 150s,
a large-amplitude Rayleigh wave propagates towards the southwest
because of the rupture directivity. The vertical displacement remains
permanently inside the focal area.
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4.3. Tsunami simulation

Tsunami simulation is conducted by using the result of seismic wave
simulation: the change in the sea surface height v,(x, y, Zsur, t)At is added
to the sea surface height during the time from t; to t; + At based on Egs.
(6) and (7). We also included the change in the bathymetry as

h(x,y,t) = h(x,y,ti_1) — v (X, Y, Zoot» L)AL (10)

where v,(x,Y, 2Zvot, ;) is the vertical velocity at the sea floor, calculated
by the seismic wave simulation. We simulate the spatial and time
evolution of sea surface height change 7(x,y,t) due to gravity and the
inundation based on the nonlinear long-wave equations (Egs. (3), (4),
and (5)) and a moving boundary condition.

In order to simulate the tsunami near coastlines, we need to use
finer grid spacing for the bathymetric and topographic data. The
bathymetry data is compiled from the General Bathymetric Chart of the
Oceans, the M7000 series of digital bathymetric contour maps (a
compilation of all locally available bathymetric maps of Japanese
coastal waters) provided by the Japan Hydrographic Association, and
Lidar surveys (remotely sensed laser reflection data) collected along the
Japanese coast by the Geospatial Information Authority of Japan. We
used six nested grids: the grid spacings are 18 arcsec, 6 arcsec 2 arcsec,
2/3 arcsec, 2/9 arcsec and 2/27 arcsec (~2m). We numerically calcu-
lated nonlinear tsunami equations (Egs. (3), (4), and (5)) for the pro-
pagation of a tsunami for 3h with a time step of 0.025 s based on the
finite difference method using JAGURS (Baba et al., 2016).

Fig. 12 shows the simulated vertical displacement at the sea surface
at elapsed times of 1, 10, 30 and 60 min. At the time of 1 min, the
earthquake rupture is propagating westward. High sea-surface height
(> 0.5m) is recognized off cape Muroto and cape Shiono (local names
are shown in Fig. 8). At the elapsed times of 10-30 min, the tsunami
approaches and arrives at coasts around the Nankai and the Tonankai
regions. At the time of 60 min, the tsunami reaches the coast along
Kyushu.

Fig. 13 shows the temporal change in the vertical displacement on
the sea surface at each hypothetical station (open triangles in Fig. 14a).
Those hypothesized stations were originally set by Inazu et al. (2016).
Blue lines in Fig. 13b show the waveforms of the rupture scenario
shown in Fig. 9. As a comparison, gray lines indicate the waveforms of
the vertical displacement distribution at the elapsed time of 600 s (we
consider this as the permanent sea-surface displacement caused by the
earthquake if there is no gravity); used as the initial tsunami height
distribution. There is a difference between the waveforms of blue and
gray lines, which was mainly because of the effect of earthquake rup-
ture evolution, not seismic waves. Small differences due to the seismic
waves were recognized at waveforms t0015 and KME20 at the elapsed
time of 50s. The contribution of the seismic waves was minor in the
sea-surface displacement in this simulation. This is because that the
source does not contain much high-frequency energy (the corner fre-
quency is ~0.01 Hz in Fig. 10c).

4.4. Inundation simulation

It was difficult to simulate the inundation including the seismic
waves because the time scale of the high-frequency ground oscillation
and the tsunami inundation are considerably different. If we include the
seismic waves in the inundation simulation, the sea-bottom oscillation
(vertical displacement at the sea bottom) is possibly greater than the
sea depth in some places. This is physically inconsistent because it can
break the volume conservation of the water, which was assumed in the
tsunami simulation. Hence, we calculated the tsunami inundation
without seismic wave propagation.

We should note that the tsunami is almost independent of seismic
waves as we showed in Fig. 6. Hence, we can calculate the inundation
correctly even if we neglect seismic waves (or transient sea bottom
motion). However, the permanent displacement is not negligible in the
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Fig. 8. Map of southwest Japan. Around the Nankai trough, the Philippine sea plate subducts underneath the Eurasian Plate. The region is divided into four areas:

Hyuganada, Nankai, Tonankai, and the Tokai region.

inundation. We simulated the inundation including the permanent
displacement by starting the tsunami simulation after the topography/
bathymetry is displaced by the permanent displacement due to the
earthquake.

Fig. 14a shows topography around the city Kochi, the largest city in
the southern part of Shikoku. Fig. 14b shows the inundated areas in
Kochi city caused by this earthquake scenario. The most striking feature
of this result is that major inundation occurs at areas ~6 km from the
coastline. This is due to the tsunami running up along the rivers. A
simulation with a 500 m grid spacing cannot correctly describe the
geometry of the rivers. Our high-resolution tsunami simulation (with
~6m grid spacing) can correctly simulate the tsunami runup through
the rivers. Tsunami propagation is very slow in the rivers. It takes > 1 h
from the earthquake occurrence until the inundation height exceeds
0.3m (Fig. 14c).

4.5. Testing real-time tsunami monitoring

By using our synthesized records of the huge earthquake, we eval-
uated the capability of a real time tsunami source estimation method
using the vertical displacement at the sea surface (Inazu et al., 2016).
Fig. 15a shows the locations of 92 hypothetical observation points used
in the numerical experiment. The initial tsunami height distribution is
represented by 376 sea-surface height elements. Each sea-surface

element is given by Gaussian function (70; = ajexp [—(x — xj)z/dz]),
where the size d is set as 12.5km and the location x; is shown in
Fig. 15b. We estimated coefficient a; with a damped-least-square in-
version analysis by using the sea-surface height change at the hy-
pothetical observation points (Inazu and Saito, 2014). The locations of
the hypothesized stations and the elements of the sea-surface height are
the same as those used in Inazu et al. (2016).

For example, Fig. 16a shows the estimated initial height tsunami
distribution u,°(x,y) where we used the sea-surface waveforms for 3 min
from the start of the earthquake. The estimated initial height distribu-
tion was small compared to the hypothesized sea-surface height dis-
tribution in the simulation. In order to quantify a size for the tsunami
source, we introduced a volume V, defined as,

— e
vo= [T 01 1 C00)S. an

The integration was conducted over the area where the initial tsu-
nami height was higher than 0.1 m (zp = 0.1 m). The volume V, was
estimated at 14 km>® for the estimated initial height distribution
(Fig. 16a). The volume was V, = 24 km?® for the original initial height
distribution (Fig. 15c).

We then calculated the tsunami inundation into the city from the
estimated initial height distribution u,°(x,y) but did not include the
topography/bathymetry change caused by the permanent displacement
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Fig. 9. An earthquake rupture scenario constructed by Hok et al. (2011). Temporal change in the dislocation distribution along the plate boundary is plotted.

due to the earthquake (Fig. 16b). Since the estimated initial tsunami
height distribution (Vy = 14 km®) was underestimated compared to the
original initial height distribution (V, = 24 km®), the predicted in-
undation area was smaller than the inundation area simulated in
Fig. 14b. If we include the permanent displacement, the estimated sea-
surface height reasonably predicted the inundation area (Fig. 16c).

Fig. 17a shows the estimated initial tsunami height distribution
when we used the sea-surface waveforms for 20 min from the earth-
quake rupture start. Fig. 18a shows the estimated height distribution,
which closely reproduced the originally hypothesized sea-surface
height distribution. The volume V, (Eq. (11)) for the estimated initial
height distribution was estimated to be 22 km?> in this case. This is
almost the same as the value of the originally hypothesized sea-surface
height distribution of 24 km® We calculated the inundation area
without considering the topography change (Fig. 17b). This roughly
reproduced the inundation area, although this still underestimated the
inundation by the hypothesized earthquake scenario in some places.
Fig. 17c shows the result of the inundation when the topography
change caused by the permanent displacement is included. Fig. 17c
reproduced the hypothesized inundation area better than Fig. 17b by
introducing the subsidence of the city area in the inundation calcula-
tion.

(@) (b)

Pontecy [km?9]
150

Po’gency Rate [km?/s]

Table 1
The layered structure used in the simulation.

Depth [km] Vs [km/s] Vp [km/s] p [10°kg/m?]
Water layer 0.0 1.45 1.02
-16 3.2 5.8 2.6
16-25.4 3.9 6.8 2.9
25.4- 4.49 8.1 3.3

Fig. 18 shows the estimated initial height distribution volume Vj,
with expanded observation time. This indicates that we could estimate
the volume of the initial tsunami height distribution more precisely if
we use a longer observation period. We estimated the initial tsunami
volume with some accuracy if the analyzed record length is longer than
10 min for this case (the rupture duration of this event was ~150s). We
should note that the inundation area in Kochi city was more precisely
estimated when we used an inaccurate initial height distribution in-
cluding the topography change (Fig. 16¢) than when we used a better
initial height distribution without including the topography change
(Fig. 17b). This indicates the importance of the permanent displace-
ment at the coasts for the tsunami inundation.

(c)
Spectral Amplitude
of Potency Rate [km?]
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Fig. 10. (a) Temporal change in the potency, (b) the potency rate, and (c) the spectral amplitude of the potency rate.
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Fig. 11. Vertical displacements at elapsed times of 30, 60, 90 and 150 s derived from the 3-D seismic wave simulation using the rupture model shown in Fig. 10.
Rayleigh wave is marked by R.
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Fig. 12. Vertical displacement of the sea surface at elapsed times of 1, 10, 30 and 60 min derived from the 2-D nonlinear long-wave tsunami simulation using the
results of seismic-wave simulation as a source.
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Fig. 13. (a) Hypothetical station locations and the
permanent sea-surface displacement calculated by
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5. Discussion
5.1. Waveform synthesis including seismic waves and tsunami

This study synthesized the sea surface height change by including
seismic waves and tsunami. Some past studies proposed methods in-
cluding seawater compressibility but did not include solid earth elas-
ticity to synthesize sea surface height change (e.g., Yamamoto, 1982;
Stiassnie, 2010; Sammarco et al., 2013). The wave is often referred to as
an acoustic gravity wave. These studies usually assumed that the sea
bottom was rigid. On the other hand, the sediment on the ocean bottom
is sometimes far from rigid. Nosov and Kolesov (2007) analyzed the
observed ocean acoustic waves by assuming soft sediments at the sea
bottom. Takemura et al. (2018) demonstrated that a low-velocity layer
along the Nankai trough strongly affects the seismic surface waves. The
method proposed in this study can synthesize waveforms while in-
cluding the subsurface elastic inhomogeneity.

Contrary to the studies on acoustic gravity waves (e.g., Yamamoto,
1982; Stiassnie, 2010; Sammarco et al., 2013), the method in this study
includes the effect of the compressibility only for seismic waves but not
for tsunami. The seawater compressibility makes the tsunami propa-
gation velocity slightly smaller (e.g., Nakamura, 1961; Yamamoto,
1982; Watada et al., 2014). The combination of recently developed
observations and well-estimated tsunami source models can detect such
fractional velocity reduction when tsunamis propagate over long dis-
tances (> ~7000km) (e.g., Inazu and Saito, 2013; Tsai et al., 2013;
Watada et al., 2014). However, note that this effect is negligible for
tsunami propagation over short distances (< ~1000 km).

Normal mode theory, including an appropriate dynamic boundary
condition at the sea surface, can reproduce tsunami in addition to
seismic waves (e.g., Ward, 1980; Okal, 1982; Comer, 1984; Panza et al.,
2000). Recent studies conducted numerical simulations to reproduce
both seismic waves and tsunami. Some studies were conducted in 2-D
space (e.g., Eyov et al., 2013; Lotto and Dunham, 2015; Lotto et al.,
2017). Maeda et al. (2013) conducted 3-D simulations for seismic
waves and tsunami. If we employ an equal increment of time for seismic
wave propagation and tsunami propagation, it will require too much
computation time, because the time scale of tsunami is much longer
than that of seismic waves. To reduce the computational costs, after the

11

seismic waves have left the region of interest, we should pass the sea
surface height and depth-averaged horizontal particle velocity to a
more efficient tsunami simulation code for calculating inundation and
longer time tsunami propagation. The method proposed in this paper is
an alternative way of simulating both seismic waves and tsunami by the
two-step method.

5.2. Sea-surface height change and sea-bottom pressure change

This study investigated the records of sea surface height change,
while sea bottom pressure records have become more widely used at
present (e.g., An et al., 2017; Kubota et al., 2017, 2018a, 2018b). We
discuss both the difference in seismic waves on sea surface height
change and on sea bottom pressure change.

The pressure change at the sea-bottom is given by

P. = Pgraviy — 9 (12)

where pgrqyir, is the pressure change originating from gravity and o is
stress change caused by seismic motion but independent of gravity.
Three-dimensional water wave theory gives the pressure change at the
sea bottom pgq,i,, caused by the sea-surface height distribution n(x,y,t)
as

o T](kx,ky,t) i(kex+kyy)
Pgravity = Po8o75 7 (271)2 f f . Cosh(kho) etk di dk,
for a constant sea depth of hy where po is the seawater density,
7 (k. ky,t) is the 2-D spatial Fourier transform of #(x,y,t) and
k= 1/k,f + ky2 (e.g., Saito, 2010; Saito, 2019). Additionally, if we in-
clude the static pressure change caused by the vertical displacement
Uporom at the sensor location, the pressure change is given by
B 1 o oo B (ke ky ) o
Poraviy = Pogo[_(zm2 ‘/:w f L0 W ikex+ yy)dkxdky

— Ubottom |-

—oo cosh(khg)
13)

When the period of the seismic motion is longer than T > 4hy/cq
(~10s when hy = 4 km and ¢y = 1.6 km/s), the ocean acoustic waves
does not exist (in other words, P-waves cannot be trapped within the
sea layer) (e.g., Nosov and Kolesov, 2007; Saito, 2019). In that case, the
stress change o caused by seismic motion is given by incompressible
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Fig. 14. (a) Topography in Kochi city. (b) Flow depth distribution. (c) The distribution of the time when the flow depth exceeds 0.3 m.
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where @2°"“" (k,, ky, ) is the 2-D spatial Fourier transform of the ver-
tical acceleration at the sea bottom a,(x,,t) = tipomom (x,¥,t) (Saito,
2013; Saito, 2017). Eq. (12) with Egs. (13) and (14) gives the pressure
change caused by tsunami and seismic motion for periods longer than
T > 4h()/ Co.

For simplicity, we assume that the wavelength is much longer than
the sea depth khy<«1. Then, Eq. (13) is approximated by
Dstatic~Po8(1 — Upoom) ~and  Eq. (14) is approximated by
o~ — Pyhotivonom (€.8., Filloux, 1982; Webb, 1998; Matsumoto et al.,
2012; Saito and Tsushima, 2016). Then, Eq. (12) becomes

P. ® Py8o (77 - ubottom) + Pohubottom for kho <1 (15)

Eq. (15) represents the sea-bottom pressure change for T > 4hy/cq
and kho < 1.
A red line in Fig. 19a shows the ocean-bottom pressure records

12

synthesized based on Eq. (15). The low-pass filter with the cut-off
period of 60s was applied to the records, which removes the ocean
acoustic waves. The pressure records without seismic waves is given by
Pe = PN — Upottom) (a gray line in Fig. 19a). The comparison clearly
indicates that the pressure change caused by the seismic waves appears
as a pulse at the elapsed time of ~100s, reaching ~0.5m H,O at the
maximum. Since this pulse is not a tsunami but a seismic wave, this can
be regarded as noise for tsunami signal analysis.

Fig. 19b shows the surface height record at the same point. The
surface height records including and excluding seismic waves are
plotted with red and black lines respectively. We synthesized the sur-
face height records excluding seismic waves by using the permanent
sea-surface displacement as the initial tsunami height distribution.
Unlike the case of the pressure records, there are no large differences
between the records including seismic waves (red line) and those ex-
cluding seismic waves (gray line). This indicates that the effect of
seismic waves on tsunami records is less important in sea-surface height
records than sea-bottom pressure records. The difference comes from
the contrasting mechanism of the seismic-wave contribution to records
from the displacement and pressure change. With regards to
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Fig. 15. (a) Hypothetical observation points used in a numerical experiment. Each observation point records sea-surface height change. (b) The locations of sea-
surface height elements. (c) The sea-surface height distribution at the elapsed time of 600 s calculated by the seismic wave simulation as permanent displacement.

displacement at the sea surface, seismic waves work in addition to the
surface displacement d = # + Ug,face Where d is sea-surface height re-
cords, n is tsunami height, and ugfac is vertical displacement caused by
seismic waves. However, for the pressure change at the sea-bottom, the
stress change o caused by the seismic wave contributes to the ocean-
bottom pressure records as Pgraviy — O Where DPgrayviyy is the pressure
change originating from gravity and o is the stress change caused by
seismic motion. The stress change o is approximately given by
0~ — pyhiipotom When the frequency is low w < co/h where ¢, is the
phase velocity of ocean acoustic waves. The relation o~ — phiipotom iS

theoretically derived for a constant sea depth and it is also confirmed
empirically in real observations (e.g., Filloux, 1982; Webb, 1998;
Matsumoto et al., 2012; Saito and Tsushima, 2016; Saito, 2019). The
pressure change is proportional to the acceleration rather than dis-
placement.

We should note that we cannot decompose seismic waves and tsu-
nami in an observed waveform record, where the waveform is recorded
by either change in ocean-bottom pressure or the sea-surface dis-
placement. However, if we can use both the sea-bottom pressure change
record and the sea-surface displacement record, by effectively using the
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Fig. 16. (a) The estimated initial tsunami height distribution when the surface height change from 0 min to 3 min is used. (b) The inundation area in the city
calculated from the estimated tsunami height distribution where the permanent displacement is not included. (c) The inundation area from the estimated tsunami

height distribution where the permanent displacement is included.
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Fig. 18. The volume defied by Eq. (11) as a function of the elapsed time.

two different excitation mechanisms of seismic waves, it would be
possible to decompose the tsunami signal from the seismic signal. Also,
if ocean-bottom seismometers are installed near the pressure gauges, it
would be useful to analyze the seismograms to decompose tsunami and

seismic signals in the pressure records. At present, sea-surface height
observation is not widely conducted compared to the sea-bottom
pressure change observation. An integrated analysis of pressure record
and the displacement at the sea surface and sea bottom may give an-
other possibility of precise tsunami observation inside the focal area.
Recently, Tsushima et al. (2012) proposed an inversion method to de-
compose the permanent sea-bottom uplift and the tsunami signals using
only ocean bottom pressure records. They reported that it would take
about 5 min to obtain a stable solution. However, if different kinds of
data such as displacements and pressure change are available, we might
obtain a reliable solution in shorter elapsed time. Therefore, the de-
velopment of the sea-surface height observation and displacement ob-
servation inside the focal area would promise advances in tsunami re-
search.

6. Conclusions

This study showed an efficient method of calculating sea-surface
height change, including the contributions from both seismic waves and
tsunami, although most past studies have usually neglected the con-
tribution of seismic waves. We synthesized the sea surface height re-
cords for an anticipated earthquake rupture scenario that could possibly
occur in the Nankai Trough, Japan. By using this hypothetical data set,
we can evaluate the performance of the real-time tsunami prediction
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Fig. 19. (a) Pressure change on the sea bottom at a station inside the focal area. Comparisons between the synthesized waveform considering seismic wave (red lines)
and without considering seismic wave (gray lines). (b) Sea surface height change at the station 06. The low-pass filter (> 60 s) is applied to all the waveforms. (c) The
location of the hypothesized sensor used in (a) and (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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method using sea surface height records. We reliably estimated the
source size when we used the sea-surface height records for ~10 min
from the start of an earthquake rupture and we assumed a rupture
scenario similar to the 1946 Nankai earthquake. We should note that
seismic waves appear in both surface-height records and ocean-bottom
pressure records. A numerical result showed that the seismic-wave
contribution was smaller in the sea surface height record than the sea
bottom pressure record. It would be useful to develop precise and re-
liable sea surface height measurement and use both sea-bottom pres-
sure records and sea-surface height records for rapid data analysis in-
side the focal area.
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