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Abstract: A dense cabled observation network, called the seafloor observation network for earthquakes
and tsunami along the Japan Trench (S-net), was installed in Japan. This study aimed to develop a
near-real time tsunami source estimation technique using the ocean bottom pressure data observed
at those sensors in S-net. Synthetic pressure waveforms at those sensors were computed for 64
earthquake tsunami scenarios with magnitude ranging between M8.0 and M8.8. The pressure
waveforms within a time window of 500 s after an earthquake were classified into three types. Type 1
has the following pressure waveform characteristic: the pressure decreases and remains low; sensors
exhibiting waveforms associated with Type 1 are located inside a co-seismic uplift area. The pressure
waveform characteristic of Type 2 is that one up-pulse of a wave is within the time window; sensors
exhibiting waveforms associated with Type 2 are located at the edge of the co-seismic uplift area.
The other pressure waveforms are classified as Type 3. Subsequently, we developed a method to
estimate the uplift area using those three classifications of pressure waveforms at sensors in S-net
and a method to estimate earthquake magnitude from the estimated uplift area using a regression
line. We systematically applied those methods for two cases of previous large earthquakes: the 1952
Tokachi-oki earthquake (Mw8.2) and the 1968 Tokachi-oki earthquake (Mw8.1). The locations of
the large computed uplift areas of the earthquakes were well defined by the estimated ones. The
estimated magnitudes of the 1952 and 1968 Tokachi-oki earthquakes from the estimated uplift area
were 8.2 and 7.9, respectively; they are almost consistent with the moment magnitudes derived from
the source models. Those results indicate that the tsunami source estimation method developed in
this study can be used for near-real time tsunami forecasts.

Keywords: tsunami forecast method; ocean bottom pressure network

1. Introduction

The Tohoku-oki earthquake (Mw9.0) that occurred on March 11, 2011 generated a large tsunami
along the Pacific coast from the Tohoku region to the Kanto region [1]. Although the Japan
Meteorological Agency (JMA) issued a major tsunami warning along the Pacific coast of Japan
immediately after the earthquake [2], this tsunami caused catastrophic destruction along the coast with
approximately 19,000 casualties [3]. The JMA’s tsunami early warnings are based on a rapid analysis
of seismic waves and a linear interpolation scheme of a precomputed tsunami database containing
tsunami heights at coasts from a large set of earthquake scenarios [4]. The first estimation of the 2011
Tohoku earthquake’s magnitude from strong motion data by the JMA was 7.9, which was much smaller
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than Mw9.0. The magnitude was subsequently used to issue the initial tsunami height forecast of
3-6m for near-field regions. This initial tsunami warning underestimated the real tsunami heights that
were larger than 10 m along 500 km of the Pacific coast in the Tohoku region [1]. Subsequently, the
tsunami height forecast by the JMA was updated twice to 6-10 m at 28 min after the earthquake and to
beyond 10 m at 44 min after the event [2]. Therefore, a tsunami warning system that is more accurate
and rapid has become highly demanded in Japan.

To improve tsunami early warning systems, a dense cabled observation network, called the
seafloor observation network for earthquakes and tsunami along the Japan Trench (S-net), was
installed in 2017, and it is operated by the National Research Institute for Earth Science and Disaster
Resilience (NEID) (Figure 1). This network consists of 150 observation stations in which ocean bottom
pressure sensors and seismometers are installed [5,6]. These stations are connected by cables at 30-km
intervals. The cables are distributed at the seafloor offshore of Kanto, Tohoku, and Hokkaido (Figure 1).
Currently, various tsunami early forecast methods using a dense seafloor observation network have
been proposed. Tsunami Forecasting based on Inversion for initial sea Surface Height (tFISH) is a
forecast method that estimates the initial sea surface deformation from tsunami waveforms observed
at ocean bottom pressure sensors [7,8]. A tsunami forecast using a large precomputed database,
developed by Yamamoto et al. [9], rapidly estimate a tsunami inundation based on a multi-index
method with a comparison of observed tsunami heights and precomputed tsunami heights at ocean
bottom sensors. As other rapid estimation methods, data assimilation methods in which tsunami wave
fields are computed by assimilating ocean bottom pressure data into numerical simulation, have been
developed [10-12]. However, all these methods require large computational resources or advanced
analysis procedures that only experts can manage. As pressure data observed at the S-net will be
available from the NEID soon, it is important to develop a simple tsunami forecast method applicable
to local governments located in the coastal area.

In this study, we developed a much simpler tsunami forecast method compared with other existing
methods. The method does not require sophisticated techniques such as tsunami numerical simulations
or assimilation techniques, but it only requires a simple analysis of the characteristics of the observed
tsunami waveforms from the sensors in S-net. To develop the new tsunami forecast method, we
numerically computed the ocean bottom pressure waveforms from the sensors in the S-net from various
fault models. Finally, the method was tested for cases of the 1952 and 1968 Tokachi-oki earthquakes.



Geosciences 2019, 9, 310 3of 21

138° 140" 1417 1427 143" 1447 145" 148" 147" 148

49° — — — — M
Hokkaido
43° 43°
a2 a2
41° 41°
v a0
Tohoku
3g° 39°
3g° 38°
37 37
' Kanto 36"
35° 35"
34 34°
33 I — I — KCh

138" 1400 1417 1427 1437 1447 145" 146" 147 148°

Figure 1. Map showing the locations of ocean bottom pressure sensors (red dots) in S-net. Red lines
represent cables connecting the sensors.

2. Great Earthquakes Generated Tsunamis along the Pacific Coast of Hokkaido

Great underthrust earthquakes repeatedly occurred at the plate interface in the subduction zone
where the Pacific plate subduct along the Kurile trench off Hokkaido (Figure 2). The Pacific coasts of
Hokkaido have therefore suffered from large tsunami disasters associated with the earthquakes. The
1952 great Tokachi-oki earthquake (Mw8.2) occurred at the plate interface off the Tokachi area and
generated a large tsunami along the Tokachi coast, including a maximum tsunami height of 7 m [13].
The 1968 great Tokachi-oki earthquake (Mw 8.1) occurred along the plate interface located in the
southwest of the source area of the 1952 Tokachi-oki earthquake [14]. The earthquake generated a large
tsunami causing large disasters along the coast of Tohoku and Hokkaido regions. The 1973 Nemuro-oki
earthquake (Mw?7.8) ruptured the plate interface located in east of the 1952 Tokachi-oki earthquake [15].
A large tsunami generated by the earthquake caused damage in the Pacific coast of Nemuro city. The
1994 Sanriku-oki earthquake (Mw?7.7) ruptured the plate interface that was already ruptured by the
1968 Tokachi-oki earthquake. However, the source area of the 1994 Sariku-oki earthquake was only
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the Southern part of the source area of the 1968 Tokachi-oki event [16], and thus a small tsunami was
generated by the earthquake. The 2003 great Tokachi-oki earthquake (Mw 8.0) ruptured the plate
interface that was already ruptured by the 1952 Tokachi-oki earthquake [17]. However, the maximum
tsunami height in the 2003 event was 4 m, which was smaller than that of the 1952 Tokachi-oki event of
7 m [18]. The source area of the 2003 Tokachi-oki event was smaller than that of the 1952 Tokachi-oki
event [17]. All those tsunami disasters in the Pacific coast of Hokkaido were caused by underthrust
large earthquakes that ruptured the plate interface in the subduction zone.
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Figure 2. Source areas of the great interplate earthquakes, the 17th century great earthquake (green),
the 1952 Tokachi-oki earthquake (blue), the 1968 Tokachi-oki earthquake (blue), the 1973 Nemuro-oki
earthquake (blue), the 1998 Sanriku-oki earthquake (black), and the 2003 Tokachi-oki earthquake (black).
Red dots represent sensors in S-net.

Paleo-earthquake studies using tsunami deposits along the Pacific coast of Hokkaido revealed
that much larger tsunamis have repeatedly occurred for approximately 6000 years compared with
historical tsunamis described in the previous paragraph [19-21]. The most recent large paleo-tsunami
occurred in the early 17th century, and fault models of an earthquake that is capable of generating a
tsunami large enough to explain the observed tsunami deposit distribution were suggested [22,23].
The earthquake was a great underthrust earthquake with a moment magnitude of 8.8 [23] and ruptured
a large area of the plate interface off Tokachi and Nemuro (Figure 2).

As various great underthrust earthquakes off the Pacific coast of Hokkaido generated large
tsunamis along the coast, disaster mitigation from future large tsunamis is an urgent issue in local
governments along the coast of Hokkaido. Therefore, we chose the region shown in Figure 2 as a
test region to develop a new tsunami forecast method using observed waveforms at sensors in S-net.
Various sizes of fault models are distributed in this region, as shown in Figure 2. A method for
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estimating the tsunami source location and earthquake magnitude is developed by analyzing those
synthetic waveforms.

3. Fault Models

To develop a simple tsunami forecast method from the pressure waveforms of the sensors in
S-net, the waveforms must be computed during tsunami generation and propagation based on fault
models of various magnitudes of large earthquakes. Several empirical relationships exist between
the sizes of fault areas and magnitudes of large earthquakes, as suggested by previous studies. Utsu
and Seki [24] first determined the following relationship between the aftershock area, S (km?), and
earthquake magnitude, M, using the earthquakes that occurred in Japan.

log S = 1.0M — 3.9. 1)

Wells and Coppersmith [25] determined the following empirical relationship between the rupture
area (the early aftershock area), S (km?), and earthquake magnitude, M, using crustal earthquakes that
occurred in the world excluding those that occurred in the subduction zone.

M = 4.33+091log$. )

Somerville et al. [26] determined the following empirical relationship between the rupture area S
(km?), directly estimated from the slip distributions and the moment magnitude of the earthquake,
Muw, using large crustal earthquakes that occurred in the world.

Mw = log S + 3.95. 3)

More recently, Blaser et al. [27] determined the empirical relationship between the fault length, L
(km), and moment magnitude, Mw, as shown in Equation (4), and the relationship between the fault
width, W (km), and moment magnitude, Mw, as shown in Equation (5) for large interplate earthquakes
in subduction zones in the world.

log L = —2.28 + 0.55Muw, )

logW = -1.8 + 0.45Muw, 5)

Although the two empirical relationships, i.e., Equations (2) and (3) by Wells and Coppersmith [25]
and Somerville et al. [26] are not for interplate large earthquakes, we used all four empirical
relationships to create various fault models for various magnitudes to clarify the uncertainty of
the empirical relationships.

To create rectangular fault models, we assumed the ratio of fault length to fault width as 2:1 when
the three empirical relationships, Equations (1)-(3) are used. A slip amount, D (m), is calculated from

Equation (6):

D— ;\L/I_I?\/’ Mg = 1015Mw+91 6)
where My (Nm) is the seismic moment, L is the fault length in m, W is the fault width in m, and pu is a
rigidity that is assumed to be 3.5 x 10'° N/m?2. The strike and rake of the fault parameters are fixed as
230° and 109°, respectively, using parameters of the 1952 Tokachi-oki earthquake estimated by Satake
et al. [28]. The depth and dip of the fault models are calculated along the plate interface from Kita
et al. [29].

We assigned rectangular fault models to the plate interface by varying the magnitudes, i.e., M8.0,
M8.2, M8.4, M8.5, M8.6, and M8.8. Figure 3 shows the locations of various fault models using the
empirical relationship of Blaser et al. [27], i.e., Equations (4) and (5). Tables 1-4 show the locations
and fault parameters of the assumed fault models using the four empirical relationships by Ustu and
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Seki [24], Wells and Coppersmith [25], Somerville et al. [26], and Blaser et al. [27], respectively. The
fault model for M8.8 is used only in the empirical relationship by Blaser et al. [27] because the size
of the other fault models for M8.8 by the other three empirical relationships becomes much larger
than the area where the sensors in S-net are distributed. In those cases, it is difficult to estimate the

sizes of tsunami sources using waveforms observed at sensors in S-net by the method described in the
following sections.
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Figure 3. Locations of various fault models defined using two empirical relationships, i.e., Equations
(4) and (5), suggested by Blaser et al. [27]. Rectangular faults for magnitudes (a) M8.0, (b) M8.2, (c)
M8.4, (d) M8.5, (e) M8.6, and (f) M8.8.
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Table 1. Fault parameters, computed uplift areas, and estimated uplift areas for fault models defined

using the empirical relationship between magnitude and aftershock area suggested by Utsu and

Seki [24].

Magnitude Length  Width  Latitude Longitude Depth Dip ) Slip Computed x Estimate X
M) (km) (km) ©) ©) (km) (m) 10% (km?) 10® (km?)
8.0 140 70 4222 145.56 17.15 21 3.6 14.2 9.9
8.0 140 70 41.70 146.02 7.321 11 3.6 9.7 10.8
8.0 140 70 41.88 144.87 20.55 14 3.6 13.7 11.0
8.0 140 70 4134 145.35 6.849 11 3.6 9.6 10.2
8.0 140 70 41.50 144.16 20.83 13 3.6 13.5 10.9
8.0 140 70 41.00 144.72 6.707 7 3.6 10.3 10.2
8.2 200 100 41.70 146.02 7.321 12.12 3.59 19.1 15.3
82 200 100 41.34 145.35 6.849 8.46 3.59 18.4 18.0
82 200 100 41.00 144.72 6.707 7.44 3.59 18.2 17.3
8.4 250 125 41.70 146.02 7.321 11.97 4.6 29.5 28.4
8.4 250 125 41.34 145.35 6.849 8.89 4.6 28.1 27.8
85 280 140 41.70 146.02 7.321 10.81 5.16 35.5 34.9
8.5 280 140 41.34 145.35 6.849 9.26 5.16 35.3 31.0
8.6 310 155 41.70 146.02 7.321 9.76 5.9 43.8 36.0
8.6 310 155 41.34 145.35 6.849 9.65 5.9 44.7 409

Table 2. Fault parameters, computed uplift areas, and estimated uplift areas for fault models

defined using the empirical relationship of magnitude and rupture area suggested by Wells and

Coppersmith [25].

Magnitude Length  Width  Latitude Longitude Depth Dip () Slip Computed x Estimate X
(M) (km) (km) ©) ©) (km) (m) 103 (km?) 10% (km?)
8.0 154 77 41.53 146.01 4.776 9.80 3.0 11.2 10.6
8.0 154 77 41.80 145.10 15.933 13.39 3.0 14.8 11.8
8.0 154 77 41.26 145.54 3.871 8.63 3.0 10.9 10.0
8.0 154 77 41.51 144.62 16.041 17.67 3.0 14.5 123
8.0 154 77 41.00 145.10 4.135 10.73 3.0 10.1 9.2
8.0 154 77 41.26 144.17 15.700 10.73 3.0 14.2 11.1
8.0 154 77 40.70 144.62 6.845 5.90 3.0 10.5 11.8
8.2 200 100 41.34 145.35 6.849 8.8 3.6 17.5 17.8
8.2 200 100 41.00 144.72 6.707 7.1 3.6 16.7 16.3
8.4 258 129 41.70 146.02 7.321 12.1 43 28.7 24.8
8.4 258 129 41.34 145.35 6.849 8.45 43 26.7 22.8
8.4 258 129 41.00 144.72 6.707 8.18 4.3 26.7 21.5
8.5 294 147 41.70 146.02 7.321 11.3 4.7 374 33.4
8.5 294 147 4134 145.35 6.849 8.77 47 352 26.8
8.6 334 167 41.70 146.02 7.321 9.99 5.1 44.5 36.3
8.6 334 167 4134 145.35 6.849 9.59 5.1 46.3 34.7

Table 3. Fault parameters, computed uplift areas, and estimated uplift areas for fault models defined

using the empirical relationship of magnitude and rupture area suggested by Somerville et al. [26].

Magnitude Length  Width  Latitude Longitude Depth Dip ©) Slip Computed x Estimate X
™M) (km) (km) ©) ©) (km) P (m) 10% (km?) 10% (km?)
8.0 150 75 41.53 146.01 4.776 9.80 32 9.6 9.5
8.0 150 75 41.80 145.10 15.933 13.39 32 14.8 12.9
8.0 150 75 41.26 145.54 3.871 8.63 32 10.3 10.2
8.0 150 75 41.51 144.62 16.041 17.67 3.2 13.9 12.0
8.0 150 75 41.00 145.10 4.135 10.73 3.2 10.6 10.6
8.0 150 75 41.26 144.17 15.700 10.73 32 13.1 10.3
8.0 150 75 40.70 144.62 6.845 5.90 32 10.7 10.6
8.2 188 94 41.70 146.02 7.321 11.8 4.1 16.5 13.2
82 188 94 41.34 145.35 6.849 8.8 41 15.7 14.7
82 188 94 41.00 144.72 6.707 7.1 4.1 15.5 18.2
8.4 238 119 41.70 146.02 7.321 12.1 5.1 24.8 27.1
8.4 238 119 41.34 145.35 6.849 8.45 51 24.3 233
85 266 133 41.70 146.02 7.321 11.3 5.7 32.8 34.0
8.5 266 133 41.34 145.35 6.849 8.77 5.7 322 26.4
8.6 298 149 41.34 145.35 6.849 9.59 6.4 38.8 36.2
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Table 4. Fault parameters, computed uplift areas, and estimated uplift areas for fault models defined
using two empirical relationships: one between magnitude and rupture length and the other between
magnitude and rupture width, suggested by Blaser et al. [27].

Magnitude Length  Width  Latitude Longitude Depth Slip Computed x Estimate X

™) m)  (km) ) ©) am) PPO ) 10° (km?)  10° (km?)
8.0 132 63 42.07 145.54 15.229 17.10 4.3 11.1 10.8
8.0 132 63 41.53 146.01 4.776 9.80 4.3 7.7 9.6
8.0 132 63 41.80 145.10 15.933 13.39 43 10.5 11.6
8.0 132 63 41.51 144.62 16.041 17.67 43 11.1 12.8
8.0 132 63 41.00 145.10 4.135 10.73 4.3 7.6 9.6
8.0 132 63 41.26 14417 15.700 10.73 4.3 10.5 10.1
8.0 132 63 40.70 144.62 6.845 5.90 43 7.7 10.1
82 170 78 41.34 145.35 6.849 8.90 54 125 13.8
82 170 78 41.00 144.72 6.707 6.82 54 12.0 14.2
8.2 170 78 40.68 144.07 11.614 7.97 5.4 13.6 14.5
8.4 219 95 41.70 146.02 7.321 11.62 6.9 19.3 18.6
8.4 219 95 41.34 145.35 6.849 8.12 6.9 18.4 18.8
8.4 219 95 41.00 144.72 6.707 6.75 6.9 17.8 18.0
8.5 248 106 41.70 146.02 7.321 11.70 7.7 27.3 23.4
85 248 106 41.34 145.35 6.849 8.11 7.7 23.6 23.3
8.6 282 117 41.70 146.02 7.321 10.56 8.7 28.9 29.3
8.6 282 117 41.34 145.35 6.849 9.80 8.7 28.9 29.1
8.8 363 145 41.70 146.02 7.321 12.37 10.8 46.2 36.9

4. Tsunami Numerical Simulation

An initial tsunami deformation, i.e., ocean surface deformation due to an earthquake, is a vertical
co-seismic displacement computed from the fault models shown in Tables 1-4 (64 scenarios) using
Okada’s [30] equation. Tsunami propagations are numerically computed using the finite difference
method with a staggered grid system by solving the linear longwave equations (e.g., [31]) from the
above initial condition. The grid space is 30 arc-seconds. The time step is 1 s to satisfy the stability
condition. Here, rupture velocity, earthquake duration, and rise time are not considered. Subsequently,
the computed tsunami waveforms at the locations of sensors in S-net shown in Figure 2 are determined
as waveforms of the ocean bottom pressure change, assuming that the pressure, P, is described as
P = pgd where p is a water density, g is a gravitational acceleration, and d is total thickness of water.
Those ocean bottom pressure data are stored in a database and used to develop a method to estimate
the tsunami source.

5. Development of Near-Real Time Tsunami Source Estimation Technique

5.1. Classification Method for Pressure Waveforms Observed at the Ocean Bottom

Tsushima et al. [8] calculated the ocean bottom pressure waveform near an uplift region due to
the faulting of a large earthquake based on the schematic description shown in Figure 4. During an
earthquake, the ocean bottom uplifts continuously, as shown in Figure 4a (2,3). At that time, the ocean
surface is uplifted because of the ocean bottom uplift as the ocean bottom deformation is of a larger
wavelength compared with the ocean depth because the earthquake provides the same deformation to
the sea surface. Therefore, almost no significant pressure changes are expected to be observed at the
ocean bottom during the earthquake. As the duration of the large earthquake is within approximately
several tens of seconds, a propagation distance of the tsunami during the earthquake would be less
than several kilometers or a few tens of kilometers, which is much shorter than the wavelength of the
ocean surface uplift. After the co-seismic uplift is completed, the tsunami propagates as shown in
Figure 4a (4,5). Pressure changes will then be observed at the ocean bottom, as shown in Figure 4b.
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Figure 4. Schematic illustrations of (a) tsunami generation and propagation (modified from Tsushima
et al. [8]) and (b) the observed pressure waveforms at A, B, C, D, E in the left figure. The green shaded
part is the time window, T, to estimate the source area. The waveforms at A and B are classified as Type
1. Those at C and D are classified as Type 2. The waveform at E is classified as Type 3.

Subsequently, we introduced a time window;, T, from the occurrence of earthquake, as shown by
the shaded zone in Figure 4b. The waveforms of the pressure change observed at the uplift region, i.e.,
at A and B in Figure 4a, correspond to A and B in Figure 4b, respectively. A general characteristic of
those pressure waveforms within the time window is that pressure decreases and remains low. We
name this pressure waveform characteristic as Type 1. Waveforms observed at the edge of the uplift
region, i.e., at C and D located close and outside the uplift region in Figure 4a, correspond to waveforms
of C and D in Figure 4b, respectively. A characteristic of those pressure waveforms is that one up-pulse
of a wave is contained in the time window. We name this pressure waveform characteristic as Type 2.
The other pressure waveforms observed at the ocean bottom away from the uplift region, such as E in
Figure 4a, are determined as Type 3.

We decided to use those three classifications (Types 1, 2, and 3) of pressure waveforms observed
at sensors in S-net (Figure 2) within the time window, T, for the tsunami source estimation of a near-
real time tsunami forecast. To classify the actual pressure waveforms, we found that three criteria must
be set. The first criterion is for the Type-2 waveform, i.e., a waveform is classified into the type if the
maximum positive pressure change is twice larger or more than the minimum positive pressure change
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observed after a time when the maximum pressure is observed. This criterion is necessary when the
waveform of pressure change is positive and is not zero-down crossing within the time window, as
described in waveform D in Figure 4b. The second criterion to classify a waveform into Type 1 is that
the absolute amplitude at the end of time window should be more than 1/10 of the maximum absolute
amplitude at the end of the time window among those Type-1 waveforms observed at sensors in S-net.
This criterion is necessary because the small negative amplitude can be observed continuously within
the time window even away from the co-seismic uplift region. The third criterion to allow a small
positive wave in the beginning of Type 1 is that the absolute amplitude of the positive wave in the
time window should be less than the absolute amplitude of the negative wave at the end of the time
window, to be classified as Type 1. This criterion is particularly important for tsunamis generated from
a complicated slip distribution such as the 1952 Tokachi-oki earthquake that we tested in our method,
as will be described in a later section.

5.2. Classification Results of Pressure Waveforms

All the computed waveforms of pressure change for the 64 scenarios were classified into three
types: Types 1, 2, and 3, by the classification technique described in the previous section. The time
window for the classification is set as 500 s (approximately 8 min). At the end of the time window,
i.e., at 500 s, several minutes may elapse before large tsunamis arrive at the Hokkaido coast. One
example of the classification results for the fault model, M8.0, is shown in Figure 5. Pressure waveforms
classified into Types 1 and 2 are shown in Figure 5b,c, respectively. In Figure 6, the computed ocean
surface deformation is shown with the classification type: Types 1, 2, and 3 for the sensors in S-net.
Sensors observing Type-1 waveforms, shown as blue dots, are located within the uplifted area shown
in red in Figure 6, as expected. Sensors observing Type-2 waveforms, shown as yellow dots in Figure 6,
are located at the edge of the uplifted area or immediately outside the uplifted area. The other sensors
are located away from the uplifted area. The classification results of 64 fault models indicated that the
classification of pressure waveforms within the time window of 500 s can reveal co-seismic uplift areas.

5.3. Estimation of Uplift Areas from Three Classification Types

The uplifted area of the initial surface deformation of 64 fault models shown in Tables 1-4 were
estimated from the procedures described in Appendix A using the classification data of computed
pressure waveforms at the S-net sensors shown in Figure 2. The estimated uplift areas are compared
with the computed areas in Figure 7 and Tables 1-4. For this comparison, the region where the
computed uplift amount is more than 1/10 of the maximum uplift is defined as the computed uplift
area, such as that shown by the black solid line in Figure 6. Figure 7 shows that the estimated uplift
areas represent the computed areas well; however, the estimated uplift areas for large earthquakes
slightly underestimated the computed areas.
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Figure 5. Example of classification results for the fault model, M8.0. (a) Map showing the classification

results. Blue dots represent sensors with pressure waveforms classified as Type 1. Yellow dots represent

sensors classified as Type 2. Red dots are classified as Type 3. The rectangle represents the fault model

of M8.8. (b) Pressure waveforms classified as Type 1. (c) Pressure waveforms classified as Type 2.

Green shaded parts represent the time window of the near-real time source estimation, i.e., 500 s.

11°

43"

42"

41

136

140°

1417

1427 143 144 145"

14

148"

o

e

B 147
7 &

50 km

-3

-2

1 0 1
Initial water surface elevation(m)

147"

1"

43

42"

ar

a0

148°

Figure 6. Comparison of computed initial surface elevation and the classification results in Figure 5.

Blue dots, representing sensors exhibiting Type-1 waveforms, are connected to create a polygon. Colors

red and blue indicate the initial surface elevation computed from the fault model in Figure 5.



Geosciences 2019, 9, 310

50000

45000

40000

35000

30000

25000

20000

15000

10000

Estimated uplift area [km”2]

5000

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

|

S
0o o0 o 0 o
oo hNMO

[ N N NONON J

o
O
©

(Y4
\,/ (©)

4

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Computed uplift area [km”2]

12 of 21

Figure 7. Comparison of computed uplift areas from 64 fault models and estimated uplift areas from

the classification of pressure waveforms observed from the sensors in S-net.

5.4. Estimation of Magnitudes from Uplift Areas

The uplift areas were estimated for the 64 fault models along the plate interface by varying the
magnitudes, i.e.,, M8.0, M8.2, M8.4, M8.5, M8.6, and M8.8. Therefore, a relationship between the
estimated uplift area and magnitude exists. Figure 8 shows a plot of the estimated areas in a log
scale with the earthquake magnitudes. A linear regression analysis of the data using the least-squares
method yielded the following relationship:

log Sup = 0.822M — 2.543,

@)

where Sy, is the estimated uplift area (km?) and M is the earthquake magnitude. The solid black line
in Figure 8 shows the linear regression line. The standard deviation of the magnitude from the linear
regression line was calculated to be 0.07.
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Figure 8. Relationship between the estimated uplift areas for 64 fault models and the earthquake
magnitudes. The black line is a regression line (Equation (7)). The two red lines indicate the standard
deviation from the regression line. The two stars indicate the results of case studies for the 1952 and
1968 Tokachi-oki earthquakes.

Using pressure data at sensors in S-net within 500 s after the earthquake occurs, the pressure
data are classified into three types, as described in Section 5.1. The uplift area of the ocean surface
is estimated from the classified types of data from the sensors using the procedures described in
Section 5.3. Subsequently, the earthquake magnitude is estimated from Equation (7). This technique
can be tested to estimate the source area of tsunami and the earthquake magnitude for the previous
great earthquakes.

6. Validation of Tsunami Source Estimation for Previous Large Earthquakes

We applied the tsunami source estimation technique shown in the section above to the previous
two great earthquakes, the 1952 Tokachi-oki earthquake (Mw8.2) and the 1968 Tokachi-oki earthquake
(Mw8.1). Those two earthquakes were chosen because large co-seismic uplift areas were within the
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station distribution of S-net. Those earthquakes also generated tsunamis that caused damages along
the Pacific coast of Hokkaido.

6.1. Case Study for the 1952 Tokachi-Oki Earthquake (Mw8.2)

The great Tokachi-oki earthquake occurred on March 4, 1952, with a moment magnitude of Mw#8.2
(Figure 2). The slip distribution of the 1952 earthquake was estimated from the observed tsunami
waveforms at tide gauges using the inversion technique by Hirata et al. [13]. We numerically computed
pressure waveforms at the ocean bottom sensors in S-net using the slip distribution estimated by Hirata
et al. [13]. Figure 9a shows the comparison of computed uplift area from the slip distribution with the
estimated uplift area from our classification method of the pressure waveforms at the sensors in S-net.
The estimated uplift area is consistent with the computed uplifted area although the Northwest part
of the computed uplift area is not estimated by our technique because no sensor is available in that
area. Figure 9b shows the pressure waveforms classified into Type 1. Figure 9c shows the pressure
waveforms classified into Type 2. The estimated uplift area is calculated to be 14.4 x 10° km?. The
magnitude calculated using Equation (7) from the estimated uplift area is M8.2, which is consistent
with the moment magnitude of Mw8.2.

39"
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43
a2

a

23 =9 —I1 (IJ lI 2
Initial water surface elevation (m)

CH =

Pressure change (kPa)

g 10 0 W0 4m_ S0 o 70 @0 X fom g 100 200 300 40 S0 600 700 800 900 1000
Time(sec) Time(sec)
Figure 9. Result of case study for the 1952 Tokachi-oki earthquake. (a) Comparison of the estimated uplift
area in this study (a solid black line) and the computed initial surface elevation, red (uplift) and blue
(subsidence). (b) Pressure waveforms classified as Type 1. (c) Pressure waveforms classified as Type 2.
Shaded green parts represent the time window of the near-real time source estimation, i.e., 500 s.
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6.2. Case Study for the 1968 Tokachi-Oki Earthquake (Mw8.1)

The great Tokachi-oki earthquake occurred on May 16, 1968 with a moment magnitude of Mw8.1
(Figure 2). The slip distribution of the 1968 Tokachi-oki earthquake has been estimated from the
inversion of the observed tsunami waveforms at tide gauges by Satake [14]. In this study, we only
used subfaults that exhibited a positive slip amount from the slip distribution estimated by Satake [14]
to compute the pressure waveforms of the sensors in S-net. Figure 10a shows a comparison of the
computed uplift and subsidence from the slip distribution with the estimated uplift area, as shown by
a thick black line, from the classification of pressure waveforms of the sensors into three types. The
estimated uplift area is slightly smaller than the computed uplifted area because the Southern part of
the computed uplift area and the small Northern part of that are not estimated by our technique because
both North and South uplift areas are located between the sensors. Figure 10b shows the pressure
waveforms classified into Type 1. Figure 10c shows the pressure waveforms classified into Type 2. The
estimated uplift area is calculated to be 8.8 x 10° km?. The magnitude calculated using Equation (7)
from the estimated uplift area is M7.9, which is slightly smaller than the moment magnitude of Mw 8.1.
This is because the Northern and Southern part of the uplift areas are not estimated by our technique.
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Figure 10. Result of case study for the 1968 Tokachi-oki earthquake. (a) Comparison of the estimated
uplift area in this study (a solid black line) and the computed initial surface elevation, red (uplift) and
blue (subsidence). (b) Pressure waveforms classified as Type 1. (c) Pressure waveforms classified as
Type 2. Shaded green parts represent the time window of the near-real time source estimation, i.e.,
500 s.
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The complicated slip distribution of the earthquake yielded the complicated pattern of the uplift
area including small patches, as shown in Figure 10. To identify those small patches, denser sensors
are required in the network. However, by realizing the limitation of our technique, we can use the
tsunami source area estimation method presented in this study for a tsunami forecast.

7. Discussion

For the tsunami numerical simulation in this study, we did not include the horizonal displacement
of a sloping seafloor during the earthquake [32]. The effect of the horizonal displacement to tsunami
amplitudes is significant, especially for the earthquake that occurred near the trench. However, the
effect of that on our classification in this study is insignificant because a large horizontal displacement
typically occurred within the uplifted area. We confirmed that the horizontal displacement of a sloping
seafloor did not change three classifications of pressure changes at sensors in S-Net computed from the
fault model near the Kurile trench. Nonetheless, we should notice that this horizontal displacement of
a sloping seafloor becomes important when the tsunami heights and inundations along the coast are
numerically computed.

Real observation of pressure at ocean bottom sensors in the earthquake source area includes
dynamic pressure changes associated with seismic and hydro-acoustic waves [33,34]. Therefore, we
need to filter those waves from the original observed pressure data. In 2016, the Off-Mie earthquake
(Mw 6.0) occurred at the plate interface along the Nankai trough where the Dense Oceanfloor Network
System for Earthquakes and Tsunamis (DONET) was installed. Several sensors in DONET were
located above the source area and observed pressure changes due to the earthquake. The seismic,
hydro-acoustic, and tidal waves were successfully eliminated from the original data to produce the
pressure changes due to the tsunami and co-seismic displacement [35,36]. When the NIED opens
observed pressure data at sensors in the S-net, filtered pressure data will hopefully be provided in
real-time. Otherwise, we need to eliminate those perturbations, which are not related to tsunami and
co-seismic displacement, from the original data to use our technique.

Once the filtered pressure data at sensors in S-net are available in real time, we can estimate the
source area (the uplifted area) and the magnitude of the earthquake using a time window of 500 s
after the earthquake. As the classification of observed pressure data does not need more than 1 min,
it takes about 600 s (10 min) after the earthquake to estimate them. We do not need a numerical
tsunami simulation or other sophisticated techniques but only the classification of observed pressure
data into three types. Although our technique is easy to operate, we still need several steps, such as
dissemination, to use those results for actual tsunami disaster mitigation.

8. Conclusions

We developed a near-real time tsunami source estimation technique using ocean bottom pressure
data observed from the sensors in S-net. The pressure waveforms of the sensors in S-net were computed
for 64 fault models with a magnitude ranging between M8.0 and M8.8. The pressure waveforms
within a time window of 500 s were classified into three types. Type 1 pressure waveforms were
characterized by decreased pressure that remained low. Sensors exhibiting characteristic waveforms
of Type 1 were located inside the co-seismic uplift area or the tsunami source area. For Type 2, a
pressure waveform characteristic was that one up-pulse of wave was within the time window. Sensors
exhibiting characteristic waveforms of Type 2 were located at the edge of the co-seismic uplift area
or immedjiately outside the area. The other pressure waveforms were classified into Type 3. Sensors
exhibiting waveforms of Type 3 were located away from the uplift area. Subsequently, we developed a
method to estimate the uplift area using those three classifications of pressure waveforms from the
sensors in S-net. Based on this technique, we developed a method to estimate earthquake magnitude
from the estimated uplift area using the regression line between the magnitude and the logarithm of
the uplift area, i.e., Equation (7).
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We applied those methods for two cases of previous large earthquakes, i.e., the 1952 Tokachi-oki
earthquake (Mw8.2) and the 1968 Tokachi-oki earthquake (Mw8.1). The locations of the large computed
uplift areas of the two earthquakes were well defined by the estimated ones. The magnitude of the
1952 Tokachi-oki earthquake from the estimated uplift area was 8.2, which was consistent with the
moment magnitude of Mw8.2. The estimated magnitude of the 1968 Tokachi-oki earthquake was 7.9,
which was slightly smaller than Mw8.1. Those results validated the near-real time tsunami source
estimation developed in this study; therefore, it and can be used for near-real time tsunami forecasts.
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Appendix A

Estimation procedures for uplifted areas.

To determine the uplifted area systematically from the three classification types, we performed
the following five procedures.

(1) Sensors observing Type-1 waveforms were connected to create a polygon where some Type-1
sensors may be located within (as shown in Figure A1).

(2) For each segment of the polygon, the closest sensor was chosen and connected to the two
sensors at the edge of the segment to create a triangle (as shown in Figure A2).

(3) The other sensor that is closest to the sensors at the edges of the polygon (blue dots) was
chosen and connected to create a triangle without crossing the segments of the other triangles and
polygon. This was performed repeatedly until the sensors at the edges of the polygon (blue dots) were
surrounded by the triangles completely (as shown in Figure A2).

(4) For segments connected to Type-2 sensors (yellow dots), green dots were placed at 2/3 the
distance from the edge of the polygon (see Figure A3). For segments connected to Type-3 sensors (red
dots), green dots were placed at the center of the segment.

(5) Finally, the green dots were connected to determine the uplift area of the initial surface
deformation due to a large earthquake (as shown in Figure A4).
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Figure A1. First step of the uplift area estimation using the classification results in Figure 5. Blue dots,
representing sensors exhibiting Type-1 waveforms, are connected to create a polygon. Colors red and
blue indicate the initial surface elevation computed from the fault model.
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Figure A2. Second step of the uplift area estimation using the classification results in Figure 5. Sensors
surrounding the polygon in Figure 6 are connected to create many triangles, as described in Section 5.3.
Colors red and blue indicate the initial surface elevation computed from the fault model.
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Figure A3. Third step of the uplift area estimation using the classification results in Figure 5. Green dots,
representing edges of the uplift area, are defined in each segment between the sensors at the polygon

and the surrounding sensors. Colors red and blue indicate the initial surface elevation computed from
the fault model.
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Figure A4. Estimated uplift area using the classification results in Figure 5. Green dots in Figure A3,
representing edges of the uplift area, are connected to define the uplift area, i.e., the shaded green area.
Colors red and blue indicate the initial surface elevation computed from the fault model.
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