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Abstract

We are developing a new algorithm for a real-time tsunami inundation forecast using the Seafloor Observation Network for
Earthquakes and Tsunamis (S-net), which is now being constructed along the Japan Trench. In our algorithm, we first
prepare the proposed Tsunami Scenario Bank (TSB), which contains offshore tsunami waveforms at the observatory
location and the maximum tsunami height distributions, inundation depths, arrival times, etc. at the target coastal region.
Ideally, TSB should contain tsunami information for all possible tsunami sources that may affect the target region, but it is
impossible to prepare them in a finite time and computer resources. In this study, we tentatively construct the prototype of
TSB with various tsunami source models in the Japan Trench region. We then quickly select several appropriate tsunami
scenarios that can explain offshore tsunami observations by using multiple indices: correlation coefficient and two kinds of
variance reductions. At that time, possible tsunami inundation information coupled with selected tsunami scenarios are
forecast. To evaluate the propriety of our proposed method, we compare the coastal tsunami height distributions and/or
tsunami inundation depth distributions of two paleotsunamis and those of corresponding selected tsunami scenarios.
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1. Introduction

. )

A wide variety of methods for near-field tsunami forecasts have been proposed [1]. We define here a “real-time
tsunami forecast” to derive the information required for evacuation before the first arrival of a tsunami on the
coast. In Japan, a real-time tsunami forecast using the hypocenter location and the earthquake magnitude
determined from land-based seismological observation has been operating by the Japan Meteorological Agency
(JMA) since 1999[2, 3]. This is used as an initial forecast because it can be issued very quickly.
However, it has large uncertainties, because land-based seismic observation alone cannot constrain the
hypocenter location and the magnitude of subduction zone earthquakes. Accordingly, a more accurate real-time
tsunami forecast method using fault geometry information and the average amount of slip determined by the
Global Navigation Satellite System (GNSS) was proposed [4]. Because the fault model is obtained from GNSS
data within a few minutes after an earthquake occurs, it is possible to replace the initial forecast information with
more accurate information [1]. The Pacific Marine Environmental Laboratory (PMEL) of the National Oceanic
Atmospheric Administration (NOAA) extremely succeeded in far-field tsunami forecasting based on recorded
tsunami data taken by the Deep-ocean Assessment and Reporting of Tsunamis (DART) system [5]. For near-
field tsunami forecast, the method to estimate the best tsunami source model by inversion analysis of tsunami
waveform data from ocean-bottom pressure gauges was proposed [6]. In their method, arrival times and tsunami
amplitudes at the coasts are forecast by linearly combining pre-calculated Green’s functions. However, obtaining
direct measurements of tsunamis requires more time to detect tsunami signals than obtaining seismic wave or
real-time GNSS data. Attempting a breakthrough, the correlation between offshore and coastal tsunami heights is
investigated by using ocean-bottom pressure data from the Dense Oceanfloor Network system for Earthquakes
and Tsunamis (DONET) observation array [7, 8]. They successfully forecast the coastal tsunami height within
10 min after the occurrence of an earthquake by concentrating on predicting the tsunami scale. In addition, the
rapid method to estimate tsunami source location using a dense offshore observation network was proposed [9].
They claimed the tsunami source location could be estimated within a few minutes after the occurrence of an
earthquake by using tsunami centroid location (TCL). Although direct measurements of tsunamis are used in
their method, the required estimation time is comparable to that achieved using real-time GNSS data. It is
possible to replace the earthquake location and magnitude with the tsunami source location [9] and the tsunami
scale [7] for the initial tsunami warning. For a real-time tsunami inundation forecast, some researchers have
proposed new methods that use on-demand forward simulations with inverted tsunami source models [10, 11,
12]. However, these methods require enormous computer power, hence the coastal region to be forecast is
limited. To achieve a real-time tsunami inundation forecast on high-resolution topography, a new method is
proposed [13]. In their method, the best-matched tsunami scenario selected by comparing pre-calculated tsunami
waveforms and synthetic tsunami waveforms calculated using forecasted tsunami source information is forecast.

We started to develop a real-time tsunami inundation forecast system [14] using the Seafloor Observation
Network for Earthquakes and Tsunamis (S-net) along the Japan Trench [15, 16], which is now being constructed
by the National Research Institute for Earth Science and Disaster Resilience (NIED). As a part of this system
development, we propose a new approach for real-time tsunami inundation forecasts that uses only tsunami data
obtained by offshore ocean-bottom pressure gauges without the influence of estimation errors in the hypocenter
location or the earthquake magnitude determined by seismological observations [17, 18]. In our algorithm, the
most important concept is involving any type and/or form uncertainties in the tsunami forecast, which cannot be
dealt with any of standard linear/nonlinear least square approaches. We first prepare a Tsunami Scenario Bank
(TSB), which contains offshore tsunami waveforms at the observatory location and tsunami prediction
information at the target coastal region, such as maximum tsunami height distribution, inundation depths, arrival
times, etc. calculated from any possible tsunami source. If we could consider all possible tsunami scenarios, the
tsunami forecast would be highly precise. However, the number of tsunami scenarios that can be pre- pared is
limited due to finite time and computing resources. In other words, a tsunami scenario selected from pre-
calculated tsunami scenarios cannot always make correct predictions for an entire coastal region. Therefore, we
select dozens of tsunami scenarios that can explain offshore observation data by using multiple indices:
correlation coefficient and two variance reductions, whose L2-norm part is normalized either by observations or
calculations. At that time, possible tsunami prediction information coupled with selected scenarios are forecast.
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In this paper, to determine whether our method can select appropriate tsunami scenarios, we prepare the
fault models based on some known paleotsunamis that affected the eastern coast of Japan. We confirm the
propriety of our method by comparison between tsunami prediction information of “pseudo observation”
simulated as paleotsunamis and those of calculation selected from the TSB.

2. Matching method

We define here a method for comparing the observed waveform O(r;,t) and the pre-calculated waveform C(r;,t)
registered in the TSB, for the i-th observation unit at a position r; after a time t has elapsed following an
earthquake.

2.1 Three indices

We define three new indices by adding time-shift z and weight w(r;) to the previous definitions [18]: the
correlation coefficient and two kinds of variance reductions, to compare O(r;,t) to C(r;,t-7), where C(r,t-7) is the
time-shifted calculated tsunami waveform, and z is the amount of time-shift. The correlation coefficient R(t,z),
which is a function of time t, is defined as follows:

iW(r,-)O(r,-,t)C(r,.,t-f)
T n ’ ®
\/gwf(n)oz(n,f)\/ w(r,)C*(r,t-7)

where n is the number of observation stations and w(r;) is weight for the i-th observation station at r;. Equation
(1) indicates that R(t,z) is the cosine of the angle formed by two n-dimensional vectors, O(r;,t) and C(r;,t-7), i.e.,
R(t,2) ranges from -1 to 1. R(z7) is expected to be sensitive to the tsunami source location, because R(t,7)
strongly depends on the difference between spatial distribution of O(r;,t) and C(r;,t-r). However, R(t,z) is close to
1 when their spatial distributions are similar, even though the amplitudes of O(r;,t) and C(r;,t-7) are very different.

Next, we also define the new variance reductions to discriminate between good and bad matching
accuracy. In this study we use two variance reductions, VRO(t,z) and VRC(t,z), as functions of time t normalized
by the L2-norm of either the observed waveform O(r;,t) or the calculated waveform C(r;,t-7), as follows:

ZW(')( (r.H)-C(r,t-2))

VRO(t,7)=1 )

> W) 0 (1, )

i-1

Zw(r )(O(r-H-C(r,t-7))
VRC(t,7)=1 . (3)
>w(r)C (r,t-7)
i=1
As defined by Egs. (2) and (3), both variance reductions become 1 when O(r;,t) equals C(r;,t-7), i.e., variance
reductions of 1 indicate the best matches. These values become smaller as O(r;,t) becomes more different from
C(ri,t-7). Therefore, VRO(t,7) and VRC(t,z) range from -oo to 1.
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2.2 Waveform conversion

. )

We use the maximum value of the absolute values of the observed waveforms O(r;,t) [18], defined as follows:

O(1; ) =max (| Oy (Tt ) @)

The converted values become constant after a sufficient time lapse following an earthquake. We also apply the
same conversion to the calculated waveform C(r;,t) as follows:

C(r, ) =max( |Gy (1)) )

When we compare the converted waveforms O(r;,t) and C(r;,t-7), the correlation coefficient R(t,z) never becomes
negative, i.e., R(t,7) ranges from 0 to 1.

3. Construction of a tentative TSB

In this study, we set up 1,890 tsunami source models in the Japan Trench region, which can affect the Pacific
coast of eastern Japan [18]. The models, which were previously prepared for a probabilistic tsunami hazard
assessment [19], are used to construct a tentative TSB (hereafter TSB-A). We then calculate synthetic offshore
tsunami waveforms #(r;,t) for 150 statins of S-net by solving nonlinear long-wave equations using a staggered
leapfrog finite-difference scheme. In these calculations, we assume that the sea surface displacement is the same
as the vertical seafloor displacement of coseismic crustal deformation due to an earthquake, and the sea surface
displacement is immediately completed at time t=0. The calculated tsunami waveform #(r;,t) are converted to
ocean-bottom hydrostatic pressure changes C(r;,t) as follows:

C(r.t)=pg(n(r.{)-n, (1)) (6)
where p is the average density of seawater, g is the gravitational acceleration, and 7(r;) is the initial sea surface
displacement, which is the same as the permanent seafloor deformation calculated by Okada’s formula [20]. We
also assume that the hydrostatic ocean-bottom pressure, which is proportional to the total water depth, does not
change during an earthquake, i.e., C(r;,t=0)=0, because the ocean-bottom pressure gauges are displaced by the
seafloor deformation, which is equal to the sea surface displacement. Finally, we register the calculated
waveform C(r;,t) with its fault model and the maximum coastal tsunami heights along the Pacific coast of Kanto,
Tohoku, and Hokkaido.

To extend the previous TSB, we additionally prepare 3,282 tsunami source models in the Japan Trench
region. These models, which are mechanically defined by simple rectangle fault models to prepare a large
amount of tsunami source models, are used to construct another tentative TSB (hereafter TSB-B). We then
calculate synthetic offshore tsunami waveform #(r;,t) for 150 statins of S-net and coastal tsunami heights and
tsunami inundation depth distributions with the same procedure for constructing of TSB-A but for the Pacific
coast of Chiba prefecture.

4. Case studies and evaluations

To investigate whether it is possible to select appropriate tsunami scenarios from the tentative TSBs by using the
three indices defined in Egs. (1), (2), and (3) with the maximum absolute values defined in Egs. (4) and (5) with
the assumption of w(r;) = 0. In this study, we also assume that synthetic observed waveforms, which are
simulated by the paleotsunamis, are “pseudo observation” waveforms because actual tsunami observation data
on the S-net have not yet been recorded. We then examine the selected tsunami scenarios by comparing the
maximum coastal tsunami height distributions and/or tsunami inundation depth distributions of the pseudo
observation scenarios and the selected tsunami scenarios. In this section, we describe the results of these
examinations.
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4.1 Examination of 2011 Tohoku earthquake tsunami

As the pseudo observation scenario, we calculate tsunami waveforms by using the slip distribution of the 2011
Tohoku earthquake, suggested by Cabinet Office [21]. Our multi-index method selects 25 tsunami scenarios
under the criteria of VRO (t=7 min,z) >= 0.0, VRC (t=7 min,z) >= 0.0, and R (t=7 min,z) >= 0.7. Fig. 1 plots the
selected scenarios on the VRO-VRC diagram [18] at t=7 min with =3 min. As shown in Fig. 1, the values of
VRC (t=7 min, z=3 min) for many unselected tsunami scenarios are strongly negative. This indicates that the
2011 Tohoku earthquake tsunami is close to the maximum class of tsunami scenarios registered in the tentative
TSB-A, i.e., many tsunami scenarios registered in the TSB-A are rejected due to underestimations because VRC
is sensitive to underestimation of C(r;,t) with respect to O(r;,t) [18]. Fig. 2 is a color contour map for R (t=7 min,
=3 min) plotted at the centroid location of the slip distribution of fault models registered in the TSB-A. The
figure suggests that the calculated scenarios with R(t,z) close to zero are far from the location of the fault model
of the pseudo observation scenario, i.e., R(t,7) is sensitive to the tsunami source location. The figure also shows
that the distribution of R(t,z) values is approximately consistent with the fault slip distributions obtained by

inversions.

Fig. 3 shows evaluations for maximum coastal tsunami height distribution of the 2011 Tohoku earthquake.
The left figure indicates maximum coastal tsunami height distribution of the pseudo observation and 25 selected
tsunami scenarios. The right figure plots the selected tsunami scenarios on the coastal VRO-VRC diagram. We
confirm that our method can select tsunami scenarios appropriately for the 2011 Tohoku earthquake, because the
selected tsunami scenarios satisfy coastal VRO > 0.75, coastal VRC > 0.57, and coastal R > 0.87.
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Fig. 1 — Offshore comparisons at t=7 min after the occurrence of the 2011 Tohoku earthquake with time shift z=3
min. The left figure shows the close-up plot around criteria and the right figure shows the wide view of the
VRO-VRC diagram, respectively [18]. The area surrounded by the green curves indicates the applied criteria,
VRO (t=7 min,z) >= 0.0, VRC (t=7 min,z) >= 0.0, and R (t=7 min,z) >= 0.7 and the dashed curves indicate R=1.
All possible pairs of all scenarios are restricted to the range between R=1.0 and R=0.0. The left-bottom corner of
(1,1) in the VRO-VRC diagram indicates that C(r;,t) is completely matched with O(r;,t). The colored squares
represent the selected tsunami scenarios and the grey crosses represent the unselected tsunami scenarios. The
best-matched scenario that is the closest to (1,1) and represented by the purple square is shown at (VRO,VRC) =
(0.536,0.641) with R=0.804.
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Fig. 2 — Color contour map of R (t=7 min, z=3 min) for the 2011 Tohoku earthquake. R (t=7 min, =3 min)
values are plotted at the centroid location of the slip distribution of each fault model registered in the TSB-A.
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Fig. 3 — Evaluation for maximum coastal tsunami height distributions of the selected tsunami scenarios for the
2011 Tohoku earthquake tsunami. The left figure compares maximum coastal tsunami height distributions of the
pseudo observation (red line) along the target coastaline with 25 selected tsunami scenarios (grey lines) in the
background. The right figure is coastal VRO-VRC diagram by comparing maximum coastal tsunami height
distributions for the corresponding tsunami scenarios. The colored squares indicate the selected tsunami
scenarios with colors that are the same as those in Fig. 1.

4.2 Examination of 1677 Enpo Boso-oki earthquake tsunami

As the next pseudo observation scenario, we calculate tsunami waveforms by using the slip distribution of the
1677 Enpo Boso-oki earthquake [22] (Fig. 4). We use the same thresholds: VRO (t=5 min) >= 0.0, VRC (t=5
min) >= 0.0, and R (t=5 min) >= 0.7 with =0 because fault model does not include dynamic rupture process.
Fig. 5 plots the selected scenarios on the VRO-VRC diagram at t=5 min. From the right figure of Fig. 5, which
shows a wider range of the VRO-VRC diagram, we can see that many unselected tsunami scenarios are plotted

along the R = 0.0 curve, i.e., many tsunami scenarios registered in the TSB-B do not satisfy the threshold R >=
0.7.
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Fig. 6 shows evaluations for maximum coastal tsunami height distribution of the 1677 Enpo Boso-oki
tsunami. The right figure indicates maximum coastal tsunami height distribution of the pseudo observation (red
line) and the best-matched scenario (purple line) with 24 selected tsunami scenarios (grey lines). Fig. 7 shows an
example of inundation depth distribution to compare the 1677 Enpo Boso-oki tsunami and the best-matched
scenario. From these figures, we confirm that our method can select tsunami scenarios appropriately for the 1677

Enpo Boso-oki earthquake.

“ty

Fig. 4 — Slip distribution of the 1677 Enpo Boso-oki tsunami. The blue polygon indicates the fault model of the
best-matched tsunami scenario. The red cirlces connected by grey lines show the locations of the ocean-bottom
pressure gauges of the S-net.
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Fig. 5 — Offshore comparisons at 5 min after the occurrence of the 1677 Enpo Boso-oki tsunami. The left figure
shows the close-up plot around criteria and the right figure shows the wide view of the VRO-VRC diagram [18],
respectively (see also the caption of Fig. 1). The area surrounded by the green curves indicates the applied
criteria, VRO (t=5 min) >= 0.0, VRC (t=5 min) >= 0.0, and R (t=5 min) >= 0.7. The colored squares represent
the selected tsunami scenarios and the grey crosses represent the unselected tsunami scenarios. The best-matched
scenario that is represented by the purple square is shown at (VRO,VRC) = (0.634,0.594) with R=0.808.
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Fig. 6 — Evaluation for maximum coastal tsunami height distributions for the 1677 Enpo Boso-oki tsunami. The
left figure shows the target coastline (blue line). The ritht figure compares maximum coastal tsunami height
distributions of the pseudo observation (red line) and the best-matched scenario (purple line) along the target

coastaline with 24 selected tsunami scenarios (grey lines) in the background.
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Fig. 7 — Comparison between inundation depth distributions for the 1677 Enpo Boso-oki tsunami (left) and the
best-matched scenario (right) shown in purple square and line in Fig.5 and 6, respectively.

5. Conclusions

We extended the multi-index method for a real-time tsunami inundation forecast, which selects appropriate
tsunami scenarios by comparing offshore observed waveforms and pre-calculated waveforms registered in the
Tsunami Scenario Bank (TSB). To evaluate the propriety of our proposed method, we applied our method to the
2011 Tohoku earthquake tsunami and the 1677 Enpo Boso-oki tsunami. From these examinations, we confirmed
that appropriate tsunami scenarios could be selected by using the three indices, which are two kinds of variance
reductions and a correlation coefficient, comparing between the pseudo observation and calculated offshore
waveforms. We showed that our method could select appropriate tsunami scenarios whose maximum coastal
tsunami height distributions and inundation depth distributions are close to those of the pseudo observation
scenario by comparing offshore waveforms.
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