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Abstract

We developed a real-time tsunami forecast method using only pressure data collected from the bottom of the ocean
via a dense offshore observation network. The key feature of the method is rapid matching between offshore tsunami
observations and pre-calculated offshore tsunami spatial distributions. We first calculate the tsunami waveforms at
offshore stations and the maximum coastal tsunami heights from any possible tsunami source model and register
them in the proposed Tsunami Scenario Bank (TSB). When a tsunami occurs, we use multiple indices to quickly select
dozens of appropriate tsunami scenarios that can explain the offshore observations. At the same time, the maximum
coastal tsunami heights coupled with the selected tsunami scenarios are forecast. We apply three indices, which are
the correlation coefficient and two kinds of variance reductions normalized by the L2-norm of either the observa-
tion or calculation, to match the observed spatial distributions with the pre-calculated spatial distributions in the TSB.
We examine the ability of our method to select appropriate tsunami scenarios by conducting synthetic tests using

a scenario based on “pseudo-observations!” For these tests, we construct a tentative TSB, which contains tsunami
waveforms at locations in the Seafloor Observation Network for Earthquakes and Tsunamis along the Japan Trench
and maximum coastal tsunami heights, using about 2000 tsunami source models along the Japan Trench. Based on
the test results, we confirm that the method can select appropriate tsunami scenarios within a certain precision by
using the two kinds of variance reductions, which are sensitive to the tsunami size, and the correlation coefficient,
which is sensitive to the tsunami source location. In this paper, we present the results and discuss the characteristics
and behavior of the multi-index method. The addition of tsunami inundation components to the TSB is expected to
enable the application of this method to real-time tsunami inundation forecasts in the near future.
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Introduction

A wide variety of methods for near-field tsunami fore-
casts have been proposed. These methods depend on the
purpose and type of observational data (e.g., Tsushima
and Ohta 2014). Here we define a “real-time tsunami
forecast” to derive the information required for evacua-
tion before the first arrival of a tsunami at 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 operated
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by the Japan Meteorological Agency (JMA) since 1999
(Tatehata 1997; Kamigaichi 2009). This is used as an ini-
tial forecast because it can be issued very quickly. How-
ever, it contains considerable uncertainty, because
land-based seismic observation alone cannot constrain
the hypocenter location and the magnitude of subduc-
tion 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 by Blewitt et al. (2009). Moreover, the cen-
troid moment tensor for a more accurate tsunami fore-
cast could be estimated by W-phase waveform inversions
(Benavente and Cummins 2013; Gusman and Tanioka
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2014). Because the fault model is obtained from GNSS
data and/or W-phase records within a few minutes after
an earthquake occurs, it is possible to replace the initial
forecast information with more accurate information
(Tsushima and Ohta 2014). In addition, a tsunami fore-
cast method to estimate the best tsunami source model
by inversion analysis of tsunami waveform data from
ocean-bottom pressure gauges was proposed by Tsush-
ima et al. (2009). In their method, the arrival times and
amplitudes of tsunamis at the coasts are forecast by lin-
early combining pre-calculated Green’s functions. How-
ever, obtaining direct measurements of tsunamis requires
more time to detect tsunami signals than obtaining seis-
mic wave or real-time GNSS data (Tsushima and Ohta
2014, Figure 4). Attempting a breakthrough, Baba et al.
(2014) investigated the correlation between offshore and
coastal tsunami heights by using ocean-bottom pres-
sure data from the Dense Oceanfloor Network system
for Earthquakes and Tsunamis (DONET) observation
array (Kaneda et al. 2009). They successfully forecast the
coastal tsunami height within 10 min after the occur-
rence of an earthquake by concentrating on predicting
the tsunami scale. In addition, Yamamoto et al. (2016)
proposed a rapid method to estimate the tsunami source
location using a dense offshore observation network.
They claimed that this location could be estimated within
a few minutes after the occurrence of an earthquake by
using the 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 estimated by Yamamoto et al.
(2016) and the tsunami scale estimated by Baba et al.
(2014) for the initial tsunami warning. Moreover, Maeda
et al. (2015) proposed a tsunami forecast method based
on a data assimilation technique using a dense offshore
observation network rather than using seismic source
parameters or the initial height of the sea surface. In
their method, the tsunami wavefield including offshore
tsunami height and velocity will be available as initial
conditions for other tsunami forecasting methods such
as tFISH (Tsushima et al. 2009), NearTIF (Gusman et al.
2014) to calculate the inundation or run-up for real-time
forecasting. For a real-time tsunami inundation forecast,
some researchers have proposed new methods that use
on-demand forward simulations with inverted tsunami
source models (Tatsumi and Tomita 2013; Koshimura
et al. 2014; Oishi et al. 2015). However, these methods are
computationally expensive; hence, the coastal region to
be included in the forecast is limited. A real-time tsunami
inundation forecast on high-resolution topography was
achieved by Gusman et al. (2014), who proposed a new
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method that requires pre-calculated tsunami waveforms
and tsunami inundation at near-shore points in advance
of the occurrence of an earthquake. Their method
involves the selection of the best-matched tsunami sce-
nario by comparing pre-calculated tsunami waveforms
and synthetic tsunami waveforms calculated using fore-
cast tsunami source information, such as fault models
estimated by the Real-time Automatic detection method
for Permanent Displacement (RAPiD) proposed by Ohta
et al. (2012), W-Phase data (Kanamori 1993; Gusman and
Tanioka 2014), or initial sea-surface displacement distri-
butions (Tsushima et al. 2009). The pre-calculated tsu-
nami inundation for the best-matched tsunami scenario
is then forecast.

We propose a new approach for real-time tsu-
nami inundation forecasts that uses only tsunami data
obtained by offshore ocean-bottom pressure gauges
without using any seismological observation data. Con-
sequently, it is possible to predict tsunamis by avoiding
the influence of estimation errors in the hypocenter loca-
tion or the earthquake magnitude determined by seismo-
logical observations. For tsunami earthquakes, which are
defined as events in which the size of the tsunami is sig-
nificantly larger than that expected from seismic waves
(Kanamori 1972), it is possible to appropriately evaluate
the size of the tsunami irrespective of the earthquake
magnitude estimated by seismological observations. In
addition, to provide high-resolution tsunami inundation
forecasts for a wide coastal zone, we use a pre-calculated
database rather than on-demand forward simulation.
If we could consider all possible tsunami scenarios, the
tsunami forecast would be highly precise. However, the
number of tsunami scenarios that can be prepared is
limited because of a finite amount of time and limited
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 within accept-
able thresholds in order to express the uncertainties of a
tsunami forecast. Another basic concept of our approach
is that the real-time tsunami forecast is derived directly
from observed tsunami data without any information
about the tsunami source, which is generally obtained by
inversion and can contain large uncertainties.

In this paper, we propose the use of multiple indices
to select appropriate tsunami scenarios. The first stage
of our method involves the preparation of a Tsunami
Scenario Bank (TSB), which contains tsunami wave-
forms at offshore stations and coastal tsunami infor-
mation calculated using a number of possible tsunami
source models. When a tsunami occurs, we use three
indices to quickly select dozens of appropriate tsunami
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scenarios that can explain the offshore observations.
At the same time, the coastal tsunami information
coupled with the selected tsunami scenarios is fore-
cast. The three indices are a correlation coefficient and
two kinds of variance reductions and are used to com-
pare the observed waveforms and the pre-calculated
waveforms in the TSB. We conducted an evaluation to
determine whether our method can select appropri-
ate tsunami scenarios by considering real-time ocean-
bottom hydrostatic pressure data that are expected to
be obtained by the Seafloor Observation Network for
Earthquakes and Tsunamis (S-net) (Uehira et al. 2012;
Kanazawa 2013), which is a dense and large-scale off-
shore observation network under construction along
the Japan Trench by the National Research Institute
for Earth Science and Disaster Resilience (NIED). We
constructed a tentative TSB by calculating offshore tsu-
nami waveforms at the S-net instrument locations, and
the maximum coastal tsunami heights along the Pacific
coast of Kanto, Tohoku, and Hokkaido using about 2000
tsunami source models, which were previously prepared
for a probabilistic tsunami hazard assessment in the
Japan Trench region (Hirata et al. 2014). Furthermore,
we discuss the characteristics and behavior of the multi-
index approach in the matching procedure.

Matching method

Here we describe a method for comparing the observed
waveform O(r;,t) and the pre-calculated waveform
C(r;, t) registered in the TSB, for the ith observation sta-
tion at a position r; after time ¢ has elapsed following an
earthquake.

Three indices

As mentioned above, we use three indices, the correlation
coefficient and two kinds of variance reductions, to com-
pare O(r;,t) to C(r;, t). The correlation coefficient R(¢),
which is a function of time ¢, is defined as follows:

SO, )C(rit)
VI OX(ri )/, C(ry, £ (1

where n is the number of observation stations. Equa-
tion (1) indicates that R(¢) is the cosine of the angle
formed by two n-dimensional vectors, O(r;, t) and C(r;, t),
and R(¢) has a maximum value of 1 when O(r;, ) is similar
to C(r;, t). When O(r;, t) and C(r;, t) are completely oppo-
site, R(¢) becomes —1, i.e., R(¢) ranges from —1 to 1. R(¢)
is expected to be sensitive to the tsunami source location,
because R(¢) strongly depends on the spatial distribution
of O(r;, t) and C(r;, t). However, R(¢) is close to 1 when
their spatial distributions are similar, even though the
amplitudes of O(r;, £) and C(r;, t) are very different.

R(?) =
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Next, we define the variance reduction to discriminate
between acceptable and unacceptable matching accuracy.
In general, the variance reduction is defined as follows:

Difference

Variance reduction = 1 — RN ¢))
Reference amount

In this study, we define two variance reductions, VRO(¢)
and VRC(¢), as functions of time ¢ normalized by the
L2-norm of either the observed waveform O(r;, t) or the
calculated waveform C(r;, t), as follows:

® 1 (O@r;, t) — C(ry, ))?
?:1 Oz(ri! t)

VRO(t) =1 — 3)

% (O, t) — Crit))?

VRC(t) =1 — ,
> i1 C2(rit)
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where we use the sum of the squared residual as the dif-
ference in Eq. (2). As defined by Egs. (3) and (4), both
variance reductions become 1 when O(r;,t) equals
C(r;, t), i.e., variance reductions of 1 indicate the best
matches. These values become smaller as the difference
between O(r;, t) and C(r;, t) increases. Therefore, VRO(%)
and VRC(¢) range from —oo to 1.
Next, we rewrite Egs. (3) and (4) as

VRO(t) = RX(£) — (a(t) — R(2))>

= —a?(t) + 2R(t)a(t) ©)
_ 2 A~ RO
VRC(t) = R?(¢) 20 )
1 R(t) ©
=— 22—,
a?(t) al(t)

where «(t) is defined as follows:

i1 Ci(rit)
_ i=1
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which is the square root of the ratio of the L2-norm of
C(r;,t) to the L2-norm of O(r;,t) and is larger than 0
(a(t) > 0). Figure 1 shows VRO(¢) and VRC(¢) as func-
tions of «(¢) for fixed values of R(¢) in Egs. (5) and (6).
When «(t) is significantly larger than 1, ie., the sum of
the squares of C(r;, t) is larger than the sum of the squares
of O(r;, ), VRO(t) has a large negative value that is pro-
portional to the square of «(¢), as given in Eq. (5). A large
a(t) indicates that C(r;, ) is overestimated with respect
to O(r;, t). On the other hand, an «(¢) value that is sig-
nificantly smaller than 1 indicates that C(r;, ) is underes-
timated with respect to O(r;, t). In this case, VRC(¢) has
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Fig. 1 Variance reductions, VRO(t) and VRC(t), as functions of a(t).
Cases of R(t) = —1.0,0.0,0.7, and 1.0 are displayed

a large negative value that is proportional to the inverse
of the square of «(¢), as shown in Eq. (6). From the above
considerations, we clearly find that VRO(¢) and VRC(¢)
are sensitive to overestimation and underestimation of
C(r;, t) with respect to O(r;, t).

Figure 2 shows the relations among the variance reduc-
tions, VRO(¢) and VRC(¢), the correlation coefficient
R(%), and the ratio a(¢). All possible pairs of VRO(¢) and
VRC(¢) are plotted between the purple curves, which
indicate R(¢) = 1, and the light blue curve, which indi-
cates R(¢) = —1. The red and orange lines show pairs of
VRO(¢) and VRC(¢) with «(¢) values of 0.5, 1.0, and 2.0.

R=1.0 ——
R=-1.0

’ ‘ R=00 —

V.R. normalized by calculation: VRC(t)

0 2 -4 6 8
V.R. normalized by observation: VRO(t)
Fig. 2 Relations between the three indices [two variance reduc-
tions, VRO(t) and VRC(t), and correlation coefficient R(t)] and the
ratio a(t) in VRO(t)-VRC(t) diagram. All possible pairs of all scenarios
are restricted to the region between the curves of R(t) = 1.0 and
R(t) = —1.0

Page 4 of 14

Waveform conversion

We avoid the mismatch caused by wave phase differences
by using the maximum value of the absolute values of the
observed waveforms Oconverted (i £), defined as follows:

Oconverted (i, £) = r;lgz( |O(r;, t/)|' (8)

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:

Ceonverted (i £) = r;,‘r’lgz( |C(r, t/)l- )

When we compare the converted waveforms Oconverted
(ri, t) and Ceopyerted (7i> t), the correlation coefficient R(t)
never becomes negative, i.e., R(¢) ranges from O to 1.

Construction of a tentative TSB

In this study, we set up 1890 tsunami source models,
which can affect the Pacific coast of Kanto, Tohoku, and
Hokkaido, in the region of the Japan Trench. The models,
which were previously prepared for probabilistic tsunami
hazard assessment (Hirata et al. 2014), are used to con-
struct a tentative TSB. We then calculate synthetic off-
shore tsunami waveforms 1 (r;, t) for 150 stations of S-net
by solving nonlinear long-wave equations using a stag-
gered leapfrog finite-difference scheme. We use nesting
grid systems with a minimum size of 50 m for the land
side that corresponds to the target coastline shown as
the blue line in Fig. 3, and larger mesh sizes of 150, 450,
and 1350 m for the sea side. A run-up boundary condi-
tion is applied to the coastal regions, and an open bound-
ary condition is applied to the rims of the 1350-m mesh
systems. In these calculations, we assume that the sea-
surface displacement is the same as the vertical seafloor
displacement of coseismic crustal deformation caused
by an earthquake, and the sea-surface displacement is
immediately completed at time ¢ = 0. The calculated tsu-
nami waveforms 7(r;, t) are converted to ocean-bottom
hydrostatic pressure changes C(r;, t) as follows:

C(rit) = pg(n(ri, t) — no(ri)), (10)

where p is the average density of seawater, g is the gravi-
tational acceleration, and 7o (r;) is the initial sea-surface
displacement, which is the same as the permanent sea-
floor deformation calculated by Okada’s formula (Okada
1985). We also assume that the hydrostatic ocean-
bottom pressure, which is proportional to the total
water depth, does not change during an earthquake,
ie, C(ri,t =0) =0, because the ocean-bottom pres-
sure gauges are displaced by seafloor deformation equal
to the sea-surface displacement. Finally, we register the
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Fig. 3 Fault models of 16 tsunami scenarios selected by the multi-
index method for Model |. These scenarios are selected at 5 min after
the earthquake occurrence by comparing with Model |, whose fault
model is shown as the purple polygon. The green polygon indicates
the fault model of the best-matched tsunami scenario, described as
scenario A in the text. The orange polygons indicate 14 other selected
fault models. The color triangles show the ocean-bottom pressure
gauges of the S-net. The blue lines show the target coastline in this
study along the Pacific coast of Kanto, Tohoku, and Hokkaido

calculated waveform C(r;, t) with its fault model and the
maximum coastal tsunami heights along the Pacific coast
of Kanto, Tohoku, and Hokkaido shown as the blue line
in Fig. 3 in the tentative TSB.

Case studies and evaluations

We investigated whether it is possible to select appropri-
ate tsunami scenarios from the tentative TSB by using
the three indices defined in Egs. (1), (3), and (4) with
the maximum absolute values defined in Egs. (8) and
(9). Moreover, we also assumed that specified synthetic
observed waveforms are “pseudo-observation” wave-
forms because the S-net has not yet recorded actual tsu-
nami observation data. We then examine the selected
tsunami scenarios by comparing the maximum coastal
tsunami height distributions of the pseudo-observation
scenarios and the selected tsunami scenarios. In this sec-
tion, we describe the results of these examinations.

Examination using a tsunami scenario in the TSB (Model I)

As the first pseudo-observation scenario, named Model
I, we choose a Mw 8.0 earthquake that occurred off the
Boso Peninsula in the Kanto region, where the plate inter-
face was not ruptured by the 2011 Tohoku earthquake.
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This fault model is shown as a purple polygon in Fig. 3.
Our multi-index method selects 16 tsunami scenar-
ios under the criteria of VRO (¢ =5 min) > 0.0, VRC
(t =5 min) > 0.0, and R (¢t = 5 min) > 0.7 as illustrated
in Fig. 3. Figure 4a compares the pseudo-observation
waveform O(r;, t = 5min) and the best-matched tsunami
scenario, named scenario A, waveform C(r;,f = 5 min),
which is represented by the green polygon in Fig. 3 and
the green square in Fig. 4c. Figure 4b compares the
converted pseudo-observation waveforms with that of
scenario A. Figure 4c, d plots the selected tsunami sce-
narios on the VRO-VRC diagram. The scenario shown
at (VRO (¢ = 5min), VRC (t = 5min)) = (1, 1) in Fig. 4c
represents Model I. From Fig. 4d, which shows a wider
range of the VRO-VRC diagram, we can see that many
unselected tsunami scenarios are plotted along the R
(¢ = 5 min) = 0.0 curve, i.e., many tsunami scenarios reg-
istered in the tentative TSB do not satisfy the threshold
R (t = 5min) > 0.7. Figure 5 is a color contour map for R
(¢t = 5 min) plotted at the centroid location of the slip dis-
tribution of fault models registered in the TSB. The figure
suggests that the calculated scenarios with R(¢) close to
zero are far from the location of the fault model of the
pseudo-observation scenario, i.e., R(¢) is sensitive to the
tsunami source location.

Figure 6 shows the evaluations for maximum coastal
tsunami height distribution for Model I. Figure 6a
indicates the maximum coastal tsunami height distri-
butions of Model I (red line) and 16 selected tsunami
scenarios (gray lines) along the coastline of Kanto,
Tohoku, and Hokkaido represented by the blue line in
Fig. 3. A variety of maximum coastal tsunami height
distributions shown as gray lines in Fig. 6a, which indi-
cate overestimation and underestimation by Model I,
could express the uncertainties of a tsunami forecast.
We evaluated the extent to which the selected tsunami
scenarios were able to approximate the pseudo-obser-
vation scenario by using the three indices defined by
Egs. (1), (3), and (4) to compare the maximum coastal
tsunami height distributions of the pseudo-observation
scenario with those of the selected tsunami scenarios.
In this study, we refer to the coastal indices as coastal
R, coastal VRO, and coastal VRC, which are defined
by the pseudo-observation distributions and the cal-
culated distributions of maximum coastal tsunami
heights that do not depend on time . Figure 6b plots 16
selected tsunami scenarios on the coastal VRO-VRC
diagram for comparing the maximum coastal tsunami
height distributions for the corresponding tsunami sce-
narios. In this figure, the colored squares indicate the
selected tsunami scenarios whose colors are the same
as those of Fig. 4c, and the gray crosses indicate the
unselected tsunami scenarios.
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Fig. 4 Offshore comparisons at 5 min after the occurrence of an earthquake for Model I. a Compares the tsunami height distributions
[ (ri,t =5min)-no (r;);i =1...150in Eq. (10)] of Model | (colored lines) with those of scenario A (gray line). b Compares the distributions in the
converted wave height changes [Oconverted (Fi, t = 5min)/pg and Ceonverted (Fi, t = 5min)/pg in Egs. (8) and (9)]. The line colors used for Model | are
the same as those of the S-net shown as triangles in Fig. 3. ¢, d A close-up plot around the criteria and a wide view of the VRO-VRC diagram, respec-
tively. The area surrounded by the green curves indicates the applied criteria, VRO (t = 5min) > 0.0, VRC (t = 5min)>0.0,and R (t = 5min) >0.7.The
colored squares represent the selected tsunami scenarios, and the gray crosses represent the unselected tsunami scenarios. The pseudo-observation
scenario and scenario A are represented by the purple square at (1, 1) and the green square at (0.94, 0.95) in ¢, respectively

The use of £t =5 min is reasonable and appropri-
ate for near-field forecasting, e.g., in the Kanto region,
because a real-time forecast is needed for evacuation
purposes before the first arrival of a tsunami at the
coast. However, it is still reasonable and appropriate to
use ¢ = 10 min for the Tohoku and Hokkaido regions.
We next investigate the selected tsunami scenarios
10 min after the occurrence of an earthquake using the
same criteria that were used in the previous examina-
tion: VRO (t = 10 min) > 0.0, VRC (¢ = 10 min) > 0.0,
and R (¢t = 10 min) > 0.7. We confirm that 7 of the 16
tsunami scenarios selected at £ =5 min comply with
the criteria at £ = 10 min and the best-matched tsunami
scenario, which is represented by the green polygon
and square in Figs. 3 and 4c, is selected as the best-
matched scenario at £ = 10 min. We also confirm that
the uncertainty in the set of selected tsunami scenarios
is reduced because seven selected tsunami scenarios are
matched in the coastal VRO > 0.89, VRC > 0.85, and R

(t =10 min) > 0.95 (see Fig. 4c). However, the other
scenario, which is not selected at t =5 min, satisfies
the criteria at £ = 10 min with (VRO (¢ = 10 min), VRC
(t =10 min), R (¢ = 10min)) = (0.78,0.30,0.97). The
three indices indicate that this scenario is selected as an
underestimated scenario (small VRC), but that the spatial
distribution is very similar (large R). Therefore, suitable
criteria should be considered for further work.

Correlation between offshore indices and coastal indices

Figures 7 and 8 represent the correlation between the
offshore indices at time ¢ = 5 min and the coastal indi-
ces for Model L. In these figures, the colors of the squares
indicating the selected tsunami scenarios are the same
as those of Fig. 4c, and the gray crosses indicate the
unselected tsunami scenarios. Figure 7a shows the cor-
relation between the offshore VRO (¢ = 5 min) and the
coastal VRO. As shown in this figure, most of the coastal
VRO values for the selected tsunami scenarios are closer
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Fig. 5 Color contour map of R (t = 5 min) for Model I. R (t = 5 min)
values are plotted at the centroid location of the slip distribution of
each fault model registered in the tentative TSB

to 1 than the offshore VRO values for the correspond-
ing tsunami scenarios (coastal VRO 2 offshore VRO
(¢ = 5 min)). As shown in Fig. 7b, the coastal VRC values
for all tsunami scenarios are closer to 1 than the offshore
VRC values [coastal VRC 2 offshore VRC (¢ = 5 min)].
Figure 8, which presents a diagram showing the corre-
lation between the offshore R (t = 5 min) and coastal R,
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indicates that all of the coastal R values for the selected
tsunami scenarios are closer to 1 than the offshore R
(t = 5 min) values [coastal R 2 offshore R (¢t = 5 min)].
On the other hand, many of the coastal R values for the
unselected tsunami scenarios (gray crosses) are smaller
than the offshore R (¢ =5 min) values for the corre-
sponding tsunami scenarios. These tsunami scenarios
are not selected, because their variance reductions do
not satisfy the thresholds in spite of the good correlation
coefficient. Table 1 lists the offshore indices and coastal
indices for scenario A, which are represented by the
green polygon in Fig. 3 and the green squares in Figs. 4, 6,
7, and 8. Model Ir, the results of which are included in the
comparison in Table 1, is described in the next section.
We also calculate the geometric mean K and geometric
standard deviation « defined by Aida (1978) to compare
the maximum coastal tsunami height distributions of
the pseudo-observation scenario (Model I) with that of
scenario A. Therefore, it is possible to select appropriate
tsunami scenarios that have maximum tsunami height
distributions constrained within the criteria used for the
offshore waveform comparison.

Influence of dynamic rupture process (Model Ir)

Instant rupture propagation is assumed in the previous
examination. However, the propagation of a real earth-
quake tsunami would be delayed due to the dynamic
rupture process of the coseismic fault slip (e.g., Hartzell
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Fig. 6 Evaluations for maximum coastal tsunami height distributions for Model I. a Compares the maximum coastal tsunami height distributions of
Model | (red line) along the Pacific coast of Kanto, Tohoku, and Hokkaido shown as the blue line in Fig. 3 with those of 16 selected tsunami scenarios
(gray lines) in the background. b The coastal VRO-VRC diagram for comparing maximum coastal tsunami height distributions for the corresponding
tsunami scenarios. The colored squares indicate the selected tsunami scenarios in colors that are the same as those in Fig. 4c
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Fig. 7 Correlations between offshore and coastal variance reductions for Model I. a Correlation between offshore VRO (t = 5min), derived from
a pair of calculated and pseudo-observation offshore waveforms, and coastal VRO, calculated from a pair of calculated and pseudo-observation
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Table 1 Offshore and coastal indices for the best-matched
tsunami scenario (scenario A)

Index Offshore comparison Coastal comparison
Model | Model Ir

VRO 0.94 052 0.98

VRC 0.95 0.78 0.99
0.97 092 1.00
- - 0.90

K - - 1.06

This table lists the offshore indices att = 5min and coastal indices by comparing
Model I and Ir as the pseudo-observation scenario with scenario A

and Heaton 1983; Mulia and Asano 2016). We examine
the influence of the dynamic rupture process by modify-
ing Model I to obtain Model Ir by using the convolution
between offshore waveforms and a linear ramp function
with a rise time of 3 min. For Model Ir, we examine how
the multi-index approach works under the same thresh-
olds: VRO (¢ = 5 min) > 0.0, VRC (¢ = 5 min) > 0.0, and
R (¢ = 5 min) > 0.7. As a result, some tsunami scenarios
selected in Model I are selected again. Figure 9a shows
the offshore VRO-VRC diagram derived from compari-
sons of the offshore waveforms at £ = 5 min. The colored
squares indicate the selected tsunami scenarios with
colors that are the same as those in the previous results for
Model [, e.g., Fig. 4c. The offshore indices for 10 selected
tsunami scenarios in this examination are worse than
those for Model I in Fig. 4c. The original tsunami sce-
nario (Model I) is selected with VRO (¢t = 5 min) = 0.80,
VRC (¢ = 5 min) = 0.89, and R (¢ = 5 min) = 0.97. Fur-
thermore, scenario A is selected as a well-matched tsu-
nami scenario again with VRO (¢t = 5 min) = 0.52, VRC
(t =5 min) = 0.78, and R (¢ = 5 min) = 0.92 (Table 1).
Figure 9b shows the selected tsunami scenario for Model
Ir on the coastal VRO-VRC diagram; however, the coastal
VRO and coastal VRC values are the same as those for
Model I because the maximum coastal tsunami height may
not change essentially. As shown in this figure, most of the
selected tsunami scenarios are restricted within the region
bound by coastal VRO > 0.58 and coastal VRC > 0.67.
In this examination, therefore, our proposed method is
not significantly affected with the rise time of 3 min at
¢t = 5 min. Moreover, we examine modified Model I with
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rise times in the range of 1-5 min. The second column
of Table 2 shows the results of three indices comparing
Model I and modified Model I for a rise time ranging from
0 min (no rise time) to 5 min in steps of 1 min. The result
for Model Ir is shown at a rise time of 3 min (fourth line
in Table 2). For a rise time of 5 min, however, the original
tsunami scenario (Model I) is not selected within the given
thresholds due to (VRO (¢t = 5 min), VRC (¢ = 5 min), R
(t = 5min)) = (—0.06,0.72, 0.96).

Application of the dynamic rupture process of the
coseismic fault slip to the pseudo-observation scenario
would delay the tsunami propagation. Therefore, the
time-shifted tsunami scenario is expected to match the
modified Model I more accurately than the tsunami sce-
narios without time shift. We evaluate this assumption by
defining three time-shifted indices by modifying Egs. (1),
(3), and (4) as follows:

?:1 O(rh t)C(rirt - T)

R, t—1) =
(t t T) \/Z;;l Oz(ri’ t) \/Z;lzl Cz(ri, t— ‘L')
(11)
oy 1 Y1 (O@rit) — C(riyt — 7))2
VRO(,t—1)=1 ?:1 e t)
(12)

S (O(ri,t) — C(rit — 1))*

VRC(¢t, t — =1-
(6t =) S C2rit — 1)

’

13)

where C(r;, t — ) is the time-shifted calculated tsunami
waveform, and 7 is the amount by which the time shifted.
In this examination, we investigate t = —1,0, 1,2, 3, and
4 min (t should be shorter than # = 5 min). Then we cal-
culate VRO(¢,t — 1), VRC(t, ¢t — 1), and R(¢,¢ — 1) using
time-shifted calculated tsunami scenario C(r;,t — 1) for
each modified Model I, which has a rise time of 0, 1, 2,
3, 4, and 5 min. Based on these examinations, the results
of the three indices obtained by comparing Model I and
modified Model I are presented in Table 2. As seen in
Table 2, a time shift of 7 = 2 min is the best-matched
case for a rise time of 3 min. For a rise time of 5 min, a
time shift of 7 = 3 min could be selected within the given
threshold because (VRO (¢ = 5 min), VRC (¢ = 5 min),
R (¢t = 5 min)) = (0.93, 0.92,0.96). The results in Table 2
suggest that t of the best-matched case is approximately
half of the amount of rise time applied to the pseudo-
observation waveform.

Moreover, this approach supports the constraint of
the time at which the tsunami originates. In previous
examinations, we assumed that the time of origin of the
tsunami is known for the purpose of comparing O(r;, t)
and C(r;, t). However, the time of origin is unknown dur-
ing a real-time tsunami forecast. As shown in the first
line of Table 2, comparisons based on the time shift t
are consistent with searches for the time of origin. The
best-matched case (t = 0 min) provides a well-matched
scenario for the time at which the tsunami originated.
This examination enables us to confirm that the time at
which the tsunami originated could be estimated by the
time-shifted comparisons using multiple indices.
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Table 2 The values of the three indices for different rise times and time shift =
Rise time Time shiftt
—1min - 1 min 2 min 3 min 4 min
- VRO 0.98 1.00° 097 0.88 0.62 032
VRC 0.98 1.00° 0.96 0.78 —0.61 —16.05
R 0.99 1.00° 0.99 097 0.88 091
1 min VRO 0.94 0.98 0.99 0.93 0.68 0.36
VRC 0.95 0.99 0.99 0.89 —0.14 —12.56
R 0.98 1.00 1.00 0.98 0.90 0.93
2 min VRO 0.85 0.93 0.99 0.97 0.74 0.39
VRC 091 0.95 0.99 0.96 0.25 —9.61
R 097 0.99 1.00 0.99 093 0.94
3 min VRO 0.66 0.80° 0.95 0.99 0.82 044
VRC 0.84 0.89° 0.96 0.99 0.59 —6.61
R 0.95 0.97° 0.99 0.99 0.95 0.95
4 min VRO 0.30 0.51 0.80 0.96 0.89 0.51
VRC 0.75 0.81 0.90 097 0.82 —3.87
R 0.93 0.96 0.98 0.99 0.96 0.96
5min VRO —040 —0.06 0.46 0.80 0.93 0.59
VRC 0.67 0.72 0.81 0.90 0.92 —1.74
R 0.93 0.96 0.98 0.99 0.96 0.96

The values in italics face indicate the best-matched 7 for each synthetic rise time
@ Result of the examination for Model | (Fig. 4c)

b Result of the examination for Model Ir (Fig. 9a)

Examination of 2011 Tohoku earthquake tsunami (Model 1)
In the pseudo-observation scenario chosen from the ten-
tative TSB, the pseudo-observation waveform may be
well matched with some tsunami scenarios stored in the
tentative TSB, because similar fault models are found in
the tentative TSB (Table 1). When the variance reduction
is larger than 0.7, these scenarios are generally recog-
nized to be matched (e.g., Tanioka et al. 1995; Baba and
Cummins 2005). On the other hand, the slip distribution
for a real earthquake source is usually more complex than
the characterized fault models registered in the tentative
TSB. Therefore, to test our method for a more realistic
tsunami source model, we calculate tsunami waveforms
by using the slip distribution of the 2011 Tohoku earth-
quake, suggested by the Cabinet Office (2012) as a
pseudo-observation scenario (Model II). Although this
source model was estimated by considering the effect of
the rupture process on the fault plane, we assume that the
coseismic crustal deformation is immediately completed
at time £ = 0 in order to focus on the influence of the
complexity of the fault model. We use the same thresh-
olds: VRO (¢ = 5 min) > 0.0, VRC (¢ = 5 min) > 0.0, and
R (¢ = 5min) > 0.7, as in the previous examinations.
Figure 10a compares the pseudo-observation wave-
form O(r;, t = 5 min) with the waveform C(r;, ¢t = 5 min)

of the best-matched tsunami scenario, which is repre-
sented by the purple square shown at (VRO (¢ = 5 min),
VRC (¢t = 5min), R (¢ =5 min)) = (0.66, 0.67, 0.83) in
Fig. 10c. Figure 10b compares the converted pseudo-
observation waveforms with the waveform of the best-
matched tsunami scenario. Figure 10c, d represents
offshore VRO-VRC diagrams for 50 selected tsunami
scenarios and others 5 min after the earthquake. The
number of selected tsunami scenarios is larger than that
in the previous examination, because the tentative TSB
is constructed with a bias toward tsunami scenarios for
large earthquakes, such as the tsunami caused by the
2011 Tohoku earthquake. As shown in Fig. 10d, the val-
ues of VRC (¢ =5 min) for many unselected tsunami
scenarios are strongly negative. This indicates that the
2011 Tohoku earthquake tsunami is close to the maxi-
mum class of tsunami scenarios registered in the tenta-
tive TSB, i.e., many tsunami scenarios registered in the
tentative TSB are rejected due to underestimations.
Figure 11 is a color contour map for R (¢ = 5 min) plot-
ted at the centroid location of the slip distribution of
fault models registered in the TSB. The figure shows that
the distribution of R (t = 5 min) values is approximately
consistent with the fault slip distributions proposed
by Cabinet Office (2012) and obtained by the other
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inversion results (e.g., Fujii et al. 2011; Satake et al. 2013;
Hossen et al. 2015).

Figure 12 shows the evaluations for the maxi-
mum coastal tsunami height distribution of Model IIL.
Figure 12a indicates the maximum coastal tsunami
height distribution of Model II and 50 selected tsunami
scenarios. Figure 12b plots the selected tsunami scenar-
ios on the coastal VRO-VRC diagram. In this figure, the
colored squares, of which the colors indicate the same
scenarios as those in Fig. 10c, indicate the selected tsu-
nami scenarios. We confirm that our method can select
tsunami scenarios appropriately for the pseudo-observa-
tion scenario calculated from the complex fault model,
because the selected tsunami scenarios satisfy coastal
VRO > 0.69, coastal VRC > 0.57, and coastal R > 0.87
(Fig. 12b). However, there are no tsunami scenarios,
whose offshore variance reductions, VRO and VRC, are
larger than 0.7 (Fig. 10c). By comparing Figs. 10c and 12b,
we conclude that the coastal VRO and VRC values for all
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the selected tsunami scenarios are reduced by a larger
amount than the offshore VRO (¢ =5 min) and VRC
(t = 5 min) values.

Effectiveness of using multiple indices

We investigate the effectiveness of using three indices
simultaneously by using only one index for Model II
when selecting tsunami scenarios. In general, the vari-
ance reduction normalized by observation has been used
for comparing observed and calculated data (e.g., Chi
et al. 2001; Kubo et al. 2002; Ktenidou et al. 2011). There-
fore, we examine the case of using only VRO(¢) defined
by Eq. (3) with a threshold of VRO (¢ = 5min) > 0.0.
For this examination, we selected the smallest tsunami
scenarios (Mw 7.0) with a large negative value of VRC
(¢t =5 min) from the tentative TSB. If only VRO(?) is
used as an index, underestimated tsunami scenarios
could be selected and forecast. Even if we were to use the
stricter threshold VRO (¢ = 5min) > 0.5, the underesti-
mated tsunami scenario (Mw 8.6) would still be selected;
its VRO (¢ = 5 min) is 0.515, but its VRC (¢t = 5 min) is
—0.972.

We avoid such an underestimation by presuming that
it is effective to use both VRO(¢) and VRC(¢) simulta-
neously instead of using only VRO(¢). A more effective
approach to eliminating underestimated tsunami sce-
narios would be to set a stricter threshold for VRC(%),

for example, VRO(¢) > 0.0 and VRC(¢) > 0.5. As we
described above, the correlation coefficient R(¢) facilitates
the constraint of the tsunami source location. Therefore,
we conclude that the combination of three indices rather
than a single index allows us to achieve a more accurate
tsunami forecast. However, by setting the threshold for
R(t), we notice that the threshold R(¢) > 0.7 is not effec-
tive with VRO(¢) > 0.5 and VRC(¢) > 0.5, because R(¢)
always satisfies R(¢) > 0.75. When VRO(¢) > 0.0 and
VRC(¢) > 0.0 are used as thresholds, R(¢) always satis-
fies R(¢) > 0.5. Therefore, we suggest that the thresholds
for the two variance reductions, VRO(¢) and VRC(%),
are defined first to constrain the tsunami size. Then, the
threshold for the correlation coefficient R(¢) is defined to
constrain the tsunami source location.

Conclusions

In this paper we propose a new method for achieving real-
time tsunami forecasts. The method uses multiple indices
to select appropriate tsunami scenarios by comparing
waveforms that were observed offshore with those that
are pre-calculated and registered in the TSB. We applied
our method to a Mw 8.0 earthquake that occurred off the
Boso Peninsula that was registered in the tentative TSB
and the 2011 Tohoku earthquake as pseudo-observation
scenarios. These examinations enabled us to confirm that
appropriate tsunami scenarios could be selected by using
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the three indices, which consist of two kinds of variance
reductions and a correlation coefficient, with offshore
waveforms obtained by both pseudo-observation and
by calculation, both of which are derived from ocean-
bottom pressure changes. Mathematical considerations
and synthetic examinations revealed that two different
kinds of variance reductions, VRO(¢) and VRC(¢), which
are normalized by the L2-norm of either the observed or
calculated waveforms, are sensitive to overestimation or
underestimation of the tsunami size. We also found the
correlation coefficient R(¢) to be sensitive to the spatial
distribution of the offshore tsunami, i.e., it is sensitive
to the tsunami source location. Therefore, we concluded
that the use of a combination of three indices rather than
a single index is promising for providing more accurate
tsunami forecasts. Furthermore, we investigated the cor-
relations between offshore indices, derived from compar-
isons of offshore tsunami waveforms, and coastal indices,
calculated from comparisons of maximum coastal tsu-
nami height distributions. We found that it is possible to
select appropriate tsunami scenarios that have maximum
coastal tsunami height distributions constrained within
the criteria used for the offshore waveform comparison.
In addition, we suggested defining the thresholds for
VRO(t) and VRC(¢) first to constrain the tsunami size,
followed by the determination of the threshold for R(¢) to
constrain the location of the tsunami source. We showed
that, by comparing offshore waveforms, our method can
select appropriate tsunami scenarios whose maximum
coastal tsunami height distributions are close to those
of the pseudo-observation scenario. By adding tsunami
inundation components, such as the inundation area and
run-up heights to the TSB, our method can be expanded
for real-time tsunami inundation forecasts.
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