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A B S T R A C T
l

We developed a semi-real-time calculation and data monitoring system that
measures pressure perturbations at ocean-bottom pressure-gauge stations de-
ployed off the Kii peninsula in southwest Japan in order to identify tsunami signals
associated with earthquakes. The system automatically calculates geodetic defor-
mations and tsunami propagation immediately after getting seismic source in-
formation on hypocenter, magnitude, and mechanism. The calculation results for
transoceanic tsunamis can be available in approximately 20 s after getting source
information to output waveform data by executing the optimized parallel calculation
code on our computer server SGI UV2000 with a 32-core processor unit. The sys-
tem also provides tide-removed and filtered waveform data at ocean-bottom sta-
tions, enabling the calculation results to be compared with actual tsunami
arrivals. System operations began in July 2015 and have been applied to tsunami-
genic earthquakes in the Pacific Ocean. The system is effective in identifying tsunami
signals and automatically predicting tsunami propagation in offshore areas, which
may be useful for further data analyses on tsunami propagation.
Keywords: seafloor observatory science, DONET, Tonankai earthquake, real-time
analysis, early warning
deformations, submarine eruptions
and landslides, turbidity and bottom
Introduction
Ocean-bottom observatory systems
provide powerful means to monitor
geophysical phenomena in ocean
areas, such as seismic activity, geodetic

currents, tides, and tsunamis. Such ob-
servations develop our understanding
of the dynamics of the Earth through
the ocean. Systems have been in-
stalled at local to regional scales by
marine nations such as Canada (Barnes
et al., 2008; Barnes et al., 2011, 2013),
Japan (Hamada, 1985; Eguchi et al.,
1998; Momma et al., 1998; Hirata
et al., 2002), Taiwan (Hsiao et al.,
2014), the United States (Romanowicz
et al., 2009; Fulton-Bennett, 2010), and
also in Europe (Ageron et al., 2011;
Favali et al., 2013; Monna et al., 2014).
In 2011, JAMSTEC (Japan Agency for
Marine–Earth Science and Technol-
ogy) deployed 22 sets of submarine-
cabled geophysical stations, namely
DONET1 (Dense Oceanfloor Network
System for Earthquakes and Tsunamis),
in water depths of 1,900–4,400 m
off the Kii Peninsula in southwest
Japan (Kawaguchi et al., 2011; Kaneda
et al., 2015; Kawaguchi et al., 2015).
JAMSTEC also deployed 29 sets of
stations, DONET2, in water depths
of 1,100–3,600 m on the western side
off the Kii peninsula in 2016. We
refer to these ocean-bottom obser-
vatory systems, DONET1 and 2, as
“DONET.”

Figure 1 shows the location of the
DONET stations. Each station has
strong motion and broadband seis-
mometers, hydrophones, differential
and quartz pressure gauges, and ther-
mometers. These stations are expected
to contribute to advancing “seafloor
observatory sciences” reviewed by
Favali and Beranzoli (2006), by open-
ing the way to directly observe and
investigate geophysical phenomena
in deep ocean areas via dense arrays
equipped with multiple types of sen-
sors. DONET1 data have enabled
us to investigate detailed hypocenter
distributions (Nakano et al., 2013;
Nakano et al., 2015) and mechanisms
(Nakano et al., 2014) of small earth-
quakes; spectral features and seismic am-
plifications (Hayashimoto &Hoshiba,



2013); spatial variations of amplifica-
tions and their simulation (Nakamura
et al., 2014b); seismic signals of land-
slide events (Nakamura et al., 2014a),
very low-frequency earthquakes (To
et al., 2015) and infragravity waves
(Tono et al., 2014); and signals of de-
veloped long-periodmotions (Nakamura
et al., 2015) in ocean areas.

DONET seismic data are trans-
ferred to the Japan Meteorological
Agency ( JMA) in real time and are
used to issue earthquake early warn-
ings (Hoshiba et al., 2008; Kamigaichi
et al., 2009). Monitoring and analyz-
ing these seismic station data are very
important, not only for basic geophys-
ical research in deep ocean-bottom
areas but also for earthquake disas-
ter prevention/mitigation. DONET
pressure sensor data are also expected
to be useful for detecting tsunamis
(Rabinovich & Eblé, 2015) and for
issuing tsunami warnings.

We recently developed a semi-real-
time tsunami monitoring and calcula-
tion system to identify tsunami signals
at DONET1 stations. The calcula-
tion tool is written in FORTRAN90
and Bourne Again SHell (BASH) and
is easily installed and executed on Linux
operating systems running on a server
or personal home computer. The sys-
tem calculates tsunami propagation
and reads DONET1 data archived in
our laboratory and produces graphical
figures for data monitoring. In this
paper, we describe the rapid, automatic
calculation tool and show DONET1
data recorded by various types of sen-
sors. We then compare calculation
results with observations from tsuna-
migenic earthquakes in the Pacific
Ocean. The calculation can even be
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conducted on a personal home com-
puter and provide results with graphi-
cal figures that help us understand the
time variation and the spatial distribu-
tion of water heights. Finally, we ex-
plain our future plans for tsunami
analyses using this system.
Fast Automatic
Tsunami Calculation

We developed a tool to rapidly cal-
culate geodetic deformation and tsu-
nami propagation in ocean areas by
implementing the code DC3D into
parallel computations of deformation
based on Okada (1992) that present
the analytical equations of static defor-
mation in a half-space and by develop-
ing a parallelized code for the tsunami
propagation, referring to the numer-
ical differential equations for the 2D
linear long-wave approximation de-
scribed in Satake (2002). To avoid
time-consuming file I/O (input/output)
operations, we combined the geodetic
deformation and tsunami calculation
parts by assuming the vertical compo-
nent of geodetic deformation as the
initial water height prior to tsunami
propagation. We have confirmed that
the waveforms calculated by our in-
tegrated code for a heterogeneous slip
model are in agreement with wave-
forms presented by previous studies
(e.g., Baba & Cummins, 2005). We
implemented a hybrid MPI/OpenMP
parallelization into the code to enable
efficient parallel computation. Users
can choose either the hybrid MPI/
OpenMP or flat MPI approach when
compiling the code in a simulation
server, which offers flexibility to select
the approach for efficient computa-
tions according to the compiler, com-
puter architecture, and number of
grids. In our case study, we employ
the latter based on comparisons of
FIGURE 1

Location of geophysical stations around the trough area, off the Kii peninsula in southwest Japan.
The inset map shows southwest Japan. Red and yellow diamonds indicate ocean-bottom stations
installed in the first- (DONET1) and second-phase plan (DONET2). DONET1 and DONET2 started
fully operational observations in 2011 and 2016, respectively. Purple circles indicate tide gauge
stations operated by JMA (Japan Meteorological Agency), GSI (Geospatial Information Authority
of Japan), and MLIT (Ministry of Land, Infrastructure, Transport and Tourism). Green line with
triangles is the Nankai trough. Black lines represent submarine cables. (Color version of figures are
available online at: http://www.ingentaconnect.com/content/mts/mtsj/2016/00000050/00000003.)
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the computation times, including I/O,
between these approaches. The code
was optimized by paying careful atten-
tion to the order in which elements in
array variables are accessed, avoiding
subroutine calls in the innermost loop
iteration, and avoiding the use of un-
necessary conditional branches in loop
iterations where processors spendmuch
time. We have executed the optimized
parallel code automatically, which is
compiled by Intel Fortran Compiler,
on a SGI UV2000 computer server
(CPU: Intel Xeon E5-4627) since
July 2015.

The calculation utilizes two types
of input data. The first is source in-
formation for calculating geodetic de-
formation. We use the list of point
source mechanisms from the Global
Centroid Moment Tensor (Global
CMT) solution (Dziewonski et al.,
1981; Ekström et al., 2012), which es-
timates hypocenter, magnitude, and
mechanism. The list used in the solu-
tion is updated through the Website
within a few hours or days of large
earthquake events. Our system auto-
matically checks this list every 5 min
and initiates calculations when new
list entries are detected for large earth-
quakes (Figure 2). Since it is difficult
to identify the main fault plane from
a point source mechanism, our code
calculates each geodetic displacement
from two fault orientations simulta-
neously; i.e., one fault and its conju-
gate fault plane. In the calculation,
we set the fault plane area by using the
relationship between the size of the
seismic momentM0 (or moment mag-
nitude Mw) and the static stress drop
(Kanamori & Anderson, 1975) and as-
suming a stress drop of 3 MPa, which
is a typical value obtained from crack
models and source property analyses
of large (M ≥ 6) interplate earthquakes
(Kanamori & Anderson, 1975). We
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also use the duration of source rupture
in the calculation, estimated via a scal-
ing law between the seismic moment
(ormomentmagnitudeMw) and the du-
ration (e.g., Kikuchi, 2003). The equa-
tions for the fault plane area S (km2)
and duration T (s) are as follows:

logS ¼ MW � 4 ð1Þ

MW ¼ 2 logT þ 5: ð2Þ

Assuming a homogeneous fault slip
model in the fault plane as the source
fault, we use the amount of slip D es-
timated from the fault size S, the size of
the seismic momentM0, and the rigid-
ity μ at the source depth by using the
equation of seismic moment M0 = μDS
(Aki, 1966). For the rigidity, we use
the value at the centroid depth of the
Global CMT solution in the IASP91
earth model (Kennett & Engdahl,
l

1991). The ratio of fault lengths along
strike and dip directions is assumed to
be 2:1, which is typical for the fault size
ratio (e.g., Geller, 1976). The method-
ology of setting parameters on source
faults by means of a scaling law and of
simultaneous calculations for two fault
models has been proposed and imple-
mented in recent studies (e.g., Inazu
et al., 2014; Pulido et al., 2015), and a
simulation software, TOAST (Tsunami
Observation And Simulation Termi-
nal), developed by a software company,
gempa GmbH.

The second input source is bathy-
metric data for calculating tsunami
propagation. The calculation area is
divided into 32 subareas for parallel
calculation by 32 processor cores of
the server, providing subdivided bathy-
metric data with each core as input data
(Figure 3). We prepare the subdivided
data before executing calculations in
order to avoid spending time inputting
FIGURE 2

Analysis flow for calculating geodetic deformation and tsunami propagation.



data for the whole area and subdividing
the data during calculations.

In this system, we focus on geodetic
deformation and tsunami propagation
in the PacificOcean and their signals at
DONET1 stations, located in south-
west Japan (Figure 1). The calculation
area depends on the epicentral location
of an earthquake, namely, the entire
area (Area 1), the northwest Pacific
Ocean (Area 2), the ocean area around
the Japanese islands (Area 3), or south-
west Japan (Area 4). This categorization
into four different areas is performed in
order to efficiently calculate geodetic
deformation and tsunami propagation
from the source to DONET1 stations
using a large grid size (or small number
of grids) for a large area, such as cal-
culations of the trans-Pacific tsunami,
which usually dominates long-period
components at stations when the signal
comes from a large earthquake and can
be calculated with a large grid size. For
example, if the epicenter obtained from
the Global CMT is located near south-
west Japan, the system begins the cal-
culation in Area 4 around southwest
Japan and does not calculate the entire
Pacific Ocean (Area 1). In the case of
an epicenter near Chile, however, the
system begins in Area 1 to calculate
tsunami propagation from Chile to
southwest Japan.

The system has an option to set
the magnitude threshold in each area
to begin calculations. By setting the
threshold, for example, we can focus
on only great earthquakes in Area 1
and avoid calculation of the trans-
Pacific tsunami associated with the
small to moderate (e.g., magnitude
Mw < 6) far-field earthquakes, which
usually result in low signal amplitudes
at stations in Japan.

We present these four areas in Fig-
ure 4, and the coordinates for each
area are shown in Table 1. We use
bathymetric data from ETOPO2 and
GEBCO for Areas 1–3 and Area 4, re-
spectively. In calculations for Areas 1
and 2, we use decimated data of 7.5
and 5 arc-min from ETOPO2, respec-
tively. We set the size of the time step
May/J
for each area based on a stability crite-
rion that depends on spatial grid size
and water depth. These values are
summarized in Table 1.

After completing the calculations
and producing graphical output of the
results, the system uploads the figures
to the server homepage on our institu-
tional intranet and also forwards the re-
sults to the researchers by email. We
show a flowchart from input to output
for the calculations in Figure 2.
Tsunami Monitoring
Using DONET1
Station Data

We developed a monitoring tool to
identify tsunami signals from acoustic
and seismic signals, as well as noise ob-
served at DONET1 stations. The tool
automatically generates tide-removed
and noncausal bandpath-filtered wave-
form data from ocean-bottom pressure
gauge data, and plots a daily graph of
the waveformswithin each 24-h period.
We use theoretical tides calculated by
NAOTIDEJ tide prediction software
(Matsumoto et al., 2000). The period
band of the filter is 100–7,200 s, which
are typical dominant periods of ob-
served tsunamis, and also 100–2,000 s,
to detect small amplitude signals of
short-period components such asmicro-
tsunamis (e.g., Hino et al., 2001). The
tool also plots waveforms for differen-
tial pressure gauges and hydrophones,
which are useful for estimating the
arrival times of acoustic and seismic
waves from earthquakes. Comparison
between these plotted observations
and the calculations verifies the ac-
curacy and reliability of the calculation
results and checks whether or not a
predicted tsunami actually arrived at
the stations.

Figure 5 shows an example of the
plots at DONET1 station KMA01 for
FIGURE 3

Example of calculation area attributed to each CPU core. In the case of using the flat MPI paral-
lelization of 32 cores, the total calculation area is divided into eight by four areas along the longi-
tudinal and latitudinal directions, respectively, as indicated by green lines.
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a distant earthquake and its associated
tsunami. The station data are those for
a large-magnitude 8.2 earthquake that
occurred in central Chile at 22:54
UTC on September 16, 2015. We
find short-period signals of seismic
waves from the main shock in plots
of the pressure gauge, differential pres-
sure gauge, and hydrophone data at
23:15 UTC on September 16 (Figure
5a).We also find signals of the tsunami
associated with the main shock in plots
of the filtered waveform difference be-
tween pressure gauge and theoretical
tide data at 22:00 UTC on September
17, 23 h after the origin time of the
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main shock (Figure 5b). Using the hy-
drostatic pressure equation to convert
pressure to water height, the pressure
gauge data after removing tide effects
and filtering indicate a water height
of 1.5 cm. The plot of the filtered wave-
formdifference on September 18 shows
the continued perturbations, indicat-
ing the long duration of tsunami prop-
agation and successive arrivals at the
DONET1 station (Figure 5c).
Results and Discussion
Our developed calculation tool

automatically creates graphical figures
l

for the spatial distribution of maxi-
mum tsunami height, as shown in Fig-
ure 6, which provides a visual map of
areas with high-amplitude tsunami
surges, such as those around the source,
islands, and coasts. The tool also cre-
ates figures of the calculated tsunami
waveforms to help identify tsunami
signals from observation data. In this
section, we examine the calculation
results by comparing them with obser-
vations and then examine the compu-
tation time to obtain the results and
limitations of our calculation.
Comparison of Calculations
and Observations

Figure 7 shows three comparisons
between the calculation results and ob-
servations. Figures 7a shows the results
for station KMA01 for the Chilean
earthquake (Mw 8.2) on September 16,
2015. Both of the waveforms are band-
path-filtered within the period band
100–7,200 s. We simultaneously cal-
culated tsunami propagation for two
mechanisms, (strike 5°, dip 22°, rake
106°) and (strike 169°, dip 69°, rake
84°), in a grid size of 7.5 arc-min
for Area 1 as shown in Figure 4 and
Table 1. Since the DONET1 station
is located far from the source, we did
not find significant differences in the
calculated waveforms between the
two mechanisms, implying larger con-
tributions from the propagation effects
FIGURE 4

Calculation area of geodetic deformation and tsunami propagation, selected from the four areas
(Areas 1–4) based on earthquake epicenter.
TABLE 1

Focus areas and parameter data for calculation.
Name
 Longitude
 Latitude
 Grid Size

Total Number
of Grid Cells
Total Number
of Time Steps
Total Time
Length
Bathymetric
Data
Area 1
 E75°-W45°
 S70°-N70°
 7.5 arc-min
 1,921 × 1,121
 7,714
 108,000 s (30 h)
 ETOPO2
Area 2
 E100°-W140°
 S10°-N70°
 5 arc-min
 1,441 × 961
 8,064
 100,800 s (28 h)
 ETOPO2
Area 3
 E120°-E168°
 N20°-N50°
 2 arc-min
 1,441 × 901
 8,640
 43,200 s (12 h)
 ETOPO2
Area 4
 E126°-E150°
 N25°-N41°
 1 arc-min
 1,441 × 961
 7,200
 21,600 s (6 h)
 GEBCO
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to the waveforms than from the source
effect. Considering the great magni-
tude of the earthquake occurred in
the subduction area, we show wave-
forms only for a low-angle thrust type
mechanism (strike 5°, dip 22°, rake 106°)
in Figure 7a.

The calculated waveforms repre-
sent earlier arrivals of the initial wave
and larger amplitudes (including the
coda) than those of the observations.
Since we employ a very simple scheme
for calculations (with assumptions such
as a homogeneous fault slip model,
geodetic deformation in a half-space,
initial water height based on the verti-
cal component of geodetic deformation,
and 2D linear long-wave theory), many
factors could contribute to the dispar-
ities in the arrivals and amplitudes. For
the former disagreement, our assump-
tion of the incompressibility of a sea-
water layer above a rigid ocean bottom
FIGURE 5

Observed waveform data at DONET1 station KMA01. Left (a), middle (b), and right (c) panels show data on September 16, 17, and 18, 2015, respec-
tively. From the top, panels indicate the following: pressure gauge data (black line), theoretical tide data calculated by NAOTIDEJ (purple line), dif-
ference between pressure gauge and theoretical tide data (green line), bandpass-filtered difference within the period 100–2,000 s and 100–7,200 s
(ocher line), water temperature from pressure gauge (blue line), water temperature from high-precision thermometer (red line), differential pressure
(gray line), and hydrophone data (blue line).
FIGURE 6

Distribution of maximum water height obtained from tsunami calculation of the 2015 central Chile
earthquake.
une 2016 Volume 50 Number 3 81



in the calculation may be the cause
of earlier arrivals (9min) within the pe-
riod 100–7,200 s. A similar difference
between calculated and observed tsu-
nami arrivals has also been found at
distant stations for other trans-Pacific
tsunamis (e.g., Fujii & Satake, 2013).
Such anomalies within the period
band were explained by recent theoret-
ical studies (Tsai et al., 2013; Watada
et al., 2014), suggesting that seawater
compressibility and elasticity of the
solid earth can change the propagation
speed of a tsunami as the main effects.
Another possible cause is that, since
in Area 1 we used a large grid size
that can cause numerical dispersions
and change waveforms, the dispersions
may have caused a time difference
between the observations and the af-
fected synthetic waveforms. Note that
here we measured the time difference
not from the arrival times but from vi-
sual comparison of waveforms because
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of the unclear onset of the first wave,
which is contaminated with noise in
the observation. For the latter dispar-
ity, the nondispersive nature of the
linear long wave may be one possible
cause of amplification. Since the linear
long-wave theory does not consider the
physical dispersion effect, simultaneous
arrivals of many frequency components
at stations may result in amplified wave-
forms. The homogeneous slip model in
a fault plane, estimated from the seismic
moment by applying a scaling law (e.g.,
Kikuchi, 2003),may also cause the latter
disagreement as a consequence of un-
certainties regarding the slip amount
and its heterogeneous distribution. In
either case, we suppose that the dis-
agreement is not critical for identifying
tsunami signals and rapidly providing
preliminary calculation results.

The second comparison (Fig-
ure 7b) employs observations from sta-
tion KMA01 for the 2015 earthquake
l

(Mw 6.8) that occurred off the west
shore of Kyushu, southwest Japan, on
November 13, 2015. The unfiltered
data show clear, short-period seismic
phases at around the origin time. How-
ever, tsunami signals are not detected
in either the unfiltered or filtered (pe-
riod 100–2,000 s) data. The synthetic
waveforms show a maximum tsunami
amplitude of 0.3 mm, which is of lower
amplitude than the noise levels of the
observations. Since this earthquake
showed a strike-slip mechanism and
was not of great magnitude, the tsu-
nami signals from the source area are
comparatively weak andmay not prop-
agate to the stations. As this example
shows, our system is useful in verifying
whether or not large tsunami events
occur and propagate to the monitoring
stations.

The third comparison (Figure 7c)
employs observations for the 2011
Tohoku earthquake (Mw 9.1) that
FIGURE 7

Calculated tsunami waveforms (red line) compared with observations (green line) at DONET1 stations. Observed waveforms were obtained by con-
verting pressure data to water height using the hydrostatic equation. Upper and lower panels show nonfiltered and filtered waveforms, respectively.
The original point for the horizontal axis is the origin time of earthquake. (a) Nonfiltered and filtered waveforms within the period 100–7,200 s at
DONET1 station KMA01 for the 2015 central Chile earthquake. The synthetic waveforms show calculation results from a low-angle thrust type mech-
anism (strike 5°, dip 22°, rake 106°). (b) Nonfiltered and filtered waveforms within the period 100–2,000 s at DONET1 station KMA01 for the 2015
earthquake off the west shore of Kyushu, southwest Japan. The synthetic waveforms show calculation results from a strike-slip type mechanism
(strike 191°, dip 83°, rake −173°). (c) Nonfiltered and filtered waveforms within the period 100–7,200 s at DONET1 station KMA02 for the 2011
Tohoku earthquake, northeast Japan. The synthetic waveforms show calculation results from a low-angle thrust type mechanism (strike 203°,
dip 10°, rake 88°).



occurred in northeastern Japan on
March 11, 2011. Both of the waveforms
are bandpath-filtered in the period 100–
7,200 s. Since our automated analysis
system began operation in July 2015,
we plotted the observed and calculated
data for the tsunami propagation asso-
ciated with the 2011 earthquake in the
nonautomated mode. Figure 7c shows
data from station KMA02, since instal-
lation was incomplete at some stations
(such as KMA01) at the time of this
earthquake. The synthetic waveforms
show filtered ones calculated for a low-
angle thrust type mechanism (strike
203°, dip 10°, rake 88°).

The calculation results do not
explain the observations in the wave-
forms of short-period components.
This disagreement would primarily
be caused by the source model, since
the short-period component cannot
be reproduced well by our calculation
for near-field tsunamis assuming a
simple source model of only a single
fault plane with homogeneous slip.
However, our rapid forward calcula-
tions reproduce the observed tsunami
of long-period component to a first-
order approximation and estimate ap-
proximate tsunami arrivals of the initial
phase and the maximum amplitude.

Computation Time for Calculating
Tsunami Propagation

Figure 8 shows the computation
time required by our server for 53 large
earthquakes that occurred since the
system began operation in July 2015.
We choose earthquakes of magnitude
Mw ≥ 6 in all areas for the purpose of
statistical analysis using much of the
data, although the calculated results
do not reproduce the observations
well for an Mw 6 earthquake (usually
with fault length of 10 km) in Area 1
because the 7.5-arc-min grids are too
coarse. Computation time includes
file input and output but excludes
the time spent waiting for and getting
the Global CMT solution and the
production of graphical figures. The
estimated computation times for trans-
oceanic (Area 1) and other tsunamis
(Areas 2–4) indicate a mode value of
18 s with a range of 17–21 s and 11 s
with a range of 10–13 s, respectively.

This short computation time con-
firms that this system is useful for
rapid forecasting of tsunami arrivals
and amplitudes. This rapid calculation
abilitymay also be useful for construct-
ing databases of tsunami waveforms
for anticipated fault models (e.g.,
Reymond et al., 2012), which can be
time-consuming in many models
when using nonoptimized calculation
methods. Since our method employs
2D equations that do not utilize much
of the computer memory, our rapid
calculation can also be run on a home
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personal computer. The total memory
requirement for calculations is approx-
imately 250 and 380 megabytes for
Area 1 and Areas 2–4, respectively.
For the 2015 Chile earthquake, the
computation time was approximately
7 min when using a personal computer
(4 cores, Intel 2.4 GHz Core 2 Quad
Q6600 CPU).

Present Problems and Further
Developments for Tsunami
Monitoring and Calculations

At present, there are several aspects
in which our rapid calculations may be
improved. The first problem is that it
may be difficult to calculate tsunami
propagation for anomalous events,
such as tsunami earthquakes with
very slow rupture, CLVD (compen-
sated linear vector dipole) earthquakes,
or submarine landslides. We assume
the vertical component of geodetic de-
formation estimated from a fault slip as
the initial water height in the calcula-
tion; however, this simple assumption
cannot be applied to such anomalous
earthquakes. For tsunami earthquakes,
prolonged ruptures do not generate ap-
proximately the same water height as
the deformation expected in ocean-
bottom areas. For CLVD earthquakes
and submarine landslides, we cannot
directly estimate mass movements,
which cause the change in water height
as the source of tsunami propagation,
in ocean-bottom areas from the verti-
cal component of geodetic deforma-
tion due to a shear dislocation of one
fault plane.

The second problem is that the
initial calculation conditions were
based on source mechanisms from the
Global CMT solution. Consequently,
the calculation start time in our system
depends on the time spent getting the
source mechanisms. Since the Global
CMT solution is presented after several
FIGURE 8

Computation time for tsunami propagation.
The time includes I/O and the calculation of
geodetic deformation and tsunami propaga-
tion for both of one fault and its conjugate
fault mechanisms. Time spent waiting for
and getting the Global CMT solutions and pro-
ducing figures are not included. Computation
time was measured for the 53 earthquakes
since the development system became opera-
tional in July 2015. Red and purple bars indi-
cate the histogram of computation time for
Area 1 and Areas 2–4, respectively.
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steps of data processing and quality
checks, our calculations sometimes
start one day after the occurrence of
an earthquake. This may be improved
by using alternative data sources in
order to provide calculation results as
soon as possible after an event.

Employing data ass imilat ion
method by using ocean-bottom pres-
sure data is one of practical approaches
to resolve the above two problems
in the case of near-field events occur-
ring around DONET stations. The
tFISH algorithm by Tsushima et al.
(2009) estimates initial water height
from ocean-bottom data as tsunami
source without estimating source
mechanisms and fault models. The
other data assimilation algorithm by
Maeda et al. (2015) also estimates
water height distribution that can be
applied as initial condition for for-
ward tsunami calculations. If we auto-
matically analyze pressure data from
DONET stations by integrating such
data assimilation into our system and
applying the resulting water height to
our calculation, we may rapidly pro-
vide more accurate calculation results
that can explain the observations, in-
cluding those from anomalous near-
field events. It may also be possible to
forecast tsunami waveforms in coastal
areas more rapidly than is possible in
the present system. Our future work
will focus on developing the present
system by solving the problems asso-
ciated with tsunami excitation source
and their implementations.
Conclusion
We developed a semi-real-time cal-

culation and data monitoring system
that measures perturbations in ocean-
bottom pressure for predicting and
checking tsunami propagation associat-
ed with earthquakes. The system
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started operation in July 2015. We
checked the accuracy and reliability of
our automatic calculations by compar-
ing them with monitoring data from
ocean-bottom pressure-gauge stations
deployed off the Kii peninsula in south-
west Japan. The calculation results for
transoceanic tsunamis can be available
within approximately 20 s, fromgetting
the source information to the output of
waveform data, by executing optimized
parallel code using our computer server
SGI UV2000 with a 32-core CPU.
The system is effective for identifying
tsunami signals and predicting tsunami
waveforms in offshore areas.
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