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ABSTRACT

This paper presents offshore tsunami
profiles observed by NOWPHAS (Nationwide
Ocean Wave Information Network for Ports
and Harbours) wave— measuring instruments
installed  at various coastal wave stations and
tide stations in Japan. Included are wave
profiles of damage - inflicting  tsunamis
generated by the 1993 Hokkaido— Southwest
Earthquake, the 1994 Hokkaido — Eastoff
Earthquake, the 1996 Iri— Anjaya Earthquake,
and other smaller recently occurring tsumamis.
Also  presented are characteristiscs and
phenomena of interest clarifed through various
analyses performed on observational data.
Key Words : NOWPHAS,  Tsunami,

Wave Gauges, Wave Observation

1. INTRODUCTION

Analysis of observed offshore tsunami
profiles provides valuable information for
clarifying their charactertics, which is essential
for preventing disasterous consequences.
Here, we present profiles of several
damage—inflicting tsunamis which recently
struck Japan, i.e.,, tsunamis generated by the

1993 Hokkaido— Southwest Earthquake on Jul.

12, 1993, the 1994 Hokkaido ~ Eastoff
Earthquake on Oct. 4, 1994, the 1995
Hyogo — South Earthquake on Jan.17, 1995,
and the 1996 Irianjaya Earthquake on Feb.17,
1996. Wave data was measured by
NOWPHAS ( Nationwide Ocean Wave
Information Network for Ports and Harbours)
wave — measuring instruments installed at

various coastal wave stations and tide stations
in Japan. Also presented are characteristics
and phenomena of interest clarifed through
various analyses performed on observational
data,

2. WAVE—-MEASURING INSTRUMENTION

Figure 1 shows the NOWPHAS wave
observation network in Japan ( Nagai ef al,,
1996, 1994a) which is operated under the
conspices of the Ports and Harbours Bureau
of the Ministry of Transport (MOT) and its
associated agencies including the Port and
Harbour Research Institute (PHRI). This
nationwide network of wave — measuring
instrumentaion is the product of long—term
intensive efforts directed at obtaining more
precise and reliable coastal wave information
for disaster prevention purposes and the
planning, design, and construction of ports and
other coastal structures.

Figure 2 shows  three types  of
wave- measuring instruments employed in the
NOWPHAS network: (1) The ultrasonic wave
(USW) gauge, a widely employed instrument
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Figure. 1 NOWPHAS Wave Observation
Network

Figure, 2 USW, CWD, and DWDM Wave
Gauges Hokkaido — Southwest
Earthquake Offshore Tsunami
Profile

(jointly developed by the Kaijo Co, and PHRI
in the 1960s) which precisely determines wave
surface elevation by measuring the time for
an ultrasonic wave to travel between the
seabed and water surface, {(2) The current
wave directional (CWD) gauge, a widely
employed instrument (developed in the 1970s)
which determines wave direction by measuring
wave ~ induced horizontal current fluctuations
along the seabed, and (3) The Doppler wave
directional meter (DWDM), a newly employed
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instrument {jointly developed by the Kaijo Co.,
Marine Surveyors Association, and PHRI in
1995) which uses a single sensor to determine
with suffictent accuracy the height, period, and

directional spectra of waves, DWDMs have

been installed at four coastal stations (Fig.1)
(Takayama et al., 1995), and in the future are
expected to be the main wave — measuring
instrument employed under NOWPHAS.

3. HOKKAIDO~-SOUTHWEST
EARTHRUAKE OFFSHORE
TSUNAMI ROFILE

Figure 3 shows 20 min of offshore wave
records observed at coastal station No.8
Wajima (Sta. 8) before arrival of the 1993
Hokkaido -~ Southwest Earthquake tsunami.
Shown are water surface elevation, horizontal
current at the seabed in vector form, and the
corresponding  vector components of water
velocity U(m/s) and water direction 8 . A
USW installed at 50 m measures 77 anda
CWD installed at 27 m measures Uand 6 .
Figure 4 shows  corresponding records
observed just after the arrival of the tsunami
{(Nagai et al., 1993, 1994b, 1995a), where it can
be seen from the center line determined by
low— pass filtering  that distinct, long~ period
oscillations are generated in 7 . The wave
current is also clearly affected as indicated by
the long— period oscillations  in the horizontal
current vectors numerically determined using a
triangular low—pass filter of 10s in length.

Shown in Figureb are pair values of
USW — measured filtered 17 and
CWD— measured differential change in seabed
pressure p observed at Sta. 4 Akita before (left)
and after(right) tsunaimi arrival; where for each
case, 20 min of data are plotted at a sampling
interval of 0.5s. Before arrival, most values
are concentrated around the origin ( 7 =p
= () indicating no long- period oscillations in
n or seabed current. In comtrast, however,
after the tsunami arrives they are concentrated
along the line n =p; thereby indicating
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Figure. 3 Offshre Wave Gauge Data before
the Tsunami Attack
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Figure, 4 Offshre Wave Gauge Data after
the Tsunami Attack

long— period oscillations occur as expected
under linear long wave theory. Taken
together, these results confirm the reliability of
the observed.

where U wax
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Figure. 6 Comparisonof 7 and U

Under linear progressive long wave theory,
the following relationship should hold:
UMax :(W/Z)(g/ h)l/z (}.)

is the maximum horizontal

amplitude of water surface elevation
(7 max — 7 mia) .~ 2,gthe acceleration
of gravity, and h the water depth. These
parameters are respectively plotted as pair
values in Figure 6 for various wave stations

over a 20—min period following the arrival of

the tsunami. If eq. (1) is satisfied, then the
plotted values should fall on the indicated 45
degree line, For standing waves, 7 =0 at
the nodes (y—axis) and U=0 at the antinodes
(x—axis). Considering the results, it.appears
that the observed tsunami is not completely
progressive, but rather exhibits characteristics
of standing waves due to the effect of wave
reflection.
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Integration of current velocity over time
gives the motion of water particles at the
seabed, being shown in Figure 7 for 20 min
before and after the tsunami’s arrival at Sta. 8
with and without tide corrections. Motion is
shown in the horizontal plane in which the
x— and y—axis indicate directions East(+) and
West(—) and North(+) and South{~). The
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effect of the tsunami is quite apparent,
especially when considering tide effects. Note
that the direction of the constant—velocity tidal
current is shown before arrival, and that after
correction It is properly accounted for. The
amplitude of seabed particle motion due to the
tsunami s shown to  be about 50m, ie, a
distance much greater than can be explained by
even the strongest wind— wave conditions,

Figure 8 shows the low—pass filtered
offshore wave profile » and tide record 72 ,
before and until more than 6 hours after
tsunami arrival as measured at Sta. 8 (3km
offshore), and the Wajima Port tide station,
respectively. Upon tsunami arrival just after
(:00LT, both records show a large peak which
cannot be accounted for by the effects of wind
or tidal motions. In addition, short—period
oscillations less than 1) min, i.e., such as those
clearly shown in 7 , cannot be observed in
tide records due to the occurrence of low—pass
~filter effects in the measuring instrument’s
seawater drain tube; thereby demonstrating the
necessity for deploying offshore
wave— measuring instrumentation.
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Figure, 8 Comparison of Offshore Wave Profile and Tide Record
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4, HOKKAIDO—-EASTOFF EARTHQUAKE
OFFSHORE TSUNAMI PROFILE

Figure 9 summarizes the heights and
periods of the tsunami generated by the 1994
Hokkaido — Eastoff Earthquake as observed
along  Japan’s Pacific Ocean coast by
NOWPHAS wave— measuring instrumentation
(Nagai etal, 199bb, 1995c). Individual
tsunami waves was defined by the zero— up—
cross method. A "™" denotes wave station
data while all other data is from tide stations.
Note that individual tsunami waves show a
long period of about 40 min.

Figure 10 shows a continuous offshore
profile 7 of the tsunami as observed at Sta,
19 off Tomakomai Port at a water depth of
185 m. This data was obtained as part of 2
continuous offshore long wave observation
project conducted in Oct. 1994 by the
Tomakomai Port Construction Office of the
Hokkaido Development Agency in order to
investigate a port resonance problem caused
by long waves. Although » is low — pass
filtered, clearly distinguishing the tsunami from
wind waves and tides is difficult due to the
presence of waves with significant wave
heights of more than 2 m and a large range of
tidal motion. Nevertheless, when these
observations are considered in conjunction with
those in Figure 10, this confirms the presence
of tsunami— generated waves with very long
periods of 30 to 80 min.

Figure 11 also shows continuous fsunami
wave data observed by tide and offshore wave
stations at Sta. 20 Mutsu— Ogawara for the
tsunamis generated by the Hokkaido— Eastoff
and 1994 Sanriku — Faroff ( Dec, 28, 1994 )
Earthquakes. Also shown are the predicted
tides, as well as seabed horizontal current
vectors for the Hokkaido — Eastoff tsunami.

The results of applying frequential
spectral analysis to the data in Figure 11 are
presented  in Figure 12, which shows
corresponding power spectra and the response
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Figure. 10 Tsunami Profile of the No. 7
Tomakomai Port

functions of the wave and tide gauges for each
tsunami. Note that both tsunami show the
same correlation between their wave and tide
spectra; thereby indicating accurate and
reliable measurements even under transient,
unstable conditions caused by a tsunami,
Figure 13 shows the results of a spectral
correlation analysis between 7 and Z power
spectra determined from observation data of
the Hokkaido— Eastoff tsunami. Coherence
and phase values indicate high stability for
measurements at frequencies less than
10 ~* Hz, which includes the frequency range
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where dominant tsunami energy exists.

Shown in Figure 14 are corresponding
results for spectral correlation analysis
between 7 and the two vector components
of seabed horizontal current velocity u and v,

direction.

Evaluation of the respective coherence
and phase values indicates consistent results
with those shown in Figure 13,

Figure 15 shows pair values of u and

n (g, hy'”* plotted over three 15—min
periods in which the first — arriving individual
Hokkaido— Eastoff tsunami wave was observed
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0.8 '
accounted for. A comparison of observed
values indicates the presence of standing wave
characteristics at the early stage of observation
-~ due to wave reflections off the coast.
9 Continuous — observed offshore wave
™
E oo profiles provide a good benchmark from which
5 to evaluate numerical models for simulating
tsunami characteristics, Figure 16 compares
o : 23:15~23:28 observed wave/tide station # /Z and u of the
G 1 o29:28~23:42 Hokkaido— Eastoff tsunami obtained at Sta, 20
x 1 23:42~ 0:00 with those calculated by a numerical simulation
-0- 5. o o 0. 5 model of 3 km grid based on linear long wave
P ET (/s : propagation characteristics(Aida, 1962), and the

Figure. 15 Relation between 7 and U
for the First Tsunami Wave

by Sta. 20, where the values should fall on the
straight line passing through the origin under
linear progressive wave theory.  In this case,
the difference between the observation depth
of the USW (50m) and CWD (28m) gauges is

initial seabed movement determined by the
DCRC—3b model ( Table 1) developed at the
University of Tohoku, Good agreement is
present for all three measured parameters,
possibly being due to employing a grid size
that is relatively small compared to tsunami
wave length with a 40— min period.
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Caluculated Tsunami Profile

Table. 1 The 1994 Tsunami Model (DCRC
- 3b Model by Univ. of Tohoku)

Grigin of Fault 43, 210° N, 146.120° £
Length 140 k=
¥idth 70 kn
Strike 52°
Dip Angle 77°
Slip Angle 128°
Depth 30 kn
Dislocation 7.62 m

5. HYOGO—SOUTH EARTHQUAKE
TSUNAMI PROFILE

The city of Kobe and its surrounding
region suffered tremendous damage and loss of
life when the 1995 Hyogo— South Earthquake
stuck during the early morning hours (05:47).
Figure 17 shows USW-—measured offshore
wave profile before and immediately after
striking as observed by Sta, 36 Kobe, where
amplitudes of several centimeters and periods
of 1 or 2 min are indicated by the low— pass—
filtered line, i.e.,, most of the earthquake's
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Irianjaya Earthquake Tsunami
Profile

energy was expended on land areas such that
its effect generated only slight movement of
the seabed.

6. IRIANJAYA EARTHQUAKE TSUNAMI
PROFILE

Figure 18 shows the wave profile of the
tsupami generated by the 1996 Irianjaya—
Earthquake as observed by Sta. 31 Habu (USW,
50 m) and PHRI (USW and tide station) at the
entrance o Tokyo Bay 50 km distant. The
tsunami arrived at  the bay entrance 20 to 30
min after initial observation at Sta, 31, which
indicates that continuous observation and
monitoring of offshore waves at this offshore
station would allow predicting the strike time
and provide an early warning for the Tokyo
area. Note that the maximum wave heights
are about 10 and 70 cm, respectively, with this
amplification in  height being due to
topographical resonance effects.

The results of applying frequential
spectral analysis to the data in Figure 18 are
presented in Figere 19, where a distinct
resonance peak is apparent and indicates that
amplification occurs in the frequency band of
09 X 10 "* and 1.5 X 10 "° Hz (T = 185

and 1lmin).
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7. SUMMARY

We have analyzed selected wave profiles
and associated data of large, recently striking
tsunami as observed by NOWPHAS offshore
wave- measuring instruments and harbor tide
stations throughout Japan. As a resuit of our
analysis, several tsunami characteristics and
phenomena of interest have been clarified, and
through our better understand we can expect
to improve observation capability. To fully
understand the characteristics of tsunamis and
long waves, however, the data acquisition
system of NOWPHAS must be reconfigured to
a more continuous observation scheme as wave
observations are at the present time only
performed for 20min  every 2h. Efforts to
realize such an observation system are now in
progress (Nagai et al., 1995d).
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