
MODELING TSUNAMI FLOODING OF HILO, HAWAII

Charles L. Mader, George D, Curtis, and George Nabeshima
University of Hawaii

Honolulu, Hawaii, U.S.A.

ABFHV<CT

The interaction of tsunami waves with Hilo Bay and harbor is being numerically
modeled for specific historical events. The modeling is performed using the SWAN code
which solves the nonlinear long wave equations.

The 1946, 1960 and 1964 tsunamis are being studied. The tsunami generation and
propagation to the Hawaiian Islands were modeled using a 20 minute grid for the North
Pacific or for the entire Pacific Ocean, The wave arriving in the region of the Hawaiian
Islands was then modeled using a 5 minute grid to follow the wave to the mouth of Hilo
Bay. The wave arriving at the mouth of Hilo Bay was then modeled using a 100 meter
grid of Hilo Bay, harbor and town. Each grid had a friction coefficient to describe the
local roughness  trees, grass, buildings, coral, etc.!, The models gave approximately the
observed maximum areas of flooding.

The observed levels of flooding at individual locations was not well described by the
100 meter grid, so a 10 meter grid of Hilo was developed to resolve the flooding at
individual locations and around large buildings.

The high resolution 10 meter grid of Hilo was used to model the flooding around
Hilo Theater by the 1960 tsunami wave. The Hilo Theater was located near the shore, in
flat and unobstructed terrain 2.7 meters above sea level, The tsunami flooded level
reached 8.5 meters at the seaward side and 6.7 meters at the rear of the Hilo Theater. The
third bore-like wave arriving at the harbor entrance in the 100 meter grid ~odel was
used as the tsunami source for the high resolution study of flooding around Hilo Theater.
The maximum level of flooding observed at Hilo Theater was reproduced by the high
resolution numerical model.

THE NUMERICAL MODEL

The tsunami waves and their interaction with the study site topography werc
numerically modeled using the SWAN code which solves the shallow water long wave
equations. It is described in detail in the monograph Numerical Modeling of Water
Waves by Mader l1988!.

The long wave equations solved by the SWAN code are
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As described in the monograph, the SWAN code has been used to study the
interaction of tsunami waves with continental slopes, shelves, bays and harbors such as
Hilo harbor.

The SWAN code has been used to study the interaction of tsunami waves with
continental slopes and shelves, as described in Mader �974!, Comparison with two-
dimensional Navier-Stokes calculations of the same problems showed similar results,
except for short wavelength tsunamis,

The SWAN code was used to model the effects of tides on the Musi-Upang
estuaries, South Sumatra, Indonesia, by Hadi �985!. The computed tide and water
discharge were in good agreement with experimental data.

The SWAN code was used to model the large waves that were observed to occur
inside Waianae harbor under high surf conditions in Mader and Lukas, �985!. These
waves have broken moorings of boats and moved boats up the boat-loading ramps into the
parking lot. The numerical model was able to reproduce actual wave measurements,
The SWAN code was used to evaluate various proposals for decreasing the ainplitude of
the waves inside the harbor, From the calculated results, it was determined that a
significant decrease of the waves inside the harbor could be achieved by decreasing the
harbor entrance depth. Engineering companies used these results to support their
recommendations for improving the design of the harbor.

The effect of the shape of a harbor cut through a reef on mitigating waves from the
deep ocean was studied using the SWAN code in Mader, et al. �986!. A significant
amount of the wave energy was dissipated over the reef regardless of the design of the
harbor. The reef decreased the wave height by a factor of 3. The wave height at the shore
can be further decreased by another factor of 2 by a 'V'-shaped or parabolic bottom shape.

Other examples of applications of the SWAN code are presented in Mader and
Lukas �984!. They include the wave motion resulting from tsunami waves interacting
with a circular and triangular island surrounded by a 1/15 continental slope and from
surface deformations near the island. The effects of a surface deformation in the Sea of
Japan similar to that of the May 1983 tsunami was modeled, The interaction of a tsunami
wave with Hilo Bay was described.
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forcing functions of wind stress and barometric pressure
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The SWAN code was used to model the effect of wind and tsunami waves on
Maunalua Bay, Oahu as described in the State Department of Transportation draft �988!.
The calculated wave behavior at any location in the bay was a function of complicated and
time varying wave reflections and interactions.

The SWAN code was used to model the interaction of waves with a site near the
Mauna Lani Resort on the South Kohala Coast on the Island of Hawaii in Mader �990a!.
The calculated results agreed with the results obtained using the procedures developed
and applied for flood insurance purposes by the U. S. Army Corps of Engineers and the
recent JIMAR study at the University of Hawaii of tsunami evacuation zones for the site.

The 1987-88 Alaskan Bight tsunamis were modeled in Gonzalez, et al. �990! using
the SWAN code. The deep sea pressure gauge measurements for those tsunamis could be
described using realistic source models f' or the tsunamis.

A numerical study of effect of the shallow water approximation on tsunami
flooding was performed in Mader �990b!. Calculations using the full Navier-Stokes
model were compared to SWAN code calculations.

The 1946 and 1964 tsunainis were caused by Alaskan earthquakes and the 1960
tsunami by an earthquake in Chile. The 1946 and 1960 tsunamis resulted in extensive
flooding of Hilo while the 1964 tsunami caused limited flooding.

The tsunami generation and propagation to the Hawaiian Islands were modeled
using a 20 minute grid for the North Pacific or for the entire Pacific Ocean  Mader and
Curtis, 1991!. The wave arriving in the region of the Hawaiian Islands was then modeled
using a 5 minute grid to follow the wave to the mouth of Hilo Bay. The wave arriving at
the mouth of Hilo Bay was then modeled using a 100 meter grid of Hilo Bay, harbor and
town. Each grid had a friction coefficient to describe the local roughness  trees, grass,
buildings, coral, etc.!, The use of computational grids of different grid sizes over different
geographical domains to model tsunamis is similar to that reported by Kowalik and
Whitmore �991!,

The models gave approximately the observed maximum areas of flooding, The
large amount of flooding from the 7.6 magnitude 1946 Alaskan earthquake and small
amount of flooding from the 8.5 magnitude 1964 Alaskan earthquake were reproduced by
the numerical models. This demonstrated the large effect of wave directionality and the
necessity of inodeling the entire process of tsunami generation, propagation and flooding
for each event.

The observed levels of flooding at individual locations was not we11 described by the
100 meter grid, so a 10 meter grid of Hilo was developed to resolve the flooding at
individual locations and around large buildings.

APPLICATION OF THE NUMERICAL MODEL 'H! INUNDATION OF HILO THEATER

The high resolution 10 meter grid of Hilo was used to model the flooding around
Hilo Theater by the 1960 tsunami wave. The Hilo Theater was located near the shore, in
flat and unobstructed terrain 2.7 meters above sea level. The tsunami flooded level
reached 8.5 meters at the seaward side and 6.7 meters at the rear of the Hilo Theater. A
photograph of the Hilo Theater after the May 1960 tsunami is shown in Figure l.
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Figure 1, The Hilo Theater after the 1960 tsunami. The solid water water line is 28
to 22 feet above sea level, The building is located 9 feet above sea level.
The inset shows the location of the theater relative to the shore line. The
photograph is taken from the parking lot on the west side of the building.
Note the four men standing on the right side of the photograph.

The grid was 240 by 240 cells of 10 meters on a side. The time step was 0.2 second,
The theater building was described by 3 by 6 cells with a height of 11,9 meters, The third
wave was a bore-like wave inside the harbor entrance 3 meter high from the North-West.
The initial water level was 1 meter lower than the normal sea level to approximate the
second wave recession that occurred before the third wave arrived. The wave had a
period of 1500 seconds with the first rise occuring in 60 seconds to approximate the bore-
like wave.

The surface level of the water, land and theater building is shown at various times
in Figure 2. The contour interval is one meter. The building is 11.9 meters high.

The height of the water at locations near the harbor entrance and near the
building as a function of time are shown in Figure 3. The front of the theater building
 Location 5! was flooded to the 8,5 meter level and the rear of the building  Location 6! to
the 8,0 meter level. The rear of the building was calculated to flood to a higher level than
observed.

The inundation of the town of Hilo is shown in Figure 4. The inundation continues
after the maximum flooding of the theater occurs. The maximum level of inundation
calculated is similar to that observed from the 1960 tsunami,

The maximum levels of flooding observed at Hilo Theater was reproduced by the
high resolution numerical model using a realistic description for the 1960 tsunami wave.
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Figure 2, The surface level of the water, land and theater building is shown at various times. The
contour interval is one meter. The building is 11.9 meters high. The initial water
surface is 1 meter below normal sea level to approximate the second wave withdrawal,
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Figure 3. The height of the water at locations near the harbor entrance and near the building as a
function of time are shown. Location 1 is in the ocean near the harbor entrance,
Locations 5 and 6 are on the front andback of the side of the theater as shown in Figure 1.
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Figure 4. The inundation of the town of Hilo is shown. The inundation continues after the
maximum flooding of the theater occurs, The location of the normal shore line and the
theater building is also shown.
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TSUNAMI RESPONSE SMUIATION AT GUADALUPE ISLP&JD  MKDCO!

Salvador Farreras and Jorge Reyes
Centro de Investigacidn Cientifica y Educacibn Superior de Ensenada  CICESE!

Ensenada, Baja California, Mexico

Guadalupe Island, located off the coast of Baja California  Mexico!, is one of the
wave reporting stations equipped with a data collecting platform presently in operation
for the Pacific Tsunami Warning System, The knowledge of the tsunami response at the
island can give an estimation in advance of the severity of the attack to be expected at
neighbouring mainland communities,

The scattering of tsunami waves by the island is examined by solving the linear
long wave equation through a time and space centered finite difference approach. The
model involves a conformal mapping of a polar coordinate grid onto an image plane
where the orthogonal contours reproduce the real island shape at the unit circle, but
approach to a circular shape as the radius in the polar system is increased.

Relative amplitude and wave phase lag at several points along the island contour,
for the most probable tsunami periods and incident directions to occur according ta
historical records, are computed.

Maximum amplifications �00%! happen with short tsunami periods �0 minutes!
and close to energy convergence zones, where refraction is important. For large tsunaini
periods �0 minutes!, reflection and dilTraction become the dominant processes, with
amplifications of less than 25%,

The present location of the wave reporting station is confirmed to have adequate
amplification characteristics for the tsunami warning system.

Results of the model may be used to obtain tsunami inundation estiinates,

INTRODUCTION

Several reinote source tsunamis have affected the coastal communities of the Baja
California peninsula in northwest Mexico, as it is historically documented  Farreras and
Shnchez, 1991!. Guadalupe Island, lying outside the continental shelf, 250 km off the
coast of Baja California  Figure 1! is one of the wave and sea level reporting stations for
the Pacific Tsunami Warning System  Intergovernmental Oceanographic Commission,
1987!, the Pacific Satellite Sea Level Network, and the Baja California Regional Tsunami
Warning System. It is presently equipped with a sea level pressure gauge connected to a
satellite data collecting platform.

Islands, far out from the continental shelves, provide a good option to obtain
tsunami records in conditions near to those in the open ocean.

The objective of this study is to determine the tsunami amplitude and phase
response along Guadalupe Island contour for several wave periods and incident
directions; and obtain through this an estiination of the incoming tsunami wave

-87-



Figure 1. Guadalupe Island location, surrounding bathymetry, and approach
direction of the 5 tsunami cases modeled in this study. Depths are in
fathoms  I fathom = 6 feet!.



parameters in the open ocean, This estimation can give an information to neighbouring
mainland coastal communities on the arrival time and severity of the attack to be
expected, before tsunami waves reach them.

Mli. liiODOLOGY

Reflection, refraction, shoaling, and diffraction in the local bathymetry and
coastal configuration are the main physical processes occurring in the interaction of
water waves with an island. About 25% of the tsunami energy is reflected at the
continental shelf, while 100% do so at the arrival to the coast  Soloviev and Go, 1974!.
Miyoshi�983! states that refraction is the oiost important interaction process for a
tsunami converging onto an island.

Diffraction cause more harm to the coast when the size of the obstacle is
comparable with the incident wave length  Dean and Dalrymple, 1984!. Although the
suitability of linear wave theory application to tsunami wave interaction with a
continental shelf is still a matter of discussion  Voit, 1987!, it has been succesfully applied
to the modeling of tsunami-island  Beriiard and Vastano, 1977; Houston, 1978! and
tsunami-coast  Tsuji, 1985! interactions.

The linearized long wave equation in polar coordinate r,8! and time t is:

where   is the free surface elevation, D is the mean water depth, and g is the gravitation-
al acceleration.

Bottom friction, surface wind stress, and Coriolis effect are neglected.

Zero component of radial flow � = 0 and Sommerfeld �949! radiation condition for
k

O S ~ Ogthe waves scattered outward to infinity � + qgD � ~ 0, are considered as inner and out-
c7r

er boundary conditions respectively.

To solve the equation, a Riemann's conformal mapping of the polar coordinate
grid  r,0! onto an iinage plane  p,0! where the orthogonal contours reproduce the real
island shape at the unit circle, but approach a circular shape as the polar system radius
is increased, is performed. The conformal mapping preserves the angles, modifies the
radial scale, and adjusts the inner boundary to the real contour to help solve the equa-
tion, The transformed grid with 50 x 120 nodes  shown abridged in Figure 2! has a
maximum radial increment of 5 km in the outer boundary, decreasing in value towards
the coast, where the wave interaction requires more resolution, and a maximum arc
length of 13 lan. This spacing is consider as adequate for linear tsunami modeling by
Tuck �979!. The grid extends 250 km outward and the maximum cell size and its overall
dimension are selected so as to obtain a desirable resolution. In the most sharp corners of
the island contour resolution is also increased by the high density of rays, The deep open
ocean is simulated by a far field of 3.5 km constant depth extending 80 km outwards. The
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origin of the coordinate system  Figures 1 and 2! is located such as to avoid or minimize
multivaluations of the radius as a function of the directional angle.

After the conformal mapping, the wave equation takes the form;

where s is a scale factor.

This equation is solved numerically for monochromatic plane incident waves

p i Zraoss-M!

where X is the wave number and ro is the angular frequency, by means of Vastano and
Reid �966! space-time centered finite difference algorithm. An integration time step of
one second is used, considering Richtmeyer �957! stability criteria.

i 80

270

Figure 2, Abridged version of tbe coordinat.e grid used for the integration, after
conformal mapping
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APPLICATION AND RESULTS

Five remote source tsunami arrival cases are modeled. Four of them correspond
to real past events with the highest wave heights recorded in the Baja California coastal
region according to Shnchez and Farreras �992!: 22 May 1960 from Chile, 28 March 1964
from Alaska, 16 May 1968 from Japan, and 29 November 1975 from Hawaii. The tsunami
arriving from Hawaii was the only one recorded at Guadalupe Island, after the sea level
gauge installation. The fifth case corresponds to a hypothetical arrival proceeding from
Samoa. Location of the source, date if occurred, maximum wave height recorded
somewhere in the coast of Mexico, and azimuth of incidence in Guadalupe Island for
this five cases are given in Table 1; directions of incidence are shown in Figure 1.

Table 1. Tsunami arrival cases modeled

Tsunami Source
Location Latitude Longitude

Azimuth of
Incidence

 '!

Date
 if occurred!

Maximum
Wave Height

 m!

39.5' SChile

Alaska

74.5' W 22 May 1960 Xo

114

2.5

61.1' N 147.6 W 28 March 1964

41.5' N 142.7' E 16 May 1968

19.4' N 155.1 W 29 November 1975

2,4

Japan

Hawaii

04

0.5

Samoa 15.0' S 172,0' W 213

Relative amplitude distribution along contour azimuth positions for a 10 minute
period tsunami arriving from Hawaii  Figui'e 3! shows:

a! for the variable depth real bathimetry, an amplification maximum in the
sharp SW corner where wave energy canverges due to refraction; and

b! for a constant depth flat bottom, a typical symmetric reflection-diffraction
response curve with one main maximum in the wave incidence direction and a
secondary one 180 antipodal to the first.

The smoothness of the constant depth response curve, typical of an analytic
solution for a simple geometry contour, indicates that Guadalupe Island is in the lower
limit of abject sizes that may significantly interact through diffraction with tsunami
waves of such a period.

Relative amplitude distributions for the other arrival cases are similar.
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For each approach direction, tsunami wave arrivals of 10, 15, 20, 25, 30, 35, and 40
minute periods were simulated. Amplitudes relative to the incident wave train and
phase lags referred to the far field wave timing at an azimuth 90' from the direction of
the incident wave train, were obtained as results.
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Figure 3. Relative amplitude distribution along contour azimuth positions
for a 10 minute period tsunami arriving from Hawaii

Isolines of relative amplitude and phase in a period-azimuth space, for tsunamis
arriving from Japan  Figure 4!, but similar to the other cases modeled, show:

a! an amplification maximum, due to reflection, for all periods at the azimuth of
incidence;

b! another amplification maximum at the sharp SW corner, where refraction is
important, but only for less than 15 minute periods;

c! amplification decrease with period increase for all contour azimuthal loca-
tions; becoming almost 1.0 or less for periods higher than 35 minutes,

d! almost vertical phase isolines; an indication that this linear model is very little
phase-dispersive; waves of different periods travel at about the same speed, without
phase lags;

e! near-zero phase at the sharp SW and NE corners for periods higher than 15
minutes;

f! small azimuthal phase gradient in the incidence zone as a result of the wave
front arrival almost parallel to the coastal contour; and

g! an increase of the above zone width, until the gradient almost dissapears
 horizontal isolines!, with decreasing periods. This indicates that the wave front alignes
in a larger lateral extension to the coastal contour  simultaneous arrival at all points! as
refraction becomes more important,

The response at the SW corner shows significant amplification for most of the
periods considered  particularly the short ones! independently of the direction of inci-
dence  Figure 5!. This characteristic ensures enough sensitivity for tsunamis of the order
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Figure 4. Amplitude and phase response along Guadalupe Island contour for tsunamis
of several periods arriving from Japan  azimuth of incidence = 138'!
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of centimeter open ocean waveheights to be detected and recorded by instruments in this
site. This location is also reasonably protected from storm wave action and is easely
accesible as to become a permanent sea level and wave reporting station.



SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The linear model gives a reasonable first approximation of the tsunami response
at Guadalupe Island. The results may be used as an input for a near-shore propagation
and inland run-up non-linear simulation.

The model needs to be tested with data from future tsunami ai rivals.

Guadalupe Island size does not significantly affect the propagation of tsunami
waves with periods greater than 35 minutes.

Maximum amplifications �00 %!, due to refraction, occur for short periods  less
than 10 minutes! near energy convergence zones.

Amplifications are smaller  less than 25%!, and mainly due to diffraction and
reflection, for periods larger than 30 minutes.

The SW corner is recommended as the permanent site for the sea level and wave
reporting station of the tsunami warning systems because of its sensitivity to tsunami
arrivals, its accesibility, and its reasonable storm wave protection. An alternate site
could be the less accesible NE corner.

The tsunami response of those mainland communities to be protected with the
alert information coming from Guadalupe Island, needs to be modeled.

SW CORNER RESPONSE
30

20

CL
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 K 00 I
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Figure 5. Amplitude response of Guadalupe Island SW corner for tsunami
arrivals of several periods and directions of incidence
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iOPERL1O~CR IlSIIM llOPI!
CONCEPT VERIFICATION MODEL  CVM! DARKY!PATIENT

Mike S. Shimamoto
Naval Command, Control and Ocean Surveillance Center

Kailua, Hawaii, U.S.A.

The development of an anthropomorphic, undersea manipulator system, the
TeleOperator/telePresence System  TOPS! Concept Verification Model  CVM! is de-
scribed. The TOPS system design philosophy resulting from NRaD's experience in under-
sea vehicles and inanipulator systeins development and operations is presented. The
TOPS design approach, task teams, inanipulator and vision system development and
results, conclusions, and recommendations are presented.

INTRODUCTION

A major step has been taken toward the development of an advanced, telerobotic,
undersea work system with the TeleOperator/telePresence System  TOPS! Concept
Verification Model  CVM!  Figure I!. The long term objective of the TOPS program is to
develop the technologies required to build
remote work systems that are functional- '+
ly equivalent to a diver in performing t

unstructured undersea tasks. Such a
reinotely controlled inanipulator system
would not be constrained by the diver' s I

operational limitations in hazardous
areas, great ocean depths, cold tempera-
tures, and submerged operating time.
The emphasis of the proj ect is on
developing the capability for performing
tasks that require the dextrous, adaptive,
and judgmental capabilities of man
rather than on performing precise, well-
defined tasks that can be addressed by
purely robotic systems or specialized F' 1. TOPS CVM
tools,

Figure 1. T P

BACKGROUND

Organizations contributing to the development of the TOPS CVM and their areas
of expertise are as follows: NRaD  US Navy remotely operated vehicle and manipulator
development!; Sarcos, Inc.  SI! and the Center for Engineering Design  CED! at the
University of Utah  dextrous hand/arm, entertainment robots, and robotic coinponent
development!; and Armstrong Aerospace Medical Research Laboratory  AAMRL! at
Wright-Patterson Air Force Base and Technology Innovations Group  TIG!  helmet
mounted display vision systems development!,

-97-



Teleoperator &@stems Development st NRaD

During the development of the
Remote Unmanned Work System
 RUWS!  Figure 2! and several other
ROVs, test operations were conducted in
recovery, inspection, and emplacement
tasks  Figure 3!. The "lessons learned"
from those operations provided impetus
to the TOPS program.

Although a set of hydraulic tools
had been designed and fabricated for use
by the RUWS manipulator, additional
special tools were often required for new
tasks  Figure 4!. During several
operations, the tools had to be modified or
new tools fabricated, because the task
was not quite as it was "supposed to be."
Although, lots of pre-operations plan-
ning were done and special configura-
tions for the vehicle were implemented,
few missions were completed without
difficulty. Navy salvage operations, by
nature, usually have many "unstruc-
tured" tasks when recovering wreckage
and items from wreckage.

Figure 2. RUWS

Simple diver tasks, such as
putting a snap hook onto a shackle,
proved to be difficult because of the
limitations in dexterity of the manipula-
tor and mobility of the vehicle, I f
currents were present, the object to be
worked on was approached with the
vehicle heading into the current; this
frequently resulted in anorientation to
the task that was less than ideal for the
manipulator. Maneuvering the vehicle
for proper positioning usually resulted in
agitation of the bottom sediment, which
obscured the remote operator's visibility.
Conditions such as those for each
mission seemed to provide unique
challenges to the operators even when
the missions consisted of fairly simple
tasks. The operators were often more
frustrated than fatigued in attempting to

Figure 3. Manipulator work

Over a span of two and a half decades, the Advanced Systems Division of NRaD's
Hawaii Detachment has developed manned undersea vehicles; unmanned, remotely
operated undersea vehicles  ROVs!; unmanned remotely operated ground vehicles
 UGVs!; and teleoperated manipulator systems  Hightower and Smith, 1983; Hightower,
Smith, and Wiker, 1986; Murphy, 1991!.



complete the tasks for a successful
mission. Tasks that could easily be
performed by divers were not at all trivial
for an ROV work system. These lessons
indicated that a diver-equivalent work
system might provide the work capability
needed for many undersea missions
where present ROV and manipulator
systems are inadequate, The capabilities
of such a system could also be applied to
other hazardous missions on land and in

space.

An assessment of tasks performed
by Navy and civilian divers determined;
 I! the importance of various tasks
within dive missions, �! the manipula-
tive and sensing capabilities used by the
divers to perforin the missions, and �!
the key design parameters for the
developinent of a diver-equivalent manip-
ulator system.

Figure 4. Vebicle configuration

In determining the importance of various tasks within dive missions, it became
clear that the major differences between what divers could do and what could be done
with manipulators were that divers could perform a series of complex tasks and adapt to
the differing tasks to successfully complete a mission, The divers used their own
inanipulative and sensing capabilities that were required to complete the tasks. Marieu-
verability, dexterity, and full sensory capability were key to the adaptability and versatility
required to successfully complete the variety of tasks within the missions.

In determining the key design parameters for a diver-equivalent manipulator
systein, it became evident that the best configuration that would allow an operator to
perform like a diver was a system configured the same way as the human operator  i.e.,
an anthropomorphic configuration!. A manipulator system with joints and links that
matches the operator's  kinematic equivalent! and with all manipulative appendages
and sensory systems in the same relative positioning  spatial correspondence! as the
operator's appendages and sensory systems would allow the operator to perform the
tasks as if he/she were present at the work site.
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A system that maintains spatial correspondence between the slave and the
operator allows the operator to use his/her experiences from infancy to the present. If
spatial correspondence is lost, people can adjust, but only by sacrificing performance.
The loss in performance shows up in objective measures such as additional training
required to attain proliciency, higher error rates, longer times to complete the tasks, as
well as increased mental and muscular fatigue by the operators  Pepper, 1986!.



Anthropomorphic Manipulator Development

The first anthropomorphic
 human configured! manipulator
developed at NRaD was the Remote
Presence Dem onstration System
 Hightower and Smith, 1983; Hightower,
Smith, and Wiker, 1986!  nicknamed
"Greeninan"!, shown in Figure 5. It
was assembled in 1983 using MB
Associates arms and an NRaD-developed
torso and head. It had an exoskeletal
master controller with kinematic
equivalency and spatial correspondence
in the torso, arms, and head. Its vision
system consisted of two 525-line video
cameras each having a 35 field of view
and video camera eyepiece monitors
mounted in an aviator's helmet.

Figure 5. Remote Presence Demonstration
System

Greeninan provided NRaD with valuable experience in teleoperation and
telepresence issues and designs. Even with its simple claw hands and no force or tactile
feedback, novice operators could readily perform manipulative tasks without training.
However, it clearly showed that dextrous hands, force feedback, and a high-resolution
vision system were necessary for diver-equivalent work capability. Also, the Greenman
was not designed for in-water use, and demonstrations of in-water work was deemed
necessary to fully demonstrate the diver-equivalent concept.

'IOPS PROGRAM DE%'EIA!PMENT

The long-term concept for a diver-
equivalent manipulator system is shown in
Figure 6. The master controller "fits" the
operator like a business suit and senses
his/her hand, body, and head motions. The
slave manipulator mirnics the operator's
motions, senses its interaction with the
environment, and provides sensory
feedback to the operator via the master
controller in a manner natural to him/her.

An assessment was conducted of
available, near- term, and long-term
technologies in planning for the develop-
ment of thefirst TOPS inodel to verify the
concept. Because the first model would be a
3-year project only, long-term technologies
were not included in the project scope.

Figure 6. TOPS concept

Long-term technologies identified for future TOPS systems were: �! tactile
telepresence systems, �! high-definition TV  HDTV!, �! human equivalent dextrous



hands, �! the integration of virtual reality with the vision system, �! advanced manipula-
tor controllers, and �! passive sonar for underwater directional hearing.

The Iirst model of TOPS was called the Concept Verification Model  CVM!, This
model incorporated available and near-terin teleoperation and telepresence technologies
including �! dextrous hands, �! high-fidelity force feedback, �! high-resolution head-
coupled vision, and �! an integrated, natural master controller with spatial correspon-
dence, The inajor thrust of the technologies was in the development of the two major
subsystems: �! the manipulator and �! the vision system,

TOPS CVM Manipulator Development

The developinent of the TOPS CVM manipulator was contracted to Sarcos, Inc.
and the Center for Engineering Design at the University of Utah, The hand was
developed in the first phase; the arm was developed and then integrated to a revised hand
in the second phase; and the torso and head were developed and integrated in the third
phase. The supporting control system was developed throughout all phases,

In the first phase, the hand
development consisted of finger, hand,
and wrist design concepts; tendon,
actuator, and valve evaluation and
development; sensor and suppor ting
structure development; and antagonistic
 pull-pull! servo control systein develop-
ment. A brassboard, 9-degree-of-freedom
 DOF! hand was developed incorporating
a 4-DOF thumb, a 3-DOF index finger,
and a 2-DOF rniddle finger  Figure 7!,
The hand was attached to a 3-DOF wrist
incorporating coincidental axes. The
exoskeletal hand master represented a
major design breakthrough where the
structure fit on the backside of the hand
but had virtual joints that matched the
operator's fingei joints. The brassboard
hand was demonstrated at the end of the
first phase � year!. Demonstrations
showed that the hand had the capability to
perform standard hand grasps and
manipulate various objects  such as
threading a ¹10 nut onto a stud, and
grasping and using standard hand tools!,
and showed high-sensitivity force
feedback with high inter-system stiffness.k"igure 7. TOPS CVM brassboard hand

In the second phase, the hand was revised while the arm was developed, then the
arm and hand were integrated; low-friction rotary actuators were developed; and
development of high-performance servo systein components and controllers was
continued. The arm was designed with a 3-DOF shoulder and 1-DOF elbow, The 3-DOF
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shoulder was designed to allow forearm/elbow orientations for various work task
requirements. The exoskeletal arm master allowed full, natural operator control of the
slave manipulator,

In the third phase, the torso and head were developed; subsystem and component
development of valves, actuators, tendons, sensors, and hand designs were continued; all
subsystems were integrated; then the system was tested in water. The 3-DOF torso was
developed to provide a natural, short-range mobility and repositioning platform for the
arm and vision. The 3-DOF head was developed to provide natural, spatially correspon-
dent visual positioning capability. Force feedback was not incorporated in the torso and
head.

TOPS CVM Vision

The development of the vision
system capitalized on the efforts by
AAMRL on helmet mounted display
 HMD! systems for the US Army's Light
Helicopter, Experimental  LHX! pro-
gram. After evaluating HMD prototypes
for the LHX, a "pancake window" HMD
configuration was selected for TOPS and
a contract was awarded for an HMD to
Technology Innovations Group  TIG! of
New York. The HMD included a pair of
1023-line, inonochrome CRTs with 68o
field of view optics  approximately the
view from a diver's mask!; air cooling for
comfort; and a "clamshell" rear-hinged
section to make it easy to put the helmet
on and take it oR' Figure 8!.

Figure 8, TOPS CVM helmet mounted
display

The remote portion of the vision system consisted of a pair of 1023-line mono-
chrome cameras with fixed-focus lens mounted in an underwater housing.

A sophisticated display electronics package was acquired from AAMRL. The
display electronics  developed for the LHX prograin! allows precise distortion correction
for each channel, video signal, and CRT display. The correction parameters for each
item can be stored on disk to allow rapid component changeout and reconfiguration.

TOPS CVM Overall Objectives Met
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The overall TOPS CVM technical objectives were met in the development of an
advanced manipulator system that begins to approach diver work capability, A high
dexterity �2 DOF! manipulator with high-fidelity force feedback and a high-resolution,
head coupled, stereo vision system was achieved. The combination of high dexterity that
is kinematically equivalent to the operator, good force reflection, and a spatially correspon-
dent 3-D vision system contributes to a high level of telepresence, i,e,, the perception that
the system is transparent to the operator. The operator feels that he/she is at the work
site performing the task, and can concentrate on the task and not on operating the
system.



Lessons Warned

Very valuable lessons were learned during the development and testing of the
TOPS CVM  Smith and Shimamoto, 1991!. The manipulator demonstrated great
potential for performing a variety of manipulative tasks. The force reflecting exoskeletal
system was natural and easy to use, However, subtle differences in kinematics and
materials had major iinpacts on system performance. When link lengths and joint axes
of the niaster controller did not properly match the operator's links and joints, and when
grasping and positioning were not replicated exactly, the operator usually worked with
significantly more caution and at a reduced speed. The fingertip configuration and
materials of the slave hand also impacted the ability to securely grasp objects and, hence,
the operator's confidence and speed of task performance. The compensation for gravity
in the hand and arm for all areas of the workspace is very important to overall system
performance and in the minimization of operator fatigue. Also, the capability to freeze
operator selected joints would be very valuable for fine positioning tasks,

The tendon system proved too delicate, bulky, and complex for underwater
operational systems. Tendon technologies that more closely replicate the human tendon
system need to be developed.

The torso proved very useful in extending the manipulator's work volume and
capability, in changing the viewing perspective, and in providing a "natural zoom"
capability  the ability to position the cameras closer to the work task simply by leaning
toward the object!.

CONCLUSIONS/RECO5BCRKDATIONS

Telerobotic systems will continue to be important for environments and tasks that
are hostile to humans, but where man's cognitive and manipulative capabilities are
needed. This case is particularly true for accidents where explosives, chemicals,
nuclear materials, extreme heat or cold, etc., would expose humans to great danger.
Accidents also present the high probability of occurrence of unstructured tasks that need
to be performed to accomplish the mission,

Unstructured tasks usually require that full manipulative, sensory, and cognitive
capabilities be employed. Any manipulative or sensory capability that a manipulator
system does not provide is a "handicap" to the operator. The TOPS CVM represents a
giant step taken towards minimizing the "handicaps" an operator inherits with a typical
manipulator system.

However, as discussed in the section on Lessons Learned, continued refinements
are needed in the TOPS CVM design to improved operator machine interfaces and
produce a ruggedized, smaller hand for an operational systein.

The next development phase requires continued developments in component
technologies for increasing hand dexterity, providing underwater directional hearing
capability, enhancing vision, and providing tactile telepresence.

Component development required for increased hand dexterity include reliable,
low-stiction tendons, biological-like lubricants, and compact tendon routing technologies;
small, responsive, lightweight, muscle-like actuiatrr; finger- and palm-padding type

aterial; and tough skin-type material.



The development of small, high-definition TV cameras and monitors are needed
for 20/20 color vision systems.
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The coasts facing the Pacific Ocean around Shikoku island in Japan have been
attacked by huge tsunamis at intervals of 100-150 years. These tsunamis have inflicted
severe damage on human lives and houses in towns and villages along the coast. In
order to clarify tsunami characteristics, old data on the heights of four big historical
tsunamis along the Shikoku coast have been re-examined, New data, including the
inundation heights of three of the historical tsunamis, have been compared with those of
the fourth, the 1946 tsunami.

Then, the inundation heights of these historical tsunamis were compared with
the values calculated by numerical simulations and the tsunami heights of the 1854
tsunami reproduced using the data of the 1946 tsunami,

INTRODUCTION

The oldest tsunami recorded in a historical document in Japan occurred in 684
and since then many tsunamis have been recorded in historical documents, Figure 1
shows a tsunami map in Japan. The circles show the historical epicenters of
earthquakes generated in the sea region near the Japanese coast which caused
tsunamis. The size of each circle expresses the tsunami scale or tsunaini magnitude m,
The coasts facing the Pacific Ocean around Shikoku island in Japan have been attacked
by huge tsunamis at intervals of 100-150 years, These tsunamis have inflicted severe
damage on human lives and houses in towns and villages along the coast.

First, data on four big historical tsunamis along the Shikoku coast were re-
examined in detail in addition to informations of old documents discovered in the recent
several years. The tsunamis chosen as the subject of this study are as follows; the Keicyo
tsunami on February 3, 1605  tsunami magnitude m=3, death toll about 2,500 on Shikoku
island!, the Hoei tsunami on October 28, 1707  m=4, death toll about 2,800 in Kochi
Prefecture!, the Ansei Nankai tsunami of December 24, 1854  m=4, death tolls about 380
in Kochi, aiid 90 in Tokushima Prefectures! and the Showa Nankai tsunami on
December 21, 1946  m=3, death toll about 1,300 in Japan!,

Second, the inundation heights of three historical tsunamis were compared with
those of the 1946 tsunami at a location where the tsunami data had been recorded along
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the Shikoku coast, Although the tsunamis attacked the same stretch of coast, there are
some locations where the tsunami heights are extremely different in size. Numerical
simulations for three of these tsunamis except the 1605 event were carried out in order to
consider the reason why the tsunami heights at a certain limited location had been
amplified.

Furthermore, the inundation heights of the 1854 tsunami were estimated by using
the calculated and observed values of the 1946 tsunami.

Figure 1. Epicenters of earthquake and tsunami magnitude
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THE POUR HIGH!RICAL TSUNAMIS ALONG THE SHIKOKU COAST

Details of these tsunamis recorded in historical documents are available for the
analysis of tsunamis occurring along the Shikoku coast. We made field surveys along the
coast in order to check inundation height which some researchers had surveyed but not
in sufficient accuracy. At first, the data of these four tsunamis were checked by
surveying obscure inundation heights that had been obtained from historical documents
by several researchers and the newly discovered tsunami data from the historical
documents were added to the existing data.

Damages along the Shikoku Coast Caused by the Four Historical Tsunamis

Many records of these tsunamis along the Kochi and Tokushiina coasts, which lie
near tsunami sources have been well recorded in historical documents but there are few
records of tsunamis occurring along the Ehime and Kagawa coasts which are located in
the Seto Inland Sea.

Figure 2 shows the towns and villages where severe damage was indicted by the
four historical tsunamis.

kaahima

akawa
kill
ra

Figure 2. Towns and villages inflicted
by severe damage

There were only few data in historical documents about the 1605 tsunami along
the Shikoku coast. However, it is estimated from historical documents that this tsunami
was very big, The inundation heights at Sakihaina fishery harbor and Kannoura in
Kochi reached 9.5in and 5.5m and the numbers of deaths were 50 and 350, respectively.
At Shisikui in Tokushima, the inundation height reached 5.5m and 1500 people were
killed,

In the case of the 1707 tsunami, the tsunami height at Usa bay in Kochi reached
Sm and 400 people were killed, At Asakawa in Tokushima, the inundation height was
6,5m and 170 people were killed.

The inundation height of the 1854 tsunami was 7.5m at Usa, 7.5m at
Kamikawaguchi in Kochi and 6.5m at Yuki bay and at Asakawa in Tokushima.
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Figure 3 shows the inundation heights of the 1946 tsunami around Shikoku
island. The vertical axis in this figure indicates the inundation height above the mean
sea level. The data of the 1946 tsunami are large in number and would be the most
reliable for inundation heights. The tsunami heights in the western part of the Kochi
coast were relatively higher than those in the eastern part. The tsunami height in Nomi
bay reached 5.2m. Along the Tokushima coast, the maximum tsunami height reached
4.88m in Asakawa bay and 85 lives were lost there. The tsunami heights depend largely
on the location and the heights have been comparatively high along the Kochi coast and
the southern part of the Tokushima coast, On the other hand, the Ehime and Kagawacoasts located in the Seto Inland Sea have suffered less damage. Tsunami Height

AWA ~ Mm

Figure 3. Inundation heights of the 1946 tsunami around Shikoku island

The Compax~n of the Four Historical Tliusasni Heights

The inundation heights of three historical tsunamis were compared with those of
the 1946 tsunami at a location where tsunami data had been recorded along the Shikoku
coast  Figure 4!. The vertical axis in Figure 4 indicates the ratio R of the tsunami heights
of three historical tsunamis to the 1946 tsunami heights. The inundation heights of the
1854 tsunami, the 1707 tsunami and the 1605 tsunami are 1.2-3, 1.2-3.6 and 1-4.6 times as
large as those of the 1946 tsunatni, respectively, We can see there are some locations
where the tsunami heights are extremely huge in comparison to the neighboring
villages.

THE NUjICERICAL SMUIATIONS FOR THE HISTORICAL TSUNAMIS

The numerical simulation for the general standard of the Nankai Region tsunami
is based on an assumption that the sea water surface is still at the beginning and that a
tsunami is generated as a given sea surface elevation equal to the vertical displacement
of the sea bed by the earthquake. At first the parameters of a fault model were given.
Then the final displacement of the sea bed was calculated by the formulation of
Mansinha and Smylie �971!. It is supposed that the vertical displacement of the sea bed
is linearly increased and completed within a previously appointed time. The fault models
used in this numerical simulation are Aida's models �981! as shown in Table 1.
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Table 1. Fault models proposed by Aida �981!

L: fault length

5: dip angle, $: dip direction

z: depth of the upper rim of the fault piane

us . 'dislocation of strike slip component  right lateral!

ud:dislocation of dip slip component  reverse!

T: duration time of the bottom movement

Mo . 'seismic moment  rigidity 5 "lo 'dyne cm!

R
T garnes

0 2

Figure 4. Comparison of historical tsunami heights



Basic Equations

The basic equations in the numerical simulation are the depth-averaged shallow
water wave Eqs. �!-�! with a friction term and a convection term. It is supposed that thevertical displacement   of the sea bed is included. �!

�!

Here x and y are the horizontal orthogonal coordinates fixed on the still water surface, Q�
and Q» are the corresponding components of volume transport velocity integrated from
the water surface to the bottom, g is acceleration due to gravity, f,. is the quadratic friction
coeIIicient of the sea bottom, h is still water depth, g is the water surface elevation from
still water level,   is the vertical displacement of the sea bed and D=h+g- , These
equations are transformed to difference equations,

Computation Region and Boundary Conditions

Figure 5 shows the computation region and the fault model of the 1946 Nankaido
earthquake. As shown in Figure 5, the computation region includes the Seto Inland sea
and the Pacific Ocean around Shikoku island. The grid size of the computation region is
5kmx5km and the time step in the numerical simulations is 5 sec,

As for the boundary conditions, it is assumed that tsunami waves reflect perfectly
at the land boundaries and the volume transport velocity perpendicular to the face of solid
boundary is zero. Moreover, the volume transport velocity at the offshore boundary is
decided by using the relation of Qp+Q»~=gDil2.

Simulation of the Historical Tsunami

Numerical simulations were carried out for the 1707, the 1854 and the 1946
tsunamis by using the above-mentioned method, Figures 6.1-6,3 show the comparison of
the calculated values with the observed values for these three historical tsunamis. The
vertical axis shows the ratio R' of the observed value to the calculated value of a tsunami
height.

These figures show the calculated values are generally smaller than the observed
values. It is natural that the calculated results cannot accurately reproduce the tsunami
heights at each location. Because the grid size used in our calculation is 5km in length,
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the computation region could not precisely represent the geographical features of the

coast. Honsyu
L

Shikoku

E
"
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l 50krn

Figure 5, Computation region and the fault model of the 1946 Nankai earthquake
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Figure 6.1. Comparison of calculated values with observed values
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Figure 6.2, Comparison of calculated values with observed values
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Figure 6,3. Comparison of calculated values with observed values



Figure 6.1 shows R' for the 1946 tsunami. The actual values of tsunami heights
obtained by observation are 1-3 times as large as the calculated values along the Kochi
coast. Along the Tokushima and Ehilne coasts, the ratios maximize 4 times or more.
However, the absolute values of the observed tsunami heights along the Ehime coast are
not so high. For the 1854 tsunami in Figure 6.2, most values of R' are larger than 1.0 for
the same reason mentioned above and the characteristics of R' between the 1946 and 1854
tsunamis show a similar tendency,

Figure 6.3 shows R' for the 1707 tsunami. For a long stretch along the Kochi coast,
the values of R' are close to 1.0 and the tsunami heights by survey on the basis of old
document are roughly equal to the numerically calculated ones. In the other regions
 Tokushima, the eastern part of Kochi and Ehime!, the observed values are larger than
the calculated values. It is expected that in case of the calculation by 5km grid size, the
calculated values are smaller than the observed ones, but most of the calculated values
are almost equal to the observed ones for a long stretch along the Kochi coast. With
considering these facts, it is necessary to re-estimate the fault parameters for the 1707
tsunami given in Table 1.

The Reproduction of the 1854 T>amami Using the 1946 Tsurumu Data

The characteristics of the 1854 tsunami are similar to those of the 1946 tsunami
 See Table 1!. So, we considered if the observed tsunami height at each bay end could be
estimated by multiplying the calculated value of the 1854 tsunami by the value of R' for
the 1946 tsunami.

Figure 7 shows the ratio R" of this estimated value to the observed value for the
1854 tsunami. As shown in Figure 7, these values of R" are plotted around one. As a
result, the reproducibility of the 1854 tsunami heights was improved, Where we have
data for the 1946 tsunami, we can obt,ain the corresponding tsunami heights for the 1854
tsunami by assuming that the source earthquakes were similar.

II
Times

I 854 Tsunami

Figure 7. Reproduction of the 1854 tsunami
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CONCLUSION

In this study, four big historical tsunaznis were investigated in order to clarify
tsunamis along the coast of Shikoku island in Japan,

First, data on the heights of these historical tsunamis occurring along the
shikoku coast were re-examined. In addition, new data and the inundation heights of
three of the historical tsunamis were compared with those of the 1946 tsunami,

Second, the inundation heights of these historical tsunamis were compared with
the values calculated by numerical simulations. The following conclusions were
obtained:

1! Generally, the values of tsunami heights of the three older tsunamis are 2-4
times as large as those of the 1946 tsunami,

2! It is necessary to re-estimate the fault parameters for the 1707 tsunami given in
Table 1, because the observed values of tsunami heights are nearly equal to the
calculated values for a long stretch of the Kochi coast in spite of the calculation
by the 5km grid size,

3! The tsunami heights of the 1854 tsunami can be reproduced by using the
observed data of the 1946 tsunami.

Aida, I, 1981. Numerical experiments for the tsunami generated off the coast of the
Nankaido district. Bull. of Farthq. Res. Inst. 56:713-730, The University of Tokyo.  in
Japanese!

Mansinha, L., and D.E. Smylie, 1971, The displacement fields of inclined faults, BuLL
Sei smoL Sac. Amer. 61�!:1433-1440.
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MULTIPLE RESONANT MODES OF WATERS IN A WIDE-OPEN BAY

Shigehisa Nakamura
Shirahama Oceanographic Observatory

Shirahama, Japan

Coastal zones have been highly utilized by humans, Narrow-mouthed bays have
been used for their living areas and for their activities. In comparison to these narrow-
mouthed bays, few studies have been made on wide-open bays. In this work, a numerical
modeling technique is applied for studying the properties of a wide-open bay. For
convenience, the author uses a special case study of a bay in the northwestern Pacific.
The numerical results are presented with reference to the tsunami threat and of the
possible impact on the waters at a forced resonance of local multiple modes. Runup is not
considered in this work.

INTRODUCTION

A numerical model is applied for studying multiple resonant modes of waters in a
wide-open bay. This model was originally developed by Loomis �972! and improved in
order to study tsunami problems and other related problems  for example, Nakamura,
1980, 1983, 1984, 1985, 1986, 1987!. With these improvements and applications, the model
used in this work can be assumed to be appropriate for this study. Nakamura �987!
showed that this model could be useful in identifying the mechanism of the observed
oscillation as a resonant mode, The resonant mode must surely be one of the important
factors in considering tsunami warning and protection works, even though no runup is
considered.

In the northwestern Pacific, as in other seismic zones, there are tsunami hazards
on the coast facing the ocean. A historical review shows that such tsunami hazards have
occurred repeatedly in the past as can be easily found in the published tsunami catalogs
 e.g., Iida, et al., 1967; Soloviev and Gao, 1974, 1976; and Watanabe, 1985!.

The author once studied the response of a wide-open bay using a numerical model
 Nakamura, 1987!. He reported that a nodal line is formed off the bay mouth and
amplification depends on the configuration of the coastline and bathymetric condition.

In the present study, a specific reference is a coastal zone in the northwestern
Pacific, An incident oscillation is given as an input function offshore to propagate into
the coastal zone with a wide-open bay, Homogeneous and uniform fluid is assumed in a
single layer for convenience,

A real map of the resonant modes is presented for the area around Hii district.
Other possible impacts are also presented to exiting oscillations under the influence of
the me teorological effects.

OSCILLATIONS IN A BAY

There have been many solutions for a simplified bay model. These solutions are
found in the basic texts of, for example, oceanography or coastal engineering.



Al NE CTli!NEAO COACT
The simplest example is a semi-infinite

ocean without a bay as found in  A! of Figure 1,
although the actual coastline is not necessarily
rectilinear and the water depth is not uniform, A
geometrical simplification of the coast line
makes it easy to solve equations by using various
inathematical techniques. Problems on an
almost-closed bay have also been solved by many
scientists, too many to mention here, In this
case, the shape of a bay is assumed as found in
 B! although the coast of the existing bay is not in
a rectangular shape with a slit. A basic study of
a bay must be a simple rectangular bay facing an
ocean as seen in  C!. This is a typical case for
applied mathematics. One of the similar cases
must be a v-shaped bay as in  D!, which shows
that the oscillations of the waters can be well-

amplified at the head of the bay and a nodal line
is formed near the bay mouth. Another interest-
ing case is a coupled bay as shown in  E!. An
energetic solution was obtained by Nakano �932!
as a solution for the secondary undulations in
bays forming a coupled system, Generally speak-
ing, the actual coastline facing the ocean is not
so simple so that it is essential to consider the
coastal configuration and bathymetric profile.
Murty �977!, for example, has noted the
relationship between the tsunami threat and
oscillations in a bay.
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Figure 1. Typical shape of bay
 schematic models ar!d
realistic configurations!

However, a more practical solution could be obtained by utilizing an appropriate
numerical model for a hazardous region.

STUDY SITE OF TSUIMMI THREAT

In the area around 'K!I,' tsunamis have inflicted damage in the past as shown in
Table 1. This table was prepared aRer referring to the citation out of the original docu-
ments or historical description with evaluation of what is correct in the terms included
in the existing tsunami catalogues. The reinarks in the table siinply note at-a-glance the
damages in Japan.

The study site in this work  Figure 3!, the repeated severe damages has been
documented. Hence, the tsunami threat in the area is high, so that it is necessary to
know when the next hazardous tsunami or tsunamigenic earthquake occurs, In order to
establish an effective warning systein and to complete a more eA'ective protection works,
a prediction of the next hazardous tsunami is in urgently needed.
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In this work, the study site is a bay in the northwestern Pacific, It is well-known
that the circum-Pacific seismic zone is located almost along the coast lines facing the
Pacific  Figure 2!, The islands of Japan are also a part of the circum-Pacific seisinic
zone. The author concentrates this work on the area of a part of the south coast facing the
northwestern Pacific. This area is located around the dot in Figure 2 noted as 'KII'
district.



E 140 IlD 140 t00 $0s
N

60

20

4Q

Figure 2. The circum-Pacific coastal zone and zonation of the Japanese coasts

Figure 3. The geographical topography around the modelling area
 The marks X, N, R, D, E and G are the reference points.!
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Table 1. Local tsunamis found in historical documents and records

Location Remarks

49000 persons dead
29000 houses broken

M8.4 135,0F. 33.2N1707 Oct 28

Mr, Sakaguchi's document
 only 5 houses without any damage
in 139 houses; washed out!

8300 houses broken and drawn

1000 persons dead
300 houses burned
Sea boom s j Ust after strong shock
and then tsunami arrived
At Yura, max. ca 4-5 m above the

lan d
A hazard map of Yokohama area

M8.4 137,8E 34,1N1854 Dec 23*

Tsunami height 6 m at Owase
998 persons dead
2135 persons harmed
26130 houses completely broken
46950 houses partly broken
3059 houses washed out
11 houses burned

M8.3 136.2E 33,7N

1330 persons dead
9070 houses broken
4283 houses partly broken
1451 houses washed out
2597 houses burned
Ground level variations

Tsunami hazard map¹

M8,1 135.7E 33.0N1946 Dec 12

Note: The mark of * is cited out of "Yura-Cho-Shi  Shiryo-Hen!, 1985
The last two are cited out of "Zoku-Hidaka-Gun-Sh i", 1975
The mark ¹ is in "Kii-Yura-Chihou-Shi", 1966

A local hazard map of the event on 21 December 1946 is duplicated in Figure 4
which shows the hatched area as the tsunami-flooded area. In Figure 5, a tsunami
hazard map of 23 December 1854 is duplicated to show the maximum water levels above
the ground level. These maps suggest that tsunami runup was recorded and shows that
a resonant amplification must have appeared for the incident variations of the water
level as the tsunamis. This means that the problem of tsunami runup is replaced as the
problems related to resonant modes in a bay in order to obtain the essential solution for
the warning and protection work.
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Figure 4. The tsunami hazard map for the 1946 event
 The marks X, N, R, D, E and G are the reference points,!
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Figure 5. The tsunami hazard map for the l854 event
 The marks X, N, R, D, E and G are the reference points.!
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A SIMPLE NUMERICAL MODELLING

The equation of motion is rewritten in the form of a difference equation, and the
equation of continuity is expressed also in the form of a difference equation. The grid size
of the numerical computation is considered in order to obtain a stable solution.

A rectangular area covering the interested bay is taken as the model. In this
work, the area is a part of the south coast of Japan facing the northwestern Pacific. This
area is shown in Figure 6 schematically
with the coastline and bathymetric contours
of 20 mand 40 m deep around Hii Bay and
Yura Bay, The model area is covered by a 400
m grid mesh. The maxirnurn water depth is
66 m in the model area. In order to obtain a
sable and reasonable solution numerically,
the minimum water depth near coast is
taken as 5 m which must be reasonable in
this model because the most of the coastal
control is directed to keep its water depth at
the coastal structures which form the part of
the coastline in the model area.

Single-layered homogeneous water is
considered and a forcing function as a
variation offshore is given by a sinusoidal
incident water wave on the western bound-
ary of the model limit.

In Figure 6, several grid points are
marked to show the locations, i.e., Shirasaki
 SR!, Ohbiki  OB!, Yura  YR!, Hijikijima
 H J!, Ar i-shim a  AR!, Katakui  KT!,
Tsukuno  TK!, Hii  Hf!, and Awo  AW!,
These points are used for reference in this
numerical model.

Figure 6, Model]ing area for numerical
computation and selected points
 dots!. Depth contours of 20 m and
40 m are shown,

AMPLI'I'UDE AND FREQUENCY

As a result of numerical computation, a resonant pattern at each point in the
model is obtained as a function of an incident sinusoidal wave. The resonant patterns at
these points are shown in Figure 7.

In Figure 7, the period of the incident wave is in the range between 12 to 28
minutes, and computation has been undertaken at a step of I minutes. So that, a more
detailed property is hard to find out of this numerical result. Nevertheless, it is obvious
that at YR a peak of resonance is around at the period of 27 or 28 min. of the incident
wave. This resonant pattern suggests that a wave with one centimeter offshore may be
observed as an about fifteen centimeters' wave at YR.
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In order to find a solution for the threat of tsunami around the coast facing an
ocean, it is preferable to utilize an improved numerical model, For this reason, the
author applies his improved numerical model for problems on multiple resonant modes
of waters in a wide-open bay. For convenience, an upwind scheme is modified and
applied in the numerical computation for the model of interest in this work.



As for the resonant patterns at TK, Hl
and AW, a peak is found at the period of 15.5
minutes of the incident wave even though the
area is forined by the coast line as a wide-
open bay. In 1946 event of the tsunami, the
local residents reported that the waters were
violent and to-and-fro between HI and AW to
form a lateral oscillation.

RESONANT MODES

In this numerical model used by the
author, the first mode of the forced oscillation
is for the period of 27 minutes of the incident
wave and the amplitude pattern can be
shown as in Figure 8. This pattern suggests
that a nodal line is formed offshore, and the
maximum of the amplitude is found at YR,
This is understandable considering the
resonant pattern shown in Figure 7. This
could have been one of the factors of the 1854
tsunami  Figure 5! and the 1946 tsunami
 Figure 4!. The second mode is shown in
Figure 9 to as a resonant amplification
around HI and AW, respectively. A time
stepping computation clearly illustrates the
lateral oscillation between Hl and AW.

6!

20 i mis

Figure 7. Amplification as local response
at each point  same points in Fig

OBSERVKD OSCILLATIONS

In this section, a recent record of oscillations in the model area is introduced and
discussed.

At station YR �3 57.26'N, 135'7'E!, some records were obtained using a pressure
sensor settled on the sea floor. A part of the record is shown to demonstrate oscillations
induced at the head of the wide-open bay in Figure 10. The sensor has a cut-off function
for high frequency so that no wind waves are included in the record.

Possible External Impact
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At the station settled offshore tower  SHIRAHAMA! about 40 kin southeast of
station YR, wind speed  W!, wind direction  WD!, air temperature  T*!, water tempera-
ture  Tw ! and tides  Z! were observed  Figure 11!. It is easy to see that the wind speed and
direction varied in the early morning on 2 October 1986, Air temperature also rose
suddenly about 2 C, No significant variations of water temperature and tides were
noticed. This indicates the passage of a atmospheric warm front at the tower. This can
be an impact on the sea surface. If this is the case, the variations in the afternoon as
found in Figure 10 may possibly be a result of the meteorological impact on the sea
surface.



Amphtude Spectra

CONCLUSIONS
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A result of amplitude spectral
analysis is shown n Figure 12. This
diagram shows variations of the
spectral pattern with time lapse. The
marks P-P and R-R indicate the
resonant modes appeared in Figure 7
or Figures 8 and 9. With this
diagram, the two modes may be taken
to be possibly am pli fied by the
meteorological impact on the sea
surface. Eliminating the tides from
Figure 12, the spectral pattern can be
shown as in Figure 13. In this
diagram, it becomes clear that the
two modes had developed after the
impact in the early morning so that
the cross marks are the peaks of the
spectral pattern.

Inducing the Multiple Modes

In the above examples, the
atmospheric iinpact is also to induce
the multiple modes in the coastal
area considered in this work as in the
case of the hazardous tsunami.

A numerical model is applied
for studying multiple resonant modes
of the waters in a wide-open bay.
First, various patterns of bays facing
an ocean are introduced. Next, this
work is considered in relation to the
tsunami threat on the coasts facing
the circum-Pacific seismic zone. The
author's interest concentrated on
problems in a wide-open bay located
in the northwestern Pacific. A simple
numerical modelling was undertak-
en to find the local resonant mode;
especially the first and second modes
in the model area in order to discuss
their relationship to the tsunami
threat. The other possible impact was
considered in order to understand
variations as induced resonant
modes.

Figure 8. The first mode of the forced
response in the model

Figure 9. The second mode of the forced
response in the model
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Figure 10. Local tides and variations
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Figure 1L Observed results at the offshore tower station to demonstrate the
atmospheric impact on the sea surface
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Figure 12, Time evolution of amplitude spectrum  TD! obtained from the data
shown in Figure 10
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Figure 13. Time evolution of amplitude spectrum  SH! obtained from the data
shown in Figure 10
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