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NUMERICAL SIMULATION OF THE 1969 TSUNAMI ALONG THE
PORTUGUESE COASTS. PRELIMINARY RESULTS.

Ph Heinrich
Laboratoire de Détection et de Géophysique
Commissariat a I'Energie Atomique, Bruyéres-le-Chatel, France
M. A. Baptista, P. Miranda
Centro de Geofisica da Universidade de Lisboa
Lisboa, Portugal

ABSTRACT

On the 28th February 1969, the coasts of Portugal, Spain and Morocco were affected by
water waves generated by a submarine earthquake (Ms=7.9) with epicenter located south of
the Gorringe bank. The aim of this paper is to simulate this small tsunami, by comparing the
computed and observed tide gauges. According to Fukao, the fault plane solution is a thrust
with a small strike slip component N55°E parallel to the Gorringe Bank, the soil movement
area involved being 80 x 50 km? . Nonlinear shallow water equations are solved_ with a finite
difference scheme, using a computational grid with different cell sizes over different
geographical domains. The water surface initialisation has been computed from Okada's
formulas, which output ground deformation as a function of seismic parameters. The numerical
results show that a great part of the tsunami energy is refracted towards the Portuguese coasts.
The modelled waves compare well with the recorded waves in respect to travel times,
maximum amplitudes and periods. Other possible source locations, as well as other fault plane
selections have been studied.



INTRODUCTION

At 2h 40mn 32s a.m. on the 28th February 1969, an earthquake with magnitude Ms=7.9
occured south of the Gorringe Bank. This seismic event is one of the largest that affected this
area. The most famous one occured in 1755 and killed probably more than 50,000 persons
(directly and through the induced tsunami).

The 1969 earthquake generated a small tsunami recorded by most of the tide stations of
Portugal mainland, Spain and of the Azores islands. The analysis of the gauge records was
carried out by M. A. Baptista et al. (1992). Spectral analysis allowed them to filter the tide,
and to determine the main characteristics of the signals such as the tsunami arrival times, the
maximum amplitudes and the tsunami periods. Comparing "quiet days" records and "“tsunami-
days" records, they concluded that the frequencies recorded on a particular spot are connected
to the local bathymetry and that the occurence of the tsunami increases the amplitude of only
one frequency in the spectrum. Inverse ray-tracing from different coastal stations allowed them
to determine the tsunami source close to the Gorringe Bank.

The aim of this paper is to simulate the recorded water waves by means of numerical
models. First, the seismic source is briefly described and the ground displacement is determined
from Okada's (1985) formulas, using Fukao's (1973) seismic parameters. The water waves
propagation is then computed using shallow water models or three-dimensional Navier-Stokes
models. Finally, other tsunami sources are studied for this event.

DESCRIPTION OF THE SEISMIC SOURCE

The fracture zone extending from the Azores towards the Strait of Gibraltar is the boundary
between the Eurasian and African tectonic plates. The analysis of the earthquake focal
mechanisms in this zone (Fig.1) shows that the relative motion between the two plates changes
from right lateral strike slip with an extensional component at the western end, to pure strike
slip in the central area and thrusting with a compressive component in the NW direction at the
eastern end. This behaviour can be explained in terms of a pole of rotation for the relative
motion of the two plates (cf Minster, 1978; Buforn, 1988). According to Purdy (1975), the
1969 shock is a direct consequence of the compressive motion in the eastern end of the zone,
with underthrusting of the African plate at an extremely low rate. The seismic-refraction lines
of this area as well as the free-air gravity anomaly over the Gorringe Bank allow him to
conclude that the Gorringe ridge was formed as a continuous process by the successive
overthrusting of oceanic crustal and upper mantle material.



The 1969 earthquake epicenter was located by different seismic organizations at N36.01
W10.6(USGS), N36.2 W10.5 (BCIS) and N36.1 W10.8 (LCSSM). The epicenter as well as
the aftershock area are located in the Eastern Horseshoe Abyssal Plain, south of the Gorringe
Bank. (Fig. 2). According to seismologists, the focal mechanism is a thrust faulting with a
small strike slip component. The problem is to distinguish between the fault plane and the
auxiliary plane. Lopez et al. (1972), Udias et al. (1976), Buforn et al. (1988) favor the
selection of the east-west striking plane, whereas McKenzie (1970), Fukao (1973), Purdy
(1975) choose the N55°E striking fault, parallel to the Gorringe Bank.

According to Fukao, the elongation in the NE-SW direction of the aftershock area suggests
that the fault strike angle is N55°E. The length and the width of the fault are estimated from
the aftershock area to be about L=80km and W=50km respectively. From seismic signals
analysis, the dip angle is estimated to be 52° and the seismic moment M_=6.102° N.m. On the
basis of this analysis, it has been decided to simulate first the tsunami generated by this fault
plane. The slip dislocation u has been calculated from the following formula, based on shear
faulting theory :

M=pulW

where p is the shear modulus of the surrounding rocks. In this case, if we assume
u=4.1010 N/m? (cf Fukao, 1973), the slip dislocation is about 4 meters. This slip is consistent
with those presented by Scholz (1982) for a thrust event, taking into account a fault length of
80 km.

In order to calculate the ground deformation from these fault parameters, Okada's (1985)
formulas have been computed. These formulas have been established by Okada assuming an
elastic, isotropic and homogeneous half space. They calculate the ground displacement as a
function of seismic parameters ( the dip angle, the strike angle, the fault length and fault width,
the depth of the upper edge of the fault and the slip dislocation) and of the surrounding rocks
parameters (the Lame's coefficients A and p). Figure 3 shows the vertical computed sea-floor
displacement, using the Fukao's seismic parameters. The dimensions of the subsidence areas
are greater than the uplift area dimensions, but the maximum subsidence height at the rupture
front is about four times lower than the maximum uplift height.

TSUNAMI PROPAGATION MODELS

Most simulations of tsunami propagation have been carried out using a shallow water
model. In order to assess the importance of the frequency dispersion, the resuits for one of the
simulations have been compared with those obtained by solving‘the three-dimensional Navier-
Stokes equations.



The shallow water model :

This model, adapted from the SWAN model (Mader, 1988) solves nonlinear long wave
equations, using an explicit-in-time finite difference scheme with C-type grids. The equations
are formulated either in cartesian coordinates or in spherical coordinates. The latter
coordinates have been used to propagate tsunamis over long distances (from the source to the
Azores islands and to the Canaries islands). The cartesian coordinates system has been
preferred for the propagation from the source to Portugal and Spain mainlands, because
Okada's (1985) formulas and some local bathymetries are available only in cartesian
coordinates.

The first simulation presented in this paper has been achieved using coarse grids with cell
sizes of 1x1 km?. In order to propagate tsunamis in shallow water regions with more than ten
points per wavelength, coupling between coarse and fine grids has been used in coastal
regions. Wave heights and velocities along the boundaries of the fine grid are interpolated
spatially from the coarse grid values at each time step. Fine grid values are not used as input of
the coarse grid, since it is assumed that waves reflected by the coasts in the fine grid are not
significantly different from reflected waves in the coarse grids.

At the shoreline, the velocities are set in this case to zero, so that complete reflection is
computed. This assumption overestimates the computed water waves amplitudes, since no
wave dissipation by run-up occurs. At the open ocean boundaries, one-dimensional radiation
conditions are computed for each axis separately. '

The Navier-Stokes model :

The 3D hydrodynamics program Nasa-Vof3D (developed-by Torey et al. in 1987) has been
modified in order to study earthquake-induced or landslide-generated tsunamis (cf
Heinrich,1992). This eulerian model solves the three-dimensional incompressible Navier-
Stokes equations with a free-surface. The modifications consisted in dealing with any three-
dimensional time-dependent bathymetry and in introducing the possibility of rezoning in
shallow water regions. The rezoning consists in stopping the calculation in the coarse grid at a
selected instant and in pursuing it in a fine grid. The connection between these two grids is
carried out by initiating only once the velocities and water heights of the fine grid from the
coarse grid values. The main disavantage of this method is to propagate in the fine grid only
the first waves of the tsunami. ' “

The meshes used in the simulation consist of about 150x150x20 cells in the x, y, z directions
respectively with variable spacings ranging from Skm to 1km in the horizontal directions.



Computed source :

Compared with the tsunami celerity (0.2km/s), the rupture velocity (about 3km/s) is large,
so the ground displacement over the whole faulting region is assumed to be instantaneous. The
origin time t=0s is chosen at this instant. Since the source dimensions are much larger than the
water depth, the water surface elevation is given by the vertical motion of the bottom. Figure 3
shows then also the initialisation of the water surface for a N55°E orientation of the fault.

Propagation :

For both models, the Coriolis and frictional effects were neglected. As regards shallow
water simulations, the nonlinear terms are negligible. The wave elevations computed at the
coastal stations are almost similar, when linearizing the governing equations. From this result,
it can be inferred that the modelled waves amplitudes are directly proportional to the ground
slip dislocation.

COMPARISONRS BETWEEN THE COMPUTED AND RECORDED WAVES

The best agreement between computed and recorded waves has been found for a hydraulic
source centered approximately at the earthquake epicenter (defined by USGS data) with a
NS5S5°E strike angle.

The results of two calculations are presented in this paragraph. The first simulation uses
cells of 1x1 km? and propagates waves from the source to Portugal and Spain mainlands. The
propagation over long distances (up to the Azores Islands and the Canaries) has been
simulated in the spherical coordinates system, using cells of 1.5 minute.

The computed water surfaces at t=1000s, t=2000s, t=3000s and t=5000s are shown in Figs.
4, 5 and 6. As seen at t=1000s, the directivity of the waves energy is quite important, most of
the energy propagates perpendicular to the fault orientation (cf Ward, 1980). Later, as waves
are refracted along the south and west Portuguese coasts, the energy directivity is attenuated.
At all the coastal stations, the first wave motion is small and negative, since large subsidence
areas are located north and south of the uplifted area. Offshore, waves are strongly refracted
and reflected by the Gorringe Bank. The two sea-mounts forming the Gorringe Bank, are
acting as secondary sources. As shown in Fig. 5 at t=3000s, waves reaching the west
Portuguese coast are originating from the Gorringe Bank and not from the earthquake
epicenter. At one hour and a half after the origin time, waves reflected by the Moroccan coasts
reach the south Portuguese and Spanish coasts (Fig. 6). These reflection phenomena accounts
for the high wave amplitudes that have been recorded for more than 6 hours along these
coasts.

With the resolution used in simulations, it is not possible to match exactly the location of
the tide gauges in Portugal, in Spain or in the Azores. Numerical simulations revealed minor



differences in waveforms at cells located side by side. We therefore have chosen the cells with
the most representative depth values, i.e. depths of about S meters for most of the gauges.
Figures 7 , 8 and 9 show comparisons between computed and recorded waves at Lagos, Faro,
Cadiz, Cascais, Horta (Azores Islands) Pedrougos and Cacilhas. The latter two tide gauges are
located in the Tagus Estuary. .

- At Lagos, the modelled waves at a 4 meters depth match well the recorded waves in respect'
to the travel times, the periods and the wave amplitudes. The period of the first modelled crest
is slightly longer than the recorded one. The same first waves are obtained in coupling a coarse
grid with a fine grid with cells of 250x250m2. The disagreement about the leading wave period
could be explained by an overestimation of the source dimensions.

Faro is located approximately 60 km eastward of Lagos in a small river, which goes
through a very shallow water bay, closed by dunes. The precise bathymetry in this area as well
as the tide gauge location are not well represented, so that the river and the sand islands have
not been taken into account in the model. The modelled waves reach Lagos and Faro
simultaneously at 2000 seconds, since the first waves of the tsunami are refracted by the coasts
and are propagating in a perpendi_eular direction to the shoreline (Fig. 5) . Except for the time
difference of about six mihutes, the first modelled waveforms are similar to the recorded ones.

' The Cadiz halrbeur is located at the mouth of a large river. The first computed wave gauge
| (Fig. 7) is located at a 13 meters depth at the mouth of the river, the second one is computed 3
km inside the river at a 7 meters depth. The comparison with the recorded waves shows that
the second computed wave gauge is prebably closer to the tide gauge. Ohly the first wave is
well reproduced. The periods of the following recorded waves (about 17 minutes) are longer
than the leading wave period, being about two times longer than the modelled ones. These low
frequencies are likely to be generated by resonance in the river or in the Cadiz bay. The
imprecisions of the bathymetry could account for these discrepancies.

At Cascais, important discrepancies between the recorded and the computed waves are
observed in Fig.8. The waveforms from t=2000 seconds to t=3500s are completely different
from one another. Only the arrival time of the wave train seems to be accurate, since the
maximum amplitude of the first computed trough is observed at t=2300s in the simulation as
well as on the record. Later, the correlation between the two signals is improving, as far as
wave shapes are concerned. The amplitudes of the first four waves are too large by about a
factor of three, whereas the wave amplitudes are on the same order as the recorded ones from
t=4500s to t=8000s. These discrepancies could be attributed either to an incorrect response of
the tide gauge to this tsunami, or to inaccurate simulation. These points are discussed in the
next paragraphs. -

In the Tagus estuary, the locations of the tide gauges are Pedrouces, T. Pago, and
Cacilhas (Fig. 8). Since the Tagus river is narrow, waves entering in the Tagus propagate



eastward in a one-dimensional way. This result is confirmed by the similarity between the
signals recorded at Pedrougos, Cacilhas and T. Pago. As T. Pago is located 2km north of
Cacilhas, the signals are nearly identical and so the T. Pago tide gauge is not represented.

As shown in Fig. 8 at Pedrougos, excellent agreement is found between the simulations and
the observations. The period, the amplitude and the travel time of each individual modelled
wave agree very closely with the recorded ones. At t=4000s (Fig. 6) the first two crests
reaching Cascais have joined at the Tagus mouth and are forming only one crest with a half-
period of about 500 seconds and a 0.4 meters amplitude. This wave propagates eastward with
slight deformation up to Cacilhas and is well reproduced by the model. The discrepancies
concerning the following waves at Cacilhas are due to poor grid resolution.

At Horta, the agreement between the recorded and computed waves is satisfactory. The
first modelled gauge (Fig. 9) is located at a 5 meters depth, and the second at a 70 meters
depth. The results at a 70 meters depth show that the water surface elevation offshore does not
exceed 5 centimeters. Wave shoaling and wave reflections by the Azores islands account for
the 20cms recorded at Horta. Only the two first waves are well reproduced by the numerical
model. The third one is preceded by very short small waves that are likely to be due to wave
reflection and that are not modelled.

Fig. 9 shows the numerical results at Casablanca (Morocco) and at Santa Cruz (Canaries
Islands), where waves with amplitudes of 1.20m and 0.20m respectively have been reported (cf
Lopez et al., 1972). At Casablanca, the maximum amplitude of the computed waves is about 2
meters at a 5 meters depth. These high amplitudes are accounted for by the source directivity
~ (Fig. 4) and by wave shoaling. Unfortunately records from Morocco, which would have been
very important for confirming the source parameters, are not available.

The Canaries are volcanic islands with very steep slopes, located at about 1000km from the
source. As expected, the first computed wave heights are small in agreement with the
observations.

NUMERICAL RESULTS AT CASCAIS

The numerical results at Cascais are in poor agreement with the observations, whereas the
results in the Tagus estuary at 15km and 25km away from Cascais are satisfactory. The spectra
of the recorded and computed signals at Cascais have been calculated for a time interval of .
8000s (fig. 10). As shown in this figure, the observed peaks are ranging from 5 to 20 minutes
and are approximately reproduced by the model. The discrepancies observed in the previous
paragraph could be accounted for by a poor response of the tide gauge to short periods (cf
Satake et al., 1988).
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In order to check the model validity, other numerical simulations have been performed. The
3D Navier-Stokes model has been used to estimate the frequency dispersion. This 3D
simulation has been carried out by rezoning a 600x600 km? computed domain at t=1500
seconds. In this domain, the cell sizes are about 3x3 km? in the horizontal directions. In the
second domain, the cell sizes are about 1x1 km? in the Cascais area. The comparison between
the two numerical models (Fig. 10) shows that the results are similar for the first waves and so
that the effects of frequency dispersion on computed waves at Cascais are only minor. This
result was expected, since the number of wave lengths from the source to Cascais is small. The
differences observed in Fig. 10 are attributed mainly to the differences between the two gauge
locations.

As regards shallow water simulations, it was noticed that results in the previous paragraph
are slightly different for cells located side by side. In order to propagate the waves with smaller
cells, a second grid covering the Cascais area has been used with 250x250m? cells. This fine
grid with 300x300 cells is coupled with the previous coarse grid (the cells sizes of this latter
grid are 1x1 km?2). Fig. 10 shows that the wave trains are roughly comparable.

From these results, it can be inferred that the numerical model is likely not to be responsible
for the disagreements between the first computed and observed waves at Cascais. Other
potential tsunami sources are then studied in the next paragraphs.

NUMERICAL RESULTS OBTAINED WITH DIFFERENT STRIKE ANGLES

In this paragraph, new simulations have been carried out, selecting other fault planes. Since
the fault plane could be mistaken for the auxiliary plane, the east-west fault plane has been first
selected. Taking into account the focal mechanism, it is then assumed that the south block is
moving upward in respect to the north block. The strike angle is 270° in respect to the North,
the other seismic parameters are unchanged.

Fig. 11 shows the comparisons between the recorded and the N55°E and 270° modelled
waves at Lagos, Cascais and Pedrougos. At Lagos, the 270° modelled waves are very similar
to the previous modelled waves. The wave refraction towards the coasts is such, that no
significant difference is observed.

Due to the location of the uplifted area, the modelled waves arrive at Cascais and
Pedrougos four minutes later than the N55°E modelled waves. At Cascais, the amplitudes of
the first crest and of the third trough are about 75 cms, two times higher than the previous
modelled amplitudes. At Pedrougos, the amplitude differences between the two modelled
waves are reduced to about 20cms. Only, the source directivity can account for these high
amplitudes.



The same calculations have been carried out, using a 25° strike angle corresponding
approximately to the Messejana fault and a 90° strike angle. The numerical results show that
the fault direction has minor effects on waveforms and on wave periods. Only the waves
amplitudes vary significantly with the the fault direction. These results are in fair agreement
with Ward's (1980) formulas, that scale the waveforms for a dip slip earthquake by sind, where
¢ is the azimuth of observation in respect to the fault direction. The comparisons between
recorded and all the computed wave heights suggest that the N55°E fault plane is the best
choice.

NUMERICAL RESULTS OBTAINED WITH A DIFFERENT SOURCE LOCATION

As mentioned above, the earthquake epicenter has been located by most of the
seismologists within 30 km of the U.S.G.S. epicenter. In this paragraph, the source location
has been chosen 60 km north-west with respect to the previous one, assuming that the
Gorringe Bank has been uplifted by this event. This hypothesis is in agreement with the
theories of Purdy (1975) or Minster (1978). It is also worth noting that the Gorringe’B'ank
dimensions (about 100x50 km?) are approximately the same as the uplifted ground dimensions
of Figure 3.

The numerical results at Lagos, Cascais and Pedroucos are shown in Fig. 12. The waves
arriving at Lagos are similar to the modelled waves of the first simulation in respect to the
periods and to the amplitudes. The only difference is that the modelled waves lag the
observations by about S minutes. The same time difference is observed at Faro and Cadiz. At
Cascais and Pedrougos, waves arrive about 5 minutes sooner than the recorded waves. The
amplitudes of the first waves-at Cascais (about 50 cms) are slightly greater than the amplitudes
of the modelled waves of the first simulation. The first two crests, computed in the first
numerical simulation, are replaced by only one crest with half-period of 10 minutes. This crest
is followed by a 0.50cm high trough with about the same half-period. This large trough is then
propagating in the Tagus estuary, as shown on the modelled Pedrougos gauge. The second
recorded crest at Pedrougos at 4100s is not reproduced.

The comparisons between the two numerical simulations show that the location of the
source in respect to the Gorringe bank is important and that a great part of energy is reflected
by the two sea-mounts, when locating the source south of the Gorringe Bank. These results
suggest. that the seismic location is probably close to the real one. The location will be
confirmed in a second report, taking into account a more precise bathymetry offshore and close
to the tide gauge stations.

11
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CONCLUSION

The numerical simulation of the 1969 Portuguese tsunami has been performed, using
different sources and different models. For each case, comparisons between the recorded and
computed wave gauges have been made.

Fair agreement has been obtained for most of the eight studied gauges, using the Fukao's
(1973) seismic parameters. The exception is the Cascais gauge, where the first recorded waves
are not reproduced by the models. Since the results at Cascais are not very sensitive to the
source, the discrepancies could be attributed either to the tide gauge response to tsunamis or to
a local complex bathymetry, which the model probably does not take into account. The 26th
May 1975 earthquake generated also a small tsunami recorded by most of the tide gauge
stations. This study will allow us to determine, if the Cascais records can be modelled.

The magpnitude of the 1755 tsunami, which epicenter is maybe close to the 1969 one, was
estimated to be about 8.5-9, whereas the observed wave amplitudes at Lisbon and Cadiz were
10 to 20 times higher than those recorded in 1969. The numerical simulation of the 1755
tsunami will then require particular attention to the propagation of strong nonlinear waves, to
bores formation and to tsunami runup.
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Computed water surface at t=5000s
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ON THE INFULENCE OF THE SIGN OF THE
LEADING TSUNAMI WAVE ON THE HEIGHT
OF RUN-UP ON THE COAST

S. L. Soloviev
Institute of Oceanology
Russian Academy of Science, Moscow, Russia

R. Kh. Mazova
N. Novgorod State Technical University
Nizhny Novgorod, Russia

ABSTRACT

None of the known tsunamis in the Pacific Ocean began in all regions of the coast
with the ebb but the majority of tsunamis came in as positive waves. If positive and
ebbs were observed simultaneously, positive waves predominated and negative ones were
observed along limited places of coasts close to tsunami sources. This reflects the tectonic
compression of the Pacific basin. If the positive wave comes first to the coast, the maximum
run-up may occur for one of the waves following the leading wave. Such a possibility is
confirmed by an analytical treatment. If a negative leading wave of the same height arrives,
the run-up may be highest for the first wave.
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INTRODUCTION

Tsunami waves may achieve a considerable height resulting from a tremendous natural
calamity on the Pacific coast of Kamchatka and the Kuril Islands (1), other coasts of the
Pacific Ocean (2, 3, 4), in many regions of the Mediterranean Sea (5), and in a number of
regions of the Atlantic and Indian Oceans (6). The opinion that the tsunami wave train
approaches the coast as a crest (a tidal wave of the positive phase) is rather popular, but it
is erroneous in principle. However, the analysis of natural data shows that tsunamis often
begin on the coast as an ebb. But there are neither statistical data, nor the subsequent
analysis of this evidence yet. The sign of the leading tsunami wave may change both due
to its propagation along the peculiarities of the underwater relief and due to its interaction
with the coast (trapped waves). However, proceeding from modern concepts of tsunami
formation, one should consider that this sign reflects the direction of the vertical shift of
the sea bottom in the tsunami source: a rapid seismotectonic rise of some regions of the
bottom should result in the emergence of tsunami approaching the coast by the crest, while
the descent of some regions should result in tsunami approaching by the cavity (7-13). In
this connection studying the directivity (signs) of the first tsunami wave is of interest for
better understanding of both the mechanism of the source of a separate tsunamigeneous
earthquake and the modern tectonic processes in the Pacific Ocean on the whole.

Looking through the catalogues of tsunamis in the Pacific Ocean (2, 3, 4) shows that no
tsunami was registered that would begin in all points of the coast as an ebb. This allows
us to conclude that the bottom of the Pacific Ocean upon the whole is in the state of
compression (this is confirmed by the existence of shear zones along the ocean periphery
- seismofocal Vadati-Zavaritsky-Beniof layers). None of the tsunamis occur due to the
depressive fall of the sea bottom

If we ascribe the sign “plus” to the run-up of the wave with the positive phase and
the sign “minus” to the rundown wave, all the tsunamis considered may be divided into
two types: 1 - tsunamis consisting completely of pluses, 2 - tsunamis consisting mainly
of pluses with negligible number of minuses, concentrated as a rule on the coast which is
the nearest to the tsunami source. The latter may be illustrated by the fact that such
well-studied tsunamis occured in Alaska (March 27-28, 1964), Niigata (June 16, 1964), the
Sea of Japan (May 26, 1983) were actually caused by rapid rises of vast bottom regions,
surrounded from the coast side by a narrow (in width) and insignificant descent of the
bottom (12, 13 14) according to the classification made above, these tsunamis refer to the
second type. The present paper deals mainly with the problem of the necessity to take
into account the sign of the leading tsunami wave, when estimating the expected tsunami
run-up.

STATISTICAL ANALYSIS

The analytical estimate of the run-up of the tsunai wave train on the coast (15, 16, 25)
may show that:

1. Not only the first wave (positive) in the train, but the wave following may have the
maximum height.

2. The maximum run-up of the train with the first negative phase may be greater than
that of the train with the leading positive wave (for one and the same initial conditions).



3. The wave that follows the rundown may have a steep profile and a high velocity (as
compared to the first wave).

We shall verify these conclusions by analysing the natural data on the tsunami waves
run-up on the coast. We use the actual data on the tsunami from the catalogues (2, 3,
4), the Shchetnikov set of mareograms (18, 19) and other works (20). The analysis was
performed for the four main types of the beginning of the tsunami climbing process on
the coast: I - water rise on the coast in the form of a quiet inundation, II - run-up of
the visible water step (bore) of the arbitrary form, III - by unexpected quiet ebb of the
coastal zone, being as a rule lower than the usual minimum level of ebbs, IV - the ebb of
the visible wave (negative bore). The analytical estimates (15, 16) allow us to make the
conclusion that at one and the same geometry of the problem and the initial wave energy,
the run-up of the waves of III and IV types may result in significantly greater destruction
in the coastal zone than that of the waves of I and II types. Unfortunately, we have at our
disposal neither complete visual information for strong tsunamis that occurred many years
ago (the phase of the first wave arrival, the height of the second and the third wave), nor
mareograms for the majority of tsunamis. Thus, we cannot estimate them quantitatively
and compare them with our analytical results (15, 16, 17).

In the connection for quantitative estimates we have used the papers (4, 18, 19), where
mareographic data on the Pacific tsunamis that occured from 1952 to 1985 were given.
The analysis is based on the tables with the data on the first and maximum waves as well
as mareograms. We should mention here that it follows from (21) that the values of the
visual run-up differ statistically from the mareographic water rise by the factor of square
root of 2. Therefore, the use of tables and mareograms for estimating the actual run-up
has such an accuracy. Besides, it follows from natural observations that the maximum
waves as a rule are the first to third waves in the train, thus to estimate the effect of the
first phase on the value of the run-up we used the maximum wave data corrected with the
corresponding mareographs. For the analysis of 84 cases when tsunamis began with the
rundown and 335 cases when tsunamis began with the run-up were chosen. A number of
functional dependences were obtained on the basis of these data. The dependences for the
run-up of the wave train were plotted. Figure 1 gives the height of the maximum water
rise H,,., as the function of the amplitude of the first wave H which is positive for the
first type of waves (curve 1) and negative, but taken in absolute value, for the third type
(curve 2). We have obtained the following:

HY =0.6H, +6.0
(1)
~.. =12H, +5.9

min
)
It is seen that the curve for the tsunamis beginning with the rundown if more steep
than for the waves beginning with the run-up. This may testify that the amplitude of the
maximum wave that follows the rundown is greater as a rule than that of the leading wave
of the run-up in the considered case (type II). Thus for example at H = 100cm, H_,,, is
twice as large as H%,,. The curve for Yuzhno-Kuril’sk was additionally plotted for the
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cases when tsunamis began with rundown (curve 3). For these cases: Hpo, = 0.8H; +3.9
The data are taken from Table No. 12 of (19) using 23 tsunamis of the 63 tsunamis
observed in this region during 1957-1982 that began with run-down. One may see that
this dependence is also more strong than (1).

On the basis of 419 cases of tsunami histograms of height distribution of waves of
different types approaching the coast by the crest (1) and by the cavity (2) are plotted
in figure 2. It is readily seen from the figure that in both cases the character of the
distribution, as it should be expected, is the same. Thus when processing sea wave data
(22, 23, 24), these histograms are fairly well equalized by the right branch of the normal
distributions:

Ny =1.2% 10 % exp(—(H/H; + 0.3)2/2)

3)
Ny = 1.3 10 * exp(—(H/H; + 0.5)%/2)

(4)

The curve describing the tsunami repeatability when the wave train approaches the coast
by the crest (2), lies higher than the curve for the tsunami beginning with the trough (1).
This may be the evidence that the tsunami of the types I and II predominate over those of
types III and IV. The tsunami repeatability may be also expressed by the power relation
(which is more convenient for seismologists) that in the double logarithmic scale has the
format:

lg(N/N,) = —-1.5lg(H) — 0.062

(5)
where N, is the total number of the considered cases.

These statistical results were obtained by analysing weak events with the amplitude
of the approaching wave from 4 to 150 cm. Therefore, the problem on the possibility
of the use of these results for the comparative analysis in a more general case may be of
interest. For this we solve the problem of the verification of the homogeneity of the statistic
material. For the analysis we may take two independent samplings X; and X, for the first
one being the sampling of the tsunamis of large amplitude considered in paper (20) and
the second one being the sampling of the tsunamis beginning with water rundown from
the coast. (We may consider also the sampling for weak waves of the tsunamis of the I and
IIT types). It is necessary to ascertain whether these are the samplings from one and the
same distribution or the distribution law is different. In the first case all the conclusions
made for one of the distributions are valid also for the other. The repeatability law plotted
for the sampling X; (the dotted line in Figure 2) has the form (20), while for the sampling
X, we have correspondingly the formula (3). To verify the hypothesis of the homogeneity,
we may use the integral distribution functions, formally obtained from the distribution of
(3) and (20) correspondingly. We have shown that our assumptions that X; and X, are
the samplings of one and the same distribution. Thus the results obtained by analysing
the run-up of small-amplitude waves on the coast are valid also for more strong tsunamis.



Conclusions

1. When calculating tsunami risk it is necessary to take into account the fact that a
wave train may approach the coast with various initial phases, since the maximum run-up
is essentially determined by the sign of the leading wave. In this case the leading wave is
not obligatorily the maximum one.

2. When tsunami waves climb the coast such waves prevail that approach the coast by
the crest. This indicates that the bottom in the Pacific Ocean is currently compressed.

3. When calculating tsunami risk it is necessary, if possible, to take into account the
sign of the vertical shift of the ocean bottom in the tsunami source which may be often
determined by seismograms.

4. To study the mechanism of the excitation of a tsunami, one should throughly study
tsunami emergence on the coast, taking into account the phase of the first wave.
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ABSTRACT

Approximately 105,000 (105 Ka) years ago, tsunami waves are believed to have occurred
that swept up to current elevations of about 325 meters on the island of Lanai and to lower
levels on other Hawaiian islands. The lower sea level of 105 Ka would require a wave of
over 400 meters. Recent sonar surveys of the Hawaiian Ridge show slumps and debris
avalanches which are more than 200 kilometers long and 5000 cubic kilometers in volume.
This study was undertaken to determine if any of these underwater landslides could be the
source of the 105 Ka Lanai tsunami.

The modeling was performed using the SWAN code which solves the nonlinear long
wave equations. The tsunami generation and propagation was modeled using a 1.0 and a
0.5 minute grid of the topography of the Hawaiian Islands. Of the various known debris
avalanches, the age and geographic constraints suggest that the movement of the Alika 2
debris avalanche off the Kona coast of the island of Hawaii was the most likely tsunami
generating source. To obtain a Lanai runup of over 300 meters, a landslide of 160 cubic
kilometers and uplift of 1000 meters was required.
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THE LANAI TSUNAMI

As described in references 2 thru 7, approximately 105,000 years (105 Ka) ago based
on uranium-series dating, a series of coral-bearing gravels were deposited on the Hawaiian
islands, probably by a tsunami wave, that reach 326 meters above current sea level (375
to 425 meters relative to sea level at time of the waves) on the island of Lanai and 60 to
80 meters on the islands of Oahu, Molokai, Maui and Hawaii.

Possible origins of such large waves are (1) submarine volcanic explosion, (2) impact of
a metorite in the ocean near Hawaii, and (3) local submarine landslides. In reference 2,
Moore and Moore proposed that the tsunami wave was formed by the failure and downward
movement of a landslide on the slope 50 kilometers southwest of Lanai. Sea-floor imaging
of the slope southwest of Lanai with the Gloria sidescan sonar system has identified a
submarine landslide called the Lanai slide. The slide is about 40 km wide at the top
beginning in water less than 2000 meter deep. The area of its toe extends to a depth of
4,500 meters. To examine the nature of the wave from a massive Lanai slide, we modeled
the slide as a 10x50x2 kilometer drop down the slope and a 20x50x1 kilometer uplift along
the ocean floor. Such a slide covers all the area of the Lanai slide and is probably at the
upper limit of disturbance possible from such a slide. The calculated wave characteristics
near the shore of the Hawaiian islands are given in Table 1. The highest amplitude near
Lanai was only 60 meters which indicated that the Lanai slide is an unlikely candidate for
the source of the 325 meter high Lanai tsunami.

In reference 6, Moore, Normark and Gutmacher state that age and geographic
constraints suggest that the movement of the Alika 2 debris avalanche generated the
waves that deposited the dated gravels on Lanai. Three well-defined debris avalanches,
the South Kona, Alika 1, and Alika 2 landslides drape the submarine west flank of the
currently active Mauna Loa volcano on the island of Hawaii. The upper reaches of the Alika
debris avalanches extend from the shoreline down to 2 kilometers. The middle course of
the avalanche has a 40 kilometer long flat-floored channel that is 10 kilometers wide. The
broad lobe at the lower part of the Alika 2 debris avalanche is 34 kilometers in diameter.
The combined volume of the Alika landslides is 200 to 800 cubic kilometers.

In reference 7, Johnson and King described the Alika landslide off the coast of Kona as a
drop of 20x20x1.5 kilometers down the island slope and an uplift of 28x28x0.75 kilometers
on the ocean floor maintaining the volume of 600 cubic kilometers. This landslide was
modeled using a one minute grid of the Hawaiian island chain topography. As shown in
Table 2 the Johnson and King Alika landslide model resulted in a wave with a height of
about 100 meters in shallow water near the island of Lanai which would at most double
in amplitude as it shoaled. The landslide would not cause the observed 400 meter high
105 Ka Lanai tsunami. To determine the size of landslide required, we increased both the
landslide size and the amplitude. As shown in Table 2, we had to increase the landslide
volume to 1600 cubic kilometers to double the wave amplitude near the coast of Lanai. To
examine the shoaling of this wave on the island of Lanai, the cell size was decreased to 0.5
minute.



MODELING THE LANAI TSUNAMI SHOALING

The generation and propagation of large historical Hawaiian landslide tsunamis was
modeled using a 1.0 and a 0.5 minute topographical grid of the Hawaiian Islands
topography. The modeling was performed using the SWAN non-linear shallow water code
which includes Coriolis and frictional effects. The SWAN code is described in reference 1.
The calculations were performed on 50 Mhz 486 personal computers with 16 megabytes of
memory. The one minute grid of the Hawaiian island chain was 480 x 360 cells and the
time step was 4 seconds. The half minute grid of the islands of Hawaii, Lanai to Oahu was
400 x 400 cells and the time step was 2 seconds. To obtain the maximum possible runup
of the tsunami wave, a friction coefficient of zero was used.

In Figure 1 the 105 Ka Lanai tsunami wave propagation from the largest Alika Slide
source is shown. The tsunami wave exhibits a localized peak as it approaches the island
of Lanai on its southwestern shore. This peak is 1.5 times higher than the rest of the wave
and results in a localized high runup about in the region of Lanai where the highest coral
deposits are reported. The island of Lanai details are shown in Figure 2 with the highest
flooding occurring on the southwestern shore with runups of 340 meters.

In Figure 3 the tsunami wave as a function of time at various locations south of the
southwestern end of Lanai and on the island of Lanai are shown. The seven locations are
shown by dots in the first frame with location 1 being furthest South and location 7 being
the furthest North. The locations, their depths and the wave characteristics are described
in Table 3. - ‘

Even with a landslide with double the likely volume of the Alika 2 slide, the maximum

calculated tsunami runup is less than the observed 400 meter. The simple landslide model .

used in the numerical calculation is a serious limitation as is the use of a shallow water
model to describe the tsunami wave generated from a depression and uplift of the water
surface as discussed in reference 8. It is possible that the Alika 2 landslide was the source
of the 105 Ka Lanai tsunami; however the large landslide volume required by the numerical
model is far from conclusive. A full Navier-Stokes model of the tsunami wave formation
and a more realistic model for the landslide is clearly required. ‘
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TABLE 1
Lanai Slide Tsunami

Lowest Highest
Location Depth Amplitude Amplitude Period
o Meters Meters Meters Seconds

10x50x2 km Drop; 20x50x1 km Uplift

1 Source 4549 -105 +80 100
2 Lanai 266 -40 +60 300
3 Lanai 166 -40 +25 350
4 Kahoolawe 261 -95 +95 300
5 Hilo 1373

6 Honolulu 124 -120 +120 900
"7 Lihue 890 -80 +80 350

TABLE 3

Alika Slide Tsunami (Half Minute Grid)

Lowest Highest
Location Depth Amplitude Amplitude Period
Meters Meters Meters Seconds

20x40x2 km Drop; 32x48x1 km Uplift

1 3635 -260 +200 800
2 1835 -330 +230 800
3 337 -200 +260 1200
4 207 -200 +240 1500
5 105 +240
6 -27 +340
7 -3 +270




TABLE 2
Alika Slide Tsunami

Lowest Highest

Location Depth Amplitude Amplitude Period
Meters Meters Meters Seconds
20x40x2 km Drop; 28x56x1 km Uplift
1 Source 4549 -350 4440 400
2 Lanai 266 -140 +220 800
3 Lanai 166 -120 +190 1000
4 Lanai 149 -150 +190 900
5 Hilo 1373 -10 +10 800
6 Honolulu 124 -110 +125 1000
7 Lihue 890 -50 +50 500
20x20x2 km Drop; 28x28x1 km Uplift
1 Source 4549 -260 +300 350
2 Lanai 266 -105 +160 600
3 Lanai 166 -110 +120 850
4 Lanai 149 - -120 +130 800
5 Hilo 1373 -6 +6 700
6 Honolulu 124 -100 +80 800
7 Lihue 890 -40 +30 500
20x20x1.5 km Drop; 28x28x0.75 km Uplift
1 Source 4549 -240 +220 350
2 Lanai 266 -90 +120 600
3 Lanai 166 -105 +100 800
4 Lanai 149 -100 +100 700
5 Hilo 1373 -5 +5 700
6 Honolulu 124 -90 +70 750
7 Lihue 890 .-30 +20 500
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Figure 1.
The 105 Ka Lanai tsunami
wave propagation from the
Alika Slide source of a 20x40x2

kilometer drop and a 32x48x1

kilometer uplift. The contour
interval is 50. meter, the mesh
size is 0.5 minute with 400 by
400 cells.

Figure 2.

The island of Lanai detail from
the calculation shown in Figure
1. The land and water contour
intervals are 50 meters. The
contour plot is shown in a line
and a picture plot. Flooding to
over 300 meters occurs.
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Figure 3.

The tsunami wave as a function
of time at locations South of
the island of Lanai in the ocean
(Locations 1,3,5) and on land
(location 6).  The locations
and wave characteristics are

described in Table 3.



THE T-PHASE OF THE 1 APRIL 1946 ALEUTIAN ISLANDS TSUNAMI
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ABSTRACT

T-phases from historical earthquakes in close proximity to the 1 April 1946 Aleutian Islands
tsunami earthquake recorded at the Hawaiian Volcano Observatory are examined and compared
to the T-phase for the 1946 event. The T-phases examined from this region were generated by
earthquakes with reported surface wave magnitudes ranging from 7.1 to 8.7 and occurred from
1917 to 1957. All data were taken from intermediate-period recordings on smoked paper. This
system was in operation from 1913 through 1963. A comparison of T- to P-phase amplitude
ratios for these earthquakes suggests that the T-phase for the 1946 event may be unusually large,
implying that for so-called "tsunami earthquakes", tsunami amplitudes may be better correlated

with T-phase amplitudes than with body or surface wave amplitudes.
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INTRODUCTION

The Pacific-wide tsunami associated with the 1 April 1946 Aleutian Islands earthquake was
one of the most devastating of the twentieth century. The 16.8 meter wave measured in Pololu
Valley on the island of Hawaii is the highest value ever reported in the Hawaiian Islands for a
Pacific-wide tsunami, and the value of 10.7 meters for the Hilo area (i.e., Onomea) is matched
only by an identical value for the tsunami associated with the 23 May 1960 Chilean earthquake
(Eaton et al., 1961). Kanamori (1972) compared different measures of earthquake strength
derived from body and surface waves (i.e., body wave magnitudes, surface wave magnitudes, and
seismic moments) to tsunami amplitudes and found the 1946 event to be quite anomalous. This
discovery led to the identification of a special type of earthquake - the so-called "tsunami
earthquake" for which tsunami amplitudes are much greater than would be expected from
measures of the earthquake's seisnﬁc waves (Kanamori, 1972; Fukao, 1979). Of the handful of
"tsunami earthquakes" reported in the literature (Kanamori, 1972; Fukao, 1979; Talandier and
Okal, 1989; Satake and Kanamori, 1991), the 1946 Aleutian earthquake is the most significant in
terms of the size of the tsunami generated and the discrepancy between the actual tsunami
amplitude and the size of the eafthquake inferred from seismic waves.

| T-.phasés are hydroacoustic signals trapped in the SOFAR (Sound Fixing And Ranging)
channel of the world's oceans. They are generated by earthquakes or explosions along the
margins, or within the interiors, of oceans. They travel with little attenuation over thousands of
kilometers, thereby providing unique information on the energetics of the water-sediment
interface in the source area. Recent investigations of T-phases using deep-ocean hydrophones
and high—qﬁality digital tape recordings indicate that the T-phase spectral strength at frequencies
from 10-35 Hz is closely correlated with seismic moment (Walker et al., 1992; Hiyoshi et al.,
1992). Additional studies (Walker and Bernard, 1993) also suggest that T-phases may on some
occasions be better indicators of tsunamigenesis than seismic moments. These findings are
important because seismic moment has been thought to be a more reliable indicator of
tsunamigenesis than body wave magnitudes or surface wave magnitudes (Kanamori, 1972; Abe,
1973; Okal and Talandier, 1986). Therefore, T-phases recorded on hydrophones could provide

rapid, single station estimates of seismic moments and lead to advanced warnings related to



tsunami hazards. Unfortunately, "tsunami earthquakes" prove that seismic moments are not
always reliable indicators of tsunamigenesis. Therefore, a remaining question is whether the T-
phase strength for "tsunami earthquakes" correlates well with the seismic moment or is unusually
large like the tsunami itself.

It is well established that seismic stations on islands are quite responsive to T-phases (e.g.,
Eaton et al., 1961; Talandier and Okal, 1979; Okal and Talandier 1986; Koyanagi, 1991).
Especially relevant are the investigations of Eaton et al. and Koyanagi. Eaton et al. discuss the T-
phase from the 1960 Chilean earthquake which was well-recorded by short period seismometers
of the Hawaiian Volcano Observatory (HVO). Koyanagi uses T-phases recorded at different sites
on the island of Hawaii from earthquakes in Alaska and California to determine variations in the

structure of the island.
DATA

Because the island of Hawaii has an established responsiveness to T-phases from large'
earthquakes, we initially sought a T-phase recording from the 1946 Aleutian tsunami earthquake.
The T-phase was found at its expected arrival time on the only recording available for that day -
from a Bosch-Omori intermediate-period seismome:ter in the Whitney Vault on the rim of Kilauea
Crater with a natural period of about 8 seconds (Klein and Koyanagi, 1980). Tracings of this
phase from the original smoked paper record are shown in Figure 1.

This smoked paper recording format is capable of providing extremely fine recordings of small
signals. The stylus scraping the soot from the chart paper has a diameter of approximately 0.1
mm. This fine resolution was especially useful for recording the high frequency signals from local
earthquakes beneath Hawaii and it proved to be critically important in the registration of
teleseismic T-phases. The T-phase from the 1946 Aleutian earthquake is monotonic with a
predominant frequency of about 1 Hz. The T-phase amplitude builds and dies off gradually, and
the duration of the phase is greater than 2 minutes. The most intense portion of this T-phase is
shown in Figure 1. The T-phase is the high-frequency (1 Hz) energy superimposed on the longer

period surface waves.
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Having found the record from 1946, we then sought records from other Aleutian earthquakes

registered on the HVO network. Because the Bosch-Omori smoked paper system was operated

from 1913 through 1963, we restricted our search to that period, for events with roughly
comparable or larger surface waves. This set a threshold at the equivalent of Ms>7.0. To
eliminate eﬁ'ect:s that might result from differences in source region and travel path, only those
events located within 10° of longitude from the 1946 Aleutian tsunami earthquake were included.
In addition, to further avoid complications arising from strongly azimuthally-dependent
attenuation of converted T-phase energy near Hawaii (Koyanagi, 1991; Koyanagi et al., 1991),
only those records from stations located at the summit of Kilauea Volcano were included.

Such azimuthally dependent attenuation may be due to differences in structure and to
differences in the lengths of paths for the converted T-phases. For example, travel paths from the
region of the 1946 earthquake of Kilauea Volcano will pass under much of the Island of Hawaii at
an azimuth of about 10° east of due south, while travel paths from central or southern Alaska, will
pass under a smaller and different portion of the island. Conversions from T-phases to ground
phases are dependent on bathymetry and will occur at the intersection of the SOFAR (sound
fixing and ranging) channel with the sloping seafloor.

A total of 14 earthquakes of mdgnitudes Ms>7.0 were identified from an epicentral region
extending from 153.5° to 173.5°W and 50°N to 60°N. No records could be located at HVO for
four of these - 1916, 1929, 1948, and 1951. Signals from an event in 1923 were recorded
photographically rather than on smoked paper. The photographic record does not provide the
same resolution as the smoked paper, so the T-phase from this 1923 event could not be identified.
Epicentral parameters of the nine remaining events are listed in Table 1. Epicenters are plotted in
Figure 2 and the P- and T-phases are shown in Figure 3. S-phases from these events were at best
not apparent or otherwise poorly registered. The surface waves for these large earthquakes were
impossible to follow with confidence because adjacent traces overwrote one another.

It should be noted that surface wave magnitudes computed prior to the installation of the
World-Wide Network of Standard Seismographs in 1964 are somewhat unreliable. Recent
recomputations of magnitudes for large earthquakes (M,>7.0) are provided by Pacheco and Sykes
(1992). However, only five of the nine earthquakes in Table 1 were found in that listing. Their

revised magnitudes and seismic moments are given in Figure 3. The data given in Table 1 are
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taken from Duda (1965).

Because of the very fragile quality of the historic smoked paper records, all of the signal traces
are reproduced from tracings of the original records. Reproductions of the original records were
not considered to be a viable option - not only because of their fragile nature, but because we
could find no reasonable process for making such copies. The original records themselves can
only be read with some difficulty on a light table. For signals with periods of 1 s or more, the
accuracy of the cycle-per-cycle tracings is good. The 2 Hz signals of T-phases recorded at 60
mny/s drum rates are difficult to trace from cycle to cycle, but the T-phase amplitude is relatively
easy to trace. Higher frequencies recorded on shorter time scales (i.e., 17/05/31) are obvious but
are virtually impossible to trace. These T-phases are indicated by a blurring of the traces on the
original records at the expected arrival time of the T-phase.

For all but the 1917 event, recordings were available for both E-W and N-S components. For
two of the events (10 November 1938 and 27 July 1944), the E-W component was obviously not
functioning properly (flat traces with intermittent offsets) and for another (9 March 1957) the
trace could not be seen on the E-W component because of insufficient smoking of portions of the
record. The N-S component for the 1 April 1946 event appears to have large microseisms (T=3
sec) which make identification of the P-phase quite difficult.

"On the Bosch-Omori instrument at the Observatory, the first impulse of the
preliminary wave was recorded at approximately 02 06 20 Hawaii Standard Time,
the exact emergence being somewhat obscured by very strong microseismic
motion caused by the heavy trade-wide surf which had prevailed for a number of
days (Powers, 1946)."

The P- and T-phases for the 1 April 1946 earthquake are much clearer and have greater signal
to noise ratios on the E-W component. For the four other events for which both horizontal
components appear to have been functioning properly, two of the events have comparable signals
on both components, one has a larger P on the N-S component, and the other has a larger P on
the E-W component. Modern short-period instrumentation at HVO reveals that the converted T-
phases actually have their greatest amplitudes on vertical componént seismographs. Koyanagi's
analysis (1991) of converted T-phases propagating across the island of Hawaii indicates that these
phases are, in fact, S-waves. The azimuth of approach from the epicenters to HVO is about 10°

east of due south. Shown in Figure 3 are the available E-W component recordings for
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comparison with the 1 April 1946 E-W recording. The component used is indicated above each

trace.
DISCUSSION

At periods between about 2 s and 7 s, most of the Aleutian earthquakes in Table 1 generated
P-wave amplitudes which are greater than that of the 1946 event (Figure 3). In other words, the
P-wave from the 1946 event is relatively weak. The only comparable low-amplitude P-arrival is
from the 10 April 1957 earthquake. This 1957 event and the 9 March 1957 earthquake had T-
phases that were too small to trace (i.e., <0.5 mm). No T-phases were observed by the Bosch-
Omori seismographs at Kilauea for the events of 22 August 1940 and 19 April 1957.

In contrast, the T-phase for the 1946 Aleutian earthquake is prominent and is comparable to
that from the 10 November 1938 (Ms=8.7) earthquake. Thus, from Figure 3, either the P-phase
for the 1946 event is unusually small or the T-phase is unusually large. The T- to P-amplitude
ratios, as determined from the maximum peak-to-peak amplitudes in the T- and P-phase codas on
the original recordings for all these earthquakes, are indicated in Figure 3. Note that the relatively
large ratio for the 1946 Aleutian eafthquake supports the suggestion that in comparing this event
to other events, its T-phase amplitude, or its T- to P-amplitude ratio, is better correlated with its
tsunami amplitude than with its P-wave amplitude. T- to P-amplitude ratios may prove to be
especially useful indicators of tsunamigenic potential. Earthquakes with abnormally small P-
phases generally have very shallow focal depths, and large T-phases are produced by high-
frequency, long-duration vibrations at the base of the water column in the source area. Both of
these factors may be of critical importance in the generation of tsunamis.

Of the events in Table 1 other than the 1946 earthquake, only the large 10 November 1938
earthquake is reported to have generated a Pacific-wide tsunami (0.3 m at Hilo, Hawaii; Iida et
al., 1967). However, with modern instrumentation, Pacific-wide or regional tsunamis might have
been detected for many of these earthquakes. It should once again be noted that due to
uncertainties regarding instrument responses, conclusions based on the absolute amplitudes of
either P-phases or T-phases may not be as reliable as conclusions based only on the comparisons

of the T- to P-amplitudes ratios. Also, this information is itself incomplete because of the known
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strength of the T-phase at frequencies much greater than 2 Hz (e.g., small changes in T- to P-
amplitude ratios at T-frequencies (;f 1-2 Hz might imply much greater changes for higher
frequencies of T).

We recognize that an important consideration is the actual magnification of the instruments
for each of the records shown in Figure 3. Unfortunately, no gain levels were indicated on the
recordings and no daily station logs could be found. Given the nature of seismic station
operations and maintenance during the first half of this century, an assumption that the responses
remained constant from 1917 through 1957 would be unrealistic. This is confirmed by Apple
(1987).

"Fine tunings of the Bosch-Omori never ended and were required after almost
every unhinging caused by a strong earthquake. Modifications and upgradings were
intermittent: steel wire replaced silk fibers to suspend the weights; oil damping baths
were added, adjusted, redesigned, and readjusted; friction reduction was tried; new
hinges were designed and manufactured; magnifications were lowered and raised;
different levers, recording pens, and pins were tried; timing devices were improved;
better drum-smoking devices were found; Dr. Romberg modified linkages and levers
in 1918 so that one smoked drum recorded what two drums did originally; and one of
the piers was rotated 7.5° to permit its boom to swing closer to a true east-west line."

In this study the comparison of T- to P-amplitude ratios may be one method for reducing
possible errors in interpretation due to possible changes in the magnification of the instruments.
Such problems, of course, are minimized with well-'calibrated, modern digital networks which also
provide opportunities for spectral studies over a broad range of frequencies.

Slight changes in magnification or other instrumental characteristics, or variations in noise
levels could explain any no T-phase was observed in California for the 1946 earthquake (Ewing,
Tolstoy, and Press; 1950). On continental stations, T-phases are only marginally observed for
only the largest of earthquakes, and noise levels can change dramatically when storms strike
continental margins even hundreds of kilometers away. Much of this noise is in the same
frequency range (1 to 2 Hz) at which T-phases are observed by conventional short-period
seismometers.

Source mechanisms must also be considered in discussing tsunamigenesis. Possible
mechanisms for the 1946 "tsunami earthquake" are discussed by Kanamori (1972) and, more

recently, by Pelayo and Wiens (1991). Also, the 1917 earthquake is discussed in a recent
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publication where its Ms has been revised to 7.4+0.3 (Estabrook and Boyd, 1992). It is unlikely
that many mechanisms are available for the other "conventional" earthquakes in Table 1. [None

were found in searches of indexes for the Bulletin of the Seismological Society of America.]

Source mechanism, however, may not be a significant factor in tsunamigenesis by conventional
earthquakes. Okal (1988) and Talandier and Okal (1989) found no apparent correlation between
tsunami wave heights and source mechanisms for conventional earthquakes, nor are any
correlations apparent for the source mechanisms of such earthquakes and their T-phase spectral
strengths (Walker et al., 1992; Hiyoshi et al., 1992).

Finally, it should be noted that the 9 March 1957 earthquake is an aftershock of a major
tsunamigenic earthquake which occurred just outside of the area of interest. This main shock was
located at 51.63°N, 175.41°W with a surface wave magnitude of 8.1 and a seismic moment of
1.0x10%?Nm (Pacheco and Sykes, 1992). The maximum runup reported in Hawaii for this event
was 16.1 meters on the island of Kauai. Unfortunately, the pen of the Bosch-Omori instrument
was broken by this earthquake before the T-phase could be recorded. The T-phase, was,
however, recorded by other seismometers at Kilauea. A maximum amplitude of 7mm was found
on a short-period vertical seismometer. This is not surprising since the peak frequency of T-
phases is well in excess of 1Hz, with frequencies as high as 40Hz observed on SOFAR
hydrophones for teleseismic earthquakes. However, since the only known T-phase recording of
the 1946 "tsunami earthquake" is on an intermediate-period Bosch-Omori seismometer, the
significance of this T-phase can only be examined by comparisons to similarly recorded T-phases
for similar travel paths, and not to T-phases recorded by short-period seismometers or
hydrophones. This is especially true since the interrelationships between these differing
instruments is unknown and reliable calibration data for the older Hawaiian Volcano Observatory

seismographs is not available.
CONCLUDING REMARKS
This report examines what may be the only known T-phase recording of the 1 April 1946

Aleutian Islands "tsunami earthquake" which produced one of the largest tsunamis in this century.

Also of historical significance is the discovery of the earliest know, instrumentally recorded T-
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phase (31 May 1917). These events and others examined in this study were recorded at the
Hawaiian Volcano Observatory which began operation in 1912. Although no data are available
for the 1946 Aleutian Island earthquake for those frequencies at which T-phases have been
observed to have their greatest strengths on ocean hydrophones (i.e., >2 Hz), we can conclude
that this T-phase, at frequencies of 1-2 Hz, is unusually large relative to its P-phase when
compared to the T- and P-phases of other earthquakes from the same location with comparable
or larger magnitudes. This finding supports the contention that T-phase strengths or T- to P-
phase amplitude ratios may be better correlated with tsunami wave heights than with surface wave
magnitudes or seismic moments for "tsunami earthquakes" (i.e., those earthquakes having
tsunamis which are larger than would be predicted from their seismic waves). Such a finding, if
confirmed with additional data, would provide for substantial, necessary improvements in the

reliability of tsunami warning systems.
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TABLE 1

Large Earthquakes from the Aleutian Islands Near 163.5°W Recorded
by the Hawaiian Volcano Observatory!

Origin Time Coordinates Depth Ms
No. yr/mo/day hr/min/sec °N °W (km)

1 17/05/31 08 47 20 54.5 160.0 s2 7.8
2 38/11/10 20 18 43 55.5 158.0 S 8.7
3 38/11/17 03 54 34 55.5 158.5 s 7.2
4 40/08/22 03 27 18 53.0 165.5 S 7.1
S 44/07/27 0004 23 54.0 165.5 70 7.1
6 46/04/01 12 28 54 52.8 163.5 s 7.4
7 57/03/09 20 39 15 52.5 169.5 ) 7.1
8 57/04/10 11 29 58 56.0 154.0 S 7.1
9 57/04/19 2219 26 52.0 166.5 50 7.3

! Epicenter data taken from Duda (1965).
2 Shallow depth. ' .
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Fig. 1. Recording of the 1 April 1946 Aleutian Islands earthquake at the Hawaiian Volcano
Observatory on a Bosch-Omori intermediate-period seismograph. The T-phase is
indicated by the higher frequency (1Hz) oscillations superimposed on the longer period (6
sec) surface waves of the 1 April 1946 earthquake. Note that the T-phase, which travels

with a velocity of about 1.5 km/sec, is recorded long after the P-arrival. Thus, in this

figure and in Figure 3, recordings shown are only segments of the total records.
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Fig. 2. Locations of earthquakes used in this study for comparisons of P- and T-phase amplitudes
to the 1 April 1946 earthquake (no. 6). Depths are in meters.
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Fig. 3. P-and T-phases for earthquakes listed in Table 1 and shown in Figure 2. All phases were

recorded by the Bosch-Omori horizontal seismographs located near the summit of Kilauea

on the island of Hawaii. The E-W component was used wherever possible for comparison

with the E-W recording of the 1 April 1946 event. Again, the T-phase is indicated by the

shorter period oscillations superimposed on the longer period surface waves for those

earthquakes. The T- to P-amplitude ratios were based on actual measures of the signals

on the original recordings (see text for further discussions). Surface wave magnitudes

indicated along the left hand margin are those taken from Duda (1965). Surface wave

magnitudes and seismic moments in 10 Nm from Pacheco and Sykes (1992) are

indicated along the right hand margin. NA - not available.
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PROPOSED: A Hilo Tsunami Museum to respond to high
community and visitor interest and achieve the following critical
goals:

(1) Promote Public Education

(2} Support Safety/Wamning Systems

(3) Preserve Local History

(4) Foster Community Development

(5) Expand Hilo Economic Activity

(6) Promote International Study

The expected visitor profile would likely exceed 75,000 visitors
per year, including tourists and local programming. An entry
fee of $5 would generate $375,000 per year. This is a modest
estimate given the one million visitors annually to Hawaii
. Volcanoes National Park.

EXHIBITS AND PROGRAMS:

- 3 permanent exhibits on Tsunami history, nature, imp:
public safety: (1) What they are!

(2) How they’ve hit!
(3) What’s next and what to do!

- Emphasis on realism: working sensors tied into island systc
touch-sensitive monitor display; videos; maps; “make y
own” interactive computer display;

- "Talk story” living history and current research program

- Tsunami Theater to feature custom-made 3-D tsunz
experience film, public lectures, tsunami cultural activiti

. COMPLETION: April 1, 1996

(50th Anniversary of the 1946 Hilo tsuna

SITE AND DESIGN OBJECTIVES:
- Existing building in the heart of downtown Hilo;
- Maximum accessibility for all visitors, including foreign

language;

- 2,500 square feet permanent exhibit space;
- 600 square feet "talk story" space;

- Tsunami Theater for minimum 75 persons;
- Classroom for minimum 30.

Join the Friends of the Hilo Tsunami Museum/!

Tsunami! The word sparks the imagination--a
phenomenon of nature, a scientific challenge, a
human drama. Tsunamis are a fact of life in
Hawaii, especially in Hilo which has been ravaged
far worse than anywhere else in the islands. We
cannot ignore these calastrophic waves but must
learn to live with them and prepare for the next
tsunami. Tsunami specialist Dan Walker has
stated that "the people of Hawaii, including public
officials, may have been lulled into a false sense
of complacency regarding the danger and
frequency of tsunamis, and possibly a false sense
of security and confidence in the ability of
warning systems to predict tsunamis.”

One reason for complacency has been that for
almost 30 years there have been no farge tsunamis
to strike the Hawaiian Islands. During this same
period, Hawaii has experienced enormous growth
of both resident and visitor populations, but less
than half of our resident population and virtually
none of the visitors to Hawaii has had any
experience with tsunami hazards.  Tsunami
education can be delivered in an effective,
non-threatening way to the community, visitors,
and local school children. Furthermore, a Hilo
Tsunami Museum would preserve local history,
and be a much-needed added visitor attraction for
Hilo.

Many survivors of the 1946 and 1960 tsunamis
still reside within the state of Hawaii. Oral
histories, along with scientific information would
serve as the data base for the interpretation at the
Hilo Tsunami Museum. Permanent exhibits would
interpret what the tsunami phenomenon, history
and impact using Hilo as an example, and provide
safety information. Visitor demand for
interpretation and requests for tsunami
memorabilia (books, post cards, T-shirts), already
high, will be met by the new facility.

The Hilo Tsunami Museum is a non-profit
organization under the auspices of the University
of Hawaii Foundation. The museum will secure its
initial funding through grants and private
donations. After its grand opening in April of
1996, general operating support will be acquired
through admission and gift shop revenue,
membership drives, and rental of facilities.

We need your financial support now. Please join
us and become a Charter member of the Friends
of the Hilo Tsunami Museum. All gifts are tax
deductible.

Checks should be made out to the UH Foundation
and forwarded to Hilo Tsunami Museum, P.O.
Box 806, Hilo, Hawaii 96720.



EFFECT OF THE NEXT DATA POINT ON TSUNAMI
FLOOD LEVEL PREDICTION

Fred E. Camfield
Debra R. Green
U.S. Army Engineer Waterways Experiment Station

Coastal Engineering Research Center
Vicksburg, MS 39180-6199

ABSTRACT
Probabilities of occurrence for tsunami flood levels are obtained from statistical analysis
of available data. Data sets may be limited both by the infrequent occurrence of tsunamis, and
the possibility that some smaller tsunamis may have gone unrecorded. It is desirable to test
statistical predictions to determine the magnitude of potential errors. Tests can be performed
by adding random values to data sets to determine the sensitivity of the analysis to additional

data.
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INTRODUCTION

Tsunamis occur infrequently at most coastal points (Camfield, 1990). Statistical
bredictions of tsunami flood levels are commonly based on a limited numbef of data points from
histpric tsunamis (Camfield, 1987). These predictions are used for a variety of purposes
including hazard mitigation planning, determination of tsunami evacuation zones, and

requirements for flood insurance (Preuss, 1987). Consequently, an assessment needs to be made

~ on the confidence levels of the predictions, and how additional data may affect the predicted

flood levels.

Using a hypothetical data set, comparisons can be made of predictions based on different
sets of data (Camfield, 1987). Using a relationship developed by Cox (1964), Houston, et al.
(1977) showed a semi-logarithmic relationship for the probability of occurrence of tsunami flood
levels. For earlier periods of record, smaller tsunamis may not have been noted and, therefore,

would not have been recorded.

COMPARISON OF PREDICTIONS

Assume, for example, there is a 220 year period of record, and five recorded tsunamis

. had flood elevations of 5 m, 4.2 m, 3.5 m, 3.2 m, and 2.7 m. Ranking the tsunamis from the

largest to the smallest would give probabilities of occurrence of 0.0045, 0.0090, 0.0136, 0.0181,

-~ and 0.0226 (Linsley, et al., 1958). Linear regression (Draper and Smith, 1966) will then give

a relationship between the flood level, h, and the logarithm of the probability of occurrence in

any year, P(h), as shown in Figure 1. A 90 percent confidence limit on the prediction also can

be obtained using the standard error and a t-distribution with two degrees of freedom (Draper

and Smith 1966; Camfield 1981, 1987).



One can then explore the effect of adding an additional data point to the analysis.
Assume at the end of the 220 year period of record, a minor tsunami occurs producing a flood
elevation of 0.6 meters. This added data point then produces a new regression curve (Figure
1), and a new confidence limit on the predictions. It can be seen that adding a low flood level
to a set of data comprised only of high flood levels will give a major difference in predicted
values. In particular, the predicted flood levels for extreme events will become higher because
of the change in slope of the regression line, while the predicted level of more frequent tsunamis

will become lower. For the case illustrated, the confidence band also became wider.
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Figure 1 Effect of adding a low data point to a data set of high flood levels

Comnsider, next, a data set where records of some smaller tsunamis were included in the
original record. For the hypothetical example, add events producing flood elevations of 1.2

meters and 0.5 meters to the original set of five flood levels. This produces the results shown
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in Figure 2 for seven data points. It can be seen again that this will produce significantly
different results than those obtained using only the five high flood levels (Figure 1). As before,
inclusion of the lower flood levels in the analysis gives higher predicted flood leﬂfels for extreme
events (Camfield, 1987).  If one then includes the minor tsunami, 0.6 meter flood level,
occurring at the end of the period of record, the second set of results in Figure 2 is obtained.
It can be seen that the inclusion of this additional lower flood level has little effect on the
predictions when the original data set includes data with similar lower values. Comparing the
results shown in Figures 1 and 2, it is interesting to note that the addition of one, two, or three
lower values produces only minor differences in the prediction of extreme flood levels.

Next consider the case of a large tsunami occurring at the end of the period of record.

Add a tsunami flood level of 5.1 meters to the example data set. Added to the five high data
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Figure 2 Effect of adding multiple low data points to a data set of high flood levels



points, the additional high flood level will cause some shift in the regression\ curve (Figure 3),
but this shift tends to be somewhat uniform for all probabilities of occurrence, i. e., there is not

a major change in the slope of the regression line.
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Figure 3 Effect of adding a high data point to a data set of high flood levels

If the additional high flood level is added to the set of seven data points, including the
two lower points, the result is shown in Figure 4. Again, there is a somewhat uniform shift in
the regression lin€, but no major change in slope, i.e., predicted flood levels become somewhat

higher for all probabilities of occurrence.

DISCUSSION AND CONCLUSIONS
Predictions of the probability of occurrence of various tsunami flood levels at a particular

coastal point are based on a statistical analysis of the available data at that point. The confidence
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Figure 4 Effect of adding a high data point to a data set of high and low flood levels

bands on a regression curve give some indication of the reliability of the predictions. In
addition, some error may be present in the predictions because of unrecorded data, i.e., smaller
tsunamis. As tsunamis are rand:)m events, statistical predictions will change as additional
tsunamis occur.

The inclusion of a single small tsunami in a data set of larger tsunamis can significantly
alter predictions. It is desirable, then, to test the possible change in predictions. Predictions
obtained from regression analyses can be tested by incorporating random values into the data.
Examples of single or multiple data points can be incorporated into the analysis to examine
possible changes in the predictions.

Likewise, results can be tested by incorporating an additional data point for a high flood

level. Testing results by adding additional example data points and calculating confidence bands

will give some indication of the degree of potential error in the statistical predictions.
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MEMORIUM

Professor Sergei Soloviev

Professor Sergei Soloviev was born on April 12, 1930 in the ancient Russian city of
Novogorod, 150 km from Leningrad (now St. Petersburg). He attended secondary school
there but in 1941 had to evacuate to Kostroma due to the German invasion. In 1947
he was able to finish secondary school in Leningrad with the gold medal award, and
began the study of physics at Leningrad University. He specialized in geophysics and
became especially interested in the problems of observational seismology. He graduated
from the University in 1953 and continued his education with postgraduate courses at the
Geophysical Institute (now the Institute of Physics of the Earth) in Moscow. There he was
student of Professor E. Savarensky, a leading Russian seismologist, who was Director of
the Moscow Seismological Observatory. As a main subject for his research work, Professor
Savarensky proposed a serious (for the graduate student) task: to adjust the magnitude
scale introduced by K. Richter and B. Gutenberg in the USA, for the regional earthquakes
recorded in the U.S.S.R. In 1956, Sergei finished the graduate courses and defended his
Master’s thesis entitled “Magnitude Classification of the Earthquakes in the USSR”. In
the same year he became a junior researcher in the Institute. As a part time job he took
a position of the Learned Secretary of the Seismological Council of the USSR Academy
of Sciences and continued until 1961. His main work during this period of almost 5 years
was editing the fundamental book prepared by the group of authors entitled “Atlas of
the Earthquakes in the USSR”. This book was the first attempt to collect the original
observational data on all historical earthquakes in Soviet territory and classify them on
the basis of the unified magnitude scale. In 1961 he moved from Moscow to Sakhalin
and took the position of Head of the Seismological Department of the Sakhalin Complex
Research Institute (SCRI). Due to the geographical position of the institute near one of the
most active segments of the Pacific “Ring of Fire”, the tsunami problem inevitably became
the focus of his attention. He helped established the Soviet Tsunami Warning System on
the Far East coast, and proposed and elaborated a set of magnitude criteria for issuing the
tsunami warnings, participated inthe field investigation of both 1963 tsunamis on the Urup
Island, the second of which was the largest in this area after the 1952 Great Kamchatka
tsunami. He established the Hydrophysical Observatory on Shikotan Island where the
experimental works on T-phase observations and the direct bottom measurements of
tsunami by cable sensors started in 1963. Among the scope of his research work at that
time was the investigation of seismicity of the Sakhalin which resulted in the publication of
the first monograph on this subject. The compilation of observational data for the tsunami
occurrence in the Pacific region was made during this period. Two volumes ofthe tsunami
catalogs for the Pacific were published in Moscow in 1974-75 and later were translated
into English. For a whole generation of tsunami researchers in the Soviet Union these
books were the primary source of information for historical tsunami data. In 1965 Sergei
Soloviev was appointed Deputy-director of the SCRI; however, in 1968 due to the illness of
his daughter, he had to return to Moscow and during the next three years he again worked
in the Institute of Physics of the Earth. There he prepared and in 1970 defended his PhD
thesis entitled “Seismological Aspects of Tsunami Occurrence”. In 1972 he was elected



as a Corresponding Member of the Academy of Sciences of the USSR. Soon after that he
was invited back to Sakhalin and took the vacant position of Director of the SCRI. During
the next several years he reactivated the institute and initiated several new projects. One
of his primary concerns was the development of the research and technical basis of the
Institute. As a result, the Institute obtained three research vessels Pegas, Sea Geophysics
and Audacious and the intensive program of geophysical investigation of the Okhotsk and
adjacent seas was started. In these years, the first steps in the Soviet-American cooperation
in the field of tsunami research were taken. Professor Soloviev was at the forefront of these
programs and actively supported all co-operative projects. He took part in the Washington
(1974) and Novosibirsk (1976) USA-USSR meetings of experts on the tsunami problem and
initiated two joint Soviet-American tsunami expeditions in the Kuril-Kamchatka region.
His good command of the English language was revealed during these activities. In 1971 he
was elected as Chairman of the IUGG Tsunami Commission and held this position till 1979
when some problems involving his trips abroad appeared from the the Foreign Department
of the Academy of Sciences. However, in 1985, he attended the Tsunami Symposium in
Victoria (Canada) where he was awarded by the special IUGG Memorial Plate for the
active research in the field of tsunami problems. In 1988 he received the Adams Award
in recognition of his long-term contributions in tsunami research. At the XI session of the
ITSU Group in Bejing in 1987 Professor Soloviev was elected Vice-President of the Group.
In 1977 Professor Soloviev returned to Moscow from Sakhalin again and took the position of
Chairman of Seismological Council of the USSR Academy of Sciences. His work during this
period was connected with automation of seismological observations in the USSR territory
for the Academy of Science, and included initiation of the program for detailed estimation
of seismic risk in earthquake-prone zones of the USSR. Unfortunately, disagreement with
the leadership of the Institute of Physics of the Earth on the strategy and scientific policy
in the problem of earthquake prediction resulted in his retirement from this position. Thus,
in 1978, he moved to the Institute of Oceanology where he led the Institute’s program of
ocean bottom seismology. He had gained experience in this field when in Sakhalin, where
the first work on the development and construction of ocean bottom seismographs (OBS)
started in the 1970’s. Several new types of the OBS’s were developed and manufactured at
the Institute’s design bureau in Gelengic on the Black Sea. Professor Soloviev participated
in several cruises of the research vessel “Dmitriy Mendeleev” in the Mediterranean and
the Atlantic where the new OBS’s were successfully deployed. Results of his work for this
period were summarized in the book “History and the Perspectives of Sea Seismology”,
published in Moscow in 1985. Despite the fact that ocean bottom seismology became the
primary part of his official work in the Academy of Sciences, Professor Soloviev continued
his active participation in coordination of tsunami research and investigation in the Soviet
Union and encouraged greater international cooperation. Since 1971 he was the permanent
Chairman of the Tsunami Commission of the USSR Academy of Sciences and his leadership
in this field was recognized by all his colleagues. He always paid special attention to the
involvement of young scientists and worked to attract the attention of specialists from
other fields to the tsunami problem. Professor Soloviev died on March 9, 1994 at the age
63 from cerebral thrombosis while he was working in his Moscow apartment, editing his
second book on ocean bottom observations.
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TSUNAMI 1996

Marking the 50th anniversary of the 1946 tsunami at Hilo, which led to the present Pacific-wide
warning system, increased tsunami research, and the Centennial of the great Sanriku earthquake
and tsunami in Japan.

"Those who can not remember history age condemned to repeat it”
-- Santana
An educational and awareness conference is planned for Hilo for April 1-2, 1996. We will review
the lessons learned, the progress we have made, the things still to be accomplished, and
priorities needed for tsunami and similar hazard mitigation. An oYen house and tour of the
Pacific Tsunami Warning Center on Oahu will be available the following day.

The organizing committee consists of:

Co-Chairman Co-Chairman
Jim Lander, University of Colorado CIRES  George Curtis, University of Hawaii, Hilo and
National Geophysical Data Center, NOAA, Joint Institute for Marine and Atmospheric
Boulder, Colorado Research, U.H. Manoa

- Walter Dudley, University of Hawaii, Hilo, and Hilo Tsunami Museum

- Harry Kim, Hawaii County Civil Defense, Hilo

- Don Gransback, Hawaii State Civil Defense, Honolulu

- Nobuo Shuto, Tohoku Univ, Tokyo

- Dennis Segrist, International Tsunami Information Center, Honolulu

- Augustine Furumoto, Hawaii Institute of Geophysics, University of Hawaii, Manoa

An advisory board will aid in planning and arranging support and coordination for the event
among the organizations and countries involved:

- Fred Camfield, Corps of Engineers

- Mike Blackford, PTWC

- Eddie Bernard, NOAA/PMEL

- Yoshi Tsuji, Japan Earthquake Research Institute

- Paul Whitmore, Alaska Warning Center

- Roy Price, Hawaii Civil Defense

- Tad Murty, Australia Coastal Research

- Shigenobu Tanaka, Public works Research Institute, Asahi

Cooperating Organizations include:

- The Tsunami Society

- The International Tsunami Information Center .
- The Joint Institute for Marine and Atmospheric Research, University of Hawaii
- The Hilo Tsunami Museum

The Big Island
of

Hawaii

April 1, 1996




'APPLICATION FOR MEMBERSHIP
THE TSUNAMI SOCIETY

P.O. Box 8523
Honolulu, Hawaii 96815, USA

I desire admission into the Tsunami Society as: (Check appropriate box.)

O Student 0 Member O Institutional Member
Name Signature
Address Phone No.
Zip Code Country-
Employed by
Address

Title of your position

FEE: Student $5.00 Member $25.00 ~ Institution $100.00
Fee includes a subscription to the society journal: SCIENCE OF TSUNAMI HAZARDS.

Send dues for one year with application. Membership shall date from 1 January of the year
in which the applicant joins. Membership of an applicant applying on or after October 1 will
begin with 1 January of the succeeding calendar year and his first dues payment will be
applied to that year.
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