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LONG WAVES IN TWO-LAYERS
: G(_J,VERNING EQUATIONS AND NUMERICAL MODEL

Fumihiko IMAMURA
Disaster Control Research Center, Tohoku University

Aoba, Sendai 980-77, Japan

and

Md.Monzur A1am IMTEAZ
Dept. of Civil Engineering, Saitama University

255, Shimo-Okubo, Urawa city 338, Japan

ABSTRACT

Governing equations including full non-linearity are derived from the Euler
equations of mass and momentum continuities assuming a long wave approximation, negligible
friction and interracial mixing. The linearized equations for two-layers are analytically solved using
the Fourier transform. A numerical model is developed using the staggered leap-frog scheme for
computation of water level and discharge in one dimensional propagation. Results of the numerical
model are venfled by comparing with the analytical solution for different boundary conditions.
Good agreements between analytical and numerical model are observed for the boundary conditions
using the characteristics method to estimate the representative celerity at the previous time step. The
stability condition is discussed and it was found that CFL stability condition considering fixed
interface and top surface wave celebrities as the physical celerity is not directly applicable. A

modified stability condition taking the maximum celerity among them, At< & / max(cl, C2), is
proposed. The properties of two-layers long waves is discussed through numerical simulations

with different values of u ( ratio of density of fluid in an upper layer to a lower one) and ~ (ratio of

water depth in a lower layer to an upper one). It is suggested that as a increases amplification of top

surface decreases and vice versa. Again as ~ increases amplification of a top surface also increases
and vice versa.



4 1. INTRODUCTION

Tsunamis are generated due to disturbances of a free surface caused by not only seismic fault
motion but also landslide, volcanic eruptions and so on. Since most of them are caused by
earthquakes and a tsunami is categorized into a long wave, the long wave theory in one layer
model as the governing equations for analytical and numerical models has been applied. However,
as we find in many references [HAMPTOM(1972) ; PARKER (1982); HARBITZ(1991);
JIANG AND LEBLOND(1992)], two-layers long waves or flows (surface wave and mudslide
as example) are also found and reported in the case of underwater landslides generating tsunamis.
Therefore, two- or multi-layers long waves model fully including an interaction between each layer
instead of the previous one-layer model is required to reproduce an excitation of a top surface on an
interface.

Two-layers flow with different density is related to many environmental phenomena as well.
Thermally driven exchange flows through channel to oceanic currents such as the flow through the
Strait of Gibraltar is an example of two-layers flow. Also salt water intrusion in estuaries, spillage
of the oil on the sea surface, spreading of dense contaminated water, sediment laden discharges into
lakes, generation of lee waves behind a mountain range and tidal flows over sills of the ocean are also
examples.

This type of flow is often termed as a gravity current. Due to the extra weight of the denser
fluid, a larger piezometric surface exists inside the current than in the fluid ahead, and this provides
the motive force. When denser fluid is introduced into a less dense environment, this dense fluid
spreads under the action of buoyancy force and often travels down an incline. SIMPSON (1982)
has provided extensive review on hydrodynamics ‘of various gravity currents and powder snow

avalanches. The difference in density that provides the motive force may be due to dissolved
substances or temperature differences, or due to suspended material. The internal hydraulics of a
single layer, eitlher beneath or above a stagnant or passive layer, is discussed in standard references
[cf. PRANDTL (1952) ; TURNER (1973)], and the study of a two-layers flow in which
both layers interact and play a significant role in the establishment of control of the flow is described.

In the past years a number of analytical and experimental studies were carried out on two
layer flow. And some numerical models on unsteady gravity currents are also proposed[e.g.
AKIYAMA., WAN. & URA (1990); JIANG AND LEBLOND (1992}
KRANENBURG. (1993)]. Although almost all of them compared their numerical results with
experimental and observed results, there are still some questions regarding their reliability in terms
of accuracy. The effect of the mixing or entrainment process at a front or an interface is very
important [ELLISON AND TURNER (1959)] but the physical model of the mixing has not
been successfully developed. Therefore accuracy and stability of the numerical models are not well
discussed. In the present paper, we focus on the governing equations and numerical modeling for
two-layers excluding the mixing process. And we study the reliability and accuracy of the proposed
numerical model through the comparison with the analytical solution under simplified conditions. The
properties of two-layers long waves and excitation on the free surface due to the interaction of two-la
yers waves are discussed.

2. THEORETICAL CONSIDERATION

Governing Equations :
A mathematical model for two-layers flow in a wide channel with non-horizontal bottom was

studied assuming a hydrostatic pressure distribution, negligible friction and negligible interracial
mixing which are , however, important in an underwater landslides. Also uniform density and



velocity distributions in each layer were assumed. Considering the two-dimensional case, Fig. 1, s
Euler equations of mass and momentum continuities are integrated in each layer, with the kinetic
and dynamic conditions at the free surface and interface. The details of the derivation are described in
IMTEAZ(1993) and in the Appendix.
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Figure 1 Definition sketch for two-layers profile.

Governing equations for an upper layer are given by

d(~ –@ ; (M41_.

6’t (?X (1)

and those for a lower layer are
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Where ‘q is the water surface elevation, D=h+q the total depth , h the still water depth, M the

discharge, p thedensity of fluid, cx=pl/p2, and subscripts 1 and2indicate theupper and lower
layer respectively.

Linearized l%uat~
Generally it is difllcuh to handle the derived momentum equations, because some non-linear

terms are included in the momentum equations. As long as the amplitude of waves are small
compared with the still water depth, such non-linear terms is neglected. Then, the linear governing
equations can be used in the case of small amplitude waves.

Linearized equations for an upper layer are obtained as follows:

The effects of a lower layer on an upper one are found in the mass conservation equation in a
lower layer, and those of an upper layer on a lower one are in the momentum equation in a lower
layer. The both effects of interaction between the two layers play an important role on wave
propagation and the amplification of a top surface or an interface.

. ANALYTICAL SO LUTION

The solution of the non-linear governing equations can not be obtained analytically without
some assumption or simplification. So linearized governing equations assuming a flat bottom have
been solved analytically to test the validhy of the numerical model. By simple differential operation
and substitution, four linearized equations are transformed into two equations. Upper and lower
layer equations amerespectively obtained as

*–gk(l+aP)~-g%(l–a)~=o(9)
and

(l+a/3)+-gk(l-a) *-@?#=() (lo)
6Jt

where j3 is h2/ hl. The last terms as an external force in the above two equations are added into the
simple wave equation.



Let us derive the solution using the Fourier transform. If we consider the progressive wave at

the interface, q2 can be expressed by,
7

where fi is the amplitude of the Fourier series for the initial condition and

C,= ~g~(l -cx)/(l+@), and k is the wave number. Then, the water surface in an upper layer can
be assumed as,

where c1= ~g~(l + @) .

and a(k,t) is a function of time and wave number to be solved. It is a reasonable assumption for

initial boundary condition that at t=O, q 1= O and ilq1/dt = i)q2/&. Initial and boundary conditions
are illustrated in Fig.J2.

U/S B.C. cUsB.C.
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q,=0
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Figure 2 Sketch of initial and boundary (periodic) conditions.

Substituting Eqs.(11) and (12) into Eq.(9) we get the following ordinary differential equation
for a:
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Integration of Eq.(13) with respect to time with the initial condition that ~1/6h = dq2/dt yields,

da
— = ikacl – ik~
dt (14)

In addition, using the first initial condition that at t=o, a=O,we can obtain the solution of a,

= gL(l–~)rej~tcl-c2Jf 1 1+ C2[g%eiMc,-c2)t C21 ~ikct
a–

1
——— ——

c1– c~ c1+ C* 2C1] 2C112C,(C, +C2) 2c*je ‘ (15)

Finally, substitution of Eq.(15) into Eq.(12) yields the solution for the wave profile in the upper layer
as follows:

Solution for ql consists of three wave components; two progressive waves and one reflective
wave. One of the progressive waves has one celerity, c1 , and the other has another one, C2. The
reflective wave component has celerity c1. To get a clear idea of the analytical solution, Eq.( 16), we
calculate wave profiles with three components of top surface, resultant wave profile for a top

surface, and wave shape for an interface shown in Fig.3. It is indicated that in the case of cx=O.O1

and ~=1 .0, the two progressive waves are much larger than the reflective wave. But two
progressive components have opposite in sign, so the resultant of them become smaller and
comparable with the reflective one.
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Figure3 Resultant ofanalytical solution oftop surface and interface(twolower) consisting three
wave components (three upper).

4. NUMERICAL MODEL

Numerical Scheme
The staggered leap-frog scheme [IMAMURA (1995)]has been used to solve the governing

equations for long waves numerically. This scheme is one of explicit central difference schemes
with the truncation error of second order. The staggered scheme considers that the computation

point for one variable,’?l, does not coincides with the computation point for other variable, M.
There are half step differences, l/2At and l/2Ax between computation points of two variables as

shown in Fig.4. Thus one variable,q, is placed at the middle of AtAx rectangle, placing other



10 variables at the four corner of rectangle and vice versa. Using this scheme, the finite difference
equations for the proposed governing equations are obtained as follows:

for an upper layer,

All ‘+1 – Ml n 4,+1+%j-~‘1:+$-“~:f_
1 ‘+g 2 –o

At 2 Ax
(17)

and for a lower cme,

Where ‘n’denotes the temporal grid points and ‘i’denotes the spatizd grid points as shown in Fig.
4. Ax and At are [spatialgrid spacing and time step respectively.

water surface or
t interface

I i i+l i+2

Figure4 Points schematics of the staggered leap-frog scheme



In spatial direction, all of ql, q2 at step ‘n+l/2’ and all of Ml, M2 at step ‘n’ are given as ~1
initial conditions. For all later time steps at left and right boundaries, all values of either discharge
or water elevation would be calculated by a characteristic method etc., using the values of previous
time step or estimated wave celerity. Later boundary conditions will be discussed in detail. By using

the mass continuity equation for a lower layer, all q2 at step ‘n+3/2’are calculated and then all q 1at

step ‘n+3/2’for an upper layer are calculated using latest values of q2. Next, using the momentum

equation for an upper and a lower layer, all values of M2 at step ‘n+l’ are simultaneously

calculated. Similarly, using new values of q 1, ~, Ml and Mz as initial values for the next time step,
the calculations proceeds in time direction up to desired step.
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Figure 5 Critical condition of numerical stability. The border line of using Cl in the upper figure
corresponds to the critical condition obtained by the numerical simulation with different values of

Ax and At, while that in the lower one is not.



Stabilitv Conditia~
12 Due to the interactionsbetween two layers,it is very difficultto derivea stabilitycondition

analyticallyusing the Von Neumannmethod.The Courant-Friedrichs-Lewys(Cl%) condition is
normallyapplicableto the numericalschemefor wave propagation,however, in thiscase it is not
directlyapplicablebecausethe representativewave celerity is not specified.Two celebritiesfor a
progressive waves and one for reflected one exist. Therefore, stability is initially investigated for
some arbitray AX and At. This result, shown in Flg.5, suggests that the model is stable up to a

certain limit of Ax/At and this limitvarieswiththevariationof a and ~ as shown in Fig.5. In the

cases with cc=O.:5and ~=4.O , celerity of top surface calculated through analytical expression, C2[

= ~gh2(l-a)/(l+@) ], controls the stability criteria. But for the other case with ct=O.4 and

~=1.0 , celeri~ of interface,CI [= ~g~(l+ c@) ] corresponds to the stability criteria. It is now
diflicult to get a single or fixed stability condition including the combined effects of c1 and C2. At
this stage, it is suggested to consider the maximum value of c1 and C2,so that the stability condition

proposed here is At< Ax/ max(cl ,Cz), which shows good agreement with the numerical results as
shown in Fig.5.

. VERIFICATION OF NU MERICAL MODEL

In this section, through comparing the numerical results with the analytical solution, we
discuss the validity of this model as well as appropriate boundary condition. In the numerical

model, we assume any value of the variables (u, ~). However, in our computation the certain

condition is selected that ct is taken as 0.01, because the analytical solution was found for a certain

condition, a = 01,and the value of ~ is taken as 1 (i.e. h2 = hl ). The wave amplitude of interface, a
is taken as 1 m, which is small compared with the depth of layer, 25 m. The wave period for both

~ayers is taken as 25.22 sec. Since the periodic condition is used in the analytical solution, the wave
period might be assumed in such a way that computational domain become equals to the wave
length. For spatial grid points, Ax=1Om, and for temporal grid points, At=O.2see, have been used.

Initial and Boundary Conditions

As the initial condition, i.e. at t=o, all ql and Ml values are taken as zero. For the interface

as shown in Flg.2, the initial condition is set to be the known expression of q2, which gives

qz = a2sin(b) (19)

Where, a2 the amplitude of an interface, and k the wave number.
The corresponding discharge, M2, for a progressive wave component, was calculated by using the
following linear relationship between the water level and discharge:

M,= D,
II

%2

4 (20)

The numerical solution also depends on the boundary conditions at u/s (upstream) and d/s
(downstream) end as well as an initial condition. As mentioned in the stability condition, it is
difficult to select the representative celerity in this case. That is why we have a problem to use the
characteristic method which requires a specific celerity for setting boundary conditions. In the



present study, four boundary conditions (B.C.) are assumed for the numerical model, based upon the
characteristic method with analytical solution and periodic condition. Either discharge or water level 13
for the staggered leap-frog scheme is to be given at the u/s and d/s boundaries. Here we use a
discharge.

a) B.C.-1 : Characteristic method-I
The characteristic method is used to estimate Ml and M2 at both the u/s and d/s boundaries in

each layer. Here the wave celerity representing a slope of characteristics is estimated by values at
previous time step again applying the characteristic method.

b) B.C.-2: Characteristic method-II
The characteristic method is also used at both boundaries in each layer. The wave celerity

estimated analytically which is the largest value among two is used throughout the computational
domain.

c) B.C.-3 : Combined characteristic method-I and periodic condition
For an upper layer, analytical solution indicates that there are two progressive wave

components with (different wave celerity. Therefore, at the right boundary, M in each layer is
calculated by the characteristic method save as the boundary condition-I. At u/s boundary the same
value of water level is given as the same value as the right boundary, which is reasonable for
assumed periodic condition.

d) B.C.-4: Characteristic method-II and periodic condition
The values of discharge at the right boundary, d/s, in each layer are given by B.C.-2. While,

at the left boundary the same value of water level is used as right boundary.

Comtxirison with Analytical Solution
Comparisons between analytical and numerical solutions with different boundary conditions

are shown in Fig.6-9. In the numerical model there are two dependent variables, water level and
discharge, for each layer. Comparisons are shown only for water level for both top surface and
interface.

In general, the agreement between numerical and analytical solutions is fairly good. For an
interface the agreement is always very good except for the case of B.C.-2 as shown in Fig.7, where
the water level at the left boundary is constant and discrepancy at the right boundary is found. For a
top surface agreement is very good for boundary B.C.-1 and 3. But for B.C.-2 and 4 overall
agreement is fair. There is a remarkable difference between numerical and analytical solutions at the
left and right boun{iaries- The above result suggests that the characteristic method using the fixed
celerity estimated analytically is not applicable because the celerity at boundaries would be varied in
time. We should use the characteristic method instead of analytical one to estimate the celerity
which is, however, approximate value at the previous time step.

6. NU MERICAL MODEL RESULTS

Effect of Relative Layer Depths

First, simulations with different values of ~ (=h2/hl ) keeping other parameters (Ax, At, U)

constant are carried out. Here Ax=10 m, At–4.2 see, and c@.2 have been assumed. The result are

shown in Fig. 10. The interface profile remains same for all values of P, but amplification of a top

surface increases with increase in ~. Variation of ratio of an amplitude of the top surface to the

interface with B is shown graphically in Fig. 11.
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Let us try to explain the above property by the effect of relative layer depth. The last term in
left side of Eq.(9) is considered to be the effect by a lower layer on an upper one. Comparing the L9
last term to the second one, gravitational force, in Eq.(9) yields the following ratio:

fl(l-cz)

(1+ap)
(21)

The upper of Fig. 1.2shows the above function with a and ~. As long as the value of a is small,

Eq.(21) is approximately equal to & This means that the external force by a lower layer on an upper

layer, the last term in Eq.(9), is proportional to ~ ,and suggests amplification of the top surface with

increase in B. However, it should be remembered that since Eq.(21) doesn’t directly show the
amplification of the surface, we can only make an overall discussion of the amplification.
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Figure12 Value of Eq.(21) with et and & which is the ratio of an external force caused by a lower
layer to a gravitational one in an upper one.



20 Effect of Relative Density

Secondary, simulations with different values of ct keeping other parameter (Ax, At, ~) as

constant were carried out. Here Ax=1O m, At=O.2 see, and ~=1 were assumed. Figure 13 shows

the examples of the wave profile computed with different value of m It indicates that as et decreases
the amplification, of top surface also decreases and vice versa. Variation of ratio of amplification of

top surface to interface with u is shown graphically in Fig. 14. This property can be also interpreted

by Eq.(21), showing a top surface linearly decreases with increasing value et for any value of ~ as
shown in the bottom of Fig. 12.

The above discussion focuses upon the amplification of a top surface because the major
interest in tsunami problems is on the top surface. It is also possible to discuss the other
amplification of an interface by using Eq.( 10), in which we derive the following ratio by
comparing the last term to the second one in Eq.(10) in the same way in Eq.(21) :

afl

(l+a/1)
(22)

Here we assume the progressive wave component in order to replace the second derivatives with

time into that with space. Eq.(22) indicates that an interface could amplify increasing cc, which is
different from the property of a top surface.
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Figure 13 Effect of a on a top surface profile (~=1 .0).
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Figure 14 Variation of ratio of amplitudes of top surface to interface with a (~ =1.0).

The governing equationsfor two-layers were obtained only assumingthe long wave
approximation.Analyticalsolution of the linearizedequationwas derived by using the Fourier

transformfor a certaincondition,negligiblep1/p2.This solutioncontainstwo progressivewaves
withdifferentcelebritiesandone reflectivewave.

A numericalmodel is developed using the staggeredleap-frog finite difference scheme.
Stabilityconditionof thenumericalmodel is discussedandthe condition,At s Ax/max(cl, Q), is
suggested.Accuracy of the linearnumericalmodel is also discussedby comparingtheresultswith
an analyticalsolution.Numericalresultsdependon the u/s and d/s boundaryconditions.If the
boundarycondition is properlyselected,for example,using B.C.-1 and 3, the computedresults
show a good agreementwith the analyticalsolution.Characteristicsof the two-layersmodel was

studiedby usingit for differentconditionswithdifferentetand ~. lt was shown thatfor lower ‘a’

and for higher ~, an amplificationof a top surface increasesand vice versa. Both of these
phenomenaarereasonableandcanbe explainedby physicalfluidproperties,motiveforce, Eq.(21).
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Let us derive the governing equations for long waves in two-layers using the Euler equation
neglecting viscous effect, which is composed of two kinds of equations; the mass and momentum
continuity equations. In the case of x-z plane as shown in Fig. 1, they are given by the following
equations in each layer

c?ui; &vi_o

Jx z– (Al)

-J+..@+ w~= -~~ (x-component) (A2)
6JU.

at *C2X ‘a pi C5x

dwi hi ~=_g _ 1 @i—+ui — +Wig —— (z-component) (A3)
(% ax pi ‘Z

wherep is the fluid pressure,p thedensityof fluid, i =1 (upper layer) or 2 (lower layer).
Considering a function along streamline which is constant with time, and differentiating it with
respect to time, the lkineticboundary conditions at a top surface, an interface, and a bottom are given
as follows:

an mlat Z=ql , —+q —
a ax

= WI (A4)

()d~ + dhz
at z=-(hl +h2), Uz — — = -W2 (A6)

ax dx

The dynamic condition of the continuity of pressure are added for the boundary condition at a top
surface and an interface. Since the air pressure is assumed to be zero, those conditions are expressed
by

atzql , pl =0 (A7)

Integration of Eqs.(.Al) and (A2) yields Eqs.(1)-(4). For example, the mass continuity equation in
an upper layer is derived from Eq.(A l)using by the Leibniz rule and boundary conditions in Eqs.
(A4) and (A5) :
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UNDERWATER LANDSLIDES INEFFECTIVE

AT TSUNAMI GENERATION.

Paul H. LeBlond,
Department of Oceanography

University of British Columbia, Vancouver, B. C., Canada

Anthony T. Jones,
Oceanus Flotation Technologies

Suite 1401, 1166 Alberni St., Vancouver, B. C., Canada

ABSTRACT

Underwater landslides of deformable sediments have been shown to be
relatively ineffective at generating sea surface waves. Calculations of
tsunamis waves which assume that the sliding mass behaves like a rigid
body are bound to be overestimates. We apply this principle to the
discussion of the hypothetical 105 Ka Lanai tsunami.

The assumption that a giant wave, presumably a locally generated
tsunami, was responsible for the presence of marine deposits 326 meters
above present sea-level on Lanai certainly does not meet universal approval
(1,2). Other hypotheses have been put forward to explain the location of
this material: uplift of the islands, or transport of the material by native
Hawaiians (3,4).

Testing the situation through physical modeling is clearly a step forward
in assessing whether such a large wave could have been generated by
observed subsum-facedisplacements. The model presented in (5) shows that
the estimated volumes of local submarine landslides are not quite sufficient
to the task. We wish to point out another point relevant to tsunami
generation by submarine landslides.

Submarine landslides usually result from slumping of unconsolidated
sediments which fall along the sloping sea floor until they accumulate
downhill in a flat area. The adjustment of the sea floor takes a time which
is not negligible on the time-scale of sea surface displacements, and thus
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cannot be adequately modelled as an instantaneous volume-preserving re-
arrangement of the bottom boundary. Jiang and LeBlond (6,7,8) have
examined the coupled problem of underwater avalanches and the surface
waves which they create. They found that the rheology of the sliding
material is an important factor in determining the effectiveness of the
landslide in ,generating a tsunami. Less viscous material slides faster and
causes larger waves. In general, the waves produced by sliding deformable
material are smaller than those produced by unreformable materials (for
example, as in the experiments of Wiegel (9) and the calculations of Tuck
and Wang (1.0). Although no direct comparison has been made between the
wave generation potential of an underwater slide and that of an
instantaneous displacement of the bottom to a configuration resulting from
the effect of that slide, one would expect the former, slower phenomenon
to be much less effective at making waves than the latter.

The circulations presented in (5), which take for initial conditions an
instantaneous sea-floor re-arrangement, must thus be high upper bounds on
the size of the surface waves generated by the Alika 2 slide. That even
those waves do not suffice to reach the required level speaks strongly
against a lan.dslide-generated tsunami explanation for the Lanai marine
deposits.
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MATHEMATICAL MODELING IN MITIGATING THE HAZARDOUS EFFECT
OF TSUNAMI WAVES IN THE OCEAN.

A PRIOFII ANALYSIS AND TIMELY ON-LINE FORECAST(*)

Yurii I. Shokin, Leonid B. Chubarov

Institute of Computational Technologiesj
Siberian Division of the Russian Academy of Sciences

(6, Lavrentyev Ave., Novosibirsk, 630090, RUSSIA

ABSTRACT

The paper deals with the mathematical models applied to the studies of wave re-

gimes in a wide ralnge of parameters of water areas and initial perturbations, and the
calculation of dynamic and kinematic wave characteristics.

Special attention is paid to the solution of specific problems including the devel-

opment of the application software for computer-aided tsunami warning system on the

Pacific coast of Russia. Program structures and information fields are described and

sample test calculations are presented.

Mathematical modeling in such problems was used for zoning Kuril-Kamtchatka

coast of Russia with respect to their vulnerability and for parameter calculations for Lo-

cal Tsunami Warning System in one of the Pacific water areas near Kamtchatka.

The software :system for on-line forecast of tsunami travel times has been used in

the operation of Sakkhalin and Kamtchatka Tsunami Warning Centers and its basic al-

gorithms have been employed during the preparation of the Atlas of tsunami travel

charts for the Palcific Tsunami Warning System developed by the order of IOC

UNESCO.

All the algorithms have been tested on model tasks and their accuracy has been es-

timated. In particular, the error of the determined tsunami travel time does not exceed

3-4 minutes per how- of wave propagation.

(*) The investigation has been supported by the Foundation of Fundamental Research
of the Russian Federation (94-05-1628a)
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1. INTRODUCTION

Computational experiment in tsunami problems is specified by the multifactor

physical process including the generation of the initial perturbation (tsunami source)

resulting from an underwater earthquake, volcano eruption or another similar large-

scale hazard, propagation of the wave in deep ocean and its transformation in the

coastal zone, interaction with floating and freed objects and its running up the shore.

The appliedl tsunami problems differ in content. One of them is associated with

carrying out a priori investigations, such as the coast zoning according to vulnerabilityy,

parameters calculation for local, regional and global tsunami warning systems, prepara-

tion of charts of inverse isochrones, scenario calculations.

Another group of problems is determined by the needs of on-line forecast and

monitoring of tsunami and involves the development of mathematical models, algo-

rithms and applied software for the reception and processing of continuously incoming

information as well as for the expert assessment of the current situation in the ocean,

development of the tsunami service regulations and designing the text forms of specially

issued messages.

2. A PRIORI ANALYSIS

2.1. BASIC MATHEMATICAL MODELS

Transformation modeling of long surface gravitational waves is mostly carried out

within the scope of the shallow water theory. Depending on the intervals of characteris-

tic parameter change different approximations of this theory are to be considered such

as linear, nonlinear and nonlinear-dispersive.

Very important is the construction of a hybrid mathematical model which can

describe the wave transformation during its propagation from the perturbation source to

the coast with automatic adjustment to a specific algorithm according to the current

wave characteristics and the zone of the water area where it is propagating.

Such a model must include approximated hydrodynamic shallow water models and

complete hydrodynamic equations My allowing for vertical displacements of fluid.

The construction of an efficient hybrid model requires the development of the se-

lection criteria of its individual components, algorithms of joining the solutions and

boundary conditions describing the entire variety of simulated physical phenomena

(open boundaries, interaction with floating and fixed objects, running of the waves up

the shore). At the same time we must proceed from the reliability requirements to the

wave processes reproduction as well as from time and effort sparing computational al-

gorithms which must make it possible to carry out a priori and on-line modeling.

Dispersion effects and their interaction with nonlinearity effects can be correctly

allowed for by means of the models whose dispersive properties are retained within a
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wide range of th{e wavelength changes and the notation and type of the output asser-

tions enable one to employ efficient stable algorithms in a two-dimensional (planned)

statement.

In parametric form the equations of the shallow water theory, in particular, non-

linear-dispersive Aleshkov model can be written as follows:

qt+v. [(h+rti)iq=

{
= s (ii. Vh)Vh2 + h[V/z2(V . ii) + 2Vh . V(ii . Vh) + @i . Vh)Ah] +

+0.5h2[A(ii . Vh) + 2Vh . V(V . G)l+(h3 / 6)(A(V . ii))} ,

( ~ ( ))=~5~v[(~vh)2 +v.(h2~t )],iif+vgq+05rz22

where ~ is the deviation of the free surface from its undisturbed level,

depth of undisturbed water level, ~ designates the vertically averaged

(1)

h stands for the

velocity compo-

nent, A, V are two-dimensional in the plane (x, y) Laplace and gradient operators,

respectively, g is the acceleration of gravity, r and s denote parameters such that:

r = O, s G 0 for a linear model;

r= O,s= 1 for a linear-dispersive model;

r D 1, s c O for a nonlinear model;

r z 1, s G 1 for a nonlinear-dispersive (NLD) model.

Let us dwell upon some unusual nonlinear-dispersive models of shallow water ex-

panding the class c}f solvable problems. Thus A. Urusov and Yu. Shokin [1] suggested a

model within which the interaction of waves with a fixed partially submerged body can

be described. Equations of the model are the consequences of Eqs. (1) under the as-

sumption of the smallness of the wave amplitude:

qt + V . (Hi@)= 0.5pV s{v(h2vp . Vh) + h2VhAq +

+(h / (3g))V[((ptt - Vh . V(p) / h]} + O(q.t , ~2) ,

(q - 0.5v . (h2v(p))t + gq + 0.54V42 + O(GW, p2) = O, (X,Y)-L (2)

V . @V@= pV . {(dvd(v~ . Vd) + 0.5d2[(VdAV) + V(VyJ . Vd)] +

+(d3 / 6)v(Av)] + 0(p2) , ( Y)x, G@.

We also take that (p designates the potential value at the bottom of the pool out-

side the partially submerged body, ~ denotes the same but in the area w i.e. under the

body, ~ = h~ is the total depth, d = d(x, y) is the height of the gap between the



bottom and the body, Ao and Ho denote the

depth of the water area, Lo is the characteristic

rameters such that

p = (Ho

The conjWation conditions on

potential and pressure continuity.

The suggested equations ensure

In model derivation we assumed also

characteristic wave amplitude and the

horizontal dimension, p and s are pa-

/Lo)z, c= Ao/Ho.

the areas interface result from the requirement of

the approximation with an accuracy of O(Ep,p2).
that c /~= 0(1).

The formulation of the Eqs. (1) in terms of the wave height (q) and potential

(9, V) lowers the order of space derivatives entering into these equations and makes it
easier to construct computational algorithms.

A one-dimensional analogue of model (2) was successfidly employed in the solu-

tion of some test and simulation problems [2].

At the same time it is vitally important to work out algorithms for the on-line cal-

culation of the dynamic characteristics such as tsunami heights and velocities. Such al-

gorithms must be very eflicient, i.e. they must be able to simulate the wave propagation

over transoceanic distances in the on-line operation mode ahead of the real wave

propagation and allow for the nonlinearity and dispersion effects which become the

crucial factor under the description of the global-scale wave processes.

This accounts for the wide use of NLD models which, unfortunately, are realized

by means of awkward and cumbersome computational algorithms which

line operation. one of the possible ways out would be in making use

mated NLD moclel suggested in [3].

q,, - gv . (lzVq:) = -f 2TI+ v o(hv(hqtt)) / 3 + %v “(hv(~2 / h)) /

hinders the on-

of an approxi-

2, (3)

where ~is Coriolis parameter.

In this work so-called absorbing boundary conditions are suggested that to be en-
able for simulating the wave propagation along the route from the source to the coast

by means of the “running” window. Application of model (3) is reduced to the solution
of a single equation for q which, nevertheless, provides means for taking into account

various dispersion factors such as the effect of the rotation of the Earth, nonlinear and

frequency dispersion.

Note also the possibilities of the NLD model construction which takes into ac-

count the influence of the water area bottom porosity on the wave process.

A one-dimensional analogue of such a model suggested in [4] has the following

form:



( 1)ut+u22 +gqx= [(o.5h2u)n]t ,

TIt+ [(h + ;U]x = [kxu, - (~, - k)uxt] / P + (k3U / b)m ,

where p = v / N, v is the kinematic viscosity and N denotes the permeability

porous medium.

2.2. METHODOLOGICALPRINCIPLES OF SOME COMPUTATIONALEXPERIMENTS
TSUNAMI PROBLEMS.

2.2.1. A PRIORI ZONING OF THE COAST

(4)

of the

IN

A priori zoning of the coast with respect to the vulnerability to hazardous waves is

known to require determination of location, intensity and main peculiarities of the

mechanism of perturbation sources and analyzing the quantitative characteristics of the

waves at individual coastal points. The natural input data in this case will be historical

data and the measurements of the level whose interpretation may result in the long-

term local forecast for the points of reference, i.e. for the given period of a forecast L

and the value of the level ht.:

4.(X,)=~(xi;f*,k(xi),A,T),
where coefficients ~ and T are “regional” parameters that determine the wave behavior

in shallow water: ~ denotes the recurrence of major events in the studied region, ~

stands for the predominant wave period, coefficient k(xi) is associated to the route of

the wave propagation and characterizes the local singularities of the protected point (Xi)

location.

Then the problem is reduced to the calculation of the function

Ht (Xi,xj)=H(e,K(xj))*
along the investigated coast at the points (Xj) with respect to “reference” values hf.(xi)
where K(xj) is the recount coefficient from point to point along the coast. The compu-

tational experiment in this case consists in the assessment of the above mentioned fun-
damental parameters and obtaining the function ~1, i.e. building up the model of a

priori forecast.

The series of computational experiments based on the above considered mathe-

matical models involves scenario calculations of the waves propagation from the hypo-

thetical (critical) sources and simulation of real events. The finite result in this case is

scarcely affected by the input conditions because in the prognostic model the so-called

“effective” wave source is considered whose parameters in the deep water do not

change much from point to point, i.e. are stable characteristics within the assumed
prognostic model. The accuracy of the estimated coefilcients ~(xi) and K(xj) is directly

related to the employed mathematical models and numerical algorithms.



32 2.2.2. ON-LINE ASSESSMENT OF THE HAZARDOUS WAVE PARAMETERS

The second ,group of problems connected with the calculation of the safety criteria

of objects depencls on the requirements of the real-time monitoring of the hazardous

process. The suggested approach involves the organization of a rational location scheme

of deep-water hydrophysical gauges for early detection of dangerous waves, the devel-

opment of methods for reliable and timely analysis of the recorded data, their interpre-

tation in prognostic terms.

Therefore, local on-line forecast consists in the estimation of the level h~x(xi) at

the protected point (x) which is obtained from the observation data of the wave charac-

teristics on the local system gauge:

where ta is the parameter which determines the minimum time required for decision-

making and taking measures of protection. The parameters et, ~ are the wave amplitude

and period registered by the gauge; k(x) is the coefficient of the wave transformation

from the gauge to the protected point (x).

To avoid uncertainty associated with the perturbation source on solving this prob-

lem is possible taking the wave characteristics (et, ~) being stable in the deep water

from the gauges’ measurements. The coefficient k(x) characterizes

and specific manifestations of the wave nearby the protected point.

The reliability of the prognostic model F2 built as described

by the algorithmic support of the numerical experiment and the

the local conditions

above is determined

completeness of the

natural data. The model includes nomograms for the estimation of the probable tsunami

travel time and the flooded zones at the protected point.

2.3. COMPUTATIONAL EXPERIMENT FACILITIES EMPLOYED

FOR THE TRAINING OF THE TSUNAMI WARNING SERVICE PERSONNEL

,4ND OF THE POPULATION IN THE THREATENED ZONES

The qualification requirements to the tsunami warning services and similar services

intended for warning the population in the case of natural and man-made hazards as

well as to their equipment for monitoring and investigation of hazardous processes are

becoming greater and greater. It necessitated the development of software systems in-

tended for scenario calculations illustrating the possible variants of catastrophic events

depending on the characteristics of a physical phenomena, specific features of the pro-

tected points ancl the operation of the local administration, professional retraining of

the special services personnel.

Training programs (TP) development in the considered fields involving rather

complex physical phenomena and accordingly non-trivial mathematical models and
computational algorithms are of special interest.
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The TP structure involves the mathematical simulation facilities, interface, train-

ing, analysis of results and work with data bases.

TPs due to tlheirspecific functions require allowing for the psychological peculiari-

ties of the user which makes TP significantly differ from the Applied Packages (AP)

with respect to the selection of mathematical models and computational algorithms.

This necessitates the selection of simple mathematical models retaining, at the same

time, reliability of the reproduction of essential characteristics of a phenomenon, mak-

ing use of computational algorithms which can operate within a wide range of input

data and model parameters.

We must name also such specific features of the TPs as some forced limitation of

the input data range due to the requirements of guaranteed stability and accuracy of

calculations, adjustment to particular objects of the users’ professional activity and the

strict discipline of the control in order to train the necessary skills and habits of work-

ing with applied programs and obtaining meaningful results.

The authors made use of the above consideration in the development and opera-

tion of TP “Tsunami” which ensures successful study of hydrodynamic problems asso-

ciated with tsunami, peculiar features of the waves behavior in the protected zones

within the responsibility of specific services, possibilities of prevention and protection

from the hazardous consequences of tsunami.

3. TIMELY ON-LINE FORECAST.

Timely tsunami warning efficiency can be improved and the National Tsunami
Warning Service (TWS) can become integrated into the respective international struc-

tures only by means of new algorithms, software and hardware.

By way of example of such software and hardware tool-kit, let us consider the

EVENT system [5].

The hardware is based primarily on two workstations of the IBM PC/AT 286 or

386 type or firlly compatible with them. One of them at the same time is operated by

the duty oceanologist (it will further be referred to as “the host”) and the other (further

referred to as “the slave”) is operated by the technical staff of the TWS.

Here we shall consider the software tool-kit for the oceanologist on duty. The sec-

ond component has been developed by the Central Designing Bureau of Russian Hy-

drometeorological Center and partially described in Ref. [6]. AU the software subsys-

tems are supported by MS DOS version 3.30 or later.

The software tool-kit of the “host” provides the reception and checking of data on

tsunamigenic earthquake, and determination of the respective warning procedure,

timely calculation c]f the tsunami travel times, refined direct simulation of the wave

propagation allowing for the characteristics of the source of the present earthquake,
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transmission of the calculation results to the TWS technical staffs workstation, maintai-

ning the user’s interface and the visualization of the results.

3.1 BASIC CALCULATION ALGORITHMS

When choosing an algorithm for the timely calculation of the tsunami travel time

the authors proceeded from the natural assumption of the equality of these times under

the propagation of the waves from the source to the coastal points and back.

The calculation algorithm adopted by the authors for the calculation of the inverse

isochrones tables is based on the well-known Huygens method and is actually a group

of methods which obtain the time required for passing the given space interval with the

given speed.

Under construction, all the nodes of the calculated grid are partitioned into three

sets, Set Ml contains the nodes with finally calculated tsunami travel times, ~2 – the

nodes with preliminary estimated values that may later be refined and M3 — the nodes

with arrival times that has not been obtained yet.

Each node U is associated with the notion of its domain of influence Su

(pattern), i. e. the aggregate of neighboring nodes satisfying some criterion of proximity

(see Fig. 1). It is considered that during one step of an algorithm the perturbation can

cover the distance from the specified node only to its nearest pattern neighbors.

—
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—

-+

—
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—

)-

—

)-

—

Fig. 1. 17-point pattern

At the initial time all the nodes in the domain of the initial perturbation are as-

signed the zero value of the arrival time (or time To, i. e. the time of the beginning of

the earthquake) and included in the set M!. The remaining nodes of the calculation

domain are included in M$’. Then the nodes of the M~ with patterns not influenced

by the ones of the set M$ are transferred to the set MI and excluded from the fbrther

calculations. It concludes the preliminary stage of the algorithm that afterwards acquires

the regular character.
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Thus, at the n-th step the exhaustive search of the nodes from the set ~~ is

performed in order of increasing tsunami travel times known at this moment.

Let the node A c ~~ and /’

T~ = min {T~i}, (5)
AiEM?

then for the node B such that B e & the tentative estimate A of the arrival time is

found from the formula

T= TA+TD,

2L~
where ~fl = ——

CA + c~

to node B,

(6)

is the time of the perturbation propagation from the node ~

~A~ = R* arccos(s’k9A* Sk (PB + Cos PA* cos~~* Cos Ay)

denotes the distance from ~ and B nodes through an arc of the

(7)

great circle and ~

stands for the radius of the Earth, C = ~ghi is the local rate of perturbation propaga-

tion, hi designates the depth in the i-th node, g is the acceleration of gravity.

IfB~~:

is transferred to

relation

TB = min
A ESB nM~

9 then the relation (5) first yields the value of T and the node B itself

fl~~+l , if B c ~~, the valueof ~ is refined from the minimizing

{;rA,TA + TAB}. (8)

After the values of T, ‘v’B : B e S’, are obtained from Equations (5) and (6), the

node ~ is transferred to the set ~~+1. This procedure is repeated for the next node

~ = ~~, satisfying the condition (5) and so on until the set ~~ is exhausted. At the

next n+1 -th step the algorithm is reproduced without any changes and the calculation

goes on until at some step k all the calculation nodes of the water area are included in

the set kf~.

The resulting tables of the tsunami travel times are used for obtaining the respec-

tive time characteristics and the development of the isochrone charts.

For detailed research the method of the calculation of tsunami travel times from

the specific source has been developed based on the eikonal equations [7].
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d~ = q Ho ‘ d:r Ho COS2 (p ‘ d~ 2H dy ‘

dq 1 dH H S~IIq3..— — ——
d~ = 2H d(p Ho COS3 q)

P?

which, together with the initial conditions

(9)

V1.=o=Qo> VI==,)= VJ07PIT=(J

enable one to find the trajectory

angle y.

Here ((p, ~) are the current

is the average ocean depth,

rHo

r

Ho
‘Cos(pocosy, q==o = ~siny7

‘H

(lo)

of ray motion from the perturbation source at some

geographical coordinates (longitude and latitude), Ho

H is the current ocean

R R
P= J--@m=J- q’ denote the dimensionless time

depth, “T=m,
R’

and characteristic vari-

ables.

The isochrone charts are made in this case as follows: a family of trajectories with

different initial deflections is emitted from the perturbation source, and then the system

of equations (9) and (10) is solved sequentially. The set of the values of ((p, ~) calcu-

lated at the given moment of time produces the corresponding isochrone.

3.2. BASIC SOFTWARE COMPONENTS

The basic cc)mponent of the software supporting the workstation of the TWS duty

oceanologist is the program START containing program units assuring the fimctioning

of the subordinate program modules and the information exchange between different

components of the software tool-kit. The structure of the START program is plotted on

the Fig. 2.

The program unit INIT describes the global variables, initializes parameters, as-

signment and preservation of the environment state, setting of the used interruption

vectors, processing of critical situations and ensures the program integrity in case of the

hardware malfunctions.

Program unit VIEW_EV contains interpolation procedures for the determination of

the tentative tsunlami travel times from the tables of the inverse isochrones and the di-

rect. modeling of kinematics of the wave propagation from the “real” source of the tsu-

namigenic earthquake.
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Fig. 2. START program structure

Program unit EV_LINK contains procedures that maintain the interface with the

“slave” workstation and issue the error and alarm messages about the system malfunc-

tions.

The communication with the “host” workstation and set of interruptions providing

the access to the informational block is maintained by the program component

EV_REZID residently located on the “slave” workstation.

3.3. INFORMATIONALFIELD STRUCTURE

The data structure includes the set of files with the informational fields of the tool-

kit and cotilgurational file DUTYPORT.CNF.

The informational field structure is determined to a great extent by the above-

mentioned subdivision of the water area near the protected coastal zone into four zones

(and corresponding, subdivision of the TWS Standard Procedure into four schemes):

zone 1 - is the near shore zone of the Pacific Ocean i.e. the North-East part of

the Pacific bounded by the arc with the radius of 300 km with the cen-

ter in Yuzhno-Sakhalinsk;

zone 2 — is the water area of the Sea of Japan ;

zone 3 – is the water area of the Sea of Okhotsk;
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zone 4 — is the remote zone of the Pacific, defined

sildethe area corresponding to zone 1.

It must be noted that the tsunami waves generated

as the part of the ocean out-

by tsunamigenic earthquakes

whose sources are located in the water areas corresponding to zones 1 and 4 can also

appear in the Sea of Okhotsk (zone 3).

The water area (one of the above-mentioned), the corresponding warning proce-

dure and processing algorithm are determined by the geographic coordinates of a spe-

cific earthquake.

The following data sets are associated with each zone:

– the bathymetry data (files CHEME@>.CTD), (hereinafter n= 1 - 4);

– the region mask (files CHEME<n>.MTD);

– the information about historical tsunamigenic earthquakes whose sources were

in the n-th water area (CHEME@>.EVN);

– the information about the protected points (files CHEMEQP.PNK);

– the tables of the inverse isochrone and reference tables (files <point> .TS@>).

It is to be emphasized that only the inverse isochrones’ tables of the above-listed

structures can be generated directly by the software tool-kit facilities.

The output data element contains the number of the warning message dissemina-

tion scheme determined by the geographical zone of the source of the tsunamigenic

earthquake, the names and geographical coordinates of the respective protected points,

exected times of the tsunami arrival at these points, characteristics of the recorded

earthquake and sc~meadditional official information.

3.4. ON-LINE OPERATIONS

The work of the duty oceanologist begins in the operation window of the prelimi-

nary setting where the name of the person on duty is set, the current date and time are

fed or corrected. These parameters are further used for message generation and to log

the events of the watch.

The basic operations including the input of

tsunamigenic earthquakes, the calculation of the

with informational subsystem are performed from

the incoming information about the

tentative tsunami travel times, work

the main menu (see Fig.3a). Shown

in the results’ window are the number of the corresponding warning scheme, list of the

protected points and expected tsunami travel times in those points (see Fig.3.b). The

on-line diagnostic window indicates the hardware malfimctions and the user error mes-

sages.

Duty oceanologist working with the main menu of the software complex gains the

access to the informational subsystem. The POINTS fragment (see Fig.4) enables the

user to look through the list of points falling under the Standard Regulations to some
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scheme selected for the scroll and to check their geographical coordinates, to confirm

or to deselect the point activity. Here it is possible also to calculate the tables of the in-

verse isochrones of the tsunami waves for each point in the selected water area and

represent the calculated tables as charts on the display.

The interacting with the EARTHQUAKES fragment (see Fig.5) of the informa-

tional subsystem the duty oceanologist gains access to the historical data stored in the

informational field. After the tentative values of the tsunami travel times are transferred

to the “slave” workstation the user gains access to the submenue of the refining calcu-

lation where the direct modeling of the tsunami wave propagation is possible as well as

the isochrones calculation by ray method (see Fig.6).

The times calculated at this stage can be entered into the respective informational

field and transmitted to the “slave” workstation.

CONCLUSION

The presented mathematical models, numerical algorithms and software-hardware

tool-kit carries out one of the fundamental TWS tasks, i.e. the determination of the

tsunami travel time during tsunamigenic earthquake as well as the warning messages

issue. At the same time the development of this tool-kit resulted in the concept forma-

tion which seems promising for the further automation of the TWSS and their integra-

tion into the international systems.

The possibility to extend the functions of the software is studied including the

forecast program blocks predicting the dynamic characteristics of the tsunami waves,

units supporting the direct interaction with the geophysical and seismic gauges and re-

corders, program blclcks allowing for the specific hydrometeorological conditions etc.

The hardware-software tool-kit thus modified could prove the basis for the crea-

tion of the region automatic warning systems about a wide range of natural and man-

made hazards.
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Fig. 6 Panel of the refining calculation of the tsunami traveling times
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ABSTRACT

Catastrophicwave erosion on the southeasterncoast of Australiahasbeenattributedto a Hawaiiantsunami
generatedby theAlika 2 debrisavalancheapproximatey 105,000yearsago. We examinethelikelihoodof a
Hawaiianunderwatermega-landslideas the tsunamisource, using numerical tsunami propagation modeling,
performed with the SWAN code which solves the non-linear long wave equations. The tsunami generation and
propagation were modeled using twenty minute ETOP05 topography for the Pacific Basin. Results for a
hypothetical avalanche in the Hawaiian Islands, ten times the volume of the Alika 2 debris avalanche, show that
Hawaii can not be the source for a 15 m wave on the Australian coast. An asteroid impact in the Central Pacific is
examined as an alternative scwrce for the erosional wave. Modeling results indicate that the impact of a 6 km
asteroid could generate significant wave run-up along the southeastern coast of Australia.
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Introduction

Wave trains generated “bysubmarine mega-landslides off the island of Hawaii are postulated to have destroyed
Australian coastal barrier dunes (reference 1). The absence of last interglacial dunes south of Newcastle along the
coast of New South Wales is believed to be the result of a tsunami. Erosional evidence such as clefts, flutes, and

sickle troughs in sandstone in addition to removal of 1200 ms of sandstone from a depression at Tura Head, New
South Wales are interpreted as a result of a tsunami. At Haycock Point, 10 km south of Tura Head, Tertiary
sediment capping headlands have been eroded up to an elevation of 16 m. Tsunami propagation numerical
modeling was undertaken to examine the likelihood of a Hawaiian source for these erosional features.

Lanai Tsunami 105 Ka

Moore and Moore in reference 2 proposed that a giant wave or set of waves struck the Hawaiian Islands
depositing marine materials at anomalously high elevations. On the island of Lanai, fragments of corals and
mollusks are reported at 326 m elevation on the southern coast of the island. Neighboring islands have unusuall y
high marine fossils in brecciated deposits. Unique gravel bedforms on Lanai have been interpreted as the result of
the giant wave returning swash (reference 3).

The timing of the wave event is based on 230Th/23WJ dating of coral clasts collected at three sites ranging from
115 m to 155 m elevation (reference 3). The estimated date of the giant wave event is 105 ka. The giant wave
event has been linked to cme or more of the major submarine landslides discovered off the flanks of the Hawaiian
Ridge (reference 4). At least 68 major landslides over 20 km in length have been described from GLORIA survey
along the Hawaiian Island chain (reference 5). Turbidites from the mega-landslides have been recently identified
from cores on the outer flank of the Hawaiian Arch, almost 340 km due west of the island of Hawaii (reference
6). In these cores, the age of the upper most volcanic sands layer, based on paleomagnetic data and
biostratigraphy, is -100 ~ 20 ka (reference 6) and is in general agreement with the estimated occurrence of the
Alikd 2 debris avalanche (reference 4). Recently, however, the interpretation of the 326 m material and its history
of deposition has been questioned. The 326 m site on Lanai is suggested to be a remnant of a native Hawaiian
foot trail cairn system (reference 7).

The Lanai tsunami has been previously modeled to determine if the identified submarine slumps and debris
avalanches off Hawaii could generate a 326-m run-up on the south coast of the island of Lanai (reference 8).
Estimated volumes of the submarine landslide were obtained from GLORIA sea-floor imaging (see reference 4).
Modeling results indicate that only a very large Alika landslide off the Kona (west) coast of the island of Hawaii
would cause the required -400 m high run-up. For the assumed landslide model, to obtain the necessary run-up,

a volume of 1600 kmz, greater than twice the likely volume of the Alika 2 debris avalanche, is required. The
modelling effort was restricted by several assumptions including the simplicity of wave generated by the landslide
and the instantaneous nature and size of the disturbance (see reference 9 for further discussion).

Modeling Hawaiian Tsumami Source

The generation and propagation of a Hawaiian tsunami was modeled usinganETOP0520 minute topographic
grid for the Pacific Basin, The modeling was performed using the SWAN code (reference 10). Figure 1 shows
the selected locations for determining propagating wave characteristics. The Hawaiian landslide that caused the
tsunami was assumed to Ibeten times larger in area than the landslide that we believe occurred off the coast of
Hawaii around 105 ka (reference 4). Wave propagation from this source is presented in Figure 2. The tsunami
wave rapidly decays as it propagates across the Pacific Ocean. Wave characteristics at selected locations are
presented in Table 1. Wave heights at selected locations are shown in Figure 3. The wave that arrives at the
Australian coast. is very small. While run-up from deep water could double the wave amplitude, the wave
dispersion, which is not considered in the calculations, would reduce the amplitude by at least one-half or more
depending upon the period of the initial wave. Therefore, the calculated results are probably upper limits for the
run-up wave amplitude.
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Wave Characteristics for Propagated Waves

MeRa-Landslide Asteroid
Amplitude Period Amplitude Period

Location Depth Lowest Highest Approx. Lowest Highest Very Approx.
(m) (m) (m) (see) (m) (m) (see)

1.
2.
3.
4.
5.
6.
7.

—

Hawaii 4602 -200 +150 3000 -190 +190 2000
Australia 4530 -1 +1 4000 -20 +15 8000
New Zealand 2191 -4 +4 3000 -20 +40 1500
Solomon Islands 3005 -30 +40 1500 -1oo +100 1000
Wake 5344 -20 +15 3000 -60 +60 1500
Japan 5251 -lo +10 3000 -45 +35 1500
California 3320 -8 +8 2000 -60 +30 2000

Notes:
Landslide (150 km, +1 km, -1 km)
Asteroid (150 km diameter cavity, 5 km deep)

Modeling Central Pacific Asteroid Impact

Given that the Hawaiian me:ga-landslide is an unlikely source for the NSW erosional features, we examined the
likelihood of an extraterrestrial impact in the central Pacific causing the required run-up in NSW. Over the Pacific
Ocean, there are annually approximately two explosive meteoric impacts in the Earth’s atmosphere. Chapman
and Morrison (reference 11) have calculated that within the next 100 years, the probability of a kilometer-sized
object colliding with Earth is 1 in 10,000. With the Pacific Ocean representing 35910of the Earth’s surface, the
Pacific Ocean is a likely candidate to receive the anticipated colliding boloid. Estimated frequencies of meteorite
impacts over the Pacific Ocean for scaled asteroids are one in 10,000 years for 1 km size structures, one in
100,000 years for a 5 km diameter structures and one in 50 million years for an asteroid with a diameter of 20
km.

Using a site in the central Pacific shown in Figure 1, we examined the wave propagated by an impact of an
asteroid 6 km in diameter. We assume that such an asteroid would produce a water cavity approximate y 150 km
wide and 5 km deep. Initial water cavity size is based on similarity scaling parameters for a 10 km diameter
asteroid with an impact velocity of 30 knisec and a density of 5.0 g/cc (reference 12). A 6 km diameter asteroid
is about the size of the Shoenmaker-Levy 9 (Jack Hills, private communication and Johdale Solem, Los Alamos
National Laboratory).

Wave propagation from the described asteroid impact in the central Pacific is presented in Figure 4. The leading
wave bore is separated further from the secondary waves in this case than in the earlier example of the Hawaiian
mega-landslide source (cf. Figure 2). Arrival at the NS W coastline is within 8 hours of the impact event. Figure
5 displays the w ave heights from the described impact. The south coast of Australia is calculated to receive a 15-
m wave, whereas Hawaii would receive a wave approaching 200 m. Numerical calculations indicate that an
asteroid about the size of the recent Shoemaker-Levy 9 could result in large waves required for both the Lanai and
Australian coast. Clearly, smaller asteroids nearer Australia could generate run up of 15 m along the New South
Wales coast.
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Discussion

There are several possiible sources for the Australian erosional event. Besides asteroid impacts, tsunamigenic
earthquakes along the subducting Tongs-Kermadec arc and submarine landslides off New Zealand could generate
a source for the southeastern coast of Australia. Seismic activity along the Tongo Kermac Trench could have
generated waves. This stretch of the plate boundaries has been fairly active in historic times (reference 13).
However, whereas earthquakes partition approximately 1 to 10% of their energy into water waves (reference 14),
impact events potentially :yield more intense tsunamis due to larger energies involved in planetary collision.

Submarine landslides possibly triggered by earthquakes could have also generated waves of sufficient energy to
cause localized erosion along the NSW coast. However, one should expect to observe turbidity flows and slumps
as well as evidence of tsunami deposits on the shores. of New Zealand which so far has not been reported.

In conclusion, our numerical analysis of tsunami propagation from a Hawaiian mega-landslide indicate that the
landslide-based tsunami would not generate a 15 m wave along the southeastern coast of Australia. Alternatively,
an impact from an asteroid in the central Pacific could generate a wave along the coast of New South Wales that
meets the requirements of the erosional features identified by Young and Bryant (reference 1). Whether there is
further geological evidence supporting an asteroid impact in the central Pacific within the timeframe required for
the New South Wales erosional event remains to be investigated.
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Figure 2. Tsunami wave propagation from Hawaiian underwater landslide source.
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ABSTRACT

Subsurface thermal variations of the sea water were observed before and during the

1995 Hyogo South earthquake, which occurred in theearly morning of January 17, 1995.

The earthquake was destructive in an area around a newly formed seismic fault line which

extended from downtown Kobe to the neighboring cities and towns. Heavy damage

occurred astride the fault line on land. The epicenter of the earthquake was under the

urban area of Kobe. The sea water temperature was measured at an offshore station at 2.5,

5 and 10 meters under the sea surface. Subsurface ocean thermal variation measurements

could be useful to the tsunami warning system.
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INTRODUCTION

An earthquake occurred around 5:45 JST in Kobe, Japan. It was destructive in both

the downtown and urban area along a newly formed seismic fault which is parallel to the

coast line.

Subsurface thermal variation were observed at an offshore town station mounted on a

ridge off the coast facing the northwestern Pacific Ocean. The tower station was about

100 km from the epicenter of the earthquake.

The damage on land just south of the newly formed seismic fault line was severe. In

this note, we concentrate only on the subsurface thermal variations observed before and

during the earthquake. These variations may be closely related to the main earthquake

shock.

EPICENTER and OFFSHORE TOWER

The location of the epicenter is shown in Figure 1 as a cross with the mark F. Seismic

faults wee found to extend from the mark F to a line extending ENE along the coast and

to a line extending SSW.

The epicenter location was initially estimated to be in the Akashi Strait, so a tsunami

was expected. Several tide stations recorded the tsunami though no hazardous sea level

variations were seen. The observed maximum tsunami height was about 20 cm.

The maximum acceleration of the ground motion at the Kobe Marine Observatory was

818 gal for the NS component, 617 gal for the EW component and 332 gal for the up/down

component.

The Japan Meteorological Agency’s estimated magnitude was 7.6 and the depth was 20

km.

An offshore tower was located as shown in Figure 1 and marked with a T. This tower

was established in 1993 for the oceanographic observation of hazards around and in the

coastal zones c)f the northwestern Pacific Ocean.

THERMAL VARIATIONS

At 5:46 JST, the Television informed us that a hazardous earthquake was occurring

though no details were available. Before the message, the author who was in the

Observatory was awaken by a strange P wave shock and a big S wave shock. Judging

from the P and S times of the earthquake, the author estimated that the epicenter of the

shocks must be at a dist ante of several tens of kilometers.

On the next day, the observed subsurface variations of the sea water temperatures were

printed out and we observed strange variations just before and after the shocks.

In Figure 2, a part of the thermal variations is shown as water temperature variations

at depths of 2.5, 5 and 10 meters at the offshore tower. This illustrates that a thermal

variation may be closely related to a hazardous earthquake.

The thermal variations at 10 meter depth at the offshore tower had already started at

5:30 JST. At 10 meter depth, the water temperature started to lower uniformly with time

by 5:50 JST. After the variations at 10 meter depth was seen, successively the thermal

variations were found at the 5 and 2.5 meter depths. The patterns of thermal at the three

depths were not similar to each other.
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Minor tsunamis were found on the marigrams at 30 km west and south from the

epicenter. A simikr thermal variation was found to be recorded at a station 30 km south

of the epicenter.

DISCUSSION

For more than 100 years, tsunami scientific research has concentrated on evaluating

the maximum height of the water on the coast. The author has attempted to clarify the

reference level in an area where the tectonic variations are contaminated by the existing

oceanic conditions (Nakamura, 1990; 1994; 1995). It is well understood that the horizontal

water mot ion can be significant even when the vertical water motion is not significant.

We need to observe the horizontal water motion caused by any tsunamigenic earthquake.

The author has noted the extent of the sea water motions during the 1995 Hyogo South

earthquake (Nakamura, 1995). In the case of trans-Pacific tsunamis, a thermal variation

might accompany the sea level variation (see for example, Nakamura, 1992).

The subsurface ocean thermal variations could be useful to the tsunami warning system

and the existing coastal protection works.
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Figure 1. Geographic Locations of the Epicenter (X and F), Kobe (K), and the

offshore tower station (T).
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Figure 2. Thermal Variations at the Offshore Tower Station. Sea Water

Temperature Variations at depths of 1.5, 5.0 and 10 meters under the

sea surface between 4:00 to 16:00 JST on January 17, 1995.
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RESPONSE ACTIONS FOLLOWING THE CHILEAN TSUNAMI OF JULY 30, 1995

In Hawaii and Tahiti

On July 30, 1995 at 05h 1lm GMT (July 29, 19h 1lm LT, in both Hawaii and French
Polynesia, an earthquake of magnitude Ms 8.3 occurred at 23.4 S, 70.1 W, just offshore from
the city of Antofagasta in northern Chile. Because of the magnitude, the Pacific
Tsunami Warning Center (PTWC) located in Ewa Beach, Hawaii, issued a tsunami warning for
those within a three hour tsunami travel time from when the warning was issued and a
tsunami watch for those outside of the warning area but within a six hour tsunami travel
time.

Coincidentdly at that time the International Coordinating Group for the Tsunami
Warning System in the Pacific was wrapping up its regular biennial meeting, held this
year on Tahiti in French Polynesia. The emergency management officials from various
nations in the Pacific, who are responsible for tsunami warnings, were preparing to
return home. When notified by the Laboratories d’ Geophysique (LDG) that a great
earthquake had occurred near Antofagasta, one of the delegates from Chile, Hugo
Gorziglia, immediately called his office in Valparaiso to inquire about the damage
situation. The response was that although earthquake damage was widespread, tsunami
run-up amounted to a few meters at most and that damage from tsunami was insignificant.
Based on this information, and water level measurements from stations near the
epicenter, the PTWC canceled the warning and watch a little over an hour after they
were issued.

Also by coincidence the weekly flight between Papeete and Honolulu was scheduled
to leave at OOh 30m, just over five hours after the earthquake. This allowed Michael
Blackford, Geophysicist-in-Charge, and Charles McCreery, seismologist, at the PTWC to be
in Honolulu in time for the tsunami arrival. The tsunami travel time between northern
Chile and the Hawaiian Islands is about fourteen hours.

Even though Blackford and McCreery were aware that a minor tsunami had occurred
in the near-source area and that the tsunami warning and watch had been canceled hours
earlier, they nevertheless hastened to Ewa Beach, after clearing customs at Honolulu
International Airport, to observe the tsunami’s possible sweep across the Hawaiian water
level gauges. They arrived about forty-five minutes before the estimated arrival at
Hilo, 09h OOm LT, and reviewed the material accumulated on the event the previous
evening. While they were examining the mareograms from Chilean stations, at 08h 45m LT,
they received an urgent facsimile message from Francois Schindele, director of LDG,
indicating that in a harbor on the island of Hiva Oe in the Marquesas Archipelago the
tsunami wave height was observed to be about two meters and that some boats were swamped
and sank in an eddy behind a breakwater. This was significant damage at a great
distance from the source area!

PTWC imtnediately apprised the Office of Civil Defence of the State of Hawaii
of the situation. The timing was most uncomfortable as this came only a few minutes
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In the numerical model, the source was 3 cells wide (100 km) and 6 cells long (230 km)
with the southwest corner at 27° S and 71.6° W. The initial upward displacement was taken as
10 meters.

The calculated maximum heights in deep water near tide gage locations are given in the
following table. The numbers are all in meters.

LOCATION

Caldera, Chile
Papeete, Tahiti
Nuku Hiva, Marquesas
Hilo, Hawaii
Honolulu, Hawaii
Crescent City, Calif
Kesennuma, Japan

DEPTH
(m)

4400
3515
4108
4399
5668
2201
5251

CALCULATED
MAX HEIGHT
0.5
0.2
0.5
0.1
0.02
0.12
0.1

TIDE GAUGE
DOUBLE AMP
1.3
0.15
1.15
0.85
0.18
0.35
0.3 -0.4

From the (calculations it is clear that in the far field, the highest amplitude (O.5 m) in the
deep ocean developed in the vicinity of the Marquesas Archipelago, and that to the north near
the Hawaiian Islands, the wave height (O.1 m) had diminished significantly. The wave height
near Japan agrees well with tide gage records.

Although this exercise was a hindsight project, it does demonstrate that numerical
simulation mirrors tsunami propagation. If this numerical simulation were available in real time
during the tsunami watch, the damage in the Marquesas would not have caused apprehension to
the emergency management officials in Hawaii. The question naturally arises: can numerical
simulation be used in real time?

The answer hinges on the availability of a fast computer with proper software and
whether knowledgeable persons can be on hand to compile source parameters and enter them
into the computer. At the present time discussions are being held to install the SWAN code into
the High Performance Computer on the island of Maui, Hawaii, for tsunami forecast purposes.
Tailoring the SWAN code to be compatible with the High Performance Computer and
administrative details on access to the computer in real time will take some time to work out.
Perhaps, when forecasting with numerical simulation becomes on-line, the difficulties
encountered in Marquesas, Hawaii and Japan need not recur.
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before the expected arrival of the first crest at Hilo Bay, Hawaii. The consensus of
the officials at federal, state, and county levels in Hawaii was to wait out the
situation because, in addition to the reports from the source area of a relatively
minor tsunami, Schindele also reported a minor tsunami of only twenty-five centimeters
at Papeete, Tahiti. The observation of a two meter tsunami on Hiva Oe appeared to be
an anomaly rather than the norm. When the tsunami did arrive in Hilo Bay, the tide
gauge in the harbor registered a maximum double amplitude of O.80m. The water level in
the harbor was observed to rise and fall but no damage occurred.

In Japan

In Japan the tsunami caused an unusual stir. Augustine Furumoto happened to be in
Tokyo on a business trip on July 31, 1995. Reading the evening edition of the Mainichi
Shinbun, largest circulation newspaper in Japan, he was jerked to attention by an article in the
front page that headlined “The Japan Meteorological Agency issued a tsunami warning two
hours after tsunami arrival. ” The article was not sharply critical of the Japan Meteorological
Agency (JMA); a reader got the impression that this was a report of an example of human folly
that can easily happen.

We speculate on what happened in Japan. The Tsunami Section of JMA in Tokyo was
keeping a watch on the tsunami sweeping across the ocean. There was no indication from near
source reports and reports from Hawaii that this tsunami posed any danger. But when the
tsunami arrived in Japan, some tide gages, including the one at Kesennuma and Hachinohe,
registered a double amplitude of 30 centimeters. When the Tsunami Section staff noticed the
30 cm amplitude, they became apprehensive that the second and third crests could be potentially
damaging. So, a low level tsunami warning was issued, according to standard operating
procedures. But even with state-of-the art communication system, there is a time delay as data
are transmitted in spurts; analysis and decision making consume time; and broadcasting of
warning also chalks up time as messages must be routed through the news media. By the time
the warning got out to the coastal areas, it was already two hours after the arrival of the first
crest.

Post-tsunami Numerical Analysis

Charles Mader modeled the tsunami using the technique that successfully reproduced
numerically the Chile tsunami of May 23, 1960 (cf. Reference 1). The model used a 20 minute
grid of the Pacific Ocean from 110° E to 65° W and 75° S to 75° N of 555 by 450 cells. The
SWAN code was used to solve non-linear shallow water equations as described in Reference 2.

The tsunami source parameters were compiled by A. Furumoto. PTWC had determined
the epicenter, as given above. LDG calculated the seismic moment to be 2.3 x 1021 N-m. The
rupture had proceeded southward from the epicenter (Reference 3). From the seismic moment
the length of the rupture area was estimated to be 235 km, its width was assumed to be 100 km,
roughly the distance from the Chilean shore to the subduction trench. The rupture area was
taken to be a rectangle in the north-south direction, with the northeast corner at the epicenter.
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a special messa~ge

for teachers and students

4

THE STORY OF

Laupahoehoe
Laupahoehoe ISa low–lying peninsula north of Hilo along the Hamakua

Coast On April 1, 1946 the war in the Pacific had ended just seven months

earliec and people ‘were beginning to feai better about the f@ure.There prob-

ably had been so many bad things in the past to think about that it was diflcult

to remember earlier tragedies caused by tsunamis. After all, a generation of

students and teachers had passed through Laupahoehoe School since anyone

had been killed in Hawai’i by a tsunami.

On April 1, 1946 the students of Laupahoehoe had only two more months

until summer vacation. Howevec many of those students and their teachers

would not live to see even the next day let alone other school years and life-

times of summers to come. Had they known a few simple facts about tsunamis,

their lives might not have ended on that norribie day

Too bad the teachers didn’t know about tsunamis. Too bad they hadn’t told

their students some simp~e facts like:

. tsunamis are dangemu$

● the first wave is not always the large~

- sometimes the first indication of a tsunami is the disappearance of
wate~ and,

● tsunamis can move faster than a person can run.

Such simple knowledge could have saved their lives.Why? Because on April

1, 1946 the first waveat Laupahoehoe was small, and some of the teachers and

students saw iti Others noticed an unusual disappearance of watec exposing the

ocean floor

Unfortunately, the students and teachers did not understand the deadly

implications of what they saw.The necessary formal education, scientific knowl-

edge, or traditional knowledge of the sea was either non-existent or failed to

emerge in the @w remaining minutes tt,at they had left to save their lives AS a

result five teachers and 16 students were swept to their deaths. Elsewhere in

Hawai’i an additiond 138 people lost ttwir lives in the 1946 tsunami.

A s;mi!ar disaster occurred again in 1960 when a tsunami from Chile Idled

6 I people in Hilo. This happened in spite of adequate warnings provided by the

Pacific Tsunami Warning Center The possibility of a repetition ofthese tragedies

is increased by the tremendous growth in the past 30 years and the fact that we

now have a second generation of children in our scho”olswho know little about

tsunamis (From 1900 through 1964, eight Pacific-wide tsunamis with heights of

10 feet or more &eve sea-level struck low–lying aceas of the slate. Five had

i-,eights of 20 feet or more, four were 30 feet or more, and two were 50 feet or

more. From I ?65 through 1994, no large Pacific-wide tsunamis have struck

Hawai’i.)

The quiet period of recent years will not continue indefinitely. Large tsuna-

m’s will once agan strike Hawai’i. Children and adults need to take tstinam,i

warnings seriously and they need to know the signs of tsunamis in case siren!

are defective, or they are in remote or noisy areas where sirens can’t be heard

Also, there may exist many dangerous misconceptions about tsunamis. Dc

people know that

● all major coastal areas of the state have been struck by large tsunamis

● some of the largest tsunamis f-em earthquakes originating in the Nortt

Pacific may be found on the northern shores of Oahu and Kaua’i, rathel

than in HiJo;

. large locally generated tsunamis occurred in 1868 and 1975 wkh heigh~ z

great as 40 feet

● four other Iocaliy generated tsunamis occurred in this centur~ and,

● tsunamis have killed 22 I people in Hawai’i during this century compared tc

seven deaths due to humicanes?

Major tsunamis are inevitable. A few minutes of classroom instruction z

year will eventually save the lives of our students, their friends, and their

relatives. Wth the help of teachers throughout the state, the tragedy of Laupa

hoehoe need not be repeated.

When the next major tsunami strikes Hawai’i, attention will once again fo

cus on the destructive power of nature in Hawai’i but hopefdly we will be able

to have some consolation in the fact that we did what we could to minimize

injuries and the loss of life.

The Tsunami Memorial Institute (TMI ) is dedicated to informing teachers oi

tsunami hazards and providing them with necessary educational matenals.These

materials can also serve as an introduction to regular instruction regarding natu-

ral hazards and such Earth science topics as earthqua%,volcanoes, ocean waves,

and plate tectonics. Free information on TMI educational products for all grade



This elemental knowledge could prevent injuries and save many lives. More

time and effort in discussions of definitions, scientific concepts, and historical data using

other resources may expand a student’s level of understanding from mere awareness of

elemental concepts to knowledge of fundamental principles and observations. The fol-
lowing are additional resources which may be useful for that purpose.

Dudle~ W. and M. Lee, 1988. Tsunami!, University of Hawai’i Press,HonoJulu, Hawai’i,

132 pp.

Contains personal recollections of tsunamis In Hawafi, especially in the HJo area. Available in most

bookstores or from tie University of Hawai’i Press

Walkec D. A., 1994, Tsunami Facts, SOEST Report 94-03.

C:ontains data (tables and maps) in meters and feet on all reported tsunamis in Hawai’i. Also has Iistngs

of’ ‘Tsunami Facts”, ‘“v’/hat You Should Do”, and a “Self-Quiz’r. Maps of runups can be used to personal-

ize the importance of tsunami awareness for differing islands or parlcular coasts of islands Useful as a

teacher’s source book The’ ‘SeH-Quiz” is appropriate for intermediate and hgh-school students. Copy-

irg of this text or portions of it. is permitted and encouraged. Available at no charge to school libraries

throughout the State.

Walkq D. A., 1994, Tsunamis in Hawai’i, Tsunami Memorial Institute, one sheet.

A 2’x 3’ color poster which can serve as a classroom focal point for tsunami awareness and education.

Contains maps, definmons, “What You Should Know”, and “What You Should Do”.

Other resources are available from the Irtemational Tsunami Information Center in

Honolulu. (Telephone: 808-54 I- 1658)

For more information aboutTMl publications write to:

Dc Daniel A, Walker

Tsunami Memorial Institute

59-530 Pupukea Road

Haleiwa Hawai’i 96712

Tbll Publication No. 02

@ 199!; D.A. Walker

7/kike bi i ka bpe’ope la, !ilo;

i Iilo no he hawawti.

Literal translation
The sea snatches the bundle, it is gone;

it goes when one is not watchful.

Interpretation
A person who failsto watch out often ioses.

Never turn your back on the sea



ANNOUNCEMENTS

(This page of anntouncemnts of coming conferences, meetings, workshops, etc. is provided as a

public service to i?hetsunami community.)

NATIONAL DISASTER MEDICAL SYSTEM

The 1996 National Disaster Medical System (NDMS) will be held in San Diego,
California, March 16-21, 1996. For additional information, contact:

NDMS
5600 Fishers Lane, Room 4-81
Rockville, MD 20857
(800) USA-NDMS. extension 444.

TSUNAMI CONFERENCE and MUSEUM INAUGURATION

April 1-2, 1996- Hilo, Hawaii

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, a Conference

is planned. It will review the lessons learned, the progress made, the things

still to be accomplished, and priorities needed for tsunami and similar hazards

mitigation. An open house and tour of the Pacific Tsunami Warning Center

on Oahu will be available.

Simultaneously, a grand opening of the Hilo Tsunami Museum will take

place. The Museum will provide public education programs that will

increase tsunami awareness, and will integrate local oral history and scientific

information. To achieve its goals, the Museum will have permanent and

temporary exhibits, living history talk sessions, and in-house and out-reach

education programs. The Museum, a private non-profit organization, welcomes

contributions.

The organizing Committee co-Chairmen are George Curtis, Hilo Tsunami

Museum, P. O. Box 806, Hilo, Hawaii 96721 and Jim Lander of the University

of Colorado.
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