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FOREWORD

The theoretical study described herein was requested by the District

Engineer, U. S. Army Engineer District, San Franciscc, in a letter to the
Office, Chief of Engineers, dated 15 Jeptember 1967; authority to perform
the investigation was granted by the Office, Chief of Enginesrs, in an
indorsement dated 7 November 1967. The investigation was conducted during
the period December 1957 to August 1968.

The study was conducted in the Hydraulics Division eof the U, 5. Army
Engineer Waterways Experiment Station under the direction of Mr. T, P.
Fortson, Jr., Chiei ot the Hydraulics Division, and Mr. R. Y. Hudson, Chief
of the Wave Dynamics Branch. The investigation was ~onducted vy v, G. H.
Keulegan, Resident Consultant, CPT J. Harrison, Military Assistant, ard
Mr. M. J. Mathews, Research Hydraulic Engineer.

Directors of the Weterways Experiment Station during the conduct of
this investigation and preparation and publication of this report were
COL John R. Oswelt, Jr., CE, and COL Levi A. Brown, CE. Technical Direc-
tors were Messrs. J. B. Tiffany and F. &. Brown.

b G, o RS 4 K il




CONTENTS
FORWORD. [ ] . L] » L ] * » . L ] [ ] [ ] L ] L) L] L] . . . :}\.. L] [ ] L] . » L ]
NOTATION. & v v o o o o o o o o o o o o o o v o 0 ®
CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT.
SUmARY . L] L] L] L] » » » . - . . - . [ ] » L ] . L] [ ] L] L ]

PART I: INTRODUCTION . . . . e e e e e e e e e e e e
PART IT: TSUNAMI CHARACTERISTICS AT CRESCENT CITY, CALIF.
Maximum Observed Height of the 1964 Tsunami .

Period of the 1964 Tsunami. . . . . . . . . .
Spectral Analysis of a Portion of the 1960 Tsunaml Records
Resonance . . . & v ¢ v ¢ vt v o 4 v 4 e e b e e e e
PART III: PREPARATION OF TSUNAMI REFRACTION DIAGRAMS .
Theoretical Development . . . . . . . « . ¢ « ¢ « v « &
Computer Program. . . . . « « . . v ¢ v v v v v v 4 0. .
Refraction Diagrams . . . . . . . . . .
PART IV: PROBABILITY OF OCCURRENCE OI' TSUNAMIS OF VARIOUS
HEIGHTS AT CRESCENT CITY . . ©« « v v ¢ ¢ ¢ o « « &
Frequency Distribution of Tsunamis of Various Heights at
Crescent City . . .« + ¢ ¢ ¢ v ¢ ¢ ¢ 2 ¢ « « . .
Risk Evaluation . . . . . . .. e e .
Comparison of Tsunami Helghts at Hilo and Crescent Clty .
Irregular Tsunami Heights at Hil . . . . . v e
Tsunami Height Attenuation with Distance Traveled .
Singularity of 1964 Alaskan Tsunami . . . . . . .
PART V: FLUME TESTS AND RESULTS. &+ & & ¢ + ¢« & ¢ o o o o o « &
Wave Generator and Flume. . . . . « & ¢ ¢ o« v « o o o« &
Model Scale Relations . . . e e e s

First Series of Tests, Undlstorted Model e e s e e e e s
Second Series of Pests, Distorted Model Without Screens . .
Third Series of Tests, Distorited Model with Screens .

Similarity Rules for Wave Periods . . . « . « v v v v & &
Proolems for Future Study . . . . . « « . « v ¢ v v v« &
PART VI : - CONCLUSIONS . . . . . . . . . . . » . L] . . » . . . .

vii

xiii

5

l—l
M=o E o

no
o

w NN
OO

L3



LITERATURE CITED + + + « o « o o = o o o o o o o o o s o o o o o o o 67
TABLES 1-3
APPENDIX A: COMPUTER PROGRAM FOR MSUNAMI REFRACTION . . ... . . . . AL
APPENDIX B: TRANSFORMATION OF WAVE MOTION ON THE EARTH'S SURFACE

TO A MERCATOR REPRESENTATION OF THAT SURFACE. . . . . . Bl

APPENDIX C: TSUNAMI REFRACTION IN THE AREA OF A THEORETICAL ISLAND. Cl
APPENDIX D: SHELF OSCILLATIONS IN THE CRESCENT CITY AREA. . . . . . D1
TABLE D1
AFPENDIX E: STANDING WAVES IN TSUNAMI MODEL CHANNELS. . . « . « « & El
TABLE El

viii




4,4 5A, A
€,C;,C,

D,D;,D,

B,E),E,

o

lac]
[

&:O:D‘p‘o:‘c? =

NOTATICN

Radius of zero contcur of the theoretical island in fig. Ci;
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Constant used in equation D17

Coefficients used in the surface fitting procedure of the

computer program

Radius of the largest contour of the theoretical island in

fig. Cl; constant used in an integration formula

Physical distance between wave rays at a point of unknown wave

height, h_

Physical distance between wave rays at a point of known wave

height, ho

Constant used in equation D1k
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Tsunami celerity in the open ocean; C =«/E§
1 1/2
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Time in years in equation 26

Probable error inherent in the estimate

Fundamental frequency of a resonating body; equation 1

height of initial wave from generator; elevation above
water level

Unknown wave height

Open-ocean wave height near Crescent City shelf
Open-ocean wave height near Hilo shelf

Known wave height

Wave height after t hours of travel

ix

mean

g




t't-:.l—};qo;k1

=)

a]

F(x,y)

*d}__‘*d o*d

M

Wave height after one hour of travel

Depth of wate: through which wave ray is passing; assumed water
depth on a Mercator map; mean water depth at any location in a
channel

, .
Depth value assigned to an intersection within a grid of depth
values '

Initial water level in flume before release; water depth at
wave generator; water depth; water depth over a shelf at a
distance I from the shore (equation D1)

Water depth at a random point Pi within a grid of depth values

Appointed depth defined in fig. D1; maximum depth of ocean
surrounding theoretical island

Bessel function of order zero 6f_ﬁhe first kind

Bessel function of order one of the first kind

- Constant between 0.06 and 0.10 depending on the air space and

the aperture openings of the pneumatic wave generator

-2

C 2 o
Constant; K = sy KW =C, =+l ; radius of curvature of a
H172 1 .
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curve in rectangular coordinates; constant; K = i;?
o

" Bessel function of order zero of the second kind -

Bessel function of order one of the second kind
Length of sloping channel

Water-surface length; length of submerged Shelf‘off Crescent
City

Curve fitting coefficiént

Curve fitting coefficient; ratio of ﬁx—-"— and % s degree of

freedom o} o)

Average frequency of occurrence of tsunamis of equal or greater
height h ; factor used in the solution of eguation D30
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Successive computution points along a wave ray
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to metric

units as follows:

Multiply

inches

feet

miles
square feet

feet per second
per second

~B
2.54

0.3048
1.609344
0.092903
0.3048

xiii

To Obtain

centimeters
meters
kilometers
square meters

meters per second
per second
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SUMMARY

The important wave parameters to be considered for tsunami model
studies are wave height and period, wave-front orientation, and the fre-
quency of occurrence of waves of different heights. The first two of these
parameters can be determined by marigraphic measurements or by visual ob-
servations; however, wave-front orientation, which is an imgortant variable
in the construction and operation of a model, has never been accurately
observed at the problem site (Crescent City, Calif.). A digital computer
program was written to plot wave rays from three recent epicentral loca-
tions to Crescent City to obtain spproximate tsunami-front orientations
and to compute refraction coefficients in the Crescent City area. The
refraction diagrams were checked by comparing the computed and actual ar-
rival times of the wave fronts. The actual arrival times were obtained
from recording tide stations at Crescent City and Hilo, Hawaii. Initial

wave-front orientations near the ecarthquake epicenter were elther assumed
or taken from the literature.

The frequency distribution of wave heights at Crescent City is a
necessary consideration in the overall study. The period of record for
tsunamis at Crescent City is too short to determine the frequency distribu-
tion of the wave heights; thus, an attempt was made to correlate the tsu-
nami records from particular stations in the San Francisco and Hilo Harbor
areas so that the Crescent City record could be artificially lengthened.
Correlation between the Hilo Harbor and Crescent City data indicates that
the 1964 tsunami at Crescent City was abnormally severe. Effects of dis-’
tance on wave-height attenuation were investigated and compared with theo-
retical predictions. On the basis of these considerations, a tentative
frequency relation was derived and a risk-duration relation was prepared
from the frequency relation.

The selected values of the test-wave dimensions (height and period)
and orientation determine, to a considerable extent, the model configura-
tion necessary to ensure results sufficiently accurate for purposes of the
model study. Since experience in the design and operation of long~period
wave models is scant, it was deemed necessary to conduct preliminary tests
utilizing a pneumatic wave generator in a two-dimensional flume. The re-
sults of these tests were compared with theoretical predictions from an
idealized mathematical model, and on the basis of these tests, a prelimi-
nary model design was proposed. Further two-dimensional testing is deemed

necessary before a satisfactory design of the three-dimensional model can
be accomplished.
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THEORETICS IN DESIGN OF THE PROPGSED
CRESCENT CITY HARBOR TSUNAMI MODEL

PART I: INTRCDUCTION

1. Crescent City, Calif., with a resident population of approxi-
mately 3200, is located on the northern California coast approximately
20 miles* from the California-Oregon border. The combination of nearshore
underses topography, resonant characteristics of the surrounding nearshore
area, and exposed posltion on the coast makes Crescent City particularly
susceptible to tsunamis originating anywhere in the Pacific seismic belt.

2. The primary purposes of this investigation were to conduct a
theoretical study of tsunamis with particular emphasis on their occurrence
at Crescent City, and to provide input data for & hydraulic model which
is to be used to determine the characteristics of proposed barrier plans
to protect the city and harbor of Crescent City from future tsunamis.
Because of the magnitude of this many-faceted problem, it was decided to
divide the study into four major sections, namely, the wave input for the
proposed model, the tsunami refraction problem, the frequency of occurrence
of tsunamis of various heights at Crescent City, and the flume tests con- '
ducted to determine details of the proposed model.

3. In the Crescent City Harbor tsunami model, as in any model of
the same scope and nature, one of the primary elements to consider is that
of wave input. In a general sense this involves decisions as to the mag-
nitude, form, and period of the critical waves in a specific tsunami wave
train. Equally important is the orientation of tho wave fronts approaching
the harbor area, which determines the alignment of the wave generator dur-
ing model testing. Unfortunately, owing to the early destruction of the
harbor tide gages during the 1964 tsunami, the magnitude and form of the
waves for this occurrence could not be accurately determined. The disas-
trous effects of this particular tsunami appear to have been associated

o v a4 8 g8 sl s

* A table of factors for converting British units of measurement to metric
units is given on page xiii.
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with extensive imundation by a rising horizontal water surface instead of
a borelike configuration sometimes associated with tsunam:‘.a,l The limit of
the inundation is well defined, and accordingly, verification of the model
processes will rely solely on the limits of this imundation.

4. To determine the wave directions at the positicns of the model
wave generator, a new tsunami refraction diagram technique was developed by
the authors. Refraction diagrams were prepared for three recent tsunamis
(Alaska, 1964; Chile, 1960; and Kamchatka, 1952), and wave-front patterns
charted from each of the sources were determined for the nearshore areas
at Crescent City and Hilo, Hawaii. Van Dorn's l0-min wave-front configura-
1:1on2 was used as the starting position for ray trajectories for the Alas-
kan tsunami. Starting lines for the other two tsunamis were aséumed by the
investigators.

5. In the selection of test waves for the Crescent City Harbor
tsunaml model, the question arises as to whether the effectiveness of pro-
tective structures should be determined for tsunami intensities greater
than the one that occurred in 1964. In this connection, a study was made
to ascertain the probability of the occurrence of tsunamis at Crescent City
vith more critical dimensions than those of the 1964 tsunami. The fre-
quency distribution of tsunamis at Hilo Harbor was determined from a con-
giderable number of occurrences, and it was assumed that the Hilo fre-
quency distribution is similar to that for Crescent City. The correlation
of the observed tsunami heights for these two localities was examined in
light of the tsunami sources.

6. After the orientation, height, and period of the test waves have
been selected, the linear scales of the model and the extent of the sea
area lying between the wave generator and the harbor, which must be in-
cluded within the model limits, can be determined. The extent of the re-
quired sea area is related to the number of wave cycles to be simulated in
the operation of the model. The greater the sea area, the larger the num-
ber of cycleg that can be reproduced in the model, and the more accurate ’
will be the observable weve phenomena, Cost considerations, however, im-
pose restrictions on the allowable space; yet it is essential that the
mode) sea area be of such size that a minimum of one initial wave cycle




is completed. Therefore, the necessary condition is thet the fundamentsal
b period of the resonant oscillation of the model sea, between the coast

b and the generator. correspond to the largest period of the prototype waves
’ selected for testing. Tes*s in a two-dimensional wave flume became nec-

'{ essary to develop the basic ideas concerning this aspect in the design of
the propcged three-dimengional model., The results of these tests are
presented herein.

.
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PART II: TSUNAMI CHARACTERISTICS AT CRESCENT CITY, CALIP.

Maximm Observed Height of the 1064 Teunami

7. Crescent City is located at a point on the California coast:
that is particularly susceptible to the damaging effects of tsunemis. The
largest tsunaml recorded at Crescent City was the one generated by the
1964 Aluskan earthquake. Fig. 1 is a reproduction of the marigram of the
1964 tsunami taken from the wave gage at Citizen's Dnck in Creecert 'ty
Harbor. '

2 !
20 |- : : .
18} -
16 b~ -
- 14 -
78
Il; 12+ -
-4
<
8 1of -
s l- . ATUM = 0.61 FT _]
' SELOW MSL
6 7/ ]
‘r MLLw
2} ’ ' 27-29 MARCH |
1964

Fig. 1. Oage record of 1964 tsunaml at Crescent City

8. The first prcbiem was that of organizing the information con-
tained in the various reports concerning the observed heights of the 1964
tsvnami at Crescent City. After reviewing the available data, it is be-
lieved that the tide gage at Citizen's Dock was rendered inopersble by the
wave crest preceding the largest wave. Therefore, in order to assimilate

the Lsunami obearvations, the sequence of wave crests has been designated




as shown in fig. 2.% Accordingly, ti.e wave crest that destroyed the tide
gage was the fourth crest, whi.z ‘he largest wave was the fifth crest. The
dashed lines in fig. 2 indicate Wilson's extrapolations of the wave record.
9. BSince it was considered undesirable to rely on an extrapolation
of the crest height for the fifth crest from the existing record, obser-
vations of eyewitnesses were the only available means of estimating the
rise and fall characteristics of the fifth and largest crest. The ob~
servations from four sources are tabulated in fig. 3. It is interesting
to note that there is a large degree of disagreement as to the magnitudes
of the crest heights, eve;b for crests that were recorded by the tide gage.

This may be due in part to the disagreement as to what constituted

24
re
- s 1 3 MAGOON
22 |- z TUDOR® | WILSON WIEGEL USAED, SF
-
20 — I 1ST CREST 14.5 14.5 16.1
P b ﬁ 1ST TROUGH 0.2 -2.0 ~2.0
w
18 = & | 2D CREST 12.0 10.0 11.0
t 16 = 'l 20 TROUGH 2.2 0.8 0.8
R - - 'l E 3D CREST 2.6 1.0 1.5
[Ty ]
{f, 14 [’ I | 3D TROUGH T 2.2 0.0 9.0
w - l 4TH CREST 20,5 20.8 17.2
o '2 ohl
b u i ] I 4TH TROUGH 1.0 -5.5(~4 7O =7) | =5.5(-4 YO ~7)
u_ o
14 I \ 5TH CREST 13.5 18.5(18 TO 19) 18.5(18 TO 21)
2 l ! STH TROUGH . ~2.0(0 TO ~4)
v I ,
E S AUl HEIGHT VALUES FOR 1964 TSUNAMI (IN FT REFERRED TO MLLW)
<
5 (LN
i ' | +19.0'
- Iﬂ—, 3D X
2 . [
0 | mLLw
-2 | 'n
i N
e Ll 1111
6 7 8 9
—— e\ _MLLW=0
APPROX HR GMT L4
MAR 28, 1964 2L M
Fig. 2. Wave configura~ Fig. 3. The selected design wave

tion of 1964 tsunami
(from Wilson)

* Fig. 2 is from reference 1l; crest notations have been added.
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distinet troughs and crests. The fifth crest and preceding tiough heights
were reported by Wiegel3 and Magoonh after extensive interviews with re-
liable observers who were on or necr Citizen's Dock during the tsunami.

As a result, the reported heights should be within a tolerable range of
accuracy. For this report, and for any subsequent model testing, an
assumed maxinum wave with the height characteristics shown at the bottom

of fiz. 3 was selected.

Period of the 1964 Tsunami

p)

10. Tudor,” in reconstructing the Crescent City marigram for the
1964 Alaskan tsunami, gives the following times {PST) for the occurrences
of the crests: firs; crest 2352, 27 larch; second crest 0020 and fourtn
crest 0115, 28 March. What Tudor calls the fourth crest has been indicated
in-this report as the fifth crest. Accordingly, the pe?io¢ of the first
wave is 28 min and the mean period of the sequence of the first four waves
is 27.6 min. This value can be compared with the periods of the corre-
sponding tsunami observations on the nofthWe%tern coast of the United

States. These periods are approximately as follows:

Location - Period, min ~ Location rPeriod; min
Neah Bay, Wash. 31 Rincon Island, Calif. 30
Friday Herbor, Wash. 31 Santa, Moniéa, Calif. 26
Astoria, Oreg. 30 Los Angeles, Calif. 30"
San Francisco, Calif. _ 30 Newport Bay, Calif. 31
Alameda, Calif. 30 La Jolla, Calif. 3L
Avila Beach, Calif. 30 San Diego, Calif. , 31

The above values, which were obtained by scanning the tsunami tide gage
records shown by Spaeth and Berkman,6 are‘cloée enough to the periodé'of
waves assigned to Crescent City so that the value of T = 28 min can be
selected as the characteristic period of 1964 Alaskan tsunami. Tide gage
records of the 1964 tsunami at other localities show the presence of waves
of other periods that arc missing in the corresponding record for




Crescent City owing to the early desﬁruction of the gage. These may be in-
ferred from the very complete gage records taken at Crescent City during
the 1960 tsunami from Chile.

Spectral Analysis of a Portion of the 1960 Tsunami Records -

11. A useful method for describing a vibrating environment, whether
it be random, periodic, or a mixture of both, is to determine the spectral

conposition of the re5ponse data representing the environment. Several

 different spectral density functions might be conceived and employed to

describe the frequency composition of random or periodic vibration re-
sponses of which two are amplitude spectra and power spectra. Each of the
periodic specfra consists of discrete .components at specific frequencies
and harmonics of these frequencies; for random vibration data, each of the
spectra is continuoﬁé;with responses possiblevat any or all frequencies in
the spectrum.

12. Because of the relatively small number of visually obvious dis-
crete frequencies, the wave records of the May 1960‘tsunami at Crescent
City were treated as periodic vibration data. Agy periodic signal y(t)

can be expressed by a Fourier series as follows:

y(t)

Y, + Y, sin (nf b + ;él) +Y, sin (bmet + ;62)

¥

+ Y3 sin (61Tflt + ;253) + ...

©

Y+ ZYn sin (2l'rnfl'b + ;zSn) (1)
1 .

where fl is the fundamental frequency in c¢ps, Yn is the amplitude of the

nth component, and ¢n is the phase angle of the nth component. A de-

scription in terms of the harmonic amplitudes and frequencies is possible

by frequency spectrum analysis and is presented as ‘the remsinder of this
section. ’

13. Mr. J. L. Ferguson of the WES Electronic Data Reduction Lab
undertook the task of producing the amplitude spectra (frequency versus

7
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wvave-height plots) for a portion of the Crescent City tsunami height record
of May 1960. The record submitted for analysis was an average of the read-
ings taken at Citizen's Dock and Dutton's Dock in Crescent City Harbor.

The average record was done by hand by personnel of the Hilo Model Branch,
U. S. Army Engineer District, Honolulu, in 1965. Because of the 2-min
phase lag between the response at the two locations, each of the records
was offset 1 min before the average heights were computed. The results of

this effort are presented as figs. 5-8.

1. The staps taken in processing the pictorial wave record prior to
reduction by the analog wave analyzer are outlined below:

a. The pictorial recaord of the tsunami was transferred to a
digital magnetic tape (in a compatible BCD format) by a
pencil-line foilower (Edwin Industries modei PFIQA). The
follower digitized and recorded the y-coordinates (from a
prescribed base line) at l-mm horizontal increments along
the entire 18.5-hr pictorial record.

b. A digital to analog conversion was then effected by a small
digital computer (Scientific Controls Corporation model
650-2), and the resulting analog sigral was processed by tie
wave znalyzer (Gulton Ortholog model OR-WA/1l) diagrammed in
fig. &.

15. Bach of the frequency spectra (figs. 5-8) was generatec by a
slow-moving filter or "window" of the indicated bandwidth. The entire

Aaaleg Data Balance Low Pass Filter
s:n + Preamplifies Nodutater (7-Pole Butierworh)®
Detector
Oscillatos Averager > Plotie ¥

o Pl X
l—— WAVE ANALYZER

* Botterworh filters ase discassed in most comprehensive texts dealing with the theory 5 electrical filters,

Fig. 4. Analog wave analyzer
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analng wave record signal was continmuously cycled through the analyzer and
the window position moved so slowly across the spectrum that any wave
heizht may be considered as being associated with its discrete frequency.
All signal amplitudes of a particular frequency were averaged (by means of
an RC averaging network within the wave analyzer) over the entire time
period to obtain the average wave height. This height, as shown in the
plots, would not be comparable to a maximum height as measured from the
wave record. Since none of the frequencies appeared at all times on the
wave record, the heights shown on the spectrum plots are lower than the
maximm heights measured on the pictorial record with the heights for the
least occurring frequencies being the most out of proportion.

16. Each of the four separate record lengths of the 1960 ‘tsunami at

Crescent City was subjected to analysis using three separate window widths.

The entire record (from 0530 to 2400 hr, 23 May 1960) was analyzed first.
The record was then divided into three parts, 0530 to 1300 hr, 1300 to
1700 hr, and 1700 to 2400 hr; and separate analyses were performed on each
of these parts. Because of the amplitude averaging technique and the
distribution of the wave record spectral frequencies, the plotted height
increased as the window width increased for the three separate analyses of
the four series of rums.

17. The statistical methods commonly used to establish confidence
limits with respect to the accuracy of the wave-height measurements, shown
in figs. 5-8, are the statistical coefficlent of variation and the chi-
squere distributicn.8

18. The statistical coefficient of variation expresses the probable
error, e, , as

2
8  WBWxsL @)

where

e, probable error inherent in the estimate

BW = effective bandwidth of band-pass filter
88L = ganple length (in units corresponding to the bandwidth)
Moody™ states that this method should not he used when the numerical value

13
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Fig. 9. Chi-square distribution chart for establishing confidence
levels of ampllitude spectra

of e s exceeds 0.20 (20 percent). Table 1 shows that all values of es
exceed 20 percent; therefore, the chi-square distribution method (fig. 9)
must be used., The abscissa of fig. 9 is in units of degrees of freedom,
the ordinate is in units of the ratio of the estimated to the true value,
and the parameter is the confidence band.

19. Degrees of freedom are given by

n=2xBWXSL (3)

where

n = degree of freedom

1k




20. C(Confidence levels for each of the time intervals studied, with
their corresponding bandwidths, are shown in fig. 9. A large number of
degrees of freedom are required to obtain a high confidence in an estimate.
Equation 3 shows that this can be accomplished by using either wider filter
bandwidths or longer sample lengths. For reasonable sample lengths the
problem is most acute at the low-frequency end of the spectrum because of
the narrowness of the filter required to resolve the resonances.

2i. It should be noted from fig. 9 that, while degrees of freedom in
excess of 100 do not produce proportionately more confidence, those obser-
vations with less than 20 degrees of freedom produce such wide confidence
intervals that they are of questionable value.

22. While one cannot place any confidence in the fact that the
plotted heights are peak values, the predominant periods of 80.0, 33.0,
22.0, and 18.0 min are clearly defined in all cases and can be accepted
with confidence. These predominant periods are in good agreement with
those mentioned in the following discussion of resonance, which were com=

puted by considering the oscillations of the Crescent City area from the
offshore shelf to the beach.

Resonance

23. The Omori principle that the tsunami periods observed in a bay
are nearly the same as those of the usual secondary oscillations of that
bay nas been confirmed by Honda, Terada, and Isitani.lo The principle is
shown to be valid in the undulations of numerous bays along the coasts of
the Pacific Ocean and the Sea of Japan. Suda and Seki in their stady of
the Atacam tsunaml of 1922 and of the Aleutian tsunami of 1923 found that
the second and third harmonics of the fundamental periods are highly pre~
dominant in bay areas.ll The latter finding appears to apply also to the
undulations of the 1960 tsunami at Crescent City.

2k. The Omori principle suggests that the greater tsunami heights
observed in some bays should also be examined on the basis of resonance.
Wilsonl observes that the excessive heightz noted at Port Alberni, Canada,
during the 1964 Alaskan tsunami were brought ehout because of the parabolic

15
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variation of channel depths, with the width being nearly constant. ILike- ’
vize, the greater heights observed at Port Littleton, New Zealand, were due |
to the uniformly sloping floor of the chemnel. For the analyses of these
two cases, Wilson makes a judicial application of Lamb's treatment of the
oscillatlon of bays of such configurations, imposing the condition that

the mouths of the bays are nodal lines.l

25. Similarly, the periods of oscillations of the offshore shelf in
the proximity of Crescent City, as showm in fig. 10, have been considered.
The shelf 1s regarded ss sloping uniformly with the depth of the shelf
H_ = 350 ft, and the length of the shelf L = 16 nautical niles. Assum-
ing that the depth at the coast is nil, computations for the periods of
the various harmonics give values of 89, 35, 18, 15, and 13 min, which .
curiously enough are in approximate agreement with the periods found in
the spectral analysis of the 1960 tsunami. Other computations were also
made, assuming that the shelf at the coast has a finite depth. However,
the effect of this assumption is to increase the value of the fundamental
periods. A more thorough treatment of shelf oscillations is presented in
Appendix D. Noting that the shelf environment enclosing Crescent City may |
be regarded as approximating a semielliptic basin, Wilson makes use of an
analysis by Gc;ldasborougl'nl2 and finds a satisfactory agreement between the
observed and computed periods of the 1960 tsunami.

26. Hilo Bay and the sea vicinity of Crescent City are both suscep-
tible to resonance. Since the periods of the fundamental cscillations of
these two localities are dlfferent, the magnification of heights in each
will be different for a given tsunami of a definite period. Another coa-
sideration which may be significant is the following. The phenomenon of
resonance is most conveniently obgerved with standing waves in rectangular
basing. Experience shows that ag the periodé of the forcing oscillations
are decreased from an initially large value and are made to approach the
perlod of the greatest fundemental oscillation of the basin, the wave mag-
nification in the basin increases steadily to a limiting value. Then,
when the parlod of the forcing cscillation isﬂmrther decreased even by a
small value, the wave magnification decreases markedly. There was an
evidence of this in the Hilo Bay model study. As the malr object of that
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study was to exa.mi§e the effect of model distortion, for the simplicity and

the purity of observed results, the bay barrier was completed forming a
o 1
truncated bay. The average results of the magnification ratio —]b- N

h
o}
: h‘b being the wave height at the barrier and ho the wave height at the
bay mouth, from all the tests are shown in fig.} 11 as a function of -1',-]-3-
c

(T being the period of the forecing waves and - Tc the. fundamental period -

of oscilla.tion).l3 There is a marked peak in the magnification values at

FT- = 0.99 . Accordingly, the interval %ré for which the waves are appre-
c e .
X < o2 . L : .
ciably magnified is about '.-DE = 0.075. . In the same figure the theoretical
c
1h

magnification curve is also given.

27. Bventually the question will be asked whether there is a dis-
cernible and consistent correlation between the tsunami heights observed

18



at Hilo Bay and those in the ‘ses a,pproa.ches of Crescent City. The above
discussions suggest that correlation may be noted for the situations vhere
the tsunami waves have periods which are removed from the veriods of the

fundamentals of the localities by an amount of about AT = 0, O75T
greater,

or
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PART IIY: PREPARATION OF TSUNAMI REFRACTION DIAGRAMS

Theoretical Development

28. After a cousiderable literature search it was deemed desirable
to use the digital computer facilities at the U. S. Army Engineer Waterways
Experiment Station (WES) to prepare the refraction diagrams. In Jamuary
1968, the main computer center utilized an 8000-spac¢ main memory GE-225
camputer and an orf-line Calcomp 750 incremental plotter. Attempts were
first wade to modify existing computér programs for use on the GE-225;
howuver, the existing programs not only proved difficult to modify but did
not incorporate 211 ti.e features considered necessary for this particular
problem. Therefore, a computer program was written specifically for
tsunami refraction.

29. Ippen]‘5 presents the basic equation for wave ray refraction as:
-g—g=%'- (sine%-coseg—g) )

where, considering an x , y rectangular coordinate system, %% represents

the change in the angle € with respect to the distance moved along the

ray {ds) and %f-: and -g—g; represent the partial derivatives of the veloc=-

ity in the x- and y-directions, respectively. C 1is the wave celerity and
8 +the instantaneous angular orientation of the ray.
30. cConsider two positions, P0 and P. , on a ray moving in the

1

X-, y-plana as shown in fig. 12; P0 and. Pl represent two successive

voints on the ray with 3 veiocity of travel at each point of C = o\/gH .
Considering H 4as the depth of water through which this ray travels,

%
and
L€ 1 o
C ax ~ 2H ¥x (5)
20
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Fig. 12. Wave ray notation

In a like manner,

Substitution of equations 5 and 6 into equation & yields

ds=2H($ineax c°3eay)

Noting that sin 8 = % and cos 0 = g—:— , equation 7 becomes

ae dx aH)

_l_.(
s 2H\ds ax ds oy

Using a small increment for ds allows

ds =de2 + d,Ye

or

]

ds = dx 1+(%x!

21
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(8)
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Substitution of equation 9 into equation 8 yields

0 _L(ad ) 1
s~ 2H \dx ax _ ay >
4y
1+ (%)
16 ae , .
Smail™ shows that the curvature is of acurve y = f(x) at a point

P(x,y) in rectangular coordinates is given by:

&y
de _ a®

as © J]372 |
]
2 2

where ay and (%.xz) are to be evaluated at P(x,y) . Therefore,

2
dx
equating equation 10 to equation 11 yields
&y
d.x2

FohEE-B =
@] @

or

2 \ 2
G-zl @ls

A Teylor's expansion of the function of (yo + Ay) yields

2
Ly 5l s

S
&

- ay

or, considering only the first three terms,

2
_ &y, 18y 2
dx 2dx2

Substitution of equation 12 into equation 13 yields
2
- Y 1 (9.! H o (QI 2
&= T & IE i ay) 1+ (&) [
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(11)

(12)

(13)
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' . : OH OH
Equation 14 shows that by starting with known values of H , %JI{ > 3x ° 3y

at P0 , and for an assigned value of Ax , one can compute the A&y of

point “ P, . The location of P, is then simply x =+ &x ,y +4y .

1 1
31. Tc move from Pl to point P2 , it is necessary to know %XZ at
Pl . So, %.xx a.ft; Pl is tan (60 + M) and it can be shown that

tan (eo + A8) = tan 60 + (1 + tanz- eo.) A9 (15)

Equation 10 can be written as

20 ;_(gzﬁ_;ag) 1
As  2H\dx ax oy —_—

soh(EE-Be 9
| - 2
mesetore, (%)« (%) %[0 ())& E-B)s
1 o ;
or from equation i2 |
ar) (&) dz)
4 (dX)Pl (dx)po +(;% P & a7

32. The time of travel along an increment As is given by

1/2
2 2 ) :
At = X+ Ay7) , (18)

Ve

Thus, for a given starting position (x,y), initial angle %ch , and com-
putational increment Ax , the corresponding Ay increment can be calcula-
ted. This next point's (Pi" in fig. 12) coordinates (xo + Ax Yo * Oy )

' and the computed (QZ)

ax then become the basis for computation to P

y -
P
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This process is continued throughout the length of’thé'ray.

33. It is apparent from equation 14 that it is necessary to deter-
mine the depth at a given point (such as Po) in order to progress to the
next point (Pl)‘ Equation 14 shows that ‘the incremental computation of the
orthogonal path is expressed as a function of H(x,y) , so the path of the
ray can be constructed across a grid of water depths, each h%ving an x~ and
y-dimension in the grid area. ,

34. A regular, square grid of finite boundaries was overlaid on a
map showing the area through which the waves were to travel, and depth val-
ues were assigned to each of the grid intersections. In genersal, however,
the points for which a depth value is required (beginning points of each
incremental segment).will not fall on the regular grid points, so it is
necessary 1o interpolate for the required values of the depth.

35. Dobson17 utilized a least squares method to fit a surface of
12 grid points in the immediate vicinity of the area of intereét and Wil-
son18 used a least squares fit to the four closest depth values to calcu-~
late the depth at an arbitrary point within a grid square. It is apparent
that very few surfaces can be accurately described by a second degree aqua-
tion when applied to the entire grid; but when it is fitted locally, in a
mosaic manner, it is a felatively accurate method for interpolating the
depth at intermediate points. Of course, the method would yield best re-
sults if the ocean bottom was a second ‘order surface, but should yield
satisfactory results if a small enough grid is used. The mgthod used to
find the interpolated depth as well as g% and %g is outlined in the
following paragragps.

36. TFig. 13 shows the grid points surroundlng the area of 1nterest
in which it is desired to flnd"the depth at a randomly placed point P1 :
This can be done if the depths at each grid intersection are known. It was
decmded that best results could be obtained if two surfaces were fit ‘
through the area of interest and if the depth were computed for the random

point Pl which is the ‘average of these two surface fits; likewise, it

was considered best to utilize the average values of %g and’ %g computed

from each of these two surfaces. ‘
37. One may solve for the depth at point Pl s HPl » using

2k



e g AT

E taking the average values of two sets of coefficients obtained from two

different surface fits through the same area.

HP=H +A6x+36y+05x6y+D6x2+E6y2

Hga,50) » Bgaa,3-1) » 29 2y ga)

similtaneoug equations 20 may be used to- solve for the first set of
coefficients.

second order surface passing through the same area of interest.

similtaneous equations used to solve for a second set of coefficients is
shown as eguation 21.

as shown in fig. 14, the set of

K, j#2)) X Hin, i+2)
é\lv -
E H(i- i+'), M H(m,iﬂ) X H(i+z, j+1)
AREA OF INTEREST
70x

;/:f .
M, x%/% 4 Hiiar, i

x%mn

%w& Hiin, -0

| o e s Da——

Fig. 13. Arrangement of grid points for surface fitting procedure
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equation 19 where the coefficients A , B, C , D, and E are computed by

(19)
38. If one considers the depth values H(i,,j) s H(i+2,j) , H(i,j-l) s

39. Another surface fit through the areca of interest considering the
depths shown in fig. 15 will yield another set of coefficients describing a

The set of
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G Rl b PRt

H(i, j=1) X ﬂ(i+', i-t)x

Fig. 1k, Arrangement of grid points for fitting the first
surface through the area nf interest

2 - 3\
Aliez,g) = Hy,g) * oA+ MDyx

_ 2
B1,502) = H(g,5) * By +EY

B(1,5-1) = B(1,4) - Byy + E1V2 ? (20)

2 2
Blana,ge1) = B(a,5) *AX Y By + Cxy + Dx° + By

2, . 2
= - - +
an1,300) = Ba,g) * A - By = Gy +Dx® + By J
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Fig. 15, Arrangement of grid points for fitting the second

surface through the area of interest

- 2
H(i“‘l,a) H(i,d) + A2x + D2x

2
Hii,300) = Ha,3) * Bo¥ + By

. \ 2
Bi,g00) = H(1,3) * By T HEY

- . 2 2
H(i+2,j+l) = H(i,:j) + 2A2x + Bay + 202xy + l&Dax + an

_ 2 2
H(i+l,;j+2)"' H(i,.j) + Aax + 2132y + 2c2x. + han
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40. The average value for each of these two sets of coefficients is
given hy

Asﬁ}-fﬁ.a B
BzBlfBa
c=elfc‘? ? (22)
D=nl+1>2
L BtE
2T

Substitution of these coefficlent valuee and the carrect values fcr the lo~
cations (6x,6y) of the randomly spaced point in the grid square into eque-
tion 19 will yield the depth (Hp]) at the random pcint. Partial differen-

tiation of equation 19 with respect to x end y , respectively, will
yield

-g% = A+ Cly + &Dbx

and (23)

g

= B+ C8éx + 2E§y

Conputer Program

hl. A listlng of the program with an explanation of the program var-
iables and sn example of input data are presented in Appendix A. The depth
values used as input dats for the nrogram were a welghted average of three
independently obtalned denthe. One of the sources used was the ocean
dcpths averaged over areas of one-degree squares of latitude and longi-
tude19 and compiled as commuier printout evallable from the National Ocean~
ographic Data Center. The second and third sources of depth data (both




/’/

from the U. S. Haval Oceanographic Office) were an unpublished collection
of ocean sounding sheets at an approximate scale of 1:800,000, and the
H.O. series of charts at an approximate scale of 1:5,990,000. The plots
that were obtained from the computer were referenced to the 1:5,990,0C0
series charts. i

42. The presentation of a geoidal surface (the earth) on a map re-
quires that the representation be distorted in some way. Mosi Mercator
projections (the X ol

60
most common chart- l
' i

ing method for maps

—].-———-—n
x
¥

used for navigation

v % | .'
and ocean studies) % H < /
are projected in © w0 —
true scale at 0° g !
latitude (the equa- g » l
tor) with the dis- L o2
tortion becoming g * I

greater the farther

10

one moves from the

equator as shown in °
fig. 16. At a
given point on a

10

Mercator map the
distortion is the
same in all direc-

tions and is equal
to the secant of
the latitude at

B
Lo

S$OUTH LATITUDE, DEGREES
8
==z T =
: x x| [x > -1-

‘which one is lo- [l S

cated (i.e., at 60°

north or south X

latitude a Mercator s 140 150 160 170 180 170 360 150 140 130
map is distorted .by_ EAST LONGITUDE, DEGREES WEST LONGITUDE, DEGREES

Fig. 16. Equal distances represented at different

fact f 2.0j).
a factor of 2.0) latitudes on a Mercator projection
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To get a true picture of wave travel over large distances and particularly
through many degreeg of latitude, one must compensate for this distortion.

43. Two methods of compensation were considered for this study.
Dr. Ledolph Baer of the Lockheed-Californis Company has devised an essen-
tially undistorted flat representation of the earth's surface by drawing
a map on an lcosahedral~-gnomonic projection.ao The earth's surface was
divided into 20 sections and each of these sections was individually pro-
jected (using a gnomonic projection) onto a flat surface with the center
point of each section being the tangent point between the earth and the
map. Each of the sections is therefore undistorted at its center, but be-
comes increasingly distorted toward the edges of that individual section.

L. The second method studied, and the one adopted for application
to this problem,’ was to distort each computed or assigned A distance by
the secant of the latitude of its leocation. Careful exsmination of the
theoretical treatment of the problem revealed that this could be easily
accomplished by multiplying each of the depth values which were to be input
to the program by the square of the secant of the latitude at which these
depth values were located. A rigorous treatment of this is presented in
Appendix B. This rmultiplication was performed before inputting the depth
data; therefore, all the depth values of the input data grid shown in Ap-
pendix A have already been multiplied by the secant squared of the latitude
of their respective location. This has the effect of showing the wave path
on the map as if it had taken place on the earth's surface and had then
been transferred point by point to the map.

45. To test the foregoing numerical techniques, it was deemed neces-
sary to compare the computer-drawn refraction diagrams with those obtained
by a closed solution of wave refraction around a given island shape. Such

an example is described in Appendix C.

Refraction Diagrams

46. The reffhctioﬁ'diagrams computed and drawn by the previously de-
»V‘sgribed,tééhniqué“aie shown in figs. 17-25. The figures show three recent
tsunemi-front patterns (Alaska, 196l4; Chile, 1960; and Kamchatks, 1952)
from each of the given sources to Crescent City and Hilo, Hawaii. The
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wuves were drawn through the open ocean areas on 1:6,000,000-8cgle maps anl
gpoa arrival in the nearshore areas of Ciescent City and Hilo, the tsunami
fronts wers tirensferred to a larger scale mop (1:196,548 in the case of
Crescent: {ity awd 1:1,650,000 in the case of Kilo) and contimued to very
near the Hwn resvextive points of interest.

47. he tsunami fronts from each of the three locetions are clearly
defined jn the Crescent City ares, thus describing definite weve fronts
for muial wave generacor placement, The tsunami-front pacterns approach
connidence firom the vhree sources es they approach Crescent City.

LS. Pefraction theory dictates that the wave heighi h, (shown in
fig. 2€) viil be

(bo \ | (24) |
=h |~ 2
" " Mo \By )
where

ho = known wave height at any distance x from the epicenter

bo = physical distance between rays at some known wave height (ho)

bb = physicsal distance between rays at a point at which one is

seeking a wave height hb

Assuming that ho is a constant known quantity for each of the beginning
tsunamis at a given location, the quantity (bcr/bb )l/ 2 should give the rel-
ative wave heights at any other desired location for the same tsunami.
The distances bo and bb were scaled from the small-scale sheets, and

the quantity (bo/bb)l/ e for the nearshore areas at Hilo and Crescent City
is shown in the following tabulation:

Teunami Hilo, Fawaii Crescent City, Calif.
Alaska p (/2 b /2
196’4 o] 6 o] — )
'-b— = 0. -,5— = U..)
b b
Chile 0.2 0.09
1960
Kamchatks 0.6 0.08
1952

It must be noted that cne could obtain different values for the ratio
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i o b b A AR A




Fig. 26. Refraction notation

(v o/bb)l/ 2 by choosing another point such as halfway between the tswuami
i source and the point of interest for the measurement of ho and bo .
Since the tsunaml height ho probably does not vary much in the opeu
ocean, the selection of any other point will undoubtedly change the final
nearshore wave height hb by changing the (bo/bb)l/ 2 ratio.

49. No attempt was made to present a design wave height hb « The
four lowest values of (b o/bb)l/ 2 given in the above tabulation dictate
that the wave was exceedingly small (considering its small height in the
open ocean), a condition that was not present at either of the two given
locations for any of these tsunamis. The magnitude of these terms does
infer, however, that no wave magnification takes place in the open ocean
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due to gross wave refraction, local severe discontinuities will undoubtedly
cause local wave amplitude increases even in the open ocean; however, an un-
usually large amplitude associated with any tsunami is probably due to
severe shore refraction, shoaling conditions, and the resonsnce of the par-
ticular nearshore area. Comparison of tsunami heights at various loca-

tions mentioned in Part IV shows wave heights for which all wave-height mag-
nification factors (refraction, shoaling, and friction) have already been
considered. It is seen that tsunamis of equal periods passing through equal
water depths will exhibit equal wave-height increases due to shoaling. The

time of travel of the tsunamis shown in figs. 17-25 is very close to that
presented in the literature,0>21,22

L2




FART IV: PROBABILITY OF OCCURRENCE OF TSUNAMIS OF
~ VARIOUS HEIGHTS AT CRESCENT CITY

Frequency Distribution of Tsunamis of Various
Heights at Crescent City

50. The relation of the tsunami height versus frequency of occur-
rence for Hilo has been determired by Professor Cox, both on the basis of
visual observations and marigraphic tide recordings.23 The first group
covers a period of about 130 years and the latter a shorter period of
about 2l years. The heights refer to runup values, which are derived from
the given bay heights by multiplying the latter values by 1.5. A signifi-
cant fact recognized by Cox is that the frequency relation needs to be ex~
pressed differently depending on the magnitude. of the heights. For the

smaller heights a power law is indicated, whereas for the larger heights
the logarithmic form

is more appropriate. orr ' ' Y
Our present _nterest R 7
is in the latter. 24N N =0.125¢70.14h
Keeping in mind the = ~
frequency relation . 20f
for bay tsunami i L a -

3
heights, the Cox de- 3 ‘ ° \

[
terminatidns were di- & T \
vided by 1.5 and are = & N

2
presented in fig. 27. s T o
Wiegel gives some ; B N
simllar results for  * ® A
Crescent City based - P o |
on 16 observations N 0 HILO (COX) (hy = 1.8 N -4 \o
Of which those relat_ A CRESCENT CITY (WIEGEL) A \9<

n
ing to larger helghts 0 Lol | ! L lg
0.008 0.01 0.02 0.04 008 0.08 0.10

are also plotted in N. AVO FREQ /YR OF TSUNAMIS OF = OR > HT
fig. 27. The curve Fig. 27. Distribution function
representing average for maximum wave height
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values fram these two determinations has the equation

N = 0.125¢"0-14 B (25)

where N denctes the average frequency of occurrence of tsunamis of equal
or greater height h (measured in feet). :

Risk Evaluation

51. In arriving at a statistical interpretation of the distribution
law shown above, the method adopted by Wiegelj has been followed. With N
given by equation 25, the risk may be established using Poisson's rule

~}ND

qg=1l-¢ (26)

where D represents duration in years. Curves based on‘this relation are
shown in fig. 28. The figure shows that there is about a 40 percent chance

LA A
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S

—te g=0.18h
Moo ®

h, MAX WAVE HT OF TSUNAMI, FT

ol A TR A U I | 1 b 1l ti | U W N N |
1 10 100 1000
DURATION OF RISKS {D), YRARS

Fig. 28. Probability of maximum wave height exceeding
a given value in s given duration
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that a tsunami will strike Crésc;ent City in"a 100-year intervel with 2 max-
‘1mum ‘wave height of at least 23 ft; furthermore, there is a 20 percent

chance that such a wave will occur in a 4S-year period, and a 95 percent
chance that such a wave will strike the town within'a period of 600 years.
Agreeing with Wiegel, it will be remarked that an extension of teunami
heights to values much above those that have been observed may be

erroneous.

Comparison of Tsunami Heights at Hilo and Crescent City

52. In tnhe treatment shown above, & tacit assumption is made that a

correlation exists between the tsunami hei’ght‘)s at Hilo and Crescent City

for a glven instance of tsunaml occurrence anl that the correlation is one

of equality. Table 2 shows the heights observed at Hilo and the heights
observed at Crescent City or values reduced from the heights observed at

San Francisco and the
neighboring locali-
tles of Los Angeles
and San Diego. Omn
the basis of data ob-
tained since 1948, it
is found that, on the
averagdé, the Crescent
City tsunaml heights
are 2.7 times greater
than the values ob-
served in San Fran-
cisco, Los Angeles,
and San Diego (see
fig. 29). The source
of the data in

table 2 relating to
tsunamis 1 to 13, in-
clusive, is a catalog

k (CRESCENT CITY)

B

lIL

A
10
LEGEND
O FROM INDIVIDUAL REPORTS
s - A HHOA, COX, PARARAS-CARAYANNIS
. Z 4 | l ]
] 2 4 [ ] ]

h (sAN FRANCISCO!

Fig. 29. Correlation of tsunami heights between

an Francisco and Crescent City
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prepared for the International Tsunami Information Center,<' Additional
sources of data for tsunamis 1l to 18, inciusive, are reports of the U. 8.
Coast and Geodetic Survey.6’21’22 The heights refer to the maximum rise
or fall noted during a tsunami. The values from table 2 are plotted in
fig. 30. If the points relating to tsunamis 2, 3, 4, and 5 in table 2 are
ignored, the remaining points suggest that, on the average, during a given
tsunami the wave heights at Hilo and at Crescent City are similar.
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Fig. 30. Respective tsunami heights at Crescent City and
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Irregular Tsunami Heights at Hilo

53. It would not be amiss to reconsider tsunami cases 2, 3, 4, and
5,‘ vhich show excessively large values. These are runup heights and even
1f an allowance is made for this fact , the reduced bay height values are -
still far higher than might be expected. Fram a tabulation given by
Spaeth and Berkman, it is inferred that the ratios of the tsunami heights
at Hilo to those at Honolulu for the incidences of 1952, 1957, 1960, and
1964 are 1.79, 2.78, 1.75, and 4.62, respectively. The mean ra.tio; 2.73,
may be used to infer the probsble tsunami heights at Hilo. This reduction
is done in table 3 for tsunamis 2, 3, 4, and 5 (as 1listed in table 2), and
it 1s seen that the helights inferred for Hilo are of the same order of
magnitude g8 the heights et Crescent City. Occasionally Hilo shows exces-
sively high runup values for ressons difficult to assess.

Tgunami Height Attemnuation with Distance Traveled

54. The data points of fig. 30 (a comparison of tsunami heights at
Hilo and Crescent City) show scattering. This possibly could be explained

on the basis of the distances of the observation loralities from the tsu-

naml generating area. Hilo is nearly a central poiit of the Pacific perim-

eter of earthquake activity. It is thus proper that the tsunami heights of
any locality be compared with those at Hilo. For other noints, the effect
of distances of tsunaml travel needs to be considered. This is particu-

larly true for localities that exhibit resonant conditions. Distance

affects the periods which, in turn, modify the magnification of waves in
bays subject to resonance. Distance also modifies the tsunami heights.
This matter is examined further in the next section.

55. In order to accurately correlate wave heights at Hilo and Cres-
cent City, it is necessary to determine the dependence of wave height on
travel distance. Unfortunately, this functional dependence has been deter-

nined for only very ideal cases and even there a certain amount of con-
fusion exists.

56. The attenuation of wave height follows the general relation
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. where

hb = wave height at a8 dlstance x from the source

h o = wave height at the source
The relation is unmanageable in this form since the wave does not travel in
a straight line from point to point. The asbove equation was derived from
measurements and theory for constant average depth conditions and the ap-
proximate values for the exponent n are tabulated belcrw.25

Case _n_ Case n
Three-dimensional: : Two-dimensional:
Leading waves 5/6 Leading waves 1/3
Wave body 1 Wave body 1/2

Since the tsunami-generating earthquakes occur along a fault line, the wave
form may actually be somewhere between these two extremes.

57. Tsunami wavelengths are of such magnitude that tsunamis may be
considered shallow-water waves and the amplitude-to-depth ratio is small
enough to be negligible. The wave speed is thus very nearly egqual to the
limd ting value

C = Q/g H (28)

where
C = wave celerity
g = the gravitational constant
Ho = the depth of the water
One wouid expect, therefore, to obtain a degree of correlation between wave
height and time of travel shown by the general form

L hy (29)

vhere, in this case, hl is the wave height after one hour of travel, t is
the travel time in hours, m is a curve fitting coefficient, and ht is
the wave height after t hours of travel. Availsble data for the 1960

48




/ tsunami which driginated off the Chilean cosst are plotted in figs. 31-3k.
., The travel time on all the figures was determined by the time of arrival

of the first wave as detect.d by tidal geging stations. Attempts were made
to correlate time with both che initial wave height and the raximum oscil-
lation of the water surface. Flgs. 3L and 33 exhibit a very high degree of
scatter, so the values were averaged over convenient intervals and plotted
on log-log paper. A straight line was fitted to the log-log plot by the
least squares method in the general form of equation 29 and the resulting

_plote are shown as figs. 32 and 3k4.

58. The wave height is seen to diminish with an increase in time
according to the general exponential relation; however, the data are too
erratic to use as é,basis for predicting wave-height distribution. It is
generally believed that the nearshore ccnditions have a much greater effect
on the wave height than travel distance. Wave measurements would have to

be made in the oper ocean to avoid the complicating factors due to near-
shore and harbor topography.

Singularity of 1964 Alaskan Tsunami

59. In fig. 30 Crescent City wave heights are compared with those
of Hilo Bay, and the Crescent City height from the 1964 Alaskan tsunami
is close to the first rise of the water surfé,ce. Importantly, the largest
wave height observed was that of the fifth wave; it rose about 23 ft, and
indicates a very large disparity from the curve purportedly showing the
trend in the correlation of heights between Hilo Buy and Crescent City.
This large disparity cannot be explained on the basis of travel time from
the generating area to these localities under cons:l.d_eration. If one con-
siders h, and hh to be the tsunaml heights at the shelf approaches to
Crescentbc‘ity and to Hile Bay, respectively, and Tc and Th to be the
travel times of the tsunami wave from the generating area to these locali-

ties, then according to the relation shown in the previous section,
hy (Tc )5/ 6
e = ‘ (30)
by \Ty
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Spaeth and Berkm.n6 give Th = 325 min and Tc = 243 min, and hence

h c/hh = 1.27 . Refraction analysis shows that the energy reductions at
these two localities are also of approximately similar values. Thus, one
needs to seek other factors for the anomaly. Omne possibility, of course,
could be the presence of disparities in the resonant stages of the two
localities during this particular tsunami. One would expect a higher wave
magnification at Crescent City than that at Hilo Bay, if at Crescent City

T-T
—1-.—-35- was almost nil, and at Hilo Bay, of a moderate

cr
amount. As precise determinations of the critical periods T or of the two

localities are as yet not forthcoming, the matter cannot now be resolved.
Another possibility could be an uneven concentration of energy along the
crest of the wave front at the generating area. This is also a matter
that is not amenable to an accurate determination.

60. Wilson has summarized much useful information relating the
fanlt length, tsunami source dimension, tsunami height, and tsunemi period
and frequency with earthquake intensity.l Such information gives insight
into the mechanism of tsunamis, but this is hardly adequate to predict what
the tsunami heights at Crescent City would be if another e&thuake oc-
curred in the Alaskan area having an intensity of 8.5 on the Richter scale.
The most relevent. information desired is the frequency-height relation for
Crescent City. From the latter point of view, the exaggerated disturbances
of the 1964 Alaskan tsunami hardly fit the course of expected evenis of

Crescent City, and one is forced to regard the manifestation as a singular
event of rare probability.

the quantity
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PART V: FLUMC TESTS AND RESULTS

 61. Because of the long period and large height of the 1964 Crescent
City tsunami, it was deemed necessary to make flume studies before final
selection of the Crescent City model configuration.

Wave Generator and Flume

62. An existing S-ft-wide, 100-ft-long concrete flume was used for

preliminary testing. The objgct of the tests was to determine the charac-
teristics of a long-period wave model.

63. A sketch of the pneumatic wave generator used in the majority

of flume tests is shown in fig. 35. It conzists of a rectangular steel

vessel with a nozzle attached to the mouth of the tank. The top is pro-
vided with a valve lead-

3" NIPPLE CONNECTED TO VACUUM ! ’
ing to the aspirator and 2" SOLENOID VALVE
another set of valves lead~

i
ing to the open air. In :

a simple manner of operé.tion,
the flume water is raised

E _ from an initial level H_,

{ megsured from the flume

‘ . bottom, to a level H .

‘I

% During this process the air
; valves are closed. Next,
i the aspirator valve is . ' '
i closed and the air valves
] are opensd. Assume that
£
?;
i
{
F
b
)

6!

the initial wave of the

efflux is rectangular in T W_ I '
shape and is of constant ]
height h . In the tenta~

tive design of the tank, use

‘ o6 Fig. 35. Pneumatic wave generator used $
was made of the relation in the majority of flume tests
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H-tl':(’nﬂ'l)(l'lliﬁ}!')la-l)\ : (31)
[o} 0

which contains in addition to Ho » h , and H , the quantities kl and
A . The significance of kl is shown in the following statements. Prior
to the opening of the air valves the suction pressure in the tank is Apo s

say

bp =pg (H-H) - (32)

Following the opening of the air valves, the suction pressure is decreased
to Api 5 allowing the flow of water from the generator and

. e

1 ) (33)

0

The value of kl may vary between 0.06 and 0.10 by a proper selection of
the air gap in the tank and the aperture sizes of the valves. A good value
to take is kl = 0.085 . The quantity A is related to the energy loss in
the area of the nozzle and would have a reasonable value of O.h.26

6l.. The generator was designed with the present 1:125 undistorted
scale model of the Crescent City coast and the sea environment in mind.
The protetype depth of water in the approaches to the hax:bor is approxi-
mately 62 ft. This gives a model depth Ho of 0.5 ft. A prototype design
wave of 30 ft would have a value h = 0.24 ft. Entering equation 31 with
the guantities h = 0.24k ft, H =0.5 ft, A = 0.4, and ky, = 0.085 yields
H=5.0ft. Allowing 1 ft for the air space, the height of the generator
tank would be 6 ft. To determine the length of the tank, it is imagined
that after the efflux from the tank is completed, the generatéd wave is
triangular in shape and extends from the generator to the model coast.
This distance is about 80 ft in the model. At the front, the height of

wave is 0.5 ft. Thus, the wave area is 20 sq ft, requiring that the length
of the tank be 4 ft.

Model Scale Relations

65. The derivation of scale relations becomes more meaningful if
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based on physical relations.

Tsunami model waves are essentially transla-
tion waves where the particle velocities in a vertical section are nearly

constant. The appropriate dynamic and kinematic equations are, ignoring
friction,

-al'l-i- au ah:

St Te3 te3 =0 (34)
B2 @n)-=o (35)

These may be put in dimensionless form. For this, velocities are measured

in terms of gﬂb s horizontal lengths in terms of L , a characteristic

length, and vertical distances, depths, and wave elevations in terms of

Ho » a characteristic depth, and time, in terms of a characteristic time,

the wave period T . In other words, putting

U
u =
ngO
_X
t=%
-0
=5
[0}
= A
=3
[»]
¢=-§

the dynamic and kinematic equations became

du  du . 9aN _
m*&*£‘°

20, 2 () -
a,r"‘s-g(u&)-—o

provided that

L

-,fva_ro = constant
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Thus, if the model be constructed affinely similar to the prototypé ; that
is at corresponding points

bm = bp
then, at corresponding points
w, = up
and
provided that
L - L
T gHo T«/gHo

n P

which is the scale for the periods. Let S be the scale for depths and
r the model distortion, a quantity larger thar unity. Then, with

S =

rs =

Oall Sl Yol

one has

T = L T
mrsl72p

66. Three geries of tests were made for this part of the study. The
first series wuas made using a horizontal and vertical scale of 1:125. This

1s the scale of the existing Crescent City model which was constructed at

the WES for short-period wave studies. The horizontal scale was then en-

larged to 1:375 (the vertical scale remaining 1:125) and the contours in
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the flume floor remolded for the second series of tests. A set of hardware-
cloth wave screens was then placed in front of the wave generator and the

third series of tests was run using the same model scales as those used in
the second series. The flume bottom configurations for the different series
of tests are shown in fig. 36.

TOP OF TANK, +6.0"

MODEL HT, FT
PROTOTYPE HT
FROM MLLW, FT

+
»
o

UNDISTORTED PROFILE
i

TTV 77

-]

WAVE GENERATOR T+ }\

DISTORTED
PROFILE (r=3)

rrerryrrrr

! ! ¥
25 L] 75 100
MODEL DISTANCE, FT

L L
5,000 10,000

PROTOTYPE DISTANCE, UNDISTORTED, FT

o5

- Fig. 36. Flume bottom configurations for the three series of tests

First Series of Tests, Undistorted Model

67. 4 typical wave record for the case of an undistorted model with
a scale of 1:125 is shown in fig. 37. This series of tests was performed
tc investigate the possibility of utilizing the Crescent City model pres-
ertly situated at the WES. It became evident fram this series of tests
that it was not possible to develop a sufficiently long-period model wave
due to the interference of the resonant waves in the flume. The resonant
characteristics of this size model cause undesirable interaction which
makes it impossible to model even a half-period wave.

Second Series of Tests, Distorted Model Without Screens

68. A typical wave record for this case is shown in fig. 38. There
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HEIGHT, FT (MLLwW)

BOTH WAVE RODS LOCATED ON LAND (MEASURING RUNUP}

Fg. 37. Typical
wave record in
undistorted flume

WAVE ROD AT APPROXIMATE LOCATION OF CITIZEN'S DOCK

WAVE ROD LOCATED AT GENERATOR MOUTH
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]
.
10 f
3 S N T )
Fig. 38. Typical |
wave I‘ecord in :. WAVE ROD AT APEROXIMATE LOCATION OF CITIZEN'S DOCK
distorted flume; 5
35 sec H

0 WAVR ROD LOCATED AT GENERATOR MOUTH
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appear to be two objectionable characteristics in this case.

&a. The wave record 1s very spiked with the initial stage of the
wave being greatly affected by undesirable exit conditions
of the wave generator.

b. The resonant characteristics of the model again make it ime
possible to inpvt a wave of the desired period. The flume
configuration consisted of a long uniform section up to the
contoured area at the end of the flume. A "coupling effect"
was evident with the two areas resonating independently at

. their own characteristic frequencies rather than as a whole.

Third Series of Tests, Distorted Model with Screens

69. Hardware-cloth wave screens were installed in the distorted
model in an attempt to eliminate the objectionable peaks mentioned in the
second series of tests. A typical wave record presented as fig. 39 shows
that this objective was partially accomplished; however, the resonant in-
terference .. the barrier was still in great evidence and it was still
impossible to generate a

satisfactory mocel wave. w/
[ . >~

§

° 10 0 20 © [ € 7 0 i

Similarity i
Rules for Wave Periods >nom WAVE RODS LUCATED ON LAND (MEASURING RUNUP) ?'L
-
70. In all turee ; A — ; 1

cases studied in the £ ’

flume (und_istorted pro- § " wAvE noq AT APPROXIMATE LOCATION OF CITIZEN'S DOCK

file, dlstorted profile 10
without screens, and dis-

] 10 0 » .& 0 ® ke [

torted ; ‘ofile with :
sareens), the resonant . WAVE ROD LOCATED AT GENERATOR MOUTH ,
R t , L
charactevlstics of the j,___;y . _ : -
basin interfered with the  ~du—d——s o o m O\ (
-4 10 0 » 4. » [ J ”» ”0 ; )

functioning of the wcdel. uooRL TINg. s ' i
Recognizing the fact thet e el L i

the resonean~e will al-
. Fig. 39. Typical wave record in
ways b2 strong unless an distorted flume with screens
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TERMINOLOGY: £=U/L
¢ = FORESLOPE LENGTH
L = MODEL LENGTH
H = DEPTH AT WAVE GENERATOR
T = RESONANT WAVE PERIOD

UNDISTORTED | DisTORTED | D!STORTED
FLUME FLumg | FLUME WiTH
SCREENS
£, 0.97 ‘ 0.30 - o.28
L 70 FT 88 FT 86 FT
Ho  0.67 FT 0.70 FT 0.66 FT
TCALC 47 SEC 38 SEC 39 SEC
ToBS | 48 SEC 38 SEC 38 SEC

Fig. 40. A comparison of theoretical and observed periods
for different model configurations
extremely large model 1s built, it was realized that the model shculd be
~onstructed to resonste at the desired period. ;

71. A theoretical analysis of a resocnant model is included in
Pppendix E. The results of the theoretical development were varified by
the preliminary model tests with the correlation between the observed and
the ralculated period shown in fig. 4O. The theoretical analysis also in-
dicated the similarity criteria to be used in designing a rescuant model.
The ratio of mode]l period to prototype period was shown to be
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T,

where

distortion ratio =

92 ]
[}

Il

SV = vertical scale

w2

n
o

™m
<3

period of oscillation

1
/2

(36)

Furthermore, the resonant period for a triangular, two-dimensional basin

with a4closed end is found
to be

or 1/z

L
= 0.55 (;—“‘;;) (37)

|
{

where

length of the ¥asin
o = bottem slope

T72. Employing these
criteria, a resonant two-
dimensional model can be de~
signed for a particular ob-
served prototype period. A
table of possiblé model di-
mensions iS presented in
fig. 41. These values were
calculated for a prototype
period of 28 min and a bot-
tom slope of 0.0060, both

|-

L

T, =t ———T
Mo g¥/2 P

WHERE:

L

1/2
L
r)

Ty =0.55 (cr

p

TP = 28 MIN = 1680 SEC

s= Hp/HM = VERTICAL SCALE

[

. =)
r = DISTORTION RATIO =2k

oM

a= OFFSHORE SLOPE
= 0.0060 FOR CRESCENT CITY

T = WAVE PERIOD (SEC)

1
S

L = HORIZONTAL LENGTH (FT)

Ho = DEPTH AT WAVE GENERATOR ‘FT)

$=125 S =15 S =175 $ = 200
r TM | T“ [ TM L TM |
1 150 445 137 374 127 320 119 282
2 75| 223 68 | 183 63 | 158 60 | 143
3 S0 139 45 120 42 108 39 91
Fig. 41. Model lengths for given

scales and distortions

of which conditions were realized at Crescent City during the 1964

tsunami.
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Problems for Future Study

73. One of the main findings of the aforementioned tests is that, in
the model, the length of the ses area between the wave generators and the
harbor should be great enough to create at least one cycle of the wave ap-
proximating that of the protctype. In the interest of economy of construc-
tion and to avcid an excessively long model, it is necessary that the nbdel
be distorted. A further requirement, as can be deduced fram the analysis
of scale, is that the model be constructed a.fﬁnely with the-prototype.
This would mean that the bottom contours of the area fram the harbor to
the generator should be sloping. Based on these requirements, the model
dimensions necessary for different depti scales and different distortions
are summarized in fig. 41. A slightly modified wave gererator (shown in
fig. 42) will be used in any subsequent testing. .

T4. Among the problems to be considered is the manner of controlling
the alr valves that would lead to the formation of a well-shaped wave. The
efficacy of screens btob eliminate the secondary undulations related to the

‘ ' efflux of water from

s-wrizcomecree the generator needs
TO VACUUM MANIFOLD

2% SOLENOID VALYVE to be exsmined anew.

-—T Another quite in-
triguing problem is
the feasibility of
utilizing the waves
repeated in the flume
following the initial

. operation of the gen-
erator tank,

75, One basic
problem remaining is
the effect of distor-
tion on the runup.

The necessity of
Fig. 42, Modified tsunami generator the study was

2.5

REMOVABLE YHRCAT SRCTION
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particularly emphasized by Professor R. L. Wiegel in a conference held at
the WES August 8-9, 1968. In the development of the analysis for the
scales it was shown, tacitly, thet similarity of the wave quantities, par-
ticle velocity and wave elevation, exists in the flume independently of
distortion, provided that the period of the model is correctly selected.
This is a consequenée of the dynamic and kinematic equations applicable to
the flume. The argument cannot be applied to the rumup. Although resort
mey 'bé made to another analysis to esteblish the rumup extensions, it woulid
be more satisfactory to resolve the question experimentally.
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PAR™ VI: CONMCLUSIORS

7¢. Based cn the results of the material presented in thic repors,

it iy conciunded ithrat:

a.

T3

The wave characteristics that should be uped in the proposed
nodel testing program to simnlate the highesl wave of the
196k tsunami at Cresceat City are a 23-7t, Z8-min-period,
risirg tide with a maximam rumup to sbout the +20 £t mllw
contour.

Shelf resomance in the offshore Crescent City area is a key
factor in the umsual height and duration of the 1964 tsu-
rami, and probably, but to a lesser extent, of ali other
tsunamis cansing a water-surface rise a% Crescent City.

Linear spectral analyses verformed on a portion of the 1969
tsurami record at Crescent City show that the contained
periods of this tsunami coincide with those derived by
Keulegan and Wilson to bte the resonant oscillations of the
offshore shelf area.

A digit.]l computer program that allowed for the distortion
present in maps drewn by Mercator projection was coded for
tsunard refraction across the Pacific Ocean area and was
tested successfully. Refraction cliagrams camputed ard
drawm by the above program fcr three recent tsunamis
(Alaska, 1964; Chile, 1960; and Kamchatka, 1952) estab-
lished nearshere wave-front patterns at Crescent City.
These nearshore wave fronts will dictate the wave gener-
ator alignment in any subsequent model testing program.

The refraction diagrams also showed that no overall tsupas®
height increase was cansed by refraction in the open ocean.

The probability of occurrence studies indicated that tsunami
heights at Hiio and Crescent City are similar and that the
1964 tsunami was a singular event with only a 20 percent
probability of occurrence during any 45-year pericd.

The use cf an undistorted tsunami model of the Crescent City
area will not be feasible; and the sea enviromment of the
model should be of such a magnitunde that the fundamental
period of the resonant oscillations of the model sea-to-
iand area corresponds to the largest period of the selected
test wave.

Additional wave-flume tests are required to determine the
optimm linear scales of the model and the required sea area
that mst be reproduced tc epsure accurate reproduction of
prototype tsunami action in the harbor and overbank areas at
Crescent City.
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Table 3

Comparison of Honolulu and Hilo Heights for Tsunamis
with Large Runup at Hilo '

Generating Hono- Hilo Crescent
No. Date Area, Hilo, £t lulu, ft Reduced,* £t City, ft
2 1896 June 15 Sanriku 7.9 0.33 0.90 1.81
3 1906 Aug 17 Talcahuano 4.9 0.33 0.90 0.89
4 1922 Nov 10 N. Chile 5.9 0.98 2.68 1.84
5 1923 Feb b4 E. Kam-
chatka 20.0 2.9 7.91 0.9
/7

* Values shown for "Hilo Reduced" are Honolulu values multiplied by 2.73.




APPENDIX A: COMPUTER PROGRAM FOR TSUNAMI REFRACTION

Explanation of Varisbles and Program Listing

1. TIve program, for which a listing is given, is written in FORTRAN
II and has been run successfully on the GE-225 computer at the U. S. Army
Engineer Waterways Experiment Station, Vicksburg, Miss. The program gives
output suitable for the off-line Calcomp 750 plotter system at the same
installation. ‘
The compilation takes approximately 150 sec, and the program
executes at the approximate rate of three points per second on the GE-225.

2-

These execution times include reading the data for a 35 x 35 grid and

printing output every 50 points.

M. ..
NN ...
NOR . .
NFRINT .
GRID . .

H1,J) .
XY ..
ANGIE .
DELTAX |
LIST . .
CONV . .

TIMEX .

Program:

22-75-074, Waterways Experiment Station

Input Variasbles

¢ o

»

The number of grid intersections along the x-axis.
The nurber of grid intersections along the y-axis.
The mumber of rays to be refracted during one run.

¥requency Tor printed output.

The length in- inches along one edge of a grid
square.

Depth date at the grid intersections (Note:
I <M, J<NN).

Ccordinates (in inches) of the starting point for
each ray.

Initial direction of the wave ray, measured in
degrees counterclockwise from the positive x-axis.

Computational x increment (Ax) measured in feet.

The number of feet corresponding to the length of
a grid square (measured at the equator).

Conversion factor to change the depth readings to
feet.

Dictates the number of seconds of actual wave
travel between tic marks placed on the ray.
(Note: The wave-front positions may bhe marked
TIMEX seconds apart on the ray.)
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TIME ¢« « « s o o » « o » The time iIn seconds at the beginning of a wave
vay computation.,

L, Output Variables

ANGLE As previously described except applied to the
X,Y ¢« » o o » o + oo Successive computational steps instead of the
TIVE initial conditions.

DEPTH . . . « « « « » » The interpolated depth In reet at successive
computational points.
5. Variables Not Previously Defined

HE(1),HE(2), ¢+ HE{10). . Depths a% grid intersections used for surface
fitting computetions.

SMALIX.SMALLY . . . . . Distances, in feet, of the point of interest
ncasured froa H(I,J) .

PHWRTX ,PHWRTY . . . . . %”i%’; found from the surface fitting procedure.

DAYDX2 + v v u v e u o o 2F
ax

- | &
Dm L] L] L] [ ] L] L] L ] L] L] * d:"

DELTAY « « + « « « « « o The increment of y,(Ay) , computed from a given
increment of x,(Ax) .

DELTAT . ¢« ¢ ¢« ¢ ¢ ¢ o o The tim: increment between successive points of
csiculations,

6. It must be noted that the format for the depth data is not vari-
able but, of course, may be changed %o suit the needed requirements,

7. The plotting steps are incorporated as an integral part of the
rrogram. A set of x-, y-axes are drawn with MM tic marks placed on the
x-axis and NV tic marks placed on the y-axis. These tic marks are placed
GRID inchee apart and the axes form a rcference by which the plotter output
may be overlaid on the original map and the rays {which are drawn by tke
Calconp plotter) traced from the plotter sheet to the original map.

8. Because 5f main memory limitations in the GE-225, the maximum
size grid that can be used is 35 x 35.

9. A progren lis%ing und an example of iuyputi for the computer pro-
zxeam are found oa the folluwing pages.
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_..._-*_,_____«meL;_ltﬁg.L:!Lms.L
SMALLY ® YFEET-YYeDIST

PROGRAM L1STING

c rugggg:;ga; vgunngx_;lgnv FOR CRESCENT CITY,CALIFORN]A

c JOHUN HARRISON =18%=074

— C____PROGRAM COMPUTES AND PLOTS REFRACTION DJAGRAMS FOR A TSUNAMI
DIMENSION WI35,351.HE(10)

e YANF (ANGRAD) wS INF LANGRAD ] /COSF {ANGRAD)

Gs32.,174
v _READ 1.MM,NN,NORSNPRINT,GR]|D
1 FORMAT(4110,F10.5)
LL=0

READ 2,((MI]sJ)olmi,imM),  ng,NNj

_FORMAT [7F10,31
c‘LL PLOT‘0000'3°OUD.31
- )25,0¢=31

T MNPE MNe1
————__NNPs NNel

CALL TMK[{0.0,0,0,GRIDs»MMP:041,0,0,1.0,1.0)
S 028, -

CALL PLOTI0.0,0.0,3)
1002 READ 3,X,X,AN
MPRINT ® 1

LisLlLey

|

3 FORMATI8F10.31
NEB=1

TIMESsTIMEX
_PRINT 14

GHTIME{SEC; , 12X, 10HDEPTHIFT, )

14 FORMAT{1H1,2X,10HANGLEIDEG) »5X,26HY COORDINATE; IN),5X,18HY COORDIN
SATE LIN].8K >

T 7999 ANGRADWANGLE®0,0174532929
. 602 1m1.vX/GRD

J-io‘v,GR !’D
885 ME(AVMiTeJ] *CONV

‘ HEI2)sM{In1,J!eCONY
e —HEL3) WH[ ]2, J] ¢ GONY

HE(4)1sp({]sJ)v1])«CONY
e HES)mMl1sJe2])«CONY

HET6)auilel,Jed ) «CONY
e e MELTaML ) 910 y=1) *CONY

HE(8lwMli]sy=11wCONY
a2, Je11+CONY

HEL9]s —_
HE(101sN{ belsJe2) »ONY
i . 802 XXm]=Z

YYaJ=}
. XFEEYs DISTeX/GRID _ . .
Y#¥EETs DIST+Y/GRID

N
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PROGRAK LISTING (cont'd)

E;-(hsulouElm-?.tHE(u!Itz.auxs;-msn

- *
c&il“Elbl'HEl7!-2.t31'D!STlfIZ.'DlSYiDISYI
afh wti * /42. *
Al'l“ﬁ131'NE'i)-Q.iDi'DlsTtDISYlIldoOBISTI
afM te2 . *HE{ 4] oM 11
32'(“5!4l-NEll!-52'DIST'DlSTI/DIST
- DRs{HEI9])~ el + sB2w +3,0E2e
i
- A2 (HEL2]» gl;]-b?tﬂlgz n;::;/nlg
CouHE(9I HE 1) <2, %A2¢D18T~B20D1STd, #D2eDIST#DIST~E2+DIST*DISTI/
$(2,+D18Y*DISYI
As(Alep2l/2.
—.Buifle
Cs({Ciesc21/2.
142,
53151052112- .
- *As $BeSMALLY+COSMALLXSSHALLY+DOSHALLXeSHALLXESH
IALLY'SHALUY

+CoSMALLY+*2,0DeSMALLX
Puuanunocosmubz. wE*SMALLY
1f {DEPTR*0,0C1)058,050,857
858 PRINT 839

—e—...859 FORMAT{4OHRAY WAS REACHED SHORE. A NEW RAY WILL BE STARTED)
G0 T0 1001

057 D2YDX2uw [ TANF (ANGRAD ]I *PHNRTX=PHNRTY)*[1,04TANF [ANGRAD) *TANF IANGRAD]
xlftnerrnaz } '

NF {ANGRAD]) D2 IEEZQDEL;
ANBN UlATANFlDYDXIOS7.299779 1

_ DELYAYuyELTAX®TAND {ANGRAD]>{D2YDX2#DELTAX*DELTAX]) /20
DELTATO(SGRTF(DELTAXtDELTﬁXODELTAY*DELTAYl)ISORYFIG'DIPTHI
.0 T0 {4000,4001].NEB

4001 MPRINTaMPRINT+1
1FIMPRINT=NPRINT]}4003,4004,4004
4004 MPRINTsel
... %000 PRINY A00sANSLE,X-YsTIME,DEPTH
800 FORMAY ' 3X#F10-4.9X,F7,3013XsF7,3,8X,F14.4,10X,F14.3]
4007 GO 70 1814,815],NE8
814 CALL PLOTIX,Y,3)

NEQs2

Q0 10 816
e BAS CALL PLOTIX, Y, 2) :
816 IF[TINE~0.01817,818.817

. 518 _CALL TMK(X,Y,0.003,0,10,AN3
817 IF(TIMES-TINE)B87,810,825%
—en B2 _CALL TMKEX,Yp0,0r520.,300ANGLE-10004.0)
50 T0 888
887 TIDIFFaTINE=TIMES
PLOTX [SORYF (GDEPTH)*TID;FF#GRID)/(SQRTF{1.+DYDX#DYDX) #DIST)
PLOTYuDYDXPLOTX
IF (ANGNEW] 901,900,901
900 PLOTXSX=FLOTY
PLATYSY

LEsl1.0s2.0)

Ab




PROGRAM LISTING (cont'd)

CALL TMK(QLOTX.PLOTV.0.0.1.0.1.ANGLE.1.0.1.0)
QaLl PLOT (X,Y,3)
GO TO s&8
901 PLOTXsY=PLOTX
PLOTYsY=PLOTY
CALL TMKIPLOTX,PLOYY»0,0,1,0.1,ANGLE,1.0,1.7)
CALL PLOT {X»Y,3)
v 808 TEMESSTIMES+TIMEX
825 TIMESTIME+DELTAY
_.u.________BELIAlskékIA!:QBl%LDIEI
DELTAY=DELTAYeGRID/DIST
e XmXSDELTAK
YeYeDELTAX
. ESANGNEW
IF{ANG_E+88.013002,3002,3001

3002 PRINT 3003
— 3003 FORMAT [S2WANGLE 1S BETWEEM 89 DEG AND 274 DEG, STARY A NEW RAY)
GO TO 1001
3000 DELYAX=DELTAXSDIST/GRID
AXXBMM
YYYSNN
AXXX®{XXX*2,)*GRID
YYYY®{YYYe2,]*GR]D
1222%6RiDe2.
L4 1:1009.,1000
1099 PRINT s000 )

———2000 FORMATIISMRAY 1S GOING OFF RIGHT SIDE OF PLOT]
60 T0 g001

e 000 _JEEYYYY=Y$5004,5001,2040
5001 PRINT 5002
e —2002 FORMATI2GMRAY 1S GUING OFF TOP OF PLOT)

G0 TO 1001

3040 - ,
5003 PRINTY 5004

.. 5004 FORMATISINRAY [S GQING QFF BOTTOM OF PLOY)

1304 IFiLL~NGR$1025,1003,1003 :

oo 3085 PRINT 80C »ANGLE-X, Y, TIME,DEPTH
20 70 1002

£s0,0.9991 _
PRINT 800 ,ANGLEsX,Y,TIME.DEPTH
SS—— ] {.] B :
READ 1, JOHN
S ——— . | I
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a729.  4a%6. 5178, 3820, 5856,  5108.  e912.
4387, 3T, 372, a3e2. 4538, Seed. Se4S.

. €933. avls. 4933, ;;s_. 4933. 4933. 4933,
132,  Séan. 5513, . <5, Y .
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W56, R, B8y, 4925. %126, 5283, 5857,
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4550, 4533, 4502,  SAN.__ S38. 4%, 4523.

~ 4582, ayre. T aeve. PYET 5134, Se28. $066.

. _ 5241, 5236 5293, 3292, 5297. 5379. 5362,

£ 5235, 5439. 5372, 7350, $298. 5135. 5218.
8 =994, 49%7. 4889, 4944, <9268, 51768, 5162,
& 5118, 5271, 4936, av87. 5158, 4765. s4%6.

—_—— :_‘__’_'SQ s_l!;. 1171. 4971. 5308. 521‘- 5281-. —
° 5189. 5097. 5414, s441. 5388. Sa0b. 5363.
E&1s 5370. 5578, 5546, S4g6. 5347. 5340.
5288, 5022. 4928, s902. Sie2. 5313. §228.

L 8 5208, 5248. 4923, 4942, 51312, 4996, 4987,

1 se59, 5389. 5605 . $591. 5483. 5591, 5685,
5605. 5se1. 5642, s5¢8. 5477, 5349. $%531.

....... .| 5265, 5533 4936, a8eS. 5324, $186. 3248,
5378, 5311. 5234. 5258, s377. 5361, 5242,

—— 538, 5655, [ L 4251, 5890. 5765. 57247,
5935, 5996. 5745, $72%. Sodcd. S646. 5646,

— _1. 5629, 5629. 5622, = %617. 5546, 5549, 5651,
5112, 5373. 5198, 5112, 5282. 5260, 5128,

| 5229, ___ S5128. __ 5255. %85, 55%1 . 5599, 5603,
5783. 6182. 6224, 6192, 5165. 6095, 6049,
5973, 5795. 5508, 5579, 5247, 5717, 5951,
5722. 5644, 5610, 5642, 5590. 5540, 5695,

ek 5516, 5492, 5373, 5952, 4787, 4897, 4862,
5253. 5231. 5382, 5503. 5630. 5328. 5766,
5903. 6171, 6250, 6129. 3596d, 6239, 6103,
YT 3939. 5892, 5878, 5904. 8154,  sA6e.

L 5544, 5544. 5649, 5649, 5649, 5649, 5544,
5696, 5620. 5630. 5606, 5581, 5383, 5293,
5435.  5415. 4952, 4970, 5504,  5561.  5944.
5925, 6278. 6252, 6178, 6242, 6257, 6312,

i | 5968, 5839, 6011, 6208. 62%6. 6347, 6332,
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APEEIDIX B: TRANGFORMATION OF WAVE NDTION ON THE EARTH'S SURFACE
1 A MERCATOR FEPHESENTATION OF THAT SURPACE

1. Iatitudinal snd meridionsl lines of & sphere may be represented
on & map 350 that the latitudes are Morjzontal, parallel lines and the
longitudes are vertical, parallel lines. Such a representation is termed
a Mercator projection ani is orthomorphic (i.e., the distortion is uniform
in all directions at each point on the map).

2. let Axocelaenhrylemthonapam_leloflatihme, ¥

qroaele-mtuylthhonnneridian,ﬁ
R = radius of the sphere

Ax_ = R cos ¢

ay, = 4

3. let Ax and Ay be corresponding lengths on a Mercator map.
Since the projection is orthomorphic,

=

Since two consecutive meridians separated by Af are represented on the
Mercator map by parallel lines separated by Ax = R , we have

S b s AR g TP A r e st e hes e

Therefore,
= n = gec § =
N; -
Then }
;&'sksect ;
y-er' sec § d¢ "
o
and

y-Rlogtan(E-&-%

Bl

"Preceding page blank




.

Considering & unit sphere where R =1 ,
7o (g0
e’ = tan (p + 3 (B1)

Also, it can be shown that

e’ = sec § + tan ¥ (B2)

4. The above derivation shows that the distances on a sphere are
magnified by the factor sec ¥ on a Mercator representation of this spbzre.
The present problem is to determine a method of plotting wave motion which.
takes place on the earth's surface on a Mercator map. This is accomplished
in the present methodology by multiplying the actual input‘depths by the
secant squared of the latitudinal angle ¥ . Since

vo = gHB
f 2
V= g, sec” ¢ = sec *1/gHo
and '
V= Vb sec ¥

The time element dt is invariable since

dSo sec ¥ _ dSo
V. secy V
o o

. _ ds _
dt = T =

5. This subjective reasoning can be proved in more definite form.
Referring to fig. Bl, the basic refraction equation is:
rd

ae 1 , 3C C
-E-—-d(sinea—f-cos 65-3;)
where
sin 6 = X < dy = L
ds

Viax)? + (ap)? 1/(%)2 .1

B2
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Fig. Bl. Wave ray notaticn
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Now

ey = sec ¢+ tan ¥

tan § = e - sec ¢

tmatwezy-Eeysect-l-aecat

and

sece y-1l= tan2 ]
80

2eysectnl+e2‘v

sec vu%(ey- eY) = cosh y

The depths are transformed so that

Hw B sec® § (BY4)

In a sea of uniform depth

He= Ho aec2 = Ho <:osh2 y

B4

st A B b L mis




g*‘i, ?-2&0 cosh ¥y sinh y :
%\ %E.‘ o 2% y;m Ta2 tanh y ( BS) ;
o LY H cosh” y %
Substituting equation BY Aato equation B3 and ncting that % = 0 (in this
case)
2 2
:-;g--%--etmhy[1+(%x‘£)] (B6)
Then, taking x as a functionof y ,
&1
Qe dx
' dy
2 -1 -1
a d & 4 fax
S-5(F) 5@ 2
Tfa. 4
)
5 |
. 2 2,3 3 2 s
- d d dx dx ‘
;,; S ey (B @] e
b :
! 2 3
d dx dx
Z- ey |(§) %]
2 b 2
a (ax dx dx <
&8 -2 m v [(8) ()] o
Setting
2
(&) = (38)
& = 2 tanh )17 + 1) § %
3

R g e




4 o« 2 tamh y dy 5

m+

an _ a o 3
ﬂﬂ-r.g_ﬂsata.nhyiv ]

Integrating
Ln’f]-2n(l+‘ﬂ)=:22ncoshy+ln01 |
or "_
2 .2 1
o = € cost” ¥ (%) ;:
since 1

= () - ety

where ¥ is the angle between the ray and the x-axis. At y=0,C, is 2
evaluated as i

2
01"1‘47'11;

6. For example, if the ray follows the equator, 6 =0 , cot'.2 6=,
P and Cl becomes wnity., If the ray follows a meridian. 0 = 90° ,
cot? 9= 0 , and a0, Now

2

M= 02 coash2 y + mi cosh™ y

1

or
Ci cosh2 y

1-02

"= (%)

1=

cc:sh2 y

cosh2 Y

"
¢y

- coshg y

¢cosh y

-1- sinh2 y

dx =
G

B6




Setting

-2
cl - 1= Ka ’
dx cosh y
.d? =
](2 - Sinh2 y
Then integrating
¥
° Ka sinh"'3
o) - y
by setting
sinh y=2z2
d(sink y) = cosh y dy = dz
ginh™T 7 il
dz Az
Lx"f e (%)
e - 2
o

one obtains

sin(x-xo)a?_i,ﬁnh_l

Differentiating equation Bll yields
cos(x-xo) dxadv

cosh y

dx-
ay Kcos(x-xo)

Also

2
sin” (x -x )= sinh
o F"l
Then
2 sinh2
coa (x-xo)-l-__.x.’ Y

B7

(B10)

(B11)

(B12)

(B13)

(B1k)
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Combining equations Bl3 and Blh into equation Bl2 one obtains

i.‘.x.g mh! (ms)

v #f-smay

The: tsunami travel time can be represented by the equation

t:f %‘; (m6)

S

S, is the path of the ray
¥V is the velocity over the path on a kercator map

The velocities have been assumed toc bc

Vv = gno,vavosec'

o
Therefore
1 ds
t= v;- Sec ¥ (B17)
sl

7. In order to test the depth transformation, consider a wave ini-
tiated at x =0 , y = 0 , and traveling to the meridian x=§.Eqnmtion

B17 becomes
n/? +(QI\2
1 dx
1 ax/
L= Vo'f cosh y (B18)
o)

Equation Bl5 Lecomes

2 2
(&) - Loy

cosh y

5

2 2 2
l+(§)=f-sinh +cosh1=1+l(2

cosh™ ¥y cc:sh;'T Yy

B8




From equation Bll, equation B19 becomes

n/2
V1+K2 dx

t =
v 2 .2
o o 1+K sin (x-xo)
and, when x°=0 ,
pﬂ/2
(o} o 1+K2 sin x

Equation B20 can be integrated by the formla

2 2
dx 1 -1 a +b tan x
fa - - t‘“‘( a )
a +b sin x aa2+b2
so that
fi:d —z. "
t= it L st (V141 tanx)
° Vi+$ o
1 fm 1
=‘(§°°)=W
[o] (o]
8.

It can be concluded from the developnient given above that all

waves starting from (x,y) = 0,0 reach the meridian x = = at the same

2
time. Since this fact can be immediately understood to cccur on a sphere
covered with a uniform depth of ocean, and has been shown to occur under
the proposed transformation of depths onto a Mercator map, the proposed

transformation is justified.
9. A refraction diagram drawn by digital computer techniques uti-
lizing the above presentation (and previously discussed at length) is shown

in fig. B2. This refraction takes place across an idealized ocean which

everywhere covers the earth's surface to an equal depth.

g
K
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Fig. B2. Representation of wave refraction on Mercator map
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RP2MOIX C: TSUNAMI REFRACTION IN THE AREA
OF A THEORETICAL ISLAND

l. 1In order to test the mumerical technique for drawing refraction

diagrams, it was deemed necessary to check the solution against a closed

-solution for a special case. A circular island of the idealized dimensions

shown in fig. Cl was chosen as a model.

Fig. Ci. Profile of island used to teét refraction program

2. While considering a circular island, it is convenient to trans-
form the refraction equation

2.1 fayon_om a? ;
e (23 @® @

into polar coordinates r and € so that

r cos ©
(c2)
r sin ©

»
]

«
1]

First, we write equation Cl as

LIl
&g
I
I

(c3)

&le

1+

where the radius of curvature of a cowrve K in rectangular coordinates is
defined as

T

o e TR oA T RS

Cl

e e

o e AT, eacist RABSINAY
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In polar coordinates

dy _r'sinB + rcoe @
= meaaB I T T CO6 O

@x r'cios 9 -rsine

and

1+(y)2___1§’cose -raine)2+(r' sma+rcose)2
ax {r' cos 8 ~ r ain 0)2

- r*®(cos® 8 + sin? 8) + r'r(8) ¢ r{ain° ¢ + cos” @)
(r' cos @ - » six )2

1+(gl)2= r? s 5°
& (r' cos 8 - r sin §)

(%) h(aE. e

c2

) (Cﬁ)

From equation C3
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v ,4‘!7W"_"ﬁm"j:-x,

TR AY AT TEREATP AR

TR

?'.
¢
¢
;
b
‘ -
i\»

02 e o ey S g #

and fron equations C5 and C6

s 2
ey (@) - gt ()
(= + *“)r"' cos @ - r =in @)
e torms of eaation CT are expanded as follows:
a8 AEE ai 28
ax a9 ox
of oHgr 38
¥ W RF
ard
%=C@e,%=sme
& __sin6 26 _cos 8
*x r v r
Bcw since
dy _r'sin® + r cos 8
@& r'cos®-rsine
}.(91 3!)
2H \ax o\
-;ﬁ-’.r sine*rcose)ﬁ-(r cose—rsma)ﬁ] (ca)
r' cose-rsine
Considerirg tnese {erms separately
'} é§= T &_Sineﬁ
(r sir.9+rcose)ax (r sin9+rcose) (cosear — 39)

| 4
=r' s.inecos9§r§+rcosaefg--r;-sinaegme-sinecos esﬁe

c3
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it

e g

(r‘ cosa-rsma)§= (r' cose-rsine) (Sin9§+cose§)

2 M, X' 2 oM 2f
r casasinear r sin ear+rc°s eae cosesi.neae

Therefore

' o3 -: S - H _ i _r'aH
(r sm6+rcoso)u (r* cos @ rs:‘mt))a.lr T T 3%

and
_1.( A _ r_lﬂi)
I_(Ql& ﬁ)_% Ty T
2H \dx 2x 2y r s 6 -rsin6
Now, combining equations C7, €8, and C9 yields
Fratomeh ((EZE (Fer?) o

Equation C10 is the refraction equation in polar coordinates.
3. ILet us assume that the island is symmetrical so that

of _
o0 0
Therefore
r2 + 21"2 - rr" = E]}'I- (r %) (r2 + r'z) (Cll)

Tne hypothetical island is illustrated in fig. Cl and is defined bty
the equations

ch
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ar"aﬁo ( 2)

oo
ar

»

=i

Simplifying equation Cll according to these boundary conditions yields

r2 + 21"2 -rr" = r2 e

' (c12)
or .

-rr" + r'2 =0

2 2
dr dr -
53 + (_de) 0 (c13)

Now one may solve equation C1l3 for 6 as a function of r ;

and equation Cl3 becomes

(c1k)
ar ar

c5
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The solution of equation Cil is

8=C logr +C, (c15)

In order to solve for the two constants in equation Cl5, consider & plan
view of the given island shape (fig. C2). The x-axis is situated parsllel

1/

3
XY

Flg, C2. Plan view of theoretical island showing
refraction of one wave ray

te the ircident ray direction and all angles are measured in the usual
comterclockwise direction from the positive x-axils,

L, At the point of entrance of the ray to the island's influence

(ir et - I!' - e
= tan (eb 1 ) cot (c16)
Therefore
a8 _ -tan 6
dr rb
cé




From equation €15

s G
dr Tr
b
and therefore
Cy = -tan @, (ci7)
C

, 1s eliminated by considering (rb,eb) and another arbitrary point (r,e)
on the shelf so that

8y = Cy log T +C,

and

e=Cll<>gr+C2

yielding

0 - 8 = -tan o, log ;’3- (c18)
b

Thus, the equation of a ray entering the surroundings of the island at the

point r=rb,e=eb is

8 =6 - tan @ log (c19)

b

The ray will reach the island coast zero contour (at r = a ) at an azimch
of '

9, = 8, - tan ¢ log % (c20)

5. An example of the foregoing discussion is shown below. If

c7




8o that

SEE JPRE

Typical values of @, (with 8, = %F) for various values of the ratio %
are tabulated below:

_-_%_ log % 8,
0.5 -0.693 1.666
0.k -0.916 1,443
0.3 -1.20k 1.155
0.2 -1.69 0.750
0.1 -2,303 0.057

6. Fig. C3 stows a typical refraction pattern around the given island
shape to which the specific dimensions shown in tie figure have been
assigned. The results given by the accepted computer program agree very
closely with those produced by the theoretical treatment.
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APPENDIX D: SHELF OSCILLATIONS IN THE CRESCENT CITY AREA

1. One may consider the oscillations of an ocean shelf by analyzing
the simplified two-dimensional model shown in fig. D1. The model config-
uration consists of

:1¢g»~'Fig. Dl. Two-dimensional model shelf

a uniformly sloping shelf which drops off to infinity at the ocean end and
is terminated by a vertical wall near the land.

2. Let the distance x be measured from the point of intersection
of the still-water surface and the shelf slope. The shelf then extends

-

from the point X =X to x =L . The depth of water varies uniformly
as ,

X
H=H T (p1)

3. Denocting the surface disturbance as h , the velocity of water
in & section x by u , and the time by t , the equation of motion be-

comes
du _ __3h _ (D2)

where g 1is the gravitational acceleration, .The conservation of mass

 equation is

/7
Dl
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These rejations assume that the amplitude h is small in comparison with
the depth I' , that the vertical acceleration is aegligible, and that the
velecity 3 is uniform across the section. The waves induced are sssumed
to be shallow-water wives.

b, The elimination of u from equations D2 and DI yields

*n 2 [ a)_
;5-8-&-(B§)—0 (p%)

As we are interested in standing wave oscillations over the shelf, let
h =N cos ot (n5)

u =V sin at (p6)

B

where ¢ = T and T is the period of the coscillation. Substituting
from equation D5 into equation D4 yields

g%;(ﬂg{‘)+02ﬂ=0 (7)

Wow, let us suppose that x is measured in terms of L , and writs

x
S=1 (08)
also
H
g = we—
Ho
Equation D7 transforms to

where

D2




hathd S At

P ETITE D

K = e nl :
o (D30}
Bquation D9 may be written as
-
¢ f—;‘ + g—éﬁ +Kh=¢ (p1}
ag
¥R may set
[
and write squati-s. D11 as
2
a1 4% ey 1Y
+ ==+ R=q IRE
[}
;2' ¢ de
vhich is a Bessel equation of Cerc crder and hence
Y 3 7 Gt
= AT (6 + KX (9] {Dis
where Jo and Rc are zery order Bessel functions of the first and
secood kind, respectively. Tre height of the disturbance is
h= [AJ KORE nxo(o)] cos ot (D15}
If the oscillations of the open ses are given at x =L 1o be
h =7 cos ot (D16}
then
M, = A3 (6,) + BK (8;) (D17)
vhere

6L=2Kl/2

D3
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S. A seconi reistion similar to equatica D17 imedXing, lm,
tie constants A and B should dbe cvisimi. At tae nclut =8 he
perticle veiocity is defined. -

€. feransider eqmition I'? aMi mMotiflute from eginmtisne DS awmd D6.

o= -g %E (228)
[ o
ou = % é% {919}

This can also te Witlan 2

Py S 8 {52

Qifferesttiating equetica 233 witkh relpect to @,

I3 M = T

ar? since

I (8} = ~3,{6)
and

k:(8) = -k, (o)
we have

%101 = - AJ.(8) - BK,(e) (p21)
Now
3—2 = %:‘91 g—g and %—% = .‘3.5.

sc that

D4
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8-

i‘. g )
o d9 (02}
Substituting equation 22 into equaiicn N21 yields
an _ -2X
; r i 3‘[“’1(9) ‘ BX]_(O)]

and from equation D20 the velocity relatios i3

i yv__X (@) 321
E l!o = =9 [Ml(a)*ﬂxlﬁ;] {z21}
: &, -
: o = 2e¥/2 /2
; : Atuucmst,§=§l,tbeprticlsve;ocity =3 , and hence ¥ vanishes
.E - anl
asi‘o;; + 2:1491, - 1} (o2%)
woere

: n 3 ién
t . ~ 2
o 3 = 25;/ K2 (p25)

Solving for A and B from equations D18 and D2k

: (8,)
% | A e U (026)
- A
~J. (8,1
S 1 1o .
& ‘ where
Lo
{ a=J (8 )k, (6,) -7, (8 )k (o) (D28)

|

i i Substitute into equation D15 so that
|
|

D5
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% J (8K, (e,) - K (8N,(8,)

T < (229)

7
ts

The solution of the above equatiuns is presented in the follcving
statements. When the vaves vhich excite the shelf systea occur at a funda-
mental frequency <f the shelf, the wvave heights at the shore §=§1 will
become infinite (uncer the origiral assumptions).

For varicus values of
gl,vecandeteminetherootsof

a=J(8)xe) - J,(0)K (a) (D28 vis)
The values are shown in table DI in terms of N where

T‘V,EI;_ Ln
N==7

-~

(p30)
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APPENDIX E: STANDING WAVES IN TSUNAMI MODEL CHANNELS

1. TFor simplicity in argument it will be assumed that the harbor
and bay enviromments in the tsunami model can be approximated by the
special channel configuration shown in fig. El.

14
e
w
<
“W—

T ®2
] w
B e 0

H

0

A 8 — X
S 4 -] !

Fig. El. Idealized channel configuration

Along the distance OA, the harbor and bay area is correctly contoured.

Along the distance AB, the water depth is conotont. The wave generator

placed at B constitutes a barrier, and at this point the particle velocity

u vanishes when flow from or into the generator has ceased. For the suc-

cessful operation of the model it is desired that the period of the stand-
ing waves in this particular channel be greater than or equal to the

tsunami model period. Although in principle it is always desirable that

harbor and bay contours be reproduced up to the foot of the generator,

this may not be possible because of cost considerations. In any case one
must have an expression for the period of the slowest osciilation.

Law of depth:

H=H X o0<x<1
o £

(E1)
H=H £ €x <L
o
Dynamic equation:
F- TS - ¢
at - 8 (£2)
El
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Continuity conaltion:

- LRI = .

Details of these relations can be found in reference 27. From equations
E2 and E3

33 (g,
2 gax(Hax)"O (E4)
st
Iatroducing
h=ncosct,o=% (ES)
equation Eb gives
2
g T' + g ‘g‘x‘ (H %) =0
Introducing
g= % ’ gl = f (E6)
the last equation becomes
=i (it 2)
2 od [H 4
N+ 2l #)=0 (E7)
L ® Ho EEI '
Also
22
gL
Ka=—=— (E8)
gl‘Io
whereupon
4_(H_ 41 =
3 (Ho dg) *KN=0 (E9)

One must consider two solutions of the equation, first for the range

E2




O<Ex< 51 end second for the range §l < EE <1l . For the first range

B _E
Hb §l
and equation E9 becomes
dznl dﬂl
g + ===+ KEM, =0
d§2 dag 1L

Subject to the conditiéh that m, is finite.gt € = 0 , the proper

solution is (Lamb27)

1oy g (a2 e )

For the range §l < g€ s 1, since %—'= 1 , equation E9 becomes
o .
deﬂé

and the solution is

_ 1/2 . L1/2

ﬂz = A, cos K € +B, sin K §‘
dﬂ2

Now at €=1, u= 0 and thus 3 - 0 . By differentiation

dn . '
EEg = Kl/‘ ('Ag sin Kl/2 E + B, cos K;/a g)

and

A2 sin Kl/e = B2 cos K¥/2

E3

(E10)

(E11)

(E12)

(E13)

(E1Y)

(EL5)



} /2
B, = A, tan K-

(E16)

At the section through A, £ = gl , and both T and 41 are continuous.

ag
Hen:zs,
\
nl = T‘z 2 g = gl
and s
dn, an,
T ST €=§ )

Then from equaticns E12 and glu |

AT, (2511(1/2 )= A, cos Kl/2 E, + By sin K1/2 &
and

Alicl/2 3 (eglxl/a) - x/2 (-A2 sin K/2 g, + B, cos KL/ 51)

or

AS! (2g1x1/ 2) = -A, sin K12 g + B, cos K2 )
Making use of equation E16

A (eglxl/ 2) = A, (gos x1/2 g + tan K72 gin /2 gl)

and

A (2glx1/2) = A, ( - sin K2 € + tan K2 cop 11/2 gl)

ElY

(E17)

(F18)

(E19)

(E20)

(E21)




Dividing equation E21 by equation E20 and utilizing the rule
' - -
g ) =-0( ) (E22)

one has

-7y (2§1Kl/2) tan Kl/2 - tan Kl/2 %

3 (2§1Kl/2) "1 + tan K2 tan kY2 g

or more simply

Iy (251Kl /2)

W = -tan [Kl/e 1- gl):l (E23)

The roots of this equation of least value for specified values of gl s
through equation E8, determine the periods T of the slowest oscillation.
2. Determination of the periods is simpler for the two extreme cases

represented by gl =0 and gl =1 . Consider the first case, gl =0,
Since Jl(O) = 0 , from equation E23

tan ¥72 = 0 (E2k)

and hence

(E25)

a well known result.




3. Taking the second case g =1, as Iy (2Kl/2) is finite,
equation E23 ylelds

I, (21(1/ 2) =0 ' (E26)
the root of the smallest value being

22 < 3.8317
which gives

K = 4.0530

Substituting this in equation E8, one has

T = 3.121 —L (E27)

Ja,

=

L. The determination of the roots of equation E23 for other

values of §l must be carried out by trials. Some other determinations

of 2 are given in table E1, along with the corresponding values
of N in the expression




Table E1

Values of Kl/e and N for Various Values of §l

0.0 -

0.10

0.20

0.30°

0.33
0.ko
0.50
0.60
0.70
0.80
0.90
0.75

1.00

a7

3.142
s
3,100
3.007
2,952
P ' 2.837
2.6k2
2454
2.285
2,141
2.020
2.210

2.013

2.000
2.002
2.026
2.090
2.128

2.214

2.560
2.750
2.93k
3.110
2.843

3.121
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