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Abstvaot 

A I 20,000 scale model was built of the island of Oahu and 
neighboring topography. The model was undistorted and rotatable 
so that an incoming tsunami from any direction could be easily 
incorporated by turning the 12' x 12' model to face the wave 
generator from the desired angle. The wave basin was 30' wide and 
40' long; with a I-10 wave absorbing beach situated at the opposite 
end from the wave generator. The waves were modeled to a vertical 
scale of I:2000. 

The model was supplemented by a small-scale (1-247,500) model, 
also undistorted, in a transparent 6' x 12' ripple tank. This model 
represented the eight principal islands of the island chain and 
their surrounding topography. 

Nature data of runup height for four different tsunamis 
around Oahu show a strong tooal  amplification effect, varying more 
with respect to fixed positions around the Island (prominent 
features, points, bays, reefs, etc.) rather than with respect to 
variations in deep sea direction. 

A less pronounced local effect was obtained in the model tests 
and direct point-to-point correlation of model and nature data 
was not very meaningful beyond a general trend agreement. The 
orientation effect was similar on the model as in prototype. 

Formerly Associate Professor of Civil Engineering, 
University of Hawaii, Honolulu, Hawaii. 
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Introduction 

The general nature of tsunami waves can best be illustrated 
by Fig. I, tide gage records of tsunamis at Johnston Island, 700 
miles west-southwest of Oahu CRef. 3). Tsumami records for Oahu 
show furthermore, considerable variation in the maximum extent of 
run-up. It was attempted here to obtain in the model records simi- 
lar to Fig. I for the tsumami run-up around the perimeter of the 
scale model. Suitable regular wave sequences to approximate the 
more complicated tsunami record were arrived at by successful 
triaIs. 

Pilot Tests 

Preliminary tests were run while the instrumentation was 
developed and the performance of the model was determined. The 
following tests in Table IA were used as a guide to the later series 
of tests and served to optimize the wave generation, measurement 
and control of ambient test conditions in the model. This data is 
superseded by the tests as in Table 2 which were made under optimum 
condit ions. 

Table IA 

Pilot Model Tests 

Large Smal 1 
Orig I n Direction, e Mode 1 Test Model Test 

wave period wave period 
and dIrection 

Aleutians 354° 1 to 4,5,8 - 

Chi le 124° 8,10,12 sec. 2 sec. 
(145°, 167^°, 

180°) 

Prototype Data 

Information on wave run-up around the shore of Oahu was obtained 
from the available records published by MacDonald, Cox and others 
(Ref. I, 2) for the following tsunamis. 
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Table   I 

Tsunami Records Bxarmned 

Date Origin Di rection,8 

1 Apn 1 1946 Aleutians 354° 

5 Nov. 1952 Kamchatka 310° 

23 May I960 Chi le 124° 

27 March 1964 Alaska 6° 

The prototype data were plotted on polar coordinate graphs 
centered on the island center, with values at 10° intervals 
determined by interpolation for comparison with the model data 
taken at 10° intervals around Oahu. The data were replotted after 
being normalized (divided by the average of the 36 values) for 
each individual tsunami record. These data showed a similar trend 
for each tsunami, in that, independent of the direction of origin, 
6, the normalized run-up values showed a consistent increase or 
decrease relative to the position azimuth angle 6. Further analysis 
showed that the principal augmentative effect was associated with 
certain sections of the coast, hence offshore topography, rather 
than the azimuth of the tsunami origin. 

Model Data 

The model data were obtained by sensing the water surface 
fluctuation at 10° intervals around the island by means of immersed 
floats attached to strain gages. Readings with 2%  accuracy were ob- 
tained for water waves 0.3 mm in height and 5m in wavelength. The 
amplification factor at the 50m (nature) depth contour was determined 
by dividing the wave height here by that in deep water (4000m). The 
phase lag of wave arrival around the island was also obtained from the 
record and used as a control on the reliability of the model performance. 
The phase lag in the model correlated with arrival times of waves around 
the island obtained from wave refraction diagrams (MacDonald, Shepard, 
Cox, and Cox and Mink). 

Model-Prototype Correlation 
1946 and 1952 Tsunamts 

These tsunamis arrived on Oahu from the north to northwest and 
were not materially influenced by the neighboring islands. The model 
tests showed firstly a rather marginal correlation with the prototype 
values, about a 0.4 correlation. When normalized, the model tests for 
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three wave periods (8, 10, 12 seconds model) showed a consistent 
agreement with the hypothesis above that the principal augmentative 
effect is due to the submarine topography and hence varies with the 
location angle B more strongly than with the wave original direction 
angle 6. Examination of the areas of poor and even negative correl- 
ation between the model and prototype showed that these were where 
low values in nature were associated with medium-high values in the 
model. The apparent reason was the presence of coral barrier reefs 
in nature, which were too near the coastline or too shallow to be 
minutely scalable in the model. 

i960 Tsunami 

The Chilean tsunami was simulated lastly on the model because 
of the inherent complication caused by the presence of four islands 
in line with the origin of the wave. In an effort to determine the 
incident wave directions to be used near Oahu for the simulation, a 
series of tests was made on the small scale model of all the islands, 
Table 2. Its wave generator was set up in three separate test runs to 
generate waves from the south, southeast and SSE directions in turn. 
Wave heights were recorded near the Oahu island perimeter at 12 
locations, using the same gages as used on the large model. The 
normalized data was plotted on a polar graph, and found to agree with 
the azimuthal distribution of the 1946, 1952 tsunamis on the large 
model. The local wave crest orientation, however, was not readily 
determinate. 

A wave refraction diagram was thereupon prepared to determine 
local wave direction input using the available transpacific wave 
refraction diagram presented by MacDonald et at  (Ref. I) for obtain- 
ing the incident direction of 135° southeast of Hawaii island. The 
local wave refraction and diffraction by the wave front method was 
carried out by A. Fallon and the wave crests and orthogonals determined. 
It was found that the incident wave near Oahu is an interrupted tsunami 
wave-front, refracted to an average approach direction of 124°, with 
the two branches diffracting on each side around the four islands - 
Hawaii, Maui, Lanai, and Molokai, in turn, to approach Oahu from two 
angles of 80° and 190°, reaching the shores on either side almost 
simuItaneously. 

The wave was simulated by aligning the model island's north at 
-124° to the line normal towards the wave generator, and interrupting 
a length of 10 ft. in front of the central portion of the wave gener- 
ator by an impervious wave absorbing barrier (Fig. 3). This resulted 
in two diffracted as well as refracted wave systems sweeping in from 
the end portions of the wave generator and approximately representing 
the desired condition in nature. 
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The model tests were completed in July 1968 with the running 
of a series of tests with the above simulated tsunami origin from 
the south-east to determine the shoreline wave distribution for the 
I960 Chilean tsunami event. 

The data for three parallel cases were then rigorously 
analyzed, namely, the following three cases: 

Table 2 

Final Model Test Data Series 

Series Direction 
from North, 6 

Source and data of 
simulated tsunami 

Wave periods 
in mode 1 

A 

B 

C 

354° 

310° 

124° 

Aleutians, 1946 

Kamchatka, 1952 

Chile, I960 

8,10,12 sec. 

8,10,12 sec. 

8,10,12 sec. 

Description of Test Prooedure 

For each test case, A, B, or C, there were altogether 36 wave 
measuring points, spaced 10° apart around the 50 meter (nature) deep 
perimeter of the island. At each point, as well as at a deep water 
location, wave probes were placed and records obtained for each of 
a series of four waves of 8, 10, 12 seconds, respectively. The wave 
generator was oriented relative to the model to generate a wave from 
the required direction. To accomplish this orientation, the model was 
rotated on its turntable and the offshore slopes adjusted to conform 
approximately to the underwater ridge connecting the islands. The wave 
period was then set, for 8, 10, and 12 seconds in turn and the generator 
run for four cycles in each case, creating four wave crests and starting 
with a crest. The record obtained contained the time-trace of the wave 
in deep water near the wave generator, and at the successive shore Iine 
positions with 10° increments where the other gage was located. Since 
the two gages were nominally identical and were calibrated to prove 
this identical linear response, the shoreline amplification of the wave 
was obtainable directly by reading the trough to crest values from the 
two traces and dividing the shallow water value by the deep water or 
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"reference value". This was done for two selected waves out of the 
sequence of four successive crests; namely (a) the first crest, 
measured from undisturbed level, (b) the third crest measured from 
the preceding trough level. These were called (a) "First arrival", 
(b) "third wave", respectively. 

Analysis of Data 

With three wave origin direction conditions and three periods 
at each direction, there were thus nine distributions of wave 
amplification of the "first arrival" and the "third wave" around the 
island. In order to abstract any existent general trend, first the 
distributions for 8, 10, 12 seconds were added together for each 
direction, giving a set of three distributions (for the three 
directions: A, B, C) for "first arrival" amplification around the 
island, and a corresponding set of three distributions for the "third 
wave" amplification around the island. 

Trends of Model Data Analyzed 

Upon inspection of these six distributions it was found that 
two clear trends emerged. 

1. The "first arrival" amplification showed a strong 
correlation with original wave approach direction, 
the amplification being a maximum approximately at 
the azimuth position around the island which faces 
the incoming wave system, and declining towards 
minimum at points +_  120° away from that maximum 
position (with a smaller secondary maximum at the 
position diametrically opposite). 

2. The "third wave" amplification, showed a strong 
correlation with individual features around the 
island periphery such as bays and points of land. 
The correlation with features appeared to be 
ascribable to resonant conditions being excited 
in some of the larger bays and bights and around 
headlands. This resonance was reached by the time 
of "third wave", but not the first, and persisted 
as a gradually diminishing surge after the sequence 
of four waves from the generator was over. 

Data Presentation 

The trends for 8, 10, 12 second period (model times)* 

Nature time is 141 x model time 
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waves were constant with each other and, although there were minor 
variations, the amplification distribution patterns were sufficiently 
similar that it is concluded that there were no sudden trend reversals 
likely with a slight period increase or decrease, and that an average 
of the data for the three periods was a well-enough representation of 
a typical tsunami case. 

The final data presentation is therefore in the following form- 

1. Distribution of "first arrival" amplification with 
respect to angle between shoreline position and 
original wave direction for each of three cases CFig. 4). 

2. Distribution of (I) above for the three cases 
combined (Fig. 5). 

3. Distribution of "third wave" amplification with 
respect to angle of shoreline position with true 
north for each of three cases of tsunami origin (Fig. 6). 

4. Distribution of (3) above for the three cases 
combined (Fig. 7). 

This model data is then comparable to prototype tsunami data 
from run-up records published (Refs. I, 2). 

Prototype Data 

Data for the three cases, A,B, C, (Table 2) were obtained from 
published tables and were plotted and digitized by 10° intervals 
around the island periphery to facilitate model to prototype correl- 
ations (Fig. 8, typ). Since there was no information on the "deep 
water wave height" in the prototype, and since the three cases A, B, 
C in the prototype had most likely different deep water wave heights, 
it was decided to remove a possible bias when comparing these to model 
data where A, B, C all had the same deep water wave height as follows 

The thirty-six digitized values of shoreline run-up height in 
nature for each case (A, B, or C) were added and an average value 
obtained. The individual values were then divided by this average. 
It was assumed this average would be proportional to the non- avail- 
able "deep water wave value", (Fig. 9). 

Prototype Tvends 

The data when so processed revealed a trend which agreed for 
all three cases, namely, a correlation of high values of relative 
shoreline run-up amplification with position around the island. 
For instance, the shoreline run-up would be high at a certain location 
compared to the average around the island, regardless of whether the 
tsunami originated from north, northwest or southeast. A fourth case, 
1957 tsunami, was also compared with this trend and found to agree as well 
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Model/Prototype Correlations 

Comparison of an individual model test with the prototype 
run-up distribution generally was not very encouraging (Fig. 10). 
It would agree in certain respects but not in others. Another test 
at a different period would give conflicting trends (Fig. II). It 
was realized that to attempt correlations by eye would be likely 
to introduce personal bias, as to whether the mode I/prototype 
correlation was good, bad, or indifferent. 

A rigorous correlation study was made for selected model test 
distributions for the 4 sec. period and Aleutian 1946 tsunami con- 
dition which formed part of the prhminary series of verification 
tests. The correlation study revealed fairly weak correlations at 
first, and after a major improvement in the offshore topography in 
the island model was made, the correlation was improved to 0.4 
(1.0 being ideal, and 0 being no correlation). 

It was concluded that two factors contributed to an apparent 
lack of strong model to prototype data correlation. 

1. Selectivity of model test conditions, which do not 
cover all possibilities of wave period and resonant 
interaction that might all contribute to the 
highest water mark in nature. 

2. Scale-effect, which influences the ultimate behavior 
of the water's edge. In nature the wave might break 
and reach pretentious heights against cliffs, in the 
model the topography is considerably generalized and 
surface tension prevents breaking of the very modest 
wave oscillations. Furthermore, the model data is 
taken for practical purposes at some distance from 
the actual shoreline (-50 meter contour- about 3 to 
6 inches out from the water's edge in the model) 
whereas the nature data is taken from the debris line 
left by the actual water line excursion inland. 

To avoid arriving at spurious correlations in some instances 
and none at others, the only comparison of model and prototype finally 
presented consists of comparing with each other (i) the distribution 
of "thiid-wave heights" around the model, (which showed a strong 
correspondence with position around perimeter) and (ii) the distri- 
bution of "maximum relative run-up" around the prototype island in 
nature (which likewise showed a strong correspondence with position 
around the perimeter). Comparing (i) with (II), the result is not a 
perfect match, and in fact is a rather poor agreement, although some- 
what better in certain places than in others (Fig. 12). 
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Causes for Lack of Positive Model/Prototype Agreement are. 

1. The effectsof nearshore submerged features, 
coral reefs, basalt outcrops,are not repro- 
duced in the model due to the large scale- 
reduction of 1.20,000. This is best seen in 
Kaneohe Bay and Kaena Point. The model data 
for each of these locations gives essentially 
one value respectively. MacDonald, Shepard and 
Cox in their paper on the 1946 Aleutian tsunami 
(Ref. I) show how the tsunami run-up varied 
near Kaena Point, and ascribe this due to coral 
reef outcrops. In the model the reefs are not 
reproducible and the water depth is of the same 
magnitude as the wave height. At Kaneohe Bay 
the reported surge is about 4 ft. maximum. The 
use of a 10 x greater scale for wave height in 
the model is perhaps the cause of questionable 
behavior in very shallow areas like Kaneohe Bay, 
where reef outcrops could not be represented on 
model scale. 

2. The effect of the model basin boundaries, and 
partial reflection and return of wave energy from 
the wave absorber beach in the basin. 

In nature the interaction of a "monochromatic" 
train of waves and an island of arbitrary shape 
leads to a scattering in radiating fashion of all 
the wave reflection that takes place off the 
island perimeter. Apart from some multiple reflec- 
tions between adjacent shorelines, this reflected 
energy radiates outwards eventually to be lost 
from the system. In the model, however, it is 
practically impossible to avoid some return of 
scattered energy from the confining side walls of 
the basin. The waves passing the model are intended 
to be perfectly absorbed by a sloping beach covered 
with rubberized hair Tests showed that about 60$ 
of the wave amplitude is absorbed and 40? returns 
to form a partial standing wave system with the 
incoming waves. The reflected waves eventually 
reflect once more off the wave generator end and 
decay eventually as standing waves having several 
nodal systems. 
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General Discussion on Use of a Sequence of Waves 

For the reason above of partial reflection by the basin 
boundaries, testing with a continuous train of waves would not 
be valid as some of the basin nodal lines would intersect the 
island perimeter and give spurious values of zero amplification, 
whereas the basin antinodal lines would give exaggerated ampli- 
fication values. 

The use of a short sequence of several waves (in this case 
4) does permit data to be obtained before the reflected waves 
return from the beach and sidewall to interact with the ampli- 
fication of the traveling wave system. The purest information 
will be obtained with a single crest or trough, since the return 
signal will be identifiable as a separate single wave of smaller 
amplitude occurring later in the record. Use of a single or 
solitary wave would give essentially the same data as the lead- 
ing wave of a short sequence, but since the solitary waves does 
not have a definite period, no information on resonance behavior 
of adjacent shorelines would be obtained. The use of a sequence of 
four waves was then decided upon by observation of the optimum 
^ehavior of traces obtained with I, 2, 3, 4, and more wave 
sequences (Fig. 13). 

Evaluation of Reliability of Model Data 

The model results are quantitative but are not to be 
interpreted as quantitative predictions  of prototype behavior; 
because: 

1. Prototype wave height input is unknown, hence 
model wave height input is an arbitrary choice. 

2. Prototype waves are spectral, whereas model 
waves are monochromatic. Absolute predicta- 
bility comes nearest in the first crest, and 
here the model results agree markedly well 
with theoretical prediction for an idealized 
conical island. 

3. The ultimate run-up in the prototype is greatly 
dependent on non-modelable features, e.g., cliffs, 
reefs, perimeter roads and roadside features, 
canefields, tropical vegetation, houses and 
streets, buildings, yards and lands. 

Apart from the above I imitations the model data are subject 
to certain artificially-imposed restrictions: 

I. Subjectivity in selection of wave period and 
origin, especially in a complicated case like 
the I960 Chile tsunami which is prior-refracted 
by four other islands. 



TSUANMI HEIGHT 1565 

2. Reflection and partial standing waves caused 
by side and end walls and beach in model basin. 

3. The model data are more reliable for the first 
arrival than for the later waves. 

4. The model data are considered more reliable on 
the exposed shore than on the lee shore with 
reference to the wave origin because the lee 
shore receives in addition to the refracted 
incoming wave, also the unrealistic partial 
reflection from the absorbing beach. 

5. The data from the model for the Barber's Point- 
Pearl Harbor-Diamond Head-Koko Head area appear 
to give higher wave amplificat ion than experienced 
in nature For two of the three test cases this 
is the lee-side with respect to incoming waves, 
and therefore subject to a back reflection from 
the model basin beach. For the third  case (Chile 
I960) the pre-conditioning of the incoming wave, 
to strike the south and east shores in a fashion 
in accordance with the theoretical wave refraction 
pattern (produced by the ridge to the south east 
forming the four islands south of Oahu) was not 
fully achieved. There is, therefore, some un- 
certainty in the data for this I960 Chile wave 
condition which is more so on the exposed south 
shores. 

6. The data obtained served to illustrate partially 
the type of general behavior that the tsunami 
wave system undergoes in its interaction with 
the nearshore island topography. 

Canolueions 

The model study of tsunami wave amplification around Oahu 
yielded quantitative data which correlate to a certain extent with 
field data. It yielded qualitative understanding of the phenomena 
involved in the process of interpreting the results obtained and 
increasing the precision of measurement and control of test procedure. 

Although the model data in itself do not show sufficiently 
strong correlations with observed data to permit detail prediction 
of inundation levels given a certain wave height, period and orien- 
tation, nevertheless a qualitative generalized behavior pattern is 
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evident, as has been stated in Trends of Model Data Analyzed. 
The prototype data trends a I so found in the course of this study 
are remarkably consistent. It is hoped that tsunami forecasting 
could make use of these two trends in arriving at a decision to 
call a tsunami alert, or to determine the area to be evacuated. 
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Figure 4. Model data, initial crest amplification. 

Figure 4    Mudel   da-la,   initial   <-rest amplification 

/ -\/ 

\ ..—•' 

•2 

/ 

lbo   goo 24o ZBO 3zo 

\ 

\ 
\/ 

0 .    .     4o so /2o /tfa   /SO p-e 
Figure 5. Average of three cases, inifial crest amplification. 

re*354° • 

tv /y 
/#o" ^70- /*©• 

\ 

Figure 6.   Model   data,   third  wave  amplification 

T3 

\ 
\ 

y\ 
\/£ 

'\, 

y 
/A 

/ 
\A- 

"\/ 
/ 

•/ 

/so   Too       T46 zed 320 °3       *° *° ***•*    'ao 

Figure 7.   Average of  three cases,  third wave amplification. 



1570 COASTAL   ENGINEERING 

X or Aj 

fxj-mode/ %,, 

\>-^/    . 7 X  V x-1   V Vy\ r^ 

* K> " , /^     \>f^_l\j. — +  

bivSr^'hrst Crest   <* 8se<:.+~*   ^ nature 
OAHU E 

a •       _   -        i        I_ _»_ i i _* I I  I 

180 270 
JB 

50 /SO 

Figure 8. Typical model-prototype correlation of data. 

H/ 
AV. 

r 
&iC»mch*tka N ^Tsunami      TJ I Tsunimf 

/946 

NHHAu 

J^   t 

/AtS£T-   LOCAT/t/V PLAAf 
SHOW/A/G   MAJ~OA   TSZ/HAM'S 

MOLGKAI 

LK-IHI^ < 

so        too 
tntles 

C chi/e. 
Tsunemt 

/ V — \            / 
A 

\ /" \ 
/---' V "\  / \ 

OAHU 
5        . W 

•  1 1 
N 
 i  

(•A 

> e 
•       i 

V 
•     s 

270 90 180 

Figure 9.  Average of prototype distribution of tsunami 
relative heights for three tsunamis. 



TSUNAMI HEIGHT 1571 

Figure 10. Prototype and Model Data for two periods, 
6=354°, Aleutian Tsunami. 

(a) Prototype (nature) 
(b) Model 4 - second period, continuous waves 
(c) Model 5 - second period, continuous waves 
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Figure II. Model data, showing effect of further variation 
of period, 7.6 sec, 10.7 sec, and 12.4 sec, 
respectively. 
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Figure 12. Comparison of distribution of (a) amplitude of 
initial crest, (b) height of wave first trough 
to second crest, (c) height of third wave 
(second trough to third crest), for an 8 sec. 
period, four wave sequence, as in Fig. 13. 
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Figure 13. (a) Typical data sequence, 8 sec. period, four 
waves (traces shown inverted). Plot of data 
in Fig. 12-c (Plot VIl-B). 

(b) Comparison of same wave sequence at six 
different positions in Test Basin (traces 
shown right way up). 


