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Tsunami Response at Wake Island:
A Model Study
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Wm. G. Van Dorn
Scripps Institution of Oceanography
University of California
La J olla, California 92037

ABSTRACT
The amplitude response to periodic plane waves incident upon an undistorted model of
Wake Island on a scale of 57,500: r was determined for a number of frequencies covering
the long-wave portion of the wave spectrum and from three different directions. For wavelengths long compared with the effecti'Ve circumference of the island-<lefined as that contour about which the long-wave travel time is a minimum-the response is essentially unity
and is independent of position around the island. For relatively short waves, the response is
irregular but is generally much greater than unity. These results are consistent with the
well-known behavior of sound waves scattered from circular cylinders.
It is concluded that small isolated islands are probably good observation platforms for the
low-frequency waves characteristic of destructive tsunamis but that substantial spectral modification occurs for the dispersive phase. At Wake Island, the shortest unperturbed period is
about ro minutes.

Introduction. In a previous paper (Van Dorn 1961 ), the source motion for
the tsunamis of March 9, 19 5 7 in the Andreanof Islands was estimated by
inverting the amplitude spectrum of a wave record obtained from a special
tsunami recording station at Wake Island. It was pointed out that some spectral modification of the record may have occurred because of refractive effects
around Wake Island itself, particularly since the station was located on the
opposite side of the island from the incident wave direction.
Because there is no general analytic method for quantitatively predicting
refractive effects for a real island and because Wake Island possesses unique
advantages as a permanent observation station, it seemed desirable to undertake
a model study of Wake Island to the largest practicable scale. The objective
was to calibrate it for the principal known directions of tsunami approach, such
that present and future tsunami records might be meaningfully interpreted.
This paper describes the results of such a model study; the analogue transfer
r. Accepted for publication and submitted to press 5 May 1970.
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response, as a function of frequency and position around the island, was determined for plane periodic waves approaching from 1 8° true, corresponding to
the epicentral direction for the tsunami of March 9, 1957. Response as a function of frequency at the location of the recording station was also determined
for waves approaching from Santiago, Chile (120° true) and from the Sanrikku
coast of H onshu, J apan (320° true).
Background. The literature on the interaction of long periodic waves with
islands has been summarized by Williams and Kartha (1966); they have also
reported results of their own rather extensive experiments. In brief, analytic
solutions for the amplification at the shoreline can be obtained for only a fairly
restricted class of circular islands, and of these the agreement between theory
and experiment is only qualitative, except for the simplest case of a right-circular
cylinder. My own investigations (Van Dorn 1966a, 1966 b) suggest that better
agreement would have been obtained had more consideration been given to
scattering and dissipation of wave energy at the tank boundari es. In particular,
appreciable energy is reflected from wave absorbing end slopes that are as small
as 0.1, and the only sure way to avoid partial clapotis is to remove the boundaries to a distance sufficient for steady-state conditions to be established before
the first reflections can return to the point of measurement.
Vastano and Reid ( 1967) have presented a numerical technique for computing wave response at islands of arbitrary shape and have demonstrated that
there is good agreement between such computer solutions and two cases for
which analytic solutions exist. More recently Vastano and Reid (197 0) have
applied this method to the experimental results presented herein; although they
obtained excellent agreement in directional response, their computed amplitudes were uniformly higher than those observed in these experiments. We
jointly ascribe this discrepancy to differences between the assumed and actual
boundary conditions (see Discussion).
In addition to wave scattering, wave trapping by islands is to be expected
under certain conditions. Trapping requires the existence of at least one complete refraction path around an island, which condition requires fairly regular
contours, with depth increasi ng at least as fast as the square of the radius
(Longuet-Higgins 1967). These conditions are not satisfi ed at Wake Island,
nor do the spectra computed from daily background records indicate recurring
energy peaks within the frequency band covered by the present experiments
(Van Dorn 1961).
Experimental Procedure. The experimental setup for this model study is
shown in Fig. 1. A shallow basin about I 2 m wide by I 5 m long was constructed within a large vacant building; on the concrete floor a rectangular
frame of boards 15 cm high was created; this was overlaid by plywood beaches
of 1: 8 slope around three sides to absorb waves rapidly between runs. The
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Figure r. Plan view of the experimental basin, showing the locations of the wave generator, the wave
sensors, and the model of Wake Island oriented to simulated waves from the tsunami of
March 9, 1957.

entire area was then covered with plastic film and filled with water to a depth
of about 9.4 cm 2 , corresponding, on a scale of 57,500: 1, to the mean depth
(5.2 km) of a wide sector of the North Pacific Ocean. A wave generator of
the vertical plunger type, having a triangular cross-section and a length of 3. 7 m,
was located along, and close to, the vertical tank end such that plane waves of
arbitrary frequency and amplitude could be generated by adjustments of the
speed and stroke of the generator motor.
An undistorted concrete model of Wake Island and of two adjacent sea
mounts, comprising a cluster with a radius of about 60 km (Fig. 2), was then
constructed to the same scale by projecting a photograph of a detailed topographic map onto plywood; long nails were driven along the contour lines and
were then cut off at the appropriate contour heights. Finally, light-weight
plaster was applied and smoothly troweled over the plywood base so that its
shape coincided with the tops of the nails. The island outline above the water
was cut from plywood and secured to the concrete basement, thus simulating a
vertical cliff rising upward from sea level.
Two free-field wave sensors were located at 1.5 m and 2.5 m from the
generator on a line bisecting the generator and the island model (Fig. 1 ). A
third sensor was clamped to a post on the island so that its position between
runs could be varied to any of nine positions around the island (Fig. 3); the
2 . The precise depth of the island va ried by about
buckling of the plywood island ba se and evaporation.

± t mm during t he experiments as a result of the
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Contour map of the Wake Island cluster, including two adjacent seamounts. A more detailed map was used in constructing the model. Contours in meters.

sensor probe was always maintained at a constant immersion depth of
about I mm and just above the 3-mm ( 1oo-fathom) contour painted on the
island. The wave sensors were Statham differential pressure transducers
having a reproducible (24-hr.) sensitivity of about 0.005 mm (Van Dorn
1966b).
Test runs in the basin were always conducted in a standard sequence. After
the water temperature was measured and the sensors were calibrated, first by
adding and then removing a known volume of water, a series of runs at different frequencies was made with the island sensor fixed in position. Then this
sensor was rotated to its next position, all sensors were recalibrated, and the
runs were repeated. For each run, the basin was absolutely calm when the
generator was started; the waves were generated until the first waves had
reached the far end of the basin and had reflected back to the island, as manifested by a significant and sudden increase in the amplitude at the sensor. The
generator was then stopped and the frequency was shifted for the next run;
by this time (5-10 min.) the basin was sufficiently quiet so that the generator
could be restarted.
When all nine positions for the island sensor had been recorded, the entire
island was rotated within the basin so that the new incident wave direction was
120° true (simulating waves from Chile); r r frequencies were run with the
island sensor in position 2, which is the revised location of the tsunami recorder
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Figure 3. Plan view of Wake Island, showing nine sensor locations for recording waves.

installed at Wake Island in 1960. Finally, the island was again rotated for incident waves from 320° true (from Japan), and the same frequencies were
rerun.
Results. Following completion of the experiments, the oscillograph records
of the wave amplitudes for all three stations were tabulated3 and corrected for
amplitude decay due to boundary dissipation (Van Dorn 1966a). This correction, which is a function of the wave frequency, the distance traveled, and the
depth and viscosity of the water, amounted at most to 20° /o for the highest
frequency considered. Fig. 4 shows six polar plots of the ratio 'YJ/'Y/o (island amplitude/mean of far-field amplitudes); these plots correspond to six imput wave
frequenci es, expressed as ratios to the least-time frequen cy w/w', defined by

(r)
here t' is the least time required for a long wave to circumnavigate a real island,
g is gravity, hi and Ct are the depth and circumference of the ith contour;
3. In reading amplitudes from the oscillograph reco rds, only the uniform-amplitude portion of each
ru n between the initial build-up at the island and the fi rst refl ected arrival was con sidered to be representati ve of steady-state conditions. While the timescale for such runs would have permitted the di ffracted
energy from the generator ends to refl ec t back from the basin-side slopes to the island, the diffracted
waves were of mu ch smaller amplitude, and there was no op tical ev idence of reflections that would have
disto rted the clearly defined incident-wave pattern.
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Figure 4. Polar roses, which give the experimental amplitude response, relative to the free-fi eld amplitudes, for six frequencies at the nine sensor positions.

w

+,..

342

Journal of Marine Research

30

E
--'

0.

0

E
0

30;:._--,---,--,----,-r-.---.--r-r----ir-.---.------r--.----,-.---,----,--,--,,-----,----,-:T:--,400
500
300
Time ofter shock I (min)

Figure 5. Record of the tsunami of March 9, 1957, at Wake Island, modified by highpass filtering and
correcting for hydraulic band-pass filter at the recording sta tion . Dark bar indicates time
period covered by frequ ency range of present experiments. Arrow indicates beginning of
significant perturbation by island.

the bracketed quantity is to be minimized by iteration. 4 The quantity C' /, n
might be thought of as the effective radius a' of a real island, in which case
w/w' = ka', where k is the incident wave number. To students of sound scattering by cylinders, the parameter ka' is familiar as an index of the transition
from weak forward-scattering (ka' < 1) to pronounced back-scattering with
strong shadowing on the lee side (ka' > 1) (Morse 1948: 302).
Somewhat the same tendency is shown in Fig. 4, although the symmetry of
the refraction pattern is markedly affected by the irregular shape of the island
as well as by the influence of the adjacent sea mounts, above which pronounced
perturbations of the wave field were plainly visible during the experiments.
For w/w' < 1, the wave response is essentially unity, and a wave recorder at
almost any location would give an unambiguous record. For w /w' > 1, large
amplifications appear on the incident side, with some shadowing in the lee
(Fig. 3: location 3).
Fig. 5 shows the first four hours of the original Wake record of the tsunami
of March 9, 1957 (Van Dorn 1961). This record has been high-pass filtered
to remove wave periods longer than 1 7 minutes and has been corrected for the
frequency response of the hydraulic filter at the recording station. The portion
of this record covered by the present response experiments is shown by the
heavy bar, which underlines roughly the first two hours of the record; the small
arrow crossing this bar corresponds to the frequency ratio w/w' = 1.55, beyond
which the record must be considered to be seriously contaminated by the presence of the island. This view is supported by the obvious appearance at this
time of modulation in the record, indicating concomittant phase interference
between waves propagating around the Island in opposite directions. Thus,only
about the first hour of the record can be interpreted without appropriate correction for frequency response. The response curves derived from these experiments for waves arriving at the site of the new tsunami station at Wake Island
from the Aleutians, Chile, and Japan are given in Fig. 6, and it is apparent
4 . For W ake Island, the relevant numbers are : h' e' = 900 m, t' = 360 sec, C' = 36.5 km.
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Figure 6. Amplitude response as a function of relative frequency and prototype period at sensor station
2, site of the present tsunami recording station at Wake Island, for waves approaching from
known tsunami generating regions.

that waves from Chile undergo relatively large enhancements if w/w' > o.6
( < 1o-min. period).
Discussion. The foregoing remarks, however, refer to only the fully resolved
or dispersive phase of a tsunami, i.e., to that portion of the wave spectrum into
which relatively large energy can be introduced only by rather substantial but
abrupt dislocations of small horizontal extent (a few water depths). It is becoming increasingly apparent that destructive tsunamis are characterized by bottom
uplifts or depressions that are some tens of thousands of square kilometers in
area. Such dislocations, at a distance, produce a low-frequency signature, which
may exhibit very little dispersion (Van Dorn 1964) and would suffer little if
any spectral alteration at an island as small as Wake.5 Therefore, until continuous deep-ocean monitoring of tsunamis becomes a practicable possibility,
small-island stations should continue to furnish quantitative information about
large tsunamis.
It was earlier remarked that the larger amplitude response of the numerical
models, vis a vis the hydraulic model, is most reasonably attributed to different
boundary conditions: the first concerns the radiation condition at the island,
the second, the finite length of the wave generator in the latter model. Either
or both of these conditions would contribute to the observed differences.
In the hydraulic model, the emergent portion of the island was configured
as a vertical cliff rising from the still-water level; the numerical model assumed
5. The 1957 tsunami contained abundant energy at low frequency, but it has been eliminated from
the record of Fig. 5 by filtering.
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a similar cliff-but rising from a depth of 1 oo fathoms. The latter is a stronger
radiation condition, which would be augmented by any frictional losses in the
hydraulic model.
The numerical model assumed infinitely long plane waves whereas the wave
generator in the hydraulic model was only about twice the diameter of the
model-island complex. By analogy to the theory for plane waves issuing through
a breakwater gap of finite length (Wiegel I 964 : I 88), one expects, with a finite
generator, that the island response would be attenuated by an amount that
depends in a complex way upon the wave frequency and by the size and distance
of the island relative to the generator. The above analogy is not good, however,
because the ends of the breakwater radiate scattered energy in a fashion just
opposite to that of the ends of the generator. Thus a precise estimate of this
effect is not possible, except to say that the correction would be smaller than
that given by the breakwater solution-about 30 °/o at the lowest frequency in
these experiments.
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