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ABSTRACT

The directional properties of tsunamis generated by circular and elongated sources are being studied by means
of maximum amplitede contowrs. For the tsunami source located in the Gulf of Alaska along the Aleutian
Islands, the main lobe of energy is directed towards the south and southeast. The time dependent tsunami signal
over the shelf and at the open ocean depicts a considerable difference, probably a result of the shell resonance.
Coriolis effects are only noticeable over the shelf regions where the longer period tsunami waves are generated.

1. Introduction

The international seismological community has been
speculating the occurrence of a major earthquake, in
the near future, in the Shumagin Seismic Gap area of
the eastern part of the Aleutian Island chain (Davies
etal. 1981, Beavan et al, 1983, Jacob 1984). Although
the direct effects of the earthquake are expected to be
confined to the Aleutian Islands and Alaska, the in-
direct effeets, mainly the quake generated tsunami
waves, are expected to travel the Pacific, oceanwide,
causing the loss of live and the destruction of property.

Kowalik and Murty (1984) have numerically sim-
ulated this expected tsunami using a spherical polar
coordinate grid for a portion of the northeast part of
the Pacific Ocean. They assumed a square shaped
source area in the Shumagin Island region, centered
on 161°W longitude. The numerical model results
showed that most of the tsunami energy will be directed
towards the Hawaiian Islands, with considerable energy
directed toward Alaska and a limited amount towards
the coastlines of the province of British Columbia and
the states of Washington, Oregon and California. Very
little energy will enter the shallow Bering Sea.

These results are somewhat in variance with the en-
ergy distribution of the 1964 Alaska earthquake gen-
erated tsunami (Hwang and Divoky 1970). A major
part of the energy of the 1964 tsunami was directed
toward California, whereas for the Shumagin tsunami,
Hawaii should receive more energy than California.

This paper expands upon earlier work to include
different shapes, sizes and orientation of the sources.
The grid for the numerical model is considerably more
refined than that of the previous research. Using this
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model, we have attempted to analyze the influence of
Coriolis effect on tsunami amplitude and behavior of
the tsunami over the shelf and in the open ocean.

2. Numerical model

Earlier sample calculations showed little difference
in the results using nonlinear advective terms in the
equations as compared to the advection free equations.
Hence, all subsequent calculations were carried out
neglecting advective terms in the equation of motion.

The equations of motion and continuity in a spher-
ical polar system of coordinates are (e.g., see Murty
1984)
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Here X is the east longitude, ¢ is the north latitude,
R is the radius of the earth, s the Coriolis parameter,
gis gravity, H(\, ¢) is the water depth in the equilibrium
state, 5 is the deviation of the free surface from the
equilibrium level, and  is the bottom displacement,
[7 and V are the east and north components of the
depth-averaged current, { is time, r is a bottom friction
cocfficient, and W = (U? + ¥9)'2, The bottom friction
influences the tsunami in the shallow areas only, where
the depth is less than 50 m. As for the boundary con-
ditions, a radiation condition is used at the open
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boundaries, and at the shore the normal velocity is
equated to zero. The radiation condition applied on
the offshore boundary is a modification of the original -
condition proposed by Reid and Bodine ( 1968). At the
meridional boundary,

g. 1z
U= -t(rﬁE— ’2) (4a)
and at the zonal boundary,
142
V= j;(nzﬁ— Ul) . (4b)

The signs are taken in such a manner that the wave
will propagate outward from the computational do-
main. The grid scheme and the finite difference forms
used here are similar to those in Ramming and Kowalik
(1980). The model is calibrated against tides and storm
surges in the polar regions (Kowalik, 1984). Since
tsunamis are long gravity waves, such as tides and storm
surges, the model calibration also 1s believed to be valid
for a tsunami.

The grid used in this refined model has a spacing of
10} minutes (one-sixth of a degree) in the longitudinal
direction and 7.5 minutes (one-eighth of a degree) in
the latitudinal direction. In this grid the longest linear
grid spacing is less than 14 km. The equations of mo-
tion and continuity are solved over the northeastern
Pacific area depicted in Fig. 1,

3. Specification of source characteristics and results

The series of experiments is carried out for a circular
source of about 140 km in diameter and a rectangular
source 80 km wide and 500 km long, located along the
trench. In all experiments the bottom rises 10 m in
10 5.
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Fra. 1. Mortheast part of the Pacific Ocean showing the depth
distribution and locations where detailed tsunami studies will be car-
ried out. S—source area, ¥—WValdez, H—open occan location.
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Fuiz. 2. Tsunami travel-time contours for the wposraphy given in
Fig. 1. Shaded area shows the circular source region.
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An earthquake causes both bottom rise and subsi-
dence; therefore a tsunami source is not a monopole,
but rather a dipole. In this work we have taken a
monopole tsunami source to derive a simple relation-
ship between the source and its directional properties.

The tsunami generation and propagation from the
circular source is being studied for the following cases:
a) real bottom distribution and two subcases—al) Co-
riolis force is taken into account and a2) Coriolis force
is excluded from the equations, and b) Constant depth
of 4000 m is set everywhere. For case b, only the ex-
periment with the Coriolis force has been run.

The circular source is located in the Shumagin Island
area with the depth ranging from 20 m at the northern
part to about 4000 m at the southern part of the source
{Point S'in Fig. 1). The results from the circular source
with both realistic bottom and Coriolis force included,
are plotted in Figs. 2 and 3. Tsunami travel-time con-
tours are shown in Fig. 2. Figure 3 contains a distri-
bution of the maximum amplitude which will serve to
describe directional properties of the tsunami sources.
The continuous lines in Fig. 3 depict semicircles of
500- and 1000-km radius. A few great circle meridians
{0°, 30°, 45°, 60°), whose pole is at the source center,
are also drawn in Fig. 3. The meridians are labeled
starting from the southern direction. A comparison of
the location of the semicircles and meridians and con-
tours of equal amplitude shows that the tsunami energy
is directed mostly to the south and southeast.

Initial observations of the directional properties seem
to indicate that the averaged-in-time energy flux can
serve as an objective measure of the directional prop-
erties of a tsunami source, but the tsunami signal often
displays a strong variability in time. A signal radiated
towards an open ocean (Figs. 7 and 11) displays only
one spike followed by the low amplitude signal. Ap-
plication of the averaged energy flux, or wave ampli-
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FiG. 3. Dhistribution of the maximum amplitude of the tsunami
{em) for the circular source and realistic bottom topogeaphy. Con-
tinuous lines describe 500 and 1000 km semicircles, Great circle
meridians (0°, 307, 457, 607) whose pole is at the source center are
labeled starting from the south,

tude, may smear the influence of the leading peak and
set the results which are unacceptable from a practical
point of view. Usually, a tsunami can be described ad-
equately by the leading wave amplitude, however, the
leading wave may not be the one with the largest am-
plitude. Therefore, to describe the directional properties
of a tsunami source we shall use the maximum am-
plitude which occurs in the tsunami wave record.

The case of circular source and constant depth is
given in Figs. 4 and 5. Again, Fig. 4 describes travel
time contours which in the Pacific area are the great
circles with their pole located at the source center. The
waves enter the Bering Sea through the various gaps
between the islands. Consequently, the travel time
contours are the result of superposition of the secondary
sources. Figure 5 depicts the maximum amplitude
contours. Comparison of Figs. 3 and 5 leads to the
conclusion that the differences in amplitude directional
properties are caused not only by the coastline, but
also by depth distribution.

To study the influence of the Coriolis effect on the
tsunami propagation, the signal from the circular
source is compared for the two cases, i.e., with and
without Coriolis terms in Egs. (1) and (2). Reid and
Kim (1985) used a simple numerical model and showed
that the leading positive peak is decreased due to ro-
tation. Voit and Sebekin { 1985) suggested that the in-
fluence of rotation is related to the source properties
and can be estimated through a parameter Lij(gH)">,
where L is the linear scale of the tsunami source. In
the present study, the influence of the Coriolis effect is
shown through a signal at Valdez (Fig. ) and at the
open ocean location (Fig. 7). The broken line in these
figures depicts the Coriolis force and the continuous
line represents the case when the Coriolis force is ne-
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Fiz, 4. Tsunami travel-time contours for the constant depth of
4000 m, Shaded area shows the circular source region,

glected. A comparison of the tsunami at other locations
(not shown here) leads to the conclusion that at the
shelf locations the amplitude, and often the phase, are
changed because of the Coriolis effect. The open ocean
location {Fig. 7), which consists only of the short time
oscillation, does not show any influence of Coriolis
force on the tsunami propagation.

Slow rotational movement, introduced into equa-
tions of motion through the Coriolis terms, tends to
influence the tsunami amplitude only when the period
of oscillation is long enough, and this probably explains
the different Coriolis effects at the shelf and at the open
OCean.

The influence of the elongated source on the tsunami
propagation and directivity have been studied by lo-
cating a tsunami source along the Aleutian Trench. In

G0N

B&=

[ili ] oy

457
180°

180" 1507 140% 130? 120%W

Fig. 3. Distribution of the maximum amplitude of the tsunami
generated by the source in Fig. 4.
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FiG. 6. Influence of Corniolis force on tsunami propagation. Coriolis
force included—broken line; Coriolis force neglected—solid line.
Tsunami amplitudes {(cm) are computed for the circular source and
realistic bottom distribution. Zero time refers (o the instant of tsunami
generation, Location—Yaldez (Point ¥V in Fig. 1).

the source region, the depth changes from 1000 m at
the northern side, 6000 m at the axis and to approxi-
mately 4000 m at the southern part. For this case study,
Fig. 8 describes travel time, and Fig. 9 depicts maxi-
mum sea level distribution. This source possesses a very
strong directional characteristic with the main lobe di-
rected south-southeast, which is very similar to Fig. 3.

The directivity properties of an elongated source can
be studied by the approach proposed by Zielinski and
Saxena (1984). In an ocean of constant depth (H), they
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FiG. 7. As in Fig. 6 but for the open ocean location
{Point H in Fig. 1).
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Fic. 8. Tsunami travel-time contours. The shaded area shows the
source region located along the Aleutian Trench. Depth distribution
asin Fig. 1.

characterized the directivity of a tsunami by half-energy
beam width (1),

0.4337 VeH

L

where T is tsunami period and L is length of tsunami
source.

Assuming a period of tsunami T = 30 min and depth
H = 4000 m, the resulting beam width equals 36°.
Unfortunately, the application of these results, when
used to explain the distribution depicted in Fig. 9, is
not straightforward. Because of the depth varation,
the energy distribution is far from being uniform.

For two sources studied, we have compared tsunami
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Fic. 9. Distribution of the maximum amplitude
of the tsunami (cm).
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Fic. 10, Computed tsunami amplitudes (cm) a5 a function of time
for the various sources at Valdez (V in Fig. 1), Continuous line—
circular source, dotted linc—source located along the trench. Zero
time refers to the instant of lsunami generation.

amplitude as a function of time in the various locations.
The results are given for the Valdez location (Fig. 10)
and the open ocean location (Fig. 11). In these figures
the continuous line describes the results from the cir-
cular source and the dotted line gives the results from
the source situated along the trench. Valdez and other
shelf locations (not shown here) display regular time
dependence, and in the same location independently
trom the source of tsunami the shape and periodicity
of the signal is very similar. On the other hand, as we
have seen above, the signal from the circular source
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FiG, 11, Asin Fig. 10, but for the open ocean (Point H in Fig. 1).
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Fici. 12. Computed tsunami amplitude (cm) as a function of time
ot the center of the circular source,

{or elongated source) displays at the shelf and open
ocean locations very different characters—like response
from two different sources. Such behavior has been
confirmed by Loomis (1966) through the spectral anal-
ysis of tsunamis from the stations in the Hawaiian Is-
lands. The signals from the different tsunami events
displayed very similar specira at the same station, while
the same tsunami event at the various stations was un-
correlated. This result indictates that the shelf response
to the tsunami is rather selective, Thompson and Van
Dorn {1983) studied the coastal response to tsunamis
and concluded that the tsunami spectra are dominated
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FiG. 13. Computed tsunami amplitude {cm) as a function of time
at the center of the elongated source,






