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Estimation of tsunami energy and efficiency

on the fault model

Abstract

The efficiency of a tsunami is modified to define the ratio of the dynamic
energy to the total one. The dynamic energy, total energy and the efficiency are
calculated for the incompressible sea water with a uniform depth.  The displace-
ment field of the sea bottom is due to the fault model and the generation is appro-
ximated to be instanteneous. The effects of the fault length, dip angle and fault
depth on these energies and efficiency are investigated.  Both the energies are
proportional to the length. The total energy has a maximum value at a dip angle
of 50° for the dip-angle dependence and does not decrease with a fault depth for the
range of a unit depth. The efficiency does not depend on the fault length. It
shows a concave curve for the dip-angle dependence and is approximated to be an

exponential decrease for the fault depth.
Introduction

An earthquake is an sudden release of the strain energy stored in the earth’s
crust. Most of the released energy is exchanged into the seismic wave energy and
the generating energy of the fault. A part of it is exchanged into the thermal
energy accompanied with a generation of the fault plane. If the earthquake has
a focus under the sea bottom, it is necessary to take into consideration of the sea
water in addition to the solid earth. 1In this case a part of the fault energy is
exchanged into the potential energy of the sea water. As a result of the energy
transmission, the sea surface elevates or depresses.  This deformation of the sea
surface is the origin of a tsunami. Thus a part of the total energy which the solid
earth gave the sea water is exchanged into the tsunami energy.

In relation to this problem Miyoshi (1954) took notice of both the energies
on the sea surface and at the bottom, and he proposed a concept of the efficiency.
Kajiura (1970) obtained an expression for the total energy, which the solid earth
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gave the sea water, consisting of a static energy and dynamic energy based on a
hydrostatic condition and he discussed a time dependence of the dynamic energy for
a circular model and a rectangular model.

Meanwhile a fault theory was developed by Mansinha and Smylie (1971) etc.
made it possible to explain the co-seismic deformation on the earth’s surface.  Since
Aida (1972) used the fault model as the generation model of the 1968 Hyuganada
tsunami, many tsunamis occurred near Japan have been investigated onit. He also
showed that the dynamic energy is estimable if all the fault parameters are known.
In addition to the dynamic energy it is important to estimate the total energy
given to the sea water in the consideration of the energy balance in an earthquake.
In this paper variatons of the total energy, dynamic energy and the efficiency are

systematically investigated for the fault length, dip angle and fault depth.
Total energy, dynamic energy and efficiency

In case of the instanteneous deformation, the total energy transferred to the

water, Er, and dynamic energy, Ep, are written by Kajiura (1970) in the form of

1-;;,:-5.. pgs L Dids -everenssnmmsssiinsisnmininiisissssssssssssssnesesses (1)

Er=pgh V=pgh 5 S.\' 3 T o) 2

in which p is a density of the sea water, g is the acceleration due to gravity and
h is a constant depth of the sea. Here D is the vertical displacement of the sea
bottom, S is the total area of the deformation and V is the total volume of the
bottom deformation.

Miyoshi (1954) defined the efficiency, &, and according to the notation described
above it is written in the form of

8=E11/(EI'+E.'}) S e e ()
When it is considered from the viewpoint of the energy balance, it is better to
define the efficiency, Ey, as the transmission rate. That is
For the numerical estimation the difference between & and Ey is small enough to
be neglected when the sea depth, h, is large enough to the displacement, D.  In
that time E; is nearly equal to &€ snce Er is much larger than Ep.

The vertical displacement D is calculated on the analytic expression by Man-
sinha and Smylie (1971). The fault geometry and coordinate system is shown in
Figure 1. The reverse fault with a pure dip slip (A=90°) is most effective in the
tsunami generation since the horizontal component is the smallest in the displace-

ment vector.  Accordingly only the reverse fault with a pure dip slip is dealt in

S
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Figure 1. Fault geometry and coordinate system.

this paper. The vertical displacement field due to the normal fault with a pure
dip slip is also obtainable from the result of the reverse fault with exchanging the
sign of the displacement.

Before the energy estimation the fault geometry is simplified and the width is
fixed in the relation of

This relation gives a smaller width than that on the seismological evidences obtain-
ed by Abe Ka (1975) and Geller (1976), independently and is based on the resear-
ches for the tsunami generating model, for example, by Abe Ku (1976, 1977) and
Aida (1977).  The dynamic energy E;, total energy Er, and the efficiency Es are
estimated from the formulas (1), (2), (4) with a numerical integration. For the
estimation a grid interval is selected to be L/25 because of the computing time.
The integral range is taken from 0 to 8L along the y axis and from —W-(d/3) tan
8 to —W+-(d/3) tan 8-+4-2.4L along the x axis.

Convergence of integration
An example of the vertical displacement field is shown in Figure 2.  This

figure is obtained for the reverse fault of a small depth and low dip angle. Matsu-

ura and Sato (1975) discussed the relation between the displacement pattern and
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Figure 2. An example of the vertical displacement field calculated for the

reverse fault with a pure dip-slip component. The rectangle
with a solid line is the fault plane projected on the sea bottom
The lower half is neglected because of the symmetry.

the fault parameters to determine the fault model from the observed co-seismic
deformation at the earth’s surface. ~ From this figure it is found that the equi-
displacement line, for example, in the case of D/U= —0.003, expands far away and
comes to the distance of 2L in the strike direction.  This decrease of the displace-
ment field due to the distance has an important relation for getting an exact solu-

A

Thus a convergence of the solution was investigated for two energies.

tion.
typical fault model of L=100km, W=33km, d=1km, §=30° and U=1m was taken

Both the energy values were calculated for various integration

for this purpose.
areas, which include an epicentral region, under the constant grid interval of L/25.

An exactness of the solution is estimable from

The result is shown in Figure 3a.
The dynamic energy shows a fast convergence and three figures were

this figure.
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obtained for 208y, in which So expresses the fault area. On the other hand the
total one shows a slow convergence and only one figure was obtained for 425, It
takes a long calculation time to obtain an exact value for the total energy.  With
a short one two figures for the total energy were obtainable as follows: From this

convergence curve the solution is assumed in the form of

Eo Er
1013 102!
4 -4
erg erg
Ep
3:_.:._ it LR e v, -3
2k -2
i Figure 3a.
L Convergences of the integrated values.
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Ep=T4e BS/80 i s Prsraeraesriee (6)
where T is the final solution at the infinity of the area S and p is a constant.
For various values of T' the best fit value is obtained from the curve fitting as
shown in Figure 3b.  Thus the value obtained is 1.5%x102 erg.  All the values
which will be discussed later were calculated in this method. Two figures are

accurately obtained for the total energy.
Results
At the first time the relation between energies and fault length was investi-

gated. Under the assumption of the low dip angle and small depth ratio both the

energies were calculated and normalized ones are shown in Figure 4a.  Normali-
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Figure 4a. L 10km
Fault length dependence of the dynamic Figure 4b.
energy Ep and the total one Er. The dip Efficiencies versus fault length under the
angle and depth ratio are assumed to be same conditions asshown in Figure 4a.

30° and 0.01, respectively.  Epo and Ero
are normalization factors.
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zation factor are taken to be —g—ngzI,W and pg UhLW for En and Er, res-

pectively. It is found that they are independent of the fault length. The constants
obtained are 1.74 % 1071 for the dynamic energy and 3.2x 107! for the total one. The
fact shows that both the energies are proportional to the fault length.  The fault
length dependence of the efficiency is shown in Figure 4b. Two cases were calcu-
lated for the typical sea depths of 3000m and 100m in the assumption of the unit
dislocation.  The efficiency is also independent of the length. The constants are
obtained to be 1.7x 1074 and 5.0 x 1073 for the sea depths of 3000m and 100m, respe-
ctively.  Since the dislocation is frequently observed to be a few meter it is found
that the tsunami on the shelf of the Japan Sea has one of the order of 1073 —10-2.
The ratio of U/2h, which is approximately derived from (4), is useful to the order
estimation of the efficiency.

In the next place the dip-angle dependence was calculated for a shallow fault

Ef
10%-
C h=100m
B o
EnEos
Ev‘E-u:— !63___
i h=3000m
164_—
1072 L | (L I [ | =5
IO 1 1 1 1 | 1 = L
10°20°30 40 50 60 70 80 0 10 20 30 40 50 60 70 80° 4
Figure 5a. Figure 5b.
Variation of both the energies due to the Efficiencies caleulated for the same
dip angle. Fault length and depth are as-  parameters as shown is Figure 5a.

sumed to be 100km and 0.1L, respectively.
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of d/L=0.01. The result is shown in Figure 5a. It is found that the total energy
describes a convex curve which has a maximum value of 2.9%10°1 at 60° and the
dynamic energy shows a monotoneous increase toward 90°.  Within the range from
20° to 60° both the energies have the nearly equal values and they are approxima-
ted to be proportional to the dip angle.  The dip-angle dependence of the efficiency
was investigated for the same depth and unit dislocation.  This is shown in Figure
5b. Tt is a concave curve to have a minimum at 50°.  From this figure the variation
due to the dip angle is smaller than that due to the sea depth. It is concluded

that the dip-angle effect is small enough to the sea-depth effect.  Finally the energy

Efi0-

En/Eve
ET/E'I{

h=3000m

16‘_—
162 " D S R N S -2 O M| AN I [ s [ ST P ) (i | [
0.5 1.0 d/L O 05 10 d/,
Figure Ga. Figure Gb.
Fault dependence caleulated for the dip Fault depth dependence of the efficiency under
angle of 30°. the dip angle of 30° Dotted line is an appro-

ximation of the form of Ey=~k(h)et-04/L

— 10 —
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decrease due to the fault depth was calculated for the low dip-angle. In the relation
to the fault depth Yamashita and Sato (1974) pointed out the existence of the opti-
mal depth based on the theoretical marigram.  Aida (1977) obtained a decreasing
curve of the dynamic energy, which is called the potential energy in his paper, due
to the fault depth in the process of the research for the past large tsunamis. In
our case the calculation was carried out for the dip angle of 30° within the range
of the normarized depth from 0.01 to 1.0. It is shown in Figure 6a. Though this
result is derived for a slight different dip-angle from the one by Aida (1977), it is
found to show the same result for the fault depth. It is important that the effect
is expressed as a function of the depth ratio to the length. The maximum value
of the dynamic energy represents itself at the depth ratio of 0.05 and beyond the
value it decreases rapidly.  On the other hand the total energy shows a monoto-
neous increase toward the depth ratio of 1.0. This result is related to the fact that
the deformed area increases with the depth ratio in spite of the decrease of the
maximum vertical displacement, at the earth’s surface. The efficiency is also calcu-
lated under the same condition described above. 1t is shown in Figure 6b. It
shows a monotoneous decrease with the depth ratio. The decreasing curve is
approximated with an exponential one for the depth ratio smaller than 0.5. Accor-

dingly the efficiency takes a maximum value for the surface generation.
Discussion

For the 1933 Sanriku earthquake Abe Ku (1978) obtained a fault model consis-
tent with the tsunami data. His model is consisted of the normal fault of the
length of 265km, width of 80km, fault depth of 0km, dip angle of 30° and dislo-
cation of —3.3m. The sea depth is assumed to be uniform and 3000m. When
the deviations of the width ratio to the length and depth ratio is approximated
to be small enough between his model and the example shown in Figure 3a, it is
possible to apply this result to his model.  Since the normalization factors are
calculated as follows ;

%ngz LW=12x10%erg
and

pgUhLW=—-21x10%erg
in which the values of p and g are assumed to be 1.02g/cm3 and 980cm/sec?, respec-
tively. In the use of the constants shown in Figure 4a the dynamic energy and
total one are calculated to he 2.0x 102! erg and —6.7 %102 erg, respectively. The
negative total energy shows the fact that the energy was transmitted from the

water column to the solid hottom as shown by Kajiura (1970). The effiiciency is

—_11 —
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estimated to be —3.0x107%.  The negative efficiency corresponds with the normal
fault.

Concluding remarks

1. The efficiency is modified to show the transmission rate of the energy from
the solid earth to the sea bottom.

2. The dynamic energy and total energies are proportional to the fault length.

3. The dynamic energy is a monotoneous increasing function with the dip
angle.  On the other hand the total one describes a convex curve for the dip angle
and a maximum value at 60°.  The effect of the dip angle for the efficincy is repre-
sented with a concave curve with its minimum value at 50°.

4. In the variation for the fault depth the dynamic energy has a maximum
value at 0.05d/L and beyond the depth it decreases rapidly. The total one increa-
ses monotoneously with an increase of the depth. The efficiency is approximated
to be an exponential decrease.

5. It is comparatively easy to get a solution exactly for the dynamic energy
but it is difficult to get a solution for the total one because of a slow convergence,
In this case it is estimated that the significant figures are three and two for the
dynamic energy and total one, respectively.
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