Chapter 2

Knowledge for Tsunami Survival

2.1 Tsunamis and the Coast
(1) Tsunamis in offshore areas (water depth >30 m)

Here, “offshore” means the open sea extending beyond the horizon
where the water depth is more than 30 m. The tsunami source area,
where tsunamis are generated, is generally in this area. Because a person
standing on the shore cannot see these waters, it is difficult for persons to
sense an approaching tsunami directly.

The “tsunami source area” is the area of the ocean where a tsunami is
generated. A tsunami is generated when the sea bottom ground is
displaced vertically by an earthquake, and this displacement is
transmitted to the sea surface, where it causes a similar displacement. As
will be discussed later, the sea surface is displaced very slowly at this
time, and the swelling of the sea surface can hardly be felt on ships
navigating these waters. However, it has frequently been reported that
crew members on ships sailing in a tsunami source area felt a trembling
short-period vibration during the earthquake. This vibration is called a
“seaquake.” This is thought to be a type of shaking due to elastic
vibration of the water caused by the short-period component of the sea
bottom ground movement. To date, there have been no reports of ships
that were damaged by seaquakes. A small boat was capsized in Toyama
Bay (Japan) during the Noto Earthquake on March 25, 2007. It has been
pointed out that its cause was a seaquake, but the facts in this case are
unclear.

Horizontal deformation of the sea bottom ground does not cause
large changes at the sea surface. However, large vertical displacement of
the sea bottom ground causes a corresponding large motion at the sea
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102 Chapter 2 Knowledge for Tsunami Survival

surface. In the tsunami source area, the sea bottom ground may move a
few meters (at maximum, about 5 m) in the vertical direction, and it is
estimated that this motion is completed in the duration of earthquake
tremors (1-2 minutes). From this, the deformation rate of the sea bottom
ground is small, being no more than 5 cm/s. Thus, it is an extremely
gradual deformation. If the large vertical displacement progresses at a
rate of no more than 5 cm/s and the deformation takes place over
1-2 minutes, the deformation of the sea surface may take a different
shape from the vertical deformation of the sea bottom ground. However,
because the size of the tsunami source area is so large ranging from
several 10 km to several 100 km, the sea surface is displaced in basically
the same shape as the displacement at the sea bottom ground, except at
the edges of the deformation region. Because the displacement takes
place over such a large area, even if there is some deviation in the
deformation at the edges, this difference induced by this displacement is
very small, and its effect on the tsunami is also small.

Figure 2.1 shows the vertical displacement of the sea bottom ground
by the 1498 Meio Earthquake (M=8.6), which occurred off the Pacific
coast of Japan. The solid line shows areas where the ground rose
(upheaval), and the dotted line shows areas that sank (subsidence). It is
estimated that the sea bottom ground rose approximately 4 m in this
earthquake. Based on the fact that the subsidence occurred near land,
while the upheaval occurred on the open sea side, the ground was
moved by the earthquake in such a way that it rode up from the land
side toward the open sea side, forming a reverse fault. Because the sea
bottom sank on the land side, it can be estimated that the tsunami which
reached the coast began with a backwash (receding water). According to
seismologists, when the fault plane is parallel to land, reverse faults
probably occur because the land side is heavier, and tsunamis tend to
begin with a backwash. There is a traditional belief that vigilance against
a tsunami is necessary when the sea water suddenly pulls back far out to
sea. This belief is correct; in many cases, tsunamis begin with this kind
of backwash. However, it is not correct to say that tsunamis always begin
with a backwash. If the sea bottom on the land side rises, the tsunami
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Fig. 2.1 Vertical displacement of the sea bottom by the Meio Earthquake (M=8.6,
September 20, 1498).

will begin with sea water surging onto land. There is a slight, but very
important difference in the expressions “When the sea water suddenly
pulls back to sea, a tsunami will attack” and “When a tsunami attacks,
the sea water will suddenly pull back to sea.” The first is true, but the
second is wrong.

A tsunami is a phenomenon in which the deformation of the sea
surface caused by the displacement of the sea bottom ground propagates,
radiating in all directions as a wave motion due to the action of gravity.
Because the tsunami source area is large, the period of tsunamis is long,
at more than 10 minutes. Therefore, in water depths from shallow
(<10 m) to very deep (>10,000 m), the speed at which a tsunami radiates,
or tsunami propagation velocity, C is given by the following equation:

C=\gh (1)
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104 Chapter 2 Knowledge for Tsunami Survival

where, h is the water depth (m) and g is the acceleration of gravity
(9.8 m/s?).

In the middle of the Pacific Ocean, where the average water depth is
4,000 m, tsunamis propagate at approximately 720 km/h. This is roughly
the same speed as a jet airplane. The tsunami caused by the M9.5 giant
earthquake off the coast of Chile in 1960 crossed the Pacific Ocean and
reached Japan on the opposite side in roughly one day, and caused heavy
damage on Japan’s Pacific coast. The waveform of the tsunami is
transmitted at the speed of a jet plane, but the water particles do not
actually move at this speed. Transmission of the tsunami waveform (that
is, the shape of the water surface) and movement of water particles are
completely different physical phenomena. In other words, although the
tsunami waveform was transmitted from Chile to Japan, this does not
mean that sea water (water particles) from the ocean off Chile was
transported to Japan. Many people say this concept is difficult to
understand.

To assist in understanding, let us consider a similar example. Image a
soccer stadium full of fans. In the stands, which are filled with tens of
thousands of people, a “wave” begins. Many readers have probably seen
this in person or on television. The fans, with their hands raised, simply
stand up slowly, and then sit down again. Everyone does this in order, at
the proper timing. From a distance, it looks like a huge swelling, or wave,
is circling the stands in a short time. Of course, the fans do not actually
move around the stadium. Each fan only makes a few small movements
at his or her own seat. The speed of this “wave” is decided by differences
in the timing of the movements of each pair of persons sitting side by
side. The wave travels quickly if the next person stands up immediately,
and travels more slowly if the next person waits briefly before standing.
However, the human sense is nearly the same in everybody, with no large
variations in their movement. As a result, it seems as though the wave is
transmitted at a roughly uniform speed. A tsunami corresponds to this
“wave,” and the movement of the water particles corresponds to the
movement of the fans.
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The velocity of water particles resulting from a tsunami, in other
words, the speed with which the water particles move, is at maximum
around 5 cm/s, assuming a tsunami with an amplitude of 1 m in the
center of the Pacific Ocean. In a tsunami with a period of 20 minutes, the
water moves in a reciprocating motion, advancing about 10 m and then
returning to its original position in one wave period. (“Amplitude” is
height from the center to the top or bottom of a wave; “period” is the
time it takes for one complete wave to pass a given point.) The average
movement velocity of the water is less than 2 cm/s, or only 72 m/h.
Because the height of tsunamis propagating in the Pacific Ocean is
considered to be several 10 cm, the speed of the water moved by a
tsunami is at most several cm/s. This means that ships navigating the
ocean scarcely notice a tsunami, even if they encounter one, and
navigation is not hindered by tsunamis. Similarly, if a person were
floating in the Pacific Ocean, the tsunami would not carry that person at
the speed of jet plane (speed at which the tsunami waveform is
transmitted), but rather, at the speed of the water particles, that is, several
cm/s.

The amplitude of a tsunami is several meters at the tsunami source
area, but this decreases as the tsunami propagates. The reason for this is
as follows: Because a tsunami propagates from the source area in all
directions, the propagation area increases as the propagation distance
becomes longer, resulting in weakening (“attenuation”) of the tsunami.
This phenomenon is called “distance attenuation.” Assuming propagation
of a tsunami radiating from a source in water of uniform depth,
attenuation is in inverse proportion to the square root of distance. In
actuality, however, because the tsunami transmission speed varies in
proportion to the square root of the water depth, as shown in Eq. (1), the
propagation velocity of a tsunami is influenced by the topography of the
sea bottom. Difference in the shape of the sea bottom (differences in
depth) cause bending, or “refraction” of different parts of the wave. This
means that tsunamis do not necessarily propagate in this radiating form,
and attenuation is not always in inverse proportion to the square root of
distance. Other types of attenuation are also caused during propagation
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106 Chapter 2 Knowledge for Tsunami Survival

of the tsunami by the viscosity of the water and friction with the sea
bottom. Because attenuation due to viscosity and friction is larger in the
short period fluctuation component, attenuation occurs from the short
period component. This means that the short period component is
gradually attenuated and the long period component tends to become
predominant as the propagation distance increases. For example,
tsunamis occurring near Japan have a period of around 10 to 40 minutes,
but when the 1960 Chilean Earthquake Tsunami reached Japan, its period
had increased to around 1 hour. As a result, even if a tsunami of the same
height attacks the same bay, the damage will sometimes differ greatly in
a tsunami originating in waters near Japan and a tsunami originating in a
remote area such as the Chilean Earthquake Tsunami. This difference is
caused due to the fact that the amplification of the tsunami depends on
the natural period of fluid motion of the sea water in a particular bay.
This phenomenon is called “resonance.” When a bay is attacked by a
tsunami that has a period close to its natural period, the tsunami is
amplified after it invaded the bay, resulting in a major inundation
disaster.

It should also be noted that the center of the tsunami source area is
not necessarily identical with the center or focus of the earthquake. In
many cases, the two are different. Therefore, the general practice is to
establish the fault plane from seismic observation records of the
earthquake, and then designate the tsunami source area by calculating the
displacement of the sea bottom ground from the movement of the fault
plane. On the other hand, when a tsunami is observed with tide gauges,
it is also possible to locate the starting point of the tsunami by
“inverse-propagation” of the tsunami, that is, by tracing back from the
times when the tsunami arrived at various observation points. This is
possible because the wave velocity of a tsunami is a function only of the
water depth, as shown in Eq. (1). The starting point of propagation of the
tsunami is designated by this type of inverse-propagation calculation
from each of the points where the tide (tsunami) level was measured, and
the region enveloped by various starting points thus calculated is
considered to be the tsunami source area.

TSUNAMI - To Survive from Tsunami
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/engineering/7345.html
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(2) Tsunamis in coastal areas (water depth 30 m to 2 m)

Assuming the eye height of a person standing on the shore is 1.8 m
above sea level, that person can theoretically see to a distance of about
4.8 km offshore. Because the earth is round, it is impossible to see
further than this. Actual visibility is probably no more than 3 km. A
Japanese children’s song says “The ocean is wide, the ocean is big,” but
the ocean that people can see from the shore is definitely not large. This
section will describe the deformation of tsunamis in the narrow range of
ocean that people can see. In terms of water depth, this is shallow waters
with a depth up to 30 m, assuming the seafloor slope is 1/100.

Even in shallow water, the velocity at which the tsunami waveform
propagates can be calculated by Eq. (1), just as in deeper water. Although
the propagation velocity of tsunamis is comparable to the speed of a jet
plane in the open ocean, this speed decreases steadily as the tsunami
approaches shore, from 62 km/h at a water depth of 30 m to 50, 35 and
25 km/h at depths of 20, 10 and 5 m, respectively. This is the speed of an
automobile, and closer to the shore, the speed of a bicycle. On the other
hand, as the water depth becomes shallower, the height of the tsunami
increases rapidly, in inverse proportion to the 1/4 power of the water
depth. The velocity of the water particles also increases. At the same time,
the waveform also changes greatly, with the wave front forming a steep
slope. A wave with a steep slope will deform in an attempt to stabilize,
but subsequent changes in the waveform will differ depending on the
slope of the sea bottom.

When the seafloor slope is extremely gentle with 1/200 or less, small
waves are generated on the surface of the water in an effort to maintain
the steep-sloped waveform on the front side of the tsunami wave. These
small waves have a period similar to that of ordinary wind waves,
1.e., 7-8 s. These waves ride on the main body of the tsunami and are
gradually amplified by energy supplied from there. The phenomenon by
which these short period waves appear is called ‘“soliton fission.” As
these short period waves develop, new short period waves are generated
behind them, and the number of short period waves increases. When
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108 Chapter 2 Knowledge for Tsunami Survival

short period waves reach a certain size relative to the water depth, they
break and quickly attenuate. Then, new waves develop next, and when
they achieve the conditions for breaking, they too break and quickly
decrease in size. This successive breaking during propagation continues
until finally only the main body of the tsunami remains. Because the
energy of the tsunami is used in the development of short period waves,
and this energy is lost when the short period waves break, the breaking of
the short period waves reduces the size of the main body of the tsunami.
If the slope becomes steep while these short period waves exist, the short
period waves will break suddenly on the steep slope. Because the main
body of the tsunami will still remain, even in this condition, the tsunami
will be reflected by the coast toward the open sea, regardless of whether
the seafloor slope is gentle or steep. If people are engulfed in breaking
short period waves, they will be violently tossed about by the breaking
waves, become unable to control their situation, and may drown.

When the seafloor slope is somewhat steeper, in the range of 1/50 to
1/100, the size of a tsunami will increase due to “shallow water
deformation” as the wave advances toward shore and the water becomes
shallower. The front side of the tsunami wave becomes steeper, causing
soliton fission, but the waves will break immediately near the shoreline.
In this case, the soliton fission waves break together with the main body
of the tsunami. People who are engulfed under these conditions are in
extreme danger. When the seafloor slope is steeper than this range, the
tsunami will be completely reflected without breaking, and will display
the behavior of a standing wave. Under these conditions, there is a high
possibility of survival if a person can grasp some floating object.
Moreover, it is also possible to hold onto an object under this condition.

The following will present experimental results showing the form of
actual tsunamis.

Figure 2.2(a) shows a wave channel which is used to generate
artificial tsunamis. In this 50-m long channel, the front slope rises at
1/10, after which the channel is connected to a reef of uniform water
depth. The length of the reef is 20 m. Near the shore line, the channel
simulates a coast with a uniform slope of 1/20. In the experiment, a
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10-cm model seawall is placed on the coast at a position 2 cm above the
still water level (SWL). Supposing a tsunami attack on a reef-type coast
of this kind, an experiment was performed using various water depths at
the reef. If the scale of this model experiment is considered to be 1/100,

] h=0.05,0.1,0.2m
WG9WG10
1.5m WGO WG WG2 WG3 WG4 WG5 WG6 WG7 WG
} —Z } Z | 1:20 037,
ho=0.35,04,0.5m ” 0.3m 042,
. | 5| — 0.52m
100m ~'1.5m' 20.0m !
| <5 0.1m I
50.0m

(a) Simulated topography in tsunami channel

Incident tsunami

(b) Tsunami deformation in a shallow sea of 5 m (at actual scale: 7o = 3 m, T = 5 min,
H=5m)

Fig. 2.2 Deformation of the tsunami waveform depending on the relationship between

tsunami height and water depth.
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