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ABSTRACT

The coasts facing the Pacific Ocean around Shikoku island in Japan have been
attacked by huge tsunamis at intervals of 100-150 years. These tsunamis have inflicted
severe damage on human lives and houses in towns and villages along the coast. In
order to clarify tsunami characteristics, old data on the heights of four big historical
tsunamis along the Shikcku coast have been re-examined. New data, including the
inundation heights of three of the historical tsunamis, have been compared with those of
the fourth, the 1946 tsunami.

Then, the inundation heights of these historical tsunamis were compared with
the values calculated by numerical simulations and the tsunami heights of the 1854
tsunami reproduced using the data of the 1946 tsunami.

INTRODUCTION

The oldest tsunami recorded in a historical document in Japan occurred in 684
and since then many tsunamis have been recorded in historical documents. Figure 1
shows a tsunami map in Japan, The circles show the historical epicenters of
earthquakes generated in the sea regioh bear the Japanese coast which caused
tsunamis. The size of each circle expresses the tsunami scaie or tsunami magnitude m.
The coasts facing the Pacific Ocean around Shikoku island in Japan have been attacked
by huge tsunamis at intervals of 100-150 years. These tsunamis have inflicted severe
damage on human lives and houses in towns and villages along the coast.

First, data on four big historical tsunamis aleng the Shikoku coast were re-
examined in detail in addition to informations of old documents discovered in the recent
several years. The tsunamis chosen as the subject of this study are as follows; the Keicyo
tsunami on February 3, 1605 (tsunami magnitude m=3, death toll about 2,500 on Shikoku
island), the Hoei tsunami on October 28, 1707 (m=4, death toll about 2,800 in Kochi
Prefecture), the Ansei Nankai tsunami of December 24, 1854 {m=4, death tolls about 380
in Kochi, and 90 in Tokushima Prefectures) and the Shewa Nankai tsunami on
December 21, 1946 (m=3, death toll about 1,300 in Japan:.

Second, the inundation heights of three historical tsunamis were compared with
those of the 1946 tsunami at a location where the tsunami data had been recorded along
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the Shikoku coast Although the tsunamis attacked the same sbretch of coast, there are
some locations where the tsunami heights are exiremely different in size. Numerical
simulations for three of these tsunamis except the 1605 event were carried out in order to
consider the reason why the tsunami heights at a certain limited locatinn had been
amplified.

Furthermore, the inundation heights of the 1854 tsunami were estimated by using
the calculated and observed values of the 1946 tsunami.
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Figure 1. Epicenters of earthquake and tsunami magmnitude
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THE FOUR HISTORICAI, TSUNAMIS ALONG THE SHIKOKU COAST

Details of these tsunamis recorded in historical documents are available for the
analysis of tsunamis occurring along the Shikoku coast. We made field surveys along the
coast in order to check inundation height which some researchers had surveyed but not
in sufficient accuracy. At first, the data of these four tsunamis were checked by
surveying obscure inundation heights that had been obtained from historical documents
by several researchers and the newly discovered tsunami data from the historical
documents were added to the existing data.

DamazmnkmgﬂleShikdmCoastCauwdbytherrlﬁstoricalenamis

Many records of these taunamis aleng the Kochi and Tekushima coasts, which lie
near tsunami sources have been well recorded in historical documents but there are few
records of tsunamis occurring along the Ehime and Kagawa coasts which are located in
the Seto Inland Sea.

Figure 2 shows the towns and villages where severe damage was inflicted by the
four historical tsunamis,

Tokushena
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Figure 2. Towns and villages inflicted
by severe damage

There were only few data in historical documents about the 1605 tsunami along
the Shikoku eoast. However, it is estimated from historical decuments that this tsunami
was very big. The inundation heights at Sakihama fishery harbor and Kanncura in
Kochi reached 9.5m and 5.5m and the numbers of deaths were 50 and 350, respectively.
it Shisikui in Tokushima, the inundation height reached 5.5m and 1500 people were

illed.

In the case of the 1707 tsunami, the tsunami height at Usa bay in Kochi reached
8m and 400 people were killed. At Asakawa in Tukushima, the inundation height was
6.5m and 170 people were killed.

The inundation height of the 1854 tsunami was 7.5m at Usa, 7.5m at
Kamikawaguchi in Kochi and 6.5m at Yuki bay and at Asakawa in Tokushima.
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Figure 3 shows the inundation heights of the 1946 tsunami around Shikoku
island. The vertical axis in this figure indicates the inundation height above the mean
sea level. The data of the 1946 tsunami are large in number and would be the most
reliable for inundation heights. The tsunami heights in the western part of the Kechi
coast were relatively higher than those in the eastern part. The tsunami height in Nomi
bay reached 5.2m. Along the Tokushima coast, the maximum tsunami height reached
4.88m in Asakawa bay and 85 lives were lost there, The tsunami heights depend largely
on the location and the heights have been comparatively high along the Kochi coast and
the southern part of the Tokushima coast. On the other hand, the Ehime and Kagawa
coasts located in the Seto Inland Sea have suffered less damage.
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Figure 3. Inundation heights of the 1946 tsunami around Shikoku island

The Comparison of the Four Historical Teunami Heights

The inundation heights of three historical tsunamis were compared with those of
the 1946 tsunami at a location where tsunami data had been recorded along the Shikoku
coast (Figure 4). The vertical axis in Figure 4 indicates the ratic R of the tshnami heights
of three historical tsunamis to the 1946 tsunami heights. The inundation heights of the
1854 tsunami, the 1707 tsunami and the 1605 tsynami are 1.2-3,1.2-3.6 and 1-4.6 times a8
large as those of the 1946 tsunami, respectively. We can see there are some locations
where the tsunami heights are extremely huge in comparisen to the neighboring
villages.

THE NUMERICAL SIMULATIONS FOR THE HISTQRICAL TSUNAMIS

The numerical simulation for the general standard of the Nankai Region tsunami
is based on an assumption that the sea water surface is still at the beginning and that a
tsunami is generated as a given sea surface elevation equal to the vertical displacement
of the sea bed by the earthquake. At first the parameters of a fault model were given.
Then the final displacement of the sea bed was caleulated by the formulation of
Mansinha and Smylie {1971}, It is supposed that the vertical displacement of the sea bed
ts linearly increased and completed within a previously appointed time. The fault models
used in this numerical simulation are Aida‘'s modals (1981) as shown in Table 1.
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Table 1. Fault medels proposed by Aida (1981)

Tsunami L w & $ z wsud T Mo
(Model) (kmy km) (3 () ) (m){m) (min) (dyne-cm)

1946 NANKAI E part 1150 70 10 N2OW 10 24 32 05 ¢,59"
(Madel 19 Woart | 120120 20 N20W 1 1.2 48 3-10

1854 ANSEl E part | 150 70 10 N20W 10 2837 05 o ,o»
(Model 209 Wopart 1150120 20 N20W 1 28 36 05 *

1707 HOEl E part | 150 70 10 N2OW 10 3.1 46 05
{Madel 29" W par1 1} 140 80 20 N5OW 1 070 05 192«0"

wpartz| 60 80 20 N3OW 1 0139 05

L:favitlength ,  w:fault width

b : dip angle , ¢ dip direction

z : depth of the upper rim of the fault plane

us : dislocation of strike slip component (right lateral)
ud :disiocation of dip slip component (reverse)

t + duration time of the bottom movement

Mo : seismic moment (rigidity § *10"'dyne-cm)

RT:mes
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Figure 4. Comparison of historical tsunami heights
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Basic Equations
The basic equations in the numerical simulation are the depth-averaged shallow

water wave Egs. (1)-(3) with a friction term and & convection term. It is supposed that the
vertical displacement £ of the sea bed is included,
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Here x and y are the horizontal orthogonal coordinates fixed on the stil] water surface, @,
and Q, are the corresponding compeonents of volume transport velocity integrated from
the water surface to the bottom, g is acceleration due to gravity, f. is the quadratic friction
coeflicient of the sea bottom, 4 is still water depth, 7 is the water surface elevation from

still water level, £ is the vertical displacement of the sea bed and D=k+7- & These
equations are transformed to difference equations.

Computation Region and Boundary Conditions

Figure 5 shows the computation region and the fault model of the 1946 Nankaido
earthquake. As shown in Figure 5, the computation region includes the Seto Inland sea
and the Pacific Ocean around Shikoku island. The grid size of the computation region is

Skmx5km and the time step in the numerical simulations is 5 sec.

As for the boundary conditions, it is assumed that tsunami waves reflect perfectly
at the land boundaries and the volume transport velocity perpendicular to the face of solid
boundary is zero. Moreover, the volume transpart velocity at the offshore boundary is

decided by using the relation of Q2+Q, 2=ghrp.

Simulation of the Historical Tsunami

Numerical simulations were carried out for the 1707, the 1854 and the 1946
tsunamis by using the sbove-mentioned method. Figures 6.1-6.3 show the comparison of
the calculated values with the observed values for these three historical tsunamis. The
verti}tl:al axis shows the ratio R’ of the observed value to the caleulated value of a tsunami
height.

These figures show the calculated values are generally smaller than the observed

values. It is natural that the calculated results cannot accurately reproduce the tsunami
heights at each location. Because the grid size used in our calculation is Skm in length,
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the computation region could not precisely represent the geographical features of the

coast.
M

) 1946 Tsunami

Figure 6.1. Comparison of calculated values with observed values
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1854 Tsunami

Figure 6.2. Comparison of caleulated values with observed values

1707 Tsunami

Figure 6.3, Comperison of caleulated values with abserved values
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Figure 6.1 shows R’ for the 1946 tsunami. The sctual values of tsunami heights
obtained by observation are 1-3 times as large as the calculated values along the Kochi
comst. Along the Tokushima and Ehime coasts, the ratios maximize 4 times or more.
However, the absolute values of the observed tsunami heights along the Ehime coast are
not so high. For the 1854 tsunami in Figure 6.2, most values of R are larger than 1.0 for
the same reason mentioned above and the characteristics of R’ between the 1946 and 1854
{sunamis show a similar tendency.

Figure 6.3 shows R’ for the 1707 tsunami. For a long stretch along the Kochi coast,
the values of R are close to 1.0 and the tsunami heights by survey on the basis of old
document are roughly equal to the numerically calculated ones. In the cther regions
{Tokushima, the eastern part of Kochi and Ehime), the observed values are larger than
the calculated values. 1t is expected that in case of the calculation by Skm grid size, the
calculated values are smaller than the obaerved ones, but most of the calculated values
are almost equal to the observed ones for a long stretch along the Kochi coast. With
considering these facts, it is necessary to re-estimate the fauit parameters for the 1707
tsunami given in Table 1.

The Reproduction of the 1854 Tsunami Using the 1946 Tsunami Data

The characteristics of the 1834 isunami are similar to those of the 1946 tsunam:
(See Table 1). S0, we considered if the observed tsunami height at each bay end could I
estimated by multiplying the caleulated value of the 1854 tsunami by the value of R’ for

the 1946 tsunami.

Figure 7 shows the ratio R of this estimated value to the observed value for the
1854 tsunami. As shown in Figure 7, these values of R" are ploited around one. As
result, the reproducibility of the 1854 tsunami heights was improved. Where we hav
data for the 1946 tsunami, we can obtain the corresponding tsunami heights for the 185
tsunami by assuming that the source garthquakes were similar.
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Figure 7. Reproduction of the 1854 tsunami
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CONCLUSION

In this study, four big historical isunamis were investigated in order to clarify
{sunamis along the coast of Shikoku island in Japan.

First, data on the heights of these historical tsunamis occurring along the
shikoku coast were re-examined. In addition, new data and the inundation heights of
three of the historical tsunamis were compared with those of the 1946 tsunami.

Second, the inundation heights of these historical tsunamis were compared with

the values calculated by numerical simulations. The following c¢onclusions were
obtained:

1) Generally, the values of tsunam; heights of the three older tsunamis are 2-4
times as large as those of the 1946 tsunami.

2} It is mecessary to re-estimate the fault parameters for the 1707 tsunami given in
Table 1, because the observed values of tsunam; heights are nearly equal to the
calculated values for a lang stretch of the Kochi coast in s pite of the calculation
by the 5km grid size.

3} The tsunami heights of the 1854 tsunami can be reproduced by using the
observed data of the 1946 tsunami.
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