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Abstract

Since the tsunami is closely related to vertical crustal movement
at the time of earthquake occurrence, the vertical crustal movements
surveyed on land and in the sea are reviewed. From the data, the
total volume of displaced material and the potential energy of
imaginary tsunami are calculated. The energy obtained for imaginary
tsunamis is compared with the tsunami energy calculated from
tsunami waves, in relation to earthquake magnitude. There is
discrepancy of energy value for the same magnitude of earth-
quake, but whether this discrepancy is real or not is not known at
present.

1. Introduction

From amplitudes and periods of the tsunami waves observed at the
coast near the tsunami source, Takahasi (1951) inferred the tsunami
energy in the case of the 1933 Sanriku tsunami. Since then, the tsunami
energy for various earthquakes was calculated by many investigators
based on records observed by tide gauge. However, the calculated values
given by different investigators varied considerably. In the present
paper, the potential energies are calculated for the imaginary tsunami
corresponding to the vertical displacement of the ground caused by land
earthquake. The tsunami energy obtained from both methods is in-
vestigated in relation to earthquake magnitude.

In the cases of the 1923 Kanto, 1935 Taiwan and 1964 Alaska earth-
quakes, the features of crustal deformation have been indicated by the
contour lines. Iida (Ishimoto, 1937) and Miyoshi (1968) calculated the
volume of displaced material in the regions of land and sea, respectively,
for the Kanto earthquake. As for other earthquakes (Tango of 1927,
Tottori of 1943, Fukui of 1948, etc.), the contour lines of crustal defor-
mation are drawn with the aid of the results of leveling and triangula-
tion surveys. Making use of a planimeter, the displaced volumes caused
by earthquake are measured. For several earthquakes, the volume of
upheaval compares favorably with that of subsidence.
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2. Data of vertical crustal movement

The earthquake data used in analysis are given in Table 1. The con-
tour maps of crustal movement accompanying those earthquakes are
shown in the following figures, where closed circles represent bench marks

Table 1. Land and submarine earthquakes accompanied
by crustal deformation.

Epicenter
Date Lat. Long. Location Depth M Remark
N E (km)
1923 Sept. 1 35.8° 139.8° Kanto Shallow 7.9 Tsunami
1927 Mar. 7| 35.6 135.1 Tango 10 7.5 | Tsunami
1935 Apr. 21 24.3 120.6 Taiwan 5 7.1 Land earthq.
1939 May 1 40.0 139.8 Oga 0 7.0 Tsunami
1943 Sept. 10 35.5 134.2 Tottori 10 7.4 Land earthq.
1945 Jan. 13 34.7 187.0 Mikawa 0 7.1 T'sunami
1948 June 28 36.1 136.2 Fukui 20 7.8 Land earthq.
1964 Mar. 28 61.1IN | 147.7TW | Alaska 20-50 8.4 Tsunami
1964 June 16 38.4 139.2 Niigata 40 7.5 Tsunami

on leveling route and the visual points along the coast, and open circles
the triangulation points. The contour lines are drawn, based on the
measured points. The contours of upheaval and subsidence are indicated
by a solid or broken line respectively.

1) The Kanto earthquake of 1923

- This is a famous earthquake, when the capes of Boso and Miura
Peninsula were upheaved about 1.5m. Leveling and triangulation surveys
were carried out by the Military Land Survey, the contour lines (Matu-
zawa, 1964) being reproduced in Fig. 1. The topographic change of the
sea bottom in Sagami Bay was surveyed by the Hydrographic Office of
Japan. Abnormal topographic change of more than 100 m was discussed
by Mogi (1959), Hatori (1966) and Aida (1969). The tsunami source area
inferred from an inverse refraction diagram is indicated by broken lines

in Fig. 1.

2) The Tango earthquake of 1927

Figure 2 shows the contour map of the crustal movement. The
contour lines on land are drawn at 10cm intervals based on the leveling
survey (Military Land Survey, 1927) and visual observation (Tanakadate,
1927). The sounding were carried out in 1925 and 1927 by the Hydro-
graphic Office, the contour lines being drawn at 1lm intervals. The
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Fig. 1. Contours of upheaval (solid line) and subsidence (broken line) on
land, in meters, (after T. Matuzawa) and the estimated source area of

tsunami for the 1923 Kanto earthquake.

35°
50°
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_Fig. 2. Contours of upheaval (solid line) and subsidence (broken line) on
land and sea bottom, in meters, for the 1927 Tango earthquake.

regions of upheaval and subsidence are divided by a fault line and the
maximum displacement is #30cm. The topographic change of the sea
bottom being —4m~5m is complex but the fault line on land extends
into the sea bed. Accompanying this earthquake, the tsunami was ob-
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served by a tide gauge at Tsuiyama. About 1.2 m of tsunami heights was
reported around Tango Peninsula as shown in Fig. 3 (Tanakadate, 1927).
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Fig. 3. Distribution of tsunami heights, in meters, for the 1927 Tango
earthquake.

3) The Taiwan earthquake of 1935

By the Military Land Survey 120°
(1937), the contour map was drawn |
from the results of leveling and
triangulation surveys (Fig. 4). The
displacement is in the range of
—1.2m~1.0m and the pattern of
movement is complex.

4) The Oga earthquake of 1939

From the results of leveling
and triangulation surveys (Ima-
mura, 1944), the contour lines of
crustal movement are drawn (Fig.
5). Amount of upheaval increases
toward the cape of the peninsula
and the maximum displacement
is 40ecm. The small tsunami was
observed and began with an up-

ward motion at three tide stations \“\‘\\g./ ’

(Kishinouye and Iida, 1939). The - * o

source area of tsunami inferred Fig. 4. Contours of upheaval (solid line)
. . . and subsidence (broken line), in meters,

from an inverse refraction diagram for the 1935 Taiwan earthquake (after

lies around Oga Peninsula as shown Military Land Survey).
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Fig. 5. Contours of vertical crustal deformation, in meters, and the
tsunami source area inferred from an inverse refraction diagram for
the 1939 Oga earthquake.

in Fig. 5.

5) The Tottori earthquake of 1943

From the result of leveling survey (Military Land Survey, 1944),
the contour lines of crustal movement are drawn at 2cm intervals (Fig.
6). The subsided region along the coast is larger than the upheaved
area, and the maximum displacement is —18cm. Although the tsunami
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Fig. 6. Contours of upheaval (solid line) and subsidence (broken line), in
centimeters, for the 1943 Tottori earthquake.
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was not observed, a topographic change of the sea bottom might have
occurred.

6) The Mikawa earthquake of 1945

Figure 7 is the compiled contour map of the crustal movement in
the regions of land and sea, given by Dambara (1966) and Tayama (1949),
respectively. It is seen that the contour lines of upheaval on land
continue into Mikawa Bay. According to tide gauge records (Inoue,
1950), the initial motion of tsunami began with a downward motion at
Nishiura and upward at Sengen at the time of earthquake occurrence.
The sense of the sea level disturbance agreed with the results of the
survey. Making use of the records observed in the bay, the source area
of the tsunami is inferred by an inverse refraction diagram as shown
in Fig. 8. The source area is located in the region of the sea bed
change. Fig. 8 also shows the distribution of the maximum wave,

40"

34° )? e S

1okm

Fig. 7. Contours of upheaval (solid line) and subsidence (broken line) on
land (after T. Dambara) and sea bottom (after R. Tayama), in meters,
for the 1945 Mikawa earthquake.
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Fig. 8. The tsunami source area inferred from an inverse refraction diagram
and distribution of double amplitude of the maximum wave (cm) for
the 1945 Mikawa earthquake.

having double amplitudes of 40 cm o 20’

~60cm with short periods.

?7)  The Fukui earthquake of 1948

From the results of leveling
and triangulation surveys (Nasu
and Rikitake, 1950), the contour
lines of crustal movements are
drawn at 20 cm intervals (Fig. 9).
The range of displacement is
—80cm~40cm, and the regions
of upheaval and subsidence are
clearly divided by a fault line
directed in NNW-SSE.

8) - The Niigata and Alaska earth-

quakes of 1964

Figures 10 and 11 show con-
tour maps of crustal movement
given by Plafker (1965) and Mogi
et al (1964), respectively. In the
case of the Alaska earthquake,
the upheaved region is located off “o i

km
the shore and the amount of up- P

Fig. 9. Contours of upheaval (solid line)
and subsidence (broken line), in“meters,
for the 1948 Fukui earthquake.

heaval of more than 8m was
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surveyed at Montague Island. Aec-  13¢°

o O 50’
cording to Pararas-Carayannis (1967), *°

the source area of tsunami lies in
the upheaved region. In the case
of the Niigata earthquake, the
amount of upheaval at the sea bot-
tom was about 5m. The source
area shown in Fig. 11 would be

i54° 150° 146° 142
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iigata

L. [} 100 200km _
e ede—cako—

Fig. 11. Contours of vertical deforma-

Fig. 10. Contours of vertical crustal de- tion on the sea bottom, in meters, for
formation, in meters, for the 1964 Alaska the 1964 Niigata earthquake (after A.
earthquake (after G. Plafkea). Mogi et al).

extended to the north along the coast, if the tsunami source inferred
from an inverse refraction diagram is taken into account.

Table 2. Calculated volumes of upheaval and subsidence.

ke | Q| Sl e

1923 Kanto* 20.2 3.2

1927 Tango 0.21 0.5 Land: @.=0.03 @;=0.06
Sea: Q.=0.18 @;=0.44

1935 Taiwan 0.09 0.21

1935 Oga* 0.04 0.0006

1943 Tottori 0.003 0.03

1945 Mikawa 0.1 0.08 Land: @.=0.04 Q;=0.06
Sea: Q.=0.06 Q¢=0.02

1948 Fukui 0.03 0.07

1964 Alaska 155 116

1964 Niigata 4.6 0.4

* Volume of the displaced material at the land region.
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The areas at each interval of the contour lines measured by a plani-
meter are given in the appendix Tables 1~9. The total volumes of
upheaval and subsidence are shown in Table 2. Fig. 12 shows the
relation between the upheaved volume and the subsided one plotted on
a log-log graph paper. As seen in Fig. 12, in the case of the Tottori
earthquake, the subsided volume is remarkably larger than the upheaved
one while for the Niigata earthquake it is contrary.
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Fig. 12. Relation between the volumes of upheaval and subsidence.

3. Potential energy of tsunami

For the abrupt movement of the submarine crust at the time of
earthquake occurrence, the potential tsunami energy can be expressed
as follows:

E,=%pg(zzsl+zzsz+ ),

where S is the area at the contour interval, Z the vertical displacement
at the contour interval and the density of water is taken as p=1. If
the crustal movement observed on land were transferred to the sea
bottom, it would generated tsunami. Thus, the potential tsunami energy
could be calculated by the above formula. The calculated values are
shown in Table 3. Of course, the values calculated for the sea region
represent the real tsunami energy. For the cases listed in Table 4
when the leveling survey was carried out only on a single route, the
imaginary tsunami energy was calculated assuming the displaced form
on the ground surface as a cone or a disk.

On the other hand, the energy of many tsunamis has been cal-
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Table 3. Potential tsunami energy calculated
by the present method.

Earthquake | L@nd s fon S*{gl Tgrg;gn Tsun%rznie 1tﬁegsrgy*

1923 Kanto 1x10% 2.1x10% (Hatori)
16102 (Iida, 1963)
1927 Tango 0.8x101 61019
1935 Taiwan 5x1018
1939 Oga 0.3x1018 4x10' (Hatori, 1966)
1943 Tottori 1.4x10%7
1945 Mikawa 2.6x108 3.4x1018
1948 Fukui 1.4x108
1964 Alaska 0.6x102 1.4x1022 2.8x10% (Van Dorn, 1964)
(Subsided region) (Upheaved region) 6x102 (Pararas-Carayannis, 1967)
1964 Niigata 6x1020 0.8x10% (Soloviev et al, 1967)
2x10% (Hatori, 1966)
2~10x10%t (Iida, 1967)

E* Imaginary tsunami energy at the land region.

* Calculated value obtained from other methods.

Table 4. Land earthquakes accompanied by crustal deformation
and the imaginary tsunami energy (E*).
Upheaval Subsidence Caleulated o
Earthquake M| Displ. | Length | Displ. | Length Ygume | x10% ergs
(cm) (km) (em) (km)

1918 Omachi 6.1 20 10 0.005 25
1927 Sekihara 5.3 2.4 6 0.0002 0.14
1949 Imaichi 6.7 5 36 0.01 12
1955 Futatsui 5.7 8 10 5.5 6 0.003 5
1961 Nagaoka 5.2 4 4 2 4 0.0002 0.2
1961 Kita-Mino 7.0 3 4 7 6 0.04 50
1962 N. Miyagi | 6.5 3 “ o3 4 0.005 7

culated, based on tsunami waves as listed in Table 5*.

The tsunami

energy obtained from tsunami waves (open circle) and those by the
present method (closed circle) are plotted against earthquake magnitude
in Fig. 13. The triangles in Fig. 13 are the values of the Kanto** and
Oga earthquakes, counting the tsunami energy in the regions of sea and

* Besides, Soloviev and Go (1969) tabled tsunami energies which were calculated by

means of a simple supposition.
** Tsunami energy for the Kanto earthquake is caleulated, making use of the records

observed at tide stations of Ayukawa, Owase and Kushimoto.
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Table 5. Tsunami energy obtained from tsunami waves
by various investigators.

Date Location M Tz,‘:n?fémezigy
1928 May 27 | Iwate 7.0 0.007 (Hatori, 1966)
1933 Mar. 3 Sanriku 8.3 15 (Watanabe, 1964) 16 (Takahasi, 1951)
17 (Ilida, 1963)
1933 June 19 | Miyagi 7.1 0.007 (Hatori, 1966)
1936 Nov. 3 ” 7.7 0.2 (lida, 1963)
1938 May 23 | Ibaraki 7.1 0.04 (Iida, 1963)
1938 Nov. b5 ” 7.7 0.2 (Tida, 1963)
1938 Nov. 5 r 7.6 0.074 (Hatori, 1966)
1938 Nov. 6 | Fukushima 7.5 0.027 (Hatori, 1966)
1940 Aug. 2 | Shakotan 7.0 0.03 (Hatori, 1966)
1944 Dec. 7 | Tonankai 8.0 7.9 (Iida, 1963) 8.8 (Takahasi, 1951)
1945 Feb. 10 | Aomori 7.8 0.04 (Iida, 1963)

1946 Dec. 21 | Nankaido 8.1 7.2 (Takahasi, 1951) 8.0 (Iida, 1963)

1952 Mar. 4 | Tokachi-oki 8.1 8 (Yoshida et al, 1952) 4 (Watanabe, 1964)
8 (Iida, 1963)

1952 Nov. 4 | Kamchatka 8.2 14 (Watanabe, 1964) 15 (lida, 1963)

1953 Nov. 26 | Boso-oki 7.5 0.14 (Watanabe, 1964) 0.7 (Iida, 1963)
1957 Mar. 9 Aleutian 8.0 2.7 (Van Dorn, 1963)*
1958 Nov. 6 Iturup 8.2 0.9 (Watanabe, 1964)
1960 Mar. 21 | Iwate 7.5 0.4 (Watanabe, 1964) 0.5 (Ilida, 1963)
1960 May 22 Chile 8.5 30 (Hirono, 1961), (Miller et al, 1962)*

45 (Iida, 1963)

1961 Feb. 27 | Hiuganada 7.0 0.007 (Hatori, 1966)

1963 Oct. 13 | Iturup 8.1 1.2 (Hatori, 1966)

1964 May 7 | W. Aomori 6.9 0.003 (Hatori, 1966)

1968 May 16 | Tokachi-oki 7.9 0.4 (Aida, 1969)** 2.8 (Kishi, 1969)

* Tsunami energy was calculated from decay of waves.
** By method of numerical experiment.

land. As shown in Fig. 13, the values calculated from tsunami waves
are larger than those estimated by the present method. However, it
may be possible that the values obtained from tsunami waves are
overestimated owing to the number of sampled waves. In contrast,
the values calculated by the present method have a tendency to be
smaller because the surveyed regions did not cover the whole areas of
the crustal movement. The comparison of the tsunami energy by the
present method with those by other methods is shown in Table 8. For
example, in the case of the Niigata tsunami, the energy obtained from
tsunami waves is about three times as large as that by the present
method. o
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Fig. 13. Relation between tsunami energy and earthquake magnitude.
Closed circle: the imaginary tsunami energy calculated from the vertical
displacement of the ground caused by land earthquake, open circle:
tsunami energy which was calculated on the basis of tsunami waves.

4. Conclusion

On the assumption that a tsunami is generated by land earthquake,
the potential tsunami energy is calculated, making use of the surveyed
data of the crustal movement. Generally speaking, the tsunami energy
calculated by the present method is smaller than that inferred on the
basis of tsunami waves. The reason for this discrepancy is not clear
at present. The overestimation of the energy by the wave method,
and the underestimation of the energy by the present method would
both contribute to this discrepancy. The real difference between the
magnitude of the crustal deformation on land and in the sea might
also be present.
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Appendix (Tables 1-9)

‘Table 1. Areas at each range of vertical displacement at
the land region for the 1923 Kanto earthquake.
. Upheaval

Displ.

(m) 0 0-0.4 0.4 ‘ 0.4-1.0 1.0-1.4 14

Area
(x10° Em?) 33.24 14.96 0.13 ‘ 9.88 1 5.93 2.4

Subsidence

Displ. 5
(m) 0.6 0.6-1 1

(2 10 ) 3.85 350 | 0.8

Table 2. Areas at each range of vertical displacement at the regions
of land and sea bottom for the 1927 Tango earthquake.
LAND Upheaval

: l
Diepl. 0.1 0.1-0.2 | 0.20.3 03 | 04
i |
Area 1.97 055 | 0.29 036 | 0.07
(X102 kmz) . . i . . ‘ .
Subsidence
Displ. _ \ g
. isp 0.1 0102 | 0203 0.3
Area 33.1 055 | 0.68 0.08
(%102 kmz) . . ‘ . .

SEA Upheaval -

Displ. 1 12 e 4
Area 1.00 045 0.1 0.02
(%102 km?) ' ’ ; : '
Subsidence
D(iigl' 1 1-2 ‘ 2 2.3 3 4 5

(x{%)geﬁmZ) 0.34 1.18 } 0.51 ' 0.29 0.15 0.05 | 0.03
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Table 3. Areas at each range of vertical displacement
for the 1935 Taiwan earthquake.

Upheaval

. i

Displ | 01 |oa102, o2 0.3 05 |051.0] 1.0
(X‘i“({fimz) : 1.04 1.85 0.21 0.08 0.32 0.1 0.09
Subsidence

D(igsl- 0102 02 |0204! o4 |os0s| 05 1.2
(Xl“})geﬁmQ) 3.57 1.90 1.51 0.19 0.81 0.46 | 0.07

Table 4. Areas at each range of vertical displacement at
the land region for the 1939 Oga earthquake.

Upheaval
e e S - I

l%gg)‘- "o ' 05 5 510 | 10 | 1002 20-40 f 40
(X$§e§m2) 6.93 ’ 3.52 2.04 0.43 | 0.15 | 0.43 | 0.27 ’ 0.09
Subsidence

: Displ. i

(om) i 5

Area
(%102 km?) 0.12

Table 5. Areas at each range of vertical displacement
for the 1943 Tottori earthquake.

Upheaval

D(isnll’;- ’ 2 2.4 16 6-8 8

i |

Area - ! I
(x10° o) ‘ 0.53 0.23 0.19 ; 0.08 0.03
Subsidence

DiSP)l- 2 24 | 46 6 6-8 | 810 | 10-12 | 12

(cm ;
(X108 ) 4.23 | 150 | 144 | 01 | 026 | 0.14 | 0.15 | 0.01

«
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Subsidence
. Displ.
(cm) 12-14 14-16 ‘ 16-18 I
Area 0.37 | 0.07 | o1s | 019
. (x10% km?) ’ : } : P
Table 6. Areas at each range of vertical displacement at the regions
of land and sea bottom for the 1945 Mikawa earthquake.
LAND Upheaval
Dg$1~ 0 | 0-0.25 0.25-0.5\0.5_0.75|0.75-1.0}1.0-1.25‘1.254.5 1.5
Area
I (km?) 60.6 12.3 12.9 l 11.6 ' 9.6 ‘ 12.2 } 1.7 0.3
Subsidence
. Displ. ~
(m) 0.25 10.25-0.5{ 0.5
Area
(km?) 9.0 147.8 18.0
SEA Upheaval
D(iﬁsl- 0.3 10.3-0.6 0.6 O.6~0.9' 0.9 0.9.1.2|| 1.2 (1.2-1.5 1.5
Area !
(km?) 63.7 ‘ 9.7 I 17 24.2 ‘ 1.4 | 15.0 \ 0.6 | 9.6 | 1.5
Subsidence
Displ. g Lo e
. s 0.3 |0.3-06| 0.6 i0.6 0.9 0.9
Area |
(k) 1.2 36.8 0.2 9.8 0.2
Table 7. Areas at each range of vertical displacement
for the 1948 Fukui earthquake.
Upheaval
Displ. o
(em) 0 0-20 20-40 | 40
Area
(10> km?) 1.82 1.16 0.58 0.08
Subsidence
Displ.
(em) 0 0-20 20-40 40 40-60 60-80 80
Area
(x10° km?) 2.42 0.96 0.86 0.04 0.34 0.2 0.02
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Table 8. Areas at each range of vertical displacement
for the 1964 Alaska earthquake.
Upheaval

|
Displ. _ _ i _ _
(m) 0 0-1 1-2 2-3 l 3-4 4-8 8

(nggeﬁmz) 105.6 | 42.6 38.8 14.8 ‘ 7.7 1.3 1 0.4

Subsidence

Displ. R .
(m) 0 0-1 1-2 2

(x f'},geﬁmz) 120.3 | €8.5 43.0 8.8

Table 9. Areas at each range of vertical displacement on the sea
bottom for the 1964 Niigata earthquake.

Upheaval

Displ. 1 1-2 2-3 3-4 45 5
(T8 ) 20* 8 5 5.7 1.6 0.1
Subsidence

Displ. 0 0-1 1-2 2
(X1A0§e§m2) 4.4 2.6 1.7 0.1

* The area is measured into account the information of the tsunami source.
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