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Volcanic origin of the 1741 Oshima-Oshima tsunami in the Japan Sea
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The generation mechanism of the 1741 Oshima-Oshima tsunami, which is considered to be the most destructive
tsunami that has ever originated in the Japan Sea, has been the subject of much debate. The tsunami caused
about 2,000 casualties along the Hokkaido and northern Honsu coasts and inflicted damage as far as the Korean
Peninsula. The tsunami source is located between recent tsunamigenic earthquakes, but there is no historical
record of an earthquake in 1741. In contrast, the records indicate volcanic activity of Oshima-Oshima, including
a large-scale sector collapse, although the volume change associated with the subaerial landslide is too small to
explain the observed tsunami heights. Recent marine surveys indicate that the landslide extended to the ocean
bottom with a volume change of about 2.5 km3, nearly an order of magnitude larger than the subaerial slide. On
the basis of mapped bathymetry, the generation of the tsunami is calculated using a simple kinematic landslide
model. The tsunami propagation is computed in two different grids—a 6′′ grid around the source and a 1′ grid for
the entire Japan Sea. A parameter search of the model shows that the observed tsunami heights are best explained
by a horizontal slide velocity of 40 m/s and a rise time of 2 min. The large vertical drop of the landslide and the
coupling of the submarine landslide and tsunami are the main factors responsible for the large tsunami.
Key words: Oshima-Oshima, tsunami, volcanic tsunami, sector collapse, landslide, Japan Sea.

1. Introduction
In 1741, a very destructive tsunami originated some-

where in the area around Oshima-Oshima, a small volcanic
island off Hokkaido that had become active that same year,
causing significant damage on the coasts around the Japan
Sea (Fig. 1). On the Hokkaido coast, the estimated maxi-
mum tsunami height was 13 m or more, and total casualties
amounted to about 2,000 (Hatori, 1984; Imamura and Mat-
sumoto, 1998; Tsuji et al., 2002). The tsunami inflicted
material damage as far as western Japan and the east coast
of the Korean Peninsula (Tsuji et al., 1985). Based on the
recorded heights of the tsunami, if it were to have been gen-
erated by an earthquake, its size would be M=8.4 (Abe,
1999). However, there is no historical record document-
ing the ground motion of an earthquake of this magnitude,
even though the eruption sequences and the tsunami dam-
age were documented in detail. The generation mechanism
of the 1741 tsunami continues to be open to debate and has
yet to be definitively determined despite its importance for
assessing volcanic hazard and/or seismic potential along the
eastern margin of the Japan Sea.

The eastern margin of the Japan Sea is considered to be
a boundary between the Eurasian (or Amurean) and North
American (or Okhotsk) plates (e.g., Nakamura, 1983; Seno
et al., 1996; Wei and Seno, 1998), where large (M>7.5)
tsunamigenic earthquakes have occurred semi-periodically
(Fig. 1). In the last two centuries, the 1833 Shonai-
oki (M=7 1

2 ), 1940 Shakotan-oki (M=7.5), 1964 Niigata
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(M=7.5), 1983 Japan Sea (M=7.7), and 1993 Southwest
Hokkaido (M=7.8) earthquakes have occurred on this tec-
tonic boundary (Fukao and Furumoto, 1975; Satake, 1986;
Tanioka et al., 1995). The sections of the boundary between
these earthquake sources may form seismic gaps. One of
these lies around Oshima-Oshima between the 1983 Japan
Sea and 1993 Southwest Hokkaido earthquakes. Ohtake
(1995) assumed that the 1741 tsunami was produced by an
earthquake that was the first in the current earthquake cy-
cle and forecasted that the next earthquake would occur be-
tween the source regions of the 1833 Shonai-oki and 1983
Japan Sea events. His assumption and subsequent forecast
may become invalid if the 1741 tsunami was not generated
by an earthquake.

The Oshima-Oshima volcano has a history of violent
eruptions. It was last recorded to be active in 1741–1790,
after 1500 years of dormancy (Katsui et al., 1977; Katsui
and Yamamoto, 1981). According to historical documents,
the first eruption started around August 18, 1741. On Au-
gust 23, the volcanic eruption was visible all along the
Hokkaido coast and by around noon of August 25, volcanic
ashfall blocked the sunlight and the sky became dark dur-
ing the day. The most violent eruption occurred around 5
AM hours on August 29 and triggered a sector collapse of
the mountain edifice; at which time a loud explosive sound
was heard on the Hokkaido coast. Strong eruptions were
also recorded several times in the following year (1742),
and smoke emission continued until 1790. Frequent mag-
matic eruptions in this activity period buried most of the
amphitheater and produced a central cone.

Previous modeling of the 1741 tsunami based on a vol-
canic eruption was not successful. Aida (1984) performed
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Fig. 1. Oshima-Oshima (solid triangle) is located on the boundary be-
tween the Eurasian (or Amurean) and North American (or Okhotsk)
plates, where large (M>7.5) tsunamigenic earthquakes have occurred
since the 19th century. The source area and focal mechanism of the
20th century earthquakes are from Fukao and Furumoto (1975), Satake
(1986), and Tanioka et al. (1995).

tsunami numerical computations based on the subaerial col-
lapse of the volcano. He assumed that the collapse was en-
tirely subaerial and had a volume of 0.4 km3, of which 0.1
km3 flowed into the sea to generate the tsunami. As the cal-
culated tsunami heights from this model were much smaller
than the actually observed heights, it has been inferred that
a large earthquake triggered the collapse and generated the
tsunami (e.g., Katsui and Yamamoto, 1981; Hatori, 1994).

Detailed swath bathymetry surveys have been recently
conducted around Oshima-Oshima, and a high-resolution
bathymetry map has been published by Hydrographic De-
partment of the Japan Coast Guard. The map shows the two

Fig. 2. The eruption of Oshima-Oshima (upper right) and the tsunami on the Hokkaido coast (Ishizaki) on August 29, 1741 (1st year of Kampo, 7th
month, 19th day on the Japanese lunar calendar), as described in “Hokkaido Kyu-san Zue”. Courtesy of Hakodate City Central Library.

characteristic features of a volcano collapse landslide: an
open sector collapse with steep lateral walls and an area
of hummocky terrain on the lower slope of the volcano.
The arcuate headwall of the landslide is above sea level
on Oshima-Oshima island and is partly buried by the ac-
tive summit crater. Geological surveys using submersibles
and deep-tow sonar (Kato, 1997) confirmed that the hum-
mocky terrain consists of debris deposits from the Oshima-
Oshima volcano. Based on the high-resolution bathymetry
and topographic data, Satake and Kato (2001) reconstructed
the subaerial and submarine sector collapse and debris
avalanche of the 1741 eruption and estimated the total vol-
ume of the collapse to be 2.4 km3. Based on their calcu-
lations, the total volume of debris deposits, which extends
as far as 16 km from the island, is 2.5 km3 and roughly
equals the missing slide volume. The slide volume is nearly
an order of magnitude larger than the previous estimate of
subaerial collapse (0.4 km3).

The 1741 Oshima-Oshima collapse is one of only two
large (volume>1 km3) sector collapses to have occurred
at island volcanoes in the periods of historical and written
records. The other example is Ritter Island in Papua New
Guinea in 1888, where nearly 5 km3 of volcano collapsed
(Johnson, 1987; Ward and Day, 2003). The volume change
of Oshima-Oshima volcano is similar to that of the 1980
Mt. St. Helens eruption in the USA (2.3 km3; Voight et
al., 1981). Both in Ritter Island and Mt. St. Helens, more
of the summit of volcano was removed, leaving horseshoe-
shaped collapse scars. The size of island and bathymet-
ric features around Oshima-Oshima is very similar to those
of Stromboli volcano in Italy, where a submarine fan ex-
tends more than 10 km offshore from the subaerial collapse
sector, Sciara del Fuoco (Kokelaar and Romagnoli, 1995).
The recent small-scale landslide (0.02–0.03 km3) in 2002
caused tsunami damage on Stromboli Island (Tinti et al.,
2005).

In this paper, the generation and propagation of the 1741
tsunami are modeled using the volume change and initial
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Table 1. Comparison of the observed and computed (for the best model) heights.

Location Longitude(E) Latitude (N) Imamura1 Tsuji2 Hatori3 Observed4 Slide5

Hokkaido
Narugami 139.967 42.127 11.2 10.5 11 17.5
Kumaishi 139.987 42.125 11.5 13 9 11 7.3
Ainuma 140.065 42.068 11.1 12 10–12 11 12.3
Toyohama 140.083 42.042 10.3 20* 10, 20* 9.4
Sakaehama 140.118 42.000 4 4 7.5
Toriyama 140.122 41.993 6.2 6 6.6
Otobe 140.133 41.972 8 7.8 10–15 9 9.6
Fushikido 140.138 41.912 10.5 11 6.7
Tazawa 140.133 41.902 8 8 6.3
Tomari 140.137 41.893 7.3 10 9 6.9
Esashi 140.125 41.872 2.4 4.5, 24.9* 6–8 5, 25* 5.7
Minamihama 140.123 41.848 5.1 6 6 6.6
Kaminokuni 140.105 41.807 3 3 4.0
Harauta 140.088 41.810 8.3 10 9 8.0
Kinoko 140.063 41.760 7.4 7 7 7.1
Oogiishi 140.058 41.750 8.2 8 8 8.5
Shiofuki 140.048 41.740 9.6 11 9 10 7.6
Ishizaki 140.022 41.705 11.5 19.5* 12, 20* 12.3
Chiisago 139.995 41.645 12 12 11.4
Gankakezawa 139.990 41.627 34* 34* 11.6
Haraguchi 139.982 41.588 9 9 11.1
Era 139.993 41.540 14.5 14 10 13 10.4
Kiyobe 140.003 41.522 11.1 11 11.5
Mogusa 140.013 41.492 7.4 10.6* 7 8 8.2
Shizuura 140.020 41.483 6.9 7–8 7 9.0
Akagami 140.023 41.478 5.1 5 5 9.7
Satsumae 140.027 41.460 15.9* 16* 6.7
Tatehama 140.043 41.443 4.8 6.7 6 5.5
Ooiso 140.103 41.423 10.8* 11* 7.1
Matsumae 140.112 41.425 5.8 5.8 8 7 7.2
Toyooka 140.120 41.427 13.6* 14* 5.8
Denchizawa 140.127 41.427 20* 20* 6.0
Shirakami 140.177 41.403 23* 23* 5.6
Yoshioka 140.240 41.443 3.6 2 3 4.3
Fukushima 140.260 41.480 6.3 3 5 5.7
Tsugaru coast
Minmaya 140.433 41.202 2.5–3 4–6 4 2.1
Kodomari 140.305 41.133 4.5–5.0 7 6 9.7
Jusan 140.322 41.043 5 5* 2.2
Ajigasawa 140.213 40.782 3.8–4.3 4 4 2.3
Shima 140.112 40.743 3.7–4.2 4 3.5
Seki 140.103 40.745 4.0–4.5 4 3.2
Kanaizawa 140.093 40.750 5–6 5 5 3.1
Tanosawa 140.050 40.768 4.5–5 * 5* 5.1
Hiroto 139.947 40.670 2.7–3.2 3 5.0
Yokoiso 139.887 40.630 5.3* 5* 3.6
Sado
Washizaki 138.53 38.32 4–5 5 4.4
Ryotsu 138.45 38.07 8* 8* 3.1
Suitsu 138.60 38.07 2 2 1.3
Aikawa 138.23 38.02 3–4 4 1.6
Noto 136.75 37.33 3–4 4 3.9
Obama 135.68 35.53 1 1 1.4
Gohtsu 132.23 35.02 1–2 2 1.0
Korean coast
Pyonghae 129.48 36.75 3–4 4 1.1
Ulchin 129.43 37.00 3 1.5
Samchok 129.22 37.42 3 3.7
Tonghae 129.17 37.48 3 2.7
Kangnung 128.97 37.75 3 1.6
Sokcho 128.60 38.20 3 1.5
Kojo 128.40 38.58 3 1.7

1Estimated tsunami heights in meters: for Hokkaido, Imamura and Matsumoto (1998); for the Tsugaru coast, Imamura et al. (2002). Numbers with
* are considered less reliable.
2Estimated tsunami heights in meters: for Hokkaido, Tsuji et al. (2002); for Korea, Tsuji et al. (1985). Numbers with * are based on oral traditions
and considered less reliable.
3Estimated tsunami heights in meters based on Hatori (1984). Numbers with * are considered less reliable.
4“Observed” heights adopted in this study. The numbers in columns 1–3 are averaged and rounded to nearest meter.
5Computed heights in meters from the kinematic slide model with U=40 m/s and T =2 min.

landslide thickness estimated by Satake and Kato (2001).
In Section 2, the observed tsunami heights in 1741 are com-
piled from historical documents and recent field survey re-
ports. In Section 3, a simple kinematic landslide model is
introduced to model the submarine landslide. Section 4 de-

scribes the numerical computation of tsunami propagation
and the statistical parameters for comparing the observed
and calculated tsunami heights. Section 5 shows the results
that the observed tsunami heights, including those in the
western Japan and the Korean coast, can be explained by
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Fig. 3. The recorded tsunami heights around the Japan Sea. The map also
shows the computational region and bathymetry for the 1′ grid. Area for
a more detailed computation (the 6′′ grid) is also shown.

Fig. 4. Detailed bathymetry map around Oshima-Oshima, the Hokkaido
and Tsugaru coasts. Tsunami computations on the 6′′ grid are made in
this region using the shown bathymetry. The areas for landslides and
deposits (Fig. 6) are also shown in dotted lines. Locations of output
points (triangles) and the observed tsunami heights (solid circles) are
also shown.

the landslide source. Section 6 discusses why a submarine
or ocean-entering landslide can cause larger tsunamis than
earthquakes of comparable rupture areas. Section 7 con-
cludes that the generation mechanism of the 1741 tsunami
can be explained by the submarine landslide associated with
the volcanic eruption.
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Fig. 5. Comparison of the observed and computed tsunami heights.
Circles indicate the observed tsunami heights; solid circles are based
on written documents while open circles are based on less-reliable oral
histories. Solid curves are the computed tsunami heights (half of the
peak-to-trough amplitude) from the kinematic landslide model (U=40
m/s and T =2 min) on the 6′′ grid, while the crosses show the computed
heights (peak-to-trough amplitudes) on the 1′ grid. See Figs. 3 and 4 for
the locations.

2. Observed Tsunami Wave Heights
The 1741 tsunami caused devastating damage along the

Hokkaido coast and lesser damage on the Honshu and Ko-
rean coasts. More than 30 documents, both original and
secondary sources, contain descriptions of the damage that
resulted from this tsunami (Tsuji et al., 2002). These doc-
uments also describe the eruption and tsunami sequences
(Fig. 2), but ground shaking due to an earthquake is not
mentioned in any of the documents, although some records
do describe a loud sound that accompanied the tsunami. Ha-
tori (1984), Imamura and Matsumoto (1998), Tsuji et al.
(2002), and Imamura et al. (2002) estimated the tsunami
heights by combining the damage described in the docu-
ments and/or oral histories passed down from generation to
generation with land heights measured by recent field sur-
veys. These estimates of tsunami heights have been com-
piled (Table 1, Figs. 3 and 4) and are used in this study.
Multiple estimates at the same location by different inves-
tigators are averaged. Those heights based on oral histo-
ries rather than written documents tend to be consistently
higher and are considered to be less reliable (Fig. 5). The
tidal range in the Japan Sea is small, up to 0.5 m, hence no
correction for tide was made.

Along the Hokkaido coast, the 1741 tsunami caused the
worst natural disaster in the Hokkaido’s history, as de-
scribed in many documents. One document, “Fukuyama
Hifu”, the official record of local government, reported that
the tsunami arrived in the early morning of August 29 and
inundated approximately a 120-km length of the coastal ar-
eas, causing 1,467 casualties and damaging 791 houses and
1,521 ships. These numbers do not include native residents
(Ainu) who occupied the area north of Kumaishi but did
not leave any written records (Fig. 4). There is no written
record of the tsunami damage on Okushiri Island. Hatori
(1984), and Tsuji et al. (2002) estimated that the total casu-
alties including Ainu would be more than 2,000.

The maximum estimated height based on the oral histo-
ries is 34 m at Gankakezawa, while the maximum height
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based on written records is about 13 m at Era (Table 1,
Fig. 5). Conservative estimates of the tsunami height range
from 3 to 13 m on the Hokkaido coast. The height distri-
bution appears to show two peaks: one in the north around
Kumaishi and the other at the southwestern tip of the penin-
sula around Era. Between these peaks, the estimated heights
around Esashi are smaller. Some documents report that the
sea water first receded at Kumaishi and Esashi (Tsuji et al.,
2002), although the reliability is somewhat questionable.

The tsunami heights on the Honshu coasts were estimated
by Hatori (1984) and Imamura et al. (2002). On the Tsug-
aru coast, the northern tip of Honshu, more than ten casu-
alties and damage to several tens of houses were recorded
at Kodomari and Kanegasawa. The tsunami heights at these
and other villages were estimated to be between 4 and 6 m
(Table 1, Fig. 5). On Sado Island, more than 350 km from
Oshima-Oshima, the tsunami heights were estimated to be
between 2 and 5 m based on descriptions of the damage,
while the oral histories suggest a height of 8 m. Damage
from the tsunami was also documented further west at Noto,
Obama, and Gohtsu, where the heights were estimated to be
4, 1, and 2 m, respectively.

Damage from the tsunami was recorded as far as on the
east coast of the Korean Peninsula. “Annals of Choson Dy-
nasty” recorded tsunami damage along the east coast of Ko-
rean Peninsula on the same day (http://sillok.history.go.kr/
main/main.jsp). Tsuji et al. (1985) estimated that the
tsunami heights were 3–4 m along the 320-km long coast.
Although the exact locations of the tsunami damage are not
clear, this piece of information would provide an important
constraint. In accordance with Tsuji et al. (1985), the Ko-
rean tsunami was assumed to be highest at Pyonhae, where
it reached 4 m; elsewhere along the 320 km-long coast, it
was assumed to reach a height of 3 m (Figs. 3 and 5).

3. Submarine Landslide Models
Tsunamigenic landslides can be classified as slumps and

debris avalanches. Slumps are characterized by large blocks
moving slowly and coherently, whereas debris avalanches
are distinguished by many smaller masses of debris dis-
tributed over a larger area, suggesting fast-moving land-
slides. The slump source may be modeled by rigid body
motion, particularly if the bathymetry change is known.
The debris avalanches are more difficult to model; they can
be modeled as slides of many rigid bodies or fluid flow. In
any case, dynamic parameters, such as slide velocity, are
needed.

The generation of a tsunami from landslides has been
modeled in several ways, such as dynamic flow, kinematic
rigid-body motion, and static initial profile. In the dynamic
fluid flow approach, the landslide is treated as fluid, and
its evolution is calculated simultaneously with the propa-
gation of the tsunami (Jiang and LeBlond, 1994; Imamura
and Imteaz, 1995; Heinrich et al., 1998). Kawamata et al.
(2005) recently modeled the 1741 Oshima-Oshima tsunami
using a two-layer model and volume change estimated by
Satake and Kato (2001). In the rigid-body approach, tem-
poral changes in the water height due to the progress of a
submarine landslide are prescribed and used for the initial
condition of tsunami propagation. Harbitz (1992) used a

Fig. 6. Bathymetry after the landslide (contour interval: 25 m) and inferred
contours (interval: 50 m) of the thickness of the material removed from
the collapse scar (lower shaded region) and added to the landslide de-
posit region (upper). The thickness contours and the described volume
are used for the tsunami computations. Based on the estimate of Satake
and Kato (2001).

Fig. 7. Schematic view of the kinematic landslide model used in this study.

box-shaped slide, and Ward (2001) used a chain of rigid
boxes. Tinti et al. (1997) introduced a block model of land-
slide to simulate the landslide motion, then used the results
for tsunami computations. In the static approach, an ini-
tial water profile due to landslide is assumed. Watts et al.
(2005), based on the results of physical and numerical ex-
periments, introduced a parametric initial water profile for
a submarine landslide and applied such a method to several
landslide-generated tsunamis.

In this paper, a simple kinematic landslide model is in-
troduced (Fig. 7). The volume change as shown in Fig. 6
is used as the initial water height distribution. The initial
water height at each point, negative in the slide region and
positive in the debris deposit region, is performed during
rise time T . This assumption models a rotational slump
rather than debris avalanches. To model the slide motion,
we assume that the slide front propagates outward from the
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volcano peak with a horizontal velocity of U . Hence, the
landslide motion is characterized by these two parameters,
U and T (Fig. 7).

The kinematic slide model is similar to the kinematic
source model of earthquakes known as the Haskell model
(e.g., Aki and Richards, 1980), in which rise time and rup-
ture duration (fault length divided by rupture velocity) are
prescribed to compute seismic waveforms. The only dif-
ference between these two models is that the slip on the
fault is uniform in the Haskell model, whereas the displace-
ment varies in the kinematic landslide model. In the kine-
matic slide model, the slide (missing volume) first appears,
then the deposit (additional volume) results. During the
slide motion, the mass is not conserved. The kinematic
landslide model was applied to the Nuuanu and Wailau gi-
ant submarine landslides around Hawaii, based on recently
mapped detailed bathymetric data (Satake et al., 2002), but
the landslide parameters were not calibrated with the ob-
served tsunamis.

The area and volume of sector collapse associated with
the 1741 Oshima-Oshima eruption is estimated to be 17±4
km2 and 2.4±0.3 km3, respectively, by Satake and Kato
(2001). They also estimated that the debris deposits ex-
tended into an area of 69±4 km2, with a total volume of
2.5±0.3 km3 (Fig. 6). The missing (slide) volume is lo-
cated just north of the island, with a maximum thickness
of 400±6 m, while the excess (deposit) volume extends as
far as 16 km from the island, with an average thickness
of 36±2 m. These values are used for the initial condi-
tions of tsunami generation and propagation. They do not
include thinner deposits of debris or debris avalanche ex-
tending over a wider area, as observed around Ritter Island
(Silver et al., 2005), but such thinner deposits may not have
contributed to the tsunami generation.

The computed tsunami heights from various landslide pa-
rameters in the kinematic slide model are compared with
the observed tsunami heights. The horizontal slide velocity
is varied from U=10 m/s to 100 m/s. At the time of the
1980 Mt. St. Helens eruption, the velocity of the first sub-
aerial slide is estimated to be 50–70 m/s from the analysis
of a series of photographs (Voight, 1981). For the 1888
Ritter Island tsunami, Ward and Day (2003) used an es-
timated landslide deposit distribution and showed that the
broad features of the observed tsunami could be reproduced
using the tsunami model of Ward (2001) with landslide ve-
locities of 40 m/s or more. For the Storegga slides, Har-
bitz (1992) assigned 20 m/s and 50 m/s for the lower and
upper limits of the submarine slide velocity. For the giant
Hawaiian landslides, Satake et al. (2002) modeled three dif-
ferent velocities—20, 50, and 100 m/s—and found that the
tsunami heights from the latter two velocities were equally
larger than those from 20 m/s on both Hawaiian Islands and
the west coast of North America.

Duration, or rise time, of bottom deformation at each
point is more difficult to estimate. For earthquake tsunamis,
Kajiura (1970) concluded that the deformation can be con-
sidered to be instantaneous if it is less than several minutes.
While a landslide source may be smaller than an earthquake
source, three different rise times, T =1, 2, and 5 min, are
tested in this study. Because the displacement varies within

the source area, the constant rise time implies that the local
vertical velocity of bottom deformation also varies.

4. Tsunami Propagation Modeling
Tsunami propagation is calculated using nonlinear

shallow-water equations. The equation of motion is

∂V
∂t

+ (V · ∇)V = −g∇h − C f
V|V|
d + h

(1)

where V is the horizontal velocity vector, h is the water
(tsunami) height, d is the water depth, and g is the gravi-
tational acceleration. The second term on the right of the
equation represents the bottom friction where C f is the
non-dimensional friction coefficient. In this study, depth-
dependent friction is assumed so that the coefficient is given
with the Manning’s roughness coefficient n (assumed to be
0.03 m−1/3 s) as

C f = gn2

(d + h)1/3
.

The equation of continuity is written as

∂(d + h)

∂t
= −∇ · {(d + h)V}. (2)

The finite-difference method on a staggered grid system
is adopted to numerically solve the above equations. The
computations are made on two different grids. One is
around the source area (138.5–140.5◦E and 40.5–42.5◦N)
with a grid spacing of 6′′ (arc second) or 185 m along the
meridian (Fig. 4). The bathymetry data are compiled from
JODC (Japan Oceanographic Data Center) data and recent
bathymetric surveys (see Satake and Kato, 2001). The num-
ber of grid cells is 1200×1200, and the computational time
step is 0.5 s to satisfy the stability condition of the finite-
difference method. The generation and propagation of the
tsunami for 45 min in real time are computed so that the
full waveforms at all of the coastal points are obtained. The
second grid is for the entire Japan Sea (127–143◦E and 33–
52◦N) with a grid spacing of 1′ (arc minute) or 1,853 m
along the meridian (Fig. 3). The bathymetric data are from
the JODC database. The number of cells is 960×1140, and
the computational time step is 5 s to satisfy the stability con-
dition. The generation and propagation of the tsunami for 4
h in real time are computed.

Tsunami heights are computed at coastal points where
they can be compared with the observed heights. In gen-
eral, computed tsunami heights are smaller on coarser grids
because of two factors: the computed water height is an
average value for each grid cell, and the water depth on
the coastal cell is shallower (e.g., Satake, 1995; Satake and
Tanioka, 1995). The computed heights on different girds,
the 6′′ and 1′ grids, are first compared on 34 coastal points
in Hokkaido and Tsugaru. The average amplitude ratio
(for peak-to-trough amplitude) is 0.54, indicating that the
computed tsunami heights on the 6′′ grid are about twofold
larger than those on the 1′ grid. Therefore, a half of a
peak-to-trough amplitude on the 6′′ grid and the peak-to-
trough amplitude on the 1′ grid are adopted as the computed
tsunami heights. As shown in Fig. 5, these agree very well.
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Fig. 8. Comparison of the statistical parameters for different sets of horizontal slide velocity U and rise time T . The top row shows those for around the
source on the 6′′ grid, while the bottom row is for the entire Japan Sea from both 6′′ and 1′ grids. The left column is the geometric mean of observed
and computed amplitudes K . The center column is for the error factor κ . The right column is for linear correlation factor r . The darker color indicates
the better fit between the observed and computed heights.

In order to carry out a comparison between the observed
run-up heights and computed heights on coastal cells, three
statistical parameters are introduced. The first is the geo-
metric mean K of the amplitude ratio Oi /Ci , where Oi and
Ci are the observed and computed heights, respectively, at
station i . The second is an index of scatter, defined by Aida
(1978) as

log κ =
[

1

n

∑
j

(
log

Oi

Ci

)2

− (log K )2

]1/2

. (3)

If the logarithmic amplitude ratios obey the normal distri-
bution N (log K , log κ), then parameter κ can be considered
as an error factor because its logarithm shows the standard
deviation. The third parameter is the linear correlation co-
efficient

r =
∑

i

(
Oi − Ō

) (
Ci − C̄

)
√∑

i

(
Oi − Ō

)2
√∑

i

(
Ci − C̄

)2
(4)

where Ō and C̄ are the means of Oi ’s and Ci ’s, respectively.
The first parameter, K , indicates the relative size of the

observed and computed tsunami models, whereas the latter
two indicate the goodness of the model. The smaller κ and
the larger r are the measures of the better model.

5. Tsunami Computation Results
The tsunami generation is computed using the kinematic

landslide model, and the propagation is computed for both
the 6′′ and 1′ grids. The computations are repeated with
different sets of horizontal slide velocity U and rise time T
(Table 2). The computed tsunami heights are then compared
with the observed ones, and the statistical parameters K , κ

and r are calculated. These parameters are calculated for

two different regions: the coasts near the source on the
6′′ grid and the entire Japan Sea for which the computed
heights are on the 6′′ grid around the source and those are
on the 1′ grid for the western Japan and Korean coasts.

The amplitude ratio K , the error factor κ and the lin-
ear correlation factor r vary with the assumed parameters
(Fig. 8). The K values are close to 1 for U=40–80 m/s and
T ≤2 min. The error factor shows a peak (trough in κ value)
at U=40–60 m/s and T =2 min for the 6′′ grid. With the
larger peak value (smaller κ value), the peak is shifted to
T =5 min for the entire Japan Sea. The linear correlation
factor r also shows a peak at U=40–60 m/s and T =2 min
for the 6′′ grid. For the entire Japan Sea, the peak is lo-
cated at the same place, although the shape is rather broad.
From these comparisons, it can be concluded that the kine-
matic landslide model with U=40 m/s and T =2 min best
explains the observed tsunami heights. For this combina-
tion, K=0.99, κ=1.37, and r=0.75 for the near-source re-
gion, and K=1.11, κ=1.50, and r=0.84 for the entire Japan
Sea.

For comparison, Kawamata et al. (2005) also estimated
K and κ values for their earthquake fault and two-layer slide
models. Their fault model yielded K=0.89 and κ=1.38 for
the near-source region, and K=1.00 and κ=1.68 for the en-
tire Japan Sea. Their two-layer slide model yielded K=0.99
and κ=1.76 for the near-source region, and K=1.01 and
κ=1.58 for the entire Japan Sea. The smaller κ values in
the present model indicate that our model shows a better fit
with the distribution of the observed tsunami heights.

The effects of the kinematic landslide parameters on the
coastal tsunami heights are also examined (Fig. 9). For
comparison, the observed tsunami heights are also shown.
The horizontal slide velocity is first fixed at U=40 m/s and
the rise time is varied as T =1, 2, and 5 min (top figure).
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Table 2. Comparison of parameters for various models

U (m/s) T (min) 6′′ grid (n=36) 1′ and 6′′ grids (n=49)
K κ r K κ r

20 1 1.34 1.42 0.68 1.48 1.48 0.80
40 1 0.93 1.39 0.72 1.04 1.52 0.82
60 1 0.90 1.46 0.71 1.04 1.62 0.81
80 1 0.99 1.49 0.66 1.15 1.65 0.78

100 1 1.11 1.52 0.60 1.28 1.66 0.74
10 2 2.35 1.42 0.70 2.66 1.53 0.81
20 2 1.49 1.41 0.69 1.62 1.46 0.81
40 2 0.99 1.37 0.75 1.11 1.50 0.84
50 2 0.94 1.39 0.76 1.09 1.55 0.85
60 2 0.94 1.39 0.75 1.11 1.58 0.84
80 2 1.02 1.41 0.71 1.20 1.60 0.82

100 2 1.14 1.44 0.64 1.34 1.62 0.78
20 5 2.64 1.49 0.56 2.57 1.49 0.71
40 5 2.16 1.42 0.67 2.29 1.44 0.80
60 5 2.15 1.43 0.69 2.27 1.45 0.81
80 5 2.34 1.44 0.64 2.52 1.47 0.78

100 5 2.63 1.47 0.55 2.86 1.50 0.73

Fig. 9. Tsunami heights computed for different landslide parameters in
the kinematic landslide model. The observed tsunami heights are also
shown for comparison. Top: The horizontal slide velocity is fixed at
U=40 m/s and the rise time T is varied as 1, 2, and 5 min. Bottom: The
rise time T is fixed at 2 min and the horizontal slide velocity varied as
U=20, 40, and 100 m/s. Those for U=60 and 80 m/s are similar to the
40 m/s case and are, therefore, not shown.

The computed tsunami heights for T =5 min are systemat-
ically lower than the other cases or the observations. The
computed heights for T =1 min and 2 min are similar, al-
though the former has larger narrow peaks. In the next step,
the rise time is fixed at T =2 min and the velocity is varied
as U=20, 40, and 100 m/s (lower figure). The computed
heights for U=40 m/s are similar to the observed heights on

the Hokkaido coast. The computed heights for U=20 m/s
are lower on the Hokkaido coast, and those from U=100
m/s are also lower on the northern Hokkaido coast. The
tsunami heights for U=60 and 80 m/s are similar to those
for U=40 m/s and are, therefore, not shown. The com-
puted tsunami heights for different slide velocities are sim-
ilar on the Tsugaru coast. These comparisons indicate that
the tsunami heights on the Hokkaido coasts are more sensi-
tive to the slide parameters than those on the Tsuguru coast.

Tsunami waveforms calculated from different parame-
ters show different features. Figure 10 shows the computed
tsunami waveforms at four selected locations, Kumaishi,
Esashi, Era, and Ajigasawa. For the same slide velocity
(U=40 m/s), the waveforms and amplitudes are similar for
T =1 and 2 min, while that for T =5 min is considerably dif-
ferent, with smaller amplitudes. This feature is common to
all of the locations regardless of the azimuth. For the same
rise time (T =2 min), the faster slide velocity produces the
earlier arrival time. At Kumaishi (northeastern azimuth),
the amplitude is largest for U=40 m/s. At other locations,
the waveforms and amplitudes for U=40–100 m/s are very
similar. All of the waveforms start with negative motions,
which is consistent with the report that the water initially
receded at Kumaishi and Esashi (Tsuji et al., 2002).

6. Discussion
The 1741 tsunami can be explained by a submarine land-

slide associated with the sector collapse of the Oshima-
Oshima volcano. While the length of the submarine land-
slide is much larger than the volcano (∼4 km), it still
reaches only 16 km, which is much smaller than the typ-
ical size of tsunamigenic earthquakes (∼100 km). An in-
teresting question is why this submarine landslide was able
to cause such a large tsunami equivalent to an earthquake
of M=8.4 (Abe, 1999). Two factors appear to have con-
tributed to the large tsunami: the large vertical drop and the
coupling of the landslide and tsunami.

Ruff (2003) examined the energy balance for tsunamis
generated from landslides and earthquakes. Using a sim-
ple block model, he showed that the tsunami becomes the
largest when the ratio of initial water depth above the block
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Fig. 10. Computed tsunami waveforms from different landslide models
at Kumaishi, Esashi, Era, and Ajigasawa (see Fig. 4 for the locations).
The tsunami heights from the kinematic slide model with parameters
(U , T )=(40 m/s, 1 min), (40 m/s, 2 min), (40 m/s, 5 min), (20 m/s, 2
min), (100 m/s, 2 min) are shown.

to downslope vertical drop of the block is less than 1. In
the case of Oshima-Oshima, the slide top is above sea level,
hence the water depth is smaller than the vertical drop and
the ratio is indeed less than 1. If the slide were to have been
limited to a small part of the ocean slope around the island,
the tsunami energy would have been smaller.

When the slide velocity is similar to the local tsunami ve-
locity, the coupling effects amplify the tsunami in the direc-
tion of propagation (Ward, 2001). In the case of Oshima-
Oshima, the water depth in the tsunami source area is 0–
2000 m, where the tsunami velocity ranges 0–140 m/s.
Hence the propagating submarine landslide may cause cou-
pling with tsunami. The slide was thickest (nearly 400 m) at
a water depth of around 200 m (Fig. 6), where the tsunami
velocity is about 40 m/s. Hence, the landslide propagat-

ing at U=40 m/s causes possible coupling with propagating
tsunamis and the amplitudes become large.

7. Conclusions
The 1741 Oshima-Oshima tsunami can be explained to

be the result of a partly submarine lateral collapse of the
north flank of the Oshima-Oshima volcano. No tectonic
earthquake source is required, which is consistent with the
lack of evidence for such an earthquake in the historical
records. The tsunami heights are computed on two different
grids—a 6′′ grid near the source and a 1′ grid for the entire
Japan Sea. A parameter search for the simple kinematic
landslide model indicates that the observed values are best
explained for the combination of U=40 m/s and T =2 min.
The slide velocity is similar to the tsunami phase velocity in
the source area, indicating that landslide and tsunamis were
coupled to generate the large tsunami heights. The large
vertical drop of the slide, from the surface of the water to
the deep seafloor, was also responsible for creating the large
tsunamis.

The simple kinematic landslide model predicts a larger
tsunami in the northern direction than what was observed in
the southern and western directions. Future studies on this
tsunami may include more realistic dynamic modeling for
debris avalanches and a search for tsunami deposits on the
coasts of Hokkaido and Okushiri Island as well as historical
records in Russian and Chinese archives across the Japan
Sea.
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