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[1] Various scenarios of earthquakes and the associated tsunami wave generation are
numerically simulated. It is shown that, depending on the chosen dynamic source parameters
in the central seismic gap zone of the Kurile-Kamchatka arc, the characteristics of
tsunami waves in the water area of the Sea of Okhotsk and Kurile-Kamchatka zone can
differ dramatically, from insignificant inundation of Sakhalin and Kamchatka coasts to a
catastrophic run-up of waves up to 8 m in height. Detailed numerical constraints on the
tsunami wave run-up are obtained for a number of points of the Sakhalin coastline, the form
of the first waves climbing the coast is determined, and the run-up velocity characteristics
are computed. INDEX TERMS: 3025 Marine Geology and Geophysics: Marine seismics; 3060 Marine
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Introduction

[2] This work is devoted to a comprehensive study of the
possible generation of a strong tsunami in the seismic gap
region of the Kurile Islands subduction zone on the basis
of field data gathered during the Kurile-2005 marine sci-
entific expedition in the zone of seismic gap of the Kurile-
Kamchatka arc (Figure 1). A top priority problem is the sit-
uational modeling of possible sources of tsunamigenic earth-
quakes and the analysis of possible scenarios of the genera-
tion of tsunami waves leading to catastrophic consequences
[Mazova et al., 1983]. Thus, one of the tasks of tsunami
zonation is the situational modeling of a seismic source, the
determination of the related hydrodynamic parameters of
tsunami sources, calculations of the tsunami wave motion in
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an ocean with the real bathymetry, and estimation of char-
acteristic parameters of the tsunami wave run-up at a given
coastline.

[3] The formation of tsunami is known to depend on the
mode and dynamics of seafloor displacements in the earth-
quake source zone (more specifically on the initial displace-
ments of the seafloor). The calculations of the tsunami
wave generation are generally based on seismic data used
for the determination of the source rupture orientation and
the tsunami energy [Mazova and Ramirez, 1999]. The static
problem of calculating the ocean surface motion from the
distribution of seafloor movements is then solved. The re-
sulting displacements of the water surface are regarded as
initial conditions and the propagation of a wave in a given
water area is calculated, with the real bathymetry taken
into account. The presently existing numerical models and
software complexes (e.g. see [Goto et al., 1997]) allow
one to calculate rather accurately the propagation of the
tsunami wave toward the coast. After the Indian Ocean
tsunami of 26 December, 2004, the accuracy of such calcula-
tions can be assessed by comparing 3-D model distribution
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Figure 1. Location of geophysical profiles (gray lines) in the seismic gap zone (the Kurile-2005 expedi-
tion); the black line is the profile shown in Figure 2; the isobath interval is 1000 m.

in the Indian Ocean with satellite data on the water dis-
placements induced by tsunami propagation [Laverov et al.,
2006a]. However, these calculations involve the problem of
adequacy of the source model in use. Specific features of
the tsunami generation such as its initial velocity, param-
eters, and coastal characteristics (particularly, in the near-
field zone) are directly dependent on the choice of the model
for the determination of an earthquake source [Levin, 1978].

[4] At present, the mechanism of strong earthquakes
in subduction zones has been developed [Lobkovsky, 1988;
Lobkovsky and Baranov, 1984; Lobkovsky et al., 2004]. It is
known that narrow seismic belt of the Earth are related to
the contact conditions at boundaries of large lithospheric
plates. The interaction of plates in the underthrusting zone
is responsible for the seismic process in island arcs and at
active continental margins. The strongest earthquakes occur
in subduction zones and in the vicinity of the contact plane
dipping at a low angle between the island arc uplift base and
the top of the underthrust plate. Numerous geomorphologi-
cal, geological, and geophysical data indicate that the island
arc uplift consists of large segments formed by transverse
faults extending down to the top of the underthrust plate.

For example, traces of these faults are well seen in Figure 2,
presenting a part of the seismic profile that illustrates the
structure of the central Kurile arc slope in the area explored
by the Kurile-2005 expedition (the 37th cruise of the R/V
Akademik Lavrentyev) [Laverov et al., 2006b]. The presence
of transverse faults required the introduction of new, smaller
elements of interaction, namely, blocks (“keyboard-blocks”)
at the frontal edge of the overhanging plate. It was found
out that this minimal complication of the traditional sub-
duction scheme is sufficient to account for the main features
of the seismic process in subduction zones [Lobkovsky et al.,
2004]. The characteristic size of the keyboard-blocks is about
100 km. This block fragmentation of frontal parts of island
arc and continental margins is a structural factor control-
ling the source size of a strong earthquake [Fedotov, 1968].
Such sources are mostly related to deformed keyboard-blocks
“shooting” at the time moment of stress release. However,
sometimes the source of a very strong earthquake is compa-
rable in length to a few neighboring blocks simultaneously
releasing the accumulated elastic energy. It can be supposed
that eight or ten keyboard-blocks of the Sunda island arc
“jumped” simultaneously in December 2004, and the great

2 of 23



ES5002 lobkovsky et al.: implications of the seismic source dynamics ES5002

Figure 2. Seismic profile 3 illustrating the block structure of the frontal part of the central Kurile-
Kamchatka island arc (position of the profile is shown in Figure 1).

amount of the related released energy resulted in the for-
mation of a huge earthquake source, giving rise to a giant
tsunami.

[5] The deep-sea trench located on the oceanward side
of the Southern Kuriles makes the Kurile Islands region
a potentially hazardous seismic zone, particularly because
submarine earthquakes in a subduction zone are generally
tsunamigenic. Tsunamis generated by such earthquakes are
hazardous for coastal areas of the Sea of Okhotsk (including
Sakhalin Island) where both industrial and residential struc-
tures are located. Several tsunami attacks of the Sakhalin
coast caused by earthquakes in the Kurile Islands region have
been fixed historically [Burymskaya and Ivashchenko, 1985;
Burymskaya and Vyalykh, 1985; Solovyev, 1978]. Although
the tsunami intensity is largely controlled by the strength of
a submarine earthquake, the wave heights on the Sakhalin
coast rarely reached the record values known in the history
of tsunami on the Pacific coast [Ikonnikova, 1963; Solovyev
et al., 1977; Vasilyev and Shchetnikov, 1985; L. I. Lobkovsky
et al., 2006]. For example, at the Sakhalin coast, the wave
due to the Urup earthquake of 13 October, 1963 was no more
than half a meter high [Shchetnikov, 1990]. This is primarily
due to the fact that the tsunami wave propagation toward
Sakhalin is hindered by high submarine ridges (such as the
Vityaz Ridge) separating the Sea of Okhotsk water area from
tsunami sources in the deep-sea trench zone; as a result, the
deep-sea Bussol and Kruzenshtern straits are the only nat-
ural tsunami waveguides.

[6] The distribution of earthquake sources along the Kurile
Island arc is nonuniform. Whereas the sources are dis-
tributed uniformly in the southern and northern parts of the
Kurile arc, no submarine earthquakes have been observed
for a long time in the central Kurile region, i.e. this is a
seismic gap zone [Fedotov and Chernyshev, 2002; Laverov et
al., 2006a]. Such a situation seems to be fairly dangerous
because, the oceanic plate being thrust under the continen-
tal plate at an average velocity of 6–8 cm yr−1, significant
elastic stresses could have accumulated in the subduction
zone. In the southern and northern parts of the Kurile arc,
the underthrusting-induced release of elastic energy over the
past period was gradual due to small-block structure of the

deep-sea trench there, while the elastic energy release pro-
cess in the central Kurile zone can lead to a strong submarine
earthquake that in turn is capable of causing the tsunami of
a significant destructive potential. The probability of such
an event is supported by the fact that, as is known, the
source of the Indian Ocean tsunami of 26 December, 2004
was also located in the area of the deep-sea trench near coasts
of Indonesia, and the subduction zone in the area where the
oceanic plate moves under the Sunda and Indo-Australian
plates was seismically quiescent for more than 200 years,
which has resulted in the catastrophic aftermath of the elas-
tic energy release process. In the Russian territory, an event
of this type is possible in the central part of the Kurile-
Kamchatka subduction zone extending in the NE direction
for more than 200 km from Simushir Island.

Model Used for Calculating the Movements
of Submarine Keyboard-Blocks Generating
Tsunami

[7] The position of the possible source of a tsunamigenic
earthquake is determined from the data gathered during
the Kurile-2005 expedition (Figures 1 and 2) [Laverov et
al., 2006b]. The depth of the submarine ridge slope varies
from 1.5 km to 4.5 km. As is clearly seen, the strongly
dissected submarine Vityaz Ridge reminds blocks in the key-
board model of a tsunamigenic earthquake [Lobkovsky, 1988;
Lobkovsky and Baranov, 1984; Lobkovsky et al., 2004]. These
blocks are about 25–50 km long. However, there are known
examples illustrating that seismogenic blocks group with
time within the same zone of subduction [Lobkovsky, 1988];
i.e. an earthquake source can encompass several blocks, and
in this case the earthquake magnitude and source rupture
length increase. A similar scenario of the seismic process
development appears to have realized as the December 2004
catastrophe on Sumatra Island (Indonesia). The source of
the earthquake was more than 1000 km long and involved
several blocks.
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Figure 3. Location of model seismic sources consisting of three blocks (left panel) and eight blocks (right
panel). In the second case, the block parameters were constrained by data obtained in the Kurile-2005
expedition. The broken line is the trench axis.

[8] To model the possible earthquake, we chose two types
of a hypothetical earthquake source having lengths of about
330 km and 465 km and located between the Bussol Strait
and Shiashkotan Island with widths of about 70 km and
130 km, respectively, so that the source is similar to a curvi-
linear figure with cross section (3) along its median line
(Figure 3). The average distances of the model sources to
the Kurile-Kamchatka islands amount to about 35 km and
25 km, respectively. In both cases, we considered sources
consisting of various numbers of keyboard-blocks (from 3 to
8) capable of moving in the vertical direction. The aver-
age vertical velocity of the blocks varied from 0.15 m s−1

to 1 m s−1, depending on the characteristic time of the mo-
tion in the source. The amplitudes of downward and upward
movements of the blocks varied from 5 m to 14 m. Horizontal
block movements were not considered. The propagation of
the waves generated on the water surface was calculated up
to 10-m isobath.

Model Used for Simulation of Tsunami
Waves Generated by Displacements of
Submarine Keyboard-Blocks

[9] The wave generation and propagation were described
by the nonlinear system of equations of shallow water
[Pelinovsky, 1982; Pelinovsky and Mazova, 1992; Voltsinger
et al., 1989]

{
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where η is the water surface displacement, H is the basin
depth, and u and v are the components of the horizontal
wave velocity, f = 2Ωcos θ is the Coriolis parameter, Ω is the
Earth’s angular velocity, θ is the geographical latitude, g is
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coefficient, sh is the asperity coefficient, and the function
B(x, y, t) describes the motion of the basin floor.

Numerical Scheme

[10] Of the variety of difference schemes approximating
equations (1), we chose the scheme proposed in [Marchuk
et al., 1983] because of its high algorithmic versatility. The
scheme is based on a divided difference and, in conjunction
with the central difference approximation of spatial deriva-
tives, simplifies the numerical implementation of boundary
conditions:
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Figure 4. Interface of the program used for the generation and propagation of the tsunami wave excited
by a complex keyboard source at the time moment t = 29 min measured from the wave generation onset
time. The right-hand and middle insets show fragments of the control panel (see the text).
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[11] If a point lies in the moving region of the floor, the
wave height is corrected for the increment with the appro-
priate sign. The velocities are then updated using the values
of the wave height obtained in this way:
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[12] Numerical calculations used the bathymetric map
constructed by A. S. Svarichevsky (e.g. see [Baranov et
al., 1997; Solovyev, 1968]), with the isobath interval ranging
from 100 m to 250 m. The calculations were performed in
the square (40◦–60◦N, 140◦–160◦E) covered by a 1201×1201
grid. With the coordinate spacing being given, a time step
optimal for the entire water area was found. Corrections for
the Earth’s curvature were introduced in the spacings (in
meters) using the formulas

∆xp =
∆x · π ·R3

180

along meridians (R3 is the Earth’s radius) and

∆ypj =
∆xp · π · cos(yn + j ·∆y)

180

along parallels; the time step was found from the difference
scheme stability condition,

∆tj =
∆xp ·∆ypj ·M√

g ·Hmax · (∆x2
p + ∆y2

pj)

, where Hmax is the absolute value of the maximum depth
in the water area considered and

M2 =
1 +

√
f2 + 1

2
.

[13] To describe free boundaries in the tsunami wave prop-
agation problem, we chose the Sommerfeld condition, ac-
cording to which the part of the wave field lying outside the
boundary is transferred, without changing the waveform, in
the direction of the outer normal with a constant velocity
defined by the basin depth near the boundary. The software
implementing the algorithms was compiled in the C++ lan-
guage with the use of standard graphic programs.

Brief Description of the Program Interface

[14] The brief description of the program interface (Figure
4) is exemplified by the calculation of the tsunami wave gen-
eration and propagation, with a seismic source consisting of
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Table 1. Scenarios of the Tsunami Wave Generation for Three Blocks

Vertex coordinates Variant 1 Variant 2 Variant 3
of keyboard-blocks

Block E N Uplift height, m Uplift time, s Uplift height, m Uplift time, s Uplift height, m Uplift time, s

151◦48′ 46◦18′

1 152◦36′ 46◦00′ 10 30; 30 10 30 10 30

153◦24′ 47◦30′

154◦00′ 47◦06′

153◦24′ 47◦30′

2 154◦00′ 47◦06′ 10 30; 30 0 0 10 30

154◦18′ 48◦15′

154◦54′ 47◦45′

154◦18′ 48◦15′

3 154◦54′ 47◦45′ 10 30; 60 10 30 −10 30

155◦03′ 48◦45′

155◦42′ 48◦18′

eight keyboard-blocks (Figure 3). The tsunami source de-
veloping on the water surface is shown for the time moment
t = 25 min from the onset of block motion in the seismic
source. The fragment on the control panel presented in the
right (Figure 4) shows the characteristic dimensions of the
calculated region (40◦–60◦N, 140◦–160◦E), the number of
grid nodes in this region (1201×1201), the chosen scale, the
total computation time, the time required for drawing wave
fronts, and the isobath for which the given calculation is
carried out. Pressing the button “Show button”, one can
see the bathymetry of the desired part of the water area,
while the button “Show H” shows the wave height distribu-
tion throughout the water area at the given time of com-
putation. After the computation is terminated, the buttons
“Show H” and “safe” allows one to fix the general pattern
of the distribution of maximum heights throughout the wa-
ter area up to the 10-m isobath along both continental and
island coasts. Here is also a tableau showing the current
time oceanic computations (in seconds). Parameters of the
source are given below in the panel: the number of blocks
and heights and times of their uplift (the parameters of only
four blocks are shown in the figure). The following charac-
teristics are shown in the right at the bottom of the panel:
components of particle velocities on the water surface, the
water depth, and a maximum height at a given point at the
viewing time moment. All characteristics can be plotted in
the real time mode at the request of the user. The inset at
the center of the figure presents an example of the histogram
for the given part of the basin (Onekotan and Paramushir
islands). The histogram is constructed in the real time mode
at the request of the user and presents maximum heights on
the 10-m isobath along these islands at a given time mo-
ment. Additional blocks of the control panel are intended to
plot the distribution of velocity characteristics throughout
the wave propagation field, trace the wave front velocities in
any directions, and obtain mareograms at any point of the
water area, including offshore zones.

Results of Numerical Simulation

[15] Two groups of calculations were performed in accor-
dance with the two types of chosen seismic sources. In the
first case, a model source 330 km in length and 70 km in
width consisting of three 110-km-long blocks at a distance
of 35 km from the Kurile Islands was considered (Figure 5a).
The following scenarios of the tsunami wave generation were
considered (Table 1):

[16] (1) Uplift of the three blocks by 10, 10, and 10 m over
respective times of 30, 30, and 30 s and of 30, 30, and 60 s.

[17] (2) Simultaneous 10-m uplift of blocks 1 (in front of
the Bussol Strait) and 3 (in front of the Kruzenshtern Strait)
over 30 s, with block 2 being fixed.

[18] (3) Vertical block movements opposite in sign: blocks 1
and 2 are uplifted by 10 m over 30 s, and block 3 subsides
by 10 m over 30 s.

[19] Movements in seismic source form a tsunami source.
Our calculations show that, if vertical movements of blocks
occur over a short time (10–30 s), the moving blocks act
like a piston and, due to incompressibility of the liquid and
hydrostatic pressure, the water surface is displaced (upward
or downward) by the same value as the block in the seismic
source. With a slower uplift of a blocks (over 60–120 s), the
water surface displacement amounts to 70% or less of the
seafloor block displacement, which is due to the relation be-
tween the horizontal and vertical velocities in the source dur-
ing the block uplift. However, the forming tsunami source
coincides in shape and sizes with the earthquake source
[Pelinovsky and Plink, 1980; Solovyev and Tulupov, 1981],
as is well seen in Figure 5. Figure 5a clearly displays the
characteristic shape of tsunami sources formed at a time mo-
ment of the initial generation process for the scenario data
presented in Table 1.

[20] The second group of calculations involved a more de-
tailed source whose structure was defined by data gathered
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Figure 5. Variants used for the simulation of the dynamic tsunami source generation by a complex
keyboard-block seismic source (Figure 3). (a) Three blocks: simultaneous uplift at the same velocities
(left top panel); uplift of blocks 1 and 3 at the same velocities, with block 2 being fixed (right top panel);
uplift of blocks 1–3 at different velocities (left middle panel); uplift of blocks 1 and 2 and subsidence of
block 3, with all velocities being different (right middle panel). (b) Eight blocks: uplift of blocks 1–8 at
different velocities (left bottom panel); uplift of blocks 2, 3, and 5–8 and subsidence of blocks 1 and 4,
with all velocities being different (right bottom panel).
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Table 2. Scenarios of the Tsunami Wave Generation for Eight Blocks

Vertex coordinates of keyboard-blocks Variant 1 Variant 2

Block no. E N Uplift height, m Uplift time, s Uplift height, m Uplift time, s

151◦26′ 46◦15′

152◦18′ 46◦02′

1 152◦05′ 46◦40′ 14 10 −10 10
151◦18′ 46◦02′

152◦05′ 46◦40′

151◦18′ 46◦02′

2 151◦05′ 46◦40′ 10 30 14 30
152◦50′ 45◦50′

152◦05′ 46◦40′

152◦50′ 45◦50′

3 152◦26′ 46◦55′ 10 30 14 30
153◦29′ 46◦08′

152◦26′ 46◦55′

153◦29′ 46◦08′

4 152◦42′ 47◦08′ 7 10 10 10
153◦58′ 46◦26′

152◦42′ 47◦08′

153◦58′ 46◦26′

5 153◦55′ 48◦15′ 8 30 −8 30
154◦05′ 46◦34′

153◦55′ 46◦26′

154◦05′ 46◦34′

6 154◦29′ 48◦41′ 10 10 10 10
154◦26′ 46◦50′

154◦29′ 48◦41′

154◦26′ 46◦50′

7 155◦11′ 49◦13′ 5 30 5 30
155◦29′ 47◦43′

155◦11′ 49◦13′

155◦29′ 47◦43′

8 155◦31′ 49◦40′ 10 10 10 10
156◦37′ 48◦56′

from studies of the seismic gap zone (Figures 1 and 2). In
this case, the source consists of eight keyboard-blocks re-
flecting the real position of crustal faults (Figure 2). The
source is 465 km long and 130 km wide, and its distance to
the Kurile Islands is 25 km. With this type of the source,
two scenarios of tsunami generation were considered. The
coordinates, uplift height, and uplift times of the blocks are
presented in Table 2. The blocks can move both upward and
downward. The realization of the given scenarios yielded the
characteristic type of tsunami sources shown in Figure 5b for
a time moment of the initial generation process.

[21] Computations according to each of these scenarios
yielded displacement and velocity wave fields for the entire
water area of the Sea of Okhotsk and for all coast of the
continent and islands.

[22] Figures 6–8 present results of numerical simulation of
the tsunami wave generation and propagation for a source
consisting of three blocks (see Figure 5a and Table 1).
Figure 6 illustrates the realization of scenario 2: the seis-
mic source consists of two blocks in front of the Bussol and
Kruzenshtern straits. Figure 6a presents the wave propaga-
tion patterns for 12 time moments: generation of the surface
wave by the source (top panels), propagation of the wave
crossing the Kurile island arc (middle panels), and propaga-
tion of tsunami waves throughout the water area of the Sea
of Okhotsk (bottom panels). Figure 6b shows the distribu-
tion of calculated maximum heights in the entire water area
of the Sea of Okhotsk.

[23] Figure 7 presents results of numerical simulation of
the tsunami wave generation and propagation realizing sce-
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Figure 6. Generation and propagation of the tsunami wave in the Sea of Okhotsk water area; the wave
is generated in the seismic gap zone of the central Kurile Islands by a source consisting of two seafloor
blocks simultaneously uplifted by 10 m over 30 s (left top panel). (a) Position of the wave front at 12
successive time moments. (b) Distribution of wave heights in the water area, with maximum heights
along the eastern Sakhalin coastline varying from 1.5 m to 5.5 m.
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Figure 7. Generation and propagation of the tsunami wave in the Sea of Okhotsk water area; the wave
is generated in the seismic gap zone of the central Kurile Islands by a source consisting of three seafloor
blocks, two of which are uplifted by 10 m over 30 s and the third block is uplifted by 10 m over 60 s.
(a) Position of the wave front at 12 successive time moments. (b) Distribution of wave heights in the Sea
of Okhotsk water area, with the maximum height along the eastern Sakhalin coastline attaining 7 m.
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Figure 8. (a) Generation and propagation of the tsunami wave in the Sea of Okhotsk water area; the
wave is generated in the area of central Kurile Islands by a source consisting of three seafloor blocks:
blocks 1 and 2 are simultaneously uplifted by 10 m over 30 s and block 3 is subsided by 10 m over 30 s.
(b) Distribution of wave heights in the water area, with the maximum height along the eastern Sakhalin
coastline reaching 7 m.
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nario 3, with a seismic source consisting of three blocks two
of which are displaced upward by 10 m over 30 s, while the
third moves upward for the same distance more slowly, over
60 s. Figure 7a presents the wave propagation patterns for
12 time moments: generation of a surface wave by the source
(top panels), propagation of the wave crossing the Kurile is-
land arc (middle panels), and propagation of tsunami waves
throughout the water area of the Sea of Okhotsk (bottom
panels). Figure 7b shows the distribution of the calculated
maximum heights over the entire water area under consid-
eration.

[24] Figure 8 displays results of numerical simulation of
the tsunami wave generation and propagation realizing sce-
nario 4 (the seismic source consists of three blocks two of
which are displaced upward by 10 m over 30 s and the third
block is displaced downward by 10 m over 30 s). Figure 8a
presents the wave propagation patterns for nine time mo-
ments: generation of a surface wave by the source (top pan-
els), propagation of the wave crossing the Kurile island arc
(middle panels), and propagation of tsunami waves through-
out the water area of the Sea of Okhotsk (bottom panels).
Figure 8b shows the distribution of the calculated maximum
heights over the entire water area under consideration.

[25] As seen from Figures 6–8, the movement of the
tsunami wave across the Kurile Islands and propagation both
outside and inside the water area of the Sea of Okhotsk fol-
low nearly the same pattern: in the first 150–240 s, a part of
the wave goes away into open ocean, toward the Hawaiian
Islands. On the other hand, the Vityaz Ridge and the Kurile
Islands hinder the propagation of the wave toward the Sea
of Okhotsk, thereby increasing the height of the wave run-
up at SE coasts of the islands (up to 15 m on Simushir
Island, 2 m on Kunashir Island, 1.5 m on Shikotan Island,
and so on). Some part of the wave energy is reflected by
the islands toward the ocean, but the main part of the wave
moves through the Bussol and Kruzenshtern deep straits,
which play the role of natural waveguides.

[26] The further propagation of the wave is largely con-
trolled by the bathymetry of the water area: a part of the
wave that passed through the Bussol Strait propagates along
the Kurile trench toward Sakhalin and Hokkaido islands at
a relatively high velocity (v ∼ 600 km h−1) due to a consid-
erable depth of this trench (H ∼ 3500 m). The velocity of
the second wave, passing through the Kruzenshtern Strait
and moving across the Kurile trench appreciably decreases
with time, as the wave reaches the significantly shallower
Deryugin trough.

[27] After 50–70 minutes, the joint front of waves that
propagated through the Bussol and Kruzenshtern straits
reaches the SE termination of Sakhalin Island (the Terpeniya
Promontory). As is evident from the modeling results, the
run-up onto the eastern coast of Sakhalin Island is first pro-
duced by the wave that passed through the Kruzenshtern
Strait. As the wave propagates toward the continental Sea
of Okhotsk coast, the left part of the wave front succes-
sively (from south to north) strikes the eastern Sakhalin
coast. The run-up heights of this wave range from 2.5 m
to 7 m, depending on the scenario considered. After leaving
Sakhalin, the wave front becomes nearly plane-shaped and
propagates at a relatively low velocity toward the town of

Okhotsk, while the flank fronts move at a higher velocity
westward the Shantarksie Islands and eastward toward the
Shelikhov Bay and reaches the continental coast in about
three hours, depending on the scenario considered (bottom
panels in Figures 6a–8a). Although the wave propagation
patterns determined from the first group of calculations are
similar, the detailed distributions of maximum wave heights
along all coasts of the water area under study (particularly,
along the Sakhalin coast) differ significantly, as is clearly
seen from Figures 6b–8b.

[28] The results obtained for two scenarios of the first type
(the seismic source is specified by three blocks) are compared
in Figure 9. Figure 9a presents the distribution of heights
over the entire water area of the Sea of Okhotsk for the case
when the source blocks are simultaneously displaced by 9 m
upward over 30 s. Figure 9b shows the distribution of heights
for the case when the blocks are displaced upward by 12, 10,
and 12 m over 10, 30, and 10 s, respectively. As is well seen
the distributions of heights in these two cases are somewhat
different. Along the Sakhalin coast, they can differ by 1.5 to
2 times. The insets in the figure present mareograms for the
point (52.2◦N, 143.6◦E). It is clearly seen that the maximum
height in the second case (3 m) is twice as high as in the first
case (1.5 m).

[29] Figures 10 and 11 present the results of numerical
simulation of the tsunami wave generation and propagation
obtained from calculations of the second series for a seismic
source consisting of eight blocks (see Figure 5b and Table 2).
Figure 10a shows the wave propagation patterns for 12 time
moments: generation of a surface water wave by the source
(top panels), propagation of the wave crossing the Kurile is-
land arc (middle panels), and propagation of tsunami waves
throughout the water area of the Sea of Okhotsk (bottom
panels). Figures 10 and 11 show that, as compared with the
case illustrated in Figures 6–8, the change in the structure
of the source and its sizes has the most significant effect
on the near-field zone, i.e. on the distribution of run-up
heights on the nearest Kurile islands (see Figures 10b and
11b). After the passage of the wave through the Bussol and
Kruzenshtern straits, the wave front becomes more indented
compared to the case of a three-block source (Figures 6–
8). Moreover, in the latter case, a nearly quiet water sur-
face is observed in the Sea of Okhotsk water area behind
the wave train moving from the source after the passage of
these straits whereas, in the case of an eight-block source, the
tsunami propagating in the Sea of Okhotsk yield a distinct
wave pattern observed up to the Kurile Islands, particularly
well expressed in the case when two of eight keyboard-blocks
in the source move downward (Figure 11). Such a structure
of the wave field in the water area leads in turn to changes
in the arrival times of the wave front at points of the Sea of
Okhotsk coastline and in the inundation shape and run-up
values. Figures 10b and 11b shows the distribution of max-
imum wave heights over the entire water area under study
obtained from the computations of the given series.

[30] The distributions of velocity fields for scenario 2 from
the second series of calculations (Table 2) are presented in
Figure 12. The left panel displays the waveform in the dy-
namic source of tsunami during the generation of the wave
by a seismic source of the keyboard-block type at the time
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Figure 9. Distribution of wave heights along Sea of Okhotsk coastlines; the tsunami waves are generated
by a seismic source consisting of three blocks (Figure 3): (a) all blocks move simultaneously upward for
9 m over 30 s; (b) blocks 1, 2, and 3 are uplifted by 12, 10 et al. and 12 m over 10, 30, and 10 s,
respectively. The maximum wave height along the Sakhalin coastline is 5 m in the first case and 7 m in
the second case. The inset shows mareograms at the point (52.2◦N, 143.6◦E).
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Figure 10. (a) Generation and propagation of the tsunami wave in the Sea of Okhotsk water area;
the wave is generated in the area of the central Kurile Islands by a source consisting of eight blocks
(Figure 3): blocks 1–8 are uplifted by 14, 10, 10, 14, 9, 9, 12, and 9 m over 10, 10, 10, 30, 10, 30, 30, and
10 s, respectively. (b) Distribution of wave heights in the Sea of Okhotsk water area, with the maximum
run-up along the eastern Sakhalin coastline reaching 8 m.
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Figure 11. (a) Generation and propagation of the tsunami wave in the Sea of Okhotsk water area; the
wave is generated by a source consisting of eight blocks (Figure 3): blocks 1–8 move vertically for 10,
14, 14, 10, 8, 10, 5, and 10 m over 10, 10, 10, 30, 10, 30, 30, and 10 s, respectively. (b) Distribution of
maximum wave heights, with the maximum run-up along the eastern Sakhalin coastline reaching 5 m.
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Figure 12. The velocity field of water particles at six characteristic time moments (measured from the
onset time of the wave generation by a seismic source): t = 20 s, 6 min, 11 min, 19 min, 39 min, and 1 h
16 min.

moment t = 20 s. By this time, keyboard blocks 1, 4, 6, and
8 stopped moving, while blocks 2, 3, 5, and 7 continue to
move upward at the given velocities (see Table 2).

[31] The field of water particle velocities (shown by arrows)
in the tsunami dynamic source region is largely controlled by

both bathymetric details of the trench slope and movement
parameters of blocks (their heights and velocities). Since the
keyboard-blocks are located on the NW slope of the deep-sea
trench, a feature typical of the entire area of the dynamic
tsunami source is the movement of water from the left, up-
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lifted edge of the source in the SE direction toward the right,
farther from the island arc, source boundary, along which a
depression arises. Water particles at the right-hand source
boundary move along it, mainly in the SW direction. The
movement in the vicinity of the lower point of the contact
between blocks 6 and 7 is of the eddy type, which is ap-
parently due to differences between the uplift heights of the
blocks at the given time moment and between the velocities
of their vertical motions. A local elevation of surface water
is observed above the lower part of the boundary between
blocks 4 and 5, while the bulk of water moves away from
block 4; this is likely due to the further uplift of block 5,
after block 4 stops moving. Vortex motion also arises in the
source region corresponding to the upper contact between
blocks 5 and 6, which might be accounted for by the contin-
uing uplift of block 5, while the water rise due to the uplift
of block 6 is already developed.

[32] The right-hand top panel displays the wave field gen-
erated by the given seismic source at the time when the left
flank of the wave front formed in the process of tsunami
generation reached the Kurile Islands, while the right flank
of the front continues to move into the open ocean toward
the Hawaiian Islands (t = 300 s � T , where T is the max-
imum time of the uplift of blocks); the right front remains
linear nearly all along its extent, while the left front be-
comes strongly indented. The field of water particle veloci-
ties (shown by arrows) has an eddy pattern almost in the en-
tire region of disturbed water surface. The wave field to the
right of trench axis is dominated by the motion of water par-
ticles in the SW direction (along the right-hand front). On
the contrary, the part of the wave field between the trench
axis and the island arc is dominated by particle motion in
the NE direction (along the island arc). Moreover, notwith-
standing the large observation time (t = 300 s � T ), the
wave field still reflects the distribution of maximum heights
(in the areas of blocks 1–3, 6, and 8). Water particles near
the wave front move along the front line.

[33] The left middle panel presents the wave field at
the time moment t = 670 s. While the right-hand linear
front continues to move farther into the ocean toward the
Hawaiian Islands, the left-hand part of the wave, after pass-
ing through the Kruzenshtern and Bussol deep straits, pene-
trated into the water area of the Sea of Okhotsk in the form
of two, still separate wave fronts. Although the distribution
of water particle velocities remains to be of the eddy type,
dynamics of the wave process leads to a self-consistent mo-
tion of water particles along the normal to the wave front;
near the wave front, this motion becomes directed along the
front. In the left part of the wave moving into the Sea of
Okhotsk, water particle velocities are directed toward the
Kruzenshtern and Bussol straits, along the normal to the
wave fronts forming after the waves leave the straits. Such
behavior of the water particle velocities indicates that a wa-
ter rise responsible for such a motion forms in the trench
axis zone.

[34] The right-hand middle panel presents the wave field
at the time moment t = 1150 s. Whereas the water particle
velocity field is still homogeneous in the right-hand part of
the wave, particles in the left-hand part move in a complex
way. The wave fronts from both straits joined by this time,

and the tsunami wave with the general wave front propagates
across the water area of the Sea of Okhotsk. The velocities
are directed away from the source arising at the center of
the wave field.

[35] The left-hand bottom panel shows the wave front at
the time moment t = 2340 s. The situation is different com-
pared to the previous time moment: a crest formed at the
right-hand front; outside this crest (in the trough), the water
particle velocities are parallel to the wave front and particles
move in the SW direction. This area is followed by a zone
where the particle velocities, also being parallel to the front,
move in the opposite (NE) direction. In the left part of the
wave, the joint wave front continues to travel across the Sea
of Okhotsk, approaching Sakhalin Island.

[36] The right-hand bottom panel displays the wave field
at the time moment t = 4560 s. Here the wave pattern char-
acteristic of the far-field zone of the tsunami propagation is
already formed: alternating crests and troughs are observed
within the wave front.

Detailed Analysis of Possible Catastrophic
Tsunamis on the Kurile Islands

[37] To analyze possible catastrophic earthquakes in this
region that can generate an anomalously strong tsunami
along coastlines of the Kurile Islands, we performed the fol-
lowing calculations, assuming that the velocity of blocks and
their displacement are fixed. The succession and direction
of movements of blocks were varied in the modeling calcu-
lations. We considered a source consisting of three blocks
(Figure 3) and analyzed the following scenarios of block
movements in the source (Figure 13):

(a) uplift of the three blocks by 10, 8, and 10 m over respec-
tive times of 30, 10, and 30 s (Figure 13a);

(b) uplift of the first and third blocks by 10 m and sub-
sidence of the second block by 8 m; the respective motion
times of the blocks are 30, 10, and 30 s (Figure 13b);

(c) uplift of the first and second blocks by 10 and 8 m and
subsidence of the third block by 10 m; the respective motion
times of the blocks are 30, 10, and 30 s (Figure 13c);

(d) uplift of the second block by 8 m and subsidence of the
first and third blocks by 10 m; the respective motion times
of the blocks are 30, 10, and 30 s (Figure 13d).

In realizing these scenarios, all blocks start moving simulta-
neously.

[38] Figure 14 presents the distributions of maximum wave
heights in the calculated region. As is clearly seen, these
distributions differ significantly depending on the type of the
earthquake source. Results of the calculations are presented
in Table 3.

[39] The histograms of maximum tsunami wave heights
along coastlines of the Kurile Islands are shown in Figure 15
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Figure 13. Simulation variants of the tsunami source generation by a seismic source consisting of three
blocks: (a) simultaneous uplift of all blocks; (b) uplift of two left and right blocks and subsidence of the
middle block; (c) uplift of the left and middle blocks and subsidence of the right block; (d) uplift of the
middle block and subsidence of the two other block. Upward and downward movements of blocks occur
at different velocities.

(left panels) for various types of a seismic source (Figure 13).
The right-hand panels of Figure 15 show the position of
points on coastlines of Iturup, Urup, Simushir, Onekotan,
and Paramushir islands where the wave heights reach maxi-
mum values. It is well seen that, depending on the calculated
variant, maximum values of the run-up height are attained at
points separated by rather great distances. For example, the
Urup island maximum run-ups are attained at the following
coastline points for the variants shown in Figures 13a–13d:
(45◦32′ N, 149◦26′ E),∼9 m (Figure 13a); (46◦10′ N, 150◦30′

E), 8 m (13b); (45◦54′ N, 150◦8′ E), 7 m (13c); and (45◦35′

N, 149◦43′ E), 14 m (13d).

[40] The analysis of the considered scenarios of the
keyboard-block movements in a seismic source (Figures 5
and 13) provided estimates of maximum wave heights along
Pacific and Sea of Okhotsk coastlines of the Kurile Islands
and the Kamchatka Peninsula (Table 3 (c)). It is clearly
seen that, for any variant of block motions in the seismic
source, the Sea of Okhotsk coast of the islands experiences
a fairly weak impact, the largest predicted heights of waves
being no more than 2.5 m. An exception is Urup, Simushir,
and Shiashkotan islands where large wave heights are possi-
ble not only at the Pacific coast (more than 15 m) but also
along coastlines of the Sea of Okhotsk (up to 7 m). On the
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Figure 14. Distribution of tsunami wave heights in the region of calculations.

Table 3. Maximum Wave Heights in the Calculated Region

Variant Islands

Iturup Urup Simushir Onekotan Paramushir

Coordinates of the point 147◦8′ 149◦26′ 152◦18′ 154◦38′ 155◦24′

(a) 44◦30′ 45◦32′ 47◦6′ 49◦14′ 50◦1′

Maximum height, m 8.79 8.61 15.2 8.87 5.54

Coordinates of the point 148◦23′ 150◦30′ 151◦52′ 154◦58′ 155◦35′

(b) 45◦12′ 46◦10′ 46◦49′ 49◦40′ 50◦9′

Maximum height, m 6.16 7.62 14.64 15.1 3.43

Coordinates of the point 147◦36′ 150◦8′ 152◦10′ 154◦47′ 156◦6′

(c) 44◦52′ 45◦54′ 46◦60′ 49◦14′ 50◦26′

Maximum height, m 5.21 7.38 13.78 13.78 4.60

Coordinates of the point 148◦48′ 149◦43′ 151◦59′ 154◦50′ 155◦11′

(d) 45◦20′ 45◦35′ 46◦50′ 49◦30′ 50◦11′

Maximum height, m 6.05 14 15.3 11.29 6.58
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Figure 15. Maximum tsunami wave heights along coastlines of the Kurile Islands for various types of
a seismic source. The histogram of wave heights versus the latitudes of coastline points is shown on the
left. The distribution of maximum wave height points on the island coastline is shown on the right.

Kamchatka Peninsula, the wave heights reach 4.5 m along
the Pacific coastline and 6 m along the Sea of Okhotsk coast-
line. Table 4 presents a summary of maximum possible wave
heights along the Sea of Okhotsk and Pacific coastlines of
the Kurile Islands obtained from calculations of all scenarios
under consideration.

Estimates of Tsunami Run-up Values on Sakhalin
Island

[41] In the numerical simulation of the tsunami wave and
estimation of wave heights along coastline, these values are

generally determined at a certain distance from the coast-
line for a fixed depth (e.g. for a 10-, 20-, or 30-m isobath).
Depending on the geometry of the coastal zone, this en-
sures an adequate accuracy for estimating the possible catas-
trophic damage on coast. However, to obtain more accurate
estimates, detailed calculations of the tsunami run-up along
a coastline are required with due regard for the complex to-
pography of the coastal zone, but this is not always possible
due to lacking detailed offshore bathymetric data or inade-
quate technical capabilities. Nevertheless, the run-up calcu-
lation is not methodologically difficult for concrete coastal
points. In this work we obtained, as an example, run-up es-
timates for four points of the Sakhalin coastline at latitudes
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Figure 16. Schematic illustration of four cases of calculating the tsunami wave run-up along the Sakhalin
coastline. The red line shows the form of the first wave in the wave train arriving at the coast. The
circles mark the initial positions of the wave whose parameters were used for the calculation.
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Table 4. Summary of Maximum Possible Wave Heights

Island Coast Maximum wave height,
m

Urup Pacific 15
Sea of Okhotsk 3.9

Simushir Pacific 15.3
Sea of Okhotsk 6.7

Shiashkotan Pacific 10.6
Sea of Okhotsk 5

Onekotan Pacific 15.1
Sea of Okhotsk 2.55

Paramushir Pacific 6.8
Sea of Okhotsk 2.5

Shikotan Pacific 1.91
Sea of Okhotsk 0.8

Iturup Pacific 9.2
Sea of Okhotsk 2

Shumshu Pacific 3.7
Sea of Okhotsk 1.5

Kamchatka Pacific 5.5
Sea of Okhotsk 2.5

of 50◦00′, 51◦30′, 52◦30′, and 53◦30′ N, respectively. The
estimates were calculated for the tsunami wave generation
by a seismic source consisting of eight blocks (the second
group of calculations, variant 1; see Figure 5b and Table 2).

[42] The four cases of calculation of the tsunami run-up
along the Sakhalin coastline are schematically illustrated in
Figure 16. An isobath specific to each of the four cases was
used for estimating the maximum run-up value by the nu-
merical procedure in use (see points in the figure). Moreover,
the wave train that best fitted the given isobath was prelim-
inarily analyzed. We should note that, in all four cases, the
first wave in the train is a depressive wave, which implies the
possible significant increase in the second or third wave of
the train, depending on both parameters of waves arriving at
the coast and the geometry of the shelf zone [Golubtsova and
Mazova, 1989]. The maximum wave heights on the coastline
(Rmax) and on the 10-m isobath (ηmax) at the same latitude
are presented in Table 5 (see also Figure 10).

[43] The distinction between Rmax and ηmax is seen to be
significant and at some point can reach twofold values.

Table 5. Maximum Wave Heights on the Coastline (Rmax)
and the 10-m Isobath (ηmax)

Latitude Rmax ηmax

50◦00′ 6.4 4.2
51◦30′ 8.2 5.4
52◦30′ 8.0 6.8
53◦30′ 7.0 3.5

Conclusion

[44] The analysis performed in this work has demonstrated
that, for the same type of a seismic source, the effect of the
motion features of blocks in the source on tsunami manifes-
tations along far-field coastlines of Sakhalin Island and the
Kamchatka Peninsula results in both an increase in the run-
up value and a significant change in the distribution func-
tion of run-up values along a coastline. In contrast, along
the near-field coastlines (Kurile Islands), the succession of
block movements in the source has a significant effect on the
run-up value. Thus, according to computations of various
scenarios of the tsunami source formation in the seismic gap
zone, the wave heights can reach more than 15 m along coast-
lines of Kurile-Kamchatka islands, 8 m at several points of
the eastern Sakhalin coastline, and 6 m along the Kamchatka
coastline.

Electronic Supplement

[45] The online version of this paper includes Animation
1 showing results of numerical simulation of surface waves
generation for the hypothetical seismic source consisting of
8 block-buttons; propagation of tsunami waves up to 10-
m isobath. Simultaneous motion of blocks with different
velocities and heights was set (see text for more detail).
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