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Abstract. During the 2003 Tokachi-Oki tsunamigenic earth-
quake the real-time JAMSTEC observatory obtained records
which provided a unique opportunity to have a look deep in-
side the tsunami source. Considering water column as a com-
pressible medium we processed the bottom pressure records
in order to estimate amplitude, duration and velocity of bot-
tom displacement. Spectral analysis of the records revealed a
clear manifestation of the low-frequency elastic oscillations
of water column. We also presented 3-D finite-difference nu-
merical model developed in the framework of linear poten-
tial theory of ideal compressible fluid to better understand
dynamical processes in the tsunami source. The model re-
produces position of the main spectral maximum rather cor-
rectly. However, due to neglecting of crust elasticity and to
lack of exact knowledge of spatiotemporal laws of bottom
motion, there is an essential difference between in-situ ob-
served and computed spectra.

1 Introduction

In recent years, tsunami modelling (Titov et al., 2005; Kowa-
lik et al., 2005), except very few studies (Panza et al., 2000;
Ohmachi et al., 2001), has been performed in the frame-
work of incompressible fluid theory. The role of water com-
pressibility in the tsunami evolution was discussed early by
Miyoshi (1954), Sells (1965) and Kajiura (1970). Later, we
showed theoretically that water elasticity is significant only
at the stage of tsunami generation by an earthquake, while
tsunami propagation and onshore wave run-up can be de-
scribed as incompressible fluid motion (Nosov, 1999, 2000).

The main difference in the behavior of a compressible
ocean, as compared to an incompressible model medium,
is in the formation of elastic oscillations of the wa-
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ter column. In case of a horizontal (absolutely rigid)
bottom, the oscillations are characterized by a discrete
set of normal frequencies:νk= c (1 + 2k) /4H , where
k=0, 1, 2, ..., c is the sound speed in water,H is the oceanic
depth. Typical value of the normal frequency isν0∼0.1 Hz
(H=4000 m, c=1500 m/s).

Actual tsunami sources cover a region with a complex
bathymetry. At a certain point of the source, the first to be
formed are elastic oscillations with normal frequencies de-
termined by the ocean depth at this point. Later, the spec-
trum of elastic oscillations can be enriched with high fre-
quencies due to waves that have propagated from the neigh-
boring shallow regions. Owing to the existence of the cut-off
frequency (Tolstoy and Clay, 1987), low-frequency oscilla-
tions formed in the neighboring deep regions do not prop-
agate upslope. Being manifested only at sufficiently large
depths (in the open ocean) these oscillations are not observed
near the shore. However, strong elastic oscillations can con-
tribute to the tsunami wave by means of nonlinear mecha-
nisms (Novikova and Ostrovsky, 1982; Nosov and Skachko,
2001; Nosov and Kolesov, 2005).

It is worth noting the differences between the T-phase and
the oscillations that are considered in this work. T-phase is a
series of seismic waves of relatively high frequency (>2 Hz)
channeled in the ocean water column by SOFAR (Okal et al.,
2003). T-phase propagates for a rather long distance from
earthquake epicenter, whereas the low-frequency oscillations
remain mostly in the epicenter area gradually losing their en-
ergy due to the refraction in bottom.

In order to monitor seismicity, tsunamis and other geo-
physical phenomena in the southern Kurile subduction zone,
in July 1999, Japan Agency for Marine-Earth Science
and Technology (JAMSTEC,http://www.jamstec.go.jp/) de-
ployed a real-time observatory at the continental slope south-
east of Hokkaido (Hirata et al., 2002). The observatory suc-
cessfully recorded the Tokachi-Oki 2003 earthquake which
was the strongest seismic event of the year (Watanabe et
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al, 2004); the earthquake generated a tsunami with a max-
imum wave height of 4 meters along the southeastern coast
of Hokkaido. This event has been discussed in many stud-
ies in respect of either the earthquake or the tsunami source
(Yamanaka and Kikuchi, 2003; Miyazaki et al., 2004; Yagi,
2004; Hirata et al., 2004; Tanioka et al., 2004; Mikada et al.,
2006).

The records obtained during the Tokachi-Oki 2003 event
provide a unique opportunity to verify and to revise, if neces-
sary, the state-of-the-art view on processes in tsunami source.
In particular, a clear manifestation of the low-frequency
elastic oscillations of water column (normal frequencyν0)

has been detected in bottom pressure records (Nosov et al.,
2005).

In the present study, we provide further analysis of the data
recorded by JAMSTEC bottom pressure sensors during the
Tokachi-Oki 2003 tsunamigenic earthquake. We also present
a 3-D numerical model developed in the framework of linear
potential theory of ideal compressible fluid to better under-
stand dynamical processes in the tsunami source.

2 Mathematical model

Let us restrict our approach to a model of an absolutely
rigid bottom. This assumption is based on an essential
difference which exists in acoustic stiffness of water and
bottom. In the region under consideration, P-wave veloc-
ity is Vp=6500 m/s and density isρb=2780 kg/m3 (for
depth more than 20 kmVp=7800 m/s andρb=3300 kg/m3),
whereas for water layer the sound velocity isc=1500 m/s and
density isρ=1000 kg/m3 (Yamanaka and Kikuchi, 2003).
We want to stress here that finiteness of bottom elasticity
does not influence the set of normal frequencies for the wa-
ter layer; it just leads to a gradual damping of hydroacoustic
waves due to their refraction in the bottom. The exponen-
tial decay time for energy of hydroacoustic waves (normal
incidence) can be estimated as follows (Nosov, 2000):

τs =
H

c

(1 + B)2

2B
, (1)

whereB=ρbVp/ρc (B≈12− 17). It is worth reminding that
the decay time for wave amplitude is two times longer. In re-
ality, due to an arbitrary angle of incidence and coupling be-
tween elastic oscillations of water and bottom, the observed
decay time should exceed the value given by Eq. (1). For the
maximum depth of the regionH=7500 m the decay time can
reachτs∼50 s. Thus, the elastic oscillations of water layer
can be observed at least during a few minutes after bottom
earthquake.

In this study, we do not intend to simulate the bottom
pressure records performed by JAMSTEC exactly. We are
merely trying to simulate the formation of some features of
frequency spectra of the records. This is why we do not need

to use a realistic time-spatial history of co-seismic bottom de-
formation. Anyway, realistic permanent vertical deformation
is taken into account (Mikada et al., 2006).

Let us consider a layer of an ideal compressible homoge-
neous fluid in the field of gravity. The layer is bounded by a
free surface above and by an absolutely rigid bottom below.
The origin of the Cartesian coordinate systemOxyz is lo-
cated at the unperturbed free surface, and theOz-axis is ori-
ented vertically upward. We assume the calculation domain
to be small enough to neglect the sphericity of the Earth. The
bottom position is set by function

zb(x, y, t) = −H(x, y) + η(x, y) ϕ (t), (2)

whereH(x, y) is the oceanic depth;η(x, y) is the vertical
permanent co-seismic bottom displacement; andϕ (t) is the
displacement time-history function. To find acoustic and
gravitational waves generated by vertical bottom displace-
ment of small amplitude (|η ϕ| <<H) the following linear
problem for the current velocity potentialF(x, y, z, t) is
solved:

∂2F

∂ t2
− c2 1 F = 0, (3)

∂2F

∂t2
= −g

∂F

∂z
, z = 0, (4)

∂ F

∂ n
= nzη

∂ϕ

∂t
, z = −H(x, y), (5)

wheren ≡ (nx, ny, nz) is the unit vector normal to the bot-
tom surface;g is the acceleration of gravity. The function
for vertical bottom displacement velocity is specified in the
following form:

∂ϕ

∂t
= 0.5

[
1 − cos

(
2πt

τ

)]
[θ (t) − θ (t − τ)] , (6)

whereτ is the bottom displacement duration;θ is the Hevi-
side step function. The non-reflective boundary conditions
for acoustic waves are specified at open-sea boundaries.
Along the coastline the normal velocity is set to zero. The
dynamic pressurep and the fluid surface displacementξ are
expressed via the current velocity potential by the following
formulae:

p = −ρ
∂F

∂t
, ξ = −

1

g

∂F

∂t

∣∣∣∣
z=0

. (7)

The traditional explicit Finite Difference scheme (rectangu-
lar grid) is used for Eqs. (3–7). The condition for stability of
the scheme is Courant criterion1t < min(1x, 1y,1z)

/
c,

where1t is time increment,1x, 1y and1z are space in-
crements. During the numerical experiments, the time incre-
ment was computed as follows:1t=0.51z

/
c.

The normal derivative in Eq. (5) is calculated in the fol-
lowing way. The number of nodes in vertical directionN at a
given point(x, y) is calculated as rounded ratioH(x, y)/1z.
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The space increment1z is chosen so that for each neigh-
boring bottom boundary nodes the difference between the
number of nodes in vertical direction can be 0 or±1. Each
bottom boundary nodeN(x, y) has four closest neighbors:
N(x±1x, y) andN(x, y±1y). These five points determine
four planes (triangles) which cross each other at the bottom
nodeN(x, y). Averaging normals to these four planes gives
the desired normal at the given bottom node. Intersection
of the normal and of the planez= [N(x, y) − 2] 1z deter-
mines a quasi-internal point(x + δx, y + δy). Value of the
current velocity potential at the quasi-internal pointF int is
calculated as linear interpolation from the neighboring nodes
which are situated on the planez= [N(x, y) − 2] 1z; all of
them are surely internal points. It is worth noting that similar
nodes of planez= [N(x, y) − 1] 1z can be either internal
or bottom boundary points. Finally, the normal derivative is
approximated by the following FD formula:

∂ F

∂ n
≈

F int
− F bot√

δx2 + δy2 + 41z2
, (8)

whereF bot is the current velocity potential value at a given
bottom point.

The computational domain is shown in Fig. 1. It extends
from 142.6 E to 145.6 E in longitude and from 40.5 N to 43 N
in latitude (approx. 280×250 km). The 500 m gridded bathy-
metric data set of Japan Oceanographic Data Center (JODC,
http://www.jodc.go.jp/) was used to build the computational
grid. In calculations the following values of space incre-
ments were used:1x≈1y≈500 m,1z≈140 m. The total
number of the grid points was close to 107. The time in-
crement was1t≈0.05s. In the numerical experiments the
durationτ was varied within the range from 2 to 20 s. The
highest frequency we try to reproduce in our modeling is of
0.5 Hz. This frequency corresponds to the shortest hydroa-
coustic wave length of 3 km. The space increments and the
time increment are small enough to perform adequate mod-
eling.

The numerical model was carefully tested on the exact an-
alytical solution of the same problem for the case of constant
depth (Nosov, 2000).

3 Discussion of results

Figure 2 depicts an example of the 3-D numerical simula-
tion performed at bottom displacement durationτ=5 s. The
snapshot of water surface disturbance corresponds to the time
of 60 s after the bottom displacement beginning. The surface
below shows the bottom topography in the computational do-
main. Considering rather smooth spatial distribution of the
bottom displacement, one can expect nearly the same form
of the water surface elevation. Nevertheless, a complicated
fast oscillating wave structure can be seen on the water sur-
face. The structure is a surface manifestation of the elastic

Fig. 1. Computational domain. Isobaths are shown at 500-m inter-
vals. Location of the bottom pressure sensors (black triangles). The
vertical co-seismic bottom deformation is shown by solid (uplift)
and dashed (subsidence) white contours at 0.1-m intervals.

Fig. 2. Computed surface manifestation of the elastic oscillations
of the water layer generated by bottom displacement and bottom
topography (surface below).

oscillations of the water layer. It is seen from Fig. 4 that dou-
ble amplitude of the wave structure is comparable with verti-
cal bottom displacement (ηmax=0.79 m,ηmin=−0.55 m). So
the first stage of the tsunami life can be disguised by elas-
tic oscillations. Actually, the amplitude depends on bottom
displacement duration. In case under consideration, at short
durationτ=2 s the amplitude reaches up to 1.5 m; whereas
for longer durations it is noticeably smaller (5 s–1.25 m; 8 s–
1.1 m).
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Fig. 3. FunctionβPGi(τ ) calculated from numerical experiments.
Scheme of estimation of bottom displacement duration.

Fig. 4. The bottom pressure recorded by the PG1 sensor at the
Tokachi-oki 2003 tsunami source:(a) original data;(b) data plotted
on a larger scale. Arrows show (a) the double amplitude and (b)
the permanent pressure changes after the earthquake. Dashed line
stands for the low-frequency component of the signal (0–0.02 Hz).

As it has been shown theoretically (Nosov, 2000) for the
case of flat horizontal bottom, the wave amplitude in the
structure, being a nonmonotone function of the duration,
tends to decrease asτ−1. In case of rapid bottom motion
τ<<H/c the amplitude is several times larger in the magni-
tude than the bottom displacement and, consequently, larger
than the initial water surface elevation. Results of numerical
modeling performed on a realistic complex bathymetry and
theoretical solution of the idealized problem are certainly not
completely equal.

Considering simultaneous bottom displacement specified
by Eq. (6) synthetic pressure variations at the positions of PG
sensors were calculated. First, we analyzed how the double
amplitude of the synthetic signalsA=pmax−pmin depends
on maximum bottom displacement velocity

U = 2η/τ. (9)

The following simple relation is fulfilled in an idealized one-
dimensional case:

A = ρ cU. (10)

Fig. 5. The bottom pressure recorded by the PG2 sensor at the
Tokachi-oki 2003 tsunami source:(a) original data;(b) data plotted
on a larger scale. Arrows show (a) the double amplitude and (b)
the permanent pressure changes after the earthquake. Dashed line
stands for the low-frequency component of the signal (0–0.02 Hz).

Realistic 3-D modeling involves a complex bathymetry as
well as complex distribution of bottom displacement. Due
to interference of hydroacoustic waves, the amplitudeA at a
given point depends on both point coordinates(x, y) and the
durationτ . Thus, for each PG sensor there is a specific rela-
tion APGi=αPGi(τ ) ρ cUPGi . Taking into account Eq. (9)
the relation is written in the following form:

APGi = βPGi(τ ) ρ c ηPGi . (11)

The functionβPGi(τ ) is a response function that represents
an integral influence of the bottom bathymetry and the spa-
tial distribution of the permanent bottom displacement on the
double amplitude of synthetic pressure variations at a given
point. The dependenceβPGi(τ ) plotted on Fig. 3 was tabu-
lated from series of numerical simulations.

In what follows the dependence is used to estimate bottom
displacement duration during the Tokachi-Oki 2003 earth-
quake. Such method is surely more advanced than the sim-
plest one based on direct using of relations (9) and (10).
However, due to neglecting of crust elasticity and to lack of
exact knowledge of spatiotemporal laws of bottom motion in
numerical modeling, it is still rough estimation rather than
exact calculation.

The time-history of bottom pressure variations recorded
by JAMSTEC sensors PG1 and PG2 is shown in Fig. 4a
and Fig. 5a. The double amplitude of the variations reached
APG1≈400 kPa andAPG2≈350 kPa.

A small permanent decrease of bottom pressure took
place after the earthquake:1pPG1≈4 kPa,1pPG2≈1.5 kPa
(Watanabe et al., 2004; Nosov et al., 2005; Mikada et al.,
2006); it can be clearly seen on larger scale plots which
are shown on Fig. 4b and Fig. 5b. These small permanent
changes of pressure resulted from the residual coseismic bot-
tom uplift 1H=1p

/
ρg (1HPG1≈0.4 m and1HPG2 ≈

0.15 m). It should be noted that coseismic upliftηPGi
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estimated from the slip by Mikada et al. (2006) is slightly
smaller than the measured values1HPGi (ηPG1=0.304 m,
ηPG2=0.103 m).

Considering the uplift1HPGi and the double amplitude
APGi , we calculate a value of the functionβPGi(τ ) from
the Eq. (9). Finally, in the way shown on Fig. 3, we obtain
estimation of the bottom displacement duration or rise time
(τPG1≈8.6 s andτPG2 ≈ 7.7 s). A rather close value of the
rise time for M8 earthquake (∼6 s) can be obtained from em-
pirical laws (see e.g. Kanamori and Anderson, 1975).

According to the Harvard CMT Catalog, the half duration
of the process in the Tokachi-Oki 2003 earthquake source
wasτEQ=33.5 s. The close value of the total source duration
(50 s) was reported by Yagi (2003). We note thatτPGi<τEQ.
This is not surprising, becauseτEQ is associated with the du-
ration of the rupture formation process whereasτ is the dura-
tion of bottom deformation at the given point. Thus, the bot-
tom deformation did not occur smoothly and simultaneously
in the entire active region. On the one hand, a “travelling-
wave” bottom displacement might occur. Further, a rather
slow bottom deformation during the period∼ τEQ might be
accompanied by a relatively fast bottom “trembling” provid-
ing a resonant pumping of energy to the elastic oscillations
of water column.

Considering Eq. (9), fromτPGi and APGi we estimate
the vertical bottom displacement velocity. The estimate
yields reasonable values for the vertical bottom velocity at
the positions of pressure sensors:UPG1≈0.093 m/s and
UPG2≈0.039 m/s.

As mentioned above, the ocean depth is responsible for the
set of normal frequencies. It means that the frequency spec-
trum of elastic oscillations of the water layer at a given point
of a tsunami source is inseparably connected with the bot-
tom topography in the vicinity of the point. Generally speak-
ing, the time-spatial history of bottom displacement and the
bottom elasticity are also capable of affecting the spectrum;
however, in our opinion, the resonant response of water layer
and therefore the role of bathymetry, are still more impor-
tant. This is why in numerical modeling, we use reliable
JODC bathymetric data, whereas for the bottom displace-
ment we merely assume that a simultaneous bottom uplift
(subsidence) occurs during a certain periodτ .

Below we discuss features of frequency spectra of bottom
pressure variations that have been recorded in-situ by JAM-
STEC sensors (PG1, PG2) and that have been calculated us-
ing the 3-D model.

The spectra of the in-situ records are shown in Fig. 6a.
The 1000 s long time series were used to calculate the spec-
tra. Initial data were reduced to the zero level by means of
subtracting the linear trend. We note that only the lowest
normal frequency can be observed in the spectra. All other
normal frequencies exceed the Nyquist frequency (0.5 Hz).

It is seen from Fig. 6a that both spectra are character-
ized by clearly manifested main maxima. The maxima for
sensors PG1 and PG2 are located within the ranges 0.14–

Fig. 6. Frequency spectra of bottom pressure variations:(a) in-situ
recorded by JAMSTEC sensors,(b) calculated using 3-D numeri-
cal model at different bottom displacement durations. Gray dashed
lines stand for the positions of normal frequencies at a certain depth.

0.15 Hz and 0.15–0.16 Hz respectively. It is very important
that the location of maxima on the frequency scale is differ-
ent. Hence, they are related not to the spectral characteristics
of the seismic source but rather to the resonance response of
the compressible water column at the minimal normal fre-
quency. Sensor PG1 is located in a deeper place. There-
fore, it corresponds to a lower normal frequency. In order to
estimate the value of normal frequencyν0=c/4H , we sim-
ply use the sound velocity in waterc=1500 m/s and ocean
depth at the location of pressure sensor (HPG1=2322 m and
HPG2=2216 m). The result of the estimation is shown in
Figure 6 by gray dashed lines. One can see that the pressure
variations actually occur at frequencies typical of the elastic
oscillations of the water column, but the main maxima are
slightly shifted to the left of the theoretical predictions. The
shift of the maxima is explained by the fact that the acoustic
basement is located under a thick sediment layer (Nosov et
al., 2005). Another remarkable feature of the spectra is the
existence of secondary rather weak maxima at frequency of
ν≈0.05 Hz (dashed gray line on the left). Due to the cut-
off frequency the elastic oscillations of water column are
trapped by a local depression of the bottom. The southern
Kuril Trench is such a depression to trap the oscillations. We
note that the maximum depth of the southern Kuril Trench
Hmax≈7500 m corresponds well to the observed frequency
of secondary maxima, i.e.ν=c/4Hmax. The actual bottom
rocks are not absolutely rigid, therefore, such low-frequency
oscillations reach sensors PG1 and PG2 not as hydroacoustic
waves, the cut-off frequency effect does not allow it, but as
seismic waves. The bottom elasticity is also responsible for
the high level of energy in the range nearly 0.1 Hz.

Finally, we consider spectra of synthetic bottom pressure
variations calculated for the locations of sensors PG1 and
PG2 using the 3-D numerical model. The spectra of the
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synthetic signals calculated for different bottom displace-
ment durations are shown in Fig. 6b. As it has been expected,
maxima of the spectra appear at the theoretically predicted
positions which are depicted by gray dashed line (c/4HPGi).
Spectral level strongly depends on the bottom displacement
duration. Nevertheless, some peaks of the synthetic spec-
tra exist at any value of bottom duration. This remarkable
feature confirms our suggestion regarding the leading role of
bottom topography in formation of elastic oscillations spec-
trum. At first sight, it makes sense to compare in-situ and
synthetic spectra in order to reveal similar peaks. However,
at the present stage, such comparison can be misleading. Out
of other parameters, the normal frequency is pretty sensitive
to the elastic features of sedimentary layers which are not
taken into account in the present study.

As it was estimated above, the bottom displacement du-
ration for the Tokachi-Oki 2003 earthquake was about 8 s.
It is seen from Fig. 6 that the synthetic spectra calculated
at τ=8 s has essentially higher level than in situ measured
one. Such difference can be explained as a consequence of
neglecting the bottom elasticity. Rather energetic spectral
components of the frequency range∼0.1 Hz contribute to the
measured signals. However, these components can not be
reproduced in our modeling. Neglecting the bottom elastic-
ity also leads to a certain overestimation of high-frequency
signalsν>c/4HPGi . Propagating down the slope from the
shallow water region these signals contribute to the synthetic
spectrum. In reality, the high-frequency signals, according to
Eq. (1) should damp in a more rapid way due to the refraction
in the bottom.

4 Conclusions

Considering water column to be a compressible fluid we pro-
cessed data of JAMSTEC bottom pressure sensors which
were recorded during the 2003 Tokachi-Oki tsunamigenic
earthquake. Spectrum analysis of bottom pressure vari-
ations proved the existence of elastic oscillations of wa-
ter column. From the bottom pressure records we es-
timated bottom displacement amplitude (1HPG1≈0.4 m,
1HPG2≈0.15 m), duration (τPG1≈8.6 s, τPG2≈7.7 s), and
velocity (UPG1≈0.093 m/s,UPG2≈0.039 m/s).

In the framework of the linear potential theory of com-
pressible fluid we developed 3-D numerical model to de-
scribe the water layer dynamics in a real bathymetry domain.
The model was used to simulate dynamical processes in the
ocean during the 2003 Tokachi-oki earthquake. It appeared
to be capable of reproducing the position of the main spec-
tral maximum correctly. However, due to neglecting of crust
elasticity and to lack of exact knowledge of spatiotemporal
laws of bottom motion, there is an essential difference be-
tween in-situ observed and computed spectra.

In the end, we would like to note that exact simulation of
dynamical processes in the tsunami source is a very com-

plicated and multidisciplinary problem. It requires a plenty
of high-resolution data such as bathymetry, crustal and sed-
imentary structure, spatiotemporal distribution of co-seismic
slip and related distribution of the bottom deformation.
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