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Abstract

At the 2003 Tokachi-oki earthquake of MS, seafloor phenomena such as a generation process of tsunami, seafloor uplifts,
turbidity current, etc., were observed using a cabled observatory installed on the seafloor. The turbidity current was observed as a
benthic storm caused presumably by the mainshock. The seafloor uplifts were observed at the mainshock and continuously after the
mainshock. The uplifts were 0.35, 0.37, and 0.12 m for epicentral distances of 25.5, 31.4, and 81.7 km, respectively. After the
mainshock, a continuous uplift of the seafloor is observed at all three pressure gauge locations indicating that there was a change in
the state of friction on the plate boundary interface by the mainshock. In this paper, we first show what was observed using the
cabled observatory installed right above the focal area of the earthquake, and then we discuss to summarize these phenomena
associated with the earthquake, its possible causes, and future directions in long term monitoring of seismogenic processes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The 2003 Tokachi-oki earthquake took place on
September 25 2003, at 19:50 (UTC) at almost the same
location as the 1952 Tokachi-oki earthquake (Wata-
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nabe et al., 2004). The focal area of the Tokachi-oki
earthquakes is close to the southern end of the Kuril trench
where an arc—arc junction from the Kuril to Japan trench
began as a result of the southwestward migration of the
Kuril forearc sliver (Kusunoki and Kimura, 1998). This
earthquake is interpreted as a megathrust earthquake
caused by a slip on a plate boundary interface. The focal
area is in a seismogenic zone of the North American and
Pacific plates where the oblique subduction of latter is in
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Fig. 1. (a) Locations of recent historical plate boundary earthquakes along the southern Kuril subduction zone and Eastern Japan Sea. Hypocenters of
two major intraplate earthquakes mentioned in the text are also depicted. Pacific plate is subducting beneath the North American plate with the
velocity of 8.5 cm/yr (DeMets et al., 1994). Open rectangle indicates a region shown in (b). (b) Locations of sensors in the region of the 2003 Tokachi-
oki earthquake. A solid and an open star depict the hypocenter of the 2003 and 1952 Tokachi-oki earthquakes, respectively. Thick solid line and
triangles represent a cable and either seismometer or tsunami gauge locations, respectively. A circle at the end of the cable represents the location of a
cable-end station. Contour lines are drawn every meter for the displacements estimated by a joint inversion of teleseismic and strong ground motion
data (Yagi, 2004) for the earthquake. Dark circles are for microseismic events since 2000 until August 2003 whose locations were determined by the
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Table 1
Location of the earthquake and sensors of the cabled observatory
(datum: WGS-84)

Latitude Longitude Depth bsl/  Delta/
km km
2003Tokachi-oki 41°46.86'N  144°04.47'E 42 0
earthquake
Cable-end 41°40.05'N  144°2045'E  2.540 255
station
PG1 41°42.24'N  144°26.25'E  2.237 31.4
PG2 42°14.19'N  144°50.72'E ~ 2.219 81.7
OBS1 41°41.22'N  144°23.67E  2.391 28.6
OBS2 41°56.45'N  145°03.377E  3.435 83.6
OBS3 42°15.17E  144°48.64'E  2.163 80.2

Depths are all in km below the sea level. Delta, rightmost column of
the table, represents epicentral distances from the location of the 2003
Tokachi-oki earthquake. The locations of the sensors, sensor types,
etc., are found in Hirata et al. (2002).

progress (DeMets, 1992) with a rate of 8.5 cm/year
(DeMets et al., 1994). The amount of dislocation of the
2003 Tokachi-oki earthquake was estimated from 3 to 5 m
on the slip interface from an inversion analysis of
teleseismic signals (Yagi, 2004; Yamanaka and Kikuchi,
2004).

In the focal area of the earthquake, a cabled obser-
vatory was deployed in 1999 (Hirata et al., 2002), four
years and two months before the mainshock. The obser-
vatory recorded a set of data at the time of the
earthquake. The data acquired have provided us
indispensable information on what took place at the
earthquake. Pressure gauge data led researchers to
studies on tsunami generation process (Mikada et al.,
2004), and crustal deformation (this paper). Real-time
seismic data are used for detailed discussions on seismicity
(Watanabe et al., 2006-this issue). For further understand-
ing on what to be obtained using cabled observatories at a
seismogenic zone, it is necessary to summarize what were
observed using our cabled observatory at the 2003
Tokachi-oki earthquake. It is also necessary to discuss if
there was any detectable precursory before the earthquake
or not. Post seismic phenomena need to be described for
future monitoring of earthquakes taking place in seismo-
genic zones.

In this paper, we try to describe what were observed
on the seafloor at the time of the M8 megathrust
earthquake. The observations of the monitoring of
benthic storms and seafloor uplift associated with the
earthquake are described based on acquired data on the
seafloor. Unfortunately, there is no remarkable short-
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Fig. 2. Time series of current components, delta-temperature and delta-salinity obtained by electro-magnetic current meter and CTD in September
25-26,2003 (UTC). Symbols: u: eastward component of current speed; v: northward component of current speed; delta-temp: temperature difference
from average of September 24, 2003; delta-sal: salinity difference from average of September 24, 2003. Right after the mainshock, the direction and
the velocity of seafloor current varied slightly. This might reflect seafloor uplift due to the mainshock, although detailed discussions are not possible.
Then, 2 h after the mainshock, a benthic storm arrived and caused a major change in the direction and the velocity. Original data of the electro-
magnetic current meter were included in some time differences and magnetic errors. Data of the electro-magnetic current meter are re-calculated using

bottom current data of the ADCP.
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term precursory resolved until now in any available
data from the cabled observatory. As discussed in
Watanabe et al. (2006-this issue), the cabled observa-
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tory has proven the effectiveness of such observation
system in the monitoring of earthquakes at the south-
western end of the Kuril seismogenic zone. Discussions
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Fig. 3. Time series of the current profiles obtained by ADCP to 15 pm, September 25 to 03 am, September 26, 2003 (UTC). Upper figure: stick

diagram; Middle figure: Eastward component; Bottom figure: Northward component. Current velocity profile dramatically changed at the arrival of

the benthic storm while coseismic changes are not clearly visible.
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finally make it clear that it is necessary to enhance the
resolution or signal-to-noise ratio of observations on
top of the existing technology of cabled observatories.
Especially, much closer access should be tried to
seismogenic zones to monitor deep processes or to
detect any precursory of plate boundary megathrust
earthquakes.

2. 2003 Tokachi-oki earthquake and cabled
observatory

Crustal deformation is in progress around the Hok-
kaido Island caused by the plate motion of the three major
plates, i.e., the Pacific, North American and Eurasian
plates (Takahashi et al., 1999). The off-Tokachi
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Fig. 4. Observed tidal record (bottom) and seismic waveforms (top) acquired by the cabled observatory at the time of the 2003 Tokachi-oki Earthquake.
Fluctuations in water pressure at the onset of the mainshock were about 40 m in equivalent water depth at PG1, while about 30 m for PG2. The mainshock
caused a step change in the water depths at all the sensor locations (Table 2). These water pressure fluctuations were caused by abrupt seafloor uplift
(Mikada et al., 2004). Tsunami is also included in the tide record whose half amplitudes were about the same as the seafloor uplift values (Mikada et al.,

2004).
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subduction zone is located at the boundary between the
Pacific and North American plates, has been less active
seismically in the last decade compared to the other parts
of the Kuril trench seismogenic zone (Takahashi and
Kasahara, 2003). At the same time, two disaster intra-plate
events, the 1993 Kushiro-oki earthquake (Takeo et al.,
1993), and the 1994 Hokkaido Toho-oki earthquakes
(Takahashi and Hirata, 2003), took place in the southern
side of the Kuril subduction zone (Fig. 1(a)). A cabled
observatory was deployed in the southwestern end of the
Kuril subduction zone in 1999 and consists of three omni-
directional tri-component seismometers, two high-preci-
sion pressure gauges, and benthic environment monitor-
ing sensors at cable end (Hirata et al., 2002; Table 1). The
two pressure gauges (PG1 and PG2) are located about
31.4 km southeast (2237 m below sea level: denoted as
mbsl hereafter) and 81.7 km northwest (2219 mbsl) from
the epicenter, respectively (Fig. 1(b)). The closest
seismometer is located about 28.6 km from the epicenter.
The cable end station is located about 25.5 km from the
epicenter of the 2003 Tokachi-oki earthquake and consists
of electromagnetic current meter, acoustic Doppler current
profiler (ADCP), hydrophone, CTD (Conductivity—Tem-
perature—Depth meter), video-camera, etc., for monitoring
environmental changes on the seafloor at a depth of
2540 m. The locations of hypocenter (determined by the
Japan Meteorological Agency, denoted as JMA here) of the
2003 Tokachi-oki earthquake and sensors of the cabled
observatory are summarized in Table 1.

3. Observed phenomena
3.1. Benthic storm associated with the earthquake

Fig. 2 shows time series of current, temperature and
salinity changes on September 25-26, 2003 (UTC). Bot-
tom current direction changed from westward to south-
westward right after the mainshock. A benthic storm,
which was south—southwest strong bottom current of over
100 cm/s, started two hours after the mainshock at 22:01
(UTC) on September 25, 2003. The benthic storm con-
tinued for about five hours. The current speed reached
140 cm/s four hours later, and decreased gradually. The
temperature increased in 0.5 °C at maximum and salinity
decreased in 0.2 PSU simultaneously. The current, tem-
perature and salinity were back to normal about twenty
hours after the mainshock.

The vertical profile of the current speed was obtained by
the ADCP as shown in Fig. 3. The thickness of the benthic
storm is estimated to about 60 m. According to acoustic
scattering signals, the suspended particles from sediments
reached up to 100 m above the seafloor. ADCP was inter-

rupted five hours later due to computer failure followed the
ground motion of an aftershock near the land base of the
cabled observatory. The direction of current was toward
a deeper area, and vertical component of current inside
the benthic storm was in a downward direction at about
10 cm/s. The benthic storm can be interpreted as a gravity-
driven flow, hypothetically associated with a debris flow or
turbidity current. These observations may be explained if
the mainshock triggered submarine slope failures.

3.2. Geodetic phenomena

The cabled observatory has recorded unsaturated
seismic waveforms and water pressure fluctuations at
the time of the mainshock (Fig. 4). A continuous drift
in water pressure informed us of post-seismic seafloor
uplift was taking place. As briefly discussed in Satake and
Shimazaki (1988), pressure gauges data can be used for
detecting geodetic events of very long time scale, which
may not be detected by seismograms. The two high-pre-
cision pressure gauges (maximum resolution of 0.3 mm
after averaging over 10 s) records 0.1 Hz sampled pres-
sure fluctuations in water depth. Also, the CTD at the
cable-end station records a time series of water depth with a
sampling frequency of a second. They all recorded abrupt
changes in water pressure, i.c., the water depths, at the time
of the earthquake at these three locations. The maximum
amplitudes of water pressure fluctuations are ca. 40 m and
30 m for PGIl and PG2, respectively, due to standing
acoustic waves caused by an abrupt seafloor uplift (Mikada
et al., 2004). After a removal of short period component
and a tide compensation using a method proposed by
Matsumoto et al. (2000), it becomes clear that the pressure
gauges have recorded vertical uplift of the seafloor. The
pressure fluctuations caused by tsunami were observed
after the mainshock at 19:50 (UTC). The vertical dis-
placements caused by the mainshock at these sensor loca-
tions are estimated as 0.35, 0.37 and 0.12 m, respectively at
the cable end station, PG1 and PG2 locations (Table 2).
This is the first time to record such a crustal uplift in the
offshore at the time of plate-boundary earthquakes. The
synthetic tidal pressure fluctuations matches quite well
those observed before the earthquake.

Table 2

Estimated seafloor uplifts at pressure gauge locations at the mainshock
Sensor locations Uplift (m) RMS error (m)
Cable-end station 0.35 0.06

PG1 0.37 0.05

PG2 0.12 0.06

Values are estimated for pressure fluctuation data for a time window of
150 min starting 20:00, Sept. 25 (UTC).
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After the mainshock, tidal gauge data show a linear
trend in the difference between the synthetic and ob-
served water depth. Since the difference between the
observed and estimated was almost constant before the
mainshock, the fluctuations after the earthquake indicate
the existence of seafloor uplifts continued in time.

4. Discussions
4.1. Benthic perturbations

The large landslide, debris flows and turbidity currents
in deep sea area occur around the margins of the ocean
basin and slopes of the oceanic islands. For example, one
large landslide was observed following the Grand Banks
earthquake in 1929. The current speed of the landslide
exceeded 20 m/s and transport range reaches 800 km, as
known from the time and place of cutting off of several
submarine telegraph cables (Heezen and Ewing, 1952).
The landslide and turbidity current off-Tokachi at the time
of the 2003 Tokachi-oki earthquake was relatively small
scale compared with that of Grand Banks, since there was
no damage to the cabled observatory system including the
cable to land. Iwase et al. (1999) reported that mudflow
was frequently observed at a slope in the Sagami Bay near
the Sagami trough, when East-off-Izu earthquake swarms
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took place, the maximum JMA magnitude of which
ranges from 4.4 to 5.4. Changes in salinity and tempera-
ture were in dilution and in rise, respectively, in the
Sagami Bay, which is similar to those observed at the time
of the 2003 Tokachi-oki earthquake. The dependency of
mudflow outsets on the magnitude of earthquakes
indicates that this type of mudflows might be caused by
seafloor shaking due to incident seismic waves. In off-
Tokachi area near the cable-end station, we think that the
benthic storm we observed was caused by slope destabili-
zation due to earthquake motion of the seafloor during the
2003 Tokachi-oki earthquake.

The temperature ascent of 0.5 °C indicates that the
water column of the benthic storm is entrained at an upper
slope at depths of about 1700 m. If we constrain the water
depth of the source using temperature conservation, i.e.,
no mixing with the surrounding sea water, and the origin
time of the observed flow assuming a constant velocity of
140 cm per second, the source area of the landslides may
be located at about 10 km at north-northeast from the
observatory (Fig. 5). According to the calculation of
progressive vector from current data, benthic storm could
reach the trench about 40 km down the slope at 4:00 on
September 27, UTC. Otherwise, the turbidity current
would have been mixed with much amounts of entrained
water at the upper slope. If this estimation is right, the

145° 146°

Fig. 5. Possible flow path of the turbidity current. Observed temperature and assumptions to origin time and velocity constrain the source area. Isodepth
contours are drawn every 400 m. Dashed line and triangle indicate the cable route of the observatory and the location of observation station at the cable-end.
DWBC and TCC denote deep water western boundary current and trench counter current, respectively.
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storm direction is changed from south southwestward to
south-southeast by the southwestern ridge at a depth of
about 3000 mbsl, and then it flew down along a subsea
canyon shown in the topography (Fig. 5) and could have
reached at the bottom of the southern Kuril Trench. In
addition, sediments, which are driven by turbidity current,
would be carried southwestward toward the Japan Trench
by deep western boundary current which exists along the
landside slope of the trench system in the northwest
Pacific (Mitsuzawa and Holloway, 1998). Although the
mudflow we observed was a relatively small phenome-
non, observatory data shows much sediment could be
transported from shallow to abyssal area. This indicates
that the origin of the trench fill materials is supplied from
shallow area of the continental slope with some influence
of deep water current. Also, it is obviously indicated that
turbidity currents or mudflows associated with earth-
quakes could be of common phenomena in the marine
environment.

4.2. Pressure fluctuations and crustal uplift

Mikada et al. (2004) briefly discussed that the pressure
fluctuations during the 2003 Tokachi-oki earthquake are
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composed of the following phenomena: (1) incident seis-
mic waves, (2) acoustic standing waves, (3) tsunami waves,
and (4) coseismic and postseismic seafloor uplift. The
uplifts have larger values near the epicenter and might be
considered as a change in the water depths, i.c., sca-
floor uplifts, due to the slip on the fault plane of the 2003
Tokachi-oki earthquake. A modeling result using the
Okada model (Okada, 1992) indicates that coseismic slip
could account for permanent pressure changes (Table 2) on
the seafloor as crustal uplift (Fig. 6). Before the earthquake,
there was no clear precursory (see the next subsection)
prior to the earthquake. Then, a continuous change in water
pressure after the mainshock started at each pressure gauge
stations. At the same time, there is a distribution of post-
seismic slip complementary to the asperity in the focal area
of the 2003 Tokachi-oki earthquakes (Miura et al., 2004;
Miyazaki et al., 2004; Ozawa et al., 2004). Aftershock
activity (Watanabe et al., 2006-this issue) and land-based
GPS observations indicate there is difference in the locality
of post-seismic activity, and post-seismic slip could ex-
plain the pressure variations during the aftershock activity
(Fig. 7).

Watanabe et al. (2000-this issue), pointed out that an
active area of the aftershocks are located in the eastern

145° 146°

43°

42°

145°

Fig. 6. Estimated coseismic uplift at the time of the 2003 Tokachi-oki earthquake using the slip model shown in Fig. 1 (b). Because of displacement
distribution for the plate boundary, large area of vertical displacement is found in the offshore and relatively minor subsidence takes place along the
coastline. The numbers on the contours are in meter and solid circles are for post-seismic events (Watanabe et al., 2006-this issue) whose estimated
magnitudes are more than three. Observed seafloor uplifts are 0.35, 0.37, and 0.12 m at the three tidal gauge locations indicated by solid triangles from left
to right in the figure. These values are all in good agreement with the estimated uplift.
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side of the asperity but is bounded by the Kushiro Sub-
marine Canyon. The inversion analyses of seismic waves
indicated very small displacement distributions in the
eastern side of the focal plane of the mainshock (Fig. 1;
Yagi, 2004; Yamanaka and Kikuchi, 2004). Although
these observational facts suggest that a slip may take place
in the eastern side after the mainshock as intensive micro
seismic activity, but a well-fitted trend shown in Fig. 7
rather supports the idea of continuous slip taking place
after the mainshock. Watanabe et al. (2006-this issue) also
found that the aftershocks spread out in the focal area and
form a vertically thick zone rather than a plane even after
the precise location determination of hypocenters. The
aftershock locations may tell that the fracturing of both the
subducting slab and the overhang Kuril forearc sliver
started locally but widely.

Detailed discussions on the localization and thickening
of aftershock zones should be done and might require
much geophysical data including land GPS observations
as Tsuji et al. (1995) showed for the 1994 Hokkaido Toho-

oki earthquake or as Kikuchi et al. (1993) proposed for the
1988 Armenian earthquake. It is worth mentioning that it
is important to improve the resolution and spatial coverage
of monitoring capability for offshore crustal deformation.

4.3. Precursory

Rikitake (1979) classified, strain accumulation rate, tilt,
seismicity change, etc., as parameters for the earthquake
precursory of the first kind and specified a leading time
prior to mainshocks as a function of magnitude. A long-
term observation of 16 years would be necessary to detect
any precursory of the first kind if we apply his theory to
earthquakes of M8. Melbourne and Webb (2002) reported
that there was precursory phenomena observed in an earth-
quake sequence at the Peru subduction related earthquake
but could not find any precursory before the mainshock in
their GPS measurements. The precursory they found be-
longs to one of short-precursories. Katsumata et al. (2002)
reported that two tide gauges recorded several cm of
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subsidence during a five-year period prior to the 1994
Hokkaido Toho-oki earthquake as an intermediate-term
precursory and claimed that it is necessary to investigate if
subduction-related earthquakes are associated with such
intermediate-term geodetic precursory or not. These
phenomena may explain that there were, prior to earth-
quakes, geophysical processes on-going silently in the
Kuril seismogenic zones.

Watanabe et al. (2006-this issue) found that a period
of quiescence started about 10 days before the mainshock
and that the region of the quiescence spread out over the
focal area of the earthquake. However, our observations in
the offshore detected no significant precursory prior to the
earthquake. There might be three reasons: (1) precursory
phenomena may have scales of fluctuations below any
detectable signal level on the seafloor, (2) precursory
phenomena involved some other parameters than those
monitored by the cabled observatory, or (3) no precursor
appeared on the seafloor. We do not have any means now to
identify which is the right answer to this question but would
like to state the following: (1) higher signal-to-noise ratio
could be obtained if we install our sensors near or in
seismogenic zones, (2) precursors could hypothetically be
detected with sensors not included in the present day
observatory. The former requires drilling or any other
means to install sensors as close as possible to seismogenic
zones, while the latter requires better understanding of
seismogenic processes and of possible short-term precur-
sory phenomena.

4.4. Future directions

Plate boundary megathrust earthquakes take place in
the offshore. As in the modeling results shown in Fig. 6,
major crustal deformation took place in the offshore in the
case of the 2003 Tokachi-oki earthquake. Although high
density seismological and geodetic observations are now
possible on land, we would like to emphasize that long-
term and high precision measurements or observations in
the offshore would be one of the most important directions
for detecting any changes related to generation of subduc-
tion related earthquakes, i.e., seismogenic and interseis-
mic processes, at much closer locations to seismogenic
zone. The current technology of cabled observatory or any
offshore observational schemes should be enhanced to
accommodate any future extension of observations in
terms of precision and spatial coverage.

5. Summary

At the time of the 2003 Tokachi-oki earthquake, a
megathrust earthquake at the Kuril subduction zone, a

cabled observatory recorded invaluable data on both
crustal uplift of the seafloor and a benthic storm caused
by the earthquake. Our environmental sensors of the
cabled observatory have recorded the effects of the
benthic storm. The storm could originate upslope from a
landslide at a depth of about 1700 m, assuming that there
is no mixing nor velocity change in the flow. No clear
precursory was observed before the earthquake, but co-
seismic and post-seismic continuous crustal uplifts were
detected using data from the cabled observatory. The
crustal uplift due to the mainshock was estimated as
0.35 m at the cable-end station (25.5 km from the
epicenter), 0.37 and 0.12 m at locations of the two
tsunami gauges (31.4 and 81.7 km from the epicenter).
The estimated rate of the continuous crustal uplifts
satisfies a model driven by land-based GPS data. We
think it is important to have an observatory close to
seismogenic zones for further understanding of seismo-
genic processes and earthquake precursory.
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