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[1] We study the 2003 Mw 8.1 Tokachi‐oki earthquake, a great interplate event that
occurred along the southwestern Kuril Trench and generated a significant tsunami. To
determine the earthquake slip distribution, we perform the first joint inversion of tsunami
waveforms measured by tide gauges and of coseismic displacement measured both by
GPS stations and three ocean bottom pressure gauges (PG) for this event. The resolution
of the different data sets on the slip distribution is assessed by means of several
checkerboard tests. Results show that tsunami data constrain the slip distribution offshore,
whereas GPS data constrain the slip distribution in the onshore zone. The three PG data
only coarsely constrain the offshore slip, indicating that denser networks should be
installed close to subduction zones. Combining the three data sets significantly improves
the inversion results. Joint inversion of the 2003 Tokachi‐oki earthquake data leads to
maximum slip values (∼6 m) confined at depths greater than ∼25 km, between 30 and
80 km northwest of the hypocenter, with a patch of slip (3 m) in the deepest part of the
source (∼50 km depth). Slip values are very low (≤1 m) updip from the hypocenter.
Furthermore, the rupture does not extend on the plate interface off Akkeshi. As a
significant back slip amount (∼4 m) has accumulated there since the last 1952 earthquake,
this segment could rupture during the next large interplate event along the Kuril Trench.

Citation: Romano, F., A. Piatanesi, S. Lorito, and K. Hirata (2010), Slip distribution of the 2003 Tokachi‐okiMw 8.1 earthquake
from joint inversion of tsunami waveforms and geodetic data, J. Geophys. Res., 115, B11313, doi:10.1029/2009JB006665.

1. Introduction

[2] The Mw 8.1 Tokachi‐oki earthquake of 25 September
2003 (Figure 1) has been one of the strongest and better
recorded seismic events in the last 50 years in Japan, and the
first large interplate earthquake ever recorded by the Japanese
strong motion networks K‐NET and KiK‐net [Kinoshita,
1998; Aoi et al., 2000]. Large earthquakes occur frequently
off Hokkaido Island (northern Japan) because the Pacific
Plate subducts at the Kuril Trench just under the Hokkaido
region (Figure 1). Several tsunamigenic earthquakes occurred
in the last 50 years in this region, as for example the 1952
Tokachi‐oki (M8.2), the 1958 Etorofu (M8.1), the 1963 off
Urup (M8.1), the 1973 Nemuro‐oki (M7.7), and the 1994
Hokkaido Toho‐oki (M8.1) [Piatanesi et al., 1999; Utsu,
1999; Watanabe et al., 2006].
[3] Many GPS stations recorded the on land surface dis-

placement due to the 2003 Tokachi‐oki earthquake. The
vertical component of the coseismic displacement was clearly
captured also by three pressure gauges (PG) (two ocean
bottom pressure gauges and one cable‐end station) installed
on the seafloor near the Kuril Trench (Figure 1) [Mikada

et al., 2006]. Furthermore, the event generated a large tsu-
nami along the southern coast of Hokkaido, with runup
heights higher than 4 m at some locations (Figure 1) [Tanioka
et al., 2004a]. The tsunami was recorded along the coasts of
both Hokkaido and Honshu islands by the Japanese tide
gauge network (Figure 1).
[4] In previous studies, the 2003 Tokachi‐oki earthquake

has been analyzed following different approaches and using
various geophysical data sets. The seismic source, for example,
has been investigated inverting tsunami traveltimes [Hirata
et al., 2004], tsunami waveforms [Tanioka et al., 2004b],
teleseismic data [Yamanaka and Kikuchi, 2003; Horikawa,
2004; Robinson and Cheung, 2010], strong motion data
[Honda et al., 2004,Aoi et al., 2008;Nozu and Irikura, 2008],
GPS data [Miyazaki and Larson, 2008], teleseismic and
strong motion data jointly [Yagi, 2004], and finally combin-
ing GPS and strong motion data [Koketsu et al., 2004].
[5] In this study we perform, for the first time, as regards

this event, a joint inversion of geodetic and tsunami data. In
general, fault planes of large subduction zone earthquakes lie
beneath both land and ocean seafloor. Thus, tsunami wave-
forms and PG data can help constraining the slip distribution
in the offshore zone, whereas geodetic data can mainly con-
strain the slip onto the onshore zone [Satake, 1993]. There-
fore, inverting them jointly might lead to the retrieval of a
better sourcemodel with respect to that estimated by inverting
data separately.
[6] A description of the data used, their preprocessing, the

fault parameterization, and the methods for Green’s functions
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calculation are provided first (sections 2, 3, and 4). Then, we
describe the synthetic checkerboard tests used to assess data
resolving power for the slip distribution, both for single data
set inversions and for their joint inversion (section 5). Finally,
we discuss the earthquake source characteristics of the
2003 Tokachi‐oki earthquake retrieved from the inversion
(sections 6 and 7).

2. Data

[7] Tsunami waves from the 2003 Tokachi‐oki earth-
quake were recorded at Japanese coastal tide gauges. These

recordings are provided by Japan Meteorological Agency
(JMA), the Hokkaido Regional Development Bureau (HRDB)
of the Ministry of Land, Infrastructure and Transport, and the
Hydrographic and Oceanographic Department (HOD) of the
Japan Coast Guard [Hirata et al., 2004]. In this study we use
16 tsunami waveforms (Table S1 in auxiliary material and
Figure 1).1 Particular attention is dedicated in making the
azimuthal coverage around the earthquake source as large as

Figure 1. Location map of the 2003 Tokachi‐oki earthquake. Epicenter (white star) and focal mechanism
are from Japan Meteorological Agency (JMA). Thin black lines are the surface projection of the subfaults
used in this study. Blue triangles, green dots, and red dots are the positions of tide gauge stations, GPS
stations, and ocean bottom pressure gauges (PG1, PG2, and PG3), respectively, used in the inversions
(Tables S1 and S2 in the auxiliary material). In the inset, yellow squares are the aftershocks with Mw ≥ 4
in the 2 days after the main shock (U.S. Geological Survey); also indicated are the positions along the coast
of Hokkaido where the runup measurements were higher than 4 m (Mabiro, Hamataiki, Horokayantou, and
Oikamanai [Tanioka et al., 2004a]).

1Auxiliary materials are available in the HTML. doi:10.1029/
2009JB006665.
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possible, and in selecting only the recordings with a good
signal‐to‐noise ratio. The selected records are sampled at
1 min. Before using them in the inversion the tidal component
is removed by fitting it with a sum of three harmonics.
Moreover, for each waveform, we choose a time window
including only the first oscillations of the tsunami wave to
minimize the contribution of local effects on the tsunami
signal. Local effects, such as coastal reflections and resonance
of the bays could hide information on the seismic source and
are particularly difficult to model.
[8] The ground displacement associated to the earthquake

was recorded at the GPS stations of the GEONET network,
operated by the Geographical Survey Institute of Japan
(GSI). We use the GPS (Table S2 in auxiliary material and
Figure 1) distributed over Hokkaido and northern Honshu
for which the coseismic offsets were estimated by Larson
and Miyazaki [2008].
[9] The vertical component of the coseismic displacement

has been recorded also on the seafloor by PGs, labeled as
PG1 (depth 2218 m), PG2 (depth 2210 m) as well as with a
depth sensor, labeled PG3 (depth 2540 m), that is included
in a conductivity‐temperature‐depth meter (CTD) sensor
[Hirata et al., 2002]. In this work we use the vertical co-
seismic static offsets at the PGs estimated by Mikada et al.
[2006] (Table S2 in the auxiliary material).

3. Fault Parameterization

[10] The source area (Figure 1) is set on the basis of the
Mw ≥ 4 aftershock distribution in the 2 days after the main
shock. We set the strike of the fault (225°) according to the
geometry of the subducting plate proposed by Bird [2003];
the dip angle of the plate boundary gradually changes with
depth (from 12° to ∼25° downdip, Table S3 in the auxiliary
material) [Katsumata et al., 2003; Hirata et al., 2003]. The
rake angle (109°) is the best estimation of Yamanaka and
Kikuchi [2003]. We discretize the fault plane (210 × 150 km)
dividing it into 35 subfaults with a size of 30 × 30 km each
(Figure 1).
[11] During a preliminary step of this work, we performed

some checkerboard tests with smaller subfault’s size (not
shown), similar to those we describe in section 5. We con-
cluded that, given the present data set and our inversion
scheme, 30 × 30 km is very close to the minimum allowed
size for resolving details of the slip distribution.

4. Modeling and Green’s Functions

[12] We model the Green’s functions for each tide gauge
by using the nonlinear shallow water equations for the
tsunami propagation [Satake, 2002]. Boundary conditions
are pure wave reflection at the solid boundary (coastlines)
and full wave transmission at the open boundary (open sea).
Equations are solved numerically by means of a finite dif-
ference technique on a staggered grid [Mader, 2001]. The
initial seawater elevation is assumed to be equal to the
coseismic vertical displacement of the sea bottom, while
the initial velocity field is assumed to be identically zero. The
bathymetric grid for the computational domain (depicted in
Figure 1) has 10 arc sec of spatial resolution and it was pro-
vided by HOD.

[13] Green’s functions (horizontal and vertical coseismic
displacements) at the GPS and PG stations, as well as the
initial condition for the tsunami propagation, are computed
using a layered Earth’s model by means of the PSGRN/
PSCMP numerical code [Wang et al., 2006]. As input
parameters the PSGRN/PSCMP code needs P and S wave
velocities as well as density values for each of the layers.
Here we use values from the vertical cross sections along
line F‐F′ as reported by Wang and Zhao [2005], adopting a
model with four layers, whose parameters are listed in
Table S4 (see the auxiliary material).

5. Inversion Scheme and Checkerboard
Resolution Tests

[14] We solve the inverse problem using a particular
implementation of the simulated annealing technique called
the “heat bath algorithm” [Rothman, 1986], following pre-
vious studies using tsunami, GPS, and strong motion data
[e.g., Piatanesi et al., 2007; Lorito et al., 2010]. For tsunami
time series, we use a cost function sensitive to both ampli-
tude and phase matching [Spudich and Miller, 1990; Sen
and Stoffa, 1991]:
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In equation (1) uO and uS are the observed and synthetic
waveforms, respectively, ti and tf are the lower and upper
bounds of the time window, N is the number of records used
in the inversion, and m indicates the single model. For the
geodetic data set instead, we use a standard L2 norm as a
cost function to quantify the misfit between experimental
and synthetic data sets.
[15] Regarding the joint inversion, the global cost function

is a weighted mean of the individual cost functions. Since
each cost function has a very different behavior depending
on its sensitivity to the variations of each parameter, it is not
straightforward to set the most appropriate weights. For
example, during the synthetic tests described below, we
verified that a progressive increase of the relative weight
assigned to the tsunami data set with respect to the geodetic
one results in a progressive loss of resolution for the slip
onshore. On the other hand, by increasing the relative
weight of the geodetic data set results in a loss of resolution
on the slip offshore. Therefore, we empirically assigned
similar weights to the two data sets, by means of several
synthetic tests (analogous to those presented in sections 5.1,
5.2, and 5.3).
[16] We examine the resolving power on the slip distri-

bution of both data sets separately and of their combination
in a joint inversion, with several synthetic checkerboard tests
[Piatanesi and Lorito, 2007; Lorito et al., 2008a, 2008b]. The
target model is a slip distribution featuring a checkerboard
pattern, with slip values of 2 and 6 m alternating on adjacent
subfaults. Moreover, a priori information is introduced in the
model by imposing a range of variation to the slip value,
which is allowed to vary from 0 to 10m on each subfault, with
a 0.5 m step.
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Figure 2. Results of the checkerboard resolution tests. (a) Slip distribution of the target model. (b, c, d,
and e) Slip distributions obtained inverting tsunami data, GPS data, geodetic data (GPS and PG data), and
tsunami and geodetic data jointly, respectively. The star indicates the JMA’s epicenter of the 2003 Toka-
chi‐oki earthquake. For each case, only the types of data used are plotted in the corresponding panel. Blue
triangles are tide gauges, green dots are GPS stations, and red dots are PGs. The tide gauges and GPS
shown are only a fraction of those used for the inversions (see Figure 1). The blue ellipsis highlights a
fault portion where resolution is improved by adding PG data to GPS data (see text).
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5.1. Checkerboard Test for Tsunami Data

[17] In order to mimic modeling uncertainties, the syn-
thetic tsunami waveforms generated with the checkerboard
model are corrupted by adding a Gaussian random noise
with a variance that is 10% of the clean waveform amplitude
variance [Sen and Stoffa, 1991; Ji et al., 2002].
[18] The general pattern and the slip values of the target

model are fairly well recovered in the best model obtained
with tsunami data (compare Figures 2a and 2b; see also
Table S5 in the auxiliary material). However, a more careful
observation reveals that slip values in the checkerboard
pattern are almost perfectly recovered only on the portion of
the fault far from the coast, whereas in the onshore zone the
residuals are larger (up to 1.5 m). This supports the general
conclusion that tsunami data constrain the offshore better
than the onshore rupture features [Satake, 1993].

5.2. Checkerboard Test for Geodetic Data (GPS
and PG)

[19] For GPS and PGs data, we add a Gaussian random
value to synthetic data sets, with a variance equal to the
square of the standard deviation for each component (3 mm
for east, 4 mm for north, and 9 mm for vertical component
[Larson and Miyazaki, 2008]).
[20] With GPS data the assumed checkerboard pattern is

well reproduced only on the subfaults sufficiently close to
the stations and degrades farther from the coast (Figure 2c
and Table S5 in the auxiliary material). GPS data alone

might be sufficient for constraining the offshore slip distri-
bution only at a coarser scale (see the auxiliary material
Figure S1a). At the present scale (30 × 30 km) the slip
distribution could be recovered only with a hypothetical
configuration where the stations are immediately above and
around the whole fault zone (see the auxiliary material
Figure S1b).
[21] Adding PG data helps to better constrain only the

fraction of the shallowest portion of the fault plane where
the PGs are located (Figure 2d). However, geodetic ob-
servations off Tokachi (Hokkaido) are still insufficient in
number and spatial density to well constrain the slip distri-
bution offshore.

5.3. Checkerboard Test for Joint Inversion of Tsunami
and Geodetic Data

[22] A joint inversion combining the two kinds of data
gives satisfactory results (Figure 2e and Table S5 in the
auxiliary material), as the target model is well recovered
on the entire fault plane. The combination of tsunami and
geodetic data sets is then, in principle, efficient to constrain
the slip distribution for this earthquake, and it might be in
general a good strategy for retrieving the slip distribution of
large tsunamigenic subduction zone earthquakes.
[23] The uncertainties on the model parameters are esti-

mated, followingPiatanesi and Lorito [2007], bymeans of an
a posteriori analysis of a subset of the ensemble of models
explored during the global search, for estimating the average
model and the uncertainties (see the auxiliary material).

Figure 3. Marginal distributions of the slip on each subfault for the synthetic joint inversion of Figure 2e
(the order of the subfaults is given in the inset of Figure 1 and in Table S3 in the auxiliary material).
Vertical blue dashed and red solid lines are the best and the average model values, respectively; horizontal
black solid bars are the standard deviations. Numerical values are reported in Table S5 (in the auxiliary
material).
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Figure 3 shows that the best slip values are very close to the
average ones and are well within the error bars. Then, the best
model well represents the subset of models that provide a
comparable good fit to the data.
[24] However, we note that the slip parameters 11–13, 16–

18, 21–23, and 26–28 are less resolved, as the correspond-
ing distributions and standard deviations are relatively larger
than the others. Even if we still have sufficient control on
the results, as shown by the best model values, we have
larger uncertainties on this portion of the fault plane.

6. Results of Inversions: The 2003 Tokachi‐oki
Earthquake

[25] We use both single and joint data sets inversions to
estimate the slip distribution of the 2003 Tokachi‐oki
earthquake. We assess by means of several tests (not shown)
that the maximum slip value is well below 10 m, and then
we use this value as a priori upper limit as in synthetic tests
of section 5.

6.1. Inversion of Tsunami Data

[26] Tsunami data inversion indicates that there is a patch
of high slip (6 m) located at about 30 km northwest of the
hypocenter (Figure 4a, subfault 28, and Table S6 in the
auxiliary material). The largest slip concentration is con-
versely located in the deep part of the fault (between 60 and
100 km NNW of the hypocenter), with slip values from 4 to
6.5 m (subfaults 16, 17, 18, 21, and 22). Minor patches of
lower slip (≤1.5 m) are mainly distributed in the SW portion
of the fault. The differences between observed and predicted
waveforms are quantified by the global cost function value
computed by means of equation (1), and also by cost function
values for each tide gauge (Figure 5a).

6.2. Inversion of Geodetic Data

[27] The source model obtained with geodetic data
(Figure 4b and Table S6 in the auxiliary material) features
a stronger slip concentration (3.5–5 m) downdip from the

hypocenter (subfaults 21, 22, 23, 27, and 28). Differently
from the tsunami data inversion, there is a maximum slip
value of 7 m close to the hypocenter (subfault 24), and a
very shallow patch with 4.5 m of slip at the southernmost
fault corner (subfault 35). Slip is almost absent in the north-
western part of the fault, and this feature is even more
pronounced in this case than for the inversion of tsunami
data. Cost function values (the root mean square for the
three components of the displacement) give a measure of the
residuals between the observed and predicted coseismic
displacements at the GPS and PG stations (Figure 5b).

6.3. Joint Inversion

[28] As the final step of the procedure, the joint inversion
of tsunami and geodetic data is carried out. The source
model (Figure 4c and Table S6 in the auxiliary material)
shows an asperity (3.5–5.5m) located approximately between
about 30 and 80 km northwest of the hypocenter (subfaults
22, 23, 27, and 28). A small and deeper patch of slip is present
at about 100 km northwest of the hypocenter (3 m, subfault
21), and lower slip values (≤2 m) are distributed around the
main asperity. After comparison of the synthetic tests
(Figures 2b and 2d) to inversions of real data (Figures 4a,
4b, and 4c) it is evident that the joint inversion model
comprises features of the fault portions best resolved by the
single inversions. We indeed observe that, in the joint
inversion model, the pattern of slip distribution close to the
GPS stations is similar to that obtained by inverting only the
geodetic data (Figures 4b and 4c, subfaults 21 and 26); on
the other hand, in the offshore part of the fault, although
three PGs are present, the slip distribution pattern is in fair
agreement with the results obtained inverting only the tsu-
nami data (Figures 4a and 4c, subfaults 24, 30, and 34).
[29] Our best model features a seismic moment of 1.6 ×

1021 N m (using the depth‐dependent shear modulus values
listed in Table S4 of the auxiliary material), corresponding
to a magnitude Mw = 8.1.
[30] The predicted tsunami waveforms agree very well

with the ones observed at the tide gauges (Figure 6a). We

Figure 4. Best model of the 2003 Tokachi‐oki earthquake slip distribution, obtained by inverting
(a) tsunami data, (b) geodetic data, and (c) jointly tsunami and geodetic data. Symbols are as in Figure 2.
Numerical slip values are reported in Table S6 (in the auxiliary material).
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just notice almost rigid phase shifting in some cases (e.g., at
Kushiro, Tokachikou, and Muroran), probably due to sub-
fault size or relatively poor bathymetry model. Additionally,
also the predicted displacements fit very well the observed
ones (Figure 6b). Some discrepancies can probably be
ascribed to the size of the subfaults, or to the a priori fixed
rake angle.
[31] Best model cost functions for single data sets inver-

sions are slightly smaller than those for the joint inversion
(Figures 5a and 5b), as in the latter more data have to be fit
with the same number of free parameters. However, the
fact that the overall difference is small indicates an inter-
consistency between the two data sets. Their consistency

also implies that it might be difficult to prefer one model
over another, as they roughly fit data equally well. The
whole set of synthetic tests described above comes to the
rescue in this respect. Indeed, it is evident that the best
resolution over the fault plane is obtained only by the joint
inversion (Figure 2e), whereas single inversions are not able
to resolve slip details everywhere (Figures 2b, 2c, and 2d).
In other words, the joint inversion has conveniently reduced
the size of the null model space.
[32] Figure 7 shows the marginal distributions for each

parameter. The best values are always within the error bars
(i.e., the standard deviation). Best values can therefore be
considered representatives of the subset of “good” models.

Figure 5. Goodness of fit for tsunami and geodetic data in terms of cost functions. (a) Tsunami data cost
functions. Black line is the global cost function value for tsunami data inversion of Figure 4a, and black
dots are the cost function values for single tide gauges (progressive numbers as in Table S1 the auxiliary
material). Red line and dots are the same quantities for the tsunami cost function in the joint inversion of
Figure 4c. (b) Same as Figure 5a except for the components of geodetic data inversion only (black) and
for the joint inversion (red). Corresponding inversion results are given in Figure 4b and 4c, respectively;
progressive station numbers are as in Table S2 in the auxiliary material. The best model cost function for
the joint inversion is slightly larger than those for single data sets inversions because in the former, more
data have to be fit with the same number of free parameters.
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Figure 6. Comparison between the observed (black) and predicted (red) data sets. (a) Observed and pre-
dicted tsunami waveforms. (b) Observed and predicted (left) GPS horizontal displacements and (right)
GPS and PGs vertical displacements.
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As already observed in the distributions for the synthetic test
(Figure 3), there is a subset of slip values that features rel-
atively larger errors (e.g., subfaults 22, 23, 27, and 28).

7. Discussion

7.1. Comparison of the Slip Distribution Estimated
in This Study With Other Models

[33] The main asperity featured by our model is consistent
at the first order with that imaged by some other models
based on teleseismic data [Yamanaka and Kikuchi, 2003;
Horikawa, 2004], strong motion and GPS data [Koketsu
et al., 2004], GPS data only [Miyazaki and Larson, 2008],
and tsunami data [Tanioka et al., 2004b]. All of these models
indeed feature a dominant slip patch with peak slip values
ranging from 4.5 to 7 m, while our model reaches a maximum
slip of 5.5 m on two subfaults.
[34] Conversely, there are important differences with the

models obtained by Robinson and Cheung [2010] (tele-
seismic data), Aoi et al. [2008], Nozu and Irikura [2008]
(strong motion data), Yagi [2004] (teleseismic and strong
motion data jointly). Actually, Yagi [2004] finds three dif-
ferent asperities, one surrounding the hypocenter and shifted
updip with respect to our main patch, with a peak slip value
exceeding 5.5 m (Figure 8a). An almost colocated patch,
with peak slip exceeding 11 m, appears in the model by Nozu
and Irikura [2008]. The difference with Aoi et al. [2008] and
Robinson and Cheung [2010] models is even more striking,
as they both find significant slip updip of the hypocenter,

which is almost absent in any other model. The peak slip in
the shallow patch of Aoi et al. [2008] (Figure 8b) is more
than 6 m, whereas the corresponding patch of Robinson and
Cheung [2010] exceeds 12 m. However, Robinson and
Cheung [2010] claim that this shallow patch is not a robust
feature of their model. Furthermore, the azimuthal coverage
offered by strong motion stations is not optimal because
they cover only the northwestern side of the fault area
[Honda et al., 2004]. We agree with these conclusions, since
we are convinced that if any such shallow and strong patch
(6–12 m) existed for this earthquake, the ensuing tsunami
would have been, at least locally, much more destructive.
Source depth is indeed a first‐order parameter for tsunami
generation efficiency, particularly for shallow depths. Accord-
ingly, tsunami data inversions (in the present work, as well
as in the work by Tanioka et al. [2004b]) do not indicate any
shallow slip.
[35] By comparing our slip distribution with the afterslip

distribution obtained byBaba et al. [2006], we observe that the
patch with the maximum amount of coseismic slip is enclosed
by regions with large amount of afterslip (Figure 8c), con-
sistently with the fact that the afterslip is expected to be
smaller where the strain release is larger.

7.2. Some Implications to Next Large Interplate
Earthquake off Tokachi

[36] Satake et al. [2005] divided the subduction zone in the
southernmost Kuril Trench into three segments (Tokachi,
Akkeshi, and Nemuro segments), and Hirata et al. [2009]

Figure 7. Marginal distributions of the slip on each subfault for the real case joint inversion of Figure 4c
(the order of the subfaults is in the inset of Figure 1 and in Table S3 in the auxiliary material). Vertical
blue dashed and red solid lines are the best and the average model values, respectively; horizontal black
solid bars are the standard deviations. Numerical values are reported in Table S6 in the auxiliary material.
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suggested the presence of a distinct seismic gap just onto
the Akkeshi segment between the 2003 event and the 1973
Nemuro‐oki earthquake (M7.7) [Tanioka et al., 2007]
(Figure 8c). The Akkeshi segment remained unbroken in
2003, as already indicated in previous studies of the 2003
tsunami source [e.g., Hirata et al., 2004; Tanioka et al.,
2004b].
[37] The coseismically ruptured area estimated in this

study is mainly concentrated downdip from the hypocenter

and, in comparison with Aoi et al. [2008] and Tanioka et al.
[2004b], it includes only a small deep patch off Kushiro
with a very low slip value (≤1 m). This patch of slip on the
eastern end of the rupture area can then be considered
negligible for a large earthquake with a magnitude 8+ as the
2003 Tokachi‐oki event. Moreover, the afterslip of the 2003
event terminated just at the edge of the gap area (Figure 8c).
Therefore our results confirm that the rupture does not
extend on the plate interface off Akkeshi (Figure 8c).
[38] The entire region (including the 2003 source zone

and the Akkeshi segment) is identified by Suwa et al. [2006]
as one of the most strongly coupled regions in northeastern
Japan, with a back slip accumulation rate of about 80 mm/
yr. The main asperity in our source model corresponds to the
area of largest back slip [Hashimoto et al., 2009]. If we take
into account the average slip (∼4 m) onto this area, we can
roughly account for the amount of back slip accumulated
locally since the 1952 event. A similar slip amount might
remain to be released on the Akkeshi segment; conversely,
the accumulated stress might be accommodated by moderate
earthquakes or in aseismic way [McCann et al., 1979]. Two
subsequentM∼7 earthquakes occurred in this zone (Figure 8c),
in late 2004, likely releasing just a fraction of the accumu-
lated stress. Therefore, the plate interface off Akkeshi should
not be an aseismic zone and it might be able to rupture
during the next large interplate event along the Kuril Trench.

7.3. Possible Implications for a Tsunami Forecast
System

[39] As highlighted in section 5 and as also pointed out by
Nishimura et al. [2005], offshore bottom pressure gauges
can help to better constrain the source characteristics of
an offshore earthquake. In case a tsunami is generated only
few minutes are available for launching an alert. A real‐time
tsunami forecast system then must be based on the earliest
available seismic data in order to estimate a first‐order tsu-
nami threat level. Thus, a denser network of offshore sensors
would be a crucial improvement for a better rapid source
estimation. Such a dense network might for example con-
tribute to the current JMA’s tsunami early warning system,
which is presently based on the maximum risk method for
near coastal events [Kamigaichi, 2008].

8. Conclusions

[40] We invert both tsunami (tide gauge records) and
geodetic data (GPS and PGs) to infer the slip distribution of
the 25 September 2003 Tokachi‐oki earthquake. We per-

Figure 8. Comparison of the slip distribution of this work
with other models and with other earthquakes locations.
(a) Black contours (1.2 m intervals) show the coseismic slip
distribution of the 2003 Tokachi‐oki by Yagi [2004];
(b) black contours (2.0 m intervals) show the coseismic slip
distribution of the 2003 Tokachi‐oki by Aoi et al. [2008];
and (c) black contours show the afterslip distribution of the
2003 Tokachi‐oki earthquake [Baba et al., 2006], with a
contour interval of 0.15 m; the slip distribution of the 1973
Nemuro‐oki earthquake [Tanioka et al., 2007] is also shown;
red dots represent two M∼7 earthquakes that occurred in the
suggested seismic gap off Akkeshi (blue ellipse).
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form several synthetic tests in order to assess the sensitivity
of the data to slip distribution details. We found that tsunami
data better retrieve the rupture features on the offshore fault
portion, whereas geodetic data on the onshore zone. There-
fore using jointly tsunami and geodetic data helps to better
image the slip distribution of this large subduction zone
earthquake with respect to single data inversions. The sparsity
of PG data contributes only slightly in resolving the slip on
the offshore portion of the fault plane. For this reason the
installation of denser PG networks close to subduction zones
and their integration in real‐time tsunami forecast systems is
suggested.
[41] The slip distribution obtained by the joint inversion

features a maximum slip concentration (∼6 m) about 30–
80 km northwest of the hypocenter, with a patch of slip (3 m)
in the deep part of the source. The position of the main
asperities and the seismic moment (corresponding to a mag-
nitudeMw 8.1) are in fair agreement with previous inversions
involving other kinds of geophysical data sets, with exception
of those featuring shallow slip patches that are ruled out by
this study. Moreover, the slip does not extend on the plate
interface off Akkeshi. This supports a previous study [Hirata
et al., 2009] that suggested the presence of a seismic gap in
the Akkeshi segment since the 1952 earthquake. Therefore,
there is the possibility of a future large interplate event along
that segment of the Kuril trench.
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