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Daily resolution data retrieved from the 1243 ground-based Global Positioning System (GPS) stations in
Japan are utilized to expose surface displacements before the destructive M9 Tohoku-Oki earthquake
(March 11, 2011). Variations in the residual GPS data, in which effects of the long-term plate movements,
short-term noise and frequency-dependent variations have been removed through a band-pass filter via
the Hilbert–Huang transform, are compared with parameters of the focal mechanism associated with the
Tohoku-Oki earthquake for validation. Analytical results show that the southward movements, which
were deduced from the residual displacements and agree with the strike of the rupture fault, became
evident on the 65th day before the Tohoku-Oki earthquake. This observation suggests that the shear
stress played an important role in the seismic incubation period. The westward movements, which are
consistent with the angle of the maximum horizontal compressive stress, covered entire Japan and
formed an impeded area (142�E, 42�N) about 75 km away from the epicenter on the 47th day prior to
the earthquake. The horizontal displacements integrated with the vertical movements from the residual
GPS data are very useful to construct comprehensive images in diagnosing the surface deformation from
destructive earthquakes along the subduction zone.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Japan is located along the northwestern margins of the circum-
Pacific seismic zone. Intense interaction among five plates (i.e. the
Eurasia, Amur, Okhotsk, Pacific, and Philippine Sea plates; also see
Fig. 1) (Wei and Seno, 1998; Hashimoto and Jackson, 1993; Taira,
2001) causes complex tectonic structures and generates many
destructive earthquakes. At 05:46:18 UT (universal time), 11
March 2011, a most destructive M9.0 earthquake (142.86�E,
38.10�N) occurred near the Miyagi city, off the east coast of
Honshu, Tohoku area, Japan. The earthquake occurred on the plate
boundary between the Okhotsk and the Pacific plates and was
hereafter referred as the Tohoku-Oki earthquake by scientists.
The Centroid Moment Tensor analysis indicates that the
Tohoku-Oki earthquake is the reverse fault type, with the strike
202�, dip 10�, and rake 90� (Lay et al., 2011). The significant co-
seismic displacements associated with the 2011 Tohoku-Oki earth-
quake were mainly observed at the eastern part of Japan (i.e.
J 139�E) and reported in many studies (Nishimura et al., 2011;
Ozawa et al., 2011, 2012; Simons et al., 2011; Wei et al., 2012).
The co-seismic displacements of the seafloor benchmarks associ-
ated with the Tohoku-Oki earthquake estimated by the Japan Coast
Guard were 22 m eastward and 10 m southward (Sato et al., 2011).
Intense co-seismic dislocation happened on the seafloor caused a
huge tsunami killing more than 10,000 people (Shao et al., 2011).

Global Positioning System (GPS) is one of the common mea-
surements to expose surface displacements resulted from stress
disturbance. Chen et al. (2011) utilized a band-pass filter of 20–
150 days in period via the Hilbert–Huang transform (Huang
et al., 1998, 2003; Huang and Wu, 2008) to effectively mitigate ef-
fects of noise, long-term plate movements (Reilinger et al., 1997;
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Fig. 1. Locations of the 1243 ground-based GPS stations in Japan. GPS stations
utilized in this study are plotted with the seabed topology and the focal mechanism,
retrieved from USGS reports. The principal axis, P (most compressive), is about 115�
derived by the method of Robinson and McGinty (2000).
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McClusky et al., 2003; Prawirodirdjo and Bock, 2004; Wernicke
et al., 2004; Geirsson et al., 2006), instantaneous co-seismic dislo-
cation (Yu et al., 2001; Gahalaut et al., 2006) and frequency depen-
dent semi-annual and annual cycles (Van Dam et al., 2001; Blewitt
and Lavallee, 2002; Ray et al., 2008; Yeh et al., 2008) from GPS con-
tinuous data to adapt non-linear and non-stationary nature. Chen
et al. (2011) observed that horizontal orientations of the residual
surface displacements are generally in random nature because ef-
fects of the long-term plate movements have been removed. The
disordered orientations gradually become aligned toward a similar
direction and are consistent with the angle of the maximum hori-
zontal compressive stress associated with forthcoming thrust
earthquakes. Meanwhile, the aligned orientations are orthogonal
to the strikes of reverse faults and yield totally inverse rotations
before and after earthquakes that agrees with the seismic rebound
theory (Reid, 1910). Chen et al. (2013a) utilized the orientations
of the residual displacements deduced from 100 GPS stations in
Taiwan constructing temporal–spatial maps to comprehensively
understand stress disturbance through earthquake processes. The
agreement between the evolutions of the orientations and earth-
quake parameters (i.e. fault strike, earthquake location, horizontal
stress axis, and so on) has been repeatedly observed for many
thrust earthquakes in Taiwan. Meanwhile, changes in the residual
displacements can be related with depression and/or uplift in
groundwater levels during the Chi–Chi M7.6 earthquake (on
September 20, 1999) through physical mechanisms (Chen et al.,
2013b).

Here, surface displacements data at the 1243 ground-based GPS
stations from January 1, 2010 to March 10, 2011 retrieved from
Geospatial Information Authority of Japan are used to examine
and understand stress disturbance in seismogenic processes of
the Tohoku-Oki earthquake. The method proposed by Chen et al.
(2011) is applied on filtering long-term plate movements, short-
term noise and frequency dependent (i.e. semi-annual and annual)
variations from the 3-component GPS data for all stations. The
residual GPS data at the NS and EW components are utilized to
compute the orientations of the horizontal azimuths (i.e. the
GPS-azimuths). Meanwhile, quantities of the residual GPS data at
the vertical components are also conducted and further integrated
with the horizontal azimuths to yield comprehensive images for
comparing with parameters of the focal mechanism associated
with the Tohoku-Oki earthquake and understanding evolution of
tectonic movements relating to the earthquake in the subduction
zone.
2. Data and analysis

Residual GPS data are retrieved from the continuous data at the
1243 GPS stations in Japan from January 1, 2010 and March 10,
2011 via a band-pass filter (20–150 days in period) through HHT
to avoid influence resulted from great co-seismic changes of the
Tohoku-Oki earthquake. The GPS-azimuths and quantities of the
residual GPS data at the horizontal and vertical components,
respectively, ranged from the 90th through 1st days prior to the
Tohoku-Oki earthquake are examined. To understand disturbance
of earthquake-related stress in the spatial domain, an average of
differences, which are computed from the GPS-azimuths between
every two stations within a spatially moving window of
0.5� � 0.5�, are calculated. In practice, the GPS index is further de-
duced by using an inverse of the average value. Generally, the GPS
index is about 0.011 (=1�/90�; the pink color in Fig. 2) due to that
the long-term plate movements have been removed and disor-
dered orientations of the residual displacements generally yield
the average differences of about 90� (for detail, also see Chen
et al., 2011, 2013a). When earthquake-related stress disturbs on
the shallow crust, the disordered orientations of the residual dis-
placements are gradually aligned toward a similar direction for
adapting stress loading. These aligned orientations yield the rela-
tively small average from the differences and the relatively large
GPS index (i.e. the yellow color in Fig. 3). Note that the relatively
small GPS index (ffi0.011) can also be observed a few days before
the earthquake occurrence because disturbance of earthquake-re-
lated stress is restored as the elastic potential energy for the prep-
aration of forthcoming fault rupture. On the other hand, an average
of the quantities, which are computed from the vertical residual
displacements at the entire stations within the same spatial mov-
ing window (i.e. 0.5� � 0.5�), is integrated with the GPS-azimuth in
constructing comprehensive images to understand tectonic evolu-
tions associated with the Tohoku-Oki earthquake.
3. Observation and interpretation

Figs. 2 and 3 show the temporal-spatial GPS-azimuth maps and
vertical residual displacements on the 90th, 80th, 65th, 57th, 47th,
30th, 10th, 3rd as well as 1st days before the Tohoku-Oki earth-
quake, respectively. Random orientations of the GPS-azimuths
yielded the GPS index of about 0.011 (ffi1�/90�) covering entire
Japan from the 90th to 80th days prior to the Tohoku-Oki earth-
quake. By contrast, minor rise and depression areas (<±1 mm)
deduced from the vertical residual displacements existed in Japan.
Analytical results suggest that no significant earthquake-related
stress disturbed on the shallow crust in Japan at this time period.
Random orientations of the GPS-azimuths were gradually aligned
toward the southern direction, which results in the increase of
GPS index > 0.04 (=1�/25�), from the 80th to 65th days prior to
the Tohoku-Oki earthquake. This suggests that stress disturbed
on and moved the shallow crust toward the southern direction.
Note that the study area with intense uplift > 10 mm was clearly
observed in the vertical residual component (Fig. 3). The aligned
orientations became random in order again about the 57th day be-
fore the Tohoku-Oki earthquake that suggests a shift of earth-
quake-related stress disturbance. Approximately on the 47th day
prior to the earthquake, the orientations of the residual displace-
ments are re-aligned and moves toward the western direction,
except for an area (142�E, 42�N) about 75 km away from the



Fig. 2. Temporal–spatial variations of the GPS-azimuths before the Tohoku-Oki earthquake. The color shades on land (from yellow to pink) show inverse values of the average
differences of the GPS-azimuths (i.e., GPS index) within the spatially moving window of 0.5� � 0.5�. When the inverse value is > 0.02 (i.e., the average difference of the GPS-
azimuth < 50�; yellow color) due to stress accumulation, direction and magnitude of surface displacements are denoted by arrows. Directions of magnitude are computed
using the median of the GPS-azimuths within spatial areas relative to the inverse values > 0.02. When the inverse value < 0.02 (pink color), suggesting indistinct orientations
of GPS-azimuths (i.e., the average difference of the GPS-azimuth > 50�) within spatial areas, no significant direction of surface displacements can be determined. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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epicenter of the Tohoku-Oki earthquake. The intense uplift ob-
served on the 65th day was gradually mitigated and became as a
depression on the 47th day prior to the earthquake. From the
47th to 1st days prior to the Tohoku-Oki earthquake, the orienta-
tions of the residual displacements became random in order again,
except for small regions located at continental margins of Japan.
The persistent and minor uplift (1–4 mm) of the study area was
detectable from the vertical residual displacements till the Toho-
ku-Oki earthquake occurrence. It is worth mentioning that signifi-
cant influence from the foreshock (M = 7.3, March 9, 2011), which
resulted in westward movement in partial areas and extensive
depression (<4 mm) in entire Japan, was rapidly overridden by
the subsequent M9 Tohoku-Oki earthquake.

In short, the stress disturbance before the Tohoku-Oki earth-
quake can be separated into four phases. The first phase (i.e. from
the 90th to 80th days): no significant stress disturbance was ob-
served on the crust surface in Japan. The second phase (i.e. from
the 80th to 65th days): disordered orientations transferred into
southward movements and crust uplifted. The third phase (i.e.
from the 65th to 47th days): the westward movements replaced
the southward ones and crust depressed. The fourth phase (i.e.
from the 47th to 1st days): the stress disturbance gradually
approached to the threshold of the fault rupture. No significant
orientations of the GPS azimuths and quantities of vertical move-
ment can be observed in this phase. Notably, Tsuruta et al.
(2012) examined time series variations from surface displacement
data in Japan and found obviously anomalous changes in the hor-
izontal component in January 2011. The timing (i.e. in January
2011) of the anomalous changes in the raw data is consistent with
those retrieved from the residual data.
4. Discussion and conclusions

The disordered orientations of the residual displacements ob-
served in the first phase suggests insignificant stress disturbance
in the studied area and is consistent with previous studies (Chen
et al., 2011, 2013a). In the second phase, orientations of the GPS-
azimuths oriented toward a similar direction of about 160–200�
that was in accordance with the strike (202�) of the fault. Note that
the SSE, S and SSW directions induced from aligned orientations
can be observed at the SW, center and NE parts of Japan,



Fig. 3. Temporal–spatial variations of the residually vertical displacement before the Tohoku-Oki earthquake. The color shades on land (from blue to red) show quantities of
vertical residual displacement within the spatial moving window of 0.5� � 0.5�. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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respectively. At the same period, the significant uplift over the
Okhotsk and Amur plates can be found in Fig. 3. These analytical
results suggest that the southward stress mainly happened on
the Okhotsk and Amur plates and was blocked in the both side of
the Okhotsk and Amur plates and somewhere in the Pacific and
Philippine Sea plates. Nonetheless, the uplift of the Okhotsk and
Amur plates would partially reduce the loading on the subduction
of Pacific and Philippine Sea plates, respectively. The uplift would
then decrease the resistance of the Okhotsk and Amur plates
and/or increase the mobility of subduction for Pacific and Philip-
pine Sea plates. Thus, the southward stress, which was swiftly
shifted toward west on the 57th day before the Tohoku-Oki earth-
quake, would play an important role on breaking and/or unlocking
the original status between two wedged plates.

In the third phase, orientations of the GPS-azimuths were
aligned toward the western direction that is consistent with the
angle (about 115�) of the maximum horizontal compressive stress
(Hasegawa et al., 2011). An area of disordered orientations
surrounded by aligned orientations indicates that movements
resulted from stress disturbance were impeded in this particular
region (142�E, 42�N). Westward movements of the Okhotsk plate
accompanying with slight depression suggest the Pacific plate
under subduction. No apparent orientations and little vertical dis-
placements indicate that the subduction of Pacific plate was
greatly blocked in the fourth phase. The kinetic energy regarding
movements of the Okhotsk plate would be transferred and/or re-
stored as elastic potential energy for the preparation of a subse-
quent earthquake. The M7.3 foreshock occurred 2 days before the
Tohoku-Oki earthquake and resulted in eastward movements of
the Okhotsk plate associated with extensive depression. Co- and/
or post-seismic effects caused by a major earthquake should main-
tain for a long period (Chen et al., 2011, 2013a). However, the obvi-
ous co- and/or post-seismic effects were quickly mitigated in the
case of M7.3 foreshock. The sudden mitigation would be resulted
from either the forthcoming of a higher M9.0 destructive earth-
quake or boundary effects due to one end of the utilized data.

It is worth mentioning that areas of orientations in the GPS-azi-
muths related with earthquake parameters (i.e. the strike of the
fault and the axis of maximum horizontal compressive stresses)
are rather larger than those from co-seismic displacements. Dobro-
volsky et al. (1979) utilized surface deformation to construct the
relationship between the radius of earthquake preparation zones
and magnitudes. The relationship shows that the radius is about
7400 km in regards with a M9 earthquake. Thus, the observed
residual displacements are not resulted from co-seismic displace-
ments but the preparation zones of earthquakes. The observed
residual displacements should be mainly affected by large-scale
tectonic evolution during the incubation of the Tohoku-Oki



Fig. 4. A hypothetical diagram of tectonic evolution of the subducting Tohoku-Oki
earthquake.
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earthquake. Here, tomographic images of velocity structures and
the crustal deformation of earthquakes along the subduction zone
are taken into consideration to examine changes in the residual
displacements observed in this study. Tomographic images of
velocity structures, which can be evaluated by using P and S arrival
time, are one of the methods to expose causal mechanisms of
earthquakes (Tong et al., 2012). Significant heterogeneity of veloc-
ity structures can be found from north to south (Zhao et al., 2011)
and from west to east (Zhao et al., 2009; Huang and Zhao, 2013) in
the magethrust zone associated with the Tohoku-Oki earthquake.
Earthquake-related surface displacements could be probably
caused by discrepancy in the crustal heterogeneity and be ob-
served in continental areas using a spatial high dense GPS array.
On the other hand, evolutions of crustal deformations along a sub-
duction zone with strong earthquakes have been widely reported
(Davis and Hyndman, 1989; Dragert et al., 1994; Stern, 2002; Rog-
ers and Dragert, 2003; Goren et al., 2008). When the subducting
plate is getting stuck, the overriding plate would be squeezed
(Fig. 4). This interaction causes that leading edges are dragged
down, while hinterland areas bulge upward. Random orientations
in the particular region surrounded by westward movements in
Fig. 5. Variations of the GPS index prior to the 2011 Tohoku-Oki and 1999 Chi–Chi
earthquakes. The red and blue lines denote the variations of the GPS index before
the Tohoku-Oki and Chi–Chi earthquakes, respectively. The red downward arrows
show the aligned orientations of the GPS azimuths during the second and third
phases in this study. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
the third phase before Tohoku-Oki earthquake suggest the stuck
of the subducting plate (see Figs. 3 and 4). Minor depression ap-
peared in the vertical residual displacements that agreed with
dragged down areas in the leading edge (Fig. 3). When the strong
earthquake along the subduction zone occurred, the leading edge
of the jammed overriding plate was released and the bulge behind
the leading edge collapsed. Extensive depression recorded in the
vertical residual displacements due to occurrence of the M7.3 fore-
shock is expected with collapse of the bulge behind the leading
edge. The observation in this study and the model in the previous
reports are not entirely consistent in the either temporal or spatial
domain, but yield an agreement in the tectonic evolution in respect
with earthquake occurrence along the subduction zone.

In general, development of a large earthquake (M > 7) is consid-
ered to be taken months of time. The extreme-short interval (only
2 days at the same region) of the Tohoku-Oki and its foreshock re-
freshes the record of scientific observation in terms of frequency of
earthquake occurrence and/or seismic cycles. However, analytical
results in this study show that the earthquake-related displace-
ments possibly become obvious and/or detectable when the short-
and long-term effects on GPS data are mitigated. The phenomena
of aligned orientations from the GPS-azimuths are not only ob-
served prior to the Tohoku-Oki earthquake in Japan but also per-
ceived for several M5-7 earthquakes in Taiwan (Chen et al., 2011,
2013a). Fig. 5 reveals variations of the GPS index computed by
using GPS stations in Japan (1243 sites) and Taiwan (15 sites)
about 85 days before the 2011 Tohoku-Oki and 1999 Chi–Chi
earthquakes (also see Appendix A and Chen et al., 2013b), respec-
tively, for cross-comparison. Similar changes in the GPS index (i.e.
normally maintaining at low stage, then suddenly increasing from
earthquake-related stress disturbance and gradually decreasing as
approaching the thresholds of the fault rupture) are consistently
observed. It is interesting that distinct leading time from peaks of
the GPS index to earthquake occurrence can be found. This diagram
suggests that the leading time would be proportional to earth-
quake magnitude. Note that the leading times are 68 and 58 days
for the M9 Tohoku-Oki and M7.6 Chi–Chi earthquakes, respec-
tively. Another case of the leading time is 12 days for the M5.1
earthquake in Taiwan (see Chen et al., 2011). However, studies
regarding relationship between the leading time and earthquake
magnitude need more work to get the meaningful statistics.

In conclusion, random and indeterminate surface deformations
were normally observed in the long-term development about
80 days before the Tohoku-Oki earthquake. Orientations of obvi-
ously southward displacements accompanying with intense uplift
that agrees with the strike of the rupture fault can be retrieved
from the residually GPS displacements since the 80th to 65th days
prior to the Tohoku-Oki earthquake. The southward displacements
were shifted into the western direction on the period from the 65th
to 47th days that would suggest compressive stress disturbed on
the shallow crust of the studied area. Meanwhile, the subducting
plate was stuck and resulted in slight depression at the leading
edge. Although the detecting of earthquake-related minor defor-
mation is a great challenge, from the analytical results in this
study, the GPS residual displacements can provide more valuable
information for understanding the incubation of the Tohoku-Oki
earthquake. More studies along this line are urgently needed to
clearly catch the pre-earthquake signals.
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Fig. A. Location of the GPS stations utilized to compute orientations of GPS-
azimuths during the M7.6 Chi–Chi earthquake (September 20, 1999) in Taiwan.
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Appendix A
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