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Abstract

Real-time monitoring of crustal deformation is important in achieving rapid understand-
ing of earthquake magnitude and fault model. Recently, an algorithm called Real-time
Automatic detection method for Permanent Displacement (“RAPiD”) has been developed
to detect/estimate static ground displacements due to earthquake faulting from real-time
kinematic (RTK)-GPS time series. We applied this algorithm to the 2011 off Ibaraki
earthquake (M, 7.7), which occurred only 30 min after the 2011 Tohoku-Oki earthquake
(M,, 9.0). The RAPID algorithm worked well with the long baseline RTK-GPS time series
for quasi real-time coseismic displacement detection and estimation. A quasi real-time
fault determination was also attempted with an automatic detection/estimation displacement
field. We found that the estimated moment release reached My, 7.7 60 s after the origin
time, almost the same as the actual seismic moment for this earthquake. We also assessed
the long-term stability of the RTK-GPS time series under a 200-km baseline condition.
We found the time series precision degraded slightly in summer compared with winter.
However, the total stability is good for monitoring crustal deformation. These results
suggest clearly that using real-time GPS data in conjunction with the RAPiD algorithm
can provide rapid coseismic fault determination, even for consecutive large earthquakes.
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Global Navigation Satellite System (GNSS)-based approach
that could contribute to real-time earthquake source deter-
mination and tsunami warning. Sobolev et al. (2007) also

Real-time monitoring of crustal deformation is extremely
important in achieving rapid understanding of earthquake
magnitude and fault model. This is because the measured
permanent displacement gives a direct indication of the true
earthquake size (seismic moment magnitude, My,), which in
turn provides information for tsunami forecasting. Blewitt
et al. (2006, 2009) proposed a potential key design for a
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proposed a near-field GPS array concept (“GPS-Shield”) for
the issuance of early tsunami warnings within 10 min after
an earthquake. After these pioneering works, the 2011 off
the Pacific coast of Tohoku earthquake (M, 9.0) (hereafter,
2011 Tohoku earthquake) occurred, following which many
efforts for rapid earthquake size determination based on
real-time GNSS data have progressed. Melgar et al. (2012)
proposed an algorithm (named “fastCMT”) for the rapid
determination of the moment tensor and centroid location
for large earthquakes based on real-time high-rate GPS data.
Wright et al. (2012) applied the precise point position-
ing strategy to the processing of GPS data for the 2011
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Tohoku earthquake for rapid coseismic fault slip determina-
tion. Hoechner et al. (2013) applied the “GPS shield” con-
cept proposed by Sobolev et al. (2007) to the 2011 Tohoku
earthquake. They also estimated tsunami height along the
coastline of Japan based on the estimated slip distribution
on the plate interface. Their estimate was that the tsunami
height exceeded 10 m around the central part of the Tohoku
area. Colombelli et al. (2013) also developed an algorithm
to invert for the slip distribution on the fault plane. Their
“self-adapting” strategy does not require restrictive a priori
assumptions about the ongoing earthquake. The initial fault
plane used for the slip inversion is built based on quick
preliminary magnitude estimation and the model is then
upgraded as new values of the magnitude are established.
Tsushima and Ohta (2014) reviewed near field tsunami
forecasting based on the offshore tsunami data and onshore
real-time GNSS data.

We also have developed an algorithm, called the Real-
time Automatic detection method for Permanent Displace-
ment (RAPiD), to detect/estimate static ground displace-
ments due to earthquake faulting from real-time kinematic
(RTK)-GPS time series (Ohta et al. 2012). The algorithm
identifies permanent displacements by monitoring the dif-
ference between a short-term average (STA) and a long-
term average (LTA) of the GPS time series, for which the
characteristic function D is defined as follows:

D = |STA(t) — LTA(t)| — SD (LTA(2)) (1)
where LTA(¢) and STA(¢) are the long- and short-term aver-
ages of the time series as functions of time ¢, respectively
and SD(LTA(?)) represents the standard deviation of LTA(?).
STA(?) and LTA(t) are defined as follows:
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where x; is the norm of the horizontal components at ¢ =1i.
And, o and B are the proper time-window lengths. In the
work by Ohta et al. (2012), they used 60 and 600 s for
the values of o and f, respectively. This selection of time-
window length is based mainly on the source time length of
the tsunamigenic earthquake. The p; is a weighting parameter
based on the quality of the RTK-GPS time series. For the
detection of the displacement, Ohta et al. (2012) define a
threshold value K before the monitoring. When D > K, the
occurrence of displacement is recognized. Please refer to
Ohta et al. (2012) for more detailed information on the
RAPiID algorithm. Ohta et al. (2012) applied the algorithm
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to data pertaining to the 2011 Tohoku earthquake (M,, 9.0)
to test the possibility of coseismic displacement detection
based on the GNSS Earth Observation Network System
(GEONET) 1-Hz data. Furthermore, the obtained displace-
ment fields were inverted for a fault model. The inversion
estimated a fault model with Mw 8.7, which is close to the
actual My, value of 9.0, within 5 min from the origin time
(Ohta et al. 2012).

The 2011 Tohoku earthquake not only caused the
mainshock, but also large aftershocks. One of the large
aftershocks occurred only 30 min after the mainshock; this
was the earthquake off Ibaraki, which was an interplate
earthquake with magnitude M,, 7.7 (estimated by the IMA).
Monitoring consecutive large earthquakes such as these is
important for the prevention of secondary damage caused by
tsunamis. For the M,, 7.7 aftershock in the off Ibaraki case,
the earthquake early warning system (EEW) of the JMA
did not work because of high background noise from the
coda waves of the mainshock and other active aftershocks,
and because of power failures and wiring disconnections
(Hoshiba et al. 2011). Over the past 1,000 years, large
earthquakes (around M,, 8.0) have occurred repeatedly every
100-200 years along the Nankai Trough in southwestern
Japan, where the Philippine Sea plate is being subducted
beneath the Amurian plate. The most recent large events
were the 1944 Tonankai earthquake and the 1946 Nankai
earthquake and furthermore, we expect the next large
interplate earthquakes to occur along the Nankai Trough.
Some past events have occurred consecutively, for example,
the 1854 Ansei earthquake first ruptured the Tonankai and
Tokai segment, and then 32 h later the Nankai segment
was ruptured. Based on these past cases of huge interplate
earthquakes, a robust earthquake and tsunami early warning
system based on various seismic and geodetic sensors is
required. In this short report, we perform an a posteriori
analysis of the 2011 off Ibraki earthquake, which was one
of the large aftershocks of the 2011 Tohoku earthquake, to
test our quasi real-time approach to crustal displacement
detection/estimation. We also discuss briefly the long-term
stability of the RTK-GPS time series based on Japan’s
nationwide GEONET data.

2 Data and Analysis

2.1 RTK-GPS Analysis and Its Assessment

for Long-Term Precision Stability

We used GEONET data for this short report. For the RTK-
GPS analysis, we used RTKLIB v. 2.4.1. (RTKLIB; an
open source program for GNSS positioning, http://www.
rtklib.com), which features the long baseline RTK-GNSS
technique for detecting deformation caused by earthquakes
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for baselines over several hundreds of kilometers. In this
analysis, we only used the GPS satellite system for the
monitoring large-scale crustal deformation.

The precision of the RTK-GPS time series depends
strongly on the baseline length. Thus, Ohta et al. (2012)
showed that the baseline-length-dependent precisions of
RTK-GPS time series, if ultra-rapid orbit information from
the International GNSS Service (IGS) (Dow et al. 2009)
is used, are within the ranges of 1.2-3.3 mm/100 km and
3.3-8.6 mm/100 km of standard deviation for the horizontal
and vertical components, respectively. These results indicate
that the precisions of baseline estimation are 12—-33 mm for
the horizontal and 33-86 mm for the vertical components,
respectively, for a baseline length of 1,000 km. It was
suggested that this is sufficiently precise for fault model
estimation of large earthquakes, because 1,000 km is a
sufficient distance, given that the base station for the RTK-
GPS is set at this distance from the epicenter to avoid
coseismic steps, even for huge earthquakes. For monitoring
purposes, long-term stability, such as monthly to yearly,
is also an important factor because false alarms must be
avoided for a reliable warning system. Thus, we also assess
the long-term stability of the RTK-GPS time series.

For the assessment of the long-term stability of RTK-GPS
time series, we chose sites 0036 and 0585 as the reference
and rover sites, respectively (Fig. 1), for which the baseline
length is 200 km. For real-time orbit information, we used the
ultra-rapid orbit products provided by the IGS and broadcast
orbit information (e.g., Boyd 2009). The precise orbit infor-
mation provides us exact GPS satellite positions relative to
the WGS-84 reference frame. The precise ephemeris consists
of two parts: an observed part and predicted part (predicted
part of IGS ultra-rapid orbit, hence IGUP), which is esti-
mated by extrapolation from past GPS satellite positions
and can be obtained in real time. In contrast, the broadcast
orbit (hereafter BRDC) is transmitted directly from GPS
satellites to receivers using the Keplerian factors format. We
processed the 30-second-interval raw data for the entire year
of 2009 based on the BRDC and IGUP orbit information, and
Fig. 2 shows the results. The calculated standard deviations
(SDs) of the entire yearly time series are also summarized
in Fig. 2. It is clear that the calculated SDs with IGUP
are less than 20 and 50 mm in the horizontal and vertical
components, respectively, and even for the BRDC result,
the SDs are less than 30 and 60 mm in each component.
In Fig. 2, a diagonal pattern in the time series can be seen
clearly. This is caused by multipath errors, which are highly
repeatable from day to day with a sidereal period (23 h
56 m 4 s) (e.g., Bock 1991; Choi et al. 2004; Larson et
al. 2007). Choi et al. (2004) suggested that “orbit repeat
filtering” (repeating time: 23 h 55 m 55 s) is better than
pure sidereal filtering. In Fig. 2, we also found that the
precision of the time series degrades in summer compared
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with winter. The degradation in summer may be caused
by difficulties involving time-dependent tropospheric effects
and estimations of its component’s gradients. Interestingly,
the SDs in the horizontal components are less than 30 mm,
even through the summer. This suggests that the RTK-GPS
time series is largely stable throughout the year, despite the
small annual pattern detected. Based on this example, we
conclude that the RTK-GPS time series is stable enough for
the monitoring of large-scale crustal deformation.

2.2 A Posteriori Analysis of the 2011

Off Ibaraki Earthquake

For the a posteriori processing of the 2011 off Ibaraki earth-
quake, we used station 0065 as the reference site (Fig. 1).
For the assessment of the detection of the occurrence of
consecutive earthquakes by our RAPiD algorithm, we used
GPS data from the occurrence of the M9 Tohoku earthquake
until the end of the off Ibaraki earthquake. The other detailed
settings of the RTK-GPS processing strategies are the same
as those detailed in Ohta et al. (2012). To simplify crustal
deformation monitoring, we did not apply sidereal filtering
to the RTK-GPS time series in this study.

3 Application to the Aftershock
of the 2011 Tohoku Earthquake

3.1 Example of Displacement

Detection/Estimation Process

Figure 3 shows an example of the time series of the RTK-
GPS data and the characteristic function D values (see Eq. 1)
defined by the RAPiD algorithm at GEONET station 3009 on
March 11, 2011, when the M, 9.0 Tohoku earthquake and its
aftershock occurred. Owing to the coseismic displacement
of the mainshock, the D value based on the horizontal
components started increasing and exceeded the threshold
level (red line) for event detection. Figure 3 also shows the
off Ibaraki earthquake as the M9 aftershock. For this station,
the coseismic displacement of this aftershock is clearly larger
than that of the mainshock. Figure 3 indicates clearly that the
RAPiD algorithm works under the circumstance of consecu-
tive earthquake occurrence. On the other hand, the D value
based on the horizontal components clearly shows a negative
value after the M9 mainshock (Fig. 3). For the RAPiD
algorithm, the SD(LTA(?)) is introduced to avoid false alarms
caused by strong ground shaking. This means avoiding false
alarms when there is no permanent displacement with strong
ground shaking; thus, the SD(LTA(#)) must be large after
the mainshock. The result found was that the value of D
decreased within the window length of the LTA. Therefore,
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Fig. 1 GPS site distribution for this study. Black circles denote
GEONET sites. The red circles denote the GEONET stations for the
assessment of long-term stability in Sect. 2.1. The blue diamond denote
the reference station for the posteriori processing for the My, 9.0 Tohoku
earthquake and its aftershock. The blue circle denote the location of
example station for figure 3. The black rectangular region denotes
the study area for the a posteriori coseismic fault determination for

the permanent displacement detection ability of the RAPiD
algorithm will decrease just after the large earthquake. The
length of this low performance window is strongly dependent
on the LTA window length and duration of ground shaking
during the preceding earthquake. In the example case, the

140°E

144°E

the 2011 off Ibaraki earthquake. The open red star represents the
hypocenter of the 2011 Tohoku earthquake determined by the JMA.
The mechanism solution represents the 2011 off Ibaraki earthquake
determined by the National Research Institution for Earth Science and
Disaster Prevention. The orange dashed contours denote the subducting
Pacific plate compiled by Nakajima and Hasegawa (2006)

low performance time is around 10 min after the mainshock,
which is almost the same as with the LTA window length
(600 s). We believe this short time period (~10 min) is
an acceptable range for the detection of consecutive large
earthquakes. One idea for avoiding the low performance time
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Fig. 2 Three-component RTK-GPS time series during DOY1-365,
2009 at station 0585 referred to station 0036 using broadcast orbit (left
row, EW, NS, and UD) and IGS ultra-rapid orbit information (right row,
EW, NS, and UD). The vertical axis denotes the DOY in 2009 and the

14

g
12
Time (hour)

10

horizontal axis denotes the hours in the day. The color indicates the
perturbation of the coordinates from the averaged daily position: red
color positive perturbation and blue color negative perturbation. The
SD of the time series is presented in each figure
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Fig. 3 Time series example of
the 2011 Tohoku earthquake and
its aftershock at GEONET site
3009 referred to the station 0065.
Top, middle, and bottom row
represent the norm of the
horizontal component time series,
the D value, and the raw EW
component time series,
respectively. The red line in the
middle time series represents the
threshold value K, determined
previously based on each
baseline’s noise level

just after the large event is a flexible LTA value. In the RAPiD
algorithm, the event detection restarts when the D value is
lower than the threshold value K. If we make the LTA time-
window length shorter than the original in this timing for the
consecutive large events, then the low performance time will
also become shorter. It is to be noted that even though the
low performance time window exists, the RAPiD algorithm
might still detect sufficiently large coseismic displacements.

Next, we show quasi real-time fault determination based
on the RAPiD algorithm for this aftershock.

3.2 Quasi Real-Time Fault Determination

for the 2011 Off Ibaraki Earthquake

Figure 4 shows several snapshots of the three-component
coseismic displacement fields based on the RAPiD algo-
rithm. It is clear that the large displacement is evident
mainly in the horizontal component. We also estimated the
coseismic fault plane based on the estimated permanent
displacement. The estimated coseismic displacement fields
were inverted repeatedly for a rectangular fault model at a
time interval of 15 s using a nonlinear inversion method
with a priori information (Matsu’ura and Hasegawa 1987).
In the inversion, Green’s function was used, which relates
fault motion to surface displacement in an elastic half-
space (Okada 1992). The estimated parameters occasion-
ally depend on the initial values assumed in the recursive
procedure. To estimate all the fault parameters (location,
depth, length, width, strike, dip, rake, and slip amount),
we assumed initial values for the fault location. We used
the first coseismic displacement detection GPS site infor-
mation for the initial fault location. In this analysis, RAPiD
algorithm detected coseismic displacement 35 s after the
origin time in station 3022 (Fig. 4). We used the coordinate

Y.Ohta et al.

GEONET_3009 (Ibaraki Kashima)

08

€
a
% 06 +
= 1 _ Mw 7.7 aftershock— |
T 04 || +Mw 9.0 mainshock -
g '-
g 02 .|
= A
w00
04 - 054500 055000 055500 0600:00 060500 06:1000 061500 06:20:00
o I AN
[a] 0.0
_0.2 .
-04 - v + . + . . + —i
08 - 05:45:00 05:50:00 05:55:00 06:00:00 06:05:00 061000 061500 06:20:00
£ 06 ! it
&
5 04 ¢ |
E [ MUM—*;%MM~
. _

00 ——v—ell + + + —L
05:45:00 0550:00 05:55:00 06:00:00 0605:00 06:10:00 06:15:00 06:20:00

Tirme(GPS time)

of this station for initial fault location. When the initial
horizontal fault location determined, the initial fault depth
could also determine based on the model of the subducting
plate interface (e.g. Nakajima and Hasegawa 2006). We also
assumed the fault length, width, and slip amount with very
large uncertainty. We gave uncertainty for these initial fault
parameters for the inversion analysis: fault location (3.5° in
latitude and longitude), depth (20 km), fault length (50 km),
width (50 km), and slip amount (7 m). We gave the relatively
strong constraint to the other parameters (strike, dip and rake
angle) with interplate earthquake into consideration. For the
actual operation, the EEW by JMA based on the seismic
data will be useful for the determination of initial fault
parameters. Even if the EEW does not work, we can assume
the initial fault location based on the coseismic displacement
information by GPS data.

The estimated simple rectangular fault model explains
the displacement data basically well (Fig. 4). The temporal
change in the coseismic fault shows the rupture expansion. At
45 s after the earthquake, the estimated coseismic fault model
did not explain the coseismic displacement field. It may be
caused by the ongoing rupture process along the fault plane.
At 60 s after the earthquake, the estimated moment magni-
tude had already reached M,, 7.7 (assumed rigidity: 40GPa).
At this point, the coseismic fault rupture was almost com-
plete, based on the GPS displacement fields. Furthermore,
180 s after the earthquake, all of the GPS sites completed
the displacement estimations, and we assigned this length of
time to the final coseismic fault model for this earthquake.
The estimated moment magnitude finally reached My, 7.7,
which slightly smaller than the seismological results. The
Global CMT (centroid moment tensor) Project estimated a
value of My, 7.9 from the CMT inversion for this earth-
quake. Kubo et al. (2013) also estimated the coseismic slip
distribution based on the strong-motion and post-processing
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Fig. 4 Several snapshots at 15-second intervals of the three-component
GPS displacement and automatically estimated fault model for the
2011 off Ibaraki earthquake using the data up to the lapse time (l.t.
measured from the origin — shown in the upper right of each respective
snapshot). Snapshot of 35 s after the earthquake is consistent with the
first coseismic displacement detection timing in the GEONET 3022 site
(red circle). Black rectangular areas denote the fault model estimated
at each lapse time. Details of the estimated fault model parameters
are shown above each snapshot. Longitude, latitude, and depth denote
the location of the upper-left corner of rectangular fault plane, looking

down from the hanging wall side. Black vectors represent observed
horizontal displacements. The open vectors indicate calculated hori-
zontal displacements based on the estimated fault model. The colors
indicate residual between observed and calculated (O-C) value of the
vertical component. NOT, STA, END, and LOS in the lower right of
each snapshot represent the numbers of stations judged before signal
arrival, during displacement increase, after final displacement, and
troubled, respectively. The mechanism solution in 180 s after the origin
time represents the F-net solution for the 2011 off Ibaraki earthquake
determined by NIED
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kinematic GPS analysis. Their results showed the estimated
moment magnitude and the maximum slip were M, 7.9 and
6.3 m, respectively. This underestimation might be mainly
caused by errors in the estimation of the fault depth during
our inversion.

The estimated coseismic fault model was located clearly
(around 10-15 km) shallower than the actual subducting
plate interface (Fig. 4). For the inversion, we considered an
interplate earthquake by the initial fault parameter assump-
tion. The estimated fault parameters, however, have strong
trade off between each other. For example, the fault depth
and slip amount on the fault had large correlation. Thus, our
estimated fault plane was not forced to be on the subducting
plate interface.

For the actual monitoring, we should pay attention not
only interplate earthquake, but also other types of the earth-
quake mechanism. In fact, the large intraslab earthquake
(M7.1) occurred in April 7 2011 at the Miyagi-Oki region,
which is located within the rupture area of the 2011 Tohoku
earthquake (e.g. Ohta et al. 2011). For such case, the initial
fault parameters are very important for the rapid fault model
estimation. As described in the Introduction, Melgar et al.
(2012) developed “fastCMT” algorithm for the rapid deter-
mination of the moment tensor and centroid location. Such
approach may be important for the initial focal mechanism
determination.

An M7-8 class earthquake is expected to exhibit a source-
time function duration of several tens of seconds to a few
minutes. Our RAPiD algorithm can define the “final” solution
(180 s) based on the number of GPS sites with completed
displacement. On the other hand, after 60 s from the onset
of the earthquake, our estimation result (M, 7.7) had already
reached agreement with the actual one (M, 7.9 by GCMT
solution). This suggests that the use of our algorithm would
make it possible to raise an alert before the “final” solution,
which would be useful for a timelier earthquake and/or
tsunami early warning system. Furthermore, the source time
function is not only a factor for effective tsunami excitation,
but also for the rupture velocity and its expansion. Thus, the
real-time onshore GPS data are useful not only for estimation
of the magnitude, but also for the fault expansion and time
dependence of the fault rupture. Of course, the estimated
point source deduced from seismological/geodetical data can
be translated to the finite fault model experimentally by
applying the scaling law between fault dimension and mag-
nitude. In the case of large earthquakes, however, the rela-
tionships between coseismic fault expansion and its aspect
ratio are diverse. This is because the width and length of
the seismogenic zone differ between each subduction zone.
Based on the above, it can be stated that onshore GPS data
have an advantage in the robust estimation of coseismic fault
dimension, location, and its slip amount.
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4 Conclusion

We applied the RAPiD algorithm to the 2011 off Ibaraki
earthquake, which was one of the large aftershocks following
the 2011 Tohoku earthquake. The RAPiD algorithm worked
well with the long baseline RTK-GPS time series for quasi
real-time coseismic displacement detection/estimation. A
quasi real-time fault determination was also attempted with
an automatic detection/estimation displacement field. We
found that the estimated moment release 60 s after the origin
time reached My, 7.7, which was almost similar to the actual
moment magnitude for this earthquake. Furthermore, we
established the length of the low performance time window
of the RAPiD algorithm just after the large earthquake. For
the 2011 Tohoku sequence, the low performance time was
around 10 min after the mainshock. This period might be
an acceptable length for the detection of consecutive large
earthquakes. We also assessed the stability of the RTK-GPS
time series for the entire year and found that it demonstrated
a highly repeatable day-to-day pattern with a sidereal period
caused by the multipath effect. We found that the time series
disturbance in summer was slightly larger than in winter.
Based on this analysis, it is concluded that the RTK-GPS
time series is basically stable enough for the monitoring of
crustal deformation. These results suggest that the RTK-GPS
data and our algorithm are useful for rapid coseismic fault
determination, even for consecutive large earthquakes.
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