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Abstract
The 2011 Tohoku-Oki earthquake, of moment magnitude (Mw) 9.0, occurred on March 11, 2011, on the boundary between the Pacific and North America tectonic plates. The preliminary report of the magnitude announced by the Japan Meteorological Agency just after the earthquake was 7.9, which was considerably smaller than the final calculated Mw of 9.0. I used data from nine borehole strainmeters deployed by the National Institute of Advanced Industrial Science and Technology to estimate a fault model with Mw of 8.7 for the 2011 earthquake. This model was estimated using data recorded during the first 7 min after the origin time of the earthquake (5 min after the first P-wave arrival). To date, strainmeter data have rarely been used to derive earthquake fault models because observed strainmeter data often include noise caused by the local effect of earthquake shaking. My results indicate that strainmeter data can measure large changes of static strain that can be used to rapidly and precisely estimate earthquake fault models and moment magnitudes for great earthquakes and can provide an important and useful complement to analyses based on seismic waves.[image: A40623_2018_894_Figa_HTML.png]
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Introduction
The Tohoku-Oki earthquake, of moment magnitude Mw 9.0, occurred at 14:46 Japan standard time on March 11, 2011. Soon afterward, a giant tsunami struck the Pacific coast of eastern Japan and caused severe damage. Immediately after shaking commenced, the Japan Meteorological Agency (JMA) issued a preliminary report for the event that included a preliminary magnitude (MJMA) of only 7.9. MJMA is a magnitude scale based on the maximum amplitude observed on seismograms. However, for very large earthquakes, seismic records can be saturated, which compromises the use of maximum amplitudes to determine earthquake magnitudes. Because the discrepancy between the preliminary JMA magnitude and the final moment magnitudes was large, researchers have sought alternative methods for rapid magnitude determinations of great earthquakes. One such approach is based on geodetic rather than seismic data. In this study, I used static strain changes measured by borehole strainmeters deployed by the National Institute of Advanced Industrial Science and Technology (AIST) to determine the magnitude of the Tohoku-Oki earthquake and compared my results with determinations based on other types of data.
Observations
For purposes related to forecasting Tokai, Tonankai, and Nankai earthquakes, AIST maintains 17 borehole observatories in the Tokai region, on the Kii Peninsula, and on the island of Shikoku; these observatories record groundwater levels and crustal deformation at a frequency of 20 Hz (Itaba et al. 2010). The depths of these wells range from 250 to 600 m. Ishii-type multicomponent borehole strainmeters (Ishii et al. 2002) are installed at the bottom of 11 of these wells, of which 9 were operating when the 2011 Tohoku-Oki earthquake occurred. These strainmeters have four horizontal sensors and a vertical sensor. For this study, I used data from only the horizontal sensors.
The strainmeter sites were carefully chosen by AIST, and the strainmeters were installed in bedrock with few cracks, thus making the data recorded by the array precise enough to detect short-term slow-slip events on the plate boundary under the Kii Peninsula that are too small to be detected by either global navigation satellite systems (GNSS) or borehole tiltmeters (Itaba et al. 2010).

Fault model (moment magnitude) estimations
I quantified the static strain changes at the nine borehole observatories as follows. First, the 20-Hz time-series data were resampled at 1-min intervals by averaging values recorded 30 s before and after each minute. Second, the linear trend during the day of 11 March was removed. Examples of typical strain changes caused by the earthquake are shown in Fig. 1. The static strain change as a result of the earthquake is defined as the difference between the mean strain values for the 10 min immediately before the earthquake (14:35–14:45) and immediately after the earthquake (before 14:56, mean value from 14:47). The observed strain values were calibrated with observed and theoretical tidal changes at each observatory (Matsumoto et al. 2011). Matsumoto et al. (2011) also used teleseismic surface wave data to validate, and it is known that there is no such problem on the short period band.[image: A40623_2018_894_Fig1_HTML.png]
Fig. 1Examples of time-series data from station 1 TYE (location in Fig. 3) around the time of the 2011 Tohoku-Oki earthquake. a Hourly values of atmospheric pressure and precipitation. b Hourly values of strain showing the original (upper) and corrected (lower) data. For data correction, tidal changes and the effects of atmospheric loading were removed by using the BAYTAP-G program (Tamura et al. 1991). c Enlargement of the records shown in (b) around the time of the mainshock. The sampling rate was 20 Hz. The linear trend has been removed. d The same data after application of a low-pass filter of 250 s





To reliably discriminate regional tectonic strain signals from local noise near the sensors, I selected only coherent anomalies that were consistent among all four horizontal components at each station. The sensors of these components are installed at intervals of 45° azimuth and about 25 cm vertical position, so that four sets of principal strains can be calculated from different combinations of three of the four sensors. Because an elastic strain field features strong geometric spreading that is inversely proportional to the cube of distance, variation among the sensors is negligible for a sufficiently distant tectonic strain source, but a nearby source imposes notable variation among the sensors. Thus, a strain anomaly of tectonic origin that is uniform around the sensors should result in four identical sets of calculated principal strains.
At eight of the nine stations, the four sets of observed principal strain were generally consistent (Fig. 2), but the data from site MYM showed a large variation among the four strain sets. I therefore excluded the results from site MYM. The analysis proceeded with data from the remaining eight stations.[image: A40623_2018_894_Fig2_HTML.png]
Fig. 2Observed principal strain vectors at nine GSJ borehole stations. The four sets of principal strains are generally consistent for all stations except site MYM, for which the variation among the four sets is large owing to local noise





From the estimated static strain changes, I inverted source fault locations on the top of the Pacific plate (Nakajima and Hasegawa 2006; Nakajima et al. 2009; Kita et al. 2010), basing the fault sizes and slip amounts on results of a grid searching procedure. This procedure used grid intervals of 0.1° for both latitude and longitude; it assumed a single initial fault segment with width and length of 10 km and 0.5 m of homogeneous slip. The position of the fault was constrained to include the ruptures assumed for the earthquake early warning (EEW). The slip direction was assumed to be parallel to the subduction direction of the Pacific plate (N115°E) (Wei and Seno 1998), and Green’s function was calculated assuming a homogeneous half space (Okada 1992).
The fault model estimated by using data from each of the eight strainmeter stations is shown in Fig. 3.[image: A40623_2018_894_Fig3_HTML.png]
Fig. 3a The estimated fault model for the 2011 Tohoku-Oki earthquake (red rectangle). The blue star marks the epicenter of the mainshock. The black bold circles show the borehole strainmeter sites. b Observed and calculated principal strain changes







Results
The fault model that I estimated for the mainshock of the 2011 Tohoku-Oki earthquake extends 100 km parallel to the plate boundary and 150 km parallel to the direction of subduction (Fig. 3) with slip of 21.5 m and a moment magnitude of 8.7. This magnitude is consistent with a fault model estimated by using RTK-GPS data for tsunami forecasting (e.g., Ohta et al. 2012).
I estimated fault models after the mainshock at intervals of 1 min (Fig. 4a). Comparison of the time series of magnitudes based on JMA EEW messages moment magnitudes based on RTK-GPS data and my analyses (Fig. 4b) shows that borehole strainmeter data can yield stable estimates of moment magnitude about 5 min after the mainshock (about 3 min after P-wave arrival at the boreholes). Note that calculation times are not included in these times. Our calculation times were about 10 s, but these are dependent on the processing power of the computer used.[image: A40623_2018_894_Fig4_HTML.png]
Fig. 4a Snapshots of estimated fault model at 1-min intervals. Observed and calculated principal strains at the 8 stations that yielded usable data are shown at the right of each panel. b Time series of moment magnitude estimates based on EEW issued by JMA, RTK-GPS data (Ohta et al. 2012), and this study






Discussion
Geodetic methods are widely used to derive fault models for large earthquakes because they cover longer-term crustal movements than those analyzed by seismic methods. The main types of geodetic modeling are based on GNSS, interferometric synthetic-aperture radar (InSAR), tiltmeter, and strainmeter measurements. GNSS and InSAR are effective for analyzing the distribution of fault slip, but the time resolution of InSAR data is low, whereas those of tiltmeter and strainmeter data are high. Tiltmeters, however, are sensitive to ground shaking. Strainmeters are less sensitive to ground shaking than tiltmeters, but observations of changes of coseismic strain have not been considered reliable because they often differ from theoretical values. For example, recent studies of borehole strain measured in California by using Gladwin tensor strainmeters (GTSMs) have shown systematic (Langbein 2015) and semi-random (Barbour et al. 2015) differences from theoretical strain values.
According to Roeloffs (2010), the use of GTSMs is problematic because vertical coupling can reduce apparent areal strain coupling coefficients. The AIST strainmeter array includes four GTSMs, AIST has confirmed that the same problem and are not used for analysis. The data used in this study were from Ishii-type strainmeters that employ a magnetic sensor. Tidal calibrations of data from Ishii-type borehole strainmeters by Matsumoto et al. (2011) show minimal vertical coupling.
Data from the AIST strainmeter array have also been used to monitor slow-slip events along the Nankai Trough, and it has been found that SSE occurs at a location consistent with the tremor occurrence area (e.g., Itaba et al. 2010; Itaba and Ando 2011).
For the above-stated reasons, I consider that the problems identified by Barbour et al. (2015) and Langbein (2015) are insignificant for analyses based on the instruments and methods used in this study. Furthermore, I avoided the effects of local noise by using tectonic signals recorded by four horizontal strain sensors. Thus, my results clearly show that the AIST borehole strainmeter array can measure large static strain changes precisely enough to enable short-term estimations of a fault models.
Although all of the strainmeters used in this study are distant from the source region and are clustered within one azimuthal quadrant relative to it, the moment magnitude I estimated for the 2011 Tohoku-Oki earthquake is consistent with fault models estimated from RTK-GPS data (Ohta et al. 2012). I believe that for rapid magnitude determinations of very large earthquakes, the geodetic method I used can provide an important complement to analyses based on seismic waves. The accuracy of the method I used may be improved by integrated analyses of strain and seismic data or by using more extensive strainmeter networks.
Verification of the method
To verify the usefulness of the method presented here, I applied it to several other earthquake events.
The first of these events was the largest aftershock of the 2011 Tohoku-Oki earthquake, which occurred 29 min after the mainshock. The preliminary report issued by JMA assigned this aftershock a magnitude of 7.3, whereas the moment magnitude I derived from borehole strain data was 7.6 (Fig. 5a), which is much closer to the final moment magnitude of 7.7 (JMA 2018).[image: A40623_2018_894_Fig5_HTML.png]
Fig. 5Fault models (red rectangles) of four earthquakes estimated from borehole strain data, including observed and calculated principal strain changes at each station. a Largest aftershock of the Mw 9.0 2011 Tohoku-Oki earthquake. b Foreshock of the Mw 6.0 2016 Kumamoto earthquake. c Mainshock of the Mw 7.0 2016 Kumamoto earthquake. d 2016 Central Tottori earthquake (Mw 6.2). Fault models in panels b, c, and d are nearly vertical, so the fault planes appear as single straight lines in those panels





I also examined the changes of static strain associated with three inland earthquakes that occurred around the AIST strainmeter network: the foreshock and mainshock of the 2016 Kumamoto earthquake (final Mw values of 6.2 and 7.0, respectively; JMA 2018) and the 2016 Central Tottori earthquake (final Mw 6.2; JMA 2018). For these three events, I estimated only the width, length, and amount of slip of the source fault, and the moment magnitude.
For the foreshock of the 2016 Kumamoto earthquake, the preliminary JMA magnitude was 6.5. The moment magnitude I derived from borehole strain data was 6.2, as was the final moment magnitude (JMA 2018) (Fig. 5b). For the mainshock of the 2016 Kumamoto earthquake, the preliminary JMA magnitude was 7.3, the moment magnitude I derived from borehole strain data was 7.1, and the final moment magnitude was 7.0 (JMA 2018) (Fig. 5c). For the 2016 Central Tottori earthquake, the preliminary JMA magnitude was 6.6, the moment magnitude I derived from borehole strain data was 6.0, and the final moment magnitude was 6.2 (JMA 2018) (Fig. 5d).
In each of the four cases discussed above, the moment magnitude I derived from strainmeter data was close to the CMT solution derived by JMA (JMA 2018), and the observed and calculated principal strain values were consistent. These results show that borehole strainmeter data, with a redundant component, can be used to measure the changes of static strain that accompany fault displacement during earthquakes. Moreover, if the number of borehole observation points from which strain can be measured increases in the future, it will be possible to derive detailed fault models as well as moment magnitudes.


Conclusions
Changes of static strain related to the 2011 Tohoku-Oki earthquake on the boundary between the Pacific and North America tectonic plates were observed by an array of borehole strainmeters covering parts of the Tokai region, Kii Peninsula, and Shikoku Island. From these data, I estimated a time series of fault models to represent the 2011 earthquake. I demonstrated that it would have been possible to make a reasonable estimate of the moment magnitude of the 2011 Tohoku-Oki earthquake 5 min after the mainshock (3 min after the first P-wave arrival). The results of my study indicate that the AIST array of borehole strainmeters can measure large changes of static strain that can be used for rapid and precise estimation of earthquake fault models and moment magnitudes for great earthquakes and can provide an important complement to analyses based on seismic waves.
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