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Abstract
The global navigation satellite system (GNSS) network in Japan has detected transient crustal deformation in regions along the Nankai trough subduction zone in southwest Japan from approximately 2013, after the 2011 Tohoku earthquake. Using the GNSS data, we estimated the spatiotemporal evolution of long-term aseismic slip along the Nankai trough. The result indicates that aseismic slip has occurred on the plate interface in the Bungo, northern Miyazaki, and southern Miyazaki regions, southwest Japan. The estimated time evolution between October 2013 and April 2015 shows the simultaneous occurrence of northern and southern Miyazaki slow slips with different durations followed by a Bungo slow slip in 2014. A southern Miyazaki slow slip occurred from approximately July 2015, which was followed by a northern Miyazaki slow slip and a Bungo slow slip in 2016. The 2016 Bungo slow slip occurred in a shallow area that did not slip at the time of the 2014 Bungo slow slip. The two different rupture processes from 2013 to 2015 and from 2015 to 2016 may be an important clue toward understanding subduction tectonics in southwest Japan. These interplate slow slip events are changing the stress state in favor of the occurrence of Nankai and Hyuga-nada earthquakes together with Tokai and Kii channel slow slips, which have been occurring since approximately 2013 and 2014, respectively.[image: A40623_2017_640_Figa_HTML.gif]
Graphical abstractWe investigated aseismic slip in Shikoku and Kyushu islands using GNSS data and found out that Bungo, northern Miyazaki, and southern Miyazaki slow slips were occurring. The top figure shows the estimated aseismic slips with arrows indicating aseismic slip vectors. The two different rupture processes from 2013 to 2015 and from 2015 to 2016 may be an important clue toward understanding subduction tectonics in southwest Japan.
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Background
Figure 1 shows the tectonic setting of southwest Japan, which consists of the islands of Honshu, Shikoku, and Kyushu. The Philippine Sea plate is subducting beneath southwest Japan from the Suruga and Nankai troughs at an annual rate of approximately 4–7 cm/year in the northwest direction (e.g., Sella et al. 2002). The estimated upper boundary of the Philippine Sea plate reaches a depth of approximately 40 km beneath the northern part of Shikoku, while it reaches approximately 120–140 km beneath the central part of Kyushu (see Fig. 1b). Owing to the subduction of the Philippine Sea plate, southwest Japan has experienced megathrust earthquakes with a time interval of approximately 140 years (see Fig. 1a) (e.g., Kumagai 1996). The latest Tokai earthquake occurred in 1854, while the latest Nankai earthquake occurred in 1946. Thus, the Tokai region is assumed to be a seismic gap with the potential for a moment magnitude (M
                        w) 8 earthquake to occur, considering the time lapse of approximately 160 years since the 1854 Tokai earthquake. The Nankai trough is also nearing its next earthquake, considering the time lapse of 70 years since the 1946 Nankai earthquake. On the other hand, M
                        w7-class earthquakes have repeatedly occurred in the Hyuga-nada Sea off Kyushu, southwest Japan, at a time interval of 10–20 years (e.g., Shiono et al. 1980). The last Hyuga-nada earthquakes occurred on October 19 and December 3, 1996, with moment magnitudes of approximately 6.8 and 6.7 (see Fig. 1b) (e.g., Yagi et al. 1999), respectively, indicating the potential for the next Hyuga-nada earthquake in the near future based on a time lapse of 20 years.[image: A40623_2017_640_Fig1_HTML.gif]
Fig. 1
                                    a Tectonic setting in and around Japan. Solid lines indicate plate boundaries. Red ellipses roughly show the areas of the Nankai and Tokai earthquakes. Red dots indicate the epicenters of low-frequency earthquakes. Blue circles schematically show the areas of the long-term slow slip events discovered along the Suruga and Nankai trough subduction zones. 1 Tokai, 2 Kii channel, 3 western to central Shikoku, 4 Bungo, 5 northern Miyazaki, 6 southern Miyazaki, 7 Boso. b Enlarged map of the Shikoku and Kyushu regions indicated by the rectangle in (a). Black broken lines indicate the iso-depth contours of the upper surface of the Philippine Sea plate with a contour interval of 20 km. The red solid polygon shows the fault patch used to estimate aseismic slip for Shikoku and Kyushu. The T-direction and S-direction are defined by black arrows (see text). Blue circles indicate the locations of the GNSS sites used in the inversion of the detrended dataset (see text). Red circles schematically show the areas of the long-term slow slip shown in (a). The position time series of sites 1126, 0437, 0090, 0466, 0713, and 0715, whose locations are denoted by open circles, are shown in Fig. 2. The epicenters of the last Hyuga-nada earthquakes on October 19 and December 3, 1996, are denoted by their focal mechanisms. Data are from Yagi et al. (1999)




                     
Under these circumstances, the GNSS monitoring network in southwest Japan has revealed a variety of slow slip events segmented along the Suruga and Nankai trough subduction zones. Along these subduction zones, a Tokai slow slip, a Kii channel slow slip, western to central Shikoku slow slips, Bungo slow slips, northern Miyazaki slow slips, and southern Miyazaki slow slips have been discovered (Fig. 1). The Tokai slow slip occurred between 2001 and 2005 (e.g., Ozawa et al. 2002, 2016). The Kii channel slow slip occurred from 1997 to 1998 (Kobayashi 2014). Western to central Shikoku slow slips occurred between 2004 and 2006 and between 2011 and 2013, following the Bungo slow slips (Takagi et al. 2016). The Bungo slow slips (Hirose et al. 1999) have occurred with a time interval of approximately 6 and 1-year duration (e.g., Ozawa et al. 2013). The last Bungo event before the 2011 Tohoku earthquake occurred in 2010. The northern Miyazaki slow slip was first discovered by Yarai and Munekane (2015) and Nishimura and Ochi (2015) to have occurred between 2013 and 2014. After their discovery, GSI proposed that northern Miyazaki slow slip occurred in 1997 from GNSS data (GSI 2015). In the 1997 case, we could also observe aseismic slip in the northern Miyazaki area (Ozawa et al. 2001). Southern Miyazaki slow slips have occurred with an approximately 2-year recurrence interval and 1-year duration (Yarai and Ozawa 2013).
A series of studies also showed the segmentation of rupture areas in the dipping direction near the Bungo channel area, southwest Japan. In this area, ordinary earthquakes occur in a seismogenic zone, while slow slip events occur in the transition area between the shallow locked zone and the deeper unlocked zone. Short-term slow slip events with a duration of several days appear to occur in the deeper part of the above-mentioned transient zone where low-frequency earthquakes occur (see Fig. 1a) (Obara 2002), while long-term slow slip events, which last more than several months, occur in the shallower area of the transition zone up-dip of the low-frequency earthquake area (e.g., Hirose and Obara 2005; Ozawa et al. 2013; Takagi et al. 2016). In addition, Yarai and Ozawa (2013) showed that the afterslip and long-term slow slip events occur in a region deeper than the coseismic slip area in the Hyuga-nada region, southwest Japan. We consider only long-term slow slip events in this paper from now.
Long-term slow slip events are very important for assessing the accumulation and release of strain in the subduction processes. Furthermore, long-term slow slip events change the stress state, making it favorable for neighboring earthquakes. That is, we cannot rule out the possibility that long-term slow slip events trigger large earthquakes in nearby seismogenic zones, as was the case of the Papanoa earthquake triggered by a slow slip event in Guerrero, Mexico (Radiguet et al. 2016). The Nankai and Hyuga-nada earthquakes are the assumed large earthquakes in this study. Thus, it is necessary to analyze and monitor long-term slow slip events in southwest Japan.
With this background, the GNSS network in Japan has detected transients along the Suruga and Nankai trough subduction zones from approximately 2013, after the 2011 Tohoku earthquake (Ozawa et al. 2011). In this study, we estimate the spatiotemporal evolution of the interplate coupling in Shikoku and Kyushu using the GNSS data from 2013, after the 2011 Tohoku earthquake, by applying a time-dependent inversion technique.

Methods
GNSS data were analyzed by Bernese GNSS software (version 5.0) to obtain daily positions. We used the F3 solution (Nakagawa et al. 2008), which is based on the final orbit and earth rotation parameters of the International GNSS Service (IGS) and has a high S/N ratio. We transformed the F3 solution to the east–west (EW), north–south (NS), and up–down (UD) position time series at GNSS sites in Honshu, Shikoku, and Kyushu.
In the process of obtaining the detrended position time series, we first estimated annual components separately in the EW, NS, and UD raw position time series at each station using a polynomial function that corresponds to the trend component and trigonometric functions that correspond to the periodic annual components for the data from January 1, 2012, to April 10, 2016. That is, we fit the following function to raw position time series.[image: $$Y\left( t \right) \, = \mathop \sum \limits_{i = 0}^{n} A_{i} t^{i} + \mathop \sum \limits_{i = 1}^{m} B_{i} \sin \left( {2\pi it} \right) + \mathop \sum \limits_{i = 1}^{m} C_{i} \cos \left( {2\pi it} \right)$$]

 (1)

Here, Y(t) is the raw position time series, t is time, A
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                 are the coefficients of the polynomial function, and B
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                 and C
                        
                  i
                 are the coefficients of the trigonometric functions. The reason why we chose the data before April 10, 2016, is that the 2016 Kumamoto earthquakes occurred from April 14, 2016 (e.g., Asano and Iwata 2016), the coseismic and postseismic slips of which contaminated the subsequent GNSS data.
The degree n of the polynomial function and the overtone m of the trigonometric functions were estimated from Akaike’s information criterion (AIC) (Akaike 1974) (Additional file 1). n ranges from approximately 10–30 and m ranges from approximately 2–20 in this study, depending on the position time series. After removing the annual components from the raw position time series, we fitted the linear trend for the data between January 1, 2012, and March 1, 2013, during which there were no transient displacements, and removed it from the data that have no annual components. The reason why we used a longer period than the trend period to estimate the annual components is that annual components are more precisely estimated by using data obtained over a longer period. However, as the time period increases longer, the trend component becomes nonlinear. Thus, we first fitted a polynomial function and trigonometric functions to estimate annual components and after that we removed the steady-state velocity. The original position time series and detrended time series at two selected GNSS sites are shown in Additional file 2.
We evaluated the stability of the estimated linear trend. Loveless and Meade (2010) used the trend for the period between 1997 and 2000. Since we know that the central and southern parts of Kyushu island were affected by postseismic deformation after the 1996 Hyuga-nada earthquakes and that northern Kyushu and southwest Shikoku were affected by the 1997 Bungo slow slip, we estimated the trend for the period between 1998 and 2000. In addition, we also checked the trend estimated for a different period between 2000 and 2002. We compared the resulting trends at six GNSS sites (Table in Additional file 3). The result shows similar horizontal trends at the GNSS sites in southwest Shikoku and northern Kyushu with differences approximately within one standard deviation among three periods. With regard to central and southern Kyushu, the GNSS sites show at most 1-cm/year difference between the period of this study and 1998—2000, while the trend between 2000 and 2002 shows differences within one standard deviation from the trend in this study. We consider that the above differences of 1-cm/year between the trend in this study and that for 1998–2000 are due to the postseismic deformation after the 1996 Hyuga-nada earthquakes. Thus, we think that the adopted trend in this study well represents the approximate steady state in this region, considering the similarities among the three periods.
Since our focus in this study is on events with a time duration of less than 1 year, we assume that the above small differences in the long-term trend do not significantly affect the following results. Furthermore, we consider that the steady state for the period of this study is effective for emphasizing the results because the Bungo, northern Miyazaki, and southern Miyazaki slow slips clearly appeared as deviations from this steady state. Using these detrended data, we smoothed the position time series by averaging over three days to reduce the errors. We use this dataset as the detrended dataset in the following analysis.
We applied square-root information filtering (Ozawa et al. 2012) to the detrended position time series at 185 GNSS sites in Honshu, Shikoku, and Kyushu (see Fig. 1b) following the network filtering technique of McGuire and Segall (2003) for the period between January 1, 2013, and April 10, 2016. To reduce the computational burden, we used position time series every 3 days. We weighted the EW, NS, and UD displacements with a ratio of 1:1:1/3, which is from the standard deviations derived by ordinary Kalman filtering.
We adopted a fault patch along the Nankai trough as shown in Fig. 1b. This fault patch and the slip distribution on this fault patch consist of the superposition of spline functions (Ozawa et al. 2001). The adopted fault patch has 26 nodes in the T-direction and 15 nodes in the S-direction (Ozawa et al. 2001), as defined in Fig. 1b. The spacing among the nodes on the fault patch is roughly 20 km. We used the plate boundary model of Hirose et al. (2008). The coefficients of the spline functions that constitute the slip distribution on the fault patches were estimated in this inversion (Ozawa et al. 2001).
In this filtering analysis, we adopted a state (u, v), where u represents slip and v represents slip velocity (Ozawa et al. 2001). We used the inequality constraint that the slip direction is within 40° of the direction opposite the motion of the Philippine Sea plate following the method of Simon and Simon (2006). We also constrained the spatial roughness of the slip velocity (McGuire and Segall 2003). We used the roughness matrix M defined in Ozawa et al. (2001). In this case, uMTMu approximately represents the integral of the square of the Laplacian of the slip u on the fault surface (Ozawa et al. 2001). We incorporated λ M(u
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                  n
                )/∆t = 0 and λ M(v
                        
                  n
                ) = 0 in the transition equation of the square-root information filter, where λ is a spatial hyperparameter, ∆t represents the time from step n to step n + 1, u
                        
                           n+1 represents the predicted slip at step n + 1, u
                  n
                 represents the slip at step n, and v
                        
                  n
                 represents the slip velocity at step n. The temporal smoothness hyperparameter τ was described in Ozawa et al. (2001). These spatial and temporal hyperparameters λ and τ were estimated by approximately maximizing the log likelihood of the system (Additional file 4) (Kitagawa and Gersch 1996; McGuire and Segall 2003). The squares of the optimal λ and τ are approximately 10 m2 d2 and 14 m2 d−3, respectively, where m is meter and d is day.

Results and discussion
The detrended crustal deformation data show eastward, southeastward, and southward displacements in Shikoku and Kyushu with respect to the Misumi site (see Fig. 1b). The time evolution of these displacements can be clearly observed in the detrended position time series of selected GNSS sites (Fig. 2). Sites 1126 and 0437, respectively, show southeastward transients for 2014 and from early 2016. Site 1126 shows slight uplift from early 2016, while site 0437 shows uplift in the middle of 2014. These transients indicate aseismic slip in southwestern Shikoku and the Bungo channel region. Site 0090 shows eastward movement for 2014, indicating aseismic slip near this area. Site 0466 shows southeastward transients from late 2013 to late 2014 and from early 2016, suggesting the occurrence of slow slip in northern Miyazaki prefecture. Sites 0713 and 0715, respectively, show southeastward and southward displacements between late 2013 and the middle of 2014 and from the middle of 2015. The southward transient observed at 0715 is caused by the southern Miyazaki slow slip in this area (Yarai and Ozawa 2013).[image: A40623_2017_640_Fig2_HTML.gif]
Fig. 2Detrended position time series (see text) at selected GPS sites. The locations of the GPS sites are shown in Fig. 1b. EW, NS, and UD indicate east–west, north–south, and up–down components, with eastward, northward, and upward positive, respectively. Red lines show values computed by our best-fitting interplate aseismic slip model. The unit is meters. a Site 1126. b Site 0437. c Site 0090. d Site 0466. e Site 0713. f Site 0715




                     
Figure 3a–g shows the time evolution of the spatial pattern of the detected transients. Figure 3b shows southeastward transients in the northern and central parts of Kyushu and southward transients in the southern coastal area of Kyushu between October 1, 2013, and May 1, 2014, suggesting the occurrence of aseismic slip on the plate interface in the northern Miyazaki and southern Miyazaki regions (Yarai and Ozawa 2013). Figure 3c shows clear transients in the central to northern parts of Kyushu and in southwestern Shikoku between May 1, 2014, and October 1, 2014. After the decay of transients between October 1, 2014, and April 1, 2015 (Fig. 3d), eastward transients in the southern coastal area of Kyushu appear between April 1, 2015, and July 1, 2015 (Fig. 3e). However, we cannot clearly say that this is a real signal since these eastward transients are very large at only one GNSS site. The small southward transients in the coastal area of southern Kyushu between July 1, 2015, and February 1, 2016, indicate aseismic slip in the southern Miyazaki area as mentioned above (Fig. 3f). We can clearly see southeastward transients in Kyushu and southwestern Shikoku from February 1, 2016, to April 10, 2016 (Fig. 3g). These transients suggest the occurrence of aseismic slip off Kyushu and Shikoku along the Nankai trough subduction zone. Figure 3h shows the characteristic features of the spatial patterns of the detrended ground displacements between January 1, 2013, and April 10, 2016. In this figure, we can observe eastward, southeastward, and southward crustal deformation in Shikoku and Kyushu as mentioned above, strongly indicating the occurrence of aseismic interplate slip in these regions. The 1σ error is 1–2 mm for the horizontal displacements in Fig. 3h, as estimated by ordinary Kalman filtering. Thus, the observed transients in Fig. 3h exceed the 1σ error.[image: A40623_2017_640_Fig3_HTML.gif]
Fig. 3Observed horizontal detrended crustal deformation, computed deformations, and residuals in Shikoku and Kyushu obtained from our best-fitting aseismic slip model. Green arrows in the top figure indicate the observed detrended crustal deformation, while red arrows in the middle figure indicate the computed crustal deformation. Black arrows in the bottom figure indicate residuals. a–g The deformation rate and h the total crustal deformation. Thin solid lines indicate prefectural boundaries in Japan. The other nomenclature is the same for the top, middle, and bottom figures. a January 1, 2013–October 1, 2013. b October 1, 2013–May 1, 2014. c May 1, 2014–October 1, 2014. d October 1, 2014–April 1, 2015. e April 1, 2015–July 1, 2015. f July 1, 2015–February 1, 2016. g February 1, 2016–April 10, 2016. h Total detrended crustal deformation observed (top), computed (middle), and residuals (bottom) for the period between January 1, 2013, and April 10, 2016




                     
On the basis of the observed detrended displacements, our filtering analysis shows slow slip areas offshore of Shikoku and Kyushu and in the Bungo area. Figure 4b shows the slow slip offshore of southern Miyazaki and northern Miyazaki between October 1, 2013, and May 1, 2014. The aseismic interplate slip for this period ranges from 4 cm/year in southern Miyazaki to 8 cm/year in northern Miyazaki. This result is consistent with the results of Yarai and Munekane (2015) and Nishimura and Ochi (2015), although they did not investigate the spatiotemporal evolution. The slip rate between May 1, 2014, and October 1, 2014, offshore of southern Miyazaki and northern Miyazaki decreased and slow slip appeared in the Bungo channel (Fig. 4c). We refer to this slow slip in the Bungo channel as the 2014 Bungo slow slip from now. We can observe the remainder of the slow slip off northern Miyazaki in Fig. 4d, which had a long duration compared with the southern Miyazaki slow slip, which subsided during this period. From April 1, 2015, to July 1, 2015, a slow slip area appeared in and off the southern Miyazaki coastal area of Kyushu. However, the aseismic slip off the southern Miyazaki area is less certain, since this large slow slip is based on a large eastward transient observed at one GNSS site, the slow slip area is far offshore, and the ground displacement data are insufficient to support the existence of the slow slip this far offshore (Fig. 4e). The aseismic interplate slip rate between July 1, 2015, and February 1, 2016, was over 8 cm/year off the southern Miyazaki coast (Fig. 4f). Aseismic interplate slip rates of approximately 8 cm/year off the southern Miyazaki coast and 12 cm/year in southwestern Shikoku occurred between February 1, 2016, and April 10, 2016. We refer to this aseismic slip event in southwestern Shikoku as the 2016 Bungo slow slip from now. The slow slip area in the southern Miyazaki area expanded northward to the northern Miyazaki area during this period. Although the estimated slip for this period is near the limit of the 1σ error in northern Miyazaki, we assume that the estimated slip in northern Miyazaki actually occurred, considering the estimated ground displacements in Figs. 2d and 3g. Figure 4h shows the estimated total slip for the entire period. We can see a slow slip off Kyushu and Shikoku. The aseismic slip off southern Miyazaki reaches 12 cm and that off northern Miyazaki reaches 8 cm. Since Fig. 4h shows the total slip and not the slip rate, the image of the aseismic slips is slightly different from those in Fig. 4a–g. Because of the coseismic and postseismic deformation due to the 2016 Kumamoto earthquakes, we cannot observe further time evolution after April 14, 2016.[image: A40623_2017_640_Fig4_HTML.gif]
Fig. 4
                                    a Estimated aseismic slip rate on the interface between the Amurian plate and the Philippine Sea plate based on the detrended dataset for the period between January 1, 2013, and October 1, 2013, with the unit of cm/year. The white arrow also indicates the estimated aseismic slip. The dashed lines indicate iso-depth contours of the plate interface with an interval of 20 km (Hirose et al. 2008). Thin solid lines indicate prefectural boundaries in Japan. b October 1, 2013–May 1, 2014. c May 1, 2014–October 1, 2014. d October 1, 2014–April 1, 2015. e April 1, 2015—July 1, 2015. f July 1, 2015—February 1, 2016. g February 1, 2016–April 10, 2016. h Total slip between January 1, 2013, and April 10, 2016, with the unit of cm. The moment magnitudes of the three areas (1)–(3) separated by blue dashed lines are computed as the Bungo, northern Miyazaki, and southern Miyazaki slow slips in Fig. 6 and Additional file 6. The numbers of earthquakes within 5 km from these three segments are indicated in Additional file 6. i–p Estimated 1σ error for the periods corresponding to (a–h). The contour interval is (i) 4 mm/year, (j–o) 1 cm/year, (p) 1 cm




                     
Figure 4i–p shows the 1σ error of the estimated aseismic slip rate and aseismic slip corresponding to Fig. 4a–h. The contour interval is 4 mm/year in Fig. 4i, 1 cm/year in Fig. 4j–o, and 1 cm in Fig. 4p, indicating that the estimated interplate slip rates and the total slip for the entire period are larger than the 1σ error, although the aseismic slip rate between February 1, 2016, and April 10, 2016, slightly exceeds the 1σ error as mentioned above.
Thus, southern Miyazaki slow slips occurred from late 2013 to the middle of 2014 and from the middle of 2015 with a recurrence interval of approximately 2 years during the period of this study. This recurrence interval is consistent with the past southern Miyazaki slow slip events (Yarai and Ozawa 2013), although we cannot clearly state that the southern Miyazaki slow slip occurred in 2011, 2 years after the 2009 southern Miyazaki slow slip, because of the contamination of the 2011 Tohoku earthquake. The maximum estimated slip of the southern Miyazaki slow slip in this study for the two events is roughly 12 cm. In Yarai and Ozawa (2013), the maximum slippage of the slow slip events in this area is approximately 5 cm. Since the slip deficit rate is not well determined in this area, we roughly estimated slip deficit rates in this area by applying Yabuki and Matsu’ura’s method (1992) to the trend velocity estimated in this study (Additional file 5). The maximum accumulated slip deficit is approximately 4 cm/year in the southernmost segment in Fig. 4h, corresponding to the southern Miyazaki slow slip area. The moment of the slip deficit for the period of this study in the same segment is roughly 15 × 1018 Nm, and the moment released by the detrended aseismic slip in this study for the period between January 2013 and April 2016 is 12 × 1018 Nm. Thus, this area may release most of the accumulated slip deficit energy by slow slip events with a 2-year recurrence interval. We estimated the seismic slip by summing those of earthquakes with a magnitude of over 2.0 catalogued by Japan Meteorological Agency whose hypocenters were within 5 km from the southernmost segment shown in Fig. 4h. In this calculation, we assumed that the earthquakes within 5 km from the southernmost segment in Fig. 4h were low-angle thrust earthquakes on the plate interface. Thus, this value is a maximum estimate. The estimated seismic moment is 1.8 × 1015 Nm, corresponding to that of an M
                        w4.1 earthquake, and is very small compared with the detrended aseismic slip of 11 × 1018 Nm. That is, aseismic slip, consisting of slow slip events and secular tectonic loading, and the postseismic slip of earthquakes dominate over seismic moments in this segment. We think that the Hyuga-nada earthquakes release the remaining loading energy or slip deficit energy in this segment.
Since the time duration of a southern Miyazaki slow slip is approximately 1 year (Yarai and Ozawa 2013), we cannot rule out the possibility that the southern Miyazaki slow slip from 2015 will end soon.
We consider that the aseismic slip in northern Miyazaki is an independent slow slip event since the southern Miyazaki slow slip has occurred independently with a 2-year recurrence interval (Yarai and Ozawa 2013). The estimated slow slip in northern Miyazaki appears to have started in early 2016, approximately 2–3 years after the 2013 northern Miyazaki slow slip between late 2013 and late 2014. It remains to be examined by detailed studies of the aseismic slip history in northern Miyazaki whether or not this recurrence interval of 2–3 years is consistent with those of the past events. Within the period of this study, the estimated aseismic slip of northern Miyazaki is approximately 4–8 cm, which amounts to half to one year of the slip deficit in this region, considering a maximum slip deficit rate of approximately 8 cm/year (Additional file 5). The estimated moment of the detrended aseismic slip on the middle segment of Fig. 4h denoted by blue dashed line is 9 × 1018 Nm in this study period and that of the slip deficit is 32.0 × 1018 Nm for the same period. Thus, roughly 30% of the accumulated energy from plate loading was released by aseismic slip in this region during this study period. The estimated seismic moment, which is the sum of those from earthquakes within 5 km of the middle segment shown in Fig. 4h by the blue dashed lines, as for the case of the southern Miyazaki segment, is approximately 1.4 × 1015 Nm and equivalent to that of an M
                        w 4.0 earthquake. Thus, we think that the aseismic slip dominates over seismic slips in this segment. The energy balance indicates the possible existence of an earthquake to release the remaining plate loading energy in this segment independently or as part of the Nankai earthquake. The duration of the 2013 northern Miyazaki slow slip was approximately 1 year. Thus, we cannot rule out the possibility that the latest slow slip in northern Miyazaki from early 2016 is still continuing, although we cannot monitor it because of the strong contamination caused by the 2016 Kumamoto earthquakes.
The 2014 Bungo slow slip was occurring between May 1, 2014, and October 1, 2014 (Fig. 4c), following the southern and northern Miyazaki slow slips (Fig. 4b). This slow slip was very small compared with the 1997, 2003, and 2010 Bungo slow slips, whose slippage was one order larger, suggesting that this event was a different type of slow slip (Ozawa et al. 2013). The 2016 Bungo slow slip occurred in an area where the aseismic slip was small during the 2014 Bungo slow slip in this study. In particular, the main slip area between February 1, 2016, and April 10, 2016, was shallower than that of the 2014 Bungo event. This aseismic slip area in southwestern Shikoku in 2016 slipped during the 1997, 2003, and 2010 Bungo slow slips, whose durations were approximately 1 year, at an early stage of the slip history (Ozawa et al. 2013). If the 2016 Bungo slow slip is of the same type as the 1997, 2003, and 2010 Bungo slow slips, which occurred with a time interval of 6 years, we can assume that the slip has moved to the Bungo channel over time, as was the case for these past long-term Bungo slow slips (Ozawa et al. 2013). The interval between the 2010 and 2016 Bungo slow slips was approximately 6 years, consistent with the interval between past Bungo slow slip events, although we need more data to confirm that the 2016 Bungo slow slip is of the same type as the past Bungo slow slips. Regarding the slip budget, the slippage of the Bungo slow slip events ranged from approximately 20–30 cm before the Tohoku earthquake. Since the slip deficit rate is approximately 6 cm/year in this region (Additional file 5), the slip deficit amounts to 36 cm for a 6-year recurrence interval, which approximately satisfies slip budget in part of the denoted segment in Fig. 4h. The accumulated loading energy is 23 × 1018 Nm for 1 year, equivalent to that of an M
                        w6.8 earthquake. The aseismic slip moment for the period between January 2013 and April 2016 of this study was approximately 6 × 1018 Nm equivalent to that of an M
                        w6.4. Thus, we think that approximately 8% of the accumulated slip deficit in the Bungo area was released by slow slips during the period of this study. The seismic moment, which is the sum of those of earthquakes within 5 km from the northernmost segment in Fig. 4h, is roughly 2 × 1014 Nm and equivalent to that of an M
                        w3.5 earthquake. Thus, this Bungo slow slip with a recurrence interval of 6 years that is one order of magnitude larger than the Bungo slow slip in this study may release the remaining loading energy in part of this region together with short-term slow slip events. We cannot rule out the possibility of the occurrence of an earthquake to release the remaining loading energy in this segment independently or as part of the Nankai earthquake.
We consider that the recurrence interval of the southern Miyazaki slow slip events is within the range of fluctuation of those of the past slow slip events. With regard to the Bungo and northern Miyazaki slow slip events, more data and detailed studies are necessary to assess the changes in their recurrence interval.
We also estimated the relationship between the moment release of the three segmented areas denoted by blue dashed lines in Fig. 4h and the number of earthquakes with a magnitude over 2.0 that occurred within 5 km from the plate interface for the three segments, corresponding to the Bungo, northern Miyazaki, and southern Miyazaki areas (Additional file 6). Low-frequency earthquakes are included in the number of earthquakes. However, we could not find a clear correlation between the number of earthquakes and the moment of the aseismic slip, indicating that they are not driving each other in these segments for the period in this study.
The 2011 Tohoku earthquake, together with its postseismic deformation, caused significant crustal deformation in the entire area of Japan. The stress states before and after the Tohoku earthquake appear to be different throughout Japan. This perturbation due to the Tohoku earthquake provides us with a good opportunity to elucidate the subduction processes in southwest Japan. Regarding this point, we expected that the slow slip activity would have been affected by the Tohoku earthquake and its postseismic deformation. In fact, the recurrence interval of the Boso slow slips (Fig. 1a) in Japan changed after the Tohoku earthquake (Ozawa 2014). However, in this study, the effect of the 2011 earthquake on the southern Miyazaki slow slip appears to have been small. If the 2011 Tohoku earthquake also did not affect the occurrence of the Bungo and northern Miyazaki slow slip events, this will give us important information about the stability of the factors triggering these slow slip events. From this viewpoint, it is very important to investigate any differences in the recurrence interval and magnitude of the Bungo and northern Miyazaki slow slips before and after the Tohoku earthquake.
Regarding the relationship among the Bungo, northern Miyazaki, and southern Miyazaki slow slips for the period of this study, we found two different rupture processes. The first involved the time evolution of the aseismic slip from 2013 to 2015, showing that the northern Miyazaki and southern Miyazaki slow slips occurred simultaneously, followed by the Bungo slow slip, with the northern Miyazaki slow slip having a longer duration than the southern Miyazaki slow slip. In the second rupture process from 2015 to 2016, the southern Miyazaki slow slip occurred first, followed by the northern Miyazaki slow slip and the Bungo slow slip. In each case, the rupture process expanded from the south to the north of the slow slip area. We cannot rule out the possibility that the rupture processes among the slow slips in these three regions were affected by each other in this period. That is, the southern Miyazaki and northern Miyazaki slow slips may have prompted the occurrence of the Bungo slow slip in the first rupture process from 2013 to 2015, although the maximum change in the Coulomb failure stress (∆CFS) in the Bungo channel area was only approximately 0.01 MPa, assuming a rigidity of 30 GPa, Poisson’s ratio of 0.25, and a friction coefficient of 0.2 (Harris 1998) (Additional file 7). Although ∆CFS is near the threshold value of 0.01 MPa, we cannot rule out the possibility of a large change in stress in the boundary region adjacent to the aseismic slip area of the northern Miyazaki slow slip. In the second process from 2015 to 2016, the southern Miyazaki slow slip may have triggered the northern Miyazaki slow slip. Although ∆CFS is approximately 0.00003 MPa in the Bungo channel area and at most 0.004 MPa in the northern Miyazaki area (Additional file 7), we cannot rule out this possibility, since the northern Miyazaki area is adjacent to the southern Miyazaki slow slip area and may be strongly affected by it in the boundary region.
In addition, we calculated ∆CFS near the large interplate earthquake area from the total aseismic slip and found out that the slow slip events in this study period increased ∆CFS. In particular, the area of the 1996 Hyuga-nada earthquakes has a value of ∆CFS of up to approximately 20 kPa (Additional file 7).
Figure 5 shows the time evolution of the moment release. We can observe the fluctuating time evolution of the moment. The periods denoted by the vertical lines correspond to those of the snapshots in Figs. 3 and 4. The estimated total moment is approximately 30 × 1018 Nm, which is approximately equivalent to that of an M
                        w6.9 earthquake.[image: A40623_2017_640_Fig5_HTML.gif]
Fig. 5Estimated time evolution of moment release. The periods denoted by vertical lines correspond to those in Figs. 3 and 4
                                 




                     
The displacements computed from our best-fitting aseismic slip model closely reproduce the observed crustal deformation, as shown in Figs. 2 and 3.

Conclusions
In this study, we investigated the spatiotemporal evolution of the interplate aseismic slip along the Nankai trough subduction zone between 2013 and 2016. The estimated rupture process between 2013 and 2015 followed a different time sequence and time evolution from those between 2015 and 2016. A future work is to determine the spatiotemporal evolution of the slow slip events in the regions in this study before 2013 and compare them with those after 2013, although the data shortly after the Tohoku earthquake are strongly contaminated. For this purpose, we schematically summarize the spatiotemporal long-term slow slip events along the Nankai trough in Fig. 6 together with the approximate moment magnitudes. As mentioned above, we can observe quasi-periodic slow slip activities in Fig. 6, such as the Bungo and southern Miyazaki slow slips. We need to further investigate the spatiotemporal evolution schematically shown in Fig. 6, including whether or not there are any differences before and after the 2011 Tohoku earthquake.[image: A40623_2017_640_Fig6_HTML.gif]
Fig. 6Schematic spatiotemporal distribution of long-term slow slip events along the Suruga and Nankai troughs together with the moment magnitudes. 1: Tokai (Ozawa et al. 2016), 2: Kii channel (Kobayashi 2014), 3: Kii channel (GSI 2016), 4: western to central Shikoku (Takagi et al. 2016), 5: Bungo (Ozawa et al. 2013), 6: northern Miyazaki and southern Miyazaki (Ozawa et al. 2001), 7: southern Miyazaki (Yarai and Ozawa 2013), 8: Bungo, northern Miyazaki, and southern Miyazaki (this study). The 1997 southern Miyazaki slow slip is interpreted as an afterslip of the 1996 Hyuga-nada earthquakes. With regard to the 1997 northern Miyazaki slow slip, we cannot estimate the moment magnitude since it is not separable from the afterslip of the 1996 Hyuga-nada earthquakes and the 1997 Bungo slow slip. The moment magnitudes of the Bungo slow slip, northern Miyazaki slow slip, and southern Miyazaki slow slip in this study range from M
                                    w6.0 to M
                                    w6.5. However, these values were estimated by summing the slow slips in their approximate regions, which are shown in Fig. 4h. Thus, the estimated moment magnitudes of the Bungo, northern, and southern Miyazaki slow slips in this study are very approximate since we cannot clearly separate the events in time and space. The values of the moment magnitude of the southern Miyazaki slow slip obtained by Yarai and Ozawa (2013) are also rough estimates since we cannot clearly separate the southern Miyazaki slow slip in the time and space domains




                     
The concept of a seismic gap may hold for the Bungo slow slip for the period of this study because of the clear spatial separation between the 2014 and 2016 events, although we cannot observe further time evolution of the 2016 Bungo slow slip owing to the 2016 Kumamoto earthquakes.
It is proposed that Tokai and Kii channel slow slips have also occurred from approximately 2013 and 2014, respectively (see Fig. 6) (Ozawa et al. 2016; GSI 2016). Thus, the Bungo, northern Miyazaki, and southern Miyazaki slow slips have been weakening the interplate coupling along the Nankai trough subduction zone since approximately the middle of 2015, when the latest southern Miyazaki slow slip was clearly detected, together with the Tokai and Kii channel slow slips. That is, the slow slip events of this study are changing the stress state in favor of the occurrence of Nankai and Hyuga-nada earthquakes as mentioned in the discussion, whose probability is high considering the time since the last earthquakes. It is an urgent task to continue monitoring the transient crustal deformation in these regions.
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