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Abstract
Geodetic and seismological observations have shown discrepancies between azimuths of maximum contraction (strain rate) and maximum compression (stress). These discrepancies can be the results of the superposition of localized or transient mechanical processes such as fault coupling during seismic cycles. Rich sets of recent geophysical data allow us to conduct spatiotemporal imaging of the discrepancies. Here, we estimate the spatiotemporal evolution in the strain-rate fields of the Japanese Islands with optimized smoothing distances from 1997 to 2021 using Global Navigation Satellite System (GNSS) data, and investigate how the maximum contraction axes of horizontal strain rates differ from those of horizontal stress based on earthquake focal mechanisms. Several characteristic results are observed for each region within the Japanese Islands. Both azimuths of the strain rates and stress differ by more than 60° over hundreds of kilometers from the Kanto region to along the Nankai Trough, related to seismotectonics due to the dual subduction of the Philippine Sea plate and the Pacific plate beneath the Japanese Islands. The differences in the azimuths imply the effect of the very long-term stable subduction of the Pacific plate. We find that the azimuthal differences tend to be small along tectonic zones with active inland earthquakes and high strain rates on the back-arc sides. We also find that the 2011 off the Pacific coast of Tohoku earthquake caused notable azimuthal differences in the strain rates and the stress in the Tohoku region. The strength of fault may cause lower response sensitivity of seismological stress to major earthquakes than geodetic strain rate. Our dataset has wide spatiotemporal coverage and can serve as a basis for further research, for example, to estimate the current fault conditions during seismic cycles.
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Introduction
In elementary elastomechanics, strain and stress are proportional through elastic constants, and thus the strain and stress fields are similar. However, there are frequent discrepancies between the strain field estimated from geodetic observations (strain rate field) and the stress field estimated from seismological observations.
A pioneering study (Sbar 1983) cited an example where the azimuth of the principal strain rate from geodetic data was far different from the azimuth of the principal stress from earthquake data. They interpreted this difference that geodetic strain rates reflect temporal deformation during observation periods, whereas earthquakes reflect averages of longer durations. In another study (Wang 2000) for the Nankai Trough, southwestern Japan, and the Cascadia subduction zones, the geodetic strain rates indicated contraction in the direction of plate convergence, while the seismological stress showed maximum compression along strike. They called the phenomenon a stress–strain ‘paradox’ and modeled the forearc stress regime.
A recent study (Townend and Zoback 2006) examined how the azimuths of geodetic principal strain rates based on Global Navigation Satellite System (GNSS) data differed from the azimuths of principal stress based on earthquake focal mechanisms in central Japan. The azimuths of the maximum contraction of the geodetic strain-rate fields corresponded to the azimuths of the maximum compressive stress after removing the effect of elastic strain due to the subduction megathrust locking (which will be released by megathrust earthquakes) at the Nankai Trough (Mazzotti et al. 2000; Henry et al. 2001). These azimuths were interpreted to be the long-term horizontal motion between northeastern and southwestern Japan representing the mountain-building collision processes (Heki and Miyazaki 2001; Mazzotti et al. 2001). Another study (Matsumoto et al. 2015) also compared the azimuths of geodetic principal strain rates and seismological principal stress and confirmed their consistency for the Kyushu region (south of about 34° N and west of about 132° E), southwestern Japan.
The strain-rate and stress fields would coincide under a sufficiently long (geologic) time scale and broad spatial scale, and localized or transient mechanical processes can influence their fields. We consider that the differences between the strain-rate and stress fields directly reflect information on fault dynamics during seismic cycles which determines the degree of fault coupling, regardless of specific areas such as a forearc. From this perspective, we will focus on the spatiotemporal changes in actual data for the Japanese Islands with rich sets of observational data.
This study extends the results of Townend and Zoback (2006) using recent geodetic and seismological data, and systematically compares the strain-rate and stress fields across the Japanese Islands. In particular, the 2011 off the Pacific coast of Tohoku megathrust earthquake ([image: $$\sim {M}_{w}$$] 9) impacted the eastern part of the Japanese Islands (e.g., Hasegawa et al. 2012; Becker et al. 2018), and was a key event in obtaining time-varying information of the azimuthal differences not available in the previous studies.
To estimate the strain-rate field, we use the surface displacement data of GEONET, a GNSS array by the Geospatial Information Authority of Japan (GSI), as in many previous studies (e.g., Sagiya et al. 2000; Nishimura et al. 2018; Fukahata et al. 2020). In recent years, several methods have been developed for calculating strain rates from surface displacement data that can take into account the spatial heterogeneity of station spacing (Shen et al. 2015; Sandwell and Wessel 2016; Okazaki et al. 2021). With the development of automatic polarity picking based on machine learning, focal mechanisms of smaller earthquakes can be estimated more accurately than before (Uchide 2020). Based on the above, we construct a dataset of geodetic strain-rate fields for the Japanese Islands with an original method to estimate an optimal hyperparameter for spatial smoothing and compare it with seismological stress fields in terms of azimuths of the maximum contraction. This quantitative dataset has wider temporal and spatial coverage than the previous studies (e.g., Townend and Zoback 2006; Matsumoto et al. 2015) and can serve as a basis for further research (statistical or physics-based simulation studies).
Estimation of geodetic strain-rate field
To obtain the strain-rate field, we first calculate the horizontal velocity vector for each GNSS observation point (GEONET station) from the F5 daily solution provided by GSI (Muramatsu et al. 2021), and then estimate the strain rates at grid points at 0.3-degree intervals on the Japanese Islands using a least-square method.
In particular, we calculate the horizontal velocity vectors for a total of 19 periods of 3 years from the average coordinates in February of GEONET stations: 1997–2000, 1998–2001, 1999–2002, 2000–2003, 2001–2004, 2002–2005, 2003–2006, 2004–2007, 2005–2008, 2006–2009, 2007–2010, 2008–2011 before the 2011 off the Pacific coast of Tohoku earthquake, and 2012–2015, 2013–2016, 2014–2017, 2015–2018, 2016–2019, 2017–2020, 2018–2021 after the 2011 off the Pacific coast of Tohoku earthquake. The coordinate offsets due to the GNSS antenna replacement and the coseismic displacement due to major earthquakes around the Japanese Islands (Table 1) are removed, where we chose them based on the criterion of a seismic intensity of 6 or 7 determined by the Japan Meteorological Agency. We compute the horizontal velocity vectors from the average coordinates starting in February of each year after removing outliers by Super Smoother (Friedman 1984), and transform them to the Eurasian plate reference frame based on International Terrestrial Reference System (ITRF) 2014 (Altamimi et al. 2016).Table 1Earthquakes of which coseismic displacement is removed


	Date (JST)
	Longitude, latitude [°]
	Magnitude

	May 13, 1997
	130.303, 31.948
	6.4

	September 3, 1998
	140.901, 39.806
	6.2

	July 1, 2000
	139.194, 34.190
	6.5

	July 9, 2000
	139.231, 34.212
	6.1

	July 15, 2000
	139.242, 34.423
	6.3

	July 30, 2000
	139.411, 33.971
	6.5

	August 18, 2000
	139.241, 34.202
	6.1

	October 6, 2000
	133.349, 35.274
	7.3

	March 24, 2001
	132.694, 34.132
	6.7

	May 26, 2003
	141.651, 38.821
	7.1

	September 26, 2003
	144.078, 41.779
	8.0

	October 23, 2004
	138.867, 37.292
	6.8

	October 27, 2004
	139.033, 37.292
	6.1

	March 20, 2005
	130.176, 33.739
	7.0

	August 16, 2005
	142.278, 38.150
	7.2

	March 25, 2007
	136.686, 37.221
	6.9

	July 16, 2007
	138.609, 37.557
	6.8

	June 14, 2008
	140.881, 39.030
	7.2

	August 11, 2009
	138.499, 34.786
	6.5

	April 13, 2013
	134.829, 34.419
	6.3

	November 22, 2014
	137.891, 36.693
	6.7

	April 14, 2016
	130.809, 32.742
	6.5

	April 15, 2016
	130.778, 32.701
	6.4

	April 16, 2016
	130.763, 32.755
	7.3

	June 16, 2016
	140.987, 41.949
	5.3

	October 21, 2016
	133.856, 35.380
	6.6

	December 28, 2016
	140.574, 36.720
	6.3

	June 18, 2018
	135.622, 34.844
	6.1

	September 6, 2018
	142.007, 42.691
	6.7

	January 3, 2019
	130.554, 33.027
	5.1

	February 21, 2019
	142.003, 42.766
	5.8

	June 18, 2019
	139.479, 38.608
	6.7

	February 13, 2021
	141.698, 37.728
	7.3


The longitude and latitude of hypocenters and magnitude are from the earthquake catalog provided by Japan Meteorological Agency



As an example, Fig. 1 shows the horizontal velocity vectors for the period from 2008 to 2011. Westward velocity is dominant due to the dual subduction of the Philippine Sea plate (PHS) and the Pacific plate (PAC) beneath the Japanese Islands.[image: ]
Fig. 1Horizontal velocity vectors for the period from 2008 to 2011 (in February, before the 2011 off the Pacific coast of Tohoku earthquake). The vectors are transformed to the Eurasian plate reference frame based on ITRF 2014. “PHS” means the Philippine Sea plate and “PAC” does the Pacific plate. The ocean to the east and south of the Japanese Islands is the Pacific Ocean


The constitutive equation for the estimation of the strain-rate field follows previous studies (Shen et al. 1996, 2015). First, at each grid point, the observation equation [image: $${\varvec{d}}={\varvec{G}}{\varvec{m}}+{\varvec{e}}$$] is constructed. Namely,[image: $${\varvec{d}}=\left(\begin{array}{c}{V}_{x}^{i}\\ {V}_{y}^{i}\end{array}\right),$$]

 (1)


[image: $${\varvec{G}}=\left(\begin{array}{cccccc}1&amp; 0&amp; {\Delta y}^{i}&amp; {\Delta x}^{i}&amp; {\Delta y}^{i}&amp; 0\\ 0&amp; 1&amp; -{\Delta x}^{i}&amp; 0&amp; {\Delta x}^{i}&amp; {\Delta y}^{i}\end{array}\right),$$]

 (2)


[image: $${\varvec{m}}=\left(\begin{array}{c}{U}_{x}\\ {U}_{y}\\ \omega \\ {\tau }_{xx}\\ {\tau }_{xy}\\ {\tau }_{yy}\end{array}\right),$$]

 (3)


[image: $${\varvec{e}}=\left(\begin{array}{c}{\varepsilon }_{x}^{i}\\ {\varepsilon }_{y}^{i}\end{array}\right),$$]

 (4)


where [image: $$V$$] and [image: $$\varepsilon$$] are the horizontal velocity and residual (or error) at the observation point [image: $$i$$] (the subscripts [image: $$x, y$$] are the east–west and north–south components), [image: $$U$$] is the translational component, [image: $$\omega$$] is the rotational component, and [image: $$\tau$$] is the strain component at the grid point. The horizontal distance from the grid point to the observation point [image: $$i$$] is [image: $$\Delta R$$], and its east–west component is [image: $$\Delta x$$] and north–south component is [image: $$\Delta y$$].
We compute the least-squares solution [image: $${\varvec{m}}={\left({{\varvec{G}}}^{{\varvec{T}}}{\varvec{W}}{\varvec{G}}\right)}^{-1}{{\varvec{G}}}^{{\varvec{T}}}{\varvec{W}}{\varvec{d}}$$]. The weight matrix [image: $${\varvec{W}}$$] is a diagonal matrix satisfying[image: $$\mathrm{diag}\left({\varvec{W}}\right)=\mathrm{exp}\left(\frac{-{\Delta R}_{i}^{2}}{{D}^{2}}\right),$$]

 (5)


where [image: $$D$$] is the smoothing distance. We do not assume that [image: $$D$$] is the same for all grid points (Shen et al. 1996) because of the variability of the intervals between observation points in the GEONET array. Instead, we set [image: $$D$$] as the largest integer that satisfies the following criterion (Shen et al. 2015) for each grid point:[image: $$S=2\sum_{i=1}^{n}\mathrm{exp}\left(\frac{{-\Delta R}_{i}^{2}}{{D}^{2}}\right),$$]

 (6)


[image: $$\mathrm{int}\left(S\right)&lt;{W}_{t},$$]

 (7)


where [image: $$n$$] is the number of observation points used to estimate the strain-rate field at each grid point, and is assumed to be in the range of [image: $$\Delta R&lt;2.15D$$]. The factor 2.15 is based on the criterion of [image: $$\mathrm{exp}\left({-\Delta R}_{i}^{2}/{D}^{2}\right)&lt;0.01$$]. [image: $${W}_{t}$$] is a hyperparameter. Note that [image: $$D$$] depends on the observation periods for the same [image: $${W}_{t}$$]. The method can reflect the changes in the density of the GNSS observation points by introducing the spatiotemporally variable [image: $$D$$].
While the previous study using the GNSS network in southern California (Shen et al. 2015) tested several values of [image: $${W}_{t}$$] and adopted [image: $${W}_{t} =24$$] based on visual inspection for the strain-rate pattern, we originally estimate the optimal [image: $${W}_{t}$$] with a new algorithm for the GEONET array in the Japanese Islands. Eight possible values of [image: $${W}_{t}$$] are considered: 1, 4, 8, 12, 16, 20, 24, and 28. Using the horizontal velocity vectors of the forementioned 19 periods, we estimate the strain-rate field based on Eqs. (1)–(7) with the eight different [image: $${W}_{t}$$] values. To determine the optimal [image: $${W}_{t}$$], the standard deviation [image: $$\sigma$$] of the residuals at each grid point is calculated as follows:[image: $$\sigma = \frac{{{\varvec{e}}}^{{\varvec{T}}}{\varvec{W}}{\varvec{e}}}{2n-6},$$]

 (8)


where 2 is the number of components of the observed data (east–west and north–south), and 6 is the number of parameters of [image: $$m$$]. In this study, we consider that [image: $${W}_{t}$$] with a smaller interquartile range (IQR) of [image: $$\sigma$$] is more appropriate because of the similar adequacy of the grid point representation.
We determine the optimal value of [image: $${W}_{t}$$] after calculating [image: $$\sigma$$] for the strain-rate fields of the aforementioned 19 periods. Figure 2 summarizes the relation between [image: $$\mathrm{IQR}(\sigma )$$] and [image: $${W}_{t}$$] for the 19 periods, divided into 12 periods before the 2011 off the Pacific coast of Tohoku earthquake (Phase 1; 1997–2000 to 2008–2011 in February), 4 earlier periods of postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake (Phase 2; 2012–2015 to 2015–2018 in February), and 3 periods afterward (Phase 3; 2016–2019 to 2018–2021 in February). In Phase 1 before the 2011 off the Pacific coast of Tohoku earthquake, we find that [image: $${W}_{t}=12$$] can reduce the overall [image: $$\mathrm{IQR}(\sigma )$$]. In Phase 2 immediately after the 2011 off the Pacific coast of Tohoku earthquake, [image: $${W}_{t}=4$$] is the optimum, which may reflect the influence of the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake (e.g., Ozawa et al. 2012; Suito 2017; Morikami and Mitsui 2020). In Phase 3, a few years later, the [image: $$\mathrm{IQR}(\sigma )$$] are close to the minimum values at [image: $${W}_{t}=12$$], as in Phase 1, probably due to the decay of the postseismic deformation. Therefore, we propose that the optimal [image: $${W}_{t}$$] for the GEONET array in the Japanese Islands is 12 except immediately after the 2011 off the Pacific coast of Tohoku megathrust earthquake (as Phase 2). Besides, we do not consider that Phase 2 represented the characteristic decay time of the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake. Because our analysis targeted the entire Japanese Islands, the transition between Phase 2 and Phase 3 might include other effects than the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake, such as the occurrence of the Mw 7.0 2016 Kumamoto earthquake.[image: ]
Fig. 2Results of [image: $$\mathrm{IQR}(\sigma )$$] and [image: $${W}_{t}$$] for the 19 periods, in Phase 1 before the 2011 off the Pacific coast of Tohoku earthquake (top figure), Phase 2 immediately after the 2011 off the Pacific coast of Tohoku earthquake (center figure), and Phase 3 afterward (bottom figure). The gray shadings indicate [image: $${W}_{t}$$] ranges with relatively small IQR [image: $$(\sigma )$$]


Figure 3 shows an example of the spatial distribution of the optimized smoothing distance [image: $$D$$], which reflects the spatial heterogeneity of station spacing, for [image: $${W}_{t}=12$$]. Figure 4 presents examples of the estimated strain-rate fields. The fields of the dilatational strain rates ([image: $${\tau }_{xx}+{\tau }_{yy}$$]) overall represent areal decrease due to the plate subduction beneath the Pacific ocean except for local strains such as those around volcanoes (e.g., Sagiya 2004). In addition, comparing the results of Phase 1 (1997–2000) and Phase 3 (2016–2019), the effects of the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake perturb the strain fields along the Pacific coast (Fig. 4). There is a tendency for dilatation (areal increase) north of about 39° N and areal decrease south of about 39° N, indicating the north–south (along-strike) contrast in the postseismic deformation.[image: ]
Fig. 3An example of the spatial distribution of the optimal smoothing distance [image: $$D$$] during 1997–2000 in Phase 1 for [image: $${W}_{t}=12$$], estimated from the GNSS data

[image: ]
Fig. 4Examples of the spatial distribution of the dilatational strain rates during 1997–2000 in Phase 1 (left figure) and during 2016–2019 in Phase 3 (right figure). The negative values represent areal decrease and the positive ones represent areal increase. The triangles show the Holocene volcanoes listed by the Global Volcanism Program (Smithsonian Institution 2022). The focal sphere in the right figure is the global centroid moment tensor solution of the 2011 off the Pacific coast of Tohoku earthquake (Nettles et al. 2011)


We compute the azimuth of the maximum contraction strain rate [image: $${\tau }_{\mathrm{Hmax}}$$], [image: $$\mathrm{Az}({\tau }_{\mathrm{Hmax}}$$]), as follows:[image: $$\mathrm{Az}\left({\tau }_{\mathrm{Hmax}}\right)=-0.5\mathrm{ atan}\left(\frac{2 {\tau }_{xy}}{\left({\tau }_{xx}-{\tau }_{yy}\right)}\right),$$]

 (9)


where the azimuth is a clockwise angle from the north. Additional file 1: Data S1 shows the estimation results of the strain rate fields for the 19 periods.
Comparison between azimuths of strain rate and stress
To estimate the azimuths of the maximum compressive stress ([image: $${S}_{\mathrm{Hmax}}$$]) for comparing those of the maximum contraction of geodetic strain rate ([image: $${\tau }_{\mathrm{Hmax}}$$]), we use the earthquake focal mechanisms estimated by a previous study (Uchide 2020). That study was based on machine learning (neural network) for identifying the initial polarity of seismic waves, and succeeded in estimating far more mechanisms than before. The spatiotemporal range of the focal mechanism data is for the period from February 1, 2005, to February 28, 2015, for shallow depths less than 20 km, which corresponds to inland crustal earthquakes (Uchide 2020).
We calculate the azimuths of the maximum compressive stress ([image: $${S}_{\mathrm{Hmax}}$$]) using the plunge and azimuth angles of the t-, b-, and p-axes from the strike, dip, rake angles of focal mechanisms (Zoback 1992; Gasperini and Vannucci 2003; Kagan 2007). Next, from the calculated [image: $${S}_{\mathrm{Hmax}}$$] of each earthquake, we evaluate the [image: $${S}_{\mathrm{Hmax}}$$] values on the grid points used to estimate the strain-rate fields based on a simple weighted-average approach (e.g., Imanishi et al. 2019). A weight ([image: $$W$$]) for each focal mechanism is as follows:[image: $$W=\mathrm{exp}\left(\frac{{-x}^{2}}{{\alpha }^{2}}\right),$$]

 (10)


where [image: $$x$$] is the epicentral distance from the grid point to the focal mechanism, and [image: $$\alpha$$] is set to be equal to [image: $$D$$] at each grid point for the estimation of the strain-rate fields. We do not perform stress-tensor inversion as many previous studies about the comparison between strain and stress (e.g., Townend and Zoback 2006; Matsumoto et al. 2015; Noda et al. 2020; Yuasa et al. 2020), because this weighted-average approach can provide high spatial resolution in stress fields (e.g., Imanishi et al. 2019).
Figure 5 shows examples of the azimuths of the maximum contraction of geodetic strain rate ([image: $${\tau }_{\mathrm{Hmax}}$$]), those of the maximum compressive stress ([image: $${S}_{\mathrm{Hmax}}$$]), during 2005–2011 in Phase 1. First, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] are nearly east–west contraction in the Hokkaido (north of about 41.5° N) and Tohoku (north of about 37° N) regions of eastern Japan (except for the southwestern part of Hokkaido), reflecting the elastic coupling effect of the subduction of the Pacific plate (PAC). In the remaining region along the Pacific coast, the elastic coupling effect of the subduction of the Philippine Sea plate (PHS) seems dominant for the variable contraction. Second, the azimuths of [image: $${S}_{\mathrm{Hmax}}$$] appear to be nearly east–west direction with local exceptions and imply a widespread effect of the subduction of the Pacific plate (PAC), as was investigated by previous studies (e.g., Ukawa 1982; Seno 1999; Terakawa and Matsu’ura 2010). To clarify the differences in trends between the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$], Fig. 6 shows the histogram of all the data in Fig. 5. While the distribution of the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] is biased greater than 90° (east–west direction), that of [image: $${S}_{\mathrm{Hmax}}$$] is approximately normally distributed around 90° (east–west direction). A maximum-likelihood estimation based on the normal distribution model indicates that the mean and standard deviation (SD) of [image: $${\tau }_{\mathrm{Hmax}}$$] are [image: $$113.8\pm 2.9$$] and [image: $$29.2\pm 2.0$$], respectively, and the mean and standard deviation (SD) of [image: $${S}_{\mathrm{Hmax}}$$] are [image: $$87.4\pm 2.3$$] and [image: $$23.8\pm 1.7$$], respectively, where the errors mean the 95% confidence intervals. According to the hypothesis that geodetic strain rates reflect temporal deformation, whereas earthquakes reflect averages of longer durations (e.g., Sbar 1983; Wang 2000), the differences in the azimuths may indicate the effect of the very long-term stable subduction (> 40 Ma) of the Pacific plate (e.g., Harada and Hamano 2000) much longer than the Philippine Sea plate.[image: ]
Fig. 5Examples of the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (blue arrows) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (orange arrows) during 2005–2011 in Phase 1 before the 2011 off the Pacific coast of Tohoku earthquake. Hokkaido, Tohoku, Kanto, and Kyushu are the names of regions

[image: ]
Fig. 6Histogram of the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (left figure) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (right figure) during 2005–2011 in Phase 1 (the same as Fig. 5). The azimuth of the horizontal axis represents a clockwise angle from the north (defined in the range of 0 to 180°)


In Fig. 5, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] approximately match in the Hokkaido and Tohoku regions of eastern Japan (except for the southwestern part of Hokkaido), and around central Japan and the Kyushu region (south of about 34° N and west of about 132° E). On the other hand, in the southwestern part of Hokkaido, the Kanto region (south of about 37° N and east of about 139° E), and most of the areas along the Nankai Trough, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] differ evidently.
We will examine whether the spatial trends of the azimuths in each region varied with time. Additional file 2: Data S2 shows the comparative results of the strain rate and stress fields for periods of 2005–2011 in Phase 1 and 2016–2019 in Phase 3.
Spatiotemporal change of azimuthal difference
Figure 7 shows comparative histograms of the absolute azimuthal differences of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] before and after the 2011 off the Pacific coast of Tohoku earthquake (during 2005–2011 in Phase 1 and during 2016–2019 in Phase 3). Although there are no characteristic values of the azimuthal differences, we will focus on the value of 60° as a reference that [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] are notably different. We select the value of 60° because there are obviously less data above 60° in the 2016–2019 histogram (Fig. 7).[image: ]
Fig. 7Histogram of the absolute azimuthal differences of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] during 2005–2011 in Phase 1 before the 2011 off the Pacific coast of Tohoku earthquake (left figure) and during 2016–2019 in Phase 3 after the 2011 off the Pacific coast of Tohoku earthquake (right figure). We focus on cases with larger differences than 60°


Figure 8 shows the result for the Hokkaido and Tohoku regions. In these regions with the dominant elastic coupling effect of the subduction of the Pacific plate (PAC), the differences in the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] were almost smaller than 60°. There are two exceptions as indicated in (1)–(2) below.	(1)
One of the exceptions is that a large azimuthal shift occurred in the deep extension of the 2011 off the Pacific coast of Tohoku earthquake during 2016–2019 in Phase 3. The azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] (strain rate) rather than [image: $${S}_{\mathrm{Hmax}}$$] (stress) rotated notably, closer to north–south contraction (on the other hand, east–west extension). This represented the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake (Meneses-Gutierrez and Sagiya 2016). Seismological stress may have lower response sensitivity to major earthquakes than geodetic strain rate, since the strength of fault tends to suppress earthquake occurrence.

 

	(2)
The other exception is that a large difference between the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] in the southwestern part of Hokkaido was observed only for 2005–2011 in Phase 1. Especially the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] (strain rate) were closer to north–south contraction. Three events that had occurred before the investigation period (Phase 1) may be related. One is the 1993 Hokkaido Nansei-oki earthquake (Mw 7.7) off the west coast of Hokkaido (the epicenter was at 42.78° N, 139.18° E). The complex faulting of this earthquake caused evident viscoelastic relaxation (Ueda et al. 2003). It might have continued to fluctuate [image: $${\tau }_{\mathrm{Hmax}}$$] in Phase 1 (2005–2011), although the earthquake had occurred more than 10 years before. Another is the 2000 eruption of Usu Volcano (42.54° N, 140.84° E) of which magma intrusion occurred at a subvertical fracture zone in the east–west direction (Jousset et al. 2003). The other is the 2003 Tokachi-oki earthquake (Mw 8.0) at the subduction plate interface off the south coast of Hokkaido (the epicenter was at 41.78° N, 143.86° E), whose postseismic deformation notably affected surface displacement fields in central to eastern Hokkaido (e.g., Itoh and Nishimura 2016). Viscoelastic relaxation due to both of the latter two events could fluctuate [image: $${\tau }_{\mathrm{Hmax}}$$] in Phase 1 (2005–2011), but there remains a question whether they can account for the spatial scale of the large difference between the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$].
Figure 9 shows the result for the Kanto region. Regardless of the observation period, before or after the 2011 off the Pacific coast of Tohoku earthquake, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] (strain rate) tended to be closer to north–south contraction reflecting the oblique subduction of the Philippine Sea plate (PHS) in contrast to the azimuths of [image: $${S}_{\mathrm{Hmax}}$$] (stress) of nearly east–west compression probably due to the subduction of the Pacific plate (PAC). This region is a typical example for the different azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] because of the subduction of PHS and PAC from different angles. There occurred major interplate earthquakes ([image: $$\sim {M}_{w}$$] 8) between PHS and the upper plate in 1923, 1703, and even earlier (e.g., Shimazaki et al. 2011). The relationship between the dynamics of fault slip during the seismic cycle of these recurrent Kanto earthquakes and the temporal evolution of the azimuthal difference between [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] should be further studied in future from both theoretical and monitoring aspects.
Figure 10 shows the result for central to southwest Japan. The 2011 off the Pacific coast of Tohoku earthquake had little impact on this region. The following (3)–(5) show characteristic results:

 

	(3)
On the Pacific coast along the Nankai Trough, as in the Kanto region, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] tended to differ from [image: $${S}_{\mathrm{Hmax}}$$] due to the (slightly) oblique subduction of PHS (Wang 2000). The obliqueness might cause margin-parallel compression defining a forearc sliver (e.g., Fitch 1972; Wang 2000), but this study did not find a clear boundary for the forearc sliver corresponding to a developed geologic structure (Median Tectonic Line). The relationship between the fault dynamics during the seismic cycle of the recurrent major earthquakes (Nankai-Tonankai-Tokai earthquakes) along the Nankai Trough (e.g., Ando 1975; Ishibashi 2004) and the temporal evolution of the azimuthal differences should be clarified from both theoretical and monitoring aspects. For example, the impacts of slow-slip events at the plate interface, some of which had spanned several years (Ozawa 2017), may become clearer with further monitoring.

 

	(4)
In central Japan, the differences in the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] (strain rate) and [image: $${S}_{\mathrm{Hmax}}$$] (stress) were almost smaller than 60° which were similar results of the previous study (Townend and Zoback 2006) that interpreted them as the mountain-building collision processes. We support this interpretation. Besides, the central Japan region includes the Niigata-Kobe Tectonic Zone with active inland earthquakes and high strain rates (Sagiya et al. 2000; Meneses-Gutierrez et al. 2018). The small azimuthal difference between [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] may be related to the inelastic deformation of the lower crust or mantle beneath the Niigata-Kobe Tectonic Zone (Iio et al. 2002; Yamasaki and Seno 2005) serving to bridge the azimuthal difference.

 

	(5)
On the back-arc side of the western Nankai Trough, as well as the central Japan region, the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] were similar. This can be associated with the San-in Shear Zone with active inland earthquakes and high strain rates (Nishimura and Takada 2017), where inelastic deformation of the lower crust might also contribute (Meneses-Gutierrez and Nishimura 2020).

 



[image: ]
Fig. 8Comparison between the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (blue arrows) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (orange arrows) before and after the 2011 off the Pacific coast of Tohoku earthquake (during 2005–2011 in Phase 1 and during 2016–2019 in Phase 3) for the Hokkaido and Tohoku regions. The green circles represent the grid points where the azimuths differ by more than 60°. (1) and (2) show areas of characteristic results. The red triangle shows the Usu volcano. The focal spheres in the left figure are the global centroid moment tensor solution (Ekström et al. 2012) of the 1993 Hokkaido Nansei-oki earthquake and the 2003 Tokachi-oki earthquake, and that in the right figure is the 2011 off the Pacific coast of Tohoku earthquake
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Fig. 9Comparison between the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (blue arrows) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (orange arrows) for the Kanto region. The green circles represent the grid points where the azimuths differ by more than 60° as those in Fig. 8
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Fig. 10Comparison between the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (blue arrows) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (orange arrows) for central to southwest Japan. The green circles represent the grid points where the azimuths differ by more than 60° as those in Fig. 8. (3)–(5) show areas of characteristic results


Note that, from a different perspective, the large differences in the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] (strain rate) and [image: $${S}_{\mathrm{Hmax}}$$] (stress) in the region between (4) and (5), after the 2011 off the Pacific coast of Tohoku earthquake (Fig. 10), may have another meaning such as a “connection” (part of a long-term integration) process between the Niigata-Kobe Tectonic Zone and the San-in Shear Zone.
Figure 11 shows the result for the Kyushu region (during 2005–2011 in Phase 1 and during 2016–2019 in Phase 3). The differences in the azimuths of [image: $${\tau }_{\mathrm{Hmax}}$$] and [image: $${S}_{\mathrm{Hmax}}$$] were not pronounced, probably due to the relatively weak coupling of the subduction of the PHS (e.g., Loveless and Meade 2016). Apart from the subduction process of PHS, the Beppu-Shimabara graben area in central Kyushu has been spreading in a north–south direction in both geodetic and seismological sense (Matsumoto et al. 2015; Mochizuki and Mitsui 2016). The results of this study are consistent with the spreading process. Effects of the 2016 Kumamoto earthquake (Mw 7.0), whose epicenter was at 32.75° N, 130.76° E, have not been pronounced. In addition, active volcanoes such as Sakurajima, Kirishima, Aso, and Unzen should affect the azimuths locally.[image: ]
Fig. 11Comparison between the azimuths of the maximum contraction of geodetic strain rate [image: $${\tau }_{\mathrm{Hmax}}$$] (blue arrows) and the maximum compressive stress [image: $${S}_{\mathrm{Hmax}}$$] (orange arrows) for the Kyushu region. The green circles represent the grid points where the azimuths differ by more than 60° as those in Fig. 8


On the whole, the differences in the azimuths of the maximum contraction of geodetic strain rate ([image: $${\tau }_{\mathrm{Hmax}}$$]) and those of the maximum compressive stress ([image: $${S}_{\mathrm{Hmax}}$$]) well corresponded to regional seismotectonics for the Japanese Islands, regardless of specific areas such as a forearc. While they probably reflected the past deformation history in each region, they may also be related to the spatially heterogeneous inelastic rheology of rocks (e.g., Meneses-Gutierrez et al. 2018; Becker et al. 2018; Yuasa et al. 2020). Further interesting results on those details can be obtained by estimating offshore strain-rate fields based on seafloor crustal deformation data (e.g., Yokota et al. 2018). In addition, we should note that there must be many hidden faults that have not hosted earthquakes during the observation periods, and the stresses associated with such earthquakes have not been considered. In any case, we obtained clear evidence that the geophysical monitoring captured the time-varying information of the azimuthal differences in the strain rates and the stress, related to seismic cycles (and several surface phenomena).
The importance of our quantitative azimuthal differences which have wider temporal and spatial coverage than the previous studies (e.g., Townend and Zoback 2006; Matsumoto et al. 2015) is that they reflected information on fault dynamics during earthquake cycles. Correlating the azimuthal differences with other parameters, or comparing them with physics-based simulations, may inform us of the current conditions during seismic cycles on both interplate and inland faults (e.g., Loveless and Meade 2010; Nishimura et al. 2018).
Conclusion
We estimated the spatiotemporal variation of the strain-rate fields for the Japanese Islands, using an original method to estimate the optimal hyperparameter [image: $${W}_{t}$$] for spatial smoothing. We made a direct comparison by taking the differences between the azimuths of the maximum contraction of geodetic strain rate ([image: $${\tau }_{\mathrm{Hmax}}$$]) and those of the maximum compressive stress ([image: $${S}_{\mathrm{Hmax}}$$]) at the same grid points. The overall results truly reflected regional seismotectonics. On the other hand, a short-term effect of the postseismic deformation of the 2011 off the Pacific coast of Tohoku earthquake was also detected. Our quantitative dataset has wider spatiotemporal coverage than the previous studies and can contribute to further research.
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