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Abstract

Estimating spatiotemporal changes in plate coupling is important for understanding the nucleation
processes of megathrust earthquakes. Using Global Navigation Satellite System (GNSS) and
Interferometric Synthetic Aperture Radar (INSAR) observations, we obtained crustal deformation around
Shikoku, southwest Japan, from 2014 to 2025. We estimated slip deficit distributions along the Nankai
subduction zone using kinematic fault slip inversions based on GNSS, InSAR, and GNSS-InSAR joint
observations. Both the GNSS- and InSAR-based slip deficit models showed that slip deficit rates beneath
central Shikoku decreased by up to 41 mm/year after 2019 relative to 2014-2018. We interpret this as a
weakening of plate coupling rather than a long-term slow slip event, because the estimated slip deficit
rates were not significantly negative even after 2019. Our results demonstrate that INnSAR-derived
velocities, which are sensitive to vertical displacements, can independently constrain broad-scale
changes in plate coupling beneath inland regions, although they do not drastically improve the spatial
resolution of plate coupling estimates. These findings suggest that INSAR observations provide valuable
information on plate coupling changes, particularly in subduction zones where dense GNSS observations
are unavailable.

1. Introduction

Coupled regions along subducting plates accumulate stress in the surrounding crust during the
interseismic period and release it through devastating ruptures. In addition, spatiotemporal changes in
plate coupling along a seismogenic zone can perturb the stress distribution at the plate interface,
potentially triggering megathrust earthquakes (Segall and Bradley 2012). Geodetic and seismic
observations have suggested that a decadal-scale acceleration of slip (weakening of coupling)
continued downdip of the seismogenic zone until the 2011 (M,, 9.0) Tohoku-oki earthquake occurred

(Mavrommatis et al. 2014, 2015). Quantifying spatiotemporal changes in plate coupling is therefore
important for understanding the nucleation processes of megathrust earthquakes.

Recent advances in satellite geodetic observations, including the Global Navigation Satellite System
(GNSS) and Interferometric Synthetic Aperture Radar (InSAR), have enabled continuous monitoring of
crustal deformation, which reflects slip and coupling on subsurface faults. High-frequency and long-term
GNSS observations provide accurate three-dimensional displacement time series. Thus, GNSS
observations have played a central role in detecting subtle interseismic crustal deformation and
estimating plate coupling (Nishimura et al. 2018; Plata-Martinez et al. 2024). However, GNSS
observations require ground-based receivers, and not every subduction zone is covered by a dense GNSS
network. In contrast, INSAR does not require ground-based receivers and provides high-spatial-resolution
line-of-sight (LOS) displacement fields. Although the temporal resolution of Synthetic Aperture Radar
(SAR) observations remains lower than that of GNSS, recent advances in SAR satellite missions and
INSAR processing techniques have enabled the detection of subtle displacement rates of a few
millimeters per year using INSAR (Shimotsuma et al. 2026). INSAR is therefore a potentially valuable tool
for detecting interseismic displacements associated with plate coupling in regions where dense GNSS
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observations are not available. Nevertheless, attempts to estimate plate coupling distributions from
InSAR-derived crustal deformation remain limited (Jolivet et al. 2020; Sobouti et al. 2025). This is
probably because deep interplate slip produces long-wavelength surface deformation, whose spatial
pattern can be constrained by a dense GNSS network. Consequently, the applicability of INSAR to deep
interplate slip has remained unclear.

Along the Nankai subduction zone, the Philippine Sea Plate (PH) subducts beneath the Amur Plate (AM)
in southwest Japan (Heki et al. 1999) (Fig. 1), and the plate interface between them exhibits various slip
behaviors. The estimated coupled regions are mainly distributed at depths shallower than 25 km (Yokota
et al. 2016) (Fig. 1b). Seismic slow earthquakes are distributed mainly downdip of the strongly coupled
region (Kano et al. 2018) (Fig. 1b). Short-term and long-term slow slip events (S-SSEs and L-SSEs) have
been detected mainly by geodetic observations in the transition region between the strongly coupled
region and the deeper seismic slow earthquake zone (Ochi 2015; Yabe et al. 2023). Yokota et al. (2026)
revealed temporal changes in plate coupling, particularly along the shallow portion of the Nankai
subduction zone, using onshore and offshore GNSS observations.

Southwest Japan has dense GNSS and SAR observations, providing a suitable setting for examining the
capabilities and limitations of InSAR for estimating plate coupling. Some studies have suggested that
incorporating INSAR observations improves the spatial resolution of interplate coupling estimates
(Kinoshita and Furuta 2024; Maubant et al. 2023). Shimotsuma et al. (2026) used InSAR observations to
investigate plate coupling along the Nankai subduction zone, although they did not consider temporal
changes in the plate coupling. In this study, we use both GNSS and InSAR observations from 2014 to
2025 to investigate spatiotemporal changes in the coupling state along the Nankai subduction zone
around Shikoku, southwest Japan. INSAR time-series analysis indicates a decrease in the slip deficit rate
beneath central Shikoku after 2019, consistent with GNSS observations (Ozawa et al. 2024). We also
evaluate the capabilities and limitations of INSAR for constraining deep plate coupling by examining the
data fit, estimation uncertainties, and spatial resolution of slip deficit distributions estimated from GNSS,
INSAR, and GNSS-InSAR joint inversions.

2. Data and Methods

To detect spatiotemporal changes in the plate coupling state along the Nankai subduction zone, we first
estimated GNSS and InSAR displacement velocities around Shikoku for three periods: (i) September
2014 to September 2018, (ii) October 2018 to August 2019, and (iii) September 2019 to March 2025.
Period (ii) corresponds to the Bungo Channel L-SSE, whereas period (iii) includes the central Shikoku L-
SSE (Ozawa et al. 2024). We then estimated the slip deficit rate distributions along the plate interface for
each period through kinematic fault slip inversions using GNSS and InSAR velocity fields.

2.1 GNSS processing
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We estimated displacement velocities at the onshore and offshore GNSS stations. For onshore
observations, we used the daily coordinates from the GNSS Earth Observation Network System
(GEONET; F5.1 analysis strategy) provided by the Geospatial Information Authority of Japan (GSI) (GSI
2026). For offshore observations, we used the coordinate time series obtained from the GNSS-Acoustic
ranging (GNSS-A) technique (Yokota et al. 2018) and provided by the Japan Coast Guard (JCG). To
extract the displacement velocities caused by the Nankai plate coupling, we corrected the GNSS
displacement data for the postseismic displacements of the 2011 Tohoku-oki earthquake (Tobita 2016)
and coseismic displacements of the 2016 Kumamoto, 2024 Noto, and 2024 Hyuga nada earthquakes
(GSI 2024, Suito et al. 2024; Yarai et al. 2016). We then estimated linear trends (i.e., velocities) for each
period. Further details about the GNSS processing are described in Additional file 1: Text S1.

2.2 InSAR processing

We used the Advanced Land Observing Satellite 2 (ALOS-2)/Phased Array-type L-band Synthetic
Aperture Radar 2 (PALSAR-2) stripmap mode data acquired from 14 observation frames covering the
entire Shikoku region (Additional file 1: Figure S1). We processed the SAR data using GAMMA software.
We first concatenated adjacent frames acquired with the same path and off-nadir angle. We refer to the
concatenated descending frames as Des-WS, Des-CS, and Des-ES, and the concatenated ascending
frames as Asc-WS, Asc-CS, and Asc-ES, where WS, CS, and ES indicate the observation areas of western,
central, and eastern Shikoku, respectively (Fig. 1b). We summarize information on the ALOS-2 data in
Additional file 1: Table S1. We multilooked all Single Look Complex images to be approximately 100 m
pixel spacings in both range and azimuth directions to improve the signal-to-noise ratio. We generated
interferograms for all possible pairs in each frame (Additional file 1: Figure S2) with corrections
described below. We corrected orbital and topographic fringes using ALOS-2 precise orbit information
and the 30 m resolution digital elevation model of the Shuttle Radar Topography Mission (Farr et al.
2007). We applied a spectral filter (Goldstein and Werner 1998), and we then performed two-dimensional
phase unwrapping based on the minimum-flow algorithm (Costantini 1998). We corrected ionospheric
phase advance using the Split Spectrum Method (Wegmiiller et al. 2018) and neutral atmospheric delay
using GNSS atmospheric products (Kinoshita 2022). We also corrected phase changes due to the solid
earth tide using the PySolid module (Yunjun et al. 2022; Milbert 2018). The coseismic and postseismic
effects described in subsection 2.1 were also corrected as done in the GNSS processing. We
subsequently estimated LOS velocity fields for the three periods using a small baseline subset-based
time-series analysis approach (Berardino et al. 2002). Further details of the INSAR processing are
described in Additional file 1: Text S2.

2.3 Kinematic fault slip inversion

We estimated the slip deficit rate distributions along the Nankai subduction zone using kinematic least-
squares inversions of GNSS and InSAR velocity fields. Additional file 1: Figure S1 shows the GNSS and
INSAR data used in the inversions. We distributed 406 triangular subfaults on a plate interface model
(Iwasaki et al. 2015; Lindquist et al. 2004) at depths of 0—-40 km (Additional file 1: Figure S1), considering
that stable sliding is thought to occur at depths greater than 40 km (Obara and Kato 2016). The slip
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direction was assumed parallel to the AM-PH convergence direction (DeMets et al. 2010). We calculated
the surface displacements due to subfault slip using a triangular dislocation model in a homogeneous
elastic half-space (Lindsey 2024; Nikkhoo and Walter 2015). For each period, we performed three
inversion cases for comparison: GNSS-only, INnSAR-only, and GNSS-InSAR joint inversions. For all cases,
we applied a spatial smoothing constraint to the slip deficit rate distributions (Maerten et al. 2005). Here,
we applied a non-uniform smoothing constraint based on the resolution matrix of the model parameters
(Ader et al. 2012), which allows the smoothing strength to vary according to the local resolving power of
the observations. The smoothing strength and the relative weight between the GNSS and InSAR data
were optimized based on the Akaike Bayesian Information Criterion (Funning et al. 2014). Further details
of the kinematic fault slip inversion are provided in Additional file 1: Text S3.

3. Results
3.1 Observed velocity fields

Figure 2 shows the observed GNSS and InSAR velocities in periods (i) and (iii) together with the velocity
differences between the two periods. All velocities are expressed in an AM-fixed reference frame. The
velocity profiles along the trough-normal lines (A—N in Fig. 2) are shown in Additional file 1: Figures S3-
S6. The root mean square errors (RMSEs) between InSAR and GNSS velocities in the LOS direction for
each frame (Additional file 1: Table S2) are less than 2.5 mm/year in period (iii), showing good
agreement. In period (i), the RMSEs for the ascending frames are relatively large (> 4.0 mm/year). The
InSAR velocities in period (ii) appear noisy (Additional file 1: Figure S7) because only a few SAR
acquisitions were available during period (ii). Hereafter, we focus on the results for periods (i) and (iii).

The GNSS horizontal velocities in Shikoku are roughly parallel to the AM-PH convergence direction and
decrease with increasing distance from the Nankai Trough (Fig. 2, Additional file 1: Figure S3). The GNSS
vertical velocities show downward motion in the offshore region and around Cape Ashizuri and Cape
Muroto, gradually changing to upward motion in Shikoku, reaching a positive maximum within Shikoku,
and then decreasing further from the trough (Fig. 2, Additional file 1: Figure S4). In general, the INSAR
velocities are largest along the southern coast of Shikoku and gradually decrease northward (Fig. 2,
Additional file 1: Figures S5 and S6). These spatially long-wavelength GNSS and InSAR velocity patterns
are consistent with the theoretical elastic deformation owing to plate coupling. The velocity fields show
no apparent discontinuities along the inland faults, implying that these faults do not exhibit creep at
shallow depths in Shikoku.

Comparing periods (i) and (iii), we find that the GNSS vertical velocity differences are negative at many
stations across the study area while positive velocity changes of a few mm/year exist around south-
central Shikoku (Fig. 2c). In contrast, horizontal velocities increase in the southeastward direction over a
wider area from south-central to northwestern Shikoku. Some stations (e.g., “950436" shown in
Additional file 1: Figure S1) show anomalous velocity changes that may reflect non-tectonic phenomena
such as landslides, because their velocity changes deviate from those of the surrounding GNSS stations.
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The GNSS-A stations show larger velocity changes than the GEONET stations; however, these changes
are associated with large observation uncertainties (Additional file 1: Figure S8). The InSAR velocity
changes may include remaining topography-correlated noise. Nevertheless, both the descending and
ascending frames show negative LOS velocity changes over south-central Shikoku (Figs. 2f and 2i),
implying that upward velocities increase. Considering that these velocity changes in south-central
Shikoku extend over several tens of kilometers, they are likely to reflect coupling rate variations at deep
deformation source areas.

3.2 Spatiotemporal change in slip deficits along the Nankai
subduction zone

We show three cases of slip deficit distributions along the Nankai subduction zone estimated using only
GNSS (GEONET and GNSS-A) velocities (hereafter called “GNSS model”), only InSAR velocities (hereafter
called “InSAR model”), and both GNSS and InSAR velocities (hereafter called “joint model”) for each
period in Fig. 3. Slip deficit rate distributions shown in Fig. 3 are estimated with an assumption that slip
deficit rates are close to zero along the entire boundary of the fault model domain. For periods (i) and
(i), we estimate large slip deficit rates off Shikoku and in the Kii Peninsula, where large coseismic slips
of the 1944 Tonankai (M,, 8.1) and 1946 Nankai (M,, 8.3) megathrust earthquakes have been estimated
in previous studies (Sherrill and Johnson 2021).

Figures 4 and 5 show the observed, calculated, and residual velocities for the joint models in periods (i)
and (iii), respectively. We show those for the GNSS and InSAR models in Additional file 1: Figures S9-
S12. Overall, calculated velocities reproduce the large-scale spatial patterns of the observed velocities.
However, we recognize some systematic and/or localized residual velocities. In both periods, the GNSS
residuals show eastward velocities in the southern Chugoku region (E133°- E134.5°) and westward and
upward velocities in the Kii Peninsula (Figs. 4c and 5c). The GNSS-A stations show larger residual
velocities than the GEONET stations, which may reflect their larger observation uncertainties associated
with sparse temporal sampling. The InSAR residual velocities show topography-correlated spatial
patterns, particularly in period (i), suggesting the presence of remaining topography-correlated noise
such as residual neutral atmospheric delays. Consistently, the root mean square (RMS) values of the
InSAR residual velocities are larger in period (i) than in period (iii) (Table 1), which partly originate from
larger observation noise in period (i). Thus, for the period (i), the relative weight for INSAR data with
respect to GNSS data becomes small in the inversion, which makes the joint model (Fig. 3g) similar to
the GNSS model (Fig. 3a).
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Table 1
Root mean square (RMS) values [mm/year] of residual velocities for each period and model.

Period Period (i) Period (iii)
Model GNSS InNSAR Joint GNSS INSAR Joint
(Fig. S9) (Fig.S11) (Fig.4) (Fig.S10) (Fig.S12) (Fig. 5)

GEONET eastward 1.77 - 1.78 1.55 - 1.67
GEONET northward  1.12 - 1.14 0.79 - 0.85
GEONET upward 2.59 - 2.76 2.10 - 217
GNSS-A eastward 7.52 - 7.49 9.22 - 9.24
GNSS-A northward ~ 8.56 - 8.67 6.25 - 6.38
GNSS-A upward 13.5 - 13.5 9.45 - 8.97
Des-WS - 2.19 2.30 - 1.15 1.64
Des-CS - 2.41 2.46 - 1.44 1.64
Des-ES - 1.96 2.07 - 1.28 1.27
Asc-WS - 3.95 3.95 - 1.91 1.87
Asc-CS - 6.15 6.38 - 1.27 1.37
Asc-ES - 4.61 4.28 - 1.83 1.40

We emphasize that both the GNSS- and InSAR-based models show broadly similar spatial patterns of
slip deficit rates beneath Shikoku (Fig. 3), where GNSS and InSAR observations are densely distributed.
Both models show a decrease in slip deficit rates beneath central Shikoku in period (iii) compared to
period (i) (Figs. 3c and f). The maximum decrease in slip deficit rate beneath central Shikoku is 39
mm/year in the GNSS-based model and 41 mm/year in the INSAR-based model. These decreases in
central Shikoku are larger than estimation uncertainties, defined here as standard errors of the estimated
slip deficit rates, in both periods (i) and (iii) (Fig. 6). The standard errors are calculated as the square
roots of the diagonal elements of the model-parameter covariance matrix, as defined in equation (S32) in
Additional file 1: Text S3. The INSAR model shows an increase in slip deficit rate around northwestern
Shikoku, while the GNSS and joint models do not. Whether this increase reflects an actual change in
plate coupling is doubtful because it is not reproduced by the GNSS or joint models. Although such a
discrepancy exists, all three models consistently show a significant decrease in slip deficit rate beneath
central Shikoku. This agreement between the GNSS- and InSAR-based models supports the robustness
of the estimated slip deficit decrease beneath central Shikoku. Additional file 1: Figure S13 shows the
theoretical displacement velocity changes calculated from the slip deficit rate changes in the joint model
between periods (i) and (iii) (Fig. 3i). For this calculation, we used only the subfaults where the
magnitude of change exceeded the standard errors of the estimated slip deficit rates in both periods (i)
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and (iii). These simulated displacement velocity patterns are roughly consistent with the observed GNSS
and InSAR velocity changes (Fig. 2). The simulated displacement velocity changes show upward
velocities in south-central Shikoku and southeastward velocities extending from south-central to
northwestern Shikoku (Additional file 1: Figure S13).

4. Discussions

4.1 Decrease in slip deficit around central Shikoku after
2019

All the GNSS, InSAR, and joint models suggest that slip deficit rates decreased beneath central Shikoku
in period (iii) compared to period (i). This decrease in slip deficits spatially corresponds to the central
Shikoku L-SSE, which began in 2019, as reported by Ozawa et al. (2024). Ozawa et al. (2024) detected
transient GNSS displacements that began in 2019, after removing linear trends estimated from the
reference period (January—December 2017), and they estimated a fault slip model to explain these
displacements. Therefore, their fault slip model represented the slip since 2019 relative to the selected
reference period, and they interpreted this relative slip as an L-SSE. However, we do not interpret this as
an L-SSE, following the concept proposed by Ochi and Kato (2013). Ochi and Kato (2013) proposed a no-
coupling state as a reference for interpreting interplate coupling and aseismic slip. In this framework, an
SSE corresponds to the updip slip of the hanging-wall side, and the estimated slip amount of the SSE
does not depend on the choice of reference period. Our estimated slip deficit rates do not show
significantly negative values around central Shikoku during period (iii) (Figs. 3b, e, and h). Therefore, we
interpret this slip deficit decrease beneath central Shikoku after 2019 as a temporal weakening of plate
coupling rather than an L-SSE.

Note that our estimated slip deficit rates represent temporal averages over each period and therefore do
not resolve short-term variations. Ozawa et al. (2023, 2024) estimated that aseismic slip beneath central
Shikoku accelerated especially around 2019 and 2022 using daily GNSS data. The multi-year decrease in
slip deficit identified in this study probably includes shorter-term perturbations superimposed on the
longer-term coupling weakening.

Another coupling change was reported beneath central Shikoku from 1977 to 1980. Kobayashi (2012)
detected unsteady uplift of < 4-5 cm around Kochi city, south-central Shikoku, from 1977 to 1980 using
leveling and sea-level data. The corresponding fault model estimated by Kobayashi (2012) was located
slightly west of the coupling change since 2019. Because the spatiotemporal coverage of geodetic
observations was limited, it is still difficult to determine the regularity and recurrence intervals of such
coupling changes beneath central Shikoku. Nevertheless, the available past and current observations
suggest that the plate interface beneath central Shikoku has undergone long-term changes in the
coupling state during the interseismic period.
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The estimated slip deficit decrease beneath central Shikoku is centered at a depth of approximately 25
km (Fig. 3). This region is located between the seismogenic zone and the deep slow earthquake zone
(Fig. 1b) and is slightly above the continental Mohorovici¢ discontinuity (Yoshioka and Murakami 2007).
The temperature at this location is estimated to be approximately 400°C (Yoshioka and Murakami 2007).
Matsubara et al. (2022) estimated relatively high V,/ V; ratios beneath central Shikoku at a depth of 30
km, which may be related to dehydration of the PH (Gao and Wang 2017). These characteristics may
indicate that a frictional transition from velocity-weakening to velocity-strengthening and a low effective
normal stress exist beneath central Shikoku. Numerical simulations have shown that such conditions
promote long-term aseismic slip (Liu and Rice 2005; Matsuzawa et al. 2013). These factors may also
contribute to the long-term changes in plate coupling.

4.2 Benefits and limitations of INSAR application for
estimating plate coupling

Our results show that slip deficit distributions estimated from GNSS and those estimated from InSAR are
similar to each other in the inland region, suggesting that INSAR potentially constrains the plate coupling
state independently of GNSS. This similarity in the inland region can be explained by the sensitivity of
INSAR observations to vertical displacements. Aoki and Scholz (2003) suggested that dip slips in deeper
regions of the plate interface significantly affect the spatial pattern of vertical displacements in inland
regions. In contrast, horizontal displacements in the Nankai region are dominated by coupling beneath
the offshore region at depths shallower than 25 km (Tabei et al. 2007). INSAR LOS observations used in
this study are more sensitive to vertical displacement than to horizontal displacement. Therefore, INSAR
observations used in this study are suitable for detecting changes in plate coupling beneath the inland
region. Our results suggest that INSAR has the potential to estimate plate coupling states in subduction
zones where GNSS observations are limited.

We examined the sensitivity of the estimated slip deficit rates to the boundary conditions on the fault
model domain. We also estimated slip deficit rate distributions by assuming a free-slip boundary
condition (Additional file 1: Figure S14). Comparing the estimates obtained with zero-slip (Fig. 3) and
free-slip (Additional file 1: Figure S14) boundary conditions, the estimated slip deficit rates along the
Nankai Trough are highly sensitive to the boundary conditions. In contrast, the estimated slip deficit
rates beneath Shikoku are less sensitive to the boundary conditions and are thus well constrained by the
observed velocities.

A comparison of the GNSS and joint models shows that the addition of INSAR velocities slightly
improves the spatial resolution of the estimated slip deficit distributions beneath inland regions when
InSAR velocities are accurate to some extent, as in period (iii) (Fig. 7, Additional file 1: Figure S15). In
period (i), INSAR velocities are noisier than those in period (iii), and InSAR velocities improve the
resolution less than in period (iii). Another reason why InSAR did not drastically improve the resolution is
that we imposed a smoothing constraint in the inversion analysis. In addition, Japan has spatially dense
onshore GNSS observations; the spatial separation between GEONET stations is approximately 20 km.
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Because the long-wavelength displacements associated with deep plate coupling can already be
captured by such a dense GNSS network, adding INSAR does not drastically improve the spatial
resolution of the estimated plate coupling distribution. Nevertheless, the INSAR model reproduces the
broad-scale spatial pattern of plate coupling changes beneath inland Shikoku, which demonstrates that
INSAR provides independent constraints on such long-wavelength coupling changes beneath inland
regions.

The above results indicate that detectability of changes in plate coupling by INSAR depends on their
location and spatial scale. The detectability also depends on the magnitude of the coupling changes
relative to the observation uncertainty. Physics-based simulations have suggested that the coupled
region on the plate interface narrows in the dip direction during interseismic periods (Bruhat and Segall
2017; Hori et al. 2004). For example, a crack model reported by Bruhat and Segall (2017) predicted that
the locking depth would migrate updip at a speed of 30—120 m/year, producing surface accelerations on
the order of 102 mm/year?. It is impossible to detect such a theoretical migration considering the
accuracy and the resolving power of GNSS and InSAR observations. On the other hand, GNSS
observations detected surface displacement accelerations of a few mm/year? in south-central Tohoku
before the 2011 Tohoku-oki earthquake (Mavrommatis et al. 2014), which were attributed to an increase
in interplate slip rate downdip of the seismogenic zone and/or to updip migration of deep aseismic slip.
The observed accelerations in surface displacement rate were more than one order of magnitude larger
than those predicted by the crack model of Bruhat and Segall (2017). Such surface displacement
acceleration is practically detectable by INSAR time-series analysis. Our results show that INSAR
velocities contain larger errors than interseismic signal when the number of SAR acquisitions is limited,
as indicated by the residual velocity fields (Figs. 4 and 5). Increasing the number of SAR data reduces
the temporally independent noise during the time-series analysis and improves the detectability of
smaller changes in plate coupling.

The detectability of changes in plate coupling also depends on their temporal scale relative to the
temporal sampling of SAR observations. Although ALOS-2 data used in this study have long observation
intervals (several months), other satellites with shorter observation intervals help detect shorter events.
For example, a single Sentinel-1 satellite has a 12-day repeat cycle, which is reduced to six days when
two satellites operate as a constellation. Such high-frequency SAR observations from Sentinel-1 allowed
the detection of S-SSEs (Kinoshita and Furuta 2024). New satellites, such as ALOS-4 and the National
Aeronautics and Space Administration-Indian Space Research Organization Synthetic Aperture Radar,
also have relatively short observation intervals (less than two weeks). These improvements in the
frequency of SAR satellite observations will contribute to future detection of unknown coupling changes
in subduction zones.

5. Conclusion

Using GNSS and InSAR observations from 2014 to 2025, we estimated spatiotemporal changes in the
slip deficit distribution along the Nankai subduction zone. All three case models (GNSS, InSAR, and joint
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models) show that the slip deficit rates beneath central Shikoku decreased after 2019 relative to 2014-
2018. The spatial pattern of this decrease inferred from the INSAR model is roughly consistent with that
from the GNSS model, and spatially corresponds to the L-SSE reported by Ozawa et al. (2024). We
interpret this slip deficit decrease as a temporal weakening of plate coupling rather than an L-SSE. This
is because the estimated slip deficits beneath central Shikoku do not show significantly negative values
after 2019. We emphasize that GNSS and InSAR independently infer broadly similar spatial patterns of
the slip deficit change beneath the Shikoku region. This consistency can be attributed to the high
sensitivity of INSAR LOS observations to vertical displacement, whose spatial pattern in inland regions is
dominated by dip slip on the downdip portion of the plate interface. This suggests that INSAR
observations provide valuable constraints on interplate coupling changes, particularly in inland regions
where dense GNSS observations are not available.

Abbreviations

ALOS-2

Advanced Land Observing Satellite 2

AM

Amur plate

GEONET

GNSS Earth Observation Network System
GNSS

Global Navigation Satellite System
GNSS-A

GNSS-Acoustic ranging

GSI

Geospatial Information Authority of Japan
INSAR

Interferometric Synthetic Aperture Radar
JCG

Japan Coast Guard

L-SSE

long-term slow slip event

LOS

line-of-sight

PALSAR-2

Phased Array-type L-band Synthetic Aperture Radar 2
PH

Philippine Sea plate

RMSE

root mean square error
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RMS

root mean square

SAR

synthetic aperture radar
SSE

slow slip event

S-SSE

short-term slow slip event
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You can access the “Active fault database of Japan (National Institute of Advanced Industrial Science
and Technology 2026)" from https://gbank.gsj.jp/activefault/index_e.html, and “Slow Earthquake
database (Kano et al. 2018)" from http://www-solid.eps.s.u-tokyo.ac.jp/~sloweq/. The tdcalc software to
calculate displacements due to triangular dislocations (Nikkhoo and Walter 2015) was developed by
Lindsey (2024) and is available at https://doi.org/10.5281/zenodo.12802953. We provide our results,
including GNSS and InSAR velocities and estimated slip deficit rates, on Zenodo. For peer review, the
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dataset is available through a private Zenodo link provided in the separately uploaded text file
“zenodo_URL.txt".
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Figure 1

132°E 133°E

134°E

136°E

Tectonic setting around the study area. (a) Plate tectonic setting of the Japanese islands. The solid lines
indicate plate boundaries. (b) Geographic conditions within the dashed square in (a). Red, blue, and
green dots indicate tectonic tremors, low-frequency earthquakes (LFEs), and very-low-frequency
earthquakes (VLFEs), respectively, that occurred from September 2014 to December 2023, as compiled
from the “Slow Earthquake Database” (Kano et al. ). Orange solid lines indicate interseismic slip deficit
rates estimated by Yokota et al. () from onshore and offshore Global Navigation Satellite System (GNSS)
displacements, with an interval of 20 mm/year. Blue and red rectangles show observation frames of the
Advanced Land Observing Satellite 2 (ALOS-2) satellite used in this study. Dash-dotted lines represent

depth contours of the plate interface, with an interval of 10 km.
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Figure 2

Observed Global Navigation Satellite System (GNSS) and Interferometric Synthetic Aperture Radar
(INSAR) velocities. From left to right, columns show velocities in period (i), velocities in period (iii), and
their differences. In (a)—(c), black arrows and colored squares indicate GNSS horizontal and vertical
velocities, respectively. (d)—(f) and (g)—(i) show line-of-sight (LOS) velocities for descending and
ascending frames, respectively. Colored squares indicate GNSS velocities projected into LOS directions.
Positive LOS velocities indicate the LOS increase. Trough-normal lines A—N indicate locations of velocity
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profiles shown in Additional file1: Figures —S6. We plot active fault traces by thin black lines based on
“Active fault database of Japan” (National Institute of Advanced Industrial Science and Technology ).

(a) GNSS, period (i) (b) GNSS, period (iii) (c) GNSS, period (iii)-(i)
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Figure 3

Slip deficit rates estimated from kinematic inversions. Left and center columns show estimated slip
deficit rates in periods (i) and (iii), respectively, whereas the right column shows their differences. For (c),
(f), and (i), we shade subfaults with smaller changes than the uncertainties in period (i) or (iii), whereas
we enclose subfaults with larger changes with red lines. Contours of slip deficit rates are depicted as
thin black lines, with an interval of 20 mm/year. Contours for positive values are shown as solid lines,
whereas those for negative values are shown as dashed lines.
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Observed, calculated, and residual velocities for the joint model in period (i). Observed velocities (a), (d),
and (g) are same as Fig. a, d, and g. Calculated velocities (b), (e), and (h) are simulated using the joint

model (Fig. g). Residual velocities (c), (f), and (i) are obtained by subtracting calculated velocities from
observed velocities.
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Figure 6

Standard errors of the estimated slip deficit rates. We plot contours of the standard errors as white lines
with an interval of 10 mm/year.
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(a) joint-GNSS, period (i)
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Difference in model resolution between the joint and GNSS models. We plot the differences in the
diagonal components of the model resolution matrix, as defined in equation (S23) in Additional file 1:

Text S3.
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