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Abstract: Various slow earthquakes (SEQs), including tremors, very-low-frequency events,
and slow slip events (SSEs), occur along megathrust zones. In a shallow plate boundary
region, although many SEQs have been observed along pan-Pacific subduction zones, SSEs
with a duration on the order of a year or with a large slip have not yet been detected due to
difficulty in offshore observation. We try to statistically detect transient seafloor crustal
deformations from seafloor geodetic data obtained by the Global Navigation Satellite
System-Acoustic combination technique (GNSS-A), which enables monitoring the seafloor
absolute position. Here, we report the first detection of signals probably caused by shallow
large SSEs along the Nankai Trough and indicate the timings and approximate locations of
probable SSEs. The results show the existence of large SSEs around the shallow side of
strong coupling regions and indicate the spatiotemporal relationship with other SEQ activities
expected in past studies.

One Sentence Summary: Slow slip events discovered around the shallow side of coupling
regions have a spatiotemporal relationship with other slow earthquakes.

INTRODUCTION: In the last two decades, many kinds of slow earthquakes (SEQs),
including aseismic slow slip events (SSEs), have been detected using onshore high-precision
seismometers and Global Navigation Satellite System (GNSS) networks (/-4). Along the
Nankai Trough in western Japan, where recurring interplate megathrust earthquakes have
occurred (3, 6) and which has a dense seismic and geodetic monitoring network, their
interrelationships have been discussed and compared in detail (4, 7-10). Most SEQs occurred
not in a strong coupling region, but rather around such a region and have features of
repeatedly occurring and migrating. Different types of SEQs sequentially occurred in the
neighboring region, and temporal synchronization with other SEQs was also observed.

Observation of deep and shallow SEQ analogies and differences has multidisciplinary value
with respect to the physical process of the plate boundary, submarine geology, and
earthquake disaster research. However, shallow SEQs cannot be easily monitored due to the
technological difficulty of observation in the offshore region. With recent advances in
technology, shallow SEQs, such as tremors, very-low frequency events (VLFs), and short-
term SSEs with durations on the order of days, have been detected by high-precision onshore
seismometers, seafloor seismometers, ocean bottom pressure gauges, and subseafloor
borehole strainmeters (/7-15). However, only SSEs with durations on the order of a year or
with a large slip have not yet been detected in the group of shallow SEQs. From the analogy
of deep SSEs, GNSS-like geodetic observation is necessary in order to detect shallow SSEs.
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A seafloor geodetic monitoring technique called the GNSS-Acoustic combination technique
(GNSS-A) was proposed in the 1980s and has been developed over the latest two decades
(fig. ST). The GNSS-A seafloor geodetic observation greatly constrained the interplate
coupling condition (76, 17) along the Nankai Trough subduction zone and detected in detail
postseismic fields along the Japan Trench (78, 19). Recently, we improved GNSS-A
technology and upgraded the observation sensitivity (20) in order to detect a transient crustal
deformation caused by large interplate slip. Then, GNSS-A monitoring can reveal the
occurrence of SSEs which cannot be observed by the onshore geodetic network (fig. S2). The
GNSS-A methodology is described in the Materials and Methods section.

RESULTS:

GNSS-A time series and SSE signal detection

We show SSE signals detected in the GNSS-A dataset in Figs. 1 through 5. Our data are
listed in data file S1. Signal detection was carried out in the procedure shown in fig. S3.
Coseismic and postseismic effects resulting from the 2011 Tohoku-oki earthquake were
preliminarily deducted as similar to those described in (/6) (fig. S4). In order to detect
transient events caused by SSEs, we use the concept for the systematic search for SSEs based
on the Akaike Information Criterion (AIC) proposed in (27). The details of this process are
described in the Materials and Methods section. If there was no transient event, the time
series can be simply approximated by a straight line. When there is a temporal change due to
SSEs in the time series, the time series can be approximated by a piece-wise line. Since the
GNSS-A sampling rate is low, it is difficult to estimate the start and end timing of a transient
event with sufficient accuracy. Therefore, we did not estimate the duration of transient events
in order to prevent overfitting. We set the deformation slope of the piece-wise line to one
year out of convenience for detecting a transient event, rather than to indicate that the
timescale of an event is one year. The significance of fitting by the piece-wise line to the
straight line is verified using the c-AIC (22, 23), which is defined as follows:

¢-AIC = nIn(27) + nln (RSS) + 22y

n n—-k-1
where n, k, and RSS are the numbers of data, a model parameter, and the residual sum of
squares, respectively. If the difference of c-AIC for both lines is negative, the piece-wise line
better explains the time series. By estimating this piece-wise line, the timing and scale of
transient deformation were determined. We conducted this process for the time series of each
site while changing the direction in 10° increments in order to roughly determine the
deformation direction. After removing a detected deformation signal, we carried out the same
process once again to find out if there was another event. When the difference (Ac-AIC)
between c-AlCs for the straight line and the piece-wise line is greater than a conveniently
determined threshold, the process terminated because there was no clear signal.

We verified this method by applying the method to pseudo datasets. We synthesized the
pseudo GNSS-A data and performed the detection process for this pseudo dataset. Detailed
settings and results are described in the Materials and Methods section and fig. S6.
Considering results in fig. S6, B and C, we set the threshold of Ac-AIC for detecting an SSE
signal in order to discuss only deformations of 5 cm or more since a deformation of 4 cm or
less is relatively likely to be an error. In the present paper, a threshold is -10. The results in
fig. S6D suggest that it is possible to estimate the timing and scale of the event regardless of
the length of the slope timescale used for detection. However, the event timescale cannot be
determined precisely. In the present paper, only the central time of the event is described.

Detected signals
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The time series of seafloor positions and Ac-AICs and the detected deformations are shown
along with the time series of the neighbor VLF activity (//) in Figs. 1 through 5. At some
sites, transient events are detected in 2011-13, as shown in fig. S5. Although the Tohoku-oki
earthquake effects were preliminarily deducted by model calculation, the effects are thought
to remain in the time series and are detected by Ac-AIC process. Since SSE detection is so
difficult in this period, this period is not discussed in the present paper. Detected deformation
vectors other than the Tohoku-oki effects are judged as SSE signals and are shown in Figs. 1
through 5.

The reason why all detected deformations are 5 cm or more is due to the sensitivity of the
data. There may be smaller cases. Moreover, events with a long timescale cannot currently be
detected due to the shortness of the data period. Although the detected cases are considered to
be SSEs with durations on the order of a year because of their large deformations, the present
low-frequency observation cannot disprove that these were due to small-scale short-term SSE
superposition or large-scale short-term SSE.

As shown in Figs. 1 through 5, SSE signals were detected at offshore sites of the Bungo and
Kii deep SSEs (24, 25). Off the Bungo Channel, signals were detected around 2015-17. Off
the Kii Channel, signals were detected around 2008-09 and 2017-18. In addition, SSE signals
at sites around Kumano-nada were detected around 2015 and 2017-18. A clear signal was not
obtained for the offshore regions of the Tosa Bay and Enshu-nada region.

The time series of nearby GNSS sites (GEONET) are also drawn (26, 27). The reference
frame for Figs. 1 through 5 is International Terrestrial Reference Frame 2005 (ITRF2005)
(28). Although the accuracy of GEONET time series varies depending on the installation
environment and weather conditions, a displacement of approximately 5 to 7 mm in the
horizontal direction is considered to be the detection limit (29) in most cases. In the present
paper, we set 5 mm as the detection limit. From the GNSS time series, a deformation of more
than 5 mm synchronized with the seafloor sites was not clearly visible in all regions, but
might have overlapped with other event signals (from earthquakes or deep SSEs).

In the 2017-18 Kii case where two deformation vectors were observed in the same period, we
estimated a fault model when it was assumed to be due to single SSE. We discuss timing,
approximate location, and minimum magnitude scale of SSE by estimating a rectangular fault
model that can explain the detected signals by the grid search method. Here, since there was
no clear deformation signal at coastal GEONET sites in this period, we estimated a case of 0
cm (5 mm or less) in the onshore GNSS deformations. In other cases, there was no sufficient
data to estimate the fault model, but we verified whether the data can be explained by the slip
around each seafloor site by the same analysis. Details of the grid search method and the
results are described in the Materials and Methods section and are shown in fig. S7. Shallow
VLF activity is also shown in Figs. 1 through 6 (/7). In the Kii Channel region, detailed
shallow VLF source reanalysis for a part of the catalog was also performed considering the
3D structure (30). The results are shown in Fig. 3.

A: Bungo Channel region

In a deep region around the Bungo Channel, SSEs repeatedly occurred (24, 37). The most
recent SSEs occurred intermittently between 2013 and 2016, as shown in the coastal GNSS
data (Fig. 1). In addition, as shown in these data, the 2016 Kumamoto earthquake signals
were also detected, although this effect was believed to be quite small for seafloor sites. The
seafloor signals were detected around the VLF activity region off the Bungo Channel.
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The onshore GNSS signals have been interpreted as being due to deep SSEs (24). The
seafloor signals can be explained by a SSE at depth near sites (1) and (3) or a deeper SSE,
according to the estimation shown in fig. S7. According to the seafloor results, the slip area
could be extended to a shallower area that was predicted in previous studies (24). Since site
(4) is far from land area, the signal of site (4) cannot be explained by a deep SSE and
suggests the existence of a shallow SSE.

B: Tosa Bay region

In a deep region of the Tosa Bay, many slow earthquakes and short-term SSEs occurred (/0).
On the other hand, a strong coupling condition was estimated in the plate boundary off the
Tosa Bay region (16, 17). Through our SSE detection process, there was no clear signal at
site (5) or (6) (Fig. 2). There was also no clear SSE signal in the nearby GNSS time series
except for the Bungo and Kii deep SSEs (24, 25).

C: Kii Channel region

Off the Kii Channel, two events were detected around 2008-09 and 2017-18. An SSE of least
My, 6.6 was estimated around 2017-18 according to the grid search results when it was
assumed to be due to single SSE (Fig. 3). We did not estimate a fault model of the 2008-09
event, because the signal was detected at only one site. No clear signal was detected at the
onshore GNSS sites in these periods. Therefore, the slip region of these two events might be
limited to the shallow area.

Since the slip-deficit rate in these shallow regions was calculated as 1 to 3 cm/year (16, 17),
the 2017-18 Kii SSE was believed to release approximately 10- to 40-year coupling
accumulations. However, because of the low station density, the estimation accuracy of the
slip-deficit rate is low.

The Kii VLFs were strongly activated in 2009 and 2018 (Fig. 3, A and A’’). Although there
was activity in 2015, this activity was smaller than the other two cases (Fig. 3A’). The VLF
activity in 2009 was slightly closer to the western side than in 2018. The 2008-09 SSE signal
was also detected only at site (8) in the western part of the 2017-18 SSE region, although
spreading to the west cannot be sufficiently constrained, because there was no western site
before 2011. This consistency suggests temporal synchronization and spatial correlation
between the SSE and VLF activity in this region. Since the magnitude of the SSE cannot be
estimated correctly, the correlation of the activity scales cannot be discussed.

The direction of the signal at site (7) in 2014 was not from south to east and was assumed to
be due to deep SSE activity (25), which is detected by GNSS, or error. A grid search method
was not performed for this signal.

D: Kumano-nada region

The SSE signals off Kumano-nada were detected in the vicinity of short-term SSE activity
(14) (Fig. 4). In addition, on Apr. 1, 2016, the off-Mie earthquake (M 5.6) occurred below
this region (33). The detected signal might be affected by a short-term SSE and this
earthquake. It cannot be distinguished whether it was due to long-term SSE, short-term SSE,
or earthquake.

There were also SSE signals around 2016 in the nearby GNSS time series, and these signals
were interpreted as being due to deep short-term SSEs just below the Kii Peninsula (34-36).
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Based on this consideration, the seafloor signals were thought to be only due to the shallow
SSEs (fig. S7). However, the onshore signals may be the same source as the signal detected at
the seafloor sites. According to the estimation when the onshore signals were due to a
shallow source, as shown in fig. S7, F” and G’, it is also possible to interpret these signals as
being due to shallow SSEs. These signals cannot be clearly identified in the present networks.

Since there was no clear signal in the GEONET sites located at the tip of the Kii Peninsula, it
is unlikely that the two events off the Kii Channel and off the Kumano-nada around 2017-18
are connected at a depth just below the seafloor sites. For example, as shown in fig. STE’’, a
rectangular SSE model cannot explain the onshore data adequately. However, there is a
possibility that the slip regions are connected at an extremely shallow region. This is only
true in the case of a smaller slip than the observation limit in the considered networks.

E: Enshu-nada region

In a deeper side of the Enshu-nada region, SSEs recursively occurred (37). In a shallower
side, a strong coupling condition was estimated in the plate boundary off the Enshu-nada
region (16, 17). Through our SSE detection process, there was no clear signal at site (13),
(14), or (15) (Fig. 5), although there were also deep SSE signals before 2016 in the nearby
GNSS time series. This is considered to be due to the short observation period.

DISCUSSION:

The above results and consideration indicate that there were slip regions at least around
seafloor sites below the shallow undersea interplate boundary. Fig. 6A shows some slow
events detected in other observation networks, the coupling condition, and seafloor site
locations. It also highlights the sites at which the signals were detected.

Deep SSEs have a feature such that they occur on the deep side adjacent to a strong coupling
region and a historical slip region (24, 25, 37). Our results also suggest that the shallow Kii
and Kumano-nada SSE signals were detected near the shallow side adjacent to a strong
coupling region. The shallow part of the Bungo Channel is also adjacent to the southwest of a
shallow strong coupling region. These results indicate the possibility that the edge areas of a
coupling region may have two periods that accumulate coupling and release at least a part of
the coupling by a deep SSE or a shallow SSE. Our results also directly suggest that non-
steady stress occurs in the edge areas of a coupling region in the interseismic period.

Each seafloor SSE signal has a temporal relationship with nearby VLF activity, as shown in
Fig. 6B. The signals of sites (1) and (3) were detected simultaneously with VLF activity. The
Bungo VLF activity in 2015 shifted to the east, as shown in Fig. 6B. In 2016, the activity was
thought to jump across around site (4). The activities of these VLFs and SSEs were roughly
synchronized in time.

The Kii VLFs were strongly activated in 2009 and 2018 (Fig. 6B). The signals of sites (8),
(9), and (11) were detected in advance and had temporal synchronization and spatial
correlation with the shallow VLF activity.

In the Kumano-nada region, VLF activity occurred in 2009 and 2016. Since our dataset did
not have enough data before 2009, it is difficult to decide whether the SSE occurred in 2009.
The VLF activity in 2016 was monitored around the area between sites (10) and (11) and was
associated with short-term SSEs (75). Signals were detected both before and after this VLF
activity.
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Differences in the features of the event occurrences in three regions (Bungo, Kii, and
Kumano-nada) may reflect the friction conditions around the coupling region and may also
be related to the earthquake history. The friction condition in the shallow Bungo SSE region
can be considered not to spread the megathrust event from the east side to the southwest side.
The friction condition in shallow Kii SSE region can also be believed as controlling whether
the Tonankai earthquake (eastern side of the Kii Peninsula) can spread to the Nankai
earthquake (western side) area.

SSE migration and periodicity in the interseismic period were also predicted in earthquake
cycle simulations (38, 39). Revealing the detailed friction condition and relationship to a
megathrust event by future continuous GNSS-A observation will be essential for concrete
earthquake simulation of this area. Shallow SSE monitoring will also help promote research
on probabilistic earthquake forecasts and earthquake triggering (40).

Off the Tosa Bay region and the Enshu-nada region, no clear SSE signal was detected,
although these sites may not yet have adequate resolution. The regions off the Tosa Bay and
off the Tokai deep SSE are locations where strong coupling regions (16, 17) overlapped the
assumed and historical seismogenic zones (3, 6). The absence of SSEs in our observation
period supports the possibility that these regions are the main slip regions of the Nankai
Trough megathrust zone.

MATERIALS AND METHODS

Seafloor geodetic observation

Seafloor movements are determined by combining the GNSS observation above the sea and
the acoustic ranging system under the sea. This method is called the GNSS-A, which is a
unique approach to monitor the absolute horizontal movement directly above the offshore
interplate boundary. This technique was proposed in the 1980s (47) and was established after
the 1990s. We have been developing observation techniques (42-44) and have provided
valuable data for geodesy and seismology, e.g., the pre-, co-, and post-seismic seafloor
crustal deformations of the 2011 Tohoku-oki earthquake (45-47) and the interseismic
coupling condition along the Nankai Trough (/6).

A schematic diagram of the seafloor geodetic observation system is shown in Fig. S1. Before
2015, the observation frequency was approximately two to three times/year. After 2016, the
acoustic system has been improved in order to observe each site four to 10 times/year (48,
49). The details of the GNSS-A system and the data are described in (50). The dataset used in
the present study was improved from the published data with respect to the underwater sound
speed structure error using the method of (20).

SSE observation sensitivity of the GNSS-A

Detection capability for SSEs was verified based on the method proposed in (29). We
verified whether crustal deformations calculated using the SSE fault models set on the plate
boundary are observable in the onshore and seafloor geodetic monitoring networks. We
assumed crustal deformations for the horizontal component in all of the sites using Green’s
functions calculated using the formulation of (5/) considering a homogeneous elastic half-
space. The fault models were set considering the magnitude in increments of 0.1 and were
deployed every 0.1° on the plate boundary model (52, 53), in which dip angles of parts
shallower than 10 km were set to roughly match the seismic survey results in (54). The fault
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size of each magnitude was set according to the scaling law used in (29), assuming a rigidity
of 10 GPa (smaller than the deep side). This value works only for magnitude in this
estimation, but has no effect on the estimation of the slip region or value. The strike angle of
the fault model was set to 249° in most areas and was adjusted in areas in which the trough
axis angle was largely different. The rake angle was set to 90°.

The root mean squares (RMSs) of the GNSS and GNSS-A data are approximately 3 mm (29)
and approximately 2 cm or more (50), respectively. In the present study, considering these
observation abilities, it is judged that SSEs can be detected when the horizontal movements
in the onshore and seafloor networks exceed 5 mm and 5 cm, respectively, which are
approximately double the RMSs even at one site. Fig. S2, A and B show the resultant maps
calculated using the onshore network only and using both the onshore and seafloor networks,
respectively. Fig. S2C indicates the SSEs that can be detected only by the seafloor network.
These results show that the seafloor network can detect My-6-class shallow SSEs that cannot
be detected using only the onshore network.

SSE signal detection process using Ac-AIC

We detected an SSE signal according to the process flow shown in Fig. S3. Before the signal
detection process, the same deductions as (/6) on effects resulting from the 2011 Tohoku-oki
earthquake were performed for the dataset. Coseismic and postseismic effects were calculated
based on the models established in (55-57). The resultant time series of their locations at sites
along the Nankai Trough are listed in fig. S4 and data file S1. The reference frame is
ITRF2005 (28).

We detected an SSE signal in these time series based on the method of (27) using c-AIC (22,
23). We fitted straight and piece-wise lines for the time series and compared each c-AIC to
determine whether a time series contains an SSE-like transient deformation. We changed the
direction of the time series in 10° increments to extract the maximum deformation angle. The
deformation duration of the piece-wise line was set to one year.

This piece-wise line was fitted for the time series data for all periods. The residual sums of
squares (RSSs) in Eq. (1) were calculated for the straight and piece-wise lines for the data for
the whole periods. The deformation scale was unknown parameter, and a model parameter of
the piece-wise line is one more than the straight line. The start timing of deformation was
estimated every 0.2 years, and was chosen to minimize c-AIC. We defined Ac-AIC as the
difference between c-AICs for the straight line and the piece-wise line.

When a deformation signal of Ac-AIC smaller than a threshold was detected by the piece-
wise line, after removing this detected deformation, the same process was performed. When a
signal of Ac-AIC smaller than a threshold was not detected, the process ended because there
was no clear signal. The threshold was determined by the pseudo data verification described
later herein. Signals detected between 2011 and Dec. 2013 were considered to be a remaining
influence due to the 2011 Tohoku-oki earthquake, even after the deduction process. In
particular, at the sites east of MRT2, the data were strongly affected. Events in this period
cannot be identified in the GNSS-A data. In the present paper, we identified a signal only
other than this type of signal as an SSE signal. Fig. S5 shows the progression of this process.

The detection limit of this method and the present data were verified using analysis of pseudo
data. Fig. S6A shows a pseudo GNSS-A data example of 6 years synthesized considering the
present observation ability (1-c = 2.0 cm, 4 times/year) when a deformation of 5 cm occurs
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within 1 year. With this method, 1,000 examples of pseudo data were synthesized for each
deformation step. The above detection process was applied to each dataset.

Fig. S6, B and C, show the results for each pseudo dataset. In fig. S6B, the variation in results
for each deformation dataset is indicated by the box and whisker plot. For example, the
interquartile range for 1-cm deformation data has a spread of approximately £5 cm. For
deformation data of 4 cm or more, the estimation accuracy is stabilized, though a deformation
is estimated to be approximately 1 cm smaller on average. Fig. S6C shows the variation of
the event timing estimation results. In the case of 5 cm or more, the accuracy is stabilized.
These tests suggest that the present data have stable accuracy for deformation steps of 5 cm
or more only. In the present paper, we discussed the signal detected when the Ac-AIC
threshold for detecting an SSE signal was -10 in order to discuss only deformations of 5 cm
or more because a deformation of 4 cm or less is relatively likely to be an error.

Next, the above method was applied to 1,000 examples of pseudo data of 0-, 1-, and 2-year
deformation timescales (5-cm deformation step). The deformation steps of the model function
were also set to 0, 1, and 2 years, and were applied for three datasets. Fig. S6D shows the
variation of the event central time estimation results. The plots show the results obtained by
applying the models in which the deformation timescale is 0 (orange), 1 (green), and 2 years
(red) to the pseudo data when the deformation timescale is 0 (left), 1 (center), and 2 years
(right). The results suggest that, although the event central time can be properly estimated for
any timescale event, there is no timescale resolution. Therefore, in the present paper, we do
not discuss the event timescale, but rather use the 1-year timescale model to detect only the
event central time.

Grid search process to estimate SSE region and regions that could have slips

The 2017-18 Kii SSE fault model can be estimated using a grid search technique, when the
deformation fields determined were assumed to be due to single SSE. We set rectangular
fault models for a grid every 0.1° on the plate boundary to estimate the weighted RMSEs for
the data in the region delimited. The strike angle was set to 249°. The fault length, width,
slip, and rake angles were properly changed every 10 km between 20 and 100 km, every 10
km between 20 and 50 km in the dip direction, every 4 cm between 2 and 78 cm, and every
10° between 70° and 130°, respectively. The dip angle was set along the plate boundary
model described in the above section (SSE observation sensitivity of the GNSS-A). Crustal
deformations were also calculated using the method and setting described in the above
section. We calculated crustal deformations for the horizontal component at seafloor sites and
the neighbor onshore GNSS sites of the GEONET. Considering the observation abilities, the
weighted RMSE was calculated by multiplying the onshore data by nine times the weight of
the seafloor data.

Crustal deformation fields detected by GEONET on the coastal region along the Nankai
Trough also suggested that there was no deformation field over 5 mm in the time periods of
the signals detected at seafloor sites other than deformations discussed in past studies (24, 25,
31, 34-36). Figs 1 through 5 show the deformation fields of the 2016 Kumamoto earthquake,
the 2013-16 deep intermittent SSE in the Bungo Channel, the 2014-16 deep SSE in the Kii
Channel, the 2016 deep short-term SSE in the Kumano-nada region, and the 2013-16 deep
SSE in the Enshu-nada region.

Although an SSE model cannot be constructed for other one-site seafloor deformation data,
we verified whether the data can be explained by the slip around each seafloor site. The same
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analyses as mentioned above were performed for cases other than the 2017-18 Kii Channel
case in order to estimate the approximate range of regions that could have slips.

We estimated a case of 0 cm (5 mm or less) in the onshore GNSS deformations (fig. S7, A
through G). The distributions of SSE model centers with weighted RMSEs calculated in the
range between the minimum and 4 mm greater than the minimum were drawn as regions that
could have slips. In the 2017-18 Kii Channel case, the best SSE model and observed and
calculated deformation values are compared in fig. S7E. Since small RMSE regions spread in
the vicinity of the trough axis, where there is no site, it is difficult to determine the slip region
near the trench axis.

Although the onshore GNSS data in Figs. 1 through 5 show a certain degree of
appropriateness of the interpretations in past studies (24, 25, 31, 34-36), the possibility that,
for example, a signal of approximately 5 mm to 1 cm from the shallow source was mixed
cannot be clearly rejected. Then, we also estimated cases for a 1-cm onshore southward
crustal deformation (other than case C for site (4)). The weighted RMSE distributions are
shown in fig. S7, A’ through G’.

Signals off the Bungo Channel in 2015-16 (sites (1) and (3)) were synchronized and it is
considered that they were due to single SSE sequence, similar to the 2017-18 Kii Channel
case (sites (8) and (9)). It is possible to estimate the slip that explains these signals
collectively, as shown in fig. S7A’’, though RMSEs are larger. As shown in fig. S7, A’ and
A’’, in the northern case off the Bungo Channel, seafloor data can be explained as an effect
from a deeper SSE (between the onshore regions and seafloor sites). On the other hand, in
other cases, seafloor data cannot be explained by deeper sources.

The data at sites (8), (9), and (10) might have been from the same undersea source. Fig. STE”’
shows an SSE model and the weighted RMSE distribution when trying to estimate sites (8),
(9), and (10) collectively. In this case, in which slips occur at similar depths to seafloor sites,
it is necessary to cause deformations of approximately 1.7 cm at the onshore GNSS site at the
tip of the Kii Peninsula. In reality, no clear signal of 1 cm or more can be seen in the
GEONET sites in this period. Therefore, it is thought that there is no slip, at least at this
depth.

SUPPLEMENTARY MATERIALS
Fig. S1

Fig. S2

Fig. S3

Fig. S4

Fig. S5

Fig. S6

Fig. S7

Data S1
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Fig. 1. Results of the SSE signal detection process off the Bungo Channel. (A) Seafloor
crustal deformations detected in the SSE signal detection process. Vectors indicate seafloor
crustal deformations detected in the GNSS-A data. Closed and open squares indicate the
seafloor observation sites installed before and after 2011, respectively. Blue regions indicate
deep SSEs detected by the onshore GEONET (24, 25). The yellow star indicates the epicenter
of the 2016 Kumamoto earthquake. Blue dots indicate shallow VLF activities after 2013 (/7).
(B) Time series of seafloor crustal deformations at the sites in the green region. The
maximum likelihood straight and piece-wise lines at the sites where SSE signals were not
detected and were detected, respectively, are displayed. Each time series was plotted in the
direction for the case of the maximum likelihood solution in the SSE signal detection process.
Red lines indicate straight and piece-wise lines estimated as the maximum likelihood
solutions. Grey histograms indicate Ac-AIC time series (bin range: 1 year) every 0.2 years.
Each light-blue bin indicates a period judged to be an SSE signal. Bottom red histograms are
shallow VLF numbers (/7) within green region in (A) every month. Purple dashed lines
indicate the 2011 Tohoku-oki earthquake. (C) Time series of onshore crustal deformations
near this region. The reference frame is International Terrestrial Reference Frame 2005
(ITRF2005) (28). The blue region and red line indicate deformations due to deep SSE and the
2016 Kumamoto earthquake, respectively.

Fig. 2 Results of the SSE signal detection process off Tosa Bay. (A) Seafloor crustal
deformations detected in the SSE signal detection process. Blue regions indicate deep SSEs
detected by the onshore GEONET (24, 25). Blue dots indicate shallow VLF activities after
2013 (/7). (B) Time series of seafloor crustal deformations at the sites in the green region.
(C) Time series of onshore crustal deformations near this region. Other depictions are the
same as in Fig. 1.

Fig. 3 Results of the SSE signal detection process off the Kii Channel. (A, A’, and A”’)
Seafloor crustal deformations detected in the SSE signal detection process. Blue regions
indicate deep SSEs detected by the onshore GEONET (25). Light-blue regions indicate
shallow short-term SSEs (/4). Blue dots in A, A’, and A”’ indicate shallow VLF activities
between 2008 and 2009, between 2013 and 2016, and after 2017, respectively (/7). Green
focal mechanisms indicate reanalyzed VLF events (33). (B) Time series of seafloor crustal
deformations at the sites in the green region. (C) Time series of onshore crustal deformations
near this region. Other depictions are the same as in Fig. 1.

Fig. 4. Results of the SSE signal detection process around Kumano-nada. (A) Seafloor
crustal deformations detected in the SSE signal detection process. Blue regions indicate deep
SSEs detected by the onshore GEONET (25, 37). Light-blue regions indicate shallow short-
term SSEs (/4). The yellow star indicates the epicenter of the 2016 off-Mie earthquake (M
5.6). Blue dots indicate shallow VLF activities after 2013 (/7). (B) Time series of seafloor
crustal deformations at the sites in the green region. (C) Time series of onshore crustal
deformations near this region. Other depictions are the same as in Fig. 1.

Fig. 5. Results of the SSE signal detection process around Enshu-nada. (A) Seafloor
crustal deformations detected in the SSE signal detection process. Blue regions indicate deep
SSEs detected by the onshore GEONET (37). The light-blue region indicates shallow short-
term SSE activity (/4). Blue dots indicate shallow VLF activities after 2013 (/7). (B) Time
series of seafloor crustal deformations at the sites in the green region. (C) Time series of
onshore crustal deformations near this region. Other depictions are the same as in Fig. 1.
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Fig. 6. Spatial relationship of seafloor sites that detected SSE signals. (A) Spatial
relationship between seafloor site that detected SSE signals (red squares) and some
phenomena along the Nankai Trough. Red rectangle and vector are the 2017-18 Kii Channel
shallow SSE model and slip angle, respectively, estimated by the grid search when it was
assumed to be due to single SSE. Pink circles indicate the shallow VLF catalog after 2006
(11). The light-blue polygon indicates the Kumano-nada short-term SSE activity region (/4).
The grey contour map indicates high coupling rate distribution (/7) (rate: more than 0.5). The
light-blue solid line indicates the most recent seismogenic region (6) (slip: more than 2 m).
Blue regions indicate deep SSE regions (24, 25, 37) (total slip: more than 2 cm). Dashed lines
indicate the depths of the plate boundary of (52, 53). (B) Shallow VLF time series compared
with shallow and deep SSE timings. Black dots indicate shallow VLF activities (/7). The red
lines indicate the SSE timings detected at seafloor sites. Each yellow line indicates the
longitude of the site. Blue regions indicate deep SSE periods (24, 25, 37). The light-blue solid
line indicates the Kumano-nada short-term SSE activity region (/4).
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Schematic diagram of the GNSS-A seafloor geodetic observation system. This figure is modified
from (16, 20, 42-44, 50).
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Fig. S2.

Maps representing SSE detection capability constructed using (A) the onshore GNSS network
only and (B) onshore and seafloor GNSS-A networks. (C) Maps representing SSEs that can be
detected only by the seafloor GNSS-A network. Color points indicate the magnitude of
detectable minimum events at each grid on the plate boundary.
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Fig. S4.

Time series of horizontal components of seafloor GNSS-A data. Black circles indicate seafloor
positions after deduction of deformations due to the 2011 Tohoku-oki earthquake based on (55-
57). Blue circles indicate raw data before deduction. The reference frame is ITRF2005 (28).
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Results of the SSE signal detection process for all time series. Each time series was described in
the direction with the maximum likelihood solution in the SSE signal detection process. The
reference frame is ITRF2005 (28). The results for each step were obtained in order from the left.
Red lines indicate straight and piece-wise lines estimated as the maximum likelihood solutions.
Gray histograms are Ac-AIC time series (bin range: one year) in the process every 0.2 years.
Light-blue and green bins are Ac-AlC in the cases that were judged as SSE signals and as
remaining influences due to the 2011 Tohoku-oki earthquake, respectively. Purple and blue
dashed lines indicate the 2011 Tohoku-oki earthquake and the 2016 My, 5.6 earthquake in the
Kumano-nada region, respectively.
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Pseudo analysis test results for the SSE detection process. (A) Pseudo GNSS-A data of 6 years
when deformation of 5 cm occurs in 1 year for pseudo time series data synthesized based on
current observation ability (1-c = 2.0 cm, 4 times/year). Box and whisker plots for residuals
(between observation and calculation) of (B) the deformation step and (C) the central time of the
event for pseudo deformation steps of 1 to 6 cm. The box and whisker ranges are the interquartile
range (IQR) and a range from minimum to maximum excluding outside the range of (25
percentile — IQR * 1.5) ~ (75 percentile + IQR * 1.5), respectively. (D) Box and whisker plots
for residuals (between observation and calculation) of the central time of the event. The plots
show the results obtained by applying the respective models, in which the deformation timescale
is 0 (orange), 1 (green), and 2 years (red), to the pseudo data when the deformation timescale is 0
(left), 1 (center), and 2 years (right).
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Fig. S7.

Grid search results for estimating an SSE model off the Kii Channel around 2017-18 and
potential slip regions in other cases when deformations of onshore GNSS sites are 0 cm (<
approximately 5 mm): (A) to (C) off the Bungo Channel around sites (1), (3), and (4) around
2015-16 and 2016-17, (D) and (E) off the Kii Channel around 2008-09 and 2017-18, and (F) and
(G) around Kumano-nada around 2015 and 2017-18; and results when deformations of onshore
GNSS sites are 1 cm: (A’) and (B’) off the Bungo Channel around sites (1) and (3) around 2015-
16, (D’) and (E’) off the Kii Channel around 2008-09 and 2017-18, and (F’) and (G’) around
Kumano-nada around 2015 and 2017-18. (A’”) Residual distribution when trying to estimate
sites (1) and (3) collectively. (D’”) Residual distribution when trying to estimate sites (8), (9),
and (10) collectively. Red rectangles and vectors in (D), (D’), and (D’’) indicate the final
obtained rectangular fault models and dip angles, respectively. Blue and white vectors in (D),
(D’), and (D’’) are observed and calculated movements for the sites, respectively. Grey regions
indicate distributions of fault model centers with weighted RMSEs calculated in the range
between the minimum and 4 mm greater than the minimum. Fault parameters of the best cases
are listed at bottom right. Pink and light-blue squares and light-blue circles are the seafloor sites
moved due to SSEs, unmoved sites, and onshore GEONET sites used in the grid search,
respectively. GEONET site codes are described beside the sites. Open squares are the seafloor
sites that were not used in the grid search.

Data file S1. (Separate file)

Time series of seafloor positions. The reference frame is ITRF2005 (28). The first column shows
the observation epoch. The eastward and northward components (second and third columns)
indicate the data corrected for the coseismic and postseismic effects due to the Tohoku-oki
earthquake. The East,4, and North,,, components (fourth and fifth columns) are raw data
before March 2014.



(1) HYG1

Epoch  Eastward Northwar East,,,  North,,,

ea)  (m)  dm)  (m)  (m)

2012.077 0 0 0 0
2012.162 -0.02 0.022 -0.02 0.023
2012.447 -0.018 0.019 -0.017 0.022
2013.044 -0.03 0.022 -0.029 0.028

2013.518 -0.024 0.022 -0.023 0.031
2014.047 -0.059 0.026 -0.057 0.038
2014.318 -0.025 0.054

2014.66 -0.011 0.05
2014.942 -0.025 0.041
2015.411 -0.051 0.04

2015.696 -0.029 0.041

2015.94 -0.042 0.035
2016.044 -0.083 0.04
2016.219 -0.052 0.018
2016.334 -0.026 0.005
2016.485 -0.061 0.032
2016.608 -0.066 0.039
2016.775 -0.046 0.057
2016.877 -0.013 0.046
2017.047 -0.037 0.026
2017.104 -0.033 0.006
2017.208 -0.047 0.027
2017.466 -0.051 0.03
2017.575 -0.065 0.064
2017.874 -0.019 0.044

2017.94 -0.049 0.054
2018.129 -0.069 0.073
2018.192 -0.051 0.031
2018.351 -0.072 0.068
2018.605 -0.052 0.042
2018.696 -0.017 0.074

(2) HYG2
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)

2012.074 0 0 0 0



2012.17 0.062 0.011 0.062 0.011
2012.452 0.025 0.017 0.025 0.019

2013.047 0.03 0.006 0.03 0.011
2013.518 0.016 -0.017 0.017 -0.01
2014.049 0.025 -0.025 0.026 -0.016
2014.321 0.04 0.015

2014.658 0.036 -0.005
2014.94 0.041 -0.008
2015.408 0.032 0.01
2015.699 0.046 0.001
2015.948 0.029 0.012
2016.044 0.033 -0.013
2016.216 0.058 -0.009
2016.337 0.026 0.013
2016.488 0.024 -0.015
2016.611 0.003 0.004
2016.775 0.016 0.016
2016.877 0.028 0.026
2017.047 0.02 0.004
2017.107 0.016 0.023
2017.208 0.032 0.006
2017.466 0.068 0.011
2017.575 0.119 -0.019
2017.874 0.049 0.008
2017.942 0.025 0
2018.132 0.029 0.003
2018.195 0.031 0.006
2018.345 0.067 0.021
2018.4 0.063 0.019
2018.605 0.061 0.008
2018.699 0.027 0.001

(3) ASZ1
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2012.077 0 0 0 0
2012.159 -0.002 0.01 -0.002 0.011

2012.455 -0.003 0.021 -0.003 0.025
2013.036 -0.004 0.02 -0.002 0.027



2013.512 -0.01 0.015 -0.008 0.025
2014.044 0.008 0.06 0.011 0.072
2014.315 -0.014 0.02
2014.945 -0.041 0.035
2015.195 -0.045 0.085
2015.405 -0.043 0.056
2015.663 -0.061 0.05
2015.701 -0.058 0.062
2016.058 -0.058 0.037
2016.334 -0.071 0.043
2016.49 -0.063 0.037
2016.614 -0.085 0.062
2016.773 -0.06 0.038
2016.877 -0.085 0.022
2017.047 -0.095 0.038
2017.107 -0.092 0.025
2017.208 -0.084 0.049
2017.575 -0.047 0.008
2017.871 -0.069 0.021
2017.942 -0.098 0.073
2018.129 -0.077 0.075
2018.195 -0.071 0.042
2018.351 -0.095 0.023
2018.397 -0.083 0.076
2018.608 -0.084 0.032
2018.69 -0.106 0.056
(4) ASZ2
Epoch  Eastward Northwar East,,,  North,,,
(yea)  (m)  d@m)  (m) (m)
2012.082 0 0 0 0
2012.088 -0.003 0.003 -0.002 0.003
2012.463 -0.002 -0.021 -0.001 -0.019
2013.033 0.012 -0.01 0.013 -0.005
2013.51 0.008 -0.022 0.009 -0.015
2014.041 -0.027 -0.017 -0.025 -0.007
2014.666 -0.018 0.011
2015.197 -0.043 0.038
2015.403 -0.045 0.026



2015.666 -0.079 0.012
2015.704 -0.058 -0.006
2015.951 -0.055 0.026

2016.06 -0.077 0.044
2016.332 -0.083 0.07
2016.501 -0.079 0.025
2016.614 -0.078 0.018
2016.773 -0.105 -0.005
2016.874 -0.069 -0.022
2017.049 -0.044 -0.017
2017.107 -0.02 -0.02
2017.211 -0.046 -0.012
2017.466 -0.076 0.018
2017.578 0.009 -0.028
2017.871 -0.084 -0.011
2018.068 -0.036 -0.001
2018.197 -0.051 0.027
2018.332 -0.041 -0.046
2018.397 -0.075 -0.001
2018.688 -0.116 -0.015

(5) TOS1
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2012.074 0 0 0 0

2012.444 0.002 -0.014 0.003 -0.011
2012.786 -0.028 0.012 -0.026 0.018
2013.068 -0.011 -0.032 -0.008 -0.023
2013.521 -0.022 -0.003 -0.018 0.009
2014.038 -0.018 0.006 -0.013 0.021
2014.668 -0.018 0.029
2014.951 -0.04 0.032
2015.414 -0.046 0.038
2015.707 -0.071 0.014
2015.937 -0.056 0.022
2016.055 -0.076 0.029
2016.321 -0.068 0.024

2016.49 -0.083 0.033
2016.778 -0.08 0.056



2016.879 -0.112 0.05
2017.049 -0.094 0.001
2017.104 -0.087 0.002
2017.205 -0.109 0.027
2017.581 -0.071 0.012
2017.877 -0.087 0.032
2017.945 -0.103 0.031
2018.192 -0.1 0.072
2018.329 -0.096 0.062
2018.608 -0.127 0.047

2018.69 -0.09 0.043
(6) TOS2
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2011.904 0 0 0 0

2011.951 -0.033 0.008 -0.033 0.008
2013.055 -0.058 0.022 -0.056 0.031
2013.419 -0.079 0.009 -0.076 0.021

2013.899 -0.083 0.036 -0.079 0.05
2014.06 -0.046 0.056 -0.043 0.072
2014.312 -0.061 0.04

2014.948 -0.071 0.035
2015.4 -0.071 0.047

2015.668 -0.11 0.032
2015.704 -0.098 0.043
2016.222 -0.11 0.05

2016.329 -0.106 0.043
2016.479 -0.108 0.036
2016.616 -0.113 0.041
2016.773 -0.052 0.014
2016.874 -0.129 0.033
2017.049 -0.124 0.013
2017.118 -0.128 0.043
2017.211 -0.134 0.05
2017.578 -0.096 0.017
2017.868 -0.132 0.014
2017.932 -0.149 0.055
2018.068 -0.127 0.062



2018.197 -0.125 0.057
2018.395 -0.134 0.063
2018.688 -0.146 0.043

(7) MRT1
Epoch  Eastward Northwar East,,,  North,,,
(yea)  (m)  d@m)  (m) (m)
2012.09 0 0 0 0
2012.156 0.003 0.018 0.003 0.02
2012.438 -0.023 -0.005 -0.021 0
2012.775 -0.019 -0.011 -0.016 -0.003
2013.425 -0.042 -0.029 -0.036 -0.014
2013.896 -0.061 -0.03 -0.053 -0.01
2014.674 -0.034 -0.02
2014.967 -0.05 -0.003
2015.674 -0.071 0.013
2016.063 -0.084 0.017
2016.318 -0.083 0.013
2016.477 -0.069 0.002
2016.627 -0.066 0.003
2016.778 -0.105 0.021
2016.879 -0.084 0.003
2017.052 -0.103 -0.019
2017.101 -0.101 -0.01
2017.197 -0.089 0.003
2017.581 -0.083 -0.032
2017.877 -0.09 -0.034
2018.126 -0.097 -0.001
2018.329 -0.107 -0.006
2018.515 -0.102 -0.006
2018.611 -0.153 -0.034
2018.685 -0.126 -0.026

(8) MRT2
Epoch  Eastward Northwar East,,, North,,,
(year) (m) d (m) (m) (m)
2006.668 0 0 0 0
2007.351 0.025 -0.01 0.024 -0.009
2008.71 0.014 -0.011 0.013 -0.011



2009.11
2009.332
2009.556
2010.049
2010.603
2010.956
2011.441
2011.951
2012.784
2013.058
2013.422
2013.893
2014.304
2014.671
2014.953
2015.178
2015.425
2015.671
2015.715
2016.225
2016.318
2016.504
2016.619

2016.77
2016.871
2017.121
2017.211
2017.321
2017.877
2017.932
2018.071

2018.2
2018.329
2018.512
2018.611
2018.685

-0.003
-0.006
0.002
0.021
-0.006
-0.044
-0.084
-0.102
-0.142
-0.147
-0.115
-0.167
-0.181
-0.173
-0.184
-0.199
-0.215
-0.186
-0.235
-0.197
-0.226
-0.237
-0.225
-0.188
-0.194
-0.18
-0.218
-0.245
-0.21
-0.197
-0.203
-0.2
-0.239
-0.194
-0.177
-0.21

0.012
-0.017
-0.042
-0.029
-0.032
-0.019

-0.06
-0.064
-0.079
-0.078
-0.077
-0.088
-0.089
-0.105
-0.054
-0.082

-0.07

-0.07

-0.09

-0.05
-0.069
-0.054
-0.042
-0.043
-0.048
-0.049

-0.06
-0.051
-0.066
-0.076
-0.077
-0.102
-0.097

-0.11
-0.088
-0.086

-0.004
-0.006
0.001
0.02
-0.007
-0.045
-0.04
-0.056
-0.093
-0.099
-0.065
-0.116

0.012
-0.017
-0.041
-0.029
-0.031
-0.018
-0.043
-0.039
-0.046
-0.042
-0.038
-0.046

(9) SIOW




Epoch  Eastward Northwar East,,,  North,,,
(yea)  (m)  d@m)  (m) (m)
2006.693 0 0 0 0
2007.647 -0.034 -0.03 -0.034 -0.03
2008.038 0.006 -0.059 0.006 -0.059
2008.71 -0.006 -0.028 -0.006 -0.029
2009.323 -0.039 -0.009 -0.039 -0.009
2009.553 -0.05 -0.005 -0.05 -0.006
2010.047 -0.061 0.006 -0.061 0.005
2010.603 -0.061 0.01 -0.061 0.01
2011.063 -0.107 0.008 -0.107 0.008
2011.441 -0.112 0.01 -0.062 0.03
2011.948 -0.119 0.003 -0.065 0.032
2012.778 -0.122 -0.009 -0.065 0.03
2013.063 -0.174 -0.026 -0.116 0.017
2013.427 -0.15 -0.023 -0.091 0.023
2013.89 -0.218 -0.003 -0.157 0.048
2014.682 -0.185 -0.006
2014.973 -0.212 0.005
2015.655 -0.208 0.022
2016.071 -0.228 -0.01
2016.315 -0.227 0.014
2016.474 -0.22 -0.005
2016.781 -0.256 0.003
2016.882 -0.216 0.032
2017.058 -0.237 0.024
2017.214 -0.222 0.023
2017.879 -0.242 0.007
2018.123 -0.244 -0.002
2018.326 -0.228 -0.013
2018.515 -0.226 0.015
2018.614 -0.248 -0.014
2018.682 -0.264 -0.028
(10) KUM3
Epoch  Eastward Northwar East,,, North,,,
(year) (m) d (m) (m) (m)
2008.707 0 0 0 0
2009.112 -0.009 -0.007 -0.009 -0.008



2009.334 -0.018 0.011 -0.018 0.01
2009.551 -0.006 0.002 -0.006 0.002
2010.06 -0.022 -0.042 -0.022 -0.043
2010.6 -0.02 -0.012 -0.02 -0.013
2011.058 -0.021 -0.012 -0.021 -0.012
2011.438 -0.071 -0.017 -0.015 0.005
2011.899 -0.075 -0.016 -0.015 0.015
2011.945 -0.093 -0.017 -0.033 0.015
2012.795 -0.069 -0.036 -0.006 0.008
2013.43 -0.07 -0.042 -0.004 0.009
2013.888 -0.097 0.015 -0.029 0.07
2014.685 -0.087 -0.031
2015.175 -0.122 0.005
2015.677 -0.13 0.027
2016.038 -0.122 0.031
2016.312 -0.103 0.012
2016.507 -0.11 -0.026
2016.633 -0.123 -0.069
2016.781 -0.141 -0.031
2016.882 -0.058 0.035
2017.033 -0.087 0.004
2017.121 -0.111 -0.009
2017.214 -0.114 -0.02
2017.318 -0.133 -0.016
2017.468 -0.072 -0.002
2017.879 -0.123 -0.028
2018.058 -0.06 -0.057
2018.189 -0.088 -0.015
2018.326 -0.087 -0.043
2018.392 -0.098 -0.077
2018.518 -0.057 -0.033
2018.616 -0.154 -0.046

(11) KUM2
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2012.093 0 0 0 0
2012.427 -0.009 -0.02 -0.008 -0.015

2013.074 -0.043 -0.009 -0.039 0.005



2013.433 -0.027 -0.028 -0.021 -0.01
2013.885 -0.033 -0.045 -0.026 -0.023
2014.299 -0.051 -0.032
2014.975 -0.057 -0.007
2015.652 -0.012 -0.024
2015.723 -0.037 -0.047
2016.036 -0.026 -0.028
2016.348 -0.006 -0.044
2016.507 -0.017 -0.028
2016.633 -0.032 -0.039
2016.784 0 -0.052
2017.03 -0.015 -0.057
2017.214 -0.048 -0.048
2017.468 -0.035 -0.031
2017.584 -0.062 -0.02
2017.882 -0.057 -0.049
2018.058 -0.024 -0.041
2018.192 -0.058 -0.049
2018.323 -0.04 -0.034
2018.521 -0.03 -0.049
2018.616 -0.062 -0.021
(12) KUMI
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2008.729 0 0 0 0
2009.337 0 -0.02 -0.001 -0.02
2009.551 -0.02 -0.024 -0.021 -0.024
2010.041 0.021 -0.053 0.021 -0.053
2010.597 0.001 -0.018 0.001 -0.018
2011.055 -0.022 -0.034 -0.022 -0.034
2011.438 -0.056 -0.027 0.011 0
2012.773 -0.074 -0.027 0.003 0.025
2013.408 -0.086 -0.045 -0.006 0.015
2013.507 -0.081 -0.063 0 -0.002
2014.066 -0.103 -0.052 -0.019 0.016
2014.69 -0.07 -0.036
2015.2 -0.099 -0.074
2015.647 -0.136 -0.069



2016.036 -0.113 -0.076
2016.351 -0.118 -0.076

2016.51 -0.104 -0.066
2016.784 -0.039 -0.036

2017.03 -0.082 -0.046
2017.216 -0.113 -0.085
2017.584 -0.113 -0.086
2017.882 -0.1 -0.072
2018.074 -0.128 -0.091
2018.121 -0.109 -0.081
2018.203 -0.108 -0.086
2018.323 -0.092 -0.064
2018.521 -0.092 -0.053
2018.701 -0.044 -0.053

(13) TOK3
Epoch  Eastward Northwar East,,,  North,,,
(year) (m) d (m) (m) (m)
2012.096 0 0 0 0
2012.153 -0.01 -0.015 -0.01 -0.014

2012.422 -0.022 0.004 -0.019 0.012
2013.077 0.009 -0.032 0.017 -0.013
2013.436 -0.02 -0.02 -0.009 0.005
2013.91 -0.025 -0.026 -0.009 0.006
2014.293 -0.055 -0.028
2015.17 -0.056 -0.015
2015.644 -0.032 -0.029
2015.825 -0.044 -0.024
2016.033 -0.05 -0.015
2016.353 -0.088 -0.004
2016.636 -0.073 -0.045
2016.786 -0.079 -0.04
2017.03 -0.04 -0.081
2017.216 -0.056 -0.018
2017.885 -0.042 -0.024
2018.044 -0.06 -0.038
2018.181 -0.083 -0.037
2018.321 -0.072 -0.045
2018.521 -0.052 -0.029



2018.704 -0.056 0.017

(14) TOK2
Epoch  Eastward Northwar East,,,  North,,,
(yea)  (m)  dm)  (m) (m)
2008.529 0 0 0 0
2009.104 -0.003 -0.014 -0.003 -0.014
2009.548 -0.03 -0.019 -0.031 -0.019
2010.063 -0.04 0.011 -0.04 0.011
2010.595 -0.032 -0.01 -0.032 -0.01
2010.964 -0.047 -0.01 -0.047 -0.01

2011.066 -0.053 0.014 -0.053 0.014
2011.436 -0.119 0.006 -0.045 0.037
2011.942 -0.118 -0.002 -0.036 0.043

2012.77 -0.13 -0.033 -0.044 0.026
2013.405 -0.131 -0.023 -0.041 0.045
2013.882 -0.162 -0.016 -0.069 0.057
2014.068 -0.149 -0.029 -0.055 0.047
2014.296 -0.157 -0.027

2015.203 -0.182 0
2015.641 -0.18 -0.01
2015.726 -0.226 0.001
2015.932 -0.18 -0.019

2016.227 -0.181 -0.039
2016.378 -0.188 -0.046
2016.512 -0.206 -0.028
2016.501 -0.214 -0.012
2016.784 -0.208 -0.016

2017.06 -0.206 -0.048
2017.216 -0.157 -0.04
2017.885 -0.186 -0.009
2018.044 -0.152 0.007
2018.192 -0.207 -0.024
2018.321 -0.212 -0.026
2018.523 -0.255 -0.009

(15) TOK1

Epoch  Eastward Northwar East,,, North,,,
(year) (m) d (m) (m) (m)




2008.54

2009.34
2009.545
2009.627
2010.595
2010.948
2011.068
2011.436
2011.942
2012.419

2012.71
2013.085
2013.403
2013.501
2013.879
2014.693
2015.205
2015.641
2015.726
2015.923

2016.23
2016.356
2016.515
2016.504
2016.597
2016.786
2016.885
2017.123
2017.219
2017.888
2018.041
2018.195
2018.318
2018.523
2018.619

0
-0.014
0.009
0.007
-0.039
0.008
-0.028
-0.056
-0.045
-0.04
-0.056
-0.102
-0.148
-0.132
-0.15
-0.176
-0.184
-0.201
-0.221
-0.16
-0.214
-0.208
-0.176
-0.195
-0.218
-0.245
-0.239
-0.193
-0.275
-0.209
-0.203
-0.237
-0.261
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