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Abstract

Postseismic deformations continue to occur for a long period after major earthquakes. Temporal changes in postseis-
mic deformations can be approximated using simple functions. Since the 2011 Tohoku-Oki earthquake, operating
global navigation satellite system stations have been continuously accumulating a remarkable amount of relevant
data. To verify the functional model, we performed statistical data processing on postseismic deformations due

to this earthquake and obtained their spatiotemporal distribution. Moreover, we approximated the postseismic
deformations over a relatively wide area with a standard deviation of residuals of 1 cm for approximately 10 years
using a combined functional model of two logarithmic and one exponential functions; however, the residuals from
the functional model exhibited a marked deviation since 2015. Although the pattern of postseismic deformations
remained unaltered after the earthquake, a change in the linear deformation occurred from 2015 to date. We reduced
the overall standard deviation of the residuals of > 200 stations distributed over> 1000 km to < 0.4 cm in the horizontal
component by enhancing the functional model to incorporate this linear deformation. Notably, time constants of
the functions were similarly applicable for all stations and components. Furthermore, the spatial distribution of the
coefficients of each time constant were nonrandom, and the distribution was spatially smooth, with minute changes
in the short wavelengths in space. Thus, it is possible to obtain a gridded model in terms of a spatial function. The
spatial distributions of short- and long-period components of the functional model and afterslip and viscoelastic
relaxation calculated using the physical model were similar to each other, respectively. Each time function revealed a
connotation regarding the physical processes, which provided an understanding of the physical phenomena involved
in seismogenesis. The functional model can be used to practical applications, such as discerning small variations and
modeling for precise positioning.
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Introduction

On March 11, 2011, an earthquake of magnitude (M) 9
hit the Pacific coast near Tohoku, Japan (hereinafter, the
2011 Tohoku-Oki earthquake) and caused coseismic
crustal displacement of>5 m in the horizontal direction
and>1 m in the vertical direction. Even after the earth-
quake, large postseismic crustal displacements of>1 m
continued to occur, depending on the location (Ozawa
et al. 2011; 2012). Tobita (2016) implemented simple
logarithmic and exponential functions to approximate
the time series of the postseismic deformations in this
event to accurately predict its future trend over a wide
area. The findings suggested that underground changes
after a major earthquake are driven by the same physical
processes.

Postseismic deformations caused by earthquakes pri-
marily occur because of an afterslip at the plate boundary
and viscoelastic relaxation of the upper mantle (e.g., Sun
and Wang 2015); however, minor poroelastic rebound
(less than several centimeters) may occur (Hu et al. 2014).
As understanding the spatiotemporal distribution of
postseismic deformations enables accurate estimation of
seismogenic processes, such functional models are ben-
eficial for forecasting seismic activity and understanding
the physical mechanism of large earthquakes. In addition,
they are useful for discerning small crustal deformations
caused by other sources by removing large postseismic
deformation. The functional model has been utilized
by Ozawa et al. (2016), Sakaue et al. (2019), and others
to discern crustal deformations other than postseismic
deformations of large earthquakes.

Tobita (2016) revealed a common time function at all
observation stations over a wide area, thereby implying
existence of a similar physical phenomenon. Therefore,

the spatial distribution of physical parameters (spatial
function) must be closely related to the physical phe-
nomena distribution. In particular, the creation of a
functional model using statistical processing, that is, an
approach independent of a physical model, can be clari-
fied by comparing it with the physical model. In this
study, we obtained the spatial function for the first time
and compared it with physical modeling results obtained
using methods, such as the finite-element method.

Two major objectives are defined in this study. First,
we applied our method to the crustal deformation data
obtained from the continuous observation stations of the
global navigation satellite system (GNSS) on the ground
for approximately 10 years after the 2011 Tohoku-Oki
earthquake, to verify its effectiveness in describing post-
seismic deformations and improve its accuracy. Second,
we compared the obtained temporal and spatial func-
tions with physical modeling results such as those for
afterslip and viscoelastic relaxation to elucidate the phys-
ical mechanisms in the seismogenic field.

Using our functional model, we could remove the post-
seismic deformation data from the postearthquake data
with high accuracy and efficiently extract smaller non-
postseismic deformation components. The two major
purposes of utilizing the spatiotemporal functional
model developed in this study are as follows: (1) dis-
cerning small variations except those of the postseismic
deformations, and (2) modeling for precise positioning
such as data represented by the International Terrestrial
Reference Frame (Altamimi et al. 2016) and semidynamic
datum (Tanaka et al. 2007). In this modeling, it is impor-
tant to predict time-varying terms of the reference frame
in the future. We describe purpose (1) in “Use case of the
functional model” section later in this article. However,
we do not discuss related specific examples of purpose



Fujiwara et al. Earth, Planets and Space 2022, 74(1):13

(2), because the accuracy of the model must be further
verified for geodetic use.

Data and methods

We utilized the daily coordinates of the GNSS Earth
Observation Network System (GEONET) F3 solution
(Nakagawa et al. 2009) operated by the Geospatial Infor-
mation Authority of Japan as the postseismic deforma-
tion data of the 2011 Tohoku-Oki earthquake. Stations
were selected so that they are evenly distributed within
the area where significant deformation occurred. Sta-
tions with large errors were excluded mainly owing to
the observation environment, such as multipath of GNSS
signal and vegetation. On the other hand, the data for the
northern region are required to calculate the slip area
that causes postseismic deformation. Therefore, in addi-
tion to Tobita’s (2016) considerations, we selected sta-
tions from Hokkaido, to the northeast of Japan. In other
areas, the postseismic deformations were minute. The
Fukue GNSS station (station ID: 950462) in Nagasaki
Prefecture, located approximately 1500 km west—south-
west of the epicenter area, was utilized as the fixed ref-
erence station. The original GNSS time series comprises
offsets caused primarily by large aftershocks. Therefore,
in addition to that for the nine earthquakes considered by
Tobita (2016), we rectified the coseismic variations of the
following earthquakes: M7.4 November 22, 2016, Fuku-
shimaken-Oki; M6.3 December 28, 2016, Ibarakiken-
Hokubu; M6.7 September 6, 2018, Hokkaido-Iburi-Tobu;
and M6.7 June 18, 2019, Yamagataken. The correction of
the coseismic offset connects the trends before and after
each earthquake and did not include the correction for
postseismic deformations.

Major causes of postseismic deformations and their
relationship with time functions were reported by Tobita
(2016). Logarithmic and exponential functions efficiently
approximate the observed postseismic deformations.
Theoretically, the postseismic surface deformations
determined by Maxwell viscoelastic rheology exhibited
an exponential, such as relaxation phase (Hetland and
Hager 2006). Moreover, postseismic deformations calcu-
lated using models with biviscous Burgers rheology are
often described by logarithmic functions (Hetland and
Hager 2006). The afterslip at the beginning of a postseis-
mic deformation and the deformation related to viscoe-
lastic relaxation can be approximated using a logarithmic
function (Perfettini and Avouac 2004; Savage et al. 2005;
Hetland and Hager 2006).

Tobita (2016) presented seven combinations of the
logarithmic (log) and exponential (exp) functions for use:
log, exp, log+log, log+exp, exp+exp, log+log+ exp,
and log+exp +exp. Furthermore, the Akaike informa-
tion criteria (AIC) value was calculated for each model
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Fig. 1 GNSS observation stations considered in this study. Four
stations marked as red squares were used for predicting the time
series. Four stations marked as blue squares are used in Figs. 2,
3,and 6, and the stations marked as black squares are the other
stations used in this study. Gray area represents land, and a seafloor
topographic map is depicted. Gray arrow depicts the horizontal
displacement rate observed at the sea bottom after the 2011
Tohoku-Oki earthquake (Honsho et al. 2019). Isodepth contours of
the Pacific slab were estimated by Kita et al. (2010), Nakajima and
Hasegawa (2006), and Nakajima et al. (2009)

utilizing the data for the entire period, from March 2011
to December 2020, to quantitatively evaluate the pre-
diction performances. We implemented a mixed model
comprising two logarithmic and one exponential func-
tions (log+log+exp) that exhibited the best perfor-
mance for the 2011 Tohoku-Oki earthquake, as reported
by Tobita (2016) and represented by Eq. (1):

D(t) =aln(l+¢t/b)+c+dIn(l +t/e) — fexp(—t/g) + Vi,

(1)

where D(t) is each component of the postseismic defor-
mation time series at a station; ¢ represents the number
of days after the earthquake; In is the natural logarithm;
b, e, and g indicate the relaxation time constants of the
logarithmic or exponential functions common to all sta-
tions; and V is the steady velocity of each station before
2011. We applied the average velocity between April 1,
1997 and March 31, 2000 as the steady velocity V at each
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Table 1 Results of data fitting for each fitting period

Fitting period End of fitting period Days of fitting period  Relaxation time constant (day)

(year)

y b forlog1 e forlog2 g for exp
2.0 Mar 2013 731 1.38 82.0 3217

39 Feb 2015 1438 1.59 148.6 3645

58 Dec 2016 2115 1.98 1287 450,000
8.9 Feb 2020 3256 2.12 287.5 450,005
station. This eq.uation could be utilized to . prgdict the E(t,x,y) = Z time_ f (t) - space_ f(x,) @)
short- and medium-term trends and postseismic defor-

mation changes that vary by location. where time f(t) is the time function (In(1+¢/b),

The time constants are estimated based on the data
of four stations (Minase, Miyako, Yamoto, and Choshi)
(Fig. 1) for two reasons. First, among all the GEONET
stations, these four stations possessed high-quality GNSS
data considering low noise and seasonal variations. Sec-
ond, although all four stations subsided during the 2011
Tohoku-Oki earthquake, their vertical postseismic defor-
mations differed (Additional file 1: Fig. S1). The Minase
station experienced rapid subsidence after the earth-
quake. Moreover, the Miyako station subsided rapidly
after the earthquake but was reversed to a slow uplift.
The Yamoto station uplifted rapidly after the earthquake.
Eventually, the Choshi station experienced rapid uplift
immediately after the earthquake; however, its vertical
movement reduced. All four stations exhibited repre-
sentative regional crustal deformations; thus, they pro-
vided strong constraints for our nonlinear least-squares
calculations. We implemented multiple starting points,
indicating that the nonlinear least-squares computations
start with different initial values. Therefore, verifying the
residuals and AIC is necessary while changing the initial
values during solution determination.

The coefficients of a, ¢, d, and f, unique to each station
and component, are calculated using the least-squares
method. The postseismic deformations include numer-
ous periods, from short-period afterslip components to
long-period viscoelastic relaxation components (Sobrero
et al. 2020; Sun and Wang 2015). These deformations are
expressed as a sum of two logarithms with different time
constants and one exponential function (Eq. 1). The non-
linear least-squares method is utilized to determine the
time constants b, e, and g, as it is computationally time-
consuming and may provide local solutions. Therefore,
owing to the commonality of the time function, after
careful and rigorous determination of the time constants
at the four observation stations, it is reasonable to deter-
mine the coefficients a, ¢, d, and f at each station using
the linear least-squares method, which can determine the
solution in a short time. This can be expressed as follows:

In(1+t¢/e), — exp(- t/g), and ¢) in Eq. (1), and space_flx,
y) is the spatial function (g, ¢, d, f, and V) at the coordi-
nate (x, y) for each time function. This formula is similar
to that used in the principal component analysis (PCA)
and independent component analysis (ICA). Munekane
(2012) solved the time function statistically using PCA.
In these methods, the time functions are separated into
orthogonal or independent functions; however, the form
of the functions is not given in advance. Our method
determines the form of the function in advance as
log+log+exp. As a result, it is presumed that the resid-
uals between the observed values and the model values
at each station will not represent the minimal possible
values; however, as long as the residuals are within an
acceptable range, a simplified function can be employed
to model the observed values at any station. Further-
more, these methods may provide insight into future
predictions.

Consequently, in this study, we verified the method
used to limit the time function to logarithmic and expo-
nential functions and discuss the spatial function using
222 stations.

Results

Time function

Table 1 summarizes the calculated results of the time
constants, b, e, and g for the fitting periods of 2.0, 3.9,
5.8, and 8.9 years. These fitting periods are not evenly
spaced, because the calculations were performed dur-
ing data accumulation. In addition, a clear difference in
data fitting was observed before and after February 2015
and the fitting up to February 2015 (3.9 years) was dis-
tinctively added. Here, for example, a 2.0-year model
is one in which we assign 731 days (2.0 years) after the
2011 Tohoku-Oki earthquake as the “fitting period,
and the number of days between the 732nd and after
as the “prediction period” The fitting period started on
the day after the earthquake. The time constants b and
e tended to increase as the fitting period increased. In
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Fig. 2 Observed and predicted postseismic deformation using the functional model. Deformation is presented for the four stations of a
Kaminokuni, b Kawai, ¢ Nadachi, and d Shizugawa (Fig. 1). The three components of east-west (EW), north—south (NS), and up-down (UD) were
drawn for each station from the day after the 2011 Tohoku-Oki earthquake to 2026.5. Black dots represent the daily observations. Dashed lines
depict the time series of predicted values for each fitting period (2.0, 3.9, 5.8, and 8.9 years)

contrast, the values of g for 2.0- and 3.9-year models
revealed slight changes; however, the values of g for the
next 5.8-year model markedly increased. The time con-
stant of 450,000 days for g of the 5.8- and 8.9-year models
was > 1200 years; thus, it is unlikely that the time constant
can be appropriately calculated with a limited number of
years for fitting.

Figure 2 illustrates the time series predicted by the
functional model with time constants summarized in
Table 1 for different fitting periods for the Kawai and
Shizugawa stations, which are relatively close to the epi-
center of the 2011 Tohoku-Oki earthquake (see Fig. 1),

and the Kaminokuni and Nadachi stations, which are rel-
atively distant from the epicenter (see Fig. 1). These plots
demonstrate that model parameters estimated from the
time series of the four stations can be applicable to other
stations. Moreover, Additional file 1: Fig. S1 illustrates
the time series for Minase, Miyako, Yamoto, and Choshi.
Figure 2 and Additional file 1: Fig. S1 depict the extrapo-
lated predictions up to 2026.5.

Furthermore, we evaluated the time series of the short
fitting periods of 2.0 years and 3.9 years. At all the sta-
tions, the 2.0-year model of the north—south (NS) com-
ponent revealed a smaller value than the 3.9-year model.
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Fig. 3 Residuals between observed values and the 3.9-year model. Each component of a east-west (EW), b north-south (NS), and ¢ up—down (UD)
is drawn for the four observation stations (Figs. 1 and 2). Gray dots indicate the residuals of the 3.9-year model based on Eq. (1). Black dots represent
the residuals of the predicted value by adding a linear deformation term after 2015 to a 3.9-year model based on Egs. (3) and (4). Light blue, straight
lines indicate fittings of the gray dots from December 2015 to December 2020

Additional file 1: Figure S2 illustrates the distribution
of the short-period logarithmic term [the first term in
Eq. (1)] for the 2.0-year and 3.9-year models on March
11, 2014, three years after the earthquake, and the differ-
ence between them. Although the two curves are consist-
ent, the eastward displacement of the 2.0-year model was
smaller near Miyako and south of Yamoto; southward
and upward displacements of the 2.0-year model were
generally larger than those of the 3.9-year model. NS
components of the 2.0-year model were affected by local
variations of the fixed reference station Fukue in 2013.
Effects of the reference station could be easily detected
due to the appearance of same variations at all stations.
The effects of the different time constants are described
in the Discussion. Notably, in this process, it is difficult
to avoid errors in the predictions caused by decreased
fitting data. Despite the noise in the fixed reference sta-
tion, Fig. 2 illustrates that the time series of the 2.0-year
and 3.9-year models are parallel in the future, and their
long-term trends are similar. This occurs, because the
time constant of the long-period exponential function is
almost similar for both time series (~ 10 years); V¢, which
presumably occurs due to the plate motion, becomes
relatively dominant approximately 10 years after the

earthquake. Thus, the long-term trend is appropriately
included in both models and does not change over time.
In addition, although the 2.0-year model is susceptible
to noise due to the short period over which the values
were obtained, for a prediction period of 10 years, the
long-term residual is only several centimeters, which is
sufficient for some purposes that can tolerate an error of
a few centimeters, because overall postseismic deforma-
tion can exceed 1 m.

Furthermore, the 8.9-year model, which has the longest
fitting period, represents the time series with the small-
est residuals. Although the 2.0- and 3.9-year models and
the 5.8- and 8.9-year models are aligned and yield simi-
lar curves, a notable difference is observed between these
two groups, thereby indicating that a systematic change
occurred between 3.9 and 5.8 years. This is consistent
with the fact that the exact value of g cannot be calcu-
lated for the 5.8- and 8.9-year models, as summarized in
Table 1.

Figure 3 illustrates the residuals based on the predic-
tions for the 3.9-year model (until February 2015) to
investigate the reason for this change in trend with the
fitting period. The residuals of the four stations used to
calculate the time constants are depicted in Additional
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file 1: Fig. S3. Moreover, a gap of approximately 1 cm
existed in the NS component of Choshi (Additional file 1:
Fig. S3b) due to a slow-slip event (SSE) in 2018. Addi-
tional file 1: Figure S1d illustrates no difference between
the time series of 5.8 years without the effect of this gap
and those of 8.9 years with the effect. Furthermore, in
Fig. 3 and Additional file 1: Fig. S3, the predicted values
correspond with the observed values within 1 ¢cm until
February 2015; however, the residuals accumulated in a
certain direction after the M6.9 Sanriku-Oki earthquake
on February 17, 2015 (hereinafter, the 2015 Sanriku-Oki
earthquake) and the M6.8 Miyagiken-Oki earthquake
on May 13, 2015 (hereinafter, the 2015 Miyagiken-Oki
earthquake). This change was observed in almost all the
stations included in this study (Fig. 1). Thus, since 2015,
the residuals increased at a constant rate from Hokkaido
to central Japan, thereby indicating that a new phase of
postseismic deformation was initiated and the original
functional model was ineffective. In contrast, the value
of ¢ markedly increased. Therefore, a period longer than
3.9 years should not be adopted as the fitting period to
use the functional model in Eq. (1).

Moreover, the east—west (EW) components with the
most pronounced changes after mid-2015 reveal that the
linear changes in Kaminokuni and Nadachi commenced
in the beginning of 2015, whereas very slow changes in
Kawai and Shizugawa occurred from February to July
2015. Shizugawa revealed an eastward displacement,
caused by the M6.2 Miyagiken-Oki earthquake on April
20, 2020. The common change of approximately 0.5 cm
in the NS component in July 2013 was caused by the fixed
reference station Fukue.

Figure 3 illustrates a linear component appearing after
the beginning of 2015 at all the stations and components.
A straight line is fitted using the least-squares method for
the 5-year period from December 2015 to December 2020
(exactly five years considering the existence of an annual
component) to model this new component as a function.
Notably, there is a possibility that the new component
after 2015 is a function with nonlinear properties; how-
ever, none of the changes suggest a function more complex
than the linear function. Hence, the new component can be
expressed with minimal simple functions. In this study, we
propose Egs. (3) and (4) as a modified functional model:

D) =aln(1+¢t/b) +c+dIn(l+t/e)
—fexp(—t/g) + Vi(t < to), 3)
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D(t) =aln(1+¢/b) + (c+ ) +dIn(l +t/e)
—fexp(—t/g) + (V +v)t (£ = t), (4)

where ¢’ and v are constants for each observation sta-

tion and component calculated by linear fitting. Here, ¢,
denotes February 17, 2015 (¢,=1439) and ¢; denotes July
1, 2015 (¢, = 1573, it is the reading from Fig. 4).

Figure 4a—c depict a magnified view of the EW compo-
nents of three stations that reveal characteristic changes
from 2015 to the beginning of 2016 (see Fig. 5 for the
locations of the three stations). The coseismic deforma-
tions of three earthquakes from 2015 to 2016 (Figs. 4 and
5a), in most stations in Fig. 1, were less than 1 ¢cm, and
were followed by small postseismic deformations. There-
fore, it is difficult to separate these from the postseismic
deformation of the 2011 Tohoku-Oki earthquake. As a
huge direct influence of the local earthquakes (Fig. 5a')
occurred during this period at the aforementioned sta-
tions (Fig. 4a and c), we select 18 stations (Fig. 5a) that
are not remarkably closer to these earthquakes, and have
exhibited larger variations during this period. Figure 4d
illustrates the average (stacking) of the 18 stations around
northern Honshu (Tohoku region).

Major characteristics of the changes that occurred
around 2015 are as follows. First, the EW component
was flat before February 2015, and the functional model
in Egs. (1) and (3) was applicable. Second, coseismic
deformations associated with the 2015 Sanriku-Oki
earthquake, the 2015 Miyagiken-Oki earthquake, and
the M6.7 Urakawa-Oki earthquake on January 14,
2016 (hereinafter, the 2016 Urakawa-Oki earthquake)
appeared at observation stations near each earthquake.
Third, a linear variability with a constant trend was
observed between February and July 2015 (pink area in
Fig. 4) in a wide area. Fourth, the variability stabilized
and changed to a constant rate after January 2016 for
all stations. As illustrated in Fig. 4a and c, the second
coseismic variation is large in the vicinity of the epi-
centers; however, in most locations, the third gradual
variation from February to July is prominent (Fig. 4).
The changes between February and July 2015 include
the coseismic and postseismic deformations of the 2015
Sanriku-Oki and 2015 Miyagiken-Oki earthquakes that
occurred during this period. The postseismic deforma-
tions of these local earthquakes cannot be separated,
because they are smaller than several millimeters and
their duration remains unclear; thus, the changes asso-
ciated with these earthquakes are treated as one from

UIn this paper, horizontal distributions such as vertical components in all
figures are drawn by grinding and using splines (tension is 0.5) by Smith and
Wessel (1990).
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February to July. Therefore, the change in displace-
ment velocity observed in July may be apparent; how-
ever, a constant velocity component [v in Eq. (4)] was
observed after July. The total displacement due to these
two fluctuations (the second and the third characteristic

changes) is calculated as the difference between the val-
ues on July 1, 2015 (t;) in Eq. (4) and the value on Febru-
ary 17, 2015 (¢,) in Eqgs. (1) and (3). This displacement
corresponds to the dashed lines with arrows drawn
(Fig. 4) on July 1, 2015. In this study, we refer to the gap
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as the “gap in 2015 Although the changes caused by the
2016 Urakawa-Oki earthquake did not occur in 2015,
they are closely related to the vt term in Eq. (4), which
is described in detail in the Discussion section. In addi-
tion, owing to the small value of v at observation stations
affected by the 2016 Urakawa-Oki earthquake (Fig. 5b),
the error in the gap caused by the different timing of
the coseismic deformation is also small. Therefore, we
include these in the series of gap in 2015 in our discus-
sion. Thus, the new component of Eq. (4) from 2015 can
be described as follows:

¢+ vt = gapaois + v(E—t)(E > 1), (5)

where gap,,,5 is the gap in 2015, and this equation is
applicable after t,. The variation from 2015 to early 2016
including the occurrence time of three earthquakes can-
not be modeled as a simple function. Therefore, for con-
venience, gap,,; presumably occurred linearly between
February 17 and July 1, 2015 (¢,<t<t;); Egs. (3) and (4)
are connected so that no step-change is observed in the
functional model. Therefore, while using the improved
functional model, discontinuities were included from
February 2015 to January 2016.

Due to the variability and errors in the daily GNSS
observations, the exact date and time of the beginning
of the third characteristic change cannot be determined;
however, it is estimated to have started around the same
time as the 2015 Sanriku-Oki earthquake (February 17,
2015; Fig. 4).

To validate Egs. (3) and (4), the spatial distribution of
the gap in 2015 (gap,,;5) and v were analyzed (Fig. 5a
and 5b, respectively). The vector distribution was drawn
without smoothing the values for each station, and the
difference between the values of each component from
the neighboring stations was <1 cm. Depending on the
station, the error in the GNSS observation was approxi-
mately a few millimeters (Figs. 3 and 4). Figure 5 illus-
trates a uniform spread of variability from Hokkaido to
central Japan. Applying a straight line, v¢, to each com-
ponent of each station may result in over-fitting of the
line to local phenomena that are unique to each station.
However, both gap,,;s and v were spatially distributed
in a smooth manner (Fig. 5) and the systematically
occurring phenomena were captured over a large area,
which validates the assumption of Eq. (4).
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Table 2 Standard deviation and AIC values of the residuals for
each fitting period

Equation Fitting period Standard deviation (cm) AIC

(year) values
EW NS ub

(M 20 147 1.05 204 —34,254
39 153 0.75 113 —34,584
58 098 0.56 0.99 —36,853
89 0.81 0.50 097 —37,262

(3)and (4) 39 0.26 0.26 0.78 —40,012

EW east-west, NS north-south, UD up-down, AIC Akaike information criteria

Figure 6 illustrates the time series for each station
using Eqs. (3) and (4). The value of the 3.9-year model
was used as the overall time constant, and v¢, which is a
linear variation after 2015, was added. The initial value
of each term was drawn as a graph starting from zero,
and a constant was added to the exponential term [the
fourth term in Eqgs. (3) and (4)]. Figure 3 depicts their
residuals. Based on Egs. (3) and (4), the time series for
the four observation stations in which the time func-
tion was obtained are illustrated in Additional file 1:
Fig. S4. Table 2 summarizes the standard deviations of
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Table 3 Combinations of different time periods and their
abbreviations

Time period for determining the time Time period for determining
constants (b, e, and g) (year) the stationwise coefficients
(a, ¢, d, and f) (year)

2.0 3.9
20 [52.0T2.0] [53.9T2.0]
39 [S2.0T3.9] [S3.9T3.9]

the residuals for each fitting period. The overall stand-
ard deviations for the 222 stations based on Egs. (3) and
(4) are listed in the bottom row of Table 2. The standard
deviation of the residuals was < 0.3 cm for the NS com-
ponent,<0.4 cm for the total horizontal component,
and<0.8 cm for the up—down (vertical, UD) compo-
nent. To evaluate the prediction performances, the AIC
values for each model are summarized in Table 2. These
low standard deviations and the AIC values indicate
that the functional model presented by Egs. (3) and (4)
was optimal.

Figure 6 illustrates the total functional model as well as
each term of the model. In Fig. 6, Egs. (3), (4), and the
3.9-year model are used. Each term is well-defined in the
overall function in the horizontal component; however,
in the UD component, the function varied depending on
the observation station and component, and the expo-
nential term is dominant.

Tobita (2016) predicted that although the vertical posi-
tion of the Yamoto station returned to its pre-earthquake
elevation in 2020 (in Additional file 1: Fig. S4, UD zero
depicts the elevation just before the 2011 Tohoku-Oki
earthquake), the displacement rate of the overall crus-
tal deformation has not returned to the pre-earthquake
trend [the Vi term in Eq. (1)] even 10 years after the
earthquake. Figure 6 also depicts the extrapolated predic-
tions for the near future, which do not predict a return to
the pre-earthquake trend even after several more years.

Spatial function

In this section, we present the spatial distribution of the
components of the functional model. Figures 7 and 8
illustrate the distribution of the two logarithmic, expo-
nential, and steady velocity V¢ terms three years after the
earthquake (March 11, 2014). As determined by Eq. (3),
the term vt is zero for this time and changes after July
2015 (Fig. 5b). Compared to the first 3 years, the short-
period logarithmic, long-period logarithmic, exponen-
tial, and Vt terms of the 5-year post-earthquake period
were larger by 1.08, 1.22, 1.52, and 1.67 times, respec-
tively; thus, suggesting that the contribution of the longer
period terms is larger.
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The spatial distribution of all the terms is systematic
rather than random. The spatial wavelengths were shorter
for smaller relaxation time constants for each term, at the
shortest being approximately 100 km. The distribution
is spatially smooth and little change was observed in the
short wavelengths in space for each component, although
it cannot be easily expressed as a mathematical function.
Therefore, a gridded spatial function can be obtained by
simple (e.g., linear) spatial interpolation, for points that
do not require observation.

These spatial distributions are caused by physical phe-
nomena and are separated by time functions with dif-
ferent time constants, indicating that the postseismic
deformations are caused by phenomena that are related
to time and underground location. For example, the
short-period logarithmic term revealed a more complex
spatial distribution than that of the other terms, which
indicated that the spatial distribution was influenced by
a phenomenon occurring in the shallower and narrower
areas (Fig. 7a).

Discussion

Validity of identical time constants

We assumed that the time constants are the same for all
stations and all components. The four stations used to
calculate the time constants represent the characteristic
cases of regional variations in the postseismic deforma-
tions. For this reason, the solution of the nonlinear least-
squares method does not converge from a set of arbitrary
stations and to obtain a stable solution, the combination
of stations must be carefully selected.

In this section, we verify the time constants consider-
ing that these constants (Table 1) with various fitting
periods of 2.0 and 3.9 years exhibit different values. In
our method, first we calculate the time constants [b, e,
and g; in the time function in Eq. (2)] using the four sta-
tions; second, we calculate the stationwise coefficients [a,
¢, d, and f; the spatial function in Eq. (2)]. In general, the
time period for determining the time constants and that
for determining the stationwise coefficients were identi-
cal. Here, we examine various combinations of the time
periods that are listed in Table 3.

We prepare one functional model time series (same as
shown in Fig. 2) in which the spatial function with the fit-
ting period of 2.0 years (up to March 2013) and time con-
stants of the 2.0-year model (Table 1) [S2.0T2.0], another
functional model time series in which the spatial function
with the fitting period of 3.9 years (up to February 2015)
and the time constants of the 2.0-year model [S3.9T2.0],
and the third time series in which spatial function with
the fitting period of 2.0 years and the time constants of
the 3.9-year model (Table 1) [S2.0T3.9]. In addition,
we use the time series of the 3.9-year model (the spatial
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Fig. 9 Residuals of the functional models with different fitting periods. Residuals are depicted for the four stations of a Kaminokuni, b Kawai, ¢
Nadachi, and d Shizugawa (Fig. 1). Residuals of the three components of east-west (EW), north-south (NS), and up—down (UD) are drawn for each
station from the day after the 2011 Tohoku-Oki earthquake to 2026.5. As a reference value, we use the 3.9-year model (the spatial functions with the
fitting period of 3.9 years and the time constants of the 3.9-year model [S3.9T3.9]). Blue lines represent the residuals of the time series for the spatial
functions with the fitting period of 2.0 years and the time constants of the 2.0-year model [S2.0T2.0]. Green lines represent the residuals of the time
series for the spatial functions with the fitting period of 2.0 years and the time constants of the 3.9-year model [S2.0T3.9]. Red lines represent the
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function with the fitting period of 3.9 years and the time
constants of the 3.9-year model [S3.9T3.9]) as a reference
(Fig. 2).

Residuals of these time series are illustrated in Fig. 9
for the same stations as in Fig. 2, and in Additional file 1:
Fig. S5 for the stations in which the time constants were
calculated. The residuals of the time series, for which spa-
tial functions with 2.0 years fitting period ([S2.0T2.0] and
[S2.0T3.9], regardless of the time constants of the 2.0-
year or 3.9-year models), remarkably increased by several
centimeters over 10 years; however, the residuals of the

time series in which the spatial functions with 3.9 years
fitting period [S3.9T2.0] are minute. Within 15 years
after the earthquake, the total standard deviations of
the residuals for the time series in which spatial func-
tion with 3.9-year fitting period and the time constants
of the 2.0-year model [$3.9T2.0] at>200 stations (Fig. 1)
are 0.19, 0.13, and 0.30 cm for EW, NS, and UD compo-
nents, respectively. In other words, the effect of different
time constants on the values of the functional model in
Eq. (1) is remarkably small if the period for obtaining the
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spatial functions for each station is the same for the dif-
ferent time constants.

Figure 10a and b depict the residuals of the short-
period logarithmic term in Eq. (1) three years after the
earthquake when the fitting period is changed to 2.0 years

[S2.0T3.9] and the time constants are changed to the 2.0-
year model [S3.9T2.0], respectively, from the reference
model. In Fig. 10a, the regional characteristics of the spa-
tial functions change slightly, indicating that the progres-
sion of the postseismic deformation from 2013 to 2015
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varies by region, for example, large horizontal changes
exist, northwest of Miyako. The residuals in Fig. 10b
are markedly higher than those in Fig. 10a; however,
the distribution is much smoother spatially than that in
Fig. 10a. To understand the reason for this difference, we
display histograms (frequency rate) of station numbers
for the ratio of each term [the short- and long-period
logarithmic terms, and the exponential term in Eq. (1)]
between the 2.0-year model [S3.9T2.0] and the 3.9-year
model [S3.9T73.9] (the reference model) time constants
in Fig. 10c. The short- and long-period logarithmic terms
and the exponential term vary by a constant factor of
0.88, 1.05, and 1.16, respectively, as the 3.9-year model
[S3.9T73.9] is changed to the 2.0-year model [S3.9T2.0]
(see Additional file 1: Fig. S6 for the calculation of the
ratio), that is, when the time constants (b, e, and g) vary,
the distribution of the spatial function (a, d, and f) is
altered at a constant rate for all stations. As the period is
shorter for all time constants in the 2.0-year model than
in the 3.9-year model (Table 1), the spatial functions cor-
responding to the time functions with longer periods are
larger, because the overall functional model tries to fit the
observed values.

Thus, two primary findings are as follows: (1) when the
time constants vary, the distribution of the spatial func-
tions is altered at an identical rate at all stations, absorb-
ing the change in the total functional model; and (2) as
a result of (1), even if the time constants deviate slightly
from the optimal solution, the overall residuals of the
functional model can be markedly reduced by changing
the spatial functions.

Using the time constants obtained from the subset of
the stations that comprehensively include the character-
istic changes in the postseismic deformation, the overall
functional model can be well-fitted to the time series for
each station, although the time constants initially differ
for each station. Notably, this does not indicate that the
time constants should be the same. Alternatively, this
highlights the effectiveness of using the same time con-
stants for each observation station and each component
as a means of predicting the postseismic deformation in a
simple functional model.

Next, we discuss the slight deviation of the time con-
stants from the optimal solution [the primary finding (2)].
Tobita (2016) reported that a single logarithmic func-
tion approximates the sum of other multiple logarithmic
functions with different time constants, which explains
why the whole can be approximated by a function with a
uniform time constant, even if the individual observation
stations comprise components with different time con-
stants. In contrast, Hetland and Hager (2006) reported
that in layered viscoelastic models, multiple mechanical
timescales of the postseismic deformation are present;
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however, not all of these arise as distinct phases of post-
seismic relaxation observed at the surface. This may pre-
sumably reveal the reason why the whole data can be
approximated by one set of uniform time constants.

Comparison between functional and physical models

As the spatiotemporal model reveals time functions
with various time constants and its spatial distribution is
smoothly spread, in this study, we explore the meaning of
the time constant and other factors by comparing them
with those of a physical model.

Freed et al. (2016) and Suito (2017) constructed 3D
viscoelastic relaxation models using the finite element
method for the postseismic deformation of the 2011
Tohoku-Oki earthquake. The difference between the vis-
coelastic relaxation model and the observed data may
represent the afterslip. Figure 11a and b exhibit the short-
period logarithmic term [the first term in Egs. (3) and
(4)] and the afterslip component based on Suito (2017),
respectively, as of March 11, 2014. Here, we assume
that the observed data include the afterslip, viscoelastic
relaxation, and constant velocity (V¢ term). Therefore,
the afterslip component from the physical model is the
observed data minus the V¢ term and the viscoelastic
relaxation model component.

In Fig. 11a and b, the eastward and subsidence dis-
placements near Miyako and the southeastward and
uplift displacements near Choshi are quantitatively in
accordance with the functional and physical models.
In the central part, between 37° and 40° north latitude,
as displayed with dotted line “Volcanos” in 11a and b, a
north-northeast-to-south-southwest (NNE-SSW) trend-
ing band of relative subsidence (the UD components are
smaller than those of surrounding areas) is identified
over several hundred kilometers. Takada and Fukushima
(2013) highlighted that the volcanic regions deformed
and subsided in response to stress changes associated
with the 2011 Tohoku-Oki earthquake. The subsidence
band in Fig. 11a and b may be due to the inclusion of a
postearthquake volcanic subsidence. The physical model
is based on the differences in the observed data; there-
fore, the subsidence band is a manifestation of the origi-
nal observed data and not that of the modeled data. The
two models are consistent in several instances; however,
near Yamoto, the functional model reveals a large east-
ward displacement, whereas the physical model exhibits
almost zero horizontal displacement.

The remaining two terms of the functional model, that
is, the long-period logarithmic term [the third term in
Egs. (3) and (4)] and the exponential term [the fourth
term in Egs. (3) and (4)], one-by-one, are not related to
the physical model (afterslip and/or viscoelastic relaxa-
tion) of Suito (2017). The sum of these two and the
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viscoelastic relaxation physical model are illustrated in
Fig. 11c, d, respectively. The horizontal displacement is
generally eastward, with a southward displacement in the
north and a northward displacement in the south, and the
vertical displacement is uplifted along the Pacific coast
and subsided along the Sea of Japan coast. In contrast to
Fig. 11a and b, the viscoelastic relaxation physical model
reveals a large eastward displacement near Yamoto. The
differences between Fig. 11a and b (the same as between
Fig. 11c and d) are depicted in Fig. 11e, and the difference
near Yamoto is large.

Moreover, the difference between the two models is
likely caused by the shorter time phenomenon in viscoe-
lastic relaxation near Yamoto than in the other areas, and
this subsequently affects the short-period logarithmic
term of the functional model, which primarily repre-
sents the afterslip component (Fig. 11a and b). This pro-
cess can be explained as follows: the coseismic slip zone
of the main shock of the 2011 Tohoku-Oki earthquake is
located close to Yamoto, and the slip zone extends to just
near Yamoto (Ilinuma et al. 2016; Ozawa et al. 2012; Suito
2017). Therefore, after the main shock, a smaller afterslip
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is observed in this area. This explains the relatively large
displacement due to viscoelastic relaxation. According to
Suito (2017), the effective viscosity of the mantle wedge,
which is located just below the land observation stations,
is approximately one-fifth that of the oceanic mantle.
Such a low effective viscosity makes ductile deformation
in this area more rapid, which leads to a shorter viscoe-
lastic relaxation period; thus, it is certain that this effect
occurs near Yamoto.

Figure 11 displays a clear difference in the horizon-
tal component between the functional model and the
physical model; however, the difference is much smaller
in the UD component than the horizontal component,
because the pattern of spatial distribution is similar to
each model. As the UD components exhibit a large con-
tribution to the exponential term (Fig. 6), the physical
model can be improved by increasing the contribution of
the long-period term in the UD component. In addition,
the effect of viscoelastic relaxation must be considered
to infer interseismic vertical displacements (Nishimura
2014).

In this study, we reveal that the viscoelastic relaxa-
tion term in the physical model is the sum of the long-
period logarithmic term and the exponential term in
the functional model. Moreover, the time constant of
the exponential term is>20 times longer than that of
the long-period logarithmic term (Table 1). Therefore,
the frequency range of the viscoelastic relaxation is
wide, ranging from a few days to thousands of days. The

long-period logarithmic and exponential terms are nec-
essary as they effectively capture a spectrum of viscoe-
lastic relaxation times, which occur naturally owing to
variation in the viscosity and elastic properties.

As both the models simplify the phenomena, a funda-
mental difference is that a single physical phenomenon
can be divided into multiple time functions, or con-
versely, multiple physical phenomena can be included in
a single time function; hence, the functional and physi-
cal models differ. A physical model can be constructed
according to the time constant, which may lead to more
advanced modeling by incorporating the differences in
underground properties.

Slip distribution on the plate surface

Next, using geodetic data inversion to estimate slip at a
plate interface, we discuss the extent and location of the
movement of the source area. This study has two limita-
tions. First, viscoelastic relaxation is complex in terms
of the location and the direction of motion at each loca-
tion (e.g., Agata et al. 2019). In contrast, slip on a plate
surface can be simulated with constraints on the loca-
tion and direction of the slip. Therefore, we primarily
deal with phenomena that can be considered as a slip
on the plate surface. The second limitation is that only
data from the land side are available, and we are trying
to build a model without using data from the ocean side,
because the seafloor crustal movement data do not pre-
sent adequate time series. Hence, offshore slip that is far
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from land cannot be estimated from the onshore data
alone and the certainty of the model decreases as the
distance from land increases (linuma et al. 2016).

We estimate the slip distribution on the plate by apply-
ing geodetic inversion using the Markov chain Monte
Carlo method (Fukuda and Johnson 2008). This method
efficiently obtains the desired probability distribution
by generating numerous solutions (samples) that fol-
low the posterior probability distribution. The solution
does not minimize the residuals, but produces a set of
solutions that can explain the observed values within a
given error range. We assumed a homogeneous elastic
half-space body, constrained the direction of slip to the
opposite direction of plate convergence, and used Lapla-
cian smoothing. Additional file 1: Figure S7 illustrates the
results from a checkerboard resolution test to evaluate
the reliability of the calculation results of the inversion
implemented in this study. As mentioned, the certainty
of the slip model decreases as the distance from the land
increases; however, for plate surfaces deeper than 20 km,
this model is extremely useful.

Figure 12a depicts the results of the inversion and slip
on the plate surface as the driving force for the short-
period logarithmic term (Fig. 7a) at three years after the
earthquake. As discussed above, a quick relaxation in the
mantle wedge appears similar to the afterslip; thus, it is
modeled together in the same single deformation time
scale. The moment magnitude corresponding to this term
in the three years is M, 8.3 and it is larger than that of the
individual aftershocks that occurred during this period.
While calculating the moment magnitudes in this study,
we assumed a rigidity of 30 GPa.

Figure 12b and c depict the slips on the plate surface
estimated from the term gap,,5 in Eq. (5) (Fig. 5a) and
term vt in Eq. (4) (Fig. 5b), respectively. The symbols
from B to E in the figures indicate the locations of the
characteristic variations illustrated in Fig. 12c. Although
there are errors due to the aforementioned two restric-
tions (the viscoelastic relaxation is not considered and
there is no offshore observation) in all the three parame-
ters of Fig. 12, these mutual comparisons are meaningful,
because the data are analyzed under similar conditions.
For example, it is worth discussing that there is no slip at
B in Fig. 12a compared to b and ¢, and that there is a slip
spread northeast of C in Fig. 12b.

Although it is possible to calculate the long-period log-
arithmic term and the exponential term as a slip on the
plate surface, we do not discuss the calculations, because
they primarily comprise viscoelastic relaxation compo-
nents, and not afterslip.
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Gapin 2015

Figure 12b shows a unique slip from February 2015 to
January 2016 apart from the original postseismic defor-
mation that started shortly after the 2011 Tohoku-Oki
earthquake, and includes the coseismic and postseismic
deformations caused by the three earthquakes with a
magnitude of >6.5. Figure 12b illustrates that these vari-
ations can be attributed to two locations: Miyagiken-Oki
(C), which is associated with the occurrence of the 2015
Sanriku-Oki and 2015 Miyagiken-Oki earthquakes, and
Urakawa-Oki (B) to the north, which corresponds to the
2016 Urakawa-Oki earthquake.

The moment magnitude of the slip is M,, 7.0 for the
Urakawa-Oki (B) area and M,, 7.3 for the Sanriku-Oki
to Miyagiken-Oki (C) area, indicating that both slip
amounts are large and cannot be explained by the three
earthquakes and their postseismic deformation alone.

The gap,,,5 and the 2015 Sanriku-Oki earthquake of
February 17 would have commenced simultaneously
(Fig. 4). The focal mechanism of three earthquakes
revealed a reverse fault type with a compression axis
in the plate motion, and they occurred at the boundary
between the Pacific and the continental plates (Earth-
quake Research Committee 2015a, b; 2016). No solid
evidence has revealed whether the 2015 Sanriku-Oki
earthquake triggered the gap,; or the earthquake itself
was triggered by some phenomenon; however, Baba
et al. (2020) reported that the very low frequency earth-
quakes (VLFEs) were activated by the 2015 Sanriku-Oki
earthquake and an SSE occurred in Sanriku-Oki around
February 2015 (Honsho et al. 2019). Therefore, the 2015
Sanriku-Oki earthquake presumably triggered gap, 5. In
either case, based on the location, direction of the slip,
and timing of the change, the three earthquakes and the
new slip that started in February are related, and it would
be appropriate to treat them as a single gap,;s.

Linear slip after 2015

The temporal changes in the residuals (Fig. 3) based
on Eq. (1) between the observed values and functional
model occurred systematically and simultaneously over a
wide area after 2015 and continued at approximately con-
stant speeds, which are expressed as vt term in Eq. (4).
To analyze the cause of this phenomenon, a model of slip
rate on the plate surface is illustrated in Fig. 12c, show-
ing a few centimeters of slip per year over larger areas
than that of the afterslip. It is uncertain whether the slip
in this term is partially caused by viscoelastic relaxation
that occurs in the upper mantle, rather than that only on
the plate surface; however, the temporal change shown
in Fig. 3 proceeds at a constant speed, which is unlikely



Fujiwara et al. Earth, Planets and Space 2022, 74(1):13

to occur owing to viscoelastic relaxation, because the
change started several years after the 2011 Tohoku-Oki
earthquake, and the deformation was observed even in
the Urakawa-Oki, located distally from the main shock.
Therefore, the constant slip on the plate surface likely
continues.

The location of the new slip can be roughly divided
into two: Miyagiken-Oki (C) to Fukushimaken-Oki (D)
and Urakawa-Oki (B). In the Miyagiken-Oki to Fukush-
imaken-Oki area, the slip spreads both in the afterslip
area (Fig. 12a) and deeper (western) area of gap,,;s; and is
considered to occur with a constant velocity to add to the
afterslip. In contrast, no significant slip has occurred in
the Urakawa-Oki area before 2015 but has occurred after
2015. In addition, the total moment magnitudes of these
areas from 2015 to 2020 are integrated to be M,, 7.4 for B
and M,, 7.8 for C and D, and they are larger than that of
each earthquake that occurred in all individual areas.

Next, the relationship between the new linear defor-
mation vz term after 2015 (Fig. 5a) and steady velocity
Vt term that existed before 2011 (Fig. 7d) is discussed.
These v and V have almost opposite directions, and the
ratio of their magnitudes is maximum of approximately
0.4. As both present an almost stationary velocity, we can
interpret v as a change in velocity V; however, the spatial
extent of the distributions of V (Fig. 7d) and v (Fig. 5b)
differs, implying that only a small part of the change in
the physical mechanism is responsible for v. Moreover, at
this point, we could not identify any major event that led
to the linear deformation in 2015. Moreover, a huge event
likely has a time constant as a secondary after-effect fluc-
tuation, implying that the event may not have a constant
velocity as in v. Notably, no major events were noticed in
2015, and a silent shift to a linear deformation occurred.

The underlying cause for this phenomenon, which
commenced silently and continued without any major
events, remains unknown. However, the linear nature of
the phenomenon leads to a hypothesis stating that the
site probably returned to its “original” tectonic state long
before the 2011 Tohoku-Oki earthquake. This implies
that the steady velocity V before the earthquake was an
anomaly (Nishimura 2014) that likely recovered after the
earthquake and returned to its original state in 2015. Fur-
ther observations and analyses are required to verify this
hypothesis.

Although this slip represents a new “unsteady” lin-
ear deformation for the functional model, it has been
observed for approximately six years; thus, we may
assume that the slip is not a linear deformation but an
SSE with an extremely long period (Mallick et al. 2021).
Along the Japan Trench, shallow slow earthquakes are
frequently observed, whereas long-period SSEs are rarely
observed. Furthermore, the slip area is classified as a
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quasi-stable slip zone with numerous repeating earth-
quakes (e.g., Obara 2020). Therefore, this slip presumably
differs from an SSE owing to its large horizontal extent,
long duration, and uniform slip rate.

Evolution of slip zone on the plate boundary interface

Figure 13 illustrates a series of changes in the location
of the slip zone on the plate surface from before 2011 to
2020 based on Fig. 12 and similar analyses. Figure 13a,
b, d, and e show two phenomena in the same figure for
comparison, one before and one after, in each period.

Figure 13a illustrates the slip distribution of the steady
velocity Vt term on the plate surface (Eqs. 3 and 4)
(>10 cm/year) before 2011 and the main shock (coseis-
mic) slip of the 2011 Tohoku-Oki earthquake (Ozawa
et al. 2012;>10 m). The slip of the steady velocity V¢ term
is most likely not caused by the slip on the plate surface
but by that on the continental plate (Japanese archipel-
ago side), which is being pushed as the plate boundary
interface is locked. This figure depicts a rough distribu-
tion of qualitatively strong adherence sites and clarifies
the relationship between V and v. The 2011 Tohoku-Oki
earthquake occurred on the shallow side of the plate sur-
face with a strong adhesion before 2011 (e.g., Uchida and
Matsuzawa 2013).

Figure 13b illustrates the coseismic slip of the 2011
Tohoku-Oki earthquake and the slip of the short-period
logarithmic term (>2 m) in three years after the earth-
quake, primarily representing the afterslip. The after-
slip occurred adjacent to the deep side of the coseismic
slip of the earthquake. The results obtained for this slip
area are consistent with those of Ozawa et al. (2012) and
linuma et al. (2016); however, notably, this slip distribu-
tion includes the viscoelastic relaxation with short period
time constants, as observed during comparison with the
physical model.

Figure 13d illustrates the slip of gap,,;5 (>5 cm), which
occurred during the afterslip, immediately following
the main shock. Furthermore, the northeastern side of
this area indicates the location of the SSEs, VLFEs, and
other events or asperities (Baba et al. 2020; Nishikawa
et al. 2019). The slip estimated in this study occurred
on the northeastern side of the afterslip area partially
overlapping it. The slip of gap,; is also estimated in
the Urakawa-Oki (B) area, which is far from the after-
slip area. Considering the time series of the gap,,,s, the
VLFEs and SSE occurred near the 2015 Sanriku-Oki
earthquake around February 2015 (EQ2 in Fig. 13d)
(Baba et al. 2020; Honsho et al. 2019), followed by the
occurrence of a linear deformation event from February
to July over a wide area, denoted as EQ2 in February, EQ3
(the 2015 Miyagiken-Oki earthquake) in May, and EQ1
(the 2016 Urakawa-Oki earthquake) in January 2016.
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Fig. 13 Evolution of the slip zone on the plate surface. a Orange areas reveal the slip on the plate surface of the distribution of the steady velocity
Vtterm (> 10 cm/year) (Egs. 3 and 4) before 2011, and the blue contours depict the coseismic slip of the 2011 Tohoku-Oki earthquake (Ozawa et al.
2012,>10 m). b Light blue areas indicate the coseismic slip (> 10 m), and pink contours reveal the slip on the plate surface of the short-period
logarithmic term (> 2 m) during the three years after the earthquake. ¢ Epicenter distribution map from 2011 to 2014 (including the period when
the 2011 Tohoku-Oki earthquake occurred). The depth is 15 km or more, and M>4.5. d Pink areas depict the slip on the plate surface of the
short-period logarithmic term (>2 m), and green contours represent the gap,q;5s (>5 cm). EQ1, EQ2, and EQ3 indicate epicenter locations of the
Urakawa-Oki earthquake (M6.7) on January 14, 2016, the Sanriku-Oki earthquake (M6.9) on February 17, 2015, and the Miyagiken-Oki earthquake
(M6.8) on May 13, 2015, respectively. e Green areas depict the gap,q;5 (>5 cm), and red contours reveal the linear deformation (>2 cm/year)

after 2015. Stars represent the EQs described in d. f Epicenter distribution map from 2015 to 2018. The depth is 15 km or more, and M >4.5. Stars
represent the EQs described in d. Areas B to E represent the locations of the characteristic displacement in e. f represents an area with a small
displacement in any of the figures, and A represents the location at which the maximum displacement was estimated to have occurred in the main
shock of the 2011 Tohoku-Oki earthquake. Isodepth contours of the Pacific slab were estimated by Kita et al. (2010), Nakajima and Hasegawa (2006),
and Nakajima et al. (2009)

Considering the variations in the Urakawa-Oki (B) area, the series of events, thereby revealing a new observa-
Fig. 4a illustrates that the slow variation commenced, tion for the slip areas, as the result cannot be identified
albeit slightly, in February 2015, although EQ1 occurred  without the residual from the precise functional model
in 2016. Thus, EQ1, EQ2, and EQ3 are associated with  obtained in this study.
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Figure 13e depicts the linear deformation vt term
(>2 cm/year) that occurred simultaneously as gap,s
and continued to date. The Urakawa-OKki (B) area slightly
shifted southwest of the gap,,,; distribution. Moreover,
the deformation of the Boso Peninsula offshore (E) area
was affected by the SSE in 2018 and did not occur as a
linear continuous variation within this period (Ozawa
et al. 2019). It is difficult to extract such changes (B, C,
and D) without carefully removing the postseismic defor-
mation, and thus, this is the first study to detect this slip
area.

Areas B, C, D, and E are nearly identical to the loca-
tions in Fig. 13a and e; however, opposite slip direc-
tion was observed before 2011 (Fig. 13a) and after 2015
(Fig. 13e). Thus, the slip after 2015 presumably occurred
in the direction of releasing strain in areas, where the
plate boundary interface was stickier than the surround-
ing area before 2011. Furthermore, the steady slip (V)
decreased by v in B to E (E differs slightly due to the SSE).
This reinforces the hypothesis that the steady velocity
recovered after the 2011 Tohoku-Oki earthquake and
returned to its original state in 2015. Areas C and D were
stationary before 2011, revealed postearthquake afterslip,
and continued with the new constant velocity slip added
after 2015. In addition, B, C, and D presented few earth-
quakes in common (Fig. 13c and f). B is similar to C and
D, except that it does not exhibit afterslip immediately
after the main shock.

Next, we focus on the areas, where slip is smaller com-
pared to the surroundings in Fig. 13e, such as east of B
(Tokachi-Oki), between C and D (Miyagiken-Oki), and
F (Aomoriken-Toho-Oki). In these areas, the afterslip of
the 2011 Tohoku-Oki earthquake and the linear defor-
mation since 2015 are smaller than the surrounding
areas. The 2003 Tokachi-Oki earthquake (Yamanaka and
Kikuchi 2003) lies to the east of B; the 2011 Tohoku-Oki
earthquake (Fig. 13a, Ozawa et al. 2012) and its after-
slip (Fig. 13b) lie between C and D; the 1994 Sanriku-
Oki earthquake (Yamanaka and Kikuchi 2004) that has
caused asperities is present at F. These locations are
unlikely to move except during their unique earthquakes.

Error estimation and prediction performance

Tobita (2016) listed six elements of the functional model’s
prediction limit as follows: (1) uncertainty of the steady
velocity V, (2) limitation of function fitting, (3) status
change of postseismic deformation mechanisms, (4) vari-
able (inconstant) interseismic velocity, (5) future coseis-
mic deformations, and (6) observation errors.

Based on the observed data (Fig. 6), the effects of (1),
(2), and (4) are remarkably smaller, because they have not
been detected explicitly in the last 10 years. The coseis-
mic variation in (5) has an effect at stations close to the
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epicenter of an earthquake with a magnitude>6, but
does not reveal any marked effect at a certain distance
from the epicenter. In the case of (6), despite an error due
to environmental factors, such as GNSS signal shield-
ing by trees at the observation station, the influence on
the model can be minimized using stations with a good
observation environment. Recently, the GEONET F5
solution (Muramatsu et al. 2021) has been published in
place of the GEONET F3 solution, and a more accurate
time series is now available. Although short-period varia-
tions such as daily variations have markedly improved, no
significant difference is observed for variations over sev-
eral months, as implemented in this analysis. In addition,
for the reference station Fukue, the improvement is likely
small even with the F5 solution, because the local varia-
tions of Fukue are considered to be an effect of the obser-
vation environment near the station. The two factors that
deteriorate the accuracy of the functional model found in
this study are widespread phenomena that occur in the
middle of the time series (from 2015) and the phenomena
caused by the fixed reference station. We did not con-
sider seasonal deformations, such as annual variations,
for the functional model and fixed station. Although the
observed data include annual variations, as illustrated
in Figs. 3 and 4, they are markedly small (a few millim-
eters) such that no correction for annual variations is
included. As seasonal deformations are not similar every
year (Gualandi et al. 2017), the differences in annual vari-
ations can affect the results in a short fitting period. For
example, the difference between 2.0- and 3.9-year models
could originate from these differences in the annual vari-
ations. Therefore, it makes sense to fit the model for each
time series to a longer period to reduce the effect of sea-
sonal deformations.

The largest error factor in the residuals includes the
linear deformation vt term after 2015, which may repre-
sent the aforementioned category (3). This error may not
occur due to a change in the mechanism itself; however,
the beginning of a new slip phenomenon over a wider
area that was entirely unpredicted. In addition, errors
related to the fixed reference station are always associ-
ated with such observations, and a fundamental solution,
for example, using the average of multiple stations as ref-
erence, is required.

Therefore, the evaluation of the prediction performance
depends on the existence of the linear deformation v. The
vt term itself is small; however, as it represents a linear
deformation, it accumulates in one direction over time,
resulting in an error of a maximum 10 cm in 10 years.
Nevertheless, the model in Eq. (4), which considers v, can
be modeled with an error of less than a few centimeters in
10 years. The future prediction depends on whether the
assumption of Eq. (4) holds true; if a phenomenon, such
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Fig. 14 Comparison between simple differences and functional model in crustal deformation discernment. a Difference between the 10-day
averages of May 20-29 and June 26-July 5, 2018. b Subtracting the functional model of this study from a

as v occurs, then the error will increase with time. There-
fore, the residuals from the time series at each station in
time should be examined in the practical operation of
the functional model, and this model should be adjusted
as needed. No sudden large shift has been observed in
the past 10 years; hence, even if the functional model
remains unchanged, it will not pose a practical problem
if we use the relative values of time change instead of the
absolute values of the functional model (e.g., NS compo-
nent of 2.0- and 3.9-year models in Fig. 2).

Use case of the functional model

Our functional model can be applied over a wide area at
one time and can be computed using only the location
and time to predict the future. For example, the uplift
continues along the Pacific coast of the Tohoku region;
thus, it is extremely challenging to decide the tide level
to which the port facilities should be upgraded; however,
if the amount and timing of the future uplift can be accu-
rately predicted, the functional model could contribute to
such future planning.

In this section, we present two examples of discern-
ing minute crustal deformations. In general, to discern
small crustal deformations from the time series, a sim-
ple and common approach is to set one fixed station as a

reference in the vicinity according to the target location
and period and further estimate the trend for each obser-
vation station to eliminate the fluctuations over a wider
area.

Crustal deformations of the Boso Peninsula offshore
SSE that occurred from the end of May to July 2018
(Ozawa et al. 2019) are depicted in Fig. 14 as an exam-
ple of local variability extraction. In Fig. 14a, wherein a
simple difference is considered between the two periods
(difference between the 10-day averages of May 20-29
and June 26-July 5, 2018), the postseismic deformations
of the 2011 Tohoku-Oki earthquake are scattered, and
the pattern is nonuniform; however, in Fig. 14b, where
the temporal variation is determined from the time series
data after the predictions of the spatiotemporal model
were removed, only the SSEs in the Boso Peninsula are
clearly extracted, and the extraction power of crustal
deformation is incomparable to that of the simple differ-
ence between the two periods.

As the widespread phenomenon of the postseismic
deformation of a major earthquake appears uniformly
within the local range, considering the simple difference
between the two periods within the local range is typi-
cally sufficient. Therefore, the value of this model is in its
ability to extract the phenomena over a wider area. The
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subsidence band in Fig. 11a may be one of the examples
occurring in a wider area. As an example of discerning
minute changes over a wide area, the load deformation
due to snow accumulation (Heki 2001) is illustrated in
Fig. 15. The residuals of the functional model were calcu-
lated from the observed values on and around March 11
of each year after the earthquake (except for 2015), and
the average values were drawn, because the deepest snow
cover typically occurs in early March (Fig. 15). Creating
such a figure for a slight change of 0.1-0.2 cm requires
complicated operations, such as modeling the change at
each station; however, in this case, the figure can be easily
drawn by simply subtracting the functional model.
Considering the daily variations in the GNSS observa-
tions, we cannot merely express the accuracy of our func-
tional model; however, if the average value of the GNSS
observations is appropriately used, it can be implemented
to detect signals of several millimeters over the entire model
area; for example, it was the power of the functional model
that led to the discovery of the existence of v after 2015.

Thus, the model is a powerful tool with various applications
for discerning small and gradual changes over a wide area.

Concluding remarks

The functional model for the postseismic deformation of
large earthquakes by Tobita (2016) with statistical pro-
cessing using a model with two logarithmic functions and
one exponential function allows us to draw the following
conclusions:

(1) The functional model can predict the postseismic
deformation of the 2011 Tohoku-Oki earthquake
with good accuracy even after 10 years over a wide
area exceeding 1000 km.

(2) The same time constants of the time function are
applicable for all observation stations and compo-
nents; when these time constants change, the distri-
bution of the spatial function for each time function
varies at a certain rate for all observation stations,
absorbing the change in the total functional model.
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Therefore, despite the differences in the original
time constants for each observation station, the
overall functional model can be well fitted to the
time variation for each observation station.

From the residuals of this functional model, a
linear change began silently in 2015, without
being accompanied by major events. The pattern
occurred as a form in which a new change had been
added as a linear deformation, and continued as of
2020, accumulating at a maximum of approximately
1 c¢cm per year. This phenomenon was observed
over the entire area used in this study; furthermore,
when the phenomenon was simulated as a slip on
the plate surface, in addition to the afterslip area
north of Fukushimaken-Oki and its vicinity, a new
slip appeared in the Urakawa-Oki area. The areas,
where the new slip has sparsely occurred since 2015
coincided with the asperity areas that tend to cause
unique earthquakes.

The functional model was modified by incorporat-
ing the new slip since 2015 in the form of a linear
approximation, thereby remarkably improving the
overall prediction performance of the functional
model. Residuals of the functional model from the
observed data were highly effective in discerning
the occurrence of other events that were not post-
seismic deformations; hence, they can be applied in
various fields.

The spatial distribution of the functional model for
each time constant is similar to that of the afterslip
and the viscoelastic relaxation by an independently
computed physical model; that is, each time func-
tion relates to the time-dependent physical pro-
cesses.

The comparison of the functional and physical
models revealed that the viscoelastic relaxation
near the land had a relatively short time constant,
and that the fluctuations caused by the viscoelastic
relaxation exhibited a wide range of time constants
ranging from a few days to > 1000 days.

The evolution of the slip zone on the plate surface
revealed that the 2011 Tohoku-Oki earthquake
occurred on the shallow side of the pre-2011 stick-
ing zone, whereas the afterslip occurred adjacent
to the deep side of the main shock. Subsequently, a
temporary slip was observed on the northeast side
of the afterslip area and Urakawa-Oki in the first
half of 2015, which was followed by assuming the
occurrence of a new slip after 2015 that spread to
the entire deeper side of the plate surface.
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Additional file 1: Fig. S1. Observed and predicted postseismic deforma-
tion using the functional model. Deformation is depicted for the four
stations of a Minase, b Miyako, ¢ Yamoto, and d Choshi (Fig. 1). The three
components of east-west (EW), north-south (NS), and up—-down (UD) are
drawn for each station from the day after the earthquake to 2026.5. Black
dots represent daily observations. Dashed lines represent the time series
of predicted values for each fitting period (2.0, 3.9, 5.8, and 8.9 years). Fig.
S2. Difference in the fitting period. a 2.0-year model of the short-period
logarithmic term in Eq. (1), b 3.9-year model of the short-period loga-
rithmic term in Eq. (1), c a minus b. Values for each term represent three
years after the earthquake (March 11, 2014), with the values immediately
after the earthquake set to zero. Fig. S3. Residuals between the observed
values and the 3.9-year model. Each component of a east-west (EW), b
north-south (NS), and ¢ up—down (UD) is drawn for the Minase, Miyako,
Yamoto, and Choshi stations (Fig. 1). Gray dots represent the residuals of
the 3.9-year model based on Eq. (1). Black dots represent the residuals of
the predicted values by adding a linear deformation term after 2015 to the
3.9-year model based on Egs. (3) and (4). Light blue, straight lines repre-
sent the fittings to the gray dots from December 2015 to December 2020.
Fig. S4. Observed and predicted postseismic deformation. Deformation

is depicted for the four stations of a Minase, b Miyako, ¢ Yamoto, and d
Choshi (shown in Fig.1). The three components of east-west (EW), north—
south (NS), and up-down (UD) are drawn for each station from the day
after the earthquake to 2026.5. Gray dots represent the daily observations
used for the fitting period of the 3.9-year model. Black dots represent the
daily observations during the prediction period. Red lines represent the
predicted values based on Egs. (3) and (4) other lines represent specific
terms in Egs. (3) and (4) (see text). Fig. S5. Residuals of the functional
models with different fitting periods. Residuals are depicted for the four
stations of a Minase, b Miyako, ¢ Yamoto, and d Choshi (Fig. 1). Residuals
of the three components of east-west (EW), north—south (NS), and up-
down (UD) are drawn for each station from the day after the 2011 Tohoku-
Oki earthquake to 2026.5. As a reference value, we use the 3.9-year model
(the spatial functions with the fitting period of 3.9 years and the time
constants of the 3.9-year model [S3.9T3.9]). Blue lines represent the residu-
als of the time series for the spatial functions with the fitting period of 2.0
years and the time constants of the 2.0-year model [S2.0T2.0]. Green lines
represent the residuals of the time series for the spatial functions with the
fitting period of 2.0 years and the time constants of the 3.9-year model
[S2.0T3.9]. Red lines represent the residual of the time series for the spatial
functions with the fitting period of 3.9 years and the time constants of the
2.0-year model [S3.9T2.0]. Fig. S6. Ratio of the spatial function for different
time constants. a Blue line represents the total length of short-period
logarithmic term in Eq. (1) for the time function with the time constant

of the 3.9-year model. Red line represents the total length with the time
constant of the 2.0-year model. Pink line represents the ratio of the total
length for the 2.0-year to the 3.9-year model. Light green line represents
the average of the ratios. As the ratios become unstable as the value of
the total length becomes smaller, they are sorted by the total length
obtained for the 3.9-year model. Therefore, the average calculation is
performed sequentially starting from one with the larger length for each
component, and is terminated when the standard deviation of the aver-
age value becomes markedly larger (shown as the area defined by the
light green line). b Same as a for the long-period logarithmic term in Eq.
(1). c Same as a for the exponential term in Eq. (1). Fig. S7. Checkerboard
resolution test result of geodetic inversion used in this study. a Synthetic
slip on the plate surface. b Inverted slip from the synthetic data of syn-
thetic slip with Gaussian error of 1 cm for horizontal components and 5
cm for vertical components.
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