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Abstract

One of the important issues on the GPS‐acoustic (GPS‐A) observation for sea bottom
positioning is how to address the horizontal heterogeneity of the sound speed in oceans. This study
presents an analysis method of GPS‐A data in the presence of a sloping sound speed structure. By applying
this method and revising the analysis scheme to make full use of existing data, we reevaluated the
horizontal postseismic deformations occurring ~1.5–5 years after the 2011 Tohoku earthquake. The revised
horizontal movements have more uniform directions and rates between neighboring sites, suggesting
enhancement of the array positioning accuracy. The revised displacement rate of the site on the incoming
Paciﬁc plate, located ~100 km northeast of the main rupture zone, was decreased signiﬁcantly; it was only
slightly, by 1.4 cm/year larger than the global motion of the Paciﬁc plate, suggesting a relatively small
effect of viscoelastic relaxation. The horizontal movements of the near‐trench sites above the main rupture
zone were generally landward and were signiﬁcantly faster than the Paciﬁc plate motion, indicating a
viscoelastic relaxation of 5–10 cm/year. The distribution of the fast landward movements peaked near 38°N
at an updip of the mainshock hypocenter and extended signiﬁcantly farther to the north than to the south.
This implies the existence of a secondary coseismic slip patch in the northern area in addition to a
primary slip patch at ~38°N. The occurrence of episodic slow slip in early 2015 to the north of the main
rupture zone was also veriﬁed from the GPS‐A analyses.

1. Introduction
Since the GPS‐acoustic (GPS‐A) technique for seaﬂoor geodesy was devised in the 1980s (Spiess, 1985), it has
been developed by several research groups and has yielded many signiﬁcant results for geoscience (e.g.,
Chadwell & Spiess, 2008; Fujita et al., 2006; Gagnon et al., 2005;Ikuta et al., 2008; Kido et al., 2006; Kido
et al., 2011; Matsumoto et al., 2006; Tadokoro et al., 2006; Sato et al., 2011; Watanabe et al., 2014; Sun
et al., 2014; Tomita, 2018; Tomita et al., 2015, 2017; Yokota et al., 2016; Yasuda et al., 2014, 2017). It has
become necessary to enhance the accuracy of the positioning and to realize more efﬁcient observations with
an increasing number of seaﬂoor benchmarks. One of the important issues is how to address the horizontal
heterogeneity of the sound speed in oceans. In most of the aforementioned previous studies, a horizontally
stratiﬁed structure was assumed for the sound speed. Although this assumption is primarily valid, some
horizontal variation in the sound speed are present in actuality and can cause systematic errors in array
positions of as much as several centimeters (e.g., Kido, 2007).
The effect of horizontal variation in sound speed on the array positioning is illustrated in Figure 1 through a
degenerated two‐dimensional (2‐D) case including a two‐transponder array on a ﬂat seaﬂoor. When
observing above the array center, the travel times to the two transponders should be equal as long as the
sound speed structure is horizontally stratiﬁed. However, if the sound speed actually has horizontal
variation to a certain depth and is assumed to be slower toward the right side of the ﬁgure, a smaller travel
time should be obtained for the left transponder than for the right one. The position of the array should
appear more to the right than its actual location if a horizontally stratiﬁed structure is postulated. As the
example clearly shows, an essential effect of horizontal variation is the difference in travel time delay
between transponders.
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Horizontal heterogeneity in the sound speed is caused by several factors
such as internal waves, a sloping temperature distribution, and the presence of anomalous water masses. Internal waves were generally observed
in GPS‐A observations as time ﬂuctuations in sound speed for periods of
several tens of minutes to a few hours (e.g., Kido et al., 2006; Spiess
et al., 1998; Tomita et al., 2015). However, phenomena at such short time
scales have only an insigniﬁcant effect on the array positioning because
generally, an observation time of 10 to 20 hr is devoted to a single campaign to compensate for the effects of short‐period ﬂuctuation. Of greater
importance are phenomena under a steady state or at long time scales that
can leave horizontal bias in the sound speed structure during the
observation time.
In this study, we develop a method of array positioning that considers a
persistent horizontal gradient as a ﬁrst‐order approximation of horizontal
variation in the sound speed. We consider that the effect of variations
whose wavelength is not long enough (<~10 km) to approximate them
as linear variations within the scale of the array dimension would be less
signiﬁcant, because they are expected to be relatively short‐lived, and
Figure 1. Schematic drawing showing the effect of horizontal variation in
therefore, their effect on the array position would be largely canceled
the sound speed on the array positioning.
out by usual observation periods of 10–20 hr. The problem setting is similar to that described in previous works by Kido (2007), Yasuda et al.
(2017), and Yokota et al. (2018a), although they assumed a speciﬁc observation style or sound speed structure. It is shown herein that the effects of the gradient are ﬁnally integrated into two independent quantities
despite the assumption of a more generalized sloping structure. In addition, we explain the relationship
between our approach and the previous methods in the formulation of gradient effects and the application
to actual data. By applying the proposed method and using an improved analysis scheme to make full use of
existing data (Honsho & Kido, 2017), we reevaluate the offshore postseismic deformation following the 2011
Tohoku earthquake by revising and updating our previous results of horizontal movement (Tomita et al.,
2017). Finally, we discuss the implications of our results on viscoelastic relaxation, coseismic slip, and afterslip associated with the Tohoku earthquake.

2. Observation and Data Collection
2.1. Observation Sites and Campaigns
We conducted 124 campaigns in total at 20 sites, G01–G20, located along the Japan trench at latitude
36–41°N from September 2012 to September 2016, approximately 1.5–5.5 years after the 2011 Tohoku earthquake (Figures 2a and 2b). Nine campaigns have been newly added to the former study of Tomita et al.
(2017): four campaigns in each of Cruises #9 and #12 and one, at site G11, in Cruise #1. Three to six precision
acoustic transponders (PXPs) were placed on the seaﬂoor for each site, forming a square or triangle (inset of
Figure 2a) with a horizontal dimension comparable to the water depth. Each site was surveyed approximately six times on average every 6 to 12 months. The present study was motivated by the necessity to
enhance the accuracy of the array position in each campaign and thus to compensate for insufﬁcient observation frequency. Our group focused more on the ﬁxed‐point surveys above the array center (Spiess, 1985;
Spiess et al., 1998) than the moving surveys and thus typically spent at least 10 hr on the former and several
hours on the latter during a single campaign. In certain campaigns, a moving survey was not conducted
owing to limited ship time. As demonstrated subsequently, moving surveys are required in principle to apply
the method considering the gradient of the sound speed. As a result, 23 of the 124 campaigns were eliminated from the analysis considering the gradient, as shown by the gray‐ﬁlled circles in Figure 2b.
2.2. GPS Antenna Position, Ship Attitude, and Travel Time Data
The data set used in this study is essentially the same as that used by Tomita et al. (2017). Because the data
acquisition has been described in detail by Tomita et al. (2015, 2017), only a brief outline is provided here.
The GPS antenna position was determined to be 2 Hz as measured through long‐baseline kinematic GPS
analysis using interferometric translocation software (Colombo, 1998). The International Terrestrial
HONSHO ET AL.
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Figure 2. Overview of this study. (a) Locations of the 20 observation sites G01–G20 (squares). Six observation sites of the Japan Coast Guard are shown together
(triangles). Three types of array conﬁguration with three, four, or six PXPs are indicated by color. (b) One hundred twenty‐four campaigns conducted at sites
G01–G20 during Cruises #1–12 from September 2012 to September 2016. The array positioning analysis considering gradient was applied to 101 campaigns (light‐
green circles). (c) Analysis ﬂow. See main text for the detail. NTD = nadir total delay; PXprecision acoustic transponder.

Reference Frame 2008 (Altamimi et al., 2011) was used as the coordinate system of a reference onshore GPS
station. The ship attitude was measured by using an equipped ﬁber‐optic or ring‐laser gyro in Cruises #6, #8,
#11, and #12 or a GPS gyro in the other cruises. The attitude data were ﬁnally resampled at 2 Hz in accordance with the GPS sampling rate. The acoustic ranging was executed at intervals of 30 or 60 s during the
campaign period, which typically continued for 10–15 hr. The length and carrier frequency of the acoustic
signal were 25 ms and 10 kHz, respectively. By calculating the cross correlation between the transmitted
and received signals, the round‐trip travel times were determined at an accuracy of 10 μs.
In our former studies (Tomita et al., 2015, 2017), the following approach developed by the Scripps Institution
of Oceanography (Spiess, 1985; Spiess et al., 1998) was adopted: Once the array geometry is roughly determined, then ﬁxed‐point surveys above the array center are conducted repeatedly on a campaign basis to
determine the horizontal array displacements. Accordingly, although the moving survey was actually conducted during more than one campaign at individual sites, moving survey data of only a certain campaign
were utilized to determine the array geometry. By contrast, all available data of both moving and ﬁxed‐point
surveys were employed in this study to determine the array geometry and array displacements by using a
revised analysis scheme known as multiple campaign analysis (Honsho & Kido, 2017). As a result, the
HONSHO ET AL.
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total amount of travel time data was revised to ~1.5 times that reported by Tomita et al. (2017), and the accuracy of the array geometry was greatly improved.
2.3. Sound Speed Proﬁle
Reference vertical proﬁles of the sound speed, which are referred to as v0(z) in the following section, were
obtained from oceanographic observation data collected during the individual campaigns. This is another
difference from Tomita et al. (2017), in which a sound speed proﬁle was prepared for each site based on
an open climatological database, World Ocean Atlas 2013 (Locarnini et al., 2013; Zweng et al., 2013) and
was used commonly for all campaigns at the site. Small differences in the reference proﬁles generally have
no effect on the results of the array positioning as long as the Scripps Institution of Oceanography approach
is adopted. However, reference proﬁles can have a signiﬁcant effect when analyzing travel time data with
various emission angles collected during moving surveys (Watanabe, 2016).
The sound speed in seawater depends on the temperature, practical salinity, and pressure. Among these factors, the temperature varies signiﬁcantly with time and place, particularly in shallow parts. We typically conducted one to three expendable bathythermograph casts for each campaign, whereby the temperature to a
depth of 1,750 m was measured. Conductivity‐temperature‐depth (CTD) measurements, reaching near the
sea bottom, were intensively conducted at most sites during Cruise #11 (Figure 2b); several other expendable
CTD (XCTD) or CTD measurements were conducted during earlier cruises. All of these available data were
utilized to produce vertical proﬁles of the sound speed by using the formula given by Wong and Zhu (1995),
which is a translated version of the original equation by Chen and Millero (1977) for adopting the temperature scale ITS‐90. A single vertical proﬁle of the sound speed was produced for each campaign as follows.
First, several available proﬁles for the shallow part (<1,750 m), which are based on expendable bathythermograph, CTD, and XCTD measurements conducted during a certain campaign, were averaged to produce
a mean proﬁle. The proﬁle was then spliced with a CTD‐ or XCTD‐based proﬁle in the deeper part; if no CTD
measurements were conducted during a campaign, which was the most common case, the measurements
obtained at the same site but during other campaigns were applied. This is reasonable because seasonal variations in temperature are considered to be rather small in the deep part (>~1,200 m; Watanabe & Uchida,
2016). For site G18, the CTD‐based proﬁle of a neighboring site, G19, was substituted because CTD measurement has yet to be conducted at this site. Following Honsho and Kido (2017), the sound speed was reduced
by 0.06% prior to use in the analysis because the speed calculated with the formula given by Wong and Zhu
(1995) is generally faster than that inferred from GPS‐A observations.

3. Analysis Methods
3.1. Overview
The analysis ﬂow is shown in Figure 2c. First, two types of analysis were conducted to determine (1) the position of the transducer relative to the GPS antenna, hereafter referred to as the TR‐ANT offset, for each cruise
and (2) the array geometry and rigid displacements of the array at the time of campaigns for each site, which
is also known as multiple campaign analysis (Honsho & Kido, 2017). A horizontally stratiﬁed structure was
assumed for the sound speed in these analyses. The TR‐ANT offset should be determined for each cruise
because different measurement systems and vessels were used. For the TR‐ANT offset analysis, data from
all campaigns conducted during a cruise were used together, as indicated by the vertical blue lines in
Figure 2b. By using the TR‐ANT offset values obtained, the geometry of the array and its displacements were
determined simultaneously for each site by using data from all campaigns conducted at the site, as shown by
horizontal red lines in the ﬁgure. The obtained array geometries were then used for the second TR‐ANT offset analysis to renew the TR‐ANT offset values. The two analyses were repeated until the solutions did not
change, although in actuality, a single repetition is sufﬁcient to achieve convergence. Next, array positioning
analysis considering the sloping sound speed structure (horizontal gradient of sound speed structure) was
conducted for each campaign to reevaluate the array displacements.
In this section, we focus on the theory of array positioning by considering the sloping sound speed structure
and its application to the actual data. Honsho and Kido (2017) presented the basic aspects of the analyses
assuming a horizontally stratiﬁed sound speed structure. A supplemental description of the TR‐ANT offset
analysis is provided in the supporting information in the present study (Text S1).
HONSHO ET AL.
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3.2. Travel Time Delay Arising From Sloping Sound
Speed Structure
We ﬁrst introduce slowness, which is useful for describing the travel time
delay caused by perturbation of the sound speed. Slowness is deﬁned as a
reciprocal of the speed, namely, s = 1/v; thus, its perturbation is deﬁned as
δs ¼ 1=ðv þ δvÞ−1=v;

(1)

where v and δv are the sound speed and its perturbation, respectively.
Because the perturbation in slowness represents the delay in travel time
per unit length arising from δv, the travel time delay can be obtained by
integrating δs along the acoustic path as
δT ¼ ∫δsdl:

(2)

We begin with an acoustic path in a 2‐D space (Figure 3). The sound speed
is assumed to ﬂuctuate slightly with time and space by δv(x,z,t) with
respect to a steady, horizontally stratiﬁed structure v0(z). We represent
the sloping sound speed structure through a perturbation in slowness, which increases linearly with the horizontal coordinate x at each depth z:

Figure 3. Schematic drawing of an acoustic path in a 2‐D space traveling
through a sloping sound speed structure. PXprecision acoustic transponder.

δsðx; z; t Þ ¼ δsð0; z; t Þ þ δsx ðz; t Þ x:

(3)

Approximating the acoustic path within the velocity ﬂuctuating layer as a straight line, the path is expressed
as
x ¼ x 0 þ z tanθ;

(4)

where x0 and θ indicate the position of the observation and the signed emission angle, that is, the signed
nadir angle of the path measured from the downward direction to the positive x axis, respectively
(Figure 3). We conﬁrmed by numerical experiments that the error in travel time delay arising from the
straight path approximation was expected to be small enough (<3 μs), which is insigniﬁcant compared to
the observation accuracy of travel time in our case (10 μs), in case δs was uniform with depth. In order to
verify the approximation, the angle θ needs to be determined appropriately, as will be explained later in
section 3.3.1. By substituting equations (3) and (4) into (2) and using dl = dz/ cos θ, we obtain
δT vert ≡δT cosθ ¼ c0 ðt Þ þ gðt Þ x 0 þ wðt Þ tanθ

(5)

with
D

c0 ðt Þ ¼ ∫0 δsð0; z; t Þdz;
D

gðt Þ ¼ ∫0 δsx ðz; t Þdz;
D

wðt Þ ¼ ∫0 δsx ðz; t Þz dz;

(6)
(7)
(8)

where D is the bottom depth of the velocity ﬂuctuating layer, in which δs ≠ 0. The effect of an arbitrary
depth‐distributed sloping structure of the slowness, expressed by equation (3), can be concisely described
by only the three quantities, which are integrals of its level and gradient along with the depth rather than
their detailed distributions. We call c0, g, and w the uniform nadir total delay (NTD; Honsho & Kido,
2017), the NTD gradient, and the directional NTD, respectively. Among them, g and w both represent the
contribution of the gradient δsx to the travel times, although their effects on the array positioning are essentially different. The NTD gradient (g) causes a delay associated with the position of the ship (equation (5)),
which is a common delay among the travel times for PXPs acquired by ranging at the same time and observation point. Therefore, neither g nor c0 causes such errors shown in Figure 1. Instead, directional NTD (w)
provides different delays between the PXPs, thereby affecting the array positions. We typically use a single
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vessel for observations and thus have only one observation point at each
point in time. Therefore, we cannot separate the contributions of c0(t)
and g(t) in practice. In this context, we may newly deﬁne the sum of the
ﬁrst and second terms in equation (5) as c(t), which we refer to herein
as the on‐the‐spot NTD. Thus, equation 5 can be rewritten as
δT vert ¼ cðt Þ þ wðt Þ tanθ:

Figure 4. Illustration of ranging at time ti in a four‐precision acoustic transponder array. The example indicates the quantities in the observation
equation (14).

(9)

This formulation is essentially the same as that previously presented by
Kido et al. (2007), which is a modiﬁed version of the formulation given
by Kido (2007). Kido (2007) showed that equation (9) is valid also for
the case boundary surfaces between layers of different slowness are
inclined. Kido (2007) clariﬁed that only the directional NTD (w) is crucial
for array positioning, and the present study additionally shows that the
formulation is still valid for a more generalized sloping structure and clariﬁes the physical meanings of c and w. We also note that g and w in equation (5) correspond to what are referred to as “ﬁrst‐order gradient” and
“second‐order gradient” by Yokota et al. (2018a).
In a 3‐D space, the sloping structure of the slowness perturbation represented by equation (3) is rewritten as

δsðx; y; z; t Þ ¼ δsð0; 0; z; t Þ þ δsx ðz; t Þ x þ δsy ðz; t Þ y;

(10)

b
δT vert ¼ cðt Þ þ w ðt Þ·h

(11)

and equation (9) becomes

with
 D

D
w ðt Þ ¼ ∫0 δsx ðz; t Þz dz; ∫0 δsy ðz; t Þz dz ;
b ¼ ð tanθ sinα; tanθ cosαÞ;
h

(12)
(13)

where θ and α indicate an unsigned angle from the vertical direction and an azimuth of the acoustic path,
respectively. Although w as well as c should vary with time in actuality, we treat w as unchanging because
it is a bias remaining after averaging over the observation time and has a signiﬁcant effect on the array positioning, as previously mentioned. Therefore, the effect of the sloping sound speed structure is now represented by a time‐invariant 2‐D vector w.
3.3. Array Positioning Considering Sloping Sound Speed Structure
3.3.1. Observation Equation
Array positioning is an analysis technique used to determine array displacement assuming that the relative
positions between PXPs are unchanged, that is, the array moves rigidly (e.g., Spiess et al., 1998). In array
positioning that assumes a horizontally stratiﬁed sound speed structure, the array displacement and time
ﬂuctuations of the sound speed during each campaign are determined for the given initial positions of the
PXPs as unchanging array geometry and the reference depth proﬁle of the sound speed. To incorporate
the gradient effect in the array positioning, an additional term was added to the right side of the conventional
observation equation assuming horizontal stratiﬁcation (equation 3 in Honsho & Kido, 2017), as
b i;k ;
ξ i;k T i;k ¼ ξ i;k f ðδp; ri ; pk ; v0 ðzÞÞ þ cðt i Þ þ w·h

(14)

where Ti,k is the observed travel time to the kth PXP acquired by the ith shot at time ti, δp is rigid array displacement, ri is a transducer position at time ti, and pk is the initial position of the kth PXP as determined
previously in the multiple campaign analysis (Figure 4). Function f produces the round‐trip travel time
through ray tracing between a transducer and a PXP positioned at ri and pk + δp, respectively, assuming
HONSHO ET AL.
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a horizontally stratiﬁed sound speed structure v0(z). The coefﬁcient ξi,k is
a scaling factor used to normalize the travel time in the vertical direction
according to the slant of the path in the ﬂuctuating layer. The scaling
factor is deﬁned as the ratio of the synthetic travel time along a vertical
path to the depth D, the assumed bottom depth of the ﬂuctuating layer,
to that along the raypath, that is, ξ ¼ T vert
D =T D (Honsho & Kido, 2017).
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


Accordingly, the tangent in equation (13) is given as
1−ξ 2 =ξ 2 in
the actual calculation by regarding ξ as the cosine. Note that the
directional NTD (w) is now deﬁned to produce a delay of a round‐trip
travel time, it corresponds to the double value of w deﬁned regarding a
one‐way travel time in equation (11). The time variation of the on‐the‐
spot NTD, c(t), is represented through the superposition of a ﬁnite numM

Figure 5. Effects of PXP displacement and sloping sound speed structure on
travel time in a 2‐D space. (a) Schematic drawing showing a change in slant
range by a slight PXP displacement. (b) Comparison of the two effects.
Changes in vertically normalized travel time are plotted against γ = tan θ.
PXprecision acoustic transponder.

ber of basis functions as cðt Þ ¼ ∑m¼1 am Φm ðt Þ. In the actual calculation,
cubic B‐splines were used for basis functions and distributed at 250‐s
intervals over the time length of individual campaigns. The model parameters to be determined are then the array displacement δp (a 3‐D vector), directional NTD (w, a 2‐D vector), and expansion coefﬁcients
am (m = 1, … , M).
3.3.2. Separation of Array Displacement and Gradient
The simple example shown in Figure 1 indicates that the array displacement cannot be distinguished from the gradient, that is, δp cannot be
separated from w in some cases. In this section, we consider the data
requirements for the separation of the two quantities. We begin with a
2‐D case again and assume the sound speed to be uniform (v0) for simplicity. If a PXP is displaced slightly by δp (Figure 5a), the travel time changes
by approximately δp sin θ/v0, and its vertically normalized quantity
becomes
δT vert ≈

δp sinθ cosθ δp γ
¼
;
v0
v0 γ 2 þ 1

(15)

where γ ≡ tan θ. On the contrary, if the sound speed has a sloping structure, it causes a vertically normalized
travel time delay of δTvert = wγ, as indicated in equation (9). The delays in the vertically normalized travel
time arising from these two factors are compared in Figure 5b. The ﬁgure shows that the effects of the displacement and gradient on travel times, although somewhat different, are quite similar. In particular, when
the PXP is located near the observation point (γ~0), the effect of displacement (blue line) is approximately
proportional to γ and thus cannot be distinguished from that of the gradient (red line). It is clear that ranging
data with at least two different, nonzero∣γ∣, that is, two different, nonzero emission angles, are needed to distinguish the two effects. This indicates that the travel time data collected during a point survey at the center
of a three‐PXP equilateral triangle array or a four‐PXP square array have little information for the separation
of the array displacement and gradient because they have nearly the same emission angles, as shown by the
array conﬁgurations in the Figure 2a inset. For these sites, moving surveys are therefore indispensable for
acquiring ranging data with various emission angles for solving the gradient. For the six‐PXP sites, however,
the separation is possible even without a moving survey because the array is conﬁgured such that the three
inner and three outer PXPs are positioned at different distances from the center.
3.3.3. Constraint From NTD Gradient
We determined that the array displacement and gradient are distinguishable in principle if a suitable data set
is used. However, both experiments using actual data and numerical tests revealed that the problems of poor
determination or signiﬁcant misinterpretation of the gradient can occur under certain circumstances. The
former problem likely arises when the data are insufﬁcient in quantity and quality for reducing random
errors to a sufﬁcient level to resolve the array displacement and gradient. This often occurs for the three‐
or four‐PXP arrays because the data collected during a ﬁxed‐point survey at the array center, which generally
outweigh the amount of data obtained during a moving survey to a signiﬁcant degree, have little information
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Figure 6. Examples of the variations of the on‐the‐spot NTD during campaigns of Cruise #3 in a six‐PXP site G04 (a) and
of Cruise #5 in a four‐PXP site G18. NTD = nadir total delay; PXprecision acoustic transponder.

for resolving the two quantities. The problem appears tangibly in the analysis results as large estimation
errors. The latter problem, misinterpretation of the sound speed gradient, can occur because the solution
is relatively easily inﬂuenced by model error, that is, deviation of the actual horizontal variation from the
assumed linear variation. This problem can arise even in six‐PXP arrays for which ﬁxed‐point survey data
are as informative as moving survey data. In contrast to the former problem, the latter tends to result in
systematic estimation errors and thus does not clearly appear in the analysis results. Numerical tests
revealed that even horizontal variations of the sound speed that are ﬂat as a ﬁrst‐order approximation can
be misinterpreted as having a certain gradient, thereby causing signiﬁcant errors in the estimates of the
array displacement. This misinterpretation can intrinsically arise because the number of PXPs, which is
six at most, is insufﬁcient in certain cases for properly approximating the actual horizontal variations in
the sound speed as linear variations.
To resolve these problems, we employed the information of the NTD gradient. Figure 6a shows on‐the‐spot
NTDs during a campaign obtained from the analyses assuming horizontal stratiﬁcation that were plotted
against time (right panel) or on a map along the ship tracks (left panel). Although all of these variations were
assumed to be temporal, a clear spatial trend appeared such that the NTD was lower in the west and higher
in the east. In addition, the amplitude of the NTD variations was signiﬁcantly greater during the moving survey than that during the ﬁxed‐point survey. This suggests that a considerable portion of the variations that
occurred during the moving survey may actually be spatial variations caused by the ship's movement in a
ﬁeld having a persistent NTD gradient. For example, a positive eastward NTD gradient is strongly implied
for the case of Figure 6a. In principle, the NTD gradient (g) and the directional NTD (w), deﬁned by equations (7) and (8), respectively, are independent quantities. However, they are related if the depth distribution
of the gradient is speciﬁed. If the gradient of the slowness perturbation is assumed to be uniform with depth,
that is, if δsx(z) in equations (7) and (8) is a constant, it can be immediately derived that
w ¼ ðD=2Þ g:

(16)

By using the above relationship and assuming a particular value for D, we can obtain an estimate of w
through g, which can be determined to a certain degree from the spatial distribution of the on‐the‐spot
NTD during a moving survey. The assumption of a uniform gradient with depth may greatly impair the
HONSHO ET AL.
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generality of the sloping sound speed structure. However, given that our data are only somewhat capable of
determining w, we adopted this as an appropriate and practical measure for a more robust determination.
Yasuda et al. (2017) adopted essentially the same measures and utilized variations in the travel time delay
associated with the ship movement for determination of w.
Substituting equation (16) into equation (14), we can rewrite the observation equation as
ξ i;k T i;k ¼ ξ i;k f ðδp; ri ; pk ; v0 ðzÞÞ þ c0 ðt i Þ þ g·hi;k ;

(17)



b i;k ;
hi;k ¼ r i x ; r i y þ ðD=2Þ h

(18)

with

where (ri ¯ x, ri ¯ y) is a 2‐D vector of the horizontal components of ri. Then, to discriminate the combined
effect of the NTD gradient and the ship's movement from the true time variations of the uniform NTD,
c0(t), we impose a constraint that c0(t) is small to a certain degree. Representing c0(t) by the superposition
M
of basis functions as c0 ðt Þ ¼ ∑m¼1 am Φm ðt Þ, the constraint is expressed as
am ¼ 0 ðm ¼ 1; …; M Þ:

(19)

As the constraint becomes stronger, large on‐the‐spot NTD variations that occur during moving surveys
(Figure 6a) need to be considered as spatial variations caused by the NTD gradient and the ship's movement
rather than time variations of the uniform NTD. The optimal strength of the constraint was determined by
using Akaike's Bayesian information criterion (Akaike, 1980) calculated by using the algorithm of Yabuki
and Matsu'ura (1992). We provide further descriptions on applying the method to actual data in the supporting information (Text S2). However, it should be noted here that the solution now becomes dependent on the
assumption of D (the bottom depth of the ﬂuctuating layer) to a certain degree because the directional NTD
(w) is now related to the NTD gradient (g) through D (equation (16)). We ﬁnally assumed D to be 500 m,
although the results did not change signiﬁcantly at D = 1,000 m, as shown also in the supporting information
(Text S2 and Figures S3 and S4).
Yasuda et al. (2017) and Yokota et al. (2018a) both took a step‐by‐step approach in which the unknowns in
the problem, such as the array or PXP position, temporal variation of the sound speed, and horizontal gradient of the sound speed, are determined individually in each step. With this approach, however, a certain
solution can be obtained even for indeﬁnite problems. By contrast, we solved them at once using the observation equation including all the unknowns, as shown in equation (14) or (17), thereby clarifying the trade‐
off between the model parameters and how it was resolved.

4. Results
4.1. Horizontal Gradient
The magnitude of the NTD gradient,∣g∣, obtained from the 101 campaigns to which the gradient analysis was
applied ranged from 0.01 to 0.45 ms/km or was 0.12 ms/km in the mean. The gradient had various azimuth
and magnitude among the campaigns and exhibited neither a clear seasonal nor spatial trend. Changes in
the array position brought by the consideration of the gradient ranged from 0.3 to 11.0 cm, or was 3.1 cm
in the mean, in horizontal distance. As explained in section 3.3.2, it is expected that the gradient (g) and array
displacement (δp) has a trade‐off with each other. From equations (9), (15), and (16), they are approximately
related as
2

δp γ
Dg
γ;
≈ wγ ¼
v0 γ 2 þ 1
2

(20)

where γ ≡ tan θ. Note that the factor 2 on the left side is required here because the NTD gradient (g) was
deﬁned in actual application as to cause delay in round‐trip travel time. Using the relationship and the most
common value of γ ~ 0.5 (θ ~ 27°) in our observations, a change of the array position caused by the mean
gradient 0.12 ms/km can be estimated to be ~2.8 cm, which is in good agreement with the above mean of
array position changes (3.1 cm). The NTD gradients and array position changes are plotted together in
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Figure S5 in the supporting information. The ﬁgure shows, as expected, that the array positions moved in the
nearly opposite direction of the gradient. The estimation errors of the NTD gradient and the array position
were 0.02 ms/km and 0.6 cm in the mean, each of which affects vertically normalized travel time nearly
equally by ~3 μs.
The NTD gradient of 0.12 ms/km approximately corresponds to a uniform gradient of the sound speed of
0.27 m/s/km within the surface layer to the depth D = 500 m, as calculated through the relationship
g = 2D/(v+1 × gv) − 2D/v~ − 2Dgv/v2, where v and gv represents the sound speed and its gradient, and assuming v = 1,500 m/s. Yokota et al. (2018a) observed a sound speed gradient of ~0.07 m/s/km for one of the GPS‐
A benchmarks of the Japan Coast Guard (JCG), called HYG2, which is ~1,900 m in water depth and located
in the region of the Kuroshio, which is a strong warm ocean current running off the southern coast of Japan.
The value of the sound speed gradient was estimated assuming a uniform gradient over the entire depth.
Because travel time delay arising from the sound speed gradient increases with the square of the depth to
which the gradient is present, the sound speed gradient of 0.07 m/s/km estimated for the depth of 1,900 m
corresponds to that of 0.07 × (1,900/500)2 ~ 1 m/s/km in a 500 m‐thick layer. This value is about 4 times
the mean gradient and close to the maximum gradient obtained in this study.
4.2. Array Displacement
The array displacements ultimately obtained are shown as red circles in Figure 7; the previous results of
Tomita et al. (2017) are shown as black circles. Their values are given in Table S1 in the supporting information. For the 23 campaigns excluded from the gradient analysis, as indicated by gray‐ﬁlled circles in Figure 2
b, we adopted the results from multiple campaign analysis assuming a horizontally stratiﬁed sound speed
structure. Coseismic steps caused by the two successive aftershocks (Mw7.2 for each) on 7 December 2012
have been corrected for sites G10–G12, G14, and G16; the original data are given in Table S2 in the supporting information of Tomita et al. (2017). The array positions at individual campaigns were ﬁrst modiﬁed from
the previous results of Tomita et al. (2017) through revision of the analysis scheme, via adaptation of the
multiple campaign analysis (Honsho & Kido, 2017), by 0.6–11.7 cm in horizontal distance or 5.4 cm in the
mean. Then, as previously explained in section 4.1, the data were further modiﬁed by 0.3–11.0 cm, or 3.1
cm in the mean, by applying the positioning method considering the gradient. The two modiﬁcations are
shown individually in Figure S6 and explained in detail in Text S3 in the supporting information. These
results indicate that the impact of the two modiﬁcations in the analysis method differs among the campaigns
and that both of them made signiﬁcant contribution to the revision of array positions. Finally, the total differences in array position from the previous results amounted to 0.2–15.8 cm or 6.0 cm in the mean.
4.3. Displacement Rate
It is expected that the movements at the sites can be primarily approximated as steady linear motion because
the observation period does not include the initial fast transient during the ﬁrst year after the mainshock. We
then applied weighted least squares linear ﬁtting for estimating the displacement rates throughout the observation period for individual sites. For sites G09–G12, the array positions recorded before 2013 were not utilized because it appears that nontectonic movements might be superimposed over these sites during the
early period (Text S4 and Figure S7 in the supporting information). Estimation errors of horizontal array
positions calculated in the analysis considering the gradient are generally larger than those in the analysis
assuming horizontal stratiﬁcation. Larger estimation errors mainly result from the trade‐off between the gradient and array position. Because estimation errors do not contain possible systematic errors arising from
model error, this situation does not mean that the array positions obtained considering the gradient are less
reliable than those obtained assuming horizontal stratiﬁcation. Therefore, the estimation errors of the array
positions of the 23 campaigns excluded from the gradient analysis were deliberately doubled before being
utilized for the weighted least squares ﬁtting to avoid giving them an unreasonably high weight. Figure 7
shows the resulting ﬁtted lines as light‐red lines, along with the value of their rates. For mapping the crustal
deformation, the velocity of the North American plate, which was calculated for each site based on NNR‐
MORVEL56 (Argus et al., 2011), was subtracted from the displacement rates in the International
Terrestrial Reference Frame 2008 frame. The resulting displacement rates relative to the North American
plate, ranging from 2.4 to 13.8 cm/year, are plotted as vectors in Figure 8a and are given in Table S2 in
the supporting information. The displacement rates for the six benchmarks of the JCG, calculated from
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Figure 7. Array displacements estimated for sites G01–G20. Upper and lower panels of each sites show eastward and northward displacement, respectively. Red
and black colors indicate the results of this study and those of Tomita et al. (2017), respectively. Error bars of this study (red) show 10‐times estimation errors.
The results of linear regression are shown by light‐red lines; the value of their rates in units of centimeters per year.

the published data of the array positions (Yokota et al., 2018b; Figure S8 in the supporting information) for
nearly the same period as that of our observations, are shown as gray arrows in Figures 8a and 8b.
4.4. Comparison With Previous Results
The horizontal displacement rates show along‐trench variations that are generally similar to the previous
results of Tomita et al. (2017); Figure 8b). The displacement rate is small in the northern area including
G02–G05; large and landward in the middle area including G06–G16, where large coseismic slip occurred
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Figure 8. Horizontal displacement rates relative to the North American plate including the results of (a) and (c) this study
and (b) and (d) those of Tomita et al. (2017). The results from the six JCG sites are shown together in (a) and (b) by
gray arrows. The black arrow in (c) and (d) indicates the velocity of the Paciﬁc plate relative to the North American plate
(PAC‐NA). JCG = Japan Coast Guard.

during the 2011 Tohoku earthquake; and seaward in the southern area including G17–G20. However, some
improvements from the previous results can be recognized: The landward vectors in the middle area in this
study (dark‐blue arrows in Figure 8c) are more similar in direction than those in the previous study
(Figure 8d). Regarding the seaward vectors in the southern area (light‐blue arrows in Figures 8c and 8d),
the extremely high speed of site G17 in the previous study was reduced to be comparable to that of the other
three sites G18–G20. Considering that the major sources of displacement in the observation period are viscoelastic relaxation and afterslip of the 2011 Tohoku earthquake (e.g., Hu et al., 2016; Tomita, 2018; Wang
et al., 2018), the deformation scale should be larger than the separation of the GPS‐A sites (30–40 km).
Therefore, the movement is unlikely to vary largely between neighboring sites, and we consider that the
increased similarity in direction and rate between neighboring sites suggests the enhanced accuracy of the
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array positions. The results also indicate that the direction of the landward (seaward) vector is counterclockwise (clockwise) from the relative plate motion direction (Figure 8c) and thereby are approximately normal
to the local strike of the trench axis. The array displacements obtained in this study (red circles in Figure 7)
still contain unnatural motion for actual crustal movement, indicating that errors have yet to be completely
removed. We suspect that these remaining errors are attributed mainly to the horizontal heterogeneity of the
sound speed in the deep parts, which can have a signiﬁcant effect on array positioning despite its relative
smallness (Matsui et al., 2018). Nevertheless, the improvements mentioned above suggest that the accuracy
of the array positions was enhanced to a considerable extent by considering the effect of a sloping structure
in the shallow parts as well as by introducing multiple campaign analysis.
The three JCG sites in the middle part, KAMN, KAMNS, and MYGI, have nearly the same directions, which
fall within the variation of landward movement of our sites. The most landward JCG site, MYGW, is moving
in a different direction at a signiﬁcantly smaller rate, indicating a hinge line of the systematic seaward movement observed at the onshore Global Navigation Satellite System sites (e.g., Ozawa et al., 2012; Suito, 2017;
Yamagiwa et al., 2015). The two southern JCG sites, FUKU and CHOS, are directed seaward in agreement
with our results, although the movement is at smaller rates than those of G17–G20. This indicates that
the seaward motion declines as southward as well as landward.

5. Discussion
5.1. Site on the Paciﬁc Plate
Site G01 is only the benchmark on the incoming Paciﬁc plate, located ~100 km northeast of the main rupture
zone. Movement at this site is of signiﬁcant importance in evaluating viscoelastic relaxation because it is little affected by the uncertain state of the plate interface. The estimated horizontal displacement rate of G01,
at 18.0 cm/year, was signiﬁcantly larger than the relative motion of the Paciﬁc plate (8.3 cm/year), when the
ﬁrst ﬁve campaigns were completed (Tomita et al., 2015). This suggests a signiﬁcant contribution of viscoelastic relaxation. However, the result was revised down to 12.1 cm/year after two more campaigns (Tomita
et al., 2017). This may indicate deceleration of the postseismic deformation at G01, although our observation
was infrequent and too brief in total period to conﬁrm it. The velocity was further reduced to 9.7 cm/year in
the present study (pink arrow in Figure 8c), which has now become comparable to the relative plate motion
(black arrow), 8.3 cm/year in the N68°W direction (MORVEL; DeMets et al., 2010). If the assumed plate
motion is true, the effect of viscoelastic relaxation has been relatively small at this site during our observation
period, at 1–2 cm/year. The present viscoelastic relaxation model of Sun et al. (2014) predicts a relatively
large displacement rate of ~6 cm/year for this site (Figure 2 in Tomita et al., 2017). Our results can help to
estimate more practical values of the rheological properties of the viscoelastic medium, particularly those
of the oceanic mantle and the lithosphere‐asthenosphere boundary.
5.2. Middle Area
The remarkable landward movements in the middle area are attributed primarily to viscoelastic relaxation
of stress induced by the large coseismic slip. Many studies have placed importance on the effect of viscoelastic relaxation and incorporated this effect in the modeling of postseismic deformation of the 2011 Tohoku
earthquake (e.g., Hu et al., 2016; Suito, 2017; Sun et al., 2014; Tomita, 2018; Wang et al., 2018; Yamagiwa
et al., 2015). Viscoelastic relaxation is mainly controlled by the rheological structure of the viscoelastic medium and the distribution of coseismic slip. As with Site G01, movement at the sites above the main rupture
zone should provide crucial information on these parameters.
The horizontal displacement rates of G07–G15 in the middle area are signiﬁcantly larger than the relative
motion of the Paciﬁc plate (Figure 8c). This observation alone provides strong evidence of viscoelastic relaxation and the required degree of plate coupling in this region necessary to transmit westward viscoelastic
responses in the oceanic mantle to the seaﬂoor on the overriding plate through the plate interface.
Therefore, plate subduction should also contribute signiﬁcantly to the observed movement. In the following
discussion, we roughly evaluate the contribution of viscoelastic relaxation to the observed movements
assuming full locking conditions. If the fault is not fully locked in actuality, the observed movement should
represent a fraction of the sum of movement by the plate subduction and viscoelastic relaxation. However,
the following discussion assuming full locking conditions would essentially hold also for a certain high
degree of locking conditions.
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Figure 9. Movement in the middle area. (a) Observed displacement rates (black arrows) and model rates owing to plate subduction that were calculated assuming
full fault locking (light‐blue arrows). The red star indicates the mainshock hypocenter. (b) Horizontal velocities plotted against the distance from the trench axis.
Observed and synthetic values are shown by black and light‐blue circles, respectively. (c) Viscoelastic relaxation component under full locking conditions.
Color scale and contours show horizontal velocity. (d) Same as (c) but plotted against the distance from the trench axis. Color indicates latitude of the sites.

Figure 9a shows the observed (black arrows) and synthetic movement owing to plate subduction (light‐blue
arrows), which was calculated assuming full locking of the plate interface and a uniform elastic medium.
The formulation of Okada (1992) and the gridded data of the slab geometry (Nakajima & Hasegawa, 2006;
Kita et al., 2010, available at http://www.mri‐jma.go.jp/Dep/sv/2ken/fhirose/en/en.PlateConﬁguration.
html) were used in the calculation. The velocities are also plotted against the distance from the trench axis
in Figure 9b. We considered simply elastic deformation. However, this may have been inadequate for sites
G07, G09, G11, and G15, which are in very close proximity to the trench axis, because they might be located
on the deformation prism (Tsuru et al., 2002) or in the tsunamigenic area that was greatly stretched in an
inelastic manner during the Tohoku earthquake (Fujii et al., 2011; Tsuji et al., 2013). When the fault is fully
locked, subtracting the model displacement owing to plate subduction from the observed value should give
the component of viscoelastic relaxation (Figure 9c), because afterslip is expected to have been little occurring in this area. The relative variations in the resulting viscoelastic relaxation component among the sites
are essentially the same as those of the observed movement (Figure 9a) because both the observed and model
vectors have similar directions, and the model vectors are similar in magnitude (Figure 9b). It is inferred that
the viscoelastic relaxation component at the near‐trench sites in the main rupture zone, G07–G13 and G15,
is ~5–10 cm/year, which is a requirement to be met in viscoelastic relaxation models. In most published studies of viscoelastic relaxation, any degree of decoupling along the plate interface is not taken into account in
calculating the viscoelastic relaxation process other than the initial coseismic dislocation context. An exception is the research by Hu et al. (2016), who incorporated a thin viscoelastic shear zone on the shallow part of
the plate interface. Therefore, it should be noted that most published models predict motion under full
locking conditions.
In the along‐trench variation of the viscoelastic relaxation component (Figure 9c), movement of the northernmost and southernmost sites, G06 and G16, respectively, is distinctively small for their relatively small
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Figure 10. Comparison of the viscoelastic relaxation (VR) component (black arrows; same as those in Figure 9c) with coseismic slip models (color scale and
contours) and the epicenter distribution of repeating earthquakes (gray and light‐red circles; Uchida & Matsuzawa, 2013). Coseismic slip models of (a)
Iinuma et al. (2012), (b) Ide et al. (2011), (c) Bletery et al. (2014), and (d) Romano et al. (2014) are shown. Contours of 20‐m coseismic slip are highlighted by
bold, dark‐red lines. Gray circles indicate repeaters that have been suspended after the 2011 earthquake, and light‐red circles indicate currently active repeaters.

distances from the trench axis (Figure 9d) and thus are clearly differentiated from G07–G13 and G15, the
other near‐trench sites. This result suggests that the northern (southern) limit of such large coseismic slip
necessary to drive signiﬁcant viscoelastic ﬂow is positioned at ~39.2°N (~37.5°N), which is between G06
and G07 (G15 and G16). The inferred extent appears to be in good agreement with large‐slip (>~20 m)
zones in some existing models of coseismic slip distribution obtained from seismological, seaﬂoor
geodetic, and tsunami data (Figure 10). As reported by Tomita et al. (2017), the coseismic slip distribution
of Iinuma et al. (2012) lacks the expected large slip near the trench axis to the north of ~38.7°N
(Figure 10a). However, the results obtained by incorporating seismological and tsunami data commonly
predicted large slip extending north beyond 39°N near the trench (Figures 10b–10d). Uchida and
Matsuzawa (2013) reported that repeating earthquakes have completely ceased within the main rupture
zone since the Tohoku earthquake. The distribution of those suspended repeaters, shown as gray circles
in Figures 10a–10d, also agrees well with our results.
In addition, the along‐trench distribution of the viscoelastic relaxation component (Figure 9c) is clearly
asymmetric, showing a peak near 38°N, which is the updip of the mainshock hypocenter, and extends much
farther to the north than to the south. If we assume that this distribution is attributed primarily to the coseismic slip distribution, it is inferred that another secondary slip patch existed in the north part in addition to
the primary slip patch at ~38°N. Hasegawa and Yoshida (2015) reported that this feature of two large slip
patches in the south and north areas is commonly recognized in the coseismic slip distribution models that
incorporate seaﬂoor geodetic data. Hasegawa and Yoshida (2015) performed stress tensor inversions for
events in the footwall after the 2011 Tohoku earthquake. They revealed that largest slip in the northern slip
patch reached the trench axis, whereas that in the primary southern patch occurred deeper landward. This is
consistent with the results of Sun et al. (2017), who made precise inspection of differential seaﬂoor bathymetry (Fujiwara et al., 2011) and inferred that coseismic slip increases toward the trench axis only slightly (signiﬁcantly) in the southern (northern) part at ~38°N (~38.8°N). Unfortunately, the spatial resolution of our
results from the GPS‐A observations is insufﬁcient for conﬁrming the inferred difference of across‐axis
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Figure 11. Slow slip event in early 2015 inferred from our GPS‐A observations. (a, upper map) Step motions that occurred at CE 2015.1, estimated from repeating
earthquake data (black arrows; Uchida et al., 2018) and the results of the present study (red arrows). Those from repeating earthquakes were calculated assuming a
26.6‐cm dislocation in the relative plate motion direction (N114°E) along a rectangular fault on the plate interface (gray box). (lower graphs) Results of analysis
using the array displacements at sites G03–G06 assuming a common azimuth of the step motion between the sites. The resulting step motions are plotted on the
upper map. Error bars indicate 10‐times estimation error. (b) Fitting results of three models for the movement in the N114°E direction at sites G02–G08 showing
uniform linear motion (green lines), no movement except a step at CE 2015.1 (red lines), and uniform linear motion and a step at CE 2015.1 (blue lines).

patterns of slip distribution between the northern and southern parts. However, it strongly supports the
existence of the secondary slip patch near the trench axis in the northern part.
5.3. Northern Area
Sites G02–G05 in the northern area are generally moving slowly at 2.4–2.6 cm/year, which contrasts with the
threefold increase in the seaward movement of G17–G20 in the southern area at 6.3–8.0 cm/year. This clear
difference in response to the adjacent large earthquake reﬂects the different frictional and mechanical properties of the plate interface between the northern and southern areas. It has been suggested from repeating
earthquake data that the afterslip in the northern area was small and rather episodic. The temporal variation
in the slip rate estimated from repeating earthquakes in this region (Uchida et al., 2018) shows an abrupt
increase immediately after the 2011 earthquake followed by large variations with a gradual decrease. A steep
peak in the slip rate was found in early 2015, suggesting an episodic slow slip event (SSE) on a shallow part of
the plate interface. Sites G03–G06 are located above the SSE source fault that was inferred from the repeating
earthquakes (gray box in the top panel of Figure 11a). Tomita (2018) indicated that a time series of the array
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positions of sites G03 and G04 possibly contain step discontinuities in
early 2015 in agreement with the repeating earthquake study. We
attempted to estimate the amount of displacement caused by the SSE
based on our reevaluated GPS‐A observation results. By using a time series of the array positions of sites G03–G06, the slip amount at each site and
a common slip direction were identiﬁed along with steady linear movement before and after the SSE for each site (Figure 11a). The timing of
the step is CE 2015.1, as inferred from the repeating earthquake study.
Despite the low observation frequency, the resulting slip (red arrows) is
generally in good agreement with that expected from the repeating earthquakes (black arrows). In addition, we determined that sites G03–G05
likely experienced step motion in early 2015. Following Tomita (2018),
we applied three models for the array displacement in the relative plate
motion direction (N114°E) of sites G02–G08 (Figure 11b): uniform linear
motion (green lines), no movement except a step at CE 2015.1 (red lines),
and uniform linear motion and a step (blue lines). The second model,
which has only step motion, was found to be the most relevant for sites
G03–G05 in the 2015 SSE area by the smallest Akaike information criterion values (highlighted in yellow). Moreover, we conﬁrmed that the step
motion was judged relevant for these sites almost only if it occurred at this
time, that is, between the third and fourth campaigns (Figure S9 in the
supporting information). On the contrary, the ﬁrst model without a step
was found to be most relevant for sites G02, G06, and G07. This does
not completely deny the possibility of a step at G06 because the third
model, a combination of linear motion and a step, has nearly the same
Akaike information criterion value as the ﬁrst model for the site.
Although the third model, with a step, was chosen for site G08, this result
has the opposite step direction and therefore was rejected as irrational.
Insufﬁcient observation frequency degrades the resolution; however,
these results demonstrate the capability of the GPS‐A observation for
detecting an offshore SSE.

5.4. Southern Area
The relatively large seaward movement of sites G17–G20 in the southern
area indicates intensive afterslip that releases accumulated stress in the
shallow parts of the plate interface associated with the 2011 earthquake.
The average motion direction of these sites was nearly the southeast
(N136°E), which deviates by ~20° from the global plate motion direction
of the North American plate relative to the Paciﬁc plate (N114°E;
Figure 8b). Instead, it is approximately normal to the local strike of the
trench axis (section 4.4 and Figure 8a), suggesting that strain partitioning
Figure 12. Movement of the six sites in the southern area. (a) Array tracks.
may occur in this area. It has been reported that very large afterslip
Color indicates time. The array position between the campaigns is linearly
interpolated. (b) Southeastward array positions (solid circles) and ﬁtted lines occurred immediately after the earthquake, which amounts to as much
to those in the earlier period until March 2015 (blue lines) and the entire
as several tens of centimeters in about 8 months in near‐trench areas at
period until September 2016 (red lines). (c) Southeastward displacement
35–37°N (Iinuma et al., 2016). Our results revealed that considerable
rates over the earlier period (blue circles) and the entire period (red circles).
afterslip in the southern area has been ongoing for ~5 years after the
earthquake, although the movement has become signiﬁcantly more modest than that in the earlier transient period. This declining feature can be recognized even within our observation period. Although we assumed steady linear movement, seaward movement in the southern area
appeared to be declining in actuality in a late period of our observations (Figure 12a). In order to conﬁrm
this result, we estimated the displacement rates in the southeast direction (N135°E) for the entire period
until September 2016 and for an earlier period until Cruise #7 in March 2015 (Figure 12b). Except for that
at site G19, higher displacement rates were generally obtained for the early period than for the entire period
HONSHO ET AL.

6006

Journal of Geophysical Research: Solid Earth

10.1029/2018JB017135

(Figures 12b and 12c), suggesting a general decline in afterslip more than 5 years after the earthquake in
this area.
The JCG site CHOS located at ~35°N has a signiﬁcantly smaller displacement rate than that at G17–G20
to the north, indicating that the area of intensive afterslip is limited to the south at ~36°N (Figure 8a)
and that the stress may remain unreleased farther south. It worth noting that the site CHOS is located
near the possible source region of the 1677 tsunami earthquake that occurred off the Paciﬁc coast of
the Boso Peninsula (e.g., Yanagisawa et al., 2016). Similarly, sites G02–G04 in the northern area showed
rather small movement and are located in an area in which large earthquakes and tsunamis have been
occurring repeatedly, including the 1896 Sanriku tsunami earthquake.

6. Conclusions
We developed an analysis method of GPS‐A array positioning that considers a general sloping structure of
the sound speed. Its effect on travel time is represented by two independent quantities, the NTD gradient
and the directional NTD. The directional NTD affects array positioning in theory. In practice, however, it
turned out that incorporating the information of the NTD gradient was necessary to ensure numerical stability. We applied this method and revised our previous results of horizontal movement at our 20 observation
sites off the Tohoku region. The revised movement shows greater similarity in direction and rate between
neighboring sites, suggesting the enhanced accuracy of the array positions.
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The horizontal displacement rate of site G01 on the Paciﬁc plate was rather close to the relative plate motion
velocity. This indicates that the effect of viscoelastic relaxation, at 1–2 cm/year, was smaller than that predicted from the existing model of Sun et al. (2014). The movement of the near‐trench sites G07–G13 and
G15 above the main rupture zone was generally landward and was signiﬁcantly faster than the relative
motion of the Paciﬁc plate, suggesting a considerable contribution of viscoelastic relaxation along with a certain high degree of plate coupling in this region. The viscoelastic relaxation component was estimated to be
5–10 cm/year at these sites when we assume the plate interface was fully locked. The along‐trench distribution of the viscoelastic relaxation component was clearly asymmetric, showing a peak near 38°N, at the
updip of the mainshock hypocenter, and extending much farther to the north than to the south. This implies
the existence of a secondary coseismic slip patch in the north in addition to the primary slip patch at ~38°N.
Afterslip is still occurring to the south of the main rupture zone with relatively large displacement rates,
while movement is very small to the north, suggesting different frictional and mechanical properties of
the plate interface. The occurrence of episodic slow slip in early 2015 in the northern area, which has been
inferred from repeating earthquake data, was also veriﬁed by our GPS‐A observations. The intensive afterslip in the southern area appears to be limited to the south at ~36°N, near the possible source region of
the 1677 tsunami earthquake.
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