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Abstract—On the 11th March 2011, a megathrust event, called

the Tohoku-oki earthquake, occurred at the North American-Pacific

plate interface off northeast Japan. Transient crustal movements

following this earthquake were clearly observed by a dense GPS

network (GEONET) on land and a sparse GPS/Acoustic position-

ing network on seafloor. The observed crustal movements are in

accordance with ordinary expectations on land, but not on seafloor;

that is, slowly decaying landward movements above the main

rupture area and rapidly decaying trench-ward movements in its

southern extension. To reveal the cause of such curious offshore

crustal movements, we analyzed the coseismic and postseismic

GPS array data on land with a sequential stepwise inversion

method considering viscoelastic stress relaxation in the astheno-

sphere, and obtained the following results: The afterslip of the

Tohoku-oki earthquake rapidly proceeds for the first 1 year on a

high-angle downdip extension of the main rupture, which occurred

on the low-angle offshore plate interface. The theoretical patterns

of seafloor horizontal movements due to the afterslip and the vis-

coelastic relaxation of coseismic stress changes in the

asthenosphere are essentially different both in space and time;

inshore trench-ward movements and offshore landward movements

for the afterslip, while overall landward movements for the vis-

coelastic stress relaxation. General agreement between the

computed horizontal movements and the GPS/Acoustic observa-

tions demonstrates that the postseismic curious offshore crustal

movements can be ascribed to the combined effect of afterslip on a

high-angle downdip extension of the main rupture and viscoelastic

stress relaxation in the asthenosphere.

Key words: The 2011 Tohoku-oki earthquake, postseismic

crustal movements, GPS data, GPS/Acoustic data, afterslip, vis-

coelastic stress relaxation.

1. Introduction

The 2011 Tohoku-oki earthquake, a megathrust

event occurred at the North American-Pacific plate

interface, brought about not only coseismic but also

postseismic crustal movements in an extensive region

of northeast Japan. The postseismic transient crustal

movements were observed by a dense GPS network

(GEONET) on land, operated by Geospatial Informa-

tion Authority of Japan (GSI), and a sparse GPS/

Acoustic positioning network on seafloor, operated by

Japan Coast Guard (JCG). Figure 1 shows the post-

seismic horizontal displacements for the first 3 years

together with the coseismic displacements. For the

coseismic displacements in Fig. 1a, the GPS/Acoustic

observations on seafloor (Sato et al. 2011) are consis-

tent in sense (trench-ward) with the GPS observations

on land. However, for the postseismic crustal move-

ments in Fig. 1b, they are not consistent with each

other. The GPS observations show overall trench-ward

movements, whereas the GPS/Acoustic observations

(Watanabe et al. 2014) show landward movements

above the main rupture area and trench-ward move-

ments in its southern extension. In addition, the time-

series data of GPS/Acoustic station coordinates

(Watanabe et al. 2014) show that the characteristic

decay time of the former landward movements is much

longer than that of the latter trench-ward movements.

The cause of the postseismic crustal movements is

considered to be afterslip at the plate interface and

viscoelastic stress relaxation in the asthenosphere.

First, using an elastic half-space model, namely

ignoring the effect of viscoelastic stress relaxation in

the asthenosphere, Ozawa et al. (2012) and Perfettini

and Avouac (2014) estimated afterslip distribution

from the postseismic GPS data on land for almost the
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same period (the first 7 and 9 months, respectively),

though the results are totally different. Then,

Hashima et al. (2014) and Diao et al. (2014)

demonstrated the importance of the contribution of

viscoelastic stress relaxation to the postseismic

crustal movements through a forward numerical

simulation of co- and post-seismic internal deforma-

tion and a comparison of the inversion results of

postseismic GPS data with a simple afterslip model

and a combined afterslip-viscoelastic relaxation

model, respectively. Using the combined afterslip-

viscoelastic relaxation model, Yamagiwa et al.

(2015) estimated coseismic slip and afterslip distri-

butions simultaneously from the whole data set of

GPS and GPS/Acoustic observations at and after the

Tohoku-oki earthquake.

On the other hand, to explain the postseismic

curious seafloor movements, Sun et al. (2014) inno-

vated a finite element model with complex

rheological structure. Given the coseismic slip dis-

tribution by Iinuma et al. (2012) and the afterslip

distribution by Ozawa et al. (2012), they tried to tune

the viscosity parameters but could not explain the

postseismic seafloor movements at two GPS/Acoustic

stations off Iwate and Fukushima. Sun and Wang

(2015) resolved this problem by introducing the

shallow afterslip areas off Iwate and Fukushima.

Using a finite element plate-subduction model, Suito

(2017) examined individually the contributions of

viscoelastic relaxation in the mantle wedge and the

oceanic mantle to the postseismic crustal deforma-

tion. Hu et al. (2016) modeled afterslip as transient

deformation in a thin weak shear zone with Burgers

rheology distributed along the plate interface. Given

the coseismic slip distribution by Iinuma et al.

(2012), they tried to tune the viscosity parameters of a

finite element plate-subduction model so as to explain

the observed postseismic crustal movements in

northeast Japan.

In this study, to reveal the cause of curious sea-

floor movements after the 2011 Tohoku-oki

earthquake, we analyze the coseismic and postseis-

mic GPS data on land with a sequential stepwise

inversion method considering viscoelastic stress

relaxation in the asthenosphere. First, we explain the

sequential method of stepwise inversion. Then, we

estimate the spatiotemporal distribution of afterslip

together with the coseismic slip distribution. Finally,

Figure 1
Coseismic and postseismic horizontal displacements associated with the 2011 Tohoku-oki earthquake. a Coseismic displacements on land

(white arrows) and seafloor (gray arrows). b Postseismic displacements on land (white arrows) and seafloor (gray arrows) for the first 3 years

following the main shock. The white triangle represents the reference point (GPS station 960534) to plot the displacement vectors on land.

The gray broken line indicates the northeastern margin of the Philippine Sea plate overriding the Pacific plate. The GPS/Acoustic station

codes, KAMN, KAMS, MYGI, MYGW, FUKU, and CHOS, are the abbreviations of Kamaishi North, Kamaishi South, Miyagi, Miyagi West,

Fukushima, and Choshi, respectively
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from the estimated results, we compute the horizontal

movements due to afterslip and viscoelastic stress

relaxation, and compare them with the offshore GPS/

Acoustic observations.

2. The Method of Inversion Analysis

Interplate megathrust events, such as the 2011

Tohoku-oki earthquake, generally cause large stress

concentrations at the tips of main ruptures and non-

negligible stress changes in not only the elastic

lithosphere but also the viscoelastic asthenosphere.

The stress concentrations are eventually released by

the occurrence of aftershocks in a shallow brittle zone

and the progress of afterslip in a deep brittle–ductile

transition zone. The stress changes in the astheno-

sphere vanish sooner or later because of their

viscoelastic relaxation. Crustal responses to the

afterslip and the viscoelastic relaxation are different

both in space and time. So, given proper plate inter-

face geometry and proper crust-mantle rheological

structure, we can estimate spatiotemporal afterslip

distribution together with coseismic slip distribution

from observed co- and post-seismic crustal move-

ments using a sequential method of stepwise

inversion.

2.1. GPS Time-Series Data

As the co- and post-seismic crustal movement

data of the Mw9.0 Tohoku-oki event, we use daily

horizontal coordinates of GPS stations (GEONET F3-

Solution) in northeast Japan (Fig. 1) for the period of

3.5 years from just before the main rupture on the

11th March 2011. The vertical components would

also provide some additional information to estimate

afterslip distribution, if the structure model used for

inversion analysis is sufficiently accurate. However,

there exists a significant systematic discrepancy

between the actual structure and our structure model

(a standard elastic–viscoelastic layered half-space

model), which will cause a bias in the estimation of

afterslip distribution. As demonstrated by Muto et al.

(2016), for example, the vertical components are

much sensitive to the structural discrepancy in

comparison with the horizontal components, and so

we did not use the vertical components in the present

analysis.

To separate the crustal movements coming from

the coseismic slip, afterslip and viscoelastic relax-

ation from the GPS time-series data, we fit a

parametric model:

diðtÞ ¼ ai þ bit þ
XQ

q¼1

ciqsinð2pqtÞ þ
XQ

q¼1

c0iqcosð2pqtÞ

þ
XR

r¼1

sirHðt � TrÞ þ si0Hðt � T0Þ

þ
X3

j¼1

gij 1 � e�ðt�T0Þ=sj
h i

Hðt � T0Þ ði ¼ 1; 2Þ

ð1Þ

to the time-series of each horizontal coordinate

component (i = 1 or 2) at every GPS station. Here,

the first term on the right side of Eq. (1) is an

adjustable constant, the second term is a secular trend

determined from interseismic GPS data, the third and

fourth terms are the seasonal variations with periods

less than or equal to 1 year, the fifth term is coseismic

steps associated with intraplate aftershocks at t = Tr
(r = 1, …, R), and the last two terms represent the

crustal movements coming from the coseismic slip at

t = T0 and the subsequent afterslip and viscoelastic

stress relaxation.

Given a linear trend bi determined from GPS

time-series data for an interseismic period (March

1998–February 2008), we estimated the optimum

values of the adjustable parameters, ai, cq
i , c

0

q
i , sr

i , s0
i ,

and gj
i, in Eq. (1) for each coordinate component at

every GPS station with the least-squares method.

Here, we chose the appropriate number of Q with

Akaike’s Information Criterion (AIC; Akaike 1974).

As for the three relaxation time constants (s1, s2 and

s3), assuming their orders to be 10-2, 10-1 and

100 year, we numerically searched their appropriate

values that minimize the total variance of misfits.

After the optimization of adjustable parameters, we

pick out the last two terms in Eq. (1) as the crustal

movements coming from the coseismic slip, afterslip

and viscoelastic relaxation:

Vol. 175, (2018) Interpretation of Offshore Crustal Movements 561



d̂iðtÞ ¼ ŝi0Hðt � T0Þ

þ
X3

j¼1

ĝij½1 � e�ðt�T0Þ=sj �Hðt � T0Þ ði ¼ 1; 2Þ:

ð2Þ

For instance, the white vectors in Figs. 1a, b show the

coseismic and postseismic displacements of the 2011

Tohoku-oki earthquake reproduced from only the

second-to-last and last terms in Eq. (1), namely the first

and second terms on the right side of Eq. (2), respec-

tively. It should be noted that the coseismic

displacements in Fig. 1a contain some displacements

due to the interplate aftershocks occurred on the 11th

and 12th March 2011, though their contribution is not

significant. Similarly, the postseismic displacements in

Fig. 1b contain some displacements due to the inter-

plate aftershocks occurred after the 12th March 2011.

Following Noda et al. (2013), we transform the

reproduced GPS horizontal displacements in Eq. (2)

into the average horizontal strains of triangular

elements composed of adjacent three GPS stations.

We constructed the optimum triangular mesh from

the GPS stations with the method of Delaunay

triangulation as shown in Fig. 2a. According to

Ohzono et al. (2012) and Takada and Fukushima

(2013), some volcanic regions along the backbone

range in northeast Japan have been subjected to

abnormal inelastic deformation after the Tohoku-oki

earthquake. So, we reduced the weights of strain data

corresponding to these regions (the black triangles in

Fig. 2a) to one-tenth of those for the others.

2.2. Model Setting

In northeast Japan, the Pacific (PAC) plate is

descending beneath the North American (NAM) plate

as shown in Fig. 1. In the south of this region, the

Philippine Sea (PHS) plate is descending beneath the

NAM plate and running on the PAC plate at its

northeastern margin. In Fig. 2b, the 3-D geometry of

the NAM-PAC plate interface is shown by the iso-depth

contours (Hashimoto et al. 2004). We represent the

spatiotemporal fault-slip distribution wðg; tÞ on the

NAM-PAC plate interfaceRðgÞ by the superposition of

known basis functions SijðgÞ in space and Tk(t) in time.

Specifically, for each of the orthogonal components of

fault-slip vector, the spatial distribution is represented

by the superposition of 917 normalized bicubic B-

splines, SijðgÞ ¼ Biðg1ÞBjðg2Þ, with the local supports

of 16 km both in orthogonal directions as shown in

Fig. 2b. On the other hand, the temporal distribution is

simply represented by the superposition of Heaviside

functions, Tk(t) = H(t - kDt), with the time lag of kDt
(k = 1, …, K). To sum up, the spatiotemporal fault-

slip distribution is formally represented as:

wðg1; g2; tÞ ¼
XI

i¼1

XJ

j¼1

XK

k¼0

aijkBiðg1ÞBjðg2ÞHðt � kDtÞ;

ð3Þ

where aijk are the unknown coefficients to be determined

from the GPS data, and I, J andK denote the numbers of

basis functions, Bi(g1), Bj(g2) and H(t - kDt), used for

representing the spatiotemporal fault-slip distribution.

As for the crust-mantle rheological structure, on

the basis of a study on coseismic and postseismic

crustal movements by Matsu’ura and Iwasaki (1983),

we use a standard elastic–viscoelastic layered half-

space model consisting of a 60 km-thick elastic

surface layer and a Maxwell-type viscoelastic sub-

stratum with the viscosity of 1 9 1019 Pa s

(Table 1). The thickness of elastic surface layer and

the viscosity of viscoelastic substratum are almost the

same as those used in the preceding studies: e.g.,

50 km and 2 9 1019 Pa s for Diao et al. (2014);

50 km and 9 9 1018 Pa s for Yamagiwa et al. (2015).

2.3. Observation Equations

Given a spatiotemporal fault-slip distribution

wðg; tÞ for t C 0 on a plate interface RðgÞ, we can

generally represent the quasi-static horizontal dis-

placements ui(x, t) due to the fault slip motion as:

uiðx; tÞ ¼
Z t

0

ds
Z

R
Uiðx; t � s; g; 0Þ _wðg; sÞdg

ði ¼ 1; 2Þ:
ð4Þ

Here, Uiðx; t; g; sÞ denote the quasi-static displace-

ment responses at the surface of an elastic–

viscoelastic layered half-space under gravity to a unit

step slip at the plate interface, and the dot indicates

differentiation with respect to time t. The concrete

expressions of the quasi-static displacement
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responses are given in Fukahata and Matsu’ura

(2006), for example. From Eq. (4), Noda et al. (2013)

derived the expressions of quasi-static surface dis-

placements at (t = T0) and after (t = t0 ? T0; t0 [ 0)

the coseismic slip as:

uiðx; t0 þ T0Þ ¼ ðt0 þ T0Þ
Z

R
U1

i ðx; gÞVplðgÞdg

� ðt0 þ T0Þ
Z

RS

U1
i ðx; gÞ _wsðgÞdg

þ
Z

RS

Uiðx; t0; g; 0ÞwcðgÞdg

þ
Z t0

0þ
ds

Z

RS

Uiðx; t0 � s; g; 0Þ _waðg; sþ T0Þdg: ð5Þ

Here, U1
i ðx; gÞ � Uiðx; t ! 1; g; 0Þ denote the

completely relaxed displacement responses to a unit

step slip. The first and second terms on the right side

of Eq. (5) represent the surface displacements due to

steady slip at a plate convergence rate VplðgÞ over the

whole plate interface RðgÞ and steady slip-deficit at

the rate of _wsðgÞ in a seismogenic region RSðgÞ,
respectively. The third and fourth terms represent the

viscoelastic responses (instantaneous elastic response

and transient response due to stress relaxation in the

asthenosphere) to the coseismic slip wcðgÞ and the

subsequent afterslip waðg; tÞ, respectively.

In this study, the first and second terms in Eq. (5)

are replaced with the secular trend determined from

GPS time-series data for an interseismic period.

Then, we can relate the spatiotemporal fault-slip

distributions at and after the 2011 Tohoku-oki

earthquake:

Figure 2
GPS triangular elements and model setting. a The triangle network of GPS stations, determined by the Delaunay triangulation. The weight of

strain data for the black triangle elements is taken to be one-tenth of those for the other triangle elements. b The model region used for

inversion analysis. The circles indicate the peak points of bicubic B-splines distributed on the NAM-PAC plate interface. The iso-depth

contours at the interval of 10 km represent the depth to the plate interface from the solid earth surface (Hashimoto et al. 2004)

Table 1

The structural parameters of the elastic–viscoelastic layered half-space model

Thickness (km) Density (kg/m3) Rigidity (GPa) Bulk modulus (GPa) Viscosity (Pa s)

Lithosphere 60 3000 40.0 66.7 ?
Asthenosphere ? 3400 60.0 130.0 1 9 1019
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wðg; t0 þ T0Þ ¼ wcðgÞHðt0Þ þ
Z t0

0þ
_waðg; sþ T0Þds

t0 � 0; ð6Þ

to the reproduced GPS time-series data in Eq. (2)

through the modified expression of Eq. (5),

u0iðx; t0 þ T0Þ ¼
Z

RS

Uiðx; t0; g; 0ÞwcðgÞdg

þ
Z t0

0þ
ds

Z

RS

Uiðx; t0 � s; g; 0Þ _waðg; sþ T0Þdg:

ð7Þ

As mentioned in Sect. 2.2, we represent the

temporal variation of fault slip in Eq. (6) by the

superposition of Heaviside functions H(t - kDt) with

the time lag of kDt (k = 1, …, K) as:

wðg; t0 þ T0Þ ¼
XK

k¼0

DwkðgÞHðt0 � kDtÞ

0� t0 �KDt

ð8Þ

with

Dw0ðgÞ ¼ wcðgÞ; ð9Þ

DwkðgÞ ¼
Z kDt

ðk�1ÞDt
_waðg; sþ T0Þds ðk ¼ 1; . . .;KÞ:

ð10Þ

Here, it should be noted that DwkðgÞ means the total

slip during the k-th time step. Then, rewriting Eq. (7)

as:

u0iðx; t0 þ T0Þ ¼
XK

k¼0

Hðt0 � kDtÞ

�
Z

RS

Uiðx; t0 � kDt; g; 0ÞDwkðgÞdg

0� t0 �KDt; ð11Þ

we obtain the following observation equations for

each GPS station at x = xp (p = 1, …, N):

d̂iðxp; t0 þ T0Þ ¼
XK

k¼0

Hðt0 � kDtÞ

�
Z

RS

Uiðxp; t0 � kDt; g; 0ÞDwkðgÞdgþ ei

0� t0 �KDt: ð12Þ

Here, ei are data errors, which are assumed to be

Gaussian with zero mean and variance r2, and

DwkðgÞ should be read as either component of slip

vector on RðgÞ.

2.4. Sequential Stepwise Inversion

To solve the observation equations for the fault-

slip increments DwkðgÞ, we use the following

sequential method of stepwise inversion. The obser-

vation equations at the initial time step (K = 0) give

a usual inverse problem of estimating the coseismic

slip distribution Dw0ðgÞ from the coseismic displace-

ments d̂iðxp; Tþ
0 Þ:

d̂iðxp; Tþ
0 Þ ¼

Z

RS

Uiðxp; 0þ; g; 0ÞDw0ðgÞdgþ ei:

ð13Þ

In general, at the time step of K (C 1), Eq. (12) can

be written as:

d̂iðxp;KDt þ T0Þ �
XK�1

k¼0

Z

RS

Uiðxp; ðK � kÞDt; g; 0ÞDwkðgÞdg

¼
Z

RS

Uiðxp; 0þ; g; 0ÞDwKðgÞdgþ ei:

ð14Þ

Here, it should be noted that the second term on the

left side of the above equation is known as the results

of the sequential inversion at the previous time steps

from 0 to K - 1. So, we can also treat Eq. (14) as a

simple inverse problem of estimating the fault-slip

increment DwKðgÞ at the K-th time step.

Lubis et al. (2013) have also used a similar

sequential procedure to estimate afterslip distribution

following the 2007 southern Sumatra earthquake

(Mw8.5) from postseismic GPS data. However, the

sequential procedure described above has a weak

point that the misfits between the data and the

theoretical values at one time step are carried over
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into the next time step. To overcome this weak point,

we modify Eq. (14) by taking difference between the

observation equations at the K-th time step and the

(K - 1)-th time step as

Dd̂iðxp;KDt þ T0Þ

�
XK�1

k¼0

Z

RS

DUiðxp; ðK � kÞDt; g; 0ÞDwkðgÞdg

¼
Z

RS

Uiðxp; 0þ; g; 0ÞDwKðgÞdgþ ei

ð15Þ

with

Dd̂iðxp;KDt þ T0Þ ¼ d̂iðxp;KDt þ T0Þ
� d̂iðxp; ðK � 1ÞDt þ T0Þ; ð16Þ

DUiðxp; ðK � kÞDt; g; 0Þ ¼ Uiðxp; ðK � kÞDt; g; 0Þ
� Uiðxp; ðK � k � 1ÞDt; g; 0Þ:

ð17Þ

At each time step, following Noda et al. (2013), we

transformed the observation equations for horizontal

displacements into those for horizontal strains. In the

method of strain data inversion, the covariance matrix

of data errors is expressed in the following form:

r2E ¼ r2ðRRT þ c2DÞ; ð18Þ

where r2 is an unknown scale factor to be determined

through the inversion analysis of observed data, R is

a matrix to transform horizontal displacement vectors

into average strain tensors for individual triangle

elements, and D is a diagonal matrix specifying the

relative weight of individual strain data. The first and

second terms on the right side of Eq. (18) correspond

to random and systematic errors, respectively. The

relative weight of systematic errors to random errors

is controlled by c2. We determined the appropriate

value of c2 so that the optimum value of r2 accords

with the variance of random noises in the GPS time-

series data for each time step. Then, we constructed a

Bayesian model with direct prior constraints on the

fault-slip components perpendicular to the direction

of plate convergence and indirect prior constraints on

the roughness of fault-slip distribution. The relative

weights of the direct and indirect prior constraints to

the observed data are objectively determined with

Akaike’s Bayesian Information Criterion (ABIC;

Akaike 1980). Further details about the practical

algorithm of Bayesian inversion analysis are given in

Matsu’ura et al. (2007) and Noda et al. (2013).

3. Spatiotemporal Distribution of Afterslip

Applying the sequential method of stepwise inver-

sion described in Sect. 2.4 to the reproduced GPS time-

series data, we estimated the spatiotemporal distribution

of afterslip together with the spatial distribution of

coseismic slip. In the present analysis, the time stepDt is

taken to be 2 months. First, we show the coseismic slip

distribution in Fig. 3a, where the contour intervals are

3 m. The spatial pattern of coseismic slip with a main

rupture area off Miyagi and a sub-rupture area off

Fukushima is consistent with those by Ozawa et al.

(2011) and Hashimoto et al. (2012), which were esti-

mated only from GPS data on land, but not with those by

Ozawa et al. (2012) and Iinuma et al. (2012), which were

estimated from both GPS data on land and GPS/

Acoustic data on seafloor. The estimated maximum slip

of 22 m and the calculated seismic moment of

3.2 9 1022 Nm (Mw8.9) are comparable to those by

Ozawa et al. (2011) and Hashimoto et al. (2012).

A series of diagrams, Fig. 3b–h, show the tem-

poral variation of cumulative afterslip distribution

from the 12th March 2011 to the 11th September

2014, where the contour intervals are 2 m. The spa-

tial pattern of afterslip with maximum beneath the

Iwate and Miyagi coastal regions hardly changes with

time. That is to say, the afterslip has mainly pro-

ceeded at the downdip extension of the main rupture.

This is a characteristic common to most of the pre-

ceding studies (Ozawa et al. 2012; Diao et al. 2014;

Yamagiwa et al. 2015) except Perfettini and Avouac

(2014). The point at issue will be whether significant

afterslip has occurred or not in a shallow part of the

plate interface, which gives a key to understanding

the frictional property of plate interfaces in subduc-

tion zones. For example, the result of inversion

analysis by Perfettini and Avouac (2014) shows a

dominant zone of shallow afterslip extending over the

main rupture area near the trench. Sun and Wang

(2015) have suggested the existence of large shallow

afterslip outside of the main rupture area. Yamagiwa
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et al. (2015) have also stated that significant afterslip

occurred in a shallow part of the plate interface off

Fukushima, the northern half of which overlaps with

the main rupture area. On the other hand, our present

result as well as the results by Ozawa et al. (2012)

and Diao et al. (2014) do not show the existence of

any significant shallow afterslip.

In Fig. 4a, b, we plot the cumulative moment of

afterslip and interplate aftershocks, respectively,

against the time after the main rupture. The moment

release by aftershocks decays very soon, and its

amount is negligible (one order of magnitude smal-

ler) in comparison with afterslip. The afterslip has

rapidly proceeded for the first 1 year after the main

rupture. The rate of moment release by afterslip

seems to be almost constant after this period. The

total amount of moment release by afterslip for the

first 3.5 years is 1.3 9 1022 Nm (Mw8.7), which is

about one third of that by the coseismic slip.

4. Postseismic Offshore Crustal Movements

From the coseismic and postseismic slip distri-

butions estimated in Sect. 3, we computed

postseismic offshore horizontal movements using

Eq. (11), and compared them with the seafloor GPS/

Acoustic observations reported by Watanabe et al.

(2014), which we did not use for the present inversion

analysis. First, we show the spatial patterns of elastic

part and viscoelastic relaxation part of the postseis-

mic horizontal movements in Fig. 5a, b, respectively.

Figure 3
Coseismic slip distribution and the subsequent afterslip evolution estimated from GPS data on land. a Coseismic slip distribution of the 2011

Tohoku-oki earthquake on the plate interface. The contour intervals are 3 m. The gray arrows indicate coseismic slip vectors. b–h Snapshots

of cumulative afterslip distribution every 6 months from the 12th March 2011 to the 11th September 2014. The contour intervals are 2 m. The

gray arrows indicate cumulative afterslip vectors. In each diagram, the plate interface is shown by the gray iso-depth contours at the interval of

10 km
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Here, Fig. 5a shows only the elastic response to

cumulative afterslip for a period from the 12th March

2011 to the 11th January 2014, which corresponds to

the period of GPS/Acoustic observation. Figure 5b

shows only the cumulative effect of viscoelastic

stress relaxation for the same period. From Fig. 5a,

we can see large trench-ward displacements in the

inshore region and small landward displacements in

the offshore region. From Fig. 5b, on the other hand,

we can see overall landward displacements with a

broad peak just above the main rupture area.

The spatial pattern of elastic responses to afterslip

in Fig. 5a can be rationally explained by the domi-

nant afterslip at a high-angle downdip extension of

the main rupture. As shown in Fig. 6, the coseismic

slip of the Tohoku-oki earthquake occurred on the

low-angle offshore plate interface, while the domi-

nant afterslip proceeded on the high-angle inshore

plate interface. The high-angle afterslip fault (red

solid line) and its updip extension (red broken line)

divide the elastic surface layer into the hanging wall

and footwall. The horizontal displacements due to

afterslip (reverse dip slip) are generally trench-ward

on the hanging-wall side and landward on the foot-

wall side. In the present case, the updip extension of

the high-angle afterslip fault intersects the earth’s

surface at a point between the GPS/Acoustic stations

MYGW and MYGI. This is the reason behind the

discontinuous change of horizontal movements from

trench-ward to landward.

In Fig. 5c, we show the total horizontal dis-

placements obtained by adding the elastic responses

to afterslip in Fig. 5a and the effects of viscoelastic

relaxation in Fig. 5b, which can be directly compared

with the seafloor GPS/Acoustic observations in

Fig. 5d. From Fig. 5c, we can see that the effects of

Figure 4
Temporal change of moment release after the 2011 Tohoku-oki

earthquake. a The cumulative moment of afterslip. b The cumu-

lative moment of aftershocks

Figure 5
Spatial patterns of observed and computed postseismic horizontal

displacements for the period of 2011/03/12-2014/01/11. a Cumula-

tive elastic responses to afterslip. b Cumulative effects of

viscoelastic stress relaxation. c Horizontal displacements obtained

by adding a and b. d Observed displacements on land (white

arrows) and seafloor (gray arrows). The solid squares in a–

c correspond to GPS/Acoustic stations in d
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viscoelastic stress relaxation in the asthenosphere

suppress the trench-ward movements on the hanging-

wall side and enhance the landward movements on

the footwall side. The spatial pattern of the total

horizontal displacements is consistent with the sea-

floor GPS/Acoustic observations as a whole. From

Fig. 5d, we can see that the postseismic horizontal

movements at KAMS and MYGI on the footwall side

are landward, and those at FUKU and CHOS on the

hanging-wall side are trench-ward. The horizontal

displacement observed at MYGW, which is located at

the tip of the hanging wall, is trench-ward but very

small. This is well explained by the composite effect

of the trench-ward movement due to afterslip and the

landward movement due to viscoelastic relaxation.

The elastic responses to afterslip and the effects of

viscoelastic relaxation are essentially different not

only in spatial pattern but also in temporal change. In

Fig. 7, we show the temporal changes of observed

and computed postseismic horizontal movements at

three representative GPS/Acoustic stations, MYGI,

MYGW and FUKU. From the calculation results

shown in the lower half of Fig. 7, we can see that the

elastic responses to afterslip (open squares) decay

soon with the time constant of about 1 year, while the

effects of viscoelastic relaxation (open triangles)

almost linearly increase with time for the first 3 years

after the main rupture. Then, the relative weight of

these two elements controls the transient behavior of

postseismic horizontal movement (open circle) at

each station. For instance, at MYGI the effect of

viscoelastic relaxation is dominant, at FUKU the

elastic response to afterslip is dominant, and at

MYGW the elastic response to afterslip and the effect

of viscoelastic relaxation cancel each other out.

General agreement between the computed horizontal

movements and the seafloor GPS/Acoustic observa-

tions, shown in the upper half of Fig. 7, demonstrates

that the postseismic curious seafloor crustal move-

ments were caused by the combined effect of afterslip

on a high-angle downdip extension of the main rup-

ture and viscoelastic stress relaxation in the

asthenosphere.

Figure 6
Surface displacements due to afterslip on the high-angle downdip extension of the coseismic slip zone. The vertical section of Fig. 5a at

38.0�N is shown. The blue and red sections of the plate interface represent the coseismic slip and afterslip zones of the 2011 Tohoku-oki

earthquake, respectively. The red broken line indicates the updip extension of the high-angle afterslip fault. MYGW and MYGI are the codes

of GPS/Acoustic stations
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5. Discussion

In this study, to reveal the cause of the curious

offshore crustal movements observed after the 2011

Tohoku-oki megathrust earthquake, we analyzed the

coseismic and postseismic GPS time-series data on

land with a sequential stepwise inversion method

considering the viscoelastic stress relaxation in the

asthenosphere. Interplate megathrust events, such as

the Tohoku-oki earthquake, generally cause large

stress concentrations at the tips of main ruptures and

non-negligible stress changes not only in the elastic

lithosphere but also in the viscoelastic asthenosphere.

The stress concentrations are eventually released by

aftershocks in a shallow brittle zone and afterslip in a

deep brittle–ductile transition zone. The stress

changes in the asthenosphere vanish sooner or later

because of their viscoelastic relaxation. The moment

release by aftershocks is smaller by one order mag-

nitude than that by afterslip as shown in Fig. 4. Then,

the main cause of postseismic crustal movements is

considered to be afterslip at the plate interface and

viscoelastic stress relaxation in the asthenosphere.

Crustal responses to afterslip and viscoelastic

stress relaxation are essentially different both in

space and time. So, it is possible to estimate the

spatiotemporal distribution of afterslip from observed

postseismic crustal movements by using a proper

inversion method. In addition, to obtain unbiased

results of the inversion analysis, we need to use (1)

proper plate interface geometry, (2) proper crust-

mantle rheological structure, and also (3) a consistent

Figure 7
Temporal changes of observed and computed postseismic horizontal movements. Upper half: Observed horizontal displacements at the

seafloor GPS/Acoustic stations, MYGI, MYGW and FUKU (Watanabe et al. 2014). Lower half: Computed horizontal displacements. The

open squares, triangles, and circles represent elastic responses to afterslip, effects of viscoelastic relaxation, and the sum of them (total

displacements), respectively
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coseismic slip distribution, which causes coseismic

stress changes in the asthenosphere. Diao et al. (2014)

and Yamagiwa et al. (2015) as well as the present

study performed simultaneous inversion for coseis-

mic and postseismic slip distributions with a standard

crust-mantle rheological structure model to satisfy

the second and third requirements, but Sun and Wang

(2015) and Hu et al. (2016) did not.

In our common understanding, as mentioned

above, afterslip is considered to occur in a deep

brittle–ductile transition zone so as to release the

stress concentrations caused at the tip of main rup-

ture. Then, we need to examine the validity of

estimation results from such a point of view. In

Fig. 8, we plot the locations of the estimated

coseismic slip zone (indicated by black contours) and

main afterslip zone (indicated by thick gray contours)

together with the locations of large interplate after-

shocks (Mw C 6.0) for the first 3.5 years after the

Tohoku-oki earthquake. From this figure, we can see

that the stresses concentrated at the tip of main rup-

ture were certainly released by aftershocks in a

shallow brittle zone and afterslip in a deep brittle-

ductile transition zone. In the case of Diao et al.

(2014), the eastern half of the deep afterslip area

overlaps with the western half of the shallow main

rupture area. In contrast, in the case of Yamagiwa

et al. (2015), there exists a significant gap between

the deep afterslip area and the shallow main rupture

area. In either case, some rational explanation would

be needed for justifying the estimation results.

One of the causes for the difference in estimation

results between the present study and Yamagiwa

et al. (2015) may be in the difference of the data sets

used for inversion analysis: the former used GPS data

only, while the latter used both GPS data and seafloor

GPS/Acoustic data. Another cause may be in the

difference of the plate interface geometries used for

inversion analysis. We plot the vertical sections of the

NAM-PAC plate interface off Miyagi (Hashimoto

et al. 2004; Miura et al. 2005; Nakajima and Hase-

gawa 2006; Hayes et al. 2012) used for estimating the

coseismic slip and afterslip distributions of the 2011

Tohoku-oki earthquake in Fig. 9, where the blue line

gives a reference geometry, which was deduced from

a wide-angle reflection and refraction study. For

example, the present study as well as Hashimoto et al.

(2012) used the plate interface model by Hashimoto

et al. (2004), while Yamagiwa et al. (2015) as well as

Ozawa et al. (2011, 2012) and Iinuma et al. (2012)

used the plate interface model by Nakajima and

Hasegawa (2006). The model by Hashimoto et al.

(2004) is very close to the reference geometry, but

significantly different in dip-angle at the depths from

the model by Nakajima and Hasegawa (2006). In the

case of Yamagiwa et al. (2015) with the Nakajima-

Hasegawa plate interface model, the updip extension

of the dominant afterslip fault intersects the earth’s

surface at a point about 50-km east off MYGI. So, the

discontinuous change of horizontal movements from

trench-ward to landward as shown in Fig. 6 does not

occur at any point between MYGW and MYGI.

Conversely, the systematic error of plate interface

geometry would lead to some bias in the estimation

of not only afterslip but also coseismic slip

distribution.

Figure 8
Spatial distributions of the coseismic slip, cumulative afterslip, and

interplate aftershocks associated with the 2011 Tohoku-oki earth-

quake. The distribution of coseismic slip is shown by the black

contours at the intervals of 3 m. The distributions of cumulative

afterslip and large interplate aftershocks (Mw C 6.0) for the first

3.5 years after the main shock are shown by the thick gray contours

at the intervals of 3 m and the focal spheres with their size

proportional to Mw, respectively
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6. Conclusions

Transient crustal movements following the 2011

Tohoku-oki megathrust earthquake were clearly

observed by a dense GPS network (GEONET) on

land and a sparse GPS/Acoustic positioning network

on seafloor. The postseismic offshore crustal move-

ments seems to be curious; slowly decaying landward

movements above the main rupture area and rapidly

decaying trench-ward movements in its southern

extension. To reveal the cause of such curious off-

shore crustal movements, we analyzed the coseismic

and postseismic GPS array data on land with a

sequential method of stepwise inversion considering

viscoelastic stress relaxation in the asthenosphere,

and obtained the following results. The afterslip of

the Tohoku-oki earthquake has rapidly proceeded for

the first 1 year at a high-angle downdip extension of

the main rupture on the low-angle offshore plate

interface. The theoretical patterns of postseismic

horizontal movements due to the afterslip and the

viscoelastic stress relaxation in the asthenosphere are

essentially different both in space and time; inshore

trench-ward movements and offshore landward

movements for the afterslip, while overall landward

movements for the viscoelastic stress relaxation.

General agreement between the computed horizontal

movements and the GPS/Acoustic observations

demonstrates that the postseismic curious offshore

crustal movements can be ascribed to the combined

effect of afterslip on a high-angle downdip extension

of the main rupture and viscoelastic stress relaxation

in the asthenosphere.
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