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ABSTRACT

Numerous observations pertaining to the magnitude 9.0 2011 Tohoku-oki 
earthquake (offshore Japan) have led to new understanding of subduction 
zone earthquakes. By synthesizing published research results and our own 
findings, we explore what has been learned about fault behavior and Earth 
rheology from the observation and modeling of crustal deformation before, 
during, and after the earthquake. Before the earthquake, megathrust locking 
models based on land-based geodetic observations correctly outlined the 
along-strike location of the future rupture zone. Their incorrect definition of 
the locking pattern in the dip direction demonstrates the need to model the 
effects of interseismic viscoelastic stress relaxation and stress shadowing. 
The observation of decade-long accelerated slip downdip of the future rup-
ture zone raises new questions on fault mechanics. During the earthquake, 
seafloor geodetic measurements revealed huge coseismic displacements (up 
to 31 m). Modeling of bathymetry difference before and after the earthquake 
suggests >60 m of coseismic slip of the most seaward 40 km of the fault in 
the main rupture area, with the slip peaking at the trench. Large differences 
in shallow slip between published rupture models are due mainly to the near 
absence of near-trench deformation measurements, but model simplifications 
in fault and seafloor geometry also bear large responsibility. After the earth-
quake, seafloor geodetic measurements provided unambiguous evidence 
for the dominance of viscoelastic relaxation in short-term postseismic defor-
mation. There is little deep afterslip in the fault area where the decade-long 
pre-earthquake slip acceleration is observed. Investigating the physical pro-
cesses responsible for the complementary spatial distribution of pre-slip and 
afterslip calls for new scientific research.

INTRODUCTION

The 2011 moment magnitude (Mw) 9.0 Tohoku-oki earthquake (offshore 
 Japan) is by far the most well recorded great earthquake in history. Massive 
seismic, tsunami, and geodetic data were recorded by global and local moni-
toring networks, augmented by other types of data collected through marine 
surveys and ocean drilling. These data have exposed the anatomy of a mega-
thrust earthquake in unprecedented detail and enabled new research on the 
geodynamics of earthquake cycles. In this article, we discuss what has been 
learned from geodetically observed crustal deformation before, during, and 
after this earthquake. We do not attempt a comprehensive review, but only se-
lect what we deem to be the most relevant material from published works and 
include our own findings. We focus on static and quasi-static deformation, al-
though the scientific value of the lessons learned can be fully appreciated only 
in the context of multidisciplinary observations and modeling that encompass 
dynamic rupture processes, tsunami generation, and fault zone geology.

When addressing earthquake deformation, it is important to point out a 
rather unique aspect of the Tohoku-oki rupture: the concentration of large slip 
on a relatively small part of the fault. As is widely recognized and will be further 
discussed in the Coseismic Deformation section of this paper, the maximum 
fault slip exceeds 50 or 60 m. However, the strike length of the rupture zone is 
only ~300 km, typical of earthquakes of Mw ~8.1 based on the statistics of Wells 
and Coppersmith (1994) and in sharp contrast with the rupture zone of  the 
Mw 9.2 2004 Sumatra earthquake, Indonesia (Fig. 1). The two events shown 
in Figure 1 appear to represent two end-member types of giant earthquakes, 
with the Tohoku-oki type being very compact and the Sumatra type being very 
spread out. Accordingly, they contrast with each other in rupture duration, 
~2.5 min for Tohoku-oki and 9.0 min for Sumatra (Lay and Kanamori, 2011). 
Whatever controls the contrasting rupture behavior is an important subject of 
future research. Some of the lessons learned from the Tohoku-oki earthquake 
may be generally applicable to all subduction earthquakes, but some may be 
unique to the compact type.
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For the purpose of this study, it is useful to reiterate two important char-
acteristics of the Japan Trench subduction zone. First, the Japan Trench is an 
end-member cold-slab subduction zone, owing to the old age (ca. 130  Ma) 
of the subducting Pacific plate and the fast subduction rate (~8 cm yr–1). As 
a result, the megathrust produces small interplate earthquakes to depths of 
as much as 60 km (Nakamura et al., 2016), although large events tend to be 
confined to shallower depths (e.g., Yamanaka and Kikuchi, 2004). Other con-
sequences of cold-slab subduction include very active arc volcanism, deep ex-
tension of intraslab seismicity (Wada and Wang, 2009), and absence or rarity of 
episodic slow slip events around the mantle wedge corner accompanied with 
seismic tremor (Gao and Wang, 2017). Second, except for the southernmost 
and northernmost areas where seamount subduction is taking place, the sur-
face of the subducting plate, and by inference that of the megathrust, is mod-
erately smooth. The moderate smoothness allows the development of seismic 
rupture as large as in the 2011 Tohoku-oki event (Wang and Bilek, 2014; Gao 
and Wang, 2014; Scholl et al., 2015), but the presence of low-amplitude rough-

ness, due to the horst-graben structure of the incoming plate and shortage of 
trench sediment, is proposed to be responsible for observed spatially variable 
and complex slip behavior exhibiting seismic rupture, repeating earthquakes, 
and creep events (Wang and Bilek, 2014).

BEFORE THE EARTHQUAKE

Fault Locking and Interseismic Stress Relaxation

Before the Mw 9 Tohoku-oki earthquake, several models of interseismic 
locking of the Japan Trench megathrust had been published. They were based 
on inversion of land-based geodetic observations, primarily those of the ~400 
continuously monitoring Global Navigation Satellite System (GNSS) stations 
in northern Honshu that had been operational since the mid-1990s. These 
models did an excellent job in forecasting the along-strike location of the 
 Tohoku-oki earthquake, portraying the future rupture area as a locked patch. 
But they all did a poor job in the dip direction, in that the reported locked zone 
was much farther downdip (landward) than the actual rupture zone in 2011. The 
locked patch outlined in Figure 2 (black dashed line) approximately represents 
that determined by Nishimura et al. (2004), Suwa et al. (2006), Hashimoto et al. 
(2009), and Loveless and Meade (2010).

The excellent along-strike performance of these locking models demon-
strates that land-based geodetic data can resolve along-strike variations of 
megathrust locking at wavelengths comparable to the distance from the net-
work to the offshore seismogenic zone. The poor downdip performance has 
both observational and theoretical reasons. The observational reason is the 
lack of near-trench resolution of land-based geodetic measurements, and the 
theoretical reason is the neglect or insufficient account of viscoelastic stress 
relaxation (Wang et al., 2012). The observational issue is now widely recog-
nized and does not need further explanation; this difficulty can be overcome 
by conducting seafloor, near-trench geodetic monitoring.

The theoretical issue of viscoelastic stress relaxation is more fundamental 
and cannot always be resolved with more observations. As explained by Wang 
et al. (2012) and Wang and Tréhu (2016), the viscoelastic behavior of the asthe-
nospheric mantle causes stress relaxation not only during postseismic defor-
mation but also during interseismic deformation. After an earthquake, stresses 
induced by the earthquake are relaxed, causing time-dependent crustal defor-
mation (see the Postseismic Deformation and Afterslip section). In the inter-
seismic period, stresses being built up due to fault locking are relaxed at the 
same time, even when crustal deformation is no longer changing with time. 
This interseismic relaxation allows the effect of fault locking to reach far inland 
to cause crustal deformation, provided that the locking is sufficiently extensive 
along strike. If the viscoelastic effect is neglected or is insufficiently accounted 
for, the deformation in the inland area has to be incorrectly attributed to fault 
locking extending to large depths. This problem has also been numerically 
demonstrated by Li et al. (2015) using observations in Peru and northern Chile. 
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Figure 1. Rupture areas of the Mw 9.2 2004 Sumatra earth-
quake (Indonesia) and the Mw 9.0 2011 Tohoku-oki earth-
quake (Japan) compared at the same spatial scale. Co-
seismic slip for the Sumatra event (contoured at 5  m) is 
a modification of Chlieh et al. (2007) provided by Hu and 
Wang (2012). Slip for Tohoku-oki (contoured at 10 m) is from 
the model of Wang and Bilek (2014), but almost any pub-
lished slip model for this earthquake (Brown et  al., 2015) 
would convey the same message of large slip over a com-
pact rupture area.
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More poorly understood is the expected interseismic deformation in the ver-
tical direction (or crustal tilt) in a viscoelastic Earth (Wang and Tréhu, 2016). 
We will visit this issue when discussing vertical coseismic deformation in the 
Dominance of Viscoelastic Stress Relaxation section.

The vast majority of interseismic locking models worldwide assume an 
elastic Earth and suffer from the same problem. Therefore, the importance of 
interseismic stress relaxation is well worth reiterating. For a locked zone 
of short strike length such as in Costa Rica (Protti et al., 2014), this is less of 

a problem, because the neighboring creeping zones help to prevent locking- 
induced deformation from reaching very far inland. The longer a locked zone 
is along strike and the longer it has been locked, the more difficult the problem 
becomes, to the extent that the value of interseismic geodetic observations in 
constraining the downdip extent of locking can be questionable (Wang and 
Tréhu, 2016).

Updip Extent of Megathrust Locking

All of the locking models published prior to the 2011 earthquake as refer-
enced above feature megathrust creep at the trench at the subduction rate, 
including the area that would eventually host the Tohoku-oki earthquake. It is a 
feature that also appears in locking models of many other subduction zones. It 
is not required by the geodetic data in most places, particularly not the  Japan 
Trench before the 2011 earthquake where land-based measurements had no 
resolving power near the trench (Loveless and Meade, 2011). It appears to have 
been introduced for inversion convenience: it is simpler to fix slip deficit at 
zero at the trench. It may also be the result of confusing fault properties with 
fault motion (Wang and Dixon, 2004): the shallowest part of the megathrust 
is often thought to exhibit velocity strengthening and thus weak mechanical 
locking, and this assumed condition is often mistakenly translated into creep-
ing at full speed.

Prior to the 2011 earthquake, almost no seafloor data were collected or pro-
cessed that could be used to constrain the locking or creeping state of the 
shallow megathrust near the trench. The motion of two pioneer seafloor GNSS 
stations (Fig. 2) reported by Matsumoto et al. (2008) was consistent with more 
complete locking in the future main rupture area (station MYGI) and some 
creeping to the south (station FUKU). More seafloor GNSS data collected prior 
to but published after the 2011 earthquake (Sato et  al., 2013) would still be 
inadequate in resolving locking or creeping near the trench because of their 
relatively large distance from the trench.

Until near-trench monitoring becomes routinely available, the interseismic 
locking or creeping state of the shallow megathrust depends on the preference 
of the researcher who does the geodetic inversion. Kinematically, full-speed 
creep at the trench could not possibly be sustained over the entire interseismic 
period at the Japan Trench, or there would not have been enough slip deficit 
to allow the >50 m coseismic slip in 2011. One can also reasonably argue that 
because of the effect of stress shadowing, the fault segment updip of a fully 
locked patch is not expected to slip by itself in a sustained fashion regardless 
of its own frictional behavior (Wang and Dixon, 2004; Hetland and Simons, 
2010; Wang and Tréhu, 2016). Therefore, even if seafloor observations indicate 
a no-slip state of the shallow fault, such as off Peru (Gagnon et al., 2005), we 
still do not know whether it is mechanically locked or is just in a stress shadow.

Locking of the shallow megathrust was indirectly and implicitly inferred 
from seafloor pressure-gauge data collected prior to the 2011 earthquake. By 
analyzing these data, Ito et al. (2013) proposed a month-long slow slip event 
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Figure 2. Approximate locations of reported slip and locking features of the 
megathrust before the Tohoku-oki earthquake (Japan). Black dashed line 
roughly resembles the 30% locking contour of Loveless and Meade (2010) 
and represents the main locked patch of the megathrust inferred prior to 
the Tohoku-oki earthquake from land-based geodetic observations by sev-
eral groups (Nishimura et al., 2004; Suwa et al., 2006; Hashimoto et al., 2009; 
Loveless and Meade, 2010). Other reported locked patches to the north and 
south are not shown. The decadal slip rate increase preceding the earth-
quake (yellow) was reported by Ozawa et  al. (2012), Mavrommatis et  al. 
(2014), and Yokota and Koketsu (2015). The decadal slip rate decrease prior to 
the earthquake (blue) was reported by Mavrommatis et al. (2014) and Yokota 
and Koketsu (2015). The month-long slow slip event offshore was reported 
by Ito et al. (2013). Red solid line is the 10 m contour of the coseismic slip 
model of Iinuma et al. (2012). Depth below sea level of the megathrust is con-
toured in kilometers. The two pioneer seafloor Global Navigation Satellite 
System (GNSS) sites (blue squares labeled with site names) were discussed 
by Matsumoto et al. (2008). Time series of four land GNSS stations (green 
squares labeled with station numbers) are shown in Figure 3.
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just before the earthquake in the shallow part of the megathrust within the 
future main rupture area (Fig. 2), and possibly a similar event earlier. To argue 
for slow slip events, the necessary assumption is that the fault is otherwise 
locked to a high degree.

Pre-Slip Behavior

Retroactive examination of pre-earthquake GNSS time series led to an im-
portant discovery. Ozawa et al. (2012), Mavrommatis et al. (2014), and  Yokota 
and Koketsu (2015) independently identified a fault area directly downdip 
of the 2011 main rupture that exhibited faster creep for ~9 yr leading to the 
Tohoku- oki earthquake. Ozawa et al. (2012) described it as aseismic slip associ-
ated with relatively large (Mw 7.4–7.7) interplate earthquakes in this area, Mav-
rommatis et al. (2014) described it as an acceleration of slip rate, and Yokota 
and Koketsu (2015) described it as a long-duration slow slip event. Most of the 
slip is inferred to have occurred ~25–50 km depth (Fig. 2, yellow), although 
that reported by Ozawa et  al. (2012) is slightly farther updip. Mavrommatis 
et al. (2014) and Yokota and Koketsu (2015) also found that, over the same time 
window, a patch of the fault in the same depth range but located to the north of 
the 2011 rupture exhibited decelerated slip, or enhanced locking (Fig. 2, blue). 
As data examples, time series of data from four of the many GNSS stations 
that were analyzed by Yokota and Koketsu (2015) are reproduced in Figure 3.

This decadal deep pre-slip is one of the many surprises presented to the 
scientific community by the Tohoku-oki earthquake. It is poorly understood, 
although attempts have been made to explain it in terms of interseismic 
shrinking of the locked zone in the context of rate-and-state–dependent friction 
(Ozawa et al., 2012; Mavrommatis et al., 2014). However, the depth range of 
the pre-slip and accompanying large interplate events is not surprising. Given 
the cold thermal field in this subduction zone, the megathrust is expected to 
exhibit a frictional behavior in this depth range (Gao and Wang, 2014, 2017). 
One may think that the deep pre-slip “triggered” the Tohoku-oki rupture, but it 
is also possible that the pre-slip is an integral part of the initiation process of 
the Tohoku-oki rupture. Of course, given the limited time span of continuous 
monitoring (Fig. 3), there is some arbitrariness in defining the “normal” linear 
trend of motion from the earlier portion of the GNSS time series (Fig. 3), and 
one cannot exclude the possibility that similar accelerated creep had occurred 
before the era of space geodesy.

COSEISMIC DEFORMATION

GNSS Displacements and Rupture Models

Japan’s GNSS network provided the most spectacular geodetic measure-
ments of crustal deformation caused by a great earthquake in history (Fig. 4, 
red arrows). For the first time, seafloor displacements right on top of the rup-
ture zone were measured, and the site nearest the trench (50 km) recorded 

31 m of horizontal motion (site GJT3 in Fig. 4A) (Kido et al., 2011). The seafloor 
measurements provided some of the most critical information for understand-
ing this earthquake. For example, rupture models developed by Ozawa et al. 
(2011) and Simons et al. (2011) before these seafloor data became available put 
the maximum slip ~100 km from the trench, very different from later models 
that used these data.

For a shallowly buried and shallowly dipping thrust fault, horizontal sur-
face displacements in the rupture area provide robust constraints for fault slip. 
The vertical component is more sensitive to local tilting caused by slip hetero-
geneity and off-fault permanent deformation. For example, an abrupt change 
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Figure 3. Time series of eastward displacement of four of the many Global 
Navigation Satellite System sites used by Yokota and Koketsu (2015) to infer 
the two patches of decadal anomalous slip in the area of the  Tohoku-oki 
earthquake rupture (Japan) shown in Figure 2. See Figure 2 for station loca-
tions. Upper panel shows the original data, and lower panel shows the same 
data relative to a linear trend of westward motion (red) of the earlier portion 
of the time series. In both panels, the 10-cm blue bar shows the scale of 
relative motion, and the absolute positioning of each time series is arbitrary. 
Arrows in the upper panel indicate times of various nearby earthquakes. See 
Yokota and Koketsu (2015) for further details.
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in fault slip magnitude cannot cause opposite motion of neighboring sites in 
the horizontal direction but can do so in the vertical direction. Thus, precisely 
fitting sparse measurements of vertical motion may not lead to an accurate 
fault slip model. The large horizontal motion of GNSS seafloor sites during the 
Tohoku-oki earthquake (Fig. 4A) can be readily explained with simple models. 
The vertical measurements, displaying rather different values over short dis-
tances (Fig. 4B), are more demanding of model details.

Many coseismic slip models of the 2011 earthquake have been derived by 
inverting the GNSS and/or other types of data recorded during the earthquake. 
Tajima et al. (2013) reviewed 26 slip models, all published in the same year 
as the earthquake, plus some other models that did not determine fault slip 
vectors. Brown et al. (2015) included 40 published slip models to derive static 
stress drop from their slip vector distribution. Building on Brown et al. (2015), 
Sun et al. (2017) compiled 45 published slip models and summarized the types 
of data used by each model. Some of the 26 models reviewed by Tajima et al. 
(2013) were subsequently superseded by later versions published by the same 
author groups; Brown et al. (2015) and Sun et al. (2017) only included the latest 
version in their compilation. All of the models that used seismic wave or high-
rate GNSS data (e.g., Yokota et al., 2011; Shao et al., 2012; Yue and Lay, 2013), 
and some of the models that used tsunami waveform data (e.g., Satake et al., 
2013), are of the finite-fault type describing spatiotemporal evolution of the 
rupture. For discussing static deformation in this paper, we only consider the 

net fault slip portrayed by these models and leave aside the valuable scientific 
information on the evolution.

The mean slip magnitude distribution of 43 of the 45 models compiled by 
Sun et al. (2017) plus that of Freed et al. (2017) is shown in Figure 4, with the 
standard deviation shown in Figure 5A and the ratio of the standard deviation 
to the mean slip in Figure 5B. Two of the 45 models compiled by Sun et al. 
(2017) are not included in the mean model, because one of them only provides 
an estimate of near-trench slip and the other consists only of 12 uniform-slip 
segments. Displacements of GNSS sites that we calculated using the mean slip 
model are also shown in Figure 4, for comparison with observed displacements. 
In taking the mean slip magnitude, we ignored differences in fault geom etry and 
slip rake between models. However, to calculate the GNSS site displacements, 
we mapped the mean slip magnitude to a three-dimensional (3-D) curved fault 
(contoured in Fig. 4) and assigned a uniform rake of 84° (thrust faulting). The 
finite element model for this calculation is the same as that of Sun et al. (2014) 
and Sun and Wang (2015), except here we used a rigidity of 35 MPa for the top 
25 km of the upper plate and 64 MPa for the rest of the model.

On average, the coseismic slip featured by the published models is mostly 
far offshore with peak values within 100 km of the trench. However, there are 
substantial differences between models, and the differences become larger 
with distance offshore. Between latitudes 37°N and 39°N, their standard devi-
ations are typically >10 m within 100 km of the trench and approaching 20 m 
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green vector shows uplift estimated from 
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2011b; Iinuma et al., 2012).
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at the trench (Fig. 5A). The large scatter near the trench is also shown in Fig-
ure 6A along a corridor through the main rupture area. At a given distance, the 
shown slip value of each model is an average of three profiles spaced ~20 km 
apart. Some of the slip profiles in Figure 6A do not reach the trench, because 
their constant-strike fault models did not extend to the trench at this latitude; 
for map views of fault boundaries of most of the models, see the supporting 
information file of Brown et al. (2015).

Figure 6B shows fault-zone-average static stress drop of each model as a 
function of the averaging area encompassed by given coseismic slip contours 
in the same model. The method of stress drop calculation is as described by 
Brown et al. (2015). Because the calculation is performed in a uniform elastic 
half-space (rigidity 40 MPa) and involves mapping slip vectors of all of the 
published models to the same 3-D curved fault surface (Brown et al., 2015), 
the stress drop values shown here may be slightly different from those that 
would be calculated directly from the original models, but the difference is 
negligibly small if compared with the differences between the models. The 
average stress drop of the high-slip area encompassed by the 30 m slip con-
tour is between 6 and 14 MPa for most models. The average stress drop over a 
much larger fault area encompassed by the 5 m slip contour is between 1.5 and 
4 MPa for most models. The decreasing trend of the stress drop with increas-
ing averaging area reflects the role of stress increase (negative stress drop) in 
different parts of the heterogeneous fault. The heterogeneity is considered to 
be of fundamental importance to earthquake mechanics (Brown et al., 2015).
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Understanding Differences between Models

General Remarks

Given the limited data coverage over and near the rupture zone, rupture 
models for this earthquake will always be non-unique, and it is by no means 
surprising to see different researchers continue to produce very different re-
sults, even if they invert essentially the same data. This is true for any earth-
quake lacking near-field observations. In this regard, the lack of data itself is 
often less of a problem than the lack of recognition of model limitations due to 
the lack of data. Various resolution tests accompanying the published models 
commonly portray better accuracy than reflected by the differences between 
models and therefore can be misleading. Non-uniqueness due to limited data 
coverage can be overcome by collecting and/or incorporating critical data. 
For example, as will be briefly recapped in the Improving Near-Trench Reso-
lution section, repeated bathymetry measurements have helped to resolve 
trench-breaching rupture in a local area (Fujiwara et al., 2011; Sun et al., 2017). 
However, some of the differences between models shown in Figures 5 and 6A 
must be due to different modeling practices.

Different types of data illuminate different aspects of the rupture process, 
so that the performance of a rupture model cannot be assessed by examining 
its predicted net slip alone. For example, discoveries about rupture dynam-
ics such as the findings that high-frequency seismic wave energy is radiated 
mainly from the deeper part of the rupture zone (e.g., Lay et al., 2012) and that 
the rupture propagated alternately downdip and updip (Ide et al., 2011) need 
not at all be accompanied by an accurate prediction of the net slip distribution. 
The compilations of Figures 4, 5, and 6 thus do not describe the general state 
of knowledge of the rupture process of the Tohoku-oki earthquake, but only 
that of static coseismic slip. Because we focus on static deformation in this 
paper, here we only examine the net slip.

Some of the issues often discussed in the literature regarding the accuracy 
of slip inversion are of relatively minor importance. One example is material 

heterogeneity. If we use a uniform rigidity such as 40 MPa or any geologically 
acceptable value to calculate GNSS site displacements, we only need to scale 
the mean slip magnitude down by 10% in order to reach the same agreement 
with observations as shown in Figure 4. Differences between published mod-
els are much larger in both slip magnitude and slip distribution (Figs. 5 and 
6A). The choice of inversion algorithm, especially with regard to Bayesian 
versus non-Bayesian approaches, is of similarly minor practical importance. 
All commonly used modern inversion algorithms seem to yield reasonable 
results, as long as they properly apply parameter constraints such as bound-
edness and smoothness. Some models fail to constrain rake directions in low-
slip areas, but the impact on the main slip area is small.

Fault Geometry and Seafloor Slope

If the rupture zone is relatively deeply buried, the rupture area is small, 
and/or the slip is not very large, simplifications of fault geometry may not 
cause serious problems to inferring fault slip from surface geodetic observa-
tions. However, the Tohoku-oki earthquake does not meet any of these con-
ditions, and the simplifications do cause problems.

The use of a planar fault, as in some of the early finite-fault models, causes 
the dip of the fault to be too high in the shallow part and possibly too low in 
the deep part of the model as compared to the actual fault dip. The wrong dip 
introduces errors to fault slip inferred from surface deformation or motion. 
The use of uniform-slip sub-faults of very large size, with dimensions much 
larger than the depth of the fault, is not merely a resolution problem; sudden 
and large changes of slip magnitude across the boundaries of these sub-faults 
give rise to deformation and stress singularities. If the spurious surface defor-
mation produced by these singularities is used to fit near-field observations— 
either actual seafloor deformation or tsunami waves due to such deforma-
tion—large errors occur in the inferred fault slip.

The vast majority of the inversion models assume a uniform half space 
or layered Earth with a horizontal surface of no topographic relief (Fig. 7), as 

α
β s

u

≈ucosα≈u
≈α+βred: real

black: model

D

D

D

A  No correction

B  Uniform shift of fault depth

D

C Adjustment of shallow fault geometry Figure 7. Examples of different ways of using a flat-top 
model to deal with a sloping seafloor. Water depth at 
trench is D. Actual seafloor topography and fault geom-
etry are shown in red. Model top surface and model fault 
are shown in black. (A) Actual fault geometry and depth 
(from sea level) are used as is, ignoring seafloor slope. 
Trench-breaching rupture cannot be simulated. (B) Actual 
fault geometry is used but shifted to a shallower depth 
by D in order to accommodate trench-breaching rupture. 
(C) A geometrical adjustment is made to the shallow part 
of the fault so that the model fault depth approximates 
the actual fault depth below seafloor. This is the method 
used in the dislocation model of Brown et al. (2015). In 
the zoomed-in view of the near-trench area, solid and 
dashed lines represent the seafloor position before and 
after, respectively, fault slip s takes place, and u is the re-
sultant seafloor rise relative to seawater.
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required by the derivation of fault slip via Green’s functions in these models. 
These models suffer a potentially serious problem in dealing with seafloor 
slope and fault dip near the trench. If a flat-top model uses the actual fault 
geom etry and depth below sea level (Fig. 7A), it cannot simulate trench-breach-
ing rupture. If seafloor deformation produced by such a model is mapped to 
a sloping seafloor to simulate tsunami generation, the tsunami waves will be 
modeled incorrectly. If the actual fault geometry is used but the depth at trench 
is set to zero in order to simulate trench-breaching rupture (Fig. 7B), fault depth 
below seafloor will be systematically underrepresented. The stiffness of the 
near-trench part of the upper plate in the model will be much too low to yield 
correct results.

A dip correction to the shallow part of the fault (Fig. 7C) is a better compro-
mise (Wang et al., 2003) because the fault depth in the model approximately 
represents the actual fault depth below the sloping seafloor. This correction 
is important in calculating fault stress drop using a flat-top dislocation model 
(Brown et al., 2015). It leads to an overestimate of coseismic uplift of the sea-
floor near the trench that happens to compensate for the effect of the sloping 
seafloor in tsunami generation that is missing in a flat-top model (Fig. 7C). For 
tsunami generation, it is the vertical motion of the seafloor relative to seawater 
that is important (Lotto et al., 2017). If the seafloor slope angle is α, and fault 

dip near the trench is β, the rise of the near-trench seafloor beneath a fixed 
water column due to a trench-breaching slip s is u = ssin(α + β) / cosα (Fig. 
7C). Here for simplicity we only discuss the rigid-body-translation component 
of the coseismic deformation. With the adjustment shown in Figure 7C, the 
surface slope becomes zero, the fault dip becomes approximately α + β, and 
the modeled seafloor rise u′ ≈ ssin(α + β) = ucosα. Because α is usually a small 
angle (<10°), cosα ≈ 1, so that u′ ≈ u (Fig. 7C). Even if α were as large as 30°, u′ 
would underrepresent u by only 13%.

The problem shown in Figure 7 is made acute by the relatively steep lower 
continental slope at the Japan Trench and the extraordinarily large shallow 
slip of the Tohoku-oki earthquake. In particular, if a buried rupture in some 
form of Figure 7A is used, it is not possible to handle the large shallow slip. 
If a numerical (such as finite element) model is used, the actual seafloor and 
fault geometry can be simulated, as in the forward models used to produce 
the results shown in Figure 4 and those to be discussed in the Improving Near-
Trench Resolution section. However, only three of the 44 inversion models in-
cluded in Figures 4, 5, and 6 (models 8 [Kyriakopoulos et al., 2013], 15 [Romano 
et al., 2014], and 46 [Freed et al., 2017] in Fig. 8), all based on the finite element 
method, incorporated actual seafloor slope. Among flat-top models, Ito et al. 
(2011b) (not included in the 44 models) used an approach similar to that illus-

Distance to trench (km) Slip contour value (m)

0

10

20

30

40

50

60

C
os

ei
sm

ic
 s

lip
 (m

)

200 150 100 50 0

1 Gusman et al., 2012
2 Hooper et al., 2013
3 Iinuma et al., 2012
4 Imakiire and Koarai, 2012
5 Ito et al., 2011a
7 Kubo and Kakehi, 2013
8 Kyriakopoulos et al., 2013

10 Minson et al., 2014
11 Ozawa et al., 2012
12 Perfettini and Avouac, 2014
13 Pollitz et al., 2011
15 Romano et al., 2014
16 Shao et al., 2012
17 Silverii et al., 2014
19 Wang et al., 2013b
22 Yokota et al., 2011
23 Yue and Lay, 2013
24 Zhou et al., 2014

0

5

10

Av
er

ag
e 

st
re

ss
 d

ro
p 

(M
P

a)
0 10 20 30

2

1

3

1

2

3

4

4

5

5

7
7

8

8

10

10
11

11
12

12

13

13

15

15

16

16

17

17

19

19

22

22

23

23
24

24

Red: 3D curved fault
Blue: multiple planar segments of
         uniform strike
Thick lines: tsunami data also used

46 Freed et al., 2017

4646

A B

Figure 8. Subset of models shown in Figure 6: All models that included seafloor Global Navigation Satellite System in the inversion except those that used a single planar rectan-
gular fault to represent the megathrust. Model index numbers are as defined by Sun et al. (2017) except for 46. Panels A and B are as in Figure 6.

http://geosphere.gsapubs.org


Research Paper

560Wang et al. | Learning from the Tohoku-oki earthquakeGEOSPHERE | Volume 14 | Number 2

trated in Figure 7C, and model 3 (Iinuma et al., 2012) in Figure 8 used a hybrid 
of those illustrated in Figures 7B and 7C (corrections made for fault depth but 
not fault dip). Some authors may have introduced more sophisticated solu-
tions (e.g., Goshima and Miyazaki [2014], not included in the 44 models). It is 
not clear how most of the other flat-top models dealt with this problem. Errors 
incurred may have contributed to the large scatter of results near the trench.

Models Constrained by Seafloor GNSS

We select from Figure 6 a subset of models that included seafloor GNSS 
data in their inversion and show the subset in Figure 8. In this selection, we 
also require that at least two planar fault segments are used to accommodate 
the change of fault dip with depth, and therefore do not include models with a 
single planar fault. Index numbers assigned to these models are the same as 
in Sun et al. (2017, their supplementary table 1), so that the reader can readily 
check model attributes from that table. The newly added model by Freed et al. 
(2017) is numbered 46.

From the coast to ~70 km from the trench, the scatter of the slip distribution 
in Figure 8A is much smaller than in Figure 6A, except for model 15 (reason 
unclear). For example, excluding model 15, the difference between the largest 
and smallest slip values at 75 km is ~42 m in Figure 6A, but it is ~26 m in Fig-
ure 8A. The improvement appears to owe mainly to the inclusion of seafloor 
GNSS observations. Accounting for the fault dip change plays a role, but three 
of the constant-strike models (blue) still deviate quite far from the rest of the 
group within ~80 km of the coastline. Models that use 3-D realistic fault geom-
etry (red) similar to that contoured in Figure 4 produce coherent results for this 
distance range, except for models 5 and 15. Therefore, along-strike curvature 
of the fault appears to be important; stations on land are influenced by inte-
grated contribution from a large fault area.

Somewhat disconcerting and contrary to common expectation, the in-
clusion of tsunami data by some of these models (Fig. 8A, thicker lines) has 
not resulted in a better agreement between models near the trench. A similar 
plot not limited to models that included seafloor GNSS is shown in Sun et al. 
(2017, their supplementary figure 1) and conveys the same message. This mes-
sage may not reflect negatively on the value of the tsunami data in helping 
to resolve shallow fault slip, but it may indicate that the data have not been 
properly used for this purpose. Fault models are likely oversimplified and/or 
too coarsely discretized for simulating tsunami wave generation. The problem 
illustrated in Figure 7 must have played a large role. It is also possible that the 
hydrodynamics of tsunami propagation is not always adequately incorporated 
in the inversion procedure.

Compared to Figure 6B, the stress drop results in Figure 8B show less scat-
ter. There is some correlation between the fault-zone average behavior (Fig. 
8B) and behavior along the central corridor (Fig. 8A). The model (23) that ex-
hibits consistently higher stress drop than most other models did not include 
static land-based GNSS observations (Fig. 4) and poorly resolves near-coast 
slip. The two models (13 and 15) that yield the highest stress drop in the high-

slip area (30 m contour) show slip distributions quite different from those of 
other models. Model 10 yields non-physical average stress increase over large 
fault areas (e.g., encompassed by the 5 m slip contour), which reflects stability 
issues in the inversion, and it shows larger slip than most other models near 
the coast.

Improving Near-Trench Resolution

The only way to improve near-trench resolution is to make near-trench ob-
servations. However, at the time of the earthquake, the easternmost GNSS site 
was still 50 km from the trench (Fig. 4). Pressure decrease, indicating uplift, 
recorded by a seafloor gauge some 20 km from the trench (Fig. 4B) (Ito et al., 
2011b; Iinuma et  al., 2012) was the only reliable direct near-trench geodetic 
measurement during this earthquake. The other near-trench measurements 
described by Ito et al. (2011b) are too uncertain to be quantitatively useful. Tsu-
nami waves recorded nearby may contain valuable information, but extracting 
such information to constrain fault slip appears to be a challenging task at 
present, as discussed above.

An unusual set of observations that proves to be useful in constraining 
near-trench slip is the differential bathymetry obtained from surveys before 
and after the earthquake. The collection and processing of the observed dif-
ferential bathymetry (ODB) have been described by Fujiwara et al. (2011), and 
the derivation of synthetic differential bathymetry (SDB) using a finite element 
model of realistic seafloor slope and fault geometry has been described by Sun 
et al. (2017). Given the widely present problem of using a flat-top model for a 
sloping seafloor, illustrated in Figure 7, and the unsatisfactory performance of 
tsunami inversion, the SDB modeling is the only work that has quantitatively 
addressed the trench-breaching slip of the Tohoku-oki earthquake in a self-con-
sistent fashion, albeit only in a very local area.

The main results of Sun et al. (2017) are summarized in Figure 9. The ODB 
(Fig. 9A, right) is from surveys in 1999 and 2011 along a trench-normal profile 
covering the most seaward portion of the corridor used for Figures 6A and 
8A and crossing the trench. The best fault slip model shown in the left panel 
of Figure 9B was obtained by minimizing the difference between the SDB (in 
the right panel of Fig. 9B) and ODB through grid searching in the parameter 
space as described by Sun et al. (2017). It features an average slip of 62 m over 
the most seaward 40 km of the fault, with the slip gently increasing toward 
the trench by 5 m over this distance. The SDB modeling helps to reject sce-
narios of large increase or decrease of slip toward the trench (Figs. 9C and 9D), 
which would indicate large net strengthening or weakening, respectively, of 
the shallow fault during the earthquake. By referring to analyses of core sam-
ples from a nearby drill site (Chester et al., 2013; Kirkpatrick et al., 2015), Sun 
et al. (2017) proposed that the finding is consistent with a model of delayed 
dynamic weakening.

There must have been significant along-strike variations in the shallow slip, 
but there is only one additional ODB profile in the main rupture area, located 
~50 km further north but with poorer data quality. The SDB modeling of that 
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profile indicates smaller average slip (42 m) with a large increase toward the 
trench (by 20  m over 40  km) (Sun et  al., 2017). The encouraging results of 
the SDB modeling demonstrate the value of unconventional seafloor geodetic 
observations.

On Coseismic Coastal Subsidence

Much of the Pacific coastal area of northern Honshu was observed to be 
subsiding (or titling seaward) before the 2011 earthquake, especially the area 
directly landward of the rupture zone (e.g., Suwa et al., 2006; Hashimoto et al., 
2009). To some researchers, the observed coastal subsidence during the earth-
quake (Fig. 4B) was somewhat unexpected because there was an expectation 
that such a giant earthquake should have undone crustal deformation accrued 
during the interseismic period. This expectation is based on a misconception 
introduced by the wide application of the elastic interseismic locking model 
(see the Fault Locking and Interseismic Stress Relaxation section), which fea-

tures interseismic deformation as a subdued mirror image of coseismic defor-
ma tion. Given the viscoelastic Earth rheology, there is no reason why interseis-
mic and coseismic deformation must be mirror images of each other (Wang 
et al., 2012).

However, deciphering vertical interseismic deformation is one of the out-
standing issues in the study of megathrust earthquake processes (Wang and 
Tréhu, 2016). For active continental margins, processes responsible for strain-
ing the crust (horizontal deformation) are generally much better understood 
than processes responsible for tilting the crust (vertical deformation). As dis-
cussed by Wang and Tréhu (2016), non-tectonic and tectonic processes causing 
vertical deformation on time scales of years to millennia at subduction zones 
are poorly understood. At present, no theoretical and numerical models can 
satisfactorily and self-consistently explain vertical crustal deformation in sub-
duction earthquake cycles. Making progress requires multidisciplinary obser-
vational and theoretical studies of Earth rheology and the various processes 
that cause vertical deformation.
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POSTSEISMIC DEFORMATION AND AFTERSLIP

Dominance of Viscoelastic Stress Relaxation

Following the Tohoku-oki earthquake, land-based GNSS sites continued 
to move seaward, in approximately the same direction as their coseismic 
motion. Shown in Figure 10 are one-year average velocities of these sites 
based on daily coordinate time series data from the Geospatial Information 
Authority of Japan following the analysis strategy defined by Nakagawa et al. 
(2009). The wholesale seaward motion is entirely as expected (Wang et al., 

2012), because both viscoelastic relaxation of earthquake induced stresses 
and afterslip of the megathrust can cause this motion. But the partition of 
contribution from the two processes was by no means clear at first. Telling 
these two processes apart using surface deformation data had been a no-
toriously difficult problem (e.g., Wang, 2007; Bürgmann and Dresen, 2008). 
For subduction zone earthquakes, there did not seem to be even remotely 
relevant data to constrain it. However, the situation has now changed owing 
to one of the most remarkable discoveries after the earthquake—the obser-
vation of landward motion of a few seafloor GNSS sites in the main rupture 
area (Fig. 10A).
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Within the first year after the earthquake, seafloor GNSS observations were 
made by Japan Coast Guard (JCG) and Tohoku University. The one-year av-
erage velocities of the seafloor GNSS sites surveyed by JCG shown in Figure 
10 (labeled in Fig. 10C) are based on data reported by Watanabe et al. (2014); 
that of the GNSS site GJT3 surveyed by the Tohoku University (labeled in Fig. 
10A) is based on data reported by Sun et al. (2014). Sites that provided the most 
critical information are KAMS, MYGI, and GJT3. The rather fast landward mo-
tion of this contiguous cluster of three sites immediately after the earthquake 
(Fig. 10A) cannot be explained by the relocking of the megathrust, because 
the rate of motion in the first year far exceeded the rate of plate convergence 
here. Neither can it be explained by afterslip, because afterslip would have 
caused seaward motion of these sites, as is obviously the case for site FUKU 
(Fig. 10). Therefore, it must be the effect of viscoelastic relaxation. Sun et al. 
(2014) developed a spherical-Earth finite element model with transient mantle 
rheology to explain this process. The model was subsequently updated by Sun 
and Wang (2015). Further updates are shown in Figure 10 and explained in the 
following subsection.

Sun et al. (2014) explained that the opposing motion of the near-trench area 
and the rest of the upper plate is the natural consequence of the rupture asym-
metry of thrust earthquakes, with the hanging wall undergoing much greater 
coseismic displacement than the footwall. Sun and Wang (2015) demonstrated 
that, in a viscoelastic Earth, the opposing motion is a robust feature of post-
seismic deformation after large subduction earthquakes (Mw > 8). The dividing 
boundary between the landward and seaward motion roughly overlies the 
downdip termination of coseismic rupture. As the effect of viscoelastic relax-
ation diminishes with time, the effect of megathrust locking becomes more 
dominant and causes the dividing boundary to migrate landward, eventually 
leading to wholesale landward motion (Wang et al., 2012). Given geologically 
reasonable parameters and boundary conditions, changing modeling details 
will not do away with the opposing motion, although they may affect the rates 
of motion. For example, fitting the early part of the GNSS time series (Sun 
et al., 2014) instead of fitting only cumulative displacements over a longer time 
(e.g., Hu et al., 2016; Freed et al., 2017) necessitates the use of initially very 
low viscosity as represented by the transient rheology. As another example, 
including a thin low-viscosity layer beneath the subducting plate (model A of 
Sun et al., 2014) or not including it (model B of Sun et al., 2014) affects pre-
dicted rates of vertical seafloor motion.

Following a simple logic, Sun et al. (2014) reached an important conclusion. 
To explain the fast landward motion of the three seafloor sites, (initially) rather 
low mantle viscosity is needed. This would then lead to fast seaward motion 
of the land area, to the extent that much less afterslip is needed downdip of 
the main rupture to explain the observed motion of the land-based GNSS sites 
(Fig. 10). Therefore, seafloor geodesy has provided unambiguous evidence for 
the dominance of viscoelastic relaxation in short-term postseismic deforma-
tion. For great subduction earthquakes (Mw > 8), all elastic models overpredict 
afterslip downdip of the rupture and underpredict afterslip updip of the rupture 
if afterslip is present (Sun and Wang, 2015).

Modeling Five Years of Postseismic Deformation

The results shown in Figure 10 are obtained with an updated version of 
the viscoelastic finite element models of Sun et al. (2014) and Sun and Wang 
(2015). The model structure and rheological parameters are identical to those 
of the earlier versions. Major differences are as follows. (1) The earlier versions 
modeled the first three years of postseismic deformation. The results in Fig-
ure 10 are for a five-year time window constrained by additional, more recent 
GNSS observations. (2) The effect of megathrust relocking, very small in the 
first couple of years, was not included in the earlier versions. The updated 
model includes the effect of locking using the recipe of Wang et al. (2001) and 
Hu et al. (2004). (3) The afterslip distribution of Sun et al. (2014) was scaled and 
modified from that inferred by Ozawa et al. (2012) with an elastic model from 
9 months of land-based GNSS observations. Sun and Wang (2015) added a 
shallow patch of afterslip south of the main rupture zone to explain the ob-
served postseismic motion of site FUKU. In the updated model presented here, 
afterslip is assigned in accordance with more recent land and marine GNSS 
observations.

Model-predicted time series are compared with recent seafloor GNSS ob-
servations in Figure 11 (Japan Coast Guard, 2016; Tomita et al., 2017) and with 
observations from eight examples of land sites in Figure 12. One-year average 
velocity vectors derived from the observed time series for the 2–3 year time 
window, wherever possible, are shown in Figure 10B. The low signal-to-noise 
ratio of the data for the 4–5 year time window does not allow reliable deriva-
tion of the velocities. Our model is constrained only by the observed horizon-
tal motion of the GNSS sites and compares with the vertical component very 
poorly. The vertical component is more sensitive to fine details of structural 
and rheological heterogeneity and may be better explained with a more com-
plex viscosity structure (e.g., Muto et al., 2013; Freed et al., 2017).

Applying the same viscosity values as in the early versions of the model 
to the longer time window may introduce some uncertainties. As noted by 
Sun et al. (2014), in the three-year time window considered in their work, the 
mantle rheology probably was still in a transient phase, such that the low 
steady-state viscosity used in that model (1.8 × 1018 Pa·s) is probably not the 
true steady-state value. We expect the viscosity to continue to increase with 
time after the three years, eventually to the more widely seen values of ~1019 
Pa·s (Wang et  al., 2012), but the evolution cannot be fully described by the 
simple bi-viscous rheology employed by our models. At present, we are not 
yet in a position to introduce more complex transient rheology. For this reason, 
uncertainties may become larger in the later part of the five-year model period.

Afterslip distribution undoubtedly evolves with time. If an elastic model 
is used, it is relatively straightforward to determine afterslip evolution by in-
verting time-dependent postseismic surface observations. For our forward 
modeling using a viscoelastic model, we take a simplified approach by assign-
ing afterslip patches of various slip durations to match GNSS observations. 
Except for the irregularly shaped shallow afterslip patch south of the rupture 
zone (Fig. 10, patch 4), we use patches of elliptic shape with fixed perimeters.  
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Figure 11. Recorded (color symbols) and 
model-predicted (black lines) displacement 
time series of the seafloor Global Naviga-
tion Satellite System (GNSS) sites shown 
in Figure 10C, following the Tohoku- oki 
earthquake. Red and green symbols indi-
cate postseismic displacements in the east 
(E) and north (N) directions, respectively. 
Data for sites KAMN, KAMS, MYGW, MYGI, 
FUKU, and CHOS are from Japan Coast 
Guard (2016) with no error estimates; all 
the other data and their error bars are from 
Tomita et al. (2017).
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The spatial distribution of the slip magnitude within each elliptic patch is 
assumed to be symmetric with respect to the center and is assigned using 
the method of Wang et al. (2013a) with a broadness parameter 0.2. For the 
southern shallow patch, we obtain the slip distribution by adding slip values 
of several overlapping elliptical patches. The temporal evolution of slip values 
in each patch is assumed to obey the function chosen by Hu and Wang (2012). 
The temporal specifics of the six afterslip patches shown in Figure 10 are given 
in Table 1. The three small and short-duration patches (2, 5, and 6) are needed 
to explain relatively fast motion of nearby GNSS sites immediately after the 
earthquake, as a crude way of reflecting the complex spatiotemporal afterslip 
evolution in these areas. The model-predicted time series in Figures 11 and 12 
include the effects of both viscoelastic relaxation and afterslip.

To explain the motion of seafloor sites MYGI and MYGW (Fig. 11), we as-
signed some small, very slowly evolving afterslip within the deeper part of the 

main rupture zone (Fig. 10, patch 3). Because of the newly added locking ef-
fect, the predicted dividing boundary between landward and seaward motions 
with the viscoelastic effect alone is located slightly more westward than in the 
earlier versions of the model. Patch 3 is introduced so that the dividing bound-
ary is still between MYGI and MYGW. There are some uncertainties in this 
assignment, because the model behavior within the rupture zone is strongly 
affected by uncertainties in the coseismic slip model. If this afterslip is real, it 
serves to make up partially for the smaller coseismic slip in the lower part of 
the rupture zone.

An important “side product” of this modeling exercise is the finding that 
the megathrust cannot be uniformly locked along strike after the earthquake. 
The not fully locked segments in Figure 10 have been assigned 25% locking, 
i.e., creeping at 75% of the subduction rate. Detailed explanation of this find-
ing and its implications will be presented elsewhere. Here we only highlight 
a few salient points. Uniform locking will cause model-predicted motion of 
land GNSS sites north and south of the earthquake area to be too slow. The 
creeping rate of the not fully locked areas cannot be precisely determined be-
cause of tradeoff with other model parameters; e.g., zero or 50% locking are 
both possible. In the strike direction, the locking pattern shown in Figure 10 is 
in general agreement with the interseismic locking patterns published prior 
to the Tohoku-oki earthquake partially illustrated in Figure 2. The creeping be-
havior south of the 2011 rupture zone is consistent with active seamount sub-
duction in that area (Wang and Bilek, 2014).

Spatial Characteristics of Afterslip Distribution

The determination of deep afterslip for the Tohoku-oki earthquake will 
never be accurate because of the large distance of surface observations from 
the relevant fault area (typically >40 km for this earthquake) and tradeoff with 
other parameters such as mantle viscosity and plate thickness. The determi-
nation of near-trench shallow afterslip cannot be accurate at present because 
of the paucity of near-field observations. However, our numerous trial-and- 
error tests and comparison with other viscoelastic deformation models for 
this earthquake suggest the following three robust characteristics of afterslip 
distribution (Fig. 10). (1) There is no large deep afterslip directly downdip of 
the main rupture area. (2) There is substantial afterslip northwest of the main 
rupture (patches 1 and 2). (3) There is large near-trench shallow afterslip south 
of the main rupture (patches 4 and 5).

Other recent models that invoke viscoelasticity and 3-D slab geometry 
also converge on the three robust characteristics (Hu et al., 2016; Iinuma et al., 
2016; Freed et al., 2017). Note that the model of Hu et al. (2016) differs from 
other models by using a thin viscoelastic layer to simulate afterslip. They con-
strained the amount of afterslip shallower than 50 km using repeating earth-
quakes reported by Uchida and Matsuzawa (2013). Their model also features 
some afterslip in the 50–100 km depth range, but this is equivalent to the vis-
cous shear in the bottom part of the mantle wedge in the models of Sun et al. 
(2014), a semantic issue we will not further discuss.
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Figure 12. Recorded (color dots) and model-predicted (black lines) postseismic displacements 
of eight of the land-based Global Navigation Satellite System (GNSS) sites shown in Figure 10, 
following the Tohoku-oki earthquake. For each site, east and north components of observed 
daily positions are shown with red and green dots, respectively, and the solid line near each set 
shows the model-predicted values for that component. For the vertical component, observa-
tions are shown with blue dots and model values with dashed lines.
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The southern shallow afterslip (characteristic 3 above) must be pres-
ent if seafloor measurements in that area are considered (Figs. 10, 11). The 
northern deep afterslip (characteristic 2) appears in all afterslip models for 
this earthquake, as listed in Table 2, although not as a distinctly standalone 
patch in Diao et al. (2014). It is needed to explain the fast motion of the land 
GNSS sites at this latitude. It is also consistent with the occurrence of small 
repeating earthquakes in this area (Hu et  al., 2016). Near-trench seafloor 
GNSS observations at this latitude do not require the slip to extend very 
far updip (Figs. 10, 11). The amounts of the northern afterslip in viscoelastic 
models are systematically smaller than in elastic models if the results are 
truncated or extrapolated to a similar time window (Table 2). The validity of 
characteristic 1 summarized above, that is, the absence of significant deep 
afterslip directly downdip of the main rupture (the central patch in Table 2), 

is perceived to be controversial and will be discussed in the Deep Afterslip 
Disagreement section.

It is illuminating to compare these characteristics with the patterns of co-
seismic rupture and deep pre-slip (Fig. 13). It is not surprising that afterslip 
tends to be absent in the area of primary coseismic slip (Pritchard and Simons, 
2006). Neither is it surprising that large shallow afterslip occurs south of the 
rupture zone. It has been an area of creep with smaller earthquakes, to some 
degree associated with seamount subduction (Wang and Bilek, 2014), and the 
creep is expected to accelerate in response to the giant earthquake. The lack of 
significant deep afterslip directly downdip of the main rupture (characteristic 1) 
is surprising, but it is made less surprising by the complimentary spatial distri-
bution of the deep afterslip and deep pre-slip seen in Figure 13. What physical 
processes cause this type of slow slip to occur before or after a large earth-

TABLE 1. PEAK AFTERSLIP ASSIGNMENTS FOR THE POSTSEISMIC DEFORMATION MODEL OF THE 2011 TOHOKU-OKI EARTHQUAKE (JAPAN)

Patch number
Approximate latitudes

(°N)
Approximate depths

(km)
T

(yr)
Slip at 1 yr

(m)
Slip at T

(m)
Slip at 5 yr

(m)

1 38.5–40 20–40 10 1 3.8 3.5
2 39.5 40 1 2.8 2.8 2.8
3 38.5 25 20 0.3 2 1.1
4 35–37 trench–30 6 0.8 2 2
5 37 25 2.5 7.1 9 9
6 35 35 1.5 1.1 1.2 1.2

Note: These afterslip assignments are for the modeling results shown in Figure 10. Time evolution is assumed to obey the function of Hu and Wang (2012), and T is the 
duration of the slip. The afterslip patches are numbered in Figure 10B.

TABLE 2. SUMMARY OF ESTIMATES OF DEEP AFTERSLIP FOR THE 2011 TOHOKU-OKI EARTHQUAKE (JAPAN)

Reference Model type Slab Time series
Time
(mo)

Afterslip, central patch
(m)

Afterslip, northern patch
(m)

Imakiire and Koarai (2012) E N/A No 0–4 ~2 ~2
Ozawa et al. (2012) E N/A Yes 0–9 >3 >3
Perfettini and Avouac (2014) E N/A Yes 0–9 >1 >2
Silverii et al. (2014) E N/A Yes 0–4 ~2 ~2.5
Diao et al. (2014) MVE No Yes 0–18 2–3.5* 2–3.5*
Yamagiwa et al. (2015) MVE No Yes 0.6–18 >3 >4

0.6–9.6 >2.2 >2.5
1.6–9.6 ~1.6 ~1.9

Sun and Wang (2015) BVE Yes Yes 0–36 No ~1.5
Iinuma et al. (2016)† BVE Yes No 1.4–9 ~0.5 >1
Hu et al. (2016)§ BVE Yes Yes 0–24 No ~0.6
Freed et al. (2017) MVE Yes No 0–36 No ~2.5
This work BVE Yes Yes 0–60 No ~3.5

Note: These estimates of deep afterslip (in meters) have been made using elastic (E), Maxwell viscoelastic (MVE), and bi-viscous viscoelastic (BVE) models for a central
patch directly downdip of the main rupture zone and a patch further north. The slab column shows whether a subducting slab is present in the model (Yes or No) or not 
applicable (N/A) because the model is purely elastic. Global Navigation Satellite System (GNSS) data used are either displacement time series or total displacements of 
geodetic stations over the shown time windows.

*A joint single patch with slip peaking in the middle.
†BVE model of Sun et al. (2014) was used to remove viscoelastic effects from GNSS data. Afterslip inversion still used an elastic model.
§Time series were decimated to 6 mo sample intervals. Afterslip was modeled using a viscoelastic layer along the fault.
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quake invites exciting new scientific research. One cannot help but to further 
speculate that the large afterslip northwest of the rupture zone (characteristic 
2) may have some relation with the enhanced locking before the earthquake 
(Fig. 13, blue), again inviting new research.

The Deep Afterslip Disagreement

Postseismic deformation models that addressed deep afterslip at 30–50 km 
depths are listed in Table 2. Although they all feature a northern area of large 
afterslip, they differ in the afterslip behavior directly downdip of the main rup-
ture, called the central patch in Table 2. In contrast with Figure 10, all of the 
elastic models show a central patch of large afterslip. These elastic models 
were all published in 2014 or earlier. Not guided by seafloor observations re-
ported in Watanabe et al. (2014) and Sun et al. (2014) to invoke viscoelasticity, 
these models had to use large deep afterslip to explain the seaward motion of 
the land GNSS sites.

What seems intriguing is that the viscoelastic models of Diao et al. (2014) 
and Yamagiwa et al. (2015) also show large afterslip directly downdip of the 
main rupture, comparable to the elastic models but different from the other 
viscoelastic models (Table 2). Because the model of Yamagiwa et  al. (2015) 
can be considered an improved version of that of Diao et al. (2014) owing to a 
similar methodology and model setup, here we only use the former to explain 
their disagreement with other viscoelastic models. Different models in Table 2 
used different time windows. To ease comparison with other models, we show 
values inferred by Yamagiwa et al. (2015) in three different time windows. For 
example, the time window of 1.6–9.6 months after the earthquake is compara-
ble with the time window of 1.4–9 months used by Iinuma et al. (2016). Both 
used viscoelastic models, but Iinuma et al. (2016) obtained much less afterslip 
for the central patch.

The key question appears to be whether a subducting slab is present in 
the model. Yamagiwa et al. (2015) used a layered Earth model, with an elas-
tic plate on top of a Maxwell viscoelastic mantle without a subducting slab. 
As explained by Miyashita (1987), the slab has a first-order control on man-
tle flow during viscoelastic relaxation and thus on surface deformation. Us-
ing numerical tests, Sun and Wang (2015) demonstrated that a slab acts like 
an anchor in the deep mantle and retards the landward motion of the trench 
area following a subduction earthquake. They show that a thinner slab leads to 
faster landward motion of the trench area. In a layered Earth model (i.e., zero 
slab thickness), the effect goes extreme and enhances the landward motion 
of the near-trench area. The rate of the landward motion of the near-trench 
area predicted by Yamagiwa et al. (2015) fits the seafloor GNSS observations 
because a mantle viscosity value as high as 0.9 × 1019 Pa·s is used, higher than 
the transient viscosity values used by Sun et al. (2014), Sun and Wang (2015), 
Hu et al. (2016), and Iinuma et al. (2016) or the asthenospheric viscosity of the 
Maxwell model of Freed et al. (2017) by one to two orders of magnitude. Such 
a high viscosity would lead to very slow seaward motion of land GNSS sites. 
To compensate for this, large deep afterslip must be introduced.

If realistic subduction structure is used, with a subducting slab, the afterslip 
disagreement is resolved. All viscoelastic models including a slab, such as the 
last five listed in Table 2, then need, at least initially, a very low viscosity and 
predict little deep afterslip directly downdip of the main rupture, regardless 
of whether they use a bi-viscous or Maxwell rheology and whether they fit 
the GNSS time series or cumulative displacements. For the same reason, they 
also predict less deep afterslip to the north, if the results are approximately 
projected to a similar time window (Table 2).

CONCLUSIONS

Upon examining relevant publications and results of our own research on 
the observation and modeling of static crustal deformation associated with 
the Mw 9 2011 Tohoku-oki earthquake, we conclude that we have learned the 
following about subduction earthquakes.
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Figure 13. Areas of afterslip (gray contours as defined in Fig. 10) after the 
Tohoku-oki earthquake in comparison with the areas of accelerated creep 
and enhanced locking before the earthquake. See Figure 2 and the Pre-Slip 
Behavior section for references and discussion for the pre-earthquake phe-
nomena. The main rupture area is represented by the 10 m contour of the 
coseismic slip model of Iinuma et al. (2012) (red solid line). Depth below sea-
floor of the megathrust is contoured at 10 km intervals (smooth blue lines).
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Before the Earthquake

• In the strike direction, Japan Trench interplate locking models published 
prior to the Tohoku-oki earthquake correctly portrayed the future rupture 
zone as a segment of full locking. They demonstrate that land-based 
geodetic observations are capable of resolving along-strike variations in 
offshore megathrust locking and creep at wavelengths comparable to dis-
tances from the network.

• In the dip direction, locking models published prior to the earthquake in-
correctly portrayed a locked patch that is much deeper than the actual 
rupture in 2011. Besides limited offshore resolution of the land-based geo-
detic data, one primary reason is the neglect or inadequate incorporation 
of the effects of interseismic viscoelastic stress relaxation.

• Land-based geodetic observations offered no information on the locking 
state of the shallowest part of the Japan Trench megathrust. Full-speed 
creep of the near-trench part of the fault portrayed in locking models prior 
to the earthquake was a result of model assumption. Confusing mechan-
ical states such as strong or weak with kinematic states such as locking 
or creeping is a common mistake in deriving interseismic locking models 
from geodetic observations.

• The discovery of decade-long accelerated fault creep downdip of the fu-
ture rupture zone raises new questions about how giant earthquakes are 
incubated and initiated. It is not known whether it was a one-time pre-slip 
as part of the rupture initiation or one of many similar events that had 
occurred episodically. The discovery motivates further theoretical and ex-
perimental investigation.

During the Earthquake

• Seven seafloor GNSS sites yielded the most remarkable measurements 
of coseismic displacements ever seen, up to 31 m. Coseismic slip models 
that used these measurements as constraints show large slip peaking 
within 100 km of trench.

• Different types of data may have illuminated different aspects of the rup-
ture process, but models of net slip that included the seafloor GNSS data 
and realistic fault geometry tend to show better mutual agreement than 
those that did not. Differences between models near the trench are un-
avoidable because of the general absence of near-trench observations of 
static displacements. Differences near the coast indicate needs for model 
improvements.

• Static stress drop, if averaged over the fault area encompassed by the 
5 m coseismic slip contour, is between 1.5 and 4 MPa for most rupture 
models that included seafloor GNSS and accounted for fault dip change 
with depth. Stress drop averaged over the high-slip area encompassed 
by the 30 m slip contour is >10 MPa in most of these models.

• Most rupture models employed a flat top. Not properly accounting for 
the seafloor slope above the rupture zone causes difficulties in simulating 
trench-breaching rupture and is inferred to be responsible for some of the 
near-trench differences between published models.

• Lack of near-trench agreement between models that included tsunami 
data as constraints suggest that much effort is needed in properly ex-
tracting the valuable information on shallow fault slip in these data. Over-
simplification of fault and seafloor geometry is one obvious reason for 
the divergent results, although there may be other factors that require 
investigation.

• Bathymetry differences before and after the earthquake provided the only 
direct, although unconventional, coseismic deformation measurements 
across the trench. Modeling these differences along a central profile in 
the main rupture area indicates >60 m of slip of the most seaward 40 km 
part of the fault, with only a gentle increase toward the trench.

• The observed coastal subsidence during the earthquake following dec-
ades of interseismic coastal subsidence was unexpected to some re-
searchers, because of the expectation that interseismic and coseismic 
deformation should be mirror images of each other. Although it is clear 
that this expectation is invalid in a viscoelastic Earth, correctly model-
ing vertical deformation throughout earthquake cycles remains an unre-
solved issue at present.

After the Earthquake

• Fast landward motion of a cluster of three seafloor GNSS sites located in 
the main rupture area, opposing the seaward motion of all of the other 
land-based and seafloor sites, provided unambiguous evidence for the 
dominance of viscoelastic stress relaxation in short-term postseismic 
 deformation.

• Models that properly account for viscoelastic relaxation suggest three 
robust characteristics of afterslip distribution: lack of significant deep 
afterslip directly downdip of the main rupture, moderate deep afterslip 
slightly north of the main rupture, and large shallow afterslip south of the 
main rupture.

• If results are approximately projected to similar time windows, afterslip 
models that do not include viscoelastic relaxation and/or do not include 
a subducting slab predict much larger deep afterslip, especially directly 
downdip of the main rupture. Lessons learned have important implica-
tions to modeling afterslip following great earthquakes (M >8) in other 
subduction zones.

• The distributions of deep pre-slip and deep afterslip appear to be spa-
tially complementary. The physical processes responsible for the compli-
mentary distributions deserve new scientific research and may hold keys 
to important fault mechanics.
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