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Abstract  

The long-term slip on faults has to follow, on average, the plate motion, while slip 

deficit is accumulated over shorter time scales (e.g., between the large earthquakes). 

Accumulated slip deficits eventually have to be released by earthquakes and aseismic 

processes. In this study, we propose a new inversion approach for coseismic slip, 

taking interseismic slip deficit as prior information. We assume a linear correlation 

between coseismic slip and interseismic slip deficit, and invert for the coefficients that 

link the coseismic displacements to the required strain accumulation time and seismic 

release level of the earthquake. We apply our approach to the 2011 M9 Tohoku-Oki 

earthquake and the 2004 M6 Parkfield earthquake. Under the assumption that the 

largest slip almost fully releases the local strain (as indicated by borehole 

measurements, Lin et al., 2013), our results suggest that the strain accumulated along 

the Tohoku-Oki earthquake segment has been almost fully released during the 2011 

M9 rupture. The remaining slip deficit can be attributed to the postseismic processes. 

Similar conclusions can be drawn for the 2004 M6 Parkfield earthquake. We also 

estimate the required time of strain accumulation for the 2004 M6 Parkfield 

earthquake to be ~25 years (confidence interval of [17, 43] years), consistent with the 

observed average recurrence time of ~22 years for M6 earthquakes in Parkfield. For 

the Tohoku-Oki earthquake, we estimate the recurrence time of~500-700 years. This 

new inversion approach for evaluating slip balance can be generally applied to any 

earthquake for which dense geodetic measurements are available.  

 

1. Introduction 

Elastic rebound theory (Reid, 1910), proposed based on field observations for the 

1906 San Francisco earthquake, explains the occurrence of an earthquake with sudden 

release of strain that gradually accumulated over decades to thousands of years. For 
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subduction zones, the most common approach to compute strain accumulation during 

interseismic intervals uses the back-slip model in which deformation related to 

interseismic locking at the fault interface is modeled by continuous slip of the locked 

part in a reverse sense with respect to the coseismic slip (Savage, 1983). Therefore, 

the interseismic back-slip (slip deficit) in principle has the potential to indicate 

possible locations of highly stressed fault regions, and may suggest certain properties 

of a future strong earthquake.  

Geodetic measurements are invaluable for capturing strain accumulation and 

seismic release. In geodetically well instrumented regions, such as South America, 

Japan or California, spatial distributions of interseismic slip deficit have been mapped, 

and provide useful information for seismic hazard analysis (Moreno et al., 2008; 

Loveless and Meade, 2010; 2011; Murray et al., 2001). Comparisons of spatial 

distribution of coseismic ruptures of large earthquakes with the interseismic slip 

deficit usually reveal a high-degree of consistency (Loveless and Meade, 2011; 

Moreno et al., 2010; Chlieh et al., 2008; Chlieh et al., 2011).   

However, the non-uniqueness of the fault slip inversion may lead to ambiguous 

conclusions. For example, for the 2010 M8.7 Maule earthquake, geoscientists have 

questioned whether the 2010 M8.7 earthquake has filled (Moreno et al., 2010) or not 

filled (Lorito et al., 2011) the preexisting seismic gap (interseismically coupled zone). 

Thereby motivated, we introduce a new inversion approach for coseismic slip, 

assuming that the coseismic slip follows a linear relationship with the interseismic 

back-slip rate, such that the corresponding coefficient is related to the recurrence 

interval of the large earthquake and seismic release level. This concept is consistent 

with the slip-predictable model (Shimazaki and Nakata, 1980) and back-slip model 

for subduction zones (Savage, 1983). We present the detailed methodology of this 

inversion approach in the following section. Applying our new approach to the two 
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case studies of the 2011 M9 Tohoku-Oki earthquake and the 2004 M6 Parkfield 

earthquake shows that the estimated recurrence times are consistent with 

independently published results for the two regions. 

 

2. Methodology 

The slip-predictable recurrence model (Shimazaki and Nakata, 1980) is one of the 

methods to estimate the occurrence of future earthquakes, using Reid’s elastic 

rebound theory (Reid, 1910) combined with observations of plate tectonics. The 

slip-predictable model describes that slip in the next earthquake is equal to the 

interseismically accumulated slip deficit (i.e., fault locking). Simply speaking, 

backslip (Savage, 1983) can be applied to model the slip deficit based on surface 

velocities. Using this concept, we consider that the coseismic slip ml×1 (l being the 

number of fault patches with unknown slip) has a linear correlation with the 

interseismic backslip rate, rl×1 as  

m=β2r,                                (1) 

where the constant β2 quantifies the required strain accumulation time. However, the 

earthquake rupture process is known to be heterogeneous. Therefore, the coseismic 

slip for a large earthquake may not be strictly proportional to the interseismic backslip 

rate, because either moderate-to-large earthquakes may have partially released local 

strain during intermediate periods, or parts of the interseismically accumulated strain 

remains stored for future earthquakes or aseismic processes. Thus, we introduce a 

factor κl×1 to describe the spatially variable fractional seismic-release level during the 

earthquake, such that 

m=β2κr, with κ∈[0,1]                     (2)  

with larger values of κ representing higher seismic-release levels. Spatial variability 

in κ may reflect local variations in rheological properties and/or complex dynamic 
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rupture processes.  

Such a physical correlation requires that total slip at each location balances the 

convergence (geological slip) rate over the long term. Therefore, the required strain 

accumulation time (β2) is related to the average recurrence time for the considered 

earthquakes. However, because of the limited knowledge about historical earthquakes 

in most regions around the world, it is difficult to precisely determine the strain 

accumulation time or the average recurrence time of the large earthquakes. Thus, in 

this new inversion approach, taking interseismic coupling as prior information, both 

β2 and κ are unknown parameters, whose values apparently cannot be separated 

during the inversion due to tradeoff effect. Therefore, we combine β2 and κ into the 

coefficient K=β2κ, and obtain 

m=RK                              (3) 

with R being the diagonal matrix of r. Once the formal inversion is completed, we 

extract information of κ by normalizing the estimated K. 

For geodetic data, given the fault geometry and the corresponding Green’s 

function (Gn×l) that relates displacements on the fault to the deformation at the 

observer locations, the fault slip inversion is a linear projection from the observed 

displacements (dn×1) to the fault slip (ml×1) 

d=Gm+e,                          (4) 

with en×1 representing the modeling errors, n being the number of the observations and 

l being the number of unknown fault slip. We assume that coseismic fault slip has a 

linear relationship with the known interseismic backslip rate (Eq. 3). Thus, the 

inversion for coseismic slip becomes the inversion for the coefficient K, and the linear 

system of equations can be written as  

d=GRK+e.                              (5) 

We construct the matrix of Green’s function in a homogenous halfspace (Okada, 
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1992). Ignoring unknown uncertainties related to material heterogeneity and fault 

geometry, we assume that the error e follows a Gaussian distribution, i.e., e∼N(0, σ2I), 

in which σ2 denotes the variance of the measurements. 

When inverting for slip on a segmented fault, smoothing constraints are typically 

applied to prevent highly oscillating solutions that are physically unreasonable (e.g. 

Tarantola, 1987; Jónsson et al., 2002). This is achieved by introducing a Laplacian 

smoothing kernel L to the slip. To stabilize K and to avoid extreme values, in 

particular at locations where interseismic backslip rate is close to zero (i.e., within the 

interseismically creeping zone), we also minimize the length of K during the 

inversion. Therefore, the complete cost function for K that we optimize has the 

following form  

24242)( KLRKGRKdK γλ ++−=f              (6) 

and its linear equation, 

0
0
d

K
I

LR
GR

=
2

2

γ
λ ,                               (7) 

where I is the unit matrix, and λ2 and γ2 are unknown hyperparameters, with higher λ2 

representing stronger smoothing, and lower γ2 generating more heterogeneous K 

values on the fault plane. For known λ2 and γ2, this linear problem can be solved 

using a least-square approach.  

The linear equation (7) includes two hyperparameters λ2 and γ2. In traditional 

least-squares finite-fault slip inversions, such hyperparameters are often empirically 

tuned according to an appropriate balance between smoothing and data fitting (e.g., 

Hreinsdóttir et al., 2003; Manaker et al., 2003). In this study, we apply a k-fold 

cross-validation method to quantify the hyperparameters (Freymueller et al., 1994). 

Therefore, the observational data are divided into k datasets, with the k-1 subsets 
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being used for training the model and the remaining subset being used for testing the 

model (Wahba, 1990; Efron and Gong, 1983). The summed error over all k trials 

(labeled as coefficient of variation, CV value) is used for evaluating the performance 

of the model. The optimal λ2 and γ2 values are determined according to the minimum 

CV value among all the tested models. With given hyperparamters λ2 and γ2 values, 

the cost function of Eq. 6 is quadratic and its posterior probability density in the 

model space is Gaussian distribution. The analytic solutions to K and its covariance 

matrix Σk exist,  

Kd
T ΣΣ= − GRyK 1ˆ ,                                     (8) 

[ ] 1441 )()()()( −− ++Σ=Σ ILRLRGRGR γλ T
d

T
K                 (9) 

The diagonal elements of ΣK
1/2 provide the standard deviation of K̂ . Thus, coseismic 

slip m can be estimated by rK̂ ±ΣK
1/2r, when ignoring the uncertainty in interseismic 

coupling model. However, the analytical solutions do not guarantee positivity of K 

and m, that is physically required. Therefore, we evaluate the optimal solutions based 

on the probability densities that are constructed using a large number of model 

samples. The details of the approach are presented in Section 4.  
 
3. Study regions and data   

In this study, we apply our inversion approach to the 2011 M9 Tohoku-Oki earthquake 

and the 2004 M6 Parkfield earthquake. The 2011 M9 Tohoku-Oki, Japan, earthquake 

occurred in the subduction zone between the Eurasian and Pacific plate achieves the 

densest records so far. The geodetic network GEONET, initiated in 1993, includes 

~1000 stations over entire Japan with an average distance of ~25 km, and provides 

detailed surface displacements for large earthquakes. Based on these data, 

interseismic coupling (Loveless and Meade, 2010; Loveless and Meade, 2011; Cubas 
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et al., 2015; Perfettini and Avouac, 2014), coseismic slip and postseismic relaxation 

have been estimated (Ozawa et al., 2011; Pollitz et al., 2011; Diao et al., 2012; 

Ozawa et al., 2012; Perfettini and Avouac, 2014) providing important insights into the 

stress/strain evolution of the seismic cycle relevant to this earthquake. These results 

suggest a spatial consistency between the zone of high interseismic coupling and 

regions of major coseismic rupture, which is surrounded by the significant 

postseismic slip. In these studies, the inter-/co-/post-seismic slip models are treated 

separately, without a quantitative evaluation of the strain or slip balance based on 

coupling correlation among the different seismic periods. In the present work, we 

exploit the correlation between the interseismic and coseismic phase, and use both 

inland displacements (Ozawa et al., 2011) and offshore GPS-Acoustic (GPS-A)  

measurements (Ito et al., 2011; Sato et al., 2011; Iinuma et al., 2012; Nishimura et al., 

2014) at 383 GPS stations to invert for the coseismic slip distribution. The 

interseismic backslip rate is calculated from the product of the coupling coefficient 

(Loveless and Meade, 2011) and an overall convergence rate of 70-85 mm/y in this 

region (Altamimi et al., 2007; DeMets et al., 1990). We apply a convergence rate of 80 

mm/y. Note that the coupling state may fluctuate over short temporal and spatial 

scales, in response to intermittent micro-seismicity, aseismic slip in the source region 

(Hori and Miyazaki, 2011), or during the nucleation/preparation phase of the large 

earthquake (Ohtani et al., 2013). Nevertheless, the coupling model of Loveless and 

Meade (2011) was derived based on the interseismic velocities measured over ~20 

years before the occurrence of the Tohoku-Oki earthquake, and thus is assumed to 

approximate the average coupling state over the interseismic phase. Accounting for 

the direction of plate convergence  and the dominant slip direction of 87° during 

coseismic rupture (Perfettini and Avouac, 2014; Ozawa et al., 2011; Pollitz et al., 

2011), we model the interseismic backslip as opposite normal faulting.  

©2015 American Geophysical Union. All rights reserved.
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   The 2004 M6 Parkfield earthquake occurred on a segment of San Andreas Fault. 

Instrumental and historical observations indicate that M6 earthquakes occur nearly 

periodically in this region, with an average period of 22 years. Considered to be an 

ideal experimental field for understanding earthquake mechanics, this region has been 

well instrumented, for instance to capture signals related to earthquake nucleation and 

occurrence (Bakun and Lindh, 1985). Based on dense geodetic measurements, 

geoscientists have constructed numerous slip models for different seismic phases (e.g., 

Segall and Harris, 1986; Harris and Segall, 1987; Langbein et al., 1990; Sung and 

Jackson, 1988; Murray et al., 2001; Titus et al., 2005; Murray and Langbein, 2006; 

Titus et al., 2006; Toké and Arrowsmith, 2006). The dense geodetic measurements in 

Parkfield and short recurrence time of M6 earthquakes also provide good 

opportunities for testing different hypotheses on earthquake mechanics (e.g., Barbot 

et al., 2012; Wang et al., 2014). 

 

4. Synthetic test to the inversion approach 

We have conducted several synthetic tests to illustrate the stability and reliability of 

the new inversion approach, considering the GEONET data and the faulting 

mechanism of the Tohoku-Oki earthquake. The fault plane, with dimension of 

700×220km2 and a strike of 195° (adopted from Pollitz et al., 2011), is curved along 

the subduction zone, with a dip angle that increases with depth (10° above 21km, 14° 

for depths between 21-39 km and 22° below 39 km). We assume a smoothly varying 

interseismic backslip rate (r) on the discretized fault plane (40×13 grid points); the 

same discretization also used for the coseismic slip of the Tohoku-Oki earthquake. 

The interseismic backslip rate with the maximum value of 80 mm/y decays 

parabolically with distance (see Fig. 1a). We assume a strain accumulation time of 

400 years (β2) and κ∈[0,1] with a parabolic shape on the fault plane (Fig. 1b). The 

©2015 American Geophysical Union. All rights reserved.
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maximum value of κ is equal to 1. Applying the coseismic slip direction of 87° (Fig. 

1c), we compute synthetic displacements at the same 383 GPS sites used for 

coseismic slip modeling of the Tohoku-Oki earthquake. The measurement 

uncertainties are assumed to follow a zero-mean Gaussian distribution with standard 

deviations of 3 mm for the horizontal component and 15 mm for the vertical 

component (Nakagawa, 2009). Using these synthetic displacements, we then invert 

for coseismic slip, applying the interseismic backslip rate as prior information. We 

conduct a 10-fold cross validation to determine the optimal hyperparameter λ2 and γ2, 

where synthetic displacements at 345 sites are used for inversion and 38 sites for 

testing the model.  

The grid-search results for different λ2 and γ2 provide optimal values of λ2=0.006 

and γ2=0.0004 (Fig. 2, marked ‘+’). Noticing from Fig. 2 that γ2 cannot be constrained 

as reliably as λ2, we have tested different choices for γ2 in the valley of the contour 

plot to model the on-fault seismic release level and slip. Because the results do not 

show significant differences, we utilize the optimal solution of λ2=0.006 and 

γ2=0.0004 to further construct the fault models. 

 

Figure 1 

Figure 2 

 

In a least-squares inversion, the desired parameters are assumed to have fixed 

true values that the inversion procedure is able to estimate, including their 

uncertainties. When hyperparameters λ2 and γ2 are known, the optimal slip model 

with its uncertainty can be calculated analytically (Eqs. 8 and 9). Instead of 

computing analytical solutions, we apply a positivity constraint to K (and the 

coseismic slip), and derive the optimal solutions with their uncertainties, accounting 

©2015 American Geophysical Union. All rights reserved.
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for errors in the measurements in the following way. We fix λ2=0.006 and γ2=0.0004, 

and repeat the inversions 1000 times using datasets randomly generated from a 

Gaussian distribution, with means identical to the synthetic displacements (Figs. 1d 

and 1e) and the same standard deviations as given by the uncertainties in the synthetic 

data. From these 1000 inversion results, we then construct the marginal probability 

density distribution (named as ‘marginal PDF’) for each variable, by binning the 

results of 1000 samples in regular intervals, and then normalizing the number of 

samples in each bin by 1000. Based on the marginal PDF, we obtain the optimal value 

(at the highest probability density) and its 95% confidence interval.  

As examples, we illustrate in Fig. 3 the marginal PDFs for the fault patch (‘+’ 

marked in Fig. 1c) with the maximum [K]i (i=1…1000) value and the maximum 

coseismic slip, respectively. We select the optimal solution according to the highest 

point of the marginal PDF. From the drawn samples, we discard 2.5% of the 

population on either end of the marginal PDF, and take the maximum difference 

between the optimal value (marked by the black-solid line in Fig. 3) and the bounding 

values (vertical-dashed lines in Fig. 3) as the overall uncertainty.  

The resulted optimal slip model, including its uncertainty, is shown in Fig. 4; the 

associated modeling results for displacements are given in Fig. S1 of the Appendix. 

They indicate that both the seismic release coefficient and the coseismic slip are well 

resolved, with a high variance reduction (VR) of VR>99%. We compute the variance 

reduction as ( )%1001 1

1

×
Σ
∆Σ∆

−= −

−

xx
xx

TVR , where ∆x=x- x̂ , with x being the observations, x̂  

being the modeling results and Σ-1 being the covariance matrix of x. The value of K is 

in generally well constrained, even in areas of extremely low interseismic backslip. 

The uncertainties of K and the coseismic slip are high near the trench due to the 

limited resolution of GPS network in this region. 

The large uncertainty in the K-value at individual locations near the fault edges 
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suggests that the K value is less well constrained than coseismic slip, mainly due to 

the extremely low interseismic slip in the corresponding fault region. Therefore, we 

calculate the seismic release level κ from the inverted K as  

sK/Kκ = ,                                        (10) 

where Ks corresponds to the K element with the maximum coseismic slip. Here, we 

assume that the fractional slip release at the location with maximum slip is unity (i.e., 

κ=1). In case that the largest slip does not fully release the local strain, the obtained 

κ-value would provide an upper limit of the seismic release level of the considered 

earthquake.  

 

Figure 3 

Figure 4  

 

   In addition, we conduct a checkerboard test. The synthetic interseismic backslip 

rate is simulated as a random field with mean of 80 mm/y and standard deviation of 5 

mm/y. Assuming β2=12.5 year, backslip of ~1 m is accumulated on the fault plane. 

Then, the backslip is almost fully released (κ=1) at the locations marked with black 

dots in Fig. 5, and completely reserved (κ=0) otherwise. Utilizing our inversion 

approach, we then invert for K values from the synthetic surface displacements and 

interseismic backslip rate. We color-code the estimated κ in Fig. 5. The result 

indicates that the main features of κ are recovered, though the resolution near the 

trench is poor, due to the limited resolution of the GPS network in this region. 

  

Figure 5 

 

5. Modeling results 

©2015 American Geophysical Union. All rights reserved.
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5.1 2011 M9 Tohoku-Oki earthquake 

Taking the interseismic coupling of Loveless and Meade (2011) as prior information, 

we invert for coseismic slip of the 2011 M9 Tohoku-Oki earthquake, and evaluate its 

seismic release which we relate to the interseismic strain accumulation. The 

interseismic backslip rate calculated from the convergence rate of 80 mm/y and the 

coupling coefficient of Loveless and Meade (2011) are shown in Fig. 6a. We perform 

the inversion using the coseismic displacements measured at both inland and sea-floor 

GPS-A stations. We assume measurement uncertainties of inland GPS data of 3mm 

for horizontal component and 15mm for vertical components (Nakagawa, 2009), as 

applied in the synthetic test. Measurement uncertainties of offshore GPS-A data 

follow Iinuma et al. (2012) and reach several centimeters. Based on the 10-fold 

cross-validation, we obtain optimal values for the hyperparameters, λ2=0.001 and 

γ2=0.001. Then, with given λ2 and γ2, we apply the same approach as for the synthetic 

tests (Section 4) to estimate the optimal coseismic slip model and its uncertainty (Fig. 

6b and 6c). Our results show that the maximum slip is about 50 m, and that slip is 

concentrated above the hypocenter. This slip model achieves a variance reduction of 

97.7% for the observed surface displacements, indicating a good data fit between the 

modeled and measured displacements. The estimated slip uncertainties (Fig. 6c) 

demonstrate that the GPS network poorly constrains slip near the trench, with high 

uncertainties of ~0.4 meter, while fault slip below Honshu Island is well constrained 

with uncertainties smaller than 0.1 m. It is important to note that these uncertainties 

only account for measurement errors in the GPS data that are propagated into the 

model estimate, but ignore possible additional errors in the physical model, such as 

fault geometry and mechanical properties of the medium.  

Figure 6d displays the inverted seismic release level κ, normalized from K 

assuming that the largest slip fully releases the local strain accumulated during the 

©2015 American Geophysical Union. All rights reserved.
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interseismic phase. It demonstrates a high level of seismic release above the 

hypocenter of the Tohoku-Oki earthquake, that is, the major patch of coseismic 

rupture reveals a high releases level with κ close to 1. The κ distribution also indicates 

an apparent localization of high seismic release south of the major coseismic rupture. 

With relatively low coseismic slip of several meters, such a high seismic release level 

is mainly due to low interseismic coupling in this region. Figures 6e and 6f then show 

the residual interseismic slip deficit, after correcting for the Tohoku-Oki mainshock, 

formulated as r-κr. Except for the slip deficit on the northern edge of the adopted 

fault plane, which may belong to another faulting segment, the residual interseismic 

backslip is concentrated downdip and south to the major coseismic rupture patch. The 

residual interseismic slip deficit may have implications for the subsequent postseismic 

strain release, which will be discussed in detail in Section 6.  

 

Figure 6 

 

In addition, we test a model in which only inland GPS measurements are used for 

the inversion (Fig. S2 of the Appendix). Comparing with results shown in Fig. 6, both 

coseismic slip models are characterized by a similar distribution, but the slip model 

derived using only inland GPS measurements has lower maximum slip (~35 meter 

instead of ~50 meter based on both GPS datasets). In this case, slip uncertainties are 

also smaller compared to the ones shown in Fig.6c, especially those near the trench. 

The relative large slip uncertainties in Fig. 6c are mostly governed by high 

measurement uncertainties of offshore GPS-A data. The inverted seismic release 

coefficient and the residual interseismic backslip rate are shown in Figs. S2c and S2d, 

and provide similar patterns as those in Figs. 6d and 6e, indicating that the inversion 

is robust with respect to the choice of the particular dataset. 

©2015 American Geophysical Union. All rights reserved.
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5.2 2004 M6 Parkfield earthquake 

For the 2004 M6 Parkfield earthquake, we utilize the interseismic slip model of Wang 

et al. (2014), which was constructed based on the interseismic displacements collected 

over ~10 years before the occurrence of the 2004 event (see Fig. 2a of Wang et al., 

2014). To implement the interseismic slip deficit into our new inversion method, we 

modify the interseismic slip of Wang et al (2014) to obtain the backslip by correcting 

the tectonic loading rate of 32.6mm/y (Murray et al., 2001 and reference therein). 

Therefore, the zone that is fully creeping in the model of Wang et al (2014) has a 

backslip rate of 0 mm/y, while the fully locked zone has a backslip rate of 32.6mm/y 

(Fig. 7a). The coseismic displacements only include the horizontal measurements 

(Barbot et al., 2009; Wang et al., 2012). We then simulate 1000 datasets based on 

Gaussian distributions with means of the measured coseismic displacements and 3 

mm standard deviations for both horizontal components. The inversion results based 

on the 1000 datasets are used for constructing the marginal PDFs from which we find 

the optimal solutions (see Figs. 7b-d) and their uncertainties (Fig. S3 in the 

Appendix).  

 

Figure 7 

 

The inverted coseismic slip provides two slip patches above 10 km depth, a 

major one northwest of the hypocenter and a weaker one in the south. The general 

pattern is similar to other studies (e.g. Bakun et al., 2005; Barbot et al., 2009; Liu et 

al., 2006). Utilizing our new inversion, the artificial deep slip in the traditional 

least-squares inversion (e.g Fig. 3 of Wang et al., 2014) due to poor coverage of the 

GPS network is eliminated. We display the inverted seismic release coefficient κ (Fig. 
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7c) that shows a similar pattern as the coseismic slip. The slip patch north of the 

hypocenter indicates a much larger (about a factor of three) seismic release level than 

the slip patch south of the hypocenter. That is, at most ~30% of the total accumulated 

strain is released during this earthquake in the southern part of the fault. We calculate 

the residual interseismic backslip rate (Fig. 7d) after the Parkfield earthquake, and 

obtain a strong slip deficit above ~3km depth and south of the major coseismic 

rupture of the 2004 event. Eventually, these zones of localized slip deficit have to be 

released aseismically or by future earthquakes. 

In addition, to investigate whether the uncertainty in the interseismic backslip 

may significantly affect the estimated coseismic slip model, we randomly take ten 

interseismic slip models from the ~105 samples used to construct the marginal PDFs 

of the interseismic slip of Wang et al. (2014). Using these 10 interseismic slip 

models as prior information, we invert for coseismic slip based on the 1000 

simulated surface displacements. Then, we construct the marginal PDFs based on all 

of the 10000 samples to obtain the optimal solution and its uncertainty. The results 

shown in Fig. S4 of the Appendix suggest that including the uncertainty in 

interseismic slip does not change the coseismic slip model and the corresponding 

seismic release coefficients. However, the modeling errors are larger than that 

without considering the uncertainty in interseismic slip model (Fig. S3 of the 

Appendix).  

 

6. Discussion 

6.1 Information gain of interseismic coupling constraint 

In this study, we apply information on interseismic coupling as an additional 

constraint to invert for coseismic slip. In standard fault slip inversion, the system of 

equations d=Gm+e is subjected to smoothing condition, and then takes the form 
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0
d

m
L

G
=2λ

,                                        (11) 

with its cost function 

242)( LmGmdm λ+−=f .                           (12) 

With given λ2, there exists the analytical solution to fault slip m 

md
T ΣΣ= − Gym 1ˆ ,                                      (13) 

[ ] 141 −− +Σ=Σ LLGG T
d

T
m λ                                (14) 

The diagonal elements of Σm
1/2 provide the standard deviation of m̂ .  

We take the Parkfield earthquake as illustration and display in Fig. 8 the result 

when applying the above analytical solutions to the standard deviation of coseismic 

slip estimation, which indicates the resolving power of the applied data and inversion 

approach. Figure 8a presents the standard deviation of K (SDK) based on ΣK
1/2 of Eq. 

9, and Fig. 8b provides the standard deviation of coseismic slip (SDm) calculated by 

ΣK
1/2r. For comparison, we display the standard deviation of m based on Σm

1/2 of Eq. 

14 using two different λ2 values in Figs. 8c and 8d, respectively. Corresponding 

analytical solutions to K (or m) are given in Fig. S5 of the supplementary material. 

The results suggest that if interseismic coupling is included as additional 

constraint in the inversion, the uncertainty of coseismic slip is small at the greater 

depth, where the coseismic displacements have a low resolution (Figs. 8c and 8d). 

This property is a result of weak interseismic coupling (backslip) at greater depth for 

Parkfield.  

 

Figure 8 

 

The signal of interseismic velocities is in general much lower than that for the 
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coseismic displacements of an earthquake. However, since measurement uncertainty 

for interseismic velocities is usually about 1 mm/y (Murray and Langbein, 2006; 

Ruegg et al., 2009), smaller than that (~ 3mm) for the coseismic displacements, we 

compare signal-to-noise ratio (S/N) of inter- and co- seismic measurements for the 

Parkfield case. We use the interseismic slip model of Wang et al. (2014; Fig. 2a) that 

was constructed from the GPS data of Murray and Langbein (2006) to calculate 

interseismic velocities. The S/N for interseismic velocities (with noise level of 1 

mm/y) is compared with the S/N of coseismic displacements (calculated based on Fig. 

7b), for which the noise level is assumed to be 3mm. S/N values are calculated along 

two profiles perpendicular to the fault trace (A-A’: the profile located at the top of the 

largest coseismic slip (-15km along strike in Fig. 7b); B-B’: the profile located at the 

epicenter of the 2004 M6 Parkfield earthquake). The results are displayed in Fig. 9. 

Figure 9 indicates that the displacement (rate) profiles are not symmetric with 

respect to the fault trace due to the net effect of slip. The maximum coseismic 

displacements along B-B’ profile is larger than that along A-A’. This is because B-B’ 

profile is between two major coseismic slip regions (see Fig. 7b), and thus 

displacements along B-B’ received deformations from both major slip areas. 

Comparison between inter- and co- seismic phases indicates that S/N in the near field 

is higher for the coseismic phase, but S/N farther away from the fault (about 10 km 

from the fault) is higher for the interseismic phase. Along A-A’ profile, S/N of the 

interseismic velocities is larger than the S/N of coseismic displacements at the 

distances of more than 8 km from fault. The results suggest that the interseismic 

measurements could supply information complementary to the coseismic 

displacements and therefore could possibly useful for constraining the deep part 

during coseismic slip modeling, according to their physical correlations.  
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Figure 9 

 

 

6.2 Physical implications of κ 

During the inversion for coseismic slip, we obtain the seismic release coefficient 

κ of the target earthquake, where κ quantifies the ratio between the strain release 

(coseismic) and strain accumulation (interseismic). The results for the Tohoku-Oki 

earthquake indicate a high seismic-release coefficient for the major coseismic rupture 

zone. This almost complete release of local strain has been found also through 

borehole measurements conducted one year after the occurrence of the Tohoku-Oki 

earthquake (Lin et al., 2013). The results for the 2004 Parkfield earthquake indicate a 

spatially variable seismic-release coefficient, with κ being three times larger north of 

the hypocenter then to the south.  

However, in both earthquakes there are still regions of post-event residual slip 

deficits. A residual slip deficit may account for remaining barriers (such as the high 

slip deficit at the north edge of the adopted fault plane in Fig. 6e) that may pose a high 

seismic potential for subsequent large events. Alternatively, part of the remaining slip 

deficit surrounding areas of major coseismic rupture may be related to a transitional 

region in which aseismic deformation (such as afterslip) or aftershocks occur. To 

further investigate this conjecture, we compare the postseismic slip with the residual 

slip deficits. The postseismic slip for the Tohoku-Oki earthquake is derived based on 

displacements measured by GEONET, for a period over one year following the 

mainshock (Fig. 6e), which has a cumulative moment release of magnitude 8.7. The 

displacement fields are displayed in Fig. S6.  

For the Parkfield earthquake, we use the postseismic slip in the first five days 

(Fig. 7d) of Wang et al (2014). We find a good agreement between the major 
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postseismic slip and the residual slip deficit, noting however, that the deep 

postseismic slip for the Parkfield earthquake (Fig. 7d) is likely an artifact due to 

limited coverage of GPS network and the resulting low resolution to the deep slip.  

In a subsequent calculation, we quantitatively investigate the spatial consistency 

between the residual slip deficit and postseismic slip. We now invert for postseismic 

slip, taking the residual interseismic slip deficit as prior information. We consider 

again the postseismic displacements during the first year following the Tohoku-Oki 

earthquake, and the first five days following the Parkfield earthquake. The results are 

shown in Figs. 10 and 11. They indicate that the postseismic slip model, constrained 

by the residual interseismic slip deficit, well explains the surface displacements, with 

variance reduction of 94.2% for the Tohoku-Oki earthquake and 92.5% for the 

Parkfield earthquake. If the postseismic slip is considered to release the 

interseismically accumulated strain under the assumption that the largest postseismic 

slip fully releases the local strain left after the mainshock (i.e., κ of postseismic slip 

has the maximum value of 1), then the remaining slip deficit surrounding the major 

coseismic rupture decreases for the Tohoku-Oki earthquake (see Fig. 10b). For the 

Parkfield earthquake, the remaining slip deficit after the Parkfield mainshock (Fig. 

11b) can be fully attributed to the postseismic relaxation. The remaining shallow 

strain concentration south to the major coseismic rupture of the Tohoku-Oki 

earthquake may contribute to the later postseismic relaxation processes, as indicated 

when considering a longer postseismic period of about two years (Yamagiwa et al., 

2015). 

The aftershocks (projected onto the fault plane from fault-normal distance of 15 

km for the Tohoku earthquake, and from fault-normal distance of 3 km for the 

Parkfield earthquake) are displayed by gray dots with density contours in Fig.6f and 

black dots in Fig.7d. Most of the aftershocks occur in the area of high residual slip 
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deficit. The results indicate that the postseismic relaxation processes release the strain 

accumulated in interseismically loaded areas that experienced coseismic stress 

perturbations.  

 

Figure 10 

Figure 11 

 

6.3 What can we learn about recurrence time? 

Estimating the recurrence time of large earthquakes is a challenge due to the short 

historical record of earthquakes. Some geological approaches, such as estimation of 

the recurrence time of mega-events using tsunami deposit, usually provide rather wide 

ranges (Rajendran, 2013). Ignoring possible temporal variations of fault coupling 

between the seismic periods, geodetic measurements provide an efficient approach for 

evaluating the recurrence interval of mega-events.  

In our new inversion approach, we assume that coseismic slip is the product of 

three components: recurrence time, interseismic backslip rate and seismic release 

level, i.e., m=β2rκ. Due to the tradeoff effect, we have combined the seismic release 

level and the recurrence time into an integrated coefficient (K) during the inversion. 

After the inversion, we normalize K to isolate information of the seismic release level 

κ and β2. However, we can also examine the implied recurrence time from the 

inverted K value.  

Given that K is the ratio between coseismic slip and interseismic backslip rate, 

we can estimate the recurrence time from the maximum or mean value of K. However, 

K can become numerically instable if the interseismic slip deficit is close to 0, 

although we have applied a constraint to minimize the length of K during our 

inversion. Therefore, to quantify recurrence time from the inter- and co- seismic slip 
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balance requires additional physical considerations. For this purpose, we assume that 

(1) the coupling model derived from displacement rates during tens of years 

approximates the average coupling state of the interseismic phase, while possible 

local weakening during the nucleation or preparation phase of large earthquakes 

(Ohtani et al., 2013; Ozawa et al., 2012) can be ignored; (2) the reloading time of the 

fault patch with maximum coseismic slip (i.e., the strongest asperity) determines the 

recurrence time; (3) the unloading effects by small events during the seismic cycle are 

small and can be ignored.  

Under these considerations, and assuming that the seismic release level is 1 (i.e., 

complete strain release) for the asperity with the maximum coseismic slip, we can 

estimate the recurrence time, identified by β2, from the K value in the zone of 

maximum coseismic slip. In case the strongest asperity does not completely release 

the local strain during the earthquake (seismic release level is smaller than 1), this 

estimation provides at least a minimum recurrence time for the target earthquake.  

To test this approach, we calculate the marginal PDF of β2, by applying the K 

value with the maximum coseismic slip (Fig 12a), using the 1000 inversion results for 

the synthetic test (Fig. 1). We obtain an optimal value for β2 of 401.9 years, within a 

confidence interval of [393.1, 412.5] years. This estimation agrees well with the 

prescribed value of β2=400 years. This result indicates that the inversion approach can 

be useful to estimate the recurrence time of the large event.   

Applying this recurrence-interval estimation to the M 6 Parkfield earthquake, we 

find its recurrence time to be 25 years, within a confidence interval of [17, 43] years 

(Fig. 12b). To further test the results, we consider the potential influence of grid size 

used in the inversion. Thus, we re-run our analysis for larger grid size, discretizing the 

fault plane into only 200 grids (instead of 455 grids before). The results are shown in 

Fig. S7 of the Appendix, with slip distributions that are similar to those based on 
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smaller patches, providing an optimal recurrence time of 27 years in a confidence 

interval of [22, 35] years. Both recurrence-time estimates are consistent with the time 

span of 38 years between the M 6 2004 Parkfield earthquake and its predecessor in 

1966, and the average recurrence interval of 22 years. The consistency between our 

estimated recurrence time and the observations also suggests that the zone of highest 

slip during the 2004 M6 earthquake (north to the hypocenter) almost fully released the 

local strain accumulated during the interseismic phase. 

Applying this approach to the Tohoku-Oki earthquake, the β2 distribution 

provides an optimal value of 553 years, within a confidence interval of [549, 558] 

years (Fig. 12c). To investigate the stability of these estimates, we consider a smaller 

grid size, and discretize the fault plane into 1000 patches (instead of 520 patches used 

before). The results are given in the Appendix (Fig. S8), providing an optimal value of 

511 years, within a confidence interval of [504, 516] years. When only using the 

inland GPS data, we find an optimal recurrence time of 472 years (within a 

confidence interval [469, 474] years). These three estimates are rather close to each 

other, considering the long repeat time of such large earthquakes.  

However, to truly estimate the recurrence time of Tohoku-Oki earthquake, we 

have to include additional geophysical aspects, for instance (1) if the largest slip of 

the Tohoku-Oki earthquake fully released the local strain; (2) impact from the 

uncertainty of the convergence rate; (3) the strain release due to the previous moderate 

to large earthquakes in this region. Concerning (1), borehole measurements have 

indicated that the largest slip of the Tohoku-Oki earthquake has a total stress drop (Lin 

et al., 2013). Thus, β2 determined from the K value with largest slip is expected to not 

significantly bias the estimation of recurrence time of the Tohoku-Oki earthquake. We 

address issues (2) and (3) below. 

Regarding the uncertainty of convergence rate, we note that it strongly impact the 
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estimation of recurrence time. The convergence rate in this region has been 

determined to be between 70 and 85 mm/y (Altamimi et al., 2007; DeMets et al., 

1990). If we relate the estimated minimum recurrence time (504 years) with the 

largest convergence rate (85 mm/yr), and the estimated maximum recurrence time 

(558 years) with the smallest convergence rate (70 mm/yr), using β2×80/r′ with r′ 

representing the new convergence rate, we estimate the possible range of recurrence 

time for the Tohoku-Oki earthquake to be 474-638 years.  

Interseismically accumulated strain might be partially released by the moderate to 

large earthquakes that occurred prior to the mainshock under consideration. To 

address their contributions in case of the 2011 Tohoku earthquake, we compile a list 

of significant paleo-/instrumental- earthquakes (Table 1) from several catalogs (Utsu, 

2004; Kawakatsu and Seno, 1983; Engdahl and Villaseor, 2002). They are mostly 

larger than M7.5, where we ignore large earthquakes with clear evidence of normal 

faulting due to plate bending at trench (e.g., 1933 M8.4, Sanriku earthquake, 

Kanamori, 1971; 1938 M7.7 Shioya-Oki earthquake, Abe, 1977) and also several 

earthquakes occurred on the subducting Philippine Sea plate (1293 M7.5, 1703 M8.1, 

and 1923 M7.9 earthquake). Although paleo-earthquakes might involve large 

uncertainties, they still provide important information for strain release history in this 

region. We assume all earthquakes listed in Table 1 have the same faulting mechanism 

as the Tohoku-Oki earthquake, and approximate their fault dimensions and slip based 

on the empirical source-scaling relations (Wells and Coppersmith, 1994).  

We consider the events over the past ~500 years, namely from 1500 on. During 

this time period, the earthquake records are expected to be more complete and reliable 

than earlier ones. Figure 13 summarizes the results with ellipse representing the 

approximated fault dimension for each event and its corresponding uniform mean slip 

(Fig. 13a). The cumulative slip of the events occurred over the past 500 years (Table 1) 
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is projected onto the fault plane of the Tohoku-Oki earthquake (Fig. 13b). We find that 

the maximum cumulative slip in the major rupture zone of the Tohoku-Oki earthquake 

is about 2.9 meters, which accounts for ~34-41 years of strain buildup, based on the 

convergence rate of 70-85mm/y. Since the paleo-earthquake records usually have 

large uncertainties, we alternatively calculate the slip based on the events that were 

provided by Perfettini and Avouac (2014). Using the data over the same period, we 

get the cumulative slip in the major coseismic rupture zone of 1.8m, equivalent to 

~21-26y of strain buildup. The results imply that moderate to large earthquakes 

occurred in the past 500 years contribute to uncertainty in recurrence time estimate for 

the Tohoku-Oki earthquake up to ~50 years.   

In addition, we constructed slip models considering both source-scaling relations 

(Wells and Coppersmith, 1994) and heterogeneous slip on the rupture plane 

(constrained by magnitude-dependent correlation length of slip, following Mai and 

Beroza, 2002). The final cumulative slip does not change significantly. Therefore, 

taking the impact from the moderate to large earthquakes in the past 500 years into 

account, we calculate the recurrence time for the Tohoku-Oki earthquake of about 

500-700 years. This estimation has a good consistency with the recurrence time of 

~400-800 years, with an average recurrence time of ~600 years that was determined 

from the paleoearthquake records and tsunami sediments (Namegaya et al., 2010; 

‘Long-term evaluation of the seismic activity of Boso and Sanriku region’ by 

Earthquake Research Committee Headquarters for Earthquake Research Promotion 

Japan, www.jishin.go.jp/main/chousa/11nov_sanriku/sanriku_boso_4_hyoka.pdf). 

 

 

Table 1 

Figure 12 
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Figure 13 

 

6.4 Ambiguity in interseismic coupling model for the Tohoku-Oki earthquake 

Using interseismic coupling as additional constraint in coseismic modeling means that 

the existing non-uniqueness in the geodetically derived interseismic coupling models 

enters into the coseismic modeling results. Particularly for the Tohoku-Oki earthquake, 

several other interseismic coupling models have been published recently (Loveless 

and Meade, 2010; Cubas et al., 2015; Perfettini and Avouac, 2014). The model of 

Loveless and Meade (2010) (henceforth denoted as LM2010) assumes free sliding 

(zero-coupling) at the trench (Fig. 14a). Using both inland GPS and offshore GPS-A 

measurements, Perfettini and Avouac (2014) constructed the coupling model with 

(PA2014a, Fig. 14e) or without (PA2014b, Fig. S9a) constraint of free-sliding at the 

trench. The latest interseismic coupling model of Cubas et al (2015, identified as 

CB2015, Fig. S9e) is derived based on both inland GPS and offshore GPS-A data. 

Consistently, we identify the coupling model of Loveless and Meade (2011) as 

LM2011. 

We construct the coseismic slip model considering the different interseismic 

coupling models as prior information. Figures 14 and S9 reveals that the resulting 

coseismic slip distributions have a similar pattern to our initial findings (Fig. 6b), and 

well explain the data. We conclude that the influence of the coseismic displacement 

dominate the inversion results. However the calculated seismic release level (κ) of the 

mainshock (and the relevant residual slip deficit) and β2 change significantly. Since 

the largest coseismic slip of the Tohoku-Oki earthquake is located at the trench, if the 

interseismic coupling is assumed to be free-sliding (zero-coupling) at the trench (e.g., 

LM2010 model), the coefficient K at the trench needs to be very high in order to 

generate displacements that match the observed coseismic displacements. Therefore, 
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the relevant estimate of recurrence time is rather large, over 5000 years when using 

LM2010 (Fig. 15a). The result based on CB2015 that also appears zero-coupling at 

the trench provides also rather large recurrence time, ~1800 years (Fig. 15d). Based 

on PA2014b, we find a recurrence time of around 820 years (Fig. 15c), which is not 

unreasonable given the paleo-earthquake records. We remark that the free-sliding 

constraint at the trench in PA2014b model (Fig. S9a) seems not as strong as in 

LM2010 (Fig. 14a) or in CB2015 (Fig. S9e).  

As seen in Figs. 14d, S9d and S9h, the residual backslip is rather high, 

suggesting that significant strain is still preserved in this region after the occurrence of 

Tohoku-Oki earthquake. Thus, if interseismic coupling at the trench is assumed to be 

zero, the seismic potential remains high even after the occurrence of Tohoku-Oki 

earthquake. In contrast, using interseismic coupling model of PA2014a, in which the 

free-sliding constraint is relaxed, we obtain similar results as those based on LM2011, 

with a recurrence time of ~516 years (Fig. 15b).  

For the purpose of seismic hazard analysis, we can calculate an overall seismic 

release level from the point of view of moment release, where the seismic moment is 

given by the product of the shear modulus (µ), the slip (D) and the total slip area (A), 

i.e., M=µDA. For interseismic phase, we consider the moment accumulation rate and 

replace slip by backslip rate. The slip rate contributing to the mainshock can be 

quantified by κr. Given that the slip area and shear modulus are constants in this 

calculation, the moment ratio (α) can be simplified as, 

∑
∑=

r
κr

α .                                      (15) 

For the Tohoku-Oki earthquake, we consider the area centered at the hypocenter and 

with a radius of 200km, which covers the main coseismic rupture of the Tohoku-Oki 

earthquake and the postseismic activities. We then find moment ratios for the 
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Tohoku-Oki earthquake to be α=0.07 for the modeling results based on LM2010, 

α=0.46 for PA2014a, α=0.28 for PA2014b and α=0.15 for CB2015. The modeling 

results based on LM2011 provides the moment ratio of α=0.49, close to that based on 

PA2014a.  

Therefore, based on the different interseismic coupling models, the derived 

coseismic slip has a similar pattern. However, the different interseismic priors 

strongly influence the estimation of seismic release level κ and the recurrence time β2. 

In comparison, interseismic coupling model without the constraint of free-sliding at 

the trench (LM2011, PA2014a) provides an overall seismic release of the Tohoku-Oki 

earthquake ~0.5, suggesting half of the local strain energy was released by this 

mega-event. The remaining strain energy could contribute to postseismic relaxation 

processes, as indicated in Figs. 6e and 6f, and also implied by significant afterslip 

following the mainshock (Ozawa et al., 2011; Diao et al., 2013). The estimated β2 

values of hundreds of years are also more reasonable according to paleoearthquake 

and tsunami records in this region. Thus, our analysis advocates the interseismic 

coupling model without free-sliding constraint at the trench. 

Figure 14. 

Figure 15. 

 

7. Conclusion 

Based on the backslip model and elastic rebound theory, we introduce a new inversion 

approach to obtain the coseismic slip, taking the interseismic coupling state as prior 

information. We have conducted synthetic tests and applied this approach to the 2011 

M9 Tohoku earthquake and the 2004 M6 Parkfield earthquake. For the 2004 M6 

Parkfield, the prior information of the interseismic backslip rate provides an efficient 

constraint on slip at depth, where the coseismic GPS network is almost blind. 
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Furthermore, our new inversion also provides an estimate of recurrence time for the 

events considered. We estimate that the recurrence time of the 2004 M6 Parkfield 

earthquake is 25 years, with a confidence interval of [17, 43] years, consistent with 

the time span since its last M6 event of 1966, and the general recurrence time of ~22 

yrs for M6 events in this region. For the Tohoku-Oki earthquake, we estimate the 

recurrence time to about ~500-700 year. Compared to traditional fault slip inversion, 

our new inversion approach, has the advantages of (1) quantitatively evaluating the 

seismic coupling between inter- and co- seismic phase, (2) quantifying the remaining 

seismic slip deficit after the occurrence of the large earthquake (important for 

evaluating the strain release during the postseismic phase and for future seismic 

hazard) (3) quantifying the recurrence interval. This inversion approach can be 

generally applied to all the large earthquakes for which dense geodetic measurements 

are available. As interseismic coupling models become more accurate owing to higher 

data density in the future, the inversion approach proposed in this study can be used to 

estimate recurrence time and seismic potential after the occurrence of a large 

earthquake, thus providing important information for local time-dependent seismic 

hazard analysis. 
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Figure captions: 

Figure. 1 Synthetic interseismic backslip rate (a), synthetic κ (b), synthetic coseismic 

slip (c) and the surface displacements (panels (d) and (e)) simulated from the 

coseismic slip. ‘+’ in panel (c) indicates the location whose marginal PDFs are 

illustrated in Fig. 3. The gray dashed lines mark the coast lines of Japan, the dark 

dashed line delineates the trench location. 

 

Figure 2. Contour of log10CV values for the models with different λ2 and γ2 displayed 

on a log-10 scale. The ‘+’ marks the model with the minimum CV value.  

 

Figure 3. (a) The marginal PDF (marked by the dashed gray curve) for the subfault 

with the maximum [K]i (i=1…l) value of 400 (′+′ marked in Fig. 1c) and (b) and the 

maximum coseismic slip of 32m. The black solid line indicates the optimal estimation, 

while the dashed lines mark the uncertainty as of the 95% confidence interval 

quantified based on 1000 samples (see details in the main text). The analytical 

solution of Eq. 9 provides a standard deviation of ±9.2 for the maximum [K]i in (a) 

and ±0.7m for the maximum slip in (b). 

 

Figure 4. The optimal solution of K (a) and coseismic slip (b) for λ2=0.006 and 

γ2=0.0004 according to the minimum CV value. Their uncertainties are shown in 

panels (c) and (d), respectively. Variance reduction (VRK) in panel (a) is calculated 

from the difference between the modeled and the synthetic K values, while VRslp in 

panel (b) refers to the variance reduction related to the difference between the 

modeled and the synthetic coseismic slip. 

 

Figure 5. Checkerboard test. The synthetic interseismic slip is simulated as a random 
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field with mean of 80 mm/y and standard deviation of 5 mm/y. The black dots mark 

the subfaults where ~1-meter coseismic slip (the strain accumulation time is assumed 

to be 12.5 year) occurs and seismic release level (κ) is 1. The optimal estimation of κ 

for the model with γ2=0.03 and λ2=0.0003 is color-coded. The cross-validation results 

for different γ2 and λ2 are shown in panel (b), and ‘+’ marks the model with the 

minimum CV value.  

 

Figure 6. Results for the Tohoku-Oki earthquake derived from both inland GPS and 

offshore GPS-A measurements. (a) interseismic backslip rate based on the coupling 

model of Loveless and Meade (2011); (b) inverted coseismic slip model taking 

interseismic coupling as prior information; (c) uncertainty of the coseismic slip model; 

(d) color-coded seismic release level κ; Residual interseismic backslip rate after 

removing the contribution of the Tohoku-Oki mainshock that is formulated by r-κr 

overlaid with the major postseismic slip (contour intervals in unit of meter) in the first 

year (e), or overlaid with the M≥4.0 aftershocks (f), in which the gray dots indicate 

the aftershock locations and the contour lines show the aftershock density. The star 

indicates the hypocenter of the Tohoku-Oki earthquake. The gray dashed lines mark 

the coast lines of Japan, the dark dashed line indicates the trench location. 

 

Figure 7. Modeling results for the 2004 M6 Parkfield earthquake. (a) Interseismic 

backslip rate modified from Wang et al. (2014); (b) Inverted coseismic slip taking 

interseismic coupling as prior information; (c) Inverted κ; (d) the residual interseismic 

backslip rate after correcting for the contribution of the mainshock (r-κr). The 

contour lines in panel (d) indicate the major postseismic slip (see Fig. 3 of Wang et al., 

2014 ), and the star indicates the hypocenter of the Parkfield earthquake. Black dots in 

panel (d) depict locations of aftershocks of M≥3.0. ‘NW’ and ‘SE’ on the tops of 
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panels (a) and (b) label the orientation of the fault.  

 

Figure 8. Analytical standard deviation for K (SDK) and m (SDm) of the Parkfield 

case. Standard deviation of K based on ΣK
1/2 of Eq. 9, with λ2=0.0016 (a), of slip m 

based on ΣK
1/2R, with λ2=0.0016 (b), of slip m based on Σm

1/2 of Eq. 14, with 

λ2=0.0016 (c) and of slip m based on Σm
1/2 of Eq. 14, with λ2=0.005 (d). The star 

marks the hypocenter of the 2004 Parkfield earthquake. 

 

Figure 9. Signal to noise ratio (S/N). (a) Color-coded interseismic slip model of Wang 

et al (2014) for Parkfield. The ‘+’ marks the interseismic GPS stations, the triangles 

show the coseismic GPS stations and the dashed line marks the profile, along which 

the displacement (rate) is calculated. (b) S/N for coseismic displacements calculated 

from the model shown in Fig. 7b along the two profiles (A-A’；B-B’) displayed in 

panel (a) and S/N for interseismic velocities calculated from the interseismic slip 

model of Wang et al. (2014; Fig. 2a). The noise level is assumed to be 3 mm for 

coseismic displacements and 1 mm/y for interseismic velocities. 

 

Figure 10. Color-coded postseismic slip of the first year following the Tohoku-Oki 

earthquake taking the residual slip deficit after the occurrence of the Tohoku 

mainshock as constraint (a) and the residual interseismic backslip rate after correcting 

for both co- and post- seismic effects of the Tohoku earthquake. The solid contour 

lines in panel (a) displays the residual interseismic backslip rate after correcting only 

for the Tohoku mainshock, while the solid contour lines in panel (b) show the 

aftershock (M≥4.0) density distribution. The gray dashed lines mark the coast lines of 

Japan, and the dark dashed line indicates the location of the trench. 
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Figure 11. Postseismic slip in the first five days following the 2004 M6 Parkfield 

earthquake (a), taking the residual interseismic backslip rate after correcting for the 

contribution of the mainshock (Fig. 7d) as prior information in the joint inversion, and 

the residual interseismic backslip rate after correcting for both co- and post- seismic 

effects of the Parkfield earthquake (b). ‘NW’ and ‘SE’ on the top of panel (a) label the 

orientation of the fault. 

 

Figure 12. Marginal PDF of the estimated recurrence time (β2) for (a) synthetic test 

shown in Fig. 1, (b) 2004 Parkfield earthquake and (c) Tohoku-Oki earthquake. The 

black vertical solid line marks the optimal estimation of the recurrence time and the 

vertical dashed lines display the confidence interval. 
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Figure 13. Approximated slip of the large earthquakes (listed in Table. 1 of this study 

and Table. 1 of Perfettini and Avouac, 2014) before the occurrence of the Tohoku-Oki 

earthquake. (a) fault dimension determined from source-scaling relations of Wells and 

Coppersmith (1994) for each earthquake is indicated by ellipse, centered on the 

epicenter of the event, and color-coded according to mean slip. The red patch with 

contour lines (10, 20 and 30 meters, respectively) shows the major coseismic rupture 

of the Tohoku-Oki earthquake. (b) Cumulative slip of events in (a) is projected onto 

the fault plane of the Tohoku-Oki earthquake. The contour lines are the same as in 

panel (a). Panels (a) and (b) are for the paleo-earthquakes listed in Table 1 of this 

study; while panels (c) and (d) are for the events listed in Table 1 of Perfettini and 

Avouac, (2014). The black star marks the epicenter of the Tohoku-Oki earthquake, 

and the dashed curve displays the location of trench. 

 

Figure 14. Modeling results based on two other different interseismic coupling models 

for the Tohoku-Oki earthquake. Panels a-d: LM2010 (including the constraint of 

free-sliding at trench; Loveless and Meade, 2010); Panels e-h: PA2014a (without 

constraint of free-sliding at trench; Perfettini and Avouac, 2014). The symbols are the 

same as those in Fig. 6. 

 

Figure 15. Estimated β2 based on different interseismic coupling model for the 

Tohoku-Oki earthquake. (a) LM2010; (b) PA2014a; (c) PA2014b; (d) CB2015. 
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Table 1. Documented significant earthquakes in the vicinity of the 2011 M9 

Tohoku-Oki earthquake. 

ix year month day latitude longitude depth magnitude Data 
resource 

1 1611 12 2 39.0 144.0 - 8.1 a, b 
2 1677 4 13 41.0 143.0 - 7.9 a 
3 1677 11 4 35.0 141.5 - 8.0 a 
4 1678 10 2 39.0 142.0 - 7.5 a 
5 1717 5 13 38.5 142.5 - 7.5 a 
6 1763 1 29 41.0 142.5 - 7.7 a 
7 1793 2 17 38.5 144.0 - 8.2 a 
8 1855 11 11 35.7 139.8 - 7.0 e,f 
9 1856 8 23 41.0 142.3 - 7.7 a 
10 1896 6 15 39.5 144.0 - 8.3 a, b, c 
11 1897 8 5 38.3 143.3 - 7.7 a,c 
12 1901 8 9 40.5 142.5 33 7.2 b,c,d 
13 1905 7 6 37.4 141.8 33 7.1 c,h 
14 1909 3 13 34.5 141.5 35 7.5 a,b,d 
15 1915 11 1 38.3 142.9 35 7.5 a,b,c,d 
16 1931 3 9 40.5 142.5 60 7.7 b 
17 1936 11 3 38.3 142.1 61 7.5 a,c, 
18 1938 5 23 36.5 141.8 35 7.7 b,c 
19 1938 11 5 37.0 142.0 35 7.9 b,c 
20 1938 11 5 37.1 142.1 35 7.8 a,b,c 
21 1953 11 25 34.0 141.8 35 7.9 b 
22 1960 3 20 39.9 143.4 20 7.8 b,c 
23 1968 5 16 40.9 143.3 25 8.3 a,b,c 
24 1978 6 12 38.2 143.4 53 7.7 b,c 
25 1994 12 28 40.4 143.8 25 7.6 a,b 
26 2011 3 9 38.3 143.3 32 7.3 JMA 

Note: a(Utsu, 2004) ; b(Engdahl and Villaseor, 2002); c(Kawakatsu and Seno, 1983); 

d (Centennial Earthquake Catalog of U. S. Geological Survey) ; e (Bakun, 2005); 

f(Smits, 2006). 
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