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1. Introduction 2.1 Input data

Obs. Ref. Period Location

GPS-A Yokota et al. [2016 Nature] 2006 - 2016* Along the Nankai trough

GPS-A Tadokoro et al. [2012 GRL] 2004 - 2015** In the Kumano Basin

GNSS GEONET F3 solution 2006.07 - 2009.07 Islands on the Nankai block

*  Postseismic displacements of the 2011 Tohoku-oki earthquake were removed by the model of Sun and Wang [2015, JGR]
** Postseismic displacements of the 2011 Tohoku-oki earthquake were removed by the model of Tobita [2016, EPS]

<Geodetic data>

<Tectonic/geometric configuration>
Type Ref.

Block model “Nankai block” of Loveless and Meade [2010 JGR] Fig. 2-1

Plate interface* (a) CAMP standard model by Hashimoto et al. [2004 PAG] Fig. 2-2a

(b) HBN model by Hirose et al. [2008 JGR] including 
     Baba et al. [2002 PEPI]; Nakajima and Hasegawa [2007 JGR]

Fig. 2-2b

Bathymetry 50, 150, 450 m mesh topography by Japan Coast Guard
GEBCO_2014 Grid (30 sec)

Fig. 2-3

Fig. 2-8. 
  Corrected GPS-A/GPS data (yellow) and bathymetry

Fig. 2-2. Plate interface models and distribution of subfaults.

3. Methods

4.1 Result 1 - Slip Deficit Distribution -
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Procedure
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Step 1. Geodetic inversion
    - Solver: Static mode of Melgar and Bock [2013 JGR]
    - Greens function: Okada [1992 BSSA]
    - Model parameter: 2-d slip on each subfault
    - Boundary condition: Free for top, fixed for the others
    - The degree of spatial smoothing was determined to 
      minimize Akaike's Bayesian Information Criterion. 
Step 2. Forward calculation
    - Coseismic slip amount: 100-year slip deficit
    - The horizontal lifting effect: Tanioka and Satake [1996 GRL]
Step 3. Tsunami simulation
    - Software: GeoClaw (available at http://clawpack.org)

5. Discussions and Conclusions

Fig. 4-3. Seawater lift due to the release of the 100-year back slip.
              Red and Blue lines show the +1.0 m and -0.2 m contours, respectively.

 *Plate interface was divided into approx. 25 x 25 km subfaults for geodetic modeling (Fig. 2-2).
  Each subfault is consist of 5 x 5 km rectangular sub-subfault to represent the smoother geometry. 
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  Dense near-fault GPS-A seafloor geodetic and 
on-shore GNSS observations provide significantly 
improved resolution of the interseismic slip deficit 
in the Nankai trough, Japan [Yokota et al., 2016]. 

  In this study, we refined their model, derived the 
slip deficit on the plate interface and included a 
tsunami propagation model. The major changes 
compared to Yokota et al. [2016] are as follows:

(1) Added seafloor data at the Kumano basin 
operated by Nagoya Univ. [Tadokoro et al., 2012]. 
GPS-A data operated by Japan Coast Guard are 
also updated from Yokota et al. [2016] as of the 
end of 2016.
(2) To derive the slip deficit from the tectonic 
model of Loveless and Meade [2010], the 
geodetic data were aligned to the Nankai block 
(forearc sliver); the earlier model ignored block 
boundaries such as the Median Tectonic Line 
(MTL) and may have overestimated the slip 
deficit rate.
(3) Investigated two different plate interface 
geometries. 
(4) Quantitatively estimated and removed the 
postseismic effects of the 2004 southeastern off 
the Kii Peninsula earthquakes.

  We then estimated the coseismic motions 
assuming that the 100-years of slip deficit was 
released instantaneously, which was used as the 
initial condition of the following tsunami 
propagation simulation. 

Fig. 4-1. 
    Distribution of the slip deficit rate using the (a) CAMP and (b) HBN geometries.
    Synthetic data are shown in (c) for CAMP and (d) for HBN. 

Fig. 2-1. 
  Tectonic setting used in this study.
   (Fig. 1 of Loveless and Meade [2010]) 

Fig. 4-2. 
  Distribution of the slip deficit rate
  of Yokota et al. [2016]
  (Fig. 2 (left) and Ext. Fig. 5 (right) 
   of Yokota et al. [2016])

cf. Yokota et al. [2016]
with the CAMP model

<Slip deficit rate distribution>
- GPS-A data significantly improved the interseismic model along the Nankai trough 
- Three patches of the large slip deficit were estimated according to Yokota et al. [2016].
   HBN derived less slip deficit rate off the Cape Muroto (due to subducting seamount)
   This feature is well represented by the HBN, whereas the CAMP has smoother geometry. 
- By the tectonic model, artifacts/overestimation in the earlier model were removed.
- By correcting the postseismic deformation of 2004 off the Kii Peninsula earthquakes, 
   approximately 10% larger slip deficit rate was estimated.
- Velocities of incoming plate should be derived to estimate the coupling ratio and/or 
   to evaluate the possibility of rupture on the other faults (e.g., splay fault). 
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CAMP 0.25 cm/year λ = 0.31

HBN 0.24 cm/year λ = 0.22
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0 λ 0
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(λ is degree of smoothing)

2.2 Corrections on velocities by postseismic deformation 
      of the 2004 southeastern off the Kii Peninsula earthquakes (M

JMA
 7.1, 7.4)

Fig. 2-3. Resolutions of topography used 
              for the tsunami propagation model.

Fig. 4-5.Time series of surface height at each gauge.

4.2. Result 2 & 3 - Tsunami Wave Propagation - 

Fig. 2-4. Coseismic displacements 
              and finite fault models.

Fig. 2-5. Schematic configuration of FEM model.
              Bi-viscous Burgers rheology was assumed.

Fig. 2-7. Preferred postseismic model derived in this study.

Fig. 2-6. χ2 misfit values of tested models.

~ 10 % differences in slip deficit rate 
between corrected and uncorrected
inputs for the postseismic effects of
2004 earthquakes (see Sec. 2.2) 

Fig. 4-4. Maximum amplitude for the first 2 hours after tsunami initiation.

  In order to remove the postseismic effect of 
the 2004 off-Kii earthquakes (Fig. 2-4), we 
constructed the finite element model with bi-
viscous Burgers rheology (Fig. 2-5). 

  Residual displacements are compared with the 
afterslip on the finite faults neighboring to the 
coseismic faults. We tested 3 x 4 x 6 sets of 
viscoelastic parameters of the postseismic 
model, i.e., the thickness of continental 
lithosphere and Maxwell viscosities of the 
mantle and the weak layer.

  Preferred model provides the consistent time 
series with the observations (Fig. 2-7). The 
results are used to correct the crustal velocities 
for the inversion analysis of slip deficit rate.

Aftersli
p

Value

tr 19.23 days

AF1d 0.00 m slip

AF1w 0.61 m slip

AF2d 0.00 m slip

FEM Value
Dc 40 km

ηM
m 4.0 x 1019 Pa・

s

ηM
a 0.1 x 1019 Pa・

s

Table 2-1. Parameters for preferred model.

(a) Hosojima (b) Tosa-Shimizu (c) Shimotsu

(d) Irago (e) Omaezaki (f) Yaizu

<Velocity measurement of subducting plate>
 We re-processed the GNSS campaign observation at Zenisu reef in 2000-2005 (with RTKLIB).  

site EW [cm/yr] NS [cm/yr]

TOK1 -4.6 ± 0.3 0.3 ± 0.2

Zenisu -4.6 ± 0.5 0.4 ± 0.5

No shortening between TOK1 and Zenisu
  - Eastern region is fully coupled and/or
  - Tectonic boundary may not be located here
    [e.g. out-of-sequence thrust; Kawamura et al., 2009]

Volcanic event
at Miyake

Kii-oki
earthquakes

Transient event in 
the Izu-Bonin arc

[Arisa and Heki, 2016]

<Tsunami wave propagation>
- Forward calculation indicated that the seafloor throughout the area would lift the seawater. 
- Plate geometry causes the differences of tsunami initiation especially along the trough axis.
- In the eastern region, higher tsunami was predicted for HBN geometry than CAMP.
- Coastal subsidence, which make relatively higher tsunami runup, occurs in wider area 
  for the HBN geometry rather than CAMP geometry.

<Suggestions and future works>
In order to derive more realistic coseismic scenarios, it is important; 
- To obtain additional GPS-A data across the trough axis, as well as the splay fault.
- To include inelastic properties in the slip deficit rate inversion.
- To add the information from the historical records into assumed slip distribution.

As this work suggests, plate geometry is the primary factor in tsunami wave 
propagation. Therefore, geological surveys as well as geodetic measurements 
are essential to assess which fault would rupture during future megathrust earthquakes.
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