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Abstract 

We investigated the mechanism of occurrence order of two adjacent great interplate earthquakes, the Tonankai and 
the Nankai earthquakes, along the Nankai trough using a numerical simulation method. We set two asperities modeling 
the Tonankai and the Nankai earthquakes on a plate interface that is assumed to be flat or 3D curved, and adopt a rate- and 
state-dependent friction law to be applied to the interface. For the flat-plate interface, the occurrence order of two 
earthquakes is determined by chance when asperities are equal in size and have the same value of the friction parameter 
a-b. The smaller asperity slips first when the sizes of asperities differ, and the asperity having smaller absolute value of 
a-b slips first when the values differ. For the 3D-shaped interface modeled for the actual plate configuration, the eastern 
asperity (Tonankai) slips first and the western one (Nankai) follows when the size and the value of a-b for the two 
asperities are set equal. However, when the absolute value of a-b for the two asperities is 10% smaller than the former 
case, the western asperity slips first because the stress concentration rates at the eastern edges of the Tonankai and Nankai 
areas change order of magnitude depending on the value of a-b. 
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Fig. 1 Distribution of a-b value. (a) Flat plate boundary. (b) 3D curved plate boundary. Black lines are contours of a subducting 
plate surface. 
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Table 1 Value of constants. 
A constant Value

Subduction speed(Vpl) 4 cm/year 
Secondary wave speed(�) 3.27 km/sec
Rigidity(G) 30 GPa 
Poisson Ratio 0.25 
Rock density 2.8 g/cm3 
Water density 1.0 g/cm3 
Gravity acceleration 9.8 m/sec2 
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Fig. 2 Schematic representation of the depth variation of the 
value of friction parameters a, b, and a-b. The area 
where a-b is negative corresponds to a seismic zone. 

Fig. 3 Distribution of L value. (a) Flat plate boundary. (b) 3D curved plate boundary. Black lines are contours of a subducting plate 
surface. 
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Fig. 4 Simulation results for the model with flat plate boundary. The two asperities are equal in size and have the same a-b depth 
distribution in Fig. 2. (a) Cumulative displacements on the Tonankai and Nankai asperities. Red line is for Tonankai asperity, 
and blue line is for Nankai asperity. Red dots indicate the Tonankai earthquake slips first, and blue ones the Nankai earthquake. 
(b) Distribution of displacement due to the Tonankai earthquake. (c) Same as (b) but due to the Nankai earthquake.  

(a) (c)(b) 

(a) (c)(b) 

Fig. 5 Simulation results for the model with flat plate boundary. The Nankai asperity is larger than the Tonankai asperity, but the two 
asperities have the same a-b depth distribution in Fig. 2. (a) Cumulative displacements on the Tonankai and Nankai asperities. 
Red line is for Tonankai asperity, and blue line is for Nankai asperity. Red dots indicate the Tonankai earthquake slips first. (b) 
Distribution of displacement due to the Tonankai earthquake. (c) Same as (b) but due to the Nankai earthquake.  
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Fig. 6 Simulation results for the model with flat plate boundary. The two asperities are equal in size, but absolute a-b value of the 
Tonankai asperity is 10% smaller than that of the Nankai asperity. (a) Cumulative displacements on the Tonankai and Nankai 
asperities. Red line is for Tonankai asperity, and blue line is for Nankai asperity. Red dots indicate the Tonankai earthquake slips 
first. (b) Distribution of displacement due to the Tonankai earthquake. (c) Same as (b) but due to the Nankai earthquake. 

(a) (c)(b) 
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Fig. 7 Simulation results for the model with curved plate boundary. The two asperities are almost equal in size and have the same a-b 
depth distribution in Fig. 2. (a) Cumulative displacements on the Tonankai and Nankai asperities. Red line is for Tonankai asperity, 
and blue line is for Nankai asperity. Red dots indicate the Tonankai earthquake slips first. (b) Distribution of displacement due to 
the Tonankai earthquake. (c) Same as (b) but due to the Nankai earthquake. 
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Fig.9 Distribution of stress just before an earthquake slip starts. Arrows indicate initial points of 
earthquakes. (a) For the model with depth distribution of a-b value of the two asperities being 
same as in Fig. 2. (b) For the model with absolute a-b value of the two asperities being 10% 
smaller than in Fig. 2.  
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Fig. 1. Plate boundary and cell division for
the simulation. (a) Those made from upper
limit of subducting plate seismicity. (b)
Those made from seismicity, seismic
reflectivity profile and tomography. (c)
Those for plane boundary with a dip angle
of 15 degrees.

Fig. 2. Schematic representation of the depth
variation of the value of friction param-
eters a, b and a�b. The area where a�b is
negative corresponds to a seismogenic
zone.
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��2Ylm�¨qr���»¼�7#�/012gh��j��� 281

気象研究所技術報告　第63号　2011

- 251 -- 251 -

気象研究所技術報告　第 63 号　2011



���������	
���� ���������
��������������� �!"�� ��
#$� ����%�&	�#$'()*���+
,-.�/01 2�� Fig. 1(a) #34����567
8
��9:��;�$��������	
�< 
01 =/� Fig. 3(a) , (c) 7�>�<?�0,@$� A
B CDE6&	)*F��G,���BH��
����IJ�K35�L/< 0=,��� Fig. 1(a)

56��56MN�O0�� &	)*P��
��9:,QR4S�4(� �������TU�
!"�<����%�����	
���,-.�
/01 V�� ����56� Fig. 1(b) 78
��9:
��� W���X�����	
�< 01 =/�YZ
#3�-.0=,��R01 Fig. 1(a) , Fig. 1(b) 
����56�� �[�\]$�F,���< 0 10

^30 km �X�IJ_`7�>\0,� Fig. 1(b)
�� Fig. 1(a) ��]��abc,de��X�f(
4g< 0=,�#$� h���W���X����
%�X�i �j�_`�k �F�4g< 01 IH
�� 10 kmYl� @#m� � 30 kmYI�F��[
�\]$�no<@$� p/�#0qrFs&	)*
��IJ��k tuQR(401 ���%�X�
j��IJ_`�k �� p�F��������j
�v �+� p/tu&	)*�QR(4�4 1 ��
�g<� Fig. 1(b) 56��� w�F#$x�W��
�X�&	)*�no0=,,4$� p=�����	

��,-.�/01
Fig. 1(b) ����56��\0yz�� Hori et al.

(2004) �#0yz,�,4g���==,��{�
�|�4=,��4 1 Hori et al. (2004) ,�}~
�  1��� \]$&���������#0� 3

i����#0��O01 =� �#0MN77��
��\0�+� Fig. 1(b) ���7 Fig. 1(c) ,o�
����� 15��������� M�������
<\]$&���7������� !������,"
J&	��&\0��,o�7
 <�������
D7�g�1 ��#n��&	$%7 3i���9
: (Fig. 4(a)) ,��9: (Fig. 4(b)) ��>\0,�
&	��7�\CDEQRH� 3i���#$�
�9:t3� H =,��<,/01 =/�O0
��\]$�#0� &¡\0����\0¢£¤&	
'¥�� &¡\0���V��¦�O0t3�§40
�¦�O0��#$�QR(4$;\(� =yz��
��'(CDE�¨©\0�+,-.�/01 2��
ª$(\��«¬� Fig. 4(a) ��� 220)�O0
���� Fig. 4(b) ��� 200),� 1®(4$� p
/�* � ��¯��D�� Fig. 4(a) � 3.0°1022

Nm�O0��]� Fig. 4(b) � 2.3°1022 Nm� 2
tu H(4g�1 =#3�� 3i���9:,p
/7��� M��9:�������Dyz�� �
�¯��D�,#n«¬����4S�O$� 3i��
�±zMN� H(�4 1 ���� ��	
+��
 <��G�'?$�4�g�1 ==,��� 3i�
��\]$&���±z� Fig. 1(b) ����5
6�²³����!��´��\0µ$� ��	
+
7'.0tu��4 =,�?�01

Fig. 4. m (shear stress normalized by e#ective normal stress) distribution just before earthquake
initiation. (a) Calculated for the 3-D shaped plate boundary of Fig. 1(b) (the same figure as Fig. 3
(b)). (b) Calculated for the plane plate boundary dipping 15 degrees to the northwest, and having
the same friction parameter distribution as for (a) projected to the plane.

¶·,-¸�.¹/¸º»0¼282

気象研究所技術報告　第63号　2011

- 252 -- 252 -

気象研究所技術報告　第 63 号　2011



������ ��	
�����������
�
�� 3�������������� � �� !"
#
�
�� $�	
%��	
��
������&� '
()*+(,�-��	�./���
���% 3�
������������01�� �2�� �3��
����	
��
��.���	��4����5
6��7$8� ���.���	��4�
��9�
��:;�<�� 2= " 3=>!?� �@�7$8�
% 1=��>!�$70A 	� ����	
��

��������������
�����
>!�
7�B"@� C�� D3�EFG)HI
JK�LM�
��	�.���$7��N�,��O� PQ�R	S
A, T�� $@"��U�PD�V �1��
!W�
"X)YZ[��#$��� \%�&"X�
"X#$�]^'(_)9 "*`0ab��$70�
"@�J	 c+Bd Kanamori (1972), Baba et al.

(2002), Ichinose et al. (2003)e� f,&-g�#$h%
]^'(_)9 "*`0ab��i./0jk!@�
�� c01lm2 (2007)e� �n�o3�0p�7�B
"@� Fig. 1(b) �qr
��� Figs. 4(a), (b) �s�
�� $@"tu�#$�bC	�74v��1�$7 
"� EFG)HI�qr0��	��4��5w���
����x��	%� y6z�7�x�
����{8
�x��5w�� #$�ab9�|O�:/,�}
,
�7�B"@��
#$�*`ab9
~��;B��	��}7���
<��Y�G�����=��&EFG)>��=��
0�B"@�� $���<��Y�G�����,=�
��~�
����� Hori (2006) ����FG���
s�
��7� Kodaira et al. (2003), (2006) 
���
?@��s� "]^'(_&��A)9
���,<
��Y�G��=���;B��v� $@"����=
���?
�	#$h���	Bz��0	
~��;
B�%��� ]^'(_)9���{80Cw&��7
��:��,�.
��A	,�$70j!@����
���$7 "� EFG)HI�qr���	��4
��5w�������x��	%� y6z�7�x�

����{8�x��5��� #$�ab�D
~�
�;B�$70E T�� ��� ��	��4����
�� ���{8���
~��;B� C�#$�G��
)7#$FC��
%���%�"�$70j!@��
PD��	G�,#$���FG���
J�� 3�
���������=i �18��

� �
���FG����E¡¢Y£�_H¤¥I�^J¦

K§0¨L��%��M�C��� N{©ª�« ¬
§� �O3�Pp Q§J�®RS��O3�¯T��
°�±U
VW�C��� $$
²��³´�C��
,J� #X�µ¶X�¨L
�� Wessel and Smith

(1995) 
�� GMT�·M���

� �

Baba, T., Y. Tanioka, P. R. Cummins, and K. Uhira,
2002, The slip distribution of the 1946 Nankai
earthquake estimated from tsunami inversion
using a new plate model, Phys. Earth Planet. Inter.,
132, 59�73.
¸YZl8(¹�l[\] \� 2007, Double-
Di#erence Tomography

��^"_�� 3��
#$`>��?J�®Zº»¼�XEFG)�qr�
a�� #$ 2, 60, 1�20.

Hashimoto, C., K. Fukui, and M. Matsu’ura, 2004, 3-D
modelling of plate interfaces and numerical simu-
lation of long-term crustal deformation in and
around Japan, Pure Appl. Geophys., 161, 2053�
2068.

Hori, T., N. Kato, K. Hirahara, T. Baba, and Y. Kaneda,
2004, A numerical simulation of earthquake cycles
along the Nankai Trough in southwest Japan: lat-
eral variation in frictional property due to the slab
geometry controls the nucleation position, Earth
Planet. Sci. Lett., 228, 215�226.

Hori, T., 2006, Mechanisms of separation of rupture
area and variation in time interval and size of
greate earthquakes along the Nankai Trough,
southwest Japan, J. Earth Sim., 5, 8�19.

Ichinose, G. A, H. K. Thio, P. G. Somerville, T. Sato,
and T. Ishii, 2003, Rupture process of the 1944
Tonankai earthquake (Ms 8.1) from the inversion
of teleseismic and regional seismograms, J. Geo-
phys. Res., 108. 2497, doi: 10. 1029/2003JB002393.

Kanamori, H., 1972, Tectonic implication of the l944
Tonankai and the 1946 Nankaido earthquake,
Phys. Earth Planet. Inter. 5, 129�139.

Kato, N. and T. E. Tullis, 2001, A composite rate- and
state-dependent law for rock friction, Geophys.
Res. Lett., 28, 1103�1106.

Kodaira, S., A. Nakanishi, J. Park, A. Ito, T. Tsuru, and
Y. Kaneda, 2003, Cyclic ridge subduction at an
inter-plate locked zone o# central Japan, Geophys.
Res. Lett., 30, 1339, doi: 10, 1029/2002GL016595.

Kodaira, S., T. Hori, A. Ito, S. Miura, G. Fujie, J.-O.
Park, T. Baba, H. Sakaguchi, and Y. Kaneda, 2006,
A cause of rupture segmentation and synchroniza-
tion in the Nankai trough revealed by seismic im-
aging and numerical simulation. J. Geophys Res.,
111, B09301, doi: 10. 1029/2005JB004030.

Kuroki, H., H. M. Ito, and A. Yoshida, 2002, A three-
dimensional simulation of crustal deformation ac-
companied by subduction in the Tokai region, cen-

"X)YZ[�:#$�ab�D
;B�EFG)HI�qr��� 283

気象研究所技術報告　第63号　2011

- 253 -- 253 -

気象研究所技術報告　第 63 号　2011



tral Japan, Phys. Earth Planets. Inter., 132, 39�58.
Press, W. H., B. P. Flannery, S. A. Teukolsky, and W.

T. Vetterling, 1992, Numerical Recipes, 2nd ed.,
Cambridge Univ. Press, New York.

Rice, J. R., 1993, Spatio-temporal complexity of slip
on a fault, J. Geophys Res., 98, 9885�9907.

Seno, T., S. Stein, and A. E. Gripp, 1993, A model for
the motion of the Philippine Sea plate consistent
with NUVEL-1 and geological data, J. Geophys.
Res,. 89 17941�17948.
�������	
� 2007, �����������
�������� !"��#���$%� �� 2,

60, 57�69.
Tse, S. T. and J. R. Rice, 1986, Crustal earthquake

instability in relation to the depth variation of
frictional slip properties, J. Geophys. Res., 91,
9452�9472.

Yoshida, S. and N. Kato, 2003, Episodic aseismic slip
in a two-degree-of-freedom block-spring model,
Geophys. Res. Lett., 30, 1681, doi: 10.1029/2003GL
017439.

Wessel, P. and W. H. F. Smith, 1995, New version of
the generic mapping tools (GMT) version 3.0
released, EOS Trans. Am. Geophys. Union, 76, 329.

&'(��)�*+�,-./284

気象研究所技術報告　第63号　2011

- 254 -- 254 -

気象研究所技術報告　第 63 号　2011



63 2011 
 

- 255 - 
 

 

a-b 1 GPS

a-b 2009

20-40  

 

Table 5.1.1

1990 GPS GEONET

, 2004 GPS a-b

 

3

7676

7 km

Fig. 5.1.1a

Heki and Miyazaki (2001)

1.5 cm/year

6.5 cm/year Fig. 5.1.1b

1 Composite law Kato and Tullis, 

2001

10-8 m/s 31.5 cm/year 3

Hirose et al. (2008)

10-30 km

Blanpied et al., 1991; Hyndman et al., 

1995

a-b<0 10-30 km a-b

-0.001 -0.0001

Table 5.1.2 Fig. 5.1.1c, Fig. 5.1.2a

1

0.15 m Fig. 5.1.1d

Table 5.1.1.  
List of the great earthquakes along the Nankai trough. Data are taken 
from Ando (1999) for events before 1361, Tsuji (1999) for the 1498 
Nankai earthquake, and the Earthquake Research Committee (2001) 
for other events. The date is expressed in the Gregorian calendar. The 
broken lines denote less reliable data than those denoted by solid 
lines. Historical records may be incomplete before 1498. 
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Fig. 5.1.1.  Spatial distribution of (a) depth of the plate boundary and computational cells, (b) plate convergence rates 
(Heki and Miyazaki, 2001), (c) friction parameter (a-b) in Case 7, and (d) characteristic distance L. The broken 
blue lines denote the iso-depth contours of the Philippine Sea plate interface (Hirose et al., 2008). Areas 
enclosed by blue or purple lines represent the expected source region of the Tokai, Tonankai, and Nankai 
earthquake (Central Disaster Management Council, 2001; Earthquake Research Committee, 2001). 

 
 
 

Table 5.1.2.  Parameters (a-b) assumed in simulations, and simulation results. 
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Hacker et al., 2003

Fig.5.1.2b Rice (1992)

Table 5.1.3
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a-b Table 5.1.2 Case 1 a-b=-0.0001

Case 2 -0.0002

a-b Case 3 -0.0003

Case 8 10 -0.0008 -0.001

 
Fig. 5.1.2.  Depth distribution of (a) friction parameter (a-b) and (b) effective normal stress. 

 

Table 5.1.3.  
Typical values of parameters chosen in simulations. 
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Fig. 5.1.3. (a) Comparison of the horizontal crustal movement observed by GPS with that estimated by the Case 7 
simulation 60 years after the previous great earthquake. (b) Residual crustal movement obtained by 
subtracting simulated values from observed values. (c) Temporal change of RMS residuals for Case 7. The 
solid diamond denotes residual at the time of (a) and (b). The fixed point is the Gotsu GPS station (940075) 
in Shimane prefecture. 
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Table 5.1.4.  Parameters (a-b) assumed in simulations, and simulation results.  
 

 
 
 

 
Fig. 5.1.4.  Spatial distribution of the friction parameter (a-b) with (a-b) set negative at depths of 10 to 20 km. 
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Fig. 5.1.5.  Similar to Fig. 5.1.3 but for Case 7-6, which holds the best combination of negative a-b values and depth 
range. (a) Comparison of the horizontal crustal movement observed by GPS with that estimated by simulation 
60 years after the previous great earthquake. (b) Residual crustal movement obtained by subtracting 
simulated values from observed values. (c) Temporal change of RMS residuals. The solid diamond denotes 
residual at the time of (a) and (b). The fixed point is the Gotsu GPS station (940075) in Shimane prefecture. 
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5.1.7 Case 7 1 Fig. 5.1.8 Case 7-6 1

60 Back slip Fig. 5.1.7 Back slip

Fig. 5.1.6 Fig. 5.1.8

Fig. 5.1.6 2 Back slip 10-20 km

 

 
Fig. 5.1.6.  The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by applying 

the method of Yabuki and Matsu’ura (1992) to GPS horizontal data from 2007.4 to 2008.4. The fixed point is 
the Gotsu GPS station (940075) in Shimane prefecture. 
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Fig. 5.1.8.  The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by simulation 
60 years after the previous great earthquake in Case 7-6. The fixed point is the Gotsu GPS station (940075) 
in Shimane prefecture. 

 
Fig. 5.1.7.  The back slip distribution on the upper surface of the subducting Philippine Sea slab estimated by simulation 

60 years after the previous great earthquake in Case 7. The fixed point is the Gotsu GPS station (940075) in 
Shimane prefecture. 
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