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Abstract

Long-term and short-term slow slip events (SSEs) have occurred repeatedly in the Nankai Trough subduction

zone, Japan. The SSEs may incrementally stress the adjacent parts of the locked megathrust zone. When SSEs occur, it

is important to determine whether they are similar to previous repeated events, in order to judge whether the probability

of occurrence of a large Nankai Trough earthquake is relatively high. In this study, we objectively detected short-term

SSEs in the Nankai Trough subduction zone by correlating the GNSS daily and 6-hour coordinates with a ramp function

with a one-week slope, excluding common noise and long-term trends. The spatiotemporal distribution of short-term

SSEs detected was in good agreement with the occurrence of deep low-frequency earthquakes. In addition, assuming

slip on a rectangular fault on a plate boundary, we estimated the moment magnitude of long-term SSEs from displace-

ment data for two years and obtained results that were close to those of previous studies.
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Fig. 1 Spatiotemporal distribution of detected short-term slow slip events under four parameter combinations along the Nankai Trough in

2013.

The location map shows our 60 calculation points at ~30 km depth on the Nankai Trough subduction interface. Colored regions
indicate correlation coefficients greater than 0.6 and 14-day displacements greater than 1 mm under four parameter combinations
(during the last 90 or 365 days, average or third quartile). Small blue crosses are the epicenters of deep low-frequency earthquakes.
Gray stars represent short-term SSEs detected by strainmeters in the Tokai region operated by the Earthquake Prediction Information
Division, JMA (2008). Gray diamonds indicate short-term SSEs detected by strainmeters and reported by Itaba er al. (2013, 2014a,

2014b).
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information from the Earthquake Prediction Information
Division, JMA (2008). Open circles denote events that
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date and magnitude of events detected in this study;
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Fig. 4 Spatiotemporal distribution of detected short-term SSEs in the Nankai Trough subduction zone in 2017.
(a) Daily coordinate data (R3). (b) Median of 6-hour coordinate data from the previous 24 hours (Q3). Light-blue, light-green,

orange, and red colors represent the numbers of detection criteria that were met under the four parameter combinations for the calcu-
lation points shown in the location map. Gray stars represent short-term SSEs detected by strainmeters in the Tokai region (Earthquake
Prediction Information Division, JMA, 2008). In (b) there are no data from west of 136.5°E (shaded area).
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coordinates (Q3), and median of 6-hour coordinates

from the last 24 hours (last 90 days, average). See Fig. 1
for the location of calculation point 51.
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Do TR0 OFPHZ [EE LI ARE DB IO
T Tl T %,

REO L CHEE L 7= R WINY SSE O HILS A & Fig.
TIRT, F2, flx DA X2 b ORI OV CTARFSE
L AR THEE ST RE R & O ik & Table 1 127”79,
CZTCH2FMOEEEHOCTHE Lizizd, 24
F 0 E G 2 FFo R HAY SSE o HE & o i3
"[HE & 72 B, AFKIE K1 IEE I SSE RN AR —
KAV U7 1996 45 3 AR LBIAL CTRY ., T—4
ORI H=0 2 b H 0/ ST b, #
FrKE K2 1EHAL 0 o 0 1Tk A3 K <. Kobayashi
(2017) H3FEMOEMEEH WV TMw ZHEL TV
B DN S AR B B, OMITARNFSE
L MBFE CHEE ST B O ZE 3 Mw 0.2 BLN IS
INE > TV D, HEHIER T1 1 XEBI0 SSE O kit 11 i
M 2L EDT= 6, AWFFEDOHIAL & D SR I A,
Ozawa et al. (2016) DX )5 2 EH T~V O IR % 5t A
B 5 & Mw 6.8~7.0 T, ABFEOME & ITIE—FH L TW
2o

(3)

Table 1. Moment magnitude of long-term SSEs estimated in this and

other studies. Event names correspond to Fig. 7.

Event Period This Other studies
study
Tl 20002005 6.8 7.2 (Ozawa 2017)
T2  2013-2015 6.5 6.6 (0Ozawa 2017)
SH  2017-2018 6.4 6.4 (Kobayashi and Tsuyuki 2019)
_ 6.7 (Kobayashi 2014)
K1 1996-1997 6.3 6.7 (Ozawa 2017)
K2 2000-2002 6.3 6.6 (Kobayashi 2017)
B 6.7 (Kobayashi 2017)
K3  2014-2016 6.5 6.6 (Ozawa 2017)
6.5 (Kobayashi 2010)
WS 2005 63 6.0-6.3 (Ozawa 2017)
7.1 (Ozawa 2017)
Bl 1997 6.9 6.9 (Takagi et al. 2019)
7.1 (Ozawa 2017)
B2 2003 69 6.9 (Takagi et al. 2019)
7.0 (Ozawa 2017)
B3 2010 69 6.9 (Takagi et al. 2019)
B 6.2 (Ozawa 2017)
B4 201472015 64 6.5 (Takagi et al. 2019)
B5  2018-2019 6.9 7.0 (Ozawa et al. 2020)

PREGZEAL 22 #HEL L 72 1% 30 km X 30 km O 5 JE bt =
LD 100 mm O+ <Y (Mw 63 YY) THH., EHH
SSE DHIF N K& < oo miia,. 7L — MER EOT
XY OFIA B ILNY . EEOEMNDORE - TD
BENRSDD, ZD, —FEHILO K X 72 3l 2000-
2005 4= O E WKy SSE (/& AH B I 2008 4 & THi T
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0.3

0.0

Fig. 8 Estimated slip distribution on the plate interface in the
Tokai region.

Arrows indicate the motion of the overriding plate
with respect to the subducting Philippine Sea plate in
each colored rectangle. Solid circles are locations of
GNSS stations. Contours show the depth of the top of
the subducting plate (Hirose et al. 2008).

HEIHICRZD) IOV T, GNSS BB F =D
AR E R ERETE L, 2305 & W TS Co MR
BN EFHE L, 2ETIAQR) - 4) & RO ILAIA R I H
L WF M DSy D)% R eD T Iz,

2 R (2) THLEEL L 7= GNSS AEZ AV, BB
D 2000 4F 1 H OFEEIME & 2006 45 1 H O FEEDFED
B 6 ERI DN 2R, T OZERL D & H i g o>
T L— MER EOFT RO A& RDIZH D% Fig. 812
R, TN SAiA 3= 3 D FEIL Kobayashi
and Tsuyuki (2019) L RIERTH 5, 2004 429 A 5 Hifd
FEEHERIMOMEM 7412 L5478y MIBRWT
HY, RNEE OKHEE - /NR 2009) 1EERWTW RN
M, ZZToOHMIZERR SSE OB O HEE T
RO TRIEESOREITERT D, HESHEZT
ANY) OB T Mw 7.13 #1124 T, IRATHO LA 3D
DOHFLRH D, T OHFLOEWSIE 25 km FEIZH
D, AFETHWEHAERMEOERS LRI TH D, 2
DT R 5345 % W CE B R COMGREME G L
7o TAD DOPLNTITV Fig. 7127 SR 137.5 /&

OFHBEMSIZB TS, 740 UV EET L— MEARIAR
WG R OB 2 EFEG) BH) 1X59.2 mm &
2%, ARFVETYIHZENE 59.2 mm 2B L2 & &2t
J T % (30 km X 30 km DHIEWE L3 &g L
72 xD) T OBEIT Mw 7.06 £ 720 . KFED
JF 0NN & 7R B, EDFET 0.1 R TH T,

5. F&H

GNSS H f& & JH v 7= & W] 79 SSE @ & B i th F 1k
(Kobayashi 2017) ZH W T3 SDISHET -T2, —
HIXGNSS HfENHEY MLy FE2BRE, AT HE
LB 2 7 HRICT % 2 & THEBIA SSE O H 217
VN, R S U7 I & A SSE I PE S TRERERE i H
BORAR EO—FR R oiniz, —->HI% GNSS6 IkF
B 2 N COEIE E O FHIR SSE D 24TV, 6 IR
MBI 2 24 BERE oYLl 2 FH V724856012 B A & AR EE
OBREFERNE N, =2 ITHE S ICE W=
TEWE EICBE O+ R 52 52 CERIAICBIT 5 H
AN EH LN U OFE L TR E, BIHME & BEGHANT
I L CRAE LRI SSE oA HEET S L0
T, BEICHE SR SSE OB & bhi L C—#6
ZERE Mw O 0.2 LNICILE - 72, 7238, 2020 4F
FEX O EEHBERL ) B RARITICY TV X A AZHEfE S
N5 GNSS6 HFRIMEZY, 2 FE CTO RIS 5 R vE -
TI7RNICHER SN2, 2L OBEIIRETICEIT
% GNSS % W 7= 4 Ff SSE DI HWSE D Z &2
Mrans,

CE

GNSS FEAREF J AR B A 7 & v MME I E 1
Bk v AF L7, FERHEIC X 2B AN ORIz
MICAP-G (WJi# » #)11 1999) Z 7o, 0 5541
VN— g VOFHEIZIE, Kobayashi and Tsuyuki (2019)
LRIC BAEBKAER DY —/L & Hviz, 1ERICIE
GMT (Wessel et al. 2013) . R (R Core Team 2012) %
Wie, BEA D24 OGS & xtBILRmEST BT,
JRFG DB LR T A MR WTZTEWTE,

Pk, SELCREGHLET,
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Table S1. Comparison of short-term SSEs detected by Nishimura ef a/. (2013) and this study (2002—-2010)

Ranks A, B, and C of Nishimura et al. (2013) refer to probable SSEs, possible SSEs, and non-SSEs, respectively. Total number of
detection criteria is the sum of adjacent spatiotemporal values. Only events meeting more than five detection criteria of this study are
shown (except in category B). The meaning of the categories is as follows. A: Detected by both studies and the number of low frequen-
cy earthquakes (LFEs) is five or more; B: Detected only by Nishimura and the number of LFEs is five or more (if the total number of
detection criteria is 4 or less, only that number is shown); C: Detected only by this study and the number of LFEs is five or more; D:
Detected by both studies and the number of LFEs is four or less.

Total number of Maximum
detection correlation
Category |Nishimura Lon. Rank [Thisstudy Lon. criteria coefficient LFE Comment
2002-01-05  133.7 11 0.76 2
D 2002-01-15 133 A 2002-01-11 133 35 0.89 1
D 2002-01-16 1358 B 2002-01-14  135.9 5 0.73 0
2002-01-29  132.1 5 0.77 0
2002-02-02 1352 B 1
2002-02-03 137.3 A 1
A 2002-02-19 1328 A 2002-02-19  132.8 82 0.90 5=
C 2002-02-19  133.8 17 0.82 5=
2002-02-22  135.7 18 0.76 4
B 2002-03-14 136.6 A 4 5=
2002-04-04 135.7C 0
2002-04-29  137.3 13 0.79 0
B 2002-05-16 137.2 A 5=
C 2002-05-17 1334 35 0.81 5=
D 2002-05-19 137.8 A 2002-05-20  137.8 5 0.72 0
2002-06-05 136.9 A 0
2002-07-04  132.2 8 0.69 4
B 2002-07-23 136 A 5=
C 2002-08-06  135.6 25 0.80 b=
A 2002-08-15 1324 A 2002-08-09 1325 17 0.77 5=
D 2002-09-03 137.7 B 2002-09-05  137.9 32 0.74 0
A 2002-10-17 1333 A 2002-10-17 1335 40 0.82 5=
B 2002-11-21 1372 A b=
A 2002-12-25 1323 A 2002-12-22 1325 22 0.79 5=
2002-12-25  134.1 10 0.78 0
B 2003-02-04 136.1 A b=
2003-02-06 1338 A 0
2003-02-14 1325 19 0.74 0
A 2003-02-16 1374 C 2003-02-17  137.4 11 0.69 5=
A 2003-03-13 132.7 A 2003-03-19  132.8 21 0.81 5=
A 2003-04-12 133.1 A 2003-04-12  133.1 7 0.69 5=
C 2003-04-18  132.2 8 0.80 5=
2003-04-30 136 5 0.71 0
2003-05-03  132.8 7 0.76 0
A 2003-06-02 136.8 A 2003-06-02  136.8 118 0.92 5=
2003-06-17 134 A 0
A 2003-07-14 137.7 A 2003-07-17  137.9 29 0.73 5=
2003-07-20 137 12 0.68 a series of event of 07-14
C 2003-07-29  132.6 6 0.66 5=
B 2003-07-30 1355 A 5=
B 2003-08-07 136.5 A 5=
2003-08-01 136 8 0.72 0
A 2003-09-13 133.7 A 2003-09-09 134 38 0.82 5=
C 2003-09-09  135.7 6 0.78 b=
2003-09-18  134.6 16 0.71 2
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Total number of Maximum
detection correlation
Category [Nishimura  Lon. Rank [Thisstudy Lon. criteria coefficient LFE Comment
A 2003-09-25 1322 A 2003-09-27  132.3 369 0.93 5=
2003-10-15  135.2 17 0.79 2
2003-10-30  132.1 33 0.83 a series of event of 09-27
C 2003-11-08  137.2 12 0.76 5=
2003-11-22 1329 A a series of event of 09-27
C 2004-01-04  137.5 39 0.86 5=
A 2004-01-09 136.6 A 2004-01-10  136.7 52 0.86 5
B 2004-02-12 1323 A 2 5
B 2004-02-14 137.3C 2+3 5
A 2004-04-14 133.7 A 2004-04-15  133.8 32 0.83 5
A 2004-04-21 1326 A 2004-04-21  132.6 5 0.67 5
C 2004-06-05  136.3 5 0.74 5
A 2004-06-26 136.9 A 2004-06-26  137.7 9 0.74 b=
2004-07-20  137.7 9 0.65 0
2004-08-12 1338 A 0
2004-09-14 1379 C 2 0
2004-09-24  132.4 5 0.73 0
2004-09-24 137.2 C 0
A 2004-10-21 1331 A 2004-10-27  133.3 26 0.77 b=
A 2004-12-17 1338 A 2004-12-20 134 7 0.71 5=
B 2004-12-20 137.1 A 5=
A 2004-12-29 1323 A 2005-01-01  132.5 9 0.75 5=
B 2005-01-04 135.7 A 3 b=
D 2005-01-23 137.7C 2005-01-22  137.9 20 0.78 L
2005-03-11  134.4 6 0.74 1
2005-04-07  132.2 5 0.73 0
A 2005-04-19 1329 A 2005-04-19  133.1 119 0.94 5=
2005-04-25  135.1 18 0.72 0
2005-04-25 137.7 A 0
C 2005-05-13  132.5 7 0.77 b=
2005-07-03  132.3 6 0.70 0
A 2005-07-17 1358 C 2005-07-15  136.1 7 0.79 5=
2005-07-24  137.9 5 0.66 0
2005-07-27 134.7C 0
B 2005-07-29 137.1 A b=
2005-08-11  134.6 5 0.68 0
A 2005-09-03 1329 B 2005-09-01 133 9 0.66 5=
2005-10-19 132.2 5 0.79 a series of event of 10-25
A 2005-10-24 1324 A 2005-10-25  132.6 38 0.86 5=
A 2005-11-05 1344 A 2005-11-03  133.9 96 0.92 b=
A 2006-01-10 136.6 A 2006-01-17  136.8 56 0.89 b=
A 2006-01-21 1329 A 2006-01-20  133.3 25 0.90 b=
A 2006-02-21 134 A 2006-02-19  133.8 7 0.76 5=
2006-03-07 1379 A 0
A 2006-03-17 1356 A 2006-03-15 136 14 0.71 5=
C 2006-04-20  132.7 23 0.70 b=
2006-05-23  136.4 13 0.69 0
C 2006-06-01  133.2 18 0.78 b=
2006-06-24 134.7B 0
2006-06-27 133.1 B 0
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Table S1. Continued.

Total number of Maximum
detection correlation
Category |Nishimura Lon. Rank [Thisstudy Lon. criteria coefficient LFE Comment
B 2006-07-20 137.3 A 5=
2006-07-25 1355 A 0
C 2006-07-28  133.9 6 0.67 5=
2006-08-03  135.7 6 0.67 1
2006-08-09  137.4 13 0.73 0
A 2006-09-17 1325 A 2006-09-17  132.7 22 0.76 5=
2006-09-26  137.5 10 0.73 0
B 2006-10-05 1325 8B 3 5=
C 2006-10-26  133.2 19 0.80 5=
B 2006-11-11 136.3 A 1
A 2006-11-11 134 A 2006-11-10  133.9 19 0.79 5=
C 2006-12-19  135.6 7 0.72 5=
A 2007-02-09 137.2 A 2007-02-11  137.2 56 0.80 5=
A 2007-03-13 1326 A 2007-03-13  132.2 10 0.80 b=
2007-03-13 1327 16 0.75 event with the above
A 2007-03-19 134.1 B 2007-03-25  134.4 5 0.74 b=
B 2007-03-23 136.2 B 3 5=
A 2007-05-10 133.1 A 2007-05-09 133 49 0.78 5=
2007-06-21 134.7 A 0
A 2007-07-23 136.6 A 2007-07-20  136.3 6 0.76 b=
C 2007-07-23  135.8 6 0.73 b=
C 2007-07-26 135 5 0.69 b=
C 2007-08-16  133.6 37 0.80 5=
B 2007-08-28 137.8 B 5=
A 2007-09-09 1325 A 2007-09-12  132.6 6 0.68 5=
B 2007-10-09 137.2 A 2 b=
B 2007-10-17 133.1 A 3 b=
B 2007-11-14 136.1 A 5=
2007-11-26  135.2 32 0.86 4
B 2007-12-24 1322 A 3 5=
B 2008-02-14 1338 A b=
A 2008-03-07 136.6 A 2008-03-13  136.3 5 0.71 b=
A 2008-03-11 1354 C 2008-03-16  135.8 7 0.80 5=
2008-03-16  137.6 16 0.81 0
B 2008-03-25 1329 A 3 5=
2008-04-06 137.7 A 0
B 2008-06-21 136.1 A b=
2008-07-15 133.3C 2 0
B 2008-08-21 1375 A 5=
A 2008-09-30 1325 A 2008-09-30  132.6 28 0.84 5=
A 2008-10-14 133.7 A 2008-10-18  133.6 105 0.88 5=
B 2008-11-13 136.6 A 5=
B 2009-01-19 1338 A b=
A 2009-02-06 1353 A 2009-02-06  135.2 6 0.71 b=
A 2009-02-08 137.2 A 2009-02-06  137.1 18 0.79 b=
2009-04-02 137.7 A 0
A 2009-04-12 1326 A 2009-04-10  132.8 17 0.73 5=
A 2009-05-14 1369 A 2009-05-19  136.8 7 0.72 5=
A 2009-06-01 133.1 A 2009-05-28  133.2 128 0.91 5=
B 2009-06-20 134.1 A 5=
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Total number of Maximum
detection correlation
Category [Nishimura  Lon. Rank [Thisstudy Lon. criteria coefficient LFE Comment
A 2009-07-07 1356 B 2009-07-09  135.9 36 0.78 5=
2009-08-11 137.7C 0
2009-08-14  132.4 8 0.70 0
2009-08-23  137.9 6 0.65 0
A 2009-09-27 1345 A 2009-09-22  134.2 10 0.74 b=
B 2009-10-19 136.4 A 2 5=
A 2009-11-04 1326 A 2009-11-06  132.5 82 0.91 5=
2009-12-12 1323 25 0.79 2
2009-12-15  133.2 14 0.80 a series of event of 12-12
A 2009-12-29 133.1 A 2009-12-30  133.6 99 0.90 5=
2010-01-19 1352 B 0
2010-02-06 136.6 B 0
A 2010-03-10 1323 A 2010-02-22  132.5 362 0.94 5=
A 2010-03-09 137.1 A 2010-03-12  136.7 21 0.82 5=
A 2010-04-19 1339 A 2010-04-20  134.1 120 0.93 b=
2010-05-05 132.1 12 0.86 a series of event of 02-22
C 2010-05-26  132.3 49 0.92 5
A 2010-05-24 136.6 A 2010-05-26  136.6 12 0.86 b=
C 2010-06-22  132.2 5 0.65 5
A 2010-07-14 133 A 2010-07-19 1335 31 0.70 5
C 2010-07-22  135.7 26 0.74 5
A 2010-07-31 1344 A 2010-07-31  134.3 30 0.74 5
A 2010-08-15 1325 A 2010-08-15  132.4 50 0.79 b=
2010-09-06 136.2 A 0
D 2010-09-09 137.7 A 2010-09-05  137.8 8 0.65 0
B 2010-10-01 136 B 1 5=
B 2010-11-15 1341 A 5=
A 2010-12-10 1322 A 2010-12-13 1323 21 0.77 5=
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