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Figure 4. Inversion of interseismic accelerations for slip acceleration on the Japan Trench plate interface. Observed accel-
erations with 2! error ellipses are shown in black; model fit in green. Colored patches show the estimated distribution
of slip acceleration (dip-slip component) on the plate interface. Black contours indicate the slip distribution of the 2011
Mw 9.0 Tohoku-oki earthquake in 10 m intervals [Hooper et al., 2013].

Tohoku. We also find negligible accelerations in south-central Tohoku due to viscoelastic effects from the
2003 Mw 8.3 Tokachi-oki earthquake (Figure S10).

In south-central Tohoku (latitudes 36.5◦ to 39◦), not only did the magnitude of the interseismic velocity field
decrease as a function of time but also its spatial gradient; i.e., strain rate. In a coordinate system aligned
with the Japan trench, the average shear strain rate, #̇1 = | $̇11 − $̇22| (where $̇11 and $̇22 are average strain
rates oriented N70◦W and N20◦E, respectively), decreased by about one third, from 136 ± 5 × 10−9 yr−1 in
1996 to 106 ± 2 × 10−9 yr−1 in 2011 (Figure 5a).

Since the change in strain rate in south-central Tohoku cannot be explained by postseismic effects of large
historic earthquakes, an additional source of deformation is required. We consider a temporal change in
the slip rate on the subduction interface (i.e., time-dependent coupling) as a possible transient deforma-
tion source. A regularized (minimum model norm) inversion of the residual acceleration field (corrected
for known postseismic effects) for aseismic slip acceleration on the plate interface (Text S1) shows that
the residual accelerations can be fit by a ∼400 km long patch of accelerating creep offshore Tohoku, with
predominantly dip-slip motion (Figures 4 and S12). The inversion also predicts a smaller area of decelerating
creep offshore northern Tohoku, which we interpret as decaying afterslip from the 1994 Sanriku-oki earth-
quake, not accounted for in the viscoelastic modeling. Most of the accelerating creep is imaged in the depth
range of ∼20–70 km; however, resolution at shallower depths is poor [e.g., Loveless and Meade, 2011].
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Geodetic transients have been observed in various subduc-
tion zones1–3 and have long been believed to be the key
phenomena associated with megathrust earthquakes,

although the nature of this relationship remains elusive4.
Indeed, it has been reported that geodetic transients might have
preceded megathrust earthquakes5. For example, long-term slow
slip events (SSEs), which are those with duration longer than 107 s
(ref. 3) were observed before the 1983 Japan Sea earthquake along
the boundary of the Eurasian and North American plates6 and
before the 2012 Ometepec earthquake in the southern Mexico
subduction zone7. However, in one of the most active subduction
zones in the world, the Japan Trench subduction zone (JTSZ),
where the 2011 Tohoku earthquake8,9 occurred with a moment
magnitude (Mw) of 9.0, no geodetic transient had been reported
previously; rather, only afterslip, short-term silent earthquakes
and recovery of plate coupling had been reported3,10. In fact, even
in the period immediately before the Tohoku earthquake, only
short-term transients around the foreshock were reported11,12.
Nevertheless, tectonic deformations due to drag of the overriding
plate coupled with the subducting plate (slip deficit) were being
observed continuously in the JTSZ, and any geodetic transients
that occurred in the region should have affected these tectonic
deformations.

To investigate this phenomenon, we first analyse the temporal
changes in tectonic deformations before the Tohoku earthquake.
We use a data set from the dense Global Positioning System (GPS)
network GEONET, operated by the Geospatial Information
Authority of Japan (GSI). In previous studies13–16, the slip deficit
rate in the JTSZ was imaged using partial data sets covering the
period of seismic quiescence before the 2003 Tokachi-oki

earthquake. In this study, we use the whole data set from 21
March 1996 to 8 March 2011 (one day before the foreshock).

Results
Time series of deformation. We converted the daily coordinates
of the GEONET stations in the Tohoku and Kanto districts along
the JTSZ to time series of horizontal deformation (see Methods).
Sinusoidal annual variations and the co-seismic and post-seismic
signals of nearby Mw 6–8 earthquakes are apparent in the results of
this conversion (Fig. 1a,b). In addition, stationary westward trends
were obtained at all stations for the seismic quiescence period
before 2002 (red lines in Fig. 1b), and we assumed that these
represent regular deformations that were due to slip deficit, as in all
previous studies13–16. We conducted an additional analysis of the
time series; the results shown in Supplementary Note 1 and
Supplementary Fig. 1 can also support our assumption.

We removed the annual variations and co-seismic and post-
seismic signals from the time series by fitting trigonometric,
Heaviside and logarithmic functions. Then, we performed
regression analyses for the pre-2002 parts of the time series to
determine the trends of regular slip deficit deformations and
removed the obtained trends from the time series, as for the Tokai
SSE1 and Bungo Channel SSE17. If the slip deficit deformations
were the only parameters affecting the results, the data should be
distributed around the zero line. However, the obtained data
began to deviate from the zero line around 2002 (Fig. 1c). This
deviation was eastward at the central and southern stations,
where movement was accelerated at the time of the 2005 Mw 7.2
Miyagi-oki earthquake, but westward at the northern stations,
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Figure 1 | Time series of east–west deformation at GPS stations in the Tohoku district. (a) Selected GPS stations (orange squares) and Mw 6–8
earthquakes (green stars) in the index map. (b) Original time series of east–west deformation obtained from the GEONET F3 solutions34 at the stations and
the effects of the Mw 6–8 earthquakes (green lines). (c) Detrended time series obtained by removing the regular trends in 1996–2001 (solid red lines),
annual variations and earthquake effects. These time series deviated from the zero lines around 2002 and accelerated at the time of the 2003 or 2005
earthquake (green lines).
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Transient slip first started to build up to the
south of theMw 7.3 epicenter (divisions c and d in
Fig. 3B) and continued to do so from mid- to late
February at speeds far larger than the plate conver-
gence rate. This increase in the slip rates coincided
with the first sequence of earthquake migration
toward the epicenter of the Mw 9.0 mainshock.
After the Mw 7.3 foreshock, the amount of tran-
sient slip increased abruptly to the north of the
Mw 7.3 epicenter, though it slightly slowed down
logarithmically with time (a to c in Fig. 3B), a
phenomenon commonly observed in afterslip
followingMw 7 to 8 plate-interface earthquakes
along the Japan and Kuril trenches (26–28). With-
in the EMZ, in contrast, slip increased at a rate of
~6 mm/hour, or up to 600 times the plate con-
vergence rate (Vpl), during that final phase (c and
d in Fig. 3B). Thus, the current study provides
strong evidence for the propagation of slow-slip
events toward the Mw 9.0 epicenter, based on the
two sequences of earthquake migration accom-
panied by the repeating earthquakes.

The cumulative slip before theMw 9.0 main-
shock averaged ~20 cm across all four regional
divisions. This converts to an estimated total mo-
ment release by the slow-slip transients worth up
toMw ~7.1, assuming that a fault with a 90–by–
90-km2 dimension (comparable to the foreshock
region) slipped homogeneously (rigidity: 30GPa).

This assumption means that both seismic and
aseismic slip coexisted on this fault. Geodetic
measurements on land (Global Positioning Sys-
tem) detected transient deformation after the Mw

7.3 foreshock (29), whose moment release rough-
ly coincided with that estimated in this study. This
is consistent with the presence of the second slow-
slip sequence documented in this study, although
the geodetic measurements were not able to rec-
ognize their propagation toward the mainshock
hypocenter because the land-based geodetic in-
struments are not sensitive to small amounts of
off-shore fault slip.

The Mw 7.3 foreshock occurred near the
northern end of the EMZ after the first migration
of slow slip toward theMw 9.0 mainshock hypo-
center. In contrast, the mainshock nucleated near
the southern end of the EMZ after the second
migration, which was faster than the first one.
Interestingly, the propagation of slow slip stopped
in both cases near the mainshock hypocenter
(Fig. 2). This suggests that the initiation point of
the mainshock rupture was resistive enough to
withstand the stress concentration caused by the
oncoming slow-slip transients. A recent numer-
ical modeling of the Tohoku-Oki earthquake also
indicated that a shallow, highly resistive patch
should be present close to the foreshock area to
generate a Mw 9 earthquake (30).

The propagation of slow slip could be inter-
preted as part of the nucleation process, but there
was no power-law acceleration in the slip and rup-
ture growth to the mainshock origin of the type
predicted by preslip models (1–5). In addition,
the mainshock was not preceded by accelerating
occurrences of foreshocks close to the mainshock
hypocenter as reported for the 1999 Izmit earth-
quake (11). It should nevertheless be noted that
the second sequence of slow slip had much larger
slip rates and a larger migration speed than the
first sequence (Figs. 2 and 3).

The slip rates involved in the second se-
quence of slow slip were also larger than those
previously reported for transient slip after other
earthquakes. In fact, the second sequence re-
leased approximately one-half of the moment
of the Mw 7.3 Tohoku-Oki foreshock in only
2 days (29). In contrast, slow-slip transients
(afterslip) after previousMw 7 to 8 earthquakes
along the Japan and Kuril trenches had slip
rates of less than 4 cm/day (150 times the Vpl)
during the first few days (27, 31) and needed
more than a few months to release half the mo-
ment of the mainshock (six events in table S1)
(26, 32).

It is conceivable that the first sequence of
slow slip in the Tohoku-Oki focal region had
weakened the plate interface within the EMZ,
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Fig. 2. Earthquake migration toward the rupture initiation point of the main-
shock. Space-time diagram of all detected events between 13 February and the
mainshock origin time, with earthquake origin locations indicated in terms of the
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…	followed	by	a	short-term	(weeks	/	month)	slow	slip		
												(seen	in	the	seismicity...)	
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…	followed	by	a	short-term	(weeks	/	month)	slow	slip		
												(seen	in	the	seismicity	&	Ocean	BoLom	Pressure	gauges)	

Ito	et	al.,	2013	
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1-	Is	the	10-year	slow	deformaDon	before	Tohoku	also	

observed	in	independent	GPS	soluDon	and	analysis?		

	
2-	Is	a	short-term	pre-seismic	transient	visible	in	GPS	
&me	series?		



Complete,	independent	reanalysis	of	Japan	GEONET	GPS	data	
!  Full	reprocessing	with	GAMIT	and	GIPSY	soKware	
!  How	do	they	compare	?		
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Figure 4. Inversion of interseismic accelerations for slip acceleration on the Japan Trench plate interface. Observed accel-
erations with 2! error ellipses are shown in black; model fit in green. Colored patches show the estimated distribution
of slip acceleration (dip-slip component) on the plate interface. Black contours indicate the slip distribution of the 2011
Mw 9.0 Tohoku-oki earthquake in 10 m intervals [Hooper et al., 2013].

Tohoku. We also find negligible accelerations in south-central Tohoku due to viscoelastic effects from the
2003 Mw 8.3 Tokachi-oki earthquake (Figure S10).

In south-central Tohoku (latitudes 36.5◦ to 39◦), not only did the magnitude of the interseismic velocity field
decrease as a function of time but also its spatial gradient; i.e., strain rate. In a coordinate system aligned
with the Japan trench, the average shear strain rate, #̇1 = | $̇11 − $̇22| (where $̇11 and $̇22 are average strain
rates oriented N70◦W and N20◦E, respectively), decreased by about one third, from 136 ± 5 × 10−9 yr−1 in
1996 to 106 ± 2 × 10−9 yr−1 in 2011 (Figure 5a).

Since the change in strain rate in south-central Tohoku cannot be explained by postseismic effects of large
historic earthquakes, an additional source of deformation is required. We consider a temporal change in
the slip rate on the subduction interface (i.e., time-dependent coupling) as a possible transient deforma-
tion source. A regularized (minimum model norm) inversion of the residual acceleration field (corrected
for known postseismic effects) for aseismic slip acceleration on the plate interface (Text S1) shows that
the residual accelerations can be fit by a ∼400 km long patch of accelerating creep offshore Tohoku, with
predominantly dip-slip motion (Figures 4 and S12). The inversion also predicts a smaller area of decelerating
creep offshore northern Tohoku, which we interpret as decaying afterslip from the 1994 Sanriku-oki earth-
quake, not accounted for in the viscoelastic modeling. Most of the accelerating creep is imaged in the depth
range of ∼20–70 km; however, resolution at shallower depths is poor [e.g., Loveless and Meade, 2011].
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1-	Is	the	10-year	slow	deforma&on	before	Tohoku	also	
observed	in	independent	GPS	solu&on	and	analysis?		

	
2-	Is	a	short-term	pre-seismic	transient	visible	in	GPS	

Dme	series?		



GEO-Net	network	analysis	(3	years	before	Tohoku)	

1	posiDon	Dme	series	(detrended	East	comp	–	sta&on	0550)	
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M
w
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Is	this	an	oscillaDng	transient	signal	before	Tohoku?	

! Impossible	to	tell	with	a	single	sta&on	
! Network	analysis	is	necessary…		

A.	Socquet	et	al.		



GEO-Net	network	analysis	(3	years	before	Tohoku)	

1	posiDon	Dme	series	(detrended	East	comp	–	sta&on	0550)	

1373	PosiDon	Dme	series		

N
or
th
	!

	
"
	S
ou

th
	

sta&on	0550	

Mw	6.9	deep	earthquake	

M
w
	9.1	Tohoku	earthquake	

+6	

-6	

mm	

A.	Socquet	et	al.		



GEO-Net	network	analysis	(3	years	before	Tohoku)	

1373	PosiDon	Dme	series	

N
or
th
		!

	
"
	S
ou

th
	

Remove	Trajectory	model	

	

(and	change	scale…)	

+6	

-6	 -3	

+3	
mm	

1373	PosiDon	Dme	series	
Trajectory	model	removed	

H
o
n
s
h
u
	

H
o
n
s
h
u
	

mm	

A.	Socquet	et	al.		
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How	can	we	see	something?		

!  stacking	&	array	filtering	

!	Computa5on	of	slip	proxy	on	the	megathrust	interface	
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1-	Is	the	10-year	slow	deformaDon	before	Tohoku	also	observed	in	independent	

GPS	soluDon	and	analysis?		

Yes	–	accelerated	slow	slip	during	the	decade	preceding	Tohoku	earthquake	is	confirmed	:	

	-	stronger	coupling	increase	north	of	Honshu	

	-	accelerated	slip	offshore	Boso	

	-	rougher	slip	distribuDon	

	Accelerated	slip	also	corresponds	to	a	long-term	accelerated	seismicity	rate	

2-	Is	the	short-term	pre-seismic	transient	visible	in	GPS	Dme	series?		

Maybe...			

	-	signal	of	the	Mw7.3	2011-03-09	strongly	pops	up	

	-	in	2010,	slight	departure	from	long	term	trend	in	epicentral	area	coeval	with	Mw	6.5		

	

Wobble	versus	common	modes	?		QuesDon	is	sDll	open	(at	least	for	me)		

	

	 A.	Socquet	et	al.		


