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ABSTRACT 

On March 11th, 2011, 05:46 UTC, a giant earthquake of 
magnitude Mw=9.0 occurred off the Pacific coast of 
Tohoku, Honshu Island, Japan. Massive damage has 
been reported, mainly related to the subsequent tsunami. 
In this work we present first results concerning the 
displacement induced by the Tohoku-oki earthquake by 
using ASAR ENVISAT data acquired few days before 
and after the event. The work points out the reliability 
of ASAR ENVISAT data to provide interferometric-
based displacement field even though the satellite is 
recently came into a new operative phase with degraded 
orbital control and SAR data were processed in an 
emergency framework soon after the acquisition without 
precise orbital records. After removing artefacts due to 
strong orbital errors, the interferometric deformation 
pattern is mainly related to the coseismic displacement 
and it results comparable to that provided by the 
GEONET GPS network which has an unique density of 
in situ measurements found elsewhere in the world. 
 
1. INTRODUCTION 

On March 11th, 2011, 05:46 UTC, a giant earthquake of 
magnitude Mw=9.0 occurred off the Pacific coast of 
Tohoku, Honshu Island, Japan. It has been followed by 
a series of powerful aftershocks, with 31 earthquakes of 
magnitude higher than 6 in 3 days (EMSC special web 
site [1]). The earthquake epicentre is located 
approximately 150 km off Sendai at a depth of 22 km. A 
tsunami wave was generated in the Pacific, with wave 
heights reported at more than 4 m high. Massive 
damage has been reported, mainly related to the 
subsequent tsunami. This is the largest earthquake ever 
recorded in Japan, and is among the 5 largest 
earthquakes recorded worldwide. Two days earlier, on 
March 9th, another large earthquake (Mw=7.2) occurred 
in the same area, approximately 40 km to the southwest 
from the main earthquake of March 11th. 
The earthquake is the result of thrust faulting along the 
N-S striking subduction zone (Japan Trench). This 
boundary corresponds to the Pacific plate diving below 
the Eurasian plate. The Pacific plate moves 
approximately westward with respect to the North 
American plate at a velocity of about 8 cm/year. 

The Differential Interferometric SAR (DInSAR) 
technique has been routinely applied to analyze to co-
seismic data relative to many earthquakes as happened, 
for instance, in the cases of the well known  Bam (Iran) 
earthquake [2]. Following the development of the multi-
temporal DInSAR analysis and the potentiality on new 
generation of SAR sensors, the monitoring of post-
seismic displacements has been also recently proven, 
see for instance [3]. Main advantage of SAR 
Interferometry are the synoptic view of wide area on the 
ground as well as the periodic surveying of the area 
which guarantees long time monitoring. 
The SAR sensors launched by ESA (ERS-1/2, ASAR 
ENVISAT) provided great impulse in experimentation 
and development of InSAR based techniques devoted  
to disaster monitoring. In the present work we present 
preliminary results concerning the displacement induced 
by the Tohoku-oki earthquake by using C-band ASAR 
ENVISAT data acquired few days before and after the 
event. C-band SAR data can support the results coming 
from the Japanese L-band sensor of ALOS/PALSAR 
[4]. 
GPS measurements were also available thanks to the 
GPS Earth Observation Network (GEONET) of Japan, 
which consists of 1200 GPS permanent stations and is 
the largest GPS network of the world with average 
spacing between stations of about 20 km. Regional 
continuous GPS networks designed mainly to monitor 
strain for earthquake research and forecasting have 
operated in Japan for several years. In the present case, 
the displacements derived by GPS are used both to 
support InSAR processing as well as to validate the 
DInSAR results. 
 
2. SAR DATA 

SAR data acquired by ASAR sensor onboard ESA 
ENVISAT satellite were used for this experiment. In 
order to extend the ENVISAT mission until end 2013, 
since October 2010 a new orbit control strategy was 
adopted which reduces the inclination control of the 
satellite orbits [5]. The new orbit configuration was 
designed in order to ensure that the InSAR baselines 
will be kept at a minimum value at a latitude of 38° 
North for descending passes and 38° South for 
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ascending passes covering most of the major tectonic 
and volcanic areas on the Earth and, among these, also 
the Japanese islands.  
The present case study is one of those applications 
which require velocity measurements over a large area 
achievable by using multiple InSAR image frames from 
the same and/or adjacent orbits. A set of 8 InSAR 
couples of images was acquired in Stripmap mode along 
descending track 347, frames from 2763 to 2907, on 
February 19, 2011 and March 21, 2011. The resultant 
ground coverage is a strip 750 km long and 70 km wide 
(Fig. 1). The latitude of the area of interest and the 
selected swath IS6 (incident angle of 40.7°) ensure 
values of the perpendicular baseline (Bn) still suitable 
for standard differential interferometry: Bn ranges from -
155m to -230m. 
For emergency applications the interferometric 
processing of SAR data has to be performed soon after 
the event when, usually, precise orbital records are not 
available. This is the case of the SAR image acquired on 
March that was processed by using the annotated state 
vectors instead of the precise orbital values. The 
approximate knowledge of the satellite positions 
introduces artefacts in the interferometric phase field 
that has to be properly identified and removed. A 
polynomial function is usually used to model and filter 
out this component of the DInSAR phase [6]. However, 
similar phase patterns (gradients) can arise also from 
long wavelength deformation signal, as that induced by 
a seismic event. Therefore, particular care is required in 
removing the expected strong phase component due to 
orbital errors. To this aim, LOS displacements derived 
by GPS data have been used to support and enforce our 
analysis. 
 
3. GPS DATA ANALYSIS 

We used the GPS displacements provided by the ARIA 
team at JPL and CalTech and obtained by processing 
original GEONET RINEX GPS data from Geospatial 
Information Authority of Japan. Data include 
geographic coordinates for each station, East 
displacement de (m), North displacement dn (m) and 
Vertical displacement du (m). These results are based 
on kinematic precise point positioning solutions using 
GIPSY-OASIS software, including single station bias 
fixing method, and JPL FLINN final orbits. The 
displacements are the difference between the solution at 
February, 19 (first ASAR acquisition) and the solution 
at March, 21 (second ASAR acquisition).  
The coseismic displacements are estimated from 5 
minute interval kinematic solutions. The displacements 
are the difference between the solution at 5:40 UTC and 
14:00 UTC (earthquake occurred at 05:46 UTC). 
Therefore, these displacements also include fewer 
aftershocks and less displacement due to post-seismic 
slip along the megathrust. In particular the event of 
Mw=7.9 occurred offshore at 06:15 UTC at a depth of 

40 km is the major responsible for further displacement 
after the main event. We expect that these preliminary 
data will be revised in the future with estimates 
calculated using time series analysis. 
We also included in our GPS datasets the IGS station 
MIZU (Mizusawa, 39.135169 N, 141.132828 E) and we 
solved its co-seismic motion using the GAMIT Track 
v.1.23 module [7] between 5:45 UTC and 6:00 UTC. 
The IGS rapid orbits were used and IGS station SHAO 
(Shanghai, China) was taken as fixed. We analyzed the 
1s data thus obtaining the displacement waveforms for 
this GPS station (Fig. 2): de = 2.162 m, dn= -1.163 m 
and du = -0.08 m, respectively. 
We combined the GPS measurements for each 
component to calculate the displacement vector along 
the Line of Sight (LOS) of the ENVISAT satellite. 
 
 
   

 
Figure 1. Ground coverage strip of ASAR ENVISAT 
acquisitions (track 347, frames from 2763 to 2907).  

The amplitude of the master image (February 19, 2011) 
is sketched. The epicenters of the events of Mw 9.0 and 

7.9 are sketched offshore in red. 
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Figure. 2 Displacement waveforms for the IGS station MIZU between 5:45 UTC and 6:00 UTC. Y axis is position in m. 
 
 
The InSAR measurement dLOS is the projection of a 3D 
displacement vector d with components dn, de, and du, 
in North, East, and UP direction, respectively, into the 
LOS direction. Assuming an incidence angle θi = 40.7° 
for ENVISAT IS6 and a satellite orbit with heading  of 
γ=194° (for descending orbits), we have [6]: 

As already discussed in Section 2, to properly filter out 
artefacts from the DInSAR phase, the support of GPS 
results is required. By looking at the LOS displacement 
field computed by GPS data in Fig.3-(B), further 
residual phase have been modelled by a polynomial 
function and removed.  
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In order to properly validate the procedure, different 
sets of GPS measurements were used to generate the 
displacement field to compare to the DInSAR phase: i) 
all the 99 stations which means about 12 GPS per 
ASAR frame (as in Fig.3-(B)), ii) a subset of 46 stations 
which means less than 6 GPS per ASAR frame, and iii) 
a subset of 19 stations which means less than 3 GPS per 
ASAR frame. The first two configurations provided 
comparable results. In both cases it was possible to 
reliably filter the DInSAR phase by using the GPS 
inputs. 

 
Then, a continuous displacement field was generated 
starting from the sparse GEONET GPS measurements 
through  a Delaunay triangulation followed by a cubic 
interpolation. The result is sketched in Fig. 3 (B).   
 
4. RESULTS AND COMMENTS 

The 8 ASAR ENVISAT couples along the strip in Fig.1 
were processed to generate a DInSAR phase field. An 
SRTM DEM was used for subtracting the reference 
terrain elevation. A fringe patterns due to strong orbital 
error was approximated by a bilinear function and 
removed. Then the DInSAR phase was unwrapped 
through SNAPHU algorithm [8]. The resultant LOS 
displacement computed is sketched in Fig.3-(A) where 
reliable interferometric coherence occurs: one colour 
cycle represents 50 cm of  deformation.  

The resultant DInSAR LOS displacement map is shown 
in Fig.3-(C). Displacement values are provided only 
where reliable interferometric coherence occurs and are 
coded according to a color bar which ranges from -2.5 
m (blue) to 0 m (red). The difference between the 
InSAR-based and GPS-based displacement maps is 
presented in Fig.3-(D): in this case the colour bar ranges 
from -25 cm (blue) up to -25 cm (red).  

 



 

 
Figure 3. (A) LOS displacement map inferred by InSAR  only where reliable interferometric coherence occurs: one 

color cycle represents 50 cm of  deformation. (B) LOS displacement map generated by interpolating the GPS 
displacements provided by the ARIA team at JPL and CalTech on the GEONET stations sketched with black dots. (C) 
LOS displacement map inferred by InSAR  after removing orbital errors. The DInSAR phase field was unwrapped and 

converted in LOS displacement by using a color bar which ranges from -2.5 m (blue) to 0 m (red). (D) Difference 
between the InSAR-based and GPS-based displacement maps. The color bar ranges from -25 cm (blue) up to -25 cm 

(red). 
 
 
The two displacement maps show similar patterns, 
clearly correlated with the expected deformation 
induced by the main shock. 
Residual displacements can be explained also in term of 
atmospheric effects which represent another limitations 
of DInSAR application. In the present case they can be 
considered as second order contrition to the DInSAR 

phase if compared to the signals coming from both the 
deformation and the orbital errors.  
In order to further  compare the results, we look at the 
displacement information along two profiles drawn  
following two directions of the coseismic pattern.  
  



 

 
Figure 4. Two profiles are sketched in white over the InSAR-based displacement map where one color cycle represents 
50 cm of  deformation along LOS. The inset plot A and B show the InSAR LOS displacement trends computed along the 
profiles. The values measured by the GEONET GPS stations occurring along the profiles are showed in the same plots 
as red circles. For profile B we also provide (yellow dot) the LOS displacement derived from the IGS station MIZU in 

Fig. 2. 
 
The profiles are sketched in white in Fig. 4 over the 
DInSAR-based displacement map: in this case one color 
cycle represents 50 cm of  deformation along LOS.  
The inset plots show the LOS displacement trends 
computed along the profiles. The values measured by 
the GEONET GPS stations occurring along the profiles 
are also reported (red points). DInSAR provides quasi 
continuous information while the GPS data result more 
rarefied even though we are dealing with largest GPS 
network of the world, with a unique average spacing 
between stations of about 20 km. 
For profile B we also included the IGS station MIZU 
(yellow dot in Fig. 4) that we didn’t use for supporting 
the DInSAR processing, thus providing now a useful 
independent control point. The agreement wrt to the 
DInSAR displacements appears a little bit weak than for 
the others GPS data (red circles in plot B of Fig.4). A 
possible explanation is that for MIZU GPS the 
displacement was computed by processing a narrow 
time interval (March 11, 5:45 – 5:60 UTC) where 
oscillations are still present in particular at the end of 
the up-down component (see Fig. 2). 
Profile A shows the typical bell-shape amplitude of the 
deformation which is related to the dynamics of the 
rupture. Both slip inversion models (USGS and 
CALTECH) show slip maxima at the centre of the 
almost 500 km long rupture. This pattern of energy 
release is reflected on the kinematics of the deformation 
mapped by DInSAR. We emphasize that our InSAR 
measurements span a period of 10 days of the 

postseismic period whose deformation may not 
necessarily follow the pattern of the co-seismic and 
early postseismic mapped by GPS. 
 
5. CONCLUSIONS 

The work presents preliminary results concerning the 
displacement induced by the Tohoku-oki earthquake 
obtained using C-band ASAR ENVISAT data acquired 
few days before and after the event. 
We showed that, after removing artifacts due to strong 
orbital errors, the resultant displacement field is mainly 
related to the coseismic ground deformation. The work 
points out the reliability of ASAR ENVISAT data to 
provide interferometric-based displacement field even 
though the satellite is recently came into a new 
operative phase with degraded orbital control, and SAR 
data were processed in an emergency framework soon 
after the acquisition without precise orbital records. The 
result is comparable to that provided by the GEONET 
GPS network which has an unique density of in situ 
measurements found elsewhere in the world.   
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