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ABSTRACT

A method for capturing the two-dimensional (2D) surface
movements from two temporal TerraSAR-X (TSX) intensity
images has been proposed by the authors in previous
research. However, it is impossible to detect the three-
dimensional (3D) actual displacement from one pair of TSX
images. Hence, three pairs of TSX images taken in
ascending and descending paths were used to estimate 3D
crustal movements in this study. First, the 2D crustal
movements due to the 2011 Tohoku earthquake were
detected from the three sets respectively. The relationship
between the 3D actual displacement and 2D converted
movement in SAR images was derived according to the
observation model and shooting condition of the SAR
sensor. Then the absolute 3D movements were estimated by
the combination of the detected 2D movements that
occurred within a short time interval. The results were
verified by the GEONET observation records.

Index Terms—Earthquake, synthetic aperture radar,
image processing, geophysics

1. INTRODUCTION

The Mw 9.0 Tohoku Earthquake occurred on March 11,
2011, off the Pacific coast of northeastern (Tohoku) Japan,
caused gigantic tsunamis, resulting in widespread
devastation. According to the GPS Earth Observation
Network System (GEONET) at the Geospatial Information
Authority (GSI) in Japan, crustal movements with
maximums of 5.3 m to the horizontal (southeast) and 1.2 m
to the vertical (downward) directions were observed over a
wide area [1]. The high-accuracy georeferenced product
has become available recently due to the improvement of
SAR sensors, and thus an improved pixel-offset method was
proposed by the present authors to estimate the absolute
ground displacements in case of large-scale tectonic
movements [2]. The three-dimensional (3D) actual
displacement is converted into two-dimensional (2D) one
when taken by a SAR sensor, due to its side-looking

978-1-4799-1114-1/13/$31.00 ©2013 IEEE

680

observing model. From one pair of SAR images, only the
converted 2D displacement can be detected. However, if
there are at least two sets of 2D results, the 3D displacement
can be estimated using the parameters of shooting
conditions. The 3D surface displacement estimates have
been obtained by both InSAR and pixel-offset methods
using SAR data pairs captured from ascending and
descending orbits [3-4].

In this study, three pairs of pre- and post-event
TerraSAR-X (TSX) intensity images from the 2011 Tohoku
earthquake taken in different paths were used to detect the
2D displacements by the proposed method. Then the 3D
displacement was estimated from the three sets of detected
results from different pre- and post-event pairs by a
regression analysis. Finally, the accuracy of 3D estimation
was examined by comparing the detected displacements and
those from GPS ground station records.

2. STUDY AREA AND IMAGE DATA

The study area was focused on the coastal zone of Tohoku,
Japan, as shown in Fig. 1(a), which was one of the most
severely affected areas in the 2011 Tohoku earthquake.
Three pairs TSX images taken before and after the
earthquake were used for detecting crustal movements. The
common part enclosed by the black frame is the target area.
The color composites of the pre- and post-event images
from the three pairs are shown in Fig. 1(b-d). The first pair
was taken in the ascending path, with a pre-event image on
October 9, 2009 (Local time) and a post-event one on April
1, 2011. The incident angle is 35.23° at the center of the
images and the heading angle is 349.79° clockwise from the
north. The two other pairs were taken in the descending path.
The second pair includes a pre-event image on October 26,
2010 and a post-event one on March 29, 2011. The incident
angle is 21.47° at the center of the images and the heading
angle is 191.32°. The third pair includes a pre-event image
on October 21, 2010 and a post-event one on April 4, 2011.
The incident angle at the center is 37.31° and the heading
angle is 190.03°. All the pairs were taken by HH
polarization in the StripMap mode. The azimuth and range
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Fig. 1. Study area with six TerraSAR-X images in Miyagi
Prefecture (a); color composite of the three pairs of pre- and post-
event TSX images in Paths A (b), B (c), and C (d).

resolutions were about 3 m. The images were provided as
the Enhanced Ellipsoid Corrected (EEC) products. Three
GPS stations of GEONET, “Rifu”, “Natori” and “Watari”,
exist in the target area.

3. DETECTION OF TWO-DIMENSIONAL CRUSTAL
MOVEMENT

The crustal movements within the target area were extracted
by the proposed pixel-offset method [2]. Firstly, the whole
target area was divided into a 2.5 x 2.5 km® mesh. In each
sub-area, solid buildings larger than 150 m” were extracted
by a simple segmentation approach. Then the non-changed
buildings were extracted by comparing the building
locations in the two images. If a solid building exists in the
post-event image around the location of a target building in
the pre-event image within 5 pixels, the target building is
regarded as non-changed. The displacement of a non-
changed building between the two TSX intensity images
was calculated by an area correlation method. To improve
the accuracy, the TSX images surrounding non-changed
structures were resampled to 0.25 m/pixel by cubic
convolution to have 1/5 of the original pixel size. Thus the
shift of buildings could be detected at a sub-pixel level.

The crustal movements in the whole area were detected
in the same way. Finally, the average value of these
movements was calculated and considered as the crustal
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Fig. 2. Detected displacement vector in each sub-area plotting on
the pre-event TSX images from Paths A (a), B (b) and C (c),
respectively.

movement in that sub-area. To ensure the reliability of the
results, only sub-areas containing more than 5 building
displacements were counted as valid ones. The results of
three pairs were obtained and shown in Fig. 2. The detected
movements in the sub-areas including the GPS stations were
shown in Table I.

Table 1. Detected 2D displacements from three pairs in the sub-
areas including Rifu, Natori, and Watari GPS stations (unit: meter).

Path Rifu Natori Watari
East North | East North East  North
Path4 | 344 -0.95 347 -0.66 3.11 -0.58
Path B | 3.21 -0.69 | 2.69 -0.38 2.67 -0.67
PathC | 348 -0.90 | 3.49 -0.68 2.28 -0.57

4. ESTIMATION OF THREE-DIMENSIONAL
DISPLACEMENTS

The surface displacement is a vector in the three-
dimensional space with three components, Dg, Dy, and Dy,
to the east, north, and vertical directions, respectively. The
proposed pixel-offset method can detect a 2D movement, in
which the 3D movement is transformed to the east and north
directions. The movement to the vertical direction is
decomposed and transformed to the movements to the east
and north directions. The relationship between an actual 3D
crustal movement and its 2D shift in a ground range SAR
image is represented by Eq. (1).

o)

where D is the actual movement to the east, north, and
vertical directions; M is the shift in the SAR image; a is the
heading angle clockwise from the north; and 6 is the SAR
incident angle.

Dy

M,
My

10
01

—cosa/tan@ (1)
sina / tan @ N



Detected 2D result from one pair of TSX images is not
enough to estimate 3D movement. However, two pairs of
different observation sets can build four individual
equations, and then they make 3D estimation possible. Since
the crustal movement before the 2011 Tohoku earthquake
was approximately zero, the geo-locations of the three pre-
event TSX images were almost the same. In addition, there
were only 6 days differences between the three post-event
images. According to the GPS records, the displacements
during the first post-event image taken on March 29, 2011
and the last pre-event image taken on April 4, 2011 were
very small. Thus, the crustal movements in the three pairs of
the images can be regarded as the same. Then six equations

can be built from the three pairs’ results according to Eq. (1).

Since the number of equations is more than the number
of the unknown displacements in the three directions, a
regression analysis was applied to calculate the most
suitable displacement values. From two sets of results, one
3D displacement can be estimated by regression using Eq.
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where D;s are independent variables (the actual geodetic
movement to the east, north, and vertical directions) to
obtain at a point; Mjs are dependent variables (the shift in
the SAR image to the east and north directions) obtained
from the 2D analysis for the j-th pre- and post-event
acquisition pair.

Three combinations exist using two pairs of results, one
with ascending path A and descending path B, one with path
A and descending path C, and one with paths B and C. The
regression analysis was applied to all the combinations. The
3D displacement in each sub-area was estimated and shown
in Fig. 3. The red vectors indicate movements to the
horizontal direction and the blue vectors to the vertical
direction. Since the vertical movements were much smaller
than the horizontal ones, they are shown at a different scale.

The horizontal displacements from these combinations
were similar and show stable results. The wvertical
displacements from the set using the ascending path A and
descending path B were more stable than other two sets. The
vertical displacements estimated from the descending paths
B and C were significantly larger than that from the
combinations of ascending and descending paths. The
second set using the ascending path A and descending path
C obtained the smallest vertical displacements. Many
vertical displacements from this set were upward.

The estimated results in the sub-areas including GPS
ground stations using two sets of results are shown in
Table II, comparing with the GPS results. The Root
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(a)
Estimated displacement vectors
overlapping on the pre-event TSX images from the pairs of Paths A
and B (a), A and C (b), B and C (c), respectively.

(b) ©

Fig. 3. in each sub-area

Mean Square (RMS) error was calculated in the three
directions between the results and GPS records. The
RMS errors for the first set were the smallest in the sub-
area including the Rifu and Watari stations. The RMS
error for the second set was the smallest in the sub-area
including Natori station. In addition, the RMS errors for
the third set were largest in all the sub-areas including
GPS stations. It can be confirmed that the combinations
using ascending and descending paths have better results
than that using only descending paths. In addition, the
combinations using the pairs with the different looking
angles (21° and 35°) have better results than that using
the pairs with the similar looking angles (35° and 37°).

The estimation using three sets of results was also
carried out by regression analysis using Eq. (3). Since not all
sub-areas have results from all the three pairs, the sub-areas
having results from at least two pairs were calculated.
According to the comparisons shown in Table II, the
combinations with the ascending and descending paths had
higher accuracy than that with the two descending paths.
Thus, estimation from two pairs were obtained only for the
first and second combinations.
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The estimated result using three sets was shown in Fig.
4(a). The specific pairs used for the estimation in each sub-
area are shown in Fig. 4(b). The displacement amplitudes to
the horizontal and vertical directions are shown in Fig. 5(a)
and (b), respectively, in rainbow color.



Table II. Comparison of the estimated 3D displacements from the
three different pairs by the regression analysis with those from
GPS records (unit: meter).

Path A&B | A& C | B&C | 3 pairs GPS
E 3.36 3.46 3.69 341 3.34
Rifu N -0.80 -0.93 -0.73 -0.83 -0.86
Z -0.06 0.01 -0.18 -0.04 -0.28
RMS 0.13 0.19 0.22 0.15
E 3.19 3.48 4.22 3.34 3.36
Natori N -0.45 -0.67 -0.33 -0.52 -0.77
Z -0.20 0.01 -0.59 -0.16 -0.22
RMS 0.21 0.16 0.60 0.15
E 2.93 2.66 1.91 2.79 2.96
Watari N -0.57 -0.48 -0.73 -0.55 -0.53
Z -0.11 -0.30 0.30 -0.14 -0.24
RMS 0.08 0.18 0.69 0.11
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Fig. 4. Estimated 3D displacement vector using three pairs (a) and
the pairs used for the estimation (b).
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Fig. 5. Displacement amplitude in the horizontal (a) and vertical
(b) directions shown in rainbow color.

The 3D movements were detected for 73 sub-areas
(approximately 456 km®). The displacements of 52 sub-
areas were estimated using the three sets of result. From Fig.
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5, it can be confirmed that the largest movement occurred
around the northeastern coast and the values became smaller
going southwards. The detected movement increasingly
points to the east direction as the location becomes more
southerly. These trends matched the observed GEONET!'s
GPS data [1]. The maximum subsidence also occurred along
the coast and became smaller further westwards. This trend
was also coincident with the observed GPS data. However,
the detected results were unstable for several sub-areas.
When comparing the estimated results with the number of
used pairs, it could be confirmed that result in the sub-areas
estimated from the three pairs was more stable than that
estimated from only two pairs.

The comparison of the 3D results detected around the
three GPS stations using three sets of results is also shown
in Table II. The average differences between our results and
the GPS measurements were approximately 0.09 m in the
horizontal and 0.13 m in the vertical directions. The RMS
errors at the three sub-areas in the 3D space were all less
than 0.15 m. Comparing with the estimated displacements
using two sets of results, the RMS errors around Rifu and
Watari stations are larger, however, the estimation using
three sets can obtain more stable displacements.

5. CONCLUSIONS

In this study, three-dimensional (3D) displacements due to
the 2011 Tohoku, Japan, earthquake were estimated from
three pairs of the pre- and post-event TSX images. Firstly,
two-dimensional (2D) displacements were detected from
each pair by an enhanced pixel-offset method. Then the
three-dimensional displacements were estimated according
to the relationship between the 2D observation of the sensor
and the real 3D displacements. A regression analysis was
applied to obtain the most suitable 3D displacements from
the three pairs’ 2D results. Comparing with the GPS ground
station records, the error of the 3D estimation was less than
0.3 m, which is 1/10 of the original image resolution.
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