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ABSTRACT

The Tohoku earthquake on March 11, 2011 caused widespread devastation and sigrifistht movements.
According to the GPS Earth Observation Network System (GEONET) operated by Geospatial System Institution (GSI)
of Japan, crustal movements with a maximum of 5.3 m to the horizontal direction (southeast) and a maximum of 1.2 m to
the verical direction (down) were observed over wide areas in the Tohoku {wegtern) region of Japan. A method

for capturing the twalimensional (2D) surface movements from-paad postvent TerraSARX (TSX) intensity

images has been proposed by the preaetiitors in our previous research. However, it is impossible to detect the three
dimensional (3D) actual displacement from one pair of TSX images. Hence, two pairs ahgrposevent TSX

images taken in ascending and descending paths respectivelyiseeréo detect 3D crustal movements in this study.
First, two sets of 2D movements were detected by the
displacement and 2D converted movement in SAR images was derived according to the obserdafliar the TSX

sensor. Then the 3D movements were calculated from two sets of detected movements in a short time interval. The
method was tested on the TSX images covering the Sendai area. Comparing with the GEONET observation records, the
proposed methodas found to be able to detect the 3D crustal movement atgixlbevel.
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1. INTRODUCTION

The Mw 9.0 Tohoku Earthquakeccurredon March 11, 2011, off th@acific coast of northeastern (Tohoku) Jgpan

caused gigantic tsunamis, resulting in widespread devastation. The epicenter was located at 38.322°N, 142.369°E at a
depth of about 32 km. The earthquake resulted from a thrust fault on the subductionaterphdary between the

Pacific and North American plates. According to the GPS Earth Observation Network System (GEONET) at the
Geospatial Information Authority (GSI) in Japan, crustal movements with maximums of %d3tme horizontal
(southeast) and 4.m to the vertical (downward) directions were observed over a wide [afedlthough GSI has
established about 1,200 GPS ground control stations throughout Japan, the distance between two neighboring stations is
over 20 km. Hence, it remains difficult tapture a detailed crustal movement distribution using only GPS receriing

is also difficultfor developing countrieto establish GPS recording systems. Thagtimatingcrustal movements from

satellite datas considered to ban efficient and impdant method.

Two methods have normally been used to detect crustal movefrantemote sensing imagés the past studies. The

first oneis interferometriqInSAR) analysis of synthetic aperture radar (SAR]) Several studies have been conducted

to dekct displacements due to earthquakes based on differential SAR interferometry (DISSAR) However,
depending on vegetation and temporal decorrelafidn INSAR may not always be able to measure ubiquitous
deformation at a large scallm addition INSAR analysis can only detect movements to the slant range direEkien.
second method is the pixeffset method, which can be applied to both SAR and optical images. Michel[6] and
Tobitae.al [7] measured ground displacements after earthquadieg 8AR amplitude images. CrippEj, Leprinceet

al. [9], and Gonzdezet al.[10] also detected ground deformation in SPOT and IRS panchromatic imagery. Using the
method, two images are tegistered for nowlisplaced boundaries, before internal lodaformation is calculated by
crosscorrelation.The merit of the pixebffset method is that it can detect the movement to two directions. Since the real



crustal movement is a thremensional(3D) vector,3D surface displacement estimates have beennglotaiyboth
INSAR and pixeloffset methods using SAR image pairs captured from ascending and descendirig bdsis

In the 2011 Tohoku earthquake, the extent of crustal movements was much larger than the SAR imaging area. Due to the
absence of the acate geocoding information, it was difficult to detect the absolute displacement using the pregious
methodsThe highaccuracy georeferenced product, however, has become available recently due to the improvement of
SAR sensorsand thusan improved pigl-offset method was proposed by the presernhors to estimate the absolute

ground displacements even in the case of lamgde tectonic movemenf$4]. In our previous research, the proposed
method has been tested foir temporal TerraSARK (TSX) images alonghe Sendai coaal landwith a 37.3 incident

angle at the center, arfdgh accuracywas obtained. The maximum error between the GPS observed data and the
detected result was less than 0.5 @omparing with the 3.0 m spatial resolutiontbhé StrpMap modeTSX., the

proposed method has the capability to detect crustal movement apisLievel.

In this studytwo pairsof the pre- and postvent TSX intensity images from the Tohoku earthquaken in ascending

and descendingatls respectivelywere used to detect crustal movementghe propose methdehsed on the shifts of
nontchange buildings. Then the real 3D movement was calculated from the two set of detected results based on SAR
intensity data.The accuracy ofboth 2D and 3D detectionresults was demonstrated comparing the detected
displacements with those from GPS ground station records.

2. IMAGE DATA AND PREPR OCESSING

The study area was focused on the coastal zone of Tohoku, Japan, as shigureif(a), which was one of the most
sewerely affected areda the 2011 Tohoku earthquake. Four temporal TSX images taken before and after the earthquake
are shown irFigure 1(b-e), which we used for detecting crustal movemelmdhe ascending pairhé preevent image

was taken on Octobé, 2009 (Local timé@, while the posevent ones were taken épril 1, 2011 There is &835.23°

incident angle at the center of the imagdse heading angle is 34978 ockwise from the north. In the descending pair,

the preevent image was taken on OctoBér 2010, while the postvent ones were taken dfarch29, 2011 There is a
2147%incident angle at the center of the imag@&$e heading angle is 19.32lockwise from the north.

All theseimages were captured with HH polarizatiamdin the StripMap rade Due to the different incident angleke
resolutiors of the ascending pair ithe azimuth and rangdirections were both about 30 m, while those of the
descending pair were 3.0 m in the azimuth and 3.5 m in the range diret¥lenssedhe standard&nhanced Elpsoid
Corrected (EEC) products processing level 1Bvhere the image distortion caused by a variable terrain height was
compensated using a globally available digital elevation modeTNK§. The products were provided in the form
projectedto a WGS 84 reference ellipsoid with a resampled square pixel size of 1.25 m.

Since the four images covered the different areas, the target area was set as the common part of the yellow frame in
Figure 1(be). Two preprocessing approaches were appliethédrhages before extracting crustal movements. First, the
four TSX images were transformed to a Sigma Nau@hitvalue, which represents the radar reflectivity per unit area in

the ground rangél hen anEnhanced._ee filter was then applied to the origir&\R images to reduce the speckle noise.
Since the speckle noise reduces the correlation between two TSX irapgBsngan adaptive filter can improve the
accuracy of the detectiofio minimize any loss of information included in the intensity imageswtimdow size of the

filter was set as 3 x 3 pixels. The pixel localization corrected by the GPS orbit determination was used directly in this
study, and thus the accuracy of the proposed method depends on the accuracy of the. grochrelisig to the prduct
specification documef.5], the pixel localization accuracy tife EEC products depends on the orbit and the DEM used.
Since the four EEC products were made using the same DEM following the same process, the errors e BEWMbY

were cancelled duwhen comparing two imagg¢$6]. Thus the major cause of error here comes fitemorbit accuracy.

Since the orbit type of our TSX images was "Science", their required orbit accuracy is within 20 cm, but actual data
showed better than 10 cm accurgtyj.

After the preprocessing approach, two color composites images of the ascending and descending pairs were shown in
Figure 2(ab), where the prevent image was assigned as green and blue bands while trev@oisimage as red band.

The ascending pair corefive GPS ground stations, which named Rifu, Sendai, Miyagiasaki, Natori and Watari

from the north to the south. The descending pair covers four stations except-kéivagiaki. A closeip of the
descending pair near Sendai station is showfigare2(c). From thestretchedl' SX intensity images, the displacements
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Figure 1.Study area along the Pacific coast of Tohoku, Japan (a); ¢event TSX image taken dbctober9, 2009(b)
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Figure 2. Color composite images of #ticendinda) and descending (prirs closeup of (b) around Sendai GPS station
and its optical image taken @pril 6, 2011, cited from Google Earth (c)



of a white building in bottom left of theptical image, which is shown in the bottom of Figure 2(c), can be seen in
different colors. Te building is arpbservabry which was not damaged during the earthquake. Thus, the displacement
between the two TSX images is considered due to the crustal movement.

3. TWO-DIMENSIONAL DETECTION

GSI has established about 1,200 @RSed control statiorthroughout Japan. The movement of the land of Japan is
daily moni t orséBS TheyobserizafioN Bafadm the networkare available for actual survey works and
for the studies of earthquakes and volcanic activates. In this earthquake, the moedmanis3 m horizontally and 1.2

m vertically were observed after the main shoBkveral small changes were continuously obseratsd in the
subsequent aftershocks. The vector images of the observed variation at the GPS control stations during tfe perio
March 11 to 132011to the horizontal and vertical directions are showrFigure 3(ab). The largest @placement
occurred along the coastline of Tohoku region, aisgldcementsvere observed in more than half of the country. The
targetareawasshown by red fame inFigure 3(a-b) where significant movements are seen at alfitlkeeGPS stations

The crustal movements withthe target areaere extracted by the proposed pirfiset method14]. Firstly, the whole

target area was divided into &2x¢2.5 knf mesh,asshown inFigure 2(a-b). In each sularea (2.5 x 2.5 kif), solid
buildings larger than 150 ‘nwere extracted by a simple segmentation approach. The threshold value of the
backscattering intensity used in segmentation was s&.agB, which means the pixels of larger thah5 dB were
grouped as a building objedhen the norchanged buildings were extracted by comparing the building locations in the
two building images. If a solid building exists in the pegéent image around thedation of a target building in the pre
event image within 5 pixels, the target building is regarded axhanged. The displacement of a radranged building
between the two TSX intensity images was calculated by an area correlation method. To impaceardey, the TSX
images surrounding nechanged structures were resampled to 0.25 m/pixel by cubic convolution to have 1/5 of the
original pixel size. Thus, the shift of building shapes could be detected afpixstilevel.

A target area was selectédm the preevent intensity image at the location of a fabvanged building object. Then a

search area, which surrounds the target area and exceeds it in size, was selected Hevkatpogtnsity image. The

target area was overlaid with the searabaaaind was shifted within it. In each shift, a similarity index was calculated.

The similarity matrix contained the values of the statistical comparison between the target and search areas. The
maximum value in the matrix was determined as the correlatefficient of the building, and the location of the
maximum value was considered as the final offset of the target in the search area. When the correlation coefficient of a
nortchanged building in the two TSX image was larger than 0.8, the detectedeispla was counted as valid data.

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 movemerdtisutiharea To ensure the reliability of theesults, only a

subarea containing more than 5 building displacements was counted as valid one.

3.1 Ascending pair

The author8 method was applied on the ascending pair of TSX intensity im&jase the displacements were
calculated from the location of Wdings, the proposed method could not be applied to mountainous areas without
buildings. The movements fron#4 subareas(about 900 krf) were detected, and they are showifigure3(c) by the
yellow vectors The average value of the detectadvementsvas 3.00 m to east and 0.68 m to sodthe displacements

of five subareas includinghe GPS stations werall detectedand their valuesvere shown irTfable 1 A comparison of

the detected movements in the table shows that the largest movement occumeldRéto GPSstation which is the
nearest one from the epicenter.

The displacement amplitude is showrFigure4(a) by a rainbow color. The largest detected movement3a&idm with
3.75m to the east and &0 to thesouh directions. The number of diggements detected in each sarea is shown in
Figure4(b). The morenumberof the detected displacements were, the more reliable the result bddadetect result
became stable when the number of detected displacements were more fhiams10ur meétod shows higher accuracy
in urban areas than in rural areas.
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Figure 3.GPS observedlisplacementector in the period of Mah 11 to 13 2011in the horizontal § and vertical

directions b), cited from the GSI websitethe detected displacement vectors in each-atga overlapping on theolor
composite of th@re-event TSXimages (c);

(a) (b) (© (d)
Figure 4.Displacement amplitude shown in rainbow cdlem the ascendingg) and descending pairs (@nd the number
of buildings used in each suatveafrom the ascendinép) and descending (d) pairs.

3.2 Descending pair

The method was also applied to the descending pair to detect the 2D movdihemsplacements were detected from
130 subareas (about 800 Kin and they are shown ifigure 3(c)by blue vectors. The axage value of the detected
movementsvas 2.75 m to the east and 0.64 m to the sdlthb. displacement amplitude is shownFigure 4(c) by a
rainbow color while the number of displacements in eaalb-area isshownin Figure 4(d) The largest detected
movementfrom the descending paivas 3.35 m with 3.22 m to the east and @ m to the souh directions.The
displacementsf four subareas including GPS statioagcept Miyagiwakasakiwereall deteced and their valuewere
alsoshown inTable 1

Comparing withthe results from the ascending pair, the detected movements from the descending pair were seen to be
smaller. Since the time lag between the f&nt images ithe ascending and descending paths was only two days, the
crustal movements can be considered almost the same Téxeetifference between the two results was caused by the



different incident angle andbservatiordirections. But, the detected vectorstlie both results were seen to line up to
the similar directions.

4. THREE-DIMENSIONAL ESTIMATION

The surface displacement is a vector in the tdiesensional space with three componebis, Dy, andDy, to the east,
north, and vertical directions, respigety. The relationship between an act@al crustal movement and i&D version
in a SAR image is shown ifrigure 5(ab). The proposed pixebffset method can detect a 2D movemaent
which the3D movement igransformed to theeast and north directions. The movementhe vertical direction is
decomposed and transformed to the movements to the east and north directions. The relationship betwee8[an actual
crustalmovementand its 2D shift in a ground range SAR imagshown in Equation {).
£0 al 0 - cosa/tanqﬁgeDEg 1)
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whereD is the actual movement to the east, north, and vertical directibiis;the shift in the SAR imagdj is the
heading angle clockwideom the north; andl is the SAR incident angle

From one pair of the TSX images, the detected 2D result is not enough to estimate the 3D movement. However, two
pairs of different observation sets can build fodividual equations, and it makes the &Btimationpossible. If the

crustal movements included in the two pairs of TSX images are the same, then the vertical movements can be calculated
either fromEquation (2) or Equation (3)

_ M EAs M EDs (2)
DZl -
cosa,, /tang,, - cosa ,, /tang,,
M s - M
D,, NAs NDs (3)

- sina ,, /tang, - sina,, / tangp,
whereAsandDs represent the parameters in the ascending and descending paths respectively.

In theor, theobtainedD,; using the results in the east direction &g using the results in the north direction are the
same value. However, the vertical movements calculatdggbgtion (2) and (3vere somewhat different in this study,
due to the two day time ldgetween the two pairs of data and the errors included in the detected results. Fipm the
one result in the east and two results in the north directions are obtained. Similarly friopg, ttveo results in the east
and one result in the north directgare obtainedlhus many possible combination of the 3D results exist.

In this study, four combinations were proposed and compared with the GPS records at the four GPS stations. The first set
is usingDz, directly as the vertical movement and tti&nandDy werecalculatedrom Dz, andDy,, respectively. In this

case, the results were all direct values without averaging. The second set is alsD uslirgctly as the vertical
movement, and then of®: was obtained and the average of diffelegé were alculated using thBz;. The third set is

using the average value Bf; andD,, as the vertical movement, whilk: and Dy were still calculated from differeiiy,
respectively. The last set is using the average vall0énd D2, as the vertical movemgnand the average values of

two different Dgs andDys were used, which were calculated by the vertical value. In this cause, the movements in the
threedimensionakpace were all averaged values.

The 3D movements in the four sabeas including GPS statis were calculated by the proposed combinatidien

their results were compared with the observed GPS data, and the Root Mean Square (RMS) error was calculated for each
case. The result from the second set showed the |aifésstence with the GPS datand its RMS error was 0.20 m in

the 3D spaceSince a most part of the vertical movement was decomposed to the east direction than the north direction
due to the parameters of the observatimde| the Dz calculated from the results in the east diretticas morestable

than the one from the north direction.

Thus, the second combination was used to estimate the 3D movements in the whole target area. The detected result is
shown inFigure 6(a) The yellow vectors were the movements in the horizontal ledblue ones were in the vertical



@ (b)
Figure 5.Schematic views of the horizontal (a) and vertical displacements (b) in a SAR image.

Table 1.Comparison of detected crustal movementivie sub-areas surrounding the GPS stations by the proposed method
and the GPS record® the 2D and 3D detectiofisnit: meter).

GPS sttion/ Rifu Sendai Miyagi-kawasaki Natori Watari
Component £ | N | z | E | N| z E | N|] z | EIN] Z €| NI 2z
GPS | 3.73 | -0.87 2.97 | -0.65 277 | -0.49 3.66 | -0.72 3.26 | -0.62

ig_ TSX | 3.44 | -0.95 274 | -0.69 2.46 | -0.59 3.47 | -0.66 3.08 | -0.54
Error | -030 | -0.082 0.23] -0.04 031 -0.10 0.19] 0.07 -0.18] 0.08
GPS | 264 -0.71 241 | -0.54 215 | -0.43 279 | -0.65 242 | -0.43

5)2. TSX | 3.21 | -0.69 258 | -0.58 269 | -0.38 267 | -0.67
Error | 0.57 | 0.03 0.17 | -0.04 0.10| 0.28 025 | -0.24
GPS | 3.34| -0.86 | -0.28| 2.77 | -0.61| -0.14| 2.56 | -0.52| -0.16 | 3.36 | -0.77| -0.22| 2.96 | -0.54 | -0.21

3D | TSX | 3.3 | -0.84 | -0.06 | 2.68 | -0.65 -0.04 319 | -0.59 | -0.20 | 2.93 | -0.64| -0.11
Error | 0.02 | 0.02 | 0.22 | -0.08| -0.04| 0.10 017] 018 | 0.02 | 0.03 | -0.10| 0.10

* indicatesthe first GPS record after the observation resumed.
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Figure 6.Detected3D displacement vectors in each satea overlapping on theolor composite of th@reevent TSX
intensity image (a); the displacement amplitu@ehorizontal (b) and vertical (c) directiosfiown in rainbow color



