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Abstract: Radar scattering mechams over landslide areas were studied using
representative ful polarimetric parameters:FreemanDurden decomposition and
eigenvaluéeigenvector decomposition. Full polarimetric ALOS (Advanced Land
Observation Satellite) PALSAR (Phased Array typebdnd Synthetic Aperture
Radar)datasets were used to examine lan@sli caused by the 2008 Iwaikyagi
Nairiku Earthquake in northern Japarhe FreemainDurdendecompositionindicates that
areasaffected by largescale landslides show dominance of the surface scattering
component in both ascending and descending orbét ddte polarimetric parameters of
eigenvaluéeigenvector decomposition, such as entropy, anisotropy, and alpha angle, were
also computed over the landslide arésssupervised classification based on ktha plane
explicitly distinguishedandslide areaBom otherssuch as forest, wateandsnowcovered
areas,but does not perform wefbr farmland A landslideareais difficult to recognize
from a single-polarizationimage,whereasit is clearly extracd on the full polarimetric
data obtained after the earthquakeom these results, we conclude thatn3@esolution

full polarimetric dataare more usefulthan 10-m resolutionsinglepolarization PALSAR
datain classifying land coverageandarebetter sited to detect landslide areasdditional
information, such agrelandslideimagery is needed to distinguish landslide agéom
farmland or bare soil.
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1. Intr oduction

SAR (Synthetic Aperture Radar) is capable of obsetiegc ar t hés sur face i1 n al
day and nightF u | | pol arimetric SAR data provi dibke a s
scattering matrix consists of magnitude andsghat four polarizations, HH, HV, VH, and VV, that
aresent and receive horizontally (Hand vertically (V)polarized waves by radar antenfiH.
Somemethods have been suggestedrderto obtainearth surface characteristics from full potagiric
data Eigenvector decompositions of a coherency or covariance matrix were prdposi#dudeand
Pottier[2]. An approach to the thremomponent scattering mechanism model was preseyed
Freeman and Durde}8], and a fouircomponent approach was presengdYamaguchiet al. [4].

These and other decomposition methods were revie@led tjie usefulness ofdll polarimetric SAR
datafor land coverclassificationwas examinedby Albergaet al.[6], and some of the techniques were
applied to dsaster monitoringand assessmerapplications A landslide caused by the 1999 i
earthquake in Taiwan wascognizedising L-band airborne SAR datcquiredafter the disaster, and

the characteristics of radar scattering mechanigere examined. The extent of the land&iwas
identified using data such as scattering entropy and anisoff¢)yQther airborne thand SAR data

with full polarimetry were analyzedby Watanabeet al. [9] to detect a landslide area in Japan using
three and fourcomponent decomposition techoes.It was shown that the landslide areas could

be effectively identified on the basis of the dominance of the surface scattering component of the
threecomponent scattering model.

The Iwate-Miyagi Nairiku earthquakémagnitude 7.2ytruck an inland areaf northern Honshu,
the main island of Japan, on 14 June 2Q@&isinglarge landslides within mountainous forest areas.
Several large landslides locally transformed forest to bare surface \M&asnabeet al.[10] analyzed
full polarimetric dataobtaired from ALOS (Advanced Land Observation Satelliggta after the
earthquakeand showed that the landslide areas were well detected by combining the surface scattering
and backscattering coefficienin VH polarization §°%4). ALOS carriss an L-band (23.5cm
wavelength) SARtermedPALSAR (Phased Array type-bhand Synthetic Aperture RadaPALSAR
is the first spacéorne SAR to have full polarizations modealso has three different polarimetric
observation modes: singpolarization (mainly HH), dugbolarization (mainly HH and HV), and full
polarization.lts range resolutios are 7i 44, 14 88 and 2489 m, respectivelyin this paper, we used
PALSAR full polarimetric dataacquired in both ascending and descendingbeifore and aftethe
earthquakenduced landslideThe pre- and postandslide data used thesame observation mode
(off-nadir angle, flight direction)Sincerelatively few globalscale observaties havebeen carried out
by airborne SAR,acquiring the dathefore the disaster wittihe sane observatiormodewas hardly
achiewable for a landslide area observatioVe adopted two representative full polarimetric
decomposition models a physicallybased FreemainDurden decomposition mode| and a
mathematicallystrict eigenvaluieeigenvector decoposition model. These models are applied not
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only to the landslide areas, but alsomiaole scems,includingforest, water surface and snaevered

areas, ana@reas ofarmland or bare soil. Furthermomesults fromthe full polarimetricanalysiswere
comparedwith those forsingle polarizationThe comprehensive analysis results for landslide and
neighboring areas are presented to clarify the radar scattering characteristics over the landslide aree
by comparing other categories from figetuab data,andto assist the identification édndslide aras

from thepre- and posteventdata.

2. Study Area andData
2.1 Study Area

The epicenter of the Iwatdiyagi Nairiku earthquake is locatad the southern inland part of
lwate Prefectureat latitude 391.7W and longitude 140%2.8 (Figurel).

Figure 1. Northern part of Honshu Island, Japan, with earthquake epicenter of the
Iwate-Miyagi Nairiku earthquake (cross) and Mt. Kurikoma (squaBégnk squares show

observation aigs of ALOS (Advanced Land Obsertran Satellite) PALSAR (Phased

Array type L-band Synthetic Aperture Raddu)l polarimetric modei Asc. 0 or bi t da
obtained on 4 June 200@b s er vat i on dogitsavere 19 fMayi2D06,s2¢ . 0
August 2008, 9 October 2008, and 24 November 26068ded square corresponds with

the area shown in Figure 2.
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Seismic intensitymeasured by the Japan Meteorological Agem@s 6plus in Oushu City, Iwate
Prefectureand Kurihara City, Miyagi Prefectur&eventeen people were killed and six were missing
following the earthquakeamost all of the victims (21 personsyvere killed by sedimentdisastes
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causedby the earthquake[1l]. The landslide areas were distributed in vallgdjacent toa
mountainous aredt 1,627 m, Mt. Kurikoma is the highest peimkthe disastezone The top of the
mountain is covered by a snowcap from fall to spring.

Figure 2. ALOS AVNIR-2 (optical sensor, Advanced Visible and Nedrared Radiometer
type 2)falsecolor composite (Bands 4, 3,i2 red, green and blue, respectjeobtained
on 2 July 2008 after the 14 June 2008 earthquBke.white rectangle corresponds to the
area shown in Figurg
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After the earthquake, many aerial photographs and much satellite data were obigumed2 shows
the affected areas observed ALOS AVNIR-2 (optical sensor, Advanced Visible and Nedrared

Radiometer type 2pn 2 July 2008.Figure 2 is a falseolor composite image with landslides
recognizable from the bare surfaces characterized bygbdg® colorWe use this image asreference
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for land coverageThe area®f earthquakelamageare plotted on a damage status mah1[3]. The
damage status map was generated from visual interpretation of aerial phHodagpri@mned on 15, 16
and 18 June with 0.4 m ground resolutiortyGeospatial Information Authority of Japan (G&ind
16 and 18 June by Asia Air Survey Co., Ltd. GSI also conductiettssurvey onl7 and 18une.The
affected regions werpreviouslycovered by forest and some farmlafithree major landslidevent
area were selected and analyzsaring this time.One of the largest landslide areas is locatethe
upstream end of the Aratozawa Dam reserviire affected area measur@®0 x 1,300 m, and the
displacedsoil mass was estimated as 70 millioh g groundsurvey.A mudslide at Dozosawa, on
the eastern slope of Mt. Kurikomaas analyzegdand its soil mass by slope failure was estimated as
1 million m? by aerial photograpy [13]. The tird landslideeventarea is Ubasumgawa, where the
areais 400 x 300 m [14], and soil mass by slope failurés estimated as Bnillion m®. Field
observations were carried out on 23 August 2008 at Aratozawa Dam resBex@ral photos were
taken, and we observed that fallen trees were mixedrire parts ahe landslide aie

2.2 PALSAR Data

PALSAR data of the disaster area were acquivea different observation modesviany
observations have been carried out in singled dualpolarization moded-ull polarimetric datasets
including the epicenter before the earthqyakere acquired on 19 May 2006 in descending orbit.
Those after the earthquake were observed on 24 August 2008, 9 October 2008, and 24 November 200
in descending orhitand on 4 June 2009 in ascending orbite offnadir angle of 4 June 2009 data
was 23.17and that of the other data was 21.Bfie observation a@sareshown in Figure land the
datasetsire summarized in Table 1.

Table 1.Summary ofObservationMode forPALSAR (Phased Array type-hand Synthetic
Aperture Radarpata.

) Before Disaster After Disaster
Observation X ) ) ) ) :
Mode Flight Observation  Off-nadir Flight Observation Off-nadir
Direction Date Angle ) Direction Date Angle ()
Desc. 19 May 2006 21.5 Desc. 24 August 2008 215

Desc. 9 October 2008 215
Desc. 24 Nowember 2008 21.5
Asc. 4 June 2009 231
Single polarimetry  Asc. 23 March 2008  34.3 Asc. 23 June 2008 34.3

Full polarimety

3. Data Analysis

The polarimetric data were analyzed using PolSARpro softwaieAlLee filter [16] was applied
with a window size of 3« 3 pixels to reduce speckle noise to Level 1.1 PALSAR data, and was
converted to the coherency matrW/e attempted a threeomponent polarimetric decomposition
model [] for full polarimetric data analysishis model describes the scattering contributionmfro
doublebounce, volume, and surface scattering by phase and intensity information in the polarimetric
SAR dataas indicated below.
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(S} = £Jbf + ool + 1,
(Swl)=f+f+1,

(SuuSw )= b+ fa+1,/3 (1)
<|sw|2> =f,/3

(SunSiv) =(SwSiv ) =0

Here, Sij is the scattering coefficient, transmitted the j polarization plane, and recetvén the

i polarization plangandf,, fs, andfs are the contribution to the power in VV polarization from volume,
dihedral, and surface scatteringfarametersa and b are related to doubkdounce and surface
scattering Determining whether doublaounceor surface scattering is the dominant contribution by
using the sign oRgS1S w) [17] enables us to identify the contribution of each scattering mechanism
solelyfrom SAR polarization data, without any field data.

We also attempted eigenvalue analysisthe coherency matrixAn eigenvaluéeigenvector
decomposition was performed and scattering enttdpyolarimetric anisotropyd, and scattering
mechanism parameter (alpha) were computedunsuperised classification based on thé- a
plane[2] was attemptedd-A-a parameters were independently defiriBide elements of the scattering
matrix are defined as

Sy Sy o
S|=¢ )
S=g, s @

The coherency matrix is defined as follows:

S (SPEEW (S +S)(Su = Sw)') (28" wv(Suy +S0))2

e
(T)=58Gm- SGu+8))  (Sw-Suf) (25w (S-S
€ (25u(Sw+S0))  (250(Sw- SW)) s} 8
¢, 0 0o
:[Us]go /, OHU3]A
g0 0 /.4

Parameterg, /,, and/ ; are calculated eigenvalues @1,[conventionally ordered such that a90a»
Oa.
Matrix [Ug] is parameterized as:
e cosa, cosa, cosa, 2
[U,]= gsin a,cosbe'® sina,cosb,e'® sina, cosbzei"33 (4)
gsina, cosbe” sina,cosb,e” sina,cosb,e’®
Paraneter a; is directly related to the angle of incidence and dielectric constant of the swiflace
ranging from 1 to 3The b angles an be interpreted as orientation anglg&nd Ut account for the
phase relations.
The appearance probability of eachcontribution is given by
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B/ 5)

The polarimetric scatteringntropy is defined as follows:
3
H=8 -Plog,P OCHC¢1 (6)
i=1
The randomness of theattering process is measured by entropy.
The dominant scattering mechanism for each pixel is given by (apha).
3
a=-8Pa 0¢ac¢90 )
i=1 ,
Angle a is associatedith the type of scattering mechanisamdyields direct information about the
scattering mechanism represented by each eigenv€ctosider a scattering matrix

e bg 8)
or rotated § g. In case ofa = b, which correspondso surface scatteringhe alpha parametas 0. In
case ofa =1 b, whichcorrespond$o dihedral scatteringhe alphg parameter ig/2. In case ofa >> b,
which correspondso highly anisotropic or dipole scatieg, thealpha parametas p/4. The other is in
betweerthem

Polarimetric anisotropyA, is defined as follows:

/2'/3

2 + 3 ,

Anisotropy is used to characterize the scattering phenomenon.

One of the important chacteristics for theeigenvaluéeigenvector decompositiois that the
parameters are rotation invariant, and the parameters are constant for edtatibnheradarline of
sight Table 2shows a me-zone segmentation scheme and represgrdttering meamisms on the
H-a plane.

Table 2. TheH-a Plane Partitionedhto Nine Zones 2,7).

Zone Entropy, H Alpha, & (°) Scattering Type
1 0910 55190 High Entropy Multiple Scattering
2 091.0 40i 55 High Entropy Vegetation Scattering
3 0910 0i 40 High EntropySurfaceScattering
4 0.50.9 501 90 Medium Entropy Multiple Sattering
5 0.50.9 40i 50 Medium Entropy Vegetation 8itering
6 0.50.9 0i 40 Medium Entropy Surface @itering
7 0i0.5 47.590 Low Entropy Multiple Scattering Events
8 0r0.5 42,5475 Low Entropy Dipole Scattering
9 0r0.5 0r42.5 Low Entropy Surface Scattering
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4. Resultsand Discussion
4.1.Freemairi Durden Decomposition

Figure 3 shows ortheectified FreemanDurden decompositionimages with the doublbounce
shown in red, volume scattering in green, and surface scattering in blue for the data obtained before the
disaster a 19 May 2006 in descending orbit; after the disaster on 24 November 2008 in descending
orbit; and on 4 June 2009 in ascending oNédlume scattering is dominant within the extese areas
of forest coverage.

Landslide areas upstream of Aratozawa Dangddsawa, Ubusumgawa, and Hiyasawaon the
postearthquakeémage show a larger surface scattering comportean that on there-earthquake
image and are consistent with the results deriydWatanabeet al. [10]. Surface scattering at
thelandslide aeas east of Mt. Kurikoma, Ubusurgawa, and Dozesawa arerecognizd in the
postearthquakemages ¢eeFigure 3(b,c,ei h)). Strong surface scattering upstream of Aratozawa Dam
also appeared on thpostearthquakemagesFigure 3(b,c), but this area walseyondthe observation
area on 19 May 2006 (Figuréap).

Strong surface scattering is found in the ugdpérof Figure 3a), in the area corresponding the
upper slopes of Mt. Kurikomalhe AVNIR-2 imagefor 21 May 2006 shows that this area was
coveredby snow,which may induce strong surface scatterigpme farmland in the middle of the
target area shows domirtasurface scatteringTable 3 shows the contribution of the scattering
componentglerived fromFreemainDurdendecompositionand doublebounce,volume, and surface
scattering within the landslide areas dendidd (Dozousawa) andiBo (Ubusumegawa) shown by
the yellowrectanglesn Figure 3(ai c). The images obtained of both aress19 May 2006prior to the
earthquake, show thablume scatterig accounts fomore than 81% and surface scattemegresents
14%. On the other hand, thrematasetdrom the descending orbit obtained after the earthquake show
63i 67% for the volume scattering andi33% for the surface scatterimpmponents athese Wwo
landslide areasAfter the earthquakethere was a shift dbetweenl5 and 19% from the volume
scattering to surface scatterimpmponent.There are three possible causes for stronger volume
scattering ratio in landslide areas.

(A) Volume scattering fronfallen trees within the landslide ared%ie presence ofallen trees

within the landslide areasasconfirmed by aerigbhotographsnd fieldobservations

(B) Very rough surfaces induce &%, component,leading to an erroneougolume scattering

component.

(C)Small contribution from forest areas, even if the areaslosed bythe yellow rectangles in

Figure 3 are occupied by the landslide areas.

Sincetheregions enclosed by the yellow rectangle are largely occupied by the landslide sites, and
the values chandgaetween the preand postdisaster measurements, we regarded the salutable 4
as representativaf landslide areas.
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Figure 3. Orthorectified FreemainDurdendecompositionimages for § 19 May 2006,
(b) 24 November 2008, and)(4 June 2009White rectangle area with Dozesawa
andUbusumegawa is expanded and shown o) 9 May 2006, € 24 August 2008,
(f) 9 October 2008(g) 24 November 2008, and)( 4 June 2009The imageshows
doublebounce scattering as red, volume scattering as green, dadesscattering as blue.
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The data obtained on 4 June 2009 in the ascending orbit shows volume scattering at 69% anc
surface scattering at 25% in the Dozmawa area, and volume scattering at 79% and surface scattering
at 17% in the Ubusuragawa areaThe surface scattering ratio in the Ubustgaeva area in the
ascending orbit image is smaller than that of the later image, obtained in descendind@herbit.
discrepancy between the ascending and descending observations is not outstantdingpésameters
shown in Table 4 of the next section, and no significant difference was observed for the land surface of
the landslide area3his is explained by the rotation invariancerst parameters, which are robust to
the difference in observation directiofihe percentage of doubb®unce scattering isi 8% within
both landslide areas on evenyage.

Table 3. Percentage aflominant scattering mechanismareas associated with landslides
following the 14 June 2008 Earthquake.

A (Dozolui sawa) B (Ubusumeé gawa)
(%) Pd Pv Ps Pd Pv Ps
19 May 2006 4.5 81.7 13.8 5.0 81.0 141
24 August 2008 3.7 63.5 32.8 4.6 66.9 28.6
9 October 2008 4.9 63.2 31.9 5.2 66.0 28.8
24 November 2008 4.1 65.9 30.0 4.3 67.0 28.7
4 June 2009 6.2 69.2 24.6 4.8 78.7 16.5

Pd: Double bounce scatterinBy: Volume scattering?s Surface scattering
4.2.H/ A/ Alpha Decomposition

Figure 4shows a H-a classification map with rangiazimuth projectionEntropy is lower over
the landslide area than it is over the surrounding forest &e#&®py comes from the randomness of
the scattering proceskligh entropyis caused bythe depolarizing effects of volume scatter from the
structural elements of treeshich produe greaterdisorder in scatteringdlpha is highfor forest areas
and is low on bare surfaces, snow, and water ssf&o significant differencesvere foundin the
anisotropy image. These results are consistenttivtbeobtainedby Czuchlewskiet al [7].

Table 4 shows the entropy and alpha valumgeraged oved x 16 windows from forest,
agricultural, landslide, water surface, and snowcapped,aned thevalues are plotted in Figurg€).
For comparisonthe same area sizes are picked from each cate@beywindow size of 4 x16 ensures
that pixels of the same category are included in aSitee the width ofhelandslide aresis narrow,
the window sizds almost decided by the size thfe landslide areafsach set of windows is selected
from every dataset, i ncluding the <correspondi
(agricultural), ACO (landsl i de)w) , iRdhd( Ifkaeyd s(lsin
dataset shows a similar behavior, with relatively high entropy and alpha on the foreSttardasdslide
areas show lower entropy and alpha than the forest &aasimetric entropy is more than 0.7 forest
areas compard with 0.52to 0.63for the landslide area3he alpha angléor the forest areas is #32
and is 2937 for the landslide area3he agricultural areas show 0i8970 for entropy and 3@0 for
alphg and these values are similar to those of the landstes & his finding implies that additional
information such as additional parametedd)] or pre-disaster landise classification is required to
identify the landslide areaSnow surface on 19 May 2006 shows lower entropy (0.28 and alpha
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(8i 16) than the other land coveypes The entropy value of the water surface at Aratozawa Dam is
0.430.26 and is lower than that of the forest and the landslide aféwes.relatively low entropy
values correspond with the areas where surface scattering is dominhe effect of different
observation directions isvident fromagricultural and water surface areasd loth the entropy and
alpha values of ascending data are larger than those of the descendiiog tietse areafidges on
agricultural fields ad waves on the water surface may cause direclpendenbackscattering.

Figure 4. Unsupervised classification image usidga segmentation with eight looks in
azimuth for &) 19 May 2006, If) 24 November 2008, and)(4 June 2009(d) Partitioning
and color legend, with numbers referring to the region describ&dhte 4 (e) H-a plot
for each area shown in Table 4.
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The H- a classification space has nine zones according to scattering mechanisms (Table 2

Figure 4d)). Largescale landslide areas with bare suefaare categorized as 6, 7, 8, and/®ereas

they were categorized as6,and 9 ima previous studyq]. The extension to high alpha angle (esi

and8) is observed in our data, which we take as evidence for the mixture of faksmttee landslié

area, as observed in the fieldorest areas are categorized as zones 4 amchéreasthey were
categorized as 5 ia previous study7]. The discrepancymay be explained bgliffering forest tyges

Water surfaces show strong surface scattering aredsrge proportion of thewater surface is
classified as category 8urrounded bycategory6 areas This is consistent with the airborne SAR
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analysig[ 7], andexplairs that the water surface is smoother than the landslide surface on the scale of
L-band radawavelengthSnowcapped slopes on a 19 May 2006 image were also categaszmte

9, and behave similarly to water surfac@sprevious aalysis of dryAlpine snow using tband SAR
reportedthat surface backscatterimgs the major scattering mechaniatrthe snovground interface,
andthatvolume scattering and extinctioveresmall [18].

Table 4. Average of Entropy and Alpha Value$ 4 x 16 Windows.

Area Observation Date Entropy Alpha
19 May 2006 0.741 50.936
24 August 2008 0.720 51511
Forest
N 9 October 2008 0.767 50.184
24 November 2008 0.751 47.148
4 June 2009 0.731 47.794
19 May 2006 0.611 33.617
24 August 2008 0.595 35.439
Farmland
B) 9 October 2008 0.587 30.218
24 November 2008 0.630 34.434
4 June 2009 0.704 39695
24 August 2008 0.636 36.947
Landslide 9 October 2008 0.561 32.441
(C) 24 November 2008 0.581 35.824
4 June 2009 0.527 34.888
24 August 2008 0.573 32.176
Landslide 9 October 2008 0.538 29.005
(DY) 24 November 2008 0.601 35.962
4 June 2009 0.557 34.237
24 August 2008 0.290 16.086
Water 9 October 2008 0.268 16.456
(E) 24 November 2008 0.262 14.871
4 June 2009 0.434 25.153
Snow(F) 19 May 2006 0.145 8.337
Snow(G') 19 May 2006 0.279 16.471

"Letterscorrespondo areas denoteiah Figure 4.
4.3. Comparisorwith Sngle Polarization Observation

Figure %a) shows an image of Aratozawa Dam obtained by dividing an HH polarization intensity
image observed on 23 June 2008 by one observed on 23 MarchTk@g3@. dta were acquired on
ascending orbit with a 34.3Acidence angleAccumulations of black or white pixels indicate large
changes of radidilled intensity, andalso reveakchanges irtopographic featured.he bright (white)
area denoted aBAO corresponddo sediments flowing into theeservoir The low values (black)
denoted a$iB0o show occurrences of radar shadow by topographic feattaésverechanged by the
earthquakeFormation of a cliff in this region bg landslide was confirmed by field surveyefthe
earthquake (Figure (B)). This radar shadow area is found on the polarimdtrieemainDurden
decompositionimage obtained from ascending orbit (Fig#e)). Descending images do not show
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this radar shadowand the resultant images eigenvaluéeigenvector decomposition do not include
the effect of the radar shadow.

Figure 5. (a) Singlepolarization intensity image for Aratozawa Damaservoir area
observed on 23 March 2008ivided by theimage from23 June 2008(b) Onsite
photographaken aroud AreafnBo.

Yonezaweaet al.[19] suggested that PALSAR single polarization datuseful to detect changes
in terrain on landslides upstream of Aratozawa Dam and the temporal sequence of drawdown of the
dammed lakeSingle polarization data deteatsanges tdand features, bua prelandslideimageis
essential for the compariso8patial resolution of a full polarimetric image is coarser than that of a
single polarization imagddowever, full polarimetric dataanassess land surface coverage from th
scattering mechanisnkor example, the landslide at Ubusugsva is not recognized from visual
interpretation of single polarization data; however, it is clearly extracted on the full polarimetric data
obtained after the earthquake.

5. Conclusions

We enployed FreemainDurden decompositionand eigenvaluéeigenvector decomposition for
ALOS (Advanced Land Observation Satellite) PALSAR (Phased Array tyband Synthetic
Aperture Radar) full polarimetric datdata observedfrom different directiors, ascendig and
descending orbit with small incidence angles (21.5°and 23.5} were examined in this dtadyl.
surface change from forest to bare shike tolandslides causes the scattering mechamgsohange.

The surface scattering componentdisminant n landslide areasThe volume scattering component is
strongin the forest areasAgricultural, snow, and water surface areas also show a large surface
scattering component compared to forest atdasupervised classification using tHea plane makes

it possible to distinguish landslide areas from water and snow surface@meascoverage and water



