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ABSTRACT: The Mw 7.8 earthquake jolted the centegjion of Nepal on April 25, 2015,
and causedgigantic destructionSatellite emote sensing is an etfése tool to grasp
damagein a widearea.n this study, preand postvent ALOS?2 satellite SAR data were
used to detechffectedareasin Kathmanduthe capitalcity of Nepal Firstly, the crustal
movements around the Kathmandu Valley were estimatethdynterferometric SAR
(INSAR) analysis using pre- and posteventpair data. Due to the large fault plaa&the
earthquake significant displacenmés occurred in the whole valley. More than 1 m
movementso the lineof-sight direction were obtained in the target area. Then the damaged
areadn the centre of Kathmandu were detectedhrge different indices. First one is the
normalized differece coherence indexcalculated from boththe amplitude and phase
information of SAR echo Second andhird indices were calculated from onkhe
amplitude informatiorbased ordifferences and correlation coefficients. Comparing with
optical satelliteimages all the indices shoad goodcapabiliy in damageextractionat an
emergency responghase

1 INTRODUCTION

An Mw 7.8 earthquakéit Nepalat 11: 56 anon April 25, 2013 The epicentre was located2g. 23

N, 84.73 E, with a shallowiocal depth of 8 km. Tis earthquake was causedthyust faulting between
the subducting India Plate and tbeerriding Eurasia [Bte. According to the fault model calculated
from seismicwaveforms by USGS, thmausativdault plane is 20 km in length and 15 km in width with
295-degres strike angle and flegres dip angle.Dueto the strong motion in a wide aréabecame
the worst natural disaster in Nepal since the 18B4r, Nepal earthquake. More than 8,600 people were
killed in Nepal and 161 people in the surroundaogintries due tduilding collapseslandslides and
avalanches triggered by the strong shaKiiigpusands of houses were destroyed and more than 450,000
people were displaced. Several fammesumentssuch as pagodas Kathmandu Durbar Square and
Dharahaa tower were collapsed and killed many tourisince the Tribhuvan International Airport
was closed immediately after tleartlquake anda number ofroads were suffered from landslides,
international aidactivitiesand fieldreconnaissance surveys weiticult to carry out

Remote sensing iecognized aan efficient tool to monitor a wide range of natutislasterdy optical

and radar sensor®ptical images can easily capture detailed ground surface informatibnhe
approach is limited by wélaer conditions. In contrast, synthetic aperture radar (SAR) sensing is
independent of weather and daylight conditions, and thus more suitablenfiagemapping reliably

and promptly. Due to remarkable improvements in radar sensorstdsiglution COSM&skyMed
TerraSARX and ALOS2 (PALSAR-2) images are available with ground resolution of 1 to 5 m,
providing detailed surface information.

There has been many researches working on rapid damage assessment after natural disasters using SAR
data.Interferometric analysis is ord themostpowerful methodto detect crustal movements andals
toinvestigate building damagéStramondo et al., 2002; Michele et al., 20it® et al., 2000; Yonezawa

and Takeuchi, 2001 Matsuoka and Yamazaki (2004)eformed a feasibility study orthe
backscattering characteristics of damaged areas in the 1995 Kobe, Japan earthquake, and developed an
automated method to detect hdmtlareas using ERSAR intensity images. The proposed method was

also applied to EnvisaASAR images in the 2003 Bam, Iran earthqudkatéuoka and Yamazaki,

2005. Recently, several studies attempted to detect damage at the scale of a single building unit, using
both highresolution optical and SAR image3rgnner et al., 2010; Wang and J29132.
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ALOS-2 (al s o c al 12@id Jagabegewithhan enhanced synthetic aperture radar (SAR)
PALSAR-2 sensr is the only one thand SAR satellite in the world, succeeding ALOS PALSAR
contributes to cartography, regional observation, disasteitonimg and resource surveyidhe satellite

was launched on May 24, 2014, with the 4 days repeat period. There are three modes for the acquisition,
the Spotlight mode with 1 to 3 m resolution, the Strip Map mode with 3 to 10 m resolution and the Scan
SAR mode with 350 km or 490 km swatvidth. Both the single polarization and the combinatibn

co- and crosgpolarizatiorsare available by the PALSAR sensor. The improvement of the observation
frequency and the spatial resolution allows more comprehensive monitoring of disasters.

In this study, two preand one postventpairs of ALOS-2 PALSAR2 areused to estimate crustal
movements and building damages caused by the Nepal earthquake. The crustal movemeioks
rangeareestimatedy the INSARanalysis first. Then the damaged arégathe centre dfathmandu are
detected by three different indices. The normalized diffaxgrdex for the coherend®DCI) andthat

for thecorrelation coefficienfNDCOI) are calculated by the combinationtbe preevent pair and the
pre-, posteventpair. The Z factor which includes both the difference and correlation coefficient
between the preand postevent intensity datas also introduced for damage detection. Finally, the
accuracy of our results is verified by comparing with opseatllie images.

2 STUDY AREA AND IMAGE DATA

The study area focuses thre capitakity, Kathmanduas the red frame shownhig. 1(a) The location
of the fault plane and the epicentteterminedby USGS isalsoshown inFig. 1(a)by the blue frame
andthestarmark(USGS, 2015)The background colourspresenShakeMap in terms dfie Modified
Mercalliintensity(MMI) . Most of the target ar@alocatedin the strongeismic intensitynore than VI
Two preeventand one postvent PALSAR2 data were used in sty The preeventimages weréaken
on October 4, 2014 and February 21, 2015 whereas theyastimagewas taken on May 2, 2015,
one week after the mainshodkhe observation conditions of the three data were almost the $ame, t
incident angle 353atthe centreof the images, with a heading &4° clockwise from the north. All
the data were captured with horizontal/horizontal (HH) lzavizontal/vertical (HV) polarizations the
Fine Beam Dual (FBD) mode. The resolution was 7.2 m in the azimuttiidireand 4.3 m in the slant
range direction.

The tireeimagerydata were provided as thenge and singook azimuth compressed datdth the
processing level 1, which were represented by the complex | and Q channels to preseawgptinede
andphase informationSeveral prgrocessing steps were carried out udii)I/SARscapsoftware.
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Fig. 1 Location of the study area around Kathmandu and the fault plane by USGS, overlapipend Erintensity

contourmap (a); acolour composite of two preventand one postvent PALSAR? intensity images in the F
polarization, geocoded into UTM projection (b).



A multi-looking process was applied to trengedirection, and then the resolution in tslantrange
directionwas ctanged td.6 m. A 90 m Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM), was introduced to project the data to a WGS84 reference ellipsoid with a resampled
square pixel size df0 m. Radiometric calibration was also carried out to transform the amplitude data
into the backscattering coefficierstigma naughtvalues After applyingaspecklenoise reductiofilter,

a colour composite image of théwo pre-event and one postevent intensy imagesin the HH
polarizationwas generated and shownHig. 1(b). Significant changes in the backscattering intensity
could be confirmed ithe mountain aredue to seas@hchangegvegetation and snow)

Thecloseup of Kathmanduthe white squara Fig. 1(b))is shown inFig. 2by the colour composites
of the HH and HV polarizatiasi According to the differenbackscatteringharacteristics, vegetation
areas could be identified by green colour whereas-bpitireas show magenta colotihe Bagmat
River, the runway othe Tribhuvan International Airpoandthe ground offundikhel showthelowest
backscattedue to their smooth surfaeéAlthough several severe damages were reported icitihet

is difficult to identify them by visualinspection othese intensity images.
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(a) Oct. 4, 2014 (b) Feb. 21, 2015 (c) May 2, 2015
Fig. 2 Colour composites of the HH and HV polarizations for three different periods respectively.

3 ESTIMATION OF CRUSTA L MOVEMENTS

INSAR analysis is a radar techniquehich isused to generate maps of surface deformation or digital
elevation, using the phase differences ofrttarwaves between twar multi-temporalSAR data. An
INSAR analysis was applied to the three comlataproducts of PALSAR2 usingENVI/SARscape
software. First, an initial INSAR result was obtained using the two complex imagery data. The SRTM
DEM was introduced to remove elevation and orbital effects from the initial restlits stagenoises

were removed Y the Goldstein filter(Goldstein and Werner, 1998Jhen the final interferogram
including only the fringe caused by coseismic deformation was obtained. In adtfis@oherence,
which represents the quality of interferogram, was calculated with the satween 0 and 1. Finally,

the final interferogram and coherenedues were projectedn a geereferenced map.

The temporal difference betwedretwo preeventdatawas 140 days wheredlsat ofthe second pre

event and postvent datavas 70 days. Thepatial baseline distare®f the two pairsvere178 m and

119 m respectivelyThe oth pairs show high coherendexcepting asubsidencareaobservedn the

northwest part of Kathmangduao othersignificant movementvasseenin the preevert interferogram

The subsidence was also observed from thevemt pairwhich might be caused by the underground
watertablechangeThe final interferogram for the eevent pair is shown iRig. 3(3. The fringe caused

by the coseismic deformation betwéén and °~ was o b twath higkedcoHerermwarthah he ar
0.2 Onecycle represents 11.8 cm displacematich isa half of the wavelengtbf the L-band radar

Counting from the southwest, 12 cycles fringes could be identified in the target asgawhich
represergthe displacement df.4 mto the range direction
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Fig. 3 Finge causediue tocoseismic deformation obtained by removing orbit fringe, topographic fring
noises from the initial interferogram)( the dsplacements in thine-of-sightdirection, detected by unwrapp
the fringes obtained frohe INSAR analysisl).

An unwrapping step was carried out to connect discontinuous fringes into a continuous displacement.
The fringes in the whole targatea with higher cohereneluesthan 0.25 were unwrapped by the
Minimum Cost Flow methodCostantini, 1998)To remove the phase offset, ground control points
(GCPs) were required after unwrapping. Normally, the locations and observed records oftiGRS sta
are used as GCPs. However, there is no available GP3nddiia area Moreoverthe deformation
occurred in theentire imagingarea Thus, only one point was assigresithe stable (fixed) reference
point atthe southwestorner of the SAR imagdhe displacements in the lird-sight direction were
obtained and shown iRig. 3(b). Since the target area coversalf of the fault plane,the mostparts
showedthe movementso the same direction, derward to the sensor direction. The maximum value
of the obtained displacements was 1.56 matching with the visual counting.he city area of
Kathmandu is shown in the black frame, where the deformationsmere rangérom 0.5 mto 1.3 m.
Since the displacements in Kathmandu are in the same direstiagignificantsurfacerupture was
expected in the an

4 DAMAGE DETECTION IN KATHMANDU CITY
4.1 Normalized difference coherence index (NDCI)

The pre and the ceevent coherence values were calculated in the slant range images from the complex
datain the INnSAR analysis. The prevent coherenced) was obtained from the images taken on Oct. 4,

2014 and Feb. 21, 201@whereaghe ceevent coherencend) was obtained from the images taken on

Feb. 21 and May 2, 201%he pre and ceevent coherencealuesin Kathmandu City are shown kig.

4(ab). The coherence is influenced by the temporal distance, the baseline distance, the surface changes
and noises. Although the baseline decorrelation can be calculated easily, the temporal decorrelation is
difficult to calibrate. Sincéhe both baseline distancesere less than 200 m, the baseline decorrelation
could be ignored in this studydowever, the temporal distance of the-puent pair was twice of &tof

the ceevent pair. Thus, the pevent coherence shedlower valuein mostpartsof the builtup area

To estimatean accuratedecreas in coherencecaused by the earthquaka normalizeddifference
coherence indefNDCI) wascalculated byeq. (1) and shown irFig. 5(a).
NDCI = (% %) )
<ga + gb>

where, < > represents a smoothing window witld pixels.
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(a) preevent coherence (b) coevent coherence » (c) suspiciouslamaged areas
Fig. 4 Pre (a) and ceevent (b) coherence obtained by INSAR analysis; the detected suspiciouedamess
using the positivélDCI values (c).

(@) NDCI (b) NDCO! " (c) Z factor
Fig. 5 Three indices used for damage detectdBDCI (a), NDCOI (b) andZ factor (c), respectively.

Sincethe preevent coherence is lower than thees@nt onethemost of the area show negative values.
Only severaldamaged areas shqwesitive values due significant changes caused by the earthquake.
However, two largest changed areas in the southeast amibttievest aredue to the change of
vegetation To remove these erroiis damage detection, a mask wagplied based on thare-event
coherence. The areas with higher coherence than 0.5 were extracted@sdnetwhereashe others
wereconsideredsvegetation and masked from tN®CI values.Then the positivd&DCI pixelswere
extracted as building damagé@e pixelswith higher value than 0.1 were extracted and grouped into
objects.Considering the smoothing window siae7x7 pixels the objects saller than 64 pixels were
removed as noises. The fihabbtained damage map is showrFig. 4(c) An area of hout 1.4 km
wasextracted. Although the lopwre-event coherenceixels have been masked, vegetation with high
coherence before theaghquakestill existed in the result.

4.2 Normalized difference correlation index (NDCOI) and Z factor

The changes dhecorrelation coefficient were also calculated to desdigicied areas. Different from
the coherence, the correlation coefficient was obtainedtlierground range intensity images. The pre
event correlation coefficienCg) was calculated from the sigma naught backsgatfémages on Oct.
4, 2014 and Feb. 21, 2015, whereas thevant coefficientC,) was calculated from the imageskeeb.



(a) ceevent difference (b) coevent correlation coefficient (c) unsupervised classification
Fig. 6 Co-eventdifference(a) and ceevent correlation (b) of backscattering coefficient (sigma naught) val
and the result of unsupervised classificatiothive classegc).

21 and May 2, 2015The coeevent correlation is shown i¥ig. 6(b)with high correlationDue to the
seasoal difference, the prevent correlation also show lower values than thewvamt one.The
normalizeddifferencecorrelation idex(NDCOI) was obtained biq. ) and shown irFig. 5(b). Since
the C, and C, were betweenl.0 and 1.0, thewere added 1 to move intbe positivevalue range,
betweerD and 2.

NDCOI = M (2)
(C.+C,+2)

Becausethe pre- and posievent correlation coefficients were similar, no significant changes was
observedn the NDCOI map However, the areas with positive values higher than 0.1 were extracted
and grouped into objects.

Since the PALSAR2 data used in this studyveatwo polarizations, an unsupervised classification was
applied on the image taken on Feb. 2, 2015 to extraeyanet builtup areas. The image shownrHig.

3(b) was classified into 5 classas showrFig. 6(c). From the lowest to the highdsackscatterthe
classes are assigned as blue, cyan, green, yellow aricheetlue class represents the smooth susface
such as airpontunwaysor paddy fields. The cyan class represesmigetagd area with low grasses.
Thus,only possiblebuilt-up area were extractedsing thethreebrightest classes. After applyinggh
nonurban mask, the detected damaged areas are shdwig if(a)by blue polygons0.89 knt areas
were extracted, smaller than the result fromNRCI values.

The present @thors prposed a new indexhe Z factor, for monitoring urban changes, using the
difference and correlation coefficiertig and Yamazaki, 2095This factomwas also introduced in this
study for damage detection. TEdactor for theimage on Feb. 21 and May 2, 2015 was calculated by
Eq. (3) using the difference and correlation coefficient showhiin 6(ab). When the weight othe
correlation coefficient is assigned as @t Z factor isin the rangdetween0.5 and 1.5. A highalue
representsa high possibilityof change. The obtainetifactor is shown irFig. 5(c)

_ o s
_ma)qD\ w3 C (3

whereD is the differencandC is the correlation coefficienf | represents thabsolutevalue andw is
the weight factor, which is 0.5 in this study.

Comparing with th&lDCl andNDCOlvalues, Z factor show higher value in frrébhuvan International
Airport and Tundikheldistrict The same approach was carried out to detect the damaged areas using
the Z factor. After applying the urban mask obtained by the classification, the areas with higher value
than 0 were extracted and showFiy. 7(a)by magenta polygonsA total of 2.60 knt areas were



