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1 Intr oduction

Sustainablenanagementf highly dynamiccoastatopographywith fastmoving sanddunesgrodingshore-
line andanthropogenichangeso bathymetryandbeachesepresensigni cant challengedor coastaiman-
agement.Modern mappingtechnologiedring capabilitiesto monitor this dynamicernvironmentwith un-
precedentedpatialand temporaldetail. The generalresearctstratgy for coastalareas[15] focuseson
combinationof eld experimentswith numericalmodelsspanninga rangeof scales.Both eld measure-
mentsand modelsinvolve processinganalysisand visualizationof large volumesof georeferencedata,
oftenin differentcomputationakrvironmentsandformats. GIS appearsasa naturalchoicefor integration
of this type of data,however, becauséhe studiedprocessearehighly dynamic,andsometimedlistributed
in 3 spatialdimensionsatraditional2D staticGIS is not sufcient [14]. Recentdevelopmentsn integration
of GIS andervironmentalmodeling[1], [7] createan opportunityto extendthe rangeof GIS applications
to new areassuchasoceanographynd coastalstudies. Emeging multidimensionalGIS technologycan
substantiallyincreaseef ciency in dataprocessingandprovide the toolsto gain new insightsinto geospa-
tial aspectof complex coastalsystems.It alsocreatesen opportunitieso improve coastalplanningand
managementl1]. GIS providesusefultoolsfor coastaktudiesn severalareas:

Monitoring: processingmageryandsite data,distribution of datausingWeb-basedIS;
Analysisandrisk assessmenintegrationof datafrom multiple sourcesspatialanalysis;
Predictionof impacts:modelingandsimulation;

Planninganddecisionsupport.

In this paper we focuson methodsor monitoringof coastatopographyandnearshordathymetryandon
the capabilitiesof GRASS5.Qo supportprocessing@ndanalysisof datafrom the monitoringprograms.

2 Methods

Spatio-temporatoastalelevation and bathymetrydatacanbe obtainedby several state-of-the-artapping
technologiessuchas:

LIDAR (LIght DetectionAnd Ranging- laseraltimetry) scansa several hundredmeterswath of the
earths surlacemeasuringelevation every few meters(or denser)with 15cmverticalaccurag on the
beach(seemoredetailsin [12]);

Realtime kinematicGPS (RTK-GPS) automaticallysampleshe surfacealonga surneying vehicle
pathwith selecteddensity(usuallyaroundlm) and 15cmvertical accuray. Datacoverageis dense
alongthe paths,however, for practicalreasonspathscanbe tensor even hundredmetersapart. At-
tributescanbe assignediuring the mapping,which is importantfor properrepresentationf break-
lines,man-madebjectsandotherfeatures.
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Singlebeamsonaris usedfor bathymetrymappingandits samplingpatternis similar to RTK-GPS,
but the pathsareoftenfartherapart.

Interferometricsonameasuresglevationsalongswathscreatedby densepro les perpendiculato the
movementof the boat,so the patternof samplinghassomesimilaritieswith LIDAR asit createsan
arealpointcoverage.

All thesetechnologiesuise GPSto producegeoreferencedatain a selecteccoordinatesystem.While the
dataobtainedby traditionalsurveys or manualdigitizationincludedcarefully selectecoints,the collection
of databy the moderntechnologieds highly automatizedand presentsa numberof challengedor GIS
processing:

thedatasetsaremassve (gigabytesrom a suney),
oversamplings commonanddataarenaoisy,
coveragemaybe anisotropiq RTK-GPS)and/orheterogeneousith gaps

LIDAR andsonardatahave no attributesexceptelevation,so objects featuresandbreaklinesnustbe
identi ed duringpost-processing,

mappingis soefcient thatit canbe repeatecht selectedime intervals (e.g. annually),sotools for
processin@f time seriesof elevationdataareneeded.

Accurateand consistentransformatiorbetweenthe measurediata(point cloudsand point pro les/lines)
and GIS datamodels(sites,grids, contours, TINS) is crucial for geospatiabnalysisand applications. In
this project,variousapproacheto combininglocal scale costeffective Real Time Kinematic Surveys with
high resolutionregional scaleLID AR datawereinvestigatedwith the objective of developingan ef cient
approachto monitoring and analysisof the short-termevolution of coastaltopography We focusedon
evaluationof thecurrentGRASS5.Ccapabilitiesgnhancementsf theexistingmodulesandidenti cation of
areaswvherenew developmenimaybeneeded.

Because¢hemeasurediataarerecordedasgeoreferencegoints,importingandrunningbasicunivariate
statisticawasvery simplethanksto combineduseof awk,s.in.ascii,s.infoands.univar Handlingof subsets
andmasking,importantdueto irregular shape®f the monitoredareasvasalsostraightforvard. Giventhe
large sizeof the datasets(millions of points),the possibilityto storethe point dataasabinary le in multi-
attribute 3D vectordataformatshouldmake themanagingandprocessingf thistype of datamoreef cient.
To usethefull power of GRASSIn termsof dataanalysisandvisualizationthe datawere transformedo
grids,usuallyata hierarchicaketof resolutionscreatingmultiscalemodelsof themonitoredareas Because
of the differencedn the type of sampling,slightly differentapproachesvere usedfor LID AR/multibeam
sonarandRTKS/singlebeamsonardata.

2.1 Processingooint data from LID AR and interfer ometric sonar

"Swath" mappingtechnologiesweepthe surfaceproducingdensesetsof points(usuallyl1 point per1-3m)
alongsereralhundredmeterswide swathswith higherpointdensitiesn overlappingareaqg10]. Occasional
gapsbetweernswathsare common.For lower resolutionrasterg5m andmore)simplegriding methodsare
sufcient (suchass.to.rastin GRASSor averagingprovided directly by the LDART web site [13] where
the datacanbe downloaded.)However, for applicationawvhereit is importantto presere the featureswith
sizecloseto the samplingdensity spatialinterpolationcanprovide superiorresults. We have exploredthe
capabilitiesof s.surfrst[8],[4] for creatinghigh resolutionrasterDEM with detailedfeaturesaswell asfor
topographianalysisat differentlevels of detail.

The module s.surfrst was usedto interpolatethe grid, smooththe impact of noise and analyzethe
topographideatureausingdifferentpoint densitiesandinterpolationparametergtension,smoothing).Im-
provementin sgmentationwasimplementedo enhancehe performancdor densedata,however further
modi cations which take advantageof the densityof datapointsarepossibleandcanmake computatiorof
thesdargedatasetssubstantiallyfaster Figurel illustratesthe quality of surfacerepresentatiowhenusing
s.surfrstcomparedo muchfasters.to.rast

Similar approacttanbe usedfor interferometricsonardata,however, muchhighervaluesof smoothing
arenecessaryo remove the noisegeneratedy sonarwhencomputingsurfacesat resolutionscloseto the
sonarsamplingdensity(Figure2, [6]).
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Figure 2: Griding interferometricsonardata: (a) s.to.rast at 1m resolution,(b) s.surfrst at 0.5m resolu-
tion with smoothing=6.Note thatthe visible segmentsin the "gap" areaare presered asindicatorof data
uncertainty

2.2 ProcessingRTK-GPS and singlebeamsonar data

Processinglataobtainedby traversesamplingusingvariousinterpolationrmethodsvasevaluatedn [3]. The
studyhasdemonstratetbbustnesandaccurayg of theRSTmethodfor thistype of samplingpatterntypical
for RTK-GPS.

However, coastatopographyposesspeci ¢ challengeslueto its anisotroy causeddy wind andwaves
impact. While LIDAR dataprovide sufcient samplingdensityto capturethe anisotropicfeatureswithout
ary problems,gettingthe adequateepresentatiomvith RTKS or single beamsonaris more comple. In-
terpolationat the resolutioncloseto the distancedetweenthe samplingpathsis straightforvard, however,
smallerfeaturesmappedalongthe pathsarelost. To captureat leastsomeof this detail by the resulting
surface,interpolationwith anisotrofy is needed.

While the anisotrojy for the RST interpolationwasdevelopedin the original FORTRAN program[8] it
wasnotimplementedn GRASSuntil the currentreleaseof GRASS5.0.Theinterpolationfunctionusedin
s.surfrstbelongsto the classof radialbasisfunctionsandhasthe following properties:

it is invariantto arotationof coordinatespacebecausehe basisfunctiondepend®nly ondistance;

it is notscaleinvariant,andchangeof scaleis equivalentto changen thetensionparameter .

The rst propertymeanghatthecharacteof theinterpolanis directionindependentTo introduceanisotroy,

we canusethe secondproperty:by rescalingoneaxis, the tensionbecomedlifferentin this directionwhen

comparedvith the original unscalectase.By rotationof coordinatespacethetensionmaximum(or mini-

mum) canbe orientedin ary prescribedlirection. For , thetransformatiorfrom original coordinates
to new coordinates is simply

@)
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where denotedranspositiorand is an orthogonalmatrix that rotatesthe coordinatesystemaround
theorigin by angle

2
and is adiagonalscalingmatrix

3)
where arescalingcoefcients (oneof whichis usuallyequalto one,asis the casein the GRASS5.0

version). The implementatioris currentlyrestrictedto uniform anisotroy for the entireinterpolatedarea.
The differencebetweenthe beachsurface mappedby RTK-GPS and interpolatedby s.surfrst with and
withoutanisotroyy is in Figure3.

~
b

Figure3: Interpolationof RTK-GPSdataby s.surfrst (a) withoutanisotropy, (b) with anisotroy. Reddots
arethemeasuregoints.

2.3 Spatio-temporal analysis

GRASSS5.(capabilitiesto supportspatio-temporaflataarecurrentlylimited to thetime stamp(whichis not
usedyet by ary module)anddynamicvisualizationby xganimor nviz. However, a wide rangeof analysis
canbeperformedusingr.mapcalcandscripts.

For our application, rst andsecondorderdifferencedn surfacesovertime wereof specialinterest,as
they allowed usto estimatethe spatialpatternof volume changeover time, identify locationswith erosion
acceleratioraswell asareasof relative stability. Maskingandmapalgebrawere usedto ensurethat only
areaghathadfull datacoveragefor all time snapshotsvereusedin theanalysis.

Theissueof handlinglarge time serieshasnot beenaspressingas,for example,in simulationof land-
scapeprocessef?] becausehetime seriesof monitoredtopographydataarestill relatively small.

3 Results

We illustratethe coastatopographyapplicationsof GRASS5.0ntwo monitoredsectionof North Carolina
barrierislands.

3.1 JockeysRidge statepark

To quantify the rate of horizontaland vertical movementof a large coastalsandduneat Jocley's Ridge
StatePark, the 1999 LID AR datawere combinedwith a seriesof RTK-GPS suneys. Becausanovement
of vehicleson the duneis restricted RTK-GPShadto be performedon foot, limiting the spatialextentthat
could be donein areasonabld¢ime (Figure4). Thereforethe RTK-GPS mappingfocusedon dunecrests
- linear topographicfeaturesthat are easyto identify in the eld andthatare goodindicatorsof the dune
movement.
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Figure4: LID AR-basedEM with color derivedfrom IR-DOQQ andpatternof RTKS shavnin red

The RTK-GPSdatacollectedin thewinter of 2002werecomparedvith the ImresolutionDEM interpo-
latedby s.surfrstusingthe1999LID AR data.To identify theexactlocationsof dunecrestsandslip facesve
computedthe pro le curvaturesimultaneouslyith interpolation[9] at differentlevels of detail controlled
by thetensionandsmoothingparametergFigure5, the surfacewith tension=40Qrovidesthe mostuseful
result, highertensioncaptureghe noisepatternandlower tensionsmooths-outhe crests however, it pro-
videscleardescriptionof the mainduneshoulders)Note, thatthe densityof LID AR datais sohighthatthe
sharpedgesof dunecrestsareclearly capturedwvithout ary modi cation to interpolation.

In additionto the LIDAR and RTKS data, Infrared Orthophotowas available for 1998 allowing us to
assesthedunemovementin thoseareaswvhereit hasovertalenthevegetation.Thecomparisorof the 1998-
1999-200dunecrestdocationsshavsthatthe crestshave movedin thesouth/south-westirectionbetween
20 to 40m, threateninghe nearbyroad. The differencedn elevationsindicatethat the duneis attening,
loosingover 2.5 metersatits highestpoint. Gainsin elevationasmuchas3m wereobsenedin areasvhere
protectionfenceswereinstalled,proving their ef ciency. Detailedviews of the mostdynamiclocationsare
at[5].

The quantitatve assessmendf dune movementpossiblethroughthe use of state-of-the-artmapping
technologiegndintegratedGIS analysiprovidedanew andaccuratensightinto theshort-termevolution of
theJocley's Ridgedune.Throughthis detailedspatialanalysis areasof relative dunestability werelocated,
areasanddirectionof active dunetranslationrequiringland managemeninterventionwereidenti ed, and
theratesof changeoverthetime intervals 1998-1999-2002verequanti ed.

3.2 Bald Headlsland

The studyareanearthe mouthof the CapeFearriver displayscomplex interactionshbetweeranthropogenic
actities andnaturalprocessesQuanti cation of short-termspatialchangen this dynamicervironmentis
crucial for its sustainablananagementBathymetryand coastalelevation datafrom diversesourcesvere
integratedwithin GIS asa basisfor obtainingnew insightsinto theresponsef a coastalandscapeystento
anthropogeniactiity. Speci cally, terrestrialLID AR andRTK-GPSdataarebeingcombinedwith offshore
singlebeamandinterferometricsonarsoundingdo createan integratedmodelof shoreline nearshoreand
offshoretopography(Figure6) andits evolution in responseo recentUS Army Corpsof Engineerseach
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Figure5: Extractingpro le curvatureat differentlevels of detail usingtensionandsmoothingparameters:
(a) high tension/lav smoothing(800/0.05)capturesall detailsincluding the noise, (b) low tension/high
smoothing(200/5) extractsonly the main shouldersandvalleys, (c) moderateension/smoothin¢400/0.5)
clearly captureghe dunecrestsandslip-facesandsmooths-outhe noise.

renourishment;analdredging,andstorageof dredgednaterialsin undervatermounds.

A GIS-basednestedgrid modelof topographyfor the summerof 2000wascreatecasa baselinemodel
at the following resolutions:20m - entirearea,5m - beach,and1m - actve areasfor the summer(Figure
6). Becausehe only datathat are currently availablefor a longertime periodarethe LIDAR and RTK-
GPSsunwys for theisland’s Southbeachwe focusedthe analysison the beachevolution during the years
1997-2002.Annual LIDAR datagridedat 5m resolutionby s.to.rmastdocumentpre-nourishmenshoreline
evolution. The differencebetweerthe 1997and2000surfacesindicatethatthe beachnetlossof sandwas
around400000  of sand,of which aboutl5%wastransportedo the beachdune,increasingheelevation
in someareasup to 1m (Figure7); theremaindemwaslost offshore. Thetemporaldistribution of the erosion
wasrelatively steadyat about140000  annually with gainsaveraging30000  peryearresultingin a
netloss.Erosionanddepositiorrateswerespatiallyvariableandtheir distribution hadsigni cant impacton
the beachshape.LIDAR datafrom 1997de ne awide, two step,corvex beachin the westanda concare
shapewith a steepscarpin the east(Figure 7, greensurface). Intenseerosiongraduallychangedhe shape
of the entirebeachto concave with a scarp.In 2000,the scarpat the eastenderodedcompletely changing
the eastsectionbeachshapeto uniform low slope(Figure7). Secondorderdifferencemap(98-97)-(00-98
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shaws acceleratingerosionat the foot of the beachscarpanddeceleratioron the lower part of beachwith
gentlerslopes.This indicateshatthe scarpsnaybeacceleratingrosiondueto their steepslopein absence
of ary signi cant wind sandtransportwhichcan Il theconcae areasatthefoot of the scarpandlower the
slope. However, currentlytherearealmostno datashowing the changeof beachgeometrydueto the sand
transporty wind.

Figure6: Model of topographyat the Bald Headlslandcreatedoy combiningLID AR, interferometricand
singlebeamsonardata

The beachwasnourishedn 2001, substantiallychangingits morphology(Figure8a). Basedon RTK-
GPSDecember001data,beachshapewasreversedcomparedo 1997, with a concae/scarpgn the west
anda wide, low-slopebeachin the eastsection. The 2002 dataindicatethat the intenseerosionobsenred
beforenourishmentontinuedin the westsection,wherebathymetrychangegapidly from shallov depth
to deepnavigation channel. The differencebetweenDecembe2001 and may 2002indicatesthat the loss
continuedatthe150000 annualrateandrenourishmendlid not have substantiaimpacton the patternof
erosionprocesgFigure8). The eastsectionwaswidening,following the naturaltrendstartedin 2000and
enhancedby nourishmentThe centralpart of the beacharounda shorelinein e x point hasbeenrelatively
stablebothbeforeandafterthe nourishmen{Figure7).

Thepresentednalysisndicateshatthebeachwill likely needrepeatedhourishmentindercurrentcon-
ditions. A betterunderstandingf nearshor@rocesseandnew nourishmentpproachesmaybe necessary
to returnthe beachto self-sustaininglynamicequilibrium.

4 Conclusionand futur e

The presentedtudy demonstratethat GRASS5.0providesa wide rangeof tools for processingandana-
lyzing the coastalmonitoringdata. Resultsof this work provide new insightsinto the shortterm evolution
of coastallandscapéyy quantifyingthe spatio-temporathangesaisingmodernmappingtechnologiesand
geospatiatlataanalysiswithin GRASSGIS. It providesimportantinformationfor the managemendf stud-
ied areasaswell asmethodologyandtoolswhich canbeappliedto othercoastakegions.

While no majordevelopmentsn GRASScodeweremadefor this project,severalenhancement® the
s.surfrst interpolationmodule,including the implementatiorof anisotropy, enhancedhe e xibility of the
GRASSS5.(tools. Visualizationby nviz usingmultiple surfaceswascrucialin detectingimportantfeatures,
suchaschangein the beachshape which are not directly detectablerom the contourmaps. A number
of neededmprovementswasidenti ed, including spatially variable,smoothlychanginganisotroy, tools
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for optimizationof interpolationparametergexperimentalersionof s.surfrst.cvfor computatiorof cross-
validation error neededfor nding the optimal parameterss alreadyavailable), and tools fro intelligent
selectionof pointsto reduceoversampling With theincreasedvailability of spatio-temporatiata,thetools
speci cally aimedatworking with time seriesarebecominga necessity
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Figure7: Differencesn beachsurfacebetweenl997and2000,basecn LID AR data,visualizedusingnviz
with multiple surfacesandcutting planes.
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Figure8: Impactof nourishmenti(a) extentof nourishedoeach (b) differencein volumeDec. 2001- Jan.
2002,(c) differencein volume1998- 2000.



