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1 Intr oduction

Sustainablemanagementof highly dynamiccoastaltopographywith fastmoving sanddunes,erodingshore-
line andanthropogenicchangesto bathymetryandbeachesrepresentsigni�cant challengesfor coastalman-
agement.Modernmappingtechnologiesbring capabilitiesto monitor this dynamicenvironmentwith un-
precedentedspatialand temporaldetail. The generalresearchstrategy for coastalareas[15] focuseson
combinationof �eld experimentswith numericalmodelsspanninga rangeof scales.Both �eld measure-
mentsandmodelsinvolve processing,analysisandvisualizationof large volumesof georeferenceddata,
often in differentcomputationalenvironmentsandformats.GIS appearsasa naturalchoicefor integration
of this typeof data,however, becausethestudiedprocessesarehighly dynamic,andsometimesdistributed
in 3 spatialdimensions,a traditional2D staticGIS is notsuf�cient [14]. Recentdevelopmentsin integration
of GIS andenvironmentalmodeling[1], [7] createanopportunityto extendtherangeof GIS applications
to new areassuchasoceanographyandcoastalstudies. Emerging multidimensionalGIS technologycan
substantiallyincreaseef�ciency in dataprocessingandprovide the tools to gainnew insightsinto geospa-
tial aspectsof complex coastalsystems.It alsocreatesnew opportunitiesto improve coastalplanningand
management[11]. GIS providesusefultoolsfor coastalstudiesin severalareas:

� Monitoring: processingimageryandsitedata,distributionof datausingWeb-basedGIS;

� Analysisandrisk assessment:integrationof datafrom multiple sources,spatialanalysis;

� Predictionof impacts:modelingandsimulation;

� Planninganddecisionsupport.

In this paper, we focuson methodsfor monitoringof coastaltopographyandnearshorebathymetryandon
thecapabilitiesof GRASS5.0to supportprocessingandanalysisof datafrom themonitoringprograms.

2 Methods

Spatio-temporalcoastalelevationandbathymetrydatacanbeobtainedby severalstate-of-the-artmapping
technologies,suchas:

� LIDAR (LIght DetectionAnd Ranging- laseraltimetry)scansa severalhundredmeterswathof the
earth's surfacemeasuringelevationevery few meters(or denser)with 15cmverticalaccuracy on the
beach(seemoredetailsin [12]);

� Real time kinematicGPS(RTK-GPS)automaticallysamplesthe surfacealonga surveying vehicle
pathwith selecteddensity(usuallyaround1m) and15cmverticalaccuracy. Datacoverageis dense
alongthepaths,however, for practicalreasons,pathscanbe tensor evenhundredmetersapart. At-
tributescanbe assignedduring themapping,which is importantfor properrepresentationof break-
lines,man-madeobjectsandotherfeatures.
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� Singlebeamsonaris usedfor bathymetrymappingandits samplingpatternis similar to RTK-GPS,
but thepathsareoftenfartherapart.

� Interferometricsonarmeasureselevationsalongswathscreatedby densepro�les perpendicularto the
movementof theboat,so thepatternof samplinghassomesimilaritieswith LIDAR asit createsan
arealpointcoverage.

All thesetechnologiesuseGPSto producegeoreferenceddatain a selectedcoordinatesystem.While the
dataobtainedby traditionalsurveysor manualdigitizationincludedcarefullyselectedpoints,thecollection
of databy the moderntechnologiesis highly automatizedand presentsa numberof challengesfor GIS
processing:

� thedatasetsaremassive (gigabytesfrom asurvey),
� oversamplingis commonanddataarenoisy,
� coveragemaybeanisotropic(RTK-GPS)and/orheterogeneouswith gaps
� LIDAR andsonardatahavenoattributesexceptelevation,soobjects,featuresandbreaklinesmustbe

identi�ed duringpost-processing,
� mappingis soef�cient that it canbe repeatedat selectedtime intervals (e.g. annually),so tools for

processingof timeseriesof elevationdataareneeded.

Accurateandconsistenttransformationbetweenthe measureddata(point cloudsandpoint pro�les/lines)
andGIS datamodels(sites,grids, contours,TINs) is crucial for geospatialanalysisandapplications. In
this project,variousapproachesto combininglocal scale,costeffective RealTime KinematicSurveys with
high resolutionregionalscaleLIDAR datawereinvestigated,with theobjective of developingan ef�cient
approachto monitoring and analysisof the short-termevolution of coastaltopography. We focusedon
evaluationof thecurrentGRASS5.0capabilities,enhancementsof theexistingmodulesandidenti�cation of
areaswherenew developmentmaybeneeded.

Becausethemeasureddataarerecordedasgeoreferencedpoints,importingandrunningbasicunivariate
statisticswasverysimplethanksto combineduseof awk,s.in.ascii,s.infoands.univar. Handlingof subsets
andmasking,importantdueto irregularshapesof themonitoredareaswasalsostraightforward. Giventhe
largesizeof thedatasets(millions of points),thepossibilityto storethepoint dataasa binary�le in multi-
attribute3D vectordataformatshouldmakethemanagingandprocessingof this typeof datamoreef�cient.
To usethe full power of GRASSin termsof dataanalysisandvisualizationthe dataweretransformedto
grids,usuallyatahierarchicalsetof resolutions,creatingmultiscalemodelsof themonitoredareas.Because
of the differencesin the type of sampling,slightly differentapproacheswereusedfor LIDAR/multibeam
sonarandRTKS/singlebeamsonardata.

2.1 Processingpoint data fr om LID AR and interferometric sonar

"Swath" mappingtechnologiessweepthesurfaceproducingdensesetsof points(usually1 point per1-3m)
alongseveralhundredmeterswideswathswith higherpointdensitiesin overlappingareas[10]. Occasional
gapsbetweenswathsarecommon.For lower resolutionrasters(5m andmore)simplegriding methodsare
suf�cient (suchass.to.rast in GRASSor averagingprovideddirectly by the LDART web site [13] where
thedatacanbedownloaded.)However, for applicationswhereit is importantto preserve thefeatureswith
sizecloseto thesamplingdensity, spatialinterpolationcanprovide superiorresults.We have exploredthe
capabilitiesof s.surf.rst [8],[4] for creatinghigh resolutionrasterDEM with detailedfeaturesaswell asfor
topographicanalysisat differentlevelsof detail.

The modules.surf.rst was usedto interpolatethe grid, smooththe impact of noiseand analyzethe
topographicfeaturesusingdifferentpoint densitiesandinterpolationparameters(tension,smoothing).Im-
provementin segmentationwasimplementedto enhancetheperformancefor densedata,however further
modi�cationswhich take advantageof thedensityof datapointsarepossibleandcanmake computationof
theselargedatasetssubstantiallyfaster. Figure1 illustratesthequalityof surfacerepresentationwhenusing
s.surf.rst comparedto muchfasters.to.rast.

Similarapproachcanbeusedfor interferometricsonardata,however, muchhighervaluesof smoothing
arenecessaryto remove thenoisegeneratedby sonarwhencomputingsurfacesat resolutionscloseto the
sonarsamplingdensity(Figure2, [6]).
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a                                                        b

Figure1: Griding lidar data:(a) s.to.rastat3mresolution,(b) s.surf.rst at1mresolutionanddmin=0.5m

a                                                              b

Figure2: Griding interferometricsonardata: (a) s.to.rast at 1m resolution,(b) s.surf.rst at 0.5m resolu-
tion with smoothing=6.Note that thevisible segmentsin the"gap" areaarepreservedasindicatorof data
uncertainty.

2.2 ProcessingRTK-GPS and singlebeamsonardata

Processingdataobtainedby traversesamplingusingvariousinterpolationmethodswasevaluatedin [3]. The
studyhasdemonstratedrobustnessandaccuracy of theRSTmethodfor this typeof samplingpattern,typical
for RTK-GPS.

However, coastaltopographyposesspeci�c challengesdueto its anisotropy causedby wind andwaves
impact. While LIDAR dataprovide suf�cient samplingdensityto capturetheanisotropicfeatureswithout
any problems,gettingthe adequaterepresentationwith RTKS or singlebeamsonaris morecomplex. In-
terpolationat theresolutioncloseto thedistancesbetweenthesamplingpathsis straightforward,however,
smallerfeaturesmappedalongthe pathsare lost. To captureat leastsomeof this detail by the resulting
surface,interpolationwith anisotropy is needed.

While theanisotropy for theRSTinterpolationwasdevelopedin theoriginal FORTRAN program[8] it
wasnot implementedin GRASSuntil thecurrentreleaseof GRASS5.0.Theinterpolationfunctionusedin
s.surf.rst belongsto theclassof radialbasisfunctionsandhasthefollowing properties:

� it is invariantto a rotationof coordinatespacebecausethebasisfunctiondependsonly ondistance;

� it is not scaleinvariant,andchangeof scaleis equivalentto changein thetensionparameter� .

The�rst propertymeansthatthecharacterof theinterpolantisdirectionindependent.To introduceanisotropy,
we canusethesecondproperty:by rescalingoneaxis,thetensionbecomesdifferentin this directionwhen
comparedwith theoriginal unscaledcase.By rotationof coordinatespace,thetensionmaximum(or mini-
mum)canbeorientedin any prescribeddirection. For ����� , thetransformationfrom original coordinates
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� arescalingcoef�cients (oneof which is usuallyequalto one,asis thecasein theGRASS5.0
version). The implementationis currentlyrestrictedto uniform anisotropy for theentireinterpolatedarea.
The differencebetweenthe beachsurfacemappedby RTK-GPS and interpolatedby s.surf.rst with and
without anisotropy is in Figure3.

a                                                        b

Figure3: Interpolationof RTK-GPSdataby s.surf.rst: (a)withoutanisotropy, (b) with anisotropy. Reddots
arethemeasuredpoints.

2.3 Spatio-temporalanalysis

GRASS5.0capabilitiesto supportspatio-temporaldataarecurrentlylimited to thetimestamp(which is not
usedyet by any module)anddynamicvisualizationby xganimor nviz. However, a wide rangeof analysis
canbeperformedusingr.mapcalcandscripts.

For our application,�rst andsecondorderdifferencesin surfacesover time wereof specialinterest,as
they allowedus to estimatethespatialpatternof volumechangeover time, identify locationswith erosion
accelerationaswell asareasof relative stability. Maskingandmapalgebrawereusedto ensurethat only
areasthathadfull datacoveragefor all timesnapshotswereusedin theanalysis.

The issueof handlinglargetime serieshasnot beenaspressingas,for example,in simulationof land-
scapeprocesses[2] becausethetimeseriesof monitoredtopographydataarestill relatively small.

3 Results

Weillustratethecoastaltopographyapplicationsof GRASS5.0ontwo monitoredsectionsof NorthCarolina
barrierislands.

3.1 JockeysRidgestatepark

To quantify the rate of horizontalandvertical movementof a large coastalsandduneat Jockey's Ridge
StatePark, the1999LIDAR datawerecombinedwith a seriesof RTK-GPSsurveys. Becausemovement
of vehicleson theduneis restricted,RTK-GPShadto beperformedon foot, limiting thespatialextent that
could be donein a reasonabletime (Figure4). Thereforethe RTK-GPSmappingfocusedon dunecrests
- linear topographicfeaturesthat areeasyto identify in the �eld andthat aregoodindicatorsof the dune
movement.
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Figure4: LIDAR-basedDEM with colorderivedfrom IR-DOQQandpatternof RTKS shown in red

TheRTK-GPSdatacollectedin thewinterof 2002werecomparedwith the1mresolutionDEM interpo-
latedby s.surf.rstusingthe1999LIDAR data.To identify theexactlocationsof dunecrestsandslip faceswe
computedthepro�le curvaturesimultaneouslywith interpolation[9] at differentlevelsof detail controlled
by thetensionandsmoothingparameters(Figure5, thesurfacewith tension=400providesthemostuseful
result,highertensioncapturesthenoisepatternandlower tensionsmooths-outthecrests,however, it pro-
videscleardescriptionof themainduneshoulders).Note,thatthedensityof LIDAR datais sohigh thatthe
sharpedgesof dunecrestsareclearlycapturedwithoutany modi�cation to interpolation.

In additionto the LIDAR andRTKS data,InfraredOrthophotowasavailablefor 1998allowing us to
assessthedunemovementin thoseareaswhereit hasovertakenthevegetation.Thecomparisonof the1998-
1999-2002dunecrestslocationsshowsthatthecrestshavemovedin thesouth/south-westdirectionbetween
20 to 40m, threateningthe nearbyroad. The differencesin elevationsindicatethat the duneis �attening,
loosingover2.5metersat its highestpoint. Gainsin elevationasmuchas3mwereobservedin areaswhere
protectionfenceswereinstalled,proving their ef�ciency. Detailedviews of themostdynamiclocationsare
at [5].

The quantitative assessmentof dunemovementpossiblethroughthe useof state-of-the-artmapping
technologiesandintegratedGISanalysisprovidedanew andaccurateinsightinto theshort-termevolutionof
theJockey'sRidgedune.Throughthisdetailedspatialanalysis,areasof relativedunestabilitywerelocated,
areasanddirectionof active dunetranslationrequiringlandmanagementinterventionwereidenti�ed, and
theratesof changeover thetime intervals1998-1999-2002werequanti�ed.

3.2 Bald Head Island

Thestudyareanearthemouthof theCapeFearriverdisplayscomplex interactionsbetweenanthropogenic
activities andnaturalprocesses.Quanti�cationof short-termspatialchangein this dynamicenvironmentis
crucial for its sustainablemanagement.Bathymetryandcoastalelevation datafrom diversesourceswere
integratedwithin GISasabasisfor obtainingnew insightsinto theresponseof acoastallandscapesystemto
anthropogenicactivity. Speci�cally, terrestrialLIDAR andRTK-GPSdataarebeingcombinedwith offshore
singlebeamandinterferometricsonarsoundingsto createanintegratedmodelof shoreline,nearshore,and
offshoretopography(Figure6) andits evolution in responseto recentUS Army Corpsof Engineersbeach
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Figure5: Extractingpro�le curvatureat differentlevelsof detailusingtensionandsmoothingparameters:
(a) high tension/low smoothing(800/0.05)capturesall details including the noise, (b) low tension/high
smoothing(200/5)extractsonly themainshouldersandvalleys, (c) moderatetension/smoothing(400/0.5)
clearlycapturesthedunecrestsandslip-facesandsmooths-outthenoise.

renourishment,canaldredging,andstorageof dredgedmaterialsin underwatermounds.

A GIS-based,nestedgrid modelof topographyfor thesummerof 2000wascreatedasa baselinemodel
at the following resolutions:20m- entirearea,5m - beach,and1m - active areasfor thesummer(Figure
6). Becausethe only datathat arecurrentlyavailablefor a longer time periodare the LIDAR andRTK-
GPSsurveys for the island's Southbeachwe focusedtheanalysison thebeachevolution during theyears
1997-2002.AnnualLIDAR datagridedat 5m resolutionby s.to.rastdocumentpre-nourishmentshoreline
evolution. Thedifferencebetweenthe1997and2000surfacesindicatethat thebeachnet lossof sandwas
around400000687 of sand,of whichabout15%wastransportedto thebeachdune,increasingtheelevation
in someareasup to 1m(Figure7); theremainderwaslostoffshore.Thetemporaldistributionof theerosion
wasrelatively steadyat about140000617 annually, with gainsaveraging30000 617 peryearresultingin a
netloss.Erosionanddepositionrateswerespatiallyvariableandtheirdistributionhadsigni�cant impacton
thebeachshape.LIDAR datafrom 1997de�ne a wide, two step,convex beachin thewestanda concave
shapewith a steepscarpin theeast(Figure7, greensurface). Intenseerosiongraduallychangedtheshape
of theentirebeachto concave with a scarp.In 2000,thescarpat theeastenderodedcompletely, changing
theeastsectionbeachshapeto uniform low slope(Figure7). Secondorderdifferencemap(98-97)-(00-98)
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shows acceleratingerosionat the foot of thebeachscarpanddecelerationon the lower partof beachwith
gentlerslopes.This indicatesthatthescarpsmaybeacceleratingerosiondueto their steepslopein absence
of any signi�cant wind sandtransportwhichcan�ll theconcaveareasat thefoot of thescarpandlower the
slope.However, currentlytherearealmostno datashowing thechangeof beachgeometrydueto thesand
transportby wind.

Figure6: Model of topographyat theBald HeadIslandcreatedby combiningLIDAR, interferometricand
singlebeamsonardata

Thebeachwasnourishedin 2001,substantiallychangingits morphology(Figure8a). Basedon RTK-
GPSDecember2001data,beachshapewasreversedcomparedto 1997,with a concave/scarpin thewest
anda wide, low-slopebeachin theeastsection.The 2002dataindicatethat the intenseerosionobserved
beforenourishmentcontinuedin the westsection,wherebathymetrychangesrapidly from shallow depth
to deepnavigationchannel.ThedifferencebetweenDecember2001andmay 2002indicatesthat the loss
continuedat the150000687 annualrateandrenourishmentdid nothavesubstantialimpacton thepatternof
erosionprocess(Figure8). Theeastsectionwaswidening,following thenaturaltrendstartedin 2000and
enhancedby nourishment.Thecentralpartof thebeach,arounda shorelinein�e x point hasbeenrelatively
stablebothbeforeandafterthenourishment(Figure7).

Thepresentedanalysisindicatesthatthebeachwill likely needrepeatednourishmentundercurrentcon-
ditions. A betterunderstandingof nearshoreprocessesandnew nourishmentapproachesmaybenecessary
to returnthebeachto self-sustainingdynamicequilibrium.

4 Conclusionand futur e

The presentedstudydemonstratesthat GRASS5.0providesa wide rangeof tools for processingandana-
lyzing thecoastalmonitoringdata.Resultsof this work provide new insightsinto theshorttermevolution
of coastallandscapeby quantifyingthe spatio-temporalchangesusingmodernmappingtechnologiesand
geospatialdataanalysiswithin GRASSGIS.It providesimportantinformationfor themanagementof stud-
iedareasaswell asmethodologyandtoolswhichcanbeappliedto othercoastalregions.

While no majordevelopmentsin GRASScodeweremadefor this project,severalenhancementsto the
s.surf.rst interpolationmodule,including the implementationof anisotropy, enhancedthe �e xibility of the
GRASS5.0tools. Visualizationby nviz usingmultiple surfaceswascrucial in detectingimportantfeatures,
suchaschangein the beachshape,which arenot directly detectablefrom the contourmaps. A number
of neededimprovementswasidenti�ed, including spatiallyvariable,smoothlychanginganisotropy, tools
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for optimizationof interpolationparameters(experimentalversionof s.surf.rst.cvfor computationof cross-
validationerror neededfor �nding the optimal parametersis alreadyavailable), and tools fro intelligent
selectionof pointsto reduceoversampling.With theincreasedavailability of spatio-temporaldata,thetools
speci�cally aimedatworking with time seriesarebecominga necessity.
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Figure7: Differencesin beachsurfacebetween1997and2000,basedonLIDAR data,visualizedusingnviz
with multiplesurfacesandcuttingplanes.
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Figure8: Impactof nourishment:(a) extentof nourishedbeach,(b) differencein volumeDec. 2001- Jan.
2002,(c) differencein volume1998- 2000.


