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Abstract

In this paperwe describea setof 3D and4D visualizationtoolsand
techniqguedor CORIE, a comple environmentalobseration and
forecastingsystem(EOFS)for the ColumbiaRiver. The Columbia
River, a complex and highly variable estuary is the target of nu-

merouscross-disciplinarycosystenmesearctprojectsandis at the
heartof multiple sustainablalevelopmentissueswith long reach-
ingimplicationsfor thePaci ¢ Northwest.However, therehasbeen
until recentlyno comprehense andobjective systemavailablefor

modelingthis ervironment,andasa consequenceagsearcherand
agenciedhiave hadinadequateéoolsfor evaluatingthe effectsof nat-
ural resourcemanagemendecisions.CORIE wasdesignedo ad-
dressthis gapandis a major steptowardsthe vision of a scalable,
multi-use,real-timeEOFS.

Although CORIE alreadyhad a rich setof visualizationtools,
most of them produced2D visualizationsand did not allow for
interactie visualization. Our work addsadwancedinteractve 3D
tools to CORIE, which can be usedfor further inspectionof the
simulatedandmeasurediata.

CR Categories: 1.3.2 [GraphicsSystems]:ComputerGraphics—
ComputingMethodologies|.3.8 [Applications]

Keywords: coastalobsenatories,ernvironmentalobsenation and
forecastingsystemscoastsgstuariesColumbiaRiver

1 INTRODUCTION

Paradigmsfor modern modeling and visualization of complex
ecosystemare changingquickly, creatingenormousopportunities
for scientistsand society For instance powerful and integrative
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modelingandvisualizationsystemsreatthecoreof ervironmental
obsenration andforecastingsystemgEOFS),which seekto gener
ateanddeliver quanti ably reliableinformationaboutthe erviron-
mentat the right time andin the right form to the right users. As
they mature EOFSarerevolutionizingthe way scientistssharein-
formationandrepresenanunprecedentedpportunityto breaktra-
ditionalinformationbarriersbetweerscientistandsocietyatlarge.

EOFS have implicit assumptionsof robustnessand compu-
tational ef ciency in comple simulationsof natural processes.
Coastabbsenatories focusedon speci ¢ estuarie®r othercoastal
regions,areexampleswheremodelingsystemdhave advanceddra-
matically towardsthe EOFSvision. Variouscoastalobsenatories
are,in particular developingunprecedentet4D virtual realities”
of physicalprocessessomeof themin quasireal-time. However,
thesuccessf coastabbseratoriesposesovel challengegor both
quality controlandinterpretatiorof simulations.

Someof the challengesesultfrom the breakingof traditional
modelingcycles. Tight productionschedulesdictatedby real-time
forecastsand multi-decadesimulation databaseslead to a very
large numberof complex runs being producedon a daily basis,
whicharebeyondthecapacityof analysisof mary modelingteams.

In this paper however, we ratherfocuson challengeghatresult
from the level of detail containedwithin eachsimulation. Using
asa referencea speci ¢ coastalobseratory [Baptista2002; Bap-
tistaetal. 1999],we describethevisualizationcoreof anemenging
stratgyy to generatamulti-dimensionarepresentationsf comple
coastalcirculation processesThe strat@y is driven by the needs
of scienti ¢ researchandregional managementor the Columbia
River estuaryandplume.

2 THE COASTAL OBSERVATORY

The ColumbiaRiver is the target of numerouscross-disciplinary
ecosystenstudiesandis at the heartof multiple sustainablede-
velopmentissueswith long reachingimplicationsfor the Paci ¢
Northwestof the United States.Urgentresearclefforts are,in par
ticular, focusingontherole of theestuaryandplumeonthelife cy-
clesof sh specieprotectedytheEndangere@peciedAct. These
efforts arebeingconductedn an often-con icting context of nav-
igation improvements,evolving hydropaver managemenstrate-
gies, and ecosystenrestorationefforts. A key challengewithin
thoseefforts is to separateaturalfrom man-madeeffectsin a sys-
temcharacterizetby extremevariability in bothspaceandtime.

CORIE, a coastalobsenratory developedand maintainedsince
1996[Baptista2002;Baptistaetal. 1999],is integralto theregion's
strat@y, becausef its ability to characterizé&ey physicalvariables
in 4D detail,andto understandheirresponséo naturalandanthro-
pogenicfactors.Designedasmulti-purposenfrastructure CORIE
includesan obseration network, an advancedmodeling system,
andaninformationmanagemergystem.

The obsenation network coversthe estuaryextensiely andthe
plume sparingly through x ed stationstypically with real-time
telemetry At eachstation,variablecombinationf in-situ sensors
measurewater temperature salinity, pressurevelocity, acoustic
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Figurel: The CORIE obseration network is an adaptve system,
inherentlycollaboratve with otherprogramsForinstancerecently
proposedCORIE stationsand stationsof the CoOP programare
shavn in the gure sideby sidewith existing CORIE stations.

backscattemwind speedanddirection. A vesselusedregularly by a
local communitycollege,for seamanshifraining, is alsoequipped
with hull-installed sensordfor temperaturesalinity and velocity,
designedo functionunattendedIn addition,we occasionallycon-
ductreleasesf Lagrangiardrifters,which passiely follow thewa-
ter o w atprescribedlepths.

The modelingsystemis designedo characterizeéhroughcom-
putersimulationthe complex circulationin the ColumbiaRiver es-
tuary and plume, through quasireal-time forecasts retrospectie
simulationsof pastconditions(“hindcasts”)or exploratorysimula-
tions of future conditions(“scenarios”). In additionto numerical
codesthemodelinginfrastructureof CORIEincludesmoduleshat
speci cally dealwith characterizationf forcings(bathymetryand
river, atmospheri@and oceanforcings), quality control of simula-
tions, and generatiorof post-processingroducts(seeSection3).
The modelingdomainis shavn in Figure 2, andextendsfrom the
downstream-mostlam in the river to the vast continentalshelf
(British Columbiato California) that is affectedby the powerful
freshvwaterplume.

The information managemensystemorganizesboth primary
data(obsenations and simulations)and post-processingroducts
(including an extensie array of visualizations). It also coordi-
natesthe generatiorand automatedveb publishingof mostpost-
processingroducts.

3 VISUALIZA TION SYSTEM

An integral partof CORIEis a setof visualizationcapabilities(see
http://www.ccalmr.ogi.edu/COR IE). In fact,the only way to
really understandhe dataproductsgeneratedy the systemis by
usingsomeform of visualrepresentation.

Thethousand®f visualizationproductsthataregeneratedlaily
by CORIE on an automatedr semi-automatedbasisalreadyof-
fer an extensve insight on the overall circulationof the Columbia
River, andon modelingerroranduncertainty

Figure2: TheCORIEcomputationatlomainextendsalongthecon-
tinentalshelffrom British Columbiato California. An horizontally
unstructuredyrid enablesenhancede nementin areasof primary
interestjncludingthenear eld plume,theestuaryentranceandthe
navigationchannel.

However, at this time, thereis a mismatchbetweenthe simula-
tion capabilitiesof the system,which is basedon high-resolution
time-varying 3D unstructuredyrids, andthe visualizationcompo-
nentthatfor thelargepartonly generate4 D or 2D plots(some3D
information can be inferred from depthplots, which slice the 3D
data).

Part of the problemis thatthe visualizationof time-varying 3D
unstructuredyrids is not a well-developedareaof research.Most
state-of-the-arcommercialvisualizationtools (e.g., VTK, IBM
OpenDX)have extremelylimited capabilitiesfor handlinglarge 3D
unstructurediata,andthe supportfor time-varyingdatais alsolim-
ited. (Mostworksthattamgetthe visualizationof time-varying data
have sofar far focusedon regulargrids).

Our ongoingwork involves extending currentsystemsto sup-
port time-varying datasetsvith particularemphasin the visual-
izationof CORIEdataproducts.For mostof ourwork, we areusing
VTK augmentedvith customcode suchasthevolumerenderede-
scribedin Corréaetal [Corréaetal. 2003].

3.1 Pre-processing of model output

In orderto visualizethe CORIE outputdata,it is necessaryo con-
vertits formatinto onethatis suitablefor ourrenderingalgorithms.
Thevolumerenderingof thesalinity scalarvaluesrequiresasinput
anunstructuredyrid of tetrahedrorwhereeachvertex is associated
to onesalinity scalarvalue,while the renderingof the bathymetry
needsa grid of trianglesrepresentindhe groundsurface. Finally,
for visualizingthe velocity eld it is necessaryo have anunstruc-
turedgrid of pointswith vectorattributesassociatedio eachone.

The CORIE output les have the geometryand one attribute
valueassociateavith eachpoint of the dataset. Thegeometrycon-
sistsof onehorizontalgrid of triangleswherethe verticesandtri-
anglesarecallednodesandelementgespectiely, aswe canseein
Figure3. Eachnodehasassociatea vertical list of points,called
columnof points,in which eachpointis locatedat a speci c level
of depth. Thenumberof pointsin eachcolumnis variable,depend-
ing on the depthof waterunderthe node. The attribute value can
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Figure3: The CORIE outputdata.

be a scalarassalinity or temperatureor a vectorasvelocity. A set
of 96 attribute datasamplescollectedduringonedayis storedin a
single le, which canreach500MB in sizeeach.

In Figure3, we canseethatundereachelementhereis acolumn
of wedges.Every wedgecanbe subdvided into threetetrahedra,
thuswe can createthe unstructuredyrid of tetrahedraneededor
the volume-renderingalgorithm. The wedgesubdvision is done
by usingthe facediagonalsof its rectangularffaces. As eachrect-
angularfacehastwo diagonalsthe wedgecanbe subdvided into
two trianglesin two differentways. In orderto gettwo adjacent
wedgesconsistentlysubdvided (i.e., their sharedfacesubdvided
by the samediagonal)we usethediagonalstartingin thenodewith
smallestindex (seeFigure4) asdescribedn Max et al [Max etal.
2000].

Figure4: Onewedgecanbesubdvidedinto threetetrahedra.

Thegrid of trianglesrepresentinghe groundsurface,calledthe
bathymetry is constructedusing as verticesthe points of greater
depthin eachcolumnof points,thuseachnodehasits correspond-
ing vertex in the groundsurface. The trianglesare de ned by the
threeverticescorrespondindo the nodesthat de ne the elements
(seeFigureb). (Whenrenderingbathymetrywe oftenapplieddif-
ferentcolorsto eachdepthlevel in orderto enhancebathymetry
visualization.)

Finally, for visualizingthevelocity eld, theunstructuredyrid of
pointsneededasinputis directly createdrom the nodesandtheir
associated¢olumnsof points.

Figure5: Thegroundsurface(bathymetry).

3.2 Visualization strategies
3.2.1 Data handling issues

CORIEsimulationsarebothlargeandverylong. Typicalgridshave
on the order of six million cells, and simulationsare commonly
conductedn incrementof oneweekfor multiple monthsor years,
with dumpsof onetime stepfor each15 minutesof simulation.
Output les aretypically structuredasdaily les, eachwith 96time
steps.

In orderto be ableto handlethe large runs,we addedtwo pre-
processingapabilitiesto the existing repertoire:

Theability to extracta subsebf the data,so the usercanvi-
sualizespeci ¢ 3D regionsof interest;

And the ability to meige datasetsof mary consecutie runs
(days)into one le, in awaythatwe canvisualizethebehaior
of scalarandvector elds for alargerperiodof time.

3.2.2 Unstructured-grid volume rendering

There are several scalarand vector elds in CORIE that can be
effectively visualizedwith directvolumerendering.In volumeren-
dering,the3D scalarle to bevisualizedis modeledasacloud-like
material which bothattenuatetight alongthe viewing ray andadd
light into it [Max 1995]. To createanimage the effectsof thema-
terial mustbeintegratedalongthe viewing ray througheachpixel.
This requiresa separaténtegral for the contritution alongthe ray
segmentsinside eachcell. A key propertyof volumerenderingis
thatit generatesolistic views of datasetsincethe imagesactu-
ally have contritution from potentiallyall the cellsin the dataset.
By varying the optical propertiesassignedo particularcells, it is
also possibleto generateisosurfice renderingsusing direct vol-
ume renderingtechniques. Thus volume renderingcan be seen
asa truly generalrenderingapproach. Unfortunately this gener
ality comesata cost. Volumerenderingcanbe quitetime consum-
ing, andsubstantiaéfforts have beendevotedto optimizationtech-
niques[Levoy 1990;LaMar etal. 1999;Williams 1992;Silvaetal.
1996]. Thefastestechniquedgor volumerenderingat this time are
thehardware-assistedell projectionalgorithms[Shirley andTuch-
man1990;Max etal. 1990],andcurrentlytherehave beenpropos-
alsthatshav how to usea new classof programmabléardwareto
achieve evenfasterenderingrates[Wylie etal. 2002;Weiler etal.
2002]. Currently we are usinga custombuilt volume rendering
engine[Corréaetal. 2003], which works out-of-coreandhasbeen
augmentedvith somefunctionality for streaminghetime-varying



datawhen needed. Our work follows along the lines of Lum et
al [Lum etal. 2002],but we primarily targetunstructuredlata.

Ona2.53GhzPentium4machinewith anNvidia GeForce4200,
our coderendersabout 700-800thousandtetrahedralper second,
whennotbottleneckdby diskI/O. We arecurrentlyexploiting sev-
eral optionsfor fasterrendering,including the useof fasterdisks,
and the use of programmable-hardave techniquedWylie et al.
2002;Weileretal. 2002].

3.2.3 Representations for specic data types

Visualization strat@ies were developedfor bathymetry salinity

elds, velocity elds, anddrifters. In all casestheusercaninteract
with the 3D modelusingthe mouseandwith somekeyboardcom-
mands. With mousemovementsthe model can be rotated,trans-
latedandscaledin orderto getappropriatedmagesthatallow the
scientistso obsene andbetteranalyzethe model's behaior.

Ontheotherhand keyboardcommandgresentaisetof toolslike
the capacityof playing the entireanimationor going forward and
backward throughit step-by-step.Besidesit is possibleto mod-
ify the color and transparenc mapsfor the salinity and velocity

elds. Thosemapsarelists of tuplesthat associatean RGB color

andtransparengcto a salinity scalarvalueor to thenormof aveloc-
ity vector ThemapsarestoredasASCII les andcanbemodi ed
andreloadechtary time.

Another keyboardcommandallows the userto toggle between
paralleland perspectie projectionsand while in perspectie it is
possibleto dovirtual ight throughthe model.

Bathymetry

The bathymetryis the foundationlayer of the body of waterand
is representedhs a grid of trianglesas describedin section3.1.
We applieddifferentcolorsto eachdepthlevel in orderto enhance
bathymetryisualization.

Salinity elds

For visualizing the scalarvaluesof the salinity eld, the CORIE

output datais previously convertedinto an unstructuredgrid of

tetrahedraandis visualizedwith directvolumerendering.Theuse
of volumerenderingallows for the studyof the ne detailbetween
high and low salinity regions (shavn in blue and yellow respec-
tively in Figure8), andtheinterfaceregion shawn in red. Surface-
basedechniquessuchasisosuraceswould makeit dif cult to get
anoverall pictureof the behaior of theriver.

Velocity elds

The ow vectorsfor the velocity eld arevisualizedas a set of
orientedliines. All orientediineshave the samelength,their colors
representectormagnitudeandits orientationillustrates o w direc-
tion. Themapof colorscanbe modi ed interactvely asdescribed
before.

By choosingan speci ¢ 3D region of the velocity eld asre-
quired by the user it is possibleto view all or just a small setof
horizontallayersof the eld. It is well-known to be very dif cult
to analyzethe complete3D vector eld asa setof orientedlines,
sowe nd it morecorvenientto visualizeonly a small subsetof
horizontalor verticallayers.

In the future, we plan to explore using more adwancedvector
visualizationtechniquese.g.,[van Wijk 2002; Teleaandvan Wijk

1999; van Wijk 1991; Interranteand Grosch1998; Shenand Kao
1998].

Drifters

Eachdrifter releasedn the river hasits correspondingcomputer
simulatedbneandbotharerepresenteih thevisualizationassmall
sphereseachonewith adifferentcolor. The paththey follow along
thetime is drawvn asline segments.

4 SCIENTIFIC IMPLICA TIONS

By creatingtheability to e xibly visualize3D featuresye dramat-
ically increaseour ability to modeland understandestuarineand
plumeprocesses the ColumbiaRiver.

The adwantagestartswith animproved visual understandingf
thetopologyandbathymetryof the estuaryandits insertionin the
continentakhelf (Figure6). The macro-dynamicef the estuaryis
controlledby two deepchannelsput a myriad of smallerchannels
playsanimportantrole in thefunctionof theecosystem.

-

Figure6: ColumbiaRiver topology and bathymetry(bottom)and
insertionof the estuaryin the continentakhelf(top).

The split of the estuaryinto two main channelshassubstantial
implicationson the intrusionof oceanwater a determiningfactor
of theecologicalfunctionof thesystem.As shawvn in Figure7 (and
correspondingnimatior}), the spatialstructureof the intrusionis
complec in bothspaceandtime. Theability to follow thatstructure

1A setof animationscorrespondingo the different visualizationdis-



in visualdetailis invaluableto evaluatethe quality of modelsimu-
lations,to gaininsighton physicalprocessesuchasthe formation
of estuaringurbidity maxima,andin conveying this informationto
biologistsandecologists.

Figure7: 3D detailof thesalinity intrusionduring ood tide, shav-
ing the split of oceanwaterenteringthe estuarybetweernthe Nav-
igation Channel(at right) andthe North Channel(at left). Ocean
wateris representeth blue,freshwaterin green.

Salinity intrusionis only one of the “faces” of the water ex-
changeacrossthe mouthof the estuary A complementaryface”
is the creationof a dynamicplumeof freshwaterin the continental
shelf, which nearshoremanifestatioris capturedn Figure8 (and
correspondingnimatiort).

Figure 8: 3D detail of the freshwater plume during the ebbtide,
shawing a sharpdensityfront (right sideof theimage).

Of particularinterestin Figure8 is aclearlyvisible densityfront,
whichidenti cation is enhancetby the useof thecolorredin apre-
selectedsalinity range. Densityfronts trap nutrientsand plankton,
becomingnaturalattractorsfor sh. Their dynamicnatureposes
dif culties to sheries researchersnterestedn samplingthe dis-
tinct ervironmentsin eachsideof the front. Gradientsof primary
physicalvariables,suchas salinity, are often usefulin enhancing
frontidenti cation (e.g.,Figure9).

The dynamic ervironmentof the Columbia River provides a
numberof differenttrappingmechanismsn additionto fronts. Of
particularimportanceare eddies(Figure 10), which form at vari-
ouslocationsandtimesduring thetidal cycle, andarealsoevident

cussedn the maintext areavailablein the proceeding®VD andfrom the
projectwebpage.

Figure9: Maximum gradientsof salinity reveal potentiallocations
of ecologicallysigni cant frontsin the ColumbiaRiver plume.

in residualcirculation elds (obtainedby averaginginstantaneous
elds).

Althoughcirculationmodelsaddenormousnsightto our under
standingof the complex dynamicsof the ColumbiaRiver, models
arejust a representatiomf the reality. Characterizingerrorsand
uncertaintiesn thisrepresentatiorequireamultiple approachesn-
cluding 3D visualization. An exampleis shavn in Figure11 (and
correspondinganimatiort), whereobsered and simulatedtrajec-
tories of a drifter releasedn the estuaryare compared. The 3D
animationmalesit intuitively clearthat obserationsand simula-
tionsremaincloseuntil therealandvirtual driftersfollow different
channelsn the upstreanendof their progressionnto the estuary

5 CONCLUSIONS

In this paper we describeour initial efforts in closingthe gapbe-
tweenthe simulation capabilitiesof CORIE andits visualization
tools. Although CORIE hassophisticate@D modelingandsimu-
lation componentsits visualizationtools are mostly basedon 2D

tools that generatecannedanimations,anddo not allow for direct
“interactive visualization”.Here,we describeseveral new toolsfor

looking at CORIE datathatgeneratetD (i.e., time-varying 3D) vi-

sualizationsandallow for interactize explorationof the data.

Thereareimportantdirectionsweintendto pursuen futurework
to bothaddresdimitationsaswell asextendthe existing tools:

Deliver real-time framerates even though our visualization
tools are efcient, they are not able to renderthe full resolution
dataatreal-timeframerates.

Ubiquitousvisualizationplatform our tools are not machine-
scalable,i.e., it is not possibleto adjusttheir performanceto the
platformbeingusedby a givenuser Adaptabilityis especiallyim-
portantin thecontext of EOFS sinceuseramightbeoutonthe eld,
without accesdo high-endvisualizationmachines.

Speci cationof visualizationproducts currentlyit is hardto as-
sembleandmanageomple visualizationpipelines.We needto go
throughmary stepsyun several programson a variety of machines
to generatelataproductgo bevisualized.This processanbevery



Figure10: Instantaneousiew of the velocity eld duringebbtide.
An eddy canbe obsered southof the entrancejn sharpcontrast
with thelinear o w patterndgn thechannels.

comple, time consuminghardto managemanually andit canbe
rathertediousespeciallyif it hasto be performedover and over
again. This greatly hindersthe ability of the scientistto perform
complex andextensie analyses.
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