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Abstract. Very High-frequency (VHF) radartechnologyproducesdetailedsurfacevelocity maps
nearthesurfaceof coastalwaters.Theuseof measuredvelocity datain environmentalprediction,
however, hasremainedunexplored.In this paper, we uncover a striking �o w structurein coastal
radarobservationsalongthecoastof Florida.Thisstructuregovernsthespreadof organiccontami-
nantsor passivedriftersreleasedin thearea.WecomputetheLyapunov exponentsof theVHF radar
datato determineoptimal releasewindows in which contaminantsareadvectedef�ciently away
from thecoastandweshow thataVHF radar-basedpollution releaseschemeusingthehidden�o w
structurereducestheeffectof industrialpollution in thecoastalenvironment.

INTRODUCTION

Thereleaseof pollution in coastalareas[1, 2, 3] canleadto dramaticconsequences
for local ecosystemsif the pollution recirculatescloseto the coastratherthan being
transportedout to theopenoceanandsafelyabsorbed.We demonstratethatsensitivity
to initial conditionsin coastal�o wscancreatedifferentpatternsof behavior for released
contaminants.Dependingon their releasepositionand releasetime, identical parcels
of contaminantscan have completelydifferent effects on the environment.Using a
combinationof accuratecurrentmeasurement[4] andrecentdevelopmentsin nonlinear
dynamicalsystemstheory[5, 6], we uncover previously unknown �o w structures1 that
governthemesoscaletransportof pollutants.Knowledgeof theseLagrangianstructures
shouldlead to predictions[7] on a numberof phenomena,rangingfrom the motion
of planktonpopulationsto the evolution of oil spills. In this paperwe demonstrate
how Lagrangianstructurescanbe exploited to reducethe damagingeffectsof coastal
pollution.

Wedescribe�uid particlemotionasadynamicalsystemobeying:

�x = v(x;t) : (1)

In constrastto earlier approachesto optimal pollution releasein simple �o w mod-
els [8, 9, 10, 11, 12], we rely on real-timedataobtaineddirectly from coastalradar
antennas.To determinethevelocity, theleft-handsideof Equation(1), weexaminevery

1 By �o w structurewemeanLagrangianstructures,i.e. setsof distinguished�uid particlesmoving along
with the�o w.



FIGURE 1. On the left, surfacecurrentimagesof thevelocity patternobtainedby HF radaralongthe
coastof Florida,nearFort Lauderdalefrom SFOMC4-D CurrentExperimenton June26,1999:a) 01:20
GMT; b) 02:20GMT; c) 04:00GMT; d) 05:20GMT. Ontheright, two parcelsof contaminantreleasedat
exactly thesametime,but atslightly differentinitial locationsonJuly10,1999at09:45GMT. Thewhite
parcelleavesthedomainquickly anddissolve in theopenocean.Theblackparcelre-circulatesnearthe
coastfor morethan36hours.Animation:http://www.transport.caltech.edu/�orida.html

high-frequency (VHF) radarmeasurementof near-surfacecurrentsalong the coastof
Florida [4]. Exceptfor measurementerrors,theVHF datashown on Fig. 1 is anexact
footprintof theactualvelocityasdescribedby Equation(1).

VHF RADAR DATA ALONG THE COAST OF FLORID A

TheOSCRVHF model[13, 14] wasdeployedfor theSouthernFloridaOceanMea-
surementCenter(SFOMC) 4-DimensionalCurrentExperimentfrom June25-August
25, 1999.Radio waves are backscatteredfrom the moving oceansurfaceby surface
wavesof one-halfof the incident radarwavelength.This Braggscatteringeffect [15]
resultsin two discretepeaksin the Dopplerspectrum.In the absenceof surfacecur-
rent,spectralpeaksaresymmetricandtheir frequenciesareoffsetfrom theorigin by an
amountproportionalto thesurfacewave phasespeedandtheradarwavelength.If there
is anunderlyingsurfacecurrent,Braggpeaksin theDopplerspectrumaredisplacedby
theradialcomponentof currentalongtheradar'slook direction.Usingtwo radarstations
sequentiallytransmittingradiowavesresolvesthe two-dimensionalvelocity vectorfor
placingthedatainto ageophysicalcontext.

The two transmit/receive stationsoperatedat 50 MHz andsentelectromagneticsig-
nalsscatteredfrom surfacegravity waveswith 3-mwavelengths.Coastaloceancurrents
weremappedover a 7 km � 8.5km domainat 20 minuteintervalswith a resolutionof
250m. Theradarswerelocatedin JohnLloyd StatePark,DaniaBeach(Master)andan
oceanfrontsitein HollywoodBeach(Slave)whichequatedto adistanceof 7 km.



NUMERICAL EXPERIMENTS

Thetemporalcomplexity of thecurrentsbecomesevidentfrom trackingdifferentevo-
lutions of a �uid parcel2 releasedat the sametime, but at a slightly differentlocation.
We show the resultsof two suchnumericalexperimentson Fig 1. The completeani-
mationandotherscanbedownloadedfrom http://www.transport.caltech.
edu/florida.html . Wehaveperformedthisanalysisusingtwo parcelsof particles
launchedat 09:45GMT on July 10, 1999.Using availableVHF velocity data,we ad-
vectedthe �uid particlesusinga 4th orderRunge-Kutta-Fehlberg algorithm(RKF45)
combinedwith a3rdordertricubic interpolationin bothspaceandtime3.

Note that the black contaminantparcelremainsnearthe coast,whereasthe white
parcelexits thedomainquickly to theNorthandadvectsinto theopenocean.Thelatter
scenariois highly desirable,becauseit minimizesthe impact of the contaminanton
coastalwaters,by causingit to besafelydispersedin theopenocean.This observation
inspiresus to understandand predict different evolution patternsof a �uid parcel,
dependingon its initial location and time of release.Suchpatternsare known to be
delineatedby repelling material lines or �nite-time stablemanifolds[16, 17, 18, 19,
20, 21]. Herewe shall usea recentlydevelopednonlineartechnique,Direct Lyapunov
Exponent[6] (DLE) analysis,which identi�es repellingor attractingmateriallines in
velocitydataaslocalmaximizingcurvesof materialstretching.

LAGRANGIAN COHERENT STRUCTURES

TheDLE algorithmstartswith thecomputationof the �o w map,themapthat takes
an initial �uid particlepositionx0 at time t0 to its later positionx(t;x0) at time t. To
perform this analysis,we launcheda grid of 200� 200 particlesat time t0. Using a
3rd orderinterpolationof theVHF radardata,we advectedtheparticlesof thegrid for
t � t0 = 25 hours,using a 4th order Runge-Kutta-Fehlberg algorithm.We usedthese
particletrajectoriesto approximatethe �o w map.We modeledthe coastlineasa free-
slip boundary, anddisregardedparticlesthatcrossedtheopenboundariesof thedomain
onthenorthern,easternandsouthernedges.All of thesenumericalalgorithmshavebeen
compiledinto a softwarepackage,MANGEN, that is availablefrom the authorsupon
request.

Wethencomputethelargestsingularvalues t(x0; t0) of thespatialgradientof the�o w
map[21]. More speci�cally, we computethe largesteigenvalueof the Cauchy-Green
straintensor

St(x0; t0) =
�

¶x(t;x0)
¶x0

� T �
¶x(t;x0)

¶x0

�
; (2)

with thesuperscriptT referringto thetransposeof amatrix.

2 A �uid parcelis asimpli�ed modelfor ablobof contaminant.
3 Theresultinglocal interpollatorprovidesaC1 velocity �eld in extendedphasespace.



FIGURE 2. Level Setsof Direct Lyapunov Exponentsalongthecoastof Floridaon (a) July 10, 1999
09:45GMT, (b) July 10 13:45GMT, (c) July 10 16:45GMT, (d) July 10 23:45GMT, (e) July 11 11:45
GMT and(d) July1120:45.Thesimulationclearlyshowsastablemanifold(i.e.repellingmaterialline)at-
tachedto thecoastnearFort Lauderdale.Superimposedoneach�gure panelaretherespectivepositionsof
thetwoparcelsfromFig.1.Everyparticlenorthof themanifold�o wsthroughthenorthernopenboundary.
It is non-optimalto releasecontaminantsbelow thebranchof themanifoldbecauseit will remainbetween
thecoastandthemanifoldfor a long time.Animation:http://www.transport.caltech.edu/�orida.html



Repelling material lines are local maximizing curves or ridges of the scalar �eld
s t(x0; t0)[6, 22].Thesameprocedureperformedbackwardin time(i.e.,for t < t0) would
renderattractingmateriallinesat t0 asridgesof s t(x0; t0).

Composedof �uid particles,thesecurvesremainhiddento naked-eyeobservationsof
unsteadycurrentplots, yet they fully govern global mixing patternsin the �uid. Such
Lagrangianstructuresin measuredoceandatahave previously beeninaccessibledueto
lackof anef�cient extractionmethod.

ANALYSIS OF THE DATA

Selectedframesof the contour level setsof the Lyapunov exponentsare shown
in Fig. 2. During the two monthsof the experiment,the plot revealsa strongstable
Lagrangianstructureattachedto the coastnear Fort Lauderdale,propagating to the
southeast.This structureactsasa Lagrangianbarrierbetweenthecoastalrecirculating
zone(southwestof the material line) and the Florida Current(northeastof the same
materialline). The materialline is a barrier in the sensethat particlescannotcrossit.
Superimposedon Fig. 2 are the two parcelsusedin Fig. 1. A quick analysisreveals
that any particlenortheastof the barrier(white parcel)is �ushed out of the domainin
only a few hours.In contrast,parcelsstartingsouthwestof the barrier (black parcel)
typically re-circulateseveral times near the Florida coastbefore they �nally rejoin
the current.The animationcorrespondingto the panelsof Fig. 2 can be downloaded
athttp://transport.caltech.edu/forida.html . It is importantto realize
that without the useof DLE or a similar method,the Lagrangianstructurewould still
be there,but could not be seenor madeuseof in this way. We prefer to think of the
currentsasnot in�uencing particlepathsdirectly, but ratherthat thecurrentsin�uence
the Lagrangianstructure,such as causingtransportbarriersand alleyways, and the
Lagrangianstructuredirectly in�uencestheparticlepaths.

MINIMIZA TION OF THE EFFECT OF POLLUTION

Weremarkthatthelocationof thebaseof thestructure(onthecoast)canbeusedasa
criteriato minimizetheeffectof coastalpollution.Wewill referto theintersectionof the
coastlineandtheLagrangianstructureasthebarrierpoint.Factoriesandsewing centers
alongthecoastshouldnot releaseanything if thebarrierpoint is locatedNorthof them.
To illustratehow anef�cient pollution releasealgorithmcanbesetup, we imagineda
sourceof pollutionwith a �x edpositionalongthecoast.UsingtheDLE plotsof Fig. 2,
we identify zonesof (light gray)favorablerelease4 and(darkgray)dangerousrelease5.

To minimize the effect of coastalpollution, we proposeusing a holding tank that
storescontaminantsduring dangerousreleasezones.The tank storespollution during

4 whenthemanifoldis below thepositionof thefactory
5 whenthemanifoldis above thefactory



t (hours)

M
as

s
o

fP
o

llu
an

t

0 10 20 30 40 50 60
0

500

1000

1500

2000

2500

FIGURE 3. Total massof contaminantin the coastalareafor differentsourceof pollution. The solid
line is theresultof pollutionat a constantrate.Thelight anddarkgrayblockson thex-axisarethezones
identi�ed by the DLE algorithmasrespectively goodreleasezonesandbadreleasezones.The dashed
line anddottedline aretheresultof optimizedpollution releasewith respectively a = 0%anda = 30%.

thehalf-periodof thebarrierpointoscillation,duringwhichcontaminantsshouldnotbe
released.Thecontentsof thetankarereleasedoncethebarrierpointpassessouthof the
sourceof pollution.OnFig. 3 is thetotalmassof contaminantfor thetwo releasemode.
Clearly, by gettinginformationfrom theDLE plots,thewhite factory(dashedcurve) is
ableto reduceby a factorof threethe local contaminationcausedby thesameamount
of pollution.

Alsoshown onFig.3 is a3rdexperiment.In many casethedamageto theenvironment
is a functionof themaximumconcentrationof contaminant.Fromthispointof view our
algorithm(releasingnothingduring“dark gray” zonesandasmuchaspossibleduring
“light gray” zone)doesnot seemto be ef�cient. The peakof maximumconcentration
for thewhite factoryhasonly decreasedby a smallamount.To setup a moreelaborate
algorithm,we de�ne a new degreeof freedoma , the percentageof incomingcreated
contaminantthat will be releasedduring “dark gray ” zones.From this point of view,
the black curve of Fig. 3 correspondsto a = 30%, the dashedcurve to a = 0% and
the purple curve to a = 33%. Fig. 3 shows that a signi�cant reductionof the peak
of maximumconcentrationcanbeobtainedusinganappropriatepartial releaseduring
zonesthataremarkeddangerousby theDLE algorithm.
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CONCLUSION

Wehaveshown theexistenceof asetof repellingmateriallinesin radardataobtained
from the Fort Lauderdaleareaon the Florida coast.We have also shown how these
materiallines canbe usedto minimize the effect of coastalpollution by determining
optimal releasetimes. This approachcan be usedfor making predictionsabout the
trajectoriesof buoyant contaminantsor the trajectoriesof nearly Lagrangiantracers.
The data sourcecan be VHF radar data or any other current data source,such as
data-assimilatedoceanmodelsthatapproximatethenear-surfacevelocity �eld to some
reasonablelevel of accuracy. The other advantageof using oceanmodelsis that the
velocity provided is 3D+1, thuswe canexplore theLagrangianstructuresthatdevelop
at variousdepths.Sincethesetypesof modelsarebecomingmorereadilyavailableand
con�gured for variousareas,we arecurrently in the processof extendingMANGEN
to computeLyapunov exponentsfor 3D+1 velocity data. A real-time experimental
realizationof our pollution releasewill be most important,and is plannedfor future
work.
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