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Abstract. Very High-frequeng (VHF) radartechnologyproducedsetailedsurfacevelocity maps
nearthe surfaceof coastalwaters.The useof measuredelocity datain ervironmentalprediction,
however, hasremainedunexplored. In this paper we uncover a striking o w structurein coastal
radarobsenationsalongthe coastof Florida. This structuregovernsthe spreadbf organiccontami-
nantsor passie driftersreleasedn theareaWe computehelLyapune exponentsof theVHF radar
datato determineoptimal releasewindows in which contaminantsare adwectedef ciently away
from the coastandwe shaov thata VHF radarbasedpollution releaseschemausingthehidden o w

structurereduceghe effect of industrialpollutionin the coastalkernvironment.

INTRODUCTION

Thereleaseof pollutionin coastalareaqd1l, 2, 3] canleadto dramaticconsequences
for local ecosystemsf the pollution recirculatescloseto the coastratherthan being
transportedut to the openoceanandsafelyabsorbedWe demonstratéhat sensitvity
toinitial conditionsin coastalo ws cancreatedifferentpatternsof behaior for released
contaminantsDependingon their releaseposition and releasetime, identical parcels
of contaminantscan have completelydifferent effects on the environment. Using a
combinationof accuratecurrentmeasuremend] andrecentdevelopmentsn nonlinear
dynamicalsystemsheory[5, 6], we uncover previously unknovn o w structures$ that
governthemesoscaléransporiof pollutants Knowledgeof theseLagrangiarstructures
shouldlead to predictions[7] on a numberof phenomenarangingfrom the motion
of plankton populationsto the evolution of oil spills. In this paperwe demonstrate
how Lagrangianstructurescan be exploited to reducethe damagingeffects of coastal
pollution.

We describeuid particlemotionasa dynamicalsystemobeying:

X = Vv(x;t) : (2)

In constrastto earlier approachedo optimal pollution releasein simple ow mod-
els[8, 9, 10, 11, 12], we rely on real-time data obtaineddirectly from coastalradar
antennasTo determinghevelocity, theleft-handsideof Equation(1), we examinevery

1 By ow structurewe meanLagrangiarstructuresi.e. setsof distinguisheduid particlesmoving along
with the ow.
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FIGURE 1. Ontheleft, surfacecurrentimagesof the velocity patternobtainedby HF radaralongthe
coastof Florida,nearFort Lauderdaldrom SFOMC4-D CurrentExperimenion June26,1999:a) 01:20
GMT; b) 02:20GMT; c) 04:00GMT; d) 05:20GMT. Ontheright, two parcelsof contaminanteleasedt
exactly thesametime, but at slightly differentinitial locationson July 10,1999at09:45GMT. Thewhite
parcelleavesthe domainquickly anddissole in the openocean.The black parcelre-circulatemearthe
coastfor morethan36 hours.Animation:http://wwwtransport.calteb.edu/ orida.html

high-frequeng (VHF) radarmeasurementf nearsurface currentsalong the coastof
Florida[4]. Exceptfor measuremergrrors,the VHF datashovn on Fig. 1 is anexact
footprint of the actualvelocity asdescribedy Equation(1).

VHF RADAR DATA ALONG THE COAST OF FLORID A

The OSCRVHF model[13, 14] wasdeployedfor the SoutherrFlorida OceanMea-
surementCenter(SFOMC) 4-DimensionalCurrentExperimentfrom June25-August
25, 1999. Radio waves are backscatteredrom the moving oceansurface by surface
waves of one-halfof the incidentradarwavelength.This Bragg scatteringeffect [15]
resultsin two discretepeaksin the Dopplerspectrum.n the absenceof surfacecur-
rent,spectrapeaksaresymmetricandtheir frequenciesreoffsetfrom theorigin by an
amountproportionalto the surfacewave phasespeedandthe radarwavelength.lf there
is anunderlyingsurfacecurrent,Braggpeaksin the Dopplerspectrumaredisplacedoy
theradialcomponenbf currentalongtheradarslook direction.Usingtwo radarstations
sequentiallytransmittingradio wavesresolesthe two-dimensionalelocity vectorfor
placingthe datainto a geoplysicalcontext.

Thetwo transmit/recaie stationsoperatedat 50 MHz andsentelectromagnetisig-
nalsscatteredrom surfacegravity waveswith 3-mwavelengthsCoastabceancurrents
weremappedovera7 km  8.5km domainat 20 minuteintervalswith a resolutionof
250m. Theradarswerelocatedin JohnLloyd StatePark, DaniaBeach(Master)andan
oceanfronsitein Hollywood Beach(Slave) which equatedo a distanceof 7 km.



NUMERICAL EXPERIMENTS

Thetemporakcompleity of the currentsbecomegvidentfrom trackingdifferentevo-
lutions of a uid parcef releasedat the sametime, but at a slightly differentlocation.
We shaw the resultsof two suchnumericalexperimentson Fig 1. The completeani-
mationandotherscanbe downloadedrom http://www.transport.caltech.
edu/florida.html . We have performedhis analysisusingtwo parcelsof particles
launchedat 09:45GMT on July 10, 1999.Using available VHF velocity data,we ad-
vectedthe uid particlesusinga 4th order Runge-Kitta-Fehlbeg algorithm (RKF45)
combinedwith a 3rd ordertricubic interpolationin bothspaceandtime®.

Note that the black contaminantparcelremainsnearthe coast,whereasthe white
parcelexits thedomainquickly to the North andadwectsinto the openocean.Thelatter
scenariois highly desirable,becausdat minimizesthe impactof the contaminanton
coastalaters,by causingit to be safelydispersedn the openocean.This obsenation
inspiresus to understandand predict different evolution patternsof a uid parcel,
dependingon its initial location andtime of release.Such patternsare known to be
delineatedby repelling materiallines or nite-time stablemanifolds[16, 17, 18, 19,
20, 21]. Herewe shall usea recentlydevelopednonlineartechnique Direct Lyapunw
Exponent[6] (DLE) analysis,which identi es repellingor attractingmateriallinesin
velocity dataaslocal maximizingcurvesof materialstretching.

LAGRANGIAN COHERENT STRUCTURES

The DLE algorithmstartswith the computationof the o w map,the mapthattakes
aninitial uid particle positionx, at time t; to its later positionx(t;x,) attimet. To
performthis analysis,we launcheda grid of 200 200 particlesat time t,. Using a
3rd orderinterpolationof the VHF radardata,we adwectedthe particlesof the grid for
t t, = 25 hours,using a 4th order Runge-Kutta-Fehlbey algorithm. We usedthese
particletrajectoriesto approximatehe ow map.We modeledthe coastlineasa free-
slip boundaryanddisregardedparticlesthatcrossedhe openboundarie®f the domain
onthenortherngeasterrandsoutherredgesAll of thesenumericallgorithmshave been
compiledinto a software package MANGEN, thatis availablefrom the authorsupon
request.

Wethencomputethelargestsingularvalues,(x,;t,) of thespatialgradientof the o w
map [21]. More speci cally, we computethe largesteigermvalue of the Caucly-Green
straintensor
TX(t;xg) T TX(t:X)

%o %o

with thesuperscripf referringto thetransposef a matrix.

St(Xoito) = ; (@)

2 A uid parcelis asimpli ed modelfor ablob of contaminant.
3 TheresultinglocalinterpollatorprovidesaC? velocity eld in extendedphasespace.



b)

o
iy
o
&

S
o
o
=)

o
e
o
T

(<]
e
(]
[}
s
(]
©
- |
F =
£
«
-

-80.025

d)

o
o
o
@©

S
=
=
=]

[
=4
[+]
[
k=)
-
[]
©
2
=
=
«
-

]
=
=3
i

80,1 80,075 -80. 80,025
Longltude (degrees)

FIGURE 2. Level Setsof Direct Lyapune Exponentsalongthe coastof 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.Thesimulationclearlyshavs astablemanifold(i.e. repellingmaterialine) at-

tachedo thecoastnearFort LauderdaleSuperimposedneachgure panelaretherespectie positionsof

thetwo parcelsrom Fig. 1. Everyparticlenorthof themanifold o wsthroughthenorthernopenboundary
It is non-optimalto releasecontaminantselon the branchof themanifoldbecausé will remainbetween
the coastandthe manifoldfor along time. Animation:http://wwwtransport.calteh.edu/ orida.html



Repelling material lines are local maximizing curves or ridges of the scalar eld
St(Xpity)[6, 22]. Thesameprocedureerformedbackwardin time (i.e.,fort < t;) would
renderattractingmateriallinesatt, asridgesof s;(x,;t).

Composedf uid particlesthesecurvesremainhiddento naked-g/e obsenationsof
unsteadycurrentplots, yet they fully govern global mixing patternsin the uid. Such
Lagrangiarstructuresn measureeceandatahave previously beeninaccessiblelueto
lack of anef cient extractionmethod.

ANALYSIS OF THE DATA

Selectedframesof the contour level setsof the Lyapunw exponentsare shavn
in Fig. 2. During the two monthsof the experiment,the plot revealsa strong stable
Lagrangianstructureattachedto the coastnear Fort Lauderdale propagting to the
southeastThis structureactsasa Lagrangianbarrier betweernthe coastalrecirculating
zone (southwesif the materialline) and the Florida Current(northeastof the same
materialline). The materialline is a barrierin the sensethat particlescannotcrossit.
Superimposean Fig. 2 arethe two parcelsusedin Fig. 1. A quick analysisreveals
thatany particle northeasof the barrier (white parcel)is ushed out of the domainin
only a few hours.In contrast,parcelsstartingsouthwesif the barrier (black parcel)
typically re-circulateseveral times near the Florida coastbeforethey nally rejoin
the current. The animationcorrespondingo the panelsof Fig. 2 canbe dowvnloaded
athttp://transport.caltech.edu/forida.html . It isimportantto 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 preferto think of the
currentsasnot in uencing particle pathsdirectly, but ratherthatthe currentsin uence
the Lagrangianstructure,such as causingtransportbarriersand alleyways, and the
Lagrangiarstructuredirectly in uencesthe particlepaths.

MINIMIZA TION OF THE EFFECT OF POLLUTION

We remarkthatthelocationof the baseof the structurg(onthe coast)canbeusedasa
criteriato minimizetheeffect of coastapollution.We will referto theintersectiorof the
coastlineandthe Lagrangiarstructureasthebarrierpoint. Factoriesandsaving centers
alongthe coastshouldnot releasearythingif thebarrierpointis locatedNorth of them.
To illustratehow an ef cient pollution releasealgorithmcanbe setup, we imagineda
sourceof pollutionwith a x edpositionalongthe coast.Usingthe DLE plotsof Fig. 2,
we identify zonesof (light gray)favorablereleasé and(darkgray) dangerouselease.

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

4 whenthemanifoldis below the positionof thefactory
5 whenthemanifoldis above thefactory
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FIGURE 3. Total massof contaminanin the coastalareafor differentsourceof pollution. The solid
line is theresultof pollution ata constantate.Thelight anddarkgrayblockson the x-axisarethe zones
identi ed by the DLE algorithmasrespectiely goodreleasezonesand badreleasezones.The dashed
line anddottedline aretheresultof optimizedpollution releaseawith respectiely a = 0% anda = 30%.

the half-periodof thebarrierpointoscillation,duringwhich contaminantshouldnotbe
releasedThecontentf thetankarereleaseamncethe barrierpoint passesouthof the
sourceof pollution. On Fig. 3 is thetotal massof contaminantor thetwo releasanode.
Clearly, by gettinginformationfrom the DLE plots, the white factory(dasheccurve) is

ableto reduceby a factorof threethe local contaminatiorcausedoy the sameamount
of pollution.

Also shavnonFig. 3is a3rdexperimentin mary case¢hedamageo theervironment
is afunctionof themaximumconcentratiorof contaminantFromthis pointof view our
algorithm(releasingnothingduring “dark gray” zonesandas muchaspossibleduring
“light gray” zone)doesnot seemto be ef cient. The peakof maximumconcentration
for the white factoryhasonly decreasetty a smallamount.To setup a moreelaborate
algorithm,we de ne a new deggreeof freedoma, the percentagef incoming created
contaminanthatwill be releasedduring “dark gray” zones.From this point of view,
the black curve of Fig. 3 correspondso a = 30%, the dashedcurve to a = 0% and
the purple curve to a = 33%. Fig. 3 shavs that a signi cant reductionof the peak
of maximumconcentratiorcanbe obtainedusingan appropriatepartial releaseduring
zoneshataremarkeddangerou®y the DLE algorithm.
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CONCLUSION

We have shawvn the existenceof a setof repellingmateriallinesin radardataobtained
from the Fort Lauderdaleareaon the Florida coast.We have also shavn how these
materiallines can be usedto minimize the effect of coastalpollution by determining
optimal releasetimes. This approachcan be usedfor making predictionsaboutthe
trajectoriesof buoyant contaminantsor the trajectoriesof nearly Lagrangiantracers.
The data sourcecan be VHF radar dataor ary other currentdata source,such as
data-assimilatedceanmodelsthatapproximatehe nearsurfacevelocity eld to some
reasonabldevel of accurag. The other advantageof using oceanmodelsis that the
velocity providedis 3D+1, thuswe canexplore the Lagrangiarstructureghat develop
atvariousdepths Sincethesetypesof modelsarebecomingmorereadily availableand
con gured for variousareaswe are currentlyin the processof extendingMANGEN
to computeLyapunw exponentsfor 3D+1 velocity data. A real-time experimental
realizationof our pollution releasewill be mostimportant,andis plannedfor future
work.
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