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Introduction

Themostapparenteffect of a tropicalcycloneon theupperoceanis themarkedcoolingof seasurface

temperature(SST)thatis clearlyseenin AdvancedVery High ResolutionRadiometer(AVHRR) imagesof

SST. As a stormintensifies,theincreasingwind speedmayincreaseevaporationandsupplythestormwith

thenecessarysourceof heatfor further intensification.However, thesignificantSSTreductioninducedby

theincreasingwind speedleadsto reducedair-seafluxesthusdecreasingthestormintensity. In thecontext

of extra tropical transition,thescalesof upperoceanthermalandmomentumresponsedueto thepassage

of tropical cyclonesis reviewed andthe oceanresponseis simulatedusinga numericaloceanmodel for

symmetricandasymmetriccomponentsof thewind field of hurricaneGilbert (1988)in theGulf of Mexico.

Background

Relevant fields for coupledair-seainteractionsin theOceanicPlanetaryBoundaryLayer (OPBL) and

theupperoceanheatcontentareSSTs,MixedLayerDepths(MLDs), mixedlayerandthermoclinecurrents

anddensitystructureover scalesof atmosphericforcing. OPBL responsedueto the passageof a storm

dependson theforcedcurrentstructurein theupperoceanandcanbeclassifiedinto near-field andfar-field

response.In additionto SST(OPBL temperature)decrease,near-field responseincludesstormsurge due

to a combinationof wind drivencurrents,inversebarometriceffect, astronomicaltides,andsurfacewaves.

Cyclonicallyrotatinghurricanewindscausetheoceanicmixedlayercurrentsto divergefrom thestormtrack

startingwithin one-quarterof an inertial wave lengthbehindtheeye, wherethe inertial wave length(
�
) is

definedastheproductof thestormtranslationspeed( ��� ) andtheinertialperiod(IP= ����	��

� hr) at thatlatitude

( � ). SSTdecreasesin this directly forcedregimearedueto surfacefluxesof latentandsensibleheatto the

atmosphere( � 20%) andvertical mixing at the baseof theoceanicmixed layer ( � 80%) inducedby wind

stressandstrongvertical shears.Over thenext half inertial cycle (i.e. up to 0.75
�
), mixed layer currents

converge toward the stormtrack, causingan increasein the mixed layer depth. This alternatingcycle of

upwellinganddownwellingoccursoverdistancesof
�

or inertialperiodsandestablishahorizontalpressure

gradientthatexcitesbaroclinicnear-inertial motionsin thethermocline.

Black (1983)stratifiedextensive Airborne eXpendableBathythermograph(AXBT) survey during 18

hurricanesfound that the maximumupperoceancooling wasabout1 to 6� C with mixed layer deepening

of 20 to 50 � for fast,moderateandslow moving storms. Thesevaluesset the limits for observational,

analytical,diagnosticandnumericalstudiesof OPBL responsein the directly forced regime. However,

it shouldbe notedthat the definition of SST differs within variouscommunities. While satellitebased

estimatesof SSTrepresentthe skin temperatureof the ocean,ship and insitu measurementslie within 1
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Parameter Frederic Norbert Josephine Gloria Gilbert Opal
Radiusof maximumwinds,RMW ( ��� ) 30 34 52 46 60 25
Maximumwind stress,������� ( ����� � ) 3.3 4.4 3.4 3.4 4.2 23.9
Speedof thehurricane,��� ( � � � � ) 6.5 3.7 4.2 6.8 5.6 8.5
Firstmodephasespeed,! � ( � � � � ) 3.0 2.1 3.0 3.0 2.8 3.0
Froudenumber, ���#"$! � 2.1 1.4 1.4 2.3 2.0 2.8
InertialPeriod,IP (day) 1.0 1.6 1.0 1.0 1.25 1.14
CoriolisParameter, %'&)(+*
, ( �-� � ) 0.7 0.5 0.7 0.7 0.58 0.64
PrestormMixedlayerdepth,. ( � ) 30 40 55 45 35 NA

Table1: Air-SeaParametersandnondimensionalscalesin tropical cyclonesFrederic(79), Norbert (84),
Josephine(84),Gloria (85),Gilbert (88) andOpal(95). Prestormmixedlayerdepthis not known for Opal
asoceanmeasurementswerenotmade.

to 10 � depth. In contrast,climatologicalestimatesaresmoothedfrom severalobservationsandtherefore

representan averagetemperaturein that region. Due to high wind speedsin a hurricane,a 10 � layer in

theOPBL is mixedwith layersbelow beforethearrival of outerwindsof 17 ms� � (34kt) andthereforethe

oceanicmixed layer temperaturesaremoreappropriatein a coupledhurricane-oceansystemfor hurricane

intensity.

Upper Ocean Response Scales

Oceanresponsedue to the passageof hurricanesdependupon the speedof translationof the storm,

radiusof maximumwind (RMW), maximumwind stress,wind profileetc.Air-seaparametersfor hurricanes

Frederic(1979),Norbert(1984),Josephine(1984),Gloria(1985),Gilbert(1988)andOpal(1995)areshown

in Table1. Froudenumbersestimatedby the ratio of stormtranslationspeed( �/� ) andthefirst baroclinic

modephasespeed( ! � ) in theoceanindicatethatthesestormsaremoderateto fastmoversandthereforethe

oceanicresponseis expectedto be predominantlybaroclinicassociatedwith upwelling anddownwelling

of isopycnalsin spreading3-dimensionalwakes.SmallerRadii of MaximumWind for hurricanesFrederic,

NorbertandOpalsuggestawell definedeyewith clearwind maxima,whereasJosephine,GloriaandGilbert

hadavery broadwind field. In particular, Gilbert wind field containedasecondarywind maximadueto an

outereyewall locatedaround90 ��� from thecenter. Theseparameterssetthetemporalandspatialscalesof

oceanresponseandtheexpectedmagnitudesof theresponsecouldbeestimated.For anon-recurvingstorm

it is convenientto useacoordinatesystemcenteredin theeyewith InertialPeriodsandRMW asalong-track

andcross-trackcoordinates,respectively.

Hurricane Gilbert

HurricaneGilbertwasoneof thestrongeststormsin theAtlantic basinin recenthistory. Over thewarm

watersof WesternCaribbeansea,thestormexplosively strengthenedto category 5 with a minimumcentral

pressureof a record888 mb andflight-level winds exceeding80 � �-� � at a radiusof about15 ��� from
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thecenterprior to crossingtheMexican islandsof CancunandCozumel.Thestormtranslatedat a speed

of 7 � �0� � andwinds greaterthan32 � �0� � extendedbeyond 100 ��� from the eye. After crossingthe

Yucatanpeninsula,the translationspeeddecreasedto 5.6 � � � � andGilbert wasweakenedas it entered

Gulf of Mexico. The aircraft acquiredwind andthermodynamicmeasurementsat flight-level of 850 mb

thatindicateda maximum10-minsustainedwindsof about53 � �0� � . Theseflight-level windsarereduced

to 10 � standardheightusingtheboundarylayermodelof Powell (1980). Reducedflight-level windsare

combinedwith the EuropeanCenterfor Medium-rangeWeatherForecasting(ECMWF) model-generated

10 � wind field andbuoy measurements,andobjectively analyzedby a methodin which cubic B-splines

minimizethedeviationsbetweentheinput observationsandanalysisoutput(Powell andHouston1996)to

obtainboundarylayerwindsover theGulf of Mexico. Theanalyzedwind field is broadwith wind speeds

up to 30 � �0� � extendingout to 160 ��� from theeye, andthemaximumsustained10-minwind is about

42 � � � � . Windsat thesecondary12�3�4� exceededtheprimarywind maximumandthis secondaryeyewall

convectionis alsoapparentin theairborneradardataaswell asSpecialSensorMicrowave/Imager(SSM/I)

data.

As part of an Office of Naval Research(ONR)- NOAA upperoceanresponseexperiment,76 AXCPs

(AirborneeXpendableCurrentProfilers)and51 AXBTs weresuccessfullydeployed in thewesternGulf of

Mexico, from NOAA WP-3D aircraft to investigatethe evolving three-dimensionaloceanresponse(Shay

et al. 1992).This experimentimproveduponthepreviousobservationsby acquiringdataprior, duringand

subsequentto thepassageof hurricaneGilbert in theGulf of Mexico from 14to 19Sept1988.Detailsof this

experimentarefound in Shayet al. (1992). Thesemeasurementsrevealedthepresenceof ananticyclonic

warmcoreeddyandassociatedgeostrophicvelocitiesof up to 1 � � � � about200to 250km to theright of

thestormtrack(Shayet al. 1998).Shayet al. (1992)usedtheobjectiveanalysis(OA) techniqueof Mariano

andBrown (1992)to derive thepre-storm,storm,wake 1 andwake 2 SSTandMLD (MixedLayerDepth)

fieldsfrom datadistribution. TheSSTsherearedefinedasthetemperatureof thewell mixedlayerandthe

depthof the layer is thedepthat which temperaturedecreasesby morethan0.2� C. On 14 Sept1988,the

prestormSSTwasfairly uniform with significantcooling in thewake of thestorm.On 16 Sept,duringthe

passageof the storm,SSTstarteddecreasingaheadof the stormwith a maximumdecreaseof 3.5 to 4� C
on the right rearquadrant.On 17 Sept,oneday after stormpassage,a pool of waterwith a temperature

decreaseof 4� C waslocatedabout1 to 2 RMW to the right of the storm. On 19 Sept,this coolerwater

is displacedfrom its positionon the 16th. The mixed layer depths(MLD) betweenprior to, during, one

andthreedaysfollowing thestormpassageindicatea mixedlayerdeepeningof 30 to 35 � with a relative

maximumat about1 to 3 RMW to theright of thestormtrack. AXCP observed storminducedvelocities

wereof the orderof 1.2 � �-� � in the mixed layer andthe anticyclonically rotatingvelocitiesin the eddy

wereabout1 � � � � . Nearthestormtrack therewassignificantvertical shearat themixed layerbasethat

continuedto cool theSSTevenadayafterthepassageof thestorm.To isolatethestorm-inducedresponse,

this backgroundvariability associatedwith the eddyhadto be removed from the measuredcurrents.The

mixedlayerheatbudgetis alsomodulatedby thepre-existing currentstructure(Jacobet al. 1999).
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Upper Ocean Response to Wind Asymmetries

TheMiami Isopycnic CoordinateOceanModel (MICOM) is usedto investigatetheoceanresponsedue

to the symmetricand total wind field. In this model, the oceanis representedasa stackof layers,each

with constantdensityandgovernedby equationsresemblingshallow-waterequations.Layeredmodelssuch

asthis, reducethe vertical truncationerror, by concentratingcoordinatesurfacesin regionscharacterized

by large vertical andhorizontalgradientscomparedto conventionalcartesiancoordinatemodels.Specific

advantagesof usingMICOM in this studyare:anexplicit mixedlayerphysics,andrealisticeddyshedding

eventsfrom thewesternboundarycurrentin theNorth Atlantic andGulf of Mexico. Themodelhasa reso-

lution of 0.07� in thedomainthatextendsfrom 80to 98� W andfrom 14to 31� N andinvokesKraus-Turner

(1967)entrainmentformulation(Bleck et al. 1989). The model is setup with quiescent,climatological

andrealisticinitial conditionsandtheresponsedueto changesin forcing structureis investigatedusingthe

analyzedandparametricmodelwinds.

Theanalyzedwind field is decomposedinto symmetricandasymmetriccomponents.Theaveragetrans-

lation speedof thestormis 5.6 � �0� � in theGulf with a maximumsymmetricwind componentof 30 to 32

� � � � . Maximum wind speedsdueto higherorderasymmetriesrangefrom 5 to 8 � � � � in the domain.

With theoceanmodelinitial conditionsbeingthesame,symmetric(by symmetricherewe meanthevector

sumof stormcenteredsymmetriccomponentandthetranslationspeed)andtotalwindsareusedto forcethe

modelandtheresultsarecomparedwith observations.While thethermalresponsefor therealisticoceanic

initial conditioncompareswell with theAXCP datafor bothtotalandsymmetricwind fields,theareaaver-

agedsurfacefluxesin thedirectly forcedregion increaseby about20 to 30 % for thetotal wind forcing. A

similar increasein fluxesarealsoseenby usingrealisticinitialization of theoceanmodelwith theeddyin

thedomainwith amarkeddecreaseof 0.8to 1.1 � C in thermsdifferencesbetweensimulatedandobserved

temperatures.

Summary

Numericalsimulationof theGilbert caseindicatestheneedto representhigherorderwind asymmetries

for moreaccurateflux estimates.This is particularlyrelevant for transitioningtropicalcycloneswherethe

asymmetrieswill be morepronouncedwith expandingRMW. Realisticinitialization of the oceanmodel

significantlyimprovesthemodel-datacomparisons.TheTOPEX-POSEIDONsatellitealtimetermeasures

theSeasurfaceHeightAnomalies(SHA) with respectto ameangeoidandprovidesvaluableinformationon

theoceanicmesoscaleactivity thatsignificantlymodulatestheclimatologicalinitial conditions(Shayet al.

1999).SHA derivedfrom TOPEXdatain conjunctionwith theAVHRR SSTimagesarenow usedto moni-

tor theupperoceanheatcontentin realtime in theGulf of Mexico andalongtheeasternseaboardthatcould

beextendedto otherareas.Dueto hostileenvironmentalconditionsin a tropicalcyclone(strongwindsand

high seas)aircraft is the only viable platform for makingsimultaneousmeasurementsin the atmospheric

and oceanicplanetaryboundarylayersbecauseof the strongwinds and waves. To quantify the APBL/
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OPBL fluxes,an integratedexperimentalapproachis beingdevelopedwith a suiteof oceanographicand

atmosphericcomponentsthatincludesexpendablesthatmeasuretheupperoceandensityandvelocitystruc-

tures(AXCPs,AXBTs andAXCTDs), radomegustprobefor quantifyingheat,momentumandmoisture

fluxes,AirborneInfraRedThermometerfor SSTs,SFMR/C-SCAT for surfacestressfields,SurfaceContour

Radarfor directionalwavespectra,GPSsondesfor APBL profilesandFloatsfor currents.Thesatellitedata

providesa largescalecontext for thesein situ observations.As modelsarebeingdevelopedat a rapidrate,

morehighqualityobservationsareneededto evaluateandvalidatethemandabalancedapproachis required

to understandthis interactionproblem.
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