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I ntroduction

The mostappareneffect of atropical cycloneon the upperoceanis the marked cooling of seasurface
temperaturdSST)thatis clearlyseenin AdvancedVery High ResolutionRadiometelAVHRR) imagesof
SST As astormintensifiestheincreasingvind speedmnayincreasesvaporationandsupplythe stormwith
the necessargourceof heatfor furtherintensification.However, the significantSSTreductioninducedby
theincreasingvind speedeadsto reducedair-seafluxesthusdecreasinghe stormintensity In the context
of extra tropicaltransition,the scalesof upperoceanthermaland momentunresponselueto the passage
of tropical cyclonesis reviewed andthe oceanresponsas simulatedusing a numericaloceanmodelfor
symmetricandasymmetriccomponent®f thewind field of hurricaneGilbert (1988)in the Gulf of Mexico.

Background

Relevantfields for coupledair-seainteractionsin the OceanicPlanetaryBoundaryLayer (OPBL) and
theupperoceaneatcontentareSSTs MixedLayer Depths(MLDs), mixedlayerandthermoclinecurrents
and density structureover scalesof atmospheridorcing. OPBL responsealueto the passagef a storm
depend®ntheforcedcurrentstructurein the upperoceanandcanbe classifiednto nearfield andfar-field
responseln additionto SST (OPBL temperatureflecreasenearfield responsencludesstormsuige due
to a combinationof wind driven currentsjnversebarometriceffect, astronomicatides,and surfacewaves.
Cyclonicallyrotatinghurricanewindscausdheoceaniamixedlayercurrentgo divergefrom thestormtrack
startingwithin one-quarteof aninertial wave lengthbehindthe eye, wheretheinertial wave length (1) is
definedastheproductof thestormtranslatiorspeed U} ) andtheinertial period(Istifq5 hr) atthatlatitude
(¢). SSTdecreasem this directly forcedregime aredueto surfacefluxesof latentandsensibleheatto the
atmospherg~20%) andvertical mixing at the baseof the oceanicmixed layer (~80%) inducedby wind
stressandstrongvertical shears.Over the next half inertial cycle (i.e. up to 0.75\), mixed layer currents
corverge toward the stormtrack, causingan increasen the mixed layer depth. This alternatingcycle of
upwellinganddowvnwelling occursover distance®f A or inertial periodsandestablisha horizontalpressure
gradientthatexcitesbaroclinicnearinertial motionsin thethermocline.

Black (1983) stratified extensve Airborne eXpendableBathythermograpl{AXBT) survey during 18
hurricanesound that the maximumupperoceancooling wasaboutl to 6°C with mixed layer deepening

of 20 to 50 m for fast, moderateand slov moving storms. Thesevaluessetthe limits for obserational,
analytical, diagnosticand numericalstudiesof OPBL responsen the directly forced regime. However,
it shouldbe notedthat the definition of SST differs within variouscommunities. While satellite based
estimatesof SST representhe skin temperatureof the ocean,ship andinsitu measurementie within 1



Parameter Frederic| Norbert| Josephing Gloria | Gilbert | Opal
Radiusof maximumwinds,RMW (km) 30 34 52 46 60 25
Maximumwind stressy,,q, (Nm=2) 3.3 4.4 3.4 3.4 4.2 23.9
Speedf thehurricanelJ;, (ms™!) 6.5 3.7 4.2 6.8 5.6 8.5
Firstmodephasespeed¢; (ms—!) 3.0 2.1 3.0 3.0 2.8 3.0
Froudenumbey Uy, /¢ 2.1 14 14 2.3 2.0 2.8
Inertial Period,IP (day) 1.0 1.6 1.0 1.0 125 | 1.14
Coriolis Parameterf x10* (s~ 1) 0.7 0.5 0.7 0.7 0.58 | 0.64
PrestormMix edlayerdepth,h (m) 30 40 55 45 35 NA

Table 1: Air-SeaParametersand nondimensionascalesin tropical cyclonesFrederic(79), Norbert(84),
Josephind84), Gloria (85), Gilbert (88) andOpal (95). Prestormmixed layer depthis not known for Opal
asoceanmeasurementserenot made.

to 10 m depth.In contrastclimatologicalestimatesaresmoothedrom several obserationsandtherefore
representin averagetemperaturen thatregion. Dueto high wind speedsn a hurricane,a 10 m layerin

the OPBL is mixedwith layersbelon beforethearrival of outerwindsof 17 ms—! (34 kt) andthereforethe
oceanicmixed layertemperaturesre moreappropriatein a coupledhurricane-oceasystemfor hurricane
intensity

Upper Ocean Response Scales

Oceanresponsealue to the passagef hurricanesdependuponthe speedof translationof the storm,
radiusof maximumwind (RMW), maximumwind stresswind profile etc. Air-seaparameterfor hurricanes
Frederic(1979),Norbert(1984),Josephin€1984),Gloria (1985),Gilbert (1988)andOpal (1995)areshavn
in Tablel. Froudenumbersestimatedy the ratio of stormtranslationspeedU},) andthe first baroclinic
modephasespeedc,) in the oceanindicatethatthesestormsaremoderatdo fastmoversandthereforethe
oceanicresponséas expectedto be predominantlybaroclinic associatedvith upwelling and dowvnwelling
of isopycnalsin spreading-dimensionalvakes. SmallerRadii of MaximumWind for hurricaned-rederic,
NorbertandOpalsuggestwell definedeye with clearwind maxima,whereaslosephineGloriaandGilbert
hada very broadwind field. In particular Gilbertwind field containeda secondaryvind maximadueto an
outereyewall locatedaround90 km from the center Theseparametersetthetemporalandspatialscalesof
ocearrespons@ndthe expectedmagnitude®f theresponseould be estimated For anon-recurvingstorm
it is corvenientto usea coordinatesystemcenteredn theeye with Inertial PeriodsandRMW asalong-track
andcross-traclcoordinatestespectiely.

Hurricane Gilbert

HurricaneGilbertwasoneof the strongesstormsin the Atlantic basinin recenthistory Overthewarm
watersof WesternCaribbearsea the stormexplosively strengthenetb category 5 with aminimumcentral
pressureof a record888 mb andflight-level winds exceeding80 ms~! at a radiusof about15 km from



the centerprior to crossingthe Mexicanislandsof Cancunand Cozumel. The stormtranslatecat a speed
of 7 ms~! andwinds greaterthan32 ms~' extendedbeyond 100 km from the eye. After crossingthe
Yucatanpeninsulathe translationspeeddecreasedo 5.6 ms~! and Gilbert was wealenedasit entered
Gulf of Mexico. The aircraft acquiredwind and thermodynamianeasurementat flight-level of 850 mb
thatindicateda maximum210-min sustainedvinds of about53 ms~!. Theseflight-level windsarereduced
to 10 m standarcheightusingthe boundarylayer modelof Powell (1980). Reducedlight-level winds are
combinedwith the EuropeanCenterfor Medium-rangeéWeatherForecasting ECMWF) model-generated
10 m wind field andbuoy measurementgndobjectively analyzedoy a methodin which cubic B-splines
minimize the deviationsbetweenthe input obsenationsandanalysisoutput(Pavell andHouston1996)to
obtainboundarylayerwinds over the Gulf of Mexico. The analyzedwind field is broadwith wind speeds
up to 30 ms~! extendingout to 160 km from the eye, andthe maximumsustainedLO-minwind is about
42 ms~!. Windsat the secondanR,,., exceededhe primarywind maximumandthis secondaryeyewall
convectionis alsoapparentn theairborneradardataaswell asSpecialSensoMicrowave/Imager(SSM/I)
data.

As part of an Office of Naval ResearcfONR)- NOAA upperoceanresponsexperiment,76 AXCPs
(Airborne eXpendableCurrentProfilers)and51 AXBTs weresuccessfullydeplo/edin thewesternGulf of
Mexico, from NOAA WP-3D aircraftto investigatethe evolving three-dimensionabceanresponséShay
et al. 1992). This experimentimproved uponthe previous obserationsby acquiringdataprior, duringand
subsequertb thepassagef hurricaneGilbertin the Gulf of Mexico from 14to 19 Sept1988. Detailsof this
experimentarefoundin Shayet al. (1992). Thesemeasurement®evealedthe presencef anantig/clonic
warm coreeddyandassociategieostrophioselocitiesof upto 1 ms—! about200to 250 km to the right of
thestormtrack(Shayet al. 1998).Shayet al. (1992)usedthe objective analysiqOA) techniqueof Mariano
andBrown (1992)to derive the pre-storm storm,wake 1 andwake 2 SSTandMLD (Mixed LayerDepth)
fieldsfrom datadistribution. The SSTsherearedefinedasthe temperaturef the well mixedlayerandthe
depthof the layeris the depthat which temperaturelecreaseby morethan0.2> C. On 14 Sept1988,the
prestormSSTwasfairly uniform with significantcoolingin the wake of the storm. On 16 Sept,duringthe
passag®f the storm, SST starteddecreasingaheadof the stormwith a maximumdecreas®f 3.5t0 4°C
on the right rearquadrant.On 17 Sept,oneday after stormpassagea pool of waterwith a temperature
decreas®f 4° C waslocatedaboutl 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 the stormpassagéndicatea mixed layer deepeningf 30 to 35 m with arelative
maximumat aboutl to 3 RMW to theright of the stormtrack. AXCP obsered storminducedvelocities
were of the orderof 1.2 ms™! in the mixed layer andthe antigyclonically rotating velocitiesin the eddy
wereaboutl ms~!. Nearthe stormtrack therewassignificantvertical shearat the mixed layer basethat
continuedto coolthe SSTevenaday afterthe passagef the storm. To isolatethe storm-inducedesponse,
this backgroundvariability associatedavith the eddyhadto be removed from the measuredturrents. The
mixed layerheatbudgetis alsomodulatedoy the pre-&isting currentstructure(Jacobet al. 1999).



Upper Ocean Response to Wind Asymmetries

TheMiami Isopycnic CoordinateOceanModel (MICOM) is usedto investigatehe ocearresponselue
to the symmetricand total wind field. In this model, the oceanis representeds a stackof layers,each
with constantlensityandgovernedby equationsesemblingshallav-waterequationsLayeredmodelssuch
asthis, reducethe vertical truncationerror, by concentratingcoordinatesurfacesin regions characterized
by large vertical and horizontalgradientscomparedo corventionalcartesiarcoordinatemodels. Specific
advantage®f usingMICOM in this studyare: anexplicit mixedlayerphysics,andrealisticeddyshedding
eventsfrom thewesternboundarycurrentin the North Atlantic andGulf of Mexico. The modelhasareso-
lution of 0.07 in thedomainthatextendsfrom 80to 98° W andfrom 14to 31° N andinvokesKraus-Turner
(1967) entrainmenfformulation (Bleck et al. 1989). The modelis setup with quiescentclimatological
andrealisticinitial conditionsandtheresponselueto changesn forcing structureis investigatedisingthe
analyzedandparametrianodelwinds.

Theanalyzedwvind field is decomposethto symmetricandasymmetricomponentsTheaveragerans-
lation speeddf the stormis 5.6 ms~! in the Gulf with a maximumsymmetricwind componenbf 30to 32
ms~. Maximumwind speedsiueto higherorderasymmetriesangefrom 5 to 8 ms~! in the domain.
With the oceanmodelinitial conditionsbeingthe same symmetric(by symmetricherewe meanthevector
sumof stormcenteredsymmetriccomponenandthetranslationspeediandtotal windsareusedto forcethe
modelandtheresultsarecomparedvith obserations. While the thermalresponsédor therealisticoceanic
initial conditioncomparesvell with the AXCP datafor bothtotal andsymmetricwind fields,the areaaver
agedsurfacefluxesin thedirectly forcedregion increaseby about20 to 30 % for thetotal wind forcing. A
similar increasen fluxesarealsoseenby usingrealisticinitialization of the oceanmodelwith the eddyin
thedomainwith amarkeddecreas®ef 0.8to 1.1° C in thermsdifferencedbetweersimulatedandobsered
temperatures.

Summary

Numericalsimulationof the Gilbert caseindicatesthe needto represenhigherorderwind asymmetries
for moreaccuratdlux estimates.This is particularlyrelevantfor transitioningtropical cycloneswherethe
asymmetrieswill be more pronouncedvith expandingRMW. Realisticinitialization of the oceanmodel
significantlyimprovesthe model-datacomparisonsThe TOPEX-POSEIDONsatellitealtimetermeasures
the SeasurfaceHeightAnomalies(SHA) with respecto ameangeoidandprovidesvaluableinformationon
the oceanicmesoscal@ctvity thatsignificantlymodulateghe climatologicalinitial conditions(Shayet al.
1999).SHA dervedfrom TOPEXdatain conjunctionwith the AVHRR SSTimagesarenow usedto moni-
tor theupperocearheatcontentin realtime in the Gulf of Mexico andalongthe easterrseaboardhatcould
be extendedo otherareas Dueto hostileervironmentalconditionsin a tropical cyclone(strongwindsand
high seas)aircraftis the only viable platform for making simultaneousneasurements the atmospheric
and oceanicplanetaryboundarylayers becauseof the strongwinds and waves. To quantify the APBL/



OPBL fluxes, an integratedexperimentalapproachs being developedwith a suite of oceanographiand
atmosphericomponentshatincludesexpendableshatmeasurehe upperoceandensityandvelocity struc-
tures(AXCPs, AXBTs and AXCTDs), radomegustprobefor quantifying heat,momentumand moisture
fluxes,AirbornelnfraRedThermometefor SSTs,SFMR/C-SCA for surfacestresdields, SurfaceContour
Radarfor directionalwave spectraGPSsondedor APBL profilesandFloatsfor currents.The satellitedata
providesa large scalecontet for thesein situ obsenations. As modelsarebeingdevelopedat arapidrate,
morehigh quality obserationsareneededo evaluateandvalidatethemanda balancedpproachs required
to understandhis interactionproblem.
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