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Abstract. During the APE-THESEOmissionin the In-
dianOceartheMyasishche DesignBureaustratospherice-
searchaircraftM55 Geoplysicaperformeda flight over and
within theinnercoreregion of tropicalcycloneDavina. Mea-
surement®f total water watervapour temperatureaerosol
backscatteringpzone and tracerswere madeand are dis-
cussederein comparisorwith the averagef thosequanti-
tiesacquiredduringthe campagn time frame.

Temperatureanomaliesin the tropical tropopausdayer
(TTL), warmerthan averagein the lower part and colder
thanaveragein the upperTTL wereobsened. Ozonewas
strongly reducedcomparedto its averagevalue, and thick
cirrus deckswere presentup to the cold point, sometimes
toppedby a layer of very dry air. Evidencefor meridional
transporbf tracegasedn the stratospherakbove thecyclone
was obseved and perturted water distribution in the TTL
was documented.The paperdiscusspossible processe®f
detydrationinducedby thecirrusforming above thecyclone,
andchangein the chemicaltracerand waterdistribution in
the lower stratospheré00—-43K dueto meridonal trans-
port from the mid-latitudesandlink with Davina. Moreover
it compareghe dataprior and after the cyclone passageo
discussits actua impacton the atmosphericchemistryand
thermodynamics.
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1 Intr oduction

The amountof watervapourand tracegasespresentin the
uppermospartof thetropicaltropospherés animportantpa-
rameterto quantifybecauset is mainly from thatregion that
air enterghe stratspherewherewatervapourplaysa major
role in regulatingchemistryand temperaturegHolton etal.,
1995). For instancewatervapourin the stratospherés in-
volvedbothin the productionof theimportant OH hydroxyl
radicalsandin the formation of polar stratsphericclouds
which subsequenthhelp to destry ozone(Kirk-Davidoff,
1999). Understandinghe balanceof processeshat govern
the exchangeof air acrossthe tropical tropopausés thusa
major priority for stratospherieneteorologyand Earth sys-
tem science. It haslong beenrecognizedhatasair passes
the tropical tropopauseit detydratesto a value approxi-
matelyequalto thevalueof the saturatiorvapourmixing ra-
tio dictatedby thecoldtemperaturef thetropicaltropopause
(Brewer, 1949). However, the processethat decideexactly
how muchwatervaporstays in the air, andhow muchis re-
movedby condensatioandsedimentatioprocessesrestill
underdebate Severalprocessesn differenttime scalesnay
affect the exchangeof air betweenthe stratospherandthe
tropospherén thetropics.In paticular, the balancebetween
theslow tropicalupwelling drivenby the Brewer-Dobsoncir-
culation and the rapid upwelling in deepcorvectionis not
well known (Dessler 2002; Danielsen,1982). Although
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in the uppertropical tropospheredetydration and vertical
movementinto the stratospher@eednot be linked, at least
on smalltimescalesandhorizontaladwectionseemso play
the major role in the detydration (Fueglistaler et al., 2004;
Holton and Gettelman,2001), evaluatingthe impact of or-
ganizedcorvectionon the tropical uppertropospheres still
crucial.

In recentyears thestudyof theuppertropicaltroposphere
developedthe conceptof a tropical tropopausdayer (TTL)
(Atticks andRobinson1983;HighwoodandHoskins,1998),
asa borderregion betweerthe corvective-radiative equilib-
rium of the troposphereandthe radative equilibrium of the
stratosphere.In this transitionzone both stratospheriand
troposphericproeessesinteract. In the troposgere belov
approximately14 the radiative cooling is balanced by la-
tentheatreleaseby corvection,while abore approximately
16km the radiatve heathg balanceghe stratosphere-dren
upwelling. Cumulustopsarerarely obsered abore 14km,
andthis implies anabruptreductionof corvective massflux
above thatlevel. The ozoneconcentratiorstartsto increase
therewell belov the cold point tropopausgFolkins et al.,
1999;Fujiwaraetal.,2000;Mackenzieetal., 2006; Vaughan
etal., 2008)andthe lapseratestartsto move away from the
moist adiabaticbelov 14km (Folkins andBraun,2001). In
the lower part of the TTL a mixing barrier exists (Folkins
etal., 1999; Folkins et al., 2000) so that the residencdime
of air in the TTL is greaterthanin ary otherlevel of the
troposphere.n fact, following Gettelmanet al. (2002),the
probabilitythata corvective cloud penetrateshe TTL above
14km is about1%, this estimateonly slightly increasedyy
AlcalaandDesslen(2002)using satellitedata.

Part of the deepcorvectionin the tropics occursin the
organizedstructureof cyclones. In fact, the cumuluscon-
vectionassociatedvith the centralpartof atropical cyclone
is probablythe mostorganizedform of corvection present
in the tropics and its effect on the uppertroposphereand
lower stratospherenayreflectthis collective behaviour. This
self organizationis responsibldor the extremetemperature
reachedn thecore(warmanomaies)andin thelower strato-
sphereoverlayingthe eye of thestorm(cold anomalies The
coldestcloud top tempeaturesever recordedwere associ-
ateddirectly or indirectly to cyclone corvection (Ebertand
Holland, 1991). Furthermoreduring the developingstageof
atropical cyclone deepovershootingaroundthe eye wall is
very likely to occur Thelifetime andsize of cyclonesalso
impliesthattheirimpactonthe TTL couldbe significanton
theregionalscale.

The present paperaddessesthe effects of tropicd cy-
cloneson the uppertropical troposphereand lower strato-
sphere. We presentand discussobsenationstaken in the
TTL and lower stratospheran and above a tropical cy-
clone,by theinstrumentedesearctaircraft Geoplysicadur-
ing thetropicalcampaigrof the Airborne Platformfor Earth
obsenations — THird EuropeanStratosphericExperiment
on Ozone(APE-THESEO)project,in 1999. In particular

we look for evidenceof (i) downward transportof strato-
sphericair, (i) upward transportof marinebourdary layer
air, and (iii) cloud-inducedchangedo the water contentof
air throughouthe TTL.

The purposeof APE-THESEOwas to study the micro-
physicalprocessem tropicalcirrusandthetransporof trac-
ersbothacrosghetropopausendin thelower stratosphere.
The field campaignwas carried out from the International
Airport of Mahe, Se/chelles(4°42 S, 55°30 E) from 15
Februaryto 15 March 1999, ard two researclaircraft were
deployed: theDLR Falcon20andthe M-55 Geoplysica. The
DLR Falcon, equippedwith the OLEX LIDAR, actedasa
pathfinderfor the stratospheri@irplane while the Geoplys-
icaacquiredn-situdataonwatersubstancandtracegasest
higherlevels. A review of theadivities duringthe campaign
canbefoundin Stefnuttiet al. (2004).

The campaigncomprisedseven local flights from Mahe,
coveringtheregion of the South-westerindian Ocean.One
of the sevenlocal flights — on 9 March 1999- wasdevoted
to samplethe TTL above thetropicalcycloneDavina, off the
coastof La Reunionislandin the southernndianOcean.

Thepresentwork is organizedasfollows: Sect.2 presents
areview of whatis known abouttheinfluenceof cycloneson
the uppertroposphereandlower stratospheréUTLS). Sec-
tion 3 describeghe instrumentsdataandmethodsthat will
beusedin subsequeranalysis.Section4 presentshe mete-
orologicalsituationat the time of the flight, andthe daa ac-
quiredduringthe M55 flight overthe cyclone,in comparison
with theaveragescquiredn thetimeframeof thecampaign.
In Sect.5 theobsenationswill bediscussedSection6 draws
conclusiongrom our study

2 Cyclonesin the UTLS

A generalandysis of cyclone organization,behaiour and
climatologyis beyondthescopeof thiswork, andwe address
the interestedreaderto the review of Emanuel(2003) and
referencesherein.Hereour atentionis focussedn whatis
known onthestructureandeffectsof cyclonesonthe UTLS.

Thegenerakcharacteristicef the UTLS abovethecyclone
arethefollowing (Koteswaram,1967):thelow pressureore
extendsthroughouthetropospherandinto thestratosphere,
althoughthe horizontal pressuregradientrapidly decreases
with height. Winds which are cyclonic throughoutmostof
the volume occupiedby the cyclone, reversetheir senseof
rotation nearthe top of the storm, often losing their axial
symmetryandbecomingconceantratedin some‘outflow jets”
that curve antigyclonically from the stormcore. The upper
level outflows ultimatelyleadto theformationof anextended
cirrus deck cappingthe cyclone, with more elevatedclouds
closeto the eyewall, higherat the front of the cycloneand
lower at therear(KovacsandMcCormick,2003),andcloud
topsdecreasingadially outwardin asortof umbrella-shaped
shield.



Often, but not always, the lower level warm core gives
way to a cold core abore 15km, so that highestand low-
est temperatureanomaliesoccur at 8—12km and nearthe
tropopausetespectiely. Ringsof warmandcold air extend
radially from the tropopausebove the cyclonecore,which
is colderthanaverageand generallybulgedupward. While
in theuppertropospher¢heisentropesrecurveddownward
toward the cente of the cyclone, in the lower stratosphere
isentropegadially undulatefrom it andare curved upward
from the centreof the cyclone. In the tropopauseegion
above the core, therefore,the vertical gradientof potential
temperaturas reduced. The cold temperatureanomalyex-
tendsabove thetropopauséut weakensquickly with height,
relaxingin 1-2km to theaveragetemperaturgrofile (Waco,
1970).

A goodindicatorof air-massredistribution andexchanges
in andover cyclonesarethe perturbationsn the ozonefield.
Measurementsf upperlevel ozonein cyclonesstartedn the
sixtieswith thereconnaissandé ghtsof thestratophericair-
craft U2. Penn(1965) shaved increasedvaluesof ozone
in the uppertroposphere from the cloud tops situatedat
200hPa up to the tropopausdevel, on the weak Ginny cy-
clone. The sameauthor (Penn,1966) shaved no signifi-
cantvariationin ozonemixing ratioin thelower stratosphere
down to thetropopausdevel abore thelsbell cyclonecore.

In 1991the DC-8 sampledthe TyphoonMireille from the
boundarylayerto theuppertroposphereipto 12km (Newell
etal.,1996);theboundarylayereyeregion shovedincreased
levels of ozonebut at higherlevelstherewas no evidence—
from ozonelidar crosssections— of increasd ozonefrom
downwardentrainmenof stratospheriair into theeye upper
region; thisindeedshavedlow troposphericzalues.

Theabsencef significantstratosphéc mixing above the
cyclones eye wasalsoreportedby Carsg andWilloughby
(2005)whoreportedow concentrationsf ozonein the eyes
of hurricanesGeogesand Floyd. There,significantvaria-
tions of troposphericozonemixing ratio between 2km and
6km, betweenthe intensifying and wealening regimes of
the storms,werereported.During intensification,ozoneval-
uesindicatedonly a small des@nt of air from above flight
level, topping at 6km, or a dilution with low-ozoneeye-
wall air. During wealening,o0zoneconcentrationsverelow
throughouthe eye andeyewall, consistenwvith the eyesbe-
ing filled with boundarylayer air. Regions of warm, dry,
ozone-richair that were attributed to mesoscalelowndratft,
werealsodetectd, but detachedrom the eye region. This
finding of possiblestratospheridnjection in proximity of
cyclonessubstantiateckarlier work of Baray et al. (1999)
that suggestednesoscaldransportof airrmassedy strong
ageostrophimmovementsaroundthecyclonecorvective area.
This suggestiorhasbeensupporte by mesoscalenodeliza-
tions (Leclair De Bellevue et al., 2007) while anotherstudy
shavedthatthiskind of evert is notexceptionaln thelndian
Oceanbasin(Leclair De Bellevueetal., 2006).

Ozonedistributions in cycloneshave also beenstudied
with the aid of satellites. A study of Zou and Wu (2005)
shaws that variationsof columnozonelevels are linked to
the stagesof formation, intensificationand movementof a
hurricane.They analyzedozonelevelsin 12 huricanesand
foundthatthe areaof a hurricanehas typically low levels of
ozonefrom thesurfaceto its top. Whenthe stormintensifies,
the ozore levels throughoutthe storm decrease.Moreover
they discoveredthatozoneevels—althoughiowerthanin the
unperturbedroposphere- are elevatedin the eye region of
tropicalcyclonegelativeto theareaoutsidetheeye, probably
dueto intrusionsof stratospheriair. Thislatter effect, which
contrastswith mary aircrdt measurementdiasbeenques-
tionedby Joineretal. (2006)who pointedto anincorrectes-
timationof cloudtop pressuregn theretrieval of TOVs total
columnozone,asa causeof this effect. Stratospheriéntru-
sionindeedoccur, but displacedfrom the cloud-definedtye.

WatervapourandozonedistributionsoverhurricaneFloyd
were alo studiedby Richard et al. (2001), who reported
lower water vapour lower ozoneand higher methanemix-
ing ratiosduring theFloyd overflightbetweerthetropopause
and80mb (18km), promptingthe authorsto suggestthatlo-
cal detydrationwas occurringright above the storm while
thelower ozoneandhighermethanendicatedupwardtrans-
port of troposphericair. The issueof tropical cyclonesas
sitesof active delydration of troposphericair enteringthe
stratospherevasaddresseh the paperof Danielsen1993),
who, in ananalysisof aflight conductedrom Darwin, Aus-
tralia, over cycloneDamienshaovedthatthe deepcorvection
inducedby the cycloneresutedin cloudsupwellingandin
amorepronouned elevation of the tropopauselarge ther
mal inversionswere obsened above the cold point — analo-
gouslyto theobsenationsby Waco(1970 —whereary verti-
cal velocity differercewould easilypromoteinternalgravity
waves, ultimatdy producingturbulenceand diffusive verti-
cal transport. This rapid vertical transportepisodewasalso
documentedby Radonmeasirementsdy Kritz etal. (1993).

A schematiadiagramof the salientfeatureslocumentedh
theliteraturereviewedalove is presentedn Tablel.

The organizedchaacter of cyclonesand the large scale
modificationghatthey inducein theUTLS, whichmayreach
a length scaleof 3000km in the uppertroposphergMer-
rill, 1988),are suggestie of a distinctive effect they might
have on the TTL, differentfrom that of unoiganizeddeep
convectionin the tropics. For instancewe may note that
the peculiartemperaturestructureof the UTLS above cy-
clones,i.e.colderandlessstablethanthe meanbackground
TTL profile,is well suitedto testthe corvective-delydration
mechanismgTeitelbaumet al., 2000; Vomel et al., 1995;
Danielsen;1982). Theair thatdriesto low mixing ratiosasit
ascendsvithin deepconvective towers,may enterthe strato-
spherewhenthe tropopauseés higherandcolderthanaver
age sothatthestratosphexwouldbedrierthantheminimum
saturatiormixing ratio from anaveragetropicaltemperature
profile.



Table 1. Schematiof themainresultsreviewedin theliterature aboutcyclones’influenceon UpperTroposphere- Lower Stratosphere.

Authors, Year

Main Topic Highlight

Koteswaram (1967)

Kowacs and McCormick (2003)

Waco (1970)

Penn (1965)

Penn (1966)

Newell et al. (1996)

Carsey and Willoughby (2005)

Baray et al. (1999)

Leclair de Bellevue (2007)

Leclair de Bellevue (2006)

Zou and Wu (2005)

Joiner et al. (2006)

Richard et al. (2001)

Danielsen (1993)
Kritz et al. (1993)

Merrill et al. (1988)

Thermal and dynamical structure of cyzold core above 15 km. Presence of peripheral ridge
clones in the upper troposphere and loweand outflows jets close to the tropopause.
stratosphere.

Vertical profiling of clouds and aerosofSirrus shield of a tropical cyclone approximately 5 km
from space (LITE) through a cross sectiorthick, extending 4000 km between the center of circula-

of Typhoon Melissa. tion and the equator.
Horizontal and vertical temperature strud-ocation of a very cold tropopause just above the cloud
ture. tops; Large vertical temperature gradient above the

tropopause; Small horizontal temperature fluctuations
Temperature and Ozone measurement€drone-rich UTLS above cloud tops. Above the
a hurricane. tropopause over the eye, air warmer and considerably
richer ozone.
Temperature and Ozone measurementsTine tropopause inclined upwards toward the eye; Above
a hurricane. the tropopause no significant variation in ozone.
Typhoon redistribution of trace conNo evidence of ozone for the downward entrainment of
stituents, importance on the global scale.stratospheric air into the eye region; substantial entrain-
ment of boundary layer air into the eye wall region.
Temperature and Ozone measurementdlarked changes between the intensifying and weak-
hurricanes. ening stages During intensification, tropospheric ozone
levels indicated descent of air in the periphery, or dilu-
tion with low-O3 eyewall air. During weakening, ozone
concentrations were low throughout the eye and eye-

wall.
Stratosphere-troposphere exchange inTransfer of ozone from the stratosphere to the mid-
tropical cyclone troposphere; Pumping of ozone-poor air masses from

the boundary layer to the upper troposphere.
Mesoscale modelization of Stratosphei®tratospheric injection in divergence zones in the tropo-
troposphere exchange in a cyclone sphere
Climatology of tropospheric ozone proFransfer of ozone from the stratosphere to the mid-
files associated with tropical convectiontroposphere; Pumping of ozone-poor air masses from

and cyclones. the boundary layer to the upper troposphere.
Satellite column ozone measurementariations of total ozone amounts are closely linked to
over hurricanes the life stage of a hurricane. Stratospheric intrusions in

the eye regions are likely.
Satellite column ozone measuremer8sall amounts of stratospheric intrusion into the eye re-

over hurricanes gion.
Troposphere-Stratosphere transport dmv water vapour and ozone and high methane in the
dehydration in cyclones lower stratosphere above a cyclone. Local dehydration

and upward transport of ozone poor and methane rich
tropospheric air.
Troposphere-Stratosphere transport drafge scale upwelling and dehydration in cirrus shield

dehydration in cyclones above cyclone

Troposphere-Stratosphere transport amikhydration in cirrus shield above cyclone

dehydration in cyclones

Upper-tropospheric flows around hurriinfluence at synoptic scale

canes

To evaluatetherelative importanceof tropicalcyclonesas  fall characteristic{Cecil et al., 2005),seeSect.3 hereafter
preferredregionsof corvective overshootingpenetrangthe  This valuabledatasethasbeenalreadyusedby Alcala and
TTL or evenabove thetropopausewe have usedthedataset  Dessler(2002)to assesshe generalimpactof tropical con-
of the TropicalRainfall MeasurementMission (TRMM) for vection upon stratospheriadetydration. The processfol-
theyear1999. TRMM measuresloud+top altitudeandrain- lowedfor thesemeasurementdoselymirror theoneadopted



by Alcala and Desslerin their work: similarly to themwe
used14km asa proxy for the lower boundaryof the TTL.

Although this canbe considerecan arbitrary choiceit pro-
vides a reasonablehresholdto evaluatethe penetrationof

deepcorvectionin the uppertropical troposghere. An esti-
mateof the altitude uncertaintyof the TRIMM productscan
bededucedonsideringha theminimumverticalresolution
of this datasets 250m at nadir.

The TRMM tropical cyclone databasevailable through
the JapanAerospaceExplorationAgeng (http://www.eorc.
jaxa.jp/TRMM/typhoon/inde_e.htm), allowedusto evaluate
the fraction of the convection associatedvith tropical cy-
cloneswith respectto the overall convection presentin the
tropicalarea.

We have usedthe 2A23 productof the TRMM. In thistype
of datasetfiles storethe obserationsobtainedby the Pre-
cCipitation Radar on boardof the satellite. In paricular we
have usedthe “rain type” andthe “cloud top” products.We
have definedas overshootingary pixel of the radarimage
thatwasassociateavith a corvective type of rain and,atthe
sametime, shaved a cloudtop abore 14km, a level usually
considerechs a good proxy for the lower edgeof the TTL
(SherwoodandDessley2001).

In this way we have calculatedhe fraction of the overall
cyclone-relateccorvectionthatis penetratinghe TTL. This
fraction is closeto 3.5%, a value nearthe one obtaired by
Alcala and Dessler(2002)for the overall convectionin the
tropics. This seemdo indicatethat cycloneassociatedon-
vectionis notin generala preferredpathway for TTL pene-
tration.

Neverthelesstropical cyclonescanstill play a preferred
role in the waterbudgetof the TTL by providing large ar
easof relative high clouds, wherethe thermal effect asso-
ciatedwith this cloud deck can be of importance. More-
over, in somestageof thecyclonelife cycle theovershooting
could still leadto more frequentand deeperinjection into
theTTL. A work by Kelley andStout(2004)subdvidedthe
TRMM cycloneobsenationswith respecto their life stage,
andclearly shaved thatin the cycloneintensificationstage,
convective towersaremorethantwice aslikely to occuras
in the otherstagesandthatthesetowersreachhigherthanat
otherstages.

However, previous direct in-situ obsenations document-
ing the effects of cycloneson the TTL andthe LS aretoo
sparseo drav definiteconclusons.

3 Instruments and methods

We comparethe profiles of meteorologicaparametergwa-
ter, clouds,ozoneandtracers)detectedn andover the cy-
clone Davina with the averageprofiles acquiredduring the
time frame of the APE-THESEOfield canpaign. The gen-
eral meteorologicaketing for the campaigris givenin Ste-
fanuttiet al. (2004). An analysisof the temperaturepzone,

cloudsand water vapour profiles acquiredduring the cam-
paignhasbeenreportedin MacKenzieet al. (2006). In the
presentwork the focusis on the specificeffects of tropical
cyclonesonthe UTLS.

A shortintroductionto theencountekvith cycloneDavina
describedbelav, has been publishedin the Royal Mete-
orological Societys Weathe magazine (Buontempoet al.,
2006); in that work, lidar datafrom the Falcom F-20 are
comparedo idealizedcyclone structureaspredictedby the
modelof Emanuel(1999).

In the following sectionswe describebriefly the instru-
mentsdeployed during the flight and the satellite datawe
usedto interpretthe meteorologicalsituation.

3.1 TheM55 payload

Aerosolandcloud detectionat the aircraft flight level were
provided by the Multiwavelength Aerosol Scatterometer
(MAS) (Adriani et al., 1999), a backscattersondthat pro-
videdin-situ measurementsf volumebackscatteratio and
depolarizatiorratio at 532nm, with atime resolutionof 10s
andanaccurag of 5% onthebackscatteratio. The 2-sigma
uncertaintyon the depolarizatiorratio is higherandis esti-
matedto be notsmallerthan30%for theflight of 9 Marchto
Davina.

The miniaturizedlidar Microjoule AerosolLidar (MAL)
(Matthey et al., 2000) provided vertical profiles of aerosol
and cloud volumebackscatteratio and depolaization ratio
at 532nm, from sometensof metersfrom the aircraftto 2—
3km upward, with a vertical resolutionof 20m andatime
resolutionof 80s.

Total water content was measuredby the Fast In
situ StratosphericHygrometer (FISH), developed at the
Forschungszentrudulich(Germary). Theinstrumenthatis
basedntheLyman« photofragmentechngue,hasanover
all accurag of 6%, or 0.3ppmvin the caseof very low mix-
ing ratios. The oversamplingof condensedvaterin clouds
was correctedas describedin Schiller et al. (1999). Con-
densedvaterwasalsomeasuredy a TunableDiode Laser
(CVI) cell (Toci et al., 2002) that receved only evaporated
particlesthat had beenable to passa Counterflov Virtual
Impactor (CVI) inlet (Nooneet al., 1988). This latter de-
vice permittedthe passag®nly of particleswith kinetic en-
engy largerthana givenvalue,i.e. with massequialentto
sphericaldiametersgreaterthat 1.5um. Watervapourwas
measuredy the FLASH instrument,an aircraft versionof
aninstrumentalreadydeployed on balloons(Yushlov etal.,
1998; Peetet al. 2004). While outsideof cloudsthe two
instrumentgive the sameresult,comparisorof the two in-
strumentsin cloudsgives the amountof condensedvater
Ozonewas measuredvith a time resolutionof 10s by the
Electro ChemicalOzoneCell (ECOC) (Kyro et al., 2000),
amodifiedelectrochemicabzonecell whosedatawereval-
idated against ozonosondesand with a time resolutionof
1s by the FastOzoneANalyser (FOZAN) (Yushlov et al.,
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1999),a fastresponseénstrumentasedon a chemilumines-
centreactionbetweera dye andtheambientozone.

A setof long-livedtracergN.O, CFC-12,CFC-11 Halon-
1211, Sk, CO,) weremeasued by the High Altitude Gas
AnalyzeR(HAGAR), a Gaschromatographwith time res-
olution of 90s combinedwith a non-dispersie IR analyzer
for CO, with time resolutionof 10s (Volk etal., 2000).

Avionic datawerealsorecordedfor scientificuse. These
includedair temperatureand pressure horizontalwind ve-
locity, true air speedgeographicatoordinatesandaltitude.
Accuraciesof temperatureand pressurewere specifiedto
be 0.5K in temperatureand 0.6hPain pressurgB. Lepou-
chov, Myasshche DesignBureay Mosconv Region, Rus-
sia,personatommunication) Comparisorwith independent
probes(Rosemounprobes,colocatedradiosoundinganda
microwave temperaturerofiler) in previous andsubsequent
campaigndasconfirmedthis accuacgy (Lowe etal., 2006).
In principle, from the information of the inertial navigation
systemon aircraftorientaton andtrueair speed, it would be
possibleto infer the valuesof air vertical speedwhich is an
orderof magnitudesmallerthanthe horizontalcomponents
(Scottetal., 1990),but thiswas,in practice notpossibledue
to the noiseaffectingtheseavionic data.

3.2 Satellites

Imagesfrom METEOSAT 5 and TRMM were usedfor the
analysis. TRMM datahave also beenusedto evaluatethe
relevanceof tropical stormsfor the global climate, as dis-
cussedn Sect.2.

In the time frame of the Geoplysica deployment, ME-
TEOSAT 5 wasrelocatedover the Indian oceanat 63° E to
provide supportto the field activities of the conmmitantin-
ternationalNDOEX project(Ramanathaetal., 2001). The
satellite radiometeracquiresimagessimultaneouslyin the
visible, thermalinfrared and water vapourIR band,with a
frequeng of 30min, atotal coverage of the Earthdisk anda
spatialresolutionof 5 km at the equator

TRMM isajoint missionbetweerNASA andJAXA , aim-
ing to accuratelymeasureahe spatialandtempora variation
of tropicalrainfall. Theinstrumentsuisedto measurerecip-
itation aretwo: i) the PrecipitationRadhr, (PR)thatprovides
three-dimensionainapsof stormstructureswith a horizon-
tal resoluton at the groundof 4km and a swath width of
220km, andhastheability to provide vertical profilesof rain
and snav from the surfaceup to a heightof 20km, ii) the
TRMM Microwave Imager(TMI), apassie microwave sen-
sorbasedon the designof SSM/I which measuresadiation
atfive separatdrequenciewith a 780km wide swath at the
ground.

4 Obsewvations
4.1 TheDavinacyclone

Davinaoriginatedon 1 March 1999in the Mid-Indian Ocean
basin,approxmatelydue southof Sri Lanka. It maintained
a west-south-wedtrack almostthroughoutits life, reaching
atropicalcyclone grade asclassifiedby the La ReunionRe-
gional SpecializedVieteorolagical Centre,on 5 March. Its
maximum 10-min averagewind speedwas 162km/h, de-
tectedon 7 and8 March. After passind-a Reunionisland,it
startedto wealenandto deceleratemnoving thennorthward
andwestwardfor severaldays. It dissipatedover the waters
of easterrMadagscaron 12 March.

DvoraktechniquesstimationgDvorak, 1975,1977,1984)
of tropical cycloneintensitiessuggesthat the mostintense
stageof the stormhadbeenreachecbn 8 March. The Geo-
physicasamplecdthe cyclone early the following day, at the
very beginning of its decayingphase. The onsetof decay
rapidly led to the disaggregation of the cycloneeye. TRMM
data obtainedfrom the DAAC databasgin particularthe
VIRS radiancethe TMI radiancesandthe TMI derived hy-
drometeorprofiles), indicatethat on 9 March 1999 part of
suchdisaggreation had alreadystarted. The TMI hydrom-
eteordatashavedthatthe mostactive part of the stormwas
locatednearits southernedge. There,the surfacerain due
to corvectionwasashigh as30/40mm/h. Unfortunatelythe
PR swathwaslocatedtoo far southto measurehe heightof
the corvective towersnearthe coreof thesystem.

4.2 TheGeoplysicaflight

The Geoplysicatook off from Mahé (Seychelles)the 9th of
March1999,at05:05localtime (Seychdlestimeis 4 hahead
of UTC), following theDLR F-20Falconthattook off 30min
earlierto actasa pathfinder The Geoplysicaflight lasted
for 5h and54s. In Fig. 1, a Meteosatimageof brightness
temperatureover the Indian Oceanat the time of the Geo-
physicaflight is shavn. Segmentsof the Geoplysicaflight
pathof interest for this work, asexplainedin the following,
arealsodisplayedin the figure. Seven-dayback-trajectories
with endingpointsalongthe Geoplysica flight path, calcu-
latedusingNCEPreanalysisshavedthe preseéceof azonal
easterlyflow in theuppertropospherein theweekpreceding
theflight.

The two aircraft flew close togetherat their respectre
cruisealtitudes. On appro&hing the centreof the cyclone,
the OLEX lidar (on board of the Falcon) detected,above
flight level, a thick cloud deck. The deckextendedradially
outward from the cyclone’s eye for 400km, with cloudsat
16km in the outer bourdaries,then sloping downward to-
ward the cyclone’s centre,to reacha cloud heightof 8km
there. The weatherradar on boad of the Falcondetecteda
breakin the eye wall andby following this passagehe air-
craft wasableto reachthe eye of Davina. The Geoplysica
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Fig. 1. InfraredbrightnesstemperaturgK) obsered by meteosat
at 02:00UTC in the areaaroundcyclone Davina at the time of
the Geoplysicaoverpassingver the cyclone’s eye. The sgments
colouredin blue, greenandpurplerepresentsespectiely portions
A B andC of the Geophysicaflight asdefinedlater onin the text
andin Fig. 2. Theeye of the cyclone canbe identifiedin the area
eastandnorth of the deepestorvection. A smalldisplacemenbe-
tweenthe positionof the eye andthe track of the aeroplanéds due
to thefactonly half hourly imagesfrom the satellitewereavailable
duringthe campaign.

followed the Falcon above the clouds and enteredthe cy-
clonein differentarea, directly samplingthe cirrus clouds
andtracegasesDuringthecyclonecrossingthecirruscloud
deckthatformedaspiralarmof Davinaguidedthe Geoplys-
ica, andthena dive wasperformedat the cyclonewall. Fig-
ure2 is atime plot of theflight altitudeprofile, (blackline),
togetherwith MAS backscatteratio (black line) and MAS
depolarization(red line) shaving crossingsof cloudsalong
theflight path.

The aircraft performedan as@nt on approachinghe cy-
clone centre(sectionA), then dived and turned northward
(sectionB). A third ascentreachedhe aircraft ceiling alti-
tudeontheway backto Mahé (sectionC).

The ascentsand descentsvere performedwith a vertical
speedof 4ms-1, samplinga region with horizontaldimen-
sion of roughly 350km. Data acquiredalong thesethree
vertical profileswill be comparedn the following to aver
age profiles acquiredin all other flights performedduring
the campaign.Dataacquiredduring the portion of the flight
markedin red southvardof 13° S, arenot partof thedataset
usedin the subgquentsectionto build meanprofilesof tem-
peraturepzoneandtracers.

4.3 Verticalprofiles

Dataobtainedduring portionsA, B, and C of the flight are
comparedvith averageobtainedrom the campaigrdataset
composedf all the otherflights,andthe Davina flight data
northward13° S. The datasettoversawide variety of atmo-
sphericconditions(seeStefrutti etal., 2004).

24000 — x
- 18°S
20000 | L
E 16000 7 o
S 12000 2 ®
2 ] 100 & 1 ¢
£ 8000 | © B S
4000 J 105 §o5-§
3 FE a2 G
0 T f T T f “"“ i (X(é 0 g
4000 8000 12000 16000 20000 24000 k)
UT (s)

Fig. 2. Time seriesof the altitude profile of the Geoplysica flight
(black line, vertical axis on the left) and backscatteland aerosol
depolarizatiorratio from the badscattersondéblack andredlines
respectiely, verticalaxison theright). Trianglesdenotegeograph-
ical locationsof interest. The three portionsof theflight, indicated
hereasA, B, andC sectionsareusedto derive atmospheriwertical
profilesin thefollowing figures.

Most of this campaigndatasetcomesfrom obsenations
northward of 13° S, i.e. from a region well inside the so-
called“tropical pipe” (Plumb,1996),whichis characterised
by substantialsolationfrom the extra tropical lower strato-
sphergVolk etal., 1996). The outermosedgesof thetropi-
calbelt,though,mayexhibit moremeridionalexchangewith
the midlatitudesor evenlie outsidetheisolatedtropical pipe
region. In orderto take full accountof this possiblebiasin
the averageprofiles,we alsodisplayin thefigures,asa sep-
arateprofile, the subsetof the campaignobserationscom-
posedof dataacquirel southward of —13° N (excludingthe
Davinaflight). Thesecamefrom theflights,conducteanthe
6 and11 March,underconvectively quiescentondtionsand
aimedat performingmeridionaltransectf the tropopause
region andthelower stratophereto studytracergradients.

Datafrom instrumentswith time resolutioncoarserthan
1shave beenlinearly interpolatedo a 1-sgrid, with the ex-
ceptionof HAGAR datafor whichtheoriginal data(sampled
every 90s) areshawvn. The datasehasbeenbinnedin 60-m
binswith respecto GPSaltitude,with anaveragenumberof
samplegerbin of 300,o0r in 1K binswith respecto poten-
tial temperaturewith anaveragenumberof samplesper bin
of roughly500 (exceptfor HAGAR data).

Figure 3 shavs temperature(left panel) and potential
temperaturgright panel)profiles for the non-Dasina cam-
paignmeanthenon-Davinacampaigrsubsebf obserations
southvard of 13° S andfor the threeprofilesfrom Davina.
There,andin the following Figs. 4 to 10, thered solid line
shaws the non-Davina campaigrprofilesand the rangebars
indicateonestandardieviation. Blue, greenandpurple solid
lines shaw profilesacquiredrespectiely during portionsA,
B andC of the Davina flight, asindicaiedin Fig. 2. Finally
the gray andblack solid lines shavs the non-Davina south-
ernmostsubset,respectiely beforeand after the cyclone’s
passage.

FromFig. 3 we seethattemperaturgrofilesin andaround
thestormareupto 5K warmerthanthenon-Dasinameanin
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Fig. 3. Temperaturgleft panel)and potentialtemperatureright
panel)vs geometricalaltitude. Potentialtemperaturelataare dis-
playedwith respecto two differenthorizontalaxesfor easeof in-
terpretation.Solid red lines representhe averagenon-Davina pro-
files obsenred during the campaign rangebarsshav +1 standard
deviation. Gray andblack lines are the profile form a subsample
of thecampaigrdatasetvith obsenationssouthvardof 13° S, (not
comprisingtheDavinaflight) takenrespectiely beforeandafterthe
DavinapassingBlue, greenandpurpleprofilesdenotegheprofiles
obtainedrespectrely on portionsA, B and C during the Davina
flight, asdisplayedn Fig. 2.

thelower partof the profile betweenl2km and14km, then
from 14km up to 17km they follow the non-Davina mean,
while higherup they getsome3-5K colderthanthe mean,
upto 20km.

The non-Davina southernmossubsetcompriseswo ver-
tical profilessampledon the 6 March betweenl7° to 19° S
(grey line), andonesamplednthe 11 Marchbetween 3.5’
and15° S (blackline). Obsenationsfrom theseprofilesare
often at the two extremesof the overall campaigndistribu-
tion for mostquantitiesmeasuredConcening temperature,
we seethatfrom 15—-16km to thetop of thesoundingDavina
profilesare5-10K colderthanthenon-Davinasouthernmost
profiles acquiredthree daysearlier and are comparableo
the profile acquiredtwo dayslater, up to 18km. Above that
altitude,the Davina profile stayscolderthanall otherobser
vations.

The cold point tropopausebove the cyclonetendsto be
colderthanthe mean althoughstill within the ervelope of
cold pointsobseredat othertimesduringthe campaign.

Potentiatenperatureprofilesaroundthe centreof thehur-
ricaneare warme than non-Davina meansat altitudesbe-
low 13km, thenin a layer from 13km to 16km the poten-
tial temperaturevertical gradientsarereducedso thatabove
16km, upto 19km, theDavinaprofilesbecomesome5—-10K
colderthanthe non-Darina means.The comparisa with the
non-Davina southernmossubsetshavs Davina profiles be-
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Fig. 4. Temperatur@s. potentiatemperatureSolidredlinesrepre-
senttheaveragenon-Davinaprdfiles obseredduringthecampaign,
rangebarsshav +1 standardieviation. Grayandblacklinesarethe
profile form a subsampl®f the campaigrdatasetvith obsenations
southvardof 13° S, (notcomprisingtheDavinaflight) takenrespec-
tively beforeandafterthe Davina passimy. Blue, greenandpurple
profilesdenots the profilesobtainedrespectiely on portionsA, B
andC duringthe Davina flight.

ing comparabléo theprofile sampédon 11 March,but some
5-10K colderthanthe southernmosprofiles sampledon 6
Marchin the uppertroposphereandin the lower partof the
stratosphereAt thetop of thesounding theseprofilesmerge
with thenon-Davinameans

In Fig. 4 we plot temperaturerofilesvs. potential tem-
perature. From the 360K level upwards, betweenl5 and
16km, the Davina profiles follow quite closely the non-
Davinamean suggestinghatthetemperatur@anomalieslis-
cussedn Fig. 3 aremainly dueto adiabatioverticaldisplace-
ment.Only below 360K, significantdeparturesftheDavina
profilesfrom thenon-Davina meansuggesthatdiabaticpro-
cessedecomeimportant. Hereafterwe will generallyuse
potentialtemperaturesa vertical coordinatefo remove the
effectsof adiabatianotion.

The southernmoshon-Davina profiles acquiredon the 6
March are warmer than the overall non-Darina campaign
meanuntil 420K, andwarmerthanthe Davina casethrough-
out the potentialtemperaturerangeof the Davina profiles
(i.e. <450K), while the southernmoshon-Davina profile
acquiredon the 11 March follow more closely the Davina
profiles.

Waterprofilesaredepictedin Fig. 5. As in previous pic-
tures, red lines and rangebarsshav the meannon-Davina
total water campaignprofile with a rangeof one standard
deviation. Blue, greenand purple solid lines show profiles
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Fig. 5. Total watervs. potentialtemperatureSolid redlinesrepre-
senttheaveragenon-Davinaprofilesobseredduringthecampaign,
rangebarsshav +1 standardleviation. Grayandblacklinesarethe
profile form a subsampl®f the campaigrdatasetith obsenations
southvardof 13° S, (notcomprisingheDavinaflight) takenrespec-
tively beforeandafterthe Davina passing.Blue, greenard purple
profilesdenoteghe profilesobtainedrespectrely on portionsA, B
andC during the Davina flight. In additionto total waterdata,the
cyan solid line representhe water vapoursatuation mixing ratio
computedrom air temperatureluring the Davina flight, the violet
solidline representhenon-Davinameanwatervapourmixing ratio,
from the FLASH intrument.

acquiredrespectiely during portions A, B and C of the
Davina flight, from FISH. In addition, the cyan solid line
representthewatervapoursaturatiommixing ratiocomputed
from the air temperatureluringthe Davina flight andthevi-
oletsolid line representshe non-Davina meanwatervapour
mixing ratio from FLASH.

TheDavinaprofiesshav anoticeableenhancmentof the
total watercontentin the TTL region up to 360K, i.e. upto
thetop of thecirrusdeck. Thisis particularlymarkedon the
B profile wherethe cirrus layer extendseven higherthanin
the othertwo profiles,up to 375K. We note,however, above
360K in profilesA and C andabove 375K in prdfile B, a
distinct water depletedregion. That region is substantially
subsaturatedgxceptfor a single layeron profile A at 380K,
wherethe watervapourreachests saturatiorvalue.

In generalthe Davina profilesdiffer significantlyfrom the
non-Dasinameansmixing ratiosatthe hygropauserecom-
parablebut the Davina hygropausas some20K lower than
for the non-Davina mean. The Davina profilesaredryer up
to 385K, andmoisterabove, meging with the non-Davina
meanonly abore the410K level.

Figure6 shavstheozonemeasurementsyhich areof par
ticular interest:in the Davina ozoneprofiles,the 360K level
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Fig. 6. Ozonevs. potential temperature. Solid red lines repre-
senttheaveragenon-Davinaprdfiles obseredduringthecampaign,
rangebarsshaov +1 standardieviation. Grayandblacklinesarethe
profile form a subsampl®f the campaigrdatasetvith obsenations
southvardof 13° S, (notcomprisingtheDavinaflight) takenrespec-
tively beforeandafterthe Davina passiny. Blue, greenandpurple
profilesdenota the profilesobtainedrespectiely on portionsA, B
andC duringthe Davinaflight.

coincideswith the centreof alayer, extendingupwardto the
380K level, whereozoneis stronglyreducedpothin com-
parisonwith the non-Davina meansand with the southern-
mostnon-Davina profileson 6 March, while the southern-
mostprofile acquiredon the 11 shavs a reductionof ozone
too, althoughnot as sesere asin the Davina obsenations.
Thedepletedbzonein the Davinacases indicative of signif-
icantupwardtransportof ozane-poomarineboundarylayer
airintothe TTL. Themearnvalueof ozonemixing ratiobelon
850hPa during the campaignwas around20ppbv, roughly
half of thefreetropospherealue. Above the 380K level, the
Davina profilesarewell within thenon-Davinameans.

Profilesof the tropospheridracersN,O and CFC-12can
beseenin Fig. 7. For both specieghe profilesA andB shav
adeparturefrom thenon-Davinameandrom the 400K level
upward, while profile C morecloselyfollows the campaign
means.Otherlong-livedtracersmeasuredy HAGAR showv
similar behaiour. Noteworthy is furthermorethe deviation
from the non-Davina meansat 440K, appaentin the south-
ernmostprofile acquiredon the 11 March.

From the obsenationsdescrited abose we candraw the
following conclusions:

1. Thecycloneinduceda variationin thetemperaturero-
file of the UTLS, with temperatureghat are warmer
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Fig. 7. Mixing ratiosof N>O (left panel)andCFC-12(right panel)
measuredly HAGAR vs potentialtemperatureRedsquaresepre-
sentthe averagesf non-Davina profiles(in 10K bins of potential
temperaturepbsened duringthe campaignwith rarge barsshow-
ing +1 standad deviation. Grayandblacklinesaretheprofile form
a subsamplef the cammign datasewith obsenationssouthvard
of 13° S, (not comprisingthe Davina flight) taken respectiely be-
fore and after the Davina passing. Blue, greenand purplecircles
connectedy linesdenotethe profilesobtainedrespectiely on por-
tionsA, B andC duringthe Davinaflight.

than averagein the lower part of the TTL and colder
than averagein the upperTTL; stratospheridemper
aturesare generallycolder than average,up to 20km
(440K), which is the highestpoint reaché by the air-
craftnearDavina.

2. In thetropopauseregion the vertical gradient of poten-
tial temperaturés reducel.

3. Ozoneis reducedrom atleast360K (probablylower)
up to 380K, which suggestsa vigorous uplift of
ozone-poormarine-boundary-layeair to those alti-
tudes,((i.e. ~17km). Thereductionof ozoneat 360K
is afador of ~4 whenconparedwith the non-Dasina
meansandattainthere a valuetypical of the maritime
PBL measuredluringthe campaign.

4. Thereis a significantpresenceof cirrus cloudsin the
lower TTL above the cyclone, in one caseextending
upward to the cold point. The cloudsresidein a re-
gion which is, asstated,colderthanthe mean. Where
cloudsarepresenttotal waterprofiles are moisterthan
the non-Davina means,implying that the cirrus clouds
areformingin air injectedinto the TTL from below.

5. Tracer profiles stay within troposphericvaluesup to
385K. Above that level they shov a stratospheride-
haviour.
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Fig. 8. Orangédline is the non-Davina meanprofile of watervapour
saturationmixing ratio from the geophysicatemperatureneasure-
mentduring the campaign. Pink line is the non-Davina meanof
the watervapourmixing ratio obsened during the campaign.The
blue,greenand purplearethe saturatiormixing ratio obseredover
Davina, alongthe A, B andC profilesrespetively.

6. Whereno cloudsare present,water profiles are dryer
belonv andmoisterabore the 385K level in comparison
to thenon-Dasinameans.

7. In general,Davina obsenationsare closerto obsena-
tionstakenin the sameareatwo dayslater, thanto the
overall campaigrmeansandto the southernmosvbser
vationsacquiredthreedaysearlier This suggestghat
someof theeffectsof Davinawerestill persistenin the
areaafterthestormhadpasgd.

5 Discussion

Fromthepreviousanalysisof ozoneandtropospheridracers,
we are led to the conclusionthat, despitethe reducton of
theverticalgradientof potentiatemperaturethatwouldlead
to a more permeableTTL, no stratospheridntrusionsinto
the uppertropospheravere obsered during our survey, as
couldbeassesselly theconsantvaluesof N2O andCFC-12
andtheabsencef layersof enhanceazoneor reducedH,0
to stratospherivaluesin the troposphereandthatthe 380—
385K level marked the upperboundaryof a region subject
to injectionsof bounday layer air during an earlie; more
intense phaseof the cyclone. We will coninue our analysis
by focusingontheregimesbelon andabovethislevelin turn.

5.1 Below 385K: dehydrationeffects

In analyzingthis setof obsenations,we werealsomotivated
by the following question:aretropical cyclonesactive sites
of dehydration,andto whatextent? A partialanswerto this
questionis that, despitethe generaleffect of hydratingthe
uppertroposphee (Rayetal., 2007),in factthey maybeef-
fective in detydratingthe air in the upperTTL. This may



occurif thethick cirrus shieldis presentn aregion of tem-
peraturesolderthanthe average so thatsedimentingirrus
particleswould fix the watervapourthereat a value close
to the saturationwhich is lower thanthe averagesaturation
mixing ratio of the TTL elsavhere.

Thatthis may be the caseis suggestedy an analysisof
Fig. 8. There,the orang line representghe non-Darina

meansaturationmixing ratio while the pink line represents

the non-Davina meanwater vapourmixing ratio, in cloud-

free airmassesAs canbe seencomparingthe two profiles,

in generalduring the campaignthe air in the TTL waspre-

dominantly undersaturated as reportedin the analysis of

MacKenzieetal. (2006). The Davina A, B andC saturation
mixing ratio profiles— blue,redandpurplelinesrespectiely

— arelower thanthe correspondinghon-Davina means,and

closerto theactualmeanwatervapourmixing ratio obsened

duringthe campaign.

The obsenationsthus sugges that the upper part of the
TTL aborethecycloneis agoodcandidatdor aregionwhere
thewatervapormixing ratio couldbelowered by freezedry-
ing, to the valuesobsened on averageelsavhere,by anac-
tive proces®f freezedryingto theparticularlylow saturation
valuesencounterethere.A plausiblemechanisnior thede-
hydrationis theformationof cirruscloudsat high levels,and
subsequenparticle removal by gravitational settling. This
would leave the TTL termporarily colder thanthe meanand
with awatervapourmixing ratio reducedo the smallvalues
of saturatiorencountereat the cloudtopsthere.

To explore furtherthe waterbehaviour above the cyclone,
we refernow to each singleprofile separatelyn Fig. 9 where
N20, ozone totalwater watervapoursaturaion mixing ratio
andaerosobepohrizationratioaredisplayedss.geometrical
altitudefor the threeDavina vertical soundings.We remind
that profilesA andC wereacquiedin the northernwall of
thecyclonewhile profile B is closerto thecentre.

Commonto the three profiles is a dry region between
16.5km and 18km. Two geometricallythin layersof con-
densedvaterarepresentowerdown in profile C, wheretotal
wateris at, or only slightly above, the watervapoursatura-
tion mixing ratio. Profile B shovs athick cirrusupto 16km.
Unfortunatelytheaerosodepolarizatiordataaremissingfor
the centralpart of this profile, so we cannotdetectwhether
or not the condensechaseextendsup to 16.5km, where
the total water contentequalsthe saturatbn value. Never
theless,noticeablein the available datasets the unexpect-
edlylow valueof theaerosoblepolarizationnsidethatcloud.
Suchlow valuesaredetectedn mixedphaseclouds,unlikely
to be presentat thosecold temperaturesor in cloudscom-
posedof particlesof very small radius,probablyfrom very
recentnucleation.Significantpresencef small particlesin-
sidethe cyclonecirrus canopy wasreportedoy Knollenbeg
etal. (1993)in thecaseof cyclone Damien.

In thecaseof high densitiesof smallcloudparticlesequi-
librium with the watervapourinsidethe cloud could be es-
tablishedvery quickly, thusreducingthe amountof waterin
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Fig. 9. Solid blue lines shav the total wapor mixing ration from
FISH. Dashedblue lines shav the water vapor saturationmixing
ratio from temperaturaneasurementsBlack lines are ozonemix-
ing ratiosfrom FOZAN (the morestructuredone)andECOC (the
smootherone). Red lines are N2O mixing ratio from HAGAR.
Greenlinesshavs depolarizatiorratio from MAS. Datafrom MAS
aremissirg for partof theflight. Upper middleandlower panelare
for profilesA, B andC respectiely, asdepictal in Fig. 2.

the gasphaseto a valuecloseto its saturationin shorttimes.
Yet, the minimum of watervapourfoundat 17km in all the
threeprofileswould have requiredtemperature2—-3K lower
thanthoseactuallyencounteredtthecirruscloudtopsin our
sounding.

In facthygropausendcold point (seethe minimumin the
total watermixing ratio profile) arecoincidentonly in the B
casewhile bothin the A andC profilesthey differ, the cold
point beinghigherthanthe hygropauseIn caseB, the cold
point coincideswith the altitude of the computedapserate
tropopausewhile the cold pointis higherthanthelapserate
tropopausen casesA andC. This all seemdo suggesthat
dehydrationprocessearethusnot ongoingin our data,ex-
ceptmaybeat the top of the cirrus cloudsin profile B, and
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Fig. 10. Scatterplotof ozonevs N»O. Solid red line representhe
average®f non-Davinaprofiles(in binsof 0.1 ppmozone)bsened
during the campaignwith rangebarsshaving +1 standarddevia-
tion. Gray andblacklines arethe profile form a subsamplef the
campaigndatasetvith obsenationssouthvard of 13° S, (not com-
prising the Davina flight) taken respectrely befare and after the
Davina passingBlue, greenandpurplelinesdenotethe profilesob-
tainedrespectiely onportionsA, B andC duringthe Davinaflight.

that the dry layer betweenl6km and 18km is a result of
whathadhgppenedearlier perhapsn the mostactive partof
thecyclonelife cycle. Duringintensifiation,the cycloneex-
periencedalargedropin its centralsurfacepressureandit is
thenthatthe mostintenseverticd velocitiesare usuallyob-
sened. This hypothesisvassubstatiatedby the analysisof
the available TRMM datathat measuredhe cyclone during
differentstage®f its life cycle,andshovedhow coldercloud
topswereobsened48-72h earlierthanour obsenations.

An effect probablycompetingwith detydrationmayarise
from overshooing cloud turrets hydrating that region, as
seemedo bethecasein profile A, whereatemperaturenin-
imum at 17.5km is just coincident with a thin layer of en-
hancedwvatervapour reachingits saturatiorvalue. Particles
in that layer wereidentified by the slight enhancemenbb-
sened in the MAS depolarization(greenline) andin con-
comitantenhancemenof the CVI condensedvater probe
(notshown). Suchmoisturizingarvil top plumesoriginating
from thecirrusdecksabove thunderstormhave beerfirst de-
scribedfrom satelliteobserationsby Levizzanietal. (1996).
Wang(2003)interpretedheseasinjectionsof smallparticles
in theupperlevelsinducedby the breakingof gravity waves;
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Fig. 11. Potentialvorticity on the 430K thetasurfacefor 9 March
1999asobtainedrom ERA40reanalysisDavinaliesin aregion of
high gradientwhereisolatedfilamerts canmix air of extra tropical
latitudesin thetropical pipe. Oneof theseelongatedstructurecan
be seenextending from eastto westover the areainterestedy the
cyclone.

the small patticles then moisturizethe layer upon evapora-
tion. Turbulent mixing inducedby breakinggravity waves
may be enhaned in the weakly stratifiedtropopauseegion
above cyclones.Turbulentmixing above ITCZ-type corvec-
tion leading— on subsequentooling — to cloud formation,
hasbeendescribedby Santaesariaet al. (2003)for an ear

lier flight in APE-THESEO andby Garrettet al. (2004)for

measurements the CRY STAL-FACE campaign.

5.2 Above 385K: meridionalmixing in the lower strato-
sphere

As shownin Fig. 7, stratospheritracersshavedadistinctive
behaiour in the vicinity of cyclone Davina betweend00K
and 430K. There,on two out of three profiles the vertical
profilesof NoO andCFCsshaw lower mixing ratiostending
towardvaluesthataretypical of the midlatitudestratosphere
than of tropical air. The scatteplot of NoO vs. ozonein
Fig. 10 further confirmsthis feature: while the non-Davina
campaigrdataon averageexhibit a correlationslopetypical
for the isolaied tropical regions, the deviations apparentn
the Davina profilestendtoward the compactcorrelationtyp-
ically obsened in the midlatitudes(e.g. Volk et al., 1996).
This suggestghat stratospheriair above the cycloneis at
leastpartly of midlatitude origin.

Indeed, HYSPLIT (Draxler and Rolph, 2003; Rolph,
2003) model backtrajectoriesstartingon a 1° squaregrid
centeredat the southernmospoint of the Geophysicaflight
path confirm that, above the cyclone eye and higher than
400K, air-massedollow two tracks: a purely zond trak
stayingwell within the tropicsanda moremeridionaltrack,
which is appareneastvard of Madagscay displacingmid-
latitude airrmassestoward the tropics This latter flux



promoteda 15° northward displacementf theair-massedn
the previous 72h. If this meridionaltransportasindeedoc-
curred,it could well accountfor the obsenationstaken by
the Geoplysicain the stratospereabove the cyclone.

Figure 11 shawvs a contourplot of PotentialVorticity on
the 430K thetasurfacefor 9 March 1999 as obtainedfrom
ERA40 reanalysis,superimposedo the Geoplysica flight
segmentmarkedasA, B andC in ourwork. As canbeseen,
Davinalies below a stratosphericegion of high PV gradient
whereisolatedfilamentscan mix air of extra tropical lati-
tudesin the tropical pipe. Oneof theseelongatedstructure
can be seenextending from eastto west over the areain-
terestedby the cyclone. A prominentridge, not shown, ap-
pearechigherupin the stratospere.

It needsto be consideredhere that the obserationsin
questionweretakenin justtheregion (13° to 19° S)in which
the subtropical barrier is usually found (e.g. Fahe et al.,
1996). Air of bothtypical tropical aswell as more midlat-
itude charactemaythusbe expectedn this region, depend-
ing on the exactlocationof the barriet which is expectedto
undulatemeridionallye.g.undertheinfluenceof large-scale
waves and which may possessmall-scalestructure. This
would explain the fact that the non-Davina profiles south-
ward of 13° S exhibit partially typically tropical tracerval-
ues(andcorrelationslopewith ozone)and partially similar
excursionstoward midlatitudevaluesasthe Davina profiles
(seeFigs. 7 and 10). Whetherthe meridionaltransportas-
sociatedwith Davina corstitutesan irreversibleintrusion of
midlatitude air into the tropical lower stratospherer sim-
ply alarge-scat northward displacemenbf the subtropical
transportbarrier cannotbe decidedwith the datasetconsid-
eredhere.However, the cyclonewould certainlybe expected
to interactwith thesubtropicaltransporbarrierandit is quite
concevablethatsuchinteractionwould promoteirreversible
exchangebetweenrnthetropicsand midlatitudes.

6 Conclusions

The encounterof the Geoplysicaresearchaircraft with cy-
clone Davina on 9 March 1999 provided in-situ measure-
mentsof tracegases,cloud/aerosoproperties and thermo-
dynamicpropertiesn the tropopausedayerandin the lower
stratosphereThesemeasurementsave bean usedto build a
two dimensionabpicture of the atmospherabove a tropical
cyclone. In particular the measurementsave beenusedto
investicatethe transporfprocessesvhich could substantially
modify thetropicaltropopauséayer.

In fact thelow temperaturesncounteredh the upperpart
of the TTL mayhave triggeredtheformationof cirrusclouds
at high levels, and subsequenparticle removal by gravita-
tional settling, thus leaving the TTL — tenmporarily colder
thanthe mean— with a watervapourmixing ratio reduced
to thesmallvaluesof saturaion encounterethere.
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Theobsenationsacquiredduringour surney shavedade-
hydratedayerin theupperpartof the TTL aborethecyclone
cirrus canopy anddisplayedcondensd water wheneer its
totalabundancevasabove or matchingthewatervapoursat-
uration value. Neverthelesgheseobsenrationsare neither
conclusve in shawing thedetydrationmechanisnin action,
northey candemonstratés effectivenes in the past.Unfor-
tunately the cyclonewas sampledat the onsetof its decay-
ing phasewhenhighe andcoldercloudswerelik ely already
past.Althoughis temptingto attributethe obseredlow val-
uesof watervapourin theuupperpartof the TTL to detydra-
tion processethatwereactive whencoldertemperatureand
highercloudswerepresentthis canonly be speculatie.

The obsenationsseemto sugget that cyclonesmay in-
duce horizantal stirring of the lower stratosphee, possi-
bly promotingirreversibleentrainmenbdf midlatitudestrato-
sphericair into thetropicalzone.They maythusactto smear
outthe“taperecorder”profile of watervapourvertically, and
the meridionalgradientsof water and trace gaseshorizon-
tally.
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