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Abstract. During the APE-THESEOmission in the In-
dianOceantheMyasishchev DesignBureaustratosphericre-
searchaircraftM55 Geophysicaperformeda flight over and
within theinnercoreregionof tropicalcycloneDavina. Mea-
surementsof total water, watervapour, temperature,aerosol
backscattering,ozoneand tracerswere madeand are dis-
cussedherein comparisonwith theaveragesof thosequanti-
tiesacquiredduringthecampaign time frame.

Temperatureanomaliesin the tropical tropopauselayer
(TTL), warmer than averagein the lower part and colder
thanaveragein the upperTTL wereobserved. Ozonewas
strongly reducedcomparedto its averagevalue, and thick
cirrus deckswere presentup to the cold point, sometimes
toppedby a layer of very dry air. Evidencefor meridional
transportof tracegasesin thestratosphereabove thecyclone
was observed and perturbed water distribution in the TTL
was documented.The paperdiscusspossible processesof
dehydrationinducedby thecirrusformingabovethecyclone,
andchangein the chemicaltracerandwaterdistribution in
the lower stratosphere400–430K due to meridional trans-
port from themid-latitudesandlink with Davina. Moreover
it comparesthe dataprior andafter the cyclonepassageto
discussits actual impacton the atmosphericchemistryand
thermodynamics.

Correspondenceto: F. Cairo (f.cairo@isac.cnr.it)

1 Intr oduction

The amountof watervapourand tracegasespresentin the
uppermostpartof thetropicaltroposphereis animportantpa-
rameterto quantifybecauseit is mainly from thatregion that
air entersthestratosphere,wherewatervapourplaysamajor
role in regulatingchemistryand temperatures(Holton et al.,
1995). For instance,watervapourin the stratosphereis in-
volvedbothin theproductionof theimportantOH hydroxyl
radicalsand in the formation of polar stratosphericclouds
which subsequentlyhelp to destroy ozone(Kirk-Davidoff,
1999). Understandingthe balanceof processesthat govern
the exchangeof air acrossthe tropical tropopauseis thusa
major priority for stratosphericmeteorologyandEarthsys-
tem science. It haslong beenrecognizedthat asair passes
the tropical tropopauseit dehydratesto a value approxi-
matelyequalto thevalueof thesaturationvapourmixing ra-
tio dictatedby thecoldtemperatureof thetropicaltropopause
(Brewer, 1949). However, theprocessesthatdecideexactly
how muchwatervaporstays in theair, andhow muchis re-
movedbycondensationandsedimentationprocesses,arestill
underdebate.Severalprocessesondifferenttimescalesmay
affect the exchangeof air betweenthe stratosphereandthe
tropospherein thetropics.In particular, thebalancebetween
theslow tropicalupwelling drivenby theBrewer-Dobsoncir-
culation and the rapid upwelling in deepconvection is not
well known (Dessler, 2002; Danielsen,1982). Although
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in the upper tropical tropospheredehydration and vertical
movementinto the stratosphereneednot be linked, at least
on small timescales,andhorizontaladvectionseemsto play
the major role in the dehydration(Fueglistaler et al., 2004;
Holton andGettelman,2001),evaluatingthe impactof or-
ganizedconvectionon the tropicaluppertroposphereis still
crucial.

In recentyears,thestudyof theuppertropicaltroposphere
developedthe conceptof a tropical tropopauselayer (TTL)
(Atticks andRobinson1983;HighwoodandHoskins,1998),
asa borderregion betweentheconvective-radiative equilib-
rium of the troposphereandthe radiative equilibriumof the
stratosphere.In this transitionzoneboth stratosphericand
troposphericprocessesinteract. In the tropospherebelow
approximately14 the radiative cooling is balanced by la-
tent heatreleaseby convection,while above approximately
16km theradiative heating balancesthestratosphere-driven
upwelling. Cumulustopsarerarely observed above 14km,
andthis impliesanabruptreductionof convective massflux
above that level. Theozoneconcentrationstartsto increase
therewell below the cold point tropopause(Folkins et al.,
1999;Fujiwaraetal.,2000;Mackenzieetal.,2006;Vaughan
et al., 2008)andthelapseratestartsto move away from the
moistadiabaticbelow 14km (Folkins andBraun,2001). In
the lower part of the TTL a mixing barrier exists (Folkins
et al., 1999;Folkins et al., 2000) so that the residencetime
of air in the TTL is greaterthan in any other level of the
troposphere.In fact, following Gettelmanet al. (2002),the
probabilitythataconvectivecloud penetratestheTTL above
14km is about1%, this estimateonly slightly increasedby
AlcalaandDessler(2002)using satellitedata.

Part of the deepconvection in the tropics occursin the
organizedstructureof cyclones. In fact, the cumuluscon-
vectionassociatedwith thecentralpartof a tropicalcyclone
is probablythe mostorganizedform of convection present
in the tropics and its effect on the upper troposphereand
lowerstratospheremayreflectthiscollectivebehaviour. This
self organizationis responsiblefor the extremetemperature
reachedin thecore(warmanomalies)andin thelowerstrato-
sphereoverlayingtheeyeof thestorm(coldanomalies). The
coldestcloud top temperaturesever recordedwere associ-
ateddirectly or indirectly to cycloneconvection(Ebertand
Holland,1991).Furthermoreduringthedevelopingstageof
a tropical cyclonedeepovershootingaroundthe eye wall is
very likely to occur. The lifetime andsizeof cyclonesalso
implies that their impacton theTTL couldbesignificanton
theregionalscale.

The present paperaddressesthe effects of tropical cy-
cloneson the uppertropical troposphereand lower strato-
sphere. We presentand discussobservations taken in the
TTL and lower stratospherein and above a tropical cy-
clone,by theinstrumentedresearchaircraftGeophysicadur-
ing thetropicalcampaignof theAirbornePlatformfor Earth
observations – THird EuropeanStratosphericExperiment
on Ozone(APE-THESEO)project, in 1999. In particular

we look for evidenceof (i) downward transportof strato-
sphericair, (ii) upward transportof marineboundary layer
air, and(iii) cloud-inducedchangesto the watercontentof
air throughouttheTTL.

The purposeof APE-THESEOwas to study the micro-
physicalprocessesin tropicalcirrusandthetransportof trac-
ersbothacrossthetropopauseandin thelower stratosphere.
The field campaignwas carriedout from the International
Airport of Mahè, Seychelles (4◦42′ S, 55◦30′ E) from 15
Februaryto 15 March 1999,and two researchaircraft were
deployed: theDLR Falcon20andtheM-55Geophysica.The
DLR Falcon,equippedwith the OLEX LIDAR, actedasa
pathfinderfor thestratosphericairplane,while theGeophys-
icaacquiredin-situdataonwatersubstanceandtracegasesat
higherlevels.A review of theactivities duringthecampaign
canbefoundin Stefanuttiet al. (2004).

The campaigncomprisedseven local flights from Mahè,
coveringtheregion of theSouth-westernIndianOcean.One
of theseven local flights – on 9 March1999– wasdevoted
to sampletheTTL abovethetropicalcycloneDavina,off the
coastof La Reunionislandin thesouthernIndianOcean.

Thepresentwork is organizedasfollows: Sect.2 presents
areview of whatisknown abouttheinfluenceof cycloneson
the uppertroposphereandlower stratosphere(UTLS). Sec-
tion 3 describesthe instruments,dataandmethodsthatwill
beusedin subsequentanalysis.Section4 presentsthe mete-
orologicalsituationat thetime of theflight, andthedata ac-
quiredduringtheM55 flight over thecyclone,in comparison
with theaveragesacquiredin thetimeframeof thecampaign.
In Sect.5 theobservationswill bediscussed.Section6 draws
conclusionsfrom ourstudy.

2 Cyclonesin the UTLS

A generalanalysis of cyclone organization,behaviour and
climatologyis beyondthescopeof thiswork,andweaddress
the interestedreaderto the review of Emanuel(2003) and
referencestherein.Hereour attentionis focussedon what is
known on thestructureandeffectsof cycloneson theUTLS.

Thegeneralcharacteristicsof theUTLS abovethecyclone
arethefollowing (Koteswaram,1967):thelow pressurecore
extendsthroughoutthetroposphereandinto thestratosphere,
althoughthe horizontalpressuregradientrapidly decreases
with height. Winds, which arecyclonic throughoutmostof
the volumeoccupiedby the cyclone, reversetheir senseof
rotation near the top of the storm, often losing their axial
symmetryandbecomingconcentratedin some“outflow jets”
that curve anticyclonically from the stormcore. The upper
level outflowsultimatelyleadto theformationof anextended
cirrus deckcappingthe cyclone, with moreelevatedclouds
closeto the eyewall, higherat the front of the cycloneand
lower at therear(KovacsandMcCormick,2003),andcloud
topsdecreasingradiallyoutwardin asortof umbrella-shaped
shield.
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Often, but not always, the lower level warm core gives
way to a cold core above 15km, so that highestand low-
est temperatureanomaliesoccur at 8–12km and near the
tropopause,respectively. Ringsof warmandcold air extend
radially from the tropopauseabove the cyclonecore,which
is colderthanaverageandgenerallybulgedupward. While
in theuppertropospheretheisentropesarecurveddownward
toward the centre of the cyclone, in the lower stratosphere
isentropesradially undulatefrom it andarecurved upward
from the centreof the cyclone. In the tropopauseregion
above the core, therefore,the vertical gradientof potential
temperatureis reduced.The cold temperatureanomalyex-
tendsabove thetropopausebut weakensquickly with height,
relaxingin 1–2km to theaveragetemperatureprofile (Waco,
1970).

A goodindicatorof air-massredistributionandexchanges
in andover cyclonesaretheperturbationsin theozonefield.
Measurementsof upperlevel ozonein cyclonesstartedin the
sixtieswith thereconnaissanceflightsof thestratosphericair-
craft U2. Penn(1965) showed increasedvaluesof ozone
in the upper troposphere,from the cloud tops situatedat
200hPa up to the tropopauselevel, on the weakGinny cy-
clone. The sameauthor (Penn,1966) showed no signifi-
cantvariationin ozonemixing ratio in thelowerstratosphere
down to thetropopauselevel above theIsbell cyclonecore.

In 1991theDC-8 sampledtheTyphoonMireille from the
boundarylayerto theuppertroposphereupto 12km (Newell
etal.,1996);theboundarylayereyeregionshowedincreased
levelsof ozonebut at higherlevels therewas no evidence–
from ozonelidar crosssections– of increased ozonefrom
downwardentrainmentof stratosphericair into theeyeupper
region; this indeedshowedlow troposphericvalues.

Theabsenceof significantstratospheric mixing above the
cyclone’s eye wasalsoreportedby Carsey andWilloughby
(2005)whoreportedlow concentrationsof ozonein theeyes
of hurricanesGeorgesandFloyd. There,significantvaria-
tions of troposphericozonemixing ratio between 2km and
6km, betweenthe intensifying and weakening regimesof
thestorms,werereported.During intensification,ozoneval-
uesindicatedonly a small descent of air from above flight
level, topping at 6km, or a dilution with low-ozoneeye-
wall air. During weakening,ozoneconcentrationswerelow
throughouttheeye andeyewall, consistentwith theeyesbe-
ing filled with boundarylayer air. Regions of warm, dry,
ozone-richair that wereattributedto mesoscaledowndraft,
werealsodetected, but detachedfrom the eye region. This
finding of possiblestratosphericinjection in proximity of
cyclonessubstantiatedearlier work of Baray et al. (1999)
that suggestedmesoscaletransportof air-massesby strong
ageostrophicmovementsaroundthecycloneconvectivearea.
This suggestionhasbeensupported by mesoscalemodeliza-
tions (Leclair De Bellevueet al., 2007)while anotherstudy
showedthatthiskind of event is notexceptionalin theIndian
Oceanbasin(LeclairDeBellevueetal., 2006).

Ozonedistributions in cycloneshave also beenstudied
with the aid of satellites. A study of Zou and Wu (2005)
shows that variationsof column ozonelevels are linked to
the stagesof formation, intensificationandmovementof a
hurricane.They analyzedozonelevels in 12 hurricanesand
foundthat theareaof a hurricanehas typically low levelsof
ozonefrom thesurfaceto its top. Whenthestormintensifies,
the ozone levels throughoutthe stormdecrease.Moreover
they discoveredthatozonelevels– althoughlowerthanin the
unperturbedtroposphere– are elevatedin the eye region of
tropicalcyclonesrelativeto theareaoutsidetheeye,probably
dueto intrusionsof stratosphericair. This lattereffect,which
contrastswith many aircraft measurements,hasbeenques-
tionedby Joineretal. (2006)whopointedto anincorrectes-
timationof cloudtop pressuresin theretrieval of TOVs total
columnozone,asa causeof this effect. Stratosphericintru-
sionindeedoccur, but displacedfrom thecloud-definedeye.

WatervapourandozonedistributionsoverhurricaneFloyd
were also studiedby Richard et al. (2001), who reported
lower watervapour, lower ozoneand highermethanemix-
ing ratiosduring theFloyd overflightbetweenthetropopause
and80mb(18km), promptingtheauthorsto suggestthatlo-
cal dehydrationwasoccurringright above the storm, while
thelowerozoneandhighermethaneindicatedupwardtrans-
port of troposphericair. The issueof tropical cyclonesas
sitesof active dehydration of troposphericair enteringthe
stratospherewasaddressedin thepaperof Danielsen(1993),
who, in ananalysisof a flight conductedfrom Darwin,Aus-
tralia,overcycloneDamienshowedthatthedeepconvection
inducedby the cycloneresulted in cloudsupwelling andin
a morepronouncedelevationof the tropopause.Large ther-
mal inversionswereobservedabove thecold point – analo-
gouslyto theobservationsby Waco(1970) – whereany verti-
cal velocity differencewouldeasilypromoteinternalgravity
waves,ultimately producingturbulenceanddiffusive verti-
cal transport.This rapidvertical transportepisodewasalso
documentedby Radonmeasurementsby Kritz etal. (1993).

A schematicdiagramof thesalientfeaturesdocumentedin
theliteraturereviewedabove is presentedin Table1.

The organizedcharacterof cyclonesand the large scale
modificationsthatthey inducein theUTLS,whichmayreach
a length scaleof 3000km in the upper troposphere(Mer-
rill, 1988),aresuggestive of a distinctive effect they might
have on the TTL, different from that of unorganizeddeep
convection in the tropics. For instance,we may note that
the peculiar temperaturestructureof the UTLS above cy-
clones,i.e.colderandlessstablethanthemeanbackground
TTL profile, is well suitedto testtheconvective-dehydration
mechanisms(Teitelbaumet al., 2000; Vomel et al., 1995;
Danielsen,1982).Theair thatdriesto low mixing ratiosasit
ascendswithin deepconvective towers,mayenterthestrato-
spherewhenthe tropopauseis higherandcolderthanaver-
age,sothatthestratospherewouldbedrierthantheminimum
saturationmixing ratio from anaveragetropicaltemperature
profile.
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Table1. Schematicof themainresultsreviewedin theliteratureaboutcyclones’influenceonUpperTroposphere– LowerStratosphere.

Authors, Year Main Topic Highlight

Koteswaram (1967) Thermal and dynamical structure of cy-
clones in the upper troposphere and lower
stratosphere.

Cold core above 15 km. Presence of peripheral ridge
and outflows jets close to the tropopause.

Kowacs and McCormick (2003) Vertical profiling of clouds and aerosols
from space (LITE) through a cross section
of Typhoon Melissa.

Cirrus shield of a tropical cyclone approximately 5 km
thick, extending 4000 km between the center of circula-
tion and the equator.

Waco (1970) Horizontal and vertical temperature struc-
ture.

Location of a very cold tropopause just above the cloud
tops; Large vertical temperature gradient above the
tropopause; Small horizontal temperature fluctuations

Penn (1965) Temperature and Ozone measurements in
a hurricane.

Ozone-rich UTLS above cloud tops. Above the
tropopause over the eye, air warmer and considerably
richer ozone.

Penn (1966) Temperature and Ozone measurements in
a hurricane.

The tropopause inclined upwards toward the eye; Above
the tropopause no significant variation in ozone.

Newell et al. (1996) Typhoon redistribution of trace con-
stituents, importance on the global scale.

No evidence of ozone for the downward entrainment of
stratospheric air into the eye region; substantial entrain-
ment of boundary layer air into the eye wall region.

Carsey and Willoughby (2005) Temperature and Ozone measurements in
hurricanes.

Marked changes between the intensifying and weak-
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.

Baray et al. (1999) Stratosphere-troposphere exchange in a
tropical cyclone

Transfer of ozone from the stratosphere to the mid-
troposphere; Pumping of ozone-poor air masses from
the boundary layer to the upper troposphere.

Leclair de Bellevue (2007) Mesoscale modelization of Stratosphere-
troposphere exchange in a cyclone

Stratospheric injection in divergence zones in the tropo-
sphere

Leclair de Bellevue (2006) Climatology of tropospheric ozone pro-
files associated with tropical convection
and cyclones.

Transfer of ozone from the stratosphere to the mid-
troposphere; Pumping of ozone-poor air masses from
the boundary layer to the upper troposphere.

Zou and Wu (2005) Satellite column ozone measurements
over hurricanes

Variations of total ozone amounts are closely linked to
the life stage of a hurricane. Stratospheric intrusions in
the eye regions are likely.

Joiner et al. (2006) Satellite column ozone measurements
over hurricanes

Small amounts of stratospheric intrusion into the eye re-
gion.

Richard et al. (2001) Troposphere-Stratosphere transport and
dehydration in cyclones

Low water vapour and ozone and high methane in the
lower stratosphere above a cyclone. Local dehydration
and upward transport of ozone poor and methane rich
tropospheric air.

Danielsen (1993) Troposphere-Stratosphere transport and
dehydration in cyclones

Large scale upwelling and dehydration in cirrus shield
above cyclone

Kritz et al. (1993) Troposphere-Stratosphere transport and
dehydration in cyclones

Dehydration in cirrus shield above cyclone

Merrill et al. (1988) Upper-tropospheric flows around hurri-
canes

Influence at synoptic scale

To evaluatetherelative importanceof tropicalcyclonesas
preferredregionsof convectiveovershooting,penetrating the
TTL or evenabove thetropopause,we have usedthedataset
of theTropicalRainfall MeasurementsMission(TRMM) for
theyear1999.TRMM measurescloud-topaltitudeandrain-

fall characteristics(Cecil et al., 2005),seeSect.3 hereafter.
This valuabledatasethasbeenalreadyusedby Alcala and
Dessler(2002)to assessthegeneralimpactof tropical con-
vection upon stratosphericdehydration. The processfol-
lowedfor thesemeasurementscloselymirror theoneadopted
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by Alcala andDesslerin their work: similarly to themwe
used14km asa proxy for the lower boundaryof the TTL.
Although this canbe consideredan arbitrarychoiceit pro-
vides a reasonablethresholdto evaluatethe penetrationof
deepconvectionin the uppertropical troposphere. An esti-
mateof thealtitudeuncertaintyof theTRIMM productscan
bededucedconsideringthat theminimumverticalresolution
of thisdatasetis 250m atnadir.

The TRMM tropical cyclone databaseavailable through
the JapanAerospaceExplorationAgency (http://www.eorc.
jaxa.jp/TRMM/typhoon/index e.htm), allowedusto evaluate
the fraction of the convection associatedwith tropical cy-
cloneswith respectto the overall convectionpresentin the
tropicalarea.

Wehaveusedthe2A23productof theTRMM. In thistype
of dataset,files storethe observationsobtainedby the Pre-
cipitation Radar on boardof the satellite. In particular we
have usedthe“rain type” andthe“cloud top” products.We
have definedas overshootingany pixel of the radarimage
thatwasassociatedwith a convective typeof rain and,at the
sametime, showeda cloudtop above 14km, a level usually
consideredasa goodproxy for the lower edgeof the TTL
(SherwoodandDessler, 2001).

In this way we have calculatedthe fractionof theoverall
cyclone-relatedconvectionthat is penetratingtheTTL. This
fraction is closeto 3.5%, a valuenearthe oneobtained by
Alcala andDessler(2002) for the overall convection in the
tropics. This seemsto indicatethatcycloneassociatedcon-
vectionis not in generala preferredpathway for TTL pene-
tration.

Nevertheless,tropical cyclonescanstill play a preferred
role in the waterbudgetof the TTL by providing large ar-
easof relative high clouds,wherethe thermaleffect asso-
ciatedwith this cloud deck can be of importance. More-
over, in somestageof thecyclonelife cycle theovershooting
could still lead to more frequentand deeperinjection into
theTTL. A work by Kelley andStout(2004)subdividedthe
TRMM cycloneobservationswith respectto their life stage,
andclearlyshowed that in thecycloneintensificationstage,
convective towersaremorethantwice aslikely to occuras
in theotherstages,andthatthesetowersreachhigherthanat
otherstages.

However, previous direct in-situ observationsdocument-
ing the effectsof cycloneson the TTL and the LS are too
sparseto draw definiteconclusions.

3 Instruments and methods

We comparethe profilesof meteorologicalparameters(wa-
ter, clouds,ozoneandtracers)detectedin andover the cy-
cloneDavina with the averageprofilesacquiredduring the
time frameof the APE-THESEOfield campaign. The gen-
eralmeteorologicalsetting for thecampaignis givenin Ste-
fanutti et al. (2004). An analysisof the temperature,ozone,

cloudsandwatervapourprofiles acquiredduring the cam-
paignhasbeenreportedin MacKenzieet al. (2006). In the
presentwork the focus is on the specificeffectsof tropical
cycloneson theUTLS.

A shortintroductionto theencounterwith cycloneDavina
describedbelow, has been publishedin the Royal Mete-
orological Society’s Weather magazine(Buontempoet al.,
2006); in that work, lidar data from the Falcom F-20 are
comparedto idealizedcyclonestructureaspredictedby the
modelof Emanuel(1999).

In the following sectionswe describebriefly the instru-
mentsdeployed during the flight and the satellitedatawe
usedto interpretthemeteorologicalsituation.

3.1 TheM55 payload

Aerosolandcloud detectionat the aircraft flight level were
provided by the Multiwavelength Aerosol Scatterometer
(MAS) (Adriani et al., 1999), a backscattersondethat pro-
vided in-situ measurementsof volumebackscatterratio and
depolarizationratio at 532nm,with a time resolutionof 10s
andanaccuracy of 5%on thebackscatterratio. The2-sigma
uncertaintyon the depolarizationratio is higherandis esti-
matedto benotsmallerthan30%for theflight of 9 Marchto
Davina.

The miniaturizedlidar Microjoule AerosolLidar (MAL)
(Matthey et al., 2000) provided vertical profiles of aerosol
andcloud volumebackscatterratio anddepolarization ratio
at 532nm, from sometensof metersfrom theaircraft to 2–
3km upward, with a vertical resolutionof 20m anda time
resolutionof 80s.

Total water content was measuredby the Fast In
situ StratosphericHygrometer (FISH), developed at the
ForschungszentrumJulich(Germany). Theinstrumentthatis
basedontheLyman-α photofragmenttechnique,hasanover-
all accuracy of 6%,or 0.3ppmvin thecaseof very low mix-
ing ratios. The oversamplingof condensedwater in clouds
was correctedas describedin Schiller et al. (1999). Con-
densedwaterwasalsomeasuredby a TunableDiodeLaser
(CVI) cell (Toci et al., 2002) that received only evaporated
particlesthat had beenable to passa Counterflow Virtual
Impactor(CVI) inlet (Nooneet al., 1988). This latter de-
vice permittedthepassageonly of particleswith kinetic en-
ergy largerthana givenvalue,i.e. with massesequivalentto
sphericaldiametersgreaterthat 1.5µm. Watervapourwas
measuredby the FLASH instrument,an aircraft versionof
aninstrumentalreadydeployedon balloons(Yushkov et al.,
1998; Peetet al. 2004). While outsideof cloudsthe two
instrumentsgive thesameresult,comparisonof the two in-
strumentsin cloudsgives the amountof condensedwater.
Ozonewasmeasuredwith a time resolutionof 10s by the
Electro ChemicalOzoneCell (ECOC) (Kyro et al., 2000),
a modifiedelectrochemicalozonecell whosedatawereval-
idatedagainst ozonosondes,and with a time resolutionof
1s by the FastOzoneANalyser (FOZAN) (Yushkov et al.,
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1999),a fastresponseinstrumentbasedon a chemilumines-
centreactionbetweenadyeandtheambientozone.

A setof long-livedtracers(N2O,CFC-12,CFC-11,Halon-
1211,SF6, CO2) weremeasured by the High Altitude Gas
AnalyzeR(HAGAR), a Gaschromatograph,with time res-
olution of 90s combinedwith a non-dispersive IR analyzer
for CO2 with time resolutionof 10s (Volk etal., 2000).

Avionic datawerealsorecordedfor scientificuse. These
includedair temperatureandpressure,horizontalwind ve-
locity, trueair speed,geographicalcoordinatesandaltitude.
Accuraciesof temperatureand pressurewere specifiedto
be 0.5K in temperatureand0.6hPa in pressure(B. Lepou-
chov, Myasishchev DesignBureau, Moscow Region, Rus-
sia,personalcommunication).Comparisonwith independent
probes(Rosemountprobes,colocatedradiosoundingsanda
microwave temperatureprofiler) in previousandsubsequent
campaignshasconfirmedthis accuracy (Lowe et al., 2006).
In principle, from the informationof the inertial navigation
systemon aircraftorientation andtrueair speed,it would be
possibleto infer thevaluesof air vertical speedwhich is an
orderof magnitudesmallerthanthe horizontalcomponents
(Scottetal.,1990),but thiswas,in practice,notpossibledue
to thenoiseaffectingtheseavionic data.

3.2 Satellites

Imagesfrom METEOSAT 5 andTRMM wereusedfor the
analysis. TRMM datahave alsobeenusedto evaluatethe
relevanceof tropical stormsfor the global climate, as dis-
cussedin Sect.2.

In the time frame of the Geophysica deployment, ME-
TEOSAT 5 wasrelocatedover the Indian oceanat 63◦ E to
provide supportto thefield activities of theconcomitantin-
ternationalINDOEX project(Ramanathanet al., 2001).The
satellite radiometeracquiresimagessimultaneouslyin the
visible, thermalinfraredandwatervapourIR band,with a
frequency of 30min, a total coverageof theEarthdisk anda
spatialresolutionof 5km at theequator.

TRMM isa joint missionbetweenNASA andJAXA , aim-
ing to accuratelymeasurethespatialandtemporal variation
of tropicalrainfall. Theinstrumentsusedto measureprecip-
itationaretwo: i) thePrecipitationRadar, (PR)thatprovides
three-dimensionalmapsof stormstructureswith a horizon-
tal resolution at the groundof 4km and a swath width of
220km, andhastheability to provideverticalprofilesof rain
andsnow from the surfaceup to a heightof 20km, ii) the
TRMM Microwave Imager(TMI), apassivemicrowavesen-
sorbasedon thedesignof SSM/I which measuresradiation
at five separatefrequencieswith a 780km wide swathat the
ground.

4 Observations

4.1 TheDavinacyclone

Davinaoriginatedon1 March 1999in theMid-IndianOcean
basin,approximatelyduesouthof Sri Lanka. It maintained
a west-south-westtrack almostthroughoutits life, reaching
a tropicalcyclonegrade,asclassifiedby theLa ReunionRe-
gional SpecializedMeteorological Centre,on 5 March. Its
maximum 10-min averagewind speedwas 162km/h, de-
tectedon7 and8 March.After passingLa Reunionisland,it
startedto weakenandto decelerate,moving thennorthward
andwestwardfor severaldays. It dissipatedover thewaters
of easternMadagascaron12 March.

Dvoraktechniqueestimations(Dvorak, 1975,1977,1984)
of tropical cycloneintensitiessuggestthat the most intense
stageof thestormhadbeenreachedon 8 March. TheGeo-
physicasampledthe cycloneearly the following day, at the
very beginning of its decayingphase. The onsetof decay
rapidly led to thedisaggregationof thecycloneeye. TRMM
data obtainedfrom the DAAC database(in particular the
VIRS radiance,theTMI radiances,andtheTMI derivedhy-
drometeorprofiles), indicatethat on 9 March 1999 part of
suchdisaggregation had alreadystarted.The TMI hydrom-
eteordatashowedthat themostactive partof thestormwas
locatednearits southernedge. There,the surfacerain due
to convectionwasashigh as30/40mm/h. Unfortunatelythe
PRswathwaslocatedtoo far southto measuretheheightof
theconvective towersnearthecoreof thesystem.

4.2 TheGeophysicaflight

TheGeophysicatook off from Mahé (Seychelles)the9th of
March1999,at05:05localtime(Seychellestimeis 4h ahead
of UTC), following theDLR F-20Falconthattookoff 30min
earlier to act asa pathfinder. The Geophysicaflight lasted
for 5h and54s. In Fig. 1, a Meteosatimageof brightness
temperatureover the Indian Oceanat the time of the Geo-
physicaflight is shown. Segmentsof the Geophysicaflight
pathof interest for this work, asexplainedin the following,
arealsodisplayedin thefigure. Seven-dayback-trajectories
with endingpointsalongthe Geophysica flight path,calcu-
latedusingNCEPreanalysis,showedthepresenceof azonal
easterlyflow in theupper troposphere,in theweekpreceding
theflight.

The two aircraft flew close togetherat their respective
cruisealtitudes. On approaching 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 boundaries,then sloping downward to-
ward the cyclone’s centre,to reacha cloud heightof 8km
there. The weatherradar on board of the Falcondetecteda
breakin the eye wall andby following this passagethe air-
craft wasableto reachthe eye of Davina. The Geophysica
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Fig. 1. Infraredbrightnesstemperature(K) observed by meteosat
at 02:00UTC in the areaaroundcyclone Davina at the time of
theGeophysicaoverpassingover thecyclone’s eye. Thesegments
colouredin blue,greenandpurplerepresentsrespectively portions
A B andC of the Geophysicaflight asdefinedlater on in the text
andin Fig. 2. Theeye of the cyclonecanbe identifiedin thearea
eastandnorthof thedeepestconvection.A smalldisplacementbe-
tweenthepositionof theeye andthe trackof theaeroplaneis due
to thefactonly half hourly imagesfrom thesatellitewereavailable
duringthecampaign.

followed the Falcon above the cloudsand enteredthe cy-
clonein differentareas, directly samplingthe cirrus clouds
andtracegases.Duringthecyclonecrossing,thecirruscloud
deckthatformedaspiralarmof DavinaguidedtheGeophys-
ica,andthena dive wasperformedat thecyclonewall. Fig-
ure2 is a time plot of theflight altitudeprofile, (black line),
togetherwith MAS backscatterratio (black line) andMAS
depolarization(red line) showing crossingsof cloudsalong
theflight path.

The aircraft performedan ascent on approachingthe cy-
clone centre(sectionA), then dived and turned northward
(sectionB). A third ascentreachedthe aircraft ceiling alti-
tudeon thewaybackto Mahé (sectionC).

The ascentsanddescentswereperformedwith a vertical
speedof 4ms-1, samplinga region with horizontaldimen-
sion of roughly 350km. Data acquiredalong thesethree
vertical profileswill be comparedin the following to aver-
ageprofiles acquiredin all other flights performedduring
thecampaign.Dataacquiredduringtheportionof theflight
markedin red, southwardof 13◦ S,arenotpartof thedataset
usedin thesubsequentsectionto build meanprofilesof tem-
perature,ozoneandtracers.

4.3 Verticalprofiles

Dataobtainedduring portionsA, B, andC of the flight are
comparedwith averagesobtainedfrom thecampaigndataset
composedof all theotherflights,andtheDavina flight data
northward13◦ S.Thedatasetcoversa wide varietyof atmo-
sphericconditions(seeStefanutti et al., 2004).

Fig. 2. Time seriesof the altitudeprofile of the Geophysica flight
(black line, vertical axis on the left) and backscatterand aerosol
depolarizationratio from thebackscattersonde(blackandredlines
respectively, verticalaxison theright). Trianglesdenotegeograph-
ical locationsof interest.Thethreeportionsof theflight, indicated
hereasA, B, andC sections,areusedto deriveatmosphericvertical
profilesin thefollowing figures.

Most of this campaigndatasetcomesfrom observations
northward of 13◦ S, i.e. from a region well inside the so-
called“tropical pipe” (Plumb,1996),which is characterised
by substantialisolationfrom theextra tropical lower strato-
sphere(Volk et al., 1996).Theoutermostedgesof thetropi-
calbelt, though,mayexhibit moremeridionalexchangewith
themidlatitudesor evenlie outsidetheisolatedtropicalpipe
region. In orderto take full accountof this possiblebiasin
theaverageprofiles,we alsodisplayin thefigures,asa sep-
arateprofile, the subsetof the campaignobservationscom-
posedof dataacquired southwardof −13◦ N (excluding the
Davinaflight). Thesecamefrom theflights,conductedonthe
6 and11March,underconvectively quiescentconditionsand
aimedat performingmeridionaltransectsof the tropopause
regionandthelowerstratosphereto studytracergradients.

Data from instrumentswith time resolutioncoarserthan
1s have beenlinearly interpolatedto a 1-sgrid, with theex-
ceptionof HAGAR datafor whichtheoriginal data(sampled
every 90s) areshown. Thedatasethasbeenbinnedin 60-m
binswith respectto GPSaltitude,with anaveragenumberof
samplesperbin of 300,or in 1K binswith respectto poten-
tial temperature,with anaveragenumberof samplesperbin
of roughly500(exceptfor HAGAR data).

Figure 3 shows temperature(left panel) and potential
temperature(right panel)profiles for the non-Davina cam-
paignmean,thenon-Davinacampaignsubsetof observations
southward of 13◦ S andfor the threeprofiles from Davina.
There,andin the following Figs. 4 to 10, the red solid line
shows thenon-Davina campaignprofilesand therangebars
indicateonestandarddeviation. Blue,greenandpurplesolid
linesshow profilesacquiredrespectively duringportionsA,
B andC of theDavina flight, asindicated in Fig. 2. Finally
the gray andblack solid lines shows the non-Davina south-
ernmostsubset,respectively beforeand after the cyclone’s
passage.

FromFig.3 weseethattemperatureprofilesin andaround
thestormareup to 5K warmerthanthenon-Davinameanin
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Fig. 3. Temperature(left panel)and potential temperature(right
panel)vs geometricalaltitude. Potentialtemperaturedataaredis-
playedwith respectto two differenthorizontalaxesfor easeof in-
terpretation.Solid red linesrepresenttheaveragenon-Davina pro-
files observed during the campaign,rangebarsshow ±1 standard
deviation. Gray andblack lines are the profile form a subsample
of thecampaigndatasetwith observationssouthwardof 13◦ S,(not
comprisingtheDavinaflight) takenrespectively beforeandafterthe
Davinapassing.Blue,greenandpurpleprofilesdenotestheprofiles
obtainedrespectively on portionsA, B and C during the Davina
flight, asdisplayedin Fig. 2.

the lower partof theprofile between12km and14km, then
from 14km up to 17km they follow the non-Davina mean,
while higherup they get some3–5K colderthanthe mean,
up to 20km.

The non-Davina southernmostsubsetcomprisestwo ver-
tical profilessampledon the 6 March between17◦ to 19◦ S
(grey line), andonesampledon the11Marchbetween13.5◦

and15◦ S (black line). Observationsfrom theseprofilesare
often at the two extremesof the overall campaigndistribu-
tion for mostquantitiesmeasured.Concerning temperature,
weseethatfrom 15–16km to thetopof thesounding,Davina
profilesare5–10K colderthanthenon-Davinasouthernmost
profiles acquiredthreedaysearlier, and are comparableto
theprofile acquiredtwo dayslater, up to 18km. Above that
altitude,theDavina profile stayscolderthanall otherobser-
vations.

The cold point tropopauseabove the cyclonetendsto be
colder than the mean, althoughstill within the envelopeof
coldpointsobservedatothertimesduringthecampaign.

Potentialtemperatureprofilesaroundthecentreof thehur-
ricaneare warmer than non-Davina meansat altitudesbe-
low 13km, thenin a layer from 13km to 16km the poten-
tial temperatureverticalgradientsarereducedso thatabove
16km,upto 19km, theDavinaprofilesbecomesome5–10K
colderthanthenon-Davinameans.Thecomparison with the
non-Davina southernmostsubsetshows Davina profilesbe-

Fig. 4. Temperaturevs.potentialtemperature.Solidredlinesrepre-
senttheaveragenon-Davinaprofilesobservedduringthecampaign,
rangebarsshow ±1 standarddeviation. Grayandblacklinesarethe
profile form asubsampleof thecampaigndatasetwith observations
southwardof 13◦ S,(notcomprisingtheDavinaflight) takenrespec-
tively beforeandafter theDavina passing. Blue, greenandpurple
profilesdenotes theprofilesobtainedrespectively on portionsA, B
andC duringtheDavinaflight.

ing comparableto theprofilesampledon11March,but some
5–10K colderthanthe southernmostprofilessampledon 6
Marchin theuppertroposphere,andin thelower partof the
stratosphere.At thetopof thesounding,theseprofilesmerge
with thenon-Davinameans.

In Fig. 4 we plot temperatureprofilesvs. potential tem-
perature. From the 360K level upwards,between15 and
16km, the Davina profiles follow quite closely the non-
Davinamean,suggestingthatthetemperatureanomaliesdis-
cussedin Fig. 3 aremainlydueto adiabaticverticaldisplace-
ment.Onlybelow 360K, significantdeparturesof theDavina
profilesfrom thenon-Davinameansuggestthatdiabaticpro-
cessesbecomeimportant. Hereafterwe will generallyuse
potentialtemperatureasa verticalcoordinate,to remove the
effectsof adiabaticmotion.

The southernmostnon-Davina profilesacquiredon the 6
March are warmer than the overall non-Davina campaign
meanuntil 420K, andwarmerthantheDavinacasethrough-
out the potential temperaturerangeof the Davina profiles
(i.e. θ≤450K), while the southernmostnon-Davina profile
acquiredon the 11 March follow more closely the Davina
profiles.

Waterprofilesaredepictedin Fig. 5. As in previouspic-
tures,red lines and rangebarsshow the meannon-Davina
total water campaignprofile with a rangeof one standard
deviation. Blue, greenandpurplesolid lines show profiles
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Fig. 5. Total watervs.potentialtemperature.Solid redlinesrepre-
senttheaveragenon-Davinaprofilesobservedduringthecampaign,
rangebarsshow ±1 standarddeviation. Grayandblacklinesarethe
profile form asubsampleof thecampaigndatasetwith observations
southwardof 13◦ S,(notcomprisingtheDavinaflight) takenrespec-
tively beforeandafter theDavina passing.Blue, greenand purple
profilesdenotestheprofilesobtainedrespectively on portionsA, B
andC during theDavina flight. In additionto total waterdata,the
cyan solid line representthe watervapoursaturation mixing ratio
computedfrom air temperatureduring theDavina flight, theviolet
solidline representthenon-Davinameanwatervapourmixing ratio,
from theFLASH intrument.

acquiredrespectively during portions A, B and C of the
Davina flight, from FISH. In addition, the cyan solid line
representsthewatervapoursaturationmixing ratiocomputed
from theair temperatureduringtheDavina flight andthevi-
olet solid line representsthenon-Davina meanwatervapour
mixing ratio from FLASH.

TheDavinaprofilesshow anoticeableenhancementof the
total watercontentin theTTL region up to 360K, i.e. up to
thetop of thecirrusdeck.This is particularlymarkedon the
B profile wherethecirrus layerextendsevenhigherthanin
theothertwo profiles,up to 375K. We note,however, above
360 K in profilesA andC andabove 375K in profile B, a
distinct waterdepletedregion. That region is substantially
subsaturated,exceptfor a singlelayeron profile A at 380K,
wherethewatervapourreachesits saturationvalue.

In general,theDavinaprofilesdiffer significantlyfrom the
non-Davinameans:mixing ratiosatthehygropausearecom-
parablebut theDavinahygropauseis some20K lower than
for thenon-Davina mean.TheDavina profilesaredryerup
to 385K, andmoisterabove, merging with the non-Davina
meansonly above the410K level.

Figure6 showstheozonemeasurements,whichareof par-
ticular interest:in theDavina ozoneprofiles,the 360K level

Fig. 6. Ozonevs. potential temperature. Solid red lines repre-
senttheaveragenon-Davinaprofilesobservedduringthecampaign,
rangebarsshow ±1 standarddeviation. Grayandblacklinesarethe
profile form asubsampleof thecampaigndatasetwith observations
southwardof 13◦ S,(notcomprisingtheDavinaflight) takenrespec-
tively beforeandafter theDavina passing. Blue, greenandpurple
profilesdenotes theprofilesobtainedrespectively on portionsA, B
andC duringtheDavinaflight.

coincideswith thecentreof a layer, extendingupwardto the
380K level, whereozoneis stronglyreduced,both in com-
parisonwith the non-Davina meansandwith the southern-
most non-Davina profiles on 6 March, while the southern-
mostprofile acquiredon the11 shows a reductionof ozone
too, althoughnot as severe as in the Davina observations.
Thedepletedozonein theDavinacaseis indicativeof signif-
icantupwardtransportof ozone-poormarineboundarylayer
air into theTTL. Themeanvalueof ozonemixing ratiobelow
850hPa during the campaignwasaround20ppbv, roughly
half of thefreetropospherevalue.Abovethe380K level, the
Davinaprofilesarewell within thenon-Davinameans.

Profilesof the tropospherictracersN2O andCFC-12can
beseenin Fig. 7. For both speciestheprofilesA andB show
adeparturefrom thenon-Davinameansfrom the400K level
upward,while profile C morecloselyfollows thecampaign
means.Otherlong-livedtracersmeasuredby HAGAR show
similar behaviour. Noteworthy is furthermorethe deviation
from thenon-Davina meansat 440K, apparent in thesouth-
ernmostprofileacquiredon the11March.

From the observationsdescribed above we candraw the
following conclusions:

1. Thecycloneinducedavariationin thetemperaturepro-
file of the UTLS, with temperaturesthat are warmer
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Fig. 7. Mixing ratiosof N2O (left panel)andCFC-12(right panel)
measuredby HAGAR vs potentialtemperature.Redsquaresrepre-
senttheaveragesof non-Davina profiles(in 10K binsof potential
temperature)observedduringthecampaign,with rangebarsshow-
ing ±1 standard deviation. Grayandblacklinesaretheprofileform
a subsampleof the campaign datasetwith observationssouthward
of 13◦ S, (not comprisingtheDavina flight) taken respectively be-
fore andafter the Davina passing.Blue, greenandpurplecircles
connectedby linesdenotetheprofilesobtainedrespectively onpor-
tionsA, B andC duringtheDavinaflight.

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

2. In the tropopauseregion theverticalgradient of poten-
tial temperatureis reduced.

3. Ozoneis reducedfrom at least360K (probablylower)
up to 380K, which suggestsa vigorous uplift of
ozone-poormarine-boundary-layerair to those alti-
tudes,((i.e. ∼17km). Thereductionof ozoneat 360K
is a factor of ∼4 whencomparedwith the non-Davina
means,andattainthere a valuetypical of themaritime
PBL measuredduringthecampaign.

4. Thereis a significantpresenceof cirrus clouds in 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
cloudsarepresent,total waterprofilesaremoisterthan
the non-Davina means,implying that the cirrus clouds
areforming in air injectedinto theTTL from below.

5. Tracer profiles stay within troposphericvaluesup to
385K. Above that level they show a stratosphericbe-
haviour.

Fig. 8. Orangeline is thenon-Davina meanprofile of watervapour
saturationmixing ratio from the geophysicatemperaturemeasure-
ment during the campaign. Pink line is the non-Davina meanof
thewatervapourmixing ratio observedduring thecampaign.The
blue,greenandpurplearethesaturationmixing ratioobservedover
Davina,alongtheA, B andC profilesrespectively.

6. Whereno cloudsare present,water profiles are dryer
below andmoisterabove the385K level in comparison
to thenon-Davinameans.

7. In general,Davina observationsarecloserto observa-
tions taken in thesameareatwo dayslater, thanto the
overall campaignmeansandto thesouthernmostobser-
vationsacquiredthreedaysearlier. This suggeststhat
someof theeffectsof Davinawerestill persistentin the
areaafterthestormhadpassed.

5 Discussion

Fromthepreviousanalysisof ozoneandtropospherictracers,
we are led to the conclusionthat, despitethe reduction of
theverticalgradientof potentialtemperature,thatwouldlead
to a more permeableTTL, no stratosphericintrusionsinto
the uppertropospherewereobserved during our survey, as
couldbeassessedby theconstantvaluesof N2O andCFC-12
andtheabsenceof layersof enhancedozoneor reducedH2O
to stratosphericvaluesin the troposphere,andthat the380–
385K level marked the upperboundaryof a region subject
to injectionsof boundary layer air during an earlier, more
intense,phaseof thecyclone.We will continueour analysis
by focusingontheregimesbelow andabovethislevel in turn.

5.1 Below 385K: dehydrationeffects

In analyzingthissetof observations,wewerealsomotivated
by the following question:aretropical cyclonesactive sites
of dehydration,andto whatextent? A partialanswerto this
questionis that, despitethe generaleffect of hydrating the
uppertroposphere (Rayet al., 2007),in fact they maybeef-
fective in dehydrating the air in the upperTTL. This may
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occurif the thick cirrusshieldis presentin a region of tem-
peraturescolderthantheaverage,so thatsedimentingcirrus
particleswould fix the water vapourthereat a value close
to thesaturation,which is lower thantheaveragesaturation
mixing ratioof theTTL elsewhere.

That this may be the caseis suggestedby an analysisof
Fig. 8. There, the orange line representsthe non-Davina
meansaturationmixing ratio while the pink line represents
the non-Davina meanwatervapourmixing ratio, in cloud-
free airmasses.As canbe seencomparingthe two profiles,
in generalduring the campaignthe air in the TTL waspre-
dominantlyunder-saturated,as reportedin the analysisof
MacKenzieet al. (2006).TheDavina A, B andC saturation
mixing ratioprofiles– blue,redandpurplelinesrespectively
– arelower thanthe correspondingnon-Davina means,and
closerto theactualmeanwatervapourmixing ratioobserved
duringthecampaign.

The observationsthus suggest that the upperpart of the
TTL abovethecycloneis agoodcandidatefor aregionwhere
thewatervapormixing ratiocouldbelowered,by freezedry-
ing, to thevaluesobservedon averageelsewhere,by anac-
tiveprocessof freezedryingto theparticularlylow saturation
valuesencounteredthere.A plausiblemechanismfor thede-
hydrationis theformationof cirruscloudsathigh levels,and
subsequentparticle removal by gravitational settling. This
would leave the TTL temporarily colder thanthe meanand
with awatervapourmixing ratio reducedto thesmallvalues
of saturationencounteredat thecloudtopsthere.

To explorefurtherthewaterbehaviour above thecyclone,
werefernow to eachsingleprofileseparatelyin Fig. 9 where
N2O,ozone,totalwater, watervapoursaturation mixing ratio
andaerosoldepolarizationratioaredisplayedvs.geometrical
altitudefor the threeDavina verticalsoundings.We remind
that profilesA andC wereacquired in the northernwall of
thecyclonewhile profileB is closerto thecentre.

Commonto the three profiles is a dry region between
16.5km and18km. Two geometricallythin layersof con-
densedwaterarepresentlowerdown in profileC,wheretotal
wateris at, or only slightly above, the watervapoursatura-
tion mixing ratio. ProfileB showsa thick cirrusup to 16km.
Unfortunatelytheaerosoldepolarizationdataaremissingfor
the centralpart of this profile, so we cannotdetectwhether
or not the condensedphaseextendsup to 16.5km, where
the total water contentequalsthe saturation value. Never-
theless,noticeablein the availabledatasetis the unexpect-
edlylow valueof theaerosoldepolarizationinsidethatcloud.
Suchlow valuesaredetectedin mixedphaseclouds,unlikely
to be presentat thosecold temperatures,or in cloudscom-
posedof particlesof very small radius,probablyfrom very
recentnucleation.Significantpresenceof smallparticlesin-
sidethecyclonecirruscanopy wasreportedby Knollenberg
etal. (1993)in thecaseof cycloneDamien.

In thecaseof highdensitiesof smallcloudparticles,equi-
librium with the watervapourinsidethe cloud could be es-
tablishedvery quickly, thusreducingtheamountof waterin

Fig. 9. Solid blue lines show the total wapormixing ration from
FISH. Dashedblue lines show the water vapor saturationmixing
ratio from temperaturemeasurements.Black lines areozonemix-
ing ratiosfrom FOZAN (themorestructuredone)andECOC(the
smootherone). Red lines are N2O mixing ratio from HAGAR.
Greenlinesshowsdepolarizationratio from MAS. Datafrom MAS
aremissing for partof theflight. Upper, middleandlowerpanelare
for profilesA, B andC respectively, asdepicted in Fig. 2.

thegasphaseto a valuecloseto its saturationin shorttimes.
Yet, theminimumof watervapourfoundat 17km in all the
threeprofileswouldhave requiredtemperatures2–3K lower
thanthoseactuallyencounteredatthecirruscloudtopsin our
sounding.

In facthygropauseandcoldpoint (seetheminimumin the
total watermixing ratio profile) arecoincidentonly in theB
case,while both in theA andC profilesthey differ, thecold
point beinghigherthanthehygropause.In caseB, thecold
point coincideswith the altitudeof the computedlapserate
tropopause,while thecold point is higherthanthelapserate
tropopausein casesA andC. This all seemsto suggestthat
dehydrationprocessesarethusnot ongoingin our data,ex-
ceptmaybeat the top of the cirrus cloudsin profile B, and
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Fig. 10. Scatterplotof ozonevs N2O. Solid red line representthe
averagesof non-Davinaprofiles(in binsof 0.1ppmozone)observed
during thecampaign,with rangebarsshowing ±1 standarddevia-
tion. Gray andblack linesaretheprofile form a subsampleof the
campaigndatasetwith observationssouthwardof 13◦ S, (not com-
prising the Davina flight) taken respectively before and after the
Davinapassing.Blue,greenandpurplelinesdenotetheprofilesob-
tainedrespectively onportionsA, B andC duringtheDavinaflight.

that the dry layer between16km and 18km is a result of
whathadhappenedearlier, perhapsin themostactivepartof
thecyclonelife cycle. During intensification,thecycloneex-
perienceda largedropin its centralsurfacepressureandit is
thenthat themostintensevertical velocitiesareusuallyob-
served. This hypothesiswassubstantiatedby theanalysisof
theavailableTRMM datathatmeasuredthecycloneduring
differentstagesof its life cycle,andshowedhow coldercloud
topswereobserved48–72h earlierthanourobservations.

An effect probablycompetingwith dehydrationmayarise
from overshooting cloud turrets hydrating that region, as
seemedto bethecasein profileA, wherea temperaturemin-
imum at 17.5km is just coincident with a thin layer of en-
hancedwatervapour, reachingits saturationvalue.Particles
in that layer were identifiedby the slight enhancementob-
served in the MAS depolarization(greenline) and in con-
comitantenhancementof the CVI condensedwater probe
(not shown). Suchmoisturizinganvil top plumesoriginating
from thecirrusdecksabovethunderstormshavebeenfirst de-
scribedfrom satelliteobservationsby Levizzanietal. (1996).
Wang(2003)interpretedtheseasinjectionsof smallparticles
in theupperlevelsinducedby thebreakingof gravity waves;

Fig. 11. Potentialvorticity on the 430K thetasurfacefor 9 March
1999asobtainedfrom ERA40reanalysis.Davina lies in aregionof
high gradientwhereisolatedfilaments canmix air of extra tropical
latitudesin the tropicalpipe. Oneof theseelongatedstructurecan
beseenextending from eastto westover theareainterestedby the
cyclone.

the small particles thenmoisturizethe layer uponevapora-
tion. Turbulent mixing inducedby breakinggravity waves
maybeenhanced in theweaklystratifiedtropopauseregion
above cyclones.Turbulentmixing above ITCZ-typeconvec-
tion leading– on subsequentcooling – to cloud formation,
hasbeendescribedby Santacesariaet al. (2003)for an ear-
lier flight in APE-THESEO,andby Garrettet al. (2004)for
measurementsin theCRYSTAL-FACEcampaign.

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

As shown in Fig.7, stratospherictracersshowedadistinctive
behaviour in the vicinity of cycloneDavina between400K
and 430K. There,on two out of threeprofiles the vertical
profilesof N2O andCFCsshow lower mixing ratiostending
towardvaluesthataretypical of themidlatitudestratosphere
than of tropical air. The scatterplot of N2O vs. ozonein
Fig. 10 further confirmsthis feature:while the non-Davina
campaigndataon averageexhibit a correlationslopetypical
for the isolated tropical regions, the deviations apparentin
theDavina profilestendtoward thecompactcorrelationtyp-
ically observed in the midlatitudes(e.g.Volk et al., 1996).
This suggeststhat stratosphericair above the cyclone is at
leastpartlyof midlatitudeorigin.

Indeed, HYSPLIT (Draxler and Rolph, 2003; Rolph,
2003) model backtrajectoriesstarting on a 1◦ squaregrid
centeredat the southernmostpoint of the Geophysicaflight
path confirm that, above the cyclone eye and higher than
400K, air-massesfollow two tracks: a purely zonal trak
stayingwell within thetropicsanda moremeridionaltrack,
which is apparenteastward of Madagascar, displacingmid-
latitude air-massestoward the tropics. This latter flux
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promoteda 15◦ northwarddisplacementof theair-massesin
theprevious72h. If this meridionaltransporthasindeedoc-
curred,it could well accountfor the observations taken by
theGeophysicain thestratosphereabove thecyclone.

Figure11 shows a contourplot of PotentialVorticity on
the 430K thetasurfacefor 9 March 1999 asobtainedfrom
ERA40 reanalysis,superimposedto the Geophysica flight
segmentmarkedasA, B andC in our work. As canbeseen,
Davina liesbelow astratosphericregionof highPV gradient
whereisolatedfilamentscan mix air of extra tropical lati-
tudesin the tropical pipe. Oneof theseelongatedstructure
can be seenextendingfrom eastto west over the areain-
terestedby the cyclone. A prominentridge,not shown, ap-
pearedhigherup in thestratosphere.

It needsto be consideredhere that the observations in
questionweretakenin just theregion(13◦ to 19◦ S) in which
the subtropical barrier is usually found (e.g. Fahey et al.,
1996). Air of both typical tropical aswell as moremidlat-
itudecharactermaythusbeexpectedin this region,depend-
ing on theexact locationof thebarrier, which is expectedto
undulatemeridionallye.g.undertheinfluenceof large-scale
waves and which may possesssmall-scalestructure. This
would explain the fact that the non-Davina profiles south-
ward of 13◦ S exhibit partially typically tropical tracerval-
ues(andcorrelationslopewith ozone)andpartially similar
excursionstoward midlatitudevaluesasthe Davina profiles
(seeFigs. 7 and10). Whetherthe meridionaltransportas-
sociatedwith Davina constitutesan irreversibleintrusionof
midlatitudeair into the tropical lower stratosphereor sim-
ply a large-scale northward displacementof the subtropical
transportbarrier, cannotbedecidedwith thedatasetconsid-
eredhere.However, thecyclonewouldcertainlybeexpected
to interactwith thesubtropicaltransportbarrierandit is quite
conceivablethatsuchinteractionwould promoteirreversible
exchangebetweenthetropicsandmidlatitudes.

6 Conclusions

The encounterof the Geophysicaresearchaircraft with cy-
clone Davina on 9 March 1999 provided in-situ measure-
mentsof tracegases,cloud/aerosolproperties and thermo-
dynamicpropertiesin the tropopauselayerandin the lower
stratosphere.Thesemeasurementshave been usedto build a
two dimensionalpictureof the atmosphereabove a tropical
cyclone. In particular, the measurementshave beenusedto
investigatethetransportprocesseswhich couldsubstantially
modify thetropicaltropopauselayer.

In fact thelow temperaturesencounteredin theupperpart
of theTTL mayhavetriggeredtheformationof cirrusclouds
at high levels, andsubsequentparticle removal by gravita-
tional settling, thus leaving the TTL – temporarily colder
than the mean– with a watervapourmixing ratio reduced
to thesmallvaluesof saturation encounteredthere.

Theobservationsacquiredduringoursurvey showedade-
hydratedlayerin theupperpartof theTTL abovethecyclone
cirrus canopy anddisplayedcondensed waterwhenever its
totalabundancewasaboveor matchingthewatervapoursat-
uration value. Neverthelesstheseobservationsare neither
conclusive in showing thedehydrationmechanismin action,
nor they candemonstrateits effectiveness in thepast.Unfor-
tunately, thecyclonewassampledat theonsetof its decay-
ing phase,whenhigher andcoldercloudswerelikely already
past.Althoughis temptingto attributetheobservedlow val-
uesof watervapourin theupperpartof theTTL to dehydra-
tion processesthatwereactivewhencoldertemperaturesand
highercloudswerepresent, this canonly bespeculative.

The observationsseemto suggest that cyclonesmay in-
duce horizontal stirring of the lower stratosphere, possi-
bly promotingirreversibleentrainmentof midlatitudestrato-
sphericair into thetropicalzone.They maythusactto smear
out the“taperecorder”profileof watervapourvertically, and
the meridionalgradientsof water and tracegaseshorizon-
tally.
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