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ABSTRACT

Obsenedtemperaturérendsandinterannuabariationsnearthetropicaltropopaussuggesthattemperatures
up to the cold point are controlledby the tropospherebut somemodelsindicateotherwise. Here we extend
previous investigationof thermalanomaliesand heatingprofilesassociatedvith tropical corvective outbreak,
by examining behaior nearthe tropopause. Obsenations shov that active corvective systemsare locally
associateavith warmanomaliesn the uppertropospherdout cold anomaliesn the lower tropospherandnear
thetropopauseTime-dependengolutionsof Laplaces equationgddemonstratéhatthe cold anomalybelowv 100
hPa canbe at leastpartly accountedor by adiabaticlofting associatedvith a transientheatingpulseat lower
levels. However, detailedexaminationof the cold-pointtropopausén the datarevealsthatit movesagainsthe
lofting, downward toward higherpressureand colder potentialtemperaturesn responseo corvection. These
variationsggualitatively agreewith longitudinalandENSO-relatedariationsn tropopauséeightandtemperature
reportedin the literature,thoughseenhereon hourly time scales.Fromthis we infer local, mesoscale&liabatic
coolingof severalK day~! closeto thetropopauseluringactive corvection. This exceedshelik ely contrikution
from cloud-topradiative cooling,suggesting role for corvective turbulencein refrigeratingthetropopause.

1. Introduction

Thereis no consensusasto whatrole, if any, corvection
playsin settingtropopaus¢emperatures the Tropics. The
classicaliew is thatthetropicalcold pointmarksadivision
betweercorvective andradiative control of thetemperature
profile (e.g.Held 1982). Corvective control of temperatures
is clearlyevidentin thelowerandmiddletropospherevhere
lapseratesare quite close to moist adiabatic. However,
temperaturgrofilesbegin to departfrom the moist adiabat
aslow as11 km while the tropopauseloesnot occur until
16-17km, leaving a disconcertinglylarge transitionregion
betweenthe two simpleregimes. Recently simplemodels
have suggestedhatthecold pointin thetemperaturgrofile
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is actuallya stratospheriéeaturethathasnothingto do with

corvection,owing its existencensteado theonsetnear100
hPaof thephotochemicaproductionof UV-absorbingpzone
(Kirk-Davidoff et al. 1999; Thuburn and Craig 2002). In

thesemodels,the corvective tropopausendcold point are
decoupledeatures. Here, we investigatethis matterusing
obsenationsanda model (we will referto the region near
140-100hPa generallyasthe “tropopaus€, andto the cold
point—typicallynear95hPa—specificallyasthe“cold point
tropopause”).

The heatbudgetnearthe tropical tropopausds a topic
of smallbut growing interest. This is becaus¢éemperatures
therearethoughtto controlstratospherigvatervaporand/or
the prevalenceof thin cirrus clouds,eachof importanceto
climate. At presentwe do not know how tropopausdem-
peraturesor cloud coveragewill changeif climatewarms,
for example. Further recentobsenational studieshave
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found that well-known tropical disturbancesincluding the
Madden-Julianoscillation, Kelvin waves, and others, are
stronglyexpressedn the temperaturendwind fieldsin the
lower stratospherewith striking, vertically varying struc-
tures(StraubandKiladis 2002;Wheeleretal. 2000). While
theseexpressionsarelik ely to representipward wave prop-
agationinitiated by troposphericheating,thereare surpris-
ing indicationsthat tropical corvective organizationmayin
turn be influencedby stratospheri@anomalies(Gray et al.
1992). In trying to make progreson the generalsubjectof
corvective understandingnd parameterizationt therefore
behowesusto addresgheissueof corvective effectsat the
highestlevels.

Despitetheaforementionedhodelresults avarietyof ob-
senational evidencesuggestghat tropopausdemperatures
areindeedaffectedby tropospheic processesFirst,radiative
transfercalculationsandicatethatbalancebetweerradiatve
and large-scaleadwective sourcesof enegy is not actually
achieved until somedistanceabove the cold point, with net
radiative heatingprevailing nearthe tropopaus€Sherwod
2000a)especiallyif thin cirruscloudscontributeto the heat-
ing (Jensemtal. 1996). Thisimpliesamissingsinkof enegy
nearthe tropopausewhich may be either quasi-horizontal
eddies,vertical corvective transportsof heat, or radiatve
cooling from cloud tops. Thoughmodelshave sometimes
found significantcooling due to eddies(e.g., Manabeand
Mahlman1976),0bsenationsdonotindicatesignificanthor-
izontaleddyfluxesof enegy out of thetropicsathesdevels
(Shervood 2000a;White 1954). Whenverticaladwectionis
takeninto accounttheimplied time-averagedenepy sinkis
evenlargeroverthemostintensiely corvectiveregionof the
tropics(Sherwood 2000a),suggesting coolingmechanism
therethatis associateavith deepcornvection.

Cold anomalieshave beenobsened to appearrapidly
nearand above the cold-pointtropopauseover corvective
systemsn the Indonesiaregion (JohnsorandKriete 1982),
with suggesteadtausedeingadiabaticlifting, cloud-topra-
diative cooling, or turbulent mixing. On the other hand,
Johnson(1986) obseredin the sameregion a lowering of
the tropopauseandwarmingof the lower stratospherevith
increasingcloud cover on weeklytimescalesinvoking non-
local dynamicalinfluencedo explain this. A climatological
connectiorbetweercorvectionandtropopaus¢éemperatures
wasdrawn by ReidandGage(1981)on the basisof thefact
that the meanand seasonalariation of the potentialtem-
peratureat the tropical cold point closely matchedthoseof
the saturatedequivalent potentialtemperaturet the ocean
surface. Further variationsin tropopauseharacteristicsire
coherentwith ENSO (Randelet al. 2000; Reid and Gage
1985). In particular the tropopauseover Hawaii (distant
from intensedeepcorvectionin eitherphaseof ENSO)stays
atthe samepotentialtemperatur¢hroughouthe oscillation,
while over a site in the WesternPacific, the tropopauseo-
tentialtemperatureisesby severaldegreesduringthe ENSO
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warm phasewhencorvectionordinarily found over the site
moveseast(Kiladis etal. 2001).

Theseobsenationsimply a diabatic heatsourceat the
tropopausehatis negatively correlatedwith corvective ac-
tivity. However, no previous obsenationshave beenable
to separatediabatic and adiabaticeffects corvincingly in
explaining obsened variations, nor isolate which diabatic
effect (turbulentheattransport,cloud-topradiatve cooling,
or dynamicallyinducedchangesn radiative heating)is most
important. Distinction of thesemechanismsvould be made
easierby examining variationson corvective time scales
ratherthanthe longertimes scalesrelevantto mostof the
previousstudies.

Dueto thedifficulty of modelingconvection,obsenations
musttake centerstagein addressinghesequestions.In this
study we extendthe analysisof radiosondedatapresented
by Sherwod and Wahrlich (1999) up to 30 hPa using a
modified analysistechnique,paying particular attentionto
thetropopauseTo gaininsightinto the diabaticeffectsand
wavesexpectedto occurin conjunctionwith corvection,we
employ themodelof Horinouchiand Yoden(1996).

2. Radiosonde data analysis
a. Dataandcompositing/filteringnethods

We beagin with the 18-monthsetof radiosondalatafrom
the Tropical WesternPacific region usedby Sherwood and
Wabhrlich (1999), hereafterSW99. Thosesoundingswere
compositedaccordingto the growth or decaystageof lo-
cal corvection(if ary), determinedusinghourly datafrom
the GMS (GeostationaryMeteorologicalSatellite)gathered
within a 100-km squareregion surroundingthe station.
Soundingclassificatiorfollowed from the detectionof con-
vective “onset” and“termination” eventsbasedon the time
progressiorof the amountof local cloud cover at temper
aturesbelov 208K. Thus, soundingswere classifiedin six
catggoriesnumberedsequentially: O if no corvectionwas
present,l if an onsetoccurredwithin threehoursafterthe
sounding,2 if an onsethadoccurredwithin the prior three
hours, 3 if corvectionhad beenongoingfor at leastthree
hoursprior andafterward, 4 if aterminationwascomingup
within threehoursafterthe soundingand5 if atermination
had occurredwithin the prior threehours. Readersshould
consultSw99for furtherdetails.

Corvectiondoesnot hover over soundingsitesso asto
facilitate easycompositing but tendsratherto propagateor
adwectpaststations typically steerecby mid-level winds at
ratesof upto 10 ms—1. Compositesaarebasedon the state
of corvectionover the stationat the obsenationtime. The
systems agecatayory at that point may be determinedei-
therby observinghepastandfuturecloudinessverthesite
(in which casea systemmoving in will beindistinguishable
from onethat sprungup locally), or by observingthe evo-
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lution of cloudinessin a region that moveswith the system
steeringvelocity. SW99tried both and reportedrelatively
smalldifferencesn the compositespccurringmainly in the
final stageof corvection. Theresultspresentederedo not
dependsignificantlyonwhichcompositingechmiqueis used.

The SW99 results shaved warming and moistening
anomaliesn theupperroposphereuringactive corvection,
with cooling developingin the lower troposphereiy stage
3, andfinally a dry anomalynearthe surfacethatdeveloped
asconvectionwasdecaying(stages4-5). Theseanomalies
correspondedenerallywith thoseexpectedrom known fea-
turesof tropicalcorvectivesystemsThewarmanomalywas
presenteven beforethe onsetof convection,indicatingthat
it is partof awave thatorganizesorvectionon time and/or
spacescaledongerthanthoseof the individual systemsas
definedby the compositingprocedure. This illustratesthe
subtletyof the problemandtheimportanceof accountingor
nonlocalinfluencesn thethermalstate.

While the SW99 studyreportedmoisture,this could not
be extendedabove 300 hPa dueto sensoffailure above this
level. Thuswe do not considemoistureat all here. SW99
includedwinds in their study but did not closely examine
them; here,we usezonalwind obsenationsasa marker of
waves generatedy corvection. We alsodeterminea cold
pointtemperatur@ndpressurdor eachsounding.

The SW99 analysisdid not quite reachthe tropopause
level, owing to reduceddataquantity and noiseassociated
with temporaland horizontaltemperaturevariationswhich
becomesignificantas one approacheshe tropopause. To
addresshis problem we havefilteredthetemperaturepres-
sure,and cold point dataaccordingto Sherwod (2000c).
Specifically the measuredjuantitiesat a given level from
alarge setof tropical stationsarefitted to a compactset of
basisfunctionsrepresentindarge-scalevariations:

Z=p+e,

wherey is theexpectatiorvalueat eachstationgiventhere-
mainingdataandamodelincludingonly empiricallyderived,
slow/large-scalevariations. This is doneseparatelyjor each
seasonsoseasonalariationsareimplicitly removedaswell.
Anomaliesdueto theinfluenceof nearbycornvectionwill be
containedn the “residual” ¢; seasonalintraseasonalinter-
annual,and horizontal variations,which would contritute
noiseto the compositeswill appeaiin u. For temperatures
belov 250 hPa, we retainthe anomalyresultsalreadypub-
lishedin SW99sincethe filtering procedurehasvery little
effect. Fortemperatureat250hPaandabove (whichwewill
callthe UT/LS or uppertroposphere/laver stratospherefpr
windsatall levels,andfor cold-pointcharacteristicaye will
usee to measurehe local effects of corvection. We note
thatthis filtering procedurealsoremovesatmospheridides,
which may have an amplitudeof several tenthsof a degree
nearthetropicaltropopausg¢Swinbanketal. 1999).

Annual mean trend 1985-98, 15S-15N
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FiG. 1. Thetemperaturérendvs. heightbetweerl5N-15Sduring
the period 1985-98,from radiosondedataanalyzedat mandatory
reportinglevelsasdescribedn text.

In performingthe above procedurefor winds and cold-
point characteristicswe usea datasetof 60 stationsin the
WesternPacificareathatincludesthenineusedin Sherwood
andWabhrlich (1999),with datacollectedfrom 1992-98.By
including the extra stationsand time period, the model
may be determinedmore accuratelyfrom the databy the
procedure.For UT/LS temperaturesye usetheevenlarger
datasebf 15-yeardurationand 137 stationsthroughoutthe
tropicspresentedn Sherwod (2000c). Thoughsensitvity
testsindicatethatthe smallerdatasets sufficient, ourreason
for usingthelargertemperaturelatasets to be ableto show
trends.For eachvariable,our modelfor p is asdescribedn
Sherwod (2000c),exceptthatfor temperatureve have also
includedatrendtermat eachstation.

b. UT/LStempeaturetrends

The 1985-99 datasetdemonstratesn interestingtrend
characteristicWe obtainameanl5N-15Semperaturérend
by optimalinterpolationof thetrendobsenedateachstation,
takinginto accounthevaryinguncertaintyof eachstations
trend,asdescribedn Sherwood(2000b). Theresultis shavn
in Fig. 1. A strongcoolingtrendoverthis particularl5-year
periodis clearlyevidentin thestratospherat is strongethan
thelongertermcoolingtrend(Angell 2000). Thereasorfor
this unusualtrendis not clear However, the trendis com-
pletelygonebythe100hPalevelwhereit isindistinguishable
from thatatlower levels.

Thissimilarity betweerL00-hRaandtroposplerictrends—

evenin thefaceof substantiathangen thelowerstratosphere—
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FIG. 2. (a) Compositaemperaturgrofile of meanresiduale (at
250 hPa andabove) or meantemperaturdat 300 hPa andbelaw)
vs. stageof cornvection from radiosondedata. Peakcornvective
activity correspondso stage3; typical time scalefrom beginning
to endis ~1 day (b-d) Evolution of temperatureccordingto the
wave model, with (b) bimodal heatingto { = 1.4 peakingat 10
K/day; (c) unimodalheatingto ¢ = 1.4 peakingat 20 K/day, and
(d) unimodalheatingto { = 1.9 (the “tropopause’height,where
stabilityincreasespeakingat30 K/day. Contourinterval is 0.25K.

reinforcesthe connectionsdbetweenthermal characteristics
nearthe cold-point(usuallyonly slightly above the 100 hPa
level) and the surface, previously reportedon ENSO and
annualtime scales Althoughit is possiblethata decadala-
diative heatingvariationoccurredthatwassharplyconfined
to the stratosphereandthatsimilar coincidencegxplainthe
behaior ontheothertime scalestheoverallpatternsuggests
thattropospherigrocessesf somekind arein firm control
of the temperatureat leastto 100 hPa which is virtually all
theway to the cold point.

c. Compositeanomalies

The compositetemperaturgorofile over the six stagess
shawvnin Fig. 2a,while the 1-sigmauncertaintyis shavn in
Fig. 3a. In additionto the featurespointedout by SW99,a
cold featureappeardhat extendsfrom about200-100hPa,
similarto featurefoundin avarietyof corvectively-coupled
waves GtraubandKiladis 2002;Wheeleretal.2000). Above
the tropopauseave seea lessclear signal whosestatistical
significanceis maminal. The compositezonalwind profile
(Fig. 4a) shavs a predominantlyeasterlyanomalyat most
levels,especiallyin theupperntroposphereheginningpriorto
the onsetof corvectionbut intensifyingsignificantlyduring
the corvection.

3. Model investigation
a. Descriptionof model

Thedynamicalresponsef theatmospheréo heatingcan

berepresentedsa sumof excited waves,which propagate
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verticallyandhorizontallyaway from the heatingsourceand
aredampedmechanicallyandradiatively. By usinga sim-
ple numericalmodel,we examinethe adiabatidcemperature
changeabovetheheatingin orderto helpinterprettheobser
vations.

The model usedis identical to that usedby Horinouchi
andYoden(1996;HY96) and SobelandHorinouchi(2000)
exceptfor theresolutionandtropopauséieightassumedIt
computeghe linearresponseo prescribeddiabaticheating
in the sphericalgeometryby usingan expansionin Hough
modes,asis donein the classicaltidal calculation. The
Hough modesare derived using sphericalharmonicswith
rhomboidaltruncationat R120. The basicstateis at rest
with two layersof differentstaticstability, representinghe
tropospherandstratospheredividedat { = 1.9. Thever-
tical coordinate{ = —log(p/po), Wherep is pressureand
po is aconstantso( is approximatelyequialentto anondi-
mensionahltitude. Theverticalboundaryconditionsarethe
linearizedfree slip at { = 0 andthe radiationconditionat
¢ = 4o0. Asthedumpingmechanismthe modelhasNew-
toniancoolingwith ane-folding time of 20 days.SeeHY96
for moredetails.

Thediabaticheatingmposeds sinusoidalin vertical,and
Gaussiann time andhorizontal:

0 { Qo e€/” sin(n(/Cs) exp [~ — ol — f5]
0

1)
where), ¢, andt arelongitude,latitude,andtime, respec-
tively. We setboth horizontalscalesto 4°, approximately
equalto the decorrelationlength scale of daily outgoing
longwave radiationanomaliesaccordingto Smith and Ru-
tan (1994),andwe setthetime scaleT to 10 hours,typical
of the decaytime of active corvectionfor this size system
accordingto Sherwood and Wahrlich (1999). The latitude
of the centerof the heatingis setto 6°N, which is near
the centroidof the availablesoundingdata. Casesun with
heatingcenteredat the equatoror with differentspatialand
temporalscalesdid not differ significantlyin the responses
we will examine,so we do not shov them. For compari-
sonwith obsenations,we samplethe modeloutputnearthe
peakheatingover a time andspatialdomainsimilar to that
of the soundingobsenationswith respectto the obsened
corvective systems For the experimentdescribedere the
constant), is setto 20K day!.

Theverticalvariationof heatingis describedby atop (7
andahalf-wavelength(s. We have runthemodelwith three
heatingprofiles as shovn in Fig. 5. The bimodal profile
approximatefieatingassociatedvith the stratiformoutflow
of a corvective system,while the monomodalprofiles ap-
proximatethe heatingassociatevith the corvective portion
(e.g.MapesandHouze1995). The heatingis similar to that
usedby HY96 and SobelandHorinouchi(2000). Seethese
paperdor the basicdynamicsof theresponse.

Zeta

0.00
Heating

1.50

FiG. 5. Heatingratesin thethreemodelruns.

b. Simulatedvs.observedempeature perturbations

The model simulatedtemperatureperturbationis indi-
catedin Fig. 2b-dfor thethreeidealizedheatingprofiles. In
eachcase the heatingandcoolingregionsareaccompanied
by warmandcool anomalies Thethermalanomaliedag the
heatingslightly, by aboutthreehoursin thebimodaland1.5
hoursin theunimodalcasesIn addition,anuppetlevel cool
anomalyappearssandwichedbetweenthe top of the heat-

foing and thé tropopausewhereno diabaticcooling occurs.
forT lgisfegtureactuallyextendssomavhatbelow the heightof

zero heating,with the zero perturbationlevel locatednear
¢ = 1.2,1.6 for unimodalheatingtopat{ = 1.4, 1.9 respec-
tively. So beforeit reachesero, the heatingbecomesoo

weakto balancethe adiabaticcooling driven by the greater
heatingat lower levels. This s likely to be sensitve to the

shapeof the heatingprofile, which is confirmedby noting

thatit is muchlessapparentvith thebimodalprofile (Fig. 2b)

thanwith the unimodalones. The cool anomalycontinues
throughthe tropopausén the deepesheatingcase put does
not reachthe tropopausen either of the shallaver heating
cases.

Comparingthe modeledand obsened resultsin Fig. 2
shavsthatthe key featuresarewell capturedoy the models,
if oneallowsfor uncertaintyin thebestocation for placemet
of the top of heatingandif onereckonsthatthe corvective
stagesunfold over a typical time period of somevhat less
thanoneday The obsenationsarebestaccountedor by a
heatingprofile thatincludesa unimodalcomponentopping
out somevherein betweerthoseshavn at{ = 1.4 and1.9,
andastrongbimodalcomponentoppingout nearor slightly
above ( = 1.4. Theimplied heatingprofile is concentrated
mainlyin theuppertroposphee,asindicatedn obsenational
studiesof stratiformheatingn mesoscaleorvectivesystems
(e.g.MapesandHouze1995). Onepossiblyimportantdis-
crepanyg betweerthemodelsandobsenationsis theslightly
greaterxtentof the obsenedneartropopauseoolanomaly
in the obsenations. However, this differenceis not large



6

enoughto inspireconfidencewvithout furtherinvestigation.

Our resultsare qualitatively similar to thoseof Johnson
and Kriete (1982), who found rather large (6-10K) peak
coolinganomaliegbovethecold-pointtropopausén asam-
pling of threewintertimecorvective systemsearindonesia.
The heightof thoseanomalypeakssuggestshatthe differ-
encefound herebetweenobsened and modeledanomalies
couldbelargerin the Indonesiaregion, althoughit may not
be safeto generalizefrom casesobsened over only a few
days.lt is alsopossiblethattidal effectscontributedto their
signal. The dynamical,multi-day warming event obsened
by Johnsor{1986)atatime of enhancedorvectiondoesnot
appeain ourcompositessotheconnectiomotedtheremay
not be systematic.

The one-sigmauncertaintiesn the plottedvaluesappear
in Fig. 3a. Theseuncertaintiesare around0.1K in the
troposphere—indicatingtrongsignificanceof the maintro-
pospheri@anomalies—htapproaci®.5K in thelowerstrato-
spherejndicatingthatthe anomaliedfound therein Fig. 2a
arenot significantlydifferentfrom zeroat acceptabldevels
of confidence.

c. Zonalwinds

The correspondingzonal wind anomaliesare shavn in
Fig. 4. Here, the agreemenis poor. Easterliesshav up
in the obsenationsat nearlyall levels, peakingat aboutthe
sametime thatthe warminganomaliesaregreatestput this
is not predictedby the modelin ary of its configurations.
Insteadthemodelpredictswindsthatdo notreally getgoing
until afterthetemperatur@anomalieshave largely subsided,
whereuporstrongwinds developthatareeasterlywherethe
heatingdecreasesvith height and westerlywhere heating
increaseavith height. This latter resultis expecteddueto
the variationof Coriolis parametemwith latitude, appearing
in the well-known solutionof Gill (1980)for the baroclinic
responséo steadylocalizedheating.

Soit is not obviouswherethe obsened easterlyanoma-
lies, with their significantbarotropiccomponentare com-
ing from. They are probablyassociatedvith synopticand
planetary-scaleorvectively coupleddynamicsthat are not
simulatedby our model. Inspectionof, for example, Fig-
urel6in StraubandKiladis (2002)shovsthatin theircentral
Pacificdisturbancesasterlywindsin theuppertroposphere
north of the equatorcoincidedwith corvection,offsetonly
slightly to the eastbut with considerabl@verlap. Thatflow
patternwas associatedvith an evolving wave andwas not
drivenpurelybylocalheating. Thewavespropagatedapidly
with time scalef afew days longenougtor thewind field
to adjustto the changingmassfield (including contributions
from nonlocalheatsources)ut shortenoughthat suchdis-
turbanceswvould not have beenremoved by our datafilter-
ing procedure. The corvectively coupledKelvin waves of
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StraubandKiladis (2003)shavedwind anomalieof orderl

ms~! relativeto temperatur@anomalieof order0.1K; MJO

compositesshowv similar or greaterratios of wind to ther

mal anomalieqG. Kiladis, pers. comm,2002). Suchlarge
wind-to-temperatureatios are characteristiof geostrophi-
cally balanceddisturbancest low latitudes,but are much
greaterthanthe approximatelyl ms—! per K anomalyob-

sened in our composite. One possiblereasonfor this is

discussedbelow.

Thelargeamplitude andinherentnonlocalityin time and
spacepf balancedvind anomaliesn thetropicsforcesusto
concludethat our obsenedwind compositeswill not faith-
fully representhe responsedo local heating,even with the
filtering techniqueghatwe have usedto eliminateintrasea-
sonalandlongervariations. We tried subjectingthe datato
high-pasdiltering by subtractingoutthemeanobtainedrom
a 30-dayaveragingwindow. This madelittle differencejn-
dicating that the wind anomaliesresult from organization
occurringontime scalesof no morethanaweekor two. We
also tried compositingthe unfilteredwind, which shoved
more erratic anomaliesbut with no significant qualitative
difference. Beyond establishingtheir synopticorigins, we
malenofurthereffort tointerpretthesewind anomaliesere.

d. Wavesuperpositiorandthe lower stratosphee

The Kelvin wave compositesof Straub and Kiladis
(2003,2002) wereremarkablden shaving temperaturend
wind anomalief equalor greatermagnituden the strato-
sphereasin thetroposphereBy contrastthe simulatedand
obsenedanomaliesn Fig. 2 aremuchwealerin the strato-
spherehanin thetroposphereFor thesimulatedanomalies,
this is expected,sincethe waves propagatehorizontally as
well asvertically sothatlocal stratospheri@anomaliesould
only comefrom remoteforcing not includedin the simu-
lation. But in the obsenations,two-way couplingbetween
waves and corvection might have beenexpectedto yield
signalsatall levels.

A way of understandinghe failure of theseto appear
lies thethe principle of wave interference.Fig. 6 shavs the
modelresultsbroken down by wave type (Kelvin, Rosshy
andother gravity waves). Eachwave type contributessig-
nificantly to the model responsenearthe heating, though
the waves have widely varying propagationcharacteristics
(mostwavespropagatdorizontally andvertically, thoughthe
Rossbywavesincludevertically evanescenHoughmodes).
Nearthetime andlocationof peakheatingall contributions
arein phase but incoherencecauseghe magnitudeof av-
erageresponsdo decreaselsavhere—forexample,in the
stratosphere.This behaior is expectedall the morewhen
we considethateachwave typeoccursoverawide rangeof
zonalandverticalwavenumbers.

We expect eachwave type to be rattling aroundin the
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FiG. 6. Model responseéo heatingup to ¢{ = 1.4, broken out by
wave type: (a) All waves,(b) gravity waves(notincludingKelvin
waves),(c) Kelvin waves,and(d) Rossbywaves.

Tropics dueto remoteforcing, andthat all of thesewaves
will have influencedcornvectionin our samplingdomain. If

filteringis notperformedo selecspeific wavetypes,acom-
positeover mary corvective systemswill decayrapidly into

noisewith distancg(in time or space)from the compositing
event, dueto the mary discordantinfluencesimplicitly be-
ing included. By contrastthe analysistechniqueemployed
by Wheeleretal. (2000)isolatedparticularregionsof phase
spacepbtainingpurewavesthatwereexpressedtall levels
without prejudice.

An extensionof the superpositiorargumentoffersanex-
planationof the relative weaknessof the obsened tropo-
sphericzonalwind signals. While heatingandtemperature
anomaliesare connectedlirectly by local mechanismsthe
wind adjustmentis nonlocalandits relationshipwith temper
aturewill differ amongvariouswaves, yielding an average
wind that is relatively weak comparedto what one would
seein a purewave. The factthat thereis an association
betweenactive corvectionand easterlyanomalieshaving a
synoptic,largely barotropicnature,andthatthe association
survivesthis averagingprocessijs aninterestingresultwith
no obviousexplanation.

4. Thecold point

In the compositesthe obsened cooling tendeng near
thetropopausappearedomavhatlargerthanthe adiabatic
cooling calculatedin the model. Here, we reexaminethe
importantmatterof thermaleffectsatthe cold point.

Over the westernPacific region, the cold pointis usually
asharpfeature,i.e., thevertical derivative of temperatures
often nearlydiscontinuous.In this case the cold point will
remainon the samematerialsurfaceregardlessof how the
air masscontainingthetropopausés lofted or subsidespro-
vided that the vertical motionsare adiabaticand vertically
continuoughroughthecoldpoint. Thus,thecold pointpres-
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FiG. 7. Compositecold point propertiesateachcornvective stage:
(a)temperaturén K, (b) potentiattemperaturén K, and(c) pressure
in hPa. Error barsshav standarcerrordueto sampling.

surep., andpotentiattemperaturé,, canbeusedasmarkers
of adiabatidifting anddiabaticheatingrespectiely, giving
usanothemwayto distinguishthesanfluenceontemperature
atthe cold-pointlevel. Possiblegproblemswith this stratey,
which do not appearto be significant, are investigatedin
Sectionda.

Having identifiedT,y, 0.p, andpc in all soundingsit is
straightforvard to compositethesevariablesby corvective
stage.Figure7 shavs thesecomposites.Remarkablyboth
Tep andé.p, dip during corvectionin a very similar man-
ner, rising againduring the stratiformphaseof the system.
Pressureanomaliesare negatively correlatedwith thoseof
temperatureactuallyrising duringthetime that 7., andé.,
arelow, indicatingthatthe cold point temperaturechanges
cannothavebeenadiabatic The statisticalsignificanceof
this counterintuitve correlationis muchstrongeithanthatof
the individual anomaliesat the variousstages. Fig. 8 con-
traststheadiabaticandobsenredalterationof the cold point.
Thereturnof temperatureto normalduringthe decayof the
systemis not unexpectedgiventhathorizontalwind speeds
of orderl0ms~! will sweepuncooledair into thesampling
region (~100 km on a side) within a few hoursoncethe
coolingprocesshasceased.

The degreeof diabaticcooling follows directly from the
variationsin ., whichwhenrescaledy the Exnerfunction
indicatediabaticcooling of about1 C in the time spanof a
few hours.We maycorvertthisfigureinto acrudearea-mean
cooling rate by noting that roughly 2% of the soundingsn
the datasetwere classifiedas onsetsoundingsandthat the
soundingswere spaced3 hours apart. Dividing yields a
repeatperiod of about6 days,which with a 1C tempera-
ture drop per eventyields a time-averageddiabaticcooling
of about0.2 K day !. The uncertaintyof this estimateis
large, due to the samplinguncertaintyaswell asthe crude
reckoning.
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Fic. 8. Diagramshaving changesn tropopauseluring corvec-
tion. Thick solidline istheinitial state shortdashedine is thestate
thatwould follow an adiabaticlofting, while thin solid line is the
obsered change. Straightdashedines denoteconstantpotential
temperatureontours.

a. Couldadiabaticvariationsmovethecold pointrelative
to materialsurfaces?

Our propositionthat the cold point remainson a mate-
rial surfaceis assurednly if the verticalderivative of lapse
rate at the cold point is sufficiently large comparedo that
of ary vertical velocity fluctuations. This is not guaranteed
sincethe cold pointis notalwayssharp.Gravity wavesnear
the tropopausecan have shortvertical wavelengths allow-
ing the possibility of sufficiently rapid vertical variationin
adiabaticcooling so asto shift the materiallocation of the
coldestpoint. Further soundingEommonlyexhibit multiple
secondaryminimain temperatur¢sometimescalled multi-
ple cold-pointtropopauses)hat may be almostas cold as
the*“cold point” An adiabatianotionmightcoolthesemore
thantheoriginal cold point, potentiallyshiftingthecoldpoint
to adifferentmaterialsurface(thoughtheincreasef stabil-
ity with heightmeanghat sucha shift would naturallytend
to beupwad, in contrastto obsenations,unlessthe lofting
motiondecreasedapidly with height).

To seewhethersuch affects contributed to our results,
we performedthe following test. We supposedas a “null
hypothesis'thatall deviationsof corvective soundinggrom
the non-corvective meanwere purely adiabaticcalculating
thepressurehangeahatwould have beerrequiredto explain
the deviation of eachdatapoint from the non-comwvective
profile. Theseputative displacementsverethenbaclked out
of thecorvectivesoundingby apdying anadiabaticpressure
andtemperaturechangeto eachdatapoint to bring it back
ontothe non-comvectivereferenceprofile. Cold pointswere
thenre-assignedndtheir propertiege-compositedrom the
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original datausingthe new assignmentsln only afew cases
did theassignmentdliffer, andtheresultingcompositesvere
essentiallyunchangedgdemonstratinghatadiabatianotions
could not have causedsufiicient materialdisplacement®f
thecold pointto affectour results.

b. Cloudtop cooling?

Theappearancef the 1 C diabaticanomalywithin a few
hoursindicatesa mesoscaleneancooling rate on the or-
derof 5-10K day~! duringactive corvection. It is difficult
to obtainthis cooling rate from radiationalone. It is often
arguedthatinfraredcooling from cloud top canleadto sig-
nificant cooling in a thin layer nearthe cloud top. This is
truefor cloudsin thelowerandmiddletropospherehut close
to the tropopausethe cooling potentialof this mechanism
is reducedby the low radiatingtemperatures.Further the
proximity to incomingsunlightincreaseghe offsetting so-
lar heatingeffect. The upperlimit of the netinfrared flux
differenceabove andbelow the coolingskin atthetop of an
optically thick cloudis simply

Fir = oT*

where T is the cloud top temperature. This result holds
exactly only if thereis no stratospheri@missionandif the
cloud s so thick that upward emissionbelow cloud top is

at the sametemperatureasthe cloud top. For 7' = 200K

we have 6Fig = 90 Wm~2; for T = 195K, §Fig = 82

W m~2. If thecloudis sothick thatno sunlightpenetrates

then,sinceobsenationsandmodelsshav maximumalbedos
of around0.7 for ice clouds,the netsolarflux corvergence
into the cloud will be atleast340 x 0.3 = 102 Wm~2 for

global meaninsolation,or 131 Wm~2 with diurnal mean
equatorialinsolation. In otherwords, for infinitely thick

cloudsoccurringat randomtimesof day in the Tropics,the
cloudtop would heatratherthancool! However, cloudsare
neverinfinitely thick, andsolarabsorptioroccurdowerthan
infraredemission.

Thuswe have usedthe CCM3 radiative transfermodel
to calculatecloud-topcooling rateswith thick cloudtopsat
the cold-pointlevel (if topsarebelow the cold point level,
the net diabaticeffect is insignificant). The cold point was
200K. With acloud of 1000gm~2 total watercontentdis-
tributedevenly in modellayersfrom the cold pointdown to
the freezinglevel (a total optical depthof aboutsix in each
modellayer), the netinfraredflux differenceabore andbe-
low the cold point layer was 78 W m~2, sufficient to give
aninfraredcoolingof upto 51 K day~! if all coolingwere
concentratednto one kilometer The diurnal meansolar
heatingat tropicallatitudesin sucha circumstancevascal-
culatedby themodelto be44K day !, leaving anetcooling
of only 7 Kday!. This is assumingthat CCM3 hasre-
alistic solarabsorptionthoughthe omissionof 3-D effects
andotherabsorptiorenhancementseanghatthetruesolar
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absorptiormight be closerto, or perhapsvengreaterthan,
the longwave emission. Further sinceonly the corvective
coreshave ary chanceof reachingthe cold point, andthese
typically occugy only a smallfraction of the cloudy area,a
realistic cooling rate within the mesoscaleegions usedin

makingthe obsenedcompositesvould be perhapsanorder
of magnitudelessthanfor total coverage,or lessthanone
K day~! evenwithout worrying aboutthe sufficiengy of so-
lar absorption. Finally, cloud-top cooling would probably
be spreadover morethanonekilometerin the vertical since
cloud top heightswould vary by more thanthat, reducing
the temperaturéendenciest ary given point even further.

Reasonablehangeso thecloudwaterdistributionin CCM3

did notsubstantiallyalterthe netresult,exceptthatevenless
coolingoccurredvheninsufficientcloudwaterwasincluded
in the uppermodellayerto renderit opaquein the infrared
(whichwouldinclude,for example thecaseof optically thin

cirruscloudsoverlying athick arvil).

5. Conclusion

Our analysisof radiosondelataindicatesthatconvection
over the Tropical WesternPacific generategold anomalies
above the heating,due at leastin partto adiabaticlofting
causedby heatingin the main troposphere. This cooling
occursfrom about150-100hPa. We werenot ableto distin-
guishsystemati¢emperatureffectsabovethis, dueto noise
in the data,but were ableto establishthatthey werenot as
large astemperaturechangesappearingn Kelvin, Rossby
and other wave compositeghat have beenisolatedin pre-
vious investigations. This is probablybecausanary wave
types and scalessuperposeconstructvely only where the
heatingis, becomingincoherentin the stratospheréeading
to smallermeancontributionswhencompositedn the way
we have done.

We argue that heatingmay be examinedmore closely
nearthe cold point by using the latter to identify motions
of materialsurfacesunderthe hypothesighat changesare
purely adiabatic. We find that the resultsare inconsistent
with purely adiabaticlofting, and that time-meandiabatic
coolingof order0.2K day—! mustbe occurringcloseto the
cold point, or 5-10K day~! whencorvectionis mostactive.

Specifically the passag®f a corvective systemleadsto
arapid (within afew hours)dropof thecold pointto alower
materialsurfaceand higher pressure. The new cold point
is slightly colder, but possessesignificantly lesspotential
temperaturé~2 K lower) anddry staticenegy thandid the
cold point prior to corvection. Theseresultsindicatethat
diabaticcoolingjust belov the old cold point altitude chills
theair to atemperaturdelow thatof the original cold point,
establishinga new one. This result standsin contrastto
whatonemightinitially expect—thatcorvectionwill tunnel
deeperinto the stratosphere—itt helpsto explain previous
obsenationsthatthe cold-pointtropopausgendsto occurat

9

a higherpressuren regionsof moreactive corvection(e.g.,
Seidelet al. 2001), andthatits pressureendsto fall over
theWesternPacificduringENSOwarmevents(Kiladis etal.
2001). Theresultalso makes sensefrom a climatological
perspectie,in thatrisingmotionoutsideof corvectiveevents
wouldtendto loft thecold pointto higheraltitudesrequiring
somemechanisnof reestablishingold pointsatlowerlevels
or moving themdownwardin convectionin orderto maintain
equilibrium.

Thoughwe cannotestablishdefinitively thereasorfor the
diabaticcooling, we believe cloud-topradiative effectsare
unableto accountfor it dueto the rapidity with which it
develops.Insteadthemostlik ely explanationis insertionof
cold air by penetratie cumulusclouds (Sherwod 2000a).
If so,the numbersgiven herewould likely be smallerover
otheroceanregions, but perhapdarger over continentalre-
gionsthat have more intensecorvection. At ary rate, we
believetheseresultsprovide strongevidencethatcornvection
really doesplay a dominantrole in establishinghelocation
andtemperaturef thetropicalcold point, contraryto theim-
plicationsof someidealizedclimate models. Furtherwork
with cloud resolvingmodelswill be importantin shedding
furtherlight on corvective effectsnearthetropopause.
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