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ABSTRACT

TheTropicalRainfallMeasuringMission/PrecipitationRadar(TRMMPR)has

madeitpossibleforthefirsttimetoevaluateglobalcharacteristicsofverticalstructures

ofrainfall･ThisstudylSintendedtodepictfeaturesofseasonalandspatialvariationsof

theverticalgradientofrainfallrateuslngTRMMPRdatafrom1998to2000･

ThefeaturesofDownwarrdDecreasing(DD)orDownwardIncreasing(DI)rainfall

rateinthelowerpartoftheverticalprofi1earefocusedon･Horizontalmapsweremade

showingdecreasing/increasingcharacteristicsintheverticalgradientofrainfallrateover

monsoonAsia･Thepatternshowedaclearland-OCeanCOntraStandhadmonthlyvariation

as the monsoon progressedin
Asia･The DD pattern mlgrated northward around the

monsoononsetandwithdrewsouthwardintheretrogresslngperiod･Theseasonalmarch

oftheDDpatternwasclearespeciallyovertheIndiasubcontinent･TheDDseemedtobe

borderingmonsoonrainfalloverIndia･Thegeneralandlocalcharacteristicswerefurther

examinedovertheglobaltroplCS･DDprofi1esdominatedtroplCalinteriorlandmassessuch

as Africa and the Brazilian Plateauinsummer.DIprofi1es were observed overlandin

winterandoveroceanexceptforreglOnSWithverylittlerainfall･Inaddition,DIprofi1es

appearedduringtheheightofthewetseasonevenoverthetroplCallandmasses,SuChas

thematuremonsoonperiodoverinlandIndiaandovertheAmazonRiverbasin･

Individualprecipitationsystemswerealsoinvestigatedintermsoftheirareally

averagedDDandDIcharacteristicsmainlyoverIndia･Deep(shallow)profi1estendedto

beDD(DI)forallseasonsexceptthepremonsoonseason･Astherainareaincreased,the

verticalgradientofrainfallratedecreased(DDtendency)･EmbeddedinthedominantDD
slgnaturebrdeepstorms,deepbutsignificantDIprofileswereobservedineverymonth･

Theycharacterizedtheprecipitationinthe premonsoonseason･Morethanhalfofthe

mesoscale/synoptic-SCalesystems(rainareas>104km2)havingthesignificantDDorDI

reglOnShadbothofthemaspart oftheir slant cores･Theverticalgradientsfbrthese

systems hadasimilartrendforboththeirstratibrmandconvective parts･Durlngthe

matureperiodofthesouthwestmonsoon,thenumberofsmallsystemsthatwereDIand

widespreadsystemswithmoderateverticalgradientincreased･

Aseriesofresultsshowedthattherelationshipbetweenthescaleandtheinternal

structureofprecipitationsystemshaveseasonalandspatialvariation･Thedifferentcom-

positionofprecipitationsystemsinferredthattheconvectiveactivityoverdryseasonis

closelyassociatedwithatmosphericcirculation･Abundantwatervaporwouldchangethe

internalstructureeventheyaresimilar-SCale'systems･
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1.Introduction

1.1Background

Thestudyandcontinuousmeasurementofprecipitationsystemsisindispensable

forunderstandingtheclimatesystemandtheglobalwatercycle･Distinguishingthelocal

variationfromthegeneralcharacteristicsofprecipitationsystemswouldbeagoodstepto

understandingthedynamicalandthermodynamicalmechanismsofthesystemsandmicro-

physicalprocessestherein(e.9･,Houze1981;ZipserandLutz1994)･These"precipitation

regimes"includetheeasterlyandwesterlyflowregimesintheAmazonarea,OnSetandma-

turephasesofthemonsoon,andwell-knownEINi丘oandLaNi丘aepisodes(e･g･,Petersen

andRutledge2001;Rickenbachetal･2002)■

TheAsiansummermonsoonisknownforabundantrainfallthathasspatialand

seasonalvariations(Ⅵ毎bstereial･1998)･Alargenumberofstudieshavebeenmadeon

themonsoonrainfall.Ithasbeenshownthatchangesinsurfacealbedo,Surfaceroughness,

soilmoisture,eVapOtranSpiration,andvegetation,etC･,affectlocalrainfall(seeChangand

Krishnamurti(1987),Chapter2andreferencestherein)･Forexample,Webster(1983)ex-

aminedgroundhydrologlCaleffectsrelatedtoprocessesinlarge-SCaleatmosphericdynamics

usinganumericalmodel･Hedepictedmechanismsofmonsoonlow-frequencyvariability,

inwhichtheevaporativecoolingofthemoistgroundreducesthesensibleheatinputtothe

atmosphereandeffectivelystabilizesthetroposphereand)hence)reducestheconvective

heating･HeconcludedthatgroundhydrologlCaleffectsmayexplaintheseasonalvariability

ofrain･Thus,itisconsideredthatdifferencesofphysicalprocesses,Whichrainchanges,

could affect the verticalstructure and evolution ofprecipitation systems･A survey on

verticalprofilesofmonsoonrainfallcarriesthisunderstandingonestepfurther･

Thelargeseasonallyvarylngdifferencesofprecipitationsystemsincludethatof

theverticalstructure(e.9.,Bergetal･2002)･Therehasbeenanincreaseinthenum-
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berofstudiesonthecharacteristicsoftllree-dimensionalrainstructure,Whichincludethe

classificationofconvectiveandstratiformrain,nOtOnlybrtheprecipitationclimatology,

but alsoforthesuccessfulretrievalsofsurface rainfallandlatent heatingprofi1es(Lang

etal.2003;Tao etal.1993;Shige etal.2003).Forexample,theconvective-Stratiform

partitionlngmethods areexpectedtoprovideacomprehensiveviewoftheraintypeby

understandinghydrometeorsandatmosphericmotionateachlevels(Lang etal･2003)･

Theobservationaldata,bydeveloped technology and retrievals,Offer amajOrStep for-

wardindocumentingandunderstandingoneforabove-mentionedpotentialdemandinthe

precipitationclimatology.

1.1.1Globalprecipitationmeasurement

The e仔ort to depict a globalmap of precipitationis ongolng,requirlng huge

amountsofhomogeneousdataovertheglobe(e･9･,XieandArkin1996)･Insituorsatellite

dataareassimilated andareusedtogenerategriddedrainmapsthat areintercompared

(Gatesetal.1999;Grubereial･2000;Sorooshianetal･2000)･Toaccuratelyobserve

spatialandtemporalfluctuationsofraininthenoplCSisstillanimportantanddi伍cult

task.Ground-basedobservationbyaradarnetworkisgenerallyverylimitedandlocalized,

anditisimpossible to observe theverticalstructure ofrainon acontinentalor global

scale.Observationfromspaceissuitabletogenerateaglobalandhomogeneousdataset

foralongperiodoftime,anditisessentialforprovidingtheglobaldistributionofrain･

TheaccuracylS,however,StillinsufBcient･Therehavebeentechnicaldi伍cultiesinthe

retrievalofthethree-dimensionalprecipitationstructurefromsatellitemeasurements･The

in丘･ared-based rainfallestimateitselfstillhas
di伍culties such asin the discrimination of

nonprecipitatingclouds,SOmanyreCentStrategleSarefocusedonmerglngrainfallestimates

fromseveralsourcessuchasmicrowavedata(e.9.,Xuetal･1999)･Theuseofobservations

withmicrowaveimagershasbeenrestrictedtooceansduetothedifBcultyofdiscriminating

theemissionofraindropsfromthatofland･Theretrievaltechniquehasdevelopedfurther

withrecentimprovedalgorithms(Kummerowetal･2000)･Evenwithlimitations,these

large-SCaled observations aresuccessfully used tomake horizontalrain maps･However,
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observationoftheverticalrainstructureonaglobalscaleismuch moredifBcult･Even

thoughhugeamountsofdataareaccumulatedbypassivetechniques,theyareinsufBcient

todescribethespatialdiversityofrainfallbecauseofthepoorcapabilityofprofi1ing･

Thus,theTropicalRainfallMeasuringMission(TRMM)equippedwiththefirst

spaceborne Precipitation Radar(PR)waslaunchedin1997･It has provided a nearly

homogeneousdatasetofrainfallratesuitedforrain-tyPeeStimationandthestructurein

thehorizontalandverticaldirectionsoverlandandocean(Awakaetal･1997;Iguchietal･

2000).Dataobtainedwiththeactivesensorwerelongawaited(Simpson etal･1988)･

Ithasmadepossiblethestatisticaldepictionofseasonalvariationsofglobalrain,butit

cannotobservethedynamicevolutionofindividualstorms･Wearenowabletoevaluate

variousprofi1esofrainwithinstantaneousandstatisticaldata･ThisprogressglVeSuSa

chancetostudythestatisticsofverticalprofi1esofrain･

1.1.2 Statisticalresearchesofverticalrainprofi1es

SeveralkindsofprecipitationclimatologyhavebeenreportedusingtheTRMM

PRdata.LiuandFu(2001)andFuandLiu(2001)investigatedtheprincipalmodesand

variabilityofrainfall-rateprOfi1esespeciallyaroundthenopicsusingTRMMPRdataand

explained physicalprocessesinferredfromtheprofi1es･Theyshowedthat profi1eswith

significant rainappearedinthe matureperiod and characterized mean profi1es･Their

resultsshowed thattheslopesoftheprofi1esdividedverticallyintothreeorfourlayers

wereapproximatelyconstantsonalogarithmscale･Theylmpliedthatthereisacommon

physicalprocessworkinginthetroplCalcloudsystemsthatdeterminesthegeneralpattern

oftheverticalprofilesofrain･Theyalsoobservedtheseasonalvariationofverticalprofi1es

aroundmidlatitudes.Maximaofprofi1eswereexplainedaschangesofbrightbandheightin

stratiformrainandtheheightofintensiveraininconvectiverain･Adecreaseinreflectivity

in thelowest part ofthe profi1e was considered toimply that raindrops experience no

furthergrowthormayundergoslightevaporation･Takayabu(2002)prescribedindividual

rainprofi1esinspectralrepresentation･Theseapproachesofdealinglargesetofvertical

rainfall_rateStruCture
dataallowed ustounderstand what thestatistics orinstantaneous
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snapshotsindicate･Composite analyses between verticaland
horizontalpatternWOuld

be akey to understand theimpacts ofindividualsystems to pre′cipitation climatology

(e.9.,Stanoetal.2002).Forclassifyingtheprecipitationsystems,StOrmheight,rainfall

rateatnearsurface,andbright-bandexistencehavebeenmainlyusedasrain-tyPeindices･

Precipitation-SyStemStruCtureisdictatedbyparametersofstratiformrainfraction,bright-

bandheight,andrainfallatthebrightband,inadditiontotheabove-mentionedfactors

(Shigeetal.2003;SchumacherandHouze2003a;Tboetal･1993)･

PhysICalprocesseshavereglOnalorseasonalvariation･Ifweknowthebehavior

ofrainfallwithlargespatiotemporalextent,WeWOuldbeastepclosertounderstanding

thephenomenaofseasonalvariationofrain,Whichmaybeanindicatoroftheoperating

physicalprocesses･

1･1･3Implicationsofverticaldistributionofrainfallrate

Muchcanbesaidontheimplicationsofverticaldistributionofrainfallrate･A

downwardincreaseinmassfluxindicatesprecipitatinghydrometeorsgrowthduetocoales-

cence(e.g.,LiuandFh2001)■Convectionwithlowcoreheightcouldbeanotherpossible

reasonfordownwardincreasingrainfallrates.Ontheotherhand,Oneinterpretationbra

downwarddecreaseinwaterfluxisevaporation(e･g･,Fueial･2003;AdeyewaandNaka-

mura2003).Inseveralmodels,therateofchangeofrainwatermixingratio(q;)dueto

evaporationofraindropsisderived
fromthemagnitudeofrainwater mixlngratio)tem-

perature,PreSSure,Sub-Saturation,andReynold'snumber(e･9･,SyonoandTakeda1962;

nipoliandCotton1980).KatzfeyandRyan(1997)reportedthatevaporationintheun-

saturatedsub-Cloudlayernearthesurfacereducedtherainfallpercentageslgnificantlybr

stratiformrain.RosenfeldandMintz(1988)investigatedthedownwarddecreaseinrainfall

undercloud-base,arOundlⅣ2･2km,forrainshaftsinsummerconvectivecellsinasemi-arid

reglOn･Theeffectsofevaporationstronglydependonprecipitationtypewhichisassociated

withtheverticalvelocity,rainfallintensity(Takemi1999),andthesurroundingenviron-

ment.Thereareotherpossiblefactorswithregardtoadownwarddecreaslngrainfallrate･

Hydrometeorssuspendedaloftcanbeinfluencedbystrongupdraftsandlateraltransport
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bythehorizontalflow.SuspendedhydroITleteOrSintheinitia･1stagesofprecipitationcan

generateaslightmaximumrainfallratealofteventhoughitisgenerallyweak･Differences

inraindropfallvelocitiesinstrongupdraftsanddowndraftsordifferencesinhydrometeors

(e.g.,graupels)caninfluencerainfall-rateretrievalthroughZLRrelationships(e･9･,Atlas

etal.1973;Battan1976;DotzekandBeheng2001;DotzekandFehr2003;Matejkaetal･

1980;RutledgeandHobbs1984;SallesandCreutin2003)･

Mesoscale Convective Systems(MCSs)orstormswithsignificant verticalshear

showclearverticaltiltoranon-downwardfluxofhydrometeors(e.9.,KlempandWilhelm-

son1978;McAnelly etal.1997;ParkerandJohnson2000;RutledgeandHouze1987)･

The combined effect oflateraland upwardflux onwaterloading means negative buoy-

ancymaybenon-negligibleforaverageverticalprofi1es･Precipitationeventsoftenoccurin

complexcombinationsofstratiformandconvectivepatterns･Someinsightcouldbegalned

byexaminlngalargedatavolumeshowlngthedynamicvariationofprecipitation-SyStem

StruCture.

Furtherpossibleexplanationscanbeobtainedthenfromobservationsofindividual

precipitation systems withvariousscalesintime andspace･The globalclimatologyof

theverticalgradientofrainfallratecancharacterizeprecipitation-SyStemStruCturemOre

COnCretely.

1.2 0bjectivesandoutlineofthisthesis

Theseafewyearshaveseenarenewalofinterestinthetime-SpaCeVariationof

precipitationbytheTRMMPR･However,ithasnotbeenstudieddeeplyabouttheseasonal

andreglOnalvariationintheverticalstructureofprecipitationsystemsovervariousclimatic

reglOnS,althoughitisoneofthehottoplCSforthediscussiontoestablishsomestandards

forprecipitationclimatology.Thepurposeofthisstudyistoclarifythecharacteristicsof

verticalprofi1esofrainfallrateandthedifferencesinseasonandreglOn,andtodiscusswith

thegeneralandlocalfeaturesofprecipitationsystems･

PrecipitationdatasetsandmethodofanalysesaredescribedinChapter2･Chapter
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3dealswiththeverticalrainprofi1esinAsiansummerlnOnSOOnandrepresentstheseasonal

variation･SectioI13･1presentsthegeneralfeaturesofIlear-SurfacerainoverAsia･InSection

3･2,thereglOnalfeaturesoftheverticalprofi1eofrainfallratearedescribed,andanew

index on theverticalgradient ofrainfallrateisintroducedin Section3･3･Section3･4

documents thecharacteristics oftheverticalrainprofi1esinterms oftheindex･Section

3･5presents the resultsonthe seasonalvariation mainlyover theIndian subcontinent･

InSection3.6,Statisticalrelationshipsbetweentheverticalgradient and thehorizontal

extent are examined･Chapter4describes the seasonaland reglOnaldifferences ofthe

verticalgradientofmonthlyrainfallrateandqualitativeanalysesofindividualrainfall-rate

profi1esandindividualprecipitationsystemsovervariousclimaticreglOnSSuChastroplCal

interiorlandmassesandhigh1y-Wetregions.InSection4･1,aglobalmapoftheindexand

thecharacteristicsaredepicted･Section4･2presentsseveralparametersforindividualrain

profi1es･Section4･3exploresthepopulationofindividualsystemsoverdistinctgeographical

regions･ThefindingsaresummarizedanddiscussedinChapter5･Ageneralconclusionof

thisstudyissummarizedinChapter6･
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2.Data and method

2.1 TRMM

TheTRMM satelliteorbitsbetween350S-350Nin anon-Sun-SynChronousorbit.

ItisequippedwiththePR,theTRMMMicrowaveImager(TMI),theVisibleInfrared

Scanner(VIRS),theCloudsandEarth7sRadiantEnergySystem(CERES)andtheLight-

ningImagingSensor(LIS).Oneofthemainpurposesofthismissionistomeasurethetotal

amountofrainforeachmonthover50×501atitude-longitudegridcells･Animprovement

intheestimationofrainfallrateandlatentheatreleaseprofi1esovertheglobeisexpected･

Thedatafallintofourlevels.LevelOisforrawdata.Levellisbrenglneerlng

data,andleve12isforestimatedphysicaldata･Then,Leve13isformonthlystatistical

data.

Inthisstudy,3yrofdatadurlng1998-2000wereusedtoextractaclimatologlCal

feature over the Asian
region(100S-400N and600-1500E)and

over the globebetween

35｡S～35｡N.WemainlyusedtheTRMMPRproductdesignated2A25toinvestigatethe

rainstructureindetail･Inchapter3,the2A23productandthe3A25productwerealso

usedtomapstormheighthistogramsandtoobtainmonthlyrainstatistics,reSpeCtively･

Version50ftheTRMMPRalgorithmswasused･

2.2 PRdata

The most unlque Characteristic ofthe TRMM PRisits capability to observe

thethreedimensionalstructureofrainfromspace･Theoutputofrainfallrateisproduced

consideringdropsizedistributionsimplicitlyasstatedbelow･Itmaybesafelyassumedthat

itismostreliablethree-dimensionaldatasetofrainfallrateatpresent･Ⅵ屯usetherainfall

rateinstead ofobserved reflectivity(Z).Verticalresolutionis250m,While
horizontal
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resolutionis4.3km at nadir.

Product2A23providesraintypes,andthestormheight,WhichistlletOPaltitude

ofthethreehighestconsecutiverangebinswithsignificantechoes(>17dBZ)･Theheights

ofcloudsor convection differ fromthoseofprecipitation.Weconsider the precipitation

topheightasthe‖stormheightHinthisstudy･Inthispaper,thealtitudeisfromEarth,s

ellipsoidinsteadoffromthesurface･Thealgorithmclassifiedprecipitationtypeintothree

categories‥Stratiform,COnVeCtiveandothers,COnSideringtheverticalandhorizontaldis-

tributionofreflectivity(Awakaetal･1997)･TheV-method,Whichstandsforvertical

method,uSeStheexistenceofabrightband,andtheheight andintensityofmaximum

reflectivity･TheH-method,Whichstandsforhorizontalmethod,isbasicallyonamethod

proposedbySteineretal.(1995).Thismethodusesthehorizontalraindistributionofthe

strongestechoforeachprofi1e･

Product2A25is the prlnClpalinstantaneous TRMM PR dataset detailing the

rainstructure(Iguchietal.2000)･Themaindataincludedaretheattenuation-COrreCted

radarreflectivityfactor(Z)andtherainfallrate(R)･Therainfallrateisestimatedfrom

eachcorrected Z factoruslngSuitable Z-Rrelationships･The algorithmusesemplrlCal

coe伍cientsforZ-Rrelationshipsatfivelevelsforeachprofi1e･Thefivelevelsdependon

raintypes,heightofbrightband(ifitexists),00Clevelestimate,andaltitudesofstorm

height.ThecoefBcientdependsonraintypes,theassumedparticlephaseateachlevel,

andterminalvelocity･Inadditiontothose,abeamfi11ingeffectcorrectionisalsoapplied･

ThecoefBcientsbetweenthelevelsareinterpolatedlinearly･

Aconsiderable amount ofvalidationhasbeen performedtocertifythat thees-

timated near-Surface rainfallrateis reliable(e･9･,Kummerow et al･2000;Bolen and

Chandrasekar2000;SchumacherandHouze2000)･Here,"nearSurface"meansthelowest

levelfreefromgroundclutter,Whichisaround500mabovethesurfaceatnadir･However,

someproblemsstillremaininvalidatingthethree-dimensionalstructureofprecipitation･

Onesuchproblemisassociatedwiththebrightband･Conventionalknowledgeisnotyet

goodenoughtophysicallyvalidateofrainfallratesaroundthebrightbandderivedfrom

current algorithms･Rainfallprofi1esshowspikesaroundthebright
bandandhaveless
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accuracy･ThesecondproblemisthetechllicaldifBcultyinproduclngfullyllOmOgeneOuS

three-dimensionaldatasets.Detectionofthe bright bandneedshighverticalresolutioIl･

However,attheedgeofthePRswath,heightsmearlnglSintolerable)beingmorethanl

km.Datanearthescanedgecontainsfactorsthatdeterioratetheverticalprofi1essuch

asheightsmearlng,aSlantinglnCidentmainlobe,andmaskedreglOnSatlowlevelsfrom

sidelobesin the nadir.

Tbmitigatetheaforementionedfactors,therainfallratearoundthebrightband

wasreplacedwithlinearlyinterpolateddatauslngdata士750mfromthebrightbandpeak･

Andsecondly,Onlydatawithaswathanglewithin70fromnadirwasused･Thenumber

oftheavailablefieldofviews(FOVs)inthecrosstrackwas2loutofatotalof49･The

analyzedwidthbeingaround86kmoutoftheavailable215kmwidthoftheTRMMPR

foreachcrosstrackscan.Awaka(1998)reportedthat80%ofbrightbandsaredetected

correctlywithin700fnadir･

The above-mentioned procedure was used through out the study exceptin es-

timatingrainarea･Rainflagdatawasusedinallanglebinstoestimatethesizeofa

precipitationsystemmoreaccurately･Therainflagisdefinedwhenslgnificantrainslgnal

existsintheFOV.TheminimumdetectableradarreflectivityofthePRis18dBZ(～0･5

mmh-1)wherethesignal-tO-nOise(S/N)ratioisnearlyOdBatstormtop･Valuesaround

13dBZcorrespondingtoweakrainfallratesarealsoobservablethoughitdependsonthe

SyStemnOiselevel･

Theareaofeachprecipitationsystemandthefractionofconvectivearea(individ-

ualaswellastotal)werecalculatedasfollows･First,aflagischeckedonapixelwhererain

iscertaintoexist.Next,nearbyrainplXelsareusedtoidentifyacommonprecipitation

systemusingneighborlngflagswithinabouttenkilometers･Theneighborswithintheten

kilometersarerecognizedasbeingpartofthesamesystemasaretheplXelsadjacentto

them.Contiguoussystemsaredeterminedthroughiteration･The"rainarea"iscalculated

approximatelybymultiplyingthenumberofconnectingplXelsby15km2asthefootprint

sizeisabout4.3kmatnadirandincreasesonlybyO.8%700ffnadir･Areasofindividual

convectiverainarederivedfromasimilarprocedureuslnga
Hconvective"flaglnSteadof
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arainflag･Thetotalconvectiveraillareaisdefi11e(1asthesummationofallembedded

convectiveplXelsinthesameprecipitationsystem･Theareaoflargesystemswill)however,

beunderestimatedduetotheTRMMPRswath(Nesbittetal･2000)･

We made50×50andlO xlO datasets.EarchlO xlO boxofour2A25database

uslngnarrOWSWathhasasamplingnumberofmorethan2000fieldsofview･Forexample,

eachgridovertroplCSOrSubtroplCSCOntainsatleastseveralhundredsoffieldsofview壬br

eachquarterofaday,Whilethesamplingnumberforacertainlocaltimeineachmonthis

notuniformevenuslngthreeyearsofdata･Thusthedatasampling,Whichincludessome

aspectsofdiurnalcycles,isadequatetocarryoutastudyofseasonalvariation･Weused

dataabove2kmfromellipsoidinourstatisticalanalysesconsideringthefollowlngSurface

detectionalgorithm･Onlyechoesthataresu伍cientlydiscriminatedfromthesurfaceare

recognizedasrain,andotherwisetherangebindataareflaggedassurface-COntaminated･

Thus,StrOngrainispickedupinthenear-Surfacerangebins,Whichdoesnotaffectsigniト

icantlytherainfallamountstatisticsorinstantaneousdatabutcausesbiasedrainfallrate

statistics(mostlybelowl･5km)･

W6alsoused product3A25whichis suitable forthe analysISOfseasonalrain

variations.The monthlystatisticsofrainwerecalculated overfinegridsofO･50×0･50

1atitude/longituderesolutionandcoarsegridsof50×50･Theoutputsincludemonthly

averagedrainfallrateatsixlayers(nearsurface,2,4,6,10and15km)andthepathaverage

rainfallratebrcoarsegrids,andatburlayers(nearsurface,2km,4kmand6km)and

pathaveragerainfallratebrfinegrids･Weused3A25datatocapturethehorizontaland

seasonalcharacteristics ofraindistribution.We averaged near surface rainfallamount,

rainfallrate,StOrmheightandfractionofeachraintypeoverAsiaduring3yr丘om1998

to2000.

2.3 0ther data

WeusedtheGloba130ArcSecondElevationDataSet(GTOPO30)producedby

theEarthResourcesObservationSystems(EROS)DataCenterofU･S･GeologicalSurvey
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toobtainthetopographicallnap･Theresolutionislklninthehorizontalandlminthe

vertical.Inthisresearch,daItaaVeragedoverO･50×0･50areused･

In order to check the windfield asin Fig.1,We uSed the NationalCenters

forEnvironmentalPrediction-NationalCenterforAtmosphericResearch(NCEP-NCAR)

reanalysisdata(Kalnayetal･1996;TrenberthandGuillemot1998)･Thearrowsinthe

figureshowhorizontalwindfieldsat850hPaand200hPaaveragedfromMaytoOctober

during1998-2000･ThedataofprecipitablewaterinSection4･1werealsoderivedfromthe

NCEP-NCARreanalysisdata･
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Fig11rel･WindfieldforanalvzedEuleaaloIlgWitht･OpOgraphicalmap･Thecontoursaredrawn

witlla500mlleightiJlt.erVal.Theupper(lower)arrowsshowthewilldaveraged&)r
t.11reeS11mmerSeaSOnS(frolnMaytoOctoberdl_1rillg1998-2000)atthe200(850)hPa
level.
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3･Spatialandseasonalvariationofrainpro-

files over monsoon Asia

3.1Generalfeaturesofnearsurfacerain

Tbbegln,WeWillexaminedistributionsofnearsurfacerain･Figure2shows

horizontalrainfalldistributionsforthemonsoonseasonfromMaytoOctoberoverAsia

uslng3A25data･Inthemonsoonseason,thereismuchprecipitationovernotonlythe

equatorialzonebutalsothecoastaloceanandlandsuchasthewesterncoastofIndochina

(Fig.2a).WefocusontheAsianraintoseethedistributionindetail･Figure2bshows

averagednear-SurfacerainfalloverlOOS-400N,600r1500E･Figure2cshowsthedistribution

oftheconditionalrainfallrate,thatis,therainfallrateconditionedonrain･

Figure2bshowscleartopographice圧ectsontheraindistribution･Thefigure

showsconcentrationsofrainonthesouthwesternsideofmountainsorcoastswherelow-

1evelhumid wind blowsin from southwestern
oceans asindicatedin Fig･1･The rain

expandsfromthecoastlinewestwardoveroceans,SuChastheIndianWesternGhats,the

ArakanMountains,theBilauktaungRangeinMyanmarandBarisanMountainsonthe

islandofSumatra.OtherrainyregionsareatthesouthernbothillsoftheHimalayas,the

westernsidesoftheislandsofLuzon,Kalimantan,NewGuinea,andJapan･Asawhole,

therainfallamountseemstobelargerovertheoceanthanoverland)eSPeCiallyaround

coastalreglOnS･Werecognizedsimilarcharacteristicsfor6-mOnthaveragesineachyear

from1998to2000,althoughtherewerevariationsinthetimlngandquantityofrainfall

suchasm｡rerainfallam｡unt｡VerthesouthwesternoceanofSumatrain1998(notshown)･

Thestrongconditionalrainfall-ratereglOnSinFig･2carenoticeableovernorthof

theTharDesert(Punjab),theSouthChinaSea,theJavaSea,theislandofJava,Eastof

India7theStraitofMalacca,andsouthwestofJapan･Thepatternofconditionalrainfall

rat｡d｡｡Sn｡trelatetorainfallamount.Weak(strong)precipitationfallsalot(alittle)

overthewesterncoast(theeasterncoast)ofIndiaandIndochina･
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Thecharacteristicsofconditionalrainfall-rateprOfi1escorrespondingtothesegen-

eralfeaturesoverthisreglOnOfAsiaareaddressedinthefollowlngSeCtion･

3･2 ReglOnalfeaturesoftheverticalprofile

We made a5｡×5｡dataset
over AsiaforlOOS-400N,600-1500E from May to

August;namely,fromtheonsettothematureperiodoftheAsianmonsoonっfromour

2A25subsets.Weexaminedverticalprofi1esofconditionalrainfallrateandstormheight

histogramsforstratiformandconvectivetypesforeachgridcell･Asmentionedbefore)

c｡nditi｡nalrainfallratesinthebrightbandlayerareinterpolateduslngdataaboveand

belowthebrightband■

Figure3showstyplCalexamplesoftheverticalprofi1eofconditionalrainfallrate

andstormheighthistogramsoverland(regionA:150-200N,750-800EforIndia)andocean

(regionB:150-200N,1350-1400EinthewesternPacific)inMay･Theseregionsdonot

haveslgnificantorographiceffectssuchascoastalmountainrangesshownintherainfall

map(Fig.2b).Thestormheighthistogramshowsthatprecipitationoverlandhasonly

｡negentlepeakaround6km(5kmforstratiformand7kmforconvectiverain)andno

peakinlowerlevels･Suchunimodalstructurecharacterizesrainoverthecontinentsorthe

c｡ntinental-1ikeregimes(PetersenandRutledge2001)･Overocean,Shallowandmarginally

highstormpeaksappear･ThisisacommonfeatureasreportedbyShortandNakamura

(2000).Theconditionalrainfallrateprofi1eoverlandhasapeakaround3T3･5kmjust

belowthestormheighthistogrampeak･Ontheotherhand,theconditionalrainfallrate

profi1eovertheoceanhasnomaximumandmonotonicallydecreaseswithheight･Though

thehistogramsofstormheightshowpeaksatthebrightband,COnditionalrainfallrate

profi1eshavenomaximumthereduetoourlinearinterpolation･

Maximumhydrometeorcontentsalofthavebeencommonlyseeninsnapshotsof

radar｡bs｡rVationsandinmodelrepresentations(e･9･,RutledgeandHobbs1984;Rut-

1｡dgeandHouze1987;WestcottandKennedy1989;Williamseial･1989)･However,the

interpretationofthesepeaksshowninprofi1esaveragedoverlargereglOnShasremained
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uncertainsincestatisticalanalysesoftlleVerticalrainfall-rateprOfi1esoverlargeareashave

beendifBcult･Large-SCaleandseasonalmapplngOfthistypeOfindexwasimpossiblebefore

the TRMM PR.

Rainactivitydependsstronglyontheseasonandlocation･Theabove-mentioned

characteristicsseemtobegeneralbuttherearemanyexceptions･Forexample,rainover

BangladeshismuchdifferentfromthatoverreglOnA･Ifwecompareconditionalrainfall-

rateprofi1esoverlandandoveroceanforthewholeanalyzedarea,Wedonotseesuchclear

differences.Hereafterwewillexaminehowsuchcharacteristicsdistributehorizontally.

AIso,Cautionmustbetakenininterpretingthedownwarddecreaseinrainfallrate

belowthemaximumasattenuationissignificantandpresentinTRMMPRdata(e･9･,Liu

andFu2001)･However,theattenuationcorrectionhrreflectivityprofi1eswasvalidated

byaground-basedradar(e.9.,BolenandChandrasekar2000)andisassumedtobewell

COrreCtedinthisstudy.
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Figure3.Conditionalrainfallrateprofi1e[1】andstormheighthistogram[2]0VerregionA(150N-

200N,750ET800E)andB(150NL200N,1350E-1400E)inMay,reSpeCtively･LilleSShow

allrain(solid),Stratibrm(dashed)andconvectiverain(dotted)･
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3.3Indexofverticalgradient

3.3.1DownwarddecreaslngOrincreaslngrainfallrates

Theverticalprofi1esoftheconditionalrainfallratemaybedividediIltOtWOtypeS:

downward decreaslng and downwardincreaslng･The downward decreaslng Or a mOdal

structurehasbeendescribedfortheZprofi1e(e.9.,LiuandFu2001;FuandLiu2001)･

AsHouze(1981)illustratedforconvectiverain,grOWingprecipitationparticlescanbesus-

pendedorcarriedaloftbystrongupdrafts･Anexampleoftheradar-eCholifecycleofa

slngle-Cellthunderstormwasshowninafigureoftime-heightevolutionofmaximumradar

reflectivity(Williamsetal･1989)■Intheirstudies,thegradientofZisnotdirectlyrelated

tophysicalquantitiessuchasthewaterfluxduetothevarietyofdropsizedistributionsand

issimplyinterpretedasthepossibilityofraindropevaporation･Consideringthatattenua-

tionofreBectivityiswe11corrected(e.9.,BolenandChandrasekar2000),OneeXplanation

forthecharacteristics mayalsobethatthedownward
decreaslngprOfi1e correspondsto

evaporationinthelower atmosphereordurationofsuspension ofraindropsduetoup-

drafts,and the downwardincreaslngCOrreSPOnds to shallowprecipitation or systematic

events withlowlevelconvergence･We made verticaldifferentialprofi1es by taking the

differenceofconditionalrainfallratesatconsecutiverangebins.Negative(positive)values

indicateadownwarddecreasing(increasing)rainfallrate･

Theverticaldiff6rentialprofi1esareshowninFig･4,inwhichdownwarddecreas-

ingandincreasingareshownbynegative(contours)andpositive(grayshadings)values･

Thegriddataat50×50resolutionandthecontourgeneratingroutinemadethedistribu-

tionsmooth.Theabscissaindicatesthelongitude･Thefigureshowsthepatternforall,

stratibrmandconvectiveraintypes,reSpeCtively,fromthetopalongwithamapofthe

datareglOnShowninthebottomimage･Regardingtheprofi1e)COntOuredreglOnS,thatis,

downwarddecreaslngreglOnS,apPearOVerland･WehaveadistinctdarkreglOn,thatis,

downwardincreaslng,arOund5km･Wealsonoticeanotherdarklayeratabout3kmover

oceanintheconvectivecase.It alsoexistsinotherimagesbutnotclearlyseen･InFig･

4(middle,Stratiformrain),thevaluesarenearlyzeroexceptforanarrowlayeraround5
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km and for the downward decreaslng OVerIndia.This shows that the average profi1e of

stratiformrainismorelikelya"shelf"type.InFig.4(bottom,COnVeCtiverain),thedark

layerexpandsbothupwardanddownwardcomparedtothestratiformcase･

Figure5showsverticaldi圧erentialprofi1esoverAsiainMaywithineach50×50

1atitude-longitudebox･Every50inlatitudecorrespondtothealtitudefrom2to5km･

For example,2-km altitude corresponds tolOON and5km to150Nin the case ofthe

verticaldi鮎rence oftheconditionalrainfallrateoverlOO-150N.Sincetheheightisfrom

theellipsoid,Whichisapproximatelymeansealevel,Wehavenodataavailableoverhigh

1and reglOnS.We exclude dataifthe number ofrain plXelsisless thanlOO･We also

excludedatapointsforwhichthenumberofpixelsinthe50×50boxiswithin90%of

thetotalsamplingnumberduetogeographicalvariations,forexample,OVertheTibetan

Plateau.Thefiguretellsusclearlythatthedownwarddecreasing(contours)appearover

landparticularlyoverIndiainthisseason.

We made anindex that shows the decreaslngrlnCreaSlng Characteristics･The

indexis the difference ofconditionalrainfallrates at2and3.5km
divided byl.5km.

TheunitismmhTlkm-1.Theloweraltitudeof2kmwasdeterminedbyconsideringthe

SamPlingnumbers.Thesamplingnumberdecreasesslgnificantlybelow2kmheightover

land.Inaddition,WeWant tOaVOidthelowlevelstatisticalproblemassociatedwiththe

SurfacedetectionalgorithmmentionedinSection2.2.Theupperaltitudeof3･5kmwas

determinedtobearoundthelevelofsignificant echopeaksandtoavoidthetraceofthe

brightband.Hereafter,WeWillcallitthe"indexofverticalgradient"(IVG)andusethe

terms"downwarddecreasing"(DD)and"downwardincreasing"(DI)torefertoadecrease

orincrease ofthe conditionalrainfallrate at thelowlevel.
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3.3.2 Profi1esindicatedbyIVG

Investigationofthelargenumberofverticalprofi1esrevealedthatDDcontaiIled

mostoftheslgnificantmodalstructuresofrainfallrate･Figure6showsmonthlyaccumu-

1atedrainfall-ratepeakandstorm-heighthistogramsoverinlandIndia(50-250N,650-900E)-

InstudyingtheIVGoverdifferentregions,"inland"isselectedinsuchawaythattheoro-

graphiceffectsareminimal.The"coastal(inland)"regionisdefinedashavinglandwithin

(notwithin)100fanoceanicgrid･Inthecoastalupwellingregion,mOuntainssuchas

theWesternGhatsobstructthelargemoistinflowandgeneratecopioousorographicDI

rainasshowninlatersection.Arainfall-ratepeakwassimplydefinedasacenterpoint

betweenthreeconsecutiverangebins(士750m)ofpositiveandnegativeverticalgradient

ofrainfallrate.Rainfall-ratepeaksareconcentratedaround4kmbrstratiformrain(Fig■

6a).However,thepeakat4kminthestratiformhistogramdoesnotindicatearainfall

ratemaximum.Thepeakgenerallyappearsat750mbelowthebrightbandpeaksinceit

tendstobeaninflectionpointinducedbytheinterpolateddataafterremovlngtheorlglnal

datanearthebrightband.Theconcentrationofrainfallratepeaksat4kmshowsthat

the3.5kmlevelisnotaffectedbytheprofi1emodificationbrthebrightband･

Thehistogramforconvectiverain(Fig･6b)showslargevariationswithheightbut

withaconstantpeakmagnitude･Thepeaksinfrequencyvariedseveralhundredmeters

inphasewiththestormheights;however,thepeaksdisappearedinwinter(notshownin

Fig.6b).Itseemsreasonabletouseaconstantlevelof3･5kmasitisaroundorbeneath

thecentrallevelofpeaks･Thisstudydidnotconsiderthelow-1evelpeaksthatappeared

around2km,aSSOCiatedwithshallowconvection,Sincerobuststatisticsareneededwith

sufBcientsamplesfbrthemostsignificantpeaks･ThefactthatIVGingeneraldoesnot

covertheshallowmodalstructureisnotaseriousproblemsincetheintensityofshallow

modalrainfallanditsimpactontheIVGaresmall･

AsindicatedinTablel,about15%ofallprofi1eshadpeaksasdefinedabove,

andmostofthepeakswereseenabove3km(87%brstratiformand77%forconvective

rain).DDtrendseemstobesignificant･Morethan70%ofprofi1eswiththepeakabove

3kmexhibitedDDsignature･Mostoftheremainingprofi1eshadaDIsignaturewith
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peaksappearingatahigh(～5km)altitude(showninFig･6)･Forthepresentstudy,

suchprofi1eswerenotconsidered･Forexample,itwasfoundintheGATEexperimentthat

pre-eXistingoverhangandthickanvilcouldreach30dBZ(e･9･,SzokeandZipser1986)･

Mostofthepeaksatmarginallylowlevels(3～3･5km)wereDDinnature･Thesensitivity

oftheupperlevelinthedefinitionoftheIVGwascheckedbymappingtheIVGoverthe

globeandcomparingadjacentpeaksinthehistogramprofi1es(notshown)forvariousupper

levels･DIprofi1eswithmarglnallylowlevelpeakswereembeddedsporadicallywithinlarge

rainyreglOnSSuChasthewesternPacificandthehigh1ywetAmazonthroughtheyear･

Itindicatesthattheadjustmentoftheupperlevelforthemarglnallylowlevelhasless

impactonfinalstatistics･Mostofthegradientswithanupperthresholdof4kmincreased

positivelyandlessenedthenumberofDDcases･Thus,albvelof3■5kmwasretainedin

ordernottodeterioratethedetectionofpeaksignals･TheIVGisreasonableandproper

asanindexbraconcisebutsignificantcharacteristicoftheverticalgradientofrainfall

PrOfi1es.

3.4 Characteristicsofverticalprofi1esoverAsia

W6willbcus our attention totheincrease or decrease ofconditionalrainfall-

rateprofi1esaroundthelowlevelwithIVG･WemadealOxlOdatasetwithasimple

spatialaverage･Figure7showstheIVGpatternfromMaytoAugustforall,Stratiform

andconvectiverain,reSpeCtively.ThedarkshadingindicatesnegativevaluesofIVG,(i･e･,

DD).Regardingallrain(Fig･7,1eft),DDgridsoverIndiaandtheIndochinaregioninMay

andJuneandoverChinaandthenorthernpartofIndiainJulyandAugustareclearly

shown.IVGovertheoceanshowspositivevalues,Whichimpliesthatshallowprecipitation

dominates.IVGofstratiformrain,(Fig.7,middle),hasasmallabsolutevalueandtheDD

distributesoverawidereglOnCOVerlnglandandocean･TheweakDDalsoappearseast
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Figure6.PeakheightdistributionoverinlandIndiafromApriltoOctober･Thicklines:rainfall

ratepeakhistograms,brokenlines:peaksrecognizedasDD,thinlilleS‥StOrmheight
histograms･
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Tablel.Ratioofthenumberofprofi1eshavingpeakstoallprofi1es(peakratio),ratioofthe

numberofprofi1eshavingpeakshigherthan3kmtothosehavingpeaks(highpeak),
andratioofthenumberofpeakprofi1escharacterized asDDtotllOSehavlngpeaks

higherthan3km(DDpeak)･Theweightedaverageisshowninthelastline･Theunits
areinpercentages･

Stratiformrain Convectiverain

peakratio highpeak DDpeak peakratio highpeak DDpeak

APR 23

MAY 19

JUN 15

JUL 13

AUG 14

SEP 15

0CT 9

Ave. 14

79 78

90 82

90 78

86 69

86 73

87 70

85 78

87 74

90 70

85 75

79 76

70 71

71 69

79 68

82 77

77 72

｡fIndiaandtheSouthChinaSea.WeseeweakDDandDIinpatchesoverthewestern

PacificandtheeasternIndianOcean,WhileDDdoesnotappeararoundthewesternIndian

OceanandArabianSea.IVGofconvectiverain,(Fig.7,right),hasabiggerabsolutevalue

andtheDDdistributionisrestrictedoverland.ComparingthechangeofIVGpatternbr

allrainwiththoseforeachtypeofstratiformandconvective)theDDpatternofallrainis

moresimilartotheconvectivetyperatherthanstratiform･

TheIVG distributionhas aseasonalvariation.DD mlgrateSnOrthward asthe

monsoonprogresses･TheIndianIVGpatternisanotableexample･Mayisbeforeoraround

｡nSet｡ftheIndianmonsoon,andthewholesubcontinentisdarkshaded(i･e･,DD)･InJune

whentheralnyareaSpreadsinland,DDovertheIndiasubcontinentisconsplCuOuS･The

maritimeIVGpattern(positive)seemstopushtheDDregionnorthwardoverthecentral

partsofIndia･DurlngJulyandAugust?DDdecreasedoveralmostallofIndiaexceptthe
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northwesternpartofIndiaandPakistan･RainoveralargepartofIndiaissubstitutedby

theweakDIpattern･Abovethis,aStheconvectivepatternindicates,1andseemstohinder

theprogressofmaritimeDIaroundthesouthwesterncoastline･

WecanalsoseeclearDDoverIndochina･Thepatternofrainfallismuchdifferent

fromthatofIndia.DDappearsaroundthemidpartofthepeninsulathroughaperiodfrom

MaytoAugust･MaritimeDIhasaclearboundaryatthewesterncoastofthepeninsula,

andthevalueisnearlylmmh-1km-1,WhichisthesameasoverIndia,aSShownbythe

convectivepattern･DIdoesnotspreaddeeplyintolandlikeIndiancase■
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Figure7.IVGdistributio11丘omMaytoAugustbral1raiI一(left),Stratiforlnraiユ1(celltral),and

convectivera･ill(rigllt).Thedarkshadi11grepreSentS〔lowllWard(1ecreasillg･Tlledotted

regionssllOWdowllWardincreasing(moret･hanO.31nlnh~1kln~1(coarsedot･S)andl

mmhplkm｣1(fi11edots)).ThecolltOurSareatrl,0,0.3,1,and21nmll~1kln-1･
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3.5 Seasonalchangeofverticalgradient

ItwasdescribedintheprecedingsectionthatDDmigratesnorthwardastheAsian

monsoonprogresses･Weused3A25fine-griddatatoinvestigatetheseasonalbehavior･In

theprevioussection,WefoundthattheIVGpatternsforconvectiverainrepreseIlttllatfor

allrainpatternsreasonablyandthatthecharacteristicsaremoreclear･Since3A25does

notcontaindataat3.5kmheight,WeuSeddataat4km･Theconditionalrainfallrateat

4kmisstillaffectedbythebrightbandevendurlngthesummerseasonovermostofAsia

inthealgorithm,althoughtheconditionalrainfallrateestimationalgorithmisdesignedto

eliminatethebrightbandeffect.Mostconvectiveraindoesnothaveabrightbandandit

showsasimilarIVGpatterncomparedwiththe2A25procedureusingrainatthe3･5-km

level,WhileIVGforstratiformrainisnoticeablyaffectedbythebrightband･Thus,We

madeIVGusingapairofconditionalrainfallratesat2and4kmforconvectiveraininstead

ofallrain.

WemadealatitudinaltimesectionofIVGtoinvestigatetheseasonalvariation･

WeproducedthepercentagesofconvectiveDDorDIoverlandforeachlatitudinalgridin

eachmonth.W6calculatedthenumberofpixelsofspecifiedIVGdividedbythenumber

ofrainpixelscountedoverland･ThespecificationisthatIVGisbetweentwothresholds･

Here,WeuSedGTOPO30todistinguishlandoroceanforthecenterofeachfinegridof

3A25.WedidnotusedatawherethealtitudeismorethanlOOOm(Fig.8)sincethe

statisticswilldeterioratebysmallsamplingnumbersduetogeographicale鮎cts･Figure

9showsthefrequencyofoccurrenceofDDinpercentageoverAsianland(darkpointsin

Fig.8).ThesefrequencyofoccurrencesforconvectiveIVG(grayshadings)arecalculated

foreachmonthuslngthreeyearsofdata.Thefigureindicatesthatahighfrequencyof

occurrenceofDDseemstodrawanarcinthelatitude-timemapfromMaytoOctober･

Thezonalaverageincludingrainovernonflatlandencompassesalargevariability

ofrainpatterns･Asiaistoolargetosurveythesystematicrainstructurewhichresultsin

DD,COnSideringzonaldifferencesofthemonsoonprogressoverland･Sincethemigration

ismostremarkableoverIndia,WeWi11focusonthearea(50.350N,600-900E),identifiedas

area(I)inFig.8.EvenoverIndia,WeStillhavespatialvariartions･Forexample,rainfall
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0VertheIndiansubcontinentisespeciallyconcentratedwestoftheWesternGhats,Where

theIVGpatternisdifferentfromthatinlandasindicatedinFig･7･FigurelOshowsthe

latitudinaltimesectionofmonthlyrainfallamount(contours)andconditionalrainfallrate

(shadings)overthewesterncoast(a),inland(b),andeasterncoast(c),reSpeCtively･The

region"coast"isdefinedaslandwithinlOfromagridinocean･FigurelOashowsthat

rainfallalongthewesterncoastisplentiful･InthevicinityofGoa(15･50N)monthlyrainfall

isabove700mminJuneandJuly･FigurelObrepresentsrainfallovermostoftheinland

reglOn･ItshowsthetyplCalmonsoontype;thatis,therainactivitystartsinMayand

JuneandprogressesnorthwardfromAugusttoOctober,thenrecedessouthward･Strong

conditionalrainfallrate(grayarea)isdistributedalongtotalrainfallof50mmmonth~1

0VeralargepartofIndiainAprilandabove3001atitudethroughmonsoonseasonfrom

MaytoOctober.Therainfallpatternovertheeasterncoast(Fig･10c)isdifferentfrom

inlandone.ItshowslocalcharacteristicsofrainsuchasplentifulrainfallaroundCalcutta

(22.30N)0VertheBayofBengalinMayandorographicrainfallalongtheEasternGhatsin

October.Thenoisypatternisduetolowsampling･TheDDmigrationoverIndiaisclear

inthemapofinlanddatabutnotsointhecoastalreglOnS･

Ⅵ毎excludecoastalreglOnSinordertobcusonpatternsoverlandthatarenot

slgnificantlyaffectedbytopography･FigurellashowsthefrequencyofoccurrenceofDD

overtheIndiansubcontinentexcludingthecoastalreglOnSforthreeyears･Thecontours

indicatezonalaveragedtotalrainfallof50(dottedline),100and200mmmonth-1･The

DDreglOnislocatedoverthewholeIndiasubcontinentinthewet season･It appears

espeCiallyaroundJuneandSeptember･Weseenotonlytheabove-mentionednorthward

migrationofDDinmonsoononsetsbutalsoasouthwardwithdrawalintheretrogresslng

periods･ItisinterestingthatDDseemstoreduceslightlylnthehighlywetreglOnand

tobeborderingthezonallyaveragedrainfallofaroundlOOmmmonth,1･InsidetheDD

arc,DIreglOnSfbrlessthanl･5mmh-1km-1areassociatedwiththema｣Orityofpixels

(1ightshadingsinFig.11b)･Outsidethearc,DIregionsgreaterthanl･5mmh~1km-1

dominateoverthedryregion(darkshadingsinFig･11b)･Thesecharacteristicswereseen

ineachofthethreeyears.
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Figure12showstheseasonalmarchofDDwithrainfallamountandconditional

rainfallrateoverIndia.ClearDD(IVG<-0.5,Shadings)concentratesnearmonthlyrainfall

oflOOmm(thickline)andisborderingtheIndianmonsoon･Rainfallsinfrequentlybut

strongly(5mmhpl,brokenline)ifitrainsinthepremonsoonseason･Stormheightpattern

issimilart｡｡neOfconditionalrainfallrate.PeaksofIVGandconditionalrainfallrateor

stormheightappearindifferentseasonsassketchedinthefigure･

)dJ

60 70 80 90 100 110 120 130 140 150

Lon

Figure8･Mapofpixelsusedinzonalaverageoverlandandocean･Darkpointsindicateland

(0-1000m)anddotsindicateocean･ArectangularareasurroundingIndia("I")isused
forthisanalysis･Coastlinepixelsoverthisdomainareshownasblacksquaresandare

separatedfromland･ThesmallboxovercentralIndiaindicatesthereglOnforanalysIS

in Section3.6.
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Figure9.FrequellCyOCCurrellCeOf(lowllWarddecreasingforconvectiverainoverAsiaIlla-1d(10DS-

370N,600E-150OE)･TheshadillgShowsthel】CrCentageSOfIVGwllicharelessthanO

l-1n-h~1kln】1.
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Fig11relO･LatitudillaltimeLSeCt･ionofrai11fa11amounta11dstrengtllOVCrt･11eI一一dial-S11bcolltillellt

(50N-350N,60OE-90OE,area(I)inFig.8)･Molltlllyrainfallal-10ullt(co11tOurS)all〔1

COllditiollalrai11土hllrate(shadi11gS)area:'eragedzona11yforeverylatit･u〔lil-albil-OfO･5
(1egrecswidthforwest･erIICOaSt(t･Op).1nland(middle),alldeast･erllCOaSt(bott･Om)･
ThecolltOllrSi11dicat.ezonallyaveragcd tota-lraillfall.ThebrokenlilleShows501r"Tl

lnOl-1t･11-1andotllerlilleSSllOWlOO,200and5001-111nl･11011t･1lrl
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Figllrell･FrequencyofoccurreIICeOfdow11Wardde(:reaSingcase(a)anddowIIWardincreasillg

case(b)forcollVeCtiveraillOVel･theIlldiansubcontillellt(50N-35ON,600Ep90OE.area
(Ⅰ)illFig･8)excl11dingtlleCOaSt･Thecol-tOurSindicatezonallyaveragedrai11fall･The

br｡kel-1ineshows501TlmlnOnth-1andtheotherlinesshowlOOand2001111nlllOllth~1

Slladingsinupperpanel(a)sllOWtllefre-1uel一(‥yOfoぐCurrCIl(･eOfDDi11Pel'CelltagC･

Ligllt(dark)shadi11gSil1lowerpaJlel(b)sl10WtllatIVGIcss(greater)thalll･5mm

l-1~1kl-1~1llaSa】ユーajor中(>50%).
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Figurc12･Latit-1dinalt･ilrle-Seetio11i11ust･rati11gtllerelationshipbetweenmaximumtot･alrainfal1

(1001nll-1111011t.1lr】,t･hi(･:kline),St･rOngCOll(1itio11alrai11fallrat･e(5rnmh~1,dashed

line)all(1dearDDo(･eurrellCe(IVG<-0.5.1ight(>209子〉)a11ddark(>40%･)shadings,

respect･ively)0VerI11dia･ClearDDoccumLll(･e<20%isl-OtShown･
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3.6 HorizontalextentandverticalgradientcharacteristicsoverIn-

寸

r

dianinlandreglOn

Herewewillexaminemoredetailsofrain,Whichresultsintheabove-mentioned

characteristicsofIVGforconditionalrainfallrateprofi1es･Inordertoseearelationbetween

IVGandthescaleofrainandwhatcontributestoDD,WeinvestigatedindividualIVGat

eachpixelwithstormheightorhorizontalextentofraincells･TheanalyzedreglOnisover

acentralpartofIndia(150A200N,750p800E)basedon2A25data･

Welookedatmonthlyaveragedraincharacteristicsoverthisregion(Fig･13)･

Thisfigureshowsprobabilityofrain,rainfallamount,COnditionalrainfallrate)aVeraged

stormheight,theratioofDDpixelstorainpixels(DDratio)andIVGcalculatedfrom

monthlyconditionalrainfall-rateprOfi1esforallrain,Stratiformrain,andconvectiverain,

respectively.Weobtainedastormheighthereasthehighestrangebinofthreeconsecutive

echoesover17dBZuslng2A25datainsteadof2A23･Wealsocomparedthesemonthly

averageddatawithdataforallrainin3A250Verthesamearea･

Figure13ashowstheratioofrain-CertainpIXelstototalplXels･Therainarea

coverageorprobabilityofrainmaybecorrespondingtoa㍑wetseason‖･Ⅵ毎seeaclearwet

seasonfromMaytoOctoberandadryseasonfromNovembertoApril･Thereisapeak

almosttouchinglO%aroundAugust,mainlyduetostratiformrain･Inthewetseason,

thereisaverysmalldiparoundJuly･ThisisalsoseeninFig･13b,atimeseriesofmonthly

rainfallamountat2km.MostrainfalloverthecentralpartsofIndiaisconcentratedin

therainyseasonduringMaytoOctober(91%brthreeyears)･Thevariationofrainfall

amountovercentralIndiashowsadoublepeakeveryyear,reflectingcontributionsofstrong

convectiverain.ThesepeaksareshownaroundMayandSeptemberandanotabledipis

shownaroundJulyorAugust･Stratiformrainalsohasaslightdip･However,ithasno

clearpeakinMayandgenerallyhasmostrainfallduringthematuremonsoon･Thefirst

peakisdominatedbyconvectiverainfallandthesecondisorganizedbybothstratiform

and c｡nVeCtive rainfall.The variationofconditionalrainfallrate at2km(Fig■13c)

resemblesthatofstormheight(Fig.13d).Theyhaveamaximumaroundthebeginningof
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themonsoonseasonandasecondpeakaroundtheendoftheseason･Rough1yspeaking,

the2A25resultsagreewith3A25statisticsintherainyseason,Whileweseedifferences

aroundMarchinthedryseason･ThedifferenceisduetotheinsufBcientsamplingofour

2A25databaseuslngnarrOWSWath･Weconsider3A25statisticswithsufBcientsampling

numberstobereliable,COnSideringthesystematicconditionalrainfall-ratepatternSShown

inFig･10b･Rainfallsstronglyinthepremonsoonseasonandduringtheonset･Storm

heightseemstobesuppressedaround5kminJune,JulyandAugust･Figure13eshows

theDDratioforrain.ItgraduallyincreasestowardAprilorMayandreachesalmost60%･

Afterthepeak,theratioisnearlyconstantfromJunetoSeptember,althoughweseeavery

smalldiparoundAugust.TheseasonalvariationofDDratio(Figure13e)resemblesthat

ofstormheight.IVGforthemonthlyconditionalrainfallrateprofi1eisshowninFig･10f･

Roughlyspeaking,WeSeeDIforthedryseasonandDDforthewetseason･MonthlyIVG

ispositiveuntilAprilandnegativeuntilOctoberandthenagalnpOSitiveforNovember･

Thevarianceislargedurlngthedryseasonduetothesmallnumberofsamples･Monthly

IVGalsoshowsamaximum(weakenedtendencyofDD)inAugustduringtherainyseason

fromMaytoOctober･IVGforconvectiverainhaspeculiarvariationsandhasstrongDD

inMayandOctober,COrreSpOndingnottothepeaksofrainfallamountorstrengthbutto

thebeglnnlngandendoftheralnySeaSOn･Theseareconsistentwiththeseasonalmarch

ofIVGshowninFig.`11.TheroughseasonalpatternofIVGusingstatisticsof3A25is

similartothatofIVGusing2A250utput,althoughtheIVGwascalculatedfromdifferent

dataanddefinitions.However,WeShouldnotethatIVGusing3A25becomeslargersince

anumberofpeaksinrainfallratearebelow4kmlevel･

Thus,thepeaksofconditionalrainfallrateandstormheightprecedetheralny

season･TheybecomeweakinthemiddleoftheralnySeaSOnandrecovermoderatelyatthe

end･DDfrequentlyoccursinsummermonsoonrainfall･Ithasaprlmaryandsecondary

peakinthebeginningandendoftherainyseason･MonthlyIVGshowsthatthereare

strongDDpeaksinthebeginningandattheendoftherainyseasonandIVGbecomes

largerinAugust･

RelationshipsbetweenIVGandstormheightfbreachprofi1eareshownforfour
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categoriesofconditionalrainfallrate,1essthanO･5,0･5-2,2-4,andgreaterthan4mmhrl

inFig.14.Thecontouredfrequencybyaltitudediagrams(CFAD)weremadebycounting

datathatfallinto40(IVG)×40(height)intervalsinanIVGrangebetween-3and3mm

h-1km-1andtheheightbetweenOand12km･Afterthat,aVeragingover5×5gridwas

appliedtosmoothnoisydistribution･LightanddarkshadingsshowlandlOpereachcell,

respectively･LinesindicatemonthlyaveragedIVGwithruIlningaverageoverfiveheight

intervals.Eachlinecorrespondstoonemonthoverthreeyears･TheaveragedIVGforeach

lev｡1hascleartendencies,WhileindividualIVGvaluesscatterwidely･Thick(dotted)1ines

indicateonesofrainy(dry)season･Thethicklineshowedthattherelationshipbetween

IVGandstormheightisalmoststeadyforallmonthsexceptforstronganddeepstorms

(Fig.14d).IVGduringtherainyseasonisafunctionofconditionalrainfallratearound

n｡arSurfaceandstormheightasafirstapproximation･ItissupportedthatDDfrequently

｡CCurSWh｡nC｡nditi｡nalrainfallrateorstormheightisrelativelyhigh(3mmh-1inFig･

10)duringtherainyseasoninFig･12･TherelationbetweenIVGandstormheightin

thedryseasonseemstodeviatefromoneintherainyseasonespeciallyforthestrong

conditionalrainfallrate(roughly,0Ver4mmh-1)showninFig･14d,thoughthereexists

alargefluctuationduetosamplingnumbers･Forexample,thedeepstormwithastrong

rainfallrateinAprilbringsaDIprofi1e･Itagreeswiththelagseenbetweenpeaksof

conditionalrainfallrateorstormheightandtheDDoccurrenceshowninFig･12･The

relationbetweenIVGandthescaleofraininthedryseasondiffersfromtheoneinthe

rainyseason･

Weextendedthestudyintothehorizontalscaleofrain･Herewetook"rainarea

density"insteadofsizeforthesakeofcalculatorysimplicity･Asshowninlaterchapter,

thereweresimilaritiesbetweentheresultsusingtherainareadensityandtherainarea･

Firstwetook25×25pixelsthatcorrespondtoaroundalOOkmxlOOkmarea･Second

wecountedthenumberofrain-CertainplXels･Then,WedividedtherainplXelnumberby

25×25toobtainarainareadensity･Figure15showstherelationbetweentherainarea

densityandIVGforshallowanddeepstorms･ThethicklinedesignatestheaveragedIVG

fortherainareadensity･WeaveragedIVGwithin士10mmh-1km-1whenthesampling
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numberwasmorethaIllOforeachrainareadensitywithanintervalof2%･Thelight

dotscorrespondtolowstormheight(below4km)andthedarkdotscorrespondtohigh

stormheight(above8km)･

InthesummermonsoonseasonfromMaytoOctober,manydotsappear,Which

means that the rainyreglOnCOVerSlarge areas･IVG slightlydecreases asthedensity

increases.Forthesmallareadensity,DIpixelswithlowstormheightcontributetopositive

IVG.Ontheotherhand,forhighrainareadensity,DDpixelswithhighstormheight

contributetonegativeIVG.Raininlargeprecipitationsystemstendstohavehighstorm

heightandtohaveaDDprofilefromMaytoOctober･Ineachmonthinthedryseason,

therewereonlyafewraineventsduringthethreeyears･Stormheightsforindividualcells

donotfrequentlyexceedlOkminJuneandJuly･NumerousDIwithsmallrainpercentages

contributemoretomaketheoverallDIinthemonsoonmatureperiod･Wealsochecked

therelationshipbetweenrainareadensityandstormheight(notshown)･Itshoweda

similarstormheightincreasewithrainareadensityforeachmonthwithdeviationsofa

fewkilometersinheight.Thesecharacteristicsofindividualraineventsareconsistentwith

characteristicsofmonthlyaveragedquantities(Fig･13),althoughtheeventshavealarger

variability.

TheresultsabovesuggestanimageofrainstructureoverIndiaasshowninFig･

16.Theillustratedlargestormimpliesawidespreadingsystemcoverlngalargepartof

thelOOkmxlOOkmarea,thatis,theraindensity,1nSteadoftheactualhorizontalsizes･

DDwithhighstormheightisdistributedinlandaroundthemonsoononset･Convective

rainisdominant.Stratiformrainalsoshows aDD profi1ewithasmaller slope･Inthe

matureperiod,DDappearsmainlyovernorthernIndiaandtheDIprofi1esoflowerand

dispersedraindominateovertherestofIndiainlargeparts･TheDI-typerainwithhigh

stormheightaroundPunjab,thenorthernpartofPakistanandIndia(Fig･2c),iscaused

byorographiceffects･Strictlyspeaking,itisdifBculttointerpretliterallythepositionof

eachstratiformandconvectiverain.
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Figure13･Seasonalvariationsofthefo1lowing?uantitiesovercentralpartsofIndia(150N-200N,
750E-800E):(a)theprobabilityofraln,(b)monthlyrainfallamountat2km,(c)condi-

tionalrainfa11rateat2km,(d)averagedstormheight,(e)DDpercentagebrrainpix-

els,and(f)IVGbrthemonthlyconditionalrainfallrateprofi1e･Thick,dash-dotted,
andthinlinesindicatedatauslngall,Stratifbrm?andconvectiverain,reSpeCtively･

Brokenlineindicatesdatauslngallrainof3A250VerSamearea･
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(a)onset (b)matureperiod

Figure16.DistributiollOfprecipit･atio110VertlleIlldiaIISubco11til-ellt:(a)l-一OrlSOOnOIISet･,(b)

matureperio{l･Tlle〔haracter㍍C"indicatesconvectiverain,and L▲SW5tratifbrln･
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4･Spatiotemporalvariation of the vertical

gradientofrain払IlrateovertheglobaltroplCS

4.1SeasonalvariationofIVG

4.1.1SpatiotemporaldistributionofIVGderived丘･OmmOnthlymeanpro一

丘1es

WeextendthestudyontheseasonaldistributionofIVGoverandaroundIndia

totheglobaltropics(370Sto370N)･Inthissection,Wedescribetheclimatologicalchar-

acteristicsofIVG･Figure17showsthevariationofIVGderivedfrommonthlyaveraged

rainfall-rateprOfi1eswithl｡×1｡spatialresolution･Ingeneral,aSlgnificantamountofDD

rainfallratesappearoverinteriorlandmassesinthesummerseason･DIratesoccurinthe

winter,inmidlatitudes,andoveroceansexceptinregionswithverylittlerainfall■Over

Africa,DDdominatethroughouttheyearandareinphasewiththerainfall(migratingwith､

therainbetweenthenorthernandsouthernhemisphere).ThehighfrequencyofDDrates

indicatesthattroplCalinteriorconvectivesystemshaveatendencytobeDDinsummer･

0verIndia,thenorthwardmigrationofDDcharacteristicsduringtheonsetofthemonsoon

andsouthwardwithdrawalduringretrogressingperiodswasobservedasshowninChapter

3.Furthermore,DDratesseemtoappearfrequentlybetween"dry"and"high1ywet"re-

glOnS･Thisintroducesahypothesistobeconsideredlater･DDratesappearfrequentlyover

th｡AmazonRiverbasincorrespondingtothesouthwardmigration(AugustrOctober)of

rainyregions.Thisispriortooraroundthetransitionperiod(e･g･,SeptemberrNovember),

whentheconvectionshowsmuchmorecontinental-1ikecharacteristicsexhibitingagrearter

frequencyofdeepradarreflectivitycoresandmorefrequentlightning(e･9･,Petersenand

Rutledge2001;Rickenbachetal･2002)･TheIVGdistributionoverthiswetregioncon-

sistsofoceanicandcontinentalelementsreflectingwesterlyandeasterlyflowreglmeSWith
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timescalesofseveraldays･Ontheotherhand)DDra･teSWidelyappearovertheBrazilian

Plateau.OtherregionswithsigniBcantDDareasare‥nOrthernAustralia,theArabian

Peninsula,SOuthernplainsoftheU･S･A･,andtheIndochinaPeninsula･DDprofi1esover

theoceanwithverylittlerainfall(e.g.,theeasternAtlantic)hadamoderateIVGsignature

of_0.1toOmmhrlkmJl.

ThestructuraldifferencesbetweenslgnificantDDreglOnSOVerlandwereexam-

ined.Thefocusbeingonthelatitudinalchangeofmonthlyrainfall,rainfallrateandthe

frequencyofoccurrenceofDDprofi1es･ThefollowlngreglOnSWerehigh1ighted:theAfrican

continenthavingatyplCalcontinental-1ikepattern,Indiacharacterizedbyabundantmon-

soonrainfall,andSouthAmericawhichincludesthewetAmazonregionandthewetor

dryBrazilianPlateau･Figure18showsthelatitudinalandtemporalvariationofmonthly

rainfall,StrOngrainfallrate(>4mmh-1),andDDoccurrenceovertheregionsdescribed

above･Asignificantfluctuationinrainfallnorthandsouthoftheequatorwithanampli-

tudeofaboutlOto15degreesinlatitudeisobservedoverAfrica(Fig･18a)･Thesignificant

DDreglOndoesnotoverlapthemaximumrainfallreglOn･Thehorseshoe-1ikepatternin

Fig･18bisalmostidenticaltoFig･12butonlyforconvectiverain･DDcharacteristicsare

slightlyreducedinthehigh1ywetreglOnandinsteadcoincidewiththezonallyaveraged

rainfa11contoursofaroundlOOmmmonth-1･Strongzonallly-aVeragedrainfallrateswere

observedoverIndiainthepremonsoonseasonandinthenorthernpartofIndiaandPak-

istaninmidtolatesummer.Mostofthesignificant DDpixelscorrespondtorelatively

strongrainfallrates(>3mmh.1,Fig･10b)･Therearesimilaritiesbetweentherainfall

overAfricaandIndia･ThehighestDDoccurrenceislocatedonthefringeofthelargerain-

fallamounts･Theamplitudeofthesine-CurVepatternOfDDoccurrenceislargerthanthat

fortherainfallamount.TheoccurrenceofDDprofi1esoverIndiaissynchronizedwiththe

patternoverA丘･ica･Thereare,however7SeVeralsignificantdi鮎rencesbetweenthem･The

mostsignificantonebeingthatthepatternoverIndiadoesnothaveamaximumfrequency

ofoccurrenceofDDprofi1esaround15｡Ninthemiddleofsummerthatoverlapswiththe

maturephaseofthemonsoon･TherainfalloverAfricacanbeclassifiedas"continental"

consideringthesine-CurVepatternOfDDcharacteristicsthatcorrespondtothemaximum
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heatingbysolarinsolation･Inaddition,thevariatioIlOfmoistureinflowfromtheocean

canbecrucialinchanglngthestructureoftroplCalinteriorconvectionoverIndia･

RainfalloverSouthAmerica,mainlyBrazil(Fig･18c),alsohassuchsimilarities

withtheotherrainyregions.Oneofthemaincharacteristicsisthenorthwardmigrationof

extensiverainfallreglOnSWithDIprofi1esaroundtheAmazonRiverbasin･Theseoceanic

characteristicsareconsistentwithearlierresults(e.9.,Garstangeial･1994;Schumacher

andHouze2003a).DDprofi1esappearwidelybeforeandaroundthetransitionperiodof

th｡SouthAmericanrainyseasonasmentionedabove･TheregionfromlOOto200S(mainly

overtheBrazilianPlateau)wasgenerallycharacterizedasDD･Thestrongestrainfallrates,

onaverage,Werefoundparticularlyaround300ScorrespondingtothePampaHumeda･
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Fig11re18･Latitudi11altime-SeCtio11illustratingtherelatio11Shipbetween monthly t･Ot･alrail-fall

(100alld200mmmont･11十thillandt･11icklirleS),StrOllgrai11fa11rate(4mlnll~1
dot･tedregions)aIldstrollgDDoccurrellCeOfIVG<-0･5,graySllading(10-20%,20-30

%､,alldlTlOrethal130%)over(a)inlalldAfrica(20OW-500E),(b)Illdia(600L900E),

an〔l((･)SollthAl-1erica(80D-40OW)･
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4.1.2 VariationofIVGindifferingmoistureenvironments

ThevariationofIVG with atmospheric conditionsis examinedin this section･

MonthlyandlatitudinalvariationofthefrequencyofoccurrenceofDDprofi1esoverIndia

showedaone-tO-OneCOrreSpOndencewithstormheight,themeannumberofthunderstorm

days,andthemeanmaximumsurfacewet-bulbtemperature■(Manoharetal･1999)･In

additiontothesystematicchangesintheequatorialconvectivezones,dryandwetreglmeS

arealsoofinterest.nenberth(1998)showedrelationshipsbetweenwind,preCipitation,and

atmosphericwatervaporwitharecyclingratioandreportedthatprecipitationassociated

withtransportedwatervapordominatesinthemonsoononsetperiod,Whileprecipitation

associatedwithevaporatedandrecycledwatervapordominatesinthelateorpost-mOnSOOn

season.severalclimatologlCalelementssuchasmoistureinflow,Surfacesoilmoisture)and

evapotranspirationfromvegetationdonotcorrespondwithDDoccurrencesthatshow

relatively symmetric succession
betweentheonset andtheretrogresslngperiods,While

variationsinthesurfaceboundarymayaffectsignificantlysubsequentconvectivesystems･

n)eXPlainthechangeinprecipitation-SyStemStruCtureaSSOCiatedwithwetand

dryenvironmentalconditions,knowledgeoftheamountofatmosphericmoistureishelpfu1･

Figure19showstheeffectoftotalwatervaporonIVGoverIndia,nOrthernAfrica,the

AmazonRiverbasin,andtheBrazilianPlateau･Theareaoftheselocationsisapproxi-

matelyl･1×106,8･8×106,1･3×1067and3･5×106km2,reSpeCtively･TheinlandreglOnSWere

selectedaseitherDD-SignificantreglOnSOrhighlywetreglOnSaffectedbymoistmaritime

air.The abscissashowsprecipitablewaterderived fromNCEP/NCARreanalysisdata

(Kalnayetal.1996;TrenberthandGuillemot1998)andtheordinateaveragerainfallrate

derivedfromtheTRMMPRwitha2.5degreeresolution･

ComparingIndia(50-250N,650-900E)andnorthern Africa(100-250N,200W-

500E)showsthedifferenceinwatervaporamountandtheaffectedprecipitation-SyStem

structureinIVG.ADDsignaturedominatesinsummerovertheseregionsaswasexpected･

Inotherwords,DDappearedfromAprilor八/IaytoOctoberwhenprecipitablewateris

below50mm.Ontheotherhand,DIprofi1esappearduringwinterwhenprecipitablewater

isrelativelylow･Inmidsummerwhenatmosphericwatervaporwasaroundormorethan
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50mm,therainfallrateweakenedandhadDIcharacteristicsoverIlldia･Sincewatervapor

amountisamaximuminAugust,theloweratmospheregetssaturated(e･9･,Ninomiyaand

Kobayashi1998;LimandKim2002)･Therelativehumidityinmidtolatesummeris≧

about80%at850hPa(notshown)-Attheheightofthewetseason,preCipitationand

cloud(e.9.,LaingandFritsch1993b)areatamaximumreducingthesolarinsolationat

thesurface.Theabundanceofwatervaporturnsthecontinentalprecipitationreglmeinto

aquasi-OCeanicone.Inotherwords,themonsoonbringshigh1ymoistairintoinlandIndia･

Asaresult,DDprofi1es,WhichtypICallyborderthemonsoonrainfallreglmeS,aredeemed

tobelocatedwherethereismoremoderateamountsofwatervapor.

ThestudyareaovernorthernAfricaincludestwodistinctprecipitationreglmeS:

thenortherndesert/stepperegionandthetropicalsavannaregion･Thisisevidentinthe

distributionofprecipitationasmanylargesystemsareconcentratedaroundlOOL150Nwith

fewsystemsaroundandnorthof200N(notshown)･DDprofi1eswithweakrainfallrates

andlowatmosphericmoistureinthesummermonthsaremostlyobservednorthof150

N･AllreglOnSOVernOrthernAfricahadloweratmosphericmoisturethanoverIndiaand

showedaDDtendencyduringthematuresummer･TheelevationoftheinlandAmazon

RiverbasinislessthanlOOm(100Sr50N,800r500W)･Theprecipitationregimeissimilar

tothatoverIndiaduringthewettestpartofthesummer･Themonsoon/tropicalrainfbrest

hasabundant
watervapor(40r55mm)resultinginDIprofi1es

fromJanuarytoJune,

predominantlylnAprilandMay･Incontrast,atmOSphericmoistureovertheBrazilian

Plateau(300r50S,600-350W,elevationof200-1000m)isless･DIsignaturesassociated

withabundantatmosphericmoistureareless･MostofthereglOnremainsDDdurlngthe

ralnySeaSOn.Eveninwinter,theatmosphericmoistureandDDfractionishigherthan

thoseoverIndiaandAfrica.TheseresultssuggestthattheIVGindrywinter,WetSummer,

andhighlywetsummerisDI,DD,andmoderatelyDI,reSpeCtively･
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Figure19.Regionaldi鮎rencerelationshipsbetweenDDandDI,tOtalcolumnwatervapor,and

rainfallrateat2･5degreespatialresolution･CirclesanddarkpointsrepresentDD

andDI.ShownarecentralandsoutherllIndia(100r250N,650-900E),nOrthernAfrica
(100-250N,200W-500E),theAmazonRiverbasin(100S-50N,800F500W,altitudesof

O-100m),andtheBrazilianPlateau(300-50S,600-350W,altitudesranging丘-Om200
tolOOOm)･

51



4.2 V6rticalcharacteristicsofindividualrainshafts

Individualrainfall-ratePrOfi1escanbecharacterizedbythestormheight,therain-

fallratenearthesurface,andtheverticalgradientatlowlevels･TheInainareaofinterest

isIndiawheretheIVGtransitionsthroughachangeofdry,Wet,andhigh1y-WetSeaSOnS･

TherainfalloverinlandIndiahasbeencharacterizedintermsofIVGandrainfallrate(Fig･

18b).Figure20showsaschematicdiagramofprecipitationoverinlandIndiaintermsof

fourphases‥thewinterperiod(phaseA),thehotseasonpriortothemonsoon(phaseB)

withsignificantDIprofi1es(amajorityoftheIVGgreaterthanl･5),aDD-Salientphase

(phaseC)surroundingthehighlywetmonsoonregion,andthematurephaseoftheIndian

monsoon(phaseD)dominatedbymoderateDIprofi1es(amajorityoftheIVGbetweenO

andl.5).TheIVGshowssignificantvariationwithtimeintheregion(i･e･,SOuthof250N)･

InChapter3,We壬bundthatDDprofi1esgenerallyrepresentdeepstormsandDIonesshal-

lowstorms.Further,itwasfoundthatthegeneralrelationshipbetweenIVGandstorm

heightfortherainyseasonmaynotbevalidforthepremonsoonseasonwhenslgnificant

DIprofi1eswerepresentwithhighstormheightsandstrongrainfallrates･Thesevariations

suggestedthenecessityforfurtherinvestigation･

Figure21showstherelationshipbetween nearsurfacerainfallrateand storm

heightbrDDandDIstratiformandconvectiverainprofi1esineachphasefromAtoDas

definedinFig.20.IVGisaveragedovereachgrid(50(rainfall)×80(height)intervals)

andthenumberofprofi1esinthegridareshownascontoursandshading,reSpeCtively･

Crosses/circlesindicateindividualprofi1eswithasignificantDD/DI(i･e･,IVG>士30)･The

stratiformrainpatternsshowthatmoderatelyhighstormshavlngmOderateDDprofi1es

andlowstormshavingmoderateDIprofi1esgenerallyformthemonthlyIVG･Below5km,

DIprofi1esdominatethewinter･Astheseasonprogresses,mOderatelyhighstormswith

moderateDDprofi1esincreaseandreachamaximumnumberinsummer･Simultaneously,

DIprofi1esassociatedwithlowstormheightsofafewkilometersappearmostlyinweak

rainfallrates.DIprofi1esinlowstormheightsalsoexistedinthecaseofconvectiverain

profi1es･Astrikingdifferencebetweenthetwotypesisthedifferenceinmagnitudeofthe
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significantIVG.Inwinter(phaseA),mOStOftheprecipitationisassociatedwithmoderate

DIsignaturesandsomemoderateDDprofi1esformid-1evelheights･Inthepremonsoon

season(phaseB),heavyrainfall(>50mmhJl)thatismainlyDIdominates･Atthe

startoftherainyseason(phaseC),deepconvectivestormsreachingupto15kmwith

slgnificantDDsignaturesandstrongrainfallratesarenoticeable･Monthlyaveragedrain

profi1esinthisphaseareDDeveryyearinspiteoftheexistenceofsomeslgnificantDI

profi1es.Similarfeaturesarepresentinthepostmonsoonseason･Attheheightofthewet

season(phaseD),preCipitationassociatedwithahighIVG,StrOngrainfallrates,anddeep

stormsdisappears･Thismodeseemstobesuppressedandchangedintoamonsoonalrain

withmoderatelylowstormheights,Weakrainfallrates7andmoderateIVG･

Asawhole,Shallowprecipitationnoticeablyincreasesinsummer･Stormshigher

thanabout5kmhaveatendencytobeDDwiththedeepestones(>15km)stronglyDD

(IVG<-10mmh~1kmTl)･Rainfallrate,StOrmheight,andIVGarewellcorrelatedinDI

profi1es;thestrongerordeeperthestorm,thestrongertheDIgradient･Rainfallexceeding

50mmh-1wasoftenassociatedwithsignificantDIprofi1es(IVG>30mmh-1km-1)･It

isplausiblesinceanIVGof30mmh-1km-1isequivalenttoarainfall-rateChangeof45

mmh-1between2kmand3.5km.However,therewereafewexceptionalcaseswithweak

rainfallhavlngSlgnificantDIprofi1es･Forexample)therewasaprofi1ewithanear-Surface

rainfallrateof9.Ommh-1,aStOrmheightof12.75km,andanIVGof30･5mmh~1km~1

(convectiveraininMay)･Aftercarefulinspectionofthehorizontalpattern(notshown),

itwaslocatedattheedgeofamesosaleconvectivesystemandwaspartofanorganized

three-dimensionalstructureandwillbediscussedlater･Theprofi1ehadamaximumof74･1

mmh-1at2.5kmandasharpdeclinefrom2kmtolkm･

TheaboveprocedurewasusedtostudyIVGcharacteristicsinotherregionsas

showninFig.22.Thefirstpanel(topleft)isbrconvectiverainovernorthernAfrica

(100-250N,200W-500E)inAugust,WhichcorrespondstothemostsignificantDDregion･

ItshowsslgnificantIVGcharacteristicsmoreclearlythanthoseobservedoverIndiaand

AfricainMay(notshown).ThenumberofsignificantDDprofi1eswashigherbrthose

withstormheightsof15kmandanea,r-Surfacerainfallrateof50mmh~1･Deepstorms
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withstrongrainfallrateshadsignificantDDprofi1esaccolnpaniedbyslgnificantDIprofi1es-

ThepatterninMarchoverIndiadidnothaveslgnificantDDprofi1esbutonlyslgnificant

DIones･Such precipitationreglmeS Showninphase
B,did not appearoverllOrthern

Africa.Thiswillbeexaminedlaterbylookingatprecipitationsystemsasawhole･The

secondpanel(topright)isforconvectiverainaroundtheAmazonRiverbasininSeptember

durlngWhichDDsignaturesdominated･Theobservedpatternissimilartotheoneover

IndiaduringphaseDwithafewslgnificantIVGcases･ThefractionofDIisless･

ThelowertwopanelsinFig･22showoceaniccases･Ingeneral,mOnthlyprofi1esof

oceanicrainfallarecharacterizedbylowstormheights,Weakrainfallrates,andDIprofi1es･

RainyregionsthatcontaindeepstormshaveasmallerIVGbutarestillDI(Fig･7)･

Thethirdpanel(bottomleft)showsconvectiverainovertheSouthChinaSeainAugust

andcorrespondstotheactivereglOnSOfrainfall･Thefractionofshallowstormsthatare

moderateDIislargerthanthestormsthataremoderateDD,incontrasttothecasesover

landshowninthetoppanels･Despitethesimilaritylntherelationshipbetween near-

surfacerainfallrateandstormheight,CharacteristicsoftheIVGareinstrikingcontrastfor

thesedifferentprecipitationregimes.Thelastpanel(bottomright)isbrallprecipitation

overtheeasternpartoftheSouthAtlanticOcean(0ffthecoastoftheRepublicofAngola)

andistypicalofaregionwithverylittlerainfall(6･8mmyear-1nearsurface)overthe

ocean.ThisreglOnislocatedontheeasternedgeoftheAtlantichighandoverthecold

Benguelacurrentwithstrongup-Welling･Stormswereseparatedintotwogroupsbasedon

altitude.Atmosphericsubsidenceappearedtobecloselyassociatedwiththeshallowstorms

aroundandbelow2km.ShortandNakamura(2000)reportedthatthisisoneoftheregions

where,OnaVerage,theshallowestprecipitationfalls･ThesmallnumberofDIprofi1esisan

importantcharacteristicofthistypeoflight,OCeanicrainfall･Thesecondgroupappears

at and above5km and
has DD characteristics.Isolated

DD profi1es constantly appear

allthroughtheyear･Thebi-mOdalstructureorcappedheightaround2kmand5kmis

widelyseenoveroceans(ShortandNakamura2000)･However,therainfallandthefraction

ofDIprofi1esaresmallerthanillOtheroceaniccaseshavlngbimodalstructure･

Inordertounderstandtheabove-mentionedprofi1echaracteristics,arnalysesfor
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eachsystemasawholewillbedoneoverlandmassesinthefollowlngSeCtion･Here,the

horizontalextent ofrain areaas definedin Chapter2isintroduced to understand the

oceanicprofi1eswithverylittlerainfall･Therewere7758systemsinthereglOnduringthe

threeyears,andthevastmajorityofthem(97%)weresmallwithrainareas<100km2■

Sixtysixpercentofthe4567DDprofi1esand79%ofthe6070DIprofi1eswereembedded

intheseisolatedsmallprecipitationsystems･Durlngthethreeyearperiod)thelargest

observedsystemwas9090km2andcontained60DDprofi1esand27DIprofi1es･Thesmall

numberofDDandDIprofi1eswasmainlyduetotherestrictionofthecalculationofIVGin

anarrowerswathandtheexistenceofothertypes.OverotherreglOnS,1argesystemswere

dominant.Forexample,68%oftheDDand49%oftheDIprofi1eswereembeddedina

few(3%)butlarge(>104km2)systemsovertheSouthChinaSea･Weakprecipitation

systemsovertheoceanwithverylittlerainfallaremostlikelyrelatedtotheclimatologlCal

conditionsthere･Precipitationovertheoceanwithverylittlerainfallcanbeclassified

intotwotypesbasedonIVG,i･e･,isolatedshallowandweakstormswithDIprofi1esand

moderatelyhighbutisolatedandweakstormsthatareDD･However,theactualnumberof

smallweakeventsdoesnotgiveanaccurateproportion(Chapter2)･The2A23version5

algorithmclassifiedalmostallofthisrainas"stratiform"･Theseisolatedrainfallsystems

shouldbeinterpretedasshallow,WarmCOnVeCtiverain(Heymsfieldelal･2000;Shortand

Nakamura2000;SchumacherandHouze2003b)･
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Figure20･Schematicdiagramforseasonalandzonalmeanprecipitationstructureoverinland

India.AbscissaandordinatearethesameasinFigure18b.A,B,C,andDindicate

thephasecharacterizedbyIVGandrainfallrate･
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indicateallIVGofL5,rl.-0.1.0.1,1.5mlnh-1kln~1wit･hasilnplespatialaverage･
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4･3 HorizontalandverticalextentofindividualprecIPitationsys-

tems

4.3.1IVGbrindividualprecipitationsystems

Numerousrainfall-rateprOfi1esforinlandIndiawereexaminedtoassesshowDD

profi1es areembeddedinindividualprecipitation systems and howthe characteristics of

those profi1es alter the monthly average.Severaldifferent rain patterns based onIVG

emerged:Wide-SpreadmoderatelyDIstratiformrain,SignificantDDprofi1esembeddedin

deepstorms,Slgnificant DIprofi1esinstrongconvergencezonessuchasconvectionatthe

leadingedgeoflinearmesosaleconvective
systems,mOderatelyDDtrailing(orleading)

Stratiformrain,andrelativelysmallDDconvective reglOnSembeddedinlargestratiform

rain areawith moderate DIprofi1es.Figure23shows a precipitation system with very

heavyrainfallrates(exceedinglOOmmh~1)andhighstormheights(～15km)thatcon-

tainsslgnificant DDandDIprofi1essimultaneouslylntheslantingconvection.Themean

flowobtainedfromNCEP/NCARreanalysisdatawaseasterlywithweakverticalshearat

the closest time andlocation.Thetrailing stratiform rain around79.50E
has DD char-

acteristics.The horizontalextent ofthe precipitation system should be simultaneously

investigatedwiththeverticalextent.Theobjectiveofthissectionistospecifythechar-

acteristics ofIVG moreconcretelyinlight ofthe climatologicalfeatures
depictedin the

previous section.InlandIndiawaschosen forthepresent analysIS mainlytodevelopthe

ShapecharacteristicsdepictedinChapter3.Severalotherfactorswerealsoexamined:rain

type(convective/stratiform),StOrmheight,IVG,near-Surfacerainfallrate,andtheareas

Oftheentireprecipitationsystem,theindividualconvective elements,andtheaggregate

COnVeCtiveportionwithinasystem.
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DI.respectively･
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4.3.2 RelationshipbetweenrainareaandIVG

In this section,the role ofthe convective area within precipitation systemsis

investigated.Threeyearsofobservationsrevealthat99%ofthedatawithintensegradients

(IVG<-100r>10mmh-1kmLl)isassociatedwithconvectiveregions.Inadditionto

thesignificantevaporationinsevereconvectivestormswithsubsidencewarming(Takemi

1999),theeffectofstrongupdraftsisalsoimportant(e･9･,DotzekandFehr2003)･System-

dependentcharacteristicsofIVGareexaminedalongwiththehorizontalareaofindividual

PreCipitationsystems.

Figure24showstheconvectivefractionofsystemswithsignificantDD(IVG<

-10mmhrlkm~1)andDI(IVG>10)profi1es.Thetotalconvectiveareaofasystemis
thesummationofalltheindividualconvectiveareasembeddedinthesystem.Figure24is

forMayoverinlandIndia.Itisreasonabletoassumethatlargerprecipitationsystemshad

largerconvectivereglOnSandthatthosewerethemaincomponentsofthetotalconvective

areainthose systems.GraypointsonlargeblackpointsinFig.24aindicatethat most

largeconvectivereglOnSareembeddedinlargesystemsandincludebothsignificantDDand

DIprofi1es.Thisismoreclearintheindividualconvective areavs.rainareaplotshown

inFig.24b.AlargeconvectiveregiononthescaleofanMCS(e.g.,1argerthanlO4km2)

oftenincludesbothDDandDIprofi1es,Whereasinsmallconvectiveregions(～100km2)

SignificantIVGis absent.Significant DD and DIprofi1eswere alsoobservedinseparate

COnVeCtive reglOnSin the same system.A kw cases with significantIVG were foundin

Smallsystems.ManyoftheslgnificantDDandDIprofi1eswereadjacentinthesamelarge

COnVeCtive region asin Fig.23.These systems,that have both significant DD and DI

PrOfi1es,areref6rredtoas"slantcores"brclarity･Theproportionofthesesystemswasl.7

%bynumberand22.9%byareaduringthethreeyearsoverIndia.Aboutonefourthofall

rainshaftsobservedoverinlandIndiafallinthiscategory.Thesystemshaveatendencyto

beDD･NinetypercentofthesesystemsarelargerthanlO3km2･Itwasobservedthat57

%oflargesystems(>104km2)withsignificantIVGhaveslantcores.Theinterpretation

maylinkthegeneralunderstandingofoft-Studiedindividualprecipitationsystemssuchas

61



ナ/

▼

adevelopingcellcontainingseveralconvectivecellsorairlnaSSthunderstorms(e.9.,Houze

1993)･Thelateraltransportofwaterwouldbeimportantininterpretingthestructure,br

example,aSrepOrtedbyRutledgeandHouze(1987)that20%ofthesurfaceprecipitation

inthestratifbrmregionisduetotheinfluxofhydrometeorsfromtheconvectiveline.

Thefractionalareaofconvectiverainwasontheorderofseveraltensofpercent

andhadascaledependence(Fig･24a).Therewasalimitationastotheextentofthecon-

VeCtiveregions(thickline,areaOfconvectiverain=2.1(areaofrain)0･85).Thisboundary

WaSteStedforallraineventsduringthethreeyearsandfoundtobevalid(notshown).

Theareaisapproximately70%inthecaseoflOOpixels(1.5×103km2)and50%brlOOO

pixels(1.5×104km2).Itstronglydependsonthethresholdsusedinaclassificationmethod

Calledthe"H-method"whereaconvectivecoremust beslgnificantwhencomparedwith

thebackgroundrainintensity(Awakaetal･1997;Steiner etal.1995).Raintypefrac-

tioniscloselyrelatedtoatmosphericheatingwhoseheterogeneityaffectsdynamicsystems

(SchumacherandHouze2003a).Asimplifiedrepresentationforaconglomerateofsystems

musthaveinformationonprecipitationsystemsofvariousscales(Fabry1996;Uijlenhoet

2002).

The relationship between rainarea and areally averagedIVG wasinvestigated

brdifferentclimatologlCalreglOnS･Figure25showsseasonalvariationsoftherelationship

betweenrainareaandIVGoverIndia,nOrthernAfrica,theAmazonRiverbasin,andthe

Brazilian Plateau･NorthernAfrica(100-250N)was chosen as anexample ofatropica1

1andmasseswithbothwetanddryconditions.Generally,OVerIndiaandAfricainsummer,

DIprofi1esdecreasedastheareaincreased･Thisissimilartopreviousresultsuslngrain

areadensity(Fig･15)･OverIndia,theaverageIVGline(downwardslopingwhiteline

inFig･25)shiftsfromDDtoDIandbacktoDDovertheperiodMaytoOctoberwith

DIsignaturesin small,Shallowstormsand DD
signaturesinlarge,deep storms･Many

moderate DD and a few significant DD storms characterized May.TheIVG oflarger

SyStemSWaSClosetozero,WhereassmallersystemsweremostlyDIinsummer･Laingand

Fritsch(1993b)bund that the monthlydistribution ofIneSOSCale convective complexes

(MCCs)overIndiapeaksinthemid-tO-1atesummer.Theyexplainedthelatesummerpeak
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bythe maxiInum Spatialextent ofthemonsoon･Theincrease andenlargement oflarge

SyStemSWaSCOnSistentwiththegeneralMCCpopulation.However,theselargesystemsdid

notshowclearDDsignature.Therainareawasanorderofmagnitudesmallerthanthat

OfgeneralMCCs duetothedifferencebetween rain,COld cloud shields,and the narrow

TRMM PRswath.The maJOr rain mode over northern Africawas DD allthroughthe

year･PrecipitationsystemsappearedmostfrequentlyinAugust,Whichisconsistentwith

thehighestoccurrenceofMCCsaroundlOONasreportedbyLaingandFritsch(1993a).

0verthesetwocontinentalreglOnS,therewasaconsistetincreaseinthelargesystemsbut

theoccurrenceofsignificantIVGwasinconsistentreflectingtheenvironmentaldifferences

inthegenerationofquasi-OCeanicandcontinentalmesoscalesystemsthere.

ThelowertwopanelsshowexamplesoverthemoistAmazonRiverbasinandthe

Wet anddryBrazilianPlateau.Thesamedownward sloplngIVG relationshipseenover

IndiaandAfricaoccursinthesedyr,Wet,andhigh1y-WetreglmeS.OvertheAmazonRiver

basin,mOStOfthesystemsareDIexceptinseasonswithrelativelylessrainfall(i･e･,August

toNovember).SmallDIsystemsandlargeDDsystemswereseenthroughouttheyear.

OvertheBrazilianPlateau,1argesystemsweresystematicallyDDintheaustralsummer.

The DD trend was not as clear astheone over Africa.
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4.3.3 PrecIPitation-SyStemStruCturedurlngthematuremonsoon

Changesinindividualsystemsfromtheonsettothematurephaseofthemonsoon

overinlandIndiaareexamined.Thenumberoftotal,Small(<100km2),andlarge(>

104km2)systemsisshowninTbble2･AnareaoflOOkm2representsthe"cumulusscale"

accordingtothenomenclaturedefinedbyHouzeand Cheng(1977)withtheirminimum

detectablesignalechothresholds.Thenumberofprofi1esofsignificantIVG(<-100r>10

mmh-1km.1)isalsogiveninTable2.Thenumberofallsystemsandtheiraveragearea

inAugustwas2.8timesmoreand13%1arger,reSpeCtiely,thaninMay･Thenumberof

FOVsandraincoverageincreased丘･OmMaytoAugust;however,SignificantIVGprofi1es

decreased.Thoughthenumberofsmallsystemsmakeupabouthalfofthetotalnumberof

systems(48%inMayand54%inAug),theraincoveragebythesecumulus-SCalesystems

isfarless(3%inMayand4%inAug)･Thenumber ofDIprofi1esin smallsystems

was5.4timesgreaterinAugustthaninMay.Withtherapidincreaseinthenumberof

moderateDIsystemsfromMaytoAugust,theDDfractiondecreased from48%to19

%.Ontheotherhand,1argesystemsinAugustwerel.9timesmoreinnumberand28%

1argerinareathaninMay.Incomparisonwithallsystems,raincoveragewasabout50

%,Whereas,thenumberofsystemsdecreasedfrom4%to3%duetotherapidincrease

ofsmallsystems.TheDD丘･aCtioninlargesystemschangedfrom65%to54%fromMay

toAugust.Furthermore,thenumberofsignificantDD(DI)profi1esinAugustwasjust53

%(32%)ofthatinMayinspiteoftheincreaseinthenumberandareaofprecipitation

systems･ThestandarddeviationofIVGwasreducedfrom3･7tol･8mmh,1km-1･The

numberofmesoscaleandsynoptic-SCalesystemsthatweremoderateDIincreased･

TheroleofsignificantIVGinasystemwasinvestigated.Aprecipitationsystem

withsignificantDIprofi1es(IVG>10mmh.1km~1)andnosignificantDDprofi1es(IVG

<一10)is termed asignificant-DIsystem･This type ofsystem appeared constantly,7

SyStemS/monthonaverage,throughouttheyearexceptinJanuaryandDecemberwhen

precipitationeventswerefもw.Ontheotherhand,Significant-DD systems,thosehaving

significant DD
profi1es(IVG<-10)alone,WereObserved

from Mayto October(～23

systems/month)･Inthehotseason(phaseBinSec･4･2),Significant-DDsystemswerefew
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incomparisonwithsignificant-DIsystems･Theaforementionedslantcoreswhichinclude

bothsignificant DD
andDIprofi1esappearedinsummer(～13systems/month)andin

particular durlng the onset ofthe monsoon･Figure26shows the relationship between

IVGintheconvectiveregionwiththatinthestratiformregioninMayandAugust･The

stratiform part ofthese systems shows system-dependent variation,eVen thoughthese

systemsareclassifiedbasedonintensegradientsthatmostlyappearintheconvectivepart･

TheabsolutevalueofIVGintheconvective regionislargerthanthatinthestratiform

regionasexpected.Ingeneral,theyseemtohavealinearrelationship(slopingupward

fromleft toright).Slant coresareDDespeciallyinthestratiformregionin
Maywith

thenumberofslant-COre-DDsystemsreducedbyhalfinAugust･MostoftheIVGinthe

stratiformportionofsignificant-DIsystemschangesfromDDtoDI･Convectivecoresaloft

inslgnificant-DDsystemsbecomemoderate,andtheDIfractioninthestratibrmreglOn

lnCreaSeS.

Table2.Thenumberofsystems(No)andembeddedDDandDIprofi1es(FOV-DD,FOV-DI)
inMayandAugust･Smallandlargesystemsaredefinedasoneswithareaslessthan

lOOkm2andgreaterthanlO4km2,reSpeCtively･Thebracketindicatesthenumberof

profi1eswithsignificantIVG(<-100r>10mmh~1km-1)･

Allsystems Smallsystems Largesystems

No FOV_DD FOV_DI No FOV_DD FOV_DI No FOV_DD FOV_DI

MAY l149 19739 11652 559 403 460 47 10326 5524

(663) (406) (7) (0) (300) (246)

AUG 3198 34683 42657 1734 573 2470 90 20904 18057

(380)(146) (10) (1) (158) (79)
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5.Summaryanddiscussions
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Themainobjectivewastostudythespatialandtemporalvariationofvertical

profi1esofrainfallrateusingobservationsfromtheTRMMPRoveralargeareaofAsia

andotherclimaticreglOnSdurlng1998-2000･WeintroducetheHindexofverticalgradient

(IVG)"todescribetheverticalgradientofconditionalrainfallrateobtainedasthedifference

betweentheconditionalrainfallrateat2kmand3.5kmusingour2A25database(or4

kmusing3A250utPut),Withdueconsiderationgiventosamplingnumbers,heightsof

maximum conditionalrainfallrate,andbrightband effects.Two maJOr CategOries
have

beennoticedintermsoftheverticalgradientinconditionalrainfallrateprofi1es atlow

levels:downwardincreasing(DI)anddownwarddecreasing(DD)･

TheIVGpatternoverlandisdifferentfromthatoverocean･Generally,OCeanic

rainhastheDIpattern(IVG>0).IVGovertheMaritimeContinentisnearlyzero･Con-

vectiverainovertropicallandshowsaclearDDpattern(IVG<0)especiallyinMayand

June.Webcused on raininlandoverIndia anddocumented notablecharacteristics.We

foundthatIndianIVGvariationsareassociatedwithseasonandtheprogressofmonsoon

rainfall.OceanicrainofDItypepushestheIndianIVGwithaDDpatternnorthward･

AnalysisuslngmOnthlystatisticaldatasupportedthemlgrationseeneveryyearsincethe

TRMMsatellitewaslaunched.TheDDmigratesnorthwardduringonsetofthesouthwest

monsoon,reSpOndstorainoverthenorthernpartofIndiaincludingtheTharDesertinthe

matureperiod,andwithdrawssouthwardduringtheretrogressingperiod･IVGcorrelates

stronglywithstormheightandDDtendstooccurwhenstormheight(conditionalrainfall

rate)ismoderatelyhigh(strong)duringtherainyseason･Thisrelationdoesnotapplyin

thesamewayforthedryseason･

Weinvestigated rainfallandindividualIVG over thecentralpartsofIndiaas

beingrepresentativeoftropICalinlandwithrelativelylowsurfaceroughness-Welooked

attheconsistencybetweenmanyrelatedparameterssuchasnear-Surfacerainfallamount,
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rainarea,StOrmheight,IVG,etC.,andtheirvariations･Conditionalrainfallrate(storm

height)overtheIndianinlandisstrong(high),mOrethan5mmh~1)inthemonthof

Aprilandbecomesweak(low),1essthan3mmh~1,afterthemonsoononset･Rainfall

amountdecreasesinthematuremonsoonmonths,Whilerainfrequencyorcoverage(rain

areadensity)increases.IVGwithlowrainareadensitywasmoreprevalentthanthosewith

highrainareadensity.IsolatedraineventswithlowstormheightincreasedovertheIndian

subcontinentinAugust.HighstormheightdoesnotoftenappearduringJune-Augustnot

onlyintheaveragebutalsoinindividualevents･Shallowprecipitatingsystems(lowstorm

heightandlowareadensity)playasignificantroleindeterminingtheseasonalvariation

OfIVGpatternsoverIndiainsummermonsoon･

Furthermore,theseasonalandreglOnaldifferencesoftheverticalgradientofrain-

fallratewereinvestigatedovervariousclimaticreglOnS･Profi1eswithrainfall-ratePeaks

aloft often appeared overtropICalinteriorlandmassesin summer,COrreSpOndingtothe

seasonalvariationofrainfallintheequatorialconvective zones･DDprofi1esbroadlyap-

pearedasacontinentalpatternoverAfricaandtheBrazilianPlateauinsummerorasa

horseshoe-1ikepatternborderingtheheightofthewetseasonoverIndia･Theenvironmen-

taldi鮎rencesbetweendry,Wet,andhigh1y-WetregimescharacterizedthedegreeofIVG

(i.e.,thetendencytobeDI,DD,andmoderatelyDI,reSpeCtively)･Atmosphericmoisture

wasrelatedtoprecipitation-SyStemStruCtureaSreflectedintheverticalgradient･Inan

extremelymoistatmospheredurlngmidtolatesummeroverIndia,thenumberofshallow,

isolatedandweakDIprecipitationsystemsandwidespreadsystemswithamoderateIVG

increased.

Wt bund severalcharacteristics ofverticalprofi1es ofrain such asthe seasonal

marchofIVGpatterns･Now,aqueStionmaybeasked‥What
doesDDimply?Unlike

relatively weak DD profi1esin stratiform rain,the physicalmeanlng Ofsignificant
DD

profi1esisdeemedtobeduetootherpossiblefactorssuchasstrongupanddowndraftsand

slantcoresapartfromevaporation･OneinterpretationofDDmaybethatthesizeofrain

systeInSdeterminesIVG.ByexaminingtherelationshipbetweenIVGandstormheightor

thespatialextentofrain,WefoundthatDDoccurredinwell-developedstorms･Ingeneral,
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theIVGforindividualsystemsorprofi1esdecreased(DDtendency)asrainareaincreased

orasstormsdevelopedvertically･Theaboveinterpretationofverticalgradientmaycontain

theeffectoftime-aVerageddurationofraindropssuspendedintheair(e･9･,SzokeandZipser

1986).Thus,inlarge-SCaleprecipitationsystems,long-1astingwatermightbecontributing

tothetime-integrated conditionalrainfall-rateprOfi1es and,hence)tOIVG･Suspended

waterdrops maylmplytheexistence ofstrong updrafts･These slgnificant DD systems

wouldrequirestrongforcingfromthesurfacetodevelopdeeply･Well-developedsystemsin

MayresultfromthelargeamountoflatentandsensibleheatBuxesfromthesurfaceandthe

moistenvironmentinthemiddletroposphere(e.9.,ShinodaandUyeda2002)･Ontheother

hand,StOrmSWithsignificantDIconvectivecoresalonewerealsoobservedineverymonth

overIndia･Significant-DIsystemsbecameasignificantminorityinthepremonsoonseason

whentheymadeupthegreatestportionofsevereprecipitationsystems･Thesesystems

maylmplytheexistenceofsignificantlow-1evelconvergence･Precipitationsystemsinthe

hotseason(phaseBinSec･4■2)werecharacterizedasdeepstormswithstrongrainfall

ratesandsignificantDIprofi1es･Inotherwords70nlyslgnificant-DIsystemswithstrong

low-1evelconvergencemightbeabletodevelopunderstrongatmosphericsubsidenceinthe

Hadleycell.

AnotherpossibilityinvoIvesthespatialdistributionofwetanddryreglOnS･The

factthatDDappearsaroundtheborderbetweendryandwetreglOnSSuggeStSthatDD

occurswhenlandisnotwet.AmaJOrfactorproducingDDcouldbeevaporationoverun-

saturateddryregionsundercloudbases.Inthewinterseason,IVG(DIpattern)increased

correspondingtolowerheightsofmaximumechoes･IVGclearlyvariedwithseason,OC-

currlngforlandandocean･MonthlyIVGshowsseasonalvariationssuchasitsmaximum

occurrlngeVeryAugust,WhilestormheightissuppressedandalmostconstantdurlngJune-

August.TheDDvariationseemstoberelatednotonlytostormheightornear-Surface

conditionalrainfallratebutalsototherainfallamount andatmosphericand/orsurface

WetneSS.

"slantcores"werealsoobservedfrequentlywithadjacentprofi1esthatweresigIlif-

icantlyDDwithhighstormheightsandsignificantlyDIwithstrongrainfallratesinlarge
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convectiveareas.Slantcoresmaybeconsistentwithrearwardtiltingupdraftstructuresin

amatureMCS(e.9.,McAnellyetal･1997;Langetal･2003)■Mostofthemappearedin

largesystems(90%werelargerthanlO3km2)andwerenoticeablyobservedinMayover

India･ThesesystemswerespecifiedbytheexistenceofsignificantIVGandshowedsystem-

dependentlinksinthestratiformandconvectivepatterns･Therelationshipbetweenthese

patternsdidnotshowthatDDandDIwerecomplementary･Theyalsoexhibitedawet

tohigh1ywet reglmeShiftfromMaytoAugust･Abundantmoisturemakesthereglme

quasi-OCeanicbygeneratingwidespreadprecipitationorcloudshields･Theappearanceof

widespread systemswithmoderateverticalgradientscouldbeexplained
byanincrease

instratiformrainfractiondurlngthefullydevelopedmonsoonduetoamorewidespread

warm,mOistboundarylayerandmoreuniformbuoyancy(SchumacherandHouze2003a)･

Precipitationorcloudsystemsmaybeabletochangetheirownreglmebyreducingthe

solarinsolationunderhigh1ywetconditions･
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ByexaminlngSeaSOnalandspatialvariationsofverticalrainprofi1esovermonsoon

Asia,WefoundthattheDDpatternoccursontheborderofmonsoonrainfall,inthesense

that DDprogresses northwardasthemonsoonprogresses andwithdraws southward as

the monsoon recedes･This study suggests that aninvestigation ofmechanisms ofthe

occurrenceofDDpatternsoverthemonsoonreglOnmayleadtoabetterunderstandingof

themonsoonvariability.ThismightsuggestthatIVGisoneaspectofmonsoonprogression･

Then,Wefurtherinvestigatedonindividualsystemsorprofi1esoveravarietyof

scalesandclimaticreglOnSinordertodeterminethelocaloruniversalcharacteristicsof

rainprofi1es.Generally,IVGwasassociatedwiththehorizontal/verticalscaleofprecip-

itationsystems･Deepprofi1esorlargesystemswereassociatedwithDDsignature･The

possiblefactorsofDDwouldbeevaporation,thestrongupdraft,andsoon･ThePRalgo-

rithmassumedthatraindropsfallinstagnantair･Thedifferentfallingvelocitycausesthe

maximumrainaloft.Ontheotherhand,ShalloworsmallstormshavetendenciestobeDI･

Asnotableexceptions,thereweredeepstormsbutwithDIsignatureinthepremonsoon

seasonandlargestormsbutwithmoderateDIsignatureinthematuremonsoonperiod･A

seriesofresultsshowedthattherelationshipbetweenthescaleandtheinternalstructure

ofprecipitationsystemshaveseasonalandspatialvariation･Thedifferentcompositionof

precipitationsystemsinferredthattheconvective activityoverdryseasoniscloselyas-

sociatedwithatmosphericcirculation･Abundantwatervaporwouldchangetheinternal

structureeventheyaresimilar-SCalesystems･

Thefullerstudyofrainfall-ratedistributionatthelowestlevelsliesoutsidethe

scopeofthisstudyduetotheuncertaintyinthesamplingbelow2km･However,investiga-

tionoftheshallowpeaksisalsoimportant,forexample,tOimprovetheretrievalofrainfall

at the surface.Such
kind ofstudies areneeded toknow the concentration ofnumerous

shallowprecipitationsystemswithechotoparound2kmandtoconsiderthetopographic
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effectonthesamplingoverland･

In order tointerpret the characteristics ofthe verticalprofi1es,understanding

thetypeofprecipitation-SyStemandtheatmosphericconditions(dry/wet)wasimportant･

Furtherpatternrecognitionwouldmaketheinterpretationofthestrati壬brmandconvec-

tivemixturemoremeanlngful･Thissuggeststhattheinvestigationofaverageprecipita-

tionreglmeS,Statisticalanalysesorspectralrepresentationswouldbemoreinformative

ifprecipitationreglmeSWerereCOgnizedasbeingcongregationsoffurtherparameterized

precipitation-SyStemtypeS･
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