SUMMARY

Using the ECMWEF re-analysis,OLR and precipitation data during 1979-93, this paper
examinegnajorfactorscontritutingto theonseif the Australiansummemonsoon.Thelow-level
(850hPa) westerlywind andcorvective activity (OLR, precipitation)over aregionin thenorthern
Australia(NAU) areusedto determinghe onsetdate. Compositeresultsarethenmadebasedon
thesedateschosenn 1979-93.Daily @, (apparenteatsource)and(), (apparentmoisturesink)
are obtainedasresidualsof the large-scaleheatand moisturebudgetsfor clarifying the roles of
variousheatingprocesses theonset.

Four major factors contributing to the onsetare identified: (1) land-seathermal contrast,
(2) barotropicinstability, (3) arrival of Madden-Julianoscillation (MJO), and (4) intrusion of
midlatitudetroughs.

The thermal contrastdue to differential heatingbetweenland and seaacts as a seasonal
preconditioningfor the onset. The sensibleheatingover the continentleadsto a reversal of
meridional temperaturegradientbetweenthe Australian continentand the Arafura Seain a
layer belonv 800 hPa in SeptembeMarch, and setsup a thermally inducedmeridional-\ertical
circulation which helpsto transportlow-level moist air inland. The criterion of the barotropic
instability is metat 850 hPa in NAU sereral daysprior to the onset. The suddenonsetis then
triggeredby the arriving MJOsandat timesby the intrusionof midlatitudetroughs.To isolatethe
role of landin monsoonsthe differencesaindsimilaritiesof the Australiansummermonsoorand

thelTCZ over thelndianOceanareexamined.
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1. Intr oduction

It hasbeenbelieved for mary centuriesthat the land-seathermal contrastis importantfor
monsoonge.g. Webster1987; Websteret al. 1998), althoughsomeauthors(e.g., Chao2000)
challengedthis view and argue that the existenceof land is not a necessaryonditionfor the
presencef monsoonsBasically landmasd$astwo major effectson the large-scaleatmospheric
motion: (1) mechanicatorcingdueto topographyand(2) thermalforcingdueto land-seaontrast.
To isolateclearly the role of the thermaleffect, it is desirableto find a monsoonregion without
high lands. The Australiansummemonsoorseemsanideal candidatdor examiningthethermal
effectin apureform, becausdlat land surfaceof Australiahasno compleity of topography

The Australiansummemonsoorusuallybeginsin Decembemandendsin March. Its mature
stageis characterizedy heary precipitationandlow-level westerlywind in northernAustralia
(McBride 1987;MantonandMcBride 1992). This monsoonahatureof northernAustraliaclimate
(the seasonaprecipitationand reversalsof wind directions)was recognizedin the early 20th
century(Huntetal. 1913).In 1960s severalstudieqe.g.Bersonl961)shavedthatthe Australian
summemonsoorhassimilaritiesto the Asiansummemonsoonsuchasits abruptpolevardshift,
sudderonsetover alargeregion andintraseasonalctive-breakperiods.

Therewerenot mary workson the Australianmonsoonn literatureuntil the First Global At-
mospheridResearchiProgram(GARP) Global Experimen{FGGE)in 1978-79andthe Australian
MonsoonExperiment(AMEX) in 1986-87. The FGGE datamadediagnosticanalysegossible
for the large-scalecirculationassociatedvith the Australiansummermonsoon(e.g., Murakami
and Sumi 1982; Davidsonet al. 1983). The AMEX obsenrations,on the otherhand,provided
high-densitysynopticandmesoscaléeataover northernAustralia. The AMEX phasdl field work
lasted36 daysfrom 10 Januaryl987which was4 daysbeforethe monsooronset(Hendonet al.
1989). Thesucces®f the AMEX ledto severaldetailedobsenationalresults suchasthevertical

heatingprofilesin northernAustralianmonsoorregion (FrankandMcBride 1989).



Besidegheseresultsfrom the specialexperimentsstudieswith longerrecordsweremadeby
several authors. Hendonand Liebmann(1990a,b) suggestedhat the Madden-Juliaroscillation
(MJO) actsas a trigger for the monsoononsetbasedon a compositestudy from stationdata
obtainedat Darwin in 1957-87.On the otherhand,Davidsonet al. (1983)studiedthe synoptic
situationsprior to the monsoononsetusingoperationabnalysesandarguedthatthe midlatitude
eventsplaysarolein theonset.

Despitethesestudies,the Australiansummermmonsoonhasreceved relatively little attention
comparedto the Asian summermonsoon. Several gapsin our existing knowledge needto be

addressed:

(1) The AMEX happenedo be in an El Nino year A late onsetand large-scalesinking
anomalieswvere obsered in northernAustralia. We feel thatit is necessaryo studylarge-scale
atmosphericonditionsfor mary yearsand usethe compositemethodto describemoregeneral

situations.

(2) The compositestudiesfrom previous works were mainly from stationdata. The "re-
analysis” datasetsare now available for us to study 3-dimensionalfeaturesof the Australian
monsoon.The classicsea-breezenodelassociatedavith the land/seahermalcontrastcanbe re-

examined.lt is alsopossibleto applythe dynamicinstability theorieso themonsooronset.

(3) In previous study the large-scaleheat and moisture budgetshave not beenseriously
examinedin the Australianregion. With there-analysiglatasetsheatandmoisturebudgetscanbe
calculatedor a moresystematiexaminationof thermodynami@ffects. For example,therole of

sensibleheatingfrom the Australiancontinentcanbe studied.

(4) Previousobsenationalworksfocuson differentonsetprocessege.g. MJO triggering,mid-
latitude events). It is desirableto presentan unified view of the onsetmechanismsandidentify

majorfactorscontributing to the onsetwith compositeesults.



In this paperwe usedthere-analysiglataseto calculatdarge-scaléneatandmoisturebudgets
andtherole of the land-seahermalcontrastin the Australiansummermonsoonis re-examined.
In section2, the datasetsthe definition of the onsetandthe compositemethodaredescribed.In
section3, the compositdeaturesshaving the heatingprofilesbefore/aftetthe monsooronsetare
presentedin sectiond, the onsetmechanisnassociatedvith triggeringsystemsarediscussedin
sectionb, in orderto examinetherole of landin monsoonsthe comparisorof structureandtime
evolutionsbetweenAustraliansummemonsoorandthe IntertropicalCornvergenceZone (ITCZ)
over the Indian Oceanat the samelatitude are shavn. Finally, section6 presentsummaryand

discussion.

2. Data and the definition of the onset

a. Data

The primary datausedfor this work is the 15-year(1979-93)EuropeanCentrefor Medium-
RangeWeatherForecastdECMWF) Re-AnalysiSERA; Gibsonetal. 1997). Thedaily outgoing
longwave radiation(OLR) measurementand monthly Climate PredictionCenter(CPC)Merged
Analysis of Precipitation(CMAP; Xie and Arkin 1997)for the sameperiod are also used. In
addition, large-scaleheatand moisturebudgetresiduals appaent heatsource (); andappaent

moistue sink @, (Yanaietal. 1973),aredefinedandcomputedoy:
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whered is the potentialtemperatureg the mixing ratio, v the horizontalvelocity, w the vertical

p-velocity. L is the specificlatentheatof vaporizationx = R/c, with R thegasconstanndc,



the specificheatcapacityat constanpressuref dry air, andp, = 1000hPa. The overbardenotes
therunninghorizontalaverage andthe prime denoteshe deviation from the average.

Thehorizontalwind componentspotentialtemperatureandmixing ratio aredirectly obtained
from ERA products; however, for the accurag of @; and ()., the vertical p-velocity w is
recomputedollowing the methoddescribedn Tunget al. (1999)and Tung and Yanai (2002).
The6-hourlyestimate®f (), and(), areaveragednto daily valuesfor thecompositestudy anda
constanhumbercgl, is multiplied for ), and(@), in orderto expressthemin units of equvalent
warming/coolingate(K d=1).

The (@, and(@, canbeinterpretedy:

leQR+L(a—a)—v-W—ag“ 3)
p
and
o — O
Qe=L(c—€)+ LV -¢gv + L a (4)

where () is radiatve heatingrate, ¢ and e are condensatiorand evaporationper unit massof
air respectrely, and s the dry staticenegy (Yanaiand Johnsonl993). Equation(3) represents
the total effect of radiative heating,latentheatreleasedoy net condensatiort.(¢ — €), andthe
horizontalandvertical convergenceof fluxesof sensibleheatdueto subgrid-scaleddiessuchas
cumuluscornvectionandturbulence.Equation(4), on the otherhand,representshetotal effect of
netcondensatioanddivergenceof eddymoistureflux dueto subgrid-scaleddies|t is customary
to ignorethe contribution of theeddyhorizontaltransportermsV - s’v’ in Eq. (3) andV - ¢’v’ in

eqution(4) in corvection-lage-scalenteraction(e.g.Wu 1994).

b. Definitionof theonset

Traditionally, the onsetof the Australiansummemonsoorhasbeendefinedusingrecordsat
Darwin (12°S, 130°E) or stationsn thevicinity of it (Troup1961;HendonandLiebmann1990a).

In the presentstudy in orderto capturethe large-scalecirculationchangesdeforeand after the
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onsetJow-level (850hPa) westerlywind andconvective activity (OLR, precipitation)overaregion
in thenorthernAustralia(2-15°S, 115-150E; hereafteNAU; seeFig. 1) areusedto determinghe
onsetdates.

The first day with the average850 hPa zonalwind exceeding2 m s~ in NAU is chosenas
the onsetdaywhenthewesterlywind is sustainedongerthan10 daysandthe OLR is lower than
210W m~? for atleastseveraldaysduringthe 10-dayperiod. Figure2 shavs anexampleof mean
zonalwindsfor NAU in the1979-80AustraliansummemonsoorseasonThemonsoorwesterlies
abruptlyincreasedn a layer belov 500 hPa during late December early Januaryover the NAU
(Fig. 2a). This low level westerliesappearedvith strongupperlevel easterlies.The value of
average850hPa zonalwind (Fig. 2b) alongwith the OLR data(not shavn) thendefinedthe onset
dateas28 Decembefor this case.In this example two monsooractive periodscanberecognized
in January Februaryanda breakis obseredon 16 - 24 January

Basedonthe samedefinition,theonsetdatesor othermonsoorseasonsverechoserandlisted
in Tablel. Theonsetdatesselectedy the presenstudyarecloseto previousresults.The 15-year
meanonsetdateis 25 Decembekvhichis the sameastheresultby HendonandLiebmann(1990a)
for 30 years(1957-87). The standarddeviation of the onsetdateobtainedin the presentstudyis
14 days,whichis closeto previousresults(16 daysby HendonandLiebmannl1990a;15 daysby
Holland 1986).

The 14-eventcompositeof all variableswere maderelative to the onsetdates. The "day 0”
denoteghe onsetday, andpositive (negative) valuesof datesrepresenthe daysafter (before)the
onset.Figure3 is anexampleshaving thecompositeof zonalwind componentlt is clearlyshavn
that the lower level westerliesabruptly increasedafter day 0, becausewne definethe onsetday
mainly basedon the 850 hPa zonalwind (Fig 3a). However, the compositedoesshav someother
interestinginformations. The lower level westerliesappeamwith upperlevel easterliesvhich are
strongesht 100hPa. Thefirst monsooractive periodlastsabout30 days. After a monsoorbreak

(about6 days),the secondactive monsoorperiodstartsandremainsslightly longerthanthe first



one.

Thisis thecompositeesult,soit only shavsthegenerafeaturesanddoesnot meanthatevery
yearhasthe sameactive andbreakperiods. However, the standarderror of zonalwind at every
levelsis calculatedfor the compositemean,andthevalueof it is aboutl m s~! for layerslower
than500hPa. Thisindicateghatthereareabout2 active periodsin amonsoorseasonn general.
We examineall the 14 monsoorcasesand11 of themhave 2 monsoonactive periodswithin 90
daysstartedrom the onsetday.

In orderto comparethe atmospheristructurein NAU andthatover the Australiancontinent,
we defineanotherregion, Australiancontinent(AUC), alongthe samelongitudinalboundaries
for NAU, but shift polewardto cover the whole continent(15-35'S, 115-150E; seeFig 1). The
compositezonalwind field over the AUC shaws thatthe westerlyjet is at the level of about200
hPa (Fig. 3b). It movespolevardto a placeoutsideof the AUC asseasorprogressefrom spring
to summey so the averagedzonalwind over the AUC getsweakbeforethe onset. Becausehe
Australiancontinentdoesnot have a plateauasthe Asiancontinentdoes,a sudderjump of the jet
influencedby the mechanicaforcing dueto topographyTrenberthand Chen1988)is not found.
However, the westerliesat 200hRa over the AUC becomewneakafterthe monsooronsetreflecting
the poleward shift of the westerlyjet in the upperlevel, concurrentwith the suddenonsetof the

monsoorcirculation.
3. Compositefeaturesof heat sourcesand moisture sinks

It is well-known thatthe TibetanPlatealactsasanelevatedheatsourcen the northernspring-
summer(e.g. Yanaietal. 1992). Theheatingis initially contributedby the sensibleheatflux from
surface andleadsto areversalof the meridionaltemperaturgradientsouthof the plateauin the
uppertropospherd500-200hPa). The onsetof the Asian summermonsoonis concurrentwith
thisreversal(Flohn1957;Li andYanail996).In contrastthe uppertroposphereoesnot exhibit

similar structureduring southernsummerfor the Australiansummermonsoon. The Australian



continentdoesnot have suchhigh landsto producelarge-scaleslevatedheating,andthe sensible
heatingoverthe AUC is only obseredin thelowerlevel (belon 750hPa).

Theverticaldistrubitionsof heatingoverthe Australiahave beenexaminedby previousstudies.
Using datafrom the Wangaraexperiment(from 15 July to 27 August,1967; Clarkeetal. 1971),
surfaceheatflux over southeasterAustraliancontinenthasbeenstudied(e.g. YamadaandMellor
1975). Schaaclet al. (1990)usedthe ECMWEF Global WeatherExperiment(GWE) datafrom
Decembern978to Novemberl979to calculatethe 3-dimensionaheatingratethrougha vertical
integrationof theisentropicmasscontinuity equation.They foundthatthe maximumc); overthe
NorthernAustraliain Januaryis about2.3K d=! andthe peakof it is locatedbetween500-400
hPa, but with their method,(, is not available. FrankandMcBride (1989)usedthe dataobtained
from the AMEX (13 January- 14 Februaryl1987)rawinsondenetworkto calculatethe heatand
moisturebudgetsat 6-hourintervals. The networkis locatedin the Gulf of Carpentariaso the
resultsmostlyrepresentheverticalheatingdistribution over the northernAustralia.

Ourresultsprovide amoregeneraheatingstructureby makingcompositesrom 15-yeardata.
The verticalprofile of (); over NAU shavs the maximumheatingbetweer600-400hPa afterthe
onsetalthoughthereis relatively weakheatingprior to the onsetin aboutthe samdayer(Fig. 4a).
Themaximum¢); doesnot move to otherlayersin verticalaftertheonset.This agreewith Frank
andMcBride (1989)that the maximum¢); doesnot changetoo muchin heightduring different
stageof corvective systemsn the AMEX.

After theonsetthevertical @, profile over NAU (Fig 4b) hasapeakin alayerbetweer800and
650 hPawhichis lower thanthe peakof @), in height. This suggestshe contritutionsfrom eddy
verticaltransportslueto deepcumuluscornvectionin the Australiansummemonsoorregion. The
well-separated), and@, peaksin vertical aretypical structuredor deepcorvective atmosphere
(Yanaietal., 1973). Besideghis lower ), maximum,the distribution exhibits a secondpeakof
@2 in alayer between500-400hPa in someperiods. This secondpeakis locatedat aboutthe

samepressurdevel asthe (), peak.lt indicateshatthe presencef stratiformrainin NAU during



monsoorseason.

In contrasttheverticaldistribution of ¢); over AUC hasa very differentstructure.Significant
heatingin thelower level (surface-75MPa) is obsered (Fig. 5a). Overthe AUC, @, (Fig. 5b)is
negative (about-0.5K d=1!) belov 700hPa. The negative (), valueimpliesthe moisteningdueto
netevaportatiomearsurface.All the valuesof @), belov 750hPa(~ 2.5K d=!) beforeandafter
onsetarelargerthan@,, andthemaximumg), is nearsurface With the evidenceof warmsurface
(e.g. YamadaandMellor 1975),the strongheatingobsered at the lower level is concludedo be
mainly causedy sensibleheatflux from groundsurface.Actually, the sensibleheatingin alayer
belov 750hPaoverthe Australiancontinentstartsin Septembeprior to themonsooronsetonthe
monthlytime scale sothesensibléneatingis constantlyobseredfrom thecompositaesultwithin
theperiodshavnin Fig 5a.

In orderto geta clearerview of the heatingstructure the meridional-\ertical distributions of
@), andQ), profilesfor apre-onsefday-7 to -1) anda post-onsefday0 to 6) periodsareaveraged
over 115-150E andshown in Fig. 6 andFig. 7. The heatingover the Australiancontinentis
constantlyobsenedbelov 750 hPa in both periods,but the locationof deepcornvectionnearthe
equatorshaowvs a suddenpoleward shift after the onset. This deepcorvectioncenteredat 5°S in
the pre-onseperiodis associatedavith the migratingITCZ (Fig. 6). It suddenlyjumpspolevard
5-10degreesandcoversa largeregion afterthe onset(Fig. 7). Themaximumof @), in thelTCZ
is alwaysat 500-400hPa, but the profile of (), with onelower peakchangedo doublepeaksat
800-650hPaand500-400hPaaftertheonset.Theverticalprofilesof (), and@), aftertheonsetare
similarto themajormodefoundby Tungetal. (1999)during Tropical OceanGlobal Atmosphere
(TOGA) CoupledOceamatmospherdRespons&xperimen{COARE) Intensie ObservingPeriod

(IOP).They indicatethatthis structures atypical modeduringthe corvective phaseof the MJO.
4. Factors contrib uting to the onset

Using the compositemethod,four major factorscontributing to the onsetof the Australian



summermonsoorarerecognizedasfollowing:
a. Land-seahermalcontrast

With the contritution of the sensibleheating from the surface,a reversal of meridional
temperaturgradientbetweernthe Australiancontinentandthe Arafura Seain a layer belov 800
hPa occursfrom Septembeto March. Thewarmingover the continentdetermineshe meridional
temperaturgradient becauseéhetemperaturever the ArafuraSeahasvery smallchange.

Prior to the onsetof the Australiansummermmonsoonthe reversalof meridionaltemperature
gradientis alreadyobsened (Fig. 8a). The air over the continentis dry. The relative humidity
(RH) on the continentis only about40-50%,andthe moistair (RH ~ 80%)is confinedin the
equatorialregion (Fig. 8b). The sensibleneatingsetsup a thermally-inducedneridional-\ertical
circulation,asseenfrom the outflow abosre 700 hPa andlow-level inflow belov 925 hPaover the
continent(Fig. 9a).

Originally, this meridional-ertical circulationis a separatedystemfrom the ITCZ nearthe
equator The low-level inflow hascontributionsto transportmoist air inland and intensify the
monsoortirculationin NAU. A narron regionof dovnwardmotionnearls’ S betweertheupward
branchof the ITCZ andupwardmotioninducedby the sensibleheatingcanbeclearlyseenn Fig.
9a. However, thesetwo regions with upwardmotion merge togethey and the narrav areawith

downwardmotiondisappearsafterthe onsetof themonsoorin NAU (Fig. 9b).
b. Barotropic instability

Several authorsapplied dynamic instability theoriesto the monsoononset(e.g. inertial
instability.: TomasandWebster1997; moistbaroclinic instability.: Moorthi and Arakava 1985,
Xie andSaiki 1999). Over the Australiansector easterliesn the lower level arepresensouthof
20rS,becauseéhey arebalancedy thethermalwind relationship.Ontheotherhand thewesterlies

occurnorthof 15°S, wherethe atmospherés nearlybarotropic(seeFig. 8a). Here,we examine
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thepossiblerole of barotropicnstability in the onsetof the Australiansummemonsoon.

The stability of barotropiczonalcurrentwasdiscussedy Kuo (1949)for the westerlyzonal
currentandNitta andYanai(1969)for theeasterlybasicflow. Thechangingsignof themeridional
gradientof the absolutevorticity is a necessargonditionfor the barotropicinstability in zonal
currents. In orderto seethe relevanceof barotropicinstability to the onsetof the Australian
monsoonwe calculatethe meridionalgradientsof absolutevorticity at 850 hPa wherethe zonal
wind is usedto definetheonsetin section?2.

Figure10 shavs anexampleof the onsetof the Australiansummemonsoonn 1980-81.The
time-latitudesectionis averagedover 115-150E. Valuesof the meridionalgradientsare almost
positve everywhere but a nggative areabetweenl1-16'S appeargust beforethe monsooronset
(the onsetday: January4 1980)anddisappearsater Similar situationscanbe found in other
years,too. Therefore,a 14-event compositewas maderelative to the onsetto obtaina more
generalview. The horizontaldistribution averagedfrom 6 daysto 1 day beforethe onset(Fig.
11a)shaows a negative centerin NAU. This center(130-150E) movesto northeasterustralia
and doesnot remainin NAU after the onset(Fig. 11b). The presenceof this negative center
impliesthe barotropicnstability exists prior to the onsetandactsasa precontioningof theonset.
The compositetime-latitudeprofile of the meridionalgradientof the absolutevorticity over 130-
15C°E shaws thatthe negative gradientappearseforethe onset,but the strongesnegative value
is obsenedabout7 daysbeforethe onset(Fig. 12) justlike theexamplein Fig. 10. Althoughthe
atmospherés not purelybarotropic theresultheresuggestshatthe instability playsarole in the

monsoornset.

c. Thearrival of theMJO

Previously, HendonandLiebmann(1990aandb) suggestedhatthe MJO is the majortrigger
for the Australiansummemonsooronsetbasedon a compositestudy They foundthatthe onset

coincideswith thearrival of the eastwargropagatindlJO which canbetracedbackto the Indian
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Oceanfor several days. The time-longitudesectionof the OLR compositeshavs the eastward
propagatiorof two MJO events(Fig. 13a). The deepcorvectionassociatedvith this first MJO
eventsuddenlyintensifyingin the Australiansector andit canbetracedbackto the IndianOcean
for aboutl0daysprior to theonset.Theland-sedhermalconstrastlearly playsanimportantrole
in intensifyingthe vertical circulationin NAU section,sothe convectionwith the MJO systemin
the Australiansectoris strongerthanthatin the Indian Ocean.Detailedcomparisondetweerthe
structureandcirculationwith the Australianmonsoorandthe ITCZ overthelndianOcearwill be
givenin the next section.

Althoughthedeepconvectionassociateavith theMJO continuego move eastwardo thedate
line, the monsoonsystemremainsin the Australiansectoruntil the monsoonbreak. The OLR
compositaesult(Fig. 13a)shavsthattherearetwo MJO eventscorrespondingo the presenceef
two active periodsin amonsoorseasoron averageaswe discussedh section2. ThesecondMJO
eventcanalsobetracedbackto theIndianOcean.

Thetime-longitudesectionof the850hPa zonalwind componen{Fig. 13b)shavsaneastward
propagatingeaturesimilarto thatof OLR, but thecenterof active convectionobseredfrom OLR
leadsthewesterlywind bursts(WWBSs) for severaldays.However, the maximumupwardvelocity
(notshawn) in alayer(500-400hPa) wherethemaximum(), is obseredcoincideswith thecenter
of deepcorvection(Fig. 13a). A detailedcasestudy of MJOsduringthe TOGA COARE IOP
especiallyfor thephasealifferencebetweerthezonalwind oscillationandcornvectionwasprovided
by Yanaietal. (2000). Theresultsindicatethatthezonalcomponentu/dx aloneis not sufficient
to describethe horizontaldivergence andthe meridionalterm dv /0y is alsoimportant(Mathewns

etal. 1999).
d. Theintrusionof midlatitudetrough

Although the arrival of MJO is usually concurrentwith the onsetof the Australiansummer

monsoon,someyears(1981-82,1988-89,1990-91)shav that the onsetactually occuredmore
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thanoneweekafterthe arrival of thewesterliesassociateavith MJO in NAU. During theseyears,
afterarriving northwestermustralia,the MJO stallstherefor about7-10daysuntil asudderonset
of monsoonn NAU. Thisimpliesthatthe MJO aloneis notsufficientto triggerthe onsetin these
specificyears.

For thesecasesthedelayingtimefrom thearrival of MJOto theonsets aboutthetimeinterval
of arriving midlatitudesystemsDavidsonetal. (1983)emphasizethemidlatitudeevents(troughs
and ridges) play a substantiakole in the monsoononset. They shov several typical synoptic
sequencemcludingatroughin thewesterncoastof Australiaprior to the onset.

In all three delaying casesmentionedabove, we also obsere a trough extenting to the
Australian continent. This suggeststhat the intrusion of the midlatitude trough is a factor
contributing to the monsooronset.

In fact, the 14-casecompositeresultsshav similar interestingfeature of the midlatitude
systems. The differenceis that the delayis smoothedout by addingmore cases. The 14-year
compositestreamlinesandtemperaturdield at 850 hPa shav the following synopticsequences.
Startingfrom aboutone week beforethe onset,temperaturever Australiacontinentincreases
significantly while atroughin themidlatitudewesterliesextendsto thewesterncoastof Australia
(Fig 14a). This trough graduallymoves into the continent,and a cyclone is generatedn the
westernpart of Australia. Whenthe trough movesfurther to the central Australia, the cyclone
meigeswith the MJO systemin NAU. A commonlyobsened horizontalstructureof Australian
summermonsoorflow thenestablishesa monsooriow standsn NAU, while antig/clonescover
thewesternandeasterrsidesof Australia(Fig. 14b). At this stagethe stronglow-level westerlies
startsand the monsoononsetoccurs. We examinedthesesynopticsequence$or 14 monsoon

casesandfoundthatonly onecasg(1992-93)hasno midlatitudetroughinvolvedin theonset.

5. Differencesand similarities of the Australian summer mon-
soonand the ITCZ over the Indian Ocean
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In recentpaperdsy Chao(2000),andChaoandChen(2001ab), the monsoonsreinterpreted
asanoff-equatoriall TCZ. Becausehe existenceof the ITCZ doesnot requireland, theseauthors
suggestethat”The existenceof landmasss not considered necessargonditionfor monsoons”
(Chaoand Chen2001b). We examinethe differencesand similarities betweenthe Australian
summermonsoonand the ITCZ over the Indian Oceanto clarify the role of land-seathermal
contrasin monsoons.

Using CMAP andERA 850 hPawind data,the rainfall bandis obsered to be connectedll
the way from the Indian Oceanto NAU in the southernsummer(Fig. 1). Therainfall in the
equatorialndianOcean60-90E) associateavith thelow level confluentflow is calledtheIndian
OceanlTCZ. Ontheotherhand,therainfall in NAU andthe circulationassociateavith athermal
heatlow belongsto the Australiansummemonsoon.In NAU, therainfall hasa very significant
seasonabariation,andthereis almostno precipitationin seasonstherthansummerDecember
March). However, the Indian OceanlTCZ alwaysresidesn the equatoriakegion throughouthe
year

The composite1000 hPa temperatureshavs a band of very warm air causedby surface
heatingat 15-30'S in the Australiansector 115-150E (Fig. 15a). Before the monsoononset,
themaximumtemperaturever thecontinentis warmerthan304K whichis about2 to 4 K greater
thanthe air over the oceannearthe equator This warmingstartsfrom 2-3 monthsprior to the
onsetandmakeshe meridionaltemperaturgradiento?'/ 0y negative betweerlandandsea.The
negative valueof 97"/ dy doesnot appearat the sameatitudein thelndian Oceansector 60-90E
(Fig. 15b),becausehe oceanin this region cannot provide similar sensibleheatingfrom surface
astheAustraliancontinentdoes.

It is clearto seethe seasonamarchof the warm temperaturéband (warmerthan 300 K)
migrating from the NorthernHemisphergNH) to the SouthernHemispherg(SH) in Fig. 15,
especiallyfor the oceanregion north of the equatorin NAU sector(Fig. 15a)andsouthof the

equatorin the Indian OceanITCZ sector(Fig. 15b). The clearestdifferencebetweenthesetwo
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sectorsis the warm temperatureausedoy sensibleheatingover land. Due to the differentheat
capacityof landandseathecontinentprovidesa strongsensibleneatat thelatitudeswherelandis
located.Thestrengthof this heatingncreasesvith time whentheseasormprogressefom southern
springto summey but the locationof the heatingdoesnot changewith the seasonavariationof
solaranglein latitudes.

ThecompositeB50 hPa zonalwind component{Fig. 16) shavs the similar seasonatiigration
of westerliefrom the NH to the SH Severalwesterlywind maximaassociateavith MJOscanbe
recognized Becausdghe compositas basedon the onsetof the Australiansummemonsoonthe
westerlymaximain thelndianOceanTCZ sector(Fig. 16b)appeakearlierthanthatin NAU sector
(Fig. 16a)(MJOspropagatesastward.)An interestingdifferentfeaturebetweernthesetwo sectors
is thesuddenncreasendpolevardextensionin NAU sectoraftertheonset(dayO0). Thepolevard
extensionis oneof the differencedetweenTCZs andmonsoonsWebsterandChou(1980)used
a simple modelincluding oceanand atmospherdo shav that the existenceof continentresults
the poleward extensionof the monsooncirculationandthe locationof precipitationpeak. The
composite850 hPa vorticity shavs suchsuddenpolevard jump in NAU sectorvery clear (Fig.
17a),but thejump doesnot appeain thelndianOceanlTCZ sector(Fig. 17b).

To summerizethemigratingl TCZs arevery similar in bothsectordeforethemonsooronset.
However, whenthe ITCZ approacheghe continentthe polevardjump of the corvectionoccures
andathermalheatiow buildsup. Ontheotherhand themigratinglTCZ movespolewvardfollowing
theseasonapathin the IndianOceansector but it remainsin lower latitudesandno thermalheat
low is built. A very significantwarmingdueto the sensibléheatingover the continentcontributes
to the polevardextensionof circulation. The heatinglocatedin the subtropicakegion canhelpto
drivethemeridionalcirculation(PlumbandHou 1992)andintensifythemonsoorsystem.Lacking
of the continent,the circulationis only an off-equatoriall TCZ, anddoesnot have the polevard

extensionanda sudderonsetwhich we usuallyrecognizedasimportantfeaturesof monsoons.
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6. Summary and discussion
a. Heatingprocesse the Australian region

In this paper we usedthe ERA dataandthe productsof ), and@, calculatedrom heatand
moisturebudgetsto studythe onsetof the Australiansummermonsoon. A 15-year(1979-93)
compositerelative to the onsetdatesis usedto reveal the onsetmechanismMajor findingsfrom

@, and(), diagnosiscanbe summerizedsfollowing:

(1) @, and@, in NAU

Thelayer of maximum¢); locatedat 500-400hPa beforeandafter the onset,but the largest
peakof (), aftertheonsets in alayerbetweerB00-650hPa. Thewell-separated), and(), peaks
in verticalimply the presencef deepcorvectionin this area. However, (), hasanotherweaker

peakat500-400hPa aftertheonset.This indicateghatthe stratiformrainis alsopresent.

(2) @, and@, in the AUC

The maximum@,; (~ 2.5K d™') is nearsurface while @, is negative belov 700 hPa. The
positive (), suggestshe sensibleheatingfrom groundsurface. This heatingstartsin September
whichis severalmonthsbeforethe onsetandhave contritutionto theland-seahermalcontrastn

the Australiansector

b. Major factors contributingto the onset

Basedon the compositemethod,four major factorscontributing to the onsetof the Australian

summermonsoorcanbesummarizedsfollowing:

(1) Land-sed@hermalcontrast

This factor actsas a seasonapreconditioningfor the onset. The sensibleheatingover the
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Australiancontinentleadsto a reversalof meridionaltemperaturgradientbetweenthe Arafura
Seaand the Australian continentin a layer belov 800 hPa in SeptembeMarch, and setsup
a thermallyinducedmeridional-\ertical circulation which helpsto transportlow-level moist air

inlandto intensifythe circulationin NAU.

(2) Barotropicinstability

Betweenl5°S andthe equatorin the Australiansectoy the atmospheres nearly barotropic
beforethe onset. We examinethe conditionof barotropicinstability at 850 hPa wherethe zonal
wind is usedto definethe monsooronset. A negative region of meridionalgradientof absolute
vorticity appearsn NAU just prior to the onset,but is notobsenedafterit. This suggestshatthe

barotropidnstability is a preconditioningor themonsooronset.

(3) Thearrival of theMJO

In NAU, the low-level westerliesare introducedby the MJO. The onset coincideswith
the arrival of the eastwardpropagatingMJO for most cases. The deepcorvection (obsened
from OLR), 850 hPa westerliesand ascendingnotion in the middle tropospherg500-400hPa)
associateavith MJOs canbe tracedbackto the Indian Oceanabout10 daysprior to the onset.
The centerof active deepcorvection (low OLR) coincideswith the vertical velocity at 500-400
hPa, butleadsthe850hPawesterliedor severaldays.Thephasdlifferencebetweerthewesterlies
andtheascendingnotion suggestsheimportanceof the meridionalcomponenof the horizontal

divergenceandthe zonalcomponentloneis not sufiicient.

(4) Theintrusionof midlatitudetrough

In someyears,the onsetoccuredmorethanone week after the arrival of the MJO in NAU.
This suggestdhatthe MJO aloneis not enoughto trigger the onsetfor thesecases.The period
of the delayingtime for the onsetis aboutthe time interval of midlatitudesystemgtroughsand

ridges)passingthroughAustralia. The compositesynopticsequencesuggesthatthe intrusion
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of the midlatitudetroughinto the westernAustraliaplaysa supplementatole, but its importance

variescaseby case.

c. discussion

In orderto examinethe role of landin monsoonsye studiedthe differencesand similarities
of the Australiansummemonsoorandthe ITCZ over the Indian Ocean.The Australiansummer
monsoonsectorin the pre-onsettageis very similar to the Indian OceanlTCZ. However, the
polewvardjumpof theconvectionandthepresencef thethermalheatow duringandaftertheonset
arethe uniquefeauturef monsoonsvhichthel TCZs don't have. Althoughthe conditionof the
land-seahermalcontrastandbarotropicinstability arenot a directtriggerfor the monsooronset,
it is necessaryo setup a preferredocationfor monsoonsThe heatinglocatedin the subtropical
region is necessaryo drive the meridionalcirculation (PlumbandHou 1992). The importance
of the thermalheatlow in the onsetof the Australiansummermonsoonis also suggestedy
Kawamuraetal. (2002)

In the Australiansector the meridionalcirculationis mainly driven by the land-seahermal
contrast. This circulationdueto the sensibleheatingfrom the groundsurfacebrings moist air
inlandandcanintensifythecirculationitself. This mechanisnprovidesa seasongbreconditioning
for themonsoon.n NAU, thelow-level westerliesarethenintroducedby thearriving MJOs,and
theonsetis triggeredby it.

Several casestudieshave beendoneto reveal the onsetprocessof the Australiansummer
monsoon(e.g. Murakamiand Sumi1982; Davidsonetal. 1983;Hendonetal. 1987). Our study
hereis aimedto focusonthegenerafeaturef theonsetandobtainthemajorfactorscontributing
to it. We conducta compositemethodfor this purpose so the actualonsetfor ary specificyear
is unlikely to be the same. This weaknesss also pointedout by other compositestudies(e.g.
Hendonand Liebmann1990a). Neverthelessthe importantfactorspresentechere provide the

dominantandgenerafeaturesof the onset.Any detailedanalysisfor the specificonsetshouldbe
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left for the casestudieswhichis notthe mainpurposeof this work.
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Figures

Fig. 1. 1979-93averaged850 hPa streamlinesand precipitationrate (mm d=') for December
February The northernand southernrectangulatboxes shov the regionsof northernAustralia

(NAU) andAustraliancontinent(AUC) respectiely (seetext).

Fig. 2. (a) Time-heightsectionof « ( contourinterval 1 m s~ for positveand2 ms~! for negative
values),and(b) time seriesof « at 850 hPa (solid line) and200 hPa (dashedine) in NAU from

Septembel979to April 1980.Theline on 28 Decembeindicateshe onsetdayin this case.

Fig. 3. 1979-93time-heighttcomposite®f v in (a) NAU (contourinterval 1 ms~! for positive and

2m s! for negative values)and(b) AUC relative to the onsetday (contourinterval 5 m s™1).

Fig. 4. 1979-93time-heightcomposite®f (a) @, (contourinterval 0.5K d=!) and(b) @, (contour

interval 0.25K d=1') in NAU.
Fig. 5. Similarto Fig. 4, exceptfor the AUC.

Fig. 6. 1979-93latitude-heightcompositesof (a) @; and (b) @, (contourinterval 1 K d=1)

averagecdover 115-150E from 7 daysto 1 daybeforetheonset.
Fig. 7. Similarto Fig. 6, exceptfor compositesrom the onsetdayto 6 dayslater.

Fig. 8. Similarto Fig. 6, exceptfor (a) temperaturéK; valuesgreatethan290K areshadedand

(b) relatve humidity (%; valuesgreatetthan60 areshaded).

Fig. 9. 1979-93atitude-heightomposite®f the meridionalcirculation(v, w; arrons)andvalues
of w (Pas™!) averagedcbver 115-150E: (a) from 7 daysto 1 daybeforethe onsetand(b) from the

onsetdayto 6 dayslater Areasof upwardmotion(negative w) areshaded.
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Fig. 10. Time-latitudesectionof the meridionalgradientof 850 hPa absolutevorticity (10~!2
m~! s!) averagedover 115-150E in Decemberl980andJanuaryl981. Theline on January4
indicatesgheonsetdayfor this case.

Fig. 11. 1979-93composite®f the meridionalgradientof 850 hPa absolutevorticity (10712 m=!

s71): (a) from 7 daysto 1 daybeforethe onset,and(b) from the onsetdayto 6 dayslater

Fig. 12. 1979-93time-latitudecomposite®f themeridionalgradientof 850hPaabsolutevorticity

(10~12m=t s,

Fig. 13. 1979-93time-longitudecomposite®f (a) OLR (contourinterval 10 W m~2; valuedower
than220W m~? areshaded)(b) 850hPa v (contourinterval 1 ms! for positve and2 m s~! for

negative values).Thethickestlinesindicatethe 200W m~2 contoursof OLR..

Fig. 14. 1979-93composite®f 850 hPa streamlines(a) 6 daysbeforethe onset,and(b) 1 day
aftertheonset.Theredshadings the 1000hPatemperaturéK).

Fig. 15. 1979-93time-latitudecompositef 1000hPatemperatur€K) averagedover (a) 115-
15CE and(b) 60-9CE.

Fig. 16. Similarto Fig. 15, exceptfor u (m s!) at850hPa.

Fig. 17. Similarto Fig. 15, exceptfor vorticity (107° s~') at850hPa.
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