
SUMMARY

Using the ECMWF re-analysis,OLR and precipitation data during 1979-93, this paper

examinesmajorfactorscontributingto theonsetof theAustraliansummermonsoon.Thelow-level

(850hPa)westerlywind andconvectiveactivity (OLR, precipitation)overa region in thenorthern

Australia(NAU) areusedto determinetheonsetdate.Compositeresultsarethenmadebasedon

thesedateschosenin 1979-93.Daily
���

(apparentheatsource)and
���

(apparentmoisturesink)

areobtainedasresidualsof the large-scaleheatandmoisturebudgetsfor clarifying the rolesof

variousheatingprocessesin 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 continent and the Arafura Sea in a

layer below 800 hPa in September-March, andsetsup a thermally inducedmeridional-vertical

circulationwhich helpsto transportlow-level moist air inland. The criterion of the barotropic

instability is met at 850 hPa in NAU several daysprior to the onset. The suddenonsetis then

triggeredby thearriving MJOsandat timesby theintrusionof midlatitudetroughs.To isolatethe

role of landin monsoons,thedifferencesandsimilaritiesof theAustraliansummermonsoonand

theITCZ over theIndianOceanareexamined.

KEYWORDS: Heating processesover Australia, Land-seathermal contrast, Barotropic

instability, Madden-Julianoscillation
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1. Intr oduction

It hasbeenbelieved for many centuriesthat the land-seathermalcontrastis importantfor

monsoons(e.g. Webster1987; Websteret al. 1998),althoughsomeauthors(e.g.,Chao2000)

challengedthis view and argue that the existenceof land is not a necessarycondition for the

presenceof monsoons.Basically, landmasshastwo majoreffectson thelarge-scaleatmospheric

motion:(1) mechanicalforcingdueto topography, and(2) thermalforcingdueto land-seacontrast.

To isolateclearly the role of the thermaleffect, it is desirableto find a monsoonregion without

high lands.TheAustraliansummermonsoonseemsanidealcandidatefor examiningthethermal

effect in apureform, becauseflat landsurfaceof Australiahasnocomplexity of topography.

TheAustraliansummermonsoonusuallybegins in Decemberandendsin March. Its mature

stageis characterizedby heavy precipitationandlow-level westerlywind in northernAustralia

(McBride1987;MantonandMcBride1992).Thismonsoonalnatureof northernAustraliaclimate

(the seasonalprecipitationand reversalsof wind directions)was recognizedin the early 20th

century(Huntetal. 1913).In 1960s,severalstudies(e.g.Berson1961)showedthattheAustralian

summermonsoonhassimilaritiesto theAsiansummermonsoon,suchasits abruptpolewardshift,

suddenonsetover a largeregionandintraseasonalactive-breakperiods.

Therewerenot many workson theAustralianmonsoonin literatureuntil theFirst GlobalAt-

mosphericResearchProgram(GARP)GlobalExperiment(FGGE)in 1978-79andtheAustralian

MonsoonExperiment(AMEX) in 1986-87. The FGGEdatamadediagnosticanalysespossible

for the large-scalecirculationassociatedwith the Australiansummermonsoon(e.g.,Murakami

andSumi 1982; Davidsonet al. 1983). The AMEX observations,on the otherhand,provided

high-densitysynopticandmesoscaledataovernorthernAustralia.TheAMEX phaseII field work

lasted36 daysfrom 10 January1987which was4 daysbeforethemonsoononset(Hendonet al.

1989).Thesuccessof theAMEX led to severaldetailedobservationalresults,suchasthevertical

heatingprofilesin northernAustralianmonsoonregion(FrankandMcBride1989).
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Besidestheseresultsfrom thespecialexperiments,studieswith longerrecordsweremadeby

several authors.HendonandLiebmann(1990a,b) suggestedthat the Madden-Julianoscillation

(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 themonsoononsetusingoperationalanalyses,andarguedthat themidlatitude

eventsplaysa role in theonset.

Despitethesestudies,the Australiansummermonsoonhasreceivedrelatively little attention

comparedto the Asian summermonsoon. Several gapsin our existing knowledgeneedto be

addressed:

(1) The AMEX happenedto be in an El Nino year. A late onsetand large-scalesinking

anomalieswereobserved in northernAustralia. We feel that it is necessaryto studylarge-scale

atmosphericconditionsfor many yearsandusethe 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.Theclassicsea-breezemodelassociatedwith the land/seathermalcontrastcanbe re-

examined.It is alsopossibleto applythedynamicinstability theoriesto themonsoononset.

(3) In previous study, the large-scaleheat and moisturebudgetshave not beenseriously

examinedin theAustralianregion. With there-analysisdatasets,heatandmoisturebudgetscanbe

calculatedfor a moresystematicexaminationof thermodynamiceffects.For example,therole of

sensibleheatingfrom theAustraliancontinentcanbestudied.

(4) Previousobservationalworksfocusondifferentonsetprocesses(e.g.MJOtriggering,mid-

latitudeevents). It is desirableto presentan unified view of the onsetmechanismsandidentify

majorfactorscontributingto theonsetwith compositeresults.
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In thispaper, weusedthere-analysisdatasetto calculatelarge-scaleheatandmoisturebudgets

andthe role of the land-seathermalcontrastin theAustraliansummermonsoonis re-examined.

In section2, thedatasets,thedefinitionof theonsetandthecompositemethodaredescribed.In

section3, thecompositefeaturesshowing theheatingprofilesbefore/afterthemonsoononsetare

presented.In section4, theonsetmechanismassociatedwith triggeringsystemsarediscussed.In

section5, in orderto examinetheroleof landin monsoons,thecomparisonof structuresandtime

evolutionsbetweenAustraliansummermonsoonandtheIntertropicalConvergenceZone(ITCZ)

over the Indian Oceanat the samelatitudeareshown. Finally, section6 presentssummaryand

discussion.

2. Data and the definition of the onset

a. Data

The primarydatausedfor this work is the 15-year(1979-93)EuropeanCentrefor Medium-

RangeWeatherForecasts(ECMWF)Re-Analysis(ERA; Gibsonet al. 1997).Thedaily outgoing

longwave radiation(OLR) measurementsandmonthlyClimatePredictionCenter(CPC)Merged

Analysisof Precipitation(CMAP; Xie andArkin 1997) for the sameperiod arealso used. In

addition, large-scaleheatandmoisturebudgetresiduals,apparent heatsource
� �

andapparent

moisture sink
� �

(Yanaiet al. 1973),aredefinedandcomputedby:� �����
	���

�� ������� ������ ����� � �  � �� 
"! (1)

and � ���$#�% � � &��� � �'�(� & �  � &� 
 ! (2)

where � is thepotentialtemperature,& the mixing ratio, � thehorizontalvelocity,  thevertical
 -velocity.
%

is thespecificlatentheatof vaporization,)+*-,/. �0	 with , thegasconstantand
�
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thespecificheatcapacityat constantpressureof dry air, and 
21 = 1000hPa. Theoverbardenotes

therunninghorizontalaverage,andtheprimedenotesthedeviationfrom theaverage.

Thehorizontalwind components,potentialtemperature,andmixing ratioaredirectlyobtained

from ERA products; however, for the accuracy of
� �

and
� �

, the vertical 
 -velocity  is

recomputedfollowing the methoddescribedin Tung et al. (1999)andTung andYanai (2002).

The6-hourlyestimatesof
���

and
���

areaveragedinto daily valuesfor thecompositestudy, anda

constantnumber,
�43 �	

, is multiplied for
� �

and
� �

in orderto expressthemin unitsof equivalent

warming/coolingrate(K d
3 �

).

The
� �

and
� �

canbeinterpretedby:��� * �65 � %7� �7# 8 � # �-� 94:;�<: # � 9(:= �:� 
 (3)

and � � * %7� ��# 8 � � % �>� & :;�":?� % � & :  :� 
 (4)

where
� 5

is radiative heatingrate,
�

and
8

arecondensationand evaporationper unit massof

air respectively, and 9 the dry staticenergy (YanaiandJohnson1993). Equation(3) represents

the total effect of radiative heating,latentheatreleasedby net condensation
%7� ��# 8 �

, and the

horizontalandverticalconvergenceof fluxesof sensibleheatdueto subgrid-scaleeddiessuchas

cumulusconvectionandturbulence.Equation(4), on theotherhand,representsthetotal effect of

netcondensationanddivergenceof eddymoistureflux dueto subgrid-scaleeddies.It is customary

to ignorethecontributionof theeddyhorizontaltransportterms �@� 9 : � : in Eq. (3) and �-� & : � : in
eqution(4) in convection-large-scaleinteraction(e.g.Wu 1994).

b. Definitionof theonset

Traditionally, theonsetof theAustraliansummermonsoonhasbeendefinedusingrecordsat

Darwin (12A S,130A E) or stationsin thevicinity of it (Troup1961;HendonandLiebmann1990a).

In the presentstudy, in orderto capturethe large-scalecirculationchangesbeforeandafter the
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onset,low-level (850hPa)westerlywind andconvectiveactivity (OLR,precipitation)overaregion

in thenorthernAustralia(2-15A S,115-150A E; hereafterNAU; seeFig. 1) areusedto determinethe

onsetdates.

The first day with the average850 hPa zonalwind exceeding2 m s
3 �

in NAU is chosenas

theonsetdaywhenthewesterlywind is sustainedlongerthan10 daysandtheOLR is lower than

210W m
3 �

for at leastseveraldaysduringthe10-dayperiod.Figure2 showsanexampleof mean

zonalwindsfor NAU in the1979-80Australiansummermonsoonseason.Themonsoonwesterlies

abruptlyincreasedin a layerbelow 500hPa during lateDecember- earlyJanuaryover theNAU

(Fig. 2a). This low level westerliesappearedwith strongupperlevel easterlies.The valueof

average850hPa zonalwind (Fig. 2b)alongwith theOLR data(not shown) thendefinedtheonset

dateas28Decemberfor thiscase.In thisexample,two monsoonactiveperiodscanberecognized

in January- February, anda breakis observedon 16- 24January.

Basedonthesamedefinition,theonsetdatesfor othermonsoonseasonswerechosenandlisted

in Table1. Theonsetdatesselectedby thepresentstudyarecloseto previousresults.The15-year

meanonsetdateis 25Decemberwhichis thesameastheresultby HendonandLiebmann(1990a)

for 30 years(1957-87).Thestandarddeviation of theonsetdateobtainedin thepresentstudyis

14 days,which is closeto previousresults(16 daysby HendonandLiebmann1990a;15 daysby

Holland1986).

The 14-event compositeof all variablesweremaderelative to the onsetdates.The ”day 0”

denotestheonsetday, andpositive (negative) valuesof datesrepresentthedaysafter(before)the

onset.Figure3 is anexampleshowing thecompositeof zonalwind component.It is clearlyshown

that the lower level westerliesabruptly increasedafter day 0, becausewe definethe onsetday

mainlybasedon the850hPa zonalwind (Fig 3a).However, thecompositedoesshow someother

interestinginformations.The lower level westerliesappearwith upperlevel easterlieswhich are

strongestat 100hPa. Thefirst monsoonactive periodlastsabout30 days.After a monsoonbreak

(about6 days),thesecondactive monsoonperiodstartsandremainsslightly longerthanthefirst
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one.

This is thecompositeresult,soit only showsthegeneralfeaturesanddoesnotmeanthatevery

yearhasthe sameactive andbreakperiods. However, the standarderror of zonalwind at every

levels is calculatedfor thecompositemean,andthevalueof it is about1 m s
3 �

for layerslower

than500hPa. This indicatesthatthereareabout2 active periodsin a monsoonseasonin general.

We examineall the14 monsooncases,and11 of themhave 2 monsoonactive periodswithin 90

daysstartedfrom theonsetday.

In orderto comparetheatmosphericstructurein NAU andthatover theAustraliancontinent,

we defineanotherregion, Australiancontinent(AUC), along the samelongitudinalboundaries

for NAU, but shift polewardto cover thewhole continent(15-35A S, 115-150A E; seeFig 1). The

compositezonalwind field over theAUC shows that thewesterlyjet is at the level of about200

hPa (Fig. 3b). It movespolewardto a placeoutsideof theAUC asseasonprogressesfrom spring

to summer, so the averagedzonalwind over the AUC getsweakbeforethe onset. Becausethe

Australiancontinentdoesnothave a plateauastheAsiancontinentdoes,a suddenjumpof thejet

influencedby themechanicalforcing dueto topography(TrenberthandChen1988)is not found.

However, thewesterliesat200hPa over theAUC becomeweakafterthemonsoononsetreflecting

thepolewardshift of thewesterlyjet in theupperlevel, concurrentwith the suddenonsetof the

monsooncirculation.

3. Compositefeaturesof heatsourcesand moisturesinks

It is well-known thattheTibetanPlateauactsasanelevatedheatsourcein thenorthernspring-

summer(e.g.Yanaiet al. 1992).Theheatingis initially contributedby thesensibleheatflux from

surface,andleadsto a reversalof themeridionaltemperaturegradientsouthof theplateauin the

uppertroposphere(500-200hPa). The onsetof the Asian summermonsoonis concurrentwith

this reversal(Flohn1957;Li andYanai1996). In contrast,theuppertropospheredoesnot exhibit

similar structureduring southernsummerfor the Australiansummermonsoon.The Australian
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continentdoesnot have suchhigh landsto producelarge-scaleelevatedheating,andthesensible

heatingover theAUC is only observedin thelower level (below 750hPa).

Theverticaldistrubitionsof heatingovertheAustraliahavebeenexaminedby previousstudies.

Usingdatafrom theWangaraexperiment(from 15 July to 27 August,1967;Clarkeet al. 1971),

surfaceheatflux oversoutheasternAustraliancontinenthasbeenstudied(e.g.YamadaandMellor

1975). Schaacket al. (1990)usedthe ECMWF Global WeatherExperiment(GWE) datafrom

December1978to November1979to calculatethe3-dimensionalheatingratethrougha vertical

integrationof theisentropicmasscontinuityequation.They foundthatthemaximum
� �

over the

NorthernAustraliain Januaryis about2.3 K d
3 �

andthe peakof it is locatedbetween500-400

hPa,but with theirmethod,
���

is not available.FrankandMcBride (1989)usedthedataobtained

from the AMEX (13 January- 14 February1987)rawinsondenetworkto calculatethe heatand

moisturebudgetsat 6-hour intervals. The networkis locatedin the Gulf of Carpentaria,so the

resultsmostlyrepresenttheverticalheatingdistributionover thenorthernAustralia.

Our resultsprovideamoregeneralheatingstructureby makingcompositesfrom 15-yeardata.

Theverticalprofile of
� �

over NAU shows themaximumheatingbetween500-400hPa afterthe

onset,althoughthereis relatively weakheatingprior to theonsetin aboutthesamelayer(Fig. 4a).

Themaximum
� �

doesnotmoveto otherlayersin verticalaftertheonset.Thisagreeswith Frank

andMcBride (1989)that the maximum
���

doesnot changetoo muchin heightduring different

stagesof convective systemsin theAMEX.

After theonset,thevertical
� �

profileoverNAU (Fig4b)hasapeakin alayerbetween800and

650hPa which is lower thanthepeakof
� �

in height.This suggeststhecontributionsfrom eddy

verticaltransportsdueto deepcumulusconvectionin theAustraliansummermonsoonregion. The

well-separated
� �

and
� �

peaksin verticalaretypical structuresfor deepconvective atmosphere

(Yanaiet al., 1973). Besidesthis lower
� �

maximum,thedistribution exhibits a secondpeakof� �
in a layer between500-400hPa in someperiods. This secondpeakis locatedat aboutthe

samepressurelevel asthe
���

peak.It indicatesthatthepresenceof stratiformrain in NAU during
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monsoonseason.

In contrast,theverticaldistributionof
�B�

over AUC hasa verydifferentstructure.Significant

heatingin the lower level (surface-750hPa) is observed(Fig. 5a). Over theAUC,
� �

(Fig. 5b) is

negative (about-0.5K d
3 �

) below 700hPa. Thenegative
� �

valueimpliesthemoisteningdueto

netevaportationnearsurface.All thevaluesof
� �

below 750hPa ( C 2.5K d
3 �

) beforeandafter

onsetarelargerthan
���

, andthemaximum
���

is nearsurface.With theevidenceof warmsurface

(e.g. YamadaandMellor 1975),thestrongheatingobservedat the lower level is concludedto be

mainly causedby sensibleheatflux from groundsurface.Actually, thesensibleheatingin a layer

below 750hPaover theAustraliancontinentstartsin Septemberprior to themonsoononsetonthe

monthlytimescale,sothesensibleheatingis constantlyobservedfrom thecompositeresultwithin

theperiodshown in Fig 5a.

In orderto geta clearerview of theheatingstructure,themeridional-verticaldistributionsof� �
and

� �
profilesfor apre-onset(day-7 to -1) anda post-onset(day0 to 6) periodsareaveraged

over 115-150A E andshown in Fig. 6 andFig. 7. The heatingover the Australiancontinentis

constantlyobservedbelow 750hPa in bothperiods,but the locationof deepconvectionnearthe

equatorshows a suddenpolewardshift after the onset. This deepconvectioncenteredat 5A S in

thepre-onsetperiodis associatedwith themigratingITCZ (Fig. 6). It suddenlyjumpspoleward

5-10degreesandcoversa largeregion aftertheonset(Fig. 7). Themaximumof
�B�

in theITCZ

is alwaysat 500-400hPa, but the profile of
� �

with onelower peakchangesto doublepeaksat

800-650hPaand500-400hPaaftertheonset.Theverticalprofilesof
� �

and
� �

aftertheonsetare

similar to themajormodefoundby Tunget al. (1999)duringTropicalOceanGlobalAtmosphere

(TOGA) CoupledOceanAtmosphereResponseExperiment(COARE) IntensiveObservingPeriod

(IOP).They indicatethatthisstructureis a typicalmodeduringtheconvective phaseof theMJO.

4. Factorscontributing to the onset

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

a. Land-seathermalcontrast

With the contribution of the sensibleheating from the surface,a reversal of meridional

temperaturegradientbetweentheAustraliancontinentandtheArafuraSeain a layerbelow 800

hPa occursfrom Septemberto March. Thewarmingover thecontinentdeterminesthemeridional

temperaturegradient,becausethetemperatureover theArafuraSeahasverysmallchange.

Prior to theonsetof theAustraliansummermonsoon,the reversalof meridionaltemperature

gradientis alreadyobserved (Fig. 8a). The air over the continentis dry. The relative humidity

(RH) on the continentis only about40-50%,and the moist air (RH C 80%) is confinedin the

equatorialregion (Fig. 8b). Thesensibleheatingsetsup a thermally-inducedmeridional-vertical

circulation,asseenfrom theoutflow above 700hPa andlow-level inflow below 925hPa over the

continent(Fig. 9a).

Originally, this meridional-vertical circulationis a separatedsystemfrom the ITCZ nearthe

equator. The low-level inflow hascontributions to transportmoist air inland and intensify the

monsooncirculationin NAU. A narrow regionof downwardmotionnear15A Sbetweentheupward

branchof theITCZ andupwardmotioninducedby thesensibleheatingcanbeclearlyseenin Fig.

9a. However, thesetwo regionswith upwardmotion merge together, and the narrow areawith

downwardmotiondisappearsaftertheonsetof themonsoonin NAU (Fig. 9b).

b. Barotropic instability

Several authorsapplied dynamic instability theoriesto the monsoononset (e.g. inertial

instability: TomasandWebster1997; moistbaroclinic instability: Moorthi andArakawa 1985,

Xie andSaiki 1999). Over theAustraliansector, easterliesin the lower level arepresentsouthof

20A S,becausethey arebalancedby thethermalwindrelationship.Ontheotherhand,thewesterlies

occurnorthof 15A S, wheretheatmosphereis nearlybarotropic(seeFig. 8a). Here,we examine
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thepossibleroleof barotropicinstability in theonsetof theAustraliansummermonsoon.

Thestability of barotropiczonalcurrentwasdiscussedby Kuo (1949)for thewesterlyzonal

currentandNitta andYanai(1969)for theeasterlybasicflow. Thechangingsignof themeridional

gradientof the absolutevorticity is a necessaryconditionfor the barotropicinstability in zonal

currents. In order to seethe relevanceof barotropicinstability to the onsetof the Australian

monsoon,we calculatethemeridionalgradientsof absolutevorticity at 850hPa wherethezonal

wind is usedto definetheonsetin section2.

Figure10 showsanexampleof theonsetof theAustraliansummermonsoonin 1980-81.The

time-latitudesectionis averagedover 115-150A E. Valuesof the meridionalgradientsarealmost

positive everywhere,but a negative areabetween11-16A S appearsjust beforethemonsoononset

(the onsetday: January4 1980)anddisappearslater. Similar situationscanbe found in other

years,too. Therefore,a 14-event compositewas maderelative to the onsetto obtain a more

generalview. The horizontaldistribution averagedfrom 6 daysto 1 day beforethe onset(Fig.

11a)shows a negative centerin NAU. This center(130-150A E) moves to northeasternAustralia

and doesnot remainin NAU after the onset(Fig. 11b). The presenceof this negative center

impliesthebarotropicinstabilityexistsprior to theonset,andactsasaprecontioningof theonset.

Thecompositetime-latitudeprofile of themeridionalgradientof theabsolutevorticity over 130-

150A E shows that thenegative gradientappearsbeforetheonset,but thestrongestnegative value

is observedabout7 daysbeforetheonset(Fig. 12) just like theexamplein Fig. 10. Althoughthe

atmosphereis not purelybarotropic,theresultheresuggeststhatthe instabilityplaysa role in the

monsoononset.

c. Thearrival of theMJO

Previously, HendonandLiebmann(1990aandb) suggestedthat theMJO is themajortrigger

for theAustraliansummermonsoononsetbasedon a compositestudy. They foundthattheonset

coincideswith thearrival of theeastwardpropagatingMJOwhichcanbetracedbackto theIndian
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Oceanfor several days. The time-longitudesectionof the OLR compositeshows the eastward

propagationof two MJO events(Fig. 13a). Thedeepconvectionassociatedwith this first MJO

eventsuddenlyintensifyingin theAustraliansector, andit canbetracedbackto theIndianOcean

for about10daysprior to theonset.Theland-seathermalconstrastclearlyplaysanimportantrole

in intensifyingtheverticalcirculationin NAU section,sotheconvectionwith theMJO systemin

theAustraliansectoris strongerthanthatin theIndianOcean.Detailedcomparisonsbetweenthe

structureandcirculationwith theAustralianmonsoonandtheITCZ over theIndianOceanwill be

givenin thenext section.

Althoughthedeepconvectionassociatedwith theMJOcontinuesto moveeastwardto thedate

line, the monsoonsystemremainsin the Australiansectoruntil the monsoonbreak. The OLR

compositeresult(Fig. 13a)showsthattherearetwo MJOeventscorrespondingto thepresencesof

two activeperiodsin amonsoonseasononaverageaswediscussedin section2. ThesecondMJO

eventcanalsobetracedbackto theIndianOcean.

Thetime-longitudesectionof the850hPazonalwind component(Fig. 13b)showsaneastward

propagatingfeaturesimilar to thatof OLR,but thecenterof activeconvectionobservedfrom OLR

leadsthewesterlywind bursts(WWBs) for severaldays.However, themaximumupwardvelocity

(notshown) in a layer(500-400hPa)wherethemaximum
� �

is observedcoincideswith thecenter

of deepconvection(Fig. 13a). A detailedcasestudyof MJOsduring the TOGA COARE IOP

especiallyfor thephasedifferencebetweenthezonalwind oscillationandconvectionwasprovided

by Yanaietal. (2000).Theresultsindicatethatthezonalcomponent��D . �FE aloneis notsufficient

to describethehorizontaldivergence,andthemeridionalterm ��G . �FH is alsoimportant(Mathews

etal. 1999).

d. Theintrusionof midlatitudetrough

Although the arrival of MJO is usuallyconcurrentwith the onsetof the Australiansummer

monsoon,someyears(1981-82,1988-89,1990-91)show that the onsetactually occuredmore

12



thanoneweekafterthearrival of thewesterliesassociatedwith MJOin NAU. During theseyears,

afterarriving northwesternAustralia,theMJOstallstherefor about7-10daysuntil asuddenonset

of monsoonin NAU. This impliesthattheMJO aloneis notsufficient to triggertheonsetin these

specificyears.

For thesecases,thedelayingtimefrom thearrivalof MJOto theonsetis aboutthetimeinterval

of arrivingmidlatitudesystems.Davidsonetal. (1983)emphasizedthemidlatitudeevents(troughs

and ridges)play a substantialrole in the monsoononset. They show several typical synoptic

sequencesincludinga troughin thewesterncoastof Australiaprior to theonset.

In all three delaying casesmentionedabove, we also observe a trough extenting to the

Australian continent. This suggeststhat the intrusion of the midlatitude trough is a factor

contributingto themonsoononset.

In fact, the 14-casecompositeresultsshow similar interestingfeatureof the midlatitude

systems.The differenceis that the delay is smoothedout by addingmore cases.The 14-year

compositestreamlinesandtemperaturefield at 850 hPa show the following synopticsequences.

Startingfrom aboutoneweek beforethe onset,temperatureover Australiacontinentincreases

significantly, while a troughin themidlatitudewesterliesextendsto thewesterncoastof Australia

(Fig 14a). This trough graduallymoves into the continent,and a cyclone is generatedin the

westernpart of Australia. When the troughmoves further to the centralAustralia, the cyclone

mergeswith the MJO systemin NAU. A commonlyobserved horizontalstructureof Australian

summermonsoonflow thenestablishes:a monsoonlow standsin NAU, while anticyclonescover

thewesternandeasternsidesof Australia(Fig. 14b).At thisstage,thestronglow-level westerlies

startsand the monsoononsetoccurs. We examinedthesesynopticsequencesfor 14 monsoon

cases,andfoundthatonly onecase(1992-93)hasno midlatitudetroughinvolvedin theonset.

5. Differ encesand similarities of the Australian summer mon-
soonand the ITCZ over the Indian Ocean
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In recentpapersby Chao(2000),andChaoandChen(2001a,b), themonsoonsareinterpreted

asanoff-equatorialITCZ. Becausetheexistenceof theITCZ doesnot requireland,theseauthors

suggestedthat”The existenceof landmassis not considereda necessaryconditionfor monsoons”

(Chaoand Chen2001b). We examinethe differencesand similarities betweenthe Australian

summermonsoonand the ITCZ over the Indian Oceanto clarify the role of land-seathermal

contrastin monsoons.

Using CMAP andERA 850 hPa wind data,the rainfall bandis observed to be connectedall

the way from the Indian Oceanto NAU in the southernsummer(Fig. 1). The rainfall in the

equatorialIndianOcean(60-90A E) associatedwith thelow level confluentflow is calledtheIndian

OceanITCZ. On theotherhand,therainfall in NAU andthecirculationassociatedwith a thermal

heatlow belongsto theAustraliansummermonsoon.In NAU, therainfall hasa very significant

seasonalvariation,andthereis almostno precipitationin seasonsotherthansummer(December-

March). However, theIndianOceanITCZ alwaysresidesin theequatorialregion throughoutthe

year.

The composite1000 hPa temperatureshows a band of very warm air causedby surface

heatingat 15-30A S in the Australiansector, 115-150A E (Fig. 15a). Before the monsoononset,

themaximumtemperatureover thecontinentis warmerthan304K which is about2 to 4 K greater

thanthe air over the oceannearthe equator. This warmingstartsfrom 2-3 monthsprior to the

onset,andmakesthemeridionaltemperaturegradient��I . �FH negativebetweenlandandsea.The

negative valueof ��I . ��H doesnot appearat thesamelatitudein theIndianOceansector, 60-90A E
(Fig. 15b),becausetheoceanin this region cannot provide similar sensibleheatingfrom surface

astheAustraliancontinentdoes.

It is clear to seethe seasonalmarchof the warm temperatureband(warmer than 300 K)

migrating from the NorthernHemisphere(NH) to the SouthernHemisphere(SH) in Fig. 15,

especiallyfor the oceanregion north of the equatorin NAU sector(Fig. 15a)andsouthof the

equatorin the IndianOceanITCZ sector(Fig. 15b). The clearestdifferencebetweenthesetwo
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sectorsis the warmtemperaturecausedby sensibleheatingover land. Due to the differentheat

capacityof landandsea,thecontinentprovidesastrongsensibleheatat thelatitudeswherelandis

located.Thestrengthof thisheatingincreaseswith timewhentheseasonprogressesfrom southern

springto summer, but the locationof the heatingdoesnot changewith the seasonalvariationof

solaranglein latitudes.

Thecomposite850hPazonalwind component(Fig. 16)shows thesimilarseasonalmigration

of westerliesfrom theNH to theSHSeveralwesterlywind maximaassociatedwith MJOscanbe

recognized.Becausethecompositeis basedon theonsetof theAustraliansummermonsoon,the

westerlymaximain theIndianOceanITCZ sector(Fig. 16b)appearearlierthanthatin NAU sector

(Fig. 16a)(MJOspropagateeastward.)An interestingdifferentfeaturebetweenthesetwo sectors

is thesuddenincreaseandpolewardextensionin NAU sectoraftertheonset(day0). Thepoleward

extensionis oneof thedifferencesbetweenITCZsandmonsoons.WebsterandChou(1980)used

a simplemodel including oceanandatmosphereto show that the existenceof continentresults

the poleward extensionof the monsooncirculationand the locationof precipitationpeak. The

composite850 hPa vorticity shows suchsuddenpoleward jump in NAU sectorvery clear (Fig.

17a),but thejumpdoesnot appearin theIndianOceanITCZ sector(Fig. 17b).

To summerize,themigratingITCZsareverysimilar in bothsectorsbeforethemonsoononset.

However, whentheITCZ approachesthecontinent,thepolewardjump of theconvectionoccures

andathermalheatlow buildsup. Ontheotherhand,themigratingITCZ movespolewardfollowing

theseasonalpathin theIndianOceansector, but it remainsin lower latitudesandno thermalheat

low is built. A very significantwarmingdueto thesensibleheatingover thecontinentcontributes

to thepolewardextensionof circulation.Theheatinglocatedin thesubtropicalregioncanhelpto

drivethemeridionalcirculation(PlumbandHou1992)andintensifythemonsoonsystem.Lacking

of the continent,the circulationis only an off-equatorialITCZ, anddoesnot have the poleward

extensionanda suddenonsetwhichwe usuallyrecognizedasimportantfeaturesof monsoons.
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6. Summary and discussion

a. Heatingprocessesin theAustralian region

In this paper, we usedtheERA dataandtheproductsof
� �

and
� �

calculatedfrom heatand

moisturebudgetsto study the onsetof the Australiansummermonsoon. A 15-year(1979-93)

compositerelative to theonsetdatesis usedto reveal theonsetmechanism.Major findingsfrom���
and

���
diagnosiscanbesummerizedasfollowing:

(1)
� �

and
� �

in NAU

The layer of maximum
� �

locatedat 500-400hPa beforeandafter the onset,but the largest

peakof
� �

aftertheonsetis in a layerbetween800-650hPa. Thewell-separated
� �

and
� �

peaks

in vertical imply thepresenceof deepconvectionin this area. However,
���

hasanotherweaker

peakat500-400hPa aftertheonset.This indicatesthatthestratiformrain is alsopresent.

(2)
� �

and
� �

in theAUC

The maximum
� �

( C 2.5 K d
3 �

) is nearsurface,while
� �

is negative below 700 hPa. The

positive
���

suggeststhesensibleheatingfrom groundsurface.This heatingstartsin September

which is severalmonthsbeforetheonset,andhavecontributionto theland-seathermalcontrastin

theAustraliansector.

b. Major factorscontributingto theonset

Basedon thecompositemethod,four majorfactorscontributing to theonsetof theAustralian

summermonsooncanbesummarizedasfollowing:

(1) Land-seathermalcontrast

This factor actsas a seasonalpreconditioningfor the onset. The sensibleheatingover the
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Australiancontinentleadsto a reversalof meridionaltemperaturegradientbetweenthe Arafura

Seaand the Australiancontinentin a layer below 800 hPa in September-March, and setsup

a thermally inducedmeridional-vertical circulationwhich helpsto transportlow-level moist air

inlandto intensifythecirculationin NAU.

(2) Barotropicinstability

Between15A S and the equatorin the Australiansector, the atmosphereis nearlybarotropic

beforetheonset.We examinethe conditionof barotropicinstability at 850hPa wherethezonal

wind is usedto definethe monsoononset. A negative region of meridionalgradientof absolute

vorticity appearsin NAU just prior to theonset,but is notobservedafter it. This suggeststhatthe

barotropicinstability is apreconditioningfor themonsoononset.

(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 deepconvection (observed

from OLR), 850 hPa westerliesandascendingmotion in the middle troposphere(500-400hPa)

associatedwith MJOscanbe tracedbackto the Indian Oceanabout10 daysprior to the onset.

The centerof active deepconvection(low OLR) coincideswith the vertical velocity at 500-400

hPa,but leadsthe850hPawesterliesfor severaldays.Thephasedifferencebetweenthewesterlies

andtheascendingmotionsuggeststhe importanceof themeridionalcomponentof thehorizontal

divergenceandthezonalcomponentaloneis notsufficient.

(4) Theintrusionof midlatitudetrough

In someyears,the onsetoccuredmorethanoneweekafter the arrival of the MJO in NAU.

This suggeststhat the MJO aloneis not enoughto trigger the onsetfor thesecases.The period

of the delayingtime for the onsetis aboutthe time interval of midlatitudesystems(troughsand

ridges)passingthroughAustralia. The compositesynopticsequencessuggestthat the intrusion
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of themidlatitudetroughinto thewesternAustraliaplaysa supplementalrole, but its importance

variescaseby case.

c. discussion

In orderto examinethe role of land in monsoons,we studiedthedifferencesandsimilarities

of theAustraliansummermonsoonandtheITCZ over theIndianOcean.TheAustraliansummer

monsoonsectorin the pre-onsetstageis very similar to the Indian OceanITCZ. However, the

polewardjumpof theconvectionandthepresenceof thethermalheatlow duringandaftertheonset

aretheuniquefeauturesof monsoonswhich theITCZsdon’t have. Althoughtheconditionof the

land-seathermalcontrastandbarotropicinstability arenot a directtriggerfor themonsoononset,

it is necessaryto setup a preferredlocationfor monsoons.Theheatinglocatedin thesubtropical

region is necessaryto drive the meridionalcirculation(PlumbandHou 1992). The importance

of the thermalheat low in the onsetof the Australiansummermonsoonis also suggestedby

Kawamuraetal. (2002)

In the Australiansector, the meridionalcirculationis mainly driven by the land-seathermal

contrast. This circulationdue to the sensibleheatingfrom the groundsurfacebringsmoist air

inlandandcanintensifythecirculationitself. Thismechanismprovidesaseasonalpreconditioning

for themonsoon.In NAU, thelow-level westerliesarethenintroducedby thearriving MJOs,and

theonsetis triggeredby it.

Several casestudieshave beendoneto reveal the onsetprocessof the Australiansummer

monsoon(e.g. MurakamiandSumi1982;Davidsonet al. 1983;Hendonet al. 1987). Our study

hereis aimedto focusonthegeneralfeaturesof theonsetandobtainthemajorfactorscontributing

to it. We conducta compositemethodfor this purpose,so the actualonsetfor any specificyear

is unlikely to be the same. This weaknessis alsopointedout by othercompositestudies(e.g.

Hendonand Liebmann1990a). Nevertheless,the importantfactorspresentedhereprovide the

dominantandgeneralfeaturesof theonset.Any detailedanalysisfor thespecificonsetshouldbe
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left for thecasestudieswhich is not themainpurposeof this work.
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Figures

Fig. 1. 1979-93averaged850 hPa streamlinesandprecipitationrate(mm d
3 �

) for December-

February. The northernandsouthernrectangularboxesshow the regionsof northernAustralia

(NAU) andAustraliancontinent(AUC) respectively (seetext).

Fig. 2. (a)Time-heightsectionof D ( contourinterval 1 m s
3 �

for positiveand2 m s
3 �

for negative

values),and(b) time seriesof D at 850 hPa (solid line) and200hPa (dashedline) in NAU from

September1979to April 1980.Theline on28 Decemberindicatestheonsetdayin thiscase.

Fig. 3. 1979-93time-heightcompositesof D in (a)NAU (contourinterval 1 m s
3 �

for positiveand

2 m s
3 �

for negativevalues)and(b) AUC relative to theonsetday(contourinterval 5 m s
3 �

).

Fig. 4. 1979-93time-heightcompositesof (a)
� �

(contourinterval 0.5K d
3 �

) and(b)
� �

(contour

interval 0.25K d
3 �

) in NAU.

Fig. 5. Similar to Fig. 4, exceptfor theAUC.

Fig. 6. 1979-93latitude-heightcompositesof (a)
� �

and (b)
� �

(contourinterval 1 K d
3 �

)

averagedover 115-150A E from 7 daysto 1 daybeforetheonset.

Fig. 7. Similar to Fig. 6, exceptfor compositesfrom theonsetdayto 6 dayslater.

Fig. 8. Similar to Fig. 6, exceptfor (a) temperature(K; valuesgreaterthan290Kareshaded)and

(b) relativehumidity (%; valuesgreaterthan60areshaded).

Fig. 9. 1979-93latitude-heightcompositesof themeridionalcirculation( G ,  ; arrows)andvalues

of  (Pas
3 �

) averagedover115-150A E: (a) from 7 daysto 1 daybeforetheonset,and(b) from the

onsetdayto 6 dayslater. Areasof upwardmotion(negative  ) areshaded.
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Fig. 10. Time-latitudesectionof the meridionalgradientof 850 hPa absolutevorticity ( JLK 3 �M�
m
3 �

s
3 �

) averagedover 115-150A E in December1980andJanuary1981. The line on January4

indicatestheonsetdayfor this case.

Fig. 11. 1979-93compositesof themeridionalgradientof 850hPa absolutevorticity ( J(K 3 �M� m
3 �

s
3 �

): (a) from 7 daysto 1 daybeforetheonset,and(b) from theonsetdayto 6 dayslater.

Fig. 12. 1979-93time-latitudecompositesof themeridionalgradientof 850hPaabsolutevorticity

( JLK 3 �M� m
3 �

s
3 �

).

Fig. 13. 1979-93time-longitudecompositesof (a)OLR (contourinterval 10W m
3 �

; valueslower

than220W m
3 �

areshaded),(b) 850hPa D (contourinterval 1 m s
3 �

for positiveand2 m s
3 �

for

negativevalues).Thethickestlinesindicatethe200W m
3 �

contoursof OLR..

Fig. 14. 1979-93compositesof 850hPa streamlines:(a) 6 daysbeforetheonset,and(b) 1 day

aftertheonset.Theredshadingis the1000hPatemperature(K).

Fig. 15. 1979-93time-latitudecompositesof 1000hPa temperature(K) averagedover (a) 115-

150A E and(b) 60-90A E.

Fig. 16. Similar to Fig. 15,exceptfor D (m s
3 �

) at850hPa.

Fig. 17. Similar to Fig. 15,exceptfor vorticity (10
3ON

s
3 �

) at850hPa.
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