
CHAPTER6

CONCLUSIONS

”Lik e mostpoets,preachers,andmetaphysicians,heburst into conclusionsat
a sparkof evidence.”

— HenrySeidelCanbyonRalphWaldoEmerson

6.1 Summary

The borealsummerISO andits impacton andrelationshipto the South

Asianmonsoonis the focusof this dissertation.Even thoughthe ISO is typically

strongestduringtheborealwinterandspringseasons(Madden1986; Hendonand

Salby1994),theborealsummerISOis foundto beacentralcomponentof theSouth

Asianmonsoonsystem.The importanceof the ISO in determiningthe large-scale

active and breakphasesover India haslong beenknown (e.g., Yasunari1979;

SinghandKripalani1985)andis confirmedhere.TheISOis foundto beimportant

to understandingSouthAsianmonsoonrainfall in at leasttwo otherwaysaswell:

interannualvariationsof ISO activity areinverselyrelatedto theseasonalmonsoon

strengthandtheISOmodulateswestwardpropagatingsynoptic-scalewaves.
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6.2 Structure and Evolution of the ISO

A wavenumber-frequency spectralanalysisof OLR revealed that the

northwardpropagationof convectionthatis associatedwith theISOis accompanied

by a concomitanteastward propagation,both along the equatorandalong Indian

subcontinentlatitudes.Thenorthwardandeastwardpropagationcanbeexplained

by theeastwardprogressionof a northwestwardorientedbandof convectionacross

the Indian Oceanbasin. The equatorialconvection,andthe associateddivergence

source,excitesa Rossbycell responseto the westof the equatorialconvectionin

boththenorthernandsouthernhemispheres.Theanalysispresentedheresuggests

that frictional surfaceconvergenceinto the low pressurecenterof theRossbycell,

coupledwith the presenceof a very moist boundarylayer maintainedby underly-

ing warmSSTsandadvectionof moistair by thelow-level southwesterlymonsoon

flow, inducesdeepoff-equatorialconvection(seeFigs.3.9and3.11).

Thenorthwestwardorientedbandof convectionandits eastwardprogres-

sionis reproducedby a numberof methods:by regressionwith bothwavenumber-

frequency filtered and anomalousOLR, and by compositingtemporally filtered

OLR. Thewind structureassociatedwith thenorthwestwardorientedbandof con-

vectionis difficult to interpretdueto thecomplicatedheatingpattern.Thesurface

frictional convergenceleadingthe off-equatorialconvectionappearsclearly in the

analyseswhenheavily filteredbandpasswind fieldsareused.However, dueto the

noisynatureof divergencefieldstheconvergencesignalis lessclearwhenthewind

fieldsarenotpre-filtered.

The borealsummerISO exhibits two somewhat differentevolutions,or

modes,which mayberelevantto active andbreakperiodforecasting.Both modes

exhibit the characteristicsof convectioncoupledto a Kelvin-Rossbywave packet



6. CONCLUSIONS 173

thatmovessteadilyeastward,but thetwo modesdiffer in how theconvectionin the

centralIndianOceandevelopsprior to thematuredevelopmentof theKelvin-Rossby

wavepacket. TheSNmodeexhibitsaninitially stationarydevelopmentof equatorial

convectionwhile theEN modealwaysexhibitseastwardpropagationof convection

anomalies.Thisstudyproposesthatapotentialfactordeterminingthetwo formsof

evolution of convectionis thedifferentunderlyingbasestates.SN eventsaremore

commonlyencounteredduringthebeginningof themonsoonseasonwhentheSSTs

acrosstheequatorialIndianOceanareat a maximum,whereasEN eventstypically

occurlaterin theseasonaftertheSSTshavecooledsomewhat.

6.3 Interannual Variations of the Intraseasonal Oscillation

Two measuresthatcapturetheinterannualvariability of summertimeISO

activity over India aredeveloped.Thefirst measureusesthe two leadingintrasea-

sonalEOFmodesthat togetherdescribetheborealsummerISO. Thesecondmea-

sureextractstheISOby wavenumber-frequency filtering to the25–80-day, eastward

wavenumber1–6bandin whichISOspectralpower is foundto beconcentrated.In-

terannualfluctuationsin ISOactivity arefoundto berelatedto year-to-yearchanges

in thenumberof activeandbreakperiodsratherthanshiftsin thecharacteristicISO

period. Seasonsof high ISO activity, which containmorewell-definedactive and

breakperiodsthanseasonsof low ISO activity, exhibit significantlymore low or

”break” rainfall daysthanseasonsdevoid of ISO activity, particularlyover land. A

somewhattangentialresult,which requiresfurtherinvestigation,is that interannual

fluctuationsin convectionover India appearto beuncorrelatedto interannualfluc-

tuationsof convectionover the Bay of Bengal. It is possiblethat the absenceof

an increasein low rainfall daysduring seasonsof high ISO activity over the Bay

of Bengalmay be a factor. Interannualfluctuationsof ISO activity do not exhibit
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a strongrelationshipwith interannualvariationsin rainfall over the oceansbut do

exhibit an inverserelationshipwith interannualvariationsof rainfall over land(see

Fig. 4.20).

The relationshipbetweenENSO and the SouthAsian monsoonis well

documentedandreasonablyrobust (e.g.,WebsterandYang1992)with warmENSO

yearstypically relatedto weakmonsoonyearsandvice versa. The similarly in-

verserelationshipbetweenISO activity andmonsoonstrengthpointsto a possible

relationshipbetweenthephaseof ENSOandsummertimeISO activity. However,

correlationsbetweensummertimeISO activity andENSOor any otherglobalSST

anomaliesare low. The lack of any clear relationshipbetweenISO activity and

global SST anomalies (seealso Slingo et al. 1999; Hendonet al. 1999) im-

plies that interannualvariationsof ISO activity are either internally generatedor

arerelatedto interannualchangesin land surfaceboundaryconditions. Hendon

(1999)arguesthata weakAustralianmonsoonmayenhancewintertimeISO activ-

ity by shiftingthemeanconvectiondistributioncloserto theequatorwhichpresum-

ably is a morefavorableconditionfor ISO formation (e.g.,WangandLi 1994;

Salbyet al. 1994). This hypothesismayhold trueduringnorthernsummerwith a

weakcontinentalIndianmonsoonpermittingstrongerISOactivity. But, thedeepest

off-equatorialmonsoonconvectionduringsummeris locatedovertheBayof Bengal

(seeFig. 1.3) whereinterannualchangesin OLR arerelatively unresponsive to in-

terannualshiftsin ISOactivity (seeFig. 4.20).Therefore,it wouldappearthatsome

strongsummertimeISO activity seasonsarealsomarkedby off-equatorialconvec-

tion thattheoreticallywould inhibit ISOactivity. Thisconflictingevidencesuggests

that the interannualvariationsof ISO activity maynot beforcedby thestrengthof
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themonsoon.This resultmaybeof significancein termsof forecastingpotentialof

seasonalmonsoonrainfall (seeSection6.5for furtherdiscussion).

6.4 Modulation of Synoptic-Scale Waves

The canonicalintraseasonalsequenceof eventsdescribedin Section5.5

summarizestheprimaryresultsregardingmodulationof synoptic-scalewaves.The

ISO modulatesthe westward propagatingsynoptic-scalewaves,suchasmonsoon

depressions,thatarethesourceof a sizeablefractionof thetotal monsoonrainfall.

ThemodulationaffectstheSouthAsianmonsoonregion in two ways. During the

active ISO phaseover India, the ISO actsasanenvelopeof westwardpropagating

synoptic-scalewave disturbanceswhich is a result that hasbeenobserved before

(Murakami1984; Krishnamurtietal. 1985)andwasreproducedin modelingstud-

ies (Lau andPeng1990). During the suppressedISO phase(i.e., during a break

periodoverIndia)theactiveISOconvectionis locatedoverthewesternPacific. The

ISO convectionexcitessynoptic-scalewavesin that area. Thesedisturbancescan

subsequentlypropagatewestwardacrossSoutheastAsia,generatingheavy precipi-

tationduringanotherwisedry period.

Themodulationof westwardpropagatingdisturbancesby theactivephase

of theISO deservessomemoreattentionin relationto thetheoryof Lau andPeng

(1990) that was introducedin Section5.1. Lau andPengfound, via a linear sta-

bility analysisof quasi-geostrophicmotion, that the interactionbetweenthe large

scalemonsoonflow, specificallythe meaneasterlyverticalwind shearandthe la-

tent heatingassociatedwith the equatorialpassingof the ISO convection,induces

unstablewestwardpropagatingbaroclinicdisturbances.Theresultspresentedhere

corroborateLau andPeng’s modelresults.Lau andPenggo on to hypothesizethat
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the excitementof the westward propagatingdisturbancesdrives the rapid north-

wardshift in meanconvection,since,whenthedisturbancesareviewedin a time-

averagedsense,they depicta northwardshift of theITCZ. However, in Section3.3

it was shown that the northward movementof ISO convectionappearsto be the

resultof large-scalefrictional moistureconvergenceinto theoff-equatorialRossby

cellsthatflank theequatorialISO convection. WangandRui (1990)observedthat

a singlenorthwardpropagatingevent is composedof a numberof tropicalstorms,

monsoondepressions,andothersynoptic-scaledisturbances,eachonecontributing

to the overall movementandcharacterof the oscillationbut not fully determining

either the movementor strength. Therefore,it seemslikely that the two mecha-

nisms,excitementof synoptic-scaledisturbancesandlarge-scalefrictional moisture

convergence,work in concertto govern the evolution of any individual northward

propagatingevent.

Thetimescaleof thenorthernsummerISOappearsto beshorterataround

35 dayscomparedto thetimescaleof theISO duringnorthernwinter which is cen-

teredat about45–50days (Hartmannet al. 1992). In an effort to explain the

differentISOperiodsbetweensummerandwinter, WangandXie (1997)proposed

a theory, supportedby model results,that saysthat as ISO convectiondissipates

nearthe datelineandthe Kelvin-Rossbywave packet decouplesfrom the convec-

tion, Rossbywavesemanatefrom the region andpropagatewestward towardsthe

Indiansubcontinent.Accordingto WangandXie’s theory, whentheRossbywaves

reachtheIndianmonsoonregion, they amplify andexciteconvectionat theequator

yieldinganew ISOandeffectively generatinga30–35dayperiod.Suchasequence

doesnotoccurduringwinterbecausethelackof aneasterlyverticalwind sheardoes



6. CONCLUSIONS 177

notsupporttheamplificationof thewestwardpropagatingRossbywaves.It is some-

whatunclearwhetheror not the resultsshown heresupportthis theory. Westward

propagatingdisturbances,excitedby the ISO in the westernPacific, do propagate

onto the Indian subcontinent.However, this sequencedoesnot occurduring ev-

ery ISO andis not clearly linked to the initiation of a new ISO at the equator. In

addition,thesynoptic-scaledisturbancesappearto beinitiatedby theinteractionbe-

tweenequatorialconvectionandtheeasterlyverticalwind shearassociatedwith the

ISO andnot by decouplingof theKelvin-Rossbywave packet from theconvection

asit dissipatesat thedateline.Nevertheless,possiblelinks betweenthis studyand

themodelingresultsof WangandXie shouldbeexploredfurther.

6.5 Implications for Prediction

A fundamentalimplicationof this studyis that in orderfor accuratesim-

ulationsor forecastsof the SouthAsian monsoonto be made,modelsmustaccu-

ratelyportraythesummertimeISO.Thisrequirementis clearlyimportantfor skillful

medium-rangeforecastingof activeandbreakperiodsof rainfall.

Thelongtimescaleof theISOsuggeststhatskillful forecastsshouldtheo-

reticallybepossiblebeyondthe7 daystraditionallyconsideredto bethemaximum

rangefor dynamicalforecasts. ChenandAlpert (1990)demonstratedthat when

theISO amplitudeis large,NCEPmodelforecastskill of ISO propagationandam-

plitudewerequitegoodout to about10 days. Hendonet al. (1999)showedthat

the NCEPMedium RangeForecastmodelwasunableto sustainthe convectively

coupledtropicalcirculationanomaliesassociatedwith theISObeyondabout5 days.

Forecastskill wasfound,consequently, tobebetterwhentheISOwasinactiverather

thanactive.
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CadetandDaniel (1988)attemptedto exploit the long timescaleto make

long-rangeempiricalpredictionsof activeandbreakperiodsbut weremetwith lim-

ited success.Recently, Waliseret al. (1999)and Lo andHendon(1999)have

attemptedto apply empirical techniquesto extendthe useful forecastrange. The

statisticalschemesarebasedon bandpassfiltered dataandthe principal compo-

nentsof leadingEOFs,respectively, andbothexhibit skill out to about15days.The

summertimeforecastsfor the Waliseret al. (1999)schemeexhibitedskill across

thenorthernIndianOceanandIndiansubcontinentaswell asin thewesternPacific.

The Lo andHendon(1999)schemewasnotappliedto thesummerseason,although

in theoryit shouldwork similarly, assumingyouchoosetheappropriateEOFssuch

asthosedescribedin Section4.2.

If eitherdynamicorempiricalforecastmodelsimproveto thepointthatthe

ISO,andtheseasonalityof theISO,arewell simulated,theinclusionof information

in anempiricalmodelor theaccuraterepresentationin adynamicalmodelof thetwo

distinct summertimeISO evolutionscould serve to modestlyenhancethe forecast

skill by moreaccuratelypinpointingthetiming of activeor breakperiodinitiation.

TherelativelystrongrelationshipbetweenseasonalISOactivity andSouth

Asian monsoonbehavior haspotentially importantramificationsfor predictionof

seasonalmonsoonstrength.It would appearthatlong-rangeforecastmodelswould

requirethe ability to reasonablysimulatenot only ENSObut alsothe interannual

variationsof ISOactivity to accuratelypredictsummermonsoonstrength.Presum-

ably, modelsthatdo not supportrealisticISOactivity will exhibit lessskill predict-

ing weakmonsoonsbecausethat is whenISO activity is typically heightened.To

thispoint, though,mostGCMseitherdonot reasonablysustainISOsor they under-

estimateits strength(Slingoet al. 1996).Furthermore,aswasshown in thisstudy,
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the sourceof the interannualvariationsof ISO activity remainsunclear, although

it appearsto beunrelatedto any globalSSTanomalies.The fact thatsummertime

ISO activity is sometimesenhancedduring seasonswhenBay of Bengalconvec-

tion, i.e. off-equatorialconvection,is normalor abovenormalsuggeststhattheISO

activity is not dependenton thestateof themonsoonbut ratherplaysanactive role

in determiningseasonalmonsoonstrength.Sincenoknown surfacetropicalbound-

ary conditions,at leastcontemporaneousboundaryconditions,exhibit a significant

relationshipwith ISO activity, it would seemthatthe interannualvariationsof ISO

activity maybemainlychaoticandhencelargelyunpredictable.However, thesum-

mertimeISO activity indicesexhibit significantbiennialvariability which suggests

that interannualvariationsof ISO activity maynot benot chaoticandthat the tro-

posphericbiennialoscillationmaysomehow beinvolvedalthoughit is not clearin

whatmanner.

6.6 Future Work

A numberof theresultsdiscussedin this studycouldbeinvestigatedfur-

ther with models. Of particularinterestis the hypothesisthat the boundarylayer

frictionalconvergenceinto thelow pressurecenterof anoff-equatorialRossbycell is

responsiblefor thenorthwestwardorientedbandof convection.WangandXie’s in-

termediatemodel,which faithfully producessummertimeISOsthatresemblethose

observed, containsonly basicequatorialwave dynamicsinteractingwith tropical

boundarylayerprocessesandparameterizedconvectiveheating.This typeof inter-

mediatemodelwouldbeapowerful tool for investigatingthefundamentalprocesses

thatgovernthesummertimeISOevolution.
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Anotherinterestingtopicof futureinvestigationis theinfluenceof interan-

nualvariability of synoptic-scalewaveactivity. Thenumberof depressionspersea-

sonexhibitssignificantinterannualvariability which maybetied to ENSO (Chang

andWeng1999). As wasshown in Chapter5, theISO modulatesthe formationof

monsoondepressionsandtheir westward-propagatingpredecessors.Furthermore,

theISOexhibitssignificantinterannualvariability in its strength.Thisraisesanum-

berof interestingquestions.Doseasonsof weakISOactivity exhibit fewermonsoon

depressionsandvice versa?If so,assumingthatmoremonsoondepressionscorre-

spondsto enhancedrainfall, how doesthis relateto theresultsshown herethatISO

activity is inverselyproportionalto monsoonrainfall?

Thesourceof theinterannualvariationsof ISOactivity remainsunknown

andwarrantsfurtherinvestigation,especiallyconsideringthepotentialimplications

for seasonalmonsoonprediction. The biennialnatureof the ISO activity indices

suggeststhatanexaminationof therelationshipbetweentheISOandtheTBO could

befruitful. This couldberelatedto themuchlargerresearchtopic of scaleinterac-

tion.

6.6.1 JASMINE Thecompositeresultsof Section3.4.2show anin-

terestingoscillationin Indian OceanSSTthat is relatedto the ISO. Theseresults

suggestthat theISO maybea coupledocean-atmospheremodeof variability. Fur-

thermore,a recentstudyby (Websteret al. 1999)indicatesthat the IndianOcean

maycontainits own form of coupledocean-atmospheremodesof interannualvari-

ability. A recentmodelingstudyon theheatbalanceof the IndianOceanrevealed

significantfluctuationsin meridionalheattransporton ISO-timescales(Loschnigg

andWebster1999). In addition, Wu et al. (1999)show that thetiming of thefirst

northwardpropagatingISOis animportantfactordeterminingthemonsoononset.
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Theseobservations,amongothers,led to theJointAir-SeaMonsoonIN-

teractionExperiment(JASMINE) thattookplacefrom April 8 to June7,1999in the

Bay of Bengalon boardtheNOAA ShiptheRonaldH. Brown. A primarygoalof

thefield experimentis to investigatethebasicphysicsthatunderpinsthe30–40-day

variability of themonsoonwith anemphasison thecoupledvariability.

A time-latitudesectionof OLR retrieved from the stationaryMeteosat-5

satelliteduring the JASMINE period is shown in Fig. 6.1. The black line shows

theship’s latitudeover thecourseof theexperiment.Two intensive observingpe-

riodswerecompleted,thefirst duringa dry andcalmperiodandthelatterduringa

very wet anddisturbedperiod.A northwardpropagatingenvelopeof convectionis

apparentwhich coincidedwith theonsetof themonsoonandresemblesthenorth-

ward propagatingmodesdescribedin this study. Anotherinterestingfeatureseen

in Fig. 6.1 is themodulationof thediurnalcycleby thenorthwardpropagatingsys-

temwith rapidsouthwardpropagatingstormsoccurringdaily throughouttheactive

period.

Thefortuitousweatherpatternsduringthefield experimentpermittedin-

tenseobservations of atmosphericand oceanicconditionsduring both the sup-

pressedand enhancedconvective phasesof what appearsto be an ISO. Conse-

quently, theJASMINE datasetshouldprovideanexcellentopportunityto investigate

thecomplex coupledatmosphere-oceanphysicalprocessesassociatedwith whatap-

pearsto bea well-definedISOcycle.
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