CHAPTERG

CONCLUSIONS

"Lik e mostpoets preadiers, and metaphysiciandje burstinto conclusionsat
a sparkof evidencé

— Henry SeidelCanbyon RalphWaldo Emerson

6.1 Summary

The borealsummerlSO andits impacton andrelationshipto the South
Asian monsoornis the focusof this dissertation.Even thoughthe ISO is typically
strongesturingthe borealwinter andspringseasongMadden1986; Hendonand
Salby1994).theborealsummeidSOis foundto beacentralcomponenbf theSouth
Asianmonsoorsystem.The importanceof the ISO in determiningthe large-scale
active and break phasesover India haslong beenknown (e.g., Yasunaril979;
SinghandKripalani1985)andis confirmedhere. ThelSOis foundto beimportant
to understandingouthAsian monsoorrainfall in at leasttwo otherwaysaswell:
interannualariationsof ISO activity areinverselyrelatedto the seasonamonsoon

strengthandthe ISO modulatesvestward propagatingynoptic-scalevaves.
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6.2 Structure and Evolution of thel SO

A wavenumbeifrequeng spectralanalysisof OLR revealedthat the
northwardpropagatiorof corvectionthatis associateavith thelSOis accompanied
by a concomitanteastvard propagationpoth along the equatorand along Indian
subcontinentatitudes. The northward and eastvard propagatiorcanbe explained
by the eastvard progressiorof a northwestvardorientedbandof corvectionacross
the Indian Oceanbasin. The equatorialcorvection,andthe associatedlivergence
source,excitesa Rossbycell responsdo the westof the equatorialcornvectionin
both the northernandsoutherrhemispheresThe analysispresentedieresuggests
thatfrictional surfacecorvergenceinto the low pressureenterof the Rossbycell,
coupledwith the presencef a very moistboundarylayer maintainedoy underly-
ing warm SSTsandadwectionof moistair by the low-level southwesterlynonsoon
flow, inducesdeepoff-equatorialcorvection(seeFigs.3.9and3.11).

Thenorthwestvard orientedbandof convectionandits eastvard progres-
sionis reproducedy a numberof methods:by regressionwith bothwavenumber
frequeng filtered and anomalousOLR, and by compositingtemporally filtered
OLR. Thewind structureassociateavith the northwestvard orientedbandof con-
vectionis difficult to interpretdueto the complicatecheatingpattern. The surface
frictional corvergenceleadingthe off-equatorialcorvectionappearslearly in the
analysesvhenhewily filtered bandpassvind fields areused.However, dueto the
noisy natureof divergencefieldsthe corvergencesignalis lessclearwhenthewind
fieldsarenot pre-filtered.

The borealsummerlSO exhibits two somevhat differentevolutions, or
modeswhich may be relevantto active andbreakperiodforecasting.Both modes

exhibit the characteristic®f corvectioncoupledto a Kelvin-Rossbywave paclet
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thatmovessteadilyeastvard, but thetwo modesdiffer in how the corvectionin the
centralindianOceardevelopsprior to thematuredevelopmenbf theKelvin-Rossby
wave paclet. The SN modeexhibitsaninitially stationarydevelopmenbf equatorial
convectionwhile the EN modealwaysexhibits eastvard propagatiorof convection
anomaliesThis studyproposeshata potentialfactordetermininghetwo formsof
evolution of convectionis the differentunderlyingbasestates.SN eventsaremore
commonlyencountereduringthebeginningof themonsoorseasomwhentheSSTs
acrosgheequatorialndian Oceanareat a maximum,wherea€EN eventstypically

occurlaterin theseasorafterthe SSTshave cooledsomeavhat.

6.3 Interannual Variationsof the Intraseasonal Oscillation

Two measurethatcapturetheinterannuabariability of summertimdSO
actiity over India aredeveloped. The first measuraisesthe two leadingintrasea-
sonalEOF modesthattogetherdescribethe borealsummenSO. The secondmea-
sureextractsthelSO by wavenumbeifrequengy filtering to the25-80-dayeastvard
wavenumberl—6bandin which1SO spectrapoweris foundto beconcentratedin-
terannuafluctuationsn ISO actiity arefoundto berelatedio yearto-yearchanges
in thenumberof active andbreakperiodsratherthanshiftsin the characteristi¢SO
period. Season®f high ISO actwvity, which containmorewell-definedactive and
breakperiodsthanseason®f low ISO actvity, exhibit significantly more low or
"break” rainfall daysthanseasonslevoid of ISO actvity, particularlyoverland. A
somavhattangentiakesult,which requiresfurtherinvestigationjs thatinterannual
fluctuationsin corvectionover India appearo be uncorrelatedo interannuaFfluc-
tuationsof corvectionover the Bay of Bengal. It is possiblethat the absenceof
anincreasen low rainfall daysduring season®f high ISO actwvity over the Bay

of Bengalmay be a factor Interannuafluctuationsof ISO actvity do not exhibit
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a strongrelationshipwith interannuablariationsin rainfall over the oceanshut do
exhibit aninverserelationshipwith interannualariationsof rainfall over land (see
Fig. 4.20).

The relationshipbetweenENSO and the South Asian monsoonis well
documente@ndreasonablyobust (e.g.,WebsteandYang1992)with warmENSO
yearstypically relatedto weak monsoonyearsand vice versa. The similarly in-
verserelationshipbetween SO actvity andmonsoonrstrengthpointsto a possible
relationshipbetweenthe phaseof ENSOandsummertimdSO actwvity. However,
correlationshetweersummertimdSO activity andENSOor ary otherglobal SST
anomaliesarelow. The lack of ary clearrelationshipbetweenlSO actvity and
global SST anomalies (seealso Slingo et al. 1999; Hendonet al. 1999)im-
plies that interannualvariationsof 1SO actvity are eitherinternally generatecr
arerelatedto interannuakhangesn land surfaceboundaryconditions. Hendon
(1999)amguesthata weakAustralianmonsoommay enhancevintertimelSO activ-
ity by shiftingthe meancornvectiondistribution closerto theequatomwhich presum-
ably is a morefavorableconditionfor 1ISO formation (e.g.,WangandLi 1994;
Salbyetal. 1994). This hypothesignay hold true during northernsummerwith a
weakcontinentalndianmonsoomermittingstrongedSO actvity. But, thedeepest
off-equatoriamonsoorconvectionduringsummels locatedovertheBay of Bengal
(seeFig. 1.3) whereinterannuathangesn OLR arerelatively unresponsie to in-
terannuakhiftsin ISO actiity (seeFig. 4.20). Thereforejt would appeathatsome
strongsummertimdSO actvity seasongrealsomarked by off-equatorialcorvec-
tion thattheoreticallywould inhibit ISO actiity. This conflictingevidencesuggests

thatthe interannuablariationsof ISO activity may not be forcedby the strengthof
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themonsoon.Thisresultmaybe of significancan termsof forecastingpotentialof

seasonamonsoorrainfall (seeSection6.5for furtherdiscussion).

6.4 Modulation of Synoptic-Scale Waves

The canonicalintraseasonaequencef eventsdescribedn Section5.5
summarizeshe primaryresultsregardingmodulationof synoptic-scalevaves.The
ISO modulateghe westward propagatingsynoptic-scalavaves, suchasmonsoon
depressionghatarethe sourceof a sizeabldractionof the total monsoorrainfall.
The modulationaffectsthe SouthAsian monsoorregion in two ways. During the
active ISO phaseover India, the ISO actsasan ernvelopeof westward propagating
synoptic-scalevave disturbancesvhich is a resultthat hasbeenobsenred before
(Murakamil984; Krishnamurtietal. 1985)andwasreproducedn modelingstud-
ies (Lau andPengl1990). During the suppressedSO phase(i.e., during a break
periodoverIndia)theactive ISO corvectionis locatedoverthewesternPacific. The
ISO corvectionexcites synoptic-scalavavesin that area. Thesedisturbancegan
subsequentlpropagatevestward acrossSoutheasAsia, generatindgheary precipi-
tationduringanotherwisedry period.

Themodulationof westwardpropagatinglisturbanceby theactive phase
of thelSO deseressomemoreattentionin relationto thetheoryof LauandPeng
(1990) that wasintroducedin Section5.1. Lau and Pengfound, via a linear sta-
bility analysisof quasi-geostrophimotion, that the interactionbetweenthe large
scalemonsoorflow, specificallythe meaneasterlyverticalwind shearandthe la-
tentheatingassociatedvith the equatorialpassingof the ISO cornvection,induces
unstablewestward propagatingaroclinicdisturbancesThe resultspresentedhere

corroboratdau andPengs modelresults.Lau andPenggo on to hypothesizehat
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the excitementof the westward propagatingdisturbancegrives the rapid north-
ward shift in meancorvection,since,whenthe disturbancesreviewedin atime-
averagedsensethey depicta northwardshift of the ITCZ. However, in Section3.3
it was shavn that the northward movementof 1SO corvection appeardo be the
resultof large-scaldrictional moisturecorvergenceinto the off-equatorialRossby
cellsthatflank the equatorial SO cornvection. WangandRui (1990)obseredthat
a singlenorthward propagatingeventis composedf a numberof tropical storms,
monsoordepressionsgndothersynoptic-scalelisturbancesgachonecontributing
to the overall movementand characteiof the oscillationbut not fully determining
eitherthe movementor strength. Therefore,it seemdikely that the two mecha-
nisms,excitementof synoptic-scal@isturbanceandlarge-scaldrictional moisture
cornvergence work in concertto governthe evolution of ary individual northward
propagatingvent.

Thetimescaleof thenorthernsummed SO appearso beshorterataround
35 dayscomparedo thetimescaleof the ISO duringnorthernwinter which is cen-
teredat about45-50days (Hartmannet al. 1992). In an effort to explain the
differentlSO periodsbetweersummerandwinter, WangandXie (1997)proposed
a theory supportedoy modelresults,that saysthat as SO cornvectiondissipates
nearthe datelineandthe Kelvin-Rossbywave paclet decoupledrom the corvec-
tion, Rossbywavesemanatdrom the region and propagatevestward towardsthe
IndiansubcontinentAccordingto WangandXie’s theory whenthe Rossbywaves
reachthe Indianmonsoorregion, they amplify andexcite corvectionat the equator
yieldinganew ISO andeffectively generatinga 30—35day period. Sucha sequence

doesnotoccurduringwinterbecauséhelack of aneasterlyerticalwind sheaidoes
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notsupportheamplificationof thewestwardpropagatindgRossbywaves. It is some-
what unclearwhetheror not the resultsshavn heresupportthis theory Westward
propagatinglisturbancesexcited by the ISO in the westernPacific, do propagate
onto the Indian subcontinent.However, this sequencaloesnot occur during ev-
ery ISO andis not clearly linked to the initiation of a new ISO at the equator In
addition,thesynoptic-scalelisturbanceappeato beinitiatedby theinteractionbe-
tweenequatoriakornvectionandthe easterlyerticalwind shearassociateavith the
ISO andnot by decouplingof the Kelvin-Rossbywave paclet from the corvection
asit dissipatesat the dateline.Neverthelesspossiblelinks betweerthis studyand

themodelingresultsof WangandXie shouldbe exploredfurther.

6.5 Implicationsfor Prediction

A fundamentalmplication of this studyis thatin orderfor accuratesim-
ulationsor forecastsf the SouthAsian monsoorto be made,modelsmustaccu-
ratelyportraythesummertim@SO. Thisrequirements clearlyimportantfor skillful
medium-rangdorecastingf actve andbreakperiodsof rainfall.

Thelongtimescaleof the SO suggestshatskillful forecastshouldtheo-
retically be possiblebeyondthe 7 daystraditionally consideredo be the maximum
rangefor dynamicalforecasts. ChenandAlpert (1990) demonstratedhat when
the SO amplitudeis large, NCEPmodelforecastskill of ISO propagatiorandam-
plitude were quite goodout to about10 days. Hendonetal. (1999)shavedthat
the NCEP Medium RangeForecastmodelwas unableto sustainthe corvectively
coupledropicalcirculationanomaliesssociatewvith theISO beyondabout5 days.
Forecasskill wasfound,consequentlyto bebetterwhenthelSOwasinactiverather

thanactive.
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CadetandDaniel (1988)attemptedo exploit the long timescaleo make
long-rangeempiricalpredictionsof active andbreakperiodsbut weremetwith lim-
ited success.Recently Waliseretal. (1999)and Lo and Hendon(1999) have
attemptedo apply empiricaltechniquego extendthe usefulforecastrange. The
statisticalschemesare basedon bandpassfiltered dataand the principal compo-
nentsof leadingEOFs respectrely, andbothexhibit skill outto aboutl5days.The
summertimeforecastdor the Waliseretal. (1999)schemeexhibited skill across
thenorthernindianOceanandIndiansubcontinenaswell asin thewesternPacific.
The Lo andHendon(1999)schemeavasnotappliedto thesummerseasonalthough
in theoryit shouldwork similarly, assuming/ou choosethe appropriateEOFssuch
asthosedescribedn Sectior4.2.

If eitherdynamicor empiricalforecasmodelamproveto thepointthatthe
ISO, andtheseasonalityf thelSO, arewell simulatedtheinclusionof information
in anempiricalmodelor theaccurateepresentatiom adynamicaimodelof thetwo
distinct summertimd SO evolutionscould sene to modestlyenhancehe forecast
skill by moreaccuratelypinpointingthetiming of active or breakperiodinitiation.

Therelatively strongrelationshifbetweerseasondlSO activity andSouth
Asian monsoonbehaior haspotentiallyimportantramificationsfor predictionof
seasonamonsoorstrength.lt would appeathatlong-rangeorecastmodelswould
requirethe ability to reasonablysimulatenot only ENSO but alsothe interannual
variationsof ISO actwity to accuratelypredictsummemonsoorstrength.Presum-
ably, modelsthatdo not supportrealisticISO activity will exhibit lessskill predict-
ing weakmonsoondecausehatis whenlSO actwity is typically heightened.To
this point, though,mostGCMseitherdo notreasonablpustain SOsor they under

estimatdts strength (Slingoetal. 1996). Furthermoreaswasshaown in this study
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the sourceof the interannualvariationsof 1SO actvity remainsuncleay although
it appeargo beunrelatedo ary global SSTanomalies.The factthatsummertime
ISO actwity is sometimesnhancedluring seasonsvhenBay of Bengalcorvec-
tion, i.e. off-equatorialcorvection,is normalor abose normalsuggestshatthe ISO
actiity is notdependenbn the stateof the monsoorbut ratherplaysanactive role
in determiningseasonainonsoorstrength.Sinceno known surfacetropicalbound-
ary conditions,at leastcontemporaneousoundaryconditionsexhibit a significant
relationshipwith ISO actwvity, it would seemthatthe interannuabariationsof ISO
activity maybemainly chaoticandhencedargely unpredictableHowever, the sum-
mertimelSO actwity indicesexhibit significantbiennialvariability which suggests
thatinterannuablariationsof ISO actvity may not be not chaoticandthatthetro-
pospheridiennialoscillationmay somehav be involvedalthoughit is not clearin

whatmanner

6.6 FutureWork

A numberof the resultsdiscussedn this studycouldbe investigatedur-
ther with models. Of particularinterestis the hypothesighat the boundarylayer
frictional corvergenceanto thelow pressureenterof anoff-equatoriaRosshycellis
responsibldor the northwestvard orientedbandof convection.WangandXie’sin-
termediatanodel,which faithfully producessummertimdSOsthatresembldéhose
obsenred, containsonly basicequatorialwave dynamicsinteractingwith tropical
boundarylayer processeandparameterizedorvective heating.This type of inter-
mediatemodelwould beapowerful tool for investigatinghefundamentaprocesses

thatgovernthe summertimdSO evolution.
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Anotherinterestingopic of futureinvestigatioris theinfluenceof interan-
nualvariability of synoptic-scalevave actwvity. Thenumberof depressionpersea-
sonexhibits significantinterannuavariability which maybetiedto ENSO (Chang
andWeng1999). As wasshavn in Chapters, the ISO modulateghe formationof
monsoondepressionsindtheir westward-propagatingredecessorsk-urthermore,
thelSO exhibits significantinterannualariability in its strength.Thisraisesanum-
berof interestingquestionsDo seasonsf weaklSO actiity exhibit fewermonsoon
depressionandvice versa?lf so,assuminghatmoremonsoordepressionsorre-
spondgo enhancedainfall, how doesthis relateto the resultsshovn herethatISO
actwvity is inverselyproportionalto monsoorrainfall?

The sourceof theinterannualariationsof ISO actvity remainsunknavn
andwarrantsfurtherinvestigationgspeciallyconsideringhe potentialimplications
for seasonamonsoonprediction. The biennial natureof the ISO actwity indices
suggestshatanexaminationof therelationshipbetweerthelSO andthe TBO could
befruitful. This couldberelatedto the muchlargerresearchopic of scaleinterac-
tion.

6.6.1 JASMINE Thecompositeesultsof Section3.4.2shav anin-
terestingoscillationin Indian OceanSST that s relatedto the ISO. Theseresults
suggesthatthe ISO may be a coupledocean-atmospheraodeof variability. Fur
thermorearecentstudyby (Websteretal. 1999)indicatesthatthe IndianOcean
may containits own form of coupledocean-atmospheraodesof interannuakari-
ability. A recentmodelingstudyon the heatbalanceof the Indian Oceanrevealed
significantfluctuationsn meridionalheattransporton ISO-timescalesLoschnigg
andWebsterl999). In addition, Wu etal. (1999)shaw thatthe timing of thefirst

northwardpropagatindSO is animportantfactordetermininghe monsooronset.
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Theseobsenations,amongothers,led to the Joint Air-SeaMonsoonIN-
teractionExperimen{JASMINE) thattook placefrom April 8to June7, 1999in the
Bay of Bengalon boardthe NOAA Shipthe RonaldH. Brown. A primary goal of
thefield experimentis to investigatehe basicphysicsthatunderpinghe 30—40-day
variability of themonsoorwith anemphasi®n the coupledvariability.

A time-latitudesectionof OLR retrieved from the stationaryMeteosat-5
satelliteduring the JASMINE periodis shavn in Fig. 6.1. The blackline shavs
the ship’s latitude over the courseof the experiment. Two intensve observingpe-
riodswerecompletedthefirst duringa dry andcalmperiodandthelatterduringa
very wet anddisturbedperiod. A northward propagatingernvelopeof convectionis
apparenivhich coincidedwith the onsetof the monsoornandresembleghe north-
ward propagatingnodesdescribedn this study Anotherinterestingfeatureseen
in Fig. 6.1is themodulationof the diurnal cycle by the northward propagatingys-
temwith rapid southvard propagatingstormsoccurringdaily throughouthe active
period.

The fortuitousweathermatternsduring the field experimentpermittedin-
tenseobsenations of atmosphericand oceanicconditionsduring both the sup-
pressedand enhancedcorvective phasesof what appeargso be an 1ISO. Conse-
quently the JASMINE dataseshouldprovide anexcellentopportunityto investigate
thecomple coupledatmosphere-oceahysicalprocesseassociatewvith whatap-

peardo beawell-definedlSO cycle.
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9C’E during JASMINE. The RonaldH. Brown ship track is superimposeavith a

solid blackline.
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