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in conjunctionwith a northwestvard tilting bandof off-equatorialcorvectionthat
extendsto near2’N. As the entire systemof corvection movesto the east,the
tilted structureof the off-equatorialcorvectionbandgeneratesn apparennorth-
ward movementalongindividual meridians.

Section1.2.3 provided a brief summaryof the potential causesof the
stronginterannualvariability of the SouthAsian monsoon. The interannualfluc-
tuationsare variouslyattributedto a wide variety of relationshipsfrom ENSOto
Eurasiarsnow cover.

Anotherpotentialsourceof interannuafluctuationsn SouthAsianmon-
soonstrengthis interannuablariationsof intraseasonabscillationactvity. Suchis
thecasefor theAustralianmonsoorfor which Hendon(1999)foundthatgloballSO
activity duringborealwinteris inverselyrelatedto Australianmonsoorstrength.In
otherwords,winter seasonghatarecharacterizethy strongandnumerousntrasea-
sonaloscillationstendto correspondo season®f reducednorth Australianmon-
soonrainfall. However, the ISO is considerablystrongerand moreregular during
northernwinter (e.g.,Maddenl1986; Hendonand Salby1994)andthe Australian
monsoons locatedcloserto theequatoywherethelSO is mostinfluential,thanthe
SouthAsianmonsoon.

Neverthelessa numberof authorshave obsened yearto-yearvariability
in thestrengthandcharacteof thesummertimdSO. Yasunar{1980)obsenedthat
the characteristiperiodof oscillationdroppedsignificantlyto near60 daysduring
thesummerof 1972,a severedroughtyearin India, comparedo thetypical 40 day
period. MehtaandKrishnamurti(1988)foundthatcertainsummersexhibit regular
northward propagatiorof corvectionwhereasluring othersummerghe northward

propagationis irregular or absententirely  Singhet al. (1992) found that the
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seasonalSO intensityvariesby half to doubleits averageintensity Chowdhury
etal. (1988)shaved, from limited data,thatthe interannualariability of the ISO
actuity is relatedto theoverall performancef themonsoon. Ferrantietal. (1997),
usingdatafrom five 10-yearEuropearCenterfor Medium-Rangé&VeatheiForecasts
(ECMWEF), found that intraseasonahnd interannualfluctuationshave a common
dominantmodeof variability in the Asianmonsoorregion.

An example of yearto-year changesin summertimelSO behaior is
demonstratech Fig. 4.1, which displaysdaily timeserief precipitationover cen-
tral Indiafor the1987and1988summersandin Fig. 4.2,whichshavstime-latitude
sectionsof precipitationalong 75°—80°E for the sametwo seasons. The 1987
summerseasons marked by threedistinctactive periodseachseparatedby about
40 days. Comparisorto the time-latitudesectionin Fig. 4.2 revealsthatall three
active periodsover centralindiaareassociateavith northward propagatingystems
of precipitation.Corversely duringthe 1988summeiseasonnowell-definedactive
or breakperiodsarediscernible.Instead the precipitationtimeseriess marked by
relatively steadyrainfall from onedayto the next throughouthe seasonin partic-
ular, the 1988summeitis largely devoid of low rainfall days.Moreover, evidenceof
coherennorthward propagations absent. Vernekaretal. (1993)founda marked
differencen ISOintensitybetweerthe 1987 ,whenlSO actiity washigh,and1988,
whenlISO actvity wasvirtually absent.

Previous studiesof interannualvariationsof 1ISO actvity have searched
for a relationshipwith ENSO. Hendonetal. (1999)and Slingoetal. (1999)
foundthatthe amplitudeof wintertimelSO actvity is essentiallyuncorrelatedvith
tropical easterrPacific SSTanomalieor ary otherSSTanomaliedor thatmatter

However, theredoesappeato be a detectableeastvard displacemenof wintertime
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ISO actvity duringa warm ENSOevent (Gutzler1991; Fink and Speth1997;
Hendonretal. 1999).TherelationshigetweerENSOandsummertimdSO actvity
is not aswell understoodjput throughexperimentswith a 5-level global spectral
model, KrishnanandKasture(1996)foundthatthe northward propagatiorof con-
vectionis moreregularandof slower periodfor warm ENSOexperiments.

This chapterbegins, in Section4.2, with a descriptionof two objectve
measuresf summertimdSO actvity. Sectiond.3introduceghevariousmonsoon
strengthindicesthatareusedandbriefly examineghemonsoon-ENSQ®elationship
accordingotheseandices.ThelSOactvity indicesaresubsequentlysedn Section
4.410 exploretheintricaterelationshipdbetweersummertimdSO actiity, ENSO,
andthelndianmonsoonSectiord4.5is devotedto a summaryanddiscussiorof the

resultsof this chapter

4.2 Measuresof Boreal Summer SO Activity

In this section two objectve indicesrepresentinghe seasonameanlSO
cornvectiveactvity aredevelopedusingdaily-averagedOLR data.A primarylimita-
tion onstudiesof interannualrariability of ISO actwvity in thepasthasbeenthelack
of availability of along termglobal datarecordthatis suitableto resole the ISO.
The OLR datarecordis currentlylong enoughthat interannuablariability studies
canbe conductedvith areasonabléegreeof confidencen theresults.

Simplecorrelationsareusedto diagnoseahe relationshipdetweennter-
annuallSO variability, ENSO,and SouthAsian monsoonstrength.Making useof
the two-tailed Students t test, the minimum significantcorrelationcoeficient, r,,

canbedefinedas
tp

Tp = —f———s
JN =2+,

(4.1)
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wherep is thedesiredprobabilityvalue, N is the degreesof freedom(d.o.f.) of the
interannuatimeseriesandt is the cutoff valuein a Students t distribution for the
specifiedprobabilityandd.of.. Assuming22 d.o.f. (onefor eachyear),ther, cor
relationcoeficientsare0.28,0.36,and0.49for the 90%,95%,and99% probability
levels,respectiely. Thesevaluessaythattheabsolutevalueof the correlationcoef-
ficient betweenwo interannuaindicesmustbe greaterthan0.36to be considered,
ataprobability of 95%,to bedistinctfrom azerocorrelation.

Two methodsof filtering are usedto isolatethe OLR signal associated
with the northernsummerSO. Thefirst methodis basedon the resultsof Section
3.2.2which shavedthatat both equatorialand Indian subcontinentatitudes,low-
frequeng intraseasondLR variancds concentrateth the 25-80-dayperiodband
at eastvard wavenumbersl through3. Therefore,a wavenumbeifrequeng filter
is appliedto the global OLR datasetretainingperiodsof 25-80daysandeastvard
wavenumberd through6. Therangeof zonalwavenumberss broaderthanthatof
Section3.2.2sothatinterannualisplacementsf variancecanbe bettercaptured.
Hereafterin this chapter the wavenumbeifrequeny filtered OLR will bereferred
to asOLRy; g0, Wherethe ”25-80” denoteghe retainedperiodrangeandthe "e”
reflectstheretainedzonalwavenumbers] through6.

The secondfiltering methodemploys an empirical orthogonalfunction
(EOF)analysisof intraseasonallfiltered(25-80days)OLR (OLRy5_sp). TheEOFs
arecalculatedusingextendedsummeyMay to Octobeyintraseasonallfiltereddata
(bandpaséilteredretainingperiods25-80days,OLRs5_so) from alimited domain
thatencompassethe SouthAsian monsoorregion andincludesthe areaof maxi-
mumtropical easterrhemispheré®LR,5_g variance(40°—180E, 20°S—-30N, see

Fig. 4.7a). Theleadingtwo EOFs,showvn in Fig. 4.3a,arenot separablaccording
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to the criteriasuggestedby Northetal. (1982). Two eigenmodeganbe consid-
eredinseparablef the correspondinggigervalue ), is not well separatedrom the

neighboringonesithatis,
A1 < AX,_1  and oA, < AN, (4.2)

where

SAn_1 = An(2/L)"/? (4.3)

is the samplingerrorof A\,, A\, = A\, — A1 is the eigervalue increment,and
L is the estimatedeffective d.o.f.. If )\, > A\, but é\n -1 > AM,_; and
oan+1 > AM,.1, thenthe two eigenmodes: andn + 1 area pair that likely
represent physicallymeaningfulpropagatingpattern. The estimated.o.f. is the
total numberof datasampleq182 days(MJJASO) x 22 years= 4004)divided by
thetimescaleof the oscillation(~ 50 days).

The leadingtwo inseparabld&eOFsexplain about16% (8.8% and 7.1%)
of the intraseasona|25-80-day)variancein this domain. The two modesclosely
resembldaheleadingtwo OLR EOFsfoundby LauandChan(1986)for the 1975
to 1982summers.The maximumcorrelationbetweerthe two principalcomponent
timeseriess 0.66at a 9—10day lag (Fig. 4.3b),indicatingan oscillationperiod of
around36-40days. The leadingtwo EOFstogetherdescribea propagatingnode
thatappeardo capturethe low frequeng corvectie signaturethatis uniqueto the
northernsummenSO. The SO signaturedescribedn detailin Section3.3,begins
with equatorialconvectionin the centralequatoriallindian Ocean(EOF1) which
propagate$o the east.Associatedvith the eastvard propagatingcorvectionalong
theequatoiis a northwestvardtilting bandof corvection(EOF2)thatis responsible
for thenorthwardpropagatiorthatis obsenedalongindividualmeridiansacrosshe

Indian Oceanbasin. Onecanreconstrucein OLR timeseriesasedon the leading
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Figure4.3. (a) Leadingtwo EOF loading vectorsof extendednorthernsummer
25-80-dayfiltered OLR. Extendedhorthernsummeris May to October EOFscal-

culatedfrom datain limited domainshovn. Contoursareevery 0.1 with the zero

contouromitted. (b) Laggedcross-correlatiorof principal componentimeseries.
EOFmodel with itself (solid line), EOF model with EOFmode2 (dashedine).
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two EOFsby matrix multiplying the eigervectorswith their respectre principal

componentimeseriesthatis,

OLRgor(s,t) = i:lej(s)aj(t) (4.4)
j=
wheree; is the eigervectorsand a; is the principal componenttimeseriesand
OLRgor isthereconstructe@LR timeseries.

A primarydravbackof EOFanalysigs thattheretrievedeigenmodesan
be sensitve to the choiceof subdomain.To counterthis limitation, the resultsof
anEOFanalysiscanberotatedsuchthatthe principalcomponentimeseriesemain
temporallyorthogonalhile the spatialorthogonalityconstraintof the EOF modes
is relaxed. Theadwantage®f rotationarethatthe resultsarestableto the choiceof
subdomaimandthateachEOF modeis highly correlatedwith timeseriesn only a
few geographicategions;thus,eachgrid pointtimeseriess describedy asfew as
possiblemodes (Richman1986).

The leadingthreemodesof a rotatedEOF analysisof extendedsummer
OLRy5_go over the samesubdomairdescribedabore areshownn in Fig. 4.4a. The
resultsare similar to thoseshown in Fig. 4.3 exceptthat herethe first three ro-
tatedEOF modesare foundto be inseparable. Togethey the leadingthreerotated
EOFsdescribebasicallythe samepropagatingnodeasthat describedoy the lead-
ing two unrotatedEOFs. Thetotal varianceexplainedby the threeleadingrotated
EOF modesis only slightly greater(17%) thanthat explainedby the leadingtwo
unrotatedEOF modeq16%). Furthermoreindividualgrid pointtimeserieof OLR
reconstructedrom the leadingtwo EOF modesandthe leadingthreerotatedEOF
modescorrelateat greaterthan 0.94 throughoutthe core Indian monsoonregion.
Thesimilarity betweertheresultsof the unrotatedandthe morestablerotatedEOF

analysesuggestshatthe unrotatedEOF analysisadequatelyextractsthe northern
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summerlSO corvectie signature. For the remainderof this chaptey the results
presentednalke useof OLR reconstructedrom the simplerunrotatedEOF modes.
However, all the primary resultsweretestedwith OLR reconstructedrom the ro-

tatedEOF modes. No significantdifferenceswvere obsered, indicating that both

EOF analysesaptureessentiallythe samepredominantharacteristicef the sum-
mertimelSO.

It is relevant to notethat restrictingthe EOF and rotatedEOF analyses
to borealsummeris requiredto extractthe modesshavn here. Whendatafrom
theentireyearis analyzedthedominantintraseasonahodeis thestrictly eastvard
propagatingSO thatis encountereduringborealwinterandspring (LauandChan
1988; ZhangandHendon1997).

Thevarianceof thetwo filtered datasetsQLRgor andOLRy5_sq., IS aS-
sessedisingwavelet analysis (for detailson wavelet analysis,see Torrenceand
Compol1998).At eachgrid pointandfor eachextendedsummerseasonthewavelet
variancespectrums calculatedrom 184-day(May to October)filtered OLR time-
serieOLRgor 0r OLRy5_g0.) UsingaMorlet waveletbasis.Theindividualwavelet
variancespectraareaveragedover all 45 grid pointswithin a corelndianmonsoon
region (70°-9C°E, 10°—20°N) andover the 22 extendedsummerdncludedin this

studyto producethe compositavaveletvariancespectrashovn in Figs.4.5and4.6.

Thecompositevaveletvariancespectrunof OLRgor (Fig. 4.5a)exhibits
maximumvariancen earlyJuneatperiodgustunder40days.Thewaveletvariance
remainshigh throughouthe summemonsoorseasorbeforedippingnoticeablyin

October The meanoscillation periodslowly increasefrom near37 daysat the
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Figure4.5. Waveletanalysisof reconstructe@®LRgor. Waveletanalysesarecom-
pletedon 184-day(May—OctoberOLRgor timeseriesat eachgrid pointincluded
in 700-9CE, 10°—20°N box. The 45 (9 longitudesx 5 latitudes)wavelet spectra
areaveragedo generateanarealaveragedvaveletspectrunfor eachyear The22
individual wavelet spectrafrom 1975-1997excluding 1978, areaveragedo form
an ensemblewvavelet variancespectrum. (a) Ensembleaveragewavelet variance
spectrum. Contourlevels are every 400 W? m—* from white to dark grey. Area
filled with slantedinesindicatestimesandperiodswhich arenot outsidethe cone
of influence (seeTorrenceandCompo1998)). Waveletvarianceat thosetimesand
periodsmay be influencedby edgeeffects. (b) Frequeng spectrumgeneratedy
averaging(a) overthe June—Septembeeriod. (c) Scale-aeragedvaveletvariance

over 25—-80-dayperiodband.
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beginning of the monsoorseasorio around46 daysby the endof the seasonFig-
ure 4.5b shawvs the meanfrequeng spectrumgeneratedy averagingthe wavelet
variancespectrunover the Juneto Septembeperiodonly. Thefrequeng spectrum
exhibits a peakat 40 days. The compositewavelet variancetimeserieds derved
by computinga weightedaverageof the wavelet variancespectrum. The use of
waveletderivedvariancds chosenn lieu of squared-bandpasariancebecauseor
awaveletderivedvarianceestimateshorttimescaldluctuationsareanalyzedvith a
shortwindow andlong timescaldluctuationsareanalyzedvith along window, thus
providing amoreaccurateestimateof thetotal variancewithin theperiodband.The
compositevaveletvarianceimeseriegFig. 4.5c)reflectsthevisible characteristics
of the total wavelet spectrumwith the highestvarianceencounteredt the begin-
ning of themonsoorseasoriollowedby a steadymeanvariancethroughthe restof
themonsoorseasorbeforea significantdropin 1SO varianceduring October The
risein meanlSO variancen May andthefall in meanlSO varianceduringOctober
reflectsheseasonatycle of theregionalinfluenceof thelSO.Duringtheremainder
of theyear intraseasonaDLR varianceis substantiallyreducedat Indian subcon-
tinentlatitudesasthe ISO is locatedprimarily alongthe equator (Madden1986;
HendonandSalby1994).

The compositewavelet spectrumof OLRy5 g0, (Fig. 4.6) exhibits simi-
lar featurego thatof OLRgor with maximumvariancein Juneat a 40 day period
followed by reduced put still high, waveletvarianceduring July throughSeptem-
ber at 40-50-dayperiods. A secondarypeakin the frequeng spectrumoccursat
around60-dayperiods(Fig. 4.6). It is not clearwhatis responsibldor this low-

frequeny peak. It is entirely possiblethat the low-frequeng peakis a statistical
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artifact,especiallysincemostof thewaveletvarianceat this scaleis not outsidethe
cone-of-influencentroducedoy theboundaries.

The seasonameanvariancedistributions of OLRy;_g02, OLRgor?, and
OLRy;5_g0.2 areshavnin Fig. 4.7. Thevariancedistributionsaredeterminedy cal-
culatingthe waveletvariancespectrumat eachgrid point andaveragingthe scale-
averagedvaveletvarianceimeseriessuchastheonesshavnin Figs.4.5cand4.6c,
over the Juneto Septembeperiod. Both the OLRzor? andOLRy;_g.2 represent
roughly1/3to 1/2 of thetotalintraseasondDLR variancen theIndianmonsoorre-
gion. TheOLRgor variancemissesentirelythe peakin total intraseasonalariance
overthe SouthChinaandPhilippineSeadout closelymirrorsthetotal intraseasonal

variancedistribution within the Indianmonsoordomain.

4.3 Monsoon Indicesand Monsoon-ENSO Relationships

4.3.1 Monsoon Indices Thenecessityf anindex thatrepresentm-
terannualndianmonsoorvariability is well appreciatedUnfortunately the defini-
tion of suchanindex is not entirely straightforvard (WangandFan 1999)which
hasledto thedevelopmenbf avarietyof indicesthatall aimto gaugevariousfacets
of theseasonastrengthof themonsoon:

e all-India rainfall index (AIRI) which is basedon a Juneto September
weightedaverageof 306 well distributedrain-gaugestationsacrossindia
(Parthasarathgtal. 1992; Parthasarathgtal. 1994),

e thezonalmonsoorctirculationindex (M) whichis definedasthedifference
betweerthelowerlevel (850-mb)andtheupperevel (200-mb)zonalwinds
averagedover the SouthAsianregion,40°-110E, 0°-20°N (Websterand
Yang1992),and
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e themonsoorHadley (MH) index whichis definedasthedifferencebetween
the lower level (850-mb)andthe upperlevel (200-mb)meridionalwinds
averagedverthesameSouthAsianregion (Goswamietal. 1999).

Here,theM andMH indicesaredeterminedisingthe NCEP/NCARreanalysiglata
for theupperandlowerlevelwinds (Kalnayetal. 1996).Bothverticalsheaindices
aredesignedo reflectthe interannualariability of the broad-scalenonsoonSuch
abroad-scalenonsoorindex is desirabldbecaus¢éhe maximummonsoonaprecip-
itation, and presumablythe maximumheating,doesnot actuallyoccurover India,
but insteads locatedin the Bay of Bengal.A reasonableuestionto askis whether
or not a large AIRI valuecorresponds$o a large broad-scalenonsoonstrengthin-
dex value. Figure 4.8 shaws the regressionof seasonameanOLR ontothe AIRI.
High anti-correlation@ndlow regressedLR valuesareseenacrosdndia andthe
Arabian Seaandeven over portionsof eastAfrica (for discussioron relationship
betweenAlRI andEastAfrican rainfall, seeCamberlin1997). However, thereap-
pearsto be no significantinterannuakelationshipbetweenthe AIRI andseasonal
meanOLR over the Bay of Bengal. Thatis, the seasonameanprecipitationover
Indiaseemgo vary independentlpf precipitationoverthe Bay of Bengal. Therea-
sonfor suchindependentariability is notclearandwill betheemphasi®f afuture
study Neverthelessthe regressiorresultshighlight the importanceof treatingthe
interannuabariability of the two regionsindependentlytherefore with this result
in mind, threeadditionalmeasuresf themonsoorarecalculatecbasedn seasonal
meanOLR:

e OLR;,, which is the seasonameanOLR averagedover the core Indian

monsoorregion, 70°—-10C0E, 10°-20°N,
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coeficientsexceedthe 95%significancdevel basedon 22 d.o.f. (+0.36).
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e OLR;,4i4, WhichistheseasonaneanOLR averagednly overindianland-
massgrid points,and

e OLRgg, whichis theseasonameanOLR averagecnly over Bay of Ben-
galgrid points.

The interannualrelationshipsbetweenthe monsoonindicesare summa-
rizedin Table4.1whichliststhecorrelationsamongstll theindices.As anticipated
by the regressionresultsshavn in Fig. 4.8, the AIRI doesnot correlatestrongly
with OLRpp, but doescorrelatewell with OLR;,4,. Interestingly the AIRI and
OLR;,.4i, themselesdo not correlateperfectly (0.70). For the salke of simplicity
andto provide a”bestestimate’of interannualndianmonsoorrainfall variability a

combinedmonsoornindex is introducedhatis definedas

AIRI — AIRI B OLRn4ia — OLRrpdiq

O AIRI OOLR;nia

AIRI-OLR[ndZ'a == (45)

wherethe minussignin front of the secondterm on the right is dueto inversere-
lationshipbetweerrainfall andOLR. Theoretically sinceM andMH aredesigned
to reflectthe broad-scaleanonsoonvariability, they shouldcorrelatestronglywith
the total monsoonOLR index, OLR;,,, but the correlationsarerelatively weakat
0.35and0.23,respectrely. In fact, bothindicessurprisinglycorrelatebetterwith
OLR;,.4i, thanOLRy,,. Therehasbeensomespeculatiorthatthe monsoorcircula-
tion indicessuffer from a too weakdivergentwind in the NCEP/NCARreanalysis
product(WebsterandTomas personatommunication).

4.3.2 Monsoon-ENSO Relationships  The stateof ENSOis evalu-
atedhereusing the Nifio3 SST index, which is calculatedby averagingmonthly
ReynoldsSSToverthedomain5°S-5N, 150-90°'W. Overthe22yearsconsidered

in this study the simultaneousorrelationdetween]AS Niio3SSTandthe AlRI,
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Table4.1. Correlationsbetweenseasonalndian monsoonindicesover 22 years
(1975-1997 excluding 1978). For all correlations,a positive correlationvalue
indicatesa positive relationshipbetweerthetwo measuresf monsoorstrength.

Monsoonindex | AIRI  OLR;y OLRru4. OLRgg M MH
AIRI -

OLR;y 0.23 -

OLRdia 0.70 0.71 -

OLRgg 0.04 0.93 0.52 -

M 0.27 0.35 0.58 0.20 -

MH 0.50 0.23 0.59 0.27 022 -
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OLR;p4ia, OLR;ys, andOLRg 5 are—0.32,0.44,0.18,and0.02,respectiely. Corre-
lationsareslightly greaterby about0.1if thesubsequerDJFNino3SSTis usedto
represenENSO (the larger correlationsaredueto wintertimepeakin evolution of
ENSOevents, (TorrenceandWebster1999)). Historically, theinversecorrelation
betweenENSO andIndian rainfall hasbeenstrongerandthe relatively weakcor
relationsover the 22 yearrecordconsiderecheremay reflectobsenrationsthatthe
monsoon-ENSQelationships wealeningin the 19905 (Goswamietal. 1999).In
particular despitehenearrecordstrengthof the 1997EI Nifio, thelIndianmonsoon

rainfall wascloseto normal (WebsterandPalmer1997).

4.4 Interannual Variationsof SO Activity

4.4.1 Changesin|SO Characteristics Indicesthatcapturetheyear
to-yearvariationsof summertimelSO actvity in the Indian monsoonregion are
determinedy averaginganindividual seasors waveletderivedvariancetimeseries
(e.g.Fig. 4.5cexceptfor a singleextendedsummeynottheensemblenean)across
the Juneto Septembeperiod. The seasonaéstimatesof the two ISO actwvity in-
dices,[OLRgor?] and[OLRy5_s0.2] , areshovn in Fig. 4.9. Thetwo 1SO activity
indicescorrelatewith eachotherat0.83,indicatingthatthey capturdargely similar
interannuafluctuationsof ISO actity.

The first questionto ask is whether or not the objectvely defined
[OLREor?] and[OLRys_g0.%] 1SO activity indicesreasonablyeflectobseredin-
terannuabummertimdSO actwity fluctuations A visualinspectiorof time-latitude
OLR diagramsndicatesthat season®f high (low) 1ISO actvity asdefinedby the
waveletderivedindicesare(arenot) characterizedy regularnorthwardpropagation
of convection.Furthermorealinearregressiorof thetotalseasonaineanOLRy5_gqg

varianceonto[OLR g0 2] (Fig. 4.10)shavsthatenhancedSO activity in thelndian
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Figure4.9. SeasonallyveragedSO actvity indicesfor JAS. Solidline is ISO ac-
tivity index basednvarianceof OLR reconstructeffom EOF1landEOF2.Dashed
lineisindex basedn seasonalarianceof OLR filteredto 25-80-daysndeastvard
wavenumberd through6. Bothindicesrepresenspatiallyaveragedvarianceover
thecorelndianmonsoorregion 70°-9CE, 10°—20°N.
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monsoorregion coincideswith enhancedhtraseasonalarianceacrosghenorthin-

dianOceanbasinaswell asareado the north of the equatorin the westernPacific

Ocean.Theareaof enhancedntraseasonatorvective variancelargely mirrorsthe

climatological OLRgor varianceshavn in Fig. 4.7b, indicating that interannual
variationsof the[OLR g0 %] index reflectinterannuabariationsof the entiresum-
mertimelSO systemwhich includesboth eastvard propagatioralongthe equator
andnorthward propagatiorontothendiansubcontinent.

A characteristidSO period can be deducedby averagingthe seasonal
waveletvariancespectrunfrom Juneto Septembe(e.qg.,Fig. 4.5bexceptfor single
seasonandidentifyingthe periodexhibiting maximumvariance . Thecharacteristic
periods,determinedy this method vary widely from alow of 27 daysto a high of
63 daysfor both ISO actvity indices. The true spreadof ISO periodsmay not be
asbroadbecauseduring seasonsvhenthe [OLRzo %] and[OLRys_g0.2] indices
arelow, a characteristiperiodcannotbe clearly distinguishedecaus¢he average
frequeng spectrums weakandnearlyflat (not shavn). During seasonsvhenlSO
actuwity is strong,andthereforea characteristi¢SO periodis readilyidentified,the
characteristigeriodrangeis limited to between34 and 45 daysfor both indices.
Thecorrelationbetweerthe characteristiperiodandthe ISO actwity index during
stronglSO actiity seasons only 0.14for [OLR o 2] and—0.01for [OLR5_gg.?]

. Thelow correlationamply thatthe periodof oscillationis not a decisve factorin
determiningheamplitudeof ISO actity.

In contrast,correlationsbetween SO actvity indicesandthe numberof
discreteactiveandbreakperiodsare0.61and0.58for [OLR o 2] and[OLR5_go. ]

. The actve and breakepisodesare defined,relative to the core Indian monsoon

region, asminimumsand maximumsof OLRgzor and OLRs5_go. thataregreater
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Figure 4.10. Regressionof June-Septembanean OLRy;_g,? onto [OLRgo#?]

for the 22-years1975-1997excluding 1978). OLRys_g,? is shovn asanomalies

from the seasonaieanOLRys_g,? distribution for a1.50 anomalyof [OLR 0 #?]
Regressiononto [OLRs5_s0.2] is similar due to high mutual correationwith

[OLREOF2] .
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thanone-standard-dation (o) from the long term mean. By this definition, the
numberof discreteactive andbreakeventsthatoccureachseasomangedrom 1 to
6 perseason.

The relationshipbetweenlSO actvity and precipitationis examinedin
moredetailby utilizing adaily precipitationdatasetThis precipitationdatasespans
theyears1979-1995a 17 yearsubsetof the OLR data,and meigesdaily station
dataover land with Microwave SoundingUnit (MSU) dataover the oceans.Due
to the non-Gaussiamlistribution of precipitation,a more robust methodof identi-
fying the +10 estimateds requiredto identify "active” and”break” precipitation
days. The upperand lower one-standard-dgations are defined,asin Sheaand
Sontakle (1995),by first sortingthe daily precipitationestimatesrom theentire17
yearsummerprecipitationrecord(96 summerdaysx 17 years= 1632total days)
into ascendingrder The 1/6thand5/6thsextiles arethendefinedas

o

X1 =2(>) and X = ( -

1 G 5 ) (4.6)
whereN is thetotal numberof days(1632)andz(n) is the precipitationtimeseries
aftersortinginto ascendingrder Daysin which precipitationvaluesfall below X%
andabove X s are definedas”break” and”active” days,respectrely. The 96 day
precipitationtimeseriesggin at the relatvely late dateof Junel5 of eachyearto
eliminatetheinfluenceof monsooronseton the precipitationdistribution.
Onewould anticipatethat a seasorof strongISO actvity would include
bothmoreactive andmorebreakdaysthanduringa seasorof comparatrely weak
ISO actwity. Figure4.1lashavstheaveragenumberof daysin which precipitation
overcentralindiafallsinto eachsextile for thetopfive ISO actwvity yearsasdefined

by the [OLRzo#?] index. The anticipatednormalnumberof daysin eachsextile

would be 16 (96 daysin seasordivided by 6 sextiles). During strongISO actwvity
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Figure4.11. Compositehistogramof numberof daysperseasornn whichthedaily

area-geragedprecipitationfalls into eachof six sextiles during (a) top five ISO

activity years(1979,1982,1986,1987,1992), (b) bottomfive ISO actvity years
(1983,1988,1989,1993,1995),and(c) top five ISO actvity seasonsninusbot-

tom five ISO actiity seasonsOnly yearswhenprecipitationdatais availableare
considered1979-1995) For eachseason96 daily precipitationestimatesstarting
Junel5andaveragedverpeninsulaindia (75°-80°E, 10°—20°N), aretakenyield-

ing atotal of 96 x 17 = 1632days. The precipitationvaluesaresortedaccordingto

magnitudeand cutoff valuesaredefinedfor eachof the six sixths. The numberof

dayspersextile is the averagenumberof days,e.g. for the stronglSO actvity sea-
sonsthatthedaily precipitationfalls into a particularsextile. The expectednormal
numberof daysin ary individual sextile is 16 (96/6).
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years,thereare approximately22 breakdays per season6 more thanwould be
expectedduringa normalyear Corversely Fig. 4.11bshowvs the compositesextile
histogranfor thefive wealestISO actvity years.DuringweaklSOactvity seasons,
seasonsvhenpresumablytherearenotlarge scaleswingsbetweeractive andbreak
periodsover India, the averagenumberof breakdaysis only 9.5. The composite
differencesareshown in Fig. 4.11c. On average thereare 12.5 more breakdays
duringastronglSO actvity seasomelative to aweakone.Interestinglythenumber
of active daysactuallydeclinesduringa stronglSO actvity seasorcomparedo a
weak SO actvity seasorwhich suggestghat the entire precipitationdistribution
shiftstowardssmallerdaily precipitationvaluesduringstronglSO actvity seasons,
andvice versa.

The sameanalysisdonefor precipitationover the centralBay of Bengal
is shavnin Fig. 4.12. While thenumberof breakdaysis mamginally greaterduring
stronglSO actvity seasonsthe changen precipitationdistribution is wealer over
theocearrelative to thatoverland.

Theresultsof this sectionarebriefly summarizedere:

e Theyearto-yearvariationsof summertimdSO actiity appearto berea-
sonablycapturedby the [OLRzo#?] and [OLRa5_g0.%] indices. Thein-
dices,definedby variancechangesn the corelndian monsoorregion, re-
flectinterannualariability of theentiresummertimdSO system.

e Thefluctuationsn thelSOactwvity indicesarenotcloselylinkedto changes
in 1SO period, but insteadreflectthe numberof discreteactve andbreak

eventsthatoccurwithin eachseason.
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Figure4.12. SameasFig. 4.11 exceptprecipitationaveragedover centralBay of
Bengal(85°—9C°E, 122—17N).
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e Season®f stronglSO actwity, particularlyover land, exhibit a substantial
increasein the numberof breakprecipitationdaysrelatve to season®f
weaklSO actwity.

4.4.2 RelationtoInterannual SST Variability

44.3 ENSO Becausef theestablishedhverserelationshipbetween
ENSOandthelndianmonsoonit is importantto examinetheassociationbetween
ISOactivity andENSObeforeonecancommenbntherelationshigbetweendSOac-
tivity andthe Indianmonsoon.The simultaneougorrelationdetweenJAS Nifio3
SSTand[OLRgor?%] and[OLRys_g0.2] areweakly positive at 0.16 and0.22, re-
spectvely. Hendonetal. (1999)foundthatthe wintertimelSO actwity is essen-
tially uncorrelatedvith DJF Nifio3 SST, althoughnotablereductionsn wintertime
ISO actvity areobsered during the two strongestecentENSO events(1982-83,
1997-98). Of the four warmestJAS Nino3 SSTyearsincludedin this study two
exhibit abose normal[OLR o 2] levels(1982,1987)andtwo exhibit below normal
[OLREor?] levels (1983,1997). In contrast,of the coolestfour JAS Nifio3 SST
years,threeexhibit belov normal[OLRzo 2] (1975,1985,1988)while only one
exhibits above normal[OLR g0 2] (1981).

Composite®f theOLRg o Waveletspectrdor thefour warmesiandfour
coolestJAAS Nifio3 SSTyearsareshowvn in Figs.4.13and4.14. For thewarm
JAS Nifno3 SST composite(Fig. 4.13),the OLRgor variancetendsto be above
normal at the beginning of the monsoonseasonn May throughJuly and belov
normalfor the remainderof the seasorsuchthatthe total summertimevarianceis
nearnormal. For the cool JAS Nifno3 SSTcompositg(Fig. 4.14)the early part of
themonsoorseasons characterizedy wealer thannormallSO actiity while the

remainderof the seasorexhibits nearnormal ISO actwvity. It is importantto note
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Figure4.13. SameasFig. 4.5 exceptcompositeof four warmestJAS Nifno3 SST
years(1982,1983,1987,1997). Dashedines shav meanvariancefrom all-years
composite.
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Figure4.14. SameasFig. 4.5 exceptcompositeof four coolestJAS Nifio3 SST
years(1975,1981,1985,1988).
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thatthe compositesshavn in Figs.4.13and4.14 includeonly four seasongach;
consequentlythe significanceof the resultsmustbe evaluatedwith this limitation
in mind. Neverthelessthe modestpositive correlationbetweemmeanseasonalSO
actvity and ENSO appearsiueto changesn early monsoonseasoriSO actvity
associateavith the stateof ENSO.Correlationdetween] AS Nifio3SSTandISO
activity are0.38([OLRzor?] ) and0.35([OLR5_g0.2] ) for thefirst two monthsof
themonsoorseasormndonly —0.03and0.02for thelattertwo monthsof theseason.

The meanfrequeny spectraof the OLRgor Waveletspectracomposites
for warm andcool JAS Niiio3 SSTareshown in Figs.4.13band4.14b No dis-
tinguishableshift in ISO periodcanbe discernedduring eitherENSOphase.The
lack of a periodshift associateavith the phaseof ENSOrunscounterto the model
resultsof KrishnanandKasture(1996),in whichthey foundthatwarmENSOyears
arecharacterizetdy sloweroscillations.However, KrishnanandKasturealsofound
thatwarm ENSOseasonsgxhibit moreregularISO behaior, aresultthatis weakly
supportedy theanalysiscompletechere.

Hendonetal. (1999)foundthatduringwarm ENSOepisodesthereis an
eastvard shift of ISO actvity duringwinter (seealsoFink and Speth1997), but
the anomaliesare small comparedo the standardnterannualdeviations. To test
whetheror notthereis a correspondinghift in thedistribution of ISO actvity dur
ing summeythetotal OLR,5_go varianceandthe OLR,5_g,. Varianceareregressed
onto JAS Niflo3 SST (not donefor OLRgor becausehe locationof varianceis
essentiallyprescribedby EOF modes). The only significantchangen location of
eithermeasuref intraseasonalorvectionvariances anextensionof varianceeast-

wardin the Pacific Oceanto about160°'W duringthe positve ENSOphase Within
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thelndianOceanbasin thereis no changdn locationor amplitudeof intraseasonal
cornvectionvariancewith the phaseof ENSO(notshawn).

To summarizehe precedinganalysisthe phaseof ENSOduringnorthern
summerdoesnot stronglyimpactthe amplitudeor locationof seasonallyaveraged
summertimdSO actvity. However, ISO actvity atthe beginningof the monsoon
seasordoesappearto be influencedby the phaseof ENSO with moderatelyen-
hancedSO actvity obsenedduringthewarm ENSOphaseandvice versa.

4.4.4 Other SST Variability = Thequestionremainsthen,asto what
is forcingtheinterannuavbariability of summertimdSO actiity. To explorefurther
the possiblerole of otherSSTanomaliespesidegshoseassociateavith ENSO,the
globalsummertimemeanSSTis regressedntothe [OLRzo %] and[OLR25_go.]
indices(Fig. 4.15). Both regressionshaw virtually no coincidentrelationshipbe-
tweenary tropical SSTvariability andISO actwity. Hence theimportanceof SST
boundaryforcing on the level of ISO actwvity seemdo be minimal althoughit re-
mainspossiblethat small interannualchangesn SST generatdarge yearto-year
changesn ISO actvity in anonlinearmanner If theinterannuablariationsof ISO
activity are not relatedto interannualSST variationsthenthe sourceof the year
to-yearvariationsin ISO actvity musteitherbe forced by land surfaceboundary
conditionsor internallygenerated.

445 Relation to Interannual South Asian Monsoon Variability
With indices definedfor both the seasonalSO actvity and seasonalmonsoon
strengthijt is possibleto investigateherelationshipbetweennterannuavariations
of ISO actwity andinterannuafluctuationsof the monsoon.Figure4.16is a scat-
ter diagramof [OLR o %] versusOLR;,4.. Thetwo indicescorrelateat +0.56,

which meanghatthereis aninverserelationshipbetweerthe strengthof the Indian
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Figure4.15. Regressionof June—Septemb@nomaloussSTonto (a) [OLRgo 2]
and(b) [OLR25_g0.%] . Contourinternvalsareevery 0.25C beginningat+ 0.125C.
Black linesdenotewherecorrelationcoeficientsaresignificantat 95%level based
on22d.o.f. (+0.36).
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Figure4.16. Scatterdiagramof summertimgOLR o 2] versusOLR-India. Both
indicesareplottedasanomaliedrom their respectie 22-yearmeans.The correla-
tion is 0.55(0.70excluding1996)."The greattragedyof science- the slayingof a
beautifulhypothesidy an ugly fact’ —ThomasHuxley
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monsoomndthe magnitudeof summertimdSO actwity (recallthatlow OLR;,, 4
valuespoint to a strongmonsoon). The inverserelationshipis the samesign, al-
thoughslightly wealer, asthat found betweenwintertime ISO actvity and Aus-
tralian monsoonstrength (Hendon1999). Table 4.2 lists the correlationsbetween
the variousmonsoorindicesand[OLR 5o »?] and[OLRs_g.2] . Thecorrelations
betweenOLR;, 4., andAIRI andthetwo ISO actvity indicesarestrong(lessthan
—0.46)and statisticallysignificantat the 95% level in all cases.The seasonalSO
actvity doesnotappeato beinverselycorrelatedwvith precipitationoverthe Bay of
Bengal.

While thesituationis notasdire asthequotationin thecaptionto Fig.4.16
suggestgheyear1996is anomalousn thattherainfall is abose normaleventhough
it is one of the strongestSO actvity season®ver the 22-yearrecord. A cursory
examinationof the 1996rainfall timeserieslid not reveal ary obviousreasongor
theanomaly Nineteeminety-sixwascharacterizetdly ananomaloushhighnumber
of tropicalstormsin the North Indian Ocearbasinwhich couldhave led to the high
seasonatainfall totals. As will be shawvn in the next chaptey the ISO appeargo
modulateropicalstormactity with themajority of tropicalstormsforming during
thecorvective ISO phase.

Thenormalizeddeparturesrom averagefor eachyearbetweenl975and
1997for the[OLRgor?] , [OLR25_50.%] , andthecombinedAIRI-OLR ;,,4i, indices
areshovn in Fig. 4.17.In generala strongerthannormalnorthward componenbf
the intraseasonabscillationcorresponds$o a depletednonsoon.Of the 8 seasons
in whichthe [OLRgor?] index is substantiallygreaterthannormal(> 0.50), 6 are
deficientIndian monsoonseason$y both indices,2 are normal Indian monsoon

seasonsindonly 1 is anabundantindia monsoornyear Corversely of the7 years
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Table4.2. CorrelationsbetweernseasonalSO actwvity indicesandIndianmonsoon
indices over 22 years (1975-1997,excluding 1978). ISO activity and Indian
monsoonndicesdescribedn text. For all correlationvalues,a negative correlation
indicatesaninverserelationshipbetweertheinterannualariability of themonsoon
index andthe interannual/ariability of the ISO actvity.

JAS ISO Activity
Monsoonindex | [OLRgor?] [OLRg5_s0c?]

AIRI —-0.46 -0.59
OLR;y —-0.30 -0.19
OLRdia —-0.56 —-0.46
OLRgp -0.18 -0.01
M -0.41 —-0.55

MH -0.42 -0.37
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Figure4.17. [OLRgo#?] , [OLR25_g0.%] , anda combinedAIRI-OLR, 4, indices
expressedn unitsof standardleviationsaway from themean.Thesignof the AIRI-

OLR;,.4:. index hasbeenreversedsuchthat positive (negative) AIRI-OLR,,4:4 IN-

dex valueindicatesa dry (wet) Indianmonsoon.
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in whichthe [OLRgo£?] index is substantiallybelov normal(< —0.57), 4 arewet
Indianmonsoorseasons3 arenearnormal,while noneareabnormallydry. Dueto
the high mutualcorrelationbetweerthe two 1ISO actwity indices,the yearby-year
breakdavn is similar for the [OLR5_go.2] index.

The inverserelationshipbetweenthe Indian monsoonstrengthand ISO
actwvity is examinedfurtherby compositingthe meanOLRgor Waveletspectraor
wet anddry monsoorseasonsThe compositevaveletspectrunof the five wettest
monsoorseason$1975,1980,1983,1988,1990),asdefinedoy thecombinedAlRI-
OLR},4i0 iINdex, isshavnin Fig. 4.18. ThelSOvariancds belov normalthroughout
theseasoralthoughmoresoatthebeginningof theseasonThereis aslightindica-
tion thatthe periodof oscillationis reducedo near33 daysduringwet monsoons,
but aswasnotedpreviously, the flatnessof the total frequenyg spectrumwhenthe
waveletvariances low precludeonefrom makinga definitive statemenéboutthe
oscillation.Out of thefive wetmonsoorseasonsompositedtwo arealsoclassified
ascool JAS Nino3SSTyears.A separateompositgnotshawn), consistingsolely
of the threewettestmonsoonyearsthat are not alsocool JAS Nifio3 SSTyears,
exhibitsthe samegenerakharacteristicasthatshovn in Fig. 4.18.

ThecompositéOLRgor Waveletspectrunof thefive driestmonsoorsea-
sons(1976,1979,1982,1986,1987)is shavn in Fig. 4.19. The variances above
normal,in thiscompositeatall timesandscalesOnceagain of thefive driestmon-
soonseasongompositediwo arealsoclassifiedaswarm JAS Niflo3 SSTyears.
The compositewavelet spectrumof the remainingthreedry monsoonyears(not
shown) is largely similar exceptthat the late monsoornseasorvarianceis substan-
tially strongerthanthe compositevaluesseenin Fig. 4.19while the early season

variances closerto normallevels.
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Figure4.18.SameasFig. 4.5 exceptcompositeof five wettestJAAS monsooryears
(1975,1980,1983,1988, 1990). Wet monsoonyearsdefinedby combinationof

AIRI andOLR-Indiaindices.
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Figure4.19. SameasFig. 4.5 exceptcompositeof five driestJAAS monsooryears
(1976,1979,1982,1986, 1987). Dry monsoonyearsdefinedby combinationof
AIRI andOLR-Indiaindices.
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4.4.6 1SO, ENSO, and thelndian Monsoon  Theabove resultssug-
gestthatboththelevel of ISO actvity andthe stateof ENSObearsomerelationship
to Indianmonsoorstrength.However, therelationshippetweerENSOandthelSO
actvity is weak,althoughnot necessarilynggligible, particularlyin the early sum-
mermonths.Figures4.20aand4.20bdisplaytheregression®f summertimemean
OLR onto[OLRgo %] andJAS Niflo3SST respectiely. OLR thatis linearly de-
pendenbnJAS Nio3SSTis removedprior to formingtheregressionn Fig. 4.20a.
In asimilarmanneyOLR thatis linearlydependentn [OLR 5o 2] is removedprior
to forming theregressiorof meanOLR onto JAS Niflo3SSTshavnin Fig. 4.20b
Theanomalypatterndan Fig. 4.20bresemblehe classicalarge scaleanomalypat-
ternsassociateavith ENSOincludingenhancedorvectionover the easterrPacific
Ocearmandreducectcorvectionover iIndonesiagquatorialAfrica, andpeninsulain-
dia (e.g.,KiladisandDiaz 1989).Meanwhile asanticipatedy theinverserelation-
shipbetweerOLR;,4i. and[OLRgo %] , independendf ENSO,high ISO activity
correspond$o significantlyreducedcornvectionover mostof IndiaandBangladesh
(Fig. 4.20a).Thereis alsoaninterestingdecreasén corvectionoverthefar eastern
Pacific Oceanthat corresponds$o enhancedSO actvity over India. The causefor

suchanincreasen meanOLR in theeasterrPacificis notclear

45 Summary and Discussion

Two objective indicesthat capturethe interannuabariability of summer
time ISO actwity over Indiaaredeveloped.Onemeasures basedon EOF analysis
andthe otheron wavenumbeifrequeng filtering. Interannuafluctuationsin ISO
activity arelargely dueto variationsin the numberof active andbreakperiodsfrom
oneyearto the next ratherthanshiftsin the characteristidSO period. Season®f

high ISO actwity tendto containsignificantlymorelow rainfall daysthanseasons
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Figure4.20. Regressionof June—SeptembeneanOLR onto (a) [OLRgo %] and
(b) Niflo3 SSTfor the 22-yearsl 975-1991excluding 1978). Prior to forming the
regressionsOLR thatis (a) linearly dependenbn Nino3 SSTand(b) linearly de-
pendenbn [OLRgo %] is removed. OLR anomaliesareshovn for al1.50 anomaly
of [OLRgor?%] andNifio3SST, respectiely. Black linesoutlineregionswherecor-

relationcoeficientsaresignificantat the 95%Ilevel basedn 22 degreesof freedom
(£0.36).
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devoid of ISOactwity, particularlyoverland. FurthermoretheseasondlSO activity
is inverselycorrelated at approximately-0.55,with measure®f Indian monsoon
strength.The highfrequeng of breakdaysduringstronglSO actvity seasonsnay
themajorcontributing factorthatdetermineshetotal reducecsummerrainfall dur-
ing thoseseasons.

Singhetal. (1992),who examinedISO actvity by analyzing80 years
of daily stationrainfall data,concludethat thereis no relationshipbetweenlSO
activity andseasonammeanindianrainfall, a resultthat contradictsthe findings of
this study Onepossiblereasorfor the contradictiormaybedueto decadathanges
in ISO actwvity. Slingoetal. (1999)foundthatglobal ISO actvity wasmarkedly
reducedn the period1958-197&omparedo recentyears.A significantreduction
in the level of global ISO actvity could contritute to lower correlationsbetween
ISO actvity andindianrainfall duringthoseperiods.andhenceoverallcorrelations.

Correlationshetween SO actiity andJJAS Nino3 SST andglobal SST
anomaliedor thatmatter arelow. Thereis someindicationthatthe small positive
correlationsarethe resultof enhancedreduced)early southwestmonsoonseason
ISO actwity duringthewarm (cool) phaseof ENSO.Thelack of ary clearrelation-
shipbetween SO actvity andglobalSSTanomalies(seealsoSlingoetal. 1999;
Hendonet al. 1999) implies that interannualvariability of ISO actwvity is either
internally generatedor is forced by land surface conditions. Hendon (1999)
arguesthat a weak Australian monsooncould enhancewintertime ISO activity
by shifting the meancornvectiondistribution closerto the equatorwhich presum-
ably is a morefavorableconditionfor ISO formation (e.g.,WangandLi 1994;
Salbyetal. 1994). Sucha sequencef eventsmay alsooccurduringsummerwith

aweakcontinentalndianmonsoorpermittingstronged SO actvity. However, the
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deepesbff-equatorialmonsooncorvectionlies over the Bay of Bengalwherein-
terannuakthangesn OLR arerelatively unresponsie to interannuakhiftsin ISO
activity (correlationof —0.18). Therefore,someseasonshat are characterizedy
strongoff-equatorial SO actvity arealsocharacterizedy largeregionsof deepoff-
equatoriakorvectionthattheoreticallywould inhibit ISO actwvity. In arny casecor
relationsbetweenmmonsoonatonvectionand SO actvity arenot overwhelmingly
largewhich pointsto thelik elihoodthatinterannuafluctuationsof ISO actvity may
beinternallyandchaoticallygeneratedA potentiallyimportantcaveatto this con-
clusionis the obsenation that the ISO actvity exhibits strongbiennialvariability
(seeFig. 4.9) bothvisibly andin asimpleFourierspectrum(Fig. 4.21). Confidence
in therobustnes®f the near2-yearspectralpeaksis limited dueto their proximity
to Nyquist frequeng. Nonethelessthe near2-yearperiod standsout well above
theremaindeiof thespectrumparticularlyfor [OLRgo#?] . Thetropospheridien-
nial oscillationandthe SouthAsian monsoorseento beintricatelylinked (Meehl
1997). The presencef a biennialtimescalen 1SO actvity suggestshatit is pos-
sible thatthe TBO is a sourceof ISO actvity variability althougha mechanism,
apartfrom the biennialmonsooroscillation,is not readily apparentThe modeling
resultsof Goswami(1995)suggesthatthe biennialvariability of the Indian mon-
sooncould be generatedhroughthe interactionof intraseasonabscillationswith
theannualcycle.

Whetherinterannualmonsoonvariability forcesinterannualfluctuations
of ISO actwvity or vice versa,the relatively stronginversecorrelationbetweenthe
two phenomenaasimplicationsfor forecasting.Thetotal explainedvarianceof the
summemeanrainfall over India by interannualariationsof ISO actwvity is modest

( 31%). Neverthelessthe varianceexplainedis of comparabler greatemagnitude
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Figure4.21. Fourierpower spectreof [OLRgo#?] , [OLR2s—_s0.2] , AIRI, andJAS
Nino3SST Eachtimeseriess detrendedndtaperedo zeroattheendswith a20%
cosinetaperprior to spectralcalculations.Thin line shavs 95% significancdevel
basedn awhite noiseprocess.
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to thatexplainedby ENSO,atleastin the Indianmonsoorregion. Theresultspre-
sentedherepoint to the needin forecastmodelsfor an accuraterepresentatiomf

thelSO, particularlyfor forecastingveakmonsoonsvhenlSO actvity is generally
strong.

An inconclusveresultof this studythatis worthy of furtherattentionis the
seasonadvolution of summertimdSO actwity. Accordingto Figs.4.5and4.6,1SO
actvity is strongestat the beginning of summerbeforeit tails off over the course
of the monsoonseason.Additionally, thereis limited evidencethat the phaseof
ENSOaffectsISO actvity in JuneandJuly, but not during the restof the season.
Furthermoredry monsoonseasonshat are not alsowarm ENSO seasonsendto
exhibit substantiallygreaterthannormal ISO activity duringthe latter half of the
monsoonseason.The causesaandimplicationsof suchintraseasonalariationsof

ISO actwity is not clearandwarrantsfurtherinvestigation.



