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in conjunctionwith a northwestward tilting bandof off-equatorialconvectionthat

extendsto near20
�
N. As the entiresystemof convectionmoves to the east,the

tilted structureof the off-equatorialconvectionbandgeneratesan apparentnorth-

wardmovementalongindividualmeridians.

Section1.2.3 provided a brief summaryof the potential causesof the

stronginterannualvariability of the SouthAsian monsoon.The interannualfluc-

tuationsarevariouslyattributedto a wide variety of relationships,from ENSOto

Eurasiansnow cover.

Anotherpotentialsourceof interannualfluctuationsin SouthAsianmon-

soonstrengthis interannualvariationsof intraseasonaloscillationactivity. Suchis

thecasefor theAustralianmonsoonfor which Hendon(1999)foundthatglobalISO

activity duringborealwinter is inverselyrelatedto Australianmonsoonstrength.In

otherwords,winterseasonsthatarecharacterizedby strongandnumerousintrasea-

sonaloscillationstendto correspondto seasonsof reducednorth Australianmon-

soonrainfall. However, the ISO is considerablystrongerandmoreregular during

northernwinter (e.g.,Madden1986; HendonandSalby1994)andtheAustralian

monsoonis locatedcloserto theequator, wheretheISOis mostinfluential,thanthe

SouthAsianmonsoon.

Nevertheless,a numberof authorshave observedyear-to-yearvariability

in thestrengthandcharacterof thesummertimeISO. Yasunari(1980)observedthat

thecharacteristicperiodof oscillationdroppedsignificantlyto near60 daysduring

thesummerof 1972,a severedroughtyearin India,comparedto thetypical40day

period. MehtaandKrishnamurti(1988)foundthatcertainsummersexhibit regular

northwardpropagationof convectionwhereasduringothersummersthenorthward

propagationis irregular or absententirely. Singh et al. (1992) found that the
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seasonalISO intensityvariesby half to doubleits averageintensity. Chowdhury

et al. (1988)showed,from limited data,that the interannualvariability of the ISO

activity is relatedto theoverallperformanceof themonsoon.Ferrantietal. (1997),

usingdatafrom five10-yearEuropeanCenterfor Medium-RangeWeatherForecasts

(ECMWF), found that intraseasonaland interannualfluctuationshave a common

dominantmodeof variability in theAsianmonsoonregion.

An example of year-to-year changesin summertimeISO behavior is

demonstratedin Fig. 4.1,which displaysdaily timeseriesof precipitationovercen-

tral Indiafor the1987and1988summers,andin Fig.4.2,whichshowstime-latitude

sectionsof precipitationalong75
�
–80

�
E for the sametwo seasons. The 1987

summerseasonis markedby threedistinctactive periodseachseparatedby about

40 days. Comparisonto the time-latitudesectionin Fig. 4.2 revealsthat all three

activeperiodsovercentralIndiaareassociatedwith northwardpropagatingsystems

of precipitation.Conversely, duringthe1988summerseason,nowell-definedactive

or breakperiodsarediscernible.Instead,theprecipitationtimeseriesis markedby

relatively steadyrainfall from onedayto thenext throughouttheseason.In partic-

ular, the1988summeris largelydevoid of low rainfall days.Moreover, evidenceof

coherentnorthwardpropagationis absent. Vernekaret al. (1993)founda marked

differencein ISOintensitybetweenthe1987,whenISOactivity washigh,and1988,

whenISOactivity wasvirtually absent.

Previous studiesof interannualvariationsof ISO activity have searched

for a relationshipwith ENSO. Hendonet al. (1999)and Slingo et al. (1999)

foundthattheamplitudeof wintertimeISO activity is essentiallyuncorrelatedwith

tropicaleasternPacific SSTanomaliesor any otherSSTanomaliesfor thatmatter.

However, theredoesappearto beadetectableeastwarddisplacementof wintertime
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ISO activity during a warm ENSOevent (Gutzler1991; Fink andSpeth1997;

Hendonetal. 1999).TherelationshipbetweenENSOandsummertimeISOactivity

is not aswell understood;but throughexperimentswith a 5-level global spectral

model, KrishnanandKasture(1996)foundthatthenorthwardpropagationof con-

vectionis moreregularandof slowerperiodfor warmENSOexperiments.

This chapterbegins, in Section4.2, with a descriptionof two objective

measuresof summertimeISO activity. Section4.3 introducesthevariousmonsoon

strengthindicesthatareusedandbriefly examinesthemonsoon-ENSOrelationship

accordingto theseindices.TheISOactivity indicesaresubsequentlyusedin Section

4.4 to exploretheintricaterelationshipsbetweensummertimeISO activity, ENSO,

andtheIndianmonsoon.Section4.5 is devotedto asummaryanddiscussionof the

resultsof thischapter.

4.2 Measures of Boreal Summer ISO Activity

In this section,two objective indicesrepresentingtheseasonalmeanISO

convectiveactivity aredevelopedusingdaily-averagedOLR data.A primarylimita-

tion onstudiesof interannualvariability of ISOactivity in thepasthasbeenthelack

of availability of a long termglobaldatarecordthat is suitableto resolve the ISO.

The OLR datarecordis currently long enoughthat interannualvariability studies

canbeconductedwith a reasonabledegreeof confidencein theresults.

Simplecorrelationsareusedto diagnosetherelationshipsbetweeninter-

annualISO variability, ENSO,andSouthAsianmonsoonstrength.Making useof

the two-tailedStudent’s t test, the minimum significantcorrelationcoefficient, �� ,
canbedefinedas

����
� �� ������� � ��� (4.1)
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where� is thedesiredprobabilityvalue, � is thedegreesof freedom(d.o.f.) of the

interannualtimeseries,and � is thecutoff valuein a Student’s t distribution for the

specifiedprobabilityandd.of.. Assuming22 d.o.f. (onefor eachyear),the �� cor-

relationcoefficientsare0.28,0.36,and0.49for the90%,95%,and99%probability

levels,respectively. Thesevaluessaythattheabsolutevalueof thecorrelationcoef-

ficient betweentwo interannualindicesmustbegreaterthan0.36to beconsidered,

ataprobabilityof 95%,to bedistinctfrom azerocorrelation.

Two methodsof filtering are usedto isolatethe OLR signalassociated

with thenorthernsummerISO. Thefirst methodis basedon theresultsof Section

3.2.2which showedthatat bothequatorialandIndiansubcontinentlatitudes,low-

frequency intraseasonalOLR varianceis concentratedin the25–80-dayperiodband

at eastward wavenumbers1 through3. Therefore,a wavenumber-frequency filter

is appliedto theglobalOLR dataset,retainingperiodsof 25–80daysandeastward

wavenumbers1 through6. Therangeof zonalwavenumbersis broaderthanthatof

Section3.2.2so that interannualdisplacementsof variancecanbebettercaptured.

Hereafterin this chapter, thewavenumber-frequency filteredOLR will be referred

to asOLR "!$#&%"'"( , wherethe ”25-80” denotesthe retainedperiodrangeandthe ”e”

reflectstheretainedzonalwavenumbers,1 through6.

The secondfiltering methodemploys an empirical orthogonalfunction

(EOF)analysisof intraseasonallyfiltered(25–80days)OLR (OLR "!$#&%"' ). TheEOFs

arecalculatedusingextendedsummer, May to October, intraseasonallyfiltereddata

(bandpassfilteredretainingperiods25–80days,OLR "!$#&%"' ) from a limited domain

thatencompassestheSouthAsianmonsoonregion andincludestheareaof maxi-

mumtropicaleasternhemisphereOLR "!$#&%"' variance(40) –180) E, 20) S–30) N, see

Fig. 4.7a).Theleadingtwo EOFs,shown in Fig. 4.3a,arenot separableaccording
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to the criteriasuggestedby North et al. (1982). Two eigenmodescanbe consid-

eredinseparableif thecorrespondingeigenvalue *,+ is not well separatedfrom the

neighboringones;thatis,

- *,+/.10�2435*6+7.10 and
- *6+82439*6+1: (4.2)

where
- *6+7.10<;=*6+,>@?BADC<E 0GFGH (4.3)

is the samplingerror of *,+ , 35*6+�;I*,+5J=*6+�KL0 is the eigenvalueincrement,and

C is the estimatedeffective d.o.f.. If
- *,+NM 39*,+ , but

- *LOPJ4QSR 35*6+7.10 and
- *LO9TUQVRI39*6+�KL0 , then the two eigenmodesO and OWTXQ are a pair that likely

representa physicallymeaningfulpropagatingpattern.Theestimatedd.o.f. is the

total numberof datasamples(182days(MJJASO) x 22 years= 4004)dividedby

thetimescaleof theoscillation( Y 50days).

The leadingtwo inseparableEOFsexplain about16% (8.8%and7.1%)

of the intraseasonal(25–80-day)variancein this domain. The two modesclosely

resembletheleadingtwo OLR EOFsfoundby Lau andChan(1986)for the1975

to 1982summers.Themaximumcorrelationbetweenthetwo principalcomponent

timeseriesis 0.66at a 9–10day lag (Fig. 4.3b),indicatinganoscillationperiodof

around36–40days. The leadingtwo EOFstogetherdescribea propagatingmode

thatappearsto capturethelow frequency convective signaturethatis uniqueto the

northernsummerISO.TheISOsignature,describedin detail in Section3.3,begins

with equatorialconvection in the centralequatorialIndian Ocean(EOF1) which

propagatesto theeast.Associatedwith theeastwardpropagatingconvectionalong

theequatoris anorthwestwardtilting bandof convection(EOF2)thatis responsible

for thenorthwardpropagationthatis observedalongindividualmeridiansacrossthe

IndianOceanbasin. OnecanreconstructanOLR timeseriesbasedon the leading
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Figure 4.3. (a) Leadingtwo EOF loading vectorsof extendednorthernsummer
25–80-dayfilteredOLR. Extendednorthernsummeris May to October. EOFscal-
culatedfrom datain limited domainshown. Contoursareevery 0.1 with the zero
contouromitted. (b) Laggedcross-correlationof principal componenttimeseries.
EOFmode1 with itself (solid line), EOFmode1 with EOFmode2 (dashedline).
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two EOFsby matrix multiplying the eigenvectorswith their respective principal

componenttimeseries;thatis,

ikjml�npo,qsrutBv$wyxmz {|}y~L��� } rut�x�� } r�wyx (4.4)

where � } is the eigenvectorsand
� } is the principal componenttimeseriesand

OLR
npo,q

is thereconstructedOLR timeseries.

A primarydrawbackof EOFanalysisis thattheretrievedeigenmodescan

be sensitive to the choiceof subdomain.To counterthis limitation, the resultsof

anEOFanalysiscanberotatedsuchthattheprincipalcomponenttimeseriesremain

temporallyorthogonalwhile thespatialorthogonalityconstraintof theEOFmodes

is relaxed. Theadvantagesof rotationarethattheresultsarestableto thechoiceof

subdomainandthat eachEOFmodeis highly correlatedwith timeseriesin only a

few geographicalregions;thus,eachgrid point timeseriesis describedby asfew as

possiblemodes(Richman1986).

The leadingthreemodesof a rotatedEOF analysisof extendedsummer

OLR{"�$�&�"� over the samesubdomaindescribedabove areshown in Fig. 4.4a. The

resultsare similar to thoseshown in Fig. 4.3 except that herethe first three ro-

tatedEOF modesarefound to be inseparable.Together, the leadingthreerotated

EOFsdescribebasicallythesamepropagatingmodeasthatdescribedby the lead-

ing two unrotatedEOFs. The total varianceexplainedby the threeleadingrotated

EOF modesis only slightly greater(17%) thanthat explainedby the leadingtwo

unrotatedEOFmodes(16%).Furthermore,individualgrid point timeseriesof OLR

reconstructedfrom the leadingtwo EOFmodesandthe leadingthreerotatedEOF

modescorrelateat greaterthan0.94 throughoutthe core Indian monsoonregion.

Thesimilarity betweentheresultsof theunrotatedandthemorestablerotatedEOF

analysessuggeststhat theunrotatedEOFanalysisadequatelyextractsthenorthern
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Figure4.4. (a) LeadingthreerotatedEOFloadingvectorsof northernsummer25–
80-dayfiltered OLR. Contoursare every 0.1 with the zero contouromitted. (b)
Laggedcross-correlationof rotatedprincipalcomponenttimeseries.RotatedEOF
mode1 with itself (solid line), rotatedEOFmode1 with EOFmode2 (shortdashed
line), rotatedEOFmode1 with rotatedEOFmode3 (longdashedline).
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summerISO convective signature. For the remainderof this chapter, the results

presentedmake useof OLR reconstructedfrom thesimplerunrotatedEOFmodes.

However, all theprimary resultsweretestedwith OLR reconstructedfrom the ro-

tatedEOF modes. No significantdifferenceswereobserved, indicatingthat both

EOFanalysescaptureessentiallythesamepredominantcharacteristicsof thesum-

mertimeISO.

It is relevant to note that restrictingthe EOF androtatedEOF analyses

to borealsummeris requiredto extract the modesshown here. Whendatafrom

theentireyearis analyzed,thedominantintraseasonalmodeis thestrictly eastward

propagatingISOthatis encounteredduringborealwinterandspring (LauandChan

1988; ZhangandHendon1997).

Thevarianceof thetwo filtereddatasets,OLR�p ,¡ andOLR¢"£$¤&¥"¦"§ , is as-

sessedusingwavelet analysis (for detailson wavelet analysis,see Torrenceand

Compo1998).At eachgrid pointandfor eachextendedsummerseason,thewavelet

variancespectrumis calculatedfrom 184-day(May to October)filteredOLR time-

series(OLR�p ,¡ orOLR¢"£$¤&¥"¦"§ ) usingaMorletwaveletbasis.Theindividualwavelet

variancespectraareaveragedover all 45 grid pointswithin a coreIndianmonsoon

region (70̈ –90̈ E, 10̈ –20̈ N) andover the 22 extendedsummersincludedin this

studyto producethecompositewaveletvariancespectrashown in Figs.4.5and4.6.

Thecompositewaveletvariancespectrumof OLR�© ,¡ (Fig.4.5a)exhibits

maximumvariancein earlyJuneatperiodsjustunder40days.Thewaveletvariance

remainshigh throughoutthesummermonsoonseasonbeforedippingnoticeablyin

October. The meanoscillationperiodslowly increasesfrom near37 daysat the
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Figure4.5. Waveletanalysisof reconstructedOLR²p³L´ . Waveletanalysesarecom-
pletedon 184-day(May–October)OLR²©³,´ timeseriesat eachgrid point included
in 70µ –90µ E, 10µ –20µ N box. The 45 (9 longitudesx 5 latitudes)wavelet spectra
areaveragedto generateanarealaveragedwaveletspectrumfor eachyear. The22
individual waveletspectrafrom 1975–1997,excluding1978,areaveragedto form
an ensemblewavelet variancespectrum. (a) Ensembleaveragewavelet variance
spectrum. Contourlevels areevery 400 W ¶ m ·�¸ from white to dark grey. Area
filled with slantedlines indicatestimesandperiodswhich arenot outsidethecone
of influence (seeTorrenceandCompo1998)).Waveletvarianceat thosetimesand
periodsmay be influencedby edgeeffects. (b) Frequency spectrumgeneratedby
averaging(a)over theJune–Septemberperiod.(c) Scale-averagedwaveletvariance
over25–80-dayperiodband.
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Figure4.6: SameasFig. 4.5exceptwaveletanalysisof OLR½"¾$¿&À"Á"Â .
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beginningof themonsoonseasonto around46 daysby theendof theseason.Fig-

ure 4.5bshows the meanfrequency spectrumgeneratedby averagingthe wavelet

variancespectrumover theJuneto Septemberperiodonly. Thefrequency spectrum

exhibits a peakat 40 days. The compositewavelet variancetimeseriesis derived

by computinga weightedaverageof the wavelet variancespectrum. The useof

waveletderivedvarianceis chosenin lieu of squared-bandpassvariancebecause,for

awaveletderivedvarianceestimate,shorttimescalefluctuationsareanalyzedwith a

shortwindow andlongtimescalefluctuationsareanalyzedwith alongwindow, thus

providing amoreaccurateestimateof thetotalvariancewithin theperiodband.The

compositewaveletvariancetimeseries(Fig. 4.5c)reflectsthevisiblecharacteristics

of the total wavelet spectrum,with the highestvarianceencounteredat the begin-

ningof themonsoonseasonfollowedby a steadymeanvariancethroughtherestof

themonsoonseasonbeforea significantdropin ISO varianceduringOctober. The

risein meanISOvariancein May andthefall in meanISOvarianceduringOctober

reflectstheseasonalcycleof theregionalinfluenceof theISO.Duringtheremainder

of the year, intraseasonalOLR varianceis substantiallyreducedat Indiansubcon-

tinent latitudesasthe ISO is locatedprimarily alongthe equator (Madden1986;

HendonandSalby1994).

The compositewavelet spectrumof OLRÃ"Ä$Å&Æ"Ç"È (Fig. 4.6) exhibits simi-

lar featuresto thatof OLRÉpÊ,Ë with maximumvariancein Juneat a 40 dayperiod

followedby reduced,but still high, wavelet varianceduringJuly throughSeptem-

ber at 40–50-dayperiods. A secondarypeakin the frequency spectrumoccursat

around60-dayperiods(Fig. 4.6). It is not clearwhat is responsiblefor this low-

frequency peak. It is entirely possiblethat the low-frequency peakis a statistical
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artifact,especiallysincemostof thewaveletvarianceat thisscaleis not outsidethe

cone-of-influenceintroducedby theboundaries.

The seasonalmeanvariancedistributionsof OLRÌ"Í$Î&Ï"Ð Ì , OLRÑpÒ,Ó Ì , and

OLRÌ"Í$Î&Ï"Ð"Ô Ì areshown in Fig. 4.7.Thevariancedistributionsaredeterminedby cal-

culatingthe waveletvariancespectrumat eachgrid point andaveragingthescale-

averagedwaveletvariancetimeseries,suchastheonesshown in Figs.4.5cand4.6c,

over theJuneto Septemberperiod. Both the OLRÑpÒ,Ó Ì andOLRÌ"Í$Î&Ï"Ð"Ô Ì represent

roughly1/3to 1/2of thetotal intraseasonalOLR variancein theIndianmonsoonre-

gion. TheOLRÑpÒ,Ó variancemissesentirelythepeakin total intraseasonalvariance

over theSouthChinaandPhilippineSeasbut closelymirrorsthetotal intraseasonal

variancedistributionwithin theIndianmonsoondomain.

4.3 Monsoon Indices and Monsoon-ENSO Relationships

4.3.1 Monsoon Indices Thenecessityof anindex thatrepresentsin-

terannualIndianmonsoonvariability is well appreciated.Unfortunately, thedefini-

tion of suchan index is not entirelystraightforward (WangandFan 1999)which

hasledto thedevelopmentof avarietyof indicesthatall aimto gaugevariousfacets

of theseasonalstrengthof themonsoon:

Õ all-India rainfall index (AIRI) which is basedon a Juneto September

weightedaverageof 306 well distributedrain-gaugestationsacrossIndia

(Parthasarathyetal. 1992; Parthasarathyetal. 1994),

Õ thezonalmonsooncirculationindex (M) which is definedasthedifference

betweenthelowerlevel (850-mb)andtheupperlevel (200-mb)zonalwinds

averagedover theSouthAsianregion,40Ö –110Ö E, 0Ö –20Ö N (Websterand

Yang1992),and
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Figure4.7. Variancemapsfor (a) 25–80-dayfiltered OLR, (b) OLRÚ©Û,Ü , and(c)
OLRÝ"Þ$ß&à"á"â averagedJuneto September1975–1997. The contour interval is 50
W Ý m ß�ã . Therespectiveinterannualstandarddeviationsof varianceareshadedwith
contourintervalsof 25 W Ý m ß�ã . Box in (a) shows domainon which EOFanalysis
of intraseasonalOLR is completed.
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ä themonsoonHadley (MH) index whichisdefinedasthedifferencebetween

the lower level (850-mb)andthe upperlevel (200-mb)meridionalwinds

averagedover thesameSouthAsianregion (Goswamietal. 1999).

Here,theM andMH indicesaredeterminedusingtheNCEP/NCARreanalysisdata

for theupperandlowerlevelwinds (Kalnayetal. 1996).Bothverticalshearindices

aredesignedto reflecttheinterannualvariability of thebroad-scalemonsoon.Such

abroad-scalemonsoonindex is desirablebecausethemaximummonsoonalprecip-

itation, andpresumablythemaximumheating,doesnot actuallyoccurover India,

but insteadis locatedin theBayof Bengal.A reasonablequestionto askis whether

or not a largeAIRI valuecorrespondsto a largebroad-scalemonsoonstrengthin-

dex value. Figure4.8 shows the regressionof seasonalmeanOLR onto theAIRI.

High anti-correlationsandlow regressedOLR valuesareseenacrossIndia andthe

ArabianSeaandevenover portionsof eastAfrica (for discussionon relationship

betweenAIRI andEastAfrican rainfall, seeCamberlin1997). However, thereap-

pearsto be no significantinterannualrelationshipbetweenthe AIRI andseasonal

meanOLR over the Bay of Bengal. That is, the seasonalmeanprecipitationover

Indiaseemsto vary independentlyof precipitationovertheBayof Bengal.Therea-

sonfor suchindependentvariability is notclearandwill betheemphasisof a future

study. Nevertheless,the regressionresultshighlight the importanceof treatingthe

interannualvariability of the two regionsindependently;therefore,with this result

in mind,threeadditionalmeasuresof themonsoonarecalculatedbasedonseasonal

meanOLR:

ä OLRåçæ , which is the seasonalmeanOLR averagedover the coreIndian

monsoonregion,70è –100è E, 10è –20è N,
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Figure4.8. Regressionof June-SeptembermeanOLR onto AIRI for the 22-years
1975–1997(excluding1978). Dark lines indicatewherethe regressioncorrelation
coefficientsexceedthe95%significancelevel basedon22d.o.f. ( î 0.36).
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ï OLRð"ñóò"ôöõ , whichis theseasonalmeanOLRaveragedonlyoverIndianland-

massgrid points,and

ï OLR÷L÷ , which is theseasonalmeanOLR averagedonly overBayof Ben-

galgrid points.

The interannualrelationshipsbetweenthe monsoonindicesaresumma-

rizedin Table4.1whichliststhecorrelationsamongstall theindices.As anticipated

by the regressionresultsshown in Fig. 4.8, the AIRI doesnot correlatestrongly

with OLR÷L÷ , but doescorrelatewell with OLRð"ñóò"ôöõ . Interestingly, the AIRI and

OLRð"ñóò"ôöõ themselvesdo not correlateperfectly(0.70). For the sake of simplicity

andto providea”bestestimate”of interannualIndianmonsoonrainfall variability a

combinedmonsoonindex is introducedthatis definedas

ø�ù�úûù
- üký ú ð"ñóò"ôöõÿþ

ø ù�úûù � ø ù�úûù
��� ð�� ð � ü ý ú ð�ñ ò"ôöõ � ü ý ú ð�ñ ò"ôöõ����	 ��
������� (4.5)

wheretheminussign in front of the secondtermon the right is dueto inversere-

lationshipbetweenrainfall andOLR. Theoretically, sinceM andMH aredesigned

to reflectthe broad-scalemonsoonvariability, they shouldcorrelatestronglywith

the total monsoonOLR index, OLRð�� , but the correlationsarerelatively weakat

0.35and0.23,respectively. In fact,both indicessurprisinglycorrelatebetterwith

OLRð"ñóò"ôöõ thanOLRð�� . Therehasbeensomespeculationthatthemonsooncircula-

tion indicessuffer from a too weakdivergentwind in theNCEP/NCARreanalysis

product(WebsterandTomas,personalcommunication).

4.3.2 Monsoon-ENSO Relationships The stateof ENSOis evalu-

atedhereusing the Niño3 SST index, which is calculatedby averagingmonthly

ReynoldsSSToverthedomain5
�
S–5

�
N, 150

�
–90

�
W. Overthe22yearsconsidered

in thisstudy, thesimultaneouscorrelationsbetweenJJAS Niño3SSTandtheAIRI,
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Table 4.1. CorrelationsbetweenseasonalIndian monsoonindicesover 22 years
(1975–1997,excluding 1978). For all correlations,a positive correlationvalue
indicatesapositiverelationshipbetweenthetwo measuresof monsoonstrength.

MonsoonIndex AIRI OLR��� OLR��������� OLR��� M MH

AIRI –
OLR� � 0.23 –
OLR��������� 0.70 0.71 –
OLR�!� 0.04 0.93 0.52 –
M 0.27 0.35 0.58 0.20 –
MH 0.50 0.23 0.59 0.27 0.22 –
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OLR"�#%$�&�' , OLR"�( , andOLR)!) are–0.32,0.44,0.18,and0.02,respectively. Corre-

lationsareslightly greaterby about0.1 if thesubsequentDJFNiño3SSTis usedto

representENSO(thelargercorrelationsaredueto wintertimepeakin evolution of

ENSOevents, (TorrenceandWebster1999)). Historically, the inversecorrelation

betweenENSOandIndian rainfall hasbeenstrongerandthe relatively weakcor-

relationsover the22 yearrecordconsideredheremayreflectobservationsthat the

monsoon-ENSOrelationshipis weakeningin the1990’s (Goswamietal. 1999).In

particular, despitethenearrecordstrengthof the1997El Niño, theIndianmonsoon

rainfall wascloseto normal (WebsterandPalmer1997).

4.4 Interannual Variations of ISO Activity

4.4.1 Changes in ISO Characteristics Indicesthatcapturetheyear-

to-yearvariationsof summertimeISO activity in the Indian monsoonregion are

determinedby averaginganindividualseason’swaveletderivedvariancetimeseries

(e.g.Fig. 4.5cexceptfor a singleextendedsummer, not theensemblemean)across

the Juneto Septemberperiod. The seasonalestimatesof the two ISO activity in-

dices,[OLR *!+�, -
] and[OLR -�.0/�1�2�3 - ] , areshown in Fig. 4.9. Thetwo ISO activity

indicescorrelatewith eachotherat0.83,indicatingthatthey capturelargelysimilar

interannualfluctuationsof ISOactivity.

The first question to ask is whether or not the objectively defined

[OLR *4+�, -
] and[OLR -�.0/�1�2�3 - ] ISO activity indicesreasonablyreflectobserved in-

terannualsummertimeISOactivity fluctuations.A visualinspectionof time-latitude

OLR diagramsindicatesthat seasonsof high (low) ISO activity asdefinedby the

waveletderivedindicesare(arenot)characterizedby regularnorthwardpropagation

of convection.Furthermore,alinearregressionof thetotalseasonalmeanOLR-�.0/�1�2
varianceonto[OLR *!+�, -

] (Fig.4.10)showsthatenhancedISOactivity in theIndian
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Figure4.9. SeasonallyaveragedISOactivity indicesfor JJAS. Solid line is ISOac-
tivity index basedonvarianceof OLR reconstructedfrom EOF1andEOF2.Dashed
line is index basedonseasonalvarianceof OLR filteredto 25–80-daysandeastward
wavenumbers1 through6. Both indicesrepresentspatiallyaveragedvarianceover
thecoreIndianmonsoonregion707 –907 E, 107 –207 N.
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monsoonregioncoincideswith enhancedintraseasonalvarianceacrossthenorthIn-

dianOceanbasinaswell asareasto thenorthof theequatorin thewesternPacific

Ocean.Theareaof enhancedintraseasonalconvective variancelargely mirrorsthe

climatologicalOLR8!9�: varianceshown in Fig. 4.7b, indicating that interannual

variationsof the[OLR 849�:4; ] index reflectinterannualvariationsof theentiresum-

mertimeISO system,which includesbotheastwardpropagationalongtheequator

andnorthwardpropagationontotheIndiansubcontinent.

A characteristicISO period can be deducedby averagingthe seasonal

waveletvariancespectrumfrom Juneto September(e.g.,Fig. 4.5bexceptfor single

season)andidentifyingtheperiodexhibiting maximumvariance.Thecharacteristic

periods,determinedby thismethod,varywidely from a low of 27daysto a high of

63 daysfor both ISO activity indices. The truespreadof ISO periodsmay not be

asbroadbecause,during seasonswhenthe [OLR 8!9�: ; ] and[OLR ;�<0=�>�?�@ ; ] indices

arelow, a characteristicperiodcannotbeclearlydistinguishedbecausetheaverage

frequency spectrumis weakandnearlyflat (not shown). During seasonswhenISO

activity is strong,andthereforea characteristicISO periodis readilyidentified,the

characteristicperiodrangeis limited to between34 and45 daysfor both indices.

ThecorrelationbetweenthecharacteristicperiodandtheISO activity index during

strongISOactivity seasonsis only 0.14for [OLR 8!9�: ; ] and–0.01for [OLR ;�<0=�>�?�@ ; ]
. Thelow correlationsimply thattheperiodof oscillationis not a decisive factorin

determiningtheamplitudeof ISOactivity.

In contrast,correlationsbetweenISO activity indicesandthe numberof

discreteactiveandbreakperiodsare0.61and0.58for [OLR 8!9�: ; ] and[OLR ;�<0=�>�?�@ ; ]
. The active andbreakepisodesaredefined,relative to the coreIndian monsoon

region, asminimumsandmaximumsof OLR8!9�: andOLR;�<0=�>�?�@ that aregreater
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Figure 4.10. Regressionof June-SeptembermeanOLRI�J0K�L�M I onto [OLR N!O�P I ]
for the 22-years1975–1997(excluding 1978). OLRI�J0K�L�M I is shown asanomalies
from theseasonalmeanOLRI�J0K�L�M I distribution for a 1.5 Q anomalyof [OLR N!O�P I ]
. Regressiononto [OLR I�J0K�L�M�R I ] is similar due to high mutual correationwith
[OLR N4O�P I ] .
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thanone-standard-deviation ( S ) from the long term mean. By this definition, the

numberof discreteactive andbreakeventsthatoccureachseasonrangesfrom 1 to

6 perseason.

The relationshipbetweenISO activity and precipitationis examinedin

moredetailby utilizing adaily precipitationdataset.Thisprecipitationdatasetspans

the years1979–1995,a 17 yearsubsetof the OLR data,andmergesdaily station

dataover land with Microwave SoundingUnit (MSU) dataover the oceans.Due

to the non-Gaussiandistribution of precipitation,a morerobust methodof identi-

fying the TVU%S estimatesis requiredto identify ”active” and”break” precipitation

days. The upperand lower one-standard-deviationsaredefined,as in Sheaand

Sontakke(1995),by first sortingthedaily precipitationestimatesfrom theentire17

yearsummerprecipitationrecord(96 summerdaysx 17 years= 1632total days)

into ascendingorder. The1/6thand5/6thsextilesarethendefinedas

WXZY[]\_^�`
a
bVc and

WXed[]\_^�`
f a
b_c (4.6)

where
a

is thetotal numberof days(1632)and ^�`g c is theprecipitationtimeseries

aftersortinginto ascendingorder. Daysin whichprecipitationvaluesfall below
WXhY[

andabove
WXid[ aredefinedas”break” and”active” days,respectively. The 96 day

precipitationtimeseriesbegin at the relatively latedateof June15 of eachyearto

eliminatetheinfluenceof monsoononseton theprecipitationdistribution.

Onewould anticipatethata seasonof strongISO activity would include

bothmoreactive andmorebreakdaysthanduringa seasonof comparatively weak

ISOactivity. Figure4.11ashowstheaveragenumberof daysin whichprecipitation

overcentralIndia falls into eachsextile for thetopfiveISOactivity yearsasdefined

by the [OLR j!k�lnm ] index. The anticipatednormalnumberof daysin eachsextile

would be16 (96 daysin seasondividedby 6 sextiles). During strongISO activity
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Figure4.11.Compositehistogramof numberof daysperseasonin which thedaily
area-averagedprecipitationfalls into eachof six sextiles during (a) top five ISO
activity years(1979,1982,1986,1987,1992),(b) bottomfive ISO activity years
(1983,1988,1989,1993,1995),and(c) top five ISO activity seasonsminusbot-
tom five ISO activity seasons.Only yearswhenprecipitationdatais availableare
considered(1979–1995).For eachseason,96 daily precipitationestimates,starting
June15andaveragedoverpeninsularIndia (75q –80q E, 10q –20q N), aretakenyield-
ing a total of 96 x 17 = 1632days.Theprecipitationvaluesaresortedaccordingto
magnitudeandcutoff valuesaredefinedfor eachof thesix sixths. Thenumberof
dayspersextile is theaveragenumberof days,e.g. for thestrongISO activity sea-
sons,thatthedaily precipitationfalls into a particularsextile. Theexpectednormal
numberof daysin any individualsextile is 16(96/6).
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years,thereare approximately22 breakdaysper season,6 more than would be

expectedduringa normalyear. Conversely, Fig. 4.11bshows thecompositesextile

histogramfor thefiveweakestISOactivity years.DuringweakISOactivity seasons,

seasonswhenpresumablytherearenot largescaleswingsbetweenactiveandbreak

periodsover India, the averagenumberof breakdaysis only 9.5. The composite

differencesareshown in Fig. 4.11c. On average,thereare12.5morebreakdays

duringastrongISOactivity seasonrelativeto aweakone.Interestingly, thenumber

of active daysactuallydeclinesduringa strongISO activity seasoncomparedto a

weakISO activity seasonwhich suggeststhat the entireprecipitationdistribution

shiftstowardssmallerdaily precipitationvaluesduringstrongISOactivity seasons,

andviceversa.

Thesameanalysisdonefor precipitationover the centralBay of Bengal

is shown in Fig. 4.12.While thenumberof breakdaysis marginally greaterduring

strongISO activity seasons,thechangein precipitationdistribution is weaker over

theoceanrelative to thatover land.

Theresultsof thissectionarebriefly summarizedhere:

r The year-to-yearvariationsof summertimeISO activity appearto be rea-

sonablycapturedby the [OLR s!t�unv ] and [OLR v�w0x�y�z�{ v ] indices. The in-

dices,definedby variancechangesin thecoreIndianmonsoonregion, re-

flect interannualvariability of theentiresummertimeISOsystem.

r Thefluctuationsin theISOactivity indicesarenotcloselylinkedto changes

in ISO period,but insteadreflectthe numberof discreteactive andbreak

eventsthatoccurwithin eachseason.
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Figure4.12. SameasFig. 4.11exceptprecipitationaveragedover centralBay of
Bengal(85| –90| E, 12| –17| N).
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} Seasonsof strongISO activity, particularlyover land,exhibit a substantial

increasein the numberof breakprecipitationdaysrelative to seasonsof

weakISOactivity.

4.4.2 Relation to Interannual SST Variability

4.4.3 ENSO Becauseof theestablishedinverserelationshipbetween

ENSOandtheIndianmonsoon,it is importantto examinetheassociationsbetween

ISOactivity andENSObeforeonecancommentontherelationshipbetweenISOac-

tivity andtheIndianmonsoon.ThesimultaneouscorrelationsbetweenJJAS Niño3

SSTand[OLR ~!���n� ] and [OLR ���0������� � ] areweakly positive at 0.16 and0.22, re-

spectively. Hendonet al. (1999)foundthat thewintertimeISO activity is essen-

tially uncorrelatedwith DJFNiño3SST, althoughnotablereductionsin wintertime

ISO activity areobservedduring the two strongestrecentENSOevents(1982-83,

1997-98).Of the four warmestJJAS Niño3SSTyearsincludedin this study, two

exhibit abovenormal[OLR ~!��� � ] levels(1982,1987)andtwo exhibit below normal

[OLR ~4���4� ] levels (1983,1997). In contrast,of the coolestfour JJAS Niño3 SST

years,threeexhibit below normal[OLR ~!��� � ] (1975,1985,1988)while only one

exhibitsabovenormal[OLR ~!��� � ] (1981).

Compositesof theOLR~4��� waveletspectrafor thefour warmestandfour

coolestJJAS Niño3 SSTyearsareshown in Figs.4.13and4.14. For the warm

JJAS Niño3 SSTcomposite(Fig. 4.13), the OLR~!��� variancetendsto be above

normal at the beginning of the monsoonseasonin May throughJuly and below

normalfor the remainderof theseasonsuchthat the total summertimevarianceis

nearnormal. For thecool JJAS Niño3SSTcomposite(Fig. 4.14)theearlypartof

themonsoonseasonis characterizedby weaker thannormalISO activity while the

remainderof the seasonexhibits nearnormalISO activity. It is importantto note
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Figure4.13. SameasFig. 4.5 exceptcompositeof four warmestJJAS Niño3SST
years(1982,1983,1987,1997). Dashedlinesshow meanvariancefrom all-years
composite.
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Figure4.14. SameasFig. 4.5 exceptcompositeof four coolestJJAS Niño3 SST
years(1975,1981,1985,1988).
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that the compositesshown in Figs.4.13and4.14 includeonly four seasonseach;

consequently, the significanceof the resultsmustbeevaluatedwith this limitation

in mind. Nevertheless,themodestpositivecorrelationbetweenmeanseasonalISO

activity andENSOappearsdueto changesin early monsoonseasonISO activity

associatedwith thestateof ENSO.CorrelationsbetweenJJAS Niño3SSTandISO

activity are0.38([OLR �4���4� ] ) and0.35([OLR ���0������� � ] ) for thefirst two monthsof

themonsoonseasonandonly –0.03and0.02for thelattertwo monthsof theseason.

Themeanfrequency spectraof theOLR�!��� waveletspectracomposites

for warm andcool JJAS Niño3 SSTareshown in Figs.4.13band4.14b. No dis-

tinguishableshift in ISO periodcanbediscernedduring eitherENSOphase.The

lack of a periodshift associatedwith thephaseof ENSOrunscounterto themodel

resultsof KrishnanandKasture(1996),in whichthey foundthatwarmENSOyears

arecharacterizedby sloweroscillations.However, KrishnanandKasturealsofound

thatwarmENSOseasonsexhibit moreregularISObehavior, a resultthatis weakly

supportedby theanalysiscompletedhere.

Hendonet al. (1999)foundthatduringwarmENSOepisodes,thereis an

eastward shift of ISO activity during winter (seealsoFink andSpeth1997),but

the anomaliesaresmall comparedto the standardinterannualdeviations. To test

whetheror not thereis a correspondingshift in thedistributionof ISO activity dur-

ing summer, thetotal OLR���0����� varianceandtheOLR���0������� varianceareregressed

onto JJAS Niño3 SST(not donefor OLR�!��� becausethe locationof varianceis

essentiallyprescribedby EOF modes).Theonly significantchangein locationof

eithermeasureof intraseasonalconvectionvarianceis anextensionof varianceeast-

wardin thePacificOceanto about160� W duringthepositiveENSOphase.Within
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theIndianOceanbasin,thereis nochangein locationor amplitudeof intraseasonal

convectionvariancewith thephaseof ENSO(notshown).

To summarizetheprecedinganalysis,thephaseof ENSOduringnorthern

summerdoesnot stronglyimpacttheamplitudeor locationof seasonallyaveraged

summertimeISO activity. However, ISO activity at thebeginningof themonsoon

seasondoesappearto be influencedby the phaseof ENSOwith moderatelyen-

hancedISOactivity observedduringthewarmENSOphaseandviceversa.

4.4.4 Other SST Variability Thequestionremains,then,asto what

is forcingtheinterannualvariability of summertimeISOactivity. To explorefurther

thepossiblerole of otherSSTanomalies,besidesthoseassociatedwith ENSO,the

globalsummertimemeanSSTis regressedontothe[OLR �! �¡n¢ ] and[OLR ¢�£0¤�¥�¦�§ ¢ ]
indices(Fig. 4.15). Both regressionsshow virtually no coincidentrelationshipbe-

tweenany tropicalSSTvariability andISO activity. Hence,theimportanceof SST

boundaryforcing on the level of ISO activity seemsto be minimal althoughit re-

mainspossiblethat small interannualchangesin SSTgeneratelarge year-to-year

changesin ISO activity in a nonlinearmanner. If the interannualvariationsof ISO

activity arenot relatedto interannualSSTvariationsthenthe sourceof the year-

to-yearvariationsin ISO activity musteitherbe forcedby land surfaceboundary

conditionsor internallygenerated.

4.4.5 Relation to Interannual South Asian Monsoon Variability

With indices definedfor both the seasonalISO activity and seasonalmonsoon

strength,it is possibleto investigatetherelationshipbetweeninterannualvariations

of ISO activity andinterannualfluctuationsof themonsoon.Figure4.16is a scat-

ter diagramof [OLR �4 �¡4¢ ] versusOLR̈�©�ª�«�¬ . The two indicescorrelateat +0.56,

whichmeansthatthereis aninverserelationshipbetweenthestrengthof theIndian
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Figure4.15. Regressionof June–SeptemberanomalousSSTonto (a) [OLR °!±�²n³ ]
and(b) [OLR ³�´0µ�¶�·�¸ ³ ] . Contourintervalsareevery0.25¹ C beginningat º 0.125¹ C.
Black linesdenotewherecorrelationcoefficientsaresignificantat 95%level based
on22d.o.f. ( º 0.36).
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Figure4.16. Scatterdiagramof summertime[OLR ½!¾�¿4À ] versusOLR-India. Both
indicesareplottedasanomaliesfrom their respective 22-yearmeans.Thecorrela-
tion is 0.55(0.70excluding1996).”The greattragedyof science– theslayingof a
beautifulhypothesisbyanugly fact.” –ThomasHuxley
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monsoonandthemagnitudeof summertimeISO activity (recall that low OLRÁ�Â%Ã�Ä�Å
valuespoint to a strongmonsoon).The inverserelationshipis the samesign, al-

thoughslightly weaker, as that found betweenwintertime ISO activity and Aus-

tralianmonsoonstrength (Hendon1999). Table4.2 lists thecorrelationsbetween

thevariousmonsoonindicesand[OLR Æ!Ç�ÈnÉ ] and[OLR É�Ê0Ë�Ì�Í�Î É ] . Thecorrelations

betweenOLRÁ�Â%Ã�Ä�Å andAIRI andthe two ISO activity indicesarestrong(lessthan

–0.46)andstatisticallysignificantat the95%level in all cases.TheseasonalISO

activity doesnotappearto beinverselycorrelatedwith precipitationover theBayof

Bengal.

While thesituationis notasdireasthequotationin thecaptionto Fig.4.16

suggests,theyear1996is anomalousin thattherainfall is abovenormaleventhough

it is oneof the strongestISO activity seasonsover the 22-yearrecord. A cursory

examinationof the1996rainfall timeseriesdid not revealany obviousreasonsfor

theanomaly. Nineteenninety-sixwascharacterizedbyananomalouslyhighnumber

of tropicalstormsin theNorth IndianOceanbasinwhichcouldhave led to thehigh

seasonalrainfall totals. As will be shown in the next chapter, the ISO appearsto

modulatetropicalstormactivity with themajorityof tropicalstormsformingduring

theconvective ISOphase.

Thenormalizeddeparturesfrom averagefor eachyearbetween1975and

1997for the[OLR Æ!Ç�È4É ] , [OLR É�Ê0Ë�Ì�Í�Î É ] , andthecombinedAIRI-OLR Á�Â�Ã�ÄÏÅ indices

areshown in Fig. 4.17. In general,a strongerthannormalnorthwardcomponentof

the intraseasonaloscillationcorrespondsto a depletedmonsoon.Of the8 seasons

in which the[OLR Æ!Ç�È É ] index is substantiallygreaterthannormal( Ð 0.5Ñ ), 6 are

deficientIndian monsoonseasonsby both indices,2 arenormal Indian monsoon

seasonsandonly 1 is anabundantIndia monsoonyear. Conversely, of the7 years
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Table4.2. CorrelationsbetweenseasonalISO activity indicesandIndianmonsoon
indices over 22 years (1975–1997,excluding 1978). ISO activity and Indian
monsoonindicesdescribedin text. For all correlationvalues,a negativecorrelation
indicatesaninverserelationshipbetweentheinterannualvariability of themonsoon
index andtheinterannualvariability of theISOactivity.

JJAS ISOActivity
MonsoonIndex [OLR Ò!Ó�ÔnÕ ] [OLR Õ�Ö0×�Ø�Ù�Ú Õ ]
AIRI –0.46 –0.59
OLRÛ�Ü –0.30 –0.19
OLRÛ�Ý%Þ�ß�à –0.56 –0.46
OLRá�á –0.18 –0.01
M –0.41 –0.55
MH –0.42 –0.37
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Figure4.17. [OLR æ4ç�è4é ] , [OLR é�ê0ë�ì�í�î é ] , anda combinedAIRI-OLR ï�ð�ñ�ò�ó indices
expressedin unitsof standarddeviationsawayfrom themean.Thesignof theAIRI-
OLRï�ð%ñ�ò�ó index hasbeenreversedsuchthatpositive (negative) AIRI-OLR ï�ð%ñ�ò�ó in-
dex valueindicatesa dry (wet) Indianmonsoon.
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in which the [OLR ô!õ�ö4÷ ] index is substantiallybelow normal( ø –0.5ù ), 4 arewet

Indianmonsoonseasons,3 arenearnormal,while noneareabnormallydry. Dueto

thehigh mutualcorrelationbetweenthetwo ISO activity indices,theyear-by-year

breakdown is similar for the[OLR ÷�ú0û�ü�ý�þ ÷ ] index.

The inverserelationshipbetweenthe Indian monsoonstrengthand ISO

activity is examinedfurtherby compositingthemeanOLRô!õ�ö waveletspectrafor

wet anddry monsoonseasons.Thecompositewaveletspectrumof thefive wettest

monsoonseasons(1975,1980,1983,1988,1990),asdefinedby thecombinedAIRI-

OLRÿ�������� index, is shownin Fig.4.18.TheISOvarianceisbelow normalthroughout

theseasonalthoughmoresoat thebeginningof theseason.Thereis aslight indica-

tion that theperiodof oscillationis reducedto near33 daysduringwet monsoons,

but aswasnotedpreviously, the flatnessof the total frequency spectrumwhenthe

waveletvarianceis low precludesonefrom makinga definitivestatementaboutthe

oscillation.Outof thefivewetmonsoonseasonscomposited,two arealsoclassified

ascoolJJAS Niño3SSTyears.A separatecomposite(notshown), consistingsolely

of the threewettestmonsoonyearsthat arenot alsocool JJAS Niño3 SSTyears,

exhibits thesamegeneralcharacteristicsasthatshown in Fig. 4.18.

ThecompositeOLRô!õ�ö waveletspectrumof thefivedriestmonsoonsea-

sons(1976,1979,1982,1986,1987)is shown in Fig. 4.19. Thevarianceis above

normal,in thiscomposite,atall timesandscales.Onceagain,of thefivedriestmon-

soonseasonscomposited,two arealsoclassifiedaswarm JJAS Niño3 SSTyears.

The compositewavelet spectrumof the remainingthreedry monsoonyears(not

shown) is largely similar exceptthat the latemonsoonseasonvarianceis substan-

tially strongerthanthe compositevaluesseenin Fig. 4.19while the early season

varianceis closerto normallevels.
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Figure4.18.SameasFig. 4.5exceptcompositeof fivewettestJJAS monsoonyears
(1975,1980,1983,1988,1990). Wet monsoonyearsdefinedby combinationof
AIRI andOLR-Indiaindices.
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Figure4.19. SameasFig. 4.5 exceptcompositeof five driestJJAS monsoonyears
(1976,1979,1982,1986,1987). Dry monsoonyearsdefinedby combinationof
AIRI andOLR-Indiaindices.
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4.4.6 ISO, ENSO, and the Indian Monsoon Theaboveresultssug-

gestthatboththelevel of ISOactivity andthestateof ENSObearsomerelationship

to Indianmonsoonstrength.However, therelationshipbetweenENSOandtheISO

activity is weak,althoughnot necessarilynegligible, particularlyin theearlysum-

mermonths.Figures4.20aand4.20bdisplaytheregressionsof summertimemean

OLR onto[OLR ������� ] andJJAS Niño3SST, respectively. OLR that is linearly de-

pendentonJJASNiño3SSTis removedprior to formingtheregressionin Fig.4.20a.

In asimilarmanner, OLR thatis linearlydependenton[OLR ������� ] is removedprior

to forming theregressionof meanOLR ontoJJAS Niño3SSTshown in Fig. 4.20b.

Theanomalypatternsin Fig. 4.20bresembletheclassicallargescaleanomalypat-

ternsassociatedwith ENSOincludingenhancedconvectionover theeasternPacific

OceanandreducedconvectionoverIndonesia,equatorialAfrica, andpeninsularIn-

dia (e.g.,Kiladis andDiaz1989).Meanwhile,asanticipatedby theinverserelation-

shipbetweenOLR�� "!$#&% and[OLR ������� ] , independentof ENSO,high ISO activity

correspondsto significantlyreducedconvectionovermostof IndiaandBangladesh

(Fig. 4.20a).Thereis alsoaninterestingdecreasein convectionover thefar eastern

Pacific Oceanthatcorrespondsto enhancedISO activity over India. Thecausefor

suchanincreasein meanOLR in theeasternPacific is notclear.

4.5 Summary and Discussion

Two objective indicesthatcapturetheinterannualvariability of summer-

time ISO activity over India aredeveloped.Onemeasureis basedon EOFanalysis

andthe otheron wavenumber-frequency filtering. Interannualfluctuationsin ISO

activity arelargelydueto variationsin thenumberof activeandbreakperiodsfrom

oneyearto thenext ratherthanshifts in thecharacteristicISO period. Seasonsof

high ISO activity tendto containsignificantlymorelow rainfall daysthanseasons
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Figure4.20. Regressionof June–SeptembermeanOLR onto (a) [OLR -�.�/�0 ] and
(b) Niño3SSTfor the22-years1975–1997(excluding1978). Prior to forming the
regressions,OLR that is (a) linearly dependenton Niño3SSTand(b) linearly de-
pendenton [OLR -�.�/�0 ] is removed.OLR anomaliesareshown for a1.5 1 anomaly
of [OLR -�.�/ 0 ] andNiño3SST, respectively. Black linesoutlineregionswherecor-
relationcoefficientsaresignificantat the95%level basedon22degreesof freedom
( 2 0.36).
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devoidof ISOactivity, particularlyoverland.Furthermore,theseasonalISOactivity

is inverselycorrelated,at approximately–0.55,with measuresof Indianmonsoon

strength.Thehigh frequency of breakdaysduringstrongISOactivity seasonsmay

themajorcontributing factorthatdeterminesthetotal reducedsummerrainfall dur-

ing thoseseasons.

Singhet al. (1992),who examinedISO activity by analyzing80 years

of daily stationrainfall data,concludethat thereis no relationshipbetweenISO

activity andseasonalmeanIndian rainfall, a resultthat contradictsthe findingsof

thisstudy. Onepossiblereasonfor thecontradictionmaybedueto decadalchanges

in ISO activity. Slingoet al. (1999)foundthatglobal ISO activity wasmarkedly

reducedin theperiod1958–1976comparedto recentyears.A significantreduction

in the level of global ISO activity could contribute to lower correlationsbetween

ISOactivity andIndianrainfall duringthoseperiods,andhenceoverallcorrelations.

CorrelationsbetweenISO activity andJJAS Niño3SST, andglobalSST

anomaliesfor thatmatter, arelow. Thereis someindicationthat thesmallpositive

correlationsarethe resultof enhanced(reduced)early southwestmonsoonseason

ISOactivity duringthewarm(cool)phaseof ENSO.Thelackof any clearrelation-

shipbetweenISO activity andglobalSSTanomalies(seealsoSlingoet al. 1999;

Hendonet al. 1999) implies that interannualvariability of ISO activity is either

internally generatedor is forced by land surface conditions. Hendon(1999)

arguesthat a weak Australian monsooncould enhancewintertime ISO activity

by shifting the meanconvectiondistribution closerto the equatorwhich presum-

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

Salbyet al. 1994).Sucha sequenceof eventsmayalsooccurduringsummerwith

a weakcontinentalIndianmonsoonpermittingstrongerISO activity. However, the
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deepestoff-equatorialmonsoonconvectionlies over the Bay of Bengalwherein-

terannualchangesin OLR arerelatively unresponsive to interannualshifts in ISO

activity (correlationof –0.18). Therefore,someseasonsthat arecharacterizedby

strongoff-equatorialISOactivity arealsocharacterizedby largeregionsof deepoff-

equatorialconvectionthattheoreticallywould inhibit ISOactivity. In any case,cor-

relationsbetweenmonsoonalconvectionandISO activity arenot overwhelmingly

largewhichpointsto thelikelihoodthatinterannualfluctuationsof ISOactivity may

beinternallyandchaoticallygenerated.A potentiallyimportantcaveatto this con-

clusionis the observation that the ISO activity exhibits strongbiennialvariability

(seeFig. 4.9)bothvisibly andin asimpleFourierspectrum(Fig. 4.21).Confidence

in therobustnessof thenear2-yearspectralpeaksis limited dueto their proximity

to Nyquist frequency. Nonetheless,the near2-yearperiodstandsout well above

theremainderof thespectrum,particularlyfor [OLR 3�4�5�6 ] . Thetroposphericbien-

nial oscillationandtheSouthAsianmonsoonseemto beintricatelylinked (Meehl

1997). Thepresenceof a biennialtimescalein ISO activity suggeststhat it is pos-

sible that the TBO is a sourceof ISO activity variability althougha mechanism,

apartfrom thebiennialmonsoonoscillation,is not readilyapparent.Themodeling

resultsof Goswami (1995)suggestthat thebiennialvariability of theIndianmon-

sooncould be generatedthroughthe interactionof intraseasonaloscillationswith

theannualcycle.

Whetherinterannualmonsoonvariability forcesinterannualfluctuations

of ISO activity or vice versa,the relatively stronginversecorrelationbetweenthe

two phenomenahasimplicationsfor forecasting.Thetotalexplainedvarianceof the

summermeanrainfall over Indiaby interannualvariationsof ISOactivity is modest

( 31%).Nevertheless,thevarianceexplainedis of comparableor greatermagnitude
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Figure4.21.Fourierpowerspectraof [OLR @�A�B�C ] , [OLR C�DFEHG�I�J C ] , AIRI, andJJAS
Niño3SST. Eachtimeseriesis detrendedandtaperedto zeroat theendswith a20%
cosinetaperprior to spectralcalculations.Thin line shows 95%significancelevel
basedonawhitenoiseprocess.
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to thatexplainedby ENSO,at leastin theIndianmonsoonregion. Theresultspre-

sentedherepoint to the needin forecastmodelsfor an accuraterepresentationof

theISO,particularlyfor forecastingweakmonsoonswhenISOactivity is generally

strong.

An inconclusiveresultof thisstudythatisworthyof furtherattentionis the

seasonalevolutionof summertimeISOactivity. Accordingto Figs.4.5and4.6,ISO

activity is strongestat the beginning of summerbeforeit tails off over the course

of the monsoonseason.Additionally, thereis limited evidencethat the phaseof

ENSOaffectsISO activity in JuneandJuly, but not during the restof the season.

Furthermore,dry monsoonseasonsthat arenot alsowarm ENSOseasonstendto

exhibit substantiallygreaterthannormal ISO activity during the latter half of the

monsoonseason.The causesandimplicationsof suchintraseasonalvariationsof

ISOactivity is notclearandwarrantsfurtherinvestigation.


