
CHAPTER3

STRUCTUREAND EVOLUTION OFTHE INTRASEASONAL OSCILLATION

”Surely in meteorologythethingto huntdownis a cycle, andif that is not to be
foundin thetemperatezone, thengo to thefrigid zonesandlook for it, or the
torrid zonesandlookfor it, andif found,thenaboveall things,andin whatever
manner, lay holdof it, studyit, record it, andseewhatit means.”

— J.N.Lockyer, uponlearningof sunspotcycles,1871

3.1 Theories for Summertime ISO Evolution

Figure1.7showsclearobservationalevidenceof a northward(andsouth-

ward) movementof convection during northernsummer. The presenceof these

large-scalenorthwardpropagatingsystemsandtheir link to active andbreakperi-

odsof rainfall over India hasbeenknown for a long time, asoutlinedin Section

1.2.1. Thenorthwardpropagationalongan individual meridianappearsalsoto be

connectedto eastwardpropagationof convection,bothalongtheequatorandalong

Indiansubcontinentlatitudes.It will beshown that this eastwardmovementat In-

diansubcontinentlatitudesis apersistentfeatureof thesummertimeISOandthere-

fore any theoryaccountingfor thenorthwardmovementof convectionshouldalso
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accountfor theobservedeastwardmovementof convectionbothalongtheequator

andIndiansubcontinentlatitudes.

A numberof theorieshave beenput forth thatattemptto explain theob-

servednorthwardpropagationof convection. Webster(1983)and Srinivasanetal.

(1993)emphasizedtheimportantrole of landsurfaceheatfluxesinto theboundary

layerthatdestabilizetheatmosphereaheadof theascendingzone,causinga north-

wardshift of convective activity. Goswami andShukla(1984)suggestedthat the

northwardpropagationis dueto a convection-thermalrelaxationfeedbackwherein

theconvective activity increasesstaticstability while dynamicandradiative relax-

ationdecreasesthemoiststaticstability, bringingtheatmosphereto a convectively

unstablestate. Lau andPeng(1990),in a modelingstudy, find thatthe interaction

betweenthe large-scalemonsoonflow andthe equatorialintraseasonaloscillation

resultsin thegenerationof unstablewestwardpropagatingbaroclinicdisturbances.

As thesedisturbancesgrow, low-level air is drawn northward resultingin a rapid

northwardshift of theareaof deepconvection.Anotherinterpretationof thenorth-

wardpropagationof convectionis thattheequatorialconvectionsplitsafterit arrives

in the centralequatorialIndian Oceanwith the bulk of the convectionredirected

northwardandsouthwardandthe remaindercontinuingeastward into the western

Pacific Ocean (WangandRui 1990).Underthis view, thenorthwardmovementof

convectionis consideredto beindependentof theeastwardpropagationof convec-

tion alongtheequatorandis thoughtto beinitiatedby differentdynamicalprocesses

thanthosethatareimportantto theevolutionof theISO.Recently, Rodwell(1997)

hypothesized,supportedby atmosphericmodel results,that breaksin the Indian

monsooncanbe triggeredby injectionof dry, high negative potentialvorticity air

from theSouthernHemispheremidlatitudes.
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While the above theoriesmay be importantin determiningthe detailed

characteristicsof thenorthwardpropagationof convection,andhencethecycling of

activeandbreakperiods,they fail to address,andcannotbereadilyextendedto ex-

plain, eithertheconcomitantsouthwardmovementof convectioninto thesouthern

hemisphereor the eastward propagationof convectionalong Indian subcontinent

latitudes.Thetheorymostconsistentwith theobservationsshown in Fig. 1.7is that

of WangandXie (1997),who, basedon resultsof a modelingstudyof thenorth-

ern summerISOs, describethe northward ”propagation”as a convection ”front”

formedby theequatorialRossbywavesemanatingfrom theequatorialconvection.

TheWangandXie convectionfront tilts northwestwardfrom theequatorto 20
�
N,

resultingin anapparentnorthwardpropagationastheentirewave packet migrates

eastward.

It is interestingthat, during winter, distinct poleward propagationof

convection is essentiallyabsentexcept for the occasionalappearanceof a south-

eastwardextensionof convectioninto theSouthPacific ConvergenceZone(SPCZ)

(e.g.,WangandRui 1990). Matthews et al. (1996)show that thesouth-eastward

extensionis triggeredby the equatorward advectionof large magnitudepotential

vorticity (PV) air by theupper-troposphericanticyclonecenteredovertheequatorial

convection.Thehigh PV air inducesdeepascenton its easternsideat a latitudeof

15
�
–30

�
S, inducingconvectionin theSPCZ.

Thegoalsof this chapterincludeexaminingthenorthwardmovementof

convectionwith an emphasison the role of propagatingequatorialmodesin driv-

ing the large-scalenorthwardmigrationsof convection. To this end,it is usefulto

comparetheevolution of the ISO duringwinter andsummersincethewinter ISO

is slightly strongerandexhibits a lesscomplicatedevolution thanits summertime
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counterpart.A secondgoal is determiningwhethereastward propagationof con-

vectionalong the equator, suchas that observed in Fig. 1.7, is a prerequisitefor

northwardpropagationonto the SouthAsian landmassor whetheran independent

large-scalenorthwardpropagatingmodethatis not relatedto theISOis alsopresent

duringthesummerAsianmonsoonseason.

3.2 Timeseries Analysis and Temporal and Spatial Filtering

3.2.1 Fourier Spectral Analysis In ordertodeterminewhichregions

in thetropicsareinfluencedby oscillationsin convectionthatareonthetimescaleof

theISO(25 to 80-days),a simpleFourierspectralanalysisof daily OLR timeseries

is completedat eachgrid point acrossthe entireeasternhemispheretropics. The

analysisis conductedfor northernsummerandnorthernwinterseparately. Variance

spectraat eachindividualgrid point arecompletedfor 182-daysummer(MJJASO)

and182-daywinter (NDJFMA) anomalyOLR timeseries.Prior to computingthe

variancespectraateachgrid point, themeanandfirst threeharmonicsof theannual

cycle areremovedfrom thedaily OLR timeseries.Additionally, thetimeseriesare

taperedto zerowith a10%cosinetaperto reducetheintroductionof high-frequency

variancegeneratedby potentiallyunequalendvalues.An ensemblevariancespec-

trum for northernsummerandnorthernwinter is determinedby averagingthe 22

individualsummerandwintervariancespectra,respectively.

OLR timeseries,likemany geophysicaltimeseries,areassumedto exhibit

rednoisebehavior whichcanberepresentedwith a lag-1autoregressivemodel:

�����������
	���
������ (3.1)

where� is thelag-1autocorrelationof thetimeseriesand ��� is Gaussianwhitenoise.

ThediscreteFouriervariancespectrumof theautoregressivemodel,asprovidedby
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Gilmanetal. (1963)is:

����� ������������ � �� !�#"�$!%& 
'�(*)�+-, (3.2)

where ( �/.�01020 +3)4 is the frequency index. The theoretical90%, 95%, and99%

significancespectracanthenbe estimatedby using the meanof the 22 lag-1 au-

tocorrelationsobtainedfrom eachseasonaltimeseriesandassuming44 degreesof

freedom(d.o.f.,22yearsx 2).

Thedynamicalfieldsassociatedwith the ISO exhibit a relatively narrow

spectralpeakbetween50and60daysandareconcentratedin wavenumber1 (Salby

andHendon1994). On the otherhand,SalbyandHendonshowed that the con-

vective signalis considerablymorebroadbandin bothperiod(25 to 95 days),and

wavenumber(1 to 3). Using thesecharacteristicsasa guide,Fig. 3.1ashows the

arealextent in which a spectralpeakbetween25 and 80 daysexceedsthe 90%,

95%, and 99% theoreticalsignificancespectrain northernsummerand northern

winter. The80 daycutoff, ratherthan95 days,is chosento avoid identifying spec-

tral peaksat low frequenciesas ISO relatedwhenthey may in fact be causedby

linear trendsin the OLR data. The simplerequirementthat only a singlespectral

peakbetween25and80daysexceedsthetheoreticalspectrumis a liberalmethodof

delineatingregionsthatexhibit ISO-timescaleconvective activity. In bothseasons,

significantspectralpeaksin the 25–80-dayperiodbandareobservedacrossmuch

of thetropicaleasternhemisphere.Themostclearlydistinguishabledifferencebe-

tweenthe two seasonsis the extensionof ISO- timescaleactivity northward over

theArabianSea,theIndiansubcontinent,andtheSouthChinaSeaduringthenorth-

ernsummerwhile ISO-timescaleactivity increasesover theJava Seaandnorthern

Australiaduringthenorthernwinter.
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Samplearea-averagedensemblevariancespectraandthe90%theoretical

rednoisesignificancecurvesareshown in Fig.3.1bfor selectedregions.A seasonal

shift in the geographicaldistribution of ISO-timescaleactivity is clearly visible.

The resultsshown in Fig. 3.1 areconsistentwith previous studies. For example,

in a spectralanalysisof a 70-yearrecordof daily summertimeprecipitationfrom

3700stationsacrossIndia, HartmannandMichelsen(1989) found a statistically

significant40–50-dayspectralpeakatthe99%levelacrossthemajorityof theIndian

subcontinentsouthof about238 N.

3.2.2 Wavenumber-Frequency Analysis Wavenumber-frequency

spectralanalysisis usedto evaluateand to isolate the predominantspatial and

temporalscalesin theAsianmonsoonregion. This techniqueis usefulfor studying

zonally propagatingwaves (Hayashi1982) and has previously beenemployed

to investigateconvectively-coupledequatorialwaves by Takayabu (1994) and

Wheeler and Kiladis (1999) where the techniqueis describedin detail. The

wavenumber-frequency spectralvarianceis determinedby9;:=<?>A@CBEDF9 G�H-:I<J>A@KBEDK:MLN<J>A@KBEDO@
(3.3)

where :=<?>A@KBEDPH QR
SUTWVYXZ\[^] V G`_Z a <cb�@ ] DCdfehgjilknmpo�q
r1s [ b (3.4)

and a <tbu@ ] D is theoriginal timeseriesdataat all longitudes(
b
) aroundanindividual

latitudeline,
>

is the zonalwavenumber(
R
S�v b

),
B

is the frequency, andT is the

lengthof thetimeseries.

The resultsof a wavenumber-frequency spectralanalysisof OLR are

shown in Fig.3.2.As with theFourierspectralanalysisdescribedabove,theplotsin

Fig. 3.2representanensembleaverageof the22 individualwavenumber-frequency

spectrageneratedfrom 182-daysegments.Prior to thewavenumber-frequency cal-
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Figure3.2. Averagezonalwavenumber-frequency variancespectraof anomalous
OLR for MJJASOandNDJFMA.Thespectraareaveragedoverthenumberof sum-
mersandwintersin therecordandadditionallyareaveragedacrossthelatitudes(a)
5� S – 5� N and (b) 10� N – 20� N. (c) Sameas (a) except wavenumber-frequency
spectracalculatedfrom datarestrictedto the longitudes40� –100� E. Contoursare
every1 W � m �h� .



3. STRUCTUREAND EVOLUTION OFTHE INTRASEASONAL OSCILLATION 38

culations,themean,thefirst threeharmonicsof theannualcycle,andthelineartrend

areremovedfrom eachoriginal182-dayOLR timeseriesandtheresultinganomaly

timeseriesis taperedto zeroat the endswith a 10% cosinetaper. Two longitude

bandsthatextendaroundtheentireglobearechosenfor eachseason,aswathalong

theequator(5� S – 5� N, Fig. 3.2a)anda bandthatincludestheIndiansubcontinent

andsoutheastAsia (10� – 20� N, Fig. 3.2b).

At equatoriallatitudesthereis a clearconcentrationof variancein east-

ward propagatingmodes,specificallyat eastward wavenumbers1–3 with periods

greaterthan25days.Thisresultis in accordwith thefindingsof SalbyandHendon

(1994)whoobservedthatthevarianceat thesewavenumbersandperiodsis notably

greaterin northernwinter comparedto northernsummer. This observationhasled,

in general,to a greateremphasison studiesof thewintertimeandspringtimeISO.

However, referringbackto Fig. 3.1b,oneseesthat theregionalmeanvariancebe-

tween25 and80 daysat 85� – 95� E, 5� S – 5� N, for example,is basicallythesame

during both summerandwinter. Why thenis the wavenumber-frequency spectral

varianceat eastward wavenumbers1–3 so muchgreaterduring winter relative to

summer(Fig. 3.2a)? One possiblereasonis suggestedby Fig. 3.3 which shows

the global distribution of seasonalmean25–80-dayOLR variance. The climato-

logical 25–80-dayOLR varianceextendsfurthereastacrossthePacific Oceanand

is generallydistributedcloserto the equatorduring winter comparedto summer.

A wavenumber-frequency calculationdonefor the40� –100� E longitudinaldomain

only resultsin a considerablereductionin thedifferencebetweensummerandwin-

ter low-frequency, eastward-wavenumbervariance(Fig. 3.2c).

AcrossSouthAsiathelow-frequency, eastward-wavenumber1–3variance

is substantiallygreaterduringsummerthanduringwinter (Fig. 3.2b).At thispoint,
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Figure3.3. Climatologyof 25–80-dayOLR variancefor JJAS andDJFM,contour
levelsevery100W � m �h� .
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an importantfinding in this work is thatwhile mostof the literaturedescribingthe

intraseasonaloscillationsduringthesouthwestmonsoonhasfocusedon thenorth-

wardpropagationof convectionfrom theequatorontotheIndiansubcontinent,the

wavenumber-frequency calculationsindicatethatthereis alsoaneastwardpropaga-

tion of low-frequency convectionbothat theequatorandalongIndiansubcontinent

latitudes.

Wavenumber-frequency spectraof u����� andu�t����� and1000-mbdivergence

areshown in Fig.3.4. In all threefields,wavenumber-frequency varianceis concen-

tratedat eastwardwavenumber1 duringbothseasonsat a periodof 50 days.How-

ever, the 1000-mbdivergencespectrumappearsto be much more evenly spread

acrossall wavenumbersand frequencies.This is due, at least in part, to higher

wavenumbersbeingemphasizedwhena spatialderivative is taken, as in the case

of divergence. At 10� –20� N, the varianceis similarly concentratedat eastward

wavenumber1 for all threefields,althoughtheamplitudeis muchreducedfor u�t�����
and1000-mbdivergence(notshown).

A comparisonof Figs.1.6and3.3suggeststhatregionsof climatological

warm SST(SST � 28� C) tend to be collocatedwith high mean25–80-dayOLR

variance. Figure3.5 is a time-latitudediagramof the SSTannualcycle with su-

perimposedcontoursof 25–80-day, eastward-wavenumber-1–3-OLRvariance,ex-

tendingfrom 20� S to 20� N alongbothArabianSeaandBay of Bengallongitudes.

ElevatedOLR variancecloselyfollows themigrationof warmSSTsbackandforth

acrossthe equator, generallyat abouta one month lag. In April and May, pre-

cedingthe arrival of the Indianmonsoon,the meanSSTapproaches30� C in both

the ArabianSeaand the Bay of Bengal. The warm SSTsin late spring are fol-

lowedaboutamonthlaterby highOLR variancethatpersistsfrom lateMay through
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(a) u200: NDJFMA 5oS-5oN
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u1000: MJJASO 5� oS-5oN
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(b) u1000: NDJFMA 5oS-5oN
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1000-mb Div: MJJASO 5oS-5oN
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(c) 1000-mb Div: NDJFMA 5� oS-5oN
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Figure3.4.As in Fig.3.2exceptwavenumber-frequency variancespectra(expressed
as percentof total variance)(a) u����� , (b) u�t����� , and (c) 1000-mbdivergencefor
MJJASO andNDJFMA averagedacrosslatitudes5� S – 5� N. Contourintervalsare
(a)0.5%,(b) 0.2%,and(c) 0.1%.
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July. As themonsoonseasonprogresses,theSSTcoolssignificantlyin theArabian

Seadueto reducedsolarflux, increasedevaporation,advectionof cold, upwelling

water in the Somali current,and more vigorousmixing of the upperocean. As

the SSTcools, the low-frequency OLR variancedecreases,probablydueto over-

all reductionin deepconvectionat all timescales (GrossmanandDurran1984;

GrossmanandGarcia1990).

3.2.3 Filtering With the above spectralanalysisin mind, the OLR

and NCEP/NCAR data are filtered using two methods. First, a wavenumber-

frequency filter is applied,retainingperiodsbetween25and80daysaswell aseast-

ward wavenumbers1–3 in the mannerdescribedby WheelerandKiladis (1999).

The bandpassfiltered datais usedto comparethe large scalefeaturesof the ISO

betweensummerand winter and is denoted,henceforth,with a subscript25-80e

( e.g.OLR±�²´³¶µ�·�¸ ) where”25-80” representsthe timescaleof filtration andthe ”e”

representsthefiltering of thedatato retaineastwardwavenumbers1 to 3 only. The

meansummerand winter variancein this wavenumber-frequency bandis shown

in Fig. 3.6. Sincethe greatestcontribution of the OLR varianceat periods25 to

80 daysis foundat eastwardwavenumbers1 to 3, theOLR±�²´³¶µ�·�¸ varianceappears

asa smoothedversionof the25–80-daybandpass-filteredOLR varianceshown in

Fig. 3.3.

Thesecondtypeof filter is asimpletemporalbandpassLanczosfilter with

121 weights (seeDuchon1979),retainingperiodsbetween25 and80 days. The

Lanczosfilter is characterizedby a sharpcutoff responseandminimal Gibbsos-

cillation. Data filtered in this manneris denotedwith a subscript”25-80” (e.g.

OLR±�²´³¶µ�· ) and is usedto investigatethe smallerscale(i.e. lessthan wavenum-

ber 1–3) circulationandconvectionfeaturesassociatedwith the northernsummer
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Figure 3.6. Climatologyof 25–80-dayperiod, eastward wavenumbers1–3 OLR
variancefor JJAS andDJFM,contourlevelsevery25W ¹ m ºh» . Box indicatesregion
from whichpredictivetimeseriesis extractedfor laggedcross-correlationandlinear
regressionanalysiscompletedin Sections3.3and3.4.
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ISO in the IndianOceanbasin. The meanandfirst threeharmonicsof the annual

cycleareremovedfrom thedataprior to filtering.

3.3 Seasonal Structure of the Planetary Scale Intraseasonal Oscillation

To studytheevolutionof thelargescaleconvectionandcirculationduring

a typical ISO cycle, thecross-correlationandlinearregressiontechniquedescribed

in Section2.2.2is employedusingOLR¼�½´¾¶¿�À�Á asthepredictor. A 5Â longitudeby

5Â latitudeareain thecentralequatorialIndianOcean(85Â –90Â E, 2.5Â S–2.5Â N) is

chosenas the baseregion. The selectionof this location,while not entirely ob-

jective, is basedon theobservationthat this region’s low-frequency climatological

OLR¼�½´¾¶¿�À�Á varianceis high androughlyequivalentduringbothseasons(seeboxed

region in Fig. 3.6). Thestandarddeviation of OLR¼�½´¾¶¿�À�Á in thebaseregion is Ã 9

W m ¾¶¼ duringsummerand Ã 11 W m ¾¶¼ duringwinter. Thedifferencein standard

deviation betweenseasonsappearsto be duemore to fewer occurrencesof large

amplitudeconvectiveeventsduringsummerratherthanareducedamplitudeof con-

vectiveeventsthemselves(notshown). Sincethelaggedcross-correlationandlinear

regressiontechniquemapstheglobalamplitudeof regressedconvectionandcircula-

tion basedonasinglestandarddeviationof OLR in abaseregion,asmallerstandard

deviation in summerwill result in smalleramplitudesof regressedcirculationand

convectionanomalieseverywhere.Therefore,to facilitatethecomparisonbetween

seasonsof the responseto equivalentconvectionanomalies,the summerstandard

deviationof OLR¼�½´¾¶¿�À�Á in thebaseregion is scaledto matchthatin winter.

In HendonandSalby(1994),regressionequationsaredevelopedsolely

basedon time periodswhena discreteintraseasonalsignal in OLR, bandpassfil-

teredto eastwardwavenumbers1–3and35–95-dayperiods,is presentat85Â E, 0Â N
(for details,seethe companionstudy Salby and Hendon1994). The methodof
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windowing they usedselectsepisodesof activity that occurprimarily during the

periodDecemberto May whenthe discretesignal in convectionat the equatoris

strongest.Theprimarydifferencebetweenthis work andthatof HendonandSalby

is that, insteadof selectingonly episodesof discreteISO activity, thestratification

is purelyaccordingto seasonwithout regardto thepresenceor absenceof a statis-

tically significantISO signal. The potentialdrawbackof this methodis that non-

discreteepisodesof eastwardpropagationareincludedin theregressionequations.

However, aswill beshown, theresultsfor thewinterseasoncloselymatchthoseof

HendonandSalby(1994)indicatingthatacarefulselectionof discreteeventsis not

required.This is likely dueto adominationof theregressionsby thediscreteevents

thatfall within eachseason.

Figures3.7,3.8,and3.9displaymapsof thelaggedcross-correlationand

linear regressionsfor summer(left panels)andwinter (right panels)for OLR in

additionto the200-mbwind andstreamfunction,the850-mbwind anddivergence,

andthe1000-mbwind anddivergence,respectively.

The winter mapsstronglyresemblethe moregeneralresultsof Hendon

andSalby(1994),asonewould expectsincetheDecemberto Marchwinter period

largely overlapstheDecemberto May periodwhenthediscretesignalin ISO con-

vectionis strongestat the equator. The life cycle of the winter andspringISO in

convection,circulation,anddivergenceis describedin detailin HendonandSalby’s

paper, consequently, only thesalientpointsthatareimportantin thecontext of com-

parisonwith thelife cycleof thesummerISOarediscussedhere.

It is importantto stressthatthemapsshown hererepresentthelaggedre-

lationshipsbetweenequatorialOLRÄ�Å´Æ¶Ç�È�É andidenticallyfilteredwind fields.There
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Figure 3.7. OLR (shaded),200-mbwind (vectors),and 200-mbstreamfunction
(contours)perturbationsassociatedwith a –1 Ì deviation in OLRÍ�Î´Ï¶Ð�Ñ�Ò in thebase
region;85Ó -90Ó E,2.5Ó S-2.5Ó N. All dataarebandpassfilteredto eastwardwavenum-
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(right) between–7 and+14 daysevery 7 daysareshown. Only locally significant
OLR andwind vectorsareplotted. Shadinglevels for OLR levels areevery 4 W
m Ï¶Í , with darkshadesindicatingnegativeOLR anomaliesandlight colorsindicat-
ing positive OLR anomalies.Streamfunctioncontourinterval is 7.5 x 10Î mÍ sÏ�Ô
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Figure3.8. SameasFig. 3.7 except for OLR (shaded),850-mbwind (vectors),
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Figure3.9. SameasFig. 3.7 exceptfor OLR (shaded),1000-mbwind (vectors),
and1000-mbdivergence(contours).Shadingasin Fig. 3.7. Dashedlined contours
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is no a priori reasonto assumethatthetotal responseto large-scaleequatorialcon-

vectionwould berestrictedto large-scaleeastwardpropagatingfeatures.However,

sincethewavenumber-frequency varianceis concentratedateastwardwavenumbers

1 to 3 in OLR, winds,anddivergence(Figs.3.2and3.4),onewould anticipatethat

thetotal responseto large-scaleconvectionin windsandconvectionwouldbedom-

inatedby large-scaleeastwardpropagatinganomalies.In any case,themethodused

in this sectionappearsto efficiently isolatethe large-scalefeaturesof thesummer-

time andwintertimeISOs. LaggedregressionsagainstunfilteredOLR andwinds

which capturethesmallerscaleresponsesto large-scaleequatorialconvectionwill

beshown in Section3.4.

3.3.1 Convection Thelife cycleof convectionrelativeto thesummer

andwinter ISO is shown by theshadedcontoursin Figs.3.7,3.8,and3.9. During

winter, the convective signal straddlesthe equatorwith the centerof convection

locatedsouthof theequatorby about5ß of latitude(Fig. 3.10).FromFigs.3.7-3.9,

at lag –7 daysa convective anomalyis apparentin thewesternIndianOceanfrom

which point andtime it steadilypropagateseastward. As notedby Hendonand

Salby(1994),theretentionof only eastwardwavenumbers1–3actsto smoothand

stretchthe regressedfields considerably. Here, this smoothingis manifestedasa

continuouseast-westdistribution of anomalousconvection. The anomalyis even

seenacrossthemaritimecontinent,a region wherethe ISO signalin convectionis

generallyweakin comparisonto thestrongerobservedsignalsin theIndianOcean

andwesternPacificOcean.

During summer, theconvective ISO signalevolvesin a somewhatdiffer-

entmanner. Thesequencebegins,asit doesduringwintertime,with ananomalous
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regionof convectionin thewesternIndianOceanat lag–7days.Thelatitudinalex-

tentof theanomalousconvectionis morelimited, though,to about10à Sto 10à N and

is centeredjustnorthof theequatorat2.5à N (Fig. 3.10).Theanomalousconvective

signalmoveseastwardalongtheequator, asit doesduringwintertime,but, begin-

ning at lag 0 days,thereis a northwestwardly orientedconvective tail thatextends

to about20à N. As theequatorialconvectionmoveseastward,theoff-equatorialtail

shiftswith it, movingacrosspeninsularIndiaby lag+7andlag+14days.Theresult,

if onewasobservingalongasinglelongitude,is theapparentnorthwardpropagation

of convectionfrom thecentralequatorialIndianOceanto peninsularIndia. Thisper-

spective is shown in Fig. 3.11asshadedcontoursalong90à E asa functionof time.

Consequently, referringto the shift in convectionfrom theequatornorthwardasa

”northwardpropagation”doesnot reflectthat the northwardmovementis actually

a derivativeof thenorthwestwardorientationof convectionin conjunctionwith the

ISO’s eastwardprogression.

At a rateof about1à latitudeper day, it requiresabout15-20daysfor

the convectionto reachits northernmostextent at 20à N. At the time of the most-

northwardlocationof Indianmonsoondomainconvection,theequatorialconvection

is situatedat 150à –160à E. The total anomalousconvectionpatternextendsacross

nearly100à of longitude(about10,000km) orientedalongasoutheastto northwest

line. The longitudinalextent of the convection, though,is probablyexaggerated

dueto stretchingcausedby the wavenumberfiltering. In particular, the regressed

signalsin convectionthat appearover SaudiArabia andthe westernArabianSea,

regionsthatexhibit little organizedconvectiveactivity duringthesummermonsoon,

arealmostcertainlyanartifactof usingwavenumberfiltereddata.A morerealistic
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representationof theevolutionof ISOconvectionis shown in Section3.4.Neverthe-

less,it seemsthat theactive andbreakperiodsover India arepartof a muchlarger

scaleoscillationthatextendsacrossthewholeof theAsianmonsoondomain.

3.3.2 Circulation Thewind vectorsin Figs.3.7, 3.8, and3.9 repre-

sentthe anomalouswinds that have a statisticallysignificantrelationshipto cen-

tral equatorialIndian OceanOLRõ�ö´÷¶ø�ù�ú . During winter (Fig. 3.7, right panels),

large scalecyclonic andanti-cyclonic gyresdominatethe 200 mb anomalouscir-

culationpatterns.Cyclonicgyresflank theequatorwestof thesuppressedconvec-

tion andanti-cyclonic gyresarelocatedto thewestof enhancedconvection.These

upperlevel gyreshave beenobserved in a numberof previous studies (e.g.,We-

ickmannet al. 1985; Madden1986; HendonandSalby1994)andresemblethe

Rossbywave responseto imposedequatorialheating (Webster1972; Gill 1980;

SardeshmukhandHoskins1988). Usinga simplemodelshowed (Gill 1980)cal-

culatedthelow-level tropicalcirculationresponseto equatorialheating(Fig. 3.12a)

whichexhibitsRossbycellsin eitherhemisphereto thewestof theheatsourcein ad-

dition to Kelvin wavestructureto theeastof theheatsource.SincetheISOconvec-

tion in winter (andhencethe latentheating)is centeredroughlyabouttheequator,

theRossbywave responseis nearlysymmetricabouttheequatorwith Rossbycells

of approximatelyequalamplitudepositionedat 25û latitudein eitherhemisphere.

Sardeshmukhand Hoskins(1988) showed that an upper level steadydivergence

source(i.e. a heatsource)on theequatorwill generatedownstreamRossbycellsof

theoppositesignto theeastof thedivergencesourcein additionto thoselocatedto

thewestof thedivergencesourceaspredictedby theGill model.Suchdownstream

upperlevel gyresareseenin Fig. 3.7. However, sincethe regressionanalysisis a

linearanalysis,it is unclearwhetheror not thedownstreamRossbycellsaredueto
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processessuchasthoseoutlinedin SardeshmukhandHoskins(1988)or whether

they arethelinearresponseto thesuppressedconvectionlocatedabout80� –90� to

theeastof theenhancedconvection.

Duringsummer, theupperlevel Rossbygyresarenotasclearlydefinedor

asstrongasduringwinter (Fig. 3.7, left panels).This lack of definitionis probably

dueto themorecomplex northernsummerISO convectiondistribution which con-

tainsboth the equatorialconvectionandthe northwestwardorientedoff-equatorial

bandof convection.Consequently, a directcomparisonof theregressedcirculation

featuresto theGill modelis not possiblesincethecirculationresponseto theequa-

torial heatsourceis superimposedby thecirculationresponseto theoff-equatorial

heatsource.Theproblemof a complicatedheatsourcein summeremphasizesthe

utility of comparingthesummertimeISO evolution to thatof thewinter. Thesum-

mertimeandwintertimeregressionsarequalitatively similar which suggeststhat if

thesummertimeISOconvectiondid notexhibit off-equatorialconvectionthecircu-

lation would resemblethatof northernwinter; that is, theISO canbethoughtof in

termsof thepropagatingequatorialwavespredictedby theGill model,regardlessof

season.

Structurethatresemblesa Kelvin wave is visible at 850-and1000-mbin

bothseasonsasanomalouseasterliesto theeastof theconvectionanomaly(Figs.3.8

and3.9).Thisresultlendssupportto thetheorythatthesummerISOis notaunique

modeof variability, but a modifiedISO which is characterizedby a Kelvin-Rossby

wave packet responseto equatorialheating. Convergencemaximaarecollocated

with OLR anomaliesat 850-mbin bothseasons.At 1000-mbconvergencemaxima

at theequatoraredisplacedto theeastof theconvectiveanomaly. Theconvergence

maximaat theequatorhave beenascribedto frictionally dominatedconvergenceof
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theKelvin componenteasterliesontotheequatorin theboundarylayer (Wangand

Rui 1990).Theleadingconvergencemaypromotethesteadyeastwardpropagation

of the ISO andis presentduring both seasons;50� –60� to the eastin winter and

30� –40� to theeastduringsummer, althoughtheexactdisplacementof convergence

is unclearbecauseof theeffectsof the heavy wavenumber-frequency filtering that

is appliedto thewind fields.

Thesurfaceconvergenceat theequatoris flankedby convergencecenters

off theequatorandabout40� –80� to thewestof theequatorialconvergencemax-

ima. Theoff-equatorialconvergencemaximaarecausedby frictional convergence

in the viscousboundarylayer into the surfacelows that are found at the centers

of the Rossbygyres,aspredictedby Gill’ s model. The low pressureareashave a

westward tilted structurewith latitudethat is mirroredin the surfaceconvergence

seenin Fig. 3.9. While both sidesof the equatorexhibit theseoff-equatorialcon-

vergencecenters,thesummerhemisphereconvergenceis notablystronger;that is,

the strongerconvergenceis north of the equatorin borealsummerand southof

theequatorin australsummer. Theanti-symmetrybetweenhemispheresis clearly

visible during both seasonsin Fig. 3.11wherethe regressed1000-mbdivergence

is contouredon top of the regressedOLR anomaliesin a time-latitudediagram.

The surfaceconvergenceexhibits a V-type structurein both seasonswith notably

strongeroff-equatorialconvergencelocatedin thesummerhemisphere.

Why is the off-equatorialconvergencestrongerin the summerhemi-

sphere?Onepossiblereasonis that theequatorialISO convectionis not perfectly

symmetricabouttheequatorduringeitherseason(Fig. 3.10). Thesimpleresponse

to symmetricequatorialheatingshown by (Gill 1980)(Fig. 3.12a)is not a com-

plete descriptionwhen the heatsourceis not symmetricaboutthe equator. In a
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separateexperiment,Gill examinedthe circulationassociatedwith heatingthat is

focusedin onehemisphere(Fig. 3.12b). He found that the Rossbycell locatedin

thehemispherethatcontainsthestrongestheatingis amplifiedconsiderablywhich

would leadin turn to strongersurfaceconvergenceinto the centerof that Rossby

cell. Additionally, Gill found that thereis significantcross-equatorialflow to the

westof theheatsourceinto thehemispherethatcontainstheheatsource(Fig.3.12b).

Fig.3.13showsatime-longitudediagramof regressedOLR overlaidwith v������� con-

tours. During summer, anomaloussoutherliespropagateeastward, laggingslightly

the eastward moving equatorialconvection. The southerlieslie to the westof the

convectionor theheatsourceandindicatelow-level flow, consistentwith Gill’ santi-

symmetricheatingexperiment,into thehemispherethatcontainsthepreponderance

of theheating.Theoppositeis trueduringwinter with anomalousnortherlieslag-

ging westof theequatorialconvection. Thecross-equatorialflow into thesummer

hemisphereappearsto strengthenthe convergencewithin the Rossbycells in the

summerhemisphere.

In summer, the off-equatorialconvergenceanomalynorth of the equator

leadstheconvectionanomalyby about3–5days,implying that theconvectionad-

vancesnorthwardinto theregionof off-equatorialsurfaceconvergence,in muchthe

samewaythattheequatorialconvectionmaintainsits eastwardpropagationby shift-

ing into theequatorialsurfaceconvergence.In winter, despitethereasonablystrong

off-equatorialsurfaceconvergenceat 20� S that is orientednortheast-southwest,no

analogouspolewardpropagationof convectionisobserved.Thedifferencesbetween

the summertimeISO characteristicswhennorthward propagationof convectionis

prominentandthewintertimeISO behavior whenno southwardpropagationis ev-

identmaybelinkedto thedissimilar, andnot simply opposite,climatologicalbase
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statesbetweenseasons;that is, thewinter climatologicalbasestateis not simply a

reflectionabouttheequatorof thesummerclimatologicalbasestate.

Amongthemostobviousanddefinitivedifferencesbetweenthesummer-

time andwintertimebasicstatesarethe warm SSTdistribution (Fig. 1.6) andthe

low-level monsoonalflow (Fig. 1.3). During winter, meanSSTsgreaterthan28� C
extendsouthto about10� –15� SacrosstheIndianOceanbasinwhereasduringsum-

mer, warmSSTsenvelop theentirenorthernIndianOceanwaters,includingall of

the Bay of Bengaland a sizeablefraction of the Arabian Sea. Therefore,since

deepconvectiontendsto developin regionsof warmSST(a necessarybut not suf-

ficient condition for deepconvection)and is suppressedover areasof cool SST,

no southwardpropagationinto theconvergencecenteris observedin northernwin-

ter. The low-level flow may alsobe a factor. During summer, the southwesterly

flow into the Asian monsoonregion transportsmoisturefrom the southernhemi-

sphereandtheArabianSea,fueling themonsoonrainfall (CadetandGreco1987;

FasulloandWebster1999a). The winter monsoonflow is not aswell developed

anddoesnot extendasfar southasits summercounterpart,leaving theareaof off-

equatorialconvergencelocatedat 15� S without a steadyexternalsourceof water

vapor.

In summary, theoverwhelmingevidenceof similarwave-likeprocessesin

thesummerandwinter ISOssuggeststhat they aretheresultof similar dynamical

processes.Thedifferentevolutionsof convectionappearto bedueprimarily to the

differentbasestatesbetweenthe seasons.In particularthe warm SSTsandasso-

ciatedmoistboundarylayerextendssignificantlyfurtherto thenorthduringboreal

summercausingthewholeof thenorthernIndianOceanregion to beconditionally

unstable.Large-scalesurfaceconvergenceinto theRossbycell in theconditionally
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unstableregion appearsto initiate off-equatorialconvection therebygeneratinga

northwestward orientedbandof convection. In the following section,the smaller

scalecirculationanomaliesassociatedwith the large-scalesummertimeISO con-

vectionareexamined.

3.4 Detailed Structure of the Summer Intraseasonal Oscillation

In this section,the summertimeISO is investigatedin moredetail with

an emphasison the variability betweenindividual events. The resultsof a cross-

correlationand linear regressionanalysiswherethe baseregion timeseries(sum-

mertimeOLR����������� in the centralequatorialIndian Oceanasbefore)is regressed

againstunfilteredOLR, u����� , v����� , u����� , and v����� areshown as laggedregression

mapsin Figs.3.14 and3.15. Regressingagainstunfiltereddatapermitsthe visu-

alizationof the laggedconvective signalthat includesboth higher wavenumbers

(i.e. smallerhorizontalscalefeatures)andwestwardwavenumbersthatwereprevi-

ouslyexcluded. Theevolution of the ISO in convectionappearssimilar to before;

thatis, astheequatorialconvectionpropagatesto theeast,thenorthwestwardtilting

bandof convectionmoveswith it, generatingan apparentnorthward propagation

of convectionwhen viewed along any individual meridian. At the 200-mblevel

(Fig. 3.14), the westerliesto the eastof the equatorialconvectionarea persistent

featurein additionto cross-equatorialflow emanatingfrom theconvectingareasat

days+6,+10,and+14.At 850-mb,themostprominentfeatureis thespinupor spin

down of themeanmonsoonalcirculation(recallFig. 1.3)relative to thepresenceof

enhancedor suppressedconvectionover the Indian subcontinent.In otherwords,

during the enhancedISO convectionphaseover India, the low-level circulationis

strongerthanaverage(e.g.,thecross-equatoriallow-level jet to theeastof Somalia

(Findlater1969)).Theoff-equatorialconvectionleadsthespinupof themonsoonal
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circulationby a coupleof days(not shown), indicatingthatthestrongermonsoonal

flow is a responseto theoff-equatorialconvection.

Time-latitudeandtime-longitudesectionsalonga numberof longitudes

andlatitudesin theIndianOceanareshownin Fig.3.16.Thedominantfeatureof the

time-latitudesectionsin Fig. 3.16ais thepredominanceof ”northward” movement

of convectionat all longitudesacrosstheIndianOceanbasin.Thenorthwardprop-

agationis accompaniedby eastwardmovementat15" N (Fig. 3.16b)whichsupports

theview madein theprevioussectionthat thenorthwardmovementof convection

is anartifactof the eastwardmovementof a northwestwardorientedbandof con-

vection. An additionalcharacteristicof the ISO convection,observedat 75" E and

90" E, thatis absentin regressionswith temporallyandspatiallyfiltereddatasetsis a

southwardmovementof convectionfromtheequatortoabout10" –15" S(Fig.3.16a).

This anomalousconvectioncenterappearsto propagateeastwardaswell, although

thetime-longitudediagramalong10" S(Fig.3.16b)doesnotshow thisconclusively.

Theconvectionsouthof theequatoris collocatedwith theareaof off-equatorialcon-

vergenceinto thecenterof thesouthernhemisphereRossbycyclone(Fig.3.9,lag+7

days).Thissouthernhemisphereconvectiveanomalydoesnotappearin regressions

of OLR#�$�%�&�'�( presumablybecauseit is of relatively short longitudinalextent and

thereforehigh wavenumber. The southward propagatingconvective anomalyalso

overlies the climatologicalmaximain summerprecipitationsouthof the equator

(Fig. 1.4). Theconvectioncoincideswith the southernoff-equatorialconvergence

centergeneratedby thesouthernRossbycell of theKelvin-Rossbywavepacketand

liesoverrelatively warmmeanSSTsin excessof 28" C thatextendto 10" SatBayof

Bengallatitudesthroughoutmostof thesummer(Fig. 3.5). Furtherwestin theIn-

dianOcean,despitethefactthatsouthernhemisphereoff-equatorialconvergenceis
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observedduringsummer, no suchsouthernhemispheresummerprecipitationmax-

imaor corresponding25–80-dayconvectionanomalyexists.Here,though,SSTsin

excessof 28; C areconfinedto areasnorthof 5; S andhencedeepconvectionis not

supportedin theareaof off-equatorialconvergencein thewesternIndianOcean.

Thereis a suggestionin Fig. 3.16athat the poleward propagationspeed

variesacrossthe Indian Oceanbasin. The northward propagationrateis fasterat

a speedof about1.5; per day in the Arabian Seaand over the Indian subconti-

nentcomparedto a speedof about1; perdayin theBay of Bengal.Thereduction

in speedof northwardpropagation,asthe ISO movesfrom westto east,could be

a consequenceof a reductionin the speedof propagationof the equatorialcon-

vectionasit crossesthe maritimecontinent. However, the time-longitudesection

along2.5; N (Fig. 3.16b)doesnot provide definitive supportingevidenceof sucha

changein phasespeedalongtheequator. Anotherpossibilityis thatthevariationin

northwardspeedacrossindividual longitudescouldbedueto local feedbacks.Over

the Indian subcontinent,oncethe convectionanomalyreachesabout10; – 15; N it

rapidly extendspolewardsto thebaseof theHimalayanmountainsnear30; N. The

notablechangein phasespeedas the convectioncrossesland suggeststhe influ-

enceof land surfacefeedbacks. Webster(1983)found that poleward movement

of low-frequency convectionover land canbe explainedby a sequencethat starts

with sensibleheatinput from thewarmlandsurfaceinto theboundarylayerahead

of theconvective zone. Thesensibleheatinput destabilizestheatmosphereahead

of theconvectionfollowedby polewardencroachmentof convectioninto thedesta-

bilized region. This polewardmovementis aidedby thereductionin sensibleheat

input equatorwardof theconvectionby theevaporativecoolingof theprecipitation

moistenedground.While this hypothesiscouldbereasonablyadvancedto explain
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therapidextensionof convectionnorthwardto theHimalayas,it is adifficult theory

to prove empiricallybecauseof a lack of availablehistoricalsoil moisturedata.In

summary, thechangesin northwardpropagationspeedwith longitudeandlatitude

arenot readilyexplainedwith thetoolsanddataavailablein thisstudy.

ThebiggestdifferencebetweentheOLR<�=�>�?�@ andOLR<�=�>�?�@�A regressions

is evidentin Fig. 3.16b. At 2.5B N, theconvectionanomalydevelopsin placeacross

muchof theIndianOceanbasinbeginningatlag–8days,shortlyaftertheconvective

anomalyfirst appearsat 60B E at lag –10days.This apparentlystationarydevelop-

mentof theconvectiveanomaly, followed10–20dayslaterby developmentof con-

vectionover India,hasleadsomeauthorsto characterizethesummerintraseasonal

oscillationasanindependentnorthwardpropagationeventthatis forcedby entirely

differentdynamicsthanthoseimportantto theevolutionof theISO (e.g.,Wangand

Rui 1990). Sincethe cross-correlationand linear regressiontechniqueemployed

hereis tantamountto compositingbasedon OLR<�=�>�?�@�A or OLR<�=�>�?�@ minimums,it

ispossiblethattwoormoreentirelydifferentmodesarewrappedupin theregression

results.For example,onesummermodemay be the typical eastwardpropagating

ISO disturbancethat hasanassociatednorthwardpropagatingfeature.This mode

would be extractedby wavenumber-frequency filtering to eastward wavenumbers.

The secondmodecould be a standingoscillation that developsin the equatorial

IndianOceanandmovesnorthwardover India independentof any eastwardpropa-

gationof convectionalongtheequator. Addedtogether, thesetwo modeswould be

sufficient to explain thetime-longitudesectionsin Fig. 3.16,in which bothstation-

aryandeastwardpropagation,in additionto anapparentnorthwardpropagation,are

seen.
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3.4.1 Separation of Modes One way to approachthe problemof

separatingthe modes,if such a separationis appropriate,is to ask whetheror

not eastward propagationof convection along the equatoris a prerequisitefor a

subsequentconvectionanomalyto move northward onto the Indian subcontinent

and into the north Indian Ocean. To evaluatethis hypothesis,the large-scalein-

traseasonaloscillationeventsareseparatedinto thosethat aredominatedby east-

ward propagationandthosethat canbe characterizedasa standingoscillation in

the Indian Oceanbasin. Fifty-six total large-scaleintraseasonaloscillationsin

convectionarecatalogedby identifying summertimeminimumsin area-averaged

OLRC�D�E�F�G�H (85I –90I E, 2.5I S–2.5I N) whosevalue is lessthanone standarddevi-

ation below the OLRC�D�E�F�G�H mean( J –9 W m E�C ). Fifty-six eventsover 22 sum-

merstranslatesto approximately2.5 eventsper monsoonseason.The identified

datesof minimum OLRC�D�E�F�G�H are then comparedto the datesof minimums in

OLRC�D�E�F�GLK (wavenumber-frequency filteredOLR at periods25–80daysandwest-

wardwavenumbers1–3) for thesamereferenceregion. Minimumsof OLRC�D�E�F�GLK
that occurwithin M 5 daysof a OLRC�D�E�F�G�H minimum aretagged. Equalor nearly

equalvaluesfor OLRC�D�E�F�G�H andOLRC�D�E�F�GLK imply astandingoscillation.Thatis,

NPORQTSVUXW NPORQZY[U]\ D ^`_ E (eastward) (3.5)

NPORQTSaUXbcNPORQZY[U]\ D ^`_ S(stationary) (3.6)

where
NdOeQTS

and
NPORQZY

arethearea-averagedOLRC�D�E�F�G�H andOLRC�D�E�F�GLK values,

and f is thesetof 56datesof minimum
NPORQTS

.

Out of the initial pool of 56 large-scaleeastwardevents,23 (about40%)

also exhibit low OLRC�D�E�F�GLK values. The 33 remainingeventsare characterized

by a dominanteastward component. InstanceswhereOLRC�D�E�F�GLK is low, while

OLRC�D�E�F�G�H is not,arerare(occurringonly threetimes)andarenot consideredhere.
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Theidentifiedlarge-scaleequatorialconvective eventsarefurtherstratifiedaccord-

ing to whetheror notnorthwardpropagationis evidentin thedaysfollowing amin-

imum in theequatorialconvective signal. Clearnorthwardpropagationis apparent

in 27 out of the 33 eastward eventsand21 out of the 23 stationaryevents. The

separationof eventsis summarizedin Table3.1. Theseresultsindicatethat dur-

ing the northernsummermonsoonseason,the majority of large-scaleconvective

eventsat theequatorarefollowedby anorthwardcomponentindicatingaclearlink

betweentheequatorialISOandactiveandbreakperiodsof themonsoon.Theques-

tion remains,however, whetheror noteastwardpropagationof convectionalongthe

equatoris requiredfor thereto benorthwardpropagationof convection.Thepossi-

bility existsthatthelarge-scaleconvectioneventsthatexhibit stationarybehavior in

theequatorialIndianOceando not featureany eastwardpropagationandtherefore

representa uniquemodethat may not be relatedto a Kelvin-Rossbywave packet

responseto equatorialconvection.

Global OLRg�h�i�j�k is compositedat lagsbetween–30 daysand+30 days

basedon the datesfor eastward-northward (EN, 27 cases),stationary-northward

(SN, 21 cases)events,andeastward-nonorthward(E, 6 cases)events.Figure3.17

shows lag-latitudeand lag-longitudediagramsof the resultingcompositesalong

75l E (left panels)and2.5l N (right panels).Focusingonthelag-longitudediagrams

in the right panelsoneseesthat, asexpected,the EN eventsarecharacterizedby

steadyeastwardpropagationalongtheequatorfrom 60l E to thedateline.TheSN

eventsdevelop in placein the centralequatorialIndian Oceanover the courseof

about10–15days.At lag +5 days,though,convectiveanomaliesareseenat 120l E
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Table3.1.Meancharacteristicsof large-scalesummertimeISOmodesasdefinedin
text andin Fig. 3.17.

Mode EN SN E
Numberof events 27 21 6
Numberof eventsperseason 1.2 1.1 0.3
Meanstartdate Aug. 16 July14 July24
MeanminimumOLRm�n�opo�q�r value(W m o�m ) –17 –31 –23
Meannorthwardphasespeedat75s E (m sout ) 1.9 1.9 na
Meannorthwardphasespeedat90s E (m sout ) 1.3 1.4 na
Meannorthernextentat75s E 25s N 23s N na
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Figure3.17. Lag-latitudealong75} E andlag-longitudealong2.5} N diagramsof
compositedOLR~�������� segregatedby intraseasonalconvectioneventtypeasdefined
in text. EN correspondsto large-scaleISO eventsthatexhibit eastwardandnorth-
ward movement,SN to stationaryand northward movement,and E to eastward
movementonly. (a)EN events(27),(b) SN events(21),and(c) E events(6).
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from which point theconvectionanomalypropagatessteadilyeastwardto thedate-

line. At thesametime,anapparentnorthwardmovementof negativeOLR anoma-

liesbegins(seeFig. 3.17bleft panel).This resultimpliesthateastwardpropagation

of convectionalongtheequatoris indeedaprerequisitefor northwardmovementof

convectioninto India.

To becertainthat theSN compositeis not beingbiasedby a smallnum-

berof largeamplitudeevents,the individual SN eventsareseparatedaccordingto

whetheror not convectionanomaliesin thecentralequatorialIndianOceanarefol-

lowed,within 5 to 25 days,by convectionanomaliesin thewesternequatorialPa-

cific Ocean(140� – 150� E). Out of the 21 SN events,only oneis not followedby

a conspicuousconvectionanomalyin the westernequatorialPacific Ocean. The

observationthatpolewardpropagationoccursonly whenaccompaniedby eastward

propagationalongtheequatorlendscredenceto thenotionthatthenorthwardprop-

agation,andhencetheactiveandbreakcyclesof themonsoon,arenot theresultof

anindependentanduniquesummertimemode,but aresimply modifiedversionsof

theintraseasonaloscillationthatis observedin winter.

The fundamentalcharacteristicsof eachmodearesummarizedin Table

3.1. For the mostpart, the differencesbetweenthe EN andSN northward propa-

gatingmodesis small. TheSN eventsappearto besomewhatstrongerthantheEN

eventswith a meanminimum OLR��������� anomalyvaluein the baseregion of –31

W m ��� comparedto –17 W m ��� . The northwardmovementspeedandextentare

essentiallythesamebetweenmodes.

Why doesthe equatorialconvectionsometimesdevelop simultaneously

acrosstheIndianOceanbasinandsometimesdevelopin thewesternIndianOcean

andpropagateeastwardsacrossthebasin?Figure3.18is ahistogramof thenumber
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of timesthe SN, EN, andE modesoccurwithin eachof the 10 two-weekperiods

that spanthe summermonsoonseason(May 15 to Sept. 30). The SN modeis

stronglybiasedtowardsthe beginning of the season,when the SSTsare at their

warmestacrosstheIndianOceanbasin.Almostequallysharply, theEN modeis bi-

asedtowardstheendof theseasonwhentheSSTshavecooledin thenorthernIndian

Ocean.Thereis no indicationthat the relatively rareE eventspreferentiallyoccur

duringany particularphaseof themonsoonseason.TherelationshipbetweenSST

andtheoccurrenceof eithertheSNor EN modesis illustratedin Fig.3.19whichis a

differencemapof compositedmeanSSTsaveragedover lag–21daysto lag–7days

for theSNeventsminustheEN events.MeanSSTdifferencesin excessof 0.5� C are

seenacrossthebasin.Perhapsthebasinwide warmerSSTenhancesinstabilitiesin

theboundarylayersuchthata large-scaleconvectivedisturbanceoriginatingin the

westernIndianOceanrapidly spreadsacrossthebasin.As theconvectiondevelops

acrossthebasin,theKelvin-Rossbywavepacket responsedevelops.Eventually, the

Kelvin wave to theeastof theconvectionamplifiesto thepoint thatequatorialcon-

vergencebeginsto draw theequatorialconvectioneastwards,initiating theapparent

northward movementof convection at the sametime. Later in the seasonwhen

the SSThascooledacrossthe basin(recall Fig. 3.5) and EN eventsbecomethe

dominantmode,theevolution of ISO eventsrevertsto the ”normal” sequencethat

beginswith anomalousconvectionin thewesternIndianOceanfollowedby asteady

eastwardpropagationof convectionthat is drivenby surfaceconvergenceonto the

equatorgeneratedby theKelvin waveresponseto theequatorialconvection.

3.4.2 Sea Surface Temperature In recentyears,speculationhasin-

creasedthat the ISO is a coupledair-seamodeof variability (e.g. Websteret al.

1998; Joneset al. 1998). Sucha hypothesisis supportedby Fig. 3.5, showing
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Figure3.19. SSTdifferencemapof meanSSTfor SN – EN events.MeanSSTfor
eachtypeof eventis determinedby averagingSSTbetweenlag–21daysandlag–7
daysto capturethe basicstateprecedingthe onsetof equatorialconvection. The
zerocontouris thickenedfor clarity.
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thecollocationof SSTandOLR��������� variance,andFig. 3.19,depictingthediffer-

encesin meanSSTprecedingSN andEN events. WangandXie (1998)find in

a modelingstudythat thewarmpool basicstatesof thewesternPacific andIndian

Oceanswith their deepthermoclinesareconducive to intraseasonaltimescalecou-

pledvariability. Shinodaetal. (1998)observea0.15� C amplitudevariationin SST

in theIndianOceanthatis associatedwith netsurfaceheatflux variationsof 30–40

W m ��� . The net surfaceheatflux variationsleadthe SSTvariationsby approxi-

matelyone-quartercycle. FasulloandWebster(1999b)find that the surfaceheat

flux variationsaredominatedby wind drivenlatentheatflux variationsin addition

to cloud-forcedshortwaveflux variations.

Theresultsof a laggedcompositeof SSTis shown in Fig. 3.20wherethe

centralcompositedatesarethe15SNeventdatesthatoccurduringtheperiodwhen

weeklySSTdatais available(1982–1997).Daily SSTestimatesaregeneratedby a

linear interpolationbetweentheweeklyestimates.Prior to compositing,themean

andfirst 3 harmonicsof the annualcycle areremoved from the daily interpolated

SSTdataset.At lag–14days,suppressedconvectionis positionedover theArabian

Seaand stretchesacrossthe southerntip of India and the southernBay of Ben-

gal. AnomalouslywarmSSTwith amplitudesreaching0.15� C is locatedsouthof

theareaof suppressedconvection.At lag–7days,astheconvectiondevelopsalong

theequatorandtheregionof suppressedconvectionslidesnorthward,thewarmSST

anomaliesextendnorthwardinto theArabianSea.ThewarmSSTanomalyis partic-

ularlystrongalongthecoastsof SomaliaandSaudiArabia.Recallingtheanomalous

low-level circulationshown in Fig. 3.9,suppressedconvectionover India is accom-

paniedby anomalousnortheasterliesover thenorthwesternIndianOcean,reducing

thesouthwesterlymonsoonalflow. Reducedmonsoonsurfacewindscouldresultin
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Figure3.20. LaggedSSTanomaly(shaded)andOLR��������� (contours)composite
mapsfor SN events.Compositeincludesthe15 SN eventsin the1982–1997sum-
mers. SSTanomalycontourintervals areevery 0.04  C with red colorsindicating
postive SSTanomaliesandblue colors indicatingnegative SSTanomalies.OLR
contourintervals areevery 7.5W m ��� , solid contoursindicatepositive anomalies
anddashedcontoursindicatenegativeanomalies.
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botha reducedlatentheatflux out of theoceanaswell asdiminishedupwellingof

cold sub-surfacewateralongthenortheastAfrican coast.Both factorswould yield

warmerSSTs.By day+14theconvectionis centeredoverpeninsularIndiaandcool

SSTanomaliesareseenalong0¡ –10¡ N. Figure3.21 shows lag-latitudeand lag-

longitudediagramsof thecompositeSSTanomaliesandOLR¢�£�¤�¥�¦ along85¡ –90¡ E
and5¡ S–5¡ N. TheSSTanomaliestrail theconvectionanomaliesby a one-quarter

cyclealongboththelatitudinalandlongitudinalaxis.ThelargestSSTanomaliesoc-

cur in thenorthernBay of Bengalwhich is characterizedby a shallow freshmixed

layerdueto heavy rainfall andriver inflow. Consequently, smallchangesin surface

heatflux mayreadilygeneratedetectableSSTvariations.Interestingly, acomposite

basedon EN events,which typically occurlater in the monsoonseason,doesnot

show suchclearandcoherentvariationsin SST. Onepossibleexplanationfor this

is that,asthestrongandsteadysouthwesterlymonsoonalsurfacewindsstir up the

oceanthroughoutthe season,the mixed layer in the Bay of Bengaldeepens,thus

makingtheSSTlesssusceptibleto smallchangesin surfaceheatflux introducedby

thepassingof anISO. It is importantto notethatbecausethecompositesreported

hereincludeonly 15 eventseach,the resultscannot be considereddefinitive, but

they aresuggestivenonetheless.

3.5 Summary and Discussion

Perhapsthemostimportantresultin thischapteris thatthenorthernsum-

mer ISO displayssimilar characteristicsto its wintertimecounterpart.The resem-

blanceto aKelvin-Rossbywaveresponseto equatorialheatingis apparentin thecir-

culationpatternsatbothupperandlower levelsduringboththesummerandwinter

seasons.Surfacefrictional convergenceinto the low pressureregionsat thecenter
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Figure3.21.Lag-latitudeandlag-longitudediagramsof SSTanomaly(shaded)and
OLR®�¯�°�±�² (contour). Contourintervals every 0.04³ C with the zerocontouromit-
ted. Light shadesarepositive SSTanomaliesand dark shadesare negative SST
anomalies.OLR contoursevery 7.5 W m °�® with the zerocontouromitted. Solid
contoursindicatepositive OLR anomaliesand dashedcontoursindicatenegative
OLR anomalies.Longitudesthat arenot over waterbetweenthe equatorand5³ N
aremarkedby thegraycolumns.
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of theRossbycellsis apparentin bothseasons,althoughthestrengthof theconver-

genceisasymmetrictowardsthesummerhemisphere.Theasymmetryof theRossby

cell surfaceconvergenceacrossthehemispheres(Figs.3.9and3.11)is generatedby

cross-equatorialsurfaceflow into thesummerhemispherethatis forcedby theslight

displacementof thestrongestequatorialconvectionandhencethestrongestequato-

rial heatinginto thesummerhemisphere.

During summer, whentheentireIndianOceanbasinexhibits SSTsin ex-

cessof 28́ C andtheboundarylayeris verymoist,theoff-equatorialsurfaceconver-

genceinto theRossbycell generatesdeepoff-equatorialconvectionwhich appears

asa is a bandof convectionthatstretchesfrom theequatornorthwestwardto about

20́ N (Fig. 3.7). Theeastward progressionof the northwestwardorientedbandof

convectionacrossthe Indian Oceanbasinyields an apparentnorthward propaga-

tion alonganindividual longitudeline aswell asaneastwardpropagationalongan

individual latitudeline.

It is importantto stressthattheresultssummarizedhererepresentamean

evolution of an ISO. Examinationof individual ISO eventsrevealsa large degree

of variability in boththeevolution of the large-scaleconvectionandtheassociated

circulationpatterns.For example,someISOsdonotexhibit acontinuousnorthwest-

wardorientedbandof convectionfrom theequatorto 20́ N. Instead,thereis often

a clearseparationbetweentheequatorialconvectionandtheoff-equatorialconvec-

tion. Sucha separationcancreatetheillusion of a pulsingonandoff of convection

betweentheequatorialIndianOceanandIndia.

Websteret al. (1998)suggestthat transitionsbetweenactive andbreak

periodsmay be chaotic. While an orderly transitionbetweenan active andbreak

period can be chartedthroughthe statisticaltechniquesusedhere,in reality, the
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summerISO doesnot exhibit regular periodicity. One would anticipatethat the

predictabilityof theISO,andthereforeforecastsof activeandbreakperiods,would

be poorerduring summerrelative to the winter andspring. Additionally, aswill

be shown in Chapter4, during someyearsthereis reducedsummerISO activity

andthat,duringthoseyears,active andbreakperiodsarelesswell definedandthe

transitionsbetweenactiveandbreakperiodsarenot ascoherent.

WangandRui (1990)identify asummertimemodethatis describedasan

independentnorthwardmoving event.Evidenceof sucha typeof eventis not found

here,althoughit doesappearthatparticularlytheSNeventsarecharacterizedby the

absenceof a strongconvectionanomalyover themaritimecontinentbetween100µ
and120µ E. Theappearanceof aweakconvectionanomalyover themaritimeconti-

nentis consistentwith thefindingsof WeickmannandKhalsa(1990)who showed

thattheISOsignalin convectionis generallyweakover themaritimecontinentrel-

ative to theIndianandwesternPacificOceans.

TheSN andEN modesdo not appearto bedrivenby differentdynamics.

Instead,theSN andEN modesappearasthetwo predominantlyencounteredman-

ifestationsof theevolution of the ISO convective component.Both modesexhibit

thecharacteristicsof convectioncoupledtoaKelvin-Rossbywavepacketthatmoves

steadilyeastward,but thetwo modesdiffer in how theconvectionin thecentralIn-

dian Oceandevelopsprior to the maturedevelopmentof the Kelvin-Rossbywave

packet. Onepossiblefactor, suggestedby this study, determiningthetwo formsof

evolution of convectionis thedifferentunderlyingbasestates.SN eventsaremore

commonlyencounteredduringthebeginningof themonsoonseason,whentheSSTs

areat a maximum,whereasEN eventstypically occurlater in theseasonafter the

SSTshavecooledsomewhat.Theseobservationsledto thespeculationthattheSST
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distributionacrosstheequatorialIndianOceanbasinis aprimaryfactordetermining

theform of thesummertimeISOevolution.

A morecompleteunderstandingof the evolution of the two ISO modes

mayleadto betterempiricalpredictionof thetiming of upcomingactive andbreak

periods.For example,theappearanceof a largescaleenvelopof convectionin the

centralequatorialIndian Oceansignalsthe start of an active period over central

peninsularIndia (15¶ N, 75¶ E) within about12–16daysif theequatorialconvection

exhibits predominantlyeastward characterand16–20daysif it exhibits primarily

stationarybehavior.


