CHAPTER3

STRUCTUREAND EVOLUTION OF THE INTRASEASONAL OSCILLATION

"Surely in meteoologythethingto huntdownis a cyclg andif thatis notto be
foundin the tempeate zone thengo to thefrigid zonesandlook for it, or the
torrid zonesandlookfor it, andif found,thenaboveall things,andin whatever
manneflay hold of it, studyit, recod it, andseewhatit means.

— J.N.Lockyer, uponlearningof sunspotycles,1871

3.1 Theoriesfor Summertimel SO Evolution

Figurel.7 shows clearobsenationalevidenceof a northward (andsouth-
ward) movementof corvection during northernsummer The presenceof these
large-scalenorthward propagatingsystemsandtheir link to actve andbreakperi-
odsof rainfall over India hasbeenknown for a long time, asoutlinedin Section
1.2.1. The northward propagatioralonganindividual meridianappearsalsoto be
connectedo eastvard propagatiorof corvection,bothalongthe equatorandalong
Indian subcontinentatitudes. It will be shavn thatthis eastvard movementat In-
diansubcontinentatitudesis a persistenteatureof the summertimdSO andthere-

fore ary theoryaccountingor the northward movementof corvectionshouldalso
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accountfor the obsered eastvard movementof corvectionbothalongthe equator
andIndiansubcontinentatitudes.

A numberof theorieshave beenput forth that attemptto explain the ob-
senednorthward propagatiorof corvection. Webster(1983)and Srinivasaretal.
(1993)emphasizedhe importantrole of land surfaceheatfluxesinto the boundary
layerthatdestabilizehe atmospher@aheadf the ascendingone,causinga north-
ward shift of cornvective actvity. Goswamiand Shukla(1984)suggestedhatthe
northward propagations dueto a corvection-thermatelaxationfeedbackwherein
the corvective activity increasestaticstability while dynamicandradiatve relax-
ationdecreasethe moiststaticstability, bringingthe atmospheré¢o a corvectively
unstablestate. LauandPeng(1990),in a modelingstudy find thattheinteraction
betweenthe large-scalemonsoonflow andthe equatorialintraseasonabscillation
resultsin the generatiorof unstablenvestward propagatingbaroclinicdisturbances.
As thesedisturbancegrow, low-level air is dravn northward resultingin a rapid
northward shift of the areaof deepcornvection. Anotherinterpretatiorof the north-
wardpropagatiorof corvectionis thattheequatoriacornvectionsplitsafterit arrives
in the centralequatorialindian Oceanwith the bulk of the corvectionredirected
northward and southvard andthe remaindercontinuingeastvard into the western
Pacific Ocean (WangandRui 1990). Underthis view, the northward movementof
convectionis consideredo beindependendf the eastvard propagatiorof corvec-
tion alongtheequatom@ndis thoughtto beinitiatedby differentdynamicalprocesses
thanthosethatareimportantto theevolution of thelSO. Recently Rodwell(1997)
hypothesizedsupportedby atmospherianodel results,that breaksin the Indian
monsooncanbe triggeredby injection of dry, high negative potentialvorticity air

from the SoutherrHemispherenidlatitudes.
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While the above theoriesmay be importantin determiningthe detailed
characteristicsf thenorthwardpropagatiorof corvection,andhencethecycling of
active andbreakperiods they fail to addressandcannotbereadily extendedo ex-
plain, eitherthe concomitantsouthward movementof corvectioninto the southern
hemisphereor the eastvard propagationof corvectionalongIndian subcontinent
latitudes.Thetheorymostconsistentvith the obsenationsshavnin Fig. 1.7is that
of WangandXie (1997),who, basedon resultsof a modelingstudyof the north-
ern summerlSOs, describethe northward "propagation”as a corvection "front”
formedby the equatoriaRossbywavesemanatingrom the equatorialconvection.
The WangandXie cornvectionfront tilts northwestvard from the equatorto 20°N,
resultingin an apparennorthward propagatiorasthe entirewave paclet migrates
eastvard.

It is interestingthat, during winter, distinct poleward propagationof
cornvectionis essentiallyabsentexceptfor the occasionabppearancef a south-
eastvard extensionof corvectioninto the SouthPacific CorvergenceZone (SPCZ)
(e.g.,WangandRui 1990). Matthavsetal. (1996)shaw thatthe south-eastard
extensionis triggeredby the equatorvard advection of large magnitudepotential
vorticity (PV) air by theuppertropospheri@anticyclonecenteredvertheequatorial
corvection. The high PV air inducesdeepascenbn its easterrsideat a latitude of
15°-30°S, inducingcorvectionin the SPCZ.

The goalsof this chapterinclude examiningthe northward movementof
cornvectionwith an emphasion the role of propagatingequatorialmodesin driv-
ing the large-scalenorthward migrationsof corvection. To this end, it is usefulto
comparethe evolution of the ISO during winter and summersincethe winter ISO

is slightly strongerand exhibits a lesscomplicatedevolution thanits summertime
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counterpart.A secondgoal is determiningwhethereastvard propagatiorof con-
vectionalong the equatoy suchasthat obseredin Fig. 1.7, is a prerequisitefor
northward propagatioronto the SouthAsian landmassor whetheran independent
large-scalenorthwardpropagatingnodethatis notrelatedto thelSOis alsopresent

duringthe summerAsianmonsoorseason.

3.2 TimeseriesAnalysisand Temporal and Spatial Filtering

3.21 Fourier Spectral Analysis  In orderto determinevhichregions
in thetropicsareinfluencedby oscillationsin corvectionthatareonthetimescaleof
thelSO (25to 80-days)a simpleFourierspectralnalysisof daily OLR timeseries
is completedat eachgrid point acrossthe entire easterrhemispherdropics. The
analysigs conductedor northernsummerandnorthernwinter separatelyVariance
spectraat eachindividual grid pointarecompletedor 182-daysummer(MJJASO)
and 182-daywinter (NDJFMA) anomalyOLR timeseries.Prior to computingthe
variancespectraateachgrid point, the meanandfirst threeharmonicof theannual
cycle areremoved from the daily OLR timeseries. Additionally, thetimeseriesare
taperedo zerowith a10%cosinetaperto reducetheintroductionof high-frequeng
variancegeneratedy potentiallyunequalendvalues.An ensemblevariancespec-
trum for northernsummerand northernwinter is determinedoy averagingthe 22
individual summerandwinter variancespectrarespectrely.

OLR timeserieslike mary geophysicatimeseriesareassumedo exhibit

rednoisebehaior which canberepresentewith alag-1autorgressve model:
Tp = QTp_1 + Zn, (3.1)

whereqx is thelag-lautocorrelatiof thetimeseriesandz, is Gaussianvhite noise.

ThediscreteFouriervariancespectrunof the autorgressve model,asprovided by
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Gilmanetal. (1963)is:

_ 1—a?
" 14 a? —2acos2nk/N’

B (3.2)

wherek = 0...N/2 is the frequeng index. The theoretical90%, 95%, and 99%
significancespectracanthen be estimatedby usingthe meanof the 22 lag-1 au-
tocorrelationobtainedfrom eachseasonalimeseriesandassumingd4 degreesof
freedom(d.o.f.,22 yearsx 2).

The dynamicalfields associateavith the ISO exhibit a relatively narrov
spectrapeakbetweerb0and60daysandareconcentrateth wavenumbed (Salby
and Hendon1994). On the other hand, Salby and Hendonshaved that the con-
vective signalis considerablynorebroadbandn both period(25 to 95 days),and
wavenumber(l to 3). Usingthesecharacteristicasa guide, Fig. 3.1ashows the
arealextentin which a spectralpeakbetween25 and 80 daysexceedsthe 90%,
95%, and 99% theoreticalsignificancespectrain northernsummerand northern
winter. The 80 day cutoff, ratherthan95 days,is choserto avoid identifying spec-
tral peaksat low frequenciesas SO relatedwhenthey may in fact be causedby
linear trendsin the OLR data. The simplerequirementhat only a single spectral
peakbetweer25and80 daysexceedghetheoreticabpectrums aliberalmethodof
delineatingregionsthatexhibit ISO-timescaleornvective actwvity. In both seasons,
significantspectralpeaksin the 25-80-dayperiodbandare obsered acrossmuch
of thetropical easterrhemisphereThe mostclearly distinguishablaifferencebe-
tweenthe two seasonss the extensionof 1ISO- timescaleactvity northward over
theArabianSeathelndiansubcontinentandthe SouthChinaSeaduringthenorth-
ernsummerwhile ISO-timescalectvity increase®ver the Java Seaandnorthern

Australiaduringthe northernwinter.
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Samplearea-aeragedensemblevariancespectraandthe 90%theoretical
rednoisesignificancecurvesareshownn in Fig. 3.1bfor selectedegions.A seasonal
shift in the geographicalistribution of 1SO-timescaleactwity is clearly visible.
The resultsshovn in Fig. 3.1 are consistenwith previous studies. For example,
in a spectralanalysisof a 70-yearrecordof daily summertimeprecipitationfrom
3700 stationsacrossindia, Hartmannand Michelsen(1989)found a statistically
significant40-50-dayspectrapeakatthe99%level acrosshemajority of thelndian
subcontinensouthof about23°N.

3.2.2 Wavenumber-Frequency Analysis Wavenumbeifrequeng
spectralanalysisis usedto evaluateand to isolate the predominantspatial and
temporalscalesn the Asianmonsoorregion. This techniquds usefulfor studying
zonally propagatingwaves (Hayashi1982) and has previously beenemployed
to investigatecornvectively-coupledequatorialwaves by Takayaln (1994) and
Wheelerand Kiladis (1999) where the techniqueis describedin detail. The

wavenumbeifrequeng spectralvariances determinedy
|F(m,w)[? = F(m,w)F*(m,w), (3.3)

where
1 T 27 ,

F(m,w) = 5 /0 dt /0 FA, B)e i+ gy (3.4)
andf (A, t) is theoriginal timeserieslataat all longitudes()\) aroundanindividual
latitudeline, m is the zonalwavenumber(27 /)), w is the frequeng, andT is the
lengthof thetimeseries.

The resultsof a wavenumbeifrequeng spectralanalysisof OLR are
showvnin Fig. 3.2. As with theFourierspectrabnalysisdescribedibove, theplotsin
Fig. 3.2represenanensembleverageof the 22 individualwavenumbeifrequeng

spectrageneratedrom 182-daysegments.Prior to the wavenumbeifrequeny cal-
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Figure 3.2. Averagezonalwavenumbeifrequenyg variancespectraof anomalous
OLRfor MJAASOandNDJFMA. Thespectraareaveragedverthenumberof sum-
mersandwintersin therecordandadditionallyareaveragedacrosghelatitudes(a)
5°S — 5°N and(b) 10°N — 20°N. (c) Sameas (a) exceptwavenumbeifrequeny
spectracalculatedfrom datarestrictedto the longitudes40°*—100E. Contoursare
every 1 W2 m4,
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culationsthemean thefirstthreeharmonicf theannuakycle,andthelineartrend
areremovedfrom eachoriginal 182-dayOLR timeseriesandthe resultinganomaly
timeserieds taperedo zeroat the endswith a 10% cosinetaper Two longitude
bandghatextendaroundtheentireglobearechoserfor eachseasonaswathalong
theequaton5°S — 5°N, Fig. 3.2a)anda bandthatincludesthe Indian subcontinent
andsoutheasAsia (10— 20°N, Fig. 3.2b).

At equatoriallatitudesthereis a clearconcentratiorof variancein east-
ward propagatingnodes,specificallyat eastvard wavenumbersl—3 with periods
greatethan25days.Thisresultis in accordwith thefindingsof SalbyandHendon
(1994)who obseredthatthevarianceatthesewavenumber@ndperiodsis notably
greaterin northernwinter comparedo northernsummer This obsenationhasled,
in generalto a greateremphasion studiesof the wintertimeandspringtimelSO.
However, referringbackto Fig. 3.1b,one seeghatthe regional meanvariancebe-
tween25 and80 daysat 85°— 95°E, 5°S — 5°N, for example,is basicallythe same
during both summerandwinter. Why thenis the wavenumbeifrequeng spectral
varianceat eastvard wavenumbersl—3 so much greaterduring winter relative to
summer(Fig. 3.2a)? One possiblereasonis suggestedy Fig. 3.3 which shavs
the global distribution of seasonaimean25-80-dayOLR variance. The climato-
logical 25—-80-dayOLR varianceextendsfurther eastacrosshe Pacific Oceanand
is generallydistributed closerto the equatorduring winter comparedo summer
A wavenumbeifrequeng calculationdonefor the 40°—100E longitudinaldomain
only resultsin a considerableeductionin thedifferencebetweersummerandwin-
terlow-frequengy, eastvard-wavenumbewnariance(Fig. 3.2¢).

AcrossSouthAsiathelow-frequeng, eastvard-wavenumbed—3variance

is substantiallygreaterduringsummeitthanduringwinter (Fig. 3.2b). At this point,
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Figure3.3. Climatologyof 25-80-dayOLR variancefor JAS andDJFM, contour
levelsevery 100W? m—,
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animportantfinding in this work is thatwhile mostof the literaturedescribingthe
intraseasonabscillationsduring the southwesimonsoorhasfocusedon the north-
ward propagatiorof corvectionfrom the equatorontothe Indian subcontinentthe
wavenumbeifrequeng calculationsndicatethatthereis alsoaneastvardpropaga-
tion of low-frequeng corvectionbothatthe equatorandalongindiansubcontinent
latitudes.

Wavenumbeifrequeny spectraof uyy, andu; gy and1000-mbdivergence
areshavnin Fig. 3.4. In all threefields,wavenumbeifrequeng variances concen-
tratedat eastvard wavenumberl duringbothseasonsit a periodof 50 days. How-
ever, the 1000-mbdivergencespectrumappeardo be much more evenly spread
acrossall wavenumbersand frequencies. This is due, at leastin part, to higher
wavenumberdeingemphasizedvhena spatialderivative is taken, asin the case
of divergence. At 10°-2C°N, the varianceis similarly concentratecat eastvard
wavenumbeld for all threefields,althoughthe amplitudeis muchreducedor uygg
and1000-mbdivergence(not shawn).

A comparisorof Figs. 1.6 and3.3 suggestshatregionsof climatological
warm SST (SST > 28°C) tendto be collocatedwith high mean25-80-dayOLR
variance. Figure 3.5 is a time-latitudediagramof the SST annualcycle with su-
perimposectontoursof 25-80-dayeastvard-wavenumberl—-3-OLRvariance ex-
tendingfrom 20°S to 20°N alongboth ArabianSeaandBay of Bengallongitudes.
ElevatedOLR variancecloselyfollows the migrationof warm SSTsbackandforth
acrossthe equatoy generallyat abouta one monthlag. In April and May, pre-
cedingthe arrival of the Indian monsoonthe meanSSTapproache80°C in both
the Arabian Seaandthe Bay of Bengal. The warm SSTsin late spring are fol-

lowedaboutamonthlaterby high OLR variancethatpersistdrom lateMay through
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Figure3.4. Asin Fig. 3.2exceptwavenumbeifrequeng variancespectrgexpressed
as percentof total variance)(a) Usg, (b) Uyge0, and (c) 1000-mbdivergencefor

MJJASO andNDJFMA averagedacrosdatitudes5°S — 5°N. Contourintervalsare
(a) 0.5%,(b) 0.2%,and(c) 0.1%.
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Figure3.5. Time-latitudediagramf annuakyclefor SST(shadedand25-80-day
wavenumberl-3-OLRvariance(contours). Two sectionsare shavn, onethrough
theArabianSea6(0°—70 E) andonethroughtheBay of Bengal(85°—95E). Contour
intervalsare0.5°C startingat 25°C for SSTand25 W? m—* startingat 25 W? m—

for OLR variance.
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July. As themonsoorseasorprogresseghe SSTcoolssignificantlyin the Arabian
Seadueto reducedsolarflux, increasedvaporation adwectionof cold, upwelling
waterin the Somali current,and more vigorousmixing of the upperocean. As
the SST cools, the low-frequeng OLR variancedecreasegrobablydueto over-
all reductionin deepcorvectionat all timescales (Grossmarand Durran 1984;

GrossmarandGarcial990).

3.2.3 Filtering  With the above spectralanalysisin mind, the OLR
and NCEP/NCAR data are filtered using two methods. First, a wavenumber
frequeng filter is applied retainingperiodsbetweer25 and80 daysaswell aseast-
ward wavenumbersl—-3in the mannerdescribedoy WheelerandKiladis (1999).
The bandpasdiltered datais usedto comparethe large scalefeaturesof the ISO
betweensummerand winter and is denoted,henceforth,with a subscript25-80e
( e.9.0OLRs5_s0.) Where”25-80" representshe timescaleof filtration andthe "e”
representghefiltering of the datato retaineastvardwavenumberd. to 3 only. The
meansummerand winter variancein this wavenumbeifrequeny bandis shavn
in Fig. 3.6. Sincethe greatestcontritution of the OLR varianceat periods25 to
80 daysis found at eastvard wavenumberdl to 3, the OLR,5_go. Varianceappears
asa smoothedversionof the 25-80-daybandpass-filtere@LR varianceshown in
Fig. 3.3.

Thesecondypeof filter is asimpletemporabandpastanczodilter with
121 weights (seeDuchon1979),retainingperiodsbetweern25 and80 days. The
Lanczosfilter is characterizedy a sharpcutoff responseand minimal Gibbs os-
cillation. Datafiltered in this manneris denotedwith a subscript’25-80" (e.g.
OLRy5 g0) andis usedto investigatethe smallerscale(i.e. lessthan wavenum-

ber 1-3) circulationand convectionfeaturesassociatedvith the northernsummer



3. STRUCTUREAND EVOLUTION OF THE INTRASEASOMNAL OSCILLATION 44

Figure 3.6. Climatology of 25—-80-dayperiod, eastvard wavenumbersl-3 OLR
variancefor JAS andDJFM, contourlevelsevery 25W? m—%. Box indicatesegion
from which predictve timeseriess extractedfor laggedcross-correlatioandlinear
regressioranalysiscompletedn Sections3.3and3.4.
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ISO in the Indian Oceanbasin. The meanandfirst threeharmonicsof the annual

cycle areremovedfrom the dataprior to filtering.

3.3 Seasonal Structure of the Planetary Scale I ntraseasonal Oscillation

To studytheevolution of thelarge scalecorvectionandcirculationduring
atypical ISO cycle, the cross-correlatiomndlinearregressiontechniquedescribed
in Section2.2.2is employed usingOLR35_gq. asthe predictor A 5° longitudeby
5° latitudeareain the centralequatorialndian Ocean(85°—9CE, 2.5 S-2.5N) is
chosenas the baseregion. The selectionof this location, while not entirely ob-
jective, is basedon the obsenation thatthis region’s low-frequeng climatological
OLRs;5 g0, Variancess high androughly equivalentduringboth seasongseeboxed
regionin Fig. 3.6). The standarddeviation of OLRy5_gq. in the baseregionis ~9
W m~2 duringsummerand~11 W m~2 duringwinter. The differencein standard
deviation betweenseasonsappeardo be due moreto fewer occurrence®f large
amplitudecorvective eventsduringsummeratherthanareducecamplitudeof con-
vective eventsthemseles(notshawn). Sincethelaggedcross-correlatioandlinear
regressiortechniqueanapstheglobalamplitudeof regresse@onvectionandcircula-
tion basednasinglestandardieviationof OLR in abaseregion,asmallerstandard
deviation in summermwill resultin smalleramplitudesof regressectirculationand
corvectionanomaliesverywhere.Therefore to facilitatethe comparisorbetween
season®f the responsdo equialentcornvectionanomaliesthe summerstandard
deviation of OLRy5_g¢. in thebaseregionis scaledo matchthatin winter.

In Hendonand Salby(1994),regressionequationsare developedsolely
basedon time periodswhena discreteintraseasonasignalin OLR, bandpassil-
teredto eastvardwavenumberd-3and35-95-dayperiods,s presentat 85°E, 0°N

(for details, seethe companionstudy Salby and Hendon1994). The methodof
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windowing they usedselectsepisodesof actvity that occur primarily during the
period Decembetto May whenthe discretesignalin corvectionat the equatoris
strongestThe primarydifferencebetweerthis work andthatof HendonandSalby
is that, insteadof selectingonly episodef discretelSO actvity, the stratification
is purelyaccordingto seasorwithout regardto the presencer absencef a statis-
tically significantlSO signal. The potentialdravbackof this methodis that non-
discreteepisode®f eastvard propagatiorareincludedin theregressiorequations.
However, aswill beshawn, theresultsfor thewinter seasortloselymatchthoseof
HendonandSalby(1994)indicatingthata carefulselectiornof discretesventsis not
required.Thisis likely dueto adominationof theregressiondy thediscreteavents
thatfall within eachseason.

Figures3.7,3.8,and3.9 displaymapsof thelaggedcross-correlatiomand
linear regressiondor summer(left panels)and winter (right panels)for OLR in
additionto the 200-mbwind andstreamfunctionthe 850-mbwind anddivergence,
andthe1000-mbwind anddivergenceyespectrely.

The winter mapsstronglyresemblethe more generalresultsof Hendon
andSalby(1994),asonewould expectsincethe Decembeto Marchwinter period
largely overlapsthe Decembeto May periodwhenthe discretesignalin ISO con-
vectionis strongestt the equator The life cycle of the winter andspringISO in
convection,circulation,anddivergences describedn detailin HendonandSalby's
paperconsequentlyonly thesalientpointsthatareimportantin thecontet of com-
parisonwith thelife cycle of thesummenSO arediscussedhere.

It is importantto stresghatthe mapsshavn hererepresenthelaggedre-

lationshipshetweerequatorialOLRy5_go. andidenticallyfilteredwind fields. There
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Figure3.7. OLR (shaded),200-mbwind (vectors),and 200-mb streamfunction
(contours)perturbationsssociateavith a—1 o deviationin OLRy5_gq. in the base
region; 85°-90°E, 2.5°S-2.5N. All dataarebandpasélteredto eastvardwavenum-
bers1-3 with 25-80-dayperiods. Laggedregressiondor JAS (left) and DJFM
(right) between-7 and+14 daysevery 7 daysareshavn. Only locally significant
OLR andwind vectorsare plotted. Shadinglevelsfor OLR levelsareevery 4 W
m~2, with darkshadesndicatingnegative OLR anomaliesandlight colorsindicat-
ing positive OLR anomalies.Streamfunctiorcontourintenal is 7.5x 10° m? s™1
with the zerocontouromitted.
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and850-mbdivemgence(contours).Shadingasin Fig. 3.7. Dashedined contours
indicatecorvergenceandsolid linesindicatedivergencewith a contourintenal of 1

x 107 s~! with the zerocontouromitted.
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Figure3.9. SameasFig. 3.7 exceptfor OLR (shaded),1000-mbwind (vectors),
and1000-mbdivergence(contours).Shadingasin Fig. 3.7. Dashedined contours
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is no apriori reasorno assumehatthetotal responseo large-scaleequatorialkcon-
vectionwould be restrictedto large-scaleeastvard propagatingeatures.However,
sincethewavenumbeifrequeng variancds concentratedteastvardwavenumbers
1to 3in OLR, winds,anddivergenceFigs.3.2and3.4),onewould anticipatethat
thetotal responséo large-scalecorvectionin windsandcorvectionwould bedom-
inatedby large-scaleeastvard propagatinganomaliesin arny casethemethodused
in this sectionappeargo efficiently isolatethe large-scaldeaturesof the summer
time andwintertimelSOs. LaggedregressionsagainstunfilteredOLR andwinds
which capturethe smallerscaleresponseto large-scaleequatorialcorvectionwill
beshowvn in Section3.4.

3.3.1 Convection Thelife cycleof corvectionrelativeto thesummer
andwinter ISO is shavn by the shadeccontoursin Figs.3.7,3.8,and3.9. During
winter, the corvective signal straddlesthe equatorwith the centerof corvection
locatedsouthof theequatoiby about5° of latitude(Fig. 3.10). FromFigs.3.7-3.9,
atlag —7 daysa corvective anomalyis apparentn the westernindian Oceanfrom
which point andtime it steadilypropagate®astvard. As notedby Hendonand
Salby(1994),the retentionof only eastvard wavenumbersl—-3 actsto smoothand
stretchthe regressedields considerably Here, this smoothingis manifestedasa
continuouseast-westistribution of anomalousornvection. The anomalyis even
seenacrosshe maritimecontinent,a region wherethe ISO signalin convectionis
generallyweakin comparisorto the strongerobseredsignalsin the Indian Ocean
andwesternPacific Ocean.

During summey the corvective ISO signalevolvesin a somavhatdiffer-

entmanner The sequencéegins,asit doesduringwintertime,with ananomalous
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region of corvectionin thewesternndianOceanatlag—7 days.Thelatitudinalex-
tentof theanomalougonvectionis morelimited, though,to aboutl®*Sto 10°N and
is centeredust northof theequatorat 2.5°N (Fig. 3.10). Theanomalougorvectve
signalmoveseastvard alongthe equatoy asit doesduring wintertime, but, begin-
ning at lag 0 days,thereis a northwestvardly orientedcorvectie tail thatextends
to about2’N. As the equatoriakcorvectionmoveseastvard, the off-equatorialtail
shiftswith it, moving acrosgeninsulatndiaby lag+7 andlag +14days.Theresult,
if onewasobservingalongasinglelongitude,is theapparenhorthwardpropagation
of corvectionfrom thecentralequatorialndianOcearto peninsulaindia. Thisper
spectveis shavnin Fig. 3.11asshadedtontoursalong90°E asa functionof time.
Consequentlyreferringto the shift in corvectionfrom the equatomorthwardasa
"northward propagation’doesnot reflectthat the northward movementis actually
a derivative of the northwestvard orientationof corvectionin conjunctionwith the
ISO’s eastvardprogression.

At arate of aboutl® latitude per day, it requiresabout15-20 daysfor
the convectionto reachits northernmosextentat 20°N. At the time of the most-
northwardlocationof Indianmonsoordomaincorvection theequatoriabornvection
is situatedat 150-16CE. The total anomalousornvectionpatternextendsacross
nearlyl0C of longitude(about10,000km) orientedalonga southeasto northwest
line. The longitudinal extent of the corvection, though,is probablyexaggerated
dueto stretchingcausedoy the wavenumbeffiltering. In particular the regressed
signalsin convectionthatappearover SaudiArabiaandthe westernArabian Sea,
regionsthatexhibit little organizedconvective activity duringthesummemonsoon,

arealmostcertainlyanartifactof usingwavenumbefiltereddata. A morerealistic
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Figure3.10. ReggressedLR versudatitudeat lag zerodaysat 80°E. Solid line is
JAS anddashedine is DJFM.
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representationf theevolution of ISO corvectionis shavnin Section3.4. Neverthe-
less,it seemghatthe active andbreakperiodsover India arepartof a muchlarger
scaleoscillationthatextendsacrosghe whole of the Asianmonsoordomain.

3.3.2 Circulation Thewind vectorsin Figs.3.7,3.8,and3.9repre-
sentthe anomalouswinds that have a statistically significantrelationshipto cen-
tral equatoriallndian OceanOLR3;5_so.. During winter (Fig. 3.7, right panels),
large scalecyclonic and anti-gyclonic gyresdominatethe 200 mb anomalouscir-
culationpatterns.Cyclonic gyresflank the equatomwestof the suppressedorvec-
tion andanti-g/clonic gyresarelocatedto the westof enhanceaornvection. These
upperlevel gyreshave beenobsenedin a numberof previous studies (e.g., We-
ickmannetal. 1985; Madden1986; Hendonand Salby 1994)andresemblethe
Rossbywave responsdo imposedequatoriaheating (Webster1972; Gill 1980;
SardeshmuklandHoskins1988). Using a simplemodelshaved (Gill 1980)cal-
culatedthelow-level tropicalcirculationresponséo equatoriaheating(Fig. 3.12a)
whichexhibitsRossbycellsin eitherhemispheréo thewestof theheatsourcen ad-
dition to Kelvin wave structureto the eastof theheatsource.Sincethe SO corvec-
tion in winter (andhencethe latentheating)is centeredoughly aboutthe equatoy
the Rossbywave responses nearlysymmetricaboutthe equatomwith Rossbycells
of approximatelyequalamplitudepositionedat 25° latitudein eitherhemisphere.
Sardeshmukland Hoskins (1988) shaved that an upperlevel steadydivergence
source(i.e. aheatsource)onthe equatomwill generatelownstreamRossbycells of
the oppositesignto the eastof thedivergencesourcein additionto thoselocatedto
thewestof thedivergencesourceaspredictedby the Gill model. Suchdownstream
upperlevel gyresareseenin Fig. 3.7. However, sincethe regressionanalysisis a

linearanalysisjt is unclearwhetheror notthe downstreanmRossbycellsaredueto
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Figure3.12. (a) Solutionfor lower layervelocity field for heatingsymmetricabout
the equatorin region |z| < 2. Contoursareperturbatiorpressurgcontourintenal
0.3)whichis everywherenggative. (b) Sameas(a) exceptsolutionfor heatingcon-
centratedn northernhemispherat |z| < 2. Figureadaptedrom Figs. 1 and2, Gill

(1980).
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processesuchasthoseoutlinedin Sardeshmukland Hoskins(1988) or whether
they arethelinearresponseo the suppressedornvectionlocatedabout8*—90° to
theeastof theenhancedonvection.

During summeytheupperlevel Rossbygyresarenotasclearlydefinedor
asstrongasduringwinter (Fig. 3.7, left panels).This lack of definitionis probably
dueto the morecomplex northernsummen SO corvectiondistribution which con-
tainsboth the equatorialcorvectionandthe northwestvard orientedoff-equatorial
bandof corvection. Consequentlya directcomparisorof theregressecirculation
featuredo the Gill modelis not possiblesincethe circulationresponséo the equa-
torial heatsourceis superimposedthy the circulationresponseo the off-equatorial
heatsource.The problemof a complicatecheatsourcein summeremphasizethe
utility of comparingthe summertimdSO evolution to thatof thewinter. The sum-
mertimeandwintertimeregressionarequalitatvely similar which suggestshatif
thesummertimdSO corvectiondid not exhibit off-equatorialconvectionthe circu-
lation would resembldhat of northernwinter; thatis, the ISO canbe thoughtof in
termsof the propagatingequatorialvavespredictedoy the Gill model,regardles®f
season.

Structurethatresembles Kelvin wave is visible at 850-and 1000-mbin
bothseasonasanomalougasterlieso theeastof thecorvectionanomaly(Figs.3.8
and3.9). Thisresultlendssupportto thetheorythatthesummenSOis notaunique
modeof variability, but a modifiedISO which is characterizethy a Kelvin-Rossby
wave paclet responsdo equatorialheating. Corvergencemaximaare collocated
with OLR anomaliesat 850-mbin bothseasonsAt 1000-mbcorvergencemaxima
attheequatoraredisplacedo the eastof the corvective anomaly The corvergence

maximaat the equatothave beenascribedo frictionally dominatedcornvergenceof
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theKelvin componentasterlieontothe equatotin theboundarylayer (Wangand
Rui 1990). The leadingcorvergencemay promotethe steadyeastvard propagation
of the ISO andis presentduring both seasons50°—60° to the eastin winter and
30°—40’to the eastduringsummeyalthoughthe exactdisplacemenof corvergence
is unclearbecausef the effectsof the heary wavenumbeifrequeng filtering that
is appliedto thewind fields.

The surfacecorvergenceat the equatoiis flanked by corvergencecenters
off the equatorandabout40*—80° to the westof the equatorialcorvergencemax-
ima. The off-equatorialcornvergencemaximaare causedy frictional corvergence
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 latitudethatis mirroredin the surfacecorvergence
seenin Fig. 3.9. While both sidesof the equatorexhibit theseoff-equatorialcon-
vergencecentersthe summerhemisphereornvergenceis notablystronger;thatis,
the strongercornvergenceis north of the equatorin borealsummerand south of
the equatorin australsummer The anti-symmetrybetweerhemispheress clearly
visible during both seasonsn Fig. 3.11 wherethe regressedl000-mbdivergence
is contouredon top of the regressedOLR anomaliesin a time-latitudediagram.
The surfaceconvergenceexhibits a V-type structurein both seasonsvith notably
strongeroff-equatorialcorvergenceocatedin thesummetemisphere.

Why is the off-equatorial corvergencestrongerin the summerhemi-
sphere?Onepossiblereasonis that the equatoriall SO convectionis not perfectly
symmetricaboutthe equatorduring eitherseasor{Fig. 3.10). The simpleresponse
to symmetricequatorialheatingshavn by (Gill 1980)(Fig. 3.12a)is nota com-

plete descriptionwhen the heatsourceis not symmetricaboutthe equator In a
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separatexperiment,Gill examinedthe circulationassociatedvith heatingthatis
focusedin onehemispherdFig. 3.12b). He found thatthe Rossbycell locatedin
the hemispherehat containsthe strongesheatingis amplifiedconsiderablywhich
would leadin turn to strongersurfacecorvergenceinto the centerof that Rossby
cell. Additionally, Gill found thatthereis significantcross-equatorialow to the
westof theheatsourcanto thehemispher¢hatcontaingheheatsourcg(Fig. 3.12b).
Fig. 3.13shavsatime-longitudadiagramof regresse®LR overlaidwith vy, con-
tours. During summeyanomalousoutherliepropagateeastvard, laggingslightly
the eastvard moving equatorialcorvection. The southerliedie to the westof the
cornvectionor theheatsourceandindicatelow-level flow, consistentvith Gill’ santi-
symmetricheatingexperiment,nto thehemispher¢hatcontainghe preponderance
of the heating. The oppositeis true during winter with anomalousiortherlieslag-
ging westof the equatorialcorvection. The cross-equatoridlow into the summer
hemisphereappeardo strengtherthe corvergencewithin the Rossbycellsin the
summerhemisphere.

In summey the off-equatorialcorvergenceanomalynorth of the equator
leadsthe convectionanomalyby about3-5 days,implying thatthe corvectionad-
vanceorthwardinto theregion of off-equatorialsurfaceconvergencejn muchthe
samewaythattheequatoriatornvectionmaintaingts eastvard propagatiorby shift-
ing into theequatoriakurfacecorvergence.ln winter, despitethereasonablygtrong
off-equatorialsurfacecorvergenceat 20°S thatis orientednortheast-southwestp
analogoupolevardpropagatiorof corvectionis obsened. Thedifferencedetween
the summertimdSO characteristicsvhennorthward propagatiorof corvectionis
prominentandthe wintertimelSO behaior whenno southvard propagations ev-

identmay be linkedto the dissimilar andnot simply opposite climatologicalbase
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statesbetweenseasonsthatis, the winter climatologicalbasestateis not simply a
reflectionaboutthe equatorof the summerclimatologicalbasestate.

Amongthe mostobviousanddefinitive differencedetweerthe summer
time andwintertime basicstatesare the warm SST distribution (Fig. 1.6) andthe
low-level monsoonaflow (Fig. 1.3). During winter, meanSSTsgreaterthan28°C
extendsouthto aboutl(*—15°S acrosgheIndianOcearbasinwhereagiuringsum-
mer, warm SSTsernvelop the entirenorthernindian Oceanwaters,includingall of
the Bay of Bengaland a sizeablefraction of the Arabian Sea. Therefore,since
deepcorvectiontendsto developin regionsof warm SST (a necessarput not suf-
ficient conditionfor deepcornvection)andis suppressedver areasof cool SST
no southvard propagationnto the corvergencecenteris obseredin northernwin-
ter. Thelow-level flow may alsobe a factor During summey the southwesterly
flow into the Asian monsoonregion transportanoisturefrom the southernhemi-
sphereandthe ArabianSea fueling the monsoorrainfall (CadetandGrecol1987;
Fasulloand Webster1999a). The winter monsoonflow is not aswell developed
anddoesnot extendasfar southasits summercounterpartleaving the areaof off-
equatorialcorvergencelocatedat 15°S without a steadyexternal sourceof water
vapot

In summarytheoverwhelmingevidenceof similarwave-like processem
the summerandwinter ISOssuggestshatthey arethe resultof similar dynamical
processesThedifferentevolutionsof cornvectionappearo be dueprimarily to the
differentbasestatesbetweenthe seasons.in particularthe warm SSTsand asso-
ciatedmoistboundarylayerextendssignificantlyfurtherto the northduring boreal
summercausingthe whole of the northernindian Ocearregion to be conditionally

unstable Large-scalesurfaceconvergenceinto the Rossbycell in the conditionally
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unstableregion appeardo initiate off-equatorialcornvection therebygeneratinga
northwestvard orientedbandof corvection. In the following section,the smaller
scalecirculationanomaliesassociatedvith the large-scalesummertimelSO con-

vectionareexamined.

3.4 Detailed Structure of the Summer Intraseasonal Oscillation

In this section,the summertime SO is investigatedn more detail with
an emphasison the variability betweenindividual events. The resultsof a cross-
correlationand linear regressionanalysiswherethe baseregion timeseriegsum-
mertimeOLRy5_go. in the centralequatorialindian Oceanas before)is regressed
againstunfiltered OLR, Uxgg, Va0, Usso, andVgsy are shavn aslaggedregression
mapsin Figs. 3.14and 3.15. Reggressingagainstunfiltereddatapermitsthe visu-
alizationof the laggedcorvectie signalthatincludesboth higher wavenumbers
(i.e. smallerhorizontalscalefeatures andwestward wavenumbershatwereprevi-
ously excluded. The evolution of the ISO in corvectionappearsimilar to before;
thatis, astheequatoriatornvectionpropagateso the eastthe northwestvardtilting
bandof corvectionmoveswith it, generatingan apparentinorthward propagation
of corvectionwhen viewed along ary individual meridian. At the 200-mblevel
(Fig. 3.14), the westerliesto the eastof the equatorialcorvectionare a persistent
featurein additionto cross-equatoridlow emanatingrom the corvectingareasat
days+6,+10,and+14. At 850-mb themostprominentieatures thespinupor spin
down of themeanmonsoonatirculation(recallFig. 1.3) relative to the presencef
enhancedr suppressedorvectionover the Indian subcontinent.In otherwords,
during the enhancedSO corvectionphaseover India, the low-level circulationis
strongerthanaverage(e.g.,the cross-equatoridbw-level jet to the eastof Somalia

(Findlater1969)). The off-equatorialconvectionleadsthe spinup of themonsoonal
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circulationby a coupleof days(not shawn), indicatingthatthe strongermonsoonal
flow is aresponseo the off-equatorialconvection.

Time-latitudeand time-longitudesectionsalonga numberof longitudes
andlatitudesin thelndianOcearareshavnin Fig. 3.16. Thedominanteatureof the
time-latitudesectionsn Fig. 3.16ais the predominancef "northward” movement
of convectionat all longitudesacrosghe Indian Oceanbasin. The northward prop-
agationis accompaniethy eastvardmovementat 15°N (Fig. 3.16b)which supports
the view madein the previous sectionthat the northward movementof corvection
is an artifact of the eastvard movementof a northwestvard orientedbandof con-
vection. An additionalcharacteristiof the ISO corvection,obsered at 75°E and
9(’E, thatis absenin regressionsvith temporallyandspatiallyfiltereddatasetss a
southwvardmovemenbf convectionfrom theequatoto aboutl °*—15°S(Fig. 3.16a).
This anomalousorvectioncenterappeardo propagateeastvard aswell, although
thetime-longitudediagramalong10°S (Fig. 3.16b)doesnot shaw this conclusvely.
Thecorvectionsouthof theequatotis collocatedwith theareaof off-equatoriakcon-
vergencanto thecenterof thesoutherrhemispher®&ossbycyclone(Fig. 3.9,lag+7
days).This southerrhemisphereornvective anomalydoesnotappeain regressions
of OLRy5_g0. presumablybecausat is of relatively shortlongitudinal extent and
thereforehigh wavenumber The southvard propagatingcorvectve anomalyalso
overliesthe climatologicalmaximain summerprecipitationsouthof the equator
(Fig. 1.4). The corvectioncoincideswith the southernoff-equatorialcorvergence
centergeneratedby thesoutherrRossbycell of theKelvin-Rossbywave pacletand
liesoverrelatively warmmeanSSTsin excessof 28°C thatextendto 10°S at Bay of
Bengallatitudesthroughoutmostof the summer(Fig. 3.5). Furtherwestin the In-

dianOceandespitethefactthatsoutherrhemisphereff-equatorialcorvergenceis
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obseredduring summey no suchsoutherrhemispheresummerprecipitationmax-
imaor correspondin@5-80-daycorvectionanomalyexists. Here,though,SSTsin
excessof 28 C areconfinedto areasnorth of 5°S andhencedeepcorvectionis not
supportedn the areaof off-equatorialcorvergencen thewesternndianOcean.
Thereis a suggestiorin Fig. 3.16athat the polewvard propagatiorspeed
variesacrossthe Indian Oceanbasin. The northward propagatiorrateis fasterat
a speedof aboutl.5> perday in the Arabian Seaand over the Indian subconti-
nentcomparedo a speedof aboutl® perdayin theBay of Bengal. Thereduction
in speedof northward propagationasthe ISO movesfrom westto east,could be
a consequencef a reductionin the speedof propagationof the equatorialcon-
vectionasit crosseghe maritime continent. However, the time-longitudesection
along2.5°N (Fig. 3.16b)doesnot provide definitive supportingevidenceof sucha
changen phasespeedalongthe equator Anotherpossibilityis thatthe variationin
northwardspeedacrosgndividuallongitudescouldbedueto local feedbacksOver
the Indian subcontinentpncethe corvectionanomalyreachesabout10°— 15°N it
rapidly extendspolewvardsto the baseof the Himalayanmountainsnear30°N. The
notablechangein phasespeedas the corvection crossedand suggestgshe influ-
enceof land surfacefeedbacks. Webster(1983)found that poleward movement
of low-frequeng corvectionover land canbe explainedby a sequencehat starts
with sensibleheatinput from the warmland surfaceinto the boundarylayerahead
of the corvective zone. The sensibleheatinput destabilizeghe atmospherahead
of the corvectionfollowedby polevardencroachmentf convectioninto the desta-
bilized region. This polevard movementis aidedby the reductionin sensibleheat
input equatorvard of the cornvectionby the evaporatve cooling of the precipitation

moistenedyround. While this hypothesisould be reasonablyadwancedto explain
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therapidextensionof corvectionnorthwardto the Himalayasit is adifficult theory
to prove empirically becausef alack of availablehistoricalsoil moisturedata. In
summarythe changesn northward propagatiorspeedwith longitudeandlatitude
arenotreadilyexplainedwith thetoolsanddataavailablein this study
Thebiggestdifferencebetweerthe OLR,5_sp andOLRy5_s. regressions
is evidentin Fig. 3.16b At 2.5°N, the corvectionanomalydevelopsin placeacross
muchof thelndianOcearbasinbeginningatlag—8days,shortlyafterthecorvectve
anomalyfirst appearsat 60°E atlag—10days. This apparentlystationarydevelop-
mentof the corvective anomaly followed 10—20dayslater by developmenif con-
vectionover India, hasleadsomeauthorsto characterizé¢he summerintraseasonal
oscillationasanindependentorthward propagatioreventthatis forcedby entirely
differentdynamicghanthoseimportantto the evolution of thelSO (e.g.,Wangand
Rui 1990). Sincethe cross-correlatiorand linear regressiontechniqueemployed
hereis tantamounto compositingbasedon OLR35_go. 0r OLRs5_gq Minimums, it
is possiblethattwo or moreentirelydifferentmodesarewrappedupin theregression
results. For example,onesummermmodemay be the typical eastvard propagating
ISO disturbancehat hasan associatedhorthward propagatingeature. This mode
would be extractedby wavenumbeifrequeny filtering to eastvard wavenumbers.
The secondmode could be a standingoscillation that developsin the equatorial
IndianOceanmandmovesnorthward over India independentf any eastvard propa-
gationof convectionalongthe equator Addedtogetheythesetwo modeswould be
sufficient to explain the time-longitudesectionan Fig. 3.16,in which both station-
ary andeastvardpropagationin additionto anapparenhorthwardpropagationare

seen.
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3.4.1 Separation of Modes Oneway to approachthe problem of
separatingthe modes,if sucha separations appropriate,is to ask whetheror
not eastvard propagationof corvection along the equatoris a prerequisitefor a
subsequentonvection anomalyto move northward onto the Indian subcontinent
andinto the north Indian Ocean. To evaluatethis hypothesisthe large-scalen-
traseasonabscillation eventsare separatednto thosethat are dominatedby east-
ward propagatiorandthosethat can be characterizeds a standingoscillationin
the Indian Oceanbasin. Fifty-six total large-scaleintraseasonabscillationsin
corvectionare catalogedoy identifying summertimeminimumsin area-a&eraged
OLR5_s0. (85°—9CE, 2.5S-2.5N) whosevalueis lessthan one standarddevi-
ation belov the OLRy5_go. mean(< —9 W m=2). Fifty-six eventsover 22 sum-
merstranslateso approximately2.5 eventsper monsoonseason. The identified
datesof minimum OLRy; g, are then comparedto the datesof minimumsin
OLR25_30., (Wavenumbeifrequeny filtered OLR at periods25—-80daysandwest-
ward wavenumbersl—3) for the samereferencaegion. Minimums of OLRy5_gg,
that occurwithin 5 daysof a OLRs5_go. minimum aretagged. Equalor nearly

equalvaluesfor OLRy5 g0, andOLRs5 s, iIMmply a standingoscillation. Thatis,

OLRE; > OLRW,;5 — E (eastvard) (3.5)

OLRE; ~ OLRW,;.5 — S(stationary) (3.6)

whereOLRE andO LRW arethearea-aeragedOLRy; g andOLRy5 g0, Values,
andt is thesetof 56 datesof minimumOLRE.

Out of theinitial pool of 56 large-scaleeastvard events,23 (about40%)
also exhibit low OLRy5_gq,, Values. The 33 remainingeventsare characterized
by a dominanteastvard component. Instancesvhere OLRy5_go,, iS low, while

OLR25_3s0. is not, arerare(occurringonly threetimes)andarenot consideredhere.
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Theidentifiedlarge-scaleequatorialkcorvective eventsarefurther stratifiedaccord-
ing to whetheror not northward propagations evidentin the daysfollowing a min-
imum in the equatorialcorvective signal. Clearnorthward propagatiors apparent
in 27 out of the 33 eastvard eventsand 21 out of the 23 stationaryevents. The
separatiorof eventsis summarizedn Table 3.1. Theseresultsindicatethat dur-
ing the northernsummermonsoonseasonthe majority of large-scalecorvective
eventsatthe equatorarefollowedby a northwardcomponenindicatinga clearlink
betweertheequatorial SO andactive andbreakperiodsof themonsoon.Theques-
tion remainshowever, whetheror not eastvard propagatiorof corvectionalongthe
equatoris requiredfor thereto be northward propagatiorof convection. The possi-
bility existsthatthelarge-scaleorvectioneventsthatexhibit stationarybehaior in
the equatorialndian Oceando not featureary eastvard propagatiorandtherefore
represent uniguemodethat may not be relatedto a Kelvin-Rossbywave paclet
responseéo equatoriakorvection.

Global OLR,5_gq is compositecat lags between-30 daysand +30 days
basedon the datesfor eastvard-northvard (EN, 27 cases),stationary-northward
(SN, 21 caseskvents,andeastvard-nonorthward (E, 6 caseskvents. Figure3.17
shaws lag-latitudeand lag-longitudediagramsof the resultingcompositesalong
75°E (left panels)and2.5°N (right panels).Focusingonthelag-longitudediagrams
in the right panelsone seesthat, asexpected,the EN eventsare characterizedy
steadyeastvard propagatioralongthe equatorfrom 6(°E to the dateline. The SN
eventsdevelop in placein the centralequatorialindian Oceanover the courseof

aboutl10-15days.At lag +5 days,though,corvective anomaliesareseenmat 120°E
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Table3.1. Meancharacteristicsf large-scalssummertimdSO modesasdefinedin

text andin Fig. 3.17.

Mode

EN SN E

Numberof events
Numberof eventsperseason
Meanstartdate

MeanminimumOLRys_ _g, value(W m=2)
Meannorthwardphasespeedat 75°E (m s 1)
Meannorthwardphasespeecat 9C°E (m s 1)

Meannorthernextentat 75°E

27 21 6
1.2 11 0.3
Aug.16 Julyl4 July24

=17 =31 -23
1.9 1.9 na
1.3 1.4 na

25°N 23N na



3. STRUCTUREAND EVOLUTION OF THE INTRASEASONAL OSCILLATION 71

(@) EN 75E W
T T A L A 30T m
I - ] (\\; — 20
-20E
) R\ ] g 15
20°N / : F N
10F— e — 10
7 P G .
)/ d 2 o\ i
EQU S o—Xs
@Z{ NG B 5
I 10¢ -10
2o°s? 20§ -15
I 20
A0S Ll il Ll sob. Lal IV 0L 25
30 20 -10 0 10 20 30 40°E 60°E 8(PE 10PE12C°EL4CPEL6CE 18C°
Lag (days)
(b) SN 75E
40]N§HHH\HHUHHHHH\HHHHHHH\HHHHL _30<\
N = 20"
20N -
) -10F
7
EQU k\-/} @ ‘ S of
o C
I \/j S
KJ = B 104
20°S g \
I il 20F U
40°S Lo b, 30t SRE L
3 20 -10 0 10 20 30 ACFE 60°E 8C°E 10PE12(PE14CPEL6CE 18C°
Lag (days)
(c) E 75E 2.3N
403N7“”””‘ RN AR AR (RNl RN y

LY

WO\
AN,

20°N

10; el
q 7 A aea /]/ ;
£ © £ A\ Jy \ 9
EQU S o <SGl ]
= g f NN ]
i - : 10§ D/A\ = /) : g
205 ) ﬂ
r 20i \/\\\O\// [D\ U
405l i, 30A U(w A
3 20 10 0 10 20 30 40°E 60°E 8C°E 100°EL2CPEL4FEL60E 180°

Lag (days)

Figure3.17. Lag-latitudealong 75°E andlag-longitudealong2.5°N diagramsof
compositedOLR,5_gg segregatedby intraseasonatorvectioneventtypeasdefined
in text. EN correspondso large-scaldSO eventsthat exhibit eastvard andnorth-
ward movement, SN to stationaryand northward movement,and E to eastvard
movementonly. (&) EN events(27), (b) SN events(21),and(c) E events(6).
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from which point the corvectionanomalypropagatesteadilyeastvardto the date-
line. At the sametime, anapparennorthward movementof negatve OLR anoma-
lies begins(seeFig. 3.17bleft panel).This resultimpliesthateastvard propagation
of corvectionalongtheequators indeeda prerequisitdor northwardmovementof
corvectioninto India.

To be certainthatthe SN composites not beingbiasedby a smallnum-
ber of large amplitudeevents,the individual SN eventsare separateéccordingto
whetheror not convectionanomaliesn the centralequatorialndian Oceanarefol-
lowed, within 5 to 25 days,by corvectionanomaliesn the westernequatorialPa-
cific Ocean(140— 15C°E). Out of the 21 SN events,only oneis not followed by
a conspicuougorvectionanomalyin the westernequatorialPacific Ocean. The
obsenationthatpolewvard propagatioroccursonly whenaccompaniedby eastvard
propagatioralongthe equatodendscredencéo the notionthatthe northward prop-
agationandhencetheactive andbreakcyclesof the monsoonarenot theresultof
anindependenanduniquesummertimemode,but are simply modifiedversionsof
theintraseasonaiscillationthatis obseredin winter.

The fundamentakcharacteristic®f eachmodeare summarizedn Table
3.1. For the mostpart, the differencesbetweenthe EN and SN northward propa-
gatingmodess small. The SN eventsappeaio be somavhatstrongerthanthe EN
eventswith a meanminimum OLR,;_g, anomalyvaluein the baseregion of —31
W m~2 comparedo —17W m~2. The northward movementspeedandextentare
essentiallythe samebetweemmodes.

Why doesthe equatorialcorvection sometimesdevelop simultaneously
acrosghe Indian Oceanbasinandsometimeslevelopin the westernindian Ocean

andpropagatesastvardsacrosghebasin?Figure3.18is a histogramof thenumber
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Figure3.18. Histogramof the numberof events(SN, EN, E asdefinedin the text
andin Fig. 3.17) occuringin eachof the 10 two-weekperiodsthat make up the
monsoorseasor{May 15to Sept30).
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of timesthe SN, EN, andE modesoccurwithin eachof the 10 two-weekperiods
that spanthe summermonsoonseasonMay 15 to Sept. 30). The SN modeis
strongly biasedtowardsthe beginning of the seasonwhenthe SSTsare at their
warmestacrosghelndianOcearbasin.Almostequallysharply the EN modeis bi-
asedowardstheendof theseasonvhenthe SSTshave cooledin thenorthernindian
Ocean.Thereis no indicationthatthe relatively rare E eventspreferentiallyoccur
duringary particularphaseof the monsoorseason.TherelationshipbetweenSST
andtheoccurrencef eitherthe SN or EN modessiillustratedin Fig. 3.19whichis a
differencemapof compositedneanSSTsaveragedverlag—21daysto lag—7 days
for the SN eventsminustheEN events.MeanSSTdifferencesn excesf 0.5C are
seenacrosghebasin.Perhapshe basinwide warmerSSTenhancefstabilitiesin
the boundarylayer suchthata large-scaleconvective disturbanceoriginatingin the
westernindianOcearrapidly spreadsicrosghe basin. As the corvectiondevelops
acrosghebasintheKelvin-Rossbywvave pacletresponselevelops.Eventually the
Kelvin wave to the eastof the corvectionamplifiesto the point thatequatoriakcon-
vergencebeginsto drav theequatoriakonvectioneastvards,initiating theapparent
northward movementof corvection at the sametime. Laterin the seasorwhen
the SST hascooledacrossthe basin(recall Fig. 3.5) and EN eventsbecomethe
dominantmode,the evolution of ISO eventsrevertsto the "normal” sequencehat
beginswith anomalougorvectionin thewesterrnindianOcearfollowedby asteady
eastvard propagatiorof corvectionthatis driven by surfaceconvergenceontothe
equatomgeneratedby the Kelvin wave responséo the equatoriakcorvection.

3.4.2 SeaSurface Temperature In recentyears,speculatiorhasin-
creasedhatthe ISO is a coupledair-seamodeof variability (e.g. Websteret al.

1998; Jonesetal. 1998). Sucha hypothesiss supportedoy Fig. 3.5, shaving
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Figure3.19. SSTdifferencemapof meanSSTfor SN - EN events.MeanSSTfor
eachtypeof eventis determinedy averagingSSTbetweernag—21daysandlag—7
daysto capturethe basicstateprecedingthe onsetof equatorialcorvection. The
zerocontouris thickenedfor clarity.
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the collocationof SSTandOLRy;_g, VarianceandFig. 3.19,depictingthe differ-
encesin meanSST precedingSN andEN events. Wangand Xie (1998)find in
a modelingstudythat the warm pool basicstatesof the westernPacific andindian
Oceanswith their deepthermoclinesareconducve to intraseasonaimescalecou-
pledvariability. Shinodaetal. (1998)obsenea0.15C amplitudevariationin SST
in the IndianOcearthatis associateavith netsurfaceheatflux variationsof 30—40
W m~2. The netsurfaceheatflux variationsleadthe SST variationsby approxi-
matelyone-quartecycle. FasulloandWebster(1999b)find thatthe surfaceheat
flux variationsaredominatedoy wind drivenlatentheatflux variationsin addition
to cloud-forcedshortwave flux variations.

Theresultsof alaggedcompositeof SSTis shovn in Fig. 3.20wherethe
centralcompositadatesarethe 15 SN eventdateshatoccurduringthe periodwhen
weekly SSTdatais available(1982-1997)Daily SSTestimatesaregeneratedy a
linear interpolationbetweernthe weekly estimates Prior to compositingthe mean
andfirst 3 harmonicsof the annualcycle areremoved from the daily interpolated
SSTdatasetAt lag—14days,suppressedorvectionis positionedoverthe Arabian
Seaand stretchesacrossthe southerntip of India and the southernBay of Ben-
gal. Anomalouslywarm SSTwith amplitudesreaching0.15C is locatedsouthof
theareaof suppressedorvection.At lag—7 days,astheconvectiondevelopsalong
theequatoandtheregion of suppressedornvectionslidesnorthward,thewarmSST
anomaliegxtendnorthwardinto theArabianSea.ThewarmSSTanomalyis partic-
ularly strongalongthecoastof SomalisandSaudiArabia. Recallingtheanomalous
low-level circulationshowvn in Fig. 3.9, suppressedorvectionover Indiais accom-
paniedby anomalousiortheasterliesver the northwesternndian Oceanyeducing

the southwesterlynonsoonaflow. Reducednonsoorsurfacewindscouldresultin
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Figure 3.20. LaggedSST anomaly(shaded)and OLRy5_g, (contours)composite
mapsfor SN events. Compositancludesthe 15 SN eventsin the 1982—-1997%um-
mers. SSTanomalycontourintervals are every 0.04C with red colorsindicating
postve SST anomaliesand blue colorsindicating negative SST anomalies.OLR
contourintervals are every 7.5W m~2, solid contoursindicate positive anomalies
anddashedontoursndicatenegative anomalies.
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botha reducedatentheatflux out of the oceanaswell asdiminishedupwelling of
cold sub-surbcewateralongthe northeas®frican coast.Both factorswould yield
warmerSSTs.By day+14thecornvectionis centeredver peninsulatndiaandcool
SSTanomaliesare seenalong 0°~10N. Figure 3.21 shows lag-latitudeand lag-
longitudediagramsf thecompositeSSTanomalieandOLRy;_g, along85°-9C0E
and5°S—-5N. The SSTanomaliedrail the convectionanomaliedy a one-quarter
cyclealongboththelatitudinalandlongitudinalaxis. ThelargestSSTanomalie®c-
cur in the northernBay of Bengalwhich is characterizedy a shallov freshmixed
layerdueto heary rainfall andriverinflow. Consequentlysmallchangesn surface
heatflux mayreadilygenerateletectablé&SSTvariations.Interestinglya composite
basedon EN events,which typically occurlaterin the monsoonseasondoesnot
showv suchclearandcoherentariationsin SST. Onepossibleexplanationfor this
is that, asthe strongandsteadysouthwesterlynonsoonatsurfacewinds stir up the
oceanthroughoutthe seasonthe mixed layerin the Bay of Bengaldeepensthus
makingthe SSTlesssusceptibléo smallchangesn surfaceheatflux introducedoy
the passingof anISO. It is importantto notethatbecausehe compositeseported
hereincludeonly 15 eventseach,the resultscannot be consideredlefinitive, but

they aresuggestie nonetheless.

3.5 Summary and Discussion

Perhapshe mostimportantresultin this chapteris thatthe northernsum-
mer 1SO displayssimilar characteristic$o its wintertimecounterpart.The resem-
blanceto aKelvin-Rossbywave responséo equatoriaheatings apparenin thecir-
culationpatternsat bothupperandlower levelsduring boththe summerandwinter

seasonsSurfacefrictional corvergenceinto the low pressuregegionsat the center
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Figure3.21.Lag-latitudeandlag-longitudediagramsof SSTanomaly(shadedjand
OLRy5 g0 (contour). Contourintervals every 0.04 C with the zero contouromit-
ted. Light shadesare positive SST anomaliesand dark shadesare negative SST
anomalies.OLR contoursevery 7.5 W m~2 with the zerocontouromitted. Solid
contoursindicate positve OLR anomaliesand dashedcontoursindicate negative
OLR anomalies.Longitudesthat are not over waterbetweenhe equatorand 5°N
aremarkedby thegraycolumns.
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of the Rossbycellsis apparentn bothseasonsalthoughthe strengthof the corver
gencds asymmetricowardsthesummehemisphereTheasymmetryof theRossby
cell surfaceconvergenceacrosghehemisphere@-igs.3.9and3.11)is generatedby
cross-equatoriaurfaceflow into thesummehemispheré¢hatis forcedby theslight
displacemenof the strongesequatoriacorvectionandhencethe strongesequato-
rial heatinginto thesummeremisphere.

During summeywhenthe entirelndian Oceanbasinexhibits SSTsin ex-
cesf 28°C andtheboundaryayeris very moist,the off-equatorialurfacecorver-
genceinto the Rossbycell generatesleepoff-equatorialcorvectionwhich appears
asais abandof corvectionthatstretchedrom the equatomorthwestvardto about
2°N (Fig. 3.7). The eastvard progressiorof the northwestvard orientedbandof
convectionacrossthe Indian Oceanbasinyields an appareninorthward propaga-
tion alonganindividual longitudeline aswell asan eastvard propagatioralongan
individual latitudeline.

It is importantto stresghattheresultssummarizedererepresena mean
evolution of anISO. Examinationof individual ISO eventsrevealsa large degree
of variability in boththe evolution of the large-scalecorvectionandthe associated
circulationpatterns For example,somelSOsdo notexhibit acontinuoushorthwest-
ward orientedbandof corvectionfrom the equatorto 20°N. Insteadthereis often
aclearseparatiorbetweenhe equatorialkcorvectionandthe off-equatorialcorvec-
tion. Sucha separatiortancreatetheillusion of a pulsingon andoff of corvection
betweerthe equatorialndianOceamandIndia.

Websteret al. (1998) suggesthat transitionsbetweenactive and break
periodsmay be chaotic. While an orderly transitionbetweenan active and break

period can be chartedthroughthe statisticaltechniquesusedhere, in reality, the
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summerlSO doesnot exhibit regular periodicity One would anticipatethat the
predictabilityof the ISO, andthereforeforecastof actve andbreakperiodswould
be poorerduring summerrelative to the winter and spring. Additionally, as will

be shavn in Chapter4, during someyearsthereis reducedsummerlSO actiity
andthat, duringthoseyears,active andbreakperiodsarelesswell definedandthe
transitionsbetweeractive andbreakperiodsarenotascoherent.

WangandRui (1990)identify a summertimenodethatis describedasan
independenhorthwardmoving event. Evidenceof suchatypeof eventis notfound
here,althoughit doesappeathatparticularlythe SN eventsarecharacterizetdy the
absencef a strongcornvectionanomalyover the maritimecontinentbetweenl00
and12CE. Theappearancef aweakcorvectionanomalyoverthe maritimeconti-
nentis consistentvith thefindingsof WeickmannandKhalsa(1990)who shaved
thatthe SO signalin corvectionis generallyweakoverthe maritimecontinentrel-
ative to the IndianandwesternPacific Oceans.

The SN andEN modesdo not appeato bedrivenby differentdynamics.
Insteadthe SN andEN modesappearasthetwo predominantlyencounterednan-
ifestationsof the evolution of the ISO corvective component.Both modesexhibit
thecharacteristicef corvectioncoupledo aKelvin-Rossbywave pacletthatmoves
steadilyeastvard, but the two modesdiffer in how the corvectionin the centralln-
dian Oceandevelopsprior to the maturedevelopmentof the Kelvin-Rossbywave
paclet. Onepossiblefactor suggestedby this study determiningthe two forms of
evolution of convectionis the differentunderlyingbasestates.SN eventsaremore
commonlyencountereduringthebeginningof themonsoorseasornwhentheSSTs
areat a maximum,wherea<€EN eventstypically occurlaterin the seasorafterthe

SSTshave cooledsomavhat. Theseobsenationsled to thespeculatiorthatthe SST
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distributionacrosgheequatorialndianOcearbasinis a primaryfactordetermining
theform of the summertimdSO evolution.

A more completeunderstandingf the evolution of the two ISO modes
may leadto betterempiricalpredictionof the timing of upcomingactive andbreak
periods.For example,the appearancef a large scaleervelop of corvectionin the
centralequatorialindian Oceansignalsthe start of an active period over central
peninsulaindia (15°N, 75°E) within aboutl2—-16daysif the equatoriakornvection
exhibits predominantlyeastvard characterand 16—20daysif it exhibits primarily

stationarybehaior.



