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The South Asian monsoonexhibits pronouncedntraseasonatariability
ontimescalesangingfrom a few daysto morethana month. A principal purpose
of this studyis to provide a comprehenske analysisof low-frequeng monsoonn-
traseasonalariability andto determindts structurein spaceandtime. Large-scale
active andbreakperiodsof rainfall areassociateavith theslowly evolving Intrasea-
sonalOscillation(ISO)thatis characterizeduringnorthernsummeliby anapparent
northward movementof convectionemanatingfrom the centralequatorialindian
Ocean. The evolution of ISO corvection canbe thoughof in termsof propagat-
ing equatoriaimodes.Surfacefrictional corvergenceinto a Rossbycell thatis ex-
cited by equatoriall SO corvectiongenerates bandof corvectionthatis oriented
southeasto northwestandstretchedrom the equatorto about20°N. Viewedalong
ary meridianthemodeappearso propagatenorthwardwhile equatoriakornvection
propagate$o theeast.

Interannualvariationsof summertimelSO actvity are investigatedand
arefound to be relatedto yearto-yearchangesn the numberof discreteevents.
Seasongf high ISO actwity exhibit significantlymorelow precipitationdaysand
consequenthdeficientseasonatainfall than seasongharacterizedy little or no
ISO actwvity. 1SO actwity is found to be uncorrelatedo the EI Niflo-Southern
Oscillation (ENSO) or ary othercontemporaneouseasurfacetemperaturdSST)

variability. The summertimdSO actvity doesexhibit areasonablystronginverse



relationshipwith SouthAsianmonsoorstrength.Theyearto-yearvariationsof ISO
actiity alsoexhibit adominantbiennialtimescale.

A seconddominant mode of intraseasonavariability is made up of
synoptic-scalevestward propagatingcorvective disturbancesvith timescalese-
tween5 and10days.Duringtheactive ISO phaseoverIndia, westwardpropagating
synoptic-scalevave actvity is above normal. The developmentof high-frequeng
cornvective disturbancesvertheBay of Bengalandpeninsulaindiais attributedto
instability thatis favoredin regions of strongeasterlyvertical wind shearin con-
junctionwith equatoriaheating.As ISO convectionmovesinto the westernPacific
Oceanregion westward propagatingsynoptic-scalavaves are excited from which
pointthey propagateo thewestacrossoutheasfisiainto the Bay of Bengalbring-
ing episodesof significantrainfall during the suppressedand normally dry, 1SO

phaseover India.
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THE MONSOONSOVEREIGN

Theatmospheravasstifling: theair wasstill asdeath,

As the parchedheelsemittedtheir foul andcharnelbreath.

A mantleof redshadav envelopsall around—

The trees, the grass,the hamlets, as the storm-cloudsforward
bound.

Of asuddencomesawhirlwind, dancingspinningrapidly;

Thenguston gustburstsquick, incessantmad,rushingfuriously.

A crash—andheMonsoonson us,in torrentseverywhere,

With thebellowing roarof thunderandlightning, flareonflare.

Thetempest now abateda hushfalls o’er thescene;

Thenmyriadbirdsstartchattring andthe grassagainis green,

Thefieldslik e vast,still mirrors,in sheetof waterlie,

Thefrogs,in droningchorus singhoarsetheir lullaby;,

Eachtankandpoolis flooded,greatriversbursttheir banks,

King Summersreignis endedthe Monsoonsovereignranks.

— L. H. Niblett (1938),adapted
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CHAPTER1

INTRODUCTION

"K eepa register of all changesof wind and weatherat all houres, by night
and by day, sheving the point the wind blowsfrom, whetherstrong or weak:
TheRains,Hail, Snowandthelike ... especiallyHurricanes... but above all

to take exactcare to observehe Trade-Whes,aboutwhatdegreesof Latitude
andLongitudethey firstbegin, where andwhenthey ceaseor changg, or grow
stronger or wealer”

— Instructionsfrom the Royal Society of Londons — Directions for
Sea-MenBoundfor Far Voyages(1666)— indicatingan early appreciatiorof
theimportanceof understandinghe variability of themonsoon.

The Asian summermmonsoonis the mostvigorousweathersystemin the
world, profoundlyaffectingmostof thenationsof SouthandSoutheasfsia. Across
theregion,over 75%of thetotal annualainfall occursduringthesummemonsoon.
Nearly 60% of the planets populationrelieson the soakingmonsoorrainsto sup-

port agriculturalproduction,to provide adequatedrinking water for humansand
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livestock,andto generatehydroelectricpower that drives agriculturaland indus-
trial production.The significanceof the monsoonn peoples daily livescannotbe
overestimatedsemphasizethy KhushwantSingh (FeinandStephend.987):

Themonsooris themostmemorablexperiencan thelivesof Indians... What
the four seasonsf the monsoommeanto the Europeanthe oneseasorof the
monsoomeango thelndian. Thesummemonsoons precededby desolation;
it bringswith it the hopesof spring; it hasthe fullnessof summerand the
fulfillment of autumnall in one. (p.38, Singh1987)

The monsoons influence, however, is not restrictedto the Asian con-
tinent. The intenseheatingassociatedvith the condensatiorof water vaporin
the upperatmospherempactsthe circulation patternsthroughoutthe tropics and
the extra-tropics (e.g., Yasunariand Yuji 1992). Additionally, obsenational ev-
idencepointsto a comple interrelationshipbetweenthe Asian monsoonandthe
El Nifio-SoutherrOscillation(ENSO),a relationshipthatwasfirst obseredby Sir
Gilbert Walker (1924)andthathasbeenthe subjectof intensestudyover the last
decade (for review seeWebsteret al. 1998). The relationshipbetweenindian
rainfall and the phaseof ENSO is not entirely clear althoughthereis somein-
dication that the monsoons role is active ratherthan passve (Normand1953;
Yasunaril990). The global impactsof ENSO from both a climatological (e.g.,
amongcountlesothersRopelevski andHalpert1987; Kiladis andDiaz 1989)and
asociologicalperspectie (e.g.,Glantz1996)arewell-documentedalthoughby no
meansomprehense. If themonsoorindeednfluence€ENSO ,thentheimpactsof
the monsoonon global climatewould be widespread Regardlessthe Asian mon-
soonis animportantcomponenbf the tropical coupledatmosphere/oceaystem
andneeddo be accuratelyrepresenteth modelsin orderto increasepredictability

ontheglobalscale.
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The Asian monsoonexhibits high amplitudevariability on virtually all
timescalesrom synopticto interdecadalThe obseredfluctuationsof themonsoon
have beenstudiedfor over200years(for historicalaccounopf SouthAsianmonsoon
studies,seeKutzbach1987)with moreintensve studiesin the last 100 yearsmo-
tivatedby a desireto understandndpredictlarge-scaledroughtssuchasthe great
Indiandroughtandthe resultingfamineof 1877. Ontheinterannuatimescalethe
standardleviationof total Indiansummerainfall is only 10%of thelongtermmean
of 853mm (Mooley andParthasarathy¥984). However, evensuchsmallvariations
in seasonaprecipitationcan significantlyimpact crop production (Parthasarathy
etal. 1988; Gadgil 1996). For example, Websteret al. (1998)show that total
Indianrainfall is positively correlatedwith Indianrice productionat 0.61over the
lastfour decadesvith a 10% reductionin total rainfall leadingto an averagel5%
reductionin rice production.

While the stressis often on how the total seasonatainfall impactscrop
productionandsocietyin generaljt is eventsthatoccurwithin theseasornhatoften
have the greatesbverall impact. For example,the following is an excerptfrom a
FoodandAgriculture Organizatiorreportonthe 1996Indianmonsoorseason:

Torrential monsoonrainsin July over centraland north easternpartsof the
countrycausedseriousflooding. Latestestimatesndicatethatoverall 2.4 mil-
lion peoplewereaffected,with some900 peopleand15,000livestockkilled.
Around 3.3 million hectareof crop areawere affectedand600,000hectares
severelydamagedOverall, the 1996monsoorbeganontime ... providing fa-
vorableplantingconditionsfor 1996/97paddyandcoarsegrains.However, in
eastandwestMadhyaPradeshlow rainfall in Juneandearly July resultedin
delayedplantingof the maincropwhich may affect overall production.

Apparently both excessve rainfall and deficientor delayedrainfall canadwersely
affect crop productionwhich highlightsthe needfor betterunderstandingndpre-

diction of boththe shortandlong termfluctuationsin precipitation.
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The strong intraseasonavariationsin precipitationin the South Asian
monsoorareohviousfrom inspectiorof daily precipitationtimeseriesuchasthose
shown for the1987and1988season# Fig. 1.1. During 1987 therearethreeclear
"active” periodsof rainfall, which aredefinedin this studysimply asprolongedpe-
riods of heavry precipitationover centralindia. The active periodsareseparatedy
"break” periodswhich are definedin this study asprolongedperiodsof low rain-
fall. Thethreel987 active periodsare separatedy approximately40 dayseach.
Theactie periodsof precipitationhave beenlinkedto northwardmoving envelopes
of corvectionfrom the equatorialindian Oceanwhich in turn have beenlinkedto
large-scaleeastvard propagatingonvectionervelopesalongthe equator (e.g.,Ya-
sunaril979; JulianandMadden1981)(seeSectionl.2.1landChapter3 for further
detailsand discussion).The entire systemis termedthe IntraseasonaDscillation
(1S0).

While thenear40-dayvariability is adominantmodeof intraseasonalari-
ability of rainfall in the SouthAsian monsoorregion, othertimescalesareimpor-
tantaswell. For example,evidenceof shortertimescaleoscillationsis apparentn
Fig. 1.1 asheavy precipitationeventsseparatedy about6—9 days. Both the near
40-dayandthe 6-9-daytimescale®f variability shav up asstatisticallysignificant
spectrapeaksn outgoinglongwave radiationrecordqFig. 1.2).

Evidenceof interannualariability is alsoapparenin Fig. 1.1. For this
region in centrallndia, the total precipitationwas 896 mm in 1988, which is in
excessof 50% morerain thanthe 554 mm thatfell in 1987. The two yearsexhibit
notablydifferentintraseasondluctuations While 1987containsatleastthreewell-
definedactive periodsseparatedby well-definedbreakperiods,1988appeardo be

essentiallydevoid of ary obviousactive or breakperiodsexceptperhapsan active
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Figure1.1. Timeseriesof daily precipitationrate estimatesaveragedover central
India (75°-8C°E, 10°—15°N) for JunethroughSeptemberl987and1988. Precipi-
tationestimategrom stationdata(Section2.1.4).
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periodin the middle of June. The starkdifferencesetweenthesetwo seasonn
bothtotal precipitationandthe intraseasonalariability have stimulatedsubstantial
research(Krishnamurtietal. 1989; Krishnamurtietal. 1990)andareoftenused
asmeasuringticksto assesshe simulationskill of GCMs.

Swaminathan(1987) suggestshat the effects of abnormalmonsoonsn
crop productionand economicoutput could be mitigated with skillful forecasts
of seasonamonsoonprecipitation. Unfortunately accurateseasonapredictionof
monsoorrainfall usingdynamicforecasimodelshasprovenelusive (Websteretal.
1998), althoughempirical forecastshave fared somavhat better (Shukla1987;
Das1987). The potentialreasondor poor forecastskill in the Asian monsoorre-
gion arevaried. For example, Fennessytal. (1994)find that GCM simulations
of the Asianmonsoorare highly sensitve to the formulationof orographyandsoil
moisture. The AtmosphericModel IntercomparisoriProject(AMIP) comparedhe
variousatmospheric&eneralCirculationModels(GCMs) andfoundthatthe simu-
latedrainfall distributionsovertheBay of Bengalandthelndiansubcontinenvaried
widely betweermodels (Lau etal. 1996). Thelack of skill in the Asianmonsoon
region may be partly dueto the fact thatthe modelsdo not simulatewell the ob-
sened northward propagatiorof monsoonconvective zones. Even single models
thatcapturethe strongdry monsoon1987)to wet monsoon1988)transitionshav
little or no predictabilityin otheryears (SperbelandPalmer1996). Websteretal.
(1998)amguethatthe high degreeof spreadseenin monsoorforecastss likely due
eitherto difficulty in modelingmonsoornregionsor to nonlinearerror growth due
to regionalhydrodynamidnstabilities. To answerthis questioncontinuedorogress

towardsa morecompleteunderstandin@f the complex obsened variability of the
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monsoons requiredsuchthatthe importantprocesseghatgovernmonsoonapre-
cipitationcanbe correctlyincorporatednto forecasimodels.

The purposeof this dissertatioris to examinein detail the intraseasonal
variability of the SouthAsian monsoon.A numberof aspect®f the intraseasonal
variability will beaddressedThe principalaimsareto:

e describehe spatialandtemporalstructureof the summertimdSO,

o illustratethe primary similaritiesanddifferencesetweerthe summertime
andwintertimelSOs,

e interpretthe northwardmovementof summertimdSO corvectionin terms
of equatorialwaves,

e examinetherelationshipbetweeryearto-yearfluctuationsof summertime
ISO actvity andinterannualariationsof SouthAsian monsoonstrength,
and

e investigatehe modulationof synoptic-scale€onvectionby thelSO.

Theremaindeof this chapteris devotedto a descriptionof theannualcy-
cle andthe meansummertimemonsooranda review of the currentunderstanding
of the summertimdSO. Chapter2 describeshe datasetaisedandintroducesthe
statisticaimethodsusedin this study Chaptel3 presentshetemporalandstructural
evolution of thesummertimdSO andcomparest to thewintertimelSO. Theinter
annualfluctuationsof summertimdSO actiity areexaminedin Chapter4, which
alsoincludesa more extensve review of interannualSouth Asian monsoonvari-
ability. The synoptic-scalevariability in the SouthAsian monsoonregion andits
modulationby the ISO is investigatedn Chapter5. The final chapterprovidesa
synthesi®f the obsenationsandconclusionsaswell asa brief discussiorof future

work.



1. INTRODUCTION 9

1.1 Annual Cycleand the Mean Monsoon

The term "monsoon” appeardo have originatedfrom the Arabic word
mausimwhichmeanseasonThe Asianmonsoorsystemcontaingwo distinctsea-
sons:the"wet” andthe"dry.” The wet occursduring borealsummerwhenwarm
andmoistwinds blow acrossSouthAsia from the southwest.During the dry win-
ter seasonthe winds reverse,blowing cool anddry air from the winter continent
acrossthe Indian subcontinenfrom the northeast (for discussiorof annualcycle
andfundamentaphysicalprinciplesrequiredto explain monsoorcirculations,see
Webster1987). The focusof this studywill be on the wet summerseasonput it
is importantto keepin mind thatthe summerAsianmonsoons partof thegreater
Asian-Australiammonsoorsystem (Websteretal. 1998).

The climatologicalsummey Juneto Septembe(JJAS), and winter, De-
cembetto March(DJFM), meandistributionsof 850-mbwinds, outgoinglongwave
radiation(OLR), andprecipitationareshavn in Figs.1.3and1.4. During north-
ern summey the low level circulation over the Indian Oceanand the Indian sub-
continentis dominatedby strongcross-equatoriallow and southwesterlywinds
acrossthe Arabian Sea,the Indian subcontinentandthe Bay of Bengal. Halley
(1686)first hypothesizedhat the cross-equatoridlow is causedoy the tempera-
ture contrastbetweenthe cool southernoceansandthe hot continentallandmass,
aland-seaemperaturalifferencethat generates pressuregradientthat drivesthe
winds. Hadley (1735)adwancedhetheoryof themonsoorby includingthe effects
of the rotationof the earthwhich explainsthe characteristicsouthwesterlyrather
thanpuresoutherlyflow. The monsoonactirculationactsasa moisture’conveyer
belt; transportingnoisturefrom thesouthindianOcearandthe ArabianSeatoward

the SouthAsian landmassandthe Bay of Bengal (e.g., Cadetand Greco1987,
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Figure1.3. Climatologyof OLR and850-mbwind for 23 borealsummergJJAS),
1975-1997excluding 1978for OLR) and 23 borealwinters (DJFM), 1974-1997
(excluding1977and1978for OLR). Datafrom NOAA OutgoingLongwave Radi-

ationdatase{Section2.1.1)andNCEP/NCARreanalysigSection2.1.2).
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Figurel.4. Climatologyof precipitationestimategor 1979—-1995AS andDJFM.
Precipitationestimatesfrom station dataover land and MSU satellite data over
oceangSection2.1.4).
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Fasulloand Webster1999a). The relatively steadyflux of moist, unstableair ad-
vectedover the SouthAsian landmassupportsdeepconvectionand precipitation
acrosshe SouthAsian monsoorregion. MeansummertimeOLR lessthan220W
m~2 (OLR valuedessthan220W m~2 aregenerallyconsideredo indicaterainfall,
e.g. Arkin andArdanuy(1989))is locatednorth of theequatorover alarge portion
of the Asianmonsoorregion. Theclimatologicalsummerrainfall (Fig. 1.4)is char
acterizedy averagedaily precipitationratesexceedings mmday~! throughouthe
southandsoutheasAsianregionsaswell asthroughmuch of the northernindian
Oceanincludingthe eastermArabian Seaand especiallythe Bay of Bengal,where
the highestmeanprecipitationratesin the entiremonsoorarefound. The areasof
maximumprecipitationtendto be locatedupstreanof low, coastalmountainghat
inducelow-level lifting of conditionallyunstableair (GrossmarandDurran1984;
GrossmarandGarcial990). An intriguing maximumin precipitationis alsofound
in thewinter hemisphergust southof theequatorat 80°—9CE.
Themeancornvectionandprecipitationduringnorthernwinter, shiftsfrom
southernAsia to alongand southof the equatorover the maritime continentand
northernAustraliaandextendinginto the SouthPacific CorvergenceZone(SPCZ).
The850-mbcirculationis now markedby north-easterlyvindsoverthelndiansub-
continentandcross-equatoridlow from northto southoverthe maritimecontinent
which providesmoisturefor the Australianmonsoorrainfall.
TheborealsummelSouthAsianmonsoorendsto bestrongeithanthebo-
realwinter Australianmonsoorbothin termsof total precipitationandthe strength
of the monsoonalirculation. The differencesare duein large part to the pres-
enceor absencef anelevatedheatsource.The SouthAsian monsoonis strongly

influencedby the elevated Tibetanplateauheatsource. The onsetof the boreal
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summermonsoonis coincidentwith the reversal of the meridionaltemperature
gradientin the uppertropospheresouth of the Tibetan plateau (Flohn 1957;
Li andYanai1l996). The temperaturgradientsin the southernhemispherenever
reversedueto the absencef an elevatedheatsourcein Australia. However, there
arestill strongcross-equatorigressuregyradientghatdrive the borealwinter mon-
soon. The gradientsnot aslarge asthoseoccurringin the borealsummey arethe
resultof the intenseradiationalcooling over north Asia during winter (Webster
etal. 1998).

Theclimatological200-mbwindsareshaowvn in Fig. 1.5for boththe sum-
merandwinter seasonsT he predominanfeatureis the persistentipperlevel west-
erly jetspolevardof 20° in bothhemispheresOver SouthAsiaandAfrica, thereis
anupperevel easterlyjet duringsummetthatis replacedy anupperlevel westerly
jetduringwinter. Overall,theupperlevel flow in bothseasonss largely oppositen
directionto thelow level flow yielding an easterlyverticalwind shearduring sum-
merandawesterlyverticalwind sheaduringwinter. Cross-equatoriakturnflow is
alsoevidentduringsummeyasignificantportionof whichis divergent(notshavn),
andthuscontrikutesto thelocal Hadley cell (Krishnamurtil971).

TheclimatologicalSSTdistributionsareshavnin Fig. 1.6. MeanSSTsin
excessof 28°C areconfinedto equatorialatitudes. In the Indian Oceanbasinand
the westernPacific Oceana clearlatitudinal shift of warm SSTsinto the summer
hemispherés evident. TheentireBay of BengalandtheeasterrArabianSegpossess
warmSSTsduringsummeyextendingfrom 5°Sto theBangladeslcoastat20°N. In
winter, theareaof warmSSTis moreevenlydistributedabouttheequatoyextending
from 1O°N to 15°S. Also of noteis the expansionof warm SSTseastvardin the

centralequatorialPacific Oceanandwestwardin the Indian Oceanduringnorthern
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Figure 1.5. Climatologyof 200-mbwind (vectors)andzonal 200-mbwind (con-

tours) for 23 borealsummerqJAS), 1975-1997and 23 borealwinters (DJFM),
1974-1996Windsfrom NCEP/NCARreanalysigSection2.1.2).



1. INTRODUCTION 15

SST JJAS

= : ‘C

f‘J 30

28

' 26

24

22

20

18

B 16

. &7 : | 0
100E 160PW 60°W

SST DJFM OC

30
28
26
24
22
20
18
16

Figurel.6. Climatologyof SSTfor 16 summergJJAS) andwinters(DJFM), 1982—
1997.SSTfrom ReynoldsseasurfacetemperaturéSection2.1.3).
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winter. While the climatological SST distributions are presentechere, thereare
alsosignificantintraseasonathangesn SSTthatareimportantandwhich will be

discussedh Section3.2.2.

1.2 Variability of the South Asian Monsoon

121 Thelntraseasonal Oscillation = Thesouthwesbr SouthAsian
monsoorns markedby episode®f prolongedabundantprecipitation(active periods)
separatedby periodsof prolongedreducedainfall (breakperiods).The transitions
from active to breakperiodsandvice versaevolve slowly suchthattherearetyp-
ically 3 to 4 active periodsover the courseof a single monsoonseasonMay to
September(Websteret al. 1998). Prolongeddry spellsat critical life stagesare
foundto adwerselyaffect cropdevelopmentandgrowth, andhenceyields (seee.q.,
Lal etal. 1999). Consequentlyunderstandinghe transitionsas well asthe tim-
ing of rainy anddry spellshassociologicalimportanceandis particularlyrelevant
for farmersand water managersinceadwanceinformation of forthcomingactive
and breakspellscould be usedto implementagriculturaland water management
stratgies.

Thelow-frequeng active/brealcyclesoccurontimescalesf about30-40
days (Raghaanetal. 1975; Yasunaril979; Yasunaril980; Yasunaril981; Kr-
ishnamurtiandSubrahmayam 1982; Lau andChan1986; GadgilandAshal992)
with transitionsbetweerthe two statesaking about15—-20days. Spectralpeaksn
monsoonaparameterlhave beenfoundin the 30—40-dayperiodbandin anumberof
studiege.g., Yasunar(1979),cloudiness;Cadet(1986),precipitablevater; Knut-
sonetal. (1986),0LR anduysy; HartmanrandMichelsen(1989),precipitation).It

will turn out notto be a coincidencehatthe periodof oscillationis approximately
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thesameasthatof the Madden-JuliarDscillation (MJO, MaddenandJulian1971;
MaddenandJulian1972),alsotermedthe IntraseasondDscillation(1SO).
Climatologically the SO is strongestluringthe borealwinter andspring
seasonsvhenit appearsasa strictly eastvardly propagatindarge-scalesystemof
cornvectionalongthe equatoy extendingfrom the Indian Oceaneastto the dateline
(HendonandSalby1994).During the southwesAsianmonsoorseasonthe ISO is
typically wealer and of more complex character(Madden1986). A fundamental
and uniquecharacteristiof the summerlSO is a northward propagationof con-
vection,beginningin the centralequatoriallndian Oceanandendingat the foot of
the Himalayanmountainsin northernindia. The northward propagationof con-
vectionhasbeenobsenedanddescribedy mary authors (e.g.,Murakamil976;
Yasunaril979; Yasunaril980; Yasunaril981; SikkaandGadgil 1980; Krishna-
murti andSubrahmayam 1982; SinghandKripalani 1985; Lau andChan1986;
WangandRui 1990). The similarity betweerthe timescaleof the ISO andthe cy-
cling time from active to breakto active periodover Indialed Yasunar{1979),and
subsequenthdulianandMadden(1981)and Lau andChan(1986),to suggesthat
the northward propagatiorof corvectionis associateavith the eastvard propagat-
ing cloudsalongthe equator (for review seeMaddenandJulian1994). Recently
Webstertal. (1998)obsenedthatthe northwardpropagatiorof precipitationfrom
the equatoris accompaniedby a concomitansouthvward propagatiorof corvection
whichlastsfor ashorterdurationandextendsonly to 15°S, which mayexplainwhy
thereis a climatologicalprecipitationsummemaximumsouthof theequatoin the

easterrindianOcean.
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Many of thesefeaturescanreadilybe seenin obsenations.Figurel.7ais
atime-latitudesectionof OLR anomaliesalongindianpeninsuladongitudes,75°—
85°E, during Juneand July, 1996. Both northward and southvard propagatiorof
corvectionis evidentin theraw data.Figurel.7bis atime-longitudesectionalong
a latitudinal swath betweenthe equatorand5°N. Two eastvard propagatingcon-
vective eventsoccurduringthe 2-monthperiod. During both events,the northward
propagatiorof corvectionbeggins subsequento the passingof a large-scaleequa-
torial corvective system. Figure 1.7c, a time-longitudesectionalong 10°-15°N,
suggestshatthisinterpretatiorof the SO evolutionmaybeincorrector incomplete
becausea westto eastpropagatiorof corvection,thatlagsthe eastvard propaga-
tion of corvectionalongthe equatorby about5-10 days,is alsoapparenat these
latitudes. One of the goalsof this studyis to interpretthe off-equatorialeastvard
propagationn the context of known 1ISO dynamics.

1.2.2 Other Intraseasonal Variability = The secondintraseasonal
mode that is prevalent during the Asian summer monsoonis composedof
high-frequeny, 5-10-day wavelike phenomenajncluding westward propagat-
ing synoptic-scalevorticity waves (Lau and Lau 1990) aswell as monsoonde-
pressionsand lows (for review seeMak 1987). Thesestormstypically form
in the Bay of Bengalor in the westernPacific Oceanand propagatewestward
and north-westvard into the GangesRiver valley (Krishnamurtiet al. 1977;
Sahaetal. 1981). Large precipitationamountsaccompan thesedisturbancesind
canleadto flooding,especiallyin the lowlandsof northeastndiaandBangladesh.

1.2.3 Interannual Variability = The interannual variability of the

SouthAsian monsoonhasbeenthe subjectof extensve research (for review see
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(a) OLR Aoy 1556

Figure 1.7. Time-spacediagramsof raw OLR anomaliesfor June—July 1996.
Anomaliesare calculatedby removing the meanand the first three harmonicsof
theannualcycle (365.25,182.625nd121.75days).Contourintervalsareevery 20
W m~2 with darkshadesndicatingnegative OLR anomaliesandlight shadesndi-
catingpositive OLR anomalies.OLR anomaliesareaveragedalong(a) 75°-85°E,
(b) Equator-5°N, (c) 10°—=15°N.
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Websteret al. 1998). A numberof studieshave investigatedhe comple relation-
shipbetweereasterrPacific SSTsandIndianmonsoorstrength (e.g.,Websterand
Yang1992; JuandSlingo 1995; WainerandWebsterl996). Althoughthe separa-
tion of causeandeffectis difficult, awarm ENSOeventtendsto suppressnonsoon
corvection (Webster1995)while, corversely a strongmonsoontendsto inhibit
warm ENSO events (Yasunaril990). Furthercomplicatingthe monsoon-ENSO
relationshipis thatit appeardo possesinterdecadavariability (Elliot andAngell
1988; TorrenceandWebster1999).

Websteret al. (1998)pointout thatnearlyall EI Nifio yearsaredrought
yearsin India but not all droughtyearscorrespondo El Nifio years. Therefore,
althoughthe ENSO-monsoomnelationshipappearsstrongit doesnot explain all
the interannualvarianceof monsoonstrength. Consequentlyother sourcesof in-
terannualmonsoorvariability have beensoughtincluding links betweemrmonsoon
strengthandother SSTanomalies.A numberof studiesshav strongpositive lead
correlationsbetweenindian OceanSST and Indian rainfall (e.g., averageMarch-
May ArabianSeaSST RaoandGoswami(1988);precedingall andwinter Indian
OceanSST, HarzallahandSadoury (1997)and Clarketal. (1999)).

Apart from the ENSOtimescale the monsoonexhibits distinct biennial
fluctuations (Mooley and Parthasarathy1984). The biennialcomponenimay be
relatedto the tropospheridiennialoscillation(TBO) thatis foundin mary atmo-
sphericvariablesincluding precipitation surfacepressuretropospheriavinds, and
SST (Meehl1987; Meehl 1997)or to biennialvariationsin Eurasiansnav cover

(Vernekaretal. 1995; Yang1996).



1. INTRODUCTION 21

1.3 Summary

Themeanmmonsoorandtheannuakycle,with emphasi®nthedifferences
betweertheborealsummeiandwinter, in rainfall distribution,OLR, circulation,and
SSThave beendescribedFigs.1.3—-1.6).Evidenceof the wide-rangingvariability
of the SouthAsianmonsoorfrom synopticto interannuabariability waspresented
(Figs.1.1-1.7).The currentunderstandingf the summertimd SO, synoptic-scale
variability, andinterannualariability of the SouthAsianmonsoornwasreviewed.

The next chapterexaminesthe large-scalestructureand evolution of the
summerlSO, the dominantmode of intraseasonaVariability in the South Asian

monsoon.



