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Unravelingthe Mysteryof Indian
MonsoonFailure During EI Nino

K. Krishnakumar® Balaji Rajagopalar?;® Martin Hoerling* GaryBatest Mark Cané

The 132-year higorical rainfall remrd reweds that severe drowghts in India have alwaysbeen
acanparied by EINifio events. Yet H Nifio everts have not awaysproduced sewere droughts. We
shav that EI Nifio events with the wames seasurfacetemperature (S5 anorralies in the central
equatorial Pacific are more effedivein foausng drought-produdng subsiderceovwer India than everts
with the warmeg SSEin the eastem equatorial Pacific. The physcal basis for sudh differert impactsis
egaHished usng atmophetic generd circuation madd expaiments forced with idedized tropcal
Padfic wamings. The= findings hawe important implications for Indian monsoan fore@ging.

imateis the decisiveinfluenceon habi-

tation and subsistenceof India_s bur-

geonirg population Indias wedth is
measuredby its agricultural output, and now
evenmodestharvestailuresresultin exaggerated
ecaomic and societal corsequences Swings in
cropabundancearepropéled by theyear-to-year
successs of the summer(June to September)
monsoon rains (1). As a result, monsoonpre-
dictions are acheving new importance for
settihg into motion timely and effective pre-
parednesand mitigation activities. The predic-
tions themselvescan be as influential as the
actualverified monsoorrainfall, ashappenedor
Zimbabwe during 1997 when drought predic-
tionsled to curtailment of bank loansfor agri-
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culturd developmen(2). A smilar situaion, also
duing 1997, occurredin India when a much-
touted prediction of poor mon®on rains proved
false. A more painful seenario unfolded during
2002 ard 2004 (3, 4) when normal monsmn
rainswere predictedbut severedrought mateial-
ized for which no contingenciesverein place.

Relation between NINO3 SSTA and Indian Monsoon Rain: 1871-2002

In mary seasnal forecas$ tools, Indian
monsoonrains are predictedto vary in direct
proportionto the srengthof the El NiDo South-
em Ogillation (ENSO) phenomeon in the
tropical Pacfic (5-7), measuredfor example,
by the standardizedNINO3 index (8). Indeed,
years with moderateto exteme cold states
(NINO3 index G -1), have had aburdant
monsoorrainswithout exception.On the other
hand,yearsof moderateto extrene warm sates
have not beenreliably dry. As seenin Fig. 1,
the six leading droughs (8) since 1871 have
occurredin tandemwith a stardardizedNINO3
index exceedng 1, but the presenceof El
NiDos has not guaranteeddrowght. No smple
associationdeseibes the relation between the
Indianmonsoa and NINO3 SSTswhen moder-
ate  grong B NiDo conditions exist dmog a
full rangeof morsoonrains have accomparied
SST' warmings. For example, 1997 was the
centurys strongestEl NiDo, athoughno droucht
occurredwhereaghe moderateEl NiDo of 2002

Fig. 1. Plot of stan-

y T ' : T J ' [ ' T ' dadized, dl-Indiasummer
E [Juneto Sapte_rnbe(JJAS)]
3 2 -| morsoon rairfall and
§ | Ry . . | summer NNO3aromaly
< i & =¥ " & * index Sevex drougt and
B B 4 T droughtiree yearsduring
s | - % *, s 1 EINfo eets gandard-
5 ok ¥, ! L b * | ized NINO3anomalies9
< ww T » 1) are show in red and
g ] Rl % & ‘“K, * 1 greenrespetively
o =1 e —
2 r 2 % : ‘: * a iyt
= * * & — .
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E 2r * -y
. BTl e el e
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NINO2JJAS Std. Anomaly
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was accompaniedby one of the worst Indian
drouchtsof the past century (4). Suwch ambiguity
undermineshe utility of monsoonpredictions
for mitigation of droughts sodetal impacts.
Two hypotheses have beenproposedo ex-
plain this ambiguity in the El NiDo—Indianmon-
som relationship.Oneis that chaotic variability
in rainfall on intraseasondlme scaleanaskshe
remoteeffectof EI NiDo. Accordingly,thefailure
(abundance) of monsoon rains during 2002
(1997 would be viewed as the accidental be-
havior of an inherently noisy monsom system,
andthe poor forecastdor theseparticular cases
werethe consequencef an only marginally pre-
dictable system.The other is that the Indian
monsoonis highly sensitiveto the details of
tropical eastPacific seasufface warming. It is
widely believedthat El NiDo_simpactontheIn-
dian monsooris throudh the east-westlisplace-
mentof the ascendingand descendingpranches
of the Walker circulation that link Indo-Pacific
climates(9, 10). Unusuallywarm watersduring
El NiDo causean incressed ascent asciated
with increasedainfall. Masscontinuity requires
increaseddescentbroadly over southeastAsia,
suppressingnonsoonrains The hypothess we

A

exforeisthatthe strengthand position of these
branchessary coherentlywith the details of El
NiDo warming.

We begin by examining the 23 strong El
NiDo yearsfor aamosghereand oceanconditions
thatdistinguishthe 10 Indianmon®ondroughts
(redasterigsin Fig. 1) from the 13 drought-free
years (green asterisksin Fig. 1). Figure 2A
illustraes their contasting sea surfacetemper-
atues (SSTs) The most notable difference in
the tropical Pacific SSTsis the gregter centrd
Pacific warming during failed Indian monsoon
years (Fig. 2A). These analyss suggestthat
India is more proneto drough whenthe ocean-
warmingsignatureof EI NiDo extendswestward.
Figure 2B displaysthe difference in tropical
rainfall for the droughtversusdrought-freeEl
NiDo years Althoughrainfall dataarebasedon
a gndler sampleof casesfor which sdellite
rainfall estimatesare available,a physical con-
sistencywith the undetying SST anonaliesin
Fig. 2A is appaert. Inaeased rainfall ocaurs
over the enhancedwarmth of central Pacific
Oceanwates, and the satellite estimates con-
firm drynessover India, the Indian Ocean,and
other portions of SoutheastAsa, indicating a

wide reachto the droughtsignal. Thes rainfall
anondies form a dynamical couple that is
linked by an Indo-Pacific anomalousWalker
circulation,asseenin the velocity potential (8)
at 200 hPa(Fig. 2B, contours).

The composite aromaly differences high-
lighted by shadingin Fig. 2, A and B, are
statistically sgnificant (8) and are physically
consistentwith the expeced rainfall-SST rela-
tionship.This is further seenby the separability
of the probability densityfunctions(PDFs)(8)
of rainfall for droughtversusdrought-freeyears
(Fig. 2C). Althoughthis empiricalanalyss does
not estaltish causallinkages, it does suggest
thatthe two Bflavord of El NiDo (11) result in
sgnificantly different responsesn the Indian
morsoon. The SST patternsof thesetwo flavors
can be descibed by a linearcombinationof the
two leading, preferred patems of tropical
Pacific SST variability of the pasthalf centuy
(8), shownin Fig. 3. The first leadingpattern
(Fig. 3A) representshe overall strengthof the
ENSO events and its asociatedtemporalpat-
tem is highly corelatedwith fluctuatiosin the
NINO3 index (Fig. 3C). The second pattern
(Fig. 3B) haspolarity of oppositesign between
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(shackd) and drought-free EINifio years. Compasite ST anomaly patterns
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thetropical Central and Easten Paific, and its
temporalpatternis highly correlatedwith fluc-
tuations of an index that measuresthe SST
gradientacrossthe Pacific basin(8) (Fig. 3D).
We note in particular that the secondleading
patern closely resenbles the SST difference
betweenseveredroughtand drough-free mon-
soonyears(Fig. 2A, shaded).
Generalcirculation model (GCM) experi-
ments (8), forced with SST pattens resulting
from linear combinationsof the first two lead-
ing pattems of tropicd Padfic SST vaiability,
areusedto teg the hypothesighat Bvegward-
shifted Pecific Ocean warm events drive more
intensesinking overthe Indian region,initi ating
severe drought. Usng National Center for
Atmospheric Resarch-Commuity Climate
Model Version3, we performedfour ensemble
setsof experiments{(i) a 150-yearcontrol run
of the GCM forcedby monthly evolving global
climatological mean SST; (i) a fixed SST
patern resuting from the addition of the first
two leading tropical Pacific SST paterns
superimpoed on the monthly evolving clima-
tological SSTs globally; (i) sameas (i), but
subtractingthe secondleadirg tropical Pacific
SST pattern from the first; and (iv) an SST
patterncorrespondindo the first leadng pattern
(i.e.,Fig. 3A) done. Themodelexperimentsfor
(i), (iii), and (iv) wereperformedfor arangeof
imposd SST wamth from 0 to 3 standard
deviations (SD), with results available a an
interval of 0.2 SD. We analyed 10 simulations
with differentinitial atmosphericonditionsfor

eachof theseincrementalwarmings.Climato-
logicd SSTs were prescribed outside the
tropical Pacific in theseexperiments.

Figure 4 illustratestwo key aspectsof the
SSTforcing of our atmogheric generd circu-
lation modelthatmimic the empirically derived
patternsof Fig. 2. Contoursin Fig. 4A are
analgousto the amplitude and structure of the
compositeEl NiDo SSTsfor drought-freeyears
and correspondto the 2 SD experiment de-
scribed abowe (iii). Sheding in Fig. 4A is
analg@ous to the observedSST structurethat
discriminatesseveredroughtfrom drowght-free
El NiDo yearsandcorrepondsto the difference
betweenthe 2 SD SST forcings of experi-
ments(ii) and (iii). The ensemblemeanrainfall
and 200 hPa velocity potential difference be-
tween experiments(ii) and (iii) are shownin
Fig. 4B. Notice a large-scaleenhanceddrought
overthe Indianregionconsistentvith enhanced
swbsiderce, ard vice versa, in the tropicd
cental Pacfific. The similarity of this figure to
that noted from the observationgFig. 2B) is
striking. This supportsthe hypothesighat it is
thewestward-shftedEl NiDo eventsthatweaken
the Indianmonsom severely.

Thebehaviorof Indianmonsmn rainfall un-
derclimatological SST conditions(control) and
alsounderthe anomalouscorditions described
by thethreedifferentSST patternsof experiments
(ii, iii , and iv) is assessed through thecongruction
of PDFs(8) that sampleal the smulations of
Indian rainfall drawn from the separateenact-
mentsof the GCM experiments(Fig. 4C).

c
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The PDFs of the experiment using moderate
SST warming are not separated,and mean
Indian rainfall is only slightly lessthanthe con-
trol experiment. For the stronger warming,
however,the PDFsof the smulatedrainfall are
well separateéndthe medianrainfall values are
far below those of the cortral experimentUnder
the influene of strorger SST forcing, the PDFs
of the experimentghat correpondto summing
anddifferencingthe two leadingtropical Pacific
SST patternsfall on the dry and the wet side,
respetively, of the median rainfall from the
expeiment usng only the leading SST pattern.
This indicaes that the leading SST patern in
itsdf produces droughts in India when of
sufficient amplitude, but deperding on the sign
of the superposedsecondleading SST pattern,
the drougtts in India are either strongor weak,
with a clear separatin in the PDFs.

Identical expaiments using two other cli-
matemodekyield smilarresults(fig. S1).Also,
experimentaisng the actual SST differenceof
Fig. 2A (8) reproduceheresuts basedn using
theidealizedSSTforcings(fig. S2). For all SST
forcings the PDFsof monsoorrainfall (Fig. 4C)
are not sharply peakedbut involve a consder-
able rarge of possible outcomes.The rainfall
spreals are not materially different for the un-
forced contrd experiments conpared with the
grongly forcedruns This illustratesthe influ-
enceof omnigreent internal atmosphericvar-
iability, dthoughsuchin situ variabiity alone
appeas to be insuficient to gengate sewere
monsoorfailure.
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Fig. 4. (A) Coroursare of the 2 D expernimert (jii) andare andogousto
the anplitude and drudure d the mmposte B Nifio SSTfor drought-fee
yeaars in FHg. 2A Shadings are of the differerce betweenthe 2 SDSST
forangs of exp@imerts (i) and (i) and are analogoas to the observed8ST
structue that discriminatessevee droudit from droughtfree EI Nifio years
(B) The ersemblemeanrainfall (shadirg) and 200 hRa velociy potertial
(coriour) difference betweerexperimets (i) and (iii). (O The PDF d the

The smulations demonstratea strong de-
pendencef the Indian mon®onon thetropical
Pacific SST anamaly patem as®ciated with
differert El NiDos. The resultsdo notrule out
an independenrole for the Indian Ocean,as
suggeted in other studies (12—-19, or in com-
bination with ENSO(15). Regardingthe mech-
anism by which thetwo flavorsof El NiDo yield
differert morsom impacts our study has sug-
gestedonly one candidate,namely, a sersitivity
of the tropical Walker circulation. The role of
other plausible mechanisms,such as El NiDo—
monsoonteleconnectiongrom the extratropics
(16), or the role of reaganizedweatherdis-
turbancesrequire further invedigation.

The fact that the gpatial configuration of
tropicd Padfic SST anonmlies has a sgnificant
impact on the Indian monsoonindicates that
tradtional monsoon forecast methods using

predctors that essentidl/ capturethe ENSO s
strengthare likely to beunsuccessfyll?) in years
whenthe spatial configurationof the SSTanom-
aliesisinconsistentith its strength;1997,2002,
and2004 are someof the recentyearsthat attest
to this. Incorporatiorof SSTconfigurationinfor-
mationin the datistical modelsshould improve
morsoon forecastingill (fig. S3). Thereis also
the intriguing questionof whethereitherof these
flavors of tropical Pacific warmingswill become
preferredas a consequencef the oceans re-
sponseto human-inducedchangesin Earths
atmopheres chemicd compstion. Whereas
the consensu®f climate changemodelspoints
to an El NiDo-like warming patternof the trop-
ical Padfic (18 19), the resuts of this study
indicete that detailsof thathuman-inducedcean
warming could have material consequencefor
the monsoonintensity over India.

10.

11.

12.

Indian monsoonrainfall correspondingto (top) the cortrol, or unforced,
experinert (i) greencune; and (middleand bottom)the forcedexpe&imerts
(i) red aurve, (jii) blue curveand (iv) dashedine with 1 P (riddle) and
2 D (bottom)imposedsSBnomaikes. For forced experimen(iv), only the
meadianvalue (dashd line) is shawn. Forthe foroed exp@imeris, eaty PDRs
estmatedfrom 30 ensemble3he modelrairfall hasbeenaveagedoverthe
Indianmonsoonregionof 8- to 30-N, 70- to 90-E.
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LargePunctuationalContributionof

Speciationto EvolutionaryDivergence

at the Molecular Level

Mark Pagel; ChrisVenditti, AndrewMeade

Along-standinglebatein evolutionanbiologyconcernsvhetherspeciesliverg gradually

throughtime or by punctuationaépisodesit the time of speciation\e foundthat approximately

22% of substitutionathangesat the DNAlevelcanbe attributedto punctuationaévolution,and
the remaindeiaccumulatefom baclgroundgradualdivergnce.Punctuationagffectsoccurat
morethantwicetheratein plantsandfungithanin animalsputthe proportionof total divergence
attributableto punctuationathangedoesnot varyamongthesegraups.Punctuationathanges
causeadleparture$rom a clocklike tempoof evolution,suggestinghat they shouldbe accounted
for in derivingdatesfrom phylogeniesPunctuationatpisode®f evolutionmayplaya largerrole
in promothg evolutionarydivergncethan haspreviouly beenappreciated.

description of evolution sugges$s that

evolutionary divergenceamong species
is chaaderized by long peliods of stability or
stasisfollowed by shortpunctuationaburstsof
evolution associated with speciation. Despite
years of work on punctuationalchange, the
theory remainscontertious (1-9), with little or
no consensuss to the contributionof purctu-
atioral changego evolutionary divergenceThe
impartarce of the theory lies in the chdlenge it
poss for clasicad acounts of how spedes
diverge.

Punctuationalevolution has traditionally
beenstudiedin the fossil record. However,
phylogenetictreesderivedfrom gere-squence
datacontainthe signature®f pastpunctuational
andgradualevolution and canbe usedto study
their relative contributions to evolutianary di-
vergence(10) (Fig. 1). The nodesof a phylo-
genetictreerecordthe numberof net-speciation
everts (speiation-extinction) beweenthe root
of thetree and the extart species(Fig. 1, A and
B). In phylogeniesderivedfrom gere-squence
data, the lengths of the branchesof the tree
record the expected evolutionary divergence
between pairs of spedation everts, measured
in units of nucledide substitutions We derote
the sum of the branch lengths between the root
of the treeard a spedes asthe path length ard

T he theoryof punctuatecequilibriumas a

Shod of Biologcd Sdences, Universty of Readng,
WhiteknightsReadindRGE6AT, UK.
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write this pathlengthasx 0 n g, wheren
is the number of nodesalong a path, is the
punduatioral contibution of specigion to
ewlution at each node, ard g is the gradual
contribution to the path, this being the sum of
the individual gradualeffectsin eachbranch
alongthe path.Both parametersare measured
in units of expectednucleotide substitutions
per site in the gene-sequencalignment.Un-
der a gradualmodel of evolution, thereis no
punctuationaleffect, 0 0, andthereshould
be no relationshipbetweerx andn (Fig. 1, B
and C). If, however, speciationevents are
asociatedwith burstsof evolution then 9 0,
and path lengthsfrom the root to the tips of
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thetreewill be correlatedwith the numberof
speciationeventsthat occur along that path
(Fig. 1, A andC).

We analyzed 122 gene-sequencalign-
mentsselectedfor including a well-characterized
and narrowtaxonomicrangeof species(11).
This actsto control for backgroun differences
among species,such as generationtimes or
adaptive radation of some lineages, that
might affect ratesof evolutionindependently
of a punctuationaleffect. For eachdata set,
we deriveda Bayesiarsampleof the posteror
distribution of phylogenetic trees (11, 12).
We then estimated from the relationship
betweenx andn in eachtreein the posterior
sample to accoun for phylogenetic uncer-
tainty, using a statisticalmettod (10, 13-15)
that controls for the shared inheritance of
branch lengths implied by the phylogeny
(Fig. 1)

Using conservativestatistical criteria (11),
we found a significant relationip between
nodesand pathlengths(i.e., 9 0)in 57 #6.7T
4.5% (TSBE" of the 122 trees.We removed22
of these data sets with 9 0 becausethey suf-
feredfrom an artifact of phylogenyrecongruc-
tion known as the node-densityeffect, which
canproducean apparentrelationip betweerx
andn (10, 11, 16-18). Thisleft 35.0 T 4.8% of
the remaining100 treeswith dignificant effects
of punctuationalevolution (Fig. 2), rising to
55.8T 7.0%for treesabovethe mediansize of
n 0 28 taxa. The overall frequencyof 35% is
similar to that found in the subsetof treesin
which 50% of the known taxa have been
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Fig. 1. Signaturesf punctuationahndgradualevolutionon phylogenetitrees.(A) Punctuational
evolutionpresumes burst of evolutionassociatedvith ead node of the tree. Pah lengths,
measugd as the sum of brarchesalong a path from the root to the tips of the tree, are

proportimal to the numberof nodesalongthat path (C).Branchesare assumedo be in units of

nucleotidesubstitutions(B) Graduakvolutionpresumeghat changeis independenof speciation
eventsPathlengthsdo not correlatevith the numberof nodesalonga path (C).(C) Punctuational
evolutionpredictsa positiverelationshipbetweermpath lengthand the numberof nodeswheeas

gradualevolutiondoesnot.
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