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Unravelingthe Mysteryof Indian
MonsoonFailureDuringEl Niño
K. KrishnaKumar,1 Balaji Rajagopalan,2,3 Martin Hoerling,4* GaryBates,4 MarkCane5

The 132-year historical rainfall record reveals that severe droughts in India havealwaysbeen
accompaniedby ElNiño events. Yet El Niño events havenot alwaysproducedsevere droughts. We
show that ElNiño events with the warmest seasurfacetemperature (SST) anomalies in the central
equatorial Pacific are more effectivein focusing drought-producing subsidenceover India thanevents
with the warmest SSTsin the eastern equatorial Pacific. The physical basis for such different impacts is
establishedusing atmospheric general circulation model experiments forced with idealized tropical
Pacific warmings. These findings have important implicationsfor Indian monsoon forecasting.

Climateis thedecisiveinfluenceon habi-
tation and subsistenceof India_s bur-
geoning population. India_s wealth is

measuredby its agricultural output, and now
evenmodestharvestfailuresresultinexaggerated
economic and societalconsequences. Swings in
cropabundancesarepropelledbytheyear-to-year
successes of the summer(June to September)
monsoon rains (1). As a result, monsoonpre-
dictions are achieving new importance for
setting into motion timely and effective pre-
parednessandmitigationactivities.Thepredic-
tions themselvescan be as influential as the
actualverifiedmonsoonrainfall,ashappenedfor
Zimbabweduring 1997 when droughtpredic-
tionsled to curtailment of bank loansfor agri-

cultural development(2). A similar situation, also
during 1997, occurredin India when a much-
toutedprediction of poor monsoon rains proved
false.A more painful scenariounfoldedduring
2002 and 2004 (3, 4) when normal monsoon
rainswerepredictedbut severedroughtmaterial-
ized for which no contingencieswerein place.

In many seasonal forecast tools, Indian
monsoonrains are predictedto vary in direct
proportionto thestrengthof theEl NiDo South-
ern Oscillation (ENSO) phenomenon in the
tropical Pacific (5–7), measured,for example,
by the standardizedNINO3 index (8). Indeed,
years with moderate to extreme cold states
(NINO3 index G –1), have had abundant
monsoonrainswithout exception.On the other
hand,yearsof moderateto extreme warmstates
havenot beenreliably dry. As seenin Fig. 1,
the six leading droughts (8) since 1871 have
occurredin tandemwith a standardizedNINO3
index exceeding � 1, but the presenceof El
NiDos has not guaranteeddrought. No simple
associationdescribes the relation between the
Indianmonsoon and NINO3 SSTswhenmoder-
ate to strong El NiDo conditions exist; almost a
full rangeof monsoonrains have accompanied
SST warmings. For example, 1997 was the
century_sstrongestEl NiDo, althoughno drought
occurred,whereasthemoderateEl NiDo of 2002

1IndianInstituteof TropicalMeteorology, Pune,411008,
India. 2Departmentof Civil Environmentaland Architec-
tural Engineering,Universityof Colorado, Boulder, CO
80309, USA.3Cooperative Institutefor Research in En-
vironmental Sciences,Universityof Colorado,Boulder, CO
80309,USA.4NationalOceanicandAtmosphericAdmin-
istration,EarthSystemResearch Laboratory, Boulder, CO
80305,USA.5Lamont-Doherty Earth Observatory, Columbia
University, Palisades,NY10964, USA.

*To whomcorrespondenceshouldbe addressed.E-mail:
martin.hoerling@noaa.gov

Fig. 1. Plot of stan-
dardized,all-Indiasummer
[JunetoSeptember (JJAS)]
monsoon rainfall and
summer NINO3anomaly
index. Severedrought and
drought-freeyearsduring
ElNiño events (standard-
ized NINO3anomalies9
1) are shown in red and
green,respectively.
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was accompaniedby one of the worst Indian
droughtsof thepastcentury (4). Such ambiguity
underminesthe utility of monsoonpredictions
for mitigation of drought_s societal impacts.

Two hypotheses havebeenproposedto ex-
plain thisambiguity in theEl NiDo–Indianmon-
soon relationship.Oneis that chaoticvariability
in rainfall on intraseasonaltimescalesmasksthe
remoteeffectof El NiDo.Accordingly,thefailure
(abundance) of monsoon rains during 2002
(1997) would be viewed as the accidentalbe-
havior of an inherentlynoisy monsoon system,
andthe poor forecastsfor theseparticularcases
weretheconsequenceof an only marginallypre-
dictable system.The other is that the Indian
monsoonis highly sensitiveto the details of
tropical eastPacific seasurfacewarming. It is
widely believedthatEl NiDo_s impactontheIn-
dianmonsoonis through the east-westdisplace-
mentof theascendinganddescendingbranches
of the Walker circulation that link Indo-Pacific
climates(9, 10). Unusuallywarmwatersduring
El NiDo causean increased ascent associated
with increasedrainfall. Masscontinuityrequires
increaseddescentbroadlyover southeastAsia,
suppressingmonsoonrains. The hypothesis we

exploreis thatthestrengthandpositionof these
branchesvary coherentlywith the detailsof El
NiDo warming.

We begin by examining the 23 strong El
NiDo yearsfor atmosphereandoceanconditions
thatdistinguishthe10 Indianmonsoondroughts
(redasterisksinFig. 1) fromthe13drought-free
years (green asterisksin Fig. 1). Figure 2A
il lustrates their contrastingseasurfacetemper-
atures (SSTs). The most notabledifference in
the tropical Pacific SSTsis the greater central
Pacific warmingduring failed Indian monsoon
years (Fig. 2A). Theseanalyses suggestthat
India ismore proneto drought whentheocean-
warmingsignatureof El NiDoextendswestward.
Figure 2B displays the difference in tropical
rainfall for the droughtversusdrought-freeEl
NiDo years. Althoughrainfall dataarebasedon
a smaller sampleof casesfor which satellite
rainfall estimatesare available,a physicalcon-
sistencywith the underlying SSTanomalies in
Fig. 2A is apparent. Increased rainfall occurs
over the enhancedwarmth of central Pacific
Oceanwaters, and the satellite estimates con-
firm drynessover India, the IndianOcean,and
other portions of SoutheastAsia, indicating a

wide reachto thedroughtsignal.These rainfall
anomalies 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 compositeanomaly differenceshigh-
lighted by shadingin Fig. 2, A and B, are
statistically significant (8) and are physically
consistentwith the expected rainfall-SSTrela-
tionship.This is furtherseenby theseparability
of the probability densityfunctions(PDFs)(8)
of rainfall for droughtversusdrought-freeyears
(Fig. 2C). Althoughthisempiricalanalysisdoes
not establish causal linkages, it does suggest
that the two Bflavors[ of El NiDo (11) result in
significantly different responsesin the Indian
monsoon.TheSST patternsof thesetwo flavors
can be describedby a linearcombinationof the
two leading, preferred patterns of tropical
Pacific SST variability of the pasthalf century
(8), shownin Fig. 3. The first leadingpattern
(Fig. 3A) representsthe overall strengthof the
ENSOevents, and its associatedtemporalpat-
tern is highly correlatedwith fluctuationsin the
NINO3 index (Fig. 3C). The second pattern
(Fig. 3B) haspolarity of oppositesignbetween

Fig. 2. (A) Composite SST difference pattern between severe drought
(shaded) and drought-freeElNiño years. Composite SSTanomaly patterns
of drought-free years are shown as contours. (B) Composite difference
pattern betweenseveredrought and drought-freeyearsof velocity potential
(contours) and rainfall (shaded). (C) PDF of all-India summer monsoon

rainfall fromsevere-drought (redcurve) and drought-free(blue curve) years
associated with El Nino occurrence and from the non-ENSO years (green
curve). SSTand velocity potential composite differencesare based on 1950
to 2004, rainfall composites are based on 1979 to 2004, and PDFs are
based on 1873 to 2004.
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the tropical Central and Eastern Pacific, 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
pattern closely resembles the SST difference
betweenseveredroughtanddrought-free mon-
soonyears(Fig. 2A, shaded).

Generalcirculation model (GCM) experi-
ments (8), forced with SST patterns resulting
from linear combinationsof the first two lead-
ing patterns of tropical Pacif ic SST variabil ity,
areusedto test the hypothesisthat Bwestward-
shifted[ Pacific Ocean warm events drive more
intensesinking overtheIndian region,initiating
severe drought. Using National Center for
Atmospheric Research–Community Climate
Model Version3, we performedfour ensemble
setsof experiments:(i) a 150-yearcontrol run
of theGCM forcedby monthlyevolving global
climatological mean SST; (ii) a fixed SST
pattern resulting from the addition of the first
two leading tropical Pacific SST patterns
superimposed on the monthly evolving clima-
tological SSTs globally; (iii) sameas (ii), but
subtractingthe secondleading tropical Pacific
SST pattern from the first; and (iv) an SST
patterncorrespondingto the first leading pattern
(i.e.,Fig. 3A) alone.Themodelexperimentsfor
(ii), (iii), and (iv) wereperformedfor a rangeof
imposed SST warmth from 0 to � 3 standard
deviations (SD), with results available at an
intervalof 0.2SD. We analyzed10 simulations
with different initial atmosphericconditionsfor

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

Figure 4 illustratestwo key aspectsof the
SST forcing of our atmospheric general circu-
lationmodelthatmimic theempirically derived
patternsof Fig. 2. Contours in Fig. 4A are
analogousto theamplitudeandstructureof the
compositeEl NiDo SSTsfor drought-freeyears
and correspondto the � 2 SD experiment de-
scribed above (iii). Shading in Fig. 4A is
analogous to the observedSST structurethat
discriminatesseveredroughtfrom drought-free
El NiDo yearsandcorrespondsto thedifference
betweenthe � 2 SD SST forcings of experi-
ments(ii) and (iii). Theensemblemeanrainfall
and 200 hPa velocity potential differencebe-
tween experiments(ii) and (iii) are shown in
Fig. 4B. Notice a large-scaleenhanceddrought
overthe Indianregionconsistentwith enhanced
subsidence, and vice versa, in the tropical
central Pacific. The similarity of this figure to
that noted from the observations(Fig. 2B) is
striking. This supportsthe hypothesisthat it is
thewestward-shiftedEl NiDoeventsthatweaken
theIndianmonsoon severely.

Thebehaviorof Indianmonsoonrainfall un-
derclimatologicalSSTconditions(control)and
alsounderthe anomalousconditions described
by thethreedifferentSST patternsof experiments
(ii , iii , and iv) isassessed through theconstruction
of PDFs(8) that sampleall the simulationsof
Indian rainfall drawn from the separateenact-
mentsof the GCM experiments(Fig. 4C).

ThePDFsof theexperimentsusing moderate
SST warming are not separated,and mean
Indian rainfall is only slightly lessthanthecon-
trol experiment. For the stronger warming,
however,the PDFsof the simulatedrainfall are
well separatedandthemedianrainfall valuesare
far belowthoseof thecontrol experiment.Under
the influence of stronger SSTforcing, thePDFs
of the experimentsthat correspondto summing
anddifferencingthe two leadingtropicalPacific
SST patternsfall on the dry and the wet side,
respectively, of the median rainfall from the
experiment using only the leading SST pattern.
This indicates that the leading SST pattern in
itself produces droughts in India when of
sufficient amplitude, but depending on the sign
of the superposedsecondleadingSST pattern,
the droughts in India are either strongor weak,
with a clear separation in the PDFs.

Identical experiments using two other cli-
matemodelsyield similar results(fig. S1).Also,
experimentsusing the actual SST differenceof
Fig.2A (8) reproducetheresults basedonusing
theidealizedSSTforcings(fig. S2). For all SST
forcings, thePDFsof monsoonrainfall (Fig.4C)
arenot sharplypeakedbut involve a consider-
able range of possibleoutcomes.The rainfall
spreads are not materially different for the un-
forced control experimentscompared with the
strongly forcedruns. This illustratesthe influ-
enceof omnipresent internalatmosphericvar-
iability, althoughsuchin situ variability alone
appears to be insufficient to generate severe
monsoonfailure.

Fig. 3. (A) Thefirst leadingpatternof the tropicalPacific SSTvariability. (B) Sameas(A)but for the secondleadingpattern.(C) Thefirst leading
temporalpattern(black line)overlaidwith themonthly NINO3index(redline). (D) Thesecondleadingtemporalpattern(blackline)overlaidwith the
trans-Nin˜o index(TNI)(red line).
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The simulations demonstratea strong de-
pendenceof theIndianmonsoonon thetropical
Pacific SST anomaly pattern associated with
different El NiDos.These resultsdo not rule out
an independent role for the Indian Ocean,as
suggested in otherstudies(12–14), or in com-
bination with ENSO(15). Regardingthemech-
anism by which thetwo flavorsof El NiDo yield
different monsoon impacts, our study has sug-
gestedonly one candidate,namely,a sensitivity
of the tropical Walker circulation. The role of
other plausible mechanisms,such as El NiDo–
monsoonteleconnectionsfrom the extratropics
(16), or the role of reorganizedweatherdis-
turbances,require further investigation.

The fact that the spatial configuration of
tropical Pacific SSTanomalieshasa significant
impact on the Indian monsoonindicates that
traditional monsoon forecast methods using

predictors that essentially capturethe ENSO_s
strengtharelikely tobeunsuccessful(17) in years
whenthespatialconfigurationof theSSTanom-
aliesis inconsistentwith its strength;1997,2002,
and2004aresomeof therecentyearsthatattest
to this. Incorporationof SSTconfigurationinfor-
mation in the statistical modelsshould improve
monsoonforecastingskill (fig. S3). Thereis also
theintriguingquestionof whethereitherof these
flavorsof tropicalPacificwarmingswill become
preferredas a consequenceof the ocean_s re-
sponseto human-inducedchangesin Earth_s
atmosphere_s chemical composition. Whereas
the consensusof climate changemodelspoints
to anEl NiDo–like warmingpatternof the trop-
ical Pacific (18, 19), the results of this study
indicate that detailsof thathuman-inducedocean
warming could have material consequencesfor
themonsoonintensityover India.
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LargePunctuationalContributionof
Speciationto EvolutionaryDivergence
at the Molecular Level
MarkPagel,* ChrisVenditti, AndrewMeade

A long-standingdebatein evolutionarybiologyconcernswhetherspeciesdiverge gradually
throughtimeor by punctuationalepisodesat the timeof speciation.We foundthat approximately
22% of substitutionalchangesat the DNAlevelcanbeattributedto punctuationalevolution,and
the remainderaccumulatesfrom backgroundgradualdivergence.Punctuationaleffectsoccurat
morethantwicetheratein plantsandfungi thanin animals,but theproportionof total divergence
attributableto punctuationalchangedoesnot varyamongthesegroups.Punctuationalchanges
causedeparturesfrom a clock-like tempoof evolution,suggestingthat theyshouldbe accounted
for in derivingdatesfromphylogenies.Punctuationalepisodesof evolutionmayplaya largerrole
in promoting evolutionarydivergencethanhaspreviously beenappreciated.

The theoryof punctuatedequilibriumas a
description of evolution suggests that
evolutionarydivergenceamongspecies

is characterized by long periodsof stability or
stasisfollowed by shortpunctuationalburstsof
evolution associated with speciation.Despite
years of work on punctuationalchange, the
theoryremainscontentious (1–9), with li ttle or
no consensusas to the contributionof punctu-
ational changesto evolutionary divergence.The
importance of the theory lies in the challenge it
poses for classical accounts of how species
diverge.

Punctuationalevolution has traditionally
been studied in the fossil record. However,
phylogenetictreesderivedfrom gene-sequence
datacontainthesignaturesof pastpunctuational
andgradualevolution and canbe usedto study
their relative contributions to evolutionary di-
vergence(10) (Fig. 1). The nodesof a phylo-
genetictreerecordthenumberof net-speciation
events (speciation-extinction) betweenthe root
of thetree and theextant species(Fig. 1, A and
B). In phylogeniesderivedfrom gene-sequence
data, the lengths of the branchesof the tree
record the expected evolutionary divergence
between pairs of speciation events, measured
in units of nucleotidesubstitutions. We denote
the sum of the branch lengths between the root
of the treeand a species asthe path length and

write this pathlengthasx 0 n� � g, wheren
is the number of nodesalong a path, � is the
punctuational contribution of speciation to
evolution at each node, and g is the gradual
contribution to the path, this being the sum of
the individual gradualeffectsin eachbranch
alongthepath.Both parametersaremeasured
in units of expectednucleotidesubstitutions
per site in the gene-sequencealignment.Un-
der a gradualmodelof evolution, thereis no
punctuationaleffect, � 0 0, and thereshould
be no relationshipbetweenx andn (Fig. 1, B
and C). If, however, speciationevents are
associatedwith burstsof evolution, then � 9 0,
and path lengthsfrom the root to the tips of

the treewill becorrelatedwith thenumberof
speciationeventsthat occur along that path
(Fig. 1, A andC).

We analyzed 122 gene-sequencealign-
mentsselectedfor including a well-characterized
andnarrowtaxonomicrangeof species(11).
This actsto control for background differences
amongspecies,such as generationtimes or
adaptive radiation of some lineages, that
might affect ratesof evolution independently
of a punctuationaleffect. For eachdata set,
we deriveda Bayesiansampleof theposterior
distribution of phylogenetic trees (11, 12).
We then estimated� from the relationship
betweenx andn in eachtreein the posterior
sample to account for phylogenetic uncer-
tainty, using a statisticalmethod (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 relationship between
nodesandpathlengths(i.e., � 9 0) in 57 E46.7 T
4.5%(TSE)^ of the 122 trees.We removed22
of these data sets with � 9 0 becausethey suf-
feredfrom an artifact of phylogenyreconstruc-
tion known as the node-densityeffect, which
canproducean apparentrelationship betweenx
andn (10, 11, 16–18). This left 35.0 T 4.8%of
the remaining100 treeswith significant effects
of punctuationalevolution (Fig. 2), rising to
55.8T 7.0%for treesabovethemediansize 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. Signaturesof punctuationalandgradualevolutiononphylogenetictrees.(A) Punctuational
evolutionpresumesa burst of evolutionassociatedwith each node of the tree. Path lengths,
measured as the sum of branchesalong a path from the root to the tips of the tree, are
proportional to the numberof nodesalongthat path (C).Branchesareassumedto be in unitsof
nucleotidesubstitutions.(B) Gradualevolutionpresumesthat changeis independentof speciation
events.Pathlengthsdonot correlatewith thenumberof nodesalonga path(C).(C) Punctuational
evolutionpredictsa positiverelationshipbetweenpath lengthandthe numberof nodes,whereas
gradualevolutiondoesnot.
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