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[1] Thescientific basisfor two-tier climate predictionlies
in the predictability determinedby the ocean and land
surfaceconditions.Here we show that the state-of-the-art
atmospheric generalcirculation models (AGCMs), when
forced by observedsea surface temperature(SST), are
unableto simulateproperlyAsian-Pacificsummermonsoon
rainfall. All modelsyield positiveSST-rainfall correlations
in thesummermonsoonthatareat oddswith observations.
The observedlag correlationsbetweenSST and rainfall
suggestthat treatingmonsoonasa slavepossiblyresultsin
the modelsÕfailure. We demonstrate that an AGCM,
coupled with an ocean model, simulates realistic SST-
rainfall relationships;however, thesameAGCM fails when
forcedby the sameSSTs that aregenerated in its coupled
run, suggesting that the coupled ocean-atmosphere
processes are crucial in the monsoon regions where
atmospheric feedback on SST is critical. The present
finding calls for reshaping of current strategies for
monsoonseasonalprediction.The notion that climate can
be modeled and predicted by prescribing the lower
boundary condi tions is inadequate for val idating
models and predicting summer monsoon rainfal l .
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1. Intr oduction

[2] The atmosphere,by itself, cannot producerandom
variationsthatpersistfor months;thesourceof predictabil-
ity beyondtwo weeksmustthereforecomefrom the lower
boundaryconditions[Charneyand Shukla, 1981; Shukla,
1998]. The ocean has a large heat capacity, giving the
climate systema memory that can result in atmospheric
deviationslasting for monthsto years.Thus,currentnotions
on the atmospheric model validation and the two-tier
climateprediction,which predictsfutureatmosphericcon-
ditions using an AGCM alone forced by pre-forecasted
SSTs [Bengtssonet al., 1993], are basedon the premise
that the atmospheric models alone should be able to
reproduce climate anomalies or capture the predictable

portion of climate variationswhen the modelsare forced
by the observedor ÔÔperfectlypredictedÕÕSSTs. In a recent
assessmentof AGCMs performance, Wang et al. [2004]
challengedthis conventionalnotion. They found that the
elevenAGCMs that participate in the Climate Variability
and Predictability Program (CLIVAR)/MonsoonIntercom-
parisonProjectshowno skill in their ensemblesimulations
of thesummerrainfall anomalies during the1997Ð1998El
Nin÷o. Different from the previous investigations, they
arguedthat the neglectof air-sea interactionis possiblya
major causeof the modelsÕfailure. However, their results
were obtained for a two-year period during which the
unprecedented 1997/98 El Nin÷o might have unusual
impactson themodelsimulations.Here we furtherexamine
the simulation skill of five state-of-the-art AGCMs in
seasonalprecipitation for a 20-yearperiodof 1979Ð1998.
Thesemodelswere forcedby identical observedSSTand
sea-ice,following the design of the AtmosphericModel
IntercomparisonProject (AMIP) [Gateset al., 1999].Each
model made 6 to 10 member integrations to minimize
weathernoisesandenhanceclimatesignal. A multi-model
ensemble(MME) meanwas madeto reduceuncertainties
arisingfrom themodelsÕparameterizationof sub-gridscale
processes.

[3] Figure 1 shows the overall skill of the five-model
ensemblesimulation measuredby the correlationcoeffi-
cientsbetweenthe observedandsimulatedrainfall anoma-
lies. In theAsian-Pacificsummermonsoon(APSM) region
(5!N Ð30!N, 70!E Ð150!E), theskills arevery low, which
is in sharpcontrastto the high skills in the El Nin÷o region
(10!SÐ5!N, 160!EÐ80!W) where each individual model
and MME show a correlationcoefficientbetween0.6 and
0.8.Figure2 showsthat in theAPSM andespeciallyin the
tropicalwesternNorth Pacific (WNP, 5!NÐ30!N, 110!E Ð
150!E), all modelsandtheir MME havevirtually no skills.
Thepoorsimulationsof the Indianrainfall werepreviously
noted[e.g.,Sperberand Palmer, 1996;Gadgil and Sajani,
1998]. The resultshere indicate that the performance of
AGCMs in thetropicalWNP is evenworsethanoverIndia.
The results herealso indicatethat the failure on monsoon
rainfall simulation given by Wang et al. [2004] is not
specific to the period that is affectedby the 1997/98El
Nin÷o episode,ratherit is a general ÔsyndromeÕin monsoon
climatesimulation.

[4] Based on the Climate Prediction Center Merged
Analysis of Precipitation (CMAP) data [Xie and Arkin,
1997], the JuneÐSeptemberrainfall in the APSM region
accountsfor approximately30% of the total tropical rain-
fall, albeit this region occupiesonly ! 10% of the tropics
between30!S and30!N. The rainfall in this regionplaysa
critical role in maintainingthe global energy/watercycle
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and driving the monsoonclimate variability and has far-
reachingimpactson El Nin÷o andglobalcirculation[Webster
et al., 1998;Wang et al., 2001]. In this paper, we propose
one possible answer to the question of why nearly all
AGCMs,whentheyaregiven theobserved lower-boundary
forcing, are unable to reproduce the summer monsoon
precipitation anomalies?This questionis of fundamental
importanceto climatesimulation andprediction.

2. ObservedRelationship BetweenRainfall and
SSTAnomalies

[5] A key to seasonalprediction is to understandthe
relationshipbetweenthe slowly varying boundarycondi-
tions and rainfall anomalies. Figure3a showsan observed
anomalousrainfall-SSTrelationshipderived from CMAP
andOptimal InterpretationSST[Reynoldset al., 2002] for
summer seasons (June through August) of 1982Ð2001.
Superposedon theseanomalycorrelationsarethe contours
of 6 and10 mm/dayrainfall ratethat highlight the regions
of heavyrainfall.ThelocalSSTandprecipitation anomalies
are positively correlated in the tropical eastern-central
Pacific. However, the correlations are negative in the
WNP and insignificant in the Bay of Bengal. The SST-

rainfall correlationsin the MME simulationdisagreewith
observations primarily in the Asian-Pacific monsoon
regionswhere the model rainfall tendsto correlateposi-
tively with local SST (Figure 3b). In particular, over the
WNP the observedarea-averagedcorrelationcoefficientis
" 0.36 while in the MME simulationis 0.24, both statisti-
cally significantat the 1% confidencelevel.

[6] In general, a negativecorrelationbetweenthe sea-
sonal-meanSSTandrainfall anomaliesmayindicatethatthe
atmosphereaffects SST more than SST affectsthe atmo-
sphere;conversely, a positivecorrelationmeansthe ocean
plays a major role in determiningatmosphericresponse
[Wanget al., 2004].To testthis assertion,we computedthe
lag correlationsbetweenmonthly meanSST and rainfall
anomalies.As shownin Figure4a,whenrainfall leadsSST
by onemonth,thereis a significantnegativecorrelationin
the APSM region, suggestingthat the atmosphere has a
significantcontrolon SST. Of noteis that thesimultaneous
monthly correlations are also negative though in less
degrees. However, when SST precedes precipitation by
one month, the correlationsin the same region are only
marginally positive.Giventhepersistenceof SSTanomalies
and the rapid response of the atmosphere to SST, the
aforementionedresults imply that the impact of SST on
theatmosphereis weakerthanthe effectof the atmosphere
on SST. Thus,the SSTanomaliesin the summermonsoon
region cannotbe interpretedas a forcing; rather the SST
anomaliesin the WNP are,on an average,determinedby
the anomalousatmosphericconditions.

[7] The finding that the modelsare unableto reproduce
the actualSST-rainfall relationshipprovidesa clue to why
thesemodelsare unsuccessfulin simulating summermon-
soonrainfall. While themodelsÕdeficienciesare somewhat
to blame(for a detaileddiscussion,seeWanget al. [2004]),
we offer that the modelsÕfailuresare likely dueto the lack
of atmospheric feedbackto the oceanin the experimental
design,becausein the simulationexperimentsthe SST is
prescribedasa forcing.

3. Resultsof Numerical Experiments With
Coupled and Forced AGCMs

[8] If the erroneouspositive rainfall-SSTcorrelationin
thesummermonsoonregionresultsmainly from excluding

Figure 1. Correlationcoefficientsbetweenthe observed
CMAP (1979Ð1999) and the simulated JuneÐAugust
precipitation anomaliesmadeby five-modelmulti-ensemble
mean.The five modelsare National Center for Environ-
mental Prediction(NCEP), JapanMeteorological Agency
(JMA), Center for Ocean-Land-Atmosphere (COLA),
National AeronauticalSpaceAgency (NASA), and Seoul
NationalUniversity/KoreanMeteorologicalAdministration
(SNU/KMA).

Figure 2. Simulation scales for JuneÐAugust mean
precipitation as measured by area averagedcorrelation
coefficientsbetweentheobservedCMAP andsimulationby
five AGCMs and their multi-model ensemble(MME) for
regions of El Nin÷o (blue, 10!SÐ5!N, 80!WÐ180!W),
Asian-Pacific summermonsoon(green,5!NÐ30!N, 70Ð
150!E), and WNP summermonsoon(pink, 5!NÐ30!N,
110Ð150!E).

Figure 3. (a) Observedand (b) simulated correlation
coefficientsbetweenthe JuneÐAugust SSTand precipita-
tion anomalies(thecolorshadings).Thecontoursdenotethe
climatologicalJuneÐAugustmeanrainfall rate(in units of
mm day" 1). The observedcorrelationswere computed
using 20 yearsof data(1982Ð2001) derivedfrom CMAP
rainfall andReynoldsSST. Thesimulatedresultsweremade
by 5 AGCMÕs multi-modelensemblesimulation.
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atmospheric feedbackto ocean,then one should be able
to reproducethe observednegative correlation with a
coupled atmosphere-oceanmodel. To test this idea, we
performed a suite of numerical experiments with a
coupledatmosphere-oceanmodel. The atmosphericcom-
ponent of this coupled model is a T30 version of the
ECMWF (EuropeanCentre for Medium-rangeWeather
Forecast)-Hamburg(ECHAM4) AGCM [Roeckneret al.,
1996]. The ocean component is a 21=2-layer tropical
upper-oceanmodel [Wang et al., 1995]. The coupling,
namely atmosphere-oceaninteraction, was through both
the momentum and heat flux exchanges without flux
correction. Daily coupling was applied to the global
tropics between30!S and 30!N and climatologicalSSTs
and sea ice outside the tropics were specified. The
coupledmodel was integratedfor 50 years,and the last
40 years of data were used for analysis.This coupled
model, in general,realistically simulatesthe climatologi-
cal mean precipitation and SST, the spatial pattern and
temporal characteristics of El Nin÷o, and the tropical
intraseasonal oscillation [Fu and Wang, 2004].

[9] In the coupled experiment,the AGCM is allowed
to interactwith the oceanmodel. In the ÔÔforcedÕÕexper-
iment the same AGCM was integrated using, as lower
boundaryforcing, the sameSSTs that were producedby
the coupled model. The only difference between the
coupled and forced experimentsis in their initial con-
ditions, which are trivial for climate simulation. The
differencesin the simulation outcomes betweenthe two
experiments are interpretedas being due to the lack of
atmospheric feedback.

[10] Figure 4b showsthat the coupledrun produceslag
correlationpatternsthat bear qualitative similarities with
the correspondingobservedcounterparts.In the Asian-
Pacific monsoon region, the correlations change signs
from lag " 1 to lag +1 month in both the observation

and the coupledrun, althoughthe simultaneousnegative
correlationsin the coupledsimulationare somewhatlower
and the positive correlationsat lag +1 are higher. When
rainfall leadsSST by 1-month,the monsoonprecipitation
and SST are significantly negatively correlated,resem-
bling closely the observations. In contrast, the results
obtainedfrom the forced experiment(Figure 4c) show a
significant concurrent positive correlation and similar
positive, but lower, lead-lagcorrelations.This persistent
positive correlation pattern with a maximum concurrent
correlation suggests that slow variations of SST in the
model act to regulatelocal rainfall anomalies:The atmo-
spheric responseto the underlying SST forcing is suffi-
ciently rapid, making the maximum monthly correlation
occur without a lag.

[11] Theresultsshownin Figure4 imply thatthecoupled
and forcedsolutionsrepresentdifferent monsoon climates.
This ÔÔbifurcationÕÕof solution is essentially causedby the
absenceof atmosphericfeedbackin the forcedrun. Obvi-
ously, the errors in the initial conditions trigger how or
wherethe forcedandcoupledsolutionsdepart.

[12] The coupledmodel resultsare comparedwith the
newly releasedmulti-model seasonalprediction experi-
mental resul ts f rom the European Union-funded
DEMETER project (Development of a EuropeanMulti-
model Ensemblesystem for seasonalto interannualpre-
diction). DEMETER was carried out by Europeanpart-
ners and coordinated by ECMWF [Palmer et al., 2004].
Seven coupled models participated in this experiment.
The coupled model forecastsfor MayÐOctober season
demonstratethat the local SST-precipitation relationships
in all the coupled models resemble that shown in
Figure 4b, confirming that thesecoupled models,despite
their different physical schemes, are able to produce
qualitatively realistic SST-rainfall relationships.In addi-
tion, when these atmospheric models are driven by

Figure 4. (a) Observedlead-lagcorrelationbetweenmonthlymeanSSTandprecipitationanomaliescomputedfor May
throughOctoberof 1982Ð2001.(top) ThecorrelationcoefficientswhenprecipitationleadsSSTby onemonth,(middle)is
concurrentwith SST, and(bottom) lagsSSTby onemonth.Thesamplesize is 80 for thetime seriesat eachgrid. (b) The
sameasin Figure4aexceptthatthecorrelationswerecomputedfrom thecoupledECHAM-oceanmodelsimulation. (c)The
sameasin Figure4a exceptthat the correlationswerecomputedfrom the forcedECHAM simulation.
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persistentSSTs, the local SST-rainfall correlationsbecome
similar to thosefound in the forced run (Figure 4c).

4. Concluding Remarks

[13] We haveshownthatobservedseasonalmeanrainfall
andSSTanomalies are negativelycorrelatedin the Asian-
Pacific summermonsoonheavyrainfall region,especially
whenrainfall leadsSSTby onemonth,suggestingthatSST
anomaliesare forced by the atmosphericanomalies.We
havedemonstratedthat the coupledmodelscan reproduce
the lead/lag correlation between SST and precipitation
anomaliesrealistically. However, if the sameatmospheric
modelis forcedby theSSTanomaliesthatareproducedby
thecoupledmodel,the resultinglocalSST-rainfall relation-
shipsare at oddswith observations. The neglectof atmo-
sphericfeedback makesthe forcedsolutiondepartfrom the
coupledsolutionin the presenceof initial noises.

[14] We argue that the unsuccessfulsimulations of the
rainfall variability in the Asian-Pacificsummermonsoon
underAMIP-type experimental designarepartly causedby
the neglect of air-seainteractionin the warm Indo-Pacific
oceans.In reality andin thecoupledmodel,theSSTin the
warmpool is primarily a resultof atmosphericforcing,thus,
the abnormal precipi tation and SST are negatively
correlated.On the other hand,if the SSTis consideredas
a forcing to the modelatmosphere, the atmosphericmodel
wouldbe unableto reproducethecorrectrainfall anomalies,
becausethe forced responsetends to producea positive
local rainfall-SSTrelationship.

[15] The presentfinding suggeststhat the coupledatmo-
sphere-ocean processes are extremely important in the
heavilyprecipitatingmonsoonregions.Kumaret al. [2005]
also demonstratesignificant improvements in the skill of
Indian monsoon predictionswhen atmosphericmodelsare
coupledwith theocean.Additionally,WuandKirtman[2005]
showedthecritical roleof IndianOceancouplingin simulat-
ing atmosphericvariability overthePacificOcean.

[16] Theresultspresentedin this studycall for rethinking
currentstrategiesfor validatingdynamicclimatemodelsand
for climate prediction. In contraryto conventionalnotion,
thesummermonsoonrainfall cannot besimulatedcorrectly
by prescribinglowerboundaryforcing.While theAMIP has
provided a useful benchmark for model sensitivity and
predictability experiments to SSTforcing,our resultsreveal
an intrinsic limitation in this mannerof simulatingsummer
monsoonprecipitation.To adequatelyidentify the deficien-
ciesof modelsin simulating summermonsoonvariability,
coupledatmosphere-oceanmodelsare needed.

[17] Many operational centershaveadoptedthe two-tier
approachfor seasonalclimateprediction.This approachhas
beenthe most importantactivity in dynamicclimate pre-
diction in thepast10Ð15 years.This strategyworksfor the
most important forcing (equatorialPacific SST) and for
thoseregionswhereSSTdeterminesthelocalwind conver-
gence and SST itself is primarily determined by ocean
processes. However, in theAsian-Pacificsummermonsoon
regions,whereatmosphericfeedback playsa major role in
determininglocal SST, the two-tier approachwould yield a
forcedsolutionthatdiffers from realisticcoupledsolutions.
Thus,only coupledatmosphere-oceanmodelsor regionally
coupled models can provide the necessarycondition for

being able to correctly forecastthe predictableportion of
summermonsoonrainfall. Furtherstudiesof the natureof
themonsoon-ocean interactionandclimatepredictability in
the Asian-Pacific summer monsoon region using multi-
model long-term integrationsare neededto confirm that
thepresentconclusionsareindependentof modelsÕphysical
parameterizationsand the simulationskill of rainfall vari-
ability over Asian-Pacificmonsoon region is improved in
coupledatmosphere-oceanmodels.
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