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[1] Thescientfic basisfor two-tier climate predictionlies
in the predictability determinedby the oceanand land
surfaceconditions.Here we show that the state-of-the-art
atmosphec generalcirculation models (AGCMs), when
forced by observedsea surface temperature(SST), are
unableto simulateproperly Asian-Pacificsummemonsoon
rainfall. All modelsyield positive SSTFrainfall correlations
in the summemonsoonthatareat oddswith observations.
The observedlag correlationsbetweenSST and rainfall
suggesthattreatingmonsoonasa slave possiblyresultsin
the modelsOfailure. We demongrate tha an AGCM,
coupled with an ocean model, simulates realistic SSF
rainfall relationshipshoweve, the sameAGCM fails when
forced by the sameSSTs that are generéed in its coupled
run, suggesting that the coupled ocean-atmosphere
processes are crucial in the monsoon regions where
atmopheic feedadk on SST is critical. The presen
finding calls for reshaping of current strategies for
monsoonseasonaprediction. The notion that climate can
be modeled and predicted by prescribing the lower
boundary conditions is inadequate for validating
models and predicting summer monsoon rainfall.
Citation: Wang, B., Q. Ding, X. Fu, 1.-S. Kang, K. Jin,
J. Shukla, and F. Doblas-Reyeq2005), Fundamentakhallenge
in simulation and prediction of summer monsoon rainfal,
GeophysRes.Lett, 32, L15711, doi:10.1029/205GL022734.

1. Intr oduction

[2] The atmosphereby itself, cannot producerandom
variationsthat persistfor months;the sourceof predictabil-
ity beyondtwo weeksmustthereforecomefrom the lower
boundaryconditions[Charneyand Shukla 1981; Shukla
1998]. The ocean has a large heat capaity, giving the
climate systema memory that can resultin atmospheric
deviationdading for monthsto years.Thus,currentnotions
on the atmospheric model validation and the two-tier
climate prediction,which predictsfuture atmosphericcon-
ditions using an AGCM alone forced by preforecasted
SST [Bengtssoret al., 1993, are basedon the premise
that the atmospheric models alone should be able to
reproduce climate anomalies or capture the predictable
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portion of climate variationswhen the modelsare forced
by the observedor @erfectlypredicted05STs. In a recent
assessmemf AGCMs performaice, Wang et al. [2004]
challengedthis conventionalnotion. They found that the
elevenAGCMs that participatein the Climate Variability
and Predictaility Progran (CLIVAR)/MonsoonIntercom-
parisonProjectshowno skill in their ensemblesimulations
of the summenmainfall anoméies during the 1997D1998 El
Niro. Different from the previous investigations, they
amguedthat the neglectof air-sa interactionis possiblya
major causeof the models@ailure. Howevey their results
were obtained for a two-year period during which the
unprecedented 1997/98 ElI Niro might have unusual
impactson the modelsimulationsHere we furtherexamine
the simulation skill of five state-of-the-art AGCMs in
seasonaprecipitaton for a 20-yearperiod of 197991998.
Thesemodelswere forcedby identical observedSSTand
sea-ice,following the designof the AtmosphericModel
IntercomparisorProject (AMIP) [Gateset al., 1999]. Each
model made 6 to 10 member integrations to minimize
weathemoisesand enhanceclimate signal. A multi-model
ensemblgMME) meanwas madeto reduceuncertainties
arisingfrom the models@arameerizationof sub-gridscale
processes.

[3] Figure 1 showsthe overall skill of the five-model
ensemblesimulation measuredby the correlation coeffi-
cientsbetweenthe observedand simulatedrainfall anoma-
lies. In the Asian-Pacificsummemonsoon(APSM) region
(5'N B30I'N, 70lE D150 E), the skills arevery low, which
is in sharpcontrastto the high skills in the El Niro region
(10'SB5!N, 160 EBB0!'W) where eachindividual model
and MME show a correlationcoefficientbetween0.6 and
0.8.Figure2 showsthatin the APSM andespeciallyin the
tropical westernNorth Pacific (WNP, 5'NB30!N, 110'E b
150 E), al modelsandtheir MME havevirtually no skills.
The poor simuldions of the Indianrainfall were previously
noted[e.g., Sperberand Palmer 1996; Gadgil and Sajani
1998]. The resultshere indicate that the performawce of
AGCMsin thetropical WNP is evenworsethanoverIndia.
The resuls herealso indicatethat the failure on monsoon
rainfall simulation given by Wang et al. [2004] is not
specific to the period that is affectedby the 1997/98 El
Niro episoderatherit is a generb OsyndimeOn monsoon
climatesimulation.

[4] Based on the Climate Prediction Center Merged
Analysis of Precipitaion (CMAP) daa [Xie and Arkin,
1997], the JunebSeptemberrainfall in the APSM region
accountsfor approximately30% of the total tropical rain-
fall, albeit this region occupiesonly ! 10% of the tropics
between30!' S and 30! N. Therainfall in this regionplaysa
critical role in maintainingthe global energy/watercycle
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Figure 1. Correlationcoefficientsbetweenthe observed
CMAP (1979D1999) and the simulated JunebAugust
precipitaton anomaliesnadeby five-modelmulti-ensemble
mean. The five modelsare National Center for Environ-
mental Prediction(NCEP), JapanMeteordogical Agency
(JMA), Center for Ocean-Land-Atmosphere (COLA),
National AeronauticalSpaceAgency (NASA), and Seoul
National Universty/KoreanMeteorologicalAdministraion
(SNU/KMA).

and driving the monsoonclimate variability and has far-
reachingmpactson El Niro andglobalcirculation[\Webster
etal., 1998;Wang et al., 2001]. In this paper we propose
one possible answer to the question of why nearly all
AGCMs, whentheyaregiven the obsenred lower-boundary
forcing, are unable to reproduce the summer monsoon
precipitaton anomalies?This questionis of fundamental
importanceto climatesimulation and prediction.

2. ObservedRelationship BetweenRainfall and
SSTAnomalies

[5] A key to seasonabpredictionis to understandhe
relationshipbetweenthe slowly varying boundarycondi-
tions and rainfall anoméies. Figure 3a showsan observed
anomalousrainfall-SSTrelationshipderived from CMAP
and Optimal InterpretationSST [Reynoldset al., 2002] for
summer seans (June through Augugt) of 1982H2001.
Superposedn theseanomalycorrelationsarethe contous
of 6 and 10 mm/dayrainfall ratethat highlight the regions
of heavyrainfall. Thelocal SSTandprecipitaton 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 SSF
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Figure 2. Simulation scales for JunebBAugust mean
precipitaton as measurd by area averagedcorrelation
coefficientsbetweertheobserved”MAP andsimulationby
five AGCMs and their multi-model ensemble(MME) for
regicns of El Niro (blue, 10/SB5!N, 80'WbH18QW),
AsianPacific summermonsoon(green,5'NB30!N, 70D
150 E), and WNP summermonsoon (pink, 5!NB30!N,
110D150E).
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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-aeragedcorrelationcoefficientis
" 0.36 while in the MME simulationis 0.24, both statisti-
cally significantat the 1% confidence level.

[6] In geneal, a negativecorrelationbetweenthe sea-
sonal-measSTandrainfallanomaliesnayindicatethatthe
atmosphereffects SST more than SST affectsthe atmo-
sphere;converselya positive correlationmeansthe ocean
plays a major role in determiningatmosphericresponse
[Wangetal., 2004]. To testthis assertionye computedhe
lag correlationsbetweenmonthly mean SST and rainfall
anomaliesAs shownin Figure4a, whenrainfall leadsSST
by one month,thereis a significantnegativecorrelationin
the APSM region, suggestingthat the atmosphee has a
significantcontrolon SST Of noteis thatthe simultaneous
monthly correlations are also negative though in less
degrees. However, when SST precedes precipitation by
one month, the correlationsin the same region are only
mauginally positive.Giventhepersistencef SSTanomalies
and the rapid response of the atmosphere to SST, the
aforementionedesultsimply that the impactof SSTon
the atmosphereas weakerthanthe effect of the atmosphere
on SST Thus,the SSTanomaliesn the summermonsoon
region cannotbe interpretedas a forcing; ratherthe SST
anomaliesn the WNP are,on an average determinedby
the anomalousatmosphericonditions.

[7] Thefinding thatthe modelsare unableto reproduce
the actualSSTFrainfall relationshipprovidesa clue to why
thesemodelsare unsuccessfuin simulating summermon-
soonrainfall. While the models@eficienges are somewhat
to blame(for a detaileddiscussionseeWang et al. [2004]),
we offer thatthe models@ailuresare likely dueto the lack
of atmospheac feedbackto the oceanin the experimental
design,becausean the simulationexperimentghe SSTis
prescribedasa forcing.

3. Resultsof Numerical Experiments With
Coupled and Forced AGCMs

[8] If the erroneouspositive rainfall-SSTcorrelationin
the summermonsoorregionresultsmainly from excluding
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Figure 3. (a) Observedand (b) simulated correlation
coefficients betweenthe JunebAugust SST and precipita-
tion anomaliegthecolorshading). Thecontoursdenotethe

climatologicalJunebAugustmeanrainfall rate (in units of

mm day %). The observedcorrelationswere computed
using 20 yearsof data(198202001) derivedfrom CMAP

rainfallandReynoldsSST Thesimulatedesultsveremade
by 5 AGCMG@ multi-modelensemblesimulation.
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Figure 4. (a) Observedead-lagcorrelationbetweenmonthly meanSSTand precipitationanomaliescomputedfor May
throughOctoberof 1982D2001.(top) The correlationcoefficientswhenprecipitationleadsSSTby onemonth,(middle)is
concurentwith SST, and(bottom) lagsSSThy onemonth. The samplesize is 80 for thetime seriesat eachgrid. (b) The
samaeasin Figureda excepthatthecorrelationsverecomputedrom the coupledE CHAM-oceammodelsimulaion. (c) The
sameasin Figure 4a exceptthatthe correlationsvere computedrom the forcedECHAM simulation.

atmosphec feedbackto ocean,then one should be able
to reproducethe observednegative correlation with a
coupled atmosphere-oceamodel. To test this idea, we
performed a suite of numerical experiments with a
coupled atmosphere-oceamodel. The atmosphericcom-
ponent of this coupled model is a T30 version of the
ECMWEF (EuropeanCentre for Medium-range Weather
ForecagtHamburg (ECHAM4) AGCM [Roeckneret al.,

1996]. The ocean component is a 2%-layer tropical

upper-oceanmodel [Wang et al., 1995]. The coupling

namely atmosphere-oceaimteraction, was through both
the momerntum and heat flux exchanges without flux

correction. Daily coupling was applied to the global

tropics between30!'S and 30!N and climatological SST
and sea ice outside the tropics were specified. The
coupled model was integratedfor 50 years,and the last
40 years of data were used for analysis. This coupled
model, in general,realigically simulatesthe climatdogi-
cal mean precipitaton and SST, the spatial pattern and
temporal characteristics of El Niro, and the tropical

intraseasaal oscillation [Fu and Wang, 2004]

[9] In the couplel experiment,the AGCM is allowed
to interactwith the oceanmodel. In the @forced@xper-
iment the same AGCM was integrated using, as lower
boundaryforcing, the sameSST that were producedby
the coupled model. The only difference between the
coupled and forced experimentsis in their initial con-
ditions, which are trivia for climae simulation. The
differencesin the simulation outcome betweenthe two
experimets are interpretedas being due to the lack of
atmosphac feedback.

[10] Figure 4b showsthat the coupledrun produceslag
correlation patternsthat bear qualitative similarities with
the correspondingobservedcounterparts.In the Asian-
Paific monson regian, the correlations change sigrs
from lag " 1 to lag +1 month in both the observation

and the coupledrun, althoughthe simultaneousnegative
correlationsn the coupledsimulationare somewhatower

and the positive correlationsat lag +1 are higher When
rainfall leadsSST by 1-month,the monsoonprecipitaton

and SST are significantly negatively correlated,resem-
bling closely the obsevations. In contrast, the resuls

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 concurent
correlation suggets that slow variations of SST in the
model act to regulatelocal rainfall anomalies:The atmo-
sphericresponseto the underlying SST forcing is suffi-

ciently rapid, making the maximum monthly correlation
occur without a lag.

[11] Theresultsshownin Figure4 imply thatthe coupled
and forced solutionsrepresentifferent monsoa climates.
This @bifurcatio@of solutionis essentialy causedoy the
absenceof atmospherideedbackin the forcedrun. Obvi-
ously the errors in the initial conditionstrigger how or
wherethe forcedand coupledsolutionsdepart.

[12] The coupledmodel resultsare comparedwith the
newly releasedmulti-model seasonalprediction experi-
mental results from the European Union-funded
DEMETER project (Developnent of a EuropeanMulti-
model Ensemblesystem for seasonalto interannual pre-
diction). DEMETER was carried out by Europeanpart-
ners and coordinatd by ECMWEF [Palmer et al., 2004].
Seven coupled models partcipated in this experiment.
The coupled model forecastsfor MaybPOctober season
demonstratehat the local SSFprecipitaton relationships
in all the coupled models resemble that shown in
Figure 4b, confirming that thesecouded models,despite
their different physical schemes, are able to produce
qualitatively realistic SSTFrainfall relationships.In addi-
tion, when these atmospheric models are driven by

3of 4



L15711

persistentSSTs, the local SSFrainfall correlationsbecone
similar to thosefound in the forcedrun (Figure 4c).

4. Concluding Remarks

[13] We haveshownthatobservedseasonameanrainfall
and SSTanomdies are negativelycorrelatedn the Asian-
Pacific summermonsoonheavy rainfall region, especially
whenrainfall leadsSSTby onemonth,suggestinghat SST
anomaliesare forced by the atmosphericanomalies.We
have demonstratedhat the coupledmodelscan reproduce
the lead/lag correlation between SST and precipitation
anomaliesrealidically. However if the sameatmospheric
modelis forcedby the SSTanomalieghatare producedby
the coupledmodel,the resultinglocal SSTFrainfall relation-
shipsare at oddswith obsenations. The neglectof atmo-
sphericfeedb@&k makesthe forcedsolutiondepartfrom the
coupledsolutionin the presencef initial noises.

[14 We argue that the unsuccessfusimulaions of the
rainfall variability in the Asian-Pacificsummermonsoon
underAMIP-type experimetal designare partly causedoy
the neglet of ar-seainteractionin the warm Indo-Pacific
oceansln reality andin the coupledmodel,the SSTin the
warmpoolis primarily aresultof atmospheridorcing, thus,
the abnormal precipitation and SST are negatively
correlated On the other hand,if the SSTis consideredas
a forcing to the modelatmospherethe atmospherianodel
would be unableto reproducehe correctrainfallanomalies,
becausethe forced responsetendsto producea positive
local rainfalFSSTrelationship.

[15] The presenfinding suggestshatthe coupledatmo-
sphere-ocean processes are extremely important in the
heavily precipitatingmonsoorregions.Kumaret al. [2005]
also demorstrate significantimprovemats in the skill of
Indian monsom predictionswhen atmospherianodelsare
coupledvith theoceanAdditionally, Wu andKirtman[2005]
showedhecritical role of IndianOcearcouplingin smulat-
ing atmospheriovariability overthe PacificOcean.

[16] Theresultspresentedh this studycall for rethinking
currentstrategiesor validatingdynamicclimatemodelsand
for climate prediction.In contraryto conventionalnotion,
the summemonsoorrainfall canrot be simulatedcorrectly
by prescribingowerboundaryforcing.While the AMIP has
provided a useful benchmark for model sendtivity and
predictabiliy experimets to SSTforcing, our resultsreveal
anintrinsic limitation in this mannerof simulatingsummer
monsoonprecipitation.To adegiatelyidentfy the deficien-
cies of modelsin simulating summermonsoonvariability,
coupledatmosphere-oceamodelsare needed.

[171 Many operatioal centershaveadoptedthe two-tier
approacHor seasonatlimateprediction.This approacthas
beenthe mostimportantactivity in dynamic climate pre-
dictionin the past10D15 years.This strategyworksfor the
most important forcing (equatorialPacific SST) and for
thoseregionswhereSSTdetermineshelocalwind conver-
gence and SST itsef is primaily deermned by ocean
processe. However in the Asian-Pacificsummemonsoon
regions,whereatmospheridfeedbak playsa major role in
determininglocal SST, the two-tier approachwould yield a
forcedsolutionthat differs from realisticcoupledsolutions.
Thus,only coupledatmosphere-oceanodelsor regionally
coupled models can provide the necessarycondtion for
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being able to correctly forecastthe predictableportion of
summermonsoonrainfall. Furtherstudiesof the natureof
the monsoon-oceainteractionandclimatepredictabiliy in
the Asian-Padfic sunmea morsoon region using multi-
model long-term integrationsare neededto confirm that
thepresentonclusonsareindependendf models@hysical
parameterizationand the simulationskill of rainfall vari-
ability over Asian-Pacificmonsom regionis improved in
coupledatmosphere-oceanodels.
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