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Abstract. Parameteruncertaintyanalysisof climate mod-
elshasbecomeastandardapproachfor modelvalidationand
testingtheir sensitivity. Herewe presenta novel approach
that allows one to estimatethe robustnessof a bifurcation
point in amulti-parameterspace.In thisstudyweinvestigate
a box modelof the Indian summermonsoonthat exhibits a
saddle-nodebifurcationagainstthoseparametersthatgovern
theheatbalanceof thesystem.Thebifurcationbringsabouta
changefrom awetsummermonsoonregimeto a regimethat
is characterisedby low precipitation.To analysetherobust-
nessof the bifurcationpoint itself and its locationin phase
space,weperformamulti-parameteruncertaintyanalysesby
applyingqualitative,MonteCarloanddeterministicmethods
thatareprovidedby a multi-runsimulationenvironment.

Our resultsshow that the occurrenceof the bifurcation
point is robust over a wide rangeof parametervalues. The
positionof thebifurcationin phasespace,however, is found
to besensitiveon thesespecificparameterchoices.

1 Intr oduction

The Indian summermonsoon(ISM) is a yearly recurring
phenomenonthatbringsvital rain to India. The ISM devel-
ops in summerdueto thermalgradientsbetweenthe warm
Indiancontinentandthecoolertemperaturesover theIndian
Ocean.The warmerair massesover land result in areasof
low pressurewhereasover the oceanthe colderair masses
yield higherpressures.Thispressuregradiententailsthesup-
ply of moistureover the Indiancontinentthatascends,con-
densates,andis releasedasprecipitation.

The influenceof anthropogenicactivities on the ISM has
beeninvestigatedin a numberof studies.Most of themindi-
catethat emissionsof greenhousegases,that alter the heat
budget of the systemand thereforethe land-seatempera-
ture contrast,could increasethe ISM intensityand/orvari-
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ability (Meehl and Washington,1993; Zwiers and Kharin,
1998; May, 2002, e.g.). On the other hand, there is evi-
denceof aerosol-inducedreductionof precipitationaswell
(Patraet al., 2005,e.g.) or of no clearindicationfor an in-
fluenceof globalwarmingatall (Kripalaniet al., 2003).In a
studyof a modelof theISM it wasshown that themonsoon
canundergo a transitionfrom a wet to a dry regime dueto
anthropogenicactivity (Zickfeld et al., 2005),which would
have dramaticeffectsfor the populationof India. Themost
importantfinding in this modelis a saddle-nodebifurcation
againstthe planetaryalbedo,that is the albedoat the top
of the atmosphere,andother parametersthat influencethe
heatbudgetof the system.As the planetaryalbedomay be
modifiedby humanactivities,suchasemissionsof scattering
aerosolsandland-coverconversion,thereis concernthatthis
regimeshift couldbetriggeredunderglobalchange.Palaeo-
climte dataindicatethat sucha regime transitionmay have
occurredduring the last glacial period (Burnset al., 2003)
andtheHolocene(Guptaetal., 2003).To testtherobustness
of the bifurcation it is indispensableto accomplisha multi
parameteruncertaintyanalysisto investigatethedependence
of themodelresultsfromthechoiceof theparameters.More-
over it is desirableto exploretheinfluenceof anthropogenic
perturbationson thepositionof thebifurcationpoint.

In the recentyearsmulti parameteruncertaintyanalysis
hasincreasinglybecomeastandardapproachin climatemod-
elling to quantify model uncertainty. By a multi param-
eter uncertaintyanalysiswe meanan analysiswhere sev-
eralparametersarevariedsimultaneously to cover thewhole
rangeof possibleparametercombinations.As this is a very
timeconsumingandcomputationallyexpensiveprocedurein
largemodels,only a few parametersarenormallyvaried. A
detailedparameterstudy with 11 parametershasbeenper-
formed by Schneidervon Deimling et al. (2006) with the
CLIMBER-2 model of intermediatecomplexity to reduce
the uncertaintyrangefor climatesensitivity, definedas the
changein equilibrium globalmeantemperaturefollowing a
doublingof atmosphericCO� content.Similar studieswere
carriedout by Knutti et al. (2002)andForestet al. (2002).
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Stainforthet al. (2005) studiedthe sensitivity of a general
circulationmodel(GCM) by varyingsix parameters.In our
casethe challengeis to expandsuchan analysisby provid-
ing not only themulti parametersettingbut additionallyper-
forming a bifurcationanalysis.On the otherhand,we have
theadvantagethatourmodelis aconceptualonethatrequires
only limited computationalresources.The innovative point
is that we investigatethe bifurcationpoint in the whole pa-
rameterspaceandnot just in dependenceontwo parameters,
asit is mainly donein otherbifurcationuncertaintystudies,
e.g. by KumarMittal et al. (2005)for a paradigmaticmon-
soonmodelor Longworth et al. (2005) for a box modelof
the thermohalinecirculation. Another approachthat deals
with modeluncertaintyin relation to bifurcationswaspre-
sentedby Grossand Feudel(2006) and classifiesthe sys-
temsin an abstractway accordingto their structure. This
method,however, is mainly applicableto structuraluncer-
tainty whereasherethe focus is directly on the parameter
uncertainty. The widely usedbifurcationanalysisprogram
AUTO (Doedel,1981),thatis basedonanumericalcontinu-
ationmethod,providesthepossibilityto follow abifurcation
point in two parameterdirections. CONTENT (Kuznetsov
et al., 1997),anotherbifurcationanalysissoftware,is indeed
ableto handlea continuationin threeparameterdirections,
whatis still not enoughfor our modelwith nearly60 param-
eters.To realisethemulti-parameteranalysisweapplyanew
methodbasedonthecombinationof themulti-runsimulation
environmentSimEnv (Flechsiget al., 2005;SimEnv, 2006)
with AUTO thatwill be describedin the following. As this
methodis model-independentandthereforedemonstratesa
generalapproach,it canbeappliedto othermodelsof simi-
lar complexity, wheretherobustnessof a certainbifurcation
point is of interest.

The paperis organisedas follows: in section2 we in-
troducethe model and the methodfor the multi parameter
bifurcation analysis. We will carry out the systematicap-
proachstartingwith a global sensitivity analysis (cf. sec-
tion 3.1) to deducethemostinfluentialparameters.We pro-
ceedwith Monte Carlo analyses that allow to studythe er-
ror propagationof the parameteruncertaintiesin the model
(cf. section3.2) that is followedby a deterministic parame-
ter screening (cf. section3.3) to investigatehow the model
performsunderchangesof theseparameters.We will fo-
cuson theanthropogenicallyinfluencedparametersto inves-
tigatewhethertheabruptregimetransitioncouldberelevant
underglobalchangeandconcludeour analysisin section4.

2 Model and method

The model investigatedhereis a box model of the Indian
summermonsoon(Zickfeld et al., 2005; Zickfeld, 2004).
Themodelconsistsof a three-layertropicalatmosphereover
atwo-layersoil module.It includestherepresentationsof the
hydrologicalcycle aswell assurfacehydrology. The prog-
nosticvariablesin themodelarethetemperature

���
andthe

specifichumidity � � over India, andthesoil moistureof the
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Fig. 1. Schematicview of the box modelof the Indian monsoon.�
denotestemperature,� specifichumidity. �	� and ��
 are the

soil moisturesin the upper and lower soil layer. The variables
inside the box (

�
������� � ������� � � � � 
 ) are calculatedprognostically,
whereastheclimatic conditionsat thebox boundaries(

����� � � , with������� � �!� ��"�#
) areexternallyprescribed.

twosoil layers$&%(')$ � (cf. Fig.1).Variablessuchasprecipita-
tion, evaporationandthemonsooncirculationarediagnosed
from theabove-mentionedfour.

Thetemporalevolution of thesurfacetemperature
�*�

and
thespecifichumidity � � arecomputedfrom thevertically in-
tegratedcombinedsurface-plus-atmosphericheatandtheat-
mosphericwatervapourbalanceequations:+-,/.0 1325476986;:	<>=
?A@9B 1 B 6

�*�
69:DCFE�GIH)JLKNM
B!OPBRQ7KSEUT	?

M&VW?YXZH\[]KN^_Q ' (1)+Y, .0 476 �69: <>=`CF^]Ka[b?YM
c ' (2)

where 8 C
�
Hd=eQf?hg

�
= denotesthe potential temperature

and g
�

theadiabaticlapseratein theatmosphere.Theverti-
cal profileof thetemperature

�
Hd=eQ is parameterisedin terms

of thenearsurfacevalue
���

with a linear profile in = in the
troposphere(

�
Hd=eQfC

�*�
KYgi= ) anda constantprofile in the

stratosphere(
�
H\=>QjC

���
Kkgilnm ) with the lapserate g and

theheightof thetropospherelnm . � Hd=eQ is theverticalprofile
of specifichumidity and X refersto the latentheatof evap-
oration. The termson the right handsideof the equations
denotethefollowing fluxesandsources/sinks:

– E G : Incidentsolarradiationatthetopof theatmosphere,

– E T : Outgoingradiationat thetop of theatmosphere,

– M B!O B : Planetaryalbedo,

– ^ : Evapotranspiration,

– [ : Condensationrate,

– M
V : Horizontaladvectionof heat,

– M c : Horizontaladvectionof moisture.
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Fig. 2. Bifurcationdiagramfor thesummermonsoonprecipitation
in dependenceof thesurfacealbedoofp . Thesaddlenodebifurca-
tion is at o prqhsut v�wPx . The vertical dottedline marksthe present
dayvalue.

Further, l
�

denotesthe heightof the atmosphereand 4 C4 Hd=eQ theair density. 1y2 is thespecificheatof air, 1 B theheat
capacityperunit soil volume,and @9B thedepthof theupper
soil layer.

The soil moistureis describedexplicitly accordingto a
two-layer model (Hansenet al., 1986), wherebythe water
contentof theupperlayer respondsto evapotranspiration^andprecipitation z andthe lower layer actsasa reservoir.
Theratesof changeof moisturein thetwo soil layersare:

6 $ %
6;: C

z KS^{KN|} % K
$ % K $ �~ ' (3)

6 $ �
6;: C

} %} � $ % K $ �~ ' (4)

wherethewetnessof the �\�\� layer $L� is theratioof available
water to field capacity

} � . Further, | is the surfacerunoff
and ~ thetimeconstantfor diffusionof moisturebetweenthe
two layers.A completedescriptionof themodelis given in
Zickfeld (2004).

As theplanetaryalbedoM�B!O B dependsamongotherparam-
eterson thecloudsandtherespective albedos,we explicitly
model the planetaryalbedoandcloudiness� , to allow for
a moredetailedstudyof the anthropogenicinfluence. The
planetaryalbedois theweightedsumof thealbedosof stra-
tusclouds,cumuluscloudsandtheclearsky atmosphere,that
dependon the respective cloud amount. With this formu-
lation, the surfacealbedo M
B servesasbifurcationparame-
ter, representinga crucial parameterthat canbe influenced
by anthropogenicaction. The ISM shows a saddlenodebi-
furcationagainstM B anda certainparameterrangewherea
bistableregimeis present(cf. Fig. 2).

For the multi-parameteranalysiswe first have to identify
a (large)setof parameterswith their uncertaintyranges.The
multi-run simulation environment SimEnv draws samples
from this parameterspacewhereeachsamplecorresponds

to the goal of a specific sensitivity experiment. SimEnv
providespre-definedexperimenttypesthat correspondwith
methodsto dealwith modelsensitivity anduncertainty, such
asMonteCarlotechniquesor deterministicsensitivity exper-
iments. The model underinvestigationis interfacedto the
simulationenvironmentby minimal sourcecodemodifica-
tions.As AUTO needsa stablestateof thesystemasa start-
ing point,wefirst integratethemodeluntil it reachesequilib-
rium. For eachparametersamplepoint of anexperimentwe
start the qualitative analysisusingAUTO with this equilib-
rium stateandrunabifurcationanalysisagainstthespecified
bifurcationparameter. During interactive experimentpost-
processing,thecombinedstateandparameterspaceis inves-
tigatedandsensitivity anduncertaintymeasuresarederived.
Heresensitivity is relatedto thebifurcationpointSN1of the
system(cf. Fig. 2) andit is analysedwhetherandat which
value– for a certainparametersetting– thesaddlenodebi-
furcationoccurs.As our modelis a conceptualonewe have
– in contrastto similar studieswith GCMs – the advantage
that it requiresonly limited computationalresourcesso we
caninvestigatea largesetof parametersandsamplepoints.

We investigate38 out of 59 modelparametersthateither
influencethe heatbudgetof the system,dependon anthro-
pogenicinfluence,or aretuneableparametersin the model.
Theotherparametersarephysicalconstantsor have only an
influenceon the transientdynamicsbut not on the equilib-
rium state,ase.g

} % in Eq. (4). We distinguishthe parame-
tersthat refer to observationalquantities(e.g. for theocean
temperature

�����
) from the entiremodelparametersandde-

terminethe uncertaintyrangesof the former by analysing
theobservedvalues– if they wereavailable– for theperiod
1948-2004from theNCAR/NCEPreanalysis(Kalnayet al.,
1996)or by including future projections(e.g. for the CO�
concentration� [r�

� ). For the otherparameterswe simply
assumea � 5% or � 10% deviancefrom the default value
in the model. The parameterrangesare chosensuchthat
they areequally likely andassociatedwith the sameuncer-
tainty. Weassumethattheparametersareequallydistributed
over their ranges,which constitutesof coursea certainbias,
but aswe focuson qualitative changesthis assumptiondoes
not affect our conclusions.Besidesthe full parameterset,
denotedas z5�y� in the following, we will investigatetwo 5-
dimensionalsubsets.This is theparameterset z7��� including
the five mostinfluential parametersandthe subsetzU�*� that
denotesfivemostimportantanthropogenicallyinfluencedpa-
rameters.

3 Multi parameter uncertainty analysis

3.1 Globalsensitivity analysis

Themain ideaof theglobalsensitivity analysis(GSA) is to
identify thoseparametersthat influencethe position of the
bifurcation point the most (the least)and to comeup with
a qualitative ranking of the parametersaccordingto their
importance. The methodapplied by SimEnv is the Mor-
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p1p1

p2 p2 p2

p1

(a) (b) (c)
x

Fig. 3. Applied SimEnv parameterspacesamplingstrategies. Ex-
amplesfor a two-dimensionalparameterspace � 
 =(� � ,� 
 ): (a)
Monte-Carloanalysiswith a samplingschemaaccordingto prob-
ability densityfunctions,(b) global sensitivity analysisto deduce
a qualitative rankingof theparameters,(c) deterministicparameter
screeningto investigatethemodel’sbehaviour. Thepoint“o” marks
thedefault value,thecrosses“x” denotethesamplingpoints.

ris method(Morris, 1991),modifiedby Campolongoet al.
(2005). For the GSA we investigatethe parameterset z �y�
with thespecifieduncertaintyrangesthataresubdividedinto�

C�� equalintervals for eachparameter. On the resulting
regular grid of 38�I� % grid points the GSA lays randomly
trajectoriesthroughthis 38-dimensionalspace,wherebytwo
adjacentpointson a trajectoryonly differ in oneparameter�;� . The pointsaresimultaneouslyadjacentgrid pointsand
each�9� is variedonly onceon every trajectory. In the pa-
rameterspacethis resultsin trajectorieswith 38+1 points.
For �

C�� and two parametersthis is exemplarily shown
in Fig. 3b for four trajectories. Measuredis the distance�
E ��� betweenthe two valuesfor the surfacealbedo M B at

thebifurcationpoint of the �u�d� trajectorywith respectto the
parameter� � that is varied. Two statisticalmeasuresarede-
rivedfor eachparameter� � from this analysis:themeanab-
solutevalue ��� C��¡ P¢u£�H�¤

�
E � ¤ Q andthe standarddeviation¥ � C

¥
H
�
E � Q over all trajectories.A high meanvalue ��� is

interpretedasan importantoverall influenceof the parame-
ter on the modeloutput. A high variance¥ � indicatesthat
theparameteris involvedin interactionswith otherparame-
terswith respectto themodeloutputor that theeffect of the
parameteron the modeloutput is non-linear(Saltelli et al.,
2004).Thevaluesfor ��� candirectly beinterpretedin terms
of thebifurcationpoint: onaveragethesaddlenodeis shifted
about� � unitswhentheparameter� � is variedfrom onegrid
point to anadjacentonein thegivenparameterrange.

Herewe randomlysample1000trajectories,resultingin
39,000samplepointsandsinglemodelrunsin total, where
only 1,236do not show a saddlenodebifurcationand1,478
runscannotbe includedin theanalysisasthey show anab-
normal termination. This meansthat in 93 % of the runsa
saddlenodebifurcationoccurs,leadingto theconclusionthat
thebifurcationpoint is averyrobustfeatureof themodeland
not just dueto a specificchoiceof parameters.

Figure4 displaysthe rankingaccordingto the valueof �
and ¥ resultingfrom this analysis. The ranking obviously
dependson thechoiceof theparameterranges.However, by
performinga secondGSA with slightly differentrangesfor
someof theparameters,we couldconfirmtherankingfrom
Fig. 4 with only minor exceptions.As thechoiceof theun-
certaintyrangeis somewhat arbitrary, the absolutevalueof
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Fig. 4. Resultsfrom theGSA with 39,000runswith respectto the
valueof oIp at the bifurcationpoint. ¦ and § areexplainedin the
text. Thesix mostinfluentialparametersaremarked.

the meandistance� hasto be consideredin the interpreta-
tion aswell. This all the more,aswe obtaina clusteringof
theparametersensitivities with only a few verysensitivepa-
rametersanda largeclusterfor the others(cf. Fig. 4). The
GSA allows usto deducetwo parametersubsets:Thesetof
thefive mostinfluentialparameters,wherewe omit herethe
parameterM

0�0 as it describesthe samephysicalprocessas¨ 0�0 (outgoinglongwave radiation).Thesubsetz5�*� that in-
cludethefive mostinfluentialparametersthataresubjectto
anthropogenicdisturbanceslistedin Tab. 2.

Categorisingthe parametersby their influenceon certain
variablesor processes,it attractsattentionthat thoseparam-
etersare highly influential, which determinethe planetary
albedoM
B!O B throughthealbedosof theclearsky (influenced
by the parameterz � B ) and the clouds( ~ B�m , a parameterde-
terminingthealbedoof stratusclouds).

¨ 0�0 affectstheout-
goinglongwaveradiationat thetop of theatmosphereE T in
Eq. (1). [	© determinesthe monsooncirculationandthere-
fore the advection of heat and moisture M V and M&c , cf.
Eq. (1) and(2), andthe coefficient g

0 determinesthe lapse
rate g andthereforetheheatbudgetof thesystemaswell.

3.2 MonteCarloanalysis

A MonteCarloanalysis(MCA, cf. Fig.3a)relatesuncertain-
ties in parametervaluesto uncertaintyin anoutputquantity
andthereforedemonstratesthe error propagationthrougha
model. We implementa Latin hypercubesampling(McKay
et al., 1979), to reducethe total randomness.For all three
parametersetsz ��� , z �>� , and z �*� weperformed20,000runs
wherefor z5��� 96.4%and for z7�>� and z5�*� all of the runs
showeda saddlenodebifurcation. This againconfirmsthat
the saddlenode bifurcation is a very robust result in this
modelunderparameteruncertainty. For z5��� thedistribution
of thebifurcationpointsshows approximatelya normaldis-
tribution aroundthemeanvalueof M
BrC«ª­¬ ��®�� (cf. Fig. 5).
The standarddeviation is ¥

C¯ª­¬ ª(� which correspondsto
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Fig. 5. Resultsfrom the Monte Carlo analysesfor the whole pa-
rameterset �±°!² (light grey), for thefivemostinfluentialparameters�*³(´ (darkgrey), andthefive anthropogenicallyinfluencedparam-
eters�±µ�´ (black)all sampledwith a Latin hypercubescheme.The
figuredisplaysthefrequency of thevalueof thesurfacealbedoofp
at thebifurcationpoint. For �;°!² themeanvalueis o p/qasut v�w·¶ , for�*³(´ : o p�q¸sut ¹Ps , andfor �±µ�´ : o pjq¸sut v�¶�v . Thevertical dotted
line at oIp qas(t v·w·x marksthedefault valueof ofp , cf. Fig. 2.

about10% of the meanvalue. The 5% and95% quantile
areat M
BºC»ª�¬ ¼u� and M
BºC»ª�¬ �>½ . For the subsetz5�*� the
distribution is shifteda bit to lowervaluesfor M
B andshows
a muchsmallerstandarddeviation of ¥

C�ª­¬ ª­J�¾ arounda
meanvalueof M B CFª­¬ �e¿�� . Theparameterset z �>� , however,
coversa large rangeandparticularly the part of the higher
valuesfor thealbedoof thetotal uncertaintyrangeof z ��� .

It is sensibleto discusstheseresults in relation to to-
day’s valuefor thesurfacealbedoover India andto possible
changesin this value. The present-dayvalueof the surface
albedoderivedfrom satellitedata(MODIS, 2006)is approx-
imately 0.164 for summerconditions. The surfacealbedo
hasapossiblerangefrom M
BLCbª�¬ÀJ�¾ for evergreenbroadleaf
treesto M�BÁCFª�¬ ½ for desert(Dickinsonet al., 1986).Hence,
even conversionof the total land-cover to desertwould not
leadto a transgressionof thebifurcationpoint.

3.3 Deterministicparameterscreening

We perform the deterministic parameterscreening (cf.
Fig. 3c) asan in-depthparameteruncertaintyanalysisto in-
vestigatehow themodelbehaviour changesin dependenceof
certainparameters.FromtheGSAwehavededucedthequal-
itative rankingof the parameterswith respectto their influ-
enceon thelocationof thesaddlenodebifurcation.To make
surethatthemostimportantparametersaredepictedbut that
thesamplespaceis not too largeto hampertheinterpretation
of results,thesetof thefive mostinfluentialparametersz7�>�
is chosenfor theanalysis(cf. Tab. 1).

We separateeachparameterrangefrom z7�>� into �
CÂ�equidistantintervals.Theresulting5� grid representsa sam-
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Fig. 7. Sameas Fig. 6 but for the minimum of the saddle-node
bifurcation.

ple with 3125samplepointswhereall of the corresponding
model runsshow the saddle-nodebifurcation. To visualise
this 5-D parameterspacewe hold constantthreeparameters
in eachcase.We calculatethemaximumandminimum,re-
spectively over the 25 values– correspondingto the other
two dimensionsthatarenot shown – for thebifurcationpa-
rameterM B at eachpoint in the3-D space.In total weobtain
10 3-D plots for the maximumand the minimum, respec-
tively. We have chosenfour in eachcaseto illustrate the
results(Figs.6 and7). Fromthis analysiswe canconclude,
whetherthechangeof thepositionof thesaddlenodebifur-
cationin dependenceon oneparameter�9� is linear (or non-
linear) or whetheran increaseof �9� leadsto an increaseor
decreaseof thevaluefor thesurfacealbedoat thebifurcation
point.
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Thedirectionfrom a low to a highvaluefor M
B in each3-
D subspaceis thesamefor themaximumandtheminimum.
For all 10parametercombinationsthevariationin thevalues
is continuous,thereis noabruptchangeor reversionof thedi-
rectionof increasingvaluesfor M B . Therangefor thesurface
albedoM B in each3-D subspaceresemblestherankingfrom
Table1: the higherthe rank of the involvedparametersthe
broaderis therangefor thesurfacealbedoM B . Moreover, the
cumulatedFigs.6 and7 show thatthesefiveparametersalone
coveralargerangeandparticularlythepartof thehigherval-
uesfor thealbedoof thetotaluncertaintyrangeevaluatedby
theMCA (cf. Fig. 5).

The directionsof increasingvaluesfor M B can be inter-
pretedby analysingthe involved processesthat are repre-
sentedby theparameters.Themechanismfor thebifurcation
stronglydependson theenergy balanceover India. All pro-
cessesaffectingthismechanism(e.g.incomingandoutgoing
solarradiation,advectionof heatandmoisture)will certainly
alter the positionof the bifurcationpoint. The effect of the
five mostinfluentialparameterscanberelatedto this mech-
anism:Thesmallerthe albedoof the clearsky (represented
by z � B ) andaccordinglytheplanetaryalbedo,andhencethe
highertheincomingsolarradiationE G HÃJUK�M B!O B Q , thehigher
is the amountof availableenergy. Thereforea highervalue
for M B is neededto get below the critical value wherethe
monsooncirculationcannotbesustainedany more.Theheat
balanceequation(cf. Eq. (1)) explainsthe influenceof the
parameter̈ 0y0 thatdirectly influencestheoutgoingradiation

EUT (cf. Eq. (1)): the lower
¨ 0y0 andhencethe outgoingra-

diation EUT , the higher is the available amountof heatand
thereforethevaluefor M
B at thebifurcation. [ © determines
thestrengthof themonsooncirculationandasit enterswith
theinverse,ahighervaluefor [ © resultsin a lowervaluefor
themaximumandminimumatthebifurcationpoint. Theop-
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Fig. 9. SameasFig. 8 but for theminimumvalues.

tical thicknessof thestratusclouds~ B�m hasasimilareffecton
thealbedoof thecloudsas z � B ontheclearsky albedo,sothe
stabilisingeffect leadshereaswell to highervaluesfor the
bifurcationpoint. The lapseratecoefficient g

0 determines
thelapserate g andthereforetheverticaltemperatureprofile
(seemodeldescription):thehigher g

0 , thelower is thetem-
peratureat a specificheight = andthelower is theadvection
of heatby theuppertroposphericcirculationfrom landto the
ocean.This impliesthatmoreenergy is availablewhatshifts
thebifurcationpoint furtherto highervaluesof M
B .Thesameanalysiscanbe takenout for the parametersetz5�*� listed in Tab. 2. This investigationwill accountfor the
uncertaintyin futureprojectionsthatcouldalterthemonsoon
characteristicsfrom a wet to a dry regime. Anthropogenic
activities can alter the CO� concentrationby the emission
of greenhousegases.This hasaneffect on the globalmean
temperatureand thereforeon the temperatureat the ocean
boundaries

�����
. The ongoingemissionof sulphateaerosols

hasanincreasingeffectonthealbedoof theclearsky Ä � B and
on the optical thicknessof the stratusclouds ~ B�m . Land use
or land cover changecanalter the surfaceroughness=

0 of
India, for instanceby decreasingtheroughnessdueto forest
conversion.

From Figs.8 and9 it canbe seenthat the anthropogenic
influenceonthetwo parameters=

0 and� [r�
� shiftsthebifur-

cationpoint furtheraway from today’s values.On theother
hand,theincreasingvaluesof ~ B�m , Ä

�
B , and

� �y�
dueto human

activity leadto a decreaseof thevaluefor M B at thebifurca-
tion point. Thedestabilisingeffect of increasingthe albedo
parameters~ B�m and Ä � B , which determinethe albedosof the
cloudsandtheclearsky, leadsto aloweramountof available
energy and thereforelower value for M�B at the bifurcation
point, asdiscussedbeforein connectionwith the parameterz � B . The influenceof theoceantemperature

�*�y�
is not con-

tinuouslyincreasingor decreasingbut showsa turningpoint
at

���y�
C�½uªuª K that is dueto somesymmetryeffect of the

temperature
�*�

around
�����

CD½�ªuª K. The stabilisingeffect
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of increasingCO� is relatedto thedecreaseof theoutgoing
radiation EUT , that is negatively correlatedwith CO� concen-
tration,sothatmoreenergy is availableresultingin ashift of
thebifurcationto highervalues.

From Figs.8 and9 it canbe deducedthat it stronglyde-
pendson theexactvaluethefive parameterswill take in the
future to decidewhetheranthropogenicactionwill shift the
bifurcationpoint nearerto today’svalues.

4 Conclusion

A new methodwasdevelopedandappliedfor investigating
the robustnessof a bifurcation point againstparameterun-
certaintiesin a modelof the Indiansummermonsoon.This
methodbuilds on combininga bifurcation analysiswith a
commonsensitivity anduncertaintyanalysisin the high di-
mensionalparameterspace.Suchanin-depthparameterun-
certaintyanalysisof a bifurcationpoint is a novel approach
and a universalmethodthat can be appliedto many other
modelsof similar complexity, wherethe robustnessof a bi-
furcationpoint againstparameteruncertaintiesis of interest.
The multi-run environmentSimEnv with its simple model
interfaceandpost-processingtechniqueshasprovento bea
valuabletool for this kind of study.

As anexamplefor anapplicationof this methodwe have
analyseda reducedform modelof the Indiansummermon-
soonthatshows a saddlenodebifurcationin dependenceof
the surfacealbedoand other parametersthat influencethe
heatbudgetof thesystem.As thebifurcationgoesalongwith
a crucial transitionfrom a wet to a dry monsoonregime,we
wereinterestedin theestimationof therobustnessof thebi-
furcation point underparameteruncertainty. The methods
that were performedfor global sensitivity and uncertainty
studiesarebasedon a largenumberof modelrunsanda tool
for post-processingthe results. The multi-run environment
SimEnv with its simplemodelinterfaceandpost-processing
techniqueshasshown to be highly suitablefor this kind of
study.

Themulti parameteruncertaintyanalysishasimpressively
shown that the occurrenceof the saddlenodebifurcationin
this modelis a very robust feature. In over 96% of all runs
for the Monte Carlo analysisandin 93% of all runsfor the
globalsensitivity analysisthemodelshowstheabrupttransi-
tion from awetto adry monsoonregime.Thepropagationof
theparametersuncertainties,however, leadsto a very broad
rangefor the surfacealbedo M B at the bifurcationpoint in-
dicatinga high uncertaintyaboutthe actualpositionof the
bifurcationpoint in phasespace.

Theglobalsensitivity analysisshows that theinvestigated
parametersdiffer largely concerningtheir influenceon the
position of the bifurcation point. The most influential pa-
rametersare relatedto the planetaryalbedo,the incoming
and outgoingsolar radiation,and the lapserate. We have
alsoanalysedtheinfluenceof anthropogenicallyaffectedpa-
rametersthathave oppositeeffectson thepositionof thebi-
furcationpoint relative to present-day. Consequently, a ro-

bust conclusionconcerningthe influenceof humanactivity
cannotbe given herebut requiresmodel experimentswith
plausiblescenariosof futurechanges.

Thefactthatthebifurcationis robustagainstparameterun-
certaintiessupportsearlierfindingsin Zickfeld et al. (2005).
The interpretationin termsof whetherthe regime transition
canbe reachedunderglobal changeis twofold: on the one
hand– undertheassumptionthat themodelis reliable– the
uncertaintyanalysisshows that the bifurcation point is far
away from today’s valuesand that we can be very certain
that we will not reachthis point in the nearfuture. On the
otherhand– underthe assumptionthat the model is just a
conceptualonethat lackssomemechanismsandwill not be
ableto give anestimateof the truevalueof M
B at thebifur-
cationpoint– thisanalysisshowsthatwehaveto dealwith a
wideuncertaintyrange.Undertheseuncertaintiesit is hardly
possibleto decidehow farawaywearefrom thebifurcation.
The proximity of the systemto sucha thresholdcould e.g.
be estimatedby meansof an analysisthat builds on a shift
of thespectrumof observationaldatawhencomingcloserto
thebifurcationpoint (Held andKleinen,2004).

Theseresultssuggestthe needfor further investigations
with amorecomplex model,suchasahighresolutionGCM,
to comeup with more robust conclusionsaboutthe actual
point of this possibletransition. Furthermore,as we have
only investigatedthesensitivity of thebifurcationagainstpa-
rameteruncertainties,a next stepwill be a structuraluncer-
taintyanalysiswheredifferentparameterisationsandmecha-
nismsareanalysed.
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Table 1. Parameterset � ³(´ with therangesthatarechosenfor the
sensitivity analyses.Theentriesin this list arerankedaccordingto
their importancededucedfrom the GSA: the first parameteris the
mostsensitive,thelastonewith theleastinfluence.¦ is themeanof
theabsolutedistanceÅ Æ�Ç � Å (seetext) with respectto theparticular
parameter.

parameter[unit] range ¦
in [unit] [10 È ° ]�;É p integral transmissionfunc.

in clear-sky atm. [1]
0.72–0.86 12.23ÊfË!Ë

parameterof the outgoing
radiation[W/m 
 /K]

1.6–2.3 11.37Ì/Í
constantfor determination
of eddydiffusivities [1]

0.1–0.8 3.87Î pÐÏ optical thicknessof stratus
clouds[1]

5–15 3.47Ñ Ë
parameterof the temper-
ature height dependence
(lapserate)[10 È ° K/m]

4.8–7.2 3.13

Table 2. Setof the anthropogenicallyinfluencedparameters� µ�´
of themonsoonmodelthatarechosenfor thedeterministicparam-
eterscreening.In the last column,an upward pointing arrow ( Ò )
denotesanincreasinganthropogeniceffect on theparametersanda
downwardpointingarrow ( Ó ) a decreasingeffect.

parameter[unit] range
in [unit]

ref.
valueÎ p�Ï optical thickness of

stratusclouds[1]
5–15 7.5 Ò

� Ì	Ô 
 atm. CO
 concentra-
tion [ppm]

300–440 360 Ò�­Õ É temperature at the
oceanboundaries[K]

298–303 300 Ò��Ë
surface roughness
length for vegetated
soil [m]

0.01–0.8 0.1 Ó
" É p clear-sky albedo[1] 0.02–0.07 0.05 Ò


