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Abstract. Parametemncertaintyanalysisof climate mod-
elshasbecomea standardapproactior modelvalidationand
testingtheir sensitvity. Here we presenta novel approach
that allows oneto estimatethe robustnessof a bifurcation
pointin amulti-parametespace In this studywe investigate
a box modelof the Indian summermmonsoorthat exhibits a
saddle-nodéifurcationagainsthoseparameterthatgovern
theheatbalanceof thesystem.Thebifurcationbringsabouta
changdrom awet summemonsoorregimeto aregimethat
is characterisety low precipitation. To analysethe robust-
nessof the bifurcation point itself andits locationin phase
spacewe performamulti-parameteuncertaintyanalyse®y
applyingqualitative, Monte Carloanddeterministionethods
thatareprovidedby a multi-run simulationenvironment.

Our resultsshow that the occurrenceof the bifurcation
point is robust over a wide rangeof parameteralues. The
positionof the bifurcationin phasespacehowever, is found
to besensitve on thesespecificparametechoices.

1 Intr oduction

The Indian summermonsoon(ISM) is a yearly recurring
phenomenorhatbringsvital rain to India. The ISM devel-
opsin summerdueto thermalgradientsbetweenthe warm
Indian continentandthe coolertemperaturesverthe Indian
Ocean. The warmerair massesver land resultin areasof
low pressurevhereasover the oceanthe colderair masses
yield higherpressuresThis pressurg@radiententailsthesup-
ply of moistureover the Indian continentthatascendsgcon-
densatesandis releasedsprecipitation.

Theinfluenceof anthropogeni@ctiities on the ISM has
beeninvestigatedn a numberof studies.Most of themindi-
catethat emissionsof greenhousgasesthat alter the heat
budget of the systemand thereforethe land-seatempera-
ture contrast,could increasethe ISM intensity and/orvari-
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ability (Meehl and Washington,1993; Zwiers and Kharin,
1998; May, 2002, e.g.). On the other hand, thereis evi-
denceof aerosol-inducedeductionof precipitationaswell
(Patraetal., 2005, e.9.) or of no clearindicationfor anin-
fluenceof globalwarmingatall (Kripalanietal.,2003).In a
studyof amodelof the ISM it wasshowvn thatthe monsoon
canundego a transitionfrom a wet to a dry regime dueto
anthropogeni@ctuity (Zickfeld et al., 2005), which would
have dramaticeffectsfor the populationof India. The most
importantfinding in this modelis a saddle-nodéifurcation
againstthe planetaryalbedo,that is the albedoat the top
of the atmosphereand other parameterghat influencethe
heatbudgetof the system. As the planetaryalbedomay be
modifiedby humanactuities, suchasemission®f scattering
aerosolsaindland-cover corversion thereis concerrthatthis
regimeshift couldbetriggeredunderglobalchange Palaeo-
climte dataindicatethat sucha regime transitionmay have
occurredduring the last glacial period (Burns et al., 2003)
andthe Holocene(Guptaetal., 2003). To testtherobustness
of the bifurcationit is indispensabléo accomplisha multi
parameteuncertaintyanalysisto investigatehe dependence
of themodelresultsfrom thechoiceof theparametersMore-
overit is desirableto exploretheinfluenceof anthropogenic
perturbation®n the positionof the bifurcationpoint.

In the recentyearsmulti parameteuncertaintyanalysis
hasincreasinglypecomeastandarapproaclin climatemod-
elling to quantify model uncertainty By a multi param-
eter uncertaintyanalysiswe meanan analysiswhere sev-
eralparameterarevariedsimultaneously to coverthewhole
rangeof possibleparametecombinations.As thisis a very
time consumingandcomputationallyexpensve proceduren
large models,only a few parameterarenormally varied. A
detailedparametestudy with 11 parameterhasbeenper
formed by Schneidervon Deimling et al. (2006) with the
CLIMBER-2 model of intermediatecomplexity to reduce
the uncertaintyrangefor climate sensitvity, definedasthe
changen equilibrium global meantemperaturdollowing a
doublingof atmospheri€O, content. Similar studieswere
carriedout by Knutti et al. (2002) and Forestet al. (2002).



Stainforthet al. (2005) studiedthe sensitvity of a general
circulationmodel(GCM) by varying six parametersin our
casethe challengeis to expandsuchan analysisby provid-
ing not only themulti parametesettingbut additionallyper
forming a bifurcationanalysis. On the otherhand,we have
theadvantagehatourmodelis aconceptuabnethatrequires
only limited computationafesources.The innovative point
is thatwe investigatethe bifurcation point in the whole pa-
rameterspaceandnotjustin dependencentwo parameters,
asit is mainly donein otherbifurcationuncertaintystudies,
e.g. by KumarMittal et al. (2005)for a paradigmatianon-
soonmodelor Longworth et al. (2005) for a box model of
the thermohalinecirculation. Another approachthat deals
with modeluncertaintyin relationto bifurcationswas pre-
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 usedbifurcation analysisprogram
AUTO (Doedel,1981),thatis basedn a numericalcontinu-
ationmethod providesthe possibilityto follow a bifurcation
point in two parametedirections. CONTENT (Kuznets@
etal., 1997),anothemifurcationanalysissoftware,is indeed
ableto handlea continuationin three parametedirections,
whatis still notenoughfor our modelwith nearly60 param-
eters.To realisethemulti-parameteanalysisve applyanen
methodbasednthecombinatiorof themulti-run simulation
ervironmentSimEn (Flechsiget al., 2005; SimErv, 2006)
with AUTO thatwill be describedn the following. As this
methodis model-independerdand thereforedemonstrates
generalapproachit canbe appliedto othermodelsof simi-
lar compleity, wherethe robustnesf a certainbifurcation
pointis 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 deducethe mostinfluential parametersWe pro-
ceedwith Monte Carlo analyses that allow to studythe er-
ror propagatiorof the parameteuncertaintiesn the model
(cf. section3.2) thatis followed by a deterministic parame-
ter screening (cf. section3.3)to investigatehow the model
performsunderchangesof theseparameters.We will fo-
cusontheanthropogenicallynfluencedparameterso inves-
tigatewhetherthe abruptregimetransitioncouldberelevant
underglobalchangeandconcludeour analysisn section4.

2 Model and method

The model investigatedhereis a box model of the Indian
summermonsoon(Zickfeld et al., 2005; Zickfeld, 2004).
Themodelconsistof athree-layettropicalatmospherever
atwo-layersoil module.It includestherepresentationsf the
hydrologicalcycle aswell assurfacehydrology. The prog-
nosticvariablesin the modelarethetemperaturd’, andthe
specifichumidity g, over India, andthe soil moistureof the
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Fig. 1. Schematicview of the box model of the Indian monsoon.
T denotestemperatureg specifichumidity w; andw, arethe
soil moisturesin the upperand lower soil layer The variables
inside the box (T'(z), g(z), w1, w2) are calculatedprognostically
whereaghe climatic conditionsat the box boundariegT;, ¢;, with

i € {oc, T'ib}) areexternally prescribed.

two soil layersw, , wo (cf. Fig. 1).Variablesuchasprecipita-
tion, evaporationandthe monsoorrcirculationarediagnosed
from theabove-mentionedour.

Thetemporalevolution of the surfacetemperaturd’, and
thespecifichumidity ¢, arecomputedrom theverticallyin-
tegratedcombinedsurface-plus-atmospherfeatandthe at-
mospheriavatervapourbalancesquations:

H,
/ cp p% dz + hscs% =F (1 - Ag,)—Fr+
0
Ar+L(C-E), (1)
Hq
/ p%dz:E—C+Av, (2)
0

wheref = T'(z) + I';z denotesthe potentialtemperature
andrl', theadiabatidapseratein theatmosphereTheverti-

cal profile of thetemperaturd’(z) is parameteriseth terms

of the nearsurfacevalueT, with alinear profile in z in the

tropospheréT'(z) = T, — I z) anda constanprofile in the

stratospherél’(z) = T, — I' H;) with thelapserateI" and

the heightof the tropospherdd;. ¢(z) is thevertical profile

of specifichumidity and £ refersto the latentheatof evap-

oration. The termson the right handside of the equations
denotethefollowing fluxesandsources/sinks:

— F: Incidentsolarradiationatthetop of theatmosphere,
— Fy: Outgoingradiationat thetop of theatmosphere,

— Asys: Planetaryalbedo,

— E: Evapotranspiration,

— C': Condensatiomate,

— Ar: Horizontaladwectionof heat,

— A,: Horizontaladwectionof moisture.
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Fig. 2. Bifurcationdiagramfor the summemonsoorprecipitation
in dependencef the surfacealbedoA,. The saddlenodebifurca-
tionis at A, = 0.483. The vertical dottedline marksthe present
dayvalue.

Further H, denoteghe heightof the atmosphereandp =
p(z) theair density ¢, is the specificheatof air, ¢; theheat
capacityper unit soil volume,andh, the depthof the upper
soil layer.

The soil moistureis describedexplicitly accordingto a
two-layer model (Hansenet al., 1986), wherebythe water
contentof the upperlayerrespondgo evapotranspiratior
and precipitation P andthe lower layer actsas a reserwir.
Theratesof changeof moisturein thetwo soil layersare:

(9’11}1_P—E—R w1 — W2

Ea? . ®
(9’[1}2 _ fl w1 — Wa
R @

wherethewetnessf theit? layerw; is theratio of available
waterto field capacity f;. Further R is the surfacerunoff
andr thetime constanfor diffusionof moisturebetweerthe
two layers. A completedescriptionof the modelis givenin
Zickfeld (2004).

AstheplanetaryalbedoA,, s dependsimongotherparam-
eterson the cloudsandtherespectie albedoswe explicitly
modelthe planetaryalbedoand cloudinessN, to allow for
a more detailedstudy of the anthropogeniénfluence. The
planetaryalbedois the weightedsumof the albedosof stra-
tusclouds,cumuluscloudsandtheclearsky atmospherehat
dependon the respectre cloud amount. With this formu-
lation, the surfacealbedo A senesasbifurcationparame-
ter, representinga crucial parametethat can be influenced
by anthropogeni@ction. The ISM shavs a saddlenodebi-
furcationagainst4, anda certainparameterangewherea
bistableregimeis presen{(cf. Fig. 2).

For the multi-parameternalysiswe first have to identify
a(large)setof parametersvith their uncertaintyranges.The
multi-run simulation ervironment SimErnv draws samples
from this parameterspacewhere eachsamplecorresponds

3

to the goal of a specific sensitvity experiment. SimErv
providespre-definedexperimenttypesthat correspondvith
methodgo dealwith modelsensitvity anduncertaintysuch
asMonteCarlotechnique®r deterministicsensitvity exper
iments. The model underinvestigationis interfacedto the
simulationervironmentby minimal sourcecode modifica-
tions. As AUTO needsa stablestateof the systemasa start-
ing point, wefirst integratethemodeluntil it reachegquilib-
rium. For eachparametesamplepoint of an experimentwe
startthe qualitative analysisusing AUTO with this equilib-
rium stateandrun abifurcationanalysisagainsthespecified
bifurcation parameter During interactive experimentpost-
processingthe combinedstateandparametespacds inves-
tigatedandsensitvity anduncertaintymeasuregrederived.
Heresensitvity is relatedto the bifurcationpoint SN1of the
system(cf. Fig. 2) andit is analysedvhetherandat which
value— for a certainparametesetting— the saddlenodebi-
furcationoccurs.As our modelis a conceptuabnewe have
—in contrastto similar studieswith GCMs — the advantage
thatit requiresonly limited computationatesourceso we
caninvestigatea large setof parameterandsamplepoints.

We investigate38 out of 59 model parametershat either
influencethe heatbudgetof the system,dependon anthro-
pogenicinfluence,or aretuneableparameterén the model.
The otherparameterarephysicalconstantor have only an
influenceon the transientdynamicsbut not on the equilib-
rium state,ase.g f; in Eq. (4). We distinguishthe parame-
tersthatreferto obsenationalquantities(e.g. for the ocean
temperaturel,.) from the entire model parametersndde-
terminethe uncertaintyrangesof the former by analysing
the obsenedvalues-if they wereavailable— for the period
1948-2004from the NCAR/NCEPreanalysigKalnayet al.,
1996) or by including future projections(e.g. for the CO,
concentratiorpCO,). For the other parametersve simply
assumea + 5% or + 10% deviancefrom the default value
in the model. The parameterangesare chosensuchthat
they areequallylikely andassociatedvith the sameuncer
tainty. We assumehatthe parameterareequallydistributed
overtheir rangeswhich constituteof coursea certainbias,
but aswe focuson qualitatve changeghis assumptiordoes
not affect our conclusions. Besidesthe full parameterset,
denotedas Pss in the following, we will investigatetwo 5-
dimensionakubsetsThisis the parameteset Ps; including
the five mostinfluential parameter@andthe subsetP,5 that
denotedive mostimportantanthropogenicallinfluencedpa-
rameters.

3 Multi parameter uncertainty analysis
3.1 Globalsensitvity analysis

The mainideaof the global sensitvity analysis(GSA) is to
identify thoseparameterghat influencethe position of the
bifurcation point the most (the least)andto comeup with
a qualitatve ranking of the parametersaccordingto their
importance. The methodapplied by SimErv is the Mor-
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Fig. 3. Applied SimEns parametespacesamplingstrateies. Ex-

amplesfor a two-dimensionalparameterspace P,=(p1,p2): ()

Monte-Carloanalysiswith a samplingschemaaccordingto prob-

ability densityfunctions, (b) global sensitvity analysisto deduce
a qualitatve rankingof the parameters(c) deterministicparameter
screenindo investigatehemodel’s behaiour. Thepoint“o” marks
thedefault value,thecrossesx” denotethe samplingpoints.

ris method(Morris, 1991), modified by Campolongoeet al.
(2005). For the GSA we investigatethe parametesset Psg
with the specifieduncertaintyrangeghataresubdvidedinto
m = 6 equalintervalsfor eachparameter On theresulting
regular grid of 38™*! grid pointsthe GSA lays randomly
trajectorieghroughthis 38-dimensionaspacewherebytwo
adjacentpointson a trajectoryonly differ in one parameter
p;- The points are simultaneouslyadjacentgrid pointsand
eachp; is variedonly onceon every trajectory In the pa-
rameterspacethis resultsin trajectorieswith 38+1 points.
For m = 4 andtwo parametershis is exemplarily shovn
in Fig. 3b for four trajectories. Measuredis the distance
AF;; betweenthe two valuesfor the surfacealbedoA; at
the bifurcationpoint of the jt" trajectorywith respecto the
parametep; thatis varied. Two statisticalmeasuresrede-
rivedfor eachparametep; from this analysis:the meanab-
solutevaluey; = mean(]AF;|) andthe standarddeviation
o; = o(AF;) overall trajectories.A high meanvaluey; is
interpretedasan importantoverall influenceof the parame-
ter on the model output. A high variances; indicatesthat
the parameteis involvedin interactionswith otherparame-
terswith respecto themodeloutputor thatthe effect of the
parameteon the model outputis non-linear(Saltelli et al.,
2004). Thevaluesfor u; candirectly beinterpretedn terms
of thebifurcationpoint: onaveragethesaddlenodeis shifted
abouty; unitswhenthe parametep; is variedfrom onegrid
pointto anadjacenbnein the givenparameterange.

Herewe randomlysample1000trajectories resultingin
39,000samplepointsandsingle modelrunsin total, where
only 1,236do not shav a saddlenodebifurcationand1,478
runscannotbe includedin the analysisasthey shav anab-
normaltermination. This meansthatin 93 % of the runsa
saddlenodebifurcationoccursJeadingto theconclusiorthat
thebifurcationpointis avery robustfeatureof themodeland
notjustdueto a specificchoiceof parameters.

Figure4 displaysthe rankingaccordingto the valueof
and ¢ resultingfrom this analysis. The ranking obviously
depend®n the choiceof the parameteranges However, by
performinga secondGSA with slightly differentrangesfor
someof the parametersywe could confirmthe rankingfrom
Fig. 4 with only minor exceptions.As the choiceof the un-
certaintyrangeis somavhat arbitrary the absolutevalue of
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Fig. 4. Resultsfrom the GSA with 39,000runswith respecto the
valueof A, atthe bifurcationpoint. i ando areexplainedin the
text. Thesix mostinfluential parameteraremarked.

the meandistanceu hasto be consideredn the interpreta-
tion aswell. This all the more,aswe obtaina clusteringof

the parametesensitvities with only afew very sensitve pa-
rametersanda large clusterfor the others(cf. Fig. 4). The
GSA allows usto deducetwo parametesubsetsThe setof

the five mostinfluential parametersyherewe omit herethe
parameterdyg asit describeghe samephysicalprocessas
By (outgoinglongwave radiation). The subsetP,5 thatin-

cludethe five mostinfluential parametershat are subjectto

anthropogenidlisturbancesistedin Tah 2.

Catayorisingthe parameterdy their influenceon certain
variablesor processest attractsattentionthatthoseparam-
etersare highly influential, which determinethe planetary
albedoA,,, throughthealbedosof the clearsky (influenced
by the parametetP,,) andthe clouds(7s;, a parametede-
terminingthe albedoof stratusclouds). By affectsthe out-
goinglongwave radiationat the top of the atmospheré; in
Eq. (1). C}, determineghe monsooncirculationandthere-
fore the adwection of heatand moisture Ar and A4,, cf.
Eqg. (1) and(2), andthe coeficientT'y determineghe lapse
rateI” andthereforethe heatbudgetof the systemaswell.

3.2 MonteCarloanalysis

A MonteCarloanalysigMCA, cf. Fig. 3a)relatesuncertain-
tiesin parametewaluesto uncertaintyin an outputquantity
andthereforedemonstratethe error propagatiorthrougha
model. We implementa Latin hypercubesampling(McKay
etal., 1979),to reducethe total randomness.For all three
parametesetsPsg, Pgs, and P4y we performed20,000runs
wherefor P33 96.4%andfor Pss and P45 all of the runs
shaved a saddlenodebifurcation. This againconfirmsthat
the saddlenode bifurcation is a very robust resultin this
modelunderparameteuncertainty For Psg the distribution
of the bifurcationpointsshawvs approximatelya normaldis-
tribution aroundthe meanvalueof A, = 0.486 (cf. Fig. 5).
The standarddeviation is ¢ = 0.04 which correspondgo



B. Knopf etal.: Uncertaintyanalysisof a bifurcation

1400

12001

10001

800

frequency

600

4001

200r

0.4 0.45 0.5 0.55 0.6
surface albedo AS

Fig. 5. Resultsfrom the Monte Carlo analysesfor the whole pa-
rameterset Pz (light grey), for thefive mostinfluentialparameters
Pg5 (darkgrey), andthefive anthropogenicallynfluencedparam-
etersPys5 (black) all sampledwith a Latin hypercubeschemeThe
figuredisplaysthe frequeny of the value of the surfacealbedoA,
atthebifurcationpoint. For P3s themeanvalueis A, = 0.487, for
Pss: A; = 0.50, andfor Pas: As = 0.474. The vertical dotted
line at As = 0.483 marksthedefaultvalueof A, cf. Fig. 2.

about10% of the meanvalue. The 5% and95% quantile
areat A, = 0.56 and A; = 0.43. For the subsetP,5 the
distribution is shifteda bit to lower valuesfor A; andshows
a much smallerstandarddeviation of ¢ = 0.012 arounda
meanvalueof A; = 0.474. TheparametesetPgs;, however,
coversa large rangeand particularly the part of the higher
valuesfor the albedoof the total uncertaintyrangeof Pisg.

It is sensibleto discusstheseresultsin relation to to-
day’s valuefor the surfacealbedoover India andto possible
changesdn this value. The present-dayalue of the surface
albedoderivedfrom satellitedata(MODIS, 2006)is approx-
imately 0.164 for summerconditions. The surfacealbedo
hasapossiblerangefrom A; = 0.12 for evergreenbroadleaf
treesto A, = 0.3 for desert(Dickinsonetal., 1986).Hence,
even corversionof the total land-corer to desertwould not
leadto atransgressionf thebifurcationpoint.

3.3 Deterministicparametescreening

We perform the deterministic parameter screening (cf.
Fig. 3c) asanin-depthparameteuncertaintyanalysisto in-
vestigatehow themodelbehaiour changesn dependencef
certainparameters-romthe GSAwe have deducedhequal-
itative ranking of the parametersvith respectto their influ-
enceonthelocationof the saddlenodebifurcation. To make
surethatthe mostimportantparameteraredepictedbut that
thesamplespacds nottoo largeto hampeittheinterpretation
of results the setof the five mostinfluential parameterds;
is choserfor theanalysig(cf. Tah 1).

We separateeachparameterangefrom Pgs intom = 4
equidistanintervals. Theresulting5® grid representa sam-
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Fig. 6. Maximumvaluefor thesurfacealbedoA, atthesaddlenode
bifurcationin dependencef theparametesetPs5. Thecolourrep-
resentgshe maximumvalueof the surfacealbedoA, atthebifurca-
tion point over thosetwo dimensionghatarenot shovn. The units
for theparameterareasin Tah 1.
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Fig. 7. SameasFig. 6 but for the minimum of the saddle-node
bifurcation.

ple with 3125samplepointswhereall of the corresponding
modelruns showv the saddle-nodeifurcation. To visualise
this 5-D parametespacewe hold constanthreeparameters
in eachcase.We calculatethe maximumandminimum, re-
spectiely over the 25 values— correspondingo the other
two dimensionghat arenot showvn — for the bifurcation pa-
rameterA, ateachpointin the3-D spaceln total we obtain
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,
whetherthe changeof the positionof the saddlenodebifur-
cationin dependencen one parametep; is linear (or non-
linear) or whetheran increaseof p; leadsto anincreaseor
decreasef thevaluefor thesurfacealbedoatthebifurcation
point.
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Fig. 8. SameasFig. 6 but for the parameteset P45. The black
squaredenoteghe presentday state,the arravs indicatethe direc-
tion of abusinesasusualpathof anthropogeniperturbationsThe
unitsfor theparametersreasin Tah 2.

Thedirectionfrom alow to a high valuefor A, in each3-
D subspacés the samefor the maximumandthe minimum.
For all 10 parametecombinationghevariationin thevalues
is continuousthereis noabruptchangeor reversionof thedi-
rectionof increasingraluesfor A,. Therangefor thesurface
albedoA, in each3-D subspaceesemblesherankingfrom
Table 1: the higherthe rank of the involved parametershe
broaderis therangefor thesurfacealbedoA,. Moreover, the
cumulatedrigs.6 and7 shav thatthesdive parameteralone
coveralargerangeandparticularlythepartof thehigherval-
uesfor the albedoof thetotal uncertaintyrangeevaluatedoy
the MCA (cf. Fig. 5).

The directionsof increasingvaluesfor A, canbe inter
pretedby analysingthe involved processeshat are repre-
sentedby theparametersThe mechanisnfor thebifurcation
stronglydependn the enegy balanceover India. All pro-
cessesffectingthis mechanisnge.g.incomingandoutgoing
solarradiation,adwectionof heatandmoisture)will certainly
alter the position of the bifurcationpoint. The effect of the
five mostinfluential parameterganbe relatedto this mech-
anism: The smallerthe albedoof the clearsky (represented
by P,,;) andaccordinglythe planetaryalbedo,andhencethe
highertheincomingsolarradiationF, (1 — A,,;), thehigher
is the amountof availableenegy. Thereforea highervalue
for A, is neededto get below the critical value wherethe
monsoorctirculationcannotbe sustainearny more. Theheat
balanceequation(cf. Eg. (1)) explainsthe influenceof the
parameteBy, thatdirectly influencegheoutgoingradiation
F; (cf. Eq.(1)): thelower Byg andhencethe outgoingra-
diation F}, the higheris the available amountof heatand
thereforethe valuefor A, atthe bifurcation. C;, determines
the strengthof the monsoorcirculationandasit enterswith
theinverse ahighervaluefor C, resultsin alower valuefor
themaximumandminimumatthebifurcationpoint. Theop-
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Fig. 9. SameasFig. 8 but for theminimumvalues.

tical thicknes=f the stratuscloudsr,; hasasimilar effecton
thealbedoof thecloudsasP,, ontheclearsky albedosothe
stabilisingeffect leadshereaswell to highervaluesfor the
bifurcation point. The lapserate coeficient T’y determines
thelapserateI” andthereforethe verticaltemperaturgrofile
(seemodeldescription):thehigherTy, the lower is thetem-
peratureat a specificheightz andthe lower is the advection
of heatby theuppertroposphericirculationfrom landto the
ocean.Thisimpliesthatmoreenegy is availablewhatshifts
thebifurcationpointfurtherto highervaluesof A,.

The sameanalysiscanbe taken out for the parameteset
Py5 listedin Tah 2. This investigationwill accountfor the
uncertaintyin futureprojectionghatcouldalterthemonsoon
characteristic§rom a wet to a dry regime. Anthropogenic
activities can alter the CO, concentratiorby the emission
of greenhousgases.This hasan effect on the global mean
temperatureand thereforeon the temperatureat the ocean
boundaried,.. The ongoingemissionof sulphateaerosols
hasanincreasingffectonthealbedoof theclearsky b., and
on the optical thicknessof the stratuscloudsr,;. Land use
or land cover changecan alter the surfaceroughness, of
India, for instanceby decreasingheroughnesslueto forest
corversion.

From Figs.8 and9 it canbe seenthatthe anthropogenic
influenceonthetwo parametersy andpC O, shiftsthebifur-
cationpoint further away from today's values.On the other
hand theincreasingraluesof 74, b.s, andT,. dueto human
actiity leadto a decreasef thevaluefor A, atthebifurca-
tion point. The destabilisingeffect of increasingthe albedo
parameters,; andb.s, which determinethe albedosof the
cloudsandtheclearsky, leadsto aloweramountof available
enegy and thereforelower valuefor A, at the bifurcation
point, asdiscussedeforein connectiorwith the parameter
P,s;. Theinfluenceof the oceantemperaturel,. is not con-
tinuouslyincreasingor decreasindput shavs a turning point
atT,. = 300 K thatis dueto somesymmetryeffect of the
temperaturd’, aroundT,. = 300 K. The stabilisingeffect
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of increasingCO; is relatedto the decreas®f the outgoing
radiationF}, thatis negatively correlatedwith CO, concen-
tration,sothatmoreenegy is availableresultingin a shift of

thebifurcationto highervalues.

FromFigs.8 and9 it canbe deducedhatit stronglyde-
pendson the exactvaluethe five parametersvill take in the
future to decidewhetheranthropogeni@ctionwill shift the
bifurcationpoint nearerto today’s values.

4 Conclusion

A new methodwasdevelopedandappliedfor investigating
the robustnesf a bifurcation point againstparametemun-
certaintiesn a modelof the Indian summemonsoon.This
methodbuilds on combininga bifurcation analysiswith a
commonsensitvity anduncertaintyanalysisin the high di-
mensionaparametespace.Suchanin-depthparameteun-
certaintyanalysisof a bifurcationpoint is a novel approach
and a universalmethodthat can be appliedto mary other
modelsof similar compleity, wherethe robustnessf a bi-
furcationpoint againsiparameteuncertaintiess of interest.
The multi-run ernvironmentSimErv with its simple model
interfaceand post-processingechniqueshasprovento bea
valuabletool for this kind of study

As anexamplefor an applicationof this methodwe have
analyseda reducediorm modelof the Indian summemon-
soonthat shows a saddlenodebifurcationin dependencef
the surfacealbedoand other parameterghat influencethe
heatbudgetof thesystem As thebifurcationgoesalongwith
acrucialtransitionfrom awet to a dry monsoorregime, we
wereinterestedn the estimationof the robustnesof the bi-
furcation point underparameteruncertainty The methods
that were performedfor global sensitvity and uncertainty
studiesarebasedn alargenumberof modelrunsandatool
for post-processinghe results. The multi-run environment
SimErv with its simplemodelinterfaceandpost-processing
techniqueshasshawn to be highly suitablefor this kind of
study

Themulti parameteuncertaintyanalysishasimpressvely
shavn thatthe occurrenceof the saddlenodebifurcationin
this modelis a very robustfeature. In over 96% of all runs
for the Monte Carlo analysisandin 93% of all runsfor the
globalsensitvity analysighe modelshavstheabrupttransi-
tion from awetto adry monsoorregime. Thepropagatiorof
the parametersincertaintieshowever, leadsto a very broad
rangefor the surfacealbedo A, at the bifurcation point in-
dicating a high uncertaintyaboutthe actualposition of the
bifurcationpointin phasespace.

Theglobalsensitvity analysisshavs thattheinvestigated
parametergliffer largely concerningtheir influenceon the
position of the bifurcation point. The mostinfluential pa-
rametersare relatedto the planetaryalbedo,the incoming
and outgoing solar radiation, and the lapserate. We have
alsoanalysedheinfluenceof anthropogenicallaffectedpa-
rameterghat have oppositeeffectson the positionof the bi-
furcation point relative to present-day Consequentlya ro-

bust conclusionconcerningthe influenceof humanactivity
cannotbe given here but requiresmodel experimentswith
plausiblescenario®f futurechanges.

Thefactthatthebifurcationis robustagainsparameteun-
certaintiessupportsearlierfindingsin Zickfeld etal. (2005).
Theinterpretationn termsof whetherthe regime transition
canbereachedunderglobal changeis twofold: on the one
hand- underthe assumptiorthatthe modelis reliable— the
uncertaintyanalysisshows that the bifurcation point is far
away from today's valuesand that we can be very certain
thatwe will not reachthis pointin the nearfuture. On the
otherhand— underthe assumptiorthat the modelis just a
conceptuabnethatlackssomemechanismandwill notbe
ableto give an estimateof the true valueof A, at the bifur-
cationpoint—this analysisshavs thatwe have to dealwith a
wide uncertaintyrange.Undertheseuncertaintiest is hardly
possibleto decidehow far away we arefrom thebifurcation.
The proximity of the systemto sucha thresholdcould e.g.
be estimatedoy meansof an analysisthat builds on a shift
of the spectrunof obsenationaldatawhencomingcloserto
thebifurcationpoint (Held andKleinen,2004).

Theseresultssuggesthe needfor further investigations
with amorecomplex model,suchasahigh resolutionGCM,
to comeup with more robust conclusionsaboutthe actual
point of this possibletransition. Furthermore,aswe have
only investigatedhesensitvity of thebifurcationagainspa-
rameteruncertaintiesa next stepwill be a structuraluncer
tainty analysiswheredifferentparameterisatiorsndmecha-
nismsareanalysed.
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Table 1. Parameteset Pss with the rangeshatarechoserfor the
sensitvity analysesTheentriesin thislist areranked accordingto
their importancededucedrom the GSA: the first parameteis the
mostsensitve, thelastonewith theleastinfluence.u is themeanof
the absolutedistancg A F;| (seetext) with respecto the particular
parameter

parametefunit] range u
in [unit] [107%]
P.;, integral transmissionfunc. 0.72-0.86 12.23
in clearsky atm.[1]
Byo parameterof the outgoing 1.6-2.3 11.37

radiation[W/m?2/K]

Ch constantfor determination 0.1-0.8 3.87
of eddydiffusivities [1]

Tst optical thicknessof stratus 5-15 3.47
clouds[1]

To parameterof the temper 4.8-7.2 3.13
ature height dependence
(lapserate)[103K/m]

Table 2. Setof the anthropogenicallynfluencedparametersdPs

of themonsoormodelthatare choserfor the deterministicparam-
eterscreening.In the last column, an upward pointing arrov (1)

denotesnincreasinganthropogenieffect on the parameteranda
downwardpointingarrow () adecreasingffect.

parametefunit] range ref.
in [unit] value

Tst optical thickness of 5-15 7.5 0
stratusclouds[1]

pCO, atm. CO concentra- 300-440 360 0
tion [ppm]

Toc temperature at the 298-303 300 0
oceanboundarie$K]

20 surface roughness 0.01-0.8 0.1 J
length for vegetated
soil [m]

bes clearsky albedo[1] 0.02-0.07 0.05 0




