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Abstract

Theauthorsintroducea simplemodelfor thetime-degnden evolution of tropical
"hot spots, orlocalizedregionswherethe seasurfacetempenture(SST)becomesin-
usualy highfor alimited period of time. Themodelconsstsof a single-columnatmo-
spherc modelunde corvective adjugmentwith a simple parameteriation of cloud
radiatve feedbacks coupledto anocean mixedlayer. For plausible parametevalues,
steadysoluions of this model can becane unsable to time-depenent oscillations,
which arestudiad bothby linear stablity analysisandexplicit time-dgpendet nonlin-
earsimulation. The oscilations typically have periods ranging from intraseasnal to
subamual. For paramegr valuesonly slightly beyond thethreshold for instablity, the
oscillationsbecomestrongly nonlinear, andhave a rechage-dschage chamacter The
basicinstability comesfrom the longwave radiaive feedkack of high clouds, which
tendsto enhance preeisting deepcorvection. Thisis courteractel by the shatwave
radiatve feedbackof the sameclouds, which eventudly (but notinstantareousy, be-
causeof the mixedlayer’s heatcapadty) reducesthe SSTenoud to rencer the model
stableto deepcorvection, shuting off the corvection. At that point the SSTbegins
warming againunde the resuling clear skies startirg the cycle over. Surfaceflux
feedtacks can be consiceredincluded in a crude empirical way, becase underthe
assumpbn that cloud-radiative feedlackscanel at the top of the atmosplere, their
function is only to transfer enegy from oceanto atmosyere. This is exactly whata
surface flux does so the sameparaneterizaion canbe corsideral to representboth
processes.

Theautlorsalsoexaminetheforcedlinear respnseof themodel,in aweakly sta-
ble regime,to animposedatmogphericoscillation. This is meantto crudely repregnt
forcing by anatmospleric intraseasoal oscillation. The models respnseasa func-
tion of mixedlayerdepthis not monotonc, but hasa maximumaround 10-20meters,
which happasto be close to the obsevedvaluein the westernPacific warmpod.



1. Introduction

Obsenations clearly shav intraseasonavariability in seasurface temperaturgSST) in
tropical regions of high meanSST (Lin andJohnson1996; Zhang,1996; Lau and Sui,
1997; Fasulloand Webstey 1999; Woolnoughet al., 2000; VecchiandHarrison,2002) It
is clearthatintraseasonatmosyeric variability, muchbut not necessarihall of whichis
associateavith the Madden-Juliaroscillation(MJO), is largely responsibldor generating
the SSTvariability (Waliserand Graham,1993; Zhang,1996; Hendonand Glick, 1997;
Jonesetal., 1998). On the otherhand,sinceSSTis generallyexpectedto modulatedeep
atmospleric corvectionover tropicaloceansit is naturalto expectthatthis SSTvariability
may influenceatmospheriwariability onthe samentraseasondlme scale Jeadingto cou-
pled dynamics.We presenta simde modelwhich aimsto captureonekey mechanisnof
coupledtropical ocean-atmospherariability on theintraseasonaime scale.This mech-
anismresultsfrom local interactionshetweendeepcorvection,cloud-radiatve processes,
surfaceeneqgy fluxes,andoceammixedlayerthermodynanas.

Sincethe MJO is the dominantmode of intraseasonavariability in the tropics, the
presentstudyis relevantto the question:“to what degreeis the MJO a coupledmode?”.
Generackirculationmodel(GCM) studiedocusedonthis questionsuggesthatthethermo-
dynamicresponsef the oceanmixed layerto the MJO hasa non-ngligible effect on the
atmosplere,amplifying the MJO andlowering its frequeng (Flatauet al., 1997;Waliser
etal., 1999;Hendon,2000;KembaltCook et al., 2002;Maloney andKiehl, 2002;Inness
andsSlingo,2003),thoughHendon(2000)foundessentiallyno effectfrom coupling. While
we arein partmotivatedby thesestudiesthe modelpresentedhereis nottruly a modelof
the MJO, sinceit lackshorizontalstructureandpropagatiorcharacteristicsyhich arees-
sentialcomponentsf the obsenedMJO (ZhangandHendon,1997).

A moredirect obsenational motivation for our modelis provided by Waliser(1996).
Walisers studywasmotivatedby theappareninability of SSTto exceedalimit someavhere
around30°C , exceptby a small magin on relatively shorttime scales. This hadled to
muchdebateregardingthe mechanisnthat setsthis limit (RamanathaandCollins, 1991,
Fuetal.,1992;WaliserandGraham,1993;HartmanrmrandMichelsen,1993;Lindzenetal.,
2001; Hartmannand Michelsen,2002a;Lindzen et al., 2002; Hartmannand Michelsen,
2002b).As pointedoutby Waliser(1996),muchof thedisagreemeris relevantonly to the
tropicalmeanSST For a given tropicalmeanSST, the questionof whatpreventsthelocal
SSTin thewarmestregionsfrom rising above amaximumvalue,presentlyaround30°C (a
numberwhich may perhapssary onlong time scalesasa functionof the meanclimate),is



somevhateasietto addressWaliser(1996)reasonedhatwhateserthelimiting mechanism
is, it probablyactsin a time-dependenttashionto dampout “hot spots”,or localizedre-
gionswherethe SSTexceedghelimiting valueon spatialandtemporalscalesabose some
thresholdgwhich hechoseo beafew hundreckm andabouta month). This motivatedhis
detailedobsenatioral studyof the evolution of composie hot spots which suggestdthat
thereductionin surfaceshortwave radiationby high cloudsis thedominantmechanisnthat
limits SST, althoughthe increasen surfacelatentheatflux alsoplayeda significantrole.
Cuhbukcu andKrishnamurti(2002) analyzedthe mechanismgontrolling westerntropical
Pacific SSTon differenttime scalesn a fully coupledatmosphere-oceaBCM andfound
that,ontheintraseasondime scale the shortwave feedbacks dominantwhile the surface
evaporatiam feedbackis secondary— in agreementvith Waliser’s obsenational result—
while the corversewastrue onthe semi-annuatime scale.

We present,then, an idealizedmodel for the time-dependenbehaior of SST “hot
spots”,or localizedregionsof high SST Our modelrepresentdn asimde way, feedbacks
betweenSST, deepcorvectian, high cloud-radiatve feedbacksand surfacefluxes. We
focuson this subsebf processebecausmbsenational and GCM studiessuggesthatthe
moduhtion of shortwave radiationby cloudinesss eitherthe dominantmechanismor at
leasta significant one, by which tropical SST is limited on thesetime scales(Waliser,
1996;HendonandGlick, 1997;LauandSui, 1997;Jonestal., 1998;FasulloandWebster,
1999, 2000). Our model can, undera certaininterpretation,be consideredo represent
the evaporaton feedbackaswell asthe cloud-radiatve feedbacks.However, for reasons
to becomeclearshortly evenwhenseenin the mostfavorablelight the modelcanin no
way be construedasproviding ary independengvidencefor therelatve importanceof the
radiatve andevaporatve feedbacksn controllingSST

Particularly becauseof its severe truncationof atmosgeric dynamics,our modelis
considerablysimger than the model of Wang and Xie (1998), while at the sametime
being somavhat more explicitly physcal thanthoseof Waliserand Graham(1993) and
HartmannandMichelsen(1993),all of which have beenusedto addresselatedquestions.
Both becaus®ur modelcontainsno horizontaldimensia andbecausét is formally valid
only in the limit of small horizontalscale(seeappendix),it is not a modelof the MJO
per se, althoughit may nonetheles$e helpful in understandinghe role of the oceanin
modifying the MJO.

Thefollowing sectionintroduceghemodel. We thenpresent linear stability analysis,
shav somenonlinearnumericalsolutions, discussthe mechanisnof the oscillation,and



then considerthe forced problemof the samesystemdriven by animposedatmospleric
oscillation. We concludein sectiord4.

2. Model description

The atmospherianodel is a zero-dimensionateduction(i.e., to a single column with
fixedverticalstructure)of the Neelin-ZengQuasi-Equilbrium Tropical CirculationModel
[QTCM; NeelinandZeng(2000); Zenget al. (2000)], with the atmosphericemperature
heldfixed,ashasbeendonein a numberof tropical SingleColumnModels(SCM) studies
(Raymond2000;SobelandBretherton2000;Zeng,1998;ZengandNeelin,1999;Chiang
andSobel,2002),andasis discussedn detail by SobelandBretherton(2000). Thefixed
temperaturallows the large-scalevertical motion to vary, asrequiredin orderto balance
diabaticheatingvariationsgeneratedy the modelphysics. This large-scalevertical mo-
tion alsocontrolsthe moigure corvergenceandsofeedsbackonthephyscs. Theresulting
dynamicsgs ratherdifferentfrom thatwhich obtainsunderfixedlarge-scaleverticalveloc-
ity (e.g.,zero,asin radiatve-corvective equilibrium) but variabletemperatureThe SCM
studiesof intraseasonaladiative-corvective oscillations by Hu andRandall(1994,1995)
usedthe latterassumpon, limiting their precipitationanomaliedo very smallampliudes
(usuallylessthan0.5mm/day). Fixing thetemperaturallows our precipitation anomalies
to bemuchlarger (SobelandBretherton2000). This is importantbecause&loud-radiatve
feedbackswhichareparameterizetiereasafunctionof precipitationareessentiafor the
mechanisnof the oscillationson which we focus.

Theequationgor theatmospherare:

Msd=P—R, (1)
Aaq
— —Mg®=E-P. 2
bat a® 2)
(1) originatesas an equationfor the atmospheridemperaturel, but the rate of change
dT /dt hasbeendropped.T is actuallythe heatcapacityof air (Cp) timesthetemperature,
while q is thelatentheatof vaporizationof watertimesthe specifichumidity (in practice,
we thendivide both T andq by Cp, andexpressthemin degrees). d is the divergenceof
the horizontalvelocity, v. T, g, andv arefunctionsof t andimplicitly multiply a fixed,

specifiedvertical structurefunctionsin the vertical coordinate(Neelin and Zeng, 2000).



To obtainthe physicalfieldsfor T andq, specifiedreferenceprofilesmustbe addedto the
variablecomponentshatsolve the above equations.The basisfunctionsfor T andq have
asinglesignin thetropospherewhile thatfor v changesignoncewith height,thesignin
the equationsabove representingts valuein the uppertroposplere. (We usethe structure
functions,referene profiles,and constantsand coeficients derived from them, from the
version2.2 of the QTCM,; seetable 1 of NeelinandZeng(2000)or table 1 of Bretherton
and Sobel (2002). The temperaturestructurefunction is closeto a moig adiabat. The
humidty structurefunction is not exactly equivdent to constantrelative humidiy with
height, but is almostequivalentto thatin practice,sinceonly bulk, integratedaspectof
the profile are ever usedin the model.) P is precipitation,R radiatve cooling (assumed
positive), andE surfaceevaporation.We have negglectedsurfacesensibleheatflux sinceit
is small comparedo the evaporatia over tropical oceans.Ms and My arethe dry static
stabilty and grossmoidure stratification(Neelin and Held, 1987), taken in Neelin and
Zeng(2000)to belinearfunctionsof T andq:

Ms= Mg + MsgpT, 3)

with Mg, Msp, Mgr, Mgp constantsierived from the structurefunctionsfor T andg. Here,
sinceT is constantMs is also. b is a constantoeficient requiredfor consisteng.

In (2), thehorizontaladwective termhasbeendroppedgquialentin the primitive equa-
tions to the approximatbn O - (vg) ~ g - v with - the horizontaldivergenceandv the
horizontalvectorvelocity. We malke this approxination becausét is impossibleto model
thehorizontalgradientof any quantitysatistctorilyin asingle columnmodel. Theprimary
undesirableffecton our simuationsis that,astheatmospherenoisenslocally, thesystem
aswrittenabove assumethattheatmosierein adjacentegionsmoigensatthesamerate,
sothatthe moigure corvergenceassociateavith masscorvergencealsoincreasesgueto
the dependencef Mq on g in (4). Under certainconditins, this feedbackcan causean
instablity, but we view this instablity asspurious A more naturalphysicalassumpobn
would be that as the atmospheranoisenslocally in one spot, the humidity of adjacent
regionsis unchangedThis implies a greatermoisure gradient,in the sensehatwill lead
to greaterdrying asair is adwectedinto the moid region atlow levels (asit will be during
timesof significantprecipitation) yielding a negatve feedback.We attemptto mimic this
crudely andto suppresshe posiive feedbackresultingfrom the g dependencen (4), by
taking Mq constant.Thus(3) and(4) arenot usedin the model,exceptto renderMs con-
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sistentwith thevalueof T usedin theradiationparameterizatiogbelow), andto renderMg
consistenwith a typical meanvalue of g taken from a nonlinearsimulationin which (4)
wasusedandthe otherparametersverecloseto our controlvalues.
Theprecipitationis parameterizedsinga simplified Betts-Miller scheme
qg-T

P= ; q>T, (5)
Tc

PZO’ qST7

with 1. thecorvective time scale.Theradiatve coolingis parameterizetly

R=Ry—rP, rP<Ry, (6)
R=0, rP> Ry.
where T_1
Ro= —— (7)
R

with TR aradiatve time scale, T a radiatve equilibriumtemperatureandr a nonngaive
dimensonlesscloud-radiatve feedbackparameterEvidencegustfying this simpleparam-
eterizationof the greenhousevarming effects of high cloudsis presentedy Bretherton
and Sobel(2002). BecauseT is fixed, Ry is constantoncetr is chosen. The restriction
thatR be nonngdive is anadmittedy crudeway of preventing the unrealisticoccurrence
of netradiatve warmingof thetroposinere. The evaporatim is parameterizethy the bulk
formula

s (Tf) - QS’ ®8)
E

wheredg is the saturationspecifichumidty at the seasurfacetemperatureTs, andgs is
relatedlinearly to q by the vertical structurefunctionandreferenceprofile. 1g is thebasic
surfaceflux time scale. Fixing it is equivalentto taking the surface wind speedfixed.
This a major limitation of the model, though one which canin part be remediedby a
reinterpretatiorof theparameter discusedshortlybelow.

E=

Thelowerboundaryconditionis a dynamicallypassve bulk mixedlayer, satisfying

0Ts

whereC is the heatcapacityof the mixedlayer and S representshe combinedeffects of
shortwave radiationandlongwave radiation.Oceandynamicss neglectedon thebasisthat



it hasbeenfoundto exertaweakinfluenceon SSTin thewarmpoolregions(Seageetal.,
1988; Gent,1991)wherehot spotstendto develop (Waliser,1996) andthe MJO is most
active. Swill be modifiedby a cloud-radiatve feedbackwhich is consideredo acton its
shortwave component

A

s=$-rP, (10)

with S= constantThelongwave componentf Sis consideredixed. (6) and(10) together
imply thatthe neteffect of high clouds(the only kind we attemptto represenexplicitly in
this model)vanishesn the top-of-atmapherg(TOA) radiationbudget;high cloudswarm
theatmosplereandcool the oceanin equalmeasureasseemso be approximatehtruein
obsenations(Ramanathaetal., 1989;Harrisonetal., 1990;Hartmannretal., 2001).

An interestingaspecbf the TOA cancellations thatit renderghecloud-radiatve feed-
backequwalentto asurfaceflux, in thatits neteffectis to transferenegy from theocearno
theatmosphereavith no netlossor gainto the coupledsystem.This meanghat, to the ex-
tentthatvariationsin surfacelatentheatflux andsurfaceshortwave radiative flux variations
arein phasdor themodesof variability of interestthecloud-radiatve feedbackparameter
izationrepresentethy equationg6) and(10) canbereinterpretedasrepresentinghe sum
of cloud-radiatve andsurfaceflux feedbackswith a suitableincreasdan the choservalue
of r. Obsenatioral studiesof intraseasonal-to-subamal time scaleSSTand surfaceflux
variability show variatiors in surfacelatentheatflux andshortwave radiatve enegy flux to
benearlyin phasgHendonandGlick, 1997;LauandSui,1997;Jonestal., 1998;Fasullo
andWebstey 2000), within a weekor so, which is fairly shortcomparedo the period of
interesthere.

[Tablel abouthere.]

Key modelparametersareshawn in table 1 [seeZenget al. (2000)or Brethertonand
Sobel(2002)for the basicQTCM parameters]Of thesethe leastwell-constrainedy ob-
senationsare probablythe cloud-radiatve feedbackparameter andthe corvective time
scalet.. Brethertonand Sobel(2002)suggested =~ 0.2 basedon obsenations, but the
uncertaintyis considerablea rangeof 0.1 — 0.3 at leastis plausible.We chooser = 0.25;
this is fairly conserative if it is viewed asincluding the surfaceevaporatio feedbackas
discussedabore. The corvective time scalet. is often taken to be a few hours, based
largely on the performanceof generalcirculation modelsusingthe Betts-Miller scheme,
with somedependencen the grid spacing(Betts,1997). A time scalewith an equivaent
dynamicalrole arisesn theoreticabr modelirg studieswvhich relatethe column-irtegrated



precipitablewateror saturationdeficit to precipitation (Raymond,2000; Fuchsand Ray-
mond,2002;SobelandBretherton2003),andthesestudiesobtainvaluesof orderl d. We
take 1 d asour default valuefor thelinear stability plotsbelow, but examinesensitvity to
this parameteamongothers.In acloselyrelatedstudyGildor etal. (2002)we used0.3 d.

3. Results

a. Linear stability

Writing overbarsfor steady-statsoluion of equationg1), (2) and(9), usingthe explicit
form of the parameterizationsf (5), (6), (8) and(10) (assumingn steadystateP > 0), the
linearizedperturbatiorequationsare

/
IMs= (1+ r)?—, (11)
Cc
o L YII-qs o
b= ~8Mg= o (12)
0Ty qd YI{—0g
Ols _ 4 _Yls—G 13
ot rTC e (13)

wherethe constany comesrom linearizingthe Clausius-Clapgron equation
ds = a5(Ts) + YT

Assumirg solutions proportioral to e givesthedispersiorrelation

TEMet 0+y(l—H)M

=0. 14
MsTc ) MsTc (14)

R . C
bCteo®+ (yb+Chs+

where
M = MS_ Mq

is the grossmoiststability (NeelinandHeld, 1987;Neelin,1997;NeelinandZeng,2000)

and

is the “effective grossmoiststability” (SuandNeelin,2002;Brethertonand Sobel,2002)
[definedslightly differentlythanin BrethertonandSobel(2002)]. bs is the proportionalty
coeficient betweenrthe surfacespecifichumidity andg.



Thesolutionsare

(yb+CbS+CTEMeff)i[(yb+CbS+CTEMeff)2_ 4CE)TEV(1+I‘)M]1/2

MsTc

2C b'l' E ’

0=

(15)
or, writing out Mes ¢ in termsof Ms, r, andMg,

G_ (yb—l—Cbs—l—CTE[ M(T1+r)Mq])i[(VE)'i‘CAbs'i‘CTE[MSA;S(Tch)Mq])Z 4Cbr$v\|/ST1:-r ]1/2 )

2Cbt E

All the parameters@and coeficients are real, so the quantiy underthe squareroot is
eitherpurereal or pureimaginary If it is imaginary it gives the frequeng of oscillation,
andtheterm outsidethe squareroot givesthe growth rate. In thatsituation thefirst term
underthe squarerootis proportionalto the squareof the growth rate,andthe seconderm
is strictly posiive aslongasM is (whichwe assumas the casejn general).Fromthiswe
canseethatif theabsolutevalueof thegrowth rateis sufficiently large— whichin practice
means of the orderof the frequeny — o becomesgpurereal, andthe linear problemhas
only non-oscilatory solutions,eithergrowing or decaying.

To illustratethe behaior of thegrowth rateandfrequeng asa functionof parameters,
we contourthemasa function of r on they axis, andon the x axis corvectie time scale
Tc andmixed layer depth(mid) in fig. 1. The quadraticdispersionrelation(15) hastwo
solutions, and at every point in the figuresthe solution shavn is the one with the larger
growth rate,or real partof o, which canrequireswitchingbranches.

Over mostof the spaceshovn, andparticularlynearthe control valuesof the parame-
ters,thegrowth rateincreasesvith r andwith mixedlayerdepthanddecreasewith t.. The
dependencesnr andt. aremuchstrongethanthaton mld, or on otherparametersvhich
arenotshavn suchastg. Only for sufficiently larger andsufficiently smallt is thesystem
actuallyunstable As shovn below, thetransiton from the stableto theunstableegimeoc-
cursvia subcritcal Hopf bifurcation. Thereforejf thesystems closeenoughn parameter
spaceo the bifurcationpoint, evena smallfinite perturbationn oneof the statevariables
mayshiftit from thefixedpointontothelimit cycle,with anapparenthdiscontiruousjump
in amplituce of thecycle from zero(i.e., atthefixed point) to afinite value.In Gildor etal.
(2002)suchtransitimsresultfrom the effect of ocearbiotaon SST At fixedt, the stabil-
ity of the systemdependsnainly on the strengthof the cloud-radiatve feedbackspr the
combinaton of cloud-radiatve andsurfaceevaporationfeedbacksvhichr mayrepresent.
At smallt thereis aminimumgrowth rateasafunctionof r aroundr = 0.17,whichoccurs



becausef branch-switchingaswe plot the fastest-graving or slowest-decayingolution,
asmentinedabove. Individual solutonsaremonotoric in r atgivenTte.

[Figure 1 abouthere.]

Over mostof the parametespacein which the linear frequeng is nonzero,it corre-
spondsto periodswhich areintraseasonal0.1 — 0.2 correspondso approximately30—
60 d sincethe periodin daysT = 21m/w wherew is the frequeng) or somavhatlonger
In r-t; space,the frequeng is nonzeroonly in a finite region roughly centeredon the
maiginal stability curve (Re(o) = 0), somethingvhich we canunderstandrom inspection
of thedispersiorrelationasmentionedabove. To getalittle moreinsightinto how different
parametersontrolthefrequeng, we canconsidelthe specialcaseof the mamginal stability
curve,onwhichtherealpartof o vanishesandthefrequeng simgifies to

o = <V(1+r)M )1/2.

(17)
TCrECbMS

Despitethatthis representsnly a particularslicethroughparametespacetheresultgives

aqualitatve insightinto whatcontrolsthefrequeng in nearbyregions. Apparentlyseveral

differentparametergontribute comparablyto the frequeng. The grossmoiststability M

andcorvective time scalet. arethe mostpoorly constrainedy obsenations. While all of

thesehave arole in determiningthe frequeng, thefrequeny depend®n eachonly asthe

square-rootsothatmodestthangesn ary of themwill not make adramaticdifference.
Theconditionfor neutralstabiliy is

Metr VD
MS __(_+bs)_E7 (18)

with instability for morenegative Mes¢. Fromthis we canseethe role of thefinite mixed
layer depthand corvective time scalein stabiizing the system comparedo the fixed-
SST, “strict quasi-equibbrium” (SQE; 1. = 0) model studiedby Brethertonand Sobel
(2002). Their model also had a horizontaldimension allowing horizontalmoisure ad-
vectionu - (g, but underthe Weak Temperaturé&sradient(WTG) approximatio andSQE
onehasq = T =constanin corvective regions sothe horizontaladvectiontermvanishes
in suchregionsandthe dynamicsbecomedocally describableghereas a single-column
systemsimilar to ours here (thoughthe horizontalmoisure adwectionterm is important
in determiningthe size of the corvective region). Brethertonand Sobel (2002) found
that a steadysolution was not possble whenMg¢ ¢ (definedby themslightly differently
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asMest = (M —rMg)/(1+r)), becamenegative, implying instability to time-dependent
disturbances Sobel(2003) extendedessentiallthe samemodelto the coupledcaseand
found that this criterion was no longer exactly correct. Our modelcorrespondsvell lo-
cally to Sobels within the corvective region. (18) shows thatwe recover the criterion of
Brethertonand Sobel(2002)in the SQEIimit, but thatfinite T stabilizesthe systemeven
for fixed SST Increasingmixed layer depthdestabilzesthe systemfor finite t¢, but will
have no effect on linearstability in the SQEIlimit. Evenfor finite T, the mixed layerdepth
hasonly a weakeffect on stabilty sincefor typical parametery/C is lessthanunity; for
our controlparameterg/C = 0.27.

b. Nonlinear behavior

The linear dynamicsoffers only limited information aboutthe actualtime-dependenibe-
havior of the system.Comparisorwith nonlinearsimuationsshows thatit predictsquite
accuratelythe onsetof instablity, Re(o) = 0, andgivesa broadlyreasonablestimateof
the period. However, slightly pastthe onsetof instability (whatever control parameteis
used),the oscillatons becomestrongly nonlinear The time dependencéecomesighly
non-singoidal,andin somecaseghe periodbecomesomavhatdifferentthanthe linear
calculationpredictsalthoughnot by anything like an orderof magnitude.Fig. 2 shavs a
nonlinearsimulationin whichr = 0.3, otherparametersreasin tablel. If all parameters
areasin thattable,the systemis (very weakly) stable.The precipitationP, evaporaton E,
radiatve cooling R, surfaceshortwave flux S, SST, andsurfacehumidity gs, areshovn as
functionsof time. Notethatthe evaporations thatcomputeddirectly from (8); it doesnot
explicitly includethe “extra” evaporatim variationswhich we might take to be included
with thecloud-radiatve feedback.

We seevaguely square-vave type variationsin precipitation and (accordingly)in R
andS. Detailedfeaturessuchasthe particularshapeof the precipitationpulsesandtheir
durationrelative to the durationof nonprecipiating periods,aredependenbn parameters.
TheSST, hereandoverawiderangeof parameterdyasmoresawntooth-like variatiors. The
oscillation overall hascharacteristic®f a rechage-dischage oscillation. The evaporation
(with the caveatabove) hasvariability thatis of the wrong signcomparedo obsenations
(Waliser,1996;Zhang,1996).Becauseof the constansurfacewind speedtheevaporation
isdetermineabnly by thedifferencebetweerthesaturatiorspecifichumidity attheSSTand
thevalueof g atthe surface.This differencehasalocal minimum at thetime of maximum
precipitation This errorin E is not of greatconcernto us, becausdhe E variations are
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small comparedto thosein S so that the latter domiratesthe behaior, and becauseas
discussedbove we mighttake the“total” evapaationto bethesumof thatcomputedrom
(8) andsomecomponenbf thetime-variabk partof S.

[Figure 2 abouthere.]

c. Bifurcation behavior

The analysisabore suggest thatsomevherebetweerr = 0.2 andr = 0.3 thereis a Hopf

bifurcationwherethe modelbehaior changedrom stablesteadystateto nonlinearoscil-
lations As wasalsoshavn above, similar transitionsfrom a steadystateto an unstable,
oscillatay regime canresultfrom variationsof other model parameters.We now look

more closelyat thesetransitions usingbifurcationdiagrams.The analysiswasdonewith

the software AUTO (Doedeletal., 1997)usingXPPAUT (Ermentrout2002)asinterface.
(In computingthe following results,the stepfunctionsin equationg5) and(6) were ap-
proximatedby sharptanhfunctions. The resultsfrom direct simulatons using the tanh
functionswerecomparedo soluionsusingthe stepfunctionsandno significantdifference
wasfound.)

[Figure 3 abouthere.]

In figure 3 we seehow the steady-statealue of SSTvariesasr is changeswith all
other parameterkept fixed at their default values. As r increaseghe steadystategoes
from being stable(solid line) to unstabé througha Hopf bifurcationat r &~ 0.255. The
dramaticjump from stablesolution to large amplitude oscillations suggesta subcritical
Hopf bifurcation(Strogatz,1994). After the Hopf bifurcationwe geta stablelimit cycle,
with thesolid circlesrepresentinghe maximumandminimumvalues.Theminimumvalue
decreaseasr increasesasexpectedrom thediscussiorabove. In contrastthe maximum
valueof SST staysconstantoncethe minimum precipitation over the cycle reachesero,
aroundr = 0.275.In thelower panelwe seethatthe periodof theoscillation for the plotted
rangeof r increase$rom 70to 82 days.

[Figure4 abouthere.]

Qualitatvely similar behaior is seerwhent is variedwhile therestof theparameters
keptat the default values,with the generalsenseof the behaior changeast.; decreases
beingthe sameasthatasr increasesaswe canunderstando somedegreefrom thelinear
analysig(Fig 4).
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d. Discussion

In this sectionwe discusghe basicinstability mechanismn orderto interpretsomeof the
resultsin figs.1 and2.

Consideraninitial conditionin which the SST hassomevaluebelown thatassociated
with the (unstablekteadysolution,P = 0, andq s lessthanT, correspondingo stability of
thesoundirg to deepcorvection. ThesurfaceevaporatiorE adjusts) towardsthesaturation
valuesetby theSST If thisvalueis greatethanT, atsomepointcornvectionwill commence
andP will becomepositive.

Theinfraredcloud-radiatve feedbackakenaloneis posiive, aswe canseeby consid-
eringthemoiststaticenegy equationderivedby adding(1) and(2):

6@+M6:E—R (19)
ot

M remainsposiive in all our calculations,asrequiredif the circulationis alwaysto be
thermallydirect (NeelingandHeld 1987). The storageof moisure in the atmospherés
small,soupwardmotion (d > 0), which mustoccurif P > R, canbe sustainedy negative
dg/ot only for a shorttime. Beyond that, a positive net sourceof moist static enegy,
(E —R) > 0, is requiredto balancethe export, asin the steadycase(Neelin and Held,
1987). Sinceunderour parameterizatiolR decreaseasP increasesthe infrared cloud-
radiatve feedbaclkamplifiesthe convection. Thismechanismin a spatiallyresohedmodel
with afixed SSTlower boundarycondition,will tendto collapsethe corvectionto smaller
horizontalscalesn addition to increasingts amplitude(Raymond 2000;Grabavski etal.,
2000;Leecetal.,2001;BrethertorandSobel,2002).

The shortwave cloud feedbackon the otherhand,is negatve. WhenP is positive, S
decreasesThis tendsto reducethe SST The surfaceevapaation actsto adjustq towards
saturationat the surface,so as SSTis reducedsois g, andthereforealsoP. For some
parametevaluesthis canleadto a stablesteadystateunderconditionsfor whichthefixed-
SSTsystemwould be unstable.In steadystate,thelargerr andP are,the smallerE will
be,sincein steadystateE = S. Thustheshortwave feedbaclkdampshemoiststaticenegy
sourceE — Rwhich providesthedriving for P.

Theheatcapacityof themixed layerinducesalagbetweertheonsebf precipitationrand
associatedeductionin S andthereductionsn E andg which carrythe negative shortwave
feedbackto the atmosphere On the other hand,the reductionin R dueto the longwave
feedbackappensnatimescaleof ordert, whichis nearlyinstantaneousomparedo the
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rateof SSTchange.Therefore for finite mixedlayerdepth,the oscillationoccursbecause
the positive longwave feedbackhastime to run away, increasingP, beforethe shortwave
negative feedbackfinally becomessignificant,and eventualy reducesP by reducingthe
SST Again, if we wish to do so, we canlump togetherthe surfaceevaporatim feedback
togethemwith theradiative feedbackswithoutchanginghe subsanceof theamgument.The
surfaceevaporation like the longwave cloud-radiatve feedback affectsthe precipitation
on atime scaletc, while the SSTrespondsquallyslowly to changesn both shortwave
radiatve flux andevaporation

Fromthis explanationwe canseewhy largermixedlayerdepthis generallyassociated
with larger growth rate. If the mixed layer depthis small, the shortwave feedbackis able
to act more quickly to reducethe SST and thus suppressornvection. The tendeng of
frequeng to decreasasmixedlayerdepthincreasess amorestraighforwardconsequence
of thefactthatC appearglirectly asatime constanin (9).

e. Dependence on mixed layer depth and forced problem

The simplicity of our modelmeanghatits applicability to obsenatiors is mainly indirect.
Its valueis primarily in building intuition that can be appliedto interpretationof more
complexmodels.In particular someof the parameters ourmodelhave analogsn GCMs.
We caneasily vary theseparameterand seehow the oscillatory behaior of our model
changeslf SSTvariability in a GCM coupledto a mixedlayeroceanchangesimilarly in
respons¢o varyinganalogouparameterghe simge models behaior may provide some
insight into themechanisrs.

Oneparametewhich is straightforvardto vary, in a GCM or our model,is the mixed
layer depth,and (Watterson,2002) hasrecentlyperformeda GCM study examining the
sensitvity to this parameter He found thatthe intensty of sub-annuahndintraseasonal
SSTvariability increasedasthe mixed layer depthwas decreasedrom 50 to 10m. This
is in direct contrastto our modelin which the growth rateincreasegalbeit weakly) with
mixedlayerdepth.In agreementvith our results,aswell asnawe intuition, Wattersordid
find thatthespectrapeak(in low-level zonalwind) movedto lower frequeng asthemixed
layerdepthincreasedHowever, the contradictiorbetweerour simplemodelandthe GCM
regardingthetotal power, inasmuchasour lineargrowth ratemight perhap$etakenasan
indicatorof that,requiresexplanatian.

We believe thatthediscrepanyg is dueto the stationarynatureof thedisturbances our
model,asopposedo the propagatinglJO signalin the GCM. Clearly theseaffect SST
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variability differently, asthe phaserelationsbetweenthe atmosgericand SST variability
mustbe differentin the two cases.A roughway to examinethis issueis to considerthe
responsef our modelto forcing by animpaosedtime-dependerstmospheriaistubance.
Clearlythisis anoversinplification of the coupledinteractionof anoceanmixedlayerwith
atrueatmospleric MJO, but it allows usto gainsomebeginning insight into the problem.
It seemamostappropriateo put the forcing in the atmosphericemperatureequation,
so(1) becomes
Mgd — P+ R= MgFo€e %, (20)

with og and g real; the factorMg on the RHS is insertedfor corveniencdater. Thisis a
slighty differentformulatioan thanusedby Chiangand Sobel(2002)to studytheresponse
of a(different)single-colunm atmosphere/iredlayeroceamrmodelto imposednterannual
temperaturevariations;they imposedthe variatiors directly in T itself. Their modelalso
did not include cloud-radiatve feedbacksand had more sophistcatedparameterizations
of corvectionandgaseousadiative transfer In overall formulation,however, the present
problemis similar to theirs.

We linearizethe systemandassumehatthe solutionvariablesq, Ts, d all oscillatewith
thefrequeny oo,

(q; TS; 6) = (QO; T507 60)ei00t7 (21)

whereqp, Ts, 0 areampltudeswhich maybe complex. The problemthenis to find these
amplitudesasa function of og and mixed layer depth,and examinetheir dependencen
mixed layer depthfor valuesof ag in the intraseasonal-samnualrange. As far asthe
overall magnitude of the responsemeasuredy the absolutevalue of the amplitude,it is
sufficient to find one of the amplituces, asthey will all be proportionalto Fo andthusto
eachother

With the exceptionof the new forcing term, thelinear systemis unchangedrom (11)-
(13), soit is sufficient to write down the solution which s, expressedn termsof dq,

(1+r)Mgq, _4
=Rl "t 22
&0 = Fo( Mahte (22)
where
h=iboo+ 1zt +15t —ydigd,
and
Tttt
iCoo+yrgt
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[Figure5 abouthere.]

In fig. 5, we shav the absolutevalue of the normalizedamplitude|dp/Fo| asa function
of mixed layer depth,for otherparametersetto the default value. Two forcing frequen-
cies,correspondindo periodsof 31 and63 daysareshavn. Theresponsamplitudeis not
monobnic asa function of mixed layer depthfor fixed og. Thereis a maximumaround
10-30m, which happengo be the climatolagical mixed-layerdepthin the westernPacific
warm pool (LukasandLindstrom 1991). We canunderstandhis quite simply by noting
that, at neutralstability, our systemis just a typical linear oscillator andmusthave ares-
onancef forcedat its naturalfrequeng. For parametechoiceswhich renderthe system
weakly stable we thereforeexpecta peakin theresponsaearthatfrequeny. Becausethe
parametewaluesusedin fig. 5 putthesystemin avery weaklystableregime,the peaknear
the naturalfrequengy at og = 0.1 d—1 is quite strong. Furtherfrom resonancgasfor the
0o = 0.2d~1 curve shawn), or for amorestablesystemthe peaksarelesspronounced.
Theresultof interestis thatthe amplitude of the forcedresponseés non-mormtonicin
mixedlayerdepth.Thereis arangeover which theresponseloesbecomdargerasmixed
layerdepthis decreasedasfound by Watterson(2002). However, if the mixedlayerdepth
is madesmallerthanthe value at peakresponsearound10-30m, the responsalecreases
again. This is contradictoryto the expectationwe might have that becausehe surface
temperatureanvary moreeasilyfor smaler mixedlayerdepth,variabiity mustbelarger.
Physically at zeromixedlayerdepth,the shortwave radiatve feedbackwhich is negative,
becomesasinstantaneouasthe longwave one,which is posiive. This is asopposedo
thesituationat finite mixedlayerdepth ,wherethethermalintertiaof the mixedlayerdepth
createsaneffective phasdagbetweerthetwo feedbacksallowing growth of perturbations.
Giventhepotental importanceof nonlinearity, interactionswith otheratmospleric phe-
nomenathe broadrangeof frequenciesnvolved, etc.,it is impossibleto go directly from
our very simple calculationgo a quantititive predictionof the variancechangessafunc-
tion of mixed layer depthwhich shouldbe foundin GCM experimentdik e Wattersors.
However, the smallestvalue usedby Wattersonwas 10m, nearthe valuesat which our
maximaoccur We cautiousy predictthatif similar studiesto his are taken to smaller
mixed layer depths,non-monobnic behaior may be found in the amplitude of tropical
variability atintraseasonab sub-annuafrequencies.Variancemay decreasavith mixed
layer depthfor larger mixed layer depths,as Wattersorfound, but at smallermixed layer
depthsvariancemay increasewith mixed layer depth. This is a testablepredictionof the
presentsstudy Theresultsof sucha test,naturally may be model-dependenparticularly
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ascloud-radiatve feedbacksareamongtheaspect®f GCMswhichwe generallyexpectto
varythemost.

4. Conclusions

We have presenteda simple modelfor localized SST hot spots. Our model consistsof
a single-columnatmospherepbeying the QTCM physics(single baroclinicmode, Betts-
Mill er type corvective adjustment over a dynamicallypassve bulk mixed layer ocean.
Atmogherictemperaturgerturbationsare neglected,which is consistenfor small hori-
zontalscales.The modelcanbe thoughtof asrepresenting region large enoughthatits
SSTanomaliecanmodulateatmosiericdeepconvectionlocally, but notsolargethatthe
resultingcornvectionanomaliedrive significantlocal atmospheridemperatureanomalies
onthetime scalesf interesf(i.e.,longerthanthe periodsof gravity waveswhosehorizontal
wavelengthsarecomparabléo the sizeof theregion).

A key ingredientin the modelis the radiative effect of high clouds,which is taken
to be zeroat the top of the atmospherewith equallongwave warmingof the atmosgere
andshortwave cooling of the ocean both proportianal to the precipitationrate. Although
we cannotphysically model the surfaceflux variationsinducedby surface wind speed
variatiors, they canbe consideredo be includedin a rough empiricalway. This is so
becausehe surfaceflux variationsareobseredto be nearlyin phasewith cloud-radiatve
flux variatiors onthetime scalesf interestandenterthe moiststaticenegy budgetin the
sameway, asatransferof enegy from oceanto atmosphere.

The steadysolutins of the modelareunstableio smallperturbationgor plausibde pa-
rametervalues,particularlyif we imaginethe radiatve feedbackparameter to represent
the wind-inducedsurfaceflux feedbackaswell, implying a larger value. However there
is sufficient uncertaintyin this parameteracrossa rangeof valuesthat straddleghe sta-
bility boundary that we cannotsaythat the actualocean-atmospher®ystemis unstable.
A similarly large uncertaintyis associatedvith the other parametemhich moststrongly
controlsstability, the corvective time scalet.. Thelinearproblemhasoscillatorysolutions
only over afinite region of parametespacenearthe maginal stabilty boundary Outside
thatregion, linearsolutionsare purely growing or decaying.The nonlinearproblemoscil-
latesin theunstableregion wherethelinearfrequeng is zero;in thatregionthe oscillaion
mechanisms purely nonlinear This is consiséntwith the notion that oscillatiors of this
typeplayarolein limiting themaximumvalueof the SST, assuggestethy Waliser(1996).
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Sincethemaximum is presenin long-termmeansandthusrequiresarectifiedeffect from
ary time-dependennechanismthatmechanisntannotbe a linearoscillation.

The transiton from stableto unstableregime occursvia subcriticalHopf bifurcation,
meaninghatjust afterthe bifurcationpointthe amplitudeof the oscillationsis quitelarge.
In arelatedstudy(Gildor etal.,2002),we arguedthatsuchatransiton mightresultfrom the
effectof ocearbiotaonlight penetratiorandhenceon SST. Althoughthedirecteffectof the
biotais small,if theatmosymereis closeenougho thetransitionpoint, thisfinite amplitude
perturbatiormight be strongenoughto causeéhe atmospher¢o crossthebifurcationpoint
andthusstimulae thenonlinearoscillatiors. Of coursepesidesiologicalprocessesnary
othersourcesf “noise” from internalatmospherior oceanicdynamicscould alsoforce
thesystem.

Whetherinearor nonlinear the oscillation frequeng tendsto beintraseasonab sub-
annual.Thefrequeng depend®nsereralparametergarticularlythecloud-radiatve feed-
backparameterthe cornvective time scale andthe grossmoiststability, but is not strongly
sensitve to any of them,sothatthefrequeny is robustatleastto orderof magnitude.

The mechanisnof the oscillation is easyto understand.Under clear skies,the SST
warmsdueto high surfaceshortwave radiatve enepgy flux. As it warms,surfaceevapora-
tion increaseshe atmospleric humidity. Eventualy, the systembecomesinstableto deep
corvection The longwave greenhouseeffect of the resultingcloudsamplifiesthe con-
vectionby increasingthe net sourceof moiststaticenepgy to the column,requiringmore
cornvectionto exportthatenegy. At the sametime, however, the surfaceshortwave flux is
dramaticallyreducedwhich reduceshe SST, andthushumidity, until theatmosyericcol-
umnagainbecomestableto convection,precipitation ceasesandthe skiesclear starting
thecycle over.

We have exploredthe effect of varying several different parameteron the behaior
of the system Someof theseparameterhiave analogsin GCMs, eitherasinput param-
etersor as “effective” parametershat can be diagnosedrom their output. Our results
couldin principle be usedto aid in interpretingsimulatonsof intraseasonab sub-annual
SSTvariability with GCMs coupledto oceanmixed layer models. The effect of varying
mixed layer depthin particularhasalreadybeenstudiedby Watterson(2002),who finds
increasedsariability asthe mixed layer depthdecreasesin our model,the linear growth
rateincreasesvith mixedlayerdepth.However, in thestableregime,if themodelis forced
by animposedatmospleric distrbancewith intraseasondrequengy, theamplitudeof the
responséncrease@smixed layer depthdecreasesntil a maximum around10-20m (near
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the minimum value usedby Watterson) thendecreaseagainif the mixed layer depthis
decreasedurther. It would be interestimg to seewhetherthis behaior canbe reproduced
in aGCM, by varyingmixed layerdepthdown to very smallvalues.At leastinasmuchasa
GCMisfelt to beseveralstepscloserto reality thanthe presentnodel,thisnon-monoobnic
dependencen mixedlayerdepthis atestablepredictionwhich emegesfrom our results.

Appendix: Validity of WTG approximation for small spa-
tial scales

We considerthelinearsystemfrom sectiona., but adda temperaturéendeng termto (11)
sothatit becomes

éa—Tl +3Ms= (1+r) g (23)

ot T
whered ~ 0.4 (NeelinandZeng,2000). We alsoadda linear, zonal,inviscid momentim
equationwhichin theQTCM s / /
aa—l: = _Kaalx’ (24)

wherek is the gasconstanffor air divided by its heatcapacityat constanfressure With
thesechangesthe systemnow supportsa corvectively-coupledgravity wave. We assume
slabsymrmetry sothatd = % andassumaall variablesvary asexp(ot — ikx). The system

canthenbewritten as

ou = ikkT’ (25)
/
a0T' — ikUMg = (1+r)rﬂ, (26)
C
Aaq/ o _ yT/_q/ q/
4 ikUMg—oM, =Ys s A 27
0Ty d Vyls—ds

Using(25) to substititefor T', (26) and(27) become

&o® , o q
200 Lo mey YIs—Gs o
e (30)
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Notethat (28) containsno x-derivatives, andso doesnot needto be consideredhere. It is
clearthatfor sufficiently large k, which means
ao?

K2>> | 1
>>|K,vIS (31)

thefirst termin (29) will becomenggligible relative to the second.If we do neglectthat
term, the remainingsystembecomesddentical to the one consideredn this study if we
againwrite iku asd. Thatsystemcontainecho spatialderivativesandhenceno dependence
of o on k whatsoeer, soour neglectof atmospheri¢temperaturevariationsis a consistent
approximatonin thelimit of largek.

The expression(31) meansphysicallythat the spatialscaleof the WTG disturbances
mustbe smallcomparedo that of dry gravity waveswith equalperiods,sincethe phase
speedof dry gravity wavesin this systemis easily shawn to be c = y/kMg/a. For the
parametersisedherec ~ 50ms1, sofor o = 0.2 d—1, thewavelengthof the disturbance
mustbe shortcomparedo a numberon the orderof 100,000km, easily satisfiedby arny
disturbanceon earth. In reality, rotation setsa more stringentlimit (Sobelet al., 2001;
Majda andKlein, 2003), but distubancesbelow the equatorialdeformationscaleshould
still bewell describedoy WTG.
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Figurel: Linear growth rate andfrequeng asfunctionsof cloud-radiatve feedbackpa-
rameter andcornvective time scale(top) andmixedlayerdepth(bottom. In thefrequeng
plots, regions wherethe frequeng is zero arefilled. Plus symbolsindicatethe default
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Parameters

Parameter Symbol Value
Clearsky rad. equil. temperature Te -60C
AtmosphericTemperature T -10C
Netclearsky sfc enepgy forcing S 200W m 2
Clearsky radiatve time scale TR 30d
Cornvectivetime scale Tc 1d
Surfaceevaporaton time scale T 12d
Mix ed layerdepth mid 25m
Nondimensionaimld C 12.84
Cloud-radiatve feedback r 0.25
Dry staticstability Ms 3.065K
Grossmoisure stratification Mq 2.6542K
Grossmoiststability (normalized) M/Ms 137
Effective GMS (normalized) Mett/Ms | -.122
Clausius-Clapgron coeficient % 3.5
Surfacevalueof moisure structurefunction | bg 1

Tablel: Model parameteralues.
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