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ABSTRACT

Numericalexperimentsare pefformedto examinethe causeof variability of Atlantic OceanSSTduringthe
periodcoveredby the NationalCentersor EnvironmentaPredictiontNationaCenterfor AtmospheridResearch
(NCEP+NCAR)reanalysig(1958+98).Threeoceanmodelsare used. Two are mixed layer models:one with a
75-m-deepmixed layer andthe otherwith a variabledepthmixedlayer For both mixed layer modelsthe ocean
heattransportareassumedo remainattheir diagnosedlimatologicalvalues.Thethird modelis afull dynamical
oceangeneralcirculationmodel (GCM). All modelsare coupledto a modelof the subcloudatmospherienixed
layer (AML). The AML modelcomputeshe air temperatur@andhumidity by balancingsuface uxes, radiative
cooling, entrainmentat cloud base,advectionand eddy heat,and moisturetransports.The modelsare forced
with NCEP£NCARmonthly meanwinds from 1958to 1998.

Theoceanmixedlayermodelsadequatelyeproducghedominantpatten of Atlantic Ocearclimatevariability
in both its spatial patten andtime dependenceThis patten is the familiar tripole of altemating zonal bands
of SSTanomaliesstretchingbetweenthe subpolargyre andthe subtropics.This SST patten goesalongwith a
wind patten that correspondgo the North Atlantic Oscillation (NAO). Analysis of the resultsrevealsthat
changesn wind speedcreatethe subtropicalSST anomalieswhile at higher latitudeschangesn advectionof
temperatureand humidity and changesin atmospherieeddy uxes areimportant.

An obsewational analysisof the bounday layer energybalanceis also pefformed. Anomalousatmospheric
eddy heat uxes arevery closelytied to the SST anomalies Anomaloushorizontaleddy “uxes dampthe SST
anomalieswhile anomalousvertical eddy "uxes tendto cool the entire midlatitude North Atlantic during the
NAOQ's high-indexphasewith the maximumcooling exactlywherethe SST gradientis strengthenedhe most.

The SST simulatedby the oceanmixed layer modelarecomparedwvith thosesimulatedby the dynamicocean
GCM. In the far North Atlantic Oceananomalousoceanheattransportsare equallyimportantassuiface uxes
in generatingSST anomaliesand they act constructively The anomalousheattransportsare associatedvith
anomalousEkmandrifts and are consequentlyn phasewith the changingsurface uxes. Elsewherechangesn
surface uxes dominateoverchangesn ocearheattransportTheseesultssuggesthatalmostall of thevariability
of the North Atlantic SSTin the last four decadesan be explainedas a responséo changesn surface uxes
causedby changedn the atmosphericcirculation. Changedn the meanatmosphericirculationforce the SST
while atmospherieddy uxes damperthe SST Both theinterannuakariability andthelongertimescalechanges
canbe explainedin this way. While the authorswereunableto ®ndevidencefor changesn oceanheattransport
systematicallyleading or lagging developmenif SST anomaliesthis leavesopenthe problemof explaining
the cause®f the low-frequencyvariability. Possiblecausesarediscussedvith referenceo the modelingresults.
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1. Introduction

Climate in and aroundthe Atlantic Oceanhasbeen
obsewed to vary in broad spatial patternsand on a
variety of timescalesduring the twentieth centusy. In
the northernregionsthe dominantmode of variability
is the North Atlantic Oscillation (NAO, e.g., Hurrell
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andvan Loon 1997).The NAO involvesan oscillation
in atmospherienassbetweerthesubtropicsandthehigh
latitudes.In the high-indexphasethe Icelandiclow is
anomalouslylow, the Azoreshighis anomaloushhigh,
the midlatitude surface westerliesare strong,andthere
is a strongstormtrack that trendsfrom the U.S. coast
toward the British Isles and Scandinavialn the low-
index phaseboththelcelandiclow andthe Azoreshigh
are weakey the westerliesare weaker and stormstend
to move from the United Statesinto the LabradorSea
region while thosethat do makeit acrossthe Atlantic
moveinto southernEuropeandthe MediterraneanThe
NAO hasa coherentsignalin seasurfacetemperature
(SST)involving a tripole patternof almostzonally ori-
entedanomaliesvith subtropicabndhigh-latitudeSST
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varying in phaseand midlatitude SSTs varying out of

phase (e.g., Kushnir 1994; Cullen and DeMenocal
1999).Spectralanalysef NAO time seriesrevealen-
hancedvarianceat periodicitiesof around2 yr and at

somedecadaperiods(HurrellandvanLoon 1997).Fur

ther theNAO hasrevealedsomelong-termtrendsmost
recentlyin the form of the tendencytoward a deeper
Icelandiclow and strongerAzores high from 1960to

the 1990s(Hurrell 1995).

In the tropical regionsthe dominantmode of vari-
ability involves variationsin the cross-equatoriabST
gradientand SST anomalieghat are off-equatorialand
encompasshe entire subtropical oceans(Nobre and
Shuklal996).Whenonehemispheravarms,anomalous
winds tendto blow acrossthe equatorinto the warmer
hemisphereTherehasbeensomedebateaboutwhether
the SST of the subtropicaloceansvary out of phase
(Houghtonand Tourre 1992) with, mostrecently Ra-
jagopolanet al. (1998),concludingthatthe SSTs of the
two hemispheresare not relatedto eachother The re-
mote effects of the El NidoxSouthernOscillation
(ENSO)createoff-equatorialSSTanomaliesn the At-
lantic Ocean(e.g.,SaravanaandChang2000,Giannini
etal. 2000).In addition,the subtropicalSSTanomalies
vary stronglyon decadatimescalesn awaythatseems
independendf ENSO.TheequatorialAtlantic alsocon-
tainsaweakequatorialpatternof variability thatis akin
to the ENSOphenomenan the Paci®dOcean but that
is not self-sustainedZebiak 1993).

Dividing Atlantic Oceanclimatevariability into trop-
ical and midlatitude modesmay be useful but is not
necessarilyalid. For example,the NAO is associated
with variationsof winds and SSTin the northernsub-
tropical Atlantic Ocean. Further Ragajopolanet al.
(1998) presentstatisticalevidencethat SSTs in the sub-
tropical SouthAtlantic areassociatedvith variationsin
the NAO. This connectionmight work via the impact
of SouthAtlantic SSTs on Amazonrainfall; the latter
in uencing the NAO via atmospherideleconnections
or changesn the Hadley cell (Robertsoret al. 2000).

Recently severalinvestigationshaveconcludedthat
interannualvariations of Atlantic SSTs are primarily
drivenby the atmospher&ia changesn surface uxes.
Theconcepiof "ux-driven SSTvariability was®rstsug-
gestedon the basisof analysesof SSTs and marine
meteorologicaldataby Cayan(1992a,b)and hasbeen
supportedy modelingstudiegBattistietal. 1995;Del-
worth and Mehta1998; Luksch 1996; Halliwell 1998).
Barsugli and Battisti (1998) and Blada (1999) have
shownthatcouplingto anoceammixedlayer, andhence,
coupling betweenthe atmospheresuirface "uxes, and
the SSTis animportantprocesghat enhanceshe var
ianceof low-level thermal®eldsin theatmosphereand
canleadto modestpersistence.

In contrastto the dominantrole of theatmospheren
interannualtimescalesjt hasbeensuggestedhat the
longertimescalevariationsmightinvolve a moreactive
rolefor theoceanincludingchangesn ocearheattrans-
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port (e.g., Deserand Blackmon 1993; Kushnir 1994;
Gréizner et al. 1998). Appealingto an active role for
the oceanis attractivein that the long timescalesas-
sociatedwith oceandynamicsmakeit easyto explain
decadal uctuationsandlong periodsof persistenbce-
anic anomaliesOthershavesuggestedhat the oceans
role is largely restrictedto the ability of nearsurface
mixing to sequesteheat contentanomaliesfrom one
winter to anotherbelow the summermixed layer (e.g.,
Battisti et al. 1995; Bhattet al. 1998).

Explanationgor low-frequencyariationghatinvoke
atmospheretoceamuplingrequirethatthe midlatitude
atmospher&eresponsiveo underlyingSSTanomalies.
The latter has proven elusive to demonstrate Some
modelsdo showa coherentresponséo North Atlantic
SST anomalies(e.g., Gr&zner et al. 1998; Ferrantiet
al. 1994;Rodwelletal. 1999)while othersdo not (e.g.,
Pitcheret al. 1988; Lau and Nath 1994; seealso Peng
etal. 1995andthe review by KushnirandHeld 1996).
To dateit hasnot beenresolvedwhetherdifferentmod-
els responddifferently to the sameSST anomaliesor
whethertheapparentlyinconsistentesultsareexplained
by differencesin the imposedSST anomaliesgxperi-
mentaldesign,length of integration,and so on.

In this paperwe will reporton effortsto understand
the variability of Atlantic Oceanclimate from 1958to
1998,whichis theperiodfor whichreliableatmospheric
dataare availablefrom the National Centersfor Envi-
ronmentalPredictiontNationaCenterfor Atmospheric
Research(NCEP+NCAR) reanalysis (Kalnay et al.
1996). We attemptto model the SST over this period
using oceanmixed layer models,in which the ocean
heattransportis held at its climatological value, and
also with a fully dynamicaloceangeneralcirculation
model(GCM). All modelsarecoupledto a simplether
modynamianodelof thewell-mixedatmospherienixed
layer (AML) that forms the lower componentof the
marine-convectindgpounday layer (Seagesetal. 1995).
In this mannerthe modelsareforcedonly by thetime-
varying wind speedand direction, while the SST and
the bounday layer temperatureand humidity arecom-
putedaccordingto balancedetweerthe suiface uxes,
oceanheattransporf(if allowedto vary), advectionand
eddytransportof heatandmoisturein theatmospheric
mixed layer, entrainmentacrossthe top of the atmo-
spheric mixed layer and radiative cooling. Since, in
nature,the atmospheridemperatureand humidity and
SSTequilibrateto eachotheron timescalef aday or
so, imposing the atmospheridhermodynamicstatein
the heat ux bounday conditionsof an oceanmodel
informs the model what the SST was. While this is
commonly donein oceanmodeling studiesit ensures
that the simulatedSST will track that obsewed while
making interpretationof that result confusing.In the
oceanmodelingwork reportedherewe insteadattempt
to properly modelthe coupling betweenthe oceanand
the atmosphericbounday layers. This is very clearly
animprovedexperimentasetupthatallowsthe SSTfull
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freedomto evolve(Seageetal. 1988).Wewill examine
the extentto which sufface uxes andoceanheattrans-
port determinethe SST variability and, in turn, why

thesecomponent®f theoceansuifaceheatbudgetvary.

To whatextentcanvariationsin Atlantic Ocearclimate
be understoodas the atmospherdorcing the oceanor

vice versa?

There have beentwo previous attemptsto look at
North Atlantic SST variability in forced oceanGCM
simulations.Luksch (1996) and Halliwell (1998) both
concludedthat suface ux anomaliesnvereresponsible
for mostof the variability, but that anomalousEkman
advectionwas also importantin the region of mean
surface westerlies.In addition, Halliwell (1998) sug-
gestedthat changesn oceanheattransport,otherthan
thoseassociateavith Ekmandynamicswereimportant
in the Gulf Steamregion [as also suggestedy Deser
and Blackmon (1993)]. The currentwork expandson
theseprevious studiesby simulating a longer period
with the recentNCEP+NCARreanalyzedorcing. We
also use a more completetreatmentof surface “uxes
than either Halliwell (1998), who assumedhe latent
heat ux to be merelydamping,or Luksch(1996),who
assumedhesurfacerelativehumidity did notalter Both
previousstudiestherefore cannotproperlyaccountor
how changesn moistureadvectionmightimpactSST.
We alsoprovideadirectcomparisorbetweertheresults
of a full oceanGCM and simpler oceanmodelsthat
allows for an easyassessmemf the relative roles of
different oceanprocesses.

Beforereportingon the oceanmodelsimulationswe
beginby usingNCEP+NCARreanalyse$o examinghe
termsin thethermodynami@nergybudgetof thelowest
level of the atmosphereThis allows us to assesghe
different roles that changesn wind speed,advection,
subsidenceand atmosphericeddy transportshave in
generatinghe ux anomalieghatin uencethe SST In
section3 we presentsomepreliminary calculationsin
which we use the atmosphericmixed layer model to
simulatethe observedchangesn surfacelatentandsen-
sible heat ux given the obsered SST The modeled
“uxes are in good agreementvith thoseobsewred so,
in section4, we couplethe AML modelto a uniform
depthoceanmixed layerin which the oceanheattrans-
portis assumedo remainatits climatological,season-
ally varying values.The coupledAML£OML (oceanic
mixed layer) modelis usedto simulatethe SST from
1958to 1998 forced by the time-valying NCEP wind
speedand direction. This experimentis analyzedand
demonstratethatmuchof the observed SSTvariability
canbe explainedin termsof surface uxes without the
needto invoke changesn oceanheattransportWe then
repeatthis calculation using a variable depth ocean
mixed layerin orderto assessherole of oceanmixing.
In section5, we modelthe SSTfrom 1958to 1998using
the full oceanGCM thatallows the mixed layerdepths
and oceanheattransportto vary. This run is analyzed,
in comparisorto the AML+OML experimentstoisolate
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therole of ocearheattransportConclusionsareoffered
in section®.

2. Observational analysesof atmospheric
boundary layer thermodynamic budgetsand
SST forcing

Beforeattemptingo modelAtlantic SSTswe perform
an analysisof the thermodynamidudgetof the lowest
partof theatmospheré/e wishto examinewhichterms
in thebudgetsareresponsibldor thechangesn suiface
“uxes that force changesin SST We usethe NCEP+
NCAR reanalysegor the period 1958+98 We consider
a layer, assumedrertically uniform, that extendsfrom
925to 1000mb, which we taketo be representativef
the atmospherianixed layer that forms the lower por
tion of the bounday layer We assumehereis a well-
mixed layerextendingfrom 1000to 925mb, which can
be characterizedby the 1000-mbvalues.This is awell-
justi®edassumption(e.g., Norris 1998). We assumea
steadystatebecausedhe mixed layer adjuststo the un-
derlying SST on timescalesof lessthan a day (Boers
andBetts 1988). Integratingfrom 1000to 925 mb, the
moist static energyequationis:

g[Pg':hZ va(ha2 )1 P="(uh9 2 (veh9,]

5 Y, 2 h)1 (vth0), 1 ~c,PR. )
g g g

Here h is the moist static energy v is the pressure
velocity at925mb, v, 5 rC,V, whereV is thesurface
wind speedandC,, is thedragcoef®cienth, is themoist

staticenergyof the oceansuifaceandh; is thatat 925

mb, P is the pressurehicknessof the layer (7500 Pa)

and R is the radiative cooling rate in K ?1. In this

equatiorevely termis amonthlyanomaly(andincludes
both linear terms and nonlinearcrossterms). For ex-

ample,the term u " =h equalsthe advectionevaluated
for a month, using total valuesof u and h, minusthe

climatological monthly mean of that term. Here

=" (U9 is the anomaloushorizontal convergencef

moist static energyby eddieswith timescaledessthan

onemonth,(v9, is theanomalouwerticaleddymoist

staticenergy ux at 925 mb. The (vthQ, is the anom-
alous vertical turbulent ux of moist static energyat

925 mb. The ®rstterm on the right is the anomalous
oceanto atmospherenmoist staticenergy ux.

The turbulent ux andthe radiative cooling rateare
unknown and cannotbe calculated.In the caseof the
radiativecooling ratethis is becausave areat alossto
know what the details of the cloud ®eldwere. We do
not expectanomaliedn the radiativecooling rateto be
large, but anomaliesin the turbulent ux are expected
to be signi®cant.Neverthelessve are particularly in-
terestedin how changesn advectionand surface and
eddy uxes impactthe bounday layertemperaturend
humidity and, therefore,the SST To do this we ®rst
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computedempiricalorthogonalfunctions(EOFs)of the
NCEP obsered SST. In this EOF analysisand the
subsequensingularvalue decomposition(SVD) anal-
yses,we useareaweighting of the analyzed®elds We
thenregressedheindividual termsof thebounday lay-
er thermodynamicbudgetonto the time seriesof the
EOF expansiormof SST We only presentresultsfor the
®rstSSTmode.This modeis thefamiliar tripole pattern
of SSTanomalieghataccompanieshe NAO, which is
virtually identicalto the SSTpatternemergingfrom the
SVD analysisdiscussedater, and explains25% of the
domain-integrate®STvariance The®gureshownare
for the positive phaseof the NAO when thereis an
anomalouslystrong anticyclone over the subtropical
North Atlantic, a stronglcelandiclow, andstrongmid-
latitude westerliesbetweenthem. The energy budget
terms,aswritten in Eqg. (1), arein W m?2. The values
plottedcorrespondo the ux anomalythataccompanies
onestandarddeviationof the normalizedSSTanomaly
time series.In Fig. 1 the ux anomaliesare contoured
over the one standarddeviationSST anomaliesplotted
in color.

The anomalousadvectionpresentsa simple pattern
(Fig. 1a). Whenanomalousu " =h is positive this rep-
resentsa cooling of the bounday layerand,hencethe
SST We seethatanomalousdvectionrmatchegthe SST
patternquite well with cool water presentwherethere
is equatoward advectionin the southeasteriNorth At-
lantic and warm water presentwherethereis poleward
advectionoff the North Americancoast.Farthernorth,
anomalousow off the cold Canadiancoastand Lab-
radorSeaarealeadsto cold watersoffshore.The signal
in the SouthAtlantic is weak.

Figureslc and 1d show the horizontaland vertical
eddy ux convergenceThetotaleddy ux convergence
primarily actsto cool the warm waterseastof North
America.Reducededdy uxes warm the northernsub-
tropics, indicative of a polewardshift of the region of
maximumeddyheatandmoisture uxes. Theindividual
eddy termsshowthat the horizontal uxes almostper
fectly dampenthe SSTs, while the vertical uxes have
maximumecooling at around458\ wherethe SST gra-
dient is strengthenedthe most. Therefore,when
summed the cooling over, and slightly to the north of
thewarmwateris thedominantsignal.Evenif theeddy
activity did not departfrom its climatologicalnature it
would be expectedthat the eddy ux would havethis
effect on the SSTs. We found that the low-level air
temperatureand humidity anomaliesclosely track the
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SSTanomaliesSincethe eddyheatandmoisturetrans-
ports are always down gradient, they strengthenand

weakenasthe SSTgradientdoesandthereforedampen
the SSTanomaliesWhatis moreinterestingis thatthe

eddy momentumtransportsalso vary in a systematic
way with the SST(notshown),whichwill bethesubject
of future work. Generally the matchbetweenthe eddy

®eldsandthe SST anomaliess quite remarkable.

Theterm vg(hg 2 h), shownin Fig. 1b, represents
anomaloussubsidencevarminganddrying andis typ-
ically thesamesignasv itself. Theanomalouslystrong
anticycloneoverthe North Atlantic, whichis alsopole-
ward of its usual position, leadsto anomaloussubsi-
denceat around 358\ and weaker subsidenceo the
south.Increaseagubsidenceoolsthe SST primarily via
increasedatentheat ux, by bringingdownair of lower
moist static energy Changesin subsidenceprimarily
dampenthe SST uctuations.

We broke the suiface "ux term into two terms:the
anomalouswind speedworking on the meanvertical
gradientof moiststaticenergyandthemeanwind work-
ing on the anomalousvertical gradientof moist static
energy Thelattertermincludeshow the changingSST
in uencesthe moiststaticenergybudget.In the caseof
the atmospherdorcing the oceanvia changesn wind
speedthiswill beanegativefeedbackermthatopposes
the wind-induced ux changelt wasassumedhatthe
nonlinearcrosstermwassmall. Figuresleand1f show
theregressiorof theseermsontheSST The ux anom-
aly derivedfrom theanomalousvind speedwvorking on
the meanthermodynamicgradientsperfectly matches
the SSTchangeandincreasesn sizefrom poleto equa-
tor. The effectsof anomaloughermodynamigradients
are more complex.In the subtropics,this givesa "ux
anomalythat dampenghe SST increasedwind speed
coolsthe SST and h, is reducedby morethanh, im-
plying that, asincreasedsurface heatloss reducesthe
SST the airtseathermodynamidisequilibriumis also
reducedwhich tendsto reducethe suface heatlossin
an attemptto restorebalance.Here we are seeingthe
componenbf thesurface ux anomalythatinvolvesthe
oceans SST responseo the increasein wind speed.
North of 308N this dampingeffect is lessobvious.In
theseregionsanomalousadvectioncausesanomaliesn
h that force SST changes.

All of thesetermsareof signi®canmagnitudesome-
where.Nonethelessit is possibleto draw somesimple
conclusionsin the subtropicsvind speedchangesrive
changedn SST The alteredSST then createschanges

®

Fic. 1. The relationshipof variousterms in the moist static energybudgetof the lowestlevel of the atmosphereo the underlyingSST
variability. The ®rstEOF of NCEP-obsered SSTis shownin color. Valuesrepresenbnestandardieviationof the correspondingime series.
The regression®f the energybudgettemms onto the time seriesof the EOF of SST are contoured.Shownare anomaliesof (a) advection,
(b) subsidence(c) the horizontaleddy ux convergence(d) the vertical eddy ux convergence(e) the surface ux given by anomalous
windsworking onthe meanverticalgradientof moiststaticenergy and(f) thesuface ux givenby themeanwind working ontheanomalous
vertical gradientof moiststaticenergy The energybudgettermsarein W m?22. Positivecontoursaresolid, negativedashedthe zerocontour

is in bold, andthe contourinterval is 2 W m22,
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in the suface uxes thatlargely offsetthosecreatecdoy

thewind speedchangesNorth of about258N advection
is importantwith, for the positive phaseof the NAO,

advectioncoolingthe easternmAtlantic andwarmingthe
westernAtlantic. Wind speedchangegendto warmthe
whole strip between258 and 458\. Subsidencealrying

alsotendsto cool the east. Summingtheseeffectsex-
plains why the west warmsbut the SST anomaliesin

theeastaresmall.Overtheentiremidlatitudezonalstrip
atmospherieddiesprimarily, andstrongly damperthe
SST anomalies.North of 458\, anomalousadvection
off North Americacoolsthe SSTwith thereducedSST
feedingbackby restrictingthe sufaceheatloss.There-
fore, the SST anomaliesare forced by changesn the
mean ow and are dissipatedby transienteddy uxes

of heatand moisture.This doesnot excludethe pos-
sibility thatthe changesn themean ow areforcedby

changesn eddy momentum uxes, but that will have
to await further investigation.

3. Simulation of surface heat "ux variability
between1958and 1998

Theresultsof the previoussectionsuggesthatit may
be possibleto modelthe obsered uxes with a simple
atmospherianodelthat balancesurface uxes, advec-
tion, subsidenceeddytransportsandradiation.There-
sults also suggeststhat a model that parameterized
changesn eddy uxes in termsof changesn SSTgra-
dientswould capturemuchof theobservededdyeffects.
Here we describeefforts to simulatethe variability of
surface latentand sensibleheat uxes over the 1958+
98 period using a model of the AML forced by the
observedSST. Themodelis describedn detailin Seag-
er et al. (1995). It representsither a dry convective
layeror thesubcloudayerthatunderliesnarineclouds.
Within this layerit determineghevirtual potentialtem-
peratureand speci®cumidity by balancingadvection,
eddy transports,the "uxes at the surface, and the at-
mosphericmixed layer top, and, for temperatureradi-
ativecooling. Themodelassumesa steadystatebecause
of the rapid adjustmentime of the mixed layeraspre-
viously discussed.

We usetheusualbulk formulasto computethesuiface
“uxes. The closurefor the "ux of virtual potentialtem-
peratureat the mixed layer top setsthe downward ux
to be a ®xedproportion of the suiface ux. This has
beenjusti®edon the basisof dataanalysigNichollsand
LeMone1980),modeling(Betts1976),andtheory (Ten-
nekes1973) and hasbeenusedextensivelyin models
of marinebounday layers(e.g.,Bretherton1993;Betts
and Ridgway 1989; Albrecht et al. 1979; Clementand
Seager1999). Theradiativecoolingis assumedo bea
constam 2 K day2®. The closurefor the moisture ux
is moreempiricalandsimply ensureshat,in theabsence
of advectionthe mixed layer relative humidity will be
closeto 80% asobsewed.

With theseassumptionghe model equationsfor the
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total ®eldsof virtual potentialtemperaturendspeci®c
humidity are (see Seageret al. 1995 for a complete
derivation):

P(ul u®)'=uy,5 (11 b,)CoVo(Lho2 )1 PRS (2)
Pul u9) =95 Cyvogy 2 Cove(l1l mq, 3)
u5 u,/(11 0.61). 4)

Here P is the ®xedmixed layer pressurethickness(a
typical value for the subcloudlayer of 6000 Pais as-
sumed),u, is the virtual potentialtemperatureand u,
is its sufacevalue,q is the speci®thumidity andq, is
the saturation-speci®oumidity at the surface temper
ature.Here u is the potentialtemperatureR9is (1 1
0.61g) times the radiative cooling, C, is the suiface
exchangecoef®cientand v, 5 rgC,V,, whereC, is
an exchangecoef®cient,and V, is the surface wind
speed.The b, is the closureparametethat determines
thevirtual potentialtemperatureux atthe mixedlayer
top (seeBetts 1976). Here mis a parameterelatedto
the closureon the moisture ux at the mixed layer top
andis setso that, in local equilibrium[g 5 q./(1 1
m], the modeledrelative humidity is closeto the ob-
sewved value of 80%. The advectingvelocity includes
the NCEP+NCAR analyzed monthly mean 1000-mb
wind u andan eddy-advectingelocity u*. Thelatteris
assumedo be proportionalto the suiface temperature
gradient(over land and sea)averagedover a distance
108north andsouthof the grid point andextending608
west.Thisis designedo mimic theeffectsof unresolved
submonthlytransienteddiesthat advectcold dry air
equatoward and down and move warm moistair pole-
ward and up (seealso Kushnerand Held 1998).

We ®rstusethe modelto computetheturbulent uxes
using NCEP+NCARreanalyzedmonthly averaged
1000-mb wind speed and direction prescribing the
monthly averagedobsewved NCEP SST. The model
also usesNCEP 1000-mbair temperatureand speci®c
humidity over land. Theseare neededvherethe winds
blow offshore,in which caseobsered valuesare ad-
vectedoutovertheoceanThemodelcomputeghetotal
suiface uxes giventhetotal SSTsandanomalousuxes
are computedby subtractingthe climatological mean
modeled uxes. We assumethe cloud cover doesnot
departfrom its climatologicalseasonatycle. Thelong-
wave cooling of the oceansuirface is estimatedusing
bulk formulaandvariesasthe SSTandair temperature
and humidity vary, but its variationsare muchsmaller
thanthe variationsin the total turbulent ux.

To examinethe agreementbetweenmodel and ob-
sewved uxes welook attwo winter average®f Januay
through March for 1969 and 1989 that exhibited op-
positeextremestatesof the NAO. (We choseto check
the models ability to simulatethe "uxes by examining
speci®cwinters, rather than an EOF for example,to
emphasizethat the climate variability we are talking
aboutis clearlyapparenin therawdata.)Figure2 shows
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Fic. 2. NCEP+NCARreanalyzedanomaliesfor JantMarseasonameansof 1969 and 1989 of
(a), (b) SST (c), (d) sufacewind, and (e), (f) the latentplus sensibleheat ux.

the anomalief SST sufacewinds,andupwardlatent In the Tropicsthe latentheat ux anomaliedominate,
plus sensibleheat uxes as derived from the NCEP+ but at high latitudesthey canbe closeto the samemag-
NCAR reanalysegor thesetwo winters.Thelatentand nitude.Generallythe anomalougurbulent uxes areof
sensibleux anomaliearealmostalwaysthesamesign. the sign that would createthe SST anomaliesthat s,
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Fic. 3. The latent plus sensibleheat ux anomaliesin W m?2 simulatedby the AML model
when forced by NCEP+NCARreanalyzedSST and winds for JantMarseasonameansfor (a)

1969 and (b) 1989.

anomalouslypositive uxes abovecold water This re-
lationshipwas notedby Cayan(1992a,b)andis indic-
ative of the atmosphereforcing the ocean.Figure 3
showsthe modeledlatent plus sensibleheat ux when
forced with obsewed SST It is clear that the AML
modeldoesa reasonablgob of reproducingthe ampli-
tudeandspatialpatternof the obseved ux anomalies.
The ux anomaliescould be producedby changesn
wind speedor direction. Next we ran the AML model
holding the wind speedand direction ®xedin the ad-
vection terms but allowing the wind speedto vary in
the suface "ux formulation. Thenwe allowedthe ad-
vecting winds to vary but held the wind speedin the
suiface ux formulation®xed.The modeledlatentplus
sensible uxes for thesecasesareshownin Figs.4azd.
It is clearthatchangesn wind speedarethe dominant
effectsouthof 408N, butthatat higherlatitudeschanges
in advectionof temperatureand moisturebecomeim-
portant. Theseresultsare broadly consistentwith the
obsewationalanalysesof Cayan(1992a,b).

4. Simulation of SST anomalieswith a uniform
depth oceanmixed layer coupledto the AML
model

Beforewe examinethe SSTanomaliesimulatedus-
ingtheAML model,wewill considettheresultsderived
by forcing an oceanmixed layer model with surface
“uxes evaluatedusing bulk formulasand observedair
temperatureand speci®chumidity. It is quite common
to useobsewred air temperatureand humidity in ocean
modelbounday conditionsanda simulationof the At-
lantic Oceanthat usesthis designhasbeenpresented
by Battisti et al. (1995). We simulatedthe global SST
anomaliesrom 1958to 1998forcinga 75-m-deecean

mixed layer with surface "uxes computedwith bulk
formulasandthemodeledSST andtheNCEPobsered
air temperaturandhumidity. Figure5 showstheglobal
map of correlationcoef®cientdbetweenthe time series
of obserwed and modeledSST anomalies.The corre-
lation is goodto excellentalmosteverywhere.The am-
plitude of the modeledSSTanomaliesasestimatedy
regressior(not shown),arealsoreasonableThis might
be takento indicatethat almostall the SST variability
is ux driven.However we alsoseethatthe correlation
is goodin the tropical Paci®cOceanwherewe know
that the SSTs are actually driven by changesn ocean
heattransport.

Thisresultis inevitable. The airtseaemperaturdaif-
ferenceis constrainedo be whateveris neededo bal-
ancethe radiative cooling of the subcloudlayer (e.g.,
BettsandRidgway1989).Theradiative ux divergence
acrossthe subcloudlayer varies by very little and is
typically about10 W m?2. The sensibleheat ux at
cloud baseis downwardandtypically small(e.g.,Betts
1976). Since condensatiorand evaporationof falling
rain aresmalltermsin the subcloudlayer, the SSTand
air temperaturesnust adjustto provide a surface sen-
sible heat ux that balancesthe radiative ux diver
gence Thereforethe suiface ux mustalsobe about10
W m?2, which requiresan airtseatemperaturdiffer-
enceontheorderof 1 K. Similarly theairtseshumidity
differencealwaysadjustssuchthatthe surfacerelative
humidity remainsat about80%, asthe evaporatiorand
entrainmenbf air at cloud basecomeinto balanceThe
reasondor this arelessclearthanfor the caseof the
airtseatemperaturedifference, but this uniformity of
surface relative humidity is nonethelessn undisputed
fact of life for the marinebounday layer.

Consequentlythe air temperatureand air humidity
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Fic. 4. Sameasfor Fig. 3 but for the caseswhere(a), (b) the wind vectorsare held ®xedand
only wind speedvaries,and (c), (d) the wind vectorschangebut the wind speedis held ®xed.

areimprintedwith the SST Specifyingthemin theocean
modelbounday conditionsguaranteethatthe SSTwill
approachits obsewed value and ensuresthat even
ENSO-relatedSST changesare simulateddespitethe
oceanheattransportremaining®xed.Of coursein this
model the ENSO-relatedSST changesare causedby
changesn the surface uxes and this is not so in the
realworld. Therefore,it maybe possibleto sortoutthe
roles of surface "uxes and oceanheattransportin this
experimentalarrangemenbut only by simultaneously
comparing modeled and observed SST and surface
“uxes. This is what Battisti et al. (1995) attemptedo
do. Nonethelessthis remainsa methodologythat is
proneto be ambiguousand misleading.Since the air
temperatureand humidity and SST equilibrateto each
otherin all circumstancethisargumenis valid in cases
wherethe atmospherés forcing the oceanaswell asin
caseswherethe oceanis forcing the atmospherde.g.,
ENSO). Clearly, whenwe areinterestedn simulating

and understandingSST variability, it makessenseto
explicitly model the coupling of the atmosphericand
oceanicbounday layersandto avoid speci®catiorof
the atmospheridhermodynamicstate.

a. Simulationwith a uniform depthoceanmixed
layer

The succesof the AML models surface ux sim-
ulationsuggestshatit maybe possibleto simulateSST
anomaliesby couplingthe AML modelto a model of
the oceanmixedlayer We assumeéhe simplestof ocean
mixed layers:a uniform, well-mixed, 75-m-deepayer
thatis decoupledfrom the water below. Knowing the
climatologicalmean uxes from the runswith imposed
SSTswe integrateanequationfor the SSTanomalythat
is forced by "ux anomalies.The anomaliesare com-
putedby subtractingthe modeledclimatologicalmean
“uxes from the total ux computedoy the AML model
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FiG. 5. The correlationcoef®cienbetweenobserved andmodeledSSTanomaliesascomputedwith
a75-m-deemceammixedlayerforcedby suface ux anomaliesomputedisingstandardulk formulas
and obsewred suiface air temperatureand humidity. Oceanheattransportsdo not vary exceptfor an
imposedseasonatycle. The correlationis goodto excellenteverywhere,evenin the tropical Paci®c,
indicatingthatusingthe obseredthemodynamicgpropertieof theatmospheribounday layerensures
a good SSTsimulationbut frequentlyfor the wrong reason.

using the obsewred climatologicalmeanSST plus the
modeledSSTanomaly Here,andin all theexperiments
to be describedwe assumethat the surface solar ux
andthe cloud coverremainat their climatologicalsea-
sonalcycle. It is well known that in midlatitudesvar
iationsin the surfaceradiative uxes aremuchsmaller
than thosein the turbulent uxes (Cayan1992b)and
our own estimationof thesequantitiesusingNCEPdata
con®rmedhis. The equationfor the SST anomalyis:

179 1 = =

Tt 5 opl M1 Tw) 2 QTudl ()
HereT9is the SSTanomaly H is themixedlayerdepth,
T s is the obsewed climatologicalmeanSST Q(T9 1
T,d is thetotal heat ux, andQ (T,,J) is the modeled
climatological heat ux. It should be understoodthat
the total "uxes are computedusing, not only the total
(modeledanomalyplus speci®ednean)SST but also
the total wind speedand direction from the NCEP+
NCAR reanalyse$or the appropriategime in the 1958+
98 period. This procedureis equivalentto holding the
oceanheattransports®xedat their seasonallwarying
climatologicalvalues.The modelis initialized with the
SST anomalyin Januay 1958 and advancedorward
throughto Decemberl998. Time-varying temperature
andhumidity overlandareusedasbounday conditions
andget usedwhenthe “ow is offshore.In this andthe
subsequenexperimentsthe model spansthe Atlantic
Oceanfrom 308S to 738N with a resolutionof 28 3 28
Themodelis integratedhroughall themonthsandyears
but we will only examinethe resultsfor the Januay to
March winter seasorwhich is whenNorth Atlantic cli-
matevariability is mostapparent.

In orderto evaluatethe obseved and modeledvar-
iability we perform analysedy SVD (Brethertonet al.
1992)betweenSSTandvectorwind. The®rstobsered
modeof variability, which explains25%of thevariance
of SSTand25% and20% of the varianceof zonaland
meridional winds, respectively during the Januay to
March seasonjs shownin Fig. 6a and the SST time
seriesin Fig. 6¢. The correspondingnodeledpatterns
and SSTtime seriesare shownin Figs.6b and6c. The
observed ®rstmode of variability showsthe familiar
tripole patternof SSTs. When the watersare anoma-
lously cold in the high-latitudeNorth Atlantic andsub-
tropical North Atlantic they are anomalouslywarmin
the midlatitudes.Thewind patternthataccompaniethe
SST®eldshowsan anomalousanticycloniccirculation
whosein uence spansthe entire North Atlantic. This
circulation strengthensthe northeasttradesinducing
oceancooling. At higherlatitudesthe midlatitudewest-
erlies are shifted north comparedto climatology and
intensify, inducing cooling in the high-latitude North
Atlantic and warming in the midlatitude Atlantic. As
mentionedin section2 advectionis also importantin
someareas.For example,advectionof warm moist air
polewardaids the warming of watersimmediatelyoff
the U.S. coast.The patternis the North Atlantic Oscil-
lation.

The®rstmodeof the modeledvariability duringwin-
ter is strikingly similar to that obsewed. The modeled
®rst mode explains 23% of the varianceof modeled
seasonalSST anomalies.However a closeinspection
revealssomedifferencesthewarmanomalyin themid-
latitude Atlantic extendsfarther southin the obsewra-
tions and also has an axis of maximumvaluesin the
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Fic. 6. (a) Resultsof anSVD analysisbetweerNCEPwind vectors
and SST anomaliesduring the JantMarseasonThis ®rstmodeex-
plains23% of the variancein SSTand25% and20% of the monthly
zonaland meridionalwinds, respectively andis associatedvith the
North Atlantic Oscillation. In (b) we show the sameanalysisper
formed with the SST anomaliescomputedby a 75-m-deepocean
mixed layer coupledto the atmospherianixed layer model. The pat-
temsin (b) explain23%, 27%, and 29% of the seasonameanSST
zonal and meridionalwind anomaliesyespectively The time series
of the obsewed and modeledSST modesare shownin (c).

location of the North Atlantic Current,the cooling of
the subpolargyre is too intenseand the model also
poorly represent§STanomaliesn the Gulf of Guinea.
However the time seriesof the observed and modeled
modesarein goodagreementvith the modelcapturing,
not only the interannualvariability of this pattern,but
alsothe trendfrom the 1960sto the 1990s.
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b. Simulationswith a variable depthoceanmixed
layer

In this sectionwe simulatethe SST anomalieausing
a variabledepthoceanmixed layer while still holding
oceanheattransports®xedat their climatologicalval-
ues. The mixed layer depth was diagnosedfrom the
computedvaluesin thefull GCM experimendescribed
below We thencomputea climatologicalseasonatycle
of GCM mixed layer depthsat eachmodel grid point
andimposethesein the SST calculation.Therefore as
with the caseof the uniform depthlayer, the SST are
still decoupledfrom the water below The SST anom-
aliesevolve accordingto the schematicequation:

T, 1

]t re,H(x, y, 1) ©)

[Q(T9 1 Tod 2 Q(Topdl,

wherenow H(X, y, t) isthe speci®edspatially, andtem-
porally varying, oceanmixed layer depth.

The spatial patternsof the ®rstmode of variability
during winter, which explains23% of the varianceof
SST andits time series,asderivedby an SVD analysis
of modeledSSTs andobseredwindsareshownin Figs.
7a and 7c. This modeis very similar to that derived
with auniform depthmixedlayerbutthereareimportant
differences.n the North Atlantic the amplitudeof the
modeledSSTanomaliegienerallydecreases hisis be-
causethe modeledmixed layer depthis much deeper
than 75 m so that the same ux anomaliesgenerate
smallerchangesn SST Thedeepemodeledmixedlay-
er depthsare more realistic. The SST anomaliessim-
ulatedin the far North Atlantic with the uniform depth
layerweretoo largebut, usingthe variabledepthmixed
layer, theyarenowtoo small,for examplejn theregion
southandwestof Iceland.However southof Greenland
theyremaintoo large.We comparedhe modeledmixed
layerdepthswith thosederivedfrom the Levitus(1982)
dataandfoundthatthemodelunderestimatethedepths
overmuchof the Atlantic northof 408N. This difference
explainswhy the model SST anomaliesare too large
southof Greenlandput the underestimate&STanom-
aliessouthandwestof Icelandsuggesthat otherpro-
cessessuchas oceanadvection,must be contributing
to the SST anomalieghere.

In the subtropicalSouthAtlantic, useof the variable
depthmixed layer increaseghe size of the SSTanom-
alies becauseahe mixed layersin this region,whereit
is local summeyareshallowerthan75 m. The modeled
SSTanomaliesvould, howevey appeatto betoo large.
Comparingthe modeledmixed layer depthswith those
derived from Levitus (1982) data revealsthat this is
becausehe modeldepthsaresomewhatoo small. Spa-
tial and temporalvariationsin the meanmixed layer
depth,which are hard to model correctly nonetheless
havean importanteffecton the the SST variability.
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FiG. 7. Sameasfor Fig. 6 butfor thecasesvheretheSSTanomalies
werecomputedwith a variabledepthoceanmixed layerand(b) with
thefull dynamicaloceanGCM both coupledto the AML model.The
time seriesare shownin (c).

5. Simulation of SST variability with an
oceanGCM

In orderto seehow changesn oceanheattransport
impact the evolution of SST anomalieswe integrated
the LamontoceanGCM (Visbecket al. 1998),coupled
to the AML model, for the 1958+98period forced by
the NCEP+NCARreanalyzedwvind stressesaswell as
the wind speedand direction that are usedwithin the
AML. The GCM spansthe Atlantic Oceanfrom 3085
to 738\ with a resolutionof 28 3 28 and 30 ®xed
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vertical levels, 13 of which arein the upper1000 m.
The model includes basin geomety and bathymety
consistentwith the resolution.Model temperaturesat
all depths,are relaxedtoward seasonallyvarying cli-
matologicalvalueswithin 58of the northernandsouth-
ern endsof thedomainonly. Salinity is restoredto ob-
sewved valuesat all grid points so the in uence of sa-
linity variability isignored.Themodelincludesasimple
1%-layer thermodynamicseaice model, a bulk wind-
driven mixed layer model, convectiveadjustmentand
isopycnalthicknesdiffusion. The mixed layer depthis
now computedand can deviatefrom its climatological
values.

Whenthe modelis forcedwith thetotal (climatology
plus anomaly) forcing ®eldsfrom the NCEP+NCAR
reanalyse# produceguite substantiakrrorsin thean-
nual meanSST which is in contrastto the modelsim-
ulations using other forcing products(e.g., European
Centrefor Medium-Rang@Neather~orecastanalyses).
While the seasonaland lowerfrequency anomalies
aroundthisincorrectmeanarequiterealistic,we attempt
to avoid potentialproblemsby applying insteada cor
rectionin the form of a diagnosedseasonallyarying
meansurface ux thatensureghe modelreproduces
reasonableneanseasonatycle of SST The equation
for the GCM's SST T, canbe written schematicallyas:

]]—1—1 OHT 5

Q,

c,H (7)

where OHT is the dynamicalcontributions,including
mixing, to the SSTtendencyandQ is the surfaceheat
“ux. Firstwe diagnosehesuiface ux, Q. for which
the model, forced by obsewred winds, reproduceghe
obseved SST T,

] Tobs
Tt (8)

Here OHT is the oceanheattransportfrom this run.
The quantitiesin this equationwerederivedfrom arun
using the monthly datafor the entire 1958+98period
and then averagingto derive monthly climatological
means.The equationthe modelthenintegratesn order
to derive SST anomaliesrelative to the obsewed cli-
matologicalmeansis

1T
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Here OHT9is the anomalousoceanheattransportand
mixing. Subtractingthe lastequationfrom the previous
onewe seethatthe SST anomalyevolvesas:

179 1

]_tl OHT9 5 GCH[Q(ibsl T92 Q(T,l, (10)

which is the sameasfor the mixedlayer modelsexcept
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for inclusion of anomalousoceanheattransportin ad-
dition to vertical mixing.

Figure7bshowsthewindsandmodeledSSTanomaly
correspondingo the ®rstmode of modeledSST vari-
ability in the GCM. Figure7c showsthe corresponding
time series.It is immediatelyapparenthat the pattern
is very similar to both the patternderivedby the ocean
mixed layer modelsandto the obsewations.Thereare
howevera few differences.The GCM now morefaith-
fully reproduceghe magnitudeof the SST anomalies
in large areasof the far North Atlantic thatwere over
estimatedy theuniformdepthoceammixedlayermodel
and underestimatedby the variabledepthmodel. It is
also apparentthat the GCM faithfully reproduceghe
warm SSTanomalieghat occursouthof the North At-
lantic Current between258 and 308\. However the
GCM hasproblemssimulatingthe variability north of
the Gulf Steamand off the coastof New Englandand
Canadaand,generally it producegoo muchvariability
in this region.

To comparetherolesof suface uxes andocearheat
transportin determiningthe SST variability we per
formed two regressionsof the modeledsurface heat
“uxes and anomalousoceanheattransportsjntegrated
down to the baseof the modeledoceanmixed layer,
eachagainstthe time seriesof the SST anomaliesof
the ®rstSVD mode.Theseareshownin Fig. 8aand8b.
The anomalousbceanheattransportis de®necositive
if it warmsthe SSTwhereagheanomalousurfaceheat
“ux is positiveif it coolsthe SST The broad-scaléea-
turesof the sufaceheat uxes peifectly matchthe SST
anomaliesin the senseof the atmospherdorcing the
oceanOceanheattransportis importantin thenorthern
North Atlantic whereit is the samemagnitudeas the
suiface uxes. We broke the anomalousheattransport
into two terms, advectionof the mean SST by the
anomalouscurrents and advectionof the anomalous
SSTs by the meancurrents Advectionof the meantem-
peratureby the anomalouscurrentswas the mostim-
portantterm outsidethe Tropics. During a high-index
NAO year strongemwesterliedrive asouthwardekman
drift over the high-latitudeoceanthat coolsthe SSTs.
This ampli®eghe coolingdueto enhancedurface ux-
es. Luksch (1996) notedthe sameeffectin her ocean
model simulationsof the 1950+79 period. This anom-
alous Ekmandrift increaseghe simulatedSST anom-
aliesrelative to the casewith a variable depth mixed
layer. Clearly, thereasonablyizedSSTanomaliesim-
ulatedwith a uniform mixed layer depth,andno anom-
alousoceanheattransportwereobtainedfor thewrong
reasonln reality, both oceanheattransportandsurface
“uxes areimportantin this area,andit is necessay to
accountfor the fact that the surface "uxes impactthe
temperatureof a deepwintertime mixed layer We also
lookedat the role of anomalousentrainmentindfound
thatit dampenghe SSTchangedecausef thealtered
differencein temperaturebetweernthe mixedlayerand
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Fic. 8. The regressionof the anomaliesof the modeledsurface
heat ux (positive if it cools the ocean)and oceanheat transport
(positiveif it warmsthe ocean)ontothe time seriesof the ®rstmode
of SSTvariability shownin Fig. 7b. The sufaceanddynamicalheat
“uxes arecontouredn W m?2 andrepresenthevariationsassociated
with a onestandarddeviation uctuation in the principalcomponent.
Positive contoursare solid, negativedashed the zero contouris in
bold, andthe contourinterval is 3 W m?2.

below This con®rmghe sameresultseenby Halliwell
(1998)in a modelintegration.

Farthersouth,strongertradesdrive a northwardEk-
mandrift that warmsthe subtropicsand southernmid-
latitudes.This weakly opposeghe cooling of the sub-
tropics by surface "uxes but enhanceshe warmingto
the southof the North Atlantic drift. In thelatterregion
this causesa warmingin the GCM thatis realistic,but
was missedby the oceanmixed layer models.

The stronganomaliesseenin the datain the region
of the North Atlantic Currentregionarenot reproduced
by themixedlayermodelor the GCM. The GCM's Gulf
Streamand North Atlantic Currentare locatedtoo far
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Fic. 9. The SST anomaliesfor JantMarseasonameansas simulatedby the oceanGCM for
(a) 1969 and (b) 1989. Thesecan be comparedto the corresponding®guresfor the obsewed

anomaliesin Fig. 3.

northandleadto increasedSTvariability in theregion
eastof Canadalt is probablethat oceanheattransport
is responsiblefor someof the obsewred variability of

SSTin the North Atlantic Currentregion, but this low

resolutionGCM cannotcapturethis. The GCM alsohas
animprovedSST simulationin the Gulf of Guineathat
may indicatea role for equatorialdynamics.

To further examinethe role of oceanheattransport
we looked at the heatbudgetof the oceanmixed layer
averagedover different areas.An areaaveragein the
subpolargyre showsa strongrelationshipbetweerSST
changessurface uxes, oceanheattransport,and the
wind forcing. Increasedwesterlies cause dynamical
cooling of the oceanthat is in phasewith the cooling
by suface uxes. Thisis furtherevidenceor our claim
that changesin oceanheattransportare primarily as-
sociatedwith anomalousEkman drifts that establish
themselvegnstantaneouslpncethe wind changesWe
alsocomputedhetime seriesof northwardheat ux by
the Gulf Streamoff Cape Hatteras.This showedno
decadabariability or trendin contrastwith the coupled
modelrunsof Grézneret al. (1998)whereheattrans-
portin thisareaprecedeshedevelopmendf SSTanom-
aliesin the subpolargyre. We were unableto ®ndany
evidencdor anyleador lagrelationshignvolvingocean
heattransports,con®rmingthe earlier model result of
Luksch (1996). While this is not a comprehensivex-
aminationof the possiblerolesfor oceanheattransport,
it is in contrastwith model simulationsof the tropical
Paci®cOceanwhereit is easyto identify changesin
oceanheattransportleading the developmentof SST
anomalieqe.g., Seagerl989).

As a ®nalassessmertf the models ability to repro-
ducethedominantmodeof obsewredclimatevariability,
we showin Fig. 9 the modeledSSTanomaliedor Jan-

uarytMarchaveragef 1969 and 1989. Thesecanbe

comparedwith the obseved SST anomaliesfor that
period shownin Fig. 2. The NAO-associate®ST pat-

ternsof theseindividual winters are broadly the same
as those derived by SVD or EOF analysisbut show
someinterestingdifferences For example during 1989
cold waterdid not stretchall the way acrossthe North

Atlantic from Newfoundlandto the British Isles but,

instead,warm waterslay westof Europe.In 1969 the

tropical SST anomalieswere the samesign north and

south of the equator Neither winter showeda pattern
of strongSSTanomaliesn the North Atlantic Current
region. Thesedifferencesgive someideaof how indi-

vidual winterscandepartfrom the moretypical patterns
derivedby SVD analysis.Looking at Fig. 9, it is quite

clearthat, with modestdifferencesin positionandam-

plitude, the GCM accuratelyreproduceghe obsered

variability of thesetwo winters.The peculiaritiesof the

SSTpatternsjn comparisorwith the SVD patternsare
alsoreproduceddy the model.

We alsoexaminedhe highermodesof observedand
modeledvariability. The secondand third modesto-
getherexplainlessvarianceof SSTthanthe ®rstmode
alone. Both higher modes are high-latitude features
dominatedby anomalouscirculationsat around 558\,
with that associatedvith the third modebeinglocated
much farther eastthan that associatedvith the second
mode.Both modesare dominatedby interannualvari-
ability without any noticeabletrend. The oceanGCM
reasonablyreproduceghe patternsandtime evolution
of thesemodes.We regressedhe oceanheattransport
andsuiface uxes onto the time seriesof the patternof
modeledSST revealedby the SVD analysesFor the
secondmode, anomaloussurface heat uxes are the
dominantforcing for SST variability with changesin
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oceanheattransportcontributingin the North Atlantic
Currentregionat about408N. Patternof suface uxes,
oceanheattransportandSSTarenot coherentliinked
for the third mode, which makesus wonderaboutits
realismandwe do not considerit further

6. Conclusions

In this studywe ®rstexaminedwvhy surfaceheat ux-
eshavevaried over the Atlantic Oceanduring the last
four decadesWe analyzedthe different termsin the
lowest-level thermodynamicenergy budget using
NCEP+NCARreanalyzeddata.In agreementvith the
resultsof others(e.g.,Cayanl1992a,b)we haveshown
thatchangesn wind speedcausehechangesn surface
“uxes over the subtropicalNorth Atlantic, but thatfar-
ther north anomalousadvectionis also important, es-
pecially advectionof cold anddry air off North Amer-
ica. Changesn wind speedanddirectioncausechanges
in surface” uxes thatforce SSTchangesWe alsofound
thatanomalousubsidenceancreatechangesn surface
“uxes that dampenSST anomalies.Changesn atmo-
sphericeddy uxes also primarily dampenSST anom-
alies. Therefore,as far asthe SSTis concernedit is
changesin the meanatmosphericow that createthe
SSTanomalieswhile the eddiesdampenthem.

Next we were able to show that a simple model of
the atmospherianixed layer (AML) that balancessur
face uxes, radiation,subsidenceadvection,and eddy
transportswas quite capableof reproducingthe ob-
sewvedsuiface ux variability whenforcedby obsewed
SSTs. Thissuggestshatit would be possibleto simulate
the SSTvariability with an oceanmodelcoupledto the
AML model.We usedthreedifferentoceanmodelsitwo
in which the oceanheattransportswere held ®xedat
their seasonallyarying climatologicalvalues,the ®rst
with a uniform 75 m depthandthe secondwith a mixed
layer modelthat allows the depthto vary and, third, a
full oceanGCM in which oceanheattransportsvaried.

The SST variationssimulatedby the uniform depth
mixed layer model were surprisingly similar to those
obsewed. The model reproduceghe familiar tripole-
bandedstructureof SST anomaliesassociatedvith the
NAO and also reproduceghe long-termtrend in that
patterntowardthe high-indexstateof the NAO (Hurrell
1995).This resultmakesit clearthat,to ®rstorder the
variationsof Atlantic OceanSSTs since 1958 can be
explainedasthe responsdo variationsin atmospheric
circulation.Thisis true at all timescalesBy comparing
this result with the SST simulated using a variable
depthoceanmixed layerwe wereableto assessherole
of mixing. Thedeepwinter mixedlayersof thefar North
Atlantic greatlyrestrictedthe amplitudeof SSTanom-
alies forced by suiface "uxes and, in fact, they were
too small. In the South Atlantic the shallow summer
mixed layersincreasethe SST anomalies.

Thefull oceanGCM alsoincludesthevariabledepth
oceanmixed layer model and, in addition, allows the
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oceanheattransportto vary. Changesin oceanheat
transportareimportantin the far North Atlantic. Here,
when anomalouswesterliescool the SSTs by suiface
“uxes, they also createan anomalousquatoward Ek-
mandrift thatenhanceshecooling. The SSTanomalies
in this simulation were realistic suggestingthat here
surface uxes, mixing of thein uence of surface uxes
downto considerablaepths andchangesn ocearheat
transportare all important. Anomalousentrainmentat
the baseof the mixed layer dampensSSTanomaliesin
the region to the south of the North Atlantic Current
anomalougasterlywindsdrive ananomalougpoleward
Ekmandrift that warmsthe SST and greatlyimproves
the realismof the SSTsimulationrelativeto the mixed
layer models.We were only ableto identify a role for
anomalousEkman drifts. Theseare generatedalmost
instantaneouslgndcannotprovideanylong-termmem-
ory thatcouldleadto oscillatory behavior(e.g.,decadal
variability). Analysesof the heatbudgetsin variousre-
gions did not uncover any evidencethat oceanheat
transportssystematicallylead or lag the SSTs. Instead,
wheretherewasa clearsignalin changesn oceanheat
transport,(e.g., the far North Atlantic) it wasin phase
with the SST changedorcedby suiface uxes.
Theresultsof an oceanmodelingstudyalonecannot
be usedto fully explain climate variability in the At-
lantic sector We havedemonstratethat changesn the
surface uxes forced by a changedatmosphericircu-
lation and, to a much lesserextent,changesn ocean
heattransport,can be successfullyinvoked to explain
the variationsof Atlantic SST However we cannotex-
plain why the atmosphericcirculation changedin the
®rstplace. The currentresultsare consistentwith the
atmospheréorcingtheocearatall timescalesincluding
decadalbut this raisesa particularly dif®cultquestion:
wheredoesthe persistencérom onewinter to another
includingthelong-termtrends,comefrom? Atmosphes
ic timescalesppeatto betoo shortto explainsuchlow-
frequencybehaviorwhile they may easily explainper
sistenceduring a winter. Assuming that the low-fre-
guencybehavioris not simply the resultof the oceans
ability to integrate the atmosphere' high-frequency
forcing, thenthereareseveralpossibleexplanationgor
the low-frequencybehavioy which we considerin turn.

1) In nature,the oceanheattransportdoesin fact play
the dominantrole andthe atmosphereespondson-
structively suchthat the suiface ux anomaliesre-
inforce the SST anomaliesgeneratedy oceandy-
namics.In our model, the reasoningwould follow,
we do notseetheimportanceof thechangesn ocean
heattransportbecauseby fortuitoustuning,the sur
face uxes accountfor almostall the SST change.
If this scenariowas correctthen the modeled ux
anomaliesn our modelswould be systematicallyoo
large. Thereis no evidencefor this. Also, while
anomalougkmandrift doescontributeto SSTvar
iability in the far North Atlantic, elsewherethe



2860

oceans dynamicalrole is limited. Further we do not
®ndthat the oceanheattransportsigni®cantlyleads
or lagsthe SSTor surface uxes. This makesit hard
to arguefor changesn oceanheattransportdriving
Atlantic climate variability.

This conclusiorappearsatfacevalueto contradict
the recentatmospheranodelingresultsof Rodwell
etal. (1999).TheyforcedanatmosphericcCM with
obserwed SST and, in an ensemblemean, repro-
ducedmuch of the obsewred behaviorof the NAO
since1947,thoughwith greatlyreducedamplitude.
This might be takento suggestthat aspectsof the
NAO's behaviorwereforcedby theoceanHowever
we note that their surface "uxes dampenthe SST
anomaliesrather than force the SST anomaliesas
obsewed. Brethertonand Battisti (2000) arguethat
thesefeaturesare the expectedresult of taking the
meanof an ensembleof experimentsin which an
atmosphericGCM is forced by the time history of
SSTsthatwere,in fact, createcby atmospheridorc-
ing. Theresultstherefore,jn their interpretationdo
not indicatethatthe NAO behaviorwasin any way
forcedby the changedn SST

2) In nature,changesn atmosphericirculationcreate
SSTanomaliedputtheatmosphericesponsédo those
SST anomaliesis suchasto reinforcethe changes
in circulationand uxes thatcreatedthe SSTanom-
aliesin the ®rstplace.Persistencérom onewinter
to anothemwould beaidedif variationsin ocearmix-
ing could sequestetthermal anomaliesbelow the
summermmixed layerto bereentrainedhefollowing
winter (Battisti et al. 1995; Bhattet al. 1998).Both
thisexplanatiorandthe previousone ounderin that
theyrely onacoherenatmosphericesponsé¢o mid-
latitudeSSTanomaliesin the senseof high pressure
downstreamof warm water that hasbeendif®cult
to demonstrate.

Anotherexplanationof North Atlantic variability is
that it is driven from elsewhere perhapsfrom the
SouthAtlantic (Robertsonet al. 2000). In this sce-
nario changesin SouthAtlantic SST would in u-
encethe strengthandlocationof convectionoverthe
Amazonandin the ITCZ. Atmosphericteleconnec-
tions,or changesn theHadleycell, wouldthencom-
municatethis changeto the North Atlantic circula-
tion. But why do the South Atlantic SSTs change?
This explanationsubstituteghe problemof explain-
ing the persistenceof South Atlantic SSTs for the
problemof explaining persistencen the North At-
lantic. Howeverit is easierto demonstratea con-
structiveresponsef the tropicalatmospheréo SST
anomalies(e.g., Changet al. 2000) so this ideais
not entirely implausible.

The causesof low-frequencyvariability in the At-
lantic sectorlie outsideof the Atlantic basin.In par
ticular the Paci®cOceanhas strong decadalvari-
ability whoseorigin is unknown(Zhangetal. 1997)
and, perhaps this also impactsthe Atlantic Ocean

3)

4)
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via teleconnectionsHowever the NAO andPaci®c
variability have not beendemonstratedo be well
correlated More generally the in uence of the Pa-
ci®c on the high- and midlatitude Atlantic, which
occursvia the Paci®ctNorthAmericanteleconnec-
tion pattern,is weak.On the otherhand,ENSOhas
a poweilful andcoherentimpacton the tropical At-
lantic (Giannini et al. 2000),suggestinghata com-
binationof this mechanisnwith the previous,South
Atlantic explanation,is a contenderfor explaining
decadalvariability in the Atlantic sector
The®nalcontendeis greenhousgvarming.Shindell
etal. (1999)haveshownthatrisinggreenhousgases
in an atmosphericGCM can createa trend in the
Arctic Oscillation, which is closely relatedto the
NAO, as vertical wave propagationbetweenthe
stratospherandtropospherés alteredby a strength-
eningstratospheripolarvortex.In this scenaricsur
face winds over the Atlantic will be alteredasthe
Arctic Oscillationshiftsto a high-indexphaseThis
will thencausethe SST to vary. Our modelingre-
sultsareentirelyconsistenwith thisexplanatiorbut,
obviously, cannotprovethatit is correct.

5)

Our oceanmodelingexperimentsndicatethat over
thelastfour decadeg\tlantic Ocearclimatevariability
canbeadequatelexplainedn termsof theocearbeing
forcedby changesn atmosphericirculation.Progress
thereforerequiresunderstandingvhy the atmospheric
circulationchangedWe needto discoverwhatcanex-
cite trendsin the circulation and what can causeper
sistencefrom one winter to another Changesin the
distribution of atmospheriaconvectionin the tropical
Atlantic sectorare one possibility, greenhousevarm-
ing is anotherandthereare probablyothers.In terms
of the persistencewithin a winter our obsewational
analysisof thethermodynamidudgetof thelowerpart
of the atmosphereés revealing.Clearly the mean ow
createsSST anomaliesthat the atmosphericeddies
dampen.This may not be a fortuitousarrangementit
is possiblethat the atmosphericeddiesforce changes
in themean ow via changesn eddymomentum ux-
es.Thesechangesn themean ow createsurface ux
and SST changeghat the eddy heat uxes thentry to
dampen.This three-waycouplingbetweenthe eddies,
the mean ow, andthe SSTmay arrangeitself in such
away asto allow persistencandwill generallyredden
the spectrumof variability. This will be the topic of
future work.
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