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ABSTRACT

Numericalexperimentsareperformedto examinethe causesof variability of Atlantic OceanSSTduring the
periodcoveredby theNationalCentersfor EnvironmentalPrediction±NationalCenterfor AtmosphericResearch
(NCEP±NCAR)reanalysis(1958±98).Threeoceanmodelsare used.Two are mixed layer models:one with a
75-m-deepmixed layer andthe otherwith a variabledepthmixed layer. For bothmixed layermodelstheocean
heattransportsareassumedto remainat theirdiagnosedclimatologicalvalues.Thethird modelis afull dynamical
oceangeneralcirculationmodel(GCM). All modelsarecoupledto a modelof the subcloudatmosphericmixed
layer (AML). TheAML modelcomputestheair temperatureandhumidity by balancingsurface¯uxes, radiative
cooling, entrainmentat cloud base,advectionand eddy heat,and moisturetransports.The modelsare forced
with NCEP±NCARmonthly meanwinds from 1958 to 1998.

Theoceanmixedlayermodelsadequatelyreproducethedominantpattern of Atlantic Oceanclimatevariability
in both its spatialpattern and time dependence.This pattern is the familiar tripole of alternating zonal bands
of SSTanomaliesstretchingbetweenthe subpolargyre andthe subtropics.This SSTpattern goesalongwith a
wind pattern that correspondsto the North Atlantic Oscillation (NAO). Analysis of the results revealsthat
changesin wind speedcreatethe subtropicalSST anomalieswhile at higher latitudeschangesin advectionof
temperatureandhumidity andchangesin atmosphericeddy ¯uxes are important.

An observational analysisof the boundary layer energybalanceis also performed.Anomalousatmospheric
eddyheat¯uxes arevery closely tied to the SSTanomalies.Anomaloushorizontaleddy ¯uxes dampthe SST
anomalieswhile anomalousvertical eddy ¯uxes tend to cool the entire midlatitudeNorth Atlantic during the
NAO's high-indexphasewith the maximumcooling exactlywherethe SSTgradientis strengthenedthe most.

TheSSTs simulatedby theoceanmixed layermodelarecomparedwith thosesimulatedby thedynamicocean
GCM. In the far North Atlantic Oceananomalousoceanheattransportsareequally importantassurface¯uxes
in generatingSST anomaliesand they act constructively. The anomalousheat transportsare associatedwith
anomalousEkmandrifts andareconsequentlyin phasewith the changingsurface¯uxes. Elsewherechangesin
surface¯uxes dominateoverchangesin oceanheattransport.Theseresultssuggestthatalmostall of thevariability
of the North Atlantic SST in the last four decadescanbe explainedasa responseto changesin surface¯uxes
causedby changesin the atmosphericcirculation.Changesin the meanatmosphericcirculation force the SST
while atmosphericeddy¯uxes dampentheSST. Both theinterannualvariability andthelongertimescalechanges
canbeexplainedin this way. While theauthorswereunableto ®ndevidencefor changesin oceanheattransport
systematicallyleadingor lagging developmentof SST anomalies,this leavesopenthe problemof explaining
thecausesof the low-frequencyvariability. Possiblecausesarediscussedwith referenceto themodelingresults.

1. Introduction

Climate in and aroundthe Atlantic Oceanhasbeen
observed to vary in broad spatial patternsand on a
variety of timescalesduring the twentieth century. In
the northernregionsthe dominantmodeof variability
is the North Atlantic Oscillation (NAO, e.g., Hurrell
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andvan Loon 1997).The NAO involvesan oscillation
in atmosphericmassbetweenthesubtropicsandthehigh
latitudes.In the high-indexphasethe Icelandiclow is
anomalouslylow, theAzoreshigh is anomalouslyhigh,
the midlatitudesurfacewesterliesarestrong,andthere
is a strongstorm track that trendsfrom the U.S. coast
toward the British Isles and Scandinavia.In the low-
indexphaseboth theIcelandiclow andtheAzoreshigh
areweaker, the westerliesareweaker, andstormstend
to move from the United Statesinto the LabradorSea
region while thosethat do makeit acrossthe Atlantic
moveinto southernEuropeandtheMediterranean.The
NAO hasa coherentsignal in seasurface temperature
(SST)involving a tripole patternof almostzonallyori-
entedanomalieswith subtropicalandhigh-latitudeSSTs
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varying in phaseand midlatitudeSSTs varying out of
phase (e.g., Kushnir 1994; Cullen and DeMenocal
1999).Spectralanalysesof NAO time seriesrevealen-
hancedvarianceat periodicitiesof around2 yr and at
somedecadalperiods(Hurrell andvanLoon1997).Fur-
ther, theNAO hasrevealedsomelong-termtrends,most
recently in the form of the tendencytoward a deeper
Icelandic low and strongerAzoreshigh from 1960 to
the 1990s(Hurrell 1995).

In the tropical regionsthe dominantmode of vari-
ability involves variationsin the cross-equatorialSST
gradientandSSTanomaliesthat areoff-equatorialand
encompassthe entire subtropicaloceans(Nobre and
Shukla1996).Whenonehemispherewarms,anomalous
winds tendto blow acrossthe equatorinto the warmer
hemisphere.Therehasbeensomedebateaboutwhether
the SSTs of the subtropicaloceansvary out of phase
(Houghtonand Tourre 1992) with, most recently, Ra-
jagopolanet al. (1998),concludingthat theSSTs of the
two hemispheresarenot relatedto eachother. The re-
mote effects of the El NinÄo±SouthernOscillation
(ENSO)createsoff-equatorialSSTanomaliesin theAt-
lanticOcean(e.g.,SaravananandChang2000,Giannini
et al. 2000).In addition,thesubtropicalSSTanomalies
vary stronglyon decadaltimescalesin away thatseems
independentof ENSO.TheequatorialAtlantic alsocon-
tainsa weakequatorialpatternof variability thatis akin
to the ENSOphenomenain the Paci®cOcean,but that
is not self-sustained(Zebiak1993).

Dividing Atlantic Oceanclimatevariability into trop-
ical and midlatitude modesmay be useful but is not
necessarilyvalid. For example,the NAO is associated
with variationsof winds andSST in the northernsub-
tropical Atlantic Ocean. Further, Ragajopolanet al.
(1998)presentstatisticalevidencethatSSTs in thesub-
tropicalSouthAtlantic areassociatedwith variationsin
the NAO. This connectionmight work via the impact
of SouthAtlantic SSTs on Amazonrainfall; the latter
in¯uencing the NAO via atmosphericteleconnections
or changesin the Hadleycell (Robertsonet al. 2000).

Recently, severalinvestigationshaveconcludedthat
interannualvariations of Atlantic SSTs are primarily
drivenby theatmospherevia changesin surface¯uxes.
Theconceptof ¯ux-driven SSTvariability was®rstsug-
gestedon the basis of analysesof SSTs and marine
meteorologicaldataby Cayan(1992a,b)and hasbeen
supportedby modelingstudies(Battisti etal. 1995;Del-
worth andMehta1998;Luksch1996;Halliwell 1998).
Barsugli and Battisti (1998) and BladeÂ (1999) have
shownthatcouplingto anoceanmixedlayer, andhence,
coupling betweenthe atmosphere,surface ¯uxes, and
the SST is an importantprocessthat enhancesthe var-
ianceof low-level thermal®eldsin theatmosphere,and
can lead to modestpersistence.

In contrastto thedominantrole of theatmosphereon
interannualtimescales,it has beensuggestedthat the
longertimescalevariationsmight involve a moreactive
role for theoceanincludingchangesin oceanheattrans-

port (e.g., Deserand Blackmon 1993; Kushnir 1994;
GroÈtzner et al. 1998). Appealing to an active role for
the oceanis attractivein that the long timescalesas-
sociatedwith oceandynamicsmakeit easyto explain
decadal̄ uctuationsandlong periodsof persistentoce-
anic anomalies.Othershavesuggestedthat theocean's
role is largely restrictedto the ability of near-surface
mixing to sequesterheat contentanomaliesfrom one
winter to anotherbelow the summermixed layer (e.g.,
Battisti et al. 1995;Bhatt et al. 1998).

Explanationsfor low-frequencyvariationsthatinvoke
atmosphere±oceancouplingrequirethatthemidlatitude
atmosphereberesponsiveto underlyingSSTanomalies.
The latter has proven elusive to demonstrate.Some
modelsdo showa coherentresponseto North Atlantic
SST anomalies(e.g., GroÈtzner et al. 1998; Ferrantiet
al. 1994;Rodwellet al. 1999)while othersdo not (e.g.,
Pitcheret al. 1988;Lau andNath 1994;seealsoPeng
et al. 1995andthe review by Kushnir andHeld 1996).
To dateit hasnot beenresolvedwhetherdifferentmod-
els responddifferently to the sameSST anomaliesor
whethertheapparentlyinconsistentresultsareexplained
by differencesin the imposedSST anomalies,experi-
mentaldesign,lengthof integration,andso on.

In this paper, we will reporton efforts to understand
the variability of Atlantic Oceanclimate from 1958to
1998,which is theperiodfor whichreliableatmospheric
dataare availablefrom the NationalCentersfor Envi-
ronmentalPrediction±NationalCenterfor 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
heat transportis held at its climatological value, and
also with a fully dynamicaloceangeneralcirculation
model(GCM). All modelsarecoupledto a simplether-
modynamicmodelof thewell-mixedatmosphericmixed
layer (AML) that forms the lower componentof the
marine-convectingboundary layer (Seageret al. 1995).
In this manner, the modelsareforcedonly by the time-
varying wind speedand direction, while the SST and
the boundary layer temperatureandhumidity arecom-
putedaccordingto balancesbetweenthesurface¯uxes,
oceanheattransport(if allowedto vary), advectionand
eddytransportsof heatandmoisturein theatmospheric
mixed layer, entrainmentacrossthe top of the atmo-
spheric mixed layer, and radiative cooling. Since, in
nature,the atmospherictemperatureand humidity and
SSTequilibrateto eachotheron timescalesof a dayor
so, imposing the atmosphericthermodynamicstatein
the heat ¯ux boundary conditionsof an oceanmodel
informs the model what the SST was. While this is
commonly done in oceanmodeling studiesit ensures
that the simulatedSST will track that observed while
making interpretationof that result confusing.In the
oceanmodelingwork reportedherewe insteadattempt
to properlymodel the couplingbetweenthe oceanand
the atmosphericboundary layers.This is very clearly
animprovedexperimentalsetupthatallowstheSSTfull
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freedomto evolve(Seageretal. 1988).Wewill examine
theextentto which surface¯uxes andoceanheattrans-
port determinethe SST variability and, in turn, why
thesecomponentsof theoceansurfaceheatbudgetvary.
To whatextentcanvariationsin Atlantic Oceanclimate
be understoodas the atmosphereforcing the oceanor
vice versa?

There have been two previousattemptsto look at
North Atlantic SST variability in forced oceanGCM
simulations.Luksch (1996) and Halliwell (1998) both
concludedthat surface¯ux anomalieswereresponsible
for most of the variability, but that anomalousEkman
advectionwas also important in the region of mean
surface westerlies.In addition, Halliwell (1998) sug-
gestedthat changesin oceanheattransport,otherthan
thoseassociatedwith Ekmandynamics,wereimportant
in the Gulf Steamregion [as also suggestedby Deser
and Blackmon (1993)]. The currentwork expandson
theseprevious studiesby simulating a longer period
with the recentNCEP±NCARreanalyzedforcing. We
also use a more completetreatmentof surface ¯uxes
than either Halliwell (1998), who assumedthe latent
heat¯ux to bemerelydamping,or Luksch(1996),who
assumedthesurfacerelativehumiditydid notalter. Both
previousstudies,therefore,cannotproperlyaccountfor
how changesin moistureadvectionmight impactSSTs.
Wealsoprovideadirectcomparisonbetweentheresults
of a full oceanGCM and simpler oceanmodelsthat
allows for an easyassessmentof the relative roles of
different oceanprocesses.

Beforereportingon theoceanmodelsimulations,we
beginby usingNCEP±NCARreanalysesto examinethe
termsin thethermodynamicenergybudgetof thelowest
level of the atmosphere.This allows us to assessthe
different roles that changesin wind speed,advection,
subsidence,and atmosphericeddy transportshave in
generatingthe ¯ux anomaliesthat in¯uencetheSST. In
section3 we presentsomepreliminary calculationsin
which we use the atmosphericmixed layer model to
simulatetheobservedchangesin surfacelatentandsen-
sible heat ¯ux given the observed SST. The modeled
¯uxes are in good agreementwith thoseobserved so,
in section4, we couplethe AML model to a uniform
depthoceanmixed layer in which theoceanheattrans-
port is assumedto remainat its climatological,season-
ally varying values.The coupledAML±OML (oceanic
mixed layer) model is usedto simulatethe SST from
1958 to 1998 forced by the time-varying NCEP wind
speedand direction. This experimentis analyzedand
demonstratesthatmuchof theobservedSSTvariability
canbe explainedin termsof surface¯uxes without the
needto invokechangesin oceanheattransport.Wethen
repeat this calculation using a variable depth ocean
mixed layer in orderto assesstherole of oceanmixing.
In section5, wemodeltheSSTfrom 1958to 1998using
the full oceanGCM that allows the mixed layerdepths
andoceanheattransportto vary. This run is analyzed,
in comparisonto theAML±OML experiments,to isolate

theroleof oceanheattransport.Conclusionsareoffered
in section6.

2. Observational analysesof atmospheric
boundary layer thermodynamic budgetsand
SST forcing

Beforeattemptingto modelAtlantic SSTsweperform
an analysisof the thermodynamicbudgetof the lowest
partof theatmosphere.Wewishto examinewhichterms
in thebudgetsareresponsiblefor thechangesin surface
¯uxes that force changesin SST. We use the NCEP±
NCAR reanalysesfor theperiod1958±98.We consider
a layer, assumedvertically uniform, that extendsfrom
925 to 1000mb, which we taketo be representativeof
the atmosphericmixed layer that forms the lower por-
tion of the boundary layer. We assumethereis a well-
mixed layerextendingfrom 1000to 925mb,which can
becharacterizedby the1000-mbvalues.This is a well-
justi®edassumption(e.g., Norris 1998). We assumea
steadystatebecausethe mixed layer adjuststo the un-
derlying SST on timescalesof less than a day (Boers
andBetts1988).Integratingfrom 1000to 925 mb, the
moist staticenergyequationis:

1
[Pu ´ = h 2 v (h 2 h) 1 P= ´ (u9h9) 2 (v 9h9) ]B B Bg

v 1 105 (h 2 h) 1 (v 0h0) 1 c PR. (1)0 B pg g g

Here h is the moist static energy, v B is the pressure
velocity at 925mb, v 0 5 r CDV, whereV is thesurface
wind speedandCD is thedragcoef®cient,h0 is themoist
staticenergyof the oceansurfaceandhB is that at 925
mb, P is the pressurethicknessof the layer (7500 Pa)
and R is the radiative cooling rate in K s2 1. In this
equationevery termisamonthlyanomaly(andincludes
both linear terms and nonlinearcrossterms).For ex-
ample,the term u ´ = h equalsthe advectionevaluated
for a month, using total valuesof u and h, minus the
climatological monthly mean of that term. Here
= ´ (u9h9) is the anomaloushorizontalconvergenceof
moist staticenergyby eddieswith timescaleslessthan
onemonth,(v 9h9)B is theanomalousverticaleddymoist
staticenergy¯ux at 925 mb. The (v 0h0)B is the anom-
alous vertical turbulent ¯ux of moist static energyat
925 mb. The ®rst term on the right is the anomalous
oceanto atmospheremoist staticenergy¯ux.

The turbulent¯ux and the radiativecooling rateare
unknownand cannotbe calculated.In the caseof the
radiativecooling ratethis is becausewe areat a lossto
know what the detailsof the cloud ®eldwere.We do
not expectanomaliesin the radiativecooling rateto be
large,but anomaliesin the turbulent¯ux areexpected
to be signi®cant.Neverthelesswe are particularly in-
terestedin how changesin advectionand surface and
eddy¯uxes impacttheboundary layer temperatureand
humidity and, therefore,the SST. To do this we ®rst
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FIG. 1. The relationshipof variousterms in the moist static energybudgetof the lowest level of the atmosphereto the underlyingSST
variability. The®rstEOFof NCEP-observedSSTis shownin color. Valuesrepresentonestandarddeviationof thecorrespondingtimeseries.
The regressionsof the energybudgetterms onto the time seriesof the EOF of SST arecontoured.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 on themeanverticalgradientof moiststaticenergy, and(f ) thesurface¯ux givenby themeanwind workingon theanomalous
verticalgradientof moiststaticenergy. Theenergybudgettermsarein W m2 2. Positivecontoursaresolid, negativedashed,thezerocontour
is in bold, and the contourinterval is 2 W m2 2.

computedempiricalorthogonalfunctions(EOFs)of the
NCEP observed SSTs. In this EOF analysisand the
subsequentsingularvalue decomposition(SVD) anal-
yses,we useareaweightingof the analyzed®elds.We
thenregressedtheindividual termsof theboundary lay-
er thermodynamicbudgetonto the time seriesof the
EOF expansionof SST. We only presentresultsfor the
®rstSSTmode.This modeis thefamiliar tripolepattern
of SSTanomaliesthataccompaniestheNAO, which is
virtually identicalto theSSTpatternemergingfrom the
SVD analysisdiscussedlater, andexplains25% of the
domain-integratedSSTvariance.The®guresshownare
for the positive phaseof the NAO when there is an
anomalouslystrong anticyclone over the subtropical
North Atlantic, a strongIcelandiclow, andstrongmid-
latitude westerliesbetweenthem. The energybudget
terms,aswritten in Eq. (1), are in W m2 2. The values
plottedcorrespondto the¯ux anomalythataccompanies
onestandarddeviationof the normalizedSSTanomaly
time series.In Fig. 1 the ¯ux anomaliesarecontoured
over the onestandarddeviationSSTanomaliesplotted
in color.

The anomalousadvectionpresentsa simple pattern
(Fig. 1a). When anomalousu ´ = h is positive this rep-
resentsa cooling of the boundary layer and,hence,the
SST. We seethatanomalousadvectionmatchestheSST
patternquite well with cool waterpresentwherethere
is equatorward advectionin thesoutheasternNorth At-
lantic andwarm waterpresentwherethereis poleward
advectionoff the North Americancoast.Farthernorth,
anomalous̄ ow off the cold Canadiancoastand Lab-
radorSeaarealeadsto cold watersoffshore.Thesignal
in the SouthAtlantic is weak.

Figures1c and 1d show the horizontaland vertical
eddy¯ux convergence.Thetotaleddy¯ux convergence
primarily acts to cool the warm waterseastof North
America.Reducededdy¯uxes warm the northernsub-
tropics, indicative of a polewardshift of the regionof
maximumeddyheatandmoisturē uxes. Theindividual
eddy termsshowthat the horizontal¯uxes almostper-
fectly dampenthe SSTs, while the vertical ¯uxes have
maximumcooling at around458N 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

SSTanomalies.Sincetheeddyheatandmoisturetrans-
ports are always down gradient, they strengthenand
weakenastheSSTgradientdoesandthereforedampen
the SSTanomalies.What is moreinterestingis that the
eddy momentumtransportsalso vary in a systematic
waywith theSST(notshown),whichwill bethesubject
of future work. Generally, the matchbetweentheeddy
®eldsand the SSTanomaliesis quite remarkable.

The term v B(hB 2 h), shownin Fig. 1b, represents
anomaloussubsidencewarminganddrying andis typ-
ically thesamesignasv itself. Theanomalouslystrong
anticycloneover theNorth Atlantic, which is alsopole-
ward of its usual position, leadsto anomaloussubsi-
denceat around 358N and weaker subsidenceto the
south.IncreasedsubsidencecoolstheSST, primarily via
increasedlatentheat¯ux, by bringingdownair of lower
moist static energy. Changesin subsidenceprimarily
dampenthe SST¯uctuations.

We broke the surface ¯ux term into two terms: the
anomalouswind speedworking on the meanvertical
gradientof moiststaticenergyandthemeanwind work-
ing on the anomalousvertical gradientof moist static
energy. The latter term includeshow thechangingSST
in¯uencesthemoiststaticenergybudget.In thecaseof
the atmosphereforcing the oceanvia changesin wind
speed,thiswill beanegativefeedbacktermthatopposes
the wind-induced¯ux change.It wasassumedthat the
nonlinearcrosstermwassmall.Figures1eand1f show
theregressionof thesetermsontheSST. The¯ux anom-
aly derivedfrom theanomalouswind speedworkingon
the mean thermodynamicgradientsperfectly matches
theSSTchangeandincreasesin sizefrom poleto equa-
tor. The effectsof anomalousthermodynamicgradients
are more complex.In the subtropics,this gives a ¯ux
anomalythat dampensthe SST; increasedwind speed
cools the SST, and h0 is reducedby more than h, im-
plying that, as increasedsurface heat loss reducesthe
SST, the air±seathermodynamicdisequilibriumis also
reduced,which tendsto reducethe surfaceheatlossin
an attemptto restorebalance.Here we are seeingthe
componentof thesurface¯ux anomalythatinvolvesthe
ocean's SST responseto the increasein wind speed.
North of 308N this dampingeffect is lessobvious.In
theseregionsanomalousadvectioncausesanomaliesin
h that force SSTchanges.

All of thesetermsareof signi®cantmagnitudesome-
where.Nonetheless,it is possibleto draw somesimple
conclusions.In thesubtropicswind speedchangesdrive
changesin SST. The alteredSST then createschanges
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in thesurface¯uxes that largelyoffset thosecreatedby
thewind speedchanges.North of about258N advection
is importantwith, for the positive phaseof the NAO,
advectioncooling theeasternAtlantic andwarmingthe
westernAtlantic. Wind speedchangestendto warmthe
whole strip between258 and 458N. Subsidencedrying
also tendsto cool the east.Summingtheseeffectsex-
plains why the west warmsbut the SST anomaliesin
theeastaresmall.Overtheentiremidlatitudezonalstrip
atmosphericeddiesprimarily, andstrongly, dampenthe
SST anomalies.North of 458N, anomalousadvection
off North AmericacoolstheSSTwith thereducedSST
feedingbackby restrictingthesurfaceheatloss.There-
fore, the SST anomaliesare forced by changesin the
mean¯ow and are dissipatedby transienteddy ¯uxes
of heat and moisture.This doesnot excludethe pos-
sibility that thechangesin themean¯ow areforcedby
changesin eddy momentum¯uxes, but that will have
to await further investigation.

3. Simulation of surface heat ¯ux variability
between1958and 1998

Theresultsof theprevioussectionsuggestthatit may
be possibleto modelthe observed ¯uxes with a simple
atmosphericmodel that balancessurface¯uxes, advec-
tion, subsidence,eddytransports,andradiation.There-
sults also suggeststhat a model that parameterized
changesin eddy¯uxes in termsof changesin SSTgra-
dientswouldcapturemuchof theobservededdyeffects.
Here we describeefforts to simulatethe variability of
surface latent and sensibleheat¯uxes over the 1958±
98 period using a model of the AML forced by the
observedSSTs.Themodelis describedin detailin Seag-
er et al. (1995). It representseither a dry convective
layeror thesubcloudlayerthatunderliesmarineclouds.
Within this layer it determinesthevirtual potentialtem-
peratureandspeci®chumidity by balancingadvection,
eddy transports,the ¯uxes at the surface, and the at-
mosphericmixed layer top, and, for temperature,radi-
ativecooling.Themodelassumesasteadystatebecause
of the rapid adjustmenttime of the mixed layeraspre-
viously discussed.

Weusetheusualbulk formulasto computethesurface
¯uxes. Theclosurefor the ¯ux of virtual potentialtem-
peratureat the mixed layer top setsthe downward¯ux
to be a ®xedproportion of the surface ¯ux. This has
beenjusti®edon thebasisof dataanalysis(Nichollsand
LeMone1980),modeling(Betts1976),andtheory (Ten-
nekes1973) and hasbeenusedextensivelyin models
of marineboundary layers(e.g.,Bretherton1993;Betts
andRidgway1989;Albrecht et al. 1979;Clementand
Seager1999).The radiativecooling is assumedto bea
constant 2 K day2 1. The closurefor the moisture¯ux
is moreempiricalandsimplyensuresthat,in theabsence
of advection,the mixed layer relativehumidity will be
closeto 80% asobserved.

With theseassumptionsthe model equationsfor the

total ®eldsof virtual potentialtemperatureandspeci®c
humidity are (see Seageret al. 1995 for a complete
derivation):

P(u 1 u*) ´= u 5 (11 b )C v (u 2 u ) 1 PR9, (2)y V 0 0 V0 V

P(u 1 u*) ´= q 5 C v q 2 C v (1 1 m)q, (3)0 0 0 0 0

u 5 u /(1 1 0.61q). (4)V

Here P is the ®xedmixed layer pressurethickness(a
typical value for the subcloudlayer of 6000 Pa is as-
sumed),uV is the virtual potentialtemperatureanduV0

is its surfacevalue,q is the speci®chumidity andq0 is
the saturation-speci®chumidity at the surface temper-
ature.Here u is the potential temperature,R9 is (1 1
0.61q) times the radiative cooling, C0 is the surface
exchangecoef®cient,and v 0 5 r gCDV0, whereCD is
an exchangecoef®cient,and V0 is the surface wind
speed.The bV is the closureparameterthat determines
thevirtual potentialtemperaturēux at themixedlayer
top (seeBetts 1976).Here m is a parameterrelatedto
the closureon the moisture¯ux at the mixed layer top
and is set so that, in local equilibrium [q 5 q0/(1 1
m)], the modeledrelative humidity is closeto the ob-
served value of 80%. The advectingvelocity includes
the NCEP±NCAR analyzedmonthly mean 1000-mb
wind u andaneddy-advectingvelocity u*. The latter is
assumedto be proportionalto the surface temperature
gradient(over land and sea)averagedover a distance
108northandsouthof thegrid point andextending608
west.This is designedto mimic theeffectsof unresolved
submonthly transienteddiesthat advect cold dry air
equatorward anddown andmovewarm moistair pole-
ward andup (seealsoKushnerandHeld 1998).

We®rstusethemodelto computetheturbulent̄ uxes
using NCEP±NCARreanalyzedmonthly averaged
1000-mb wind speed and direction prescribing the
monthly averagedobserved NCEP SSTs. The model
also usesNCEP 1000-mbair temperatureand speci®c
humidity over land.Theseareneededwherethe winds
blow offshore, in which caseobserved valuesare ad-
vectedoutovertheocean.Themodelcomputesthetotal
surface¯uxes giventhetotalSSTsandanomalous̄uxes
are computedby subtractingthe climatological mean
modeled¯uxes. We assumethe cloud cover doesnot
departfrom its climatologicalseasonalcycle.Thelong-
wave cooling of the oceansurface is estimatedusing
bulk formulaandvariesastheSSTandair temperature
andhumidity vary, but its variationsaremuchsmaller
than the variationsin the total turbulent¯ux.

To examinethe agreementbetweenmodel and ob-
served¯uxes we look at two winteraveragesof January
through March for 1969 and 1989 that exhibited op-
positeextremestatesof the NAO. (We choseto check
the model's ability to simulatethe ¯uxes by examining
speci®cwinters, rather than an EOF for example,to
emphasizethat the climate variability we are talking
aboutis clearlyapparentin therawdata.)Figure2shows
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FIG. 2. NCEP±NCARreanalyzedanomaliesfor Jan±Marseasonalmeansof 1969and1989of
(a), (b) SST, (c), (d) surfacewind, and (e), (f ) the latentplus sensibleheat¯ux.

theanomaliesof SST, surfacewinds,andupwardlatent
plus sensibleheat ¯uxes as derived from the NCEP±
NCAR reanalysesfor thesetwo winters.The latentand
sensiblēux anomaliesarealmostalwaysthesamesign.

In the Tropics the latentheat¯ux anomaliesdominate,
but at high latitudestheycanbecloseto thesamemag-
nitude.Generallytheanomalousturbulent¯uxes areof
the sign that would createthe SST anomalies,that is,
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FIG. 3. The latent plus sensibleheat ¯ux anomaliesin W m2 2 simulatedby the AML model
when forced by NCEP±NCARreanalyzedSSTs and winds for Jan±Marseasonalmeansfor (a)
1969and (b) 1989.

anomalouslypositive ¯uxes abovecold water. This re-
lationshipwasnotedby Cayan(1992a,b)and is indic-
ative of the atmosphereforcing the ocean.Figure 3
showsthe modeledlatentplus sensibleheat¯ux when
forced with observed SST. It is clear that the AML
modeldoesa reasonablejob of reproducingthe ampli-
tudeandspatialpatternof theobserved¯ux anomalies.

The ¯ux anomaliescould beproducedby changesin
wind speedor direction.Next we ran the AML model
holding the wind speedand direction ®xedin the ad-
vection termsbut allowing the wind speedto vary in
the surface ¯ux formulation.Then we allowed the ad-
vecting winds to vary but held the wind speedin the
surface¯ux formulation®xed.Themodeledlatentplus
sensiblē uxes for thesecasesareshownin Figs.4a±d.
It is clear that changesin wind speedarethe dominant
effectsouthof 408N, but thatathigherlatitudeschanges
in advectionof temperatureand moisturebecomeim-
portant. Theseresultsare broadly consistentwith the
observationalanalysesof Cayan(1992a,b).

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

Beforewe examinetheSSTanomaliessimulatedus-
ing theAML model,wewill considertheresultsderived
by forcing an oceanmixed layer model with surface
¯uxes evaluatedusing bulk formulasand observedair
temperatureand speci®chumidity. It is quite common
to useobserved air temperatureandhumidity in ocean
modelboundary conditionsanda simulationof theAt-
lantic Oceanthat usesthis designhasbeenpresented
by Battisti et al. (1995).We simulatedthe global SST
anomaliesfrom 1958to 1998forcinga75-m-deepocean

mixed layer with surface ¯uxes computedwith bulk
formulasandthemodeledSSTsandtheNCEPobserved
air temperatureandhumidity. Figure5 showstheglobal
mapof correlationcoef®cientsbetweenthe time series
of observed and modeledSST anomalies.The corre-
lation is goodto excellentalmosteverywhere.Theam-
plitude of the modeledSSTanomalies,asestimatedby
regression(not shown),arealsoreasonable.This might
be takento indicatethat almostall the SSTvariability
is ¯ux driven.However, we alsoseethatthecorrelation
is good in the tropical Paci®cOceanwherewe know
that the SSTs are actually driven by changesin ocean
heattransport.

This resultis inevitable.Theair±seatemperaturedif-
ferenceis constrainedto be whateveris neededto bal-
ancethe radiativecooling of the subcloudlayer (e.g.,
BettsandRidgway1989).Theradiative¯ux divergence
acrossthe subcloudlayer varies by very little and is
typically about 10 W m2 2. The sensibleheat ¯ux at
cloudbaseis downwardandtypically small (e.g.,Betts
1976). Since condensationand evaporationof falling
rain aresmall termsin the subcloudlayer, theSSTand
air temperaturesmust adjust to provide a surface sen-
sible heat ¯ux that balancesthe radiative ¯ux diver-
gence.Thereforethesurface¯ux mustalsobeabout10
W m2 2, which requiresan air±seatemperaturediffer-
enceon theorderof 1 K. Similarly theair±seahumidity
differencealwaysadjustssuchthat the surfacerelative
humidity remainsat about80%,astheevaporationand
entrainmentof air at cloudbasecomeinto balance.The
reasonsfor this are lessclear than for the caseof the
air±seatemperaturedifference,but this uniformity of
surface relative humidity is nonethelessan undisputed
fact of life for the marineboundary layer.

Consequently, the air temperatureand air humidity
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FIG. 4. Sameas for Fig. 3 but for the caseswhere(a), (b) the wind vectorsareheld ®xedand
only wind speedvaries,and (c), (d) the wind vectorschangebut the wind speedis held ®xed.

areimprintedwith theSST. Specifyingthemin theocean
modelboundary conditionsguaranteesthattheSSTwill
approachits observed value and ensuresthat even
ENSO-relatedSST changesare simulateddespitethe
oceanheattransportremaining®xed.Of coursein this
model the ENSO-relatedSST changesare causedby
changesin the surface ¯uxes and this is not so in the
realworld. Therefore,it maybepossibleto sortout the
rolesof surface ¯uxes andoceanheattransportin this
experimentalarrangementbut only by simultaneously
comparing modeled and observed SSTs and surface
¯uxes. This is what Battisti et al. (1995) attemptedto
do. Nonetheless,this remainsa methodologythat is
prone to be ambiguousand misleading.Since the air
temperatureand humidity and SST equilibrateto each
otherin all circumstancesthisargumentis valid in cases
wheretheatmosphereis forcing theoceanaswell asin
caseswherethe oceanis forcing the atmosphere(e.g.,
ENSO).Clearly, when we are interestedin simulating

and understandingSST variability, it makessenseto
explicitly model the coupling of the atmosphericand
oceanicboundary layersand to avoid speci®cationof
the atmosphericthermodynamicstate.

a. Simulationwith a uniform depthoceanmixed
layer

The successof the AML model's surface ¯ux sim-
ulationsuggeststhat it maybepossibleto simulateSST
anomaliesby coupling the AML model to a model of
theoceanmixedlayer. We assumethesimplestof ocean
mixed layers:a uniform, well-mixed, 75-m-deeplayer
that is decoupledfrom the water below. Knowing the
climatologicalmean¯uxes from the runswith imposed
SSTs we integrateanequationfor theSSTanomalythat
is forced by ¯ux anomalies.The anomaliesare com-
putedby subtractingthe modeledclimatologicalmean
¯uxes from the total ¯ux computedby theAML model
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FIG. 5. The correlationcoef®cientbetweenobservedandmodeledSSTanomaliesascomputedwith
a75-m-deepoceanmixedlayerforcedby surface¯ux anomaliescomputedusingstandardbulk formulas
and observed surface air temperatureand humidity. Oceanheattransportsdo not vary exceptfor an
imposedseasonalcycle. The correlationis goodto excellenteverywhere,evenin the tropical Paci®c,
indicatingthatusingtheobservedthermodynamicpropertiesof theatmosphericboundary layerensures
a goodSSTsimulationbut frequentlyfor the wrong reason.

using the observed climatologicalmeanSST plus the
modeledSSTanomaly. Here,andin all theexperiments
to be described,we assumethat the surface solar ¯ux
and the cloud cover remainat their climatologicalsea-
sonalcycle. It is well known that in midlatitudesvar-
iations in the surfaceradiative¯uxes aremuchsmaller
than thosein the turbulent ¯uxes (Cayan1992b) and
our own estimationof thesequantitiesusingNCEPdata
con®rmedthis. The equationfor the SSTanomalyis:

] T9 1
5 [Q(T9 1 T ) 2 Q(T )]. (5)obs obs] t r c Hp

HereT9is theSSTanomaly, H is themixedlayerdepth,
Tobs is the observed climatologicalmeanSST, Q(T9 1
Tobs) is the total heat¯ux, andQ (Tobs) is the modeled
climatological heat ¯ux. It should be understoodthat
the total ¯uxes are computedusing,not only the total
(modeledanomalyplus speci®edmean)SST, but also
the total wind speedand direction from the NCEP±
NCAR reanalysesfor theappropriatetime in the1958±
98 period.This procedureis equivalentto holding the
oceanheat transports®xedat their seasonallyvarying
climatologicalvalues.The modelis initialized with the
SST anomalyin January 1958 and advancedforward
throughto December1998.Time-varying temperature
andhumidity overlandareusedasboundary conditions
andget usedwhenthe ¯ow is offshore.In this andthe
subsequentexperimentsthe model spansthe Atlantic
Oceanfrom 308S to 738N with a resolutionof 28 3 28.
Themodelis integratedthroughall themonthsandyears
but we will only examinethe resultsfor theJanuary to
March winter seasonwhich is whenNorth Atlantic cli-
matevariability is mostapparent.

In order to evaluatethe observed and modeledvar-
iability we perform analysesby SVD (Brethertonet al.
1992)betweenSSTandvectorwind. The®rstobserved
modeof variability, which explains25%of thevariance
of SSTand25% and20% of the varianceof zonaland
meridional winds, respectively, during the January to
March season,is shown in Fig. 6a and the SST time
seriesin Fig. 6c. The correspondingmodeledpatterns
andSSTtime seriesareshownin Figs.6b and6c. The
observed ®rst mode of variability showsthe familiar
tripole patternof SSTs. When the watersare anoma-
lously cold in thehigh-latitudeNorth Atlantic andsub-
tropical North Atlantic they are anomalouslywarm in
themidlatitudes.Thewind patternthataccompaniesthe
SST®eldshowsan anomalousanticycloniccirculation
whosein¯uence spansthe entire North Atlantic. This
circulation strengthensthe northeasttrades inducing
oceancooling.At higherlatitudesthemidlatitudewest-
erlies are shifted north comparedto climatology and
intensify, inducing cooling in the high-latitudeNorth
Atlantic and warming in the midlatitude Atlantic. As
mentionedin section2 advectionis also important in
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 themodeledvariability duringwin-
ter is strikingly similar to that observed. The modeled
®rst mode explains 23% of the varianceof modeled
seasonalSST anomalies.However, a close inspection
revealssomedifferences:thewarmanomalyin themid-
latitude Atlantic extendsfarther south in the observa-
tions and also hasan axis of maximumvaluesin the
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FIG. 6. (a) Resultsof anSVD analysisbetweenNCEPwind vectors
and SST anomaliesduring the Jan±Marseason.This ®rstmodeex-
plains23%of thevariancein SSTand25%and20%of themonthly
zonalandmeridionalwinds, respectively, and is associatedwith the
North Atlantic Oscillation. In (b) we show the sameanalysisper-
formed with the SST anomaliescomputedby a 75-m-deepocean
mixed layer coupledto theatmosphericmixed layermodel.Thepat-
terns in (b) explain23%, 27%, and29% of the seasonalmeanSST,
zonal and meridionalwind anomalies,respectively. The time series
of the observed andmodeledSSTmodesareshownin (c).

location of the North Atlantic Current, the cooling of
the subpolargyre is too intenseand the model also
poorly representsSSTanomaliesin theGulf of Guinea.
However, the time seriesof the observed andmodeled
modesarein goodagreementwith themodelcapturing,
not only the interannualvariability of this pattern,but
also the trend from the 1960sto the 1990s.

b. Simulationswith a variable depthoceanmixed
layer

In this sectionwe simulatethe SSTanomaliesusing
a variabledepthoceanmixed layer while still holding
oceanheat transports®xedat their climatologicalval-
ues. The mixed layer depth was diagnosedfrom the
computedvaluesin thefull GCM experimentdescribed
below. Wethencomputeaclimatologicalseasonalcycle
of GCM mixed layer depthsat eachmodel grid point
and imposethesein the SSTcalculation.Therefore,as
with the caseof the uniform depthlayer, the SSTs are
still decoupledfrom the water below. The SST anom-
aliesevolveaccordingto the schematicequation:

] T9 1
5 [Q(T9 1 T ) 2 Q(T )], (6)obs obs] t r c H(x, y, t)p

wherenow H(x, y, t) is thespeci®ed,spatially, andtem-
porally varying, oceanmixed layer depth.

The spatial patternsof the ®rstmodeof variability
during winter, which explains23% of the varianceof
SST, andits time series,asderivedby anSVD analysis
of modeledSSTsandobservedwindsareshownin Figs.
7a and 7c. This mode is very similar to that derived
with auniformdepthmixedlayerbutthereareimportant
differences.In the North Atlantic the amplitudeof the
modeledSSTanomaliesgenerallydecreases.This is be-
causethe modeledmixed layer depth is much deeper
than 75 m so that the same¯ux anomaliesgenerate
smallerchangesin SST. Thedeepermodeledmixedlay-
er depthsare more realistic. The SST anomaliessim-
ulatedin the far North Atlantic with the uniform depth
layerweretoo largebut,usingthevariabledepthmixed
layer, theyarenow too small,for example,in theregion
southandwestof Iceland.However, southof Greenland
theyremaintoo large.We comparedthemodeledmixed
layerdepthswith thosederivedfrom theLevitus(1982)
dataandfoundthatthemodelunderestimatesthedepths
overmuchof theAtlantic northof 408N. Thisdifference
explainswhy the model SST anomaliesare too large
southof Greenland,but theunderestimatedSSTanom-
aliessouthandwestof Icelandsuggestthat otherpro-
cesses,suchas oceanadvection,must be contributing
to the SSTanomaliesthere.

In the subtropicalSouthAtlantic, useof thevariable
depthmixed layer increasesthe sizeof the SSTanom-
alies becausethe mixed layersin this region,whereit
is local summer, areshallowerthan75 m. Themodeled
SSTanomalieswould, however, appearto be too large.
Comparingthe modeledmixed layer depthswith those
derived from Levitus (1982) data revealsthat this is
becausethemodeldepthsaresomewhattoo small.Spa-
tial and temporalvariations in the meanmixed layer
depth,which are hard to model correctly, nonetheless
havean importanteffect on the the SSTvariability.
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FIG. 7. Sameasfor Fig. 6 but for thecaseswheretheSSTanomalies
werecomputedwith a variabledepthoceanmixed layerand(b) with
the full dynamicaloceanGCM bothcoupledto theAML model.The
time seriesareshownin (c).

5. Simulation of SST variability with an
oceanGCM

In order to seehow changesin 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±NCARreanalyzedwind stressesas well as
the wind speedand direction that are usedwithin the
AML. The GCM spansthe Atlantic Oceanfrom 308S
to 738N with a resolution of 28 3 28, and 30 ®xed

vertical levels, 13 of which are in the upper1000 m.
The model includes basin geometry and bathymetry
consistentwith the resolution.Model temperatures,at
all depths,are relaxedtoward seasonallyvarying cli-
matologicalvalueswithin 58of thenorthernandsouth-
ern endsof the domainonly. Salinity is restoredto ob-
served valuesat all grid points so the in¯uence of sa-
linity variability is ignored.Themodelincludesasimple
1½-layer thermodynamicseaice model, a bulk wind-
driven mixed layer model,convectiveadjustment,and
isopycnalthicknessdiffusion. Themixed layerdepthis
now computedandcandeviatefrom its climatological
values.

Whenthemodelis forcedwith thetotal (climatology
plus anomaly) forcing ®eldsfrom the NCEP±NCAR
reanalysesit producesquitesubstantialerrorsin thean-
nual meanSST, which is in contrastto the modelsim-
ulations using other forcing products(e.g., European
Centrefor Medium-RangeWeatherForecastsanalyses).
While the seasonaland lower-frequency anomalies
aroundthis incorrectmeanarequiterealistic,weattempt
to avoid potentialproblemsby applying insteada cor-
rection in the form of a diagnosedseasonallyvarying
meansurface ¯ux that ensuresthe model reproducesa
reasonablemeanseasonalcycle of SST. The equation
for the GCM's SST, T, canbe written schematicallyas:

] T 1
1 OHT 5 Q, (7)

] t r c Hp

where OHT is the dynamicalcontributions,including
mixing, to the SSTtendencyandQ is the surfaceheat
¯ux. First we diagnosethesurface¯ux, Qcorr, for which
the model, forced by observed winds, reproducesthe
observed SST, Tobs:

] T 1obs 1 OHT 5 Q . (8)corr] t r c Hp

Here OHT is the oceanheat transportfrom this run.
Thequantitiesin this equationwerederivedfrom a run
using the monthly data for the entire 1958±98period
and then averagingto derive monthly climatological
means.The equationthemodelthenintegratesin order
to derive SST anomaliesrelative to the observed cli-
matologicalmeansis

] T
1 OHT 1 OHT9

] t

1
5 { Q 1 [Q(T 1 T9) 2 Q(T )]}. (9)corr obs obsr c Hp

Here OHT9 is the anomalousoceanheattransportand
mixing. Subtractingthe lastequationfrom theprevious
onewe seethat the SSTanomalyevolvesas:

] T9 1
1 OHT9 5 [Q(T 1 T9) 2 Q(T )], (10)obs obs] t r c Hp

which is thesameasfor themixed layermodelsexcept
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FIG. 8. The regressionof the anomaliesof the modeledsurface
heat ¯ux (positive if it cools the ocean)and oceanheat transport
(positiveif it warms theocean)onto the time seriesof the®rstmode
of SSTvariability shownin Fig. 7b. Thesurfaceanddynamicalheat
¯uxes arecontouredin W m2 2 andrepresentthevariationsassociated
with a onestandarddeviation¯uctuation in theprincipalcomponent.
Positivecontoursare solid, negativedashed,the zero contour is in
bold, and the contourinterval is 3 W m2 2.

for inclusionof anomalousoceanheattransportin ad-
dition to vertical mixing.

Figure7bshowsthewindsandmodeledSSTanomaly
correspondingto the ®rstmodeof modeledSST vari-
ability in theGCM. Figure7c showsthecorresponding
time series.It is immediatelyapparentthat the pattern
is very similar to both thepatternderivedby theocean
mixed layer modelsandto the observations.Thereare
howevera few differences.The GCM now morefaith-
fully reproducesthe magnitudeof the SST anomalies
in largeareasof the far North Atlantic that wereover-
estimatedby theuniformdepthoceanmixedlayermodel
and underestimatedby the variabledepthmodel. It is
also apparentthat the GCM faithfully reproducesthe
warm SSTanomaliesthat occursouthof theNorth At-
lantic Current between258 and 308N. However, the
GCM hasproblemssimulatingthe variability north of
the Gulf Steamandoff the coastof New Englandand
Canadaand,generally, it producestoo muchvariability
in this region.

To comparetherolesof surface¯uxes andoceanheat
transport in determiningthe SST variability we per-
formed two regressionsof the modeledsurface heat
¯uxes andanomalousoceanheattransports,integrated
down to the baseof the modeledoceanmixed layer,
eachagainstthe time seriesof the SST anomaliesof
the®rstSVD mode.Theseareshownin Fig. 8aand8b.
The anomalousoceanheattransportis de®nedpositive
if it warmstheSSTwhereastheanomaloussurfaceheat
¯ux is positiveif it coolstheSST. Thebroad-scalefea-
turesof thesurfaceheat¯uxes perfectly matchtheSST
anomaliesin the senseof the atmosphereforcing the
ocean.Oceanheattransportis importantin thenorthern
North Atlantic where it is the samemagnitudeas the
surface ¯uxes. We broke the anomalousheattransport
into two terms, advectionof the mean SSTs by the
anomalouscurrents and advectionof the anomalous
SSTs by themeancurrents.Advectionof themeantem-
peratureby the anomalouscurrentswas the most im-
portant term outsidethe Tropics. During a high-index
NAO year, strongerwesterliesdriveasouthwardEkman
drift over the high-latitudeoceanthat cools the SSTs.
This ampli®esthecoolingdueto enhancedsurface¯ux-
es. Luksch (1996) noted the sameeffect in her ocean
model simulationsof the 1950±79 period.This anom-
alousEkmandrift increasesthe simulatedSST anom-
alies relative to the casewith a variabledepthmixed
layer. Clearly, thereasonablysizedSSTanomaliessim-
ulatedwith a uniform mixed layerdepth,andno anom-
alousoceanheattransport,wereobtainedfor thewrong
reason.In reality, bothoceanheattransportandsurface
¯uxes are importantin this area,and it is necessary to
accountfor the fact that the surface ¯uxes impact the
temperatureof a deepwintertimemixed layer. We also
lookedat the role of anomalousentrainmentandfound
that it dampensthe SSTchangesbecauseof thealtered
differencein temperaturesbetweenthemixedlayerand

below. This con®rmsthe sameresultseenby Halliwell
(1998) in a model integration.

Farthersouth,strongertradesdrive a northwardEk-
mandrift that warmsthe subtropicsandsouthernmid-
latitudes.This weakly opposesthe cooling of the sub-
tropics by surface ¯uxes but enhancesthe warming to
thesouthof theNorth Atlantic drift. In thelatterregion
this causesa warmingin the GCM that is realistic,but
wasmissedby the oceanmixed layer models.

The stronganomaliesseenin the datain the region
of theNorth Atlantic Currentregionarenot reproduced
by themixedlayermodelor theGCM. TheGCM'sGulf
Streamand North Atlantic Currentare locatedtoo far
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FIG. 9. The SST anomaliesfor Jan±Marseasonalmeansas simulatedby the oceanGCM for
(a) 1969 and (b) 1989. Thesecan be comparedto the corresponding®guresfor the observed
anomaliesin Fig. 3.

northandleadto increasedSSTvariability in theregion
eastof Canada.It is probablethat oceanheattransport
is responsiblefor someof the observed variability of
SST in the North Atlantic Currentregion,but this low
resolutionGCM cannotcapturethis.TheGCM alsohas
an improvedSSTsimulationin theGulf of Guineathat
may indicatea role for equatorialdynamics.

To further examinethe role of oceanheat transport
we lookedat the heatbudgetof the oceanmixed layer
averagedover different areas.An areaaveragein the
subpolargyreshowsa strongrelationshipbetweenSST
changes,surface ¯uxes, oceanheat transport,and the
wind forcing. Increasedwesterlies cause dynamical
cooling of the oceanthat is in phasewith the cooling
by surface¯uxes. This is furtherevidencefor our claim
that changesin oceanheat transportare primarily as-
sociatedwith anomalousEkman drifts that establish
themselvesinstantaneouslyoncethe wind changes.We
alsocomputedthetime seriesof northwardheat¯ux by
the Gulf Streamoff Cape Hatteras.This showedno
decadalvariability or trendin contrastwith thecoupled
model runsof GroÈtzneret al. (1998)whereheattrans-
port in thisareaprecedesthedevelopmentof SSTanom-
alies in the subpolargyre. We wereunableto ®ndany
evidencefor anyleador lagrelationshipinvolvingocean
heat transports,con®rmingthe earlier model result of
Luksch (1996).While this is not a comprehensiveex-
aminationof thepossiblerolesfor oceanheattransport,
it is in contrastwith model simulationsof the tropical
Paci®cOceanwhere it is easyto identify changesin
oceanheat transportleading the developmentof SST
anomalies(e.g.,Seager1989).

As a ®nalassessmentof themodel's ability to repro-
ducethedominantmodeof observedclimatevariability,
we showin Fig. 9 the modeledSSTanomaliesfor Jan-

uary±Marchaveragesof 1969and1989.Thesecanbe
comparedwith the observed SST anomaliesfor that
periodshownin Fig. 2. The NAO-associatedSSTpat-
ternsof theseindividual winters are broadly the same
as those derived by SVD or EOF analysisbut show
someinterestingdifferences.For example,during1989
cold waterdid not stretchall the way acrossthe North
Atlantic from Newfoundlandto the British Isles but,
instead,warm waterslay west of Europe.In 1969 the
tropical SST anomalieswere the samesign north and
southof the equator. Neither winter showeda pattern
of strongSSTanomaliesin the North Atlantic Current
region.Thesedifferencesgive someideaof how indi-
vidual winterscandepartfrom themoretypicalpatterns
derivedby SVD analysis.Looking at Fig. 9, it is quite
clear that, with modestdifferencesin positionandam-
plitude, the GCM accuratelyreproducesthe observed
variability of thesetwo winters.Thepeculiaritiesof the
SSTpatterns,in comparisonwith theSVD patterns,are
also reproducedby the model.

We alsoexaminedthehighermodesof observedand
modeledvariability. The secondand third modesto-
getherexplain lessvarianceof SSTthanthe®rstmode
alone. Both higher modes are high-latitude features
dominatedby anomalouscirculationsat around558N,
with that associatedwith the third modebeing located
much farther eastthan that associatedwith the second
mode.Both modesare dominatedby interannualvari-
ability without any noticeabletrend. The oceanGCM
reasonablyreproducesthe patternsand time evolution
of thesemodes.We regressedthe oceanheattransport
andsurface¯uxes onto the time seriesof thepatternof
modeledSST revealedby the SVD analyses.For the
secondmode, anomaloussurface heat ¯uxes are the
dominantforcing for SST variability with changesin
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oceanheattransportcontributingin the North Atlantic
Currentregionatabout408N. Patternsof surface¯uxes,
oceanheattransport,andSSTarenot coherentlylinked
for the third mode,which makesus wonderabout its
realismandwe do not considerit further.

6. Conclusions

In this studywe ®rstexaminedwhy surfaceheat̄ ux-
es havevaried over the Atlantic Oceanduring the last
four decades.We analyzedthe different terms in the
lowest-level thermodynamicenergy budget using
NCEP±NCARreanalyzeddata.In agreementwith the
resultsof others(e.g.,Cayan1992a,b),we haveshown
thatchangesin wind speedcausethechangesin surface
¯uxes over the subtropicalNorth Atlantic, but that far-
ther north anomalousadvectionis also important,es-
pecially advectionof cold anddry air off North Amer-
ica.Changesin wind speedanddirectioncausechanges
in surface¯uxes that forceSSTchanges.We alsofound
thatanomaloussubsidencecancreatechangesin surface
¯uxes that dampenSST anomalies.Changesin atmo-
sphericeddy ¯uxes alsoprimarily dampenSSTanom-
alies. Therefore,as far as the SST is concerned,it is
changesin the meanatmospheric̄ ow that createthe
SSTanomalieswhile the eddiesdampenthem.

Next we were able to show that a simple model of
the atmosphericmixed layer (AML) that balancessur-
face ¯uxes, radiation,subsidence,advection,andeddy
transportswas quite capableof reproducingthe ob-
servedsurface¯ux variability whenforcedby observed
SSTs.Thissuggeststhatit wouldbepossibleto simulate
theSSTvariability with anoceanmodelcoupledto the
AML model.Weusedthreedifferentoceanmodels:two
in which the oceanheat transportswere held ®xedat
their seasonallyvarying climatologicalvalues,the ®rst
with a uniform 75 m depthandthesecondwith amixed
layer model that 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
observed. The model reproducesthe familiar tripole-
bandedstructureof SSTanomaliesassociatedwith the
NAO and also reproducesthe long-term trend in that
patterntowardthehigh-indexstateof theNAO (Hurrell
1995).This resultmakesit clearthat, to ®rstorder, the
variationsof Atlantic OceanSSTs since 1958 can be
explainedas the responseto variationsin atmospheric
circulation.This is trueat all timescales.By comparing
this result with the SSTs simulatedusing a variable
depthoceanmixedlayerwe wereableto assesstherole
of mixing. Thedeepwintermixedlayersof thefar North
Atlantic greatly restrictedthe amplitudeof SSTanom-
alies forced by surface ¯uxes and, in fact, they were
too small. In the South Atlantic the shallow summer
mixed layersincreasethe SSTanomalies.

The full oceanGCM alsoincludesthevariabledepth
oceanmixed layer model and, in addition, allows the

oceanheat transport to vary. Changesin oceanheat
transportare importantin the far North Atlantic. Here,
when anomalouswesterliescool the SSTs by surface
¯uxes, they alsocreatean anomalousequatorwardEk-
mandrift thatenhancesthecooling.TheSSTanomalies
in this simulation were realistic suggestingthat here
surface¯uxes, mixing of the in¯uenceof surface¯uxes
downto considerabledepths,andchangesin oceanheat
transportare all important.Anomalousentrainmentat
thebaseof themixed layerdampensSSTanomalies.In
the region to the south of the North Atlantic Current
anomalouseasterlywindsdrive ananomalouspoleward
Ekmandrift that warmsthe SSTandgreatly improves
the realismof the SSTsimulationrelativeto themixed
layer models.We were only able to identify a role for
anomalousEkman drifts. Theseare generatedalmost
instantaneouslyandcannotprovideanylong-termmem-
ory thatcouldleadto oscillatory behavior(e.g.,decadal
variability). Analysesof theheatbudgetsin variousre-
gions did not uncover any evidencethat oceanheat
transportssystematicallyleador lag the SSTs. Instead,
wheretherewasa clearsignalin changesin oceanheat
transport,(e.g., the far North Atlantic) it was in phase
with the SSTchangesforcedby surface¯uxes.

The resultsof an oceanmodelingstudyalonecannot
be usedto fully explain climate variability in the At-
lantic sector. We havedemonstratedthatchangesin the
surface ¯uxes forced by a changedatmosphericcircu-
lation and, to a much lesserextent,changesin ocean
heat transport,can be successfullyinvoked to explain
the variationsof Atlantic SST. However, we cannotex-
plain why the atmosphericcirculation changedin the
®rstplace.The current resultsare consistentwith the
atmosphereforcingtheoceanatall timescales,including
decadal,but this raisesa particularlydif®cultquestion:
wheredoesthe persistencefrom onewinter to another,
includingthelong-termtrends,comefrom?Atmospher-
ic timescalesappearto betoo shortto explainsuchlow-
frequencybehaviorwhile they may easilyexplainper-
sistenceduring a winter. Assuming that the low-fre-
quencybehavioris not simply the resultof the ocean's
ability to integrate the atmosphere's high-frequency
forcing, thenthereareseveralpossibleexplanationsfor
the low-frequencybehavior, which we considerin turn.

1) In nature,the oceanheattransportdoesin fact play
thedominantrole andtheatmosphererespondscon-
structively suchthat the surface ¯ux anomaliesre-
inforce the SST anomaliesgeneratedby oceandy-
namics.In our model, the reasoningwould follow,
wedonotseetheimportanceof thechangesin ocean
heattransportbecause,by fortuitoustuning,thesur-
face ¯uxes accountfor almostall the SST change.
If this scenariowas correct then the modeled¯ux
anomaliesin ourmodelswouldbesystematicallytoo
large. There is no evidencefor this. Also, while
anomalousEkmandrift doescontributeto SSTvar-
iability in the far North Atlantic, elsewherethe
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ocean's dynamicalrole is limited. Further, wedo not
®ndthat the oceanheattransportsigni®cantlyleads
or lagstheSSTor surface¯uxes. This makesit hard
to arguefor changesin oceanheattransportdriving
Atlantic climatevariability.

Thisconclusionappearsat facevalueto contradict
the recentatmospheremodelingresultsof Rodwell
et al. (1999).TheyforcedanatmosphericGCM with
observed SSTs and, in an ensemblemean,repro-
ducedmuch of the observed behaviorof the NAO
since1947,thoughwith greatly reducedamplitude.
This might be taken to suggestthat aspectsof the
NAO'sbehaviorwereforcedby theocean.However,
we note that their surface ¯uxes dampenthe SST
anomaliesrather than force the SST anomaliesas
observed. Brethertonand Battisti (2000)arguethat
thesefeaturesare the expectedresult of taking the
meanof an ensembleof experimentsin which an
atmosphericGCM is forced by the time history of
SSTs thatwere,in fact, createdby atmosphericforc-
ing. Theresults,therefore,in their interpretation,do
not indicatethat the NAO behaviorwasin any way
forcedby the changesin SST.

2) In nature,changesin atmosphericcirculationcreate
SSTanomaliesbut theatmosphericresponseto those
SST anomaliesis suchas to reinforcethe changes
in circulationand¯uxes thatcreatedtheSSTanom-
alies in the ®rstplace.Persistencefrom onewinter
to anotherwouldbeaidedif variationsin oceanmix-
ing could sequesterthermal anomaliesbelow the
summermixed layer to bereentrainedthefollowing
winter (Battisti et al. 1995;Bhatt et al. 1998).Both
thisexplanationandthepreviousone¯ounder in that
theyrely onacoherentatmosphericresponseto mid-
latitudeSSTanomalies,in thesenseof highpressure
downstreamof warm water, that hasbeendif®cult
to demonstrate.

3) Anotherexplanationof North Atlantic variability is
that it is driven from elsewhere,perhapsfrom the
SouthAtlantic (Robertsonet al. 2000). In this sce-
nario changesin SouthAtlantic SSTs would in¯u-
encethestrengthandlocationof convectionoverthe
Amazonand in the ITCZ. Atmosphericteleconnec-
tions,or changesin theHadleycell,wouldthencom-
municatethis changeto the North Atlantic circula-
tion. But why do the SouthAtlantic SSTs change?
This explanationsubstitutestheproblemof explain-
ing the persistenceof South Atlantic SSTs for the
problemof explainingpersistencein the North At-
lantic. However it is easierto demonstratea con-
structiveresponseof thetropicalatmosphereto SST
anomalies(e.g., Changet al. 2000) so this idea is
not entirely implausible.

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

via teleconnections.However, the NAO andPaci®c
variability have not beendemonstratedto be well
correlated.More generally, the in¯uence of the Pa-
ci®c on the high- and midlatitude Atlantic, which
occursvia the Paci®c±NorthAmericanteleconnec-
tion pattern,is weak.On the otherhand,ENSOhas
a powerful andcoherentimpacton the tropical At-
lantic (Giannini et al. 2000),suggestingthata com-
binationof this mechanismwith theprevious,South
Atlantic explanation,is a contenderfor explaining
decadalvariability in the Atlantic sector.

5) The®nalcontenderis greenhousewarming.Shindell
etal. (1999)haveshownthatrisinggreenhousegases
in an atmosphericGCM can createa trend in the
Arctic Oscillation, which is closely related to the
NAO, as vertical wave propagationbetweenthe
stratosphereandtroposphereis alteredby astrength-
eningstratosphericpolarvortex.In thisscenariosur-
face winds over the Atlantic will be alteredas the
Arctic Oscillationshifts to a high-indexphase.This
will thencausethe SSTs to vary. Our modelingre-
sultsareentirelyconsistentwith thisexplanationbut,
obviously, cannotprove that it is correct.

Our oceanmodelingexperimentsindicatethat over
thelastfour decadesAtlantic Oceanclimatevariability
canbeadequatelyexplainedin termsof theoceanbeing
forcedby changesin atmosphericcirculation.Progress
thereforerequiresunderstandingwhy the atmospheric
circulationchanged.We needto discoverwhatcanex-
cite trendsin the circulation and what can causeper-
sistencefrom one winter to another. Changesin the
distribution of atmosphericconvectionin the tropical
Atlantic sectorare one possibility, greenhousewarm-
ing is another, andthereareprobablyothers.In terms
of the persistencewithin a winter our observational
analysisof thethermodynamicbudgetof thelowerpart
of the atmosphereis revealing.Clearly the mean¯ow
createsSST anomaliesthat the atmosphericeddies
dampen.This may not be a fortuitousarrangement.It
is possiblethat the atmosphericeddiesforce changes
in themean¯ow via changesin eddymomentum̄ ux-
es.Thesechangesin themean¯ow createsurface¯ux
andSSTchangesthat the eddyheat¯uxes thentry to
dampen.This three-waycouplingbetweenthe eddies,
the mean¯ow , andthe SSTmay arrangeitself in such
a way asto allow persistenceandwill generallyredden
the spectrumof variability. This will be the topic of
future work.
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