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ABSTRACT

A generalcirculationoceanmodelhasbeenusedto studytheformationandpropagationmechanismsof North
Atlantic Oscillation (NAO)-generatedtemperatureanomaliesalong the pathwayof the North Atlantic Current
(NAC). The NAO-like wind forcing generatestemperatureanomaliesin the upper440 m that propagatealong
the pathwayof the NAC in generalagreementwith the observations.The analysisof individual componentsof
the oceanheatbudgetrevealsthat the anomaliesare primarily generatedby the wind stressanomaly-induced
oceanicheattransportdivergence.After their generationthey areadvectedwith the meancurrent.Surfaceheat
¯ux anomaliesaccountfor only one-third of the total temperaturechanges.Along the pathwayof the NAC
temperatureanomaliesof oppositesigns are formed in the ®rstand secondhalvesof the pathway, a pattern
calledheretheNorth Atlantic dipole (NAD). Theresponseof theoceandependsfundamentallyon Rt 5 (L/y)/t ,
the ratio betweenthe time it takesfor anomaliesto propagatealong the NAC [(L/y) ; 10 years]comparedto
the forcing period t . The authors®ndthat for NAO periodsshorterthan 4 years(Rt . 1) the responsein the
subpolarregion is mainly determined by the local forcing. For NAO periodslonger than 32 years(Rt , 1);
however, the SSTanomaliesin the northeastern part of the NAD becomecontrolledby oceanadvection.In the
subpolarregion maximal amplitudesof the temperatureresponseare found for intermediate(decadal)periods
(Rt ; 1) where the propagationof temperatureanomaliesconstructivelyinterferes with the local forcing. A
comparisonof the NAO-generatedpropagatingtemperatureanomalieswith thosefound in observationswill be
discussed.

1. Introduction

Recentanalysesof historicalseasurfacetemperature
(SST)datahaverevealedthatcoherentlarge-scaletem-
peratureanomaliesoccur in the North Atlantic Ocean
on interannualto decadaltimescales(DeserandBlack-
mon 1993; Kushnir 1994; Hansenand Bezdek1996;
Sutton and Allen 1997). A signi®cantpart of these
anomaliesarerelatedto large-scaleatmosphericforcing
by theNorth Atlantic Oscillation(NAO) (Walker1924;
Walker andBliss 1924),a seesawof atmosphericmass
betweenthepolarandsubtropicalregions.TheNAO is
henceassociatedwith changesin the large-scaleat-
mosphericwind pattern,which in turn causevariations
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of the winter air andseasurfacetemperaturesthrough-
out theNorthAtlantic Ocean(Visbecketal. 1998;Seag-
er et al. 2000). Changesin the air±sea¯uxes of heat
and momentumduring a positiveNAO phasecool the
subpolarandsubtropicaloceanswhile thetemperatures
off theNorth Americaneastcoastarewarmerthannor-
mal.

Theanalysisof temperatureanomaliesat timeswhen
the NAO index is closeto zero, that is, in quadrature
to the NAO, indicatesthat the temperatureanomalies
foundoff theNorthAmericaneastcoastpropagatealong
the axis of the North Atlantic Current(NAC) (Visbeck
et al. 1998).A similar movementof temperatureanom-
alies originating from this region has been found in
observations(HansenandBezdek1996;SuttonandAl-
len 1997).The propagationspeedderivedfrom theob-
servationsis 1.7cm s2 1; this is signi®cantlyslowerthan
the high velocitiesof the coreof the NAC.

SuttonandAllen (1997)proposethattheunderstand-
ing of the processesthat determinethe propagationof
thetemperatureanomaliesalongtheNAC might beim-
portantfor the predictionof interannualto decadalcli-
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matevariationsover Europe.If the spreadingof tem-
peratureanomaliesis causedby advectionin theocean
one might be able to skillfully predict the temperature
evolutionalongtheNAC. However, theeffectsof these
temperatureanomalieson theoverlyingatmosphereare
still unclear(seeRobinson2000, for a recentreview).
It hasbeensuggestedthat theycanprovidethemissing
memorythatcreatesdecadalvariationsof theNAO (La-
tif 1998).

In an analytical stochasticmodel Saravananand
McWilliams (1997) studied the responseof a single-
layer constant-speedNAC to atmosphericforcing ran-
domin time but sinusoidalalongtheNAC. Theyfound
that theoceanicresponsefalls into oneof two regimes:
a slow-shallowregimein which local effectsaredom-
inant anda fast-deepregimein which nonlocaladvec-
tive effectsare dominant.In the fast-deepregimethe
oceanicresponsepeaksat a preferredfrequencyeven
though the original forcing spectrumwas white. This
frequencyis determinedby theNAC's advectionspeed
divided by the length of the NAC. Saravananand
McWilliams (1997)®ndthat for theobservedadvective
velocity of the NAC of about2 cm s2 1 anomalieson
the decadaltimescaleshouldbe mostprominent.

Here we use an ocean general circulation model
(OGCM)coupledto anatmosphericmixedlayer(Seager
et al. 1995) in order to investigatethe responseof the
North Atlantic Oceanto changesin the wind forcing.
In contrastto modelswith prescribedsurfaceheat̄ uxes
theatmosphericmixed layerallowsthemodel's surface
heat̄ uxes to adjustto changesin atmosphericadvection
of temperatureand humidity and in local SST anoma-
lies. We haveaddedNAO-like wind speed,vector, and
wind stressanomalypatternsto climatologicalmonthly
forcing. The anomaly patternshave been modulated
with idealized ®xed frequencyvariations in order to
study variation in responseto different frequenciesof
theNAO. Someaspectsof theoveralloceanicresponse
are discussedby Visbecket al. (1998).Herewe focus
our attention on how theseNAO-relatedtemperature
anomaliesare formedandpropagatealong the NAC.

In subsequentsectionswe ®rst describethe model
and the different experimentsperformed and then an-
alyzethemodeloutputandcompareit to observational
data.

2. Numerical experiments

a. Themodel

We haveemployedanoceangeneralcirculationmod-
el thatspanstheAtlantic Oceanbetween308Sand738N
with a horizontalresolutionof 28by 28. Themodelhas
30 ®xedvertical levels,13 of which aredistributedover
the upper 1000 m with decreasingvertical resolution
from 24 to 100 m. Below 2000-m depth, the vertical
resolutionis 250 m with a variablelowest layer thick-

ness.The basingeometry andbathymetry areresolved
on the modelgrid.

The model solvesthe primitive equationson an A
grid andis forcedby monthlymeanwind stresses.Tem-
peratureandsalinity arerestoredto climatologicalval-
uesoverafew grid pointsnearsolidwallsatthenorthern
andsouthernoceanboundary. Freshwater̄uxes areob-
tainedby restoringtheseasurfacesalinity to a monthly
datasetwith a 30-dayrelaxationtimescale.Thesurface
heat¯uxes aredeterminedby a prognosticatmospheric
boundary layermodelcoupledto theoceanmodel'sSST
(Seageret al. 1995). The boundary layer atmospheric
temperatureand humidity are speci®edover land but
vary overtheoceanaccordingto anadvective±diffusive
balancesubject to air±sea¯uxes. All other boundary
conditionssuchastheshortwaveradiation,cloudcover,
wind speed,andwind vectorarespeci®edat eachgrid
point with monthly resolution.

A simple 1½-layer thermodynamicseaice model is
coupledbetweenthe oceanand atmosphericboundary
layer in order to reducethe heat ¯ux in ice-covered
regions.Unresolvedsmall-scaleoceanprocessesarepa-
rameterizedby a bulk wind-drivenmixed layer model,
convectiveadjustment,and isopycnalthicknessdiffu-
sion.

First the model was initialized with climatological
temperatureandsalinitydataandintegratedfor 60years
with ®xedclimatologicalmonthly forcing. The winter
SST differencesbetweenthe model and observations
are typically less than 18C with the exceptionof the
Gulf Streamregion. Its position is too far north and
much of the cold slopewater signal is missingin our
simulations.Mixed layer depthsare maximumduring
late winter in the LabradorSeawith a quite realistic
distribution throughoutthe subpolargyre.

In ourexperimentsanomaliesof wind stressandwind
speed/vectorhavebeenaddedto the monthly forcing.
In order to obtain a realistic circulation we usedcli-
matologicalmeanforcing from HellermanandRosen-
stein(1983)for wind stressandfrom theNationalCen-
ters for EnvironmentalPrediction±NationalCenterfor
AtmosphericResearch(NCEP±NCAR)reanalysisfor
wind vectorandspeed,respectively. Theanomaliesadd-
ed to the climatologicalpart of the forcing arean ide-
alized form of the wind variationsassociatedwith the
NAO. Theanomaly®eldswerederivedfrom theNCEP±
NCAR reanalysis(1958±98)databy regressingthewin-
ter NAO indexof Hurrell (1995)againsttheNovember
throughApril wind speed,wind vector, andwind stress
®elds.The wind vectorandwind stressanomaly®elds
exhibit enhancedwesterliesduring the positive NAO
phaseaccompaniedby a weakeningof the tradewinds
(seeFig. 1a).Thewind speedanomaliesshowaroughly
zonally bandedstructure with signi®cantlarge-scale
variability throughoutthe subtropicalandsubpolarAt-
lantic (seeFig. 1c).TheNAO-relatedanomaliesexplain
asigni®cantfractionof thetotalvariances.For thezonal
wind stresscomponent(Fig. 1b) we ®ndthatmorethan



MAY 2001 1289K R A H M A N N E T A L .

FIG. 1. Wind stress(a) and wind speed(c) forcing anomaly®eldsusedfor the experiments.The anomaly®eldshavebeenderivedby
regressingthe wind stressand wind speedof the NCEP±NCARreanalysisonto the NAO time series.The two displayson the right show
the fraction of the total varianceexplainedby the NAO-regressedanomaliesfor the zonal componentof the wind stress(b) and the wind
speed(d), respectively. For all calculationswinter averages(Nov±Apr) havebeenused.

TABLE 1. List of experimentsconductedwith the LamontOceanAtmosphericMixed Layer Model.

Run Model Forcingmodulation Anomaly ®elds

NAO-D2 to NAO-D64
NAO-M2 to NAO-M64

Dynamical
Mixed layer

2±64 yr sinus
2±64 yr sinus

NCEPNAO-regr.
NCEPNAO-regr.

TRACER Dynamical No anomaly®eldsadded
NAO-HURR Dynamical Hurrell-index NCEPNAO-regr.
NCEP
NCEP-M

Dynamical
Mixed layer

NCEPanomaly®elds
NCEPanomaly®elds

60% of the total varianceis explainedin subpolarand
subtropicallatitudeswhile for thewind speed(Fig. 1d)
the numbersaresomewhatlower.

The idealizedNAO-like wind anomaliesweremod-
ulatedwith a sinewaveof 2±64yr period,whichallows
usto isolateinterannual,decadal,andmultidecadalvar-
iationsof the NAO (denotedNAO-D in Table1). Note
that, as a compromisebetweenrealistic and idealistic

scenario,the anomalieswere only applied during the
winter season(Nov±Apr),whentheNAO is responsible
for most of the sealevel pressurevariance(e.g., van
Loon andRogers1978).Eachexperimentwasrun over
severalforcingcyclessoasto obtainaquasi-equilibrium
upper-oceanmodel response.

For a secondset of experiments(NAO-M) we sup-
pressedall explicit oceanicadvectionin order to ex-
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aminea mixed layermodel's responseto surface¯uxes
only. The meanoceanheat ¯ux divergencewas pre-
scribedasamonthly¯ux with nointerannualvariability.

We also performed a run without adding forcing
anomalies(TRACER) in which a tracerpatchwas re-
leasedin the formation areaof the temperatureanom-
alies to study the pureadvectivespreading.

Finally, weanalyzedthreemorerealisticexperiments:
Oneusedtheobserved time seriesof theNAO to mod-
ulatetheNAO-like wind anomalies(NAO-HURR);sec-
ond,we appliedthefull wind andwind stressanomalies
of the NCEP±NCARreanalysis(NCEP); and a third
experimentwherewe suppressedtheoceanicadvection
while we addedthefull wind andwind stressanomalies
of the NCEP±NCARreanalysis(NCEP-M). Somere-
sultsof thelattertwo integrationsarereportedby (Seag-
er et al. 2000).

b. Simulationof NAO-inducedSSTanomalies

Visbecketal. (1998)haveshownthatouroceanmod-
el is ableto generatetheobservedSSTtripole response
whenforcedwith NAO-like wind anomalies.Theyalso
report that the anomaly®eldsare not stationary, they
propagatealong the path of the NAC. Figure 2 shows
theevolution(half a cycleof theforcing) of SSTanom-
alies for a 12-yr NAO forcing period.Onecanclearly
seethe propagatingSSTanomalies.

Laggedcorrelationsof observed SSTs showedthat
temperatureanomaliesformedoff the North American
eastcoastfollow approximatelythepathwayof theNAC
acrossthe North Atlantic (SuttonandAllen 1997).We
performeda similar analysisof the NAO-D12 run and
show the laggedcorrelationsin Fig. 3. The result is
qualitatively similar to that of the observational study
of SuttonandAllen (1997).To investigatewhetherthe
referenceareaof Sutton and Allen (1997) is perhaps
not the sourceareaof the anomalieswe extendedthe
correlationto precedinglagsbut found themnot to be
signi®cant(not shown).This meansthat the observed
temperatureanomaliesfound in theNAC arecreatedin
or aroundthe referenceareaor farther downstreamin
the NAC. Our model experimentssimilarly show no
clearsign of anomaliesupstreamthe referencearea.

For the subsequentanalyseswe will inspectthe re-
sponsealong the model's NAC (seeFig. 3 for the lo-
cation of the pathway).We found that the HovmoÈller
diagramsof observational datashow comparabletem-
peratureanomaliesfor both the model's NAC and the
one originally usedby Suttonand Allen (1997).Thus
we employ the samepathway for both observational
andmodeleddata.

3. Results

In this paperwe seekto answertwo mainquestions:

RHow are the temperatureanomaliesgeneratedthat

seemto propagatealongthepathof theNorthAtlantic
Current?Ðair±sea¯uxes versus changesin upper-
oceanheattransportdivergence

RWhat causesthe apparentpropagation?Ðoceanicad-
vectionversusphase-laggedlocal forcing.

We will addressthesequestionsin the frameworkof
a seriesof numericalexperimentswith emphasison

Rhow the model's responsedependson the frequency
of the idealizedforcing

RHow the model's responseto the idealizedNAO-like
forcing compareswith morerealisticmodelrunsand
with observations.

We beginwith a discussionof run NAO-D12 where
theNAO-like wind anomalywasaddedto thefull ocean
modelwith a ®xedfrequencyof 12 yr. We ®rstexamine
thedifferentcomponentscontributingto theheatbudget
along the pathwayof the NAC. This will shedsome
light on the generationandpropagationof temperature
anomalies.The12-yr forcingperiodwaschosenbecause
we found that the modelSSTresponsewasnot unlike
that observed (Visbecket al. 1998).We will showthat
the conclusionsdrawnfrom the 12-yr periodare,how-
ever, with adjustmentsfor amplitudeand timing, also
valid for the other forcing periods.

a. Formationand propagationof temperature
anomalies

In thefollowing we will makeextensiveuseof time±
space(HovmoÈller) diagramsto investigatetheevolution
of temperatures,their time derivatives,andsomeof the
componentscontributingto temperaturechanges.In all
of thesediagramsthe meanannualcycle hasbeenre-
moved and the interannual monthly anomaliesare
shown.For exampleFig. 4 showsdifferent properties
alongtheNAC pathwayfor onecomplete12-yr forcing
cycle. The wind anomalyassociatedwith positiveand
negativeNAO anomalieshasreachedits maximumin
the winters of years3 and 9, respectively, and is zero
in years0 and6. We showboth the temperatureanom-
aliesof theuppermostmodellayer(0±24m, themodel's
SST) and the heat contentof the upper 440 m (HC),
which is proportionalto the upper-oceanaveragetem-
perature.Most of the model's responseto interannual
changesin wind andheat¯ux is containedin theupper
500 m and is thuswell representedby the HC ®elds.

A casualinspectionof the SST and HC ®elds(Fig.
2 andFigs.4aand4b) givesa clearindicationfor prop-
agationof temperatureanomaliesalong the NAC. In
Figs. 4a and 4b they are visible as a broad band of
positiveanomaliesextendingdiagonallyacrossthe®g-
ure. Sucha patternis very similar to the onesderived
from observedSSTanomaliesasshownby Hansenand
Bezdek (1996); Sutton and Allen (1997). It is worth
noting that in the westernpart of the region the warm
anomaliesare in phasewith the forcing (relative to a
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FIG. 2. Seasurfacetemperaturesof theexperimentNAO-D12zero,one,two, three,four, and®veyearsafterthesinusoidalforcingmaximum
(NAO 1 ). In responseto the idealizedwind andwind stressanomaliesa temperatureanomalyis formedoff the North Americaneastcoast.
This anomalyapparentlypropagatesalong the pathwayof the NAC.

positiveNAO index)andin theeasternpart,about6500
km downstream,of oppositesign. Hence we sample
with theNAC pathwaytheuppertwo lobesof theNAO
SST tripole, which we call the North Atlantic dipole
(NAD).

Thetemperatureanomaliesin Figs.4aand4b cannot
beexplainedby only adirectresponseto thewindanom-
alies.We®ndthatthetilt of theanomalybandis roughly
constantover the whole NAC pathway, indicativeof a

constantpropagationspeedof a few centimetersper
second.When the positive anomalyhasarrived at the
easternend of the pathway, after about 4±6 years,a
negativeanomalyemergesat its beginning.From this
we can draw two immediateconclusions:1) The con-
tinuousexistenceof the temperatureanomaliesmeans
that theycanpersistduringyearswith weakor no wind
anomalies(i.e.,years0 and6 for the12-yrNAO period).
In otherwords the oceanexhibitsa signi®cantamount
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FIG. 3. Laggedcorrelationsof monthly SSTanomaliesfor the12-
yr idealizedNAO period.Thelaggedcorrelationsarecalculatedsim-
ilarly to thoseof SuttonandAllen (1997),usingtheSSTs in thearea
318±398N, 608±808W as reference.We did, however, not applya 3-yr
running mean®lter to our modeleddata.Contouredis a correlation
of 0.75.Also shownis the NAC's pathwayasusedin our analyses.
The ®lledcirclesdenote0, 2000,4000,and6000km distancefrom
the beginningof the pathway.

of memory lasting over a few years.2) Since the in-
clinationof thebandis aboutconstantevenduringtimes
of weakforcing, oceanicadvectionof existingtemper-
atureanomaliesby the meancurrentsmustplay a fun-
damentalrole in the apparentpropagation.

In additionto the broadbandof positiveSSTanom-
aliesvisible in Fig. 4a the HovmoÈller diagramalsoex-
hibits distincthorizontalstripes,whichseemto bemod-
ulatedon seasonaltimescales.Thesestripesoccurmost
pronouncedduring the forcing (winter) season.Two
mechanismscouldberesponsible:anomalousforcingor
deepeningof the oceanicmixed layer wherebydeep
temperatureanomaliesreemergeat the sea surface.
Since we ®nd the seasonalvariations throughoutthe
experimentandnot only during the yearsof maximum
forcing (years3 and 9), the deepeningof the mixed
layersduring the winter seasonmust be an important
processin generatingtheseasonalSSTanomalies.This
implies that the upperoceanheatcontentis the more
appropriateparameterto analyze when studying the
propagationof temperatureanomalies.

The heatcontentanomaliessimilarly showseasonal
variationsin theform of stripes.In contrastto thestripes
of theSSTpatterntheyareinclined,indicatingthatthese
seasonalanomaliesare propagating.Interestingly the
propagationspeedof the seasonalsignalsdiffers from
thoseof the broadinterannualband.This suggeststhat
different processesare responsiblefor the apparent
propagationonseasonalandinterannualtimescales.Ho-
vmoÈller diagramsof the heatcontentchangesfor other
forcing periods(not shown)revealthat the inclination
of the seasonalvariationsis constant,while the incli-

nationof theinterannualanomaliesvarieswith theforc-
ing period.Thuswe proposethat the meanoceanicad-
vection,which we havefoundto belargelyindependent
of the forcing period,is responsiblefor thepropagation
of the seasonallyvarying anomalies.

To testthishypothesiswehaveintegratedthemodel's
upper-ocean velocities along the NAC pathway and
show the resulting time±distancerelation as an addi-
tional black line in Fig. 4h. This idealizedadvection
path agreesreasonablywell with the slopeof the sea-
sonalHC anomalystripes.

Let us now examinewhich termsof theoceanicheat
transport divergencecontribute to the heat content
changesalong the NAC pathway. Figures4c±f show
differentcontributionsto theheatcontenttendencydue
to theadvectionof themeantemperatureby anomalous
currentsu9= T and due to the advectionof anomalous
temperaturesby the meancurrentsu= T9both for SST
(left columnof graphs)andHC (right column).Theheat
contenttendenciesof the two layers(i.e., the time de-
rivatives of the heat contentsin Figs. 4a and 4b) are
displayedfor referencein Figs.4g and4h, respectively.
Furthermore,thesurfaceheat¯ux anomaliesareshown
in Fig. 4i. Thesumof the two advectiontermsplus the
air±seaheat̄ ux canexplainmostof heatcontentchang-
eswith only asmallcontributionfrom themixing terms.
Note that u= T9 and u9= T havebeenderivedfrom the
monthly averageddata since we had no easyway to
assessthe contributionof short-termvariationsof tem-
peratureandcurrents.However, onecanshowthatthese
termscannotbevery largein ourcoarseresolutionmod-
el.

Let us ®rst inspectthe surface heat ¯uxes (Fig. 4i)
in comparisonto the SSTandHC tendencies(Figs.4g
and 4h). If we compareFigs. 4i and 4h, we ®ndthat
the amplitudesof the surface heat ¯uxes accountfor
only one-thirdof the heatcontentchangesof theupper
440 m. Thus for the deeperlayersthe advectiveterms
area largesourceof temperatureanomalyand,in fact,
aremoreimportantthanthesurfaceheat¯uxes. For the
surface layer (Fig. 4g) we ®nd that the heat ¯ux and
the total changeareof thesameorderof magnitudebut
occurat differenttimes,againimplying thattheoceanic
contributionis important.Pleasenote, that in order to
getanestimateof theheatcontentchangesof thesurface
mixedlayerwe multiplied theheatcontentof the24-m-
thick uppermostmodel layer by three.

We now continuewith the analysisof the u= T9and
u9= T patternsin Fig. 4. One ®ndsthat only the com-
ponentwith the advectionof anomaloustemperatures
by themean¯ow (u= T9) exhibitsinclinedisothermson
the seasonaltimescale,which are the sign of oceanic
advection.In contrastu9= T hasmostlynonpropagating
isotherms,which pointsto its importantrole during the
winter forcing season.In thesurfacelayerthevariations
of the componentu9= T follow roughly the sinusoidal
NAO forcingwhile in thelayer0±440m themodulation
is not quite asclear.
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FIG. 4. Seasurfacetemperatureandupper440-mheatcontentanomaliesof the experimentNAO-D12 alongthe pathwayof theNAC (graphsa
andb), their tendency(graphsg andh), andcomponentscontributingto their tendency. Shownis alwaysone full cycle of the forcing. To make
theSSTtendenciesin thegraphsc, e,andg comparableto theheatcontentchangeandthesurfaceheat¯ux it hasbeenassumedthatthetemperature
changein the uppermostmodel layer is representativeof the mixed layer, hereassumedto be threetimesasthick asthe uppermostlayer (i.e., 72
m). The black lines in graphsa, b, andh showhow a tracerpatchinsertedat the beginningof the pathwaypropagatesalongthe pathway.
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An importantcharacteristicof the componentu9= T
within the surface layer is its 1808 phasejump in the
responsebetweenthe ®rsthalf and the remainingpart
of theNAC pathway. Thischaracteristicforms,together
with the advectionalong the pathway, an environment
much like the one proposedby Saravananand Mc-
Williams (1997).Thisaspectis mostpronouncedin SST
but still visible in theHC pattern,especiallyduringthe
wintertime forcing. In the HC patternin the last third
of theNAC pathwaywe also®ndsigni®cantanomalies
during times of weak NAO forcing (both during the
summerseasonand during zero crossingsof the sinu-
soidal modulation).Theseare the signsof geostrophic
currentsresultingfrom temperatureanomalies.Theydo
not follow thedipolarpatternandthuscomplicatetheir
interpretation.

At someplacesalong the pathway(e.g., 3500 and
5000km) the contributionsfrom the componentsu9= T
and u= T9 are opposingeachother. This behaviorcan
be interpretedasanomaloustemperaturesbeingcreated
by the wind stressforcing (i.e., u9) andthenbeingad-
vectedalong the NAC by the meancurrentu.

In summary, we ®ndthat the temperatureanomalies
at the beginningof the NAC pathwayaregeneratedby
a mixtureof atmosphericheat¯ux andmomentumforc-
ing. In particularthedeepreachingtemperaturesignals
areto a largeextentgeneratedby changesin theocean
currentsthat alter the local heat transportdivergence.
Oncegenerated,partsof the signal are advectedwith
the mean ¯ow northeastwardwith a speedof a few
centimeterspersecond.However, therewasa cleardif-
ferencein the propagationspeedof the seasonaland
interannualsignals.While we could readilyunderstand
the advectionof the seasonalsignal as a direct conse-
quenceof the meancurrents,the interannualpropaga-
tion deservescloserinspection.In orderto accomplish
thiswehaveinvestigatedtheresponseof theoceanmod-
el asa function of the forcing frequency.

b. Variable forcing periods

The analysisof observational data has shown that
SST anomaliespropagatealong the NAC (Suttonand
Allen 1997) on decadaltimescales.The NAO forcing,
however, exhibitssigni®cantvariability overa rangeof
frequenciesranging from interannualto multidecadal.
Thus we decidedto perform a whole seriesof ocean
responseexperimentswith forcingperiodsrangingfrom
2 to 64 years(seeTable1). Visbecketal. (1998)showed
that the amplitudesof the oceanmodel's SSTresponse
dependson theperiodof theforcing. In particular, parts
of the subpolargyre showeda strongly enhancedre-
sponseat periodsbetween8 and 24 years.The sub-
tropical Atlantic and Gulf Stream regions, however,
showedincreasingenergyfor longerperiods,a slightly
red responsespectrum.

Figure5 displaystheupperheatcontent,surfaceheat
¯uxes, and oceanicheat transportdivergence(de®ned

as the differencebetweenthe air±seaheat¯ux andthe
time derivativeof the upper440-moceanheatcontent)
alongthepathwayof theNAC for selectedNAO periods
from 4 to 64 years.Shownis alwaysonefull idealized
NAO cycle with a zero wind anomalyat year 0. It is
obviousthat the ocean's responsechangessigni®cantly
with the periodof the forcing. For the periodsbetween
8 and 32 yearswe ®ndbroad inclined bandsof inter-
annualtemperatureanomaliessimilar to that of the12-
yr period describedin the previoussection.The 4-yr
period,however, exhibitsa morecheckerboard-likepat-
tern while the 64-yr period suggestsa more in-phase
response.Similar changesarefound in thesurfaceheat
¯uxes and implied oceanic¯ux ®elds(Fig. 5, middle
and right columns).

1) SEASONAL FORCING AND DECAY CYCLE

The surfaceheat¯uxes for the 4-yr period(Fig. 5b)
reveal two distinct regimes.During times with active
forcing (Nov±Apr, indicatedby the black graphat the
left side of the panel) the ®rst half of the pathway
(0±3000km) experiencespositive surface heat ¯uxes
while the secondhalf (4000±6500km) showsnegative
heat¯uxes for a positiveNAO index. The patterncor-
respondsto the southwest±northeastdipole that con-
nectsthe westernsubtropicalgyrewith theeasternpart
of thesubpolarNorth Atlantic (Fig. 3). During thesum-
mer seasonwhenthereis no anomalousforcing (May±
Oct) thesurfaceheat¯uxes still showtheNAD pattern.
However, theheat¯uxes areof oppositesigncompared
to the forcing season.One can easily seethat during
thesummerthesurfaceheat¯uxes aredampingtheheat
contentanomaliescreatedin the precedingwinter sea-
son. Anomalouswarm temperaturesthus lead to en-
hancedsurfaceheatloss,they providea negativefeed-
back.

Next we inspectthe contributionof oceandynamics.
As shownin the previoussection,anomalousmomen-
tum input from changesin the wind stress®eldscan
causesigni®cantchangesin the oceanicheattransport
andits divergence.Muchof thiseffectis dueto changes
in the Ekmantransportbut therearealsocontributions
from the geostrophicallyadjustingdeeper̄ ow . Those
mechanismsaswell aschangesin the verticalandhor-
izontalmixing areincludedin the implied ®eldsshown
in the right column of Fig. 5. This contributionto the
upper-oceanheatcontentchangessimilarly exhibitstwo
regimes.During winter (activeforcing season)apattern
emergesthat is quite similar to that of the surfaceheat
¯uxes: positiveheatcontentchangesin the ®rsthalf of
the pathwayand negativein the secondhalf. Thus for
short NAO forcing periodsthe surface heat ¯uxes re-
inforce the oceaniccontribution, resulting in a strong
temperaturesignal.During summer, however, the oce-
anic contributiondiffers from the surface heat ¯uxes:
we ®ndnegativecontributionsprecedingnegativeheat
contentanomaliesandpositivecontributionsfollowing
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FIG. 5. Upper-oceanheatcontent,surfaceheat¯ux, andoceanicheattransportdivergencefor selectedNAO periods.Shownis againone
full cycle of the sinusoidalforcing. The forcing modulationis displayedbetween®rstand secondcolumn. The heat transportdivergence
hasbeendeterminedby subtractingthe surfaceheat¯uxes from the total heatcontentchanges.
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them and similar patternsfor the oppositesignswhile
the heat ¯uxes are always opposingthe temperature
anomalies.Thissuggeststhattheheatcontentanomalies
aremainly formedby the oceanicheattransportdiver-
genceandnot thesurfaceheat¯uxes. Theoceaniccon-
tributions exhibit, just like the heat content, inclined
isothermsduring periodswithout activeforcing. As we
haveshownin the previoussectiontheseinclined iso-
thermsarisefrom oceanicadvectionrelocatingtemper-
atureanomaliesthatwereformedduring thewinter pe-
riod either by changesin oceanheat transportdiver-
genceor to a smallerextentby surfaceheat¯uxes.

We concludethatduringthesummeroceandynamics
advectheatcontentanomaliesdownstreamtoward the
northeastalongthepathof theNAC, while surfaceheat
¯uxes aredampingthe anomalies.

2) INTERANNUAL SIGNALS

In thefollowing wecomparetheresponseof themod-
el to different forcing periods shown in Fig. 5. The
HovmoÈller diagramsfor the4-yr and8-yr NAO periods
show the heatcontentanomaliesarrangedin a check-
erboard-likepattern.For the8-yr periodadiagonalcon-
nection betweenthe two lobes of the NAD is more
clearly visible than for the 4-yr period. The heat ¯ux
patternsfor the 8-yr periodarelargely similar to those
of the4-yr periodwith theexceptionof amostlydamped
responsein thenorthernpartof thepathway. Thismeans
that the surfaceheat¯uxes in this part of the pathway
changefrom a partially active role for the 4-yr NAO
periodto a mostly passiverole for the8-yr period.The
oceaniccontributionto theheatcontentchangesis large-
ly similar for both shorterNAO periodswith a pro-
nouncedNAD patternduring times of active forcing
(winter). In the centralpart of the pathwaywe canob-
servethegradualchangefrom predominantlylocalforc-
ing to advectivelydeterminedtemperatureanomalies.
While for the 4-yr NAO period thereis barelyany di-
agonalconnectionbetweenthe two lobesof the NAD,
the8-yr periodshowssomesignsof temperatureanom-
aliesbeingadvectedfrom the ®rsthalf of the pathway
into the second.This is evenmorepronouncedfor the
16-yr NAO period in Fig. 5i. The ®ndingthat, in the
right column of Fig. 5 with increasingforcing period,
continuousinclinedisothermsstartto dominatetheoce-
anic contribution means that temperatureanomalies
formed in the ®rst half of the pathwayand advected
downstreamoutgrowthe anomaliesthat arecreatedlo-
cally in the secondhalf.

For longerforcing periods(16 and32 years)we ®nd
that theanomaliesof thesouthwesternpartof theNAD
remainin phasewith the forcing, while the anomalies
of thenortheasternpartoccurearlierwith respectto the
NAO forcing phase.In the 64-yr experimentthe re-
sponseof the subpolarpart hasshiftedso muchthat it
appearsto be in phasewith theexternalforcing.Hence
we loosethe signatureof the NAD.

How can we interpret the patternsfound in Fig. 5?
In our experimentstwo basically different processes
generateheatcontentanomaliesalong the pathwayof
theNAC: the local formationof temperatureanomalies
both by surface heat ¯uxes and heat transportdiver-
gences,andtheadvectionof existingtemperatureanom-
alies along the pathway. Thesetwo processeshave a
different temporalscaling.The ®rstfollows the exter-
nally prescribedperiodof the NAO-like forcing, while
the secondis determinedby the model's advection.We
cande®nea nondimensionalnumberthat comparesthe
two timescales:

(L/y)
R 5 , (1)t t

whereL is the length of the pathway, t representsthe
forcing period, and y is the propagationspeedof the
temperatureanomalies.The propagationspeedto be
usedin thiscalculationis theeffectivespeedwith which
the temperatureanomaliespropagatealong the NAC.
Becauseof diffusion anddampingby the overlying at-
mospherethis speedis signi®cantlyslowerthanthesur-
facecurrentsof theNAC. Herewe usea speedof 2 cm
s2 1 as found in observations,which is about half the
averageadvectivespeedof the 0±440m layer or one-
third of the surfacecurrentsin our model.

For the casethat the two timescalesagreewe expect
constructiveinterferencewhile for disagreeingtime-
scalesdestructiveinterferencemightbeexpected.How-
ever, sincethetemperatureanomaliescreatedby thetwo
processesarenot necessarilyof the samemagnitude,a
total cancellationof the temperatureanomaliesin the
secondhalf of the pathway, whereboth processesplay
a role, is ratherunlikely. Indeedwe areableto support
the outlined scenario.For the 4-yr period it is rather
unclearwhetherwe haveconstructiveor destructivein-
terference.But for the8-yr periodwehaveclearsupport
for constructiveinterference.For this NAO forcing pe-
riod we can identify both the heat contentanomalies
causedby local formationascheckerboardpatternand
the advectionof existing temperatureanomaliesasdi-
agonalstripes.The diagonalstripesconnectthe anom-
alies of the checkerboardpattern, indicating that the
timescalesof the two processesagreefor this forcing
period.If we continueto look at longertimescales,we
®ndfor the 16-yr period that diagonalstripes(i.e., ad-
vected temperatureanomalies) again extend down-
streamfrom the temperatureanomaliesformed in the
®rst half of the pathway. For this forcing period the
timescalesof advection and external forcing do not
matchperfectly. This resultsin astepin Fig. 5gbetween
thebroadadvectivediagonaltemperatureanomalyband
and a remainingpatchresultingfrom the local forcing
in thelastquarterof theNAC's pathway. Thetwo time-
scalesdo, however, not disagreeenoughto causesig-
ni®cantdestructiveinterference,which can®rstbeseen
for the 32-yr forcing period.Thereonly the broaddi-
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FIG. 6. HeatcontentanomaliesalongtheNACs pathwayfor theadvective(left column,NAO-D) andnonadvective(right column,NAO-M)
ocean.Shownareforcing periodsof 4, 16, and64 years.Thedatahasbeen®lteredto removetheseasonalcycles.Contourinterval is 0.058C,
positiveanomaliesareshaded.While for the shortperiod the responseis somewhatsimilar betweenadvectiveandnonadvectiveocean,the
responsefor the long periodshowsno resemblanceat all.

agonalbandoriginatingin the ®rsthalf of thepathway
remains,while theamplitudesat theendof thepathway
are reduced,suggestingthat destructiveinterference
took place. The 64-yr period in Fig. 5m showsonly
very short phaselags betweenthe two halvesof the
pathway. This suggeststhatfor thelongerNAO periods
the fastadvectiondominatesthetemperatureanomalies
of the secondhalf of the pathway.

To makethe differencesbetweenadvectiveandnon-
advectiveoceanmore obvious,we combinedthe heat

contentanomaliesalong the pathwayfor the dynamic
(NAO-D) andthe mixed layer (NAO-M) oceanin Fig.
6. Shownarethe4-yr, 16-yr, and64-yr forcing periods.
As canbeseenfrom this diagramthereis, for theshort
forcingperiod,someresemblancebetweentheadvective
andnonadvectiveoceanin theform of adistortedcheck-
erboardpattern.For the 16-yr forcing period we ®nd
that the advectiveoceancreatesa strongimpressionof
apropagatingsignalwhile thenonadvectiveoceanagain
respondswith a checkerboardpattern. If the forcing
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FIG. 7. This diagramshowsthepropagationspeedthatis necessary
to obtain maximal responsefor any given length- and timescaleof
the forcing. The realistic rangefor the NAC markedby the shaded
area.

anomaliesare applied with a period of 64 years the
responsesof theadvectiveandnonadvectiveoceansare
very different. In the caseof the advectiveoceanthe
heatcontentalongmostof the pathwayvariesin phase
with the forcing while for the nonadvectiveoceanonly
the ®rsthalf reactsin phasewith the forcing while the
secondhalf is out of phase.

From Eq. (1) we can infer at which advectionspeed
we can expectmaximal responsefor any given spatial
(L) andtemporal(t ) scaleof theforcing.This is shown
in Fig. 7. Therethe velocitiesnecessary to obtainRt 5
1 arecontouredasa function of L andt . This diagram
canbeusedto obtaintheforcing periodsat which max-
imal responseis to beexpectedfor anygivenlengthscale
of the forcing andpropagationspeedof the ocean.For
theNAC with a propagationspeedof about1±2cm s2 1

anda lengthscaleof 4000±6000km maximalresponse
is thus to be expectedat aboutdecadaltimescales(see
shadedareain Fig. 7).

In order to quantify the propagationspeedsin our
experimentswe usesimpleharmonicsto determinethe
phaselagsof thetemperatureanomaliesalongtheNAC
pathwayrelative to the NAO forcing. We applieda ®t
of the interannualforcing harmonicto the temperature
anomaliesat eachgrid point of the pathwayand then
combinedthephaseandtime lagsin phase±distanceand
time±distancediagrams,respectively. This method is
insensitiveto the seasonalvariability that we found in
the previousanalysisand is thus closer to an analysis
of wintertimedata,asusedin mostobservationalstudies
(Kushnir 1994; Hansenand Bezdek1996; Suttonand
Allen 1997).

Figure 8 includesthe resultsfor the forcing periods
from 4 to 64 yearsand allows us to determinepropa-

gationspeedsof the temperatureanomaliesfor thedif-
ferent runs.The 2-yr period hasbeenomittedbecause
its phasesare not well determined.The propagation
speedsarethencalculatedby applyinglinear®tsto the
part of the pathwaybetween1200 and 6300 km. The
resulting velocities both in time±distanceand phase±
distancespaceare listed in Table 2. They vary signif-
icantly with the forcing period.We ®ndthat for longer
periods the speed in time±distancespacedecreases
while it increasesin phase±distancespace.This is sug-
gestiveof theactualpropagationbeingdeterminedpar-
tially by advectiveprocessesand by external spatial
variationsin the forcing.

A thoughtexperimenthelpsto understandhowpurely
advectiveor purely externally forced regimeswould
manifestin the time±distanceand phase±distancedia-
grams.Temperatureanomaliesare predominantlyde-
terminedby theexternalforcing whenR . 1. If in this
casethe samespatial forcing pattern is applied with
different forcing periods,lines with constantphaseof
the temperatureanomalieslike thosein Fig. 8 would
line upin aphase±distancediagram.In contrastthesame
constantphaselines would fan up in a time±distance
diagramfor the sameset of experiments.If a similar
set of forcings is appliedto an advectivelydominated
ocean(R , 1) we would ®ndthat the constantphase
lines line up in thetime±distancediagramwhereasthey
would fan in the phase±distancediagram.

In our set of experiments(NAO-D2 to NAO-D64)
we havefound that the propagationspeedsof bothsur-
face (not shown)and upper440-m temperatureanom-
aliesdependstrongly on the periodwith which the si-
nusoidalforcing is applied.For the shorterperiodsof
4 to 8 yearsthe phasesof the heatcontentanomalies
in Fig. 8a agreeroughly with thoseof the mixed layer
run. This meansthat for theseshortforcing periodsthe
heat contentanomaliesare predominantlydetermined
by thespatialvariationof theforcing.For thevery long
periodof 64 yearsthe responseis mostly in phasewith
forcing, except for the very last part of the pathway
where the responseoccurs later but with only small
amplitudes.The propagationspeedfor the long forcing
periods is, however, slower than the pure advection
speed,suggestingthat the externalforcing patternstill
has someeffect on the propagation.For intermediate
forcingperiodstheresponseneitheroccursin phasewith
the forcing nor doesit show the patternthat is to be
expectedfrom the externallydominatedmode.Instead,
both external forcing and oceanicadvectioncreatea
blendedmodein which theapparentpropagationspeed
is slowerthanoceanicadvectionbut fasterthantheex-
ternallyprescribedspeed.While we haveseenthatover
the whole pathwayneitheradvectionnor local forcing
are solely responsiblefor the temperatureanomalies,
Fig. 8b revealsthat in the centralpart of the pathway,
that is, betweenthe two NAD lobes, the temperature
anomaliesare dominatedby advectiveeffects. In this
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FIG. 8. Phasesof the harmonic variationof the upper440-mheat
contentrelative to the forcing both in phase±distanceand time±dis-
tancespace.The phase±distancediagram(a) includesthe phasesof
the heat contentanomaliesfor the mixed layer model run with a
forcing period of 16 years(solid line in a). The time±distancedia-

TABLE 2. Propagationspeedsof the upper 440-m heat content
anomaliesfor thedifferentidealizedNAO forcingperiods.Thespeeds
were calculatedby a linear ®t to the valuesin Figs. 8a and 8b (re-
strictedto the NAC pathwayinterval from 1200to 5500km). Prop-
agationspeedsin time±distancespacearedecreasingwith increasing
lengthof theforcing periodwhile thespeedsin phase±distancespace
are increasingwith the forcing period.

Forcingperiod (yr)

Propagationspeed

(cm s2 1) (106 m/cycle)

2
4
8
12
16
24
32
64

4.6
5.6
3.4
2.5
2.1
1.9
1.2
0.8

2.9
7.0
8.7
9.4

10.7
14.3
12.3
15.6

Advection
TRACER
Observations

5.4
6.1
1.7

grams (b and c) also include the graphsfor the spreadingof the
maximumtracerconcentrationof experimentTRACER(dashed)and
the propagationtime calculateddirectly from the model's currents
(solid). Thetime-distancediagram(b) displaysa partof full pathway
(c) in which advectivespreadingof the anomaliesis dominant.

partof thepathway(3500±4500km) theharmonicphas-
es line up in time±distancespace.

The propagationspeedsdeterminedby the linear®ts
enclosethe speedcalculatedfrom observations(Sutton
and Allen 1997). Best agreementbetweenmodel and
observations is found for a forcing period between8
and 16 years.This frequencybandcoincideswith the
bandfor whichwe®ndmaximalresponsein themodel's
subpolargyre (Visbecket al. 1998).

c. Propagationalong the NAC during the recent
decades

Onequestionthat arisesafter ®ndingthat NAO-like
wind anomaliesareable to createpropagatingtemper-
atureanomaliesis how muchof theanomaliesfoundin
the observations can be explained by the idealized
NAO-like wind anomalies.We addressedthis by con-
ducting threeadditionalexperiments:The ®rstexperi-
ment(NAO-HURR) is similar to theNAO-D seriesbut
now usesthe observed NAO-index from Hurrell and
van Loon (1997) insteadof the idealized sinusoidal
modulations.For the secondexperiment(NCEP) we
addedthefull NCEP±NCARreanalysiswind anomalies
to investigatewhetherthe inclusionof other, non-NAO
related,variationsof thewinds improvestheagreement
betweenmodeledandobserved temperatureanomalies.
And in a third experiment(NCEP-M)weagainusedthe
full NCEP wind anomaliesbut applied them to the
mixed layer only setup.

TheHovmoÈller diagramin Fig. 9ashowsthewinterly
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TABLE 3. Correlationbetweenthe varioustemperatureanomaliesshownin Fig. 9. High correlationlevels (. 0.76) are found betweenall
observational datasets.Exp NCEP forced with the full NCEP wind and wind stressanomaliesalso yields relatively high correlationswith
the observations(. 0.50). The correlationsbetweenexp NAO-HURR and the observationsare signi®cantlysmaller(0.11±0.36),while the
correlationsfor the not advectiveoceanexperiment(NCEP-M) with the observationsrangestypically betweenthe full NCEP experiment
and the NAO-HURR run (0.32 to 0.42).

NCEP
model

NAO-HURR
model

NCEP-M
model

NCEP
obs

Kaplan
obs

DaSilva
obs

NCEP
NAO-HURR
NCEP-M
NCEP
Kaplan
DaSilva

1 2 0.11
1

0.75
2 0.14

1

0.50
0.36
0.32
1

0.56
0.11
0.42
0.76
1

0.56
0.27
0.35
0.83
0.77
1

¬

FIG. 9. HovmoÈller diagramsof thewinterly (NDJFMA) temperatureanomaliesalongtheNAC for theexperimentsNCEP(a),NAO-HURR
(c), andNCEP-M (e) andfor the observationaldatasetsNCEP(b), Kaplan(d) andDaSilva(f ). Contourinterval is 0.28, shadedareasdenote
positiveanomalies.A 3-yr runningmeanhasbeenappliedto all datasetsashasbeendoneby SuttonandAllen (1997).

SSTanomalies(Nov±Apr) of the experimentNCEP. In
Figs.9c and9e the anomaliesfrom experimentsNAO-
HURRandNCEP-Mareshown,respectively. Threedif-
ferentobservationaldatasetscoveringroughlythesame
period of time aredisplayedin Figs. 9b,d,f. As before
all diagnosticsare performed along the NAC pathway
(Fig.3).Table3 liststhecorrelationcoef®cientsbetween
the different datasets.

In all graphsin Fig. 9 we ®ndsigni®cantvariability
on the decadalto interdecadaltimescale.The obser-
vationaldatasetsagreefor mostpartsbutdiffer in details
(seeTable3). Theobservedtemperatureanomaliesfrom
daSilva et al. (1994),Kaplanet al. (1998),andNCEP±
NCAR indicatethatcold temperaturesoccuredbetween
1960and1970alongtheNorth Americaneastcoastand
that anomaliesof similar amplitudewere found some
ten yearslater in the secondhalf of the pathway. The
propagationof anomaliesbetweenthe®rstandthesec-
ond halvesof the pathwayis, however, not asobvious
from thesegraphsas in SuttonandAllen (1997).This
is mainly causedby the different periodscoveredby
our analysis(1958±98)andby thatof SuttonandAllen
(1997)(1946±88).In contrastto the ®ndingsby Sutton
and Allen (1997) the anomaliesduring the 1980sob-
served by the NCEP±NCARreanalysisandda Silva et
al. (1994)seemto suggestawestwardor upstreamprop-
agation.This prominent feature in our graphsis less
pronouncedin SuttonandAllen (1997),whoseanalysis
also coversa strongdownstreampropagatinganomaly
in the 1950s.

TheexperimentNAO-HURR (Fig. 9c) is ableto cre-
ate decadalSST anomaliescomparableto thosefound
in observations. The temperatureanomaliesshow a
prominentpropagationalongthe pathwayof the NAC.
Anomaliesformedin thebeginningof thepathwaytrav-
el in about 5 years to the end of the pathway. The
respectivespeedof about4 cm s2 1 is on the high end
when compared to the results of the experiments

NAO-D (seeFig. 8 andTable2). The anomalies,how-
ever, do not fully agreewith thevariationsfound in the
observations.Goodagreementis only found in the®rst
half of the pathway, indicatingthat theNAO hasa sig-
ni®cantin¯uence in this area.In the secondhalf of the
pathwaythe temperatureanomaliescreatedin the ex-
perimentNAO-HURR disagreewith thosefound in the
observations.This suggeststhat only a part of the ob-
served temperatureanomaliesare due to the forcing
variationsassociatedwith the NAO. In the next exper-
iment we usedthe full variationsof wind speed/wind
vectorandwind stressfrom the NCEPreanalysis.The
temperatureanomaliesalongthepathwayobtainedfrom
this experimentare shown in Fig. 9a. They agreein
contrastto theanomaliesobtainedin experimentNAO-
HURRratherwell with theobservedtemperatureanom-
alies.This supportsthe hypothesisthat the full forcing
anomaly®eldsarenecessary to reproducetheobserved
®elds.

In the experimentNCEP no propagationof temper-
atureanomaliesis visible. Figure9a reveals,however,
a clearout of phaserelationshipbetweenthe tempera-
turesin the ®rstandsecondhalf of the NAC pathway.
A secondlook into the observed datasetsshowsthat
theytoohaveastrongoutof phaserelationshipbetween
the anomaliesin the two halvesof the pathway. Their
anomaliesdo, however, tendto be connected,which is
responsiblefor the impressionof propagation.Our ex-
periment NCEP does not show this connection.The
patternof oppositetemperatureanomaliesin the two
halvesof thepathwayagreesvery muchwith thepattern
we have obtainedfor the idealizedexperimentswith
shortforcing periods(R . 1). This is trueeventhough
the temperaturevariationsin experimentNCEP occur
predominantlyon decadaland longer timescalesfor
which we found propagatingor evenin phaseresponse
in the idealizedexperiments.

We thus ®ndthat the idealizedNAO forcing anom-
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alies (NAO-HURR) createstrongly propagatingtem-
peratureanomaliesthat,however, do notagreewell with
observations.Adding non-NAOanomalies(NCEP)cre-
ateson onehanda goodagreementwith observations,
but causeson the other the disappearanceof visible
propagation.Thatoceanicadvectionstill remainsanec-
essary ingredientfor the realistic reproductionof ob-
served temperatureanomaliescan be seenin Fig. 9e
andin Table3. Thereit becomesapparentthat thecor-
relationsof the temperaturesof the mixed-layeronly
oceanmodelrun(NCEP-M)with theobservationsreach
only two thirdsof thoseof thefull experiment(NCEP).
Neverthelessthe simpler run (NCEP-M) doesalready
reproduceseveralof theobservedfeatures.Overall,the
resultsof these,more realistic,experimentsaresome-
what inconclusive.

4. Conclusions

We have performed various experimentswith an
oceanGCM of the North Atlantic coupled to an at-
mosphericmixed layer (Seageret al. 1995;Visbecket
al. 1998)in orderto studytheocean's responseto NAO-
like wind anomalies.WefoundthattheNAO-like forced
runs are able to createtemperatureanomaliescompa-
rable to those found in observations (Visbeck et al.
1998).After their formationoff theNorthAmericaneast
coast the temperatureanomaliespropagatealong the
pathwayof the NAC. Dependingon the period with
which the forcing was applied they crossthe Atlantic
in 5 to 10 years.This agreeswell with theobservations
from SuttonandAllen (1997),who ®ndthemto cross
the Atlantic in about8 years.

Two basicallydifferentmechanismsareproposedfor
theformationandpropagationof thetemperatureanom-
aliesalongthepathwayof theNAC: local formationof
temperatureanomaliesby changesin surface¯uxes or
by changesin theoceanicheattransportdivergenceand
the advectionof existing anomaliesby the mean¯ow .
Our experimentsindicatethat simpleadvectionof tem-
peratureanomalies,createdoff the Americancoast,is
not able to fully explain the temperatureanomalies
along the pathwayof the NAC. Insteadwe found that,
for NAO forcing periods up to 16 years, the spatial
patternof the direct responseto the forcing variations
can be found in the temperatureanomaliesalong the
pathwayof the NAC. For the NAO-like forcing anom-
aliesthis patternis dipolarwith in-phase(positivetem-
peratureanomaliesduring a positive NAO index) for-
mationof temperatureanomaliesin the ®rsthalf of the
pathwayandout-of-phase(negativetemperatureanom-
alies during a positive NAO index) formation in the
secondhalf of the pathway. We also found that about
two-thirds of the heat contentanomaliesof the layer
0±440m were formed by changesin the oceanicheat
transportdivergenceandonly one-thirdby surfaceheat
¯uxes. Theydo, however, agreeroughly in their spatial
distribution,makingtheireffectsdif®cultto distinguish.

The two mechanismshave two different timescales
for the propagationof the temperatureanomalies.The
timescaleL/y of the advectionof an existinganomaly
is determinedby theocean's meancurrentsy, whichwe
foundto belargelyindependentof theNAO-like forcing
variations,and by the length of the pathway L. The
timescaleof the local formation of temperatureanom-
aliesis in contrastvariableanddeterminedby theNAO
forcing periodt . Thepropagativetimescalefor our ex-
perimentsis about10yearsfor onepassalongthewhole
pathway. We ®ndthat for NAO periodsshorterthanthe
advectivetimescale(R . 1) the temperatureanomalies
are arrangedin a patternthat can be explainedby the
local formation only. For NAO periodscomparableto
the advectivetimescale(R ; 1) the oceanicadvection
transportsthe temperatureanomalycreatedin the ®rst
half of the pathwayto the secondhalf of the pathway
in exactly the time in which the externalforcing has
switchedfrom one stateto the other, thus reinforcing
the locally createdanomaly. For NAO periodsbeing
longerthantheadvectivetimescale(R, 1) theadvected
temperatureanomaliescreatedin the ®rst half of the
pathwayreachthe secondhalf during a time whenthe
locally createdanomaliesareof oppositesign.Thusthe
two mechanismswork againsteachother and lead to
somecancellation.Thedegreeof cancellationdepends,
however, on the length of the NAO period and on the
strengthof the local formationat different partsof the
pathway.

This resultis muchin agreementwith thesimpleone-
dimensionalatmosphere±oceanmodelpresentedby Sar-
avananandMcWilliams (1997).They foundthata spa-
tially coherentand temporally stochasticatmospheric
forcing (sinusoidalalong the spatialdomain)can lead
to enhancedresponseof theoceanatacertainfrequency.
The parameterin control of the reponsestrengthis the
ratioof theadvectiveanddampingtimescales.Forweak
damping the peak responseoccurs when the forcing
frequencyequalsthe advectionspeedin the oceandi-
vided by the prescribedlengthscaleof the forcing y/L.
This is the casewhenR 5 1.

The propagationspeedsof 0.8±5.6cm s2 1 found in
theexperimentscovertheobservedspeedof 1.7cm s2 1

(SuttonandAllen 1997).Interestinglythespeedsin the
model dependon the period with which the idealized
forcing was applied.The observed andmodeledprop-
agationspeedsagreein the modelrun with the forcing
periodfor which themodel's temperaturevariationsare
largest,suggestingthat the preferencefor the decadal
timescaleanomaliesmight be responsiblefor the ob-
served propagationspeed.

When forced with more realistic variationsof wind
andwind stresswe obtainresultsthatsuggestonly lim-
itedpredictabilityof temperatureanomaliesdownstream
in the NAC. For the modelrun NAO-HURR, in which
wemodulatedtheNAO-relatedwind variationswith the
observed NAO index, we obtainednicely propagating
temperatureanomalies.However, downstreamin the
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NAC they do not agreewith thosefound in observa-
tions.If we usethefull wind andwind stressanomalies
of the NCEP±NCARreanalysis(i.e., include the non-
NAO-related anomalies),we obtain closer agreement
with observationsfor the whole pathway. Both obser-
vationsand the experimentforced with the full NCEP
anomaliesexhibit predominantlyout of phaserelation-
shipsbetweenthe two halvesof the pathway. Though,
in our idealizedexperiments,we found out of phase
relationshipsonly for short forcing periods,the obser-
vations and the experimentNCEP exhibit them even
over the interdecadaltimescale.
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