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ABSTRACT

A generakirculationoceanmodelhasbeenusedto studythe formationandpropagatiormechanismsf North
Atlantic Oscillation (NAO)-generatedemperatureanomaliesalong the pathwayof the North Atlantic Current
(NAC). The NAO-like wind forcing generatesemperatureanomaliesn the upper440 m that propagatealong
the pathwayof the NAC in generalagreementvith the obserations.The analysisof individual componentof
the oceanheatbudgetrevealsthat the anomaliesare primarily generatedy the wind stressanomaly-induced
oceanicheattransportdivergence After their generatiorthey are advectedwith the meancurrent.Suffaceheat
“ux anomaliesaccountfor only one-third of the total temperaturechanges Along the pathwayof the NAC
temperatureanomaliesof oppositesignsare formedin the ®rstand secondhalvesof the pathway a patten
calledherethe North Atlantic dipole (NAD). Theresponsef the oceandependgundamentallyon R, 5 (L/y)/t,
the ratio betweenthe time it takesfor anomalieso propagatealongthe NAC [(L/y) ; 10 years]comparedo
the forcing period t. The authors®ndthat for NAO periodsshorterthan4 years(R, . 1) the responsén the
subpolarregion is mainly detemined by the local forcing. For NAO periodslonger than 32 years(R, , 1);
howeverthe SSTanomaliesn the northeaster part of the NAD becomecontrolledby oceanadvection.In the
subpolarregion maximal amplitudesof the temperaturaesponseare found for intermediate(decadal)periods
(R, ; 1) wherethe propagationof temperatureanomaliesconstructivelyinterferes with the local forcing. A
comparisorof the NAO-generategropagatingemperatureanomalieswith thosefoundin obsewationswill be

discussed.

1. Introduction

Recentanalysef historicalseasurfacetemperature
(SST)datahaverevealedhatcoherenfarge-scalégem-
peratureanomaliesoccur in the North Atlantic Ocean
on interannuato decadakimescalegDeserandBlack-
mon 1993; Kushnir 1994; Hansenand Bezdek 1996;
Sutton and Allen 1997). A signi®cantpart of these
anomaliesarerelatedto large-scalatmospherid¢orcing
by the North Atlantic Oscillation(NAO) (Walker1924;
Walker and Bliss 1924),a seesawof atmospherianass
betweenthe polarandsubtropicalregions.The NAO is
hence associatedwith changesin the large-scaleat-
mosphericwind pattern,which in turn causevariations
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of the winter air and seasuifacetemperatureshrough-
outtheNorth Atlantic Ocean(Visbecketal. 1998;Seag-
er et al. 2000). Changesin the airtsea uxes of heat
and momentumduring a positive NAO phasecool the
subpolarandsubtropicaloceanswhile the temperatures
off the North Americaneastcoastarewarmerthannor
mal.

The analysisof temperatur@anomaliesattimeswhen
the NAO index is closeto zero, thatis, in quadrature
to the NAO, indicatesthat the temperatureanomalies
foundoff theNorth Americaneastcoastpropagat@long
the axis of the North Atlantic Current(NAC) (Visbeck
etal. 1998).A similar movemenbf temperatur@anom-
alies originating from this region has beenfound in
obsewations(HanserandBezdek1996;SuttonandAl-
len 1997).The propagatiorspeedderivedfrom the ob-
sewationsis 1.7cm 2 4; thisis signi®cantlslowerthan
the high velocitiesof the core of the NAC.

SuttonandAllen (1997)proposehatthe understand-
ing of the processeshat determinethe propagationof
thetemperaturanomaliesalongthe NAC mightbeim-
portantfor the predictionof interannualto decadakli-
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mate variationsover Europe.If the spreadingof tem-
peratureanomalieds causedoy advectionin the ocean
one might be ableto skillfully predictthe temperature
evolutionalongthe NAC. However the effectsof these
temperatureanomalieson the overlying atmospherare
still unclear(seeRobinson2000, for a recentreview).
It hasbeensuggestedhatthey canprovidethe missing
memorythatcreatesecadalariationsof theNAO (La-
tif 1998).

In an analytical stochasticmodel Saravananand
McWilliams (1997) studied the responseof a single-
layer constant-speetlAC to atmospheridorcing ran-
domin time but sinusoidalalongthe NAC. Theyfound
thatthe oceanicresponsdalls into oneof two regimes:
a slow-shallowregimein which local effectsare dom-
inantanda fast-deepregimein which nonlocaladvec-
tive effectsare dominant.In the fast-deepregimethe
oceanicresponsepeaksat a preferredfrequencyeven
thoughthe original forcing spectrumwas white. This
frequencyis determinedoy the NAC's advectionspeed
divided by the length of the NAC. Saravananand
McWilliams (1997)®ndthatfor the observedadvective
velocity of the NAC of about2 cm 2 anomalieson
the decadaltimescaleshouldbe mostprominent.

Here we use an ocean general circulation model
(OGCM)coupledto anatmospherienixedlayer(Seager
et al. 1995)in orderto investigatethe responseof the
North Atlantic Oceanto changesn the wind forcing.
In contrasto modelswith prescribedsurfaceheat uxes
theatmospherienixedlayerallowsthe models surface
heat uxes to adjustto changesn atmospheriadvection
of temperatureand humidity andin local SST anoma-
lies. We haveaddedNAO-like wind speedyector and
wind stressanomalypatterngo climatologicalmonthly
forcing. The anomaly patternshave been modulated
with idealized ®xed frequencyvariationsin order to
study variationin responsdo different frequenciesof
the NAO. Someaspectof the overalloceanicesponse
are discussedy Visbecket al. (1998). Here we focus
our attentionon how these NAO-relatedtemperature
anomaliesare formed and propagatealongthe NAC.

In subsequensectionswe ®rstdescribethe model
and the different experimentsperformed and then an-
alyzethe modeloutputandcompareit to obsewational
data.

2. Numerical experiments
a. Themodel

We haveemployedanoceangenerakirculationmod-
el thatspanghe Atlantic Oceanbetweer308s and73aN
with a horizontalresolutionof 28by 28 The modelhas
30 ®xedverticallevels,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 variablelowestlayer thick-
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ness.The basingeomety andbathymety areresolved
on the model grid.

The model solvesthe primitive equationson an A
grid andis forcedby monthlymeanwind stressesTem-
peratureand salinity arerestoredto climatologicalval-
uesoverafew grid pointsnearsolidwallsatthenorthern
andsouthermoceanbounday. Freshwateruxes areob-
tainedby restoringthe seasurfacesalinity to amonthly
datasewith a 30-dayrelaxationtimescaleThe surface
heat uxes aredeterminecby a prognosticatmospheric
bounday layermodelcoupledto theocearmodels SST
(Seageret al. 1995). The bounday layer atmospheric
temperatureand humidity are speci®edver land but
vary overtheoceanaccordingto anadvectivezdiffusive
balancesubjectto airtsea uxes. All other bounday
conditionssuchasthe shortwaveradiation,cloudcover
wind speedandwind vectorare speci®edt eachgrid
point with monthly resolution.

A simple 1%%-layer thermodynamicseaice modelis
coupledbetweenthe oceanand atmospheridoounday
layer in order to reducethe heat ux in ice-covered
regions.Unresolvedsmall-scaleoceanprocessearepa-
rameterizedy a bulk wind-driven mixed layer model,
convectiveadjustment,and isopycnalthicknessdiffu-
sion.

First the model was initialized with climatological
temperatur@ndsalinity dataandintegratedor 60years
with ®xedclimatologicalmonthly forcing. The winter
SST differencesbetweenthe model and obsewations
are typically lessthan 18C with the exceptionof the
Gulf Streamregion. Its position is too far north and
much of the cold slopewater signalis missingin our
simulations.Mixed layer depthsare maximumduring
late winter in the Labrador Seawith a quite realistic
distributionthroughoutthe subpolargyre.

In our experimentanomalieof wind stressandwind
speed/vectohave beenaddedto the monthly forcing.
In order to obtain a realistic circulation we usedcli-
matologicalmeanforcing from Hellermanand Rosen-
stein(1983)for wind stressandfrom the NationalCen-
ters for EnvironmentalPredictiontNationaCenterfor
AtmosphericResearch(NCEP+NCAR) reanalysisfor
wind vectorandspeedrespectivelyTheanomaliesadd-
ed to the climatologicalpart of the forcing areanide-
alizedform of the wind variationsassociatedvith the
NAO. Theanomaly®eldsverederivedfrom theNCEPx
NCAR reanalysig1958+98)ataby regressinghewin-
ter NAO indexof Hurrell (1995)againstthe November
throughApril wind speedwind vector andwind stress
®elds.The wind vectorandwind stressanomaly®elds
exhibit enhancedwesterliesduring the positive NAO
phaseaccompaniedy a weakeningof the tradewinds
(seeFig. 1a). Thewind speedanomalieshowaroughly
zonally banded structure with signi®cantlarge-scale
variability throughoutthe subtropicaland subpolarAt-
lantic (seeFig. 1c). TheNAO-relatedanomaliegxplain
asigni®canfractionof thetotal variancesForthezonal
wind stresscomponen{(Fig. 1b) we ®ndthatmorethan
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Fic. 1. Wind stress(a) and wind speed(c) forcing anomaly®eldsusedfor the experimentsThe anomaly®eldshave beenderived by
regressinghe 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-regressedinomaliesfor the zonal componentof the wind stress(b) and the wind
speed(d), respectively For all calculationswinter average{Nov+Apr) havebeenused.

60% of the total varianceis explainedin subpolarand
subtropicallatitudeswhile for the wind speed(Fig. 1d)
the numbersare somewhatower.

The idealizedNAO-like wind anomaliesvere mod-
ulatedwith a sinewaveof 2+64yr period,which allows
usto isolateinterannualdecadalandmultidecadavar
iations of the NAO (denotedNAO-D in Tablel). Note
that, as a compromisebetweenrealistic and idealistic
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scenario,the anomalieswere only applied during the
winter seasor{Nov+Apr),whentheNAO is responsible
for most of the sealevel pressurevariance(e.g.,van
Loon andRogers1978).Eachexperimentvasrun over
severaforcing cyclessoasto obtainaquasi-equilibrium
upperoceanmodelresponse.

For a secondset of experimentgyNAO-M) we sup-
pressedall explicit oceanicadvectionin orderto ex-

TaBLE 1. List of experimentonductedwith the LamontOceanAtmosphericMixed Layer Model.

Run Model Forcing modulation Anomaly ®elds
NAO-D2 to NAO-D64 Dynamical 2464 yr sinus NCEP NAO-regr
NAO-M2 to NAO-M64 Mixed layer 2464 yr sinus NCEP NAO-regr
TRACER Dynamical No anomaly®eldsadded
NAO-HURR Dynamical Hurrell-index NCEP NAO-regt
NCEP Dynamical NCEP anomaly®elds
NCEP-M Mixed layer NCEP anomaly®elds
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aminea mixed layer models responséo surface uxes
only. The meanoceanheat ux divergencewas pre-
scribedasamonthly ux with nointerannualariability.

We also performed a run without adding forcing
anomalies(TRACER) in which a tracerpatchwasre-
leasedin the formation areaof the temperatureanom-
aliesto studythe pure advectivespreading.

Finally, we analyzedhreemorerealisticexperiments:
Oneusedthe obsewredtime seriesof the NAO to mod-
ulatethe NAO-like wind anomaliefNAO-HURR); sec-
ond,we appliedthefull wind andwind stressanomalies
of the NCEP+xNCARreanalysis(NCEP); and a third
experimentwherewe suppressethe oceanicadvection
while we addedthe full wind andwind stressanomalies
of the NCEP+NCARreanalysis(NCEP-M). Somere-
sultsof thelattertwo integrationsarereportedy (Seag-
er et al. 2000).

b. Simulationof NAO-inducedSSTanomalies

Visbecketal. (1998)haveshownthatour oceanmod-
el is ableto generatéhe obsewed SSTtripole response
whenforcedwith NAO-like wind anomaliesTheyalso
report that the anomaly®eldsare not stationay, they
propagatealong the path of the NAC. Figure 2 shows
the evolution(half a cycle of theforcing) of SSTanom-
aliesfor a 12-yr NAO forcing period. One canclearly
seethe propagatingSST anomalies.

Laggedcorrelationsof observed SST showedthat
temperatureanomaliesormed off the North American
eastcoastfollow approximatelthepathwayof theNAC
acrossthe North Atlantic (SuttonandAllen 1997).We
performeda similar analysisof the NAO-D12 run and
show the lagged correlationsin Fig. 3. The resultis
qualitatively similar to that of the obsewational study
of SuttonandAllen (1997).To investigatewhetherthe
referenceareaof Suttonand Allen (1997) is perhaps
not the sourceareaof the anomalieswe extendedthe
correlationto precedinglags but found themnot to be
signi®cantnot shown). This meansthat the obsered
temperaturenomaliedoundin the NAC arecreatedn
or aroundthe referenceareaor farther downstreamn
the NAC. Our model experimentssimilarly show no
clearsign of anomaliesupstreanthe referencearea.

For the subsequenanalyseswve will inspectthe re-
sponsealong the models NAC (seeFig. 3 for the lo-
cation of the pathway).We found that the HovmAler
diagramsof obsewational datashow comparableem-
peratureanomaliesfor both the models NAC andthe
one originally usedby Suttonand Allen (1997). Thus
we employ the samepathway for both obsewational
and modeleddata.

3. Results
In this paperwe seekto answertwo main questions:

RHow are the temperatureanomaliesgeneratecthat
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seento propagatalongthe pathof the North Atlantic
Current?bPairtsea uxes versuschangesin upper
oceanheattransportdivergence

RWhat causeghe apparenpropagation?boceaniad-
vectionversusphase-laggetbcal forcing.

We will addresghesequestionsn the frameworkof
a seriesof numericalexperimentswith emphasison

Rhow the models responsalependn the frequency
of the idealizedforcing

R How the models responséo the idealizedNAO-like
forcing comparesvith morerealisticmodelrunsand
with obsewations.

We beginwith a discussionof run NAO-D12 where
the NAO-like wind anomalywasaddedo thefull ocean
modelwith a ®xedfrequencyof 12 yr. We ®rstexamine
thedifferentcomponentgsontributingto theheatbudget
along the pathwayof the NAC. This will shedsome
light on the generatiorand propagatiornof temperature
anomaliesThe12-yrforcing periodwaschoserbecause
we found that the model SST responsewvas not unlike
thatobsewed (Visbecket al. 1998). We will showthat
the conclusiondrawnfrom the 12-yr periodare,how-
ever with adjustmentdor amplitudeand timing, also
valid for the otherforcing periods.

a. Formationand propagationof temperature
anomalies

In thefollowing we will makeextensiveuseof timex
spacgHovmAler) diagramdo investigateheevolution
of temperaturegheir time derivatives,andsomeof the
componentgontributingto temperaturehangesin all
of thesediagramsthe meanannualcycle hasbeenre-
moved and the interannual monthly anomaliesare
shown. For exampleFig. 4 showsdifferent properties
alongthe NAC pathwayfor onecompletel2-yrforcing
cycle. The wind anomalyassociatedvith positive and
negativeNAO anomalieshasreachedits maximumin
the winters of years3 and9, respectivelyandis zero
in yearsO and6. We showboth the temperatur@anom-
aliesof theuppermosmodellayer(0+24m, themodels
SST) and the heat contentof the upper440 m (HC),
which is proportionalto the upperoceanaveragetem-
perature.Most of the models responseo interannual
changesn wind andheat ux is containedn the upper
500 m andis thuswell representedhy 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
positive anomaliesextendingdiagonallyacrossthe ®g-
ure. Sucha patternis very similar to the onesderived
from observed SSTanomaliesasshownby Hanserand
Bezdek (1996); Sutton and Allen (1997). It is worth
noting thatin the westernpart of the regionthe warm
anomaliesare in phasewith the forcing (relativeto a
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FiG. 2. Seasurfacetemperaturesf theexperimentNAO-D12 zero,one,two, three four, and®veyearsafterthesinusoidaforcing maximum
(NAO 1). In responseo theidealizedwind andwind stressanomaliesa temperaturenomalyis formed off the North Americaneastcoast.

This anomalyapparentlypropagateslong the pathwayof the NAC.

positive NAO index)andin theeasterrpart,about6500
km downstream,of oppositesign. Hencewe sample
with the NAC pathwaythe uppertwo lobesof the NAO

SST tripole, which we call the North Atlantic dipole
(NAD).

Thetemperatur@anomaliesn Figs.4aand4b cannot
beexplainedoy only adirectresponséo thewind anom-
alies.We ®ndthatthetilt of theanomalybandis roughly
constantover the whole NAC pathway indicative of a

constantpropagationspeedof a few centimetersper
second.When the positive anomalyhasarrived at the
easternend of the pathway after about4+6 years,a
negativeanomalyemergesat its beginning.From this

we candraw two immediateconclusions:1) The con-
tinuous existenceof the temperatureanomaliesmeans
thatthey canpersistduring yearswith weakor nowind

anomaliegi.e.,years0 and6 for the12-yrNAO period).
In otherwordsthe oceanexhibits a signi®canamount
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FiG. 3. Laggedcorrelationsof monthly SSTanomaliedor the 12-
yr idealizedNAO period.Thelaggedcorrelationsarecalculatedsim-
ilarly to thoseof SuttonandAllen (1997),usingthe SST in thearea
318:39N, 608:8N as referenceWe did, howevey not applya 3-yr
running mean®Iterto our modeleddata.Contouredis a correlation
of 0.75. Also shownis the NAC's pathwayasusedin our analyses.
The ®lled circlesdenote0, 2000,4000,and 6000 km distancefrom
the beginningof the pathway

of memow lasting over a few years.2) Sincethe in-
clinationof thebandis aboutconstanevenduringtimes
of weakforcing, oceanicadvectionof existingtemper
atureanomaliesby the meancurrentsmustplay a fun-
damentalrole in the apparenfpropagation.

In additionto the broadbandof positive SSTanom-
aliesvisible in Fig. 4athe Hovméler diagramalsoex-
hibits distincthorizontalstripes which seento bemod-
ulatedon seasonalimescalesThesestripesoccurmost
pronouncedduring the forcing (winter) season.Two
mechanismsouldberesponsibleanomalougorcing or
deepeningof the oceanicmixed layer whereby deep
temperatureanomaliesreemergeat the sea suirface.
Since we ®nd the seasonalariationsthroughoutthe
experimentand not only during the yearsof maximum
forcing (years3 and 9), the deepeningof the mixed
layers during the winter seasomrmust be an important
processn generatinghe seasonaESTanomaliesThis
implies that the upperoceanheatcontentis the more
appropriateparameterto analyze when studying the
propagationof temperatureanomalies.

The heatcontentanomaliessimilarly show seasonal
variationsin theform of stripes.n contrasto thestripes
of theSSTpatterntheyareinclined,indicatingthatthese
seasonalanomaliesare propagating.Interestingly the
propagationspeedof the seasonakignalsdiffers from
thoseof the broadinterannuaband.This suggestdhat
different processesare responsiblefor the apparent
propagatioronseasonandinterannuatimescalesto-
vmaéler diagramsof the heatcontentchangedor other
forcing periods(not shown)revealthat the inclination
of the seasonalariationsis constant,while the incli-
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nationof theinterannuabnomaliesrarieswith theforc-
ing period. Thuswe proposethatthe meanoceanicad-
vection,which we havefoundto belargelyindependent
of theforcing period,is responsibldor the propagation
of the seasonallyarying anomalies.

To testthis hypothesisve haveintegratedhemodels
upperocean velocities along the NAC pathway and
show the resulting timetdistancerelation 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 the oceanicheat
transport divergence contribute to the heat content
changesalong the NAC pathway Figures4c+f show
differentcontributionsto the heatcontenttendencydue
to the advectionof the meantemperaturdy anomalous
currentsud=T and due to the advectionof anomalous
temperaturedy the meancurrentsu=T9both for SST
(left columnof graphs)andHC (right column).Theheat
contenttendencieof the two layers(i.e., the time de-
rivatives of the heatcontentsin Figs. 4a and 4b) are
displayedfor referencen Figs.4gand4h, respectively
Furthermorethe surfaceheat ux anomaliesareshown
in Fig. 4i. The sumof the two advectiontermsplusthe
airtsedheat ux canexplainmostof heatcontentchang-
eswith only asmallcontributionfrom themixing terms.
Note thatu=T9and ud=T havebeenderivedfrom the
monthly averageddata since we had no easyway to
assesshe contributionof short-termvariationsof tem-
peratureandcurrentsHowever onecanshowthatthese
termscannotbevery largein ourcoarsaesolutionrmod-
el.

Let us ®rstinspectthe suface heat uxes (Fig. 4i)
in comparisorno the SSTandHC tendenciegFigs.4g
and 4h). If we compareFigs. 4i and 4h, we ®ndthat
the amplitudesof the surface heat uxes accountfor
only one-thirdof the heatcontentchange®f the upper
440 m. Thusfor the deeperayersthe advectiveterms
area large sourceof temperatureanomalyand,in fact,
aremoreimportantthanthe sufaceheat uxes. Forthe
surface layer (Fig. 4g) we ®ndthat the heat ux and
the total changeare of the sameorderof magnitudebut
occuratdifferenttimes,againimplying thattheoceanic
contributionis important. Pleasenote, thatin orderto
getanestimateof theheatcontentthange®f thesurface
mixed layerwe multiplied the heatcontentof the 24-m-
thick uppermostmodel layer by three.

We now continuewith the analysisof the u=T9and
us=T patternsin Fig. 4. One ®ndsthat only the com-
ponentwith the advectionof anomalousgemperatures
by themean ow (u=T9 exhibitsinclinedisothermson
the seasonatimescale,which are the sign of oceanic
advection.In contrastud=T hasmostly nonpropagating
isothermswhich pointsto its importantrole duringthe
winter forcing seasonln thesurfacelayerthevariations
of the componentud=T follow roughly the sinusoidal
NAO forcing while in thelayer0£440m themodulation
is not quite asclear
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Fic. 4. Seasufface temperatureand upper440-mheatcontentanomaliesof the experimentNAO-D12 alongthe pathwayof the NAC (graphsa
andb), their tendency(graphsg and h), and componentsontributingto their tendency Shownis alwaysone full cycle of the forcing. To make
the SSTtendenciesn thegraphsc, e, andg comparablao the heatcontentchangeandthe suifaceheat ux it hasbeenassumedhatthetemperature
changein the uppemostmodel layer is representativef the mixed layer hereassumedo be threetimesasthick asthe uppemostlayer (i.e., 72
m). The black linesin graphsa, b, andh showhow a tracerpatchinsertedat the beginningof the pathwaypropagateslong the pathway
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An importantcharacteristioof the componentu%=T
within the surface layer is its 1808 phasejump in the
responsdetweenthe ®rsthalf and the remainingpart
of the NAC pathway This characteristiforms,together
with the advectionalongthe pathway an environment
much like the one proposedby Saravanarmand Mc-
Williams (1997).Thisaspects mostpronouncedn SST
but still visible in the HC pattern,especiallyduringthe
wintertime forcing. In the HC patternin the last third
of the NAC pathwaywe also®ndsigni®cananomalies
during times of weak NAO forcing (both during the
summerseasorand during zero crossingsof the sinu-
soidal modulation).Theseare the signsof geostrophic
currentsresultingfrom temperatur@nomaliesTheydo
not follow the dipolar patternandthuscomplicatetheir
interpretation.

At someplacesalong the pathway (e.g., 3500 and
5000km) the contributionsfrom the componentsi9=T
and u=T9 are opposingeachother This behaviorcan
be interpretedasanomalougemperaturebeingcreated
by the wind stressforcing (i.e., u9 andthenbeingad-
vectedalongthe NAC by the meancurrentu.

In summay, we ®ndthat the temperatureanomalies
at the beginningof the NAC pathwayare generatedy
amixtureof atmospherithieat ux andmomentunforc-
ing. In particularthe deepreachingtemperatureignals
areto alarge extentgeneratedy changesn the ocean
currentsthat alter the local heattransportdivergence.
Oncegeneratedpartsof the signal are advectedwith
the mean ow northeastwardwvith a speedof a few
centimetergpersecondHowever therewasa cleardif-
ferencein the propagationspeedof the seasonaknd
interannualsignals.While we could readily understand
the advectionof the seasonakignal as a direct conse-
guenceof the meancurrents,the interannualpropaga-
tion desewescloserinspection.In orderto accomplish
thiswe haveinvestigatedheresponsef theocearmod-
el asa function of the forcing frequency

b. Variable forcing periods

The analysisof obsewational data has shown that
SST anomaliespropagatealong the NAC (Suttonand
Allen 1997)on decadaltimescalesThe NAO forcing,
however exhibitssigni®canwariability overa rangeof
frequenciesranging from interannualto multidecadal.
Thus we decidedto perform a whole seriesof ocean
responsexperimentsvith forcing periodsrangingfrom
2to 64 years(seeTablel). Visbecketal. (1998)showed
thatthe amplitudesof the oceanmodel’s SSTresponse
depend®n the periodof theforcing. In particular parts
of the subpolargyre showeda strongly enhancede-
sponseat periodsbetween8 and 24 years.The sub-
tropical Atlantic and Gulf Streamregions, however
showedincreasingenergyfor longerperiods,a slightly
red responsespectrum.

Figure5 displaysthe upperheatcontent,suifaceheat
“uxes, and oceanicheattransportdivergence(de®ned
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asthe differencebetweenthe airtseaheat ux andthe

time derivativeof the upper440-moceanheatcontent)
alongthe pathwayof theNAC for selectedNAO periods
from 4 to 64 years.Shownis alwaysonefull idealized
NAO cycle with a zerowind anomalyat yearO. It is

obviousthatthe oceans responsehangesigni®cantly
with the period of the forcing. For the periodsbetween
8 and 32 yearswe ®ndbroadinclined bandsof inter-

annualtemperaturenomaliessimilar to that of the 12-

yr period describedin the previoussection.The 4-yr

period,howeverexhibitsa morecheckerboard-likpat-

tern while the 64-yr period suggestsa more in-phase
responseSimilar changesarefoundin the sufaceheat
“uxes and implied oceanic ux ®elds(Fig. 5, middle

andright columns).

1) SEASONAL FORCING AND DECAY CYCLE

The surface heat uxes for the 4-yr period (Fig. 5b)
revealtwo 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) experiencegositive surface heat uxes
while the secondhalf (4000t6500km) showsnegative
heat uxes for a positive NAO index. The patterncor
respondsto the southwesttnortheastipole that con-
nectsthe westernsubtropicalgyre with the easterrpart
of thesubpolaNorth Atlantic (Fig. 3). During thesum-
mer seasornwhenthereis no anomaloudorcing (May+
Oct) the surfaceheat uxes still showthe NAD pattern.
However the heat uxes areof oppositesigncompared
to the forcing seasonOne can easily seethat during
thesummerthe sufaceheat uxes aredampingtheheat
contentanomaliescreatedin the precedingwinter sea-
son. Anomalouswarm temperatureghus lead to en-
hancedsuiface heatloss,they provide a negativefeed-
back.

Next we inspectthe contributionof oceandynamics.
As shownin the previoussection,anomalousmomen-
tum input from changesin the wind stress®eldscan
causesigni®cantthangesn the oceanicheattransport
andits divergenceMuch of this effectis dueto changes
in the Ekmantransportbut therearealsocontributions
from the geostrophicallyadjustingdeeper ow. Those
mechanisma&aswell aschangesn the verticalandhor
izontal mixing areincludedin theimplied ®eldsshown
in the right column of Fig. 5. This contributionto the
upperocearheatcontentchangesimilarly exhibitstwo
regimes During winter (activeforcing seasona pattern
emergeghatis quite similar to that of the sufaceheat
“uxes: positive heatcontentchangesn the ®rsthalf of
the pathwayand negativein the secondhalf. Thusfor
short NAO forcing periodsthe surface heat uxes re-
inforce the oceaniccontribution, resultingin a strong
temperaturesignal. During summer howevey the oce-
anic contributiondiffers from the surface heat uxes:
we ®ndnegativecontributionsprecedingnegativeheat
contentanomaliesand positive contributionsfollowing
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Fic. 5. Upperoceanheatcontent,suface heat ux, andoceanicheattransportdivergencefor selectedNAO periods.Shownis againone
full cycle of the sinusoidalforcing. The forcing modulationis displayedbetween®rstand secondcolumn. The heattransportdivergence
hasbeendetemined by subtractingthe suface heat uxes from the total heatcontentchanges.
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them and similar patternsfor the oppositesignswhile
the heat "uxes are always opposingthe temperature
anomaliesThis suggestshattheheatcontentanomalies
aremainly formed by the oceanicheattransportdiver-
genceandnot the surfaceheat uxes. The oceaniccon-
tributions exhibit, just like the heat content,inclined
isothermsduring periodswithout activeforcing. As we
haveshownin the previoussectiontheseinclined iso-
thermsarisefrom oceanicadvectionrelocatingtemper
atureanomalieghat wereformedduring the winter pe-
riod either by changesin oceanheattransportdiver-
genceor to a smallerextentby surface heat uxes.

We concludethatduringthe summeroceandynamics
advectheatcontentanomaliesdownstreantoward the
northeastalongthe pathof theNAC, while surfaceheat
“uxes are dampingthe anomalies.

2) INTERANNUAL SIGNALS

In thefollowing we compareheresponsef themod-
el to different forcing periodsshownin Fig. 5. The
Hovméler diagramsfor the 4-yr and8-yr NAO periods
show the heatcontentanomaliesarrangedin a check-
erboard-likepattern.Forthe8-yr perioda diagonalcon-
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 theexceptiorof amostlydamped
responsén thenorthernpartof thepathway Thismeans
that the surface heat uxes in this part of the pathway
changefrom a partially active role for the 4-yr NAO
periodto a mostly passiverole for the 8-yr period.The
oceaniccontributionto theheatcontentchangesslarge-
ly similar for both shorterNAO periodswith a pro-
nouncedNAD patternduring times of active forcing
(winter). In the centralpart of the pathwaywe canob-
sewvethegradualkchangdrom predominanthjocalforc-
ing to advectively determinedtemperatureanomalies.
While for the 4-yr NAO periodthereis barelyany di-
agonalconnectionbetweenthe two lobesof the NAD,
the 8-yr periodshowssomesignsof temperatur@nom-
aliesbeing advectedrom the ®rsthalf of the pathway
into the second.This is evenmore pronouncedor the
16-yr NAO periodin Fig. 5i. The ®ndingthat, in the
right column of Fig. 5 with increasingforcing period,
continuoudnclinedisothermsstartto dominatetheoce-
anic contribution meansthat temperatureanomalies
formed in the ®rsthalf of the pathwayand advected
downstreanoutgrowthe anomalieghatare createdo-
cally in the secondhalf.

For longerforcing periods(16 and 32 years)we ®nd
thatthe anomalief the southwestermpartof the NAD
remainin phasewith the forcing, while the anomalies
of the northeastermpartoccurearlierwith respecto the
NAO forcing phase.In the 64-yr experimentthe re-
sponseof the subpolarpart hasshifted so muchthatit
appeargo bein phasewith the externalforcing. Hence
we loosethe signatureof the NAD.
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How can we interpretthe patternsfound in Fig. 5?
In our experimentstwo basically different processes
generateheatcontentanomaliesalong the pathwayof
the NAC: thelocal formationof temperatur@nomalies
both by surface heat uxes and heat transportdiver
gencesandtheadvectionof existingtemperaturanom-
alies along the pathway Thesetwo processedave a
different temporalscaling. The ®rstfollows the exter
nally prescribedperiod of the NAO-like forcing, while
the secondis determinedby the models advectionWe
cande®nea nondimensionahumberthatcompareghe
two timescales:

L/

rs &2, W
wherelL is the length of the pathway t representshe
forcing period, and y is the propagationspeedof the
temperatureanomalies.The propagationspeedto be
usedin this calculationis the effectivespeedvith which
the temperatureanomaliespropagatealong the NAC.
Becauseof diffusion anddampingby the overlying at-
mospherehis speeds signi®cantlyslowerthanthe sur
facecurrentsof the NAC. Herewe usea speedodf 2 cm
s*1 asfound in obsewations, which is abouthalf the
averageadvectivespeedof the 0+440m layer or one-
third of the surface currentsin our model.

For the casethat the two timescalesagreewe expect
constructiveinterference while for disagreeingtime-
scaledestructiveinterferencemightbeexpectedHow-
ever sincethetemperatur@anomaliesreatedy thetwo
processegre not necessarilyof the samemagnitudea
total cancellationof the temperatureanomaliesin the
secondhalf of the pathway whereboth processeglay
arole, is ratherunlikely. Indeedwe areableto support
the outlined scenario.For the 4-yr period it is rather
unclearwhetherwe haveconstructiveor destructiven-
terference But for the 8-yr periodwe haveclearsupport
for constructiveinterference For this NAO forcing pe-
riod we can identify both the heatcontentanomalies
causedby local formationas checkerboargbatternand
the advectionof existingtemperatureanomaliesas di-
agonalstripes.The diagonalstripesconnectthe anom-
alies of the checkerboardoattern,indicating that the
timescalesof the two processesgreefor this forcing
period.If we continueto look at longertimescalesywe
®ndfor the 16-yr period that diagonalstripes(i.e., ad-
vected temperatureanomalies) again extend down-
streamfrom the temperatureanomaliesformedin the
®rsthalf of the pathway For this forcing period the
timescalesof advectionand external forcing do not
matchperfectly. Thisresultsin astepin Fig. 5gbetween
thebroadadvectivediagonaltemperatur@anomalyband
and a remainingpatchresultingfrom the local forcing
in thelastquarterof the NAC's pathway Thetwo time-
scalesdo, howevey not disagreeenoughto causesig-
ni®cantdestructiveinterference which can®rstbeseen
for the 32-yr forcing period. Thereonly the broaddi-
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FiG. 6. Heatcontentanomaliesalongthe NACs pathwayfor the advective(left column,NAO-D) andnonadvectivéright column,NAO-M)
ocean.Shownareforcing periodsof 4, 16, and64 years.The datahasbeen®lteredto removethe seasonatycles.Contourinterval is 0.058C,
positive anomaliesare shadedWhile for the shortperiodthe responses somewhasimilar betweenadvectiveand nonadvectiveocean the

responsdor the long period showsno resemblancet all.

agonalbandoriginatingin the ®rsthalf of the pathway
remainswhile theamplitudesat the endof the pathway
are reduced, suggestingthat destructiveinterference
took place. The 64-yr period in Fig. 5m showsonly
very short phaselags betweenthe two halvesof the
pathway This suggestshatfor thelongerNAO periods
the fastadvectiondominateghetemperatur@nomalies
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. Shownarethe 4-yr, 16-yr, and64-yr forcing periods.
As canbe seenfrom this diagramthereis, for the short
forcing period,someresemblancbetweertheadvective
andnonadvectivecearnin theform of adistortedcheck-
erboardpattern.For the 16-yr forcing period we ®nd
that the advectiveoceancreatesa strongimpressionof

apropagatingignalwhile thenonadvectiveceamgain
respondswith a checkerboardpattern.If the forcing
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FiG. 7. This diagramshowsthe propagatiorspeedhatis necessar
to obtain maximal responseor any given length- and timescaleof
the forcing. The realisticrangefor the NAC markedby the shaded
area.

anomaliesare applied with a period of 64 yearsthe
responsesf the advectiveandnonadvectiveoceansare
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 Eg. (1) we caninfer at which advectionspeed
we can expectmaximalresponsdor any given spatial
(L) andtemporal(t) scaleof theforcing. Thisis shown
in Fig. 7. Therethe velocitiesnecessar to obtainR, 5
1 arecontouredasa functionof L andt. This diagram
canbe usedto obtainthe forcing periodsat which max-
imal responsés to beexpectedor anygivenlengthscale
of the forcing and propagatiorspeedof the ocean.For
the NAC with a propagatiorspeedof aboutl+2cm ?*
and a lengthscaleof 40006000 km maximalresponse
is thusto be expectedat aboutdecadaltimescalegsee
shadedareain Fig. 7).

In order to quantify the propagationspeedsin our
experimentave usesimple harmonicsto determinethe
phasdagsof thetemperatur@anomaliesalongthe NAC
pathwayrelative to the NAO forcing. We applieda @t
of the interannualforcing harmonicto the temperature
anomaliesat eachgrid point of the pathwayand then
combinedthe phaseandtimelagsin phasezdistanand
timezxdistancediagrams,respectively This methodis
insensitiveto the seasonalariability that we found in
the previousanalysisand is thus closerto an analysis
of wintertimedata,asusedin mostobsewrationalstudies
(Kushnir 1994; Hansenand Bezdek1996; Suttonand
Allen 1997).

Figure 8 includesthe resultsfor the forcing periods
from 4 to 64 yearsand allows us to determinepropa-
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gationspeedf the temperaturanomaliedfor the dif-
ferentruns. The 2-yr period hasbeenomitted because
its phasesare not well determined.The propagation
speedsarethencalculatedby applyinglinear ®tsto the
part of the pathwaybetween1200 and 6300 km. The
resulting velocities both in timexdistanceand phasex
distancespacearelisted in Table 2. They vary signif-
icantly with the forcing period. We ®ndthatfor longer
periods the speedin timezdistancespace decreases
while it increasesn phasezxdistancgpaceThisis sug-
gestiveof the actualpropagatiorbeingdeterminecpar
tially by advective processesand by external spatial
variationsin the forcing.

A thoughtexperimentelpsto understandhow purely
advectiveor purely externally forced regimeswould
manifestin the timezdistanceand phasezdistancdia-
grams. Temperatureanomaliesare predominantlyde-
terminedby the externalforcingwhenR . 1. If in this
casethe samespatial forcing patternis applied with
different forcing periods,lines with constantphaseof
the temperatureanomalieslike thosein Fig. 8 would
line upin aphasezdistanaiagramIn contrasthesame
constantphaselines would fan up in a timexdistance
diagramfor the sameset of experimentslIf a similar
set of forcingsis appliedto an advectivelydominated
ocean(R, 1) we would ®ndthat the constantphase
linesline upin thetimezdistanceliagramwhereaghey
would fan in the phasezdistancdiagram.

In our set of experiments(NAO-D2 to NAO-D64)
we havefoundthatthe propagatiorspeedof both sur
face (not shown)and upper440-mtemperatureanom-
alies dependstrongly on the period with 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 meansthatfor theseshortforcing periodsthe
heat contentanomaliesare predominantlydetermined
by the spatialvariationof theforcing. Forthevery long
periodof 64 yearsthe responses mostlyin phasewith
forcing, exceptfor the very last part of the pathway
where the responseoccurs later but with only small
amplitudes.The propagatiorspeedfor the long forcing
periodsis, howevey slower than the pure advection
speed,suggestinghat the externalforcing patternstill
has someeffect on the propagation.For intermediate
forcing periodstherespons@eitheroccursin phasewith
the forcing nor doesit show the patternthat is to be
expectedrom the externallydominatedmode.Instead,
both externalforcing and oceanicadvectioncreatea
blendedmodein which the apparenpropagatiorspeed
is slowerthanoceanicadvectionbut fasterthanthe ex-
ternally prescribedspeedWhile we haveseenthatover
the whole pathwayneitheradvectionnor local forcing
are solely responsiblefor the temperatureanomalies,
Fig. 8b revealsthatin the centralpart of the pathway
that is, betweenthe two NAD lobes,the temperature
anomaliesare dominatedby advectiveeffects.In this
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FiG. 8. Phase®f the hamonic variation of the upper440-mheat
contentrelative to the forcing both in phasezxdistancend timezdis-
tancespace.The phaseztdistancdiagram(a) includesthe phasesf
the heat contentanomaliesfor the mixed layer model run with a
forcing period of 16 years(solid line in a). The timezdistancealia-
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TaBLE 2. Propagationspeedsof the upper 440-m heat content
anomaliedor thedifferentidealizedNAO forcing periods Thespeeds
were calculatedby a linear ®tto the valuesin Figs. 8a and8b (re-
strictedto the NAC pathwayinterval from 1200to 5500km). Prop-
agationspeedsn timetdistancespacearedecreasingvith increasing
lengthof the forcing periodwhile the speedsn phasetdistancgpace
areincreasingwith the forcing period.

Propagatiorspeed

Forcing period (yr) (cm 2y (10° m/cycle)
2 4.6 2.9
4 5.6 7.0
8 3.4 8.7
12 2.5 9.4
16 2.1 10.7
24 1.9 14.3
32 1.2 12.3
64 0.8 15.6
Advection 5.4

TRACER 6.1

Obsewations 1.7

partof thepathway(3500t4500km) theharmonigphas-
esline up in timezdistancespace.

The propagatiorspeedsieterminedby the linear ®ts
enclosethe speedcalculatedfrom obsewrations(Sutton
and Allen 1997). Best agreemenbetweenmodel and
obsewationsis found for a forcing period between8
and 16 years.This frequencyband coincideswith the
bandfor whichwe ®ndmaximalresponsén themodels
subpolargyre (Visbecket al. 1998).

c. Propagationalong the NAC during the recent
decades

One questionthat arisesafter ®ndingthat NAO-like
wind anomaliesare ableto createpropagatingemper
atureanomaliess how muchof theanomaliefoundin
the obsewations can be explained by the idealized
NAO-like wind anomalies We addressedhis by con-
ducting three additional experimentsThe ®rstexperi-
ment(NAO-HURR) is similar to the NAO-D seriesbut
now usesthe obseved NAO-index from Hurrell and
van Loon (1997) instead of the idealized sinusoidal
modulations.For the secondexperiment(NCEP) we
addedthefull NCEP£NCARreanalysisvind anomalies
to investigatewhetherthe inclusionof other non-NAO
related,variationsof thewindsimprovestheagreement
betweenmodeledandobsered temperatur@anomalies.
And in athird experimen{NCEP-M)we againusedthe
full NCEP wind anomaliesbut applied them to the
mixed layer only setup.

TheHovmé8ler diagramin Fig. 9ashowsthewinterly

grams (b and c) also include the graphsfor the spreadingof the
maximumtracerconcentratiorof experimenfTRACER (dashedjand
the propagationtime calculateddirectly from the model’s currents
(solid). Thetime-distancaliagram(b) displaysa partof full pathway
(c) in which advectivespreadingof the anomaliesis dominant.



1300 JOURNALOFPHYSICALOCEANOGRAPHY VoLume 31



May 2001

KRAHMANN ET AL.

1301

TaBLE 3. Correlationbetweenthe varioustemperatureanomaliesshownin Fig. 9. High correlationlevels (. 0.76) arefound betweenall
obsewational datasetsExp NCEP forced with the full NCEP wind and wind stressanomaliesalsoyields relatively high correlationswith
the obsewations(. 0.50). The correlationsbetweenexp NAO-HURR andthe obsewationsare signi®cantlysmaller(0.11+0.36) while the
correlationsfor the not advectiveoceanexperiment(NCEP-M) with the obsewationsrangestypically betweenthe full NCEP experiment

andthe NAO-HURR run (0.32to 0.42).

NCEP NAO-HURR NCEP-M NCEP Kaplan DaSilva

model model model obs obs obs
NCEP 1 20.11 0.75 0.50 0.56 0.56
NAO-HURR 1 20.14 0.36 0.11 0.27
NCEP-M 1 0.32 0.42 0.35
NCEP 1 0.76 0.83
Kaplan 1 0.77
DaSilva 1

SSTanomaliegNovzApr) of the experimentNCER In
Figs. 9c and 9e the anomaliesrom experimentNAO-
HURR andNCEP-Mareshown respectivelyThreedif-
ferentobsewationaldatasetgoveringroughlythesame
period of time are displayedin Figs. 9b,d,f. As before
all diagnosticsare pefformed alongthe NAC pathway
(Fig. 3). Table3liststhecorrelationcoef®cientbetween
the different datasets.

In all graphsin Fig. 9 we ®ndsigni®cantariability
on the decadalto interdecadaltimescale.The obser
vationaldatasetaigregor mostpartsbutdiffer in details
(seeTable3). Theobservedtemperaturanomaliegrom
daSilvaetal. (1994),Kaplanetal. (1998),andNCEP+
NCAR indicatethatcold temperaturesccuredbetween
1960and1970alongthe North Americaneastcoastand
that anomaliesof similar amplitudewere found some
ten yearslater in the secondhalf of the pathway The
propagatiorof anomaliedbetweenthe ®rstandthe sec-
ond halvesof the pathwayis, however not asobvious
from thesegraphsasin Suttonand Allen (1997). This
is mainly causedby the different periodscoveredby
our analysis(1958+98)andby thatof SuttonandAllen
(1997)(1946+88) In contrastto the ®ndingshy Sutton
and Allen (1997) the anomaliesduring the 1980sob-
sewved by the NCEP+NCARreanalysisandda Silva et
al. (1994)seemto suggesawestwardor upstreanprop-
agation. This prominentfeaturein our graphsis less
pronouncedn SuttonandAllen (1997),whoseanalysis
also coversa strongdownstreanpropagatinganomaly
in the 1950s.

The experimentNAO-HURR (Fig. 9¢) is ableto cre-
ate decadalSST anomaliescomparableo thosefound
in obsewations. The temperatureanomaliesshow a
prominentpropagatioralongthe pathwayof the NAC.
Anomaliesformedin thebeginningof the pathwaytrav-
el in about5 yearsto the end of the pathway The
respectivespeedof about4 cm st is on the high end
when comparedto the results of the experiments

NAO-D (seeFig. 8 and Table2). The anomalieshow-
ever do not fully agreewith the variationsfoundin the
obsewations.Goodagreements only foundin the ®rst
half of the pathway indicatingthatthe NAO hasa sig-
ni®cantin"uencein this area.ln the secondhalf of the
pathwaythe temperatureanomaliescreatedin the ex-
perimentNAO-HURR disagreewith thosefoundin the
obsewations. This suggestghat only a part of the ob-
sewed temperatureanomaliesare due to the forcing
variationsassociatedvith the NAO. In the nextexper
iment we usedthe full variationsof wind speed/wind
vectorandwind stressfrom the NCEP reanalysisThe
temperatur@anomaliesalongthe pathwayobtainedrom
this experimentare shownin Fig. 9a. They agreein
contrastto the anomalieobtainedin experimeniNAO-
HURR ratherwell with theobservedtemperaturanom-
alies. This supportsthe hypothesighatthe full forcing
anomaly®eldsare necessay to reproducehe obseved
®elds.

In the experimentNCEP no propagationof temper
atureanomaliesis visible. Figure 9a reveals,however
a clearout of phaserelationshipbetweenthe tempera-
turesin the ®rstand secondhalf of the NAC pathway
A secondlook into the obsewred datasetshowsthat
theytoo havea strongout of phaserelationshipbetween
the anomaliesin the two halvesof the pathway Their
anomaliedo, howevertendto be connectedwhich is
responsiblgor the impressionof propagationOur ex-
perimentNCEP does not show this connection.The
patternof oppositetemperatureanomaliesin the two
halvesof the pathwayagreewery muchwith thepattern
we have obtainedfor the idealized experimentswith
shortforcing periods(R. 1). Thisis true eventhough
the temperaturevariationsin experimentNCEP occur
predominantlyon decadaland longer timescalesfor
which we found propagatingor evenin phaseresponse
in the idealizedexperiments.

We thus ®ndthat the idealizedNAO forcing anom-

Fic. 9. HovmAler diagramsof the winterly (NDJFMA) temperature@nomaliesalongthe NAC for the experimentdNCEP(a), NAO-HURR
(c), andNCEP-M (e) andfor the obsewationaldataset$NCEP (b), Kaplan(d) andDaSilva(f). Contourinterval is 0.28 shadedareasdenote
positive anomaliesA 3-yr running meanhasbeenappliedto all datasetsashasbeendoneby Suttonand Allen (1997).
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alies (NAO-HURR) createstrongly propagatingtem-
peratureanomalieghat,howeverdo notagreewell with
obsewrations.Adding non-NAOanomalie{NCEP)cre-
ateson one handa good agreementvith obsewrations,
but causeson the other the disappearancef visible
propagationThatoceanicadvectionstill remainsanec-
essay ingredientfor the realistic reproductionof ob-
sewed temperatureanomaliescan be seenin Fig. 9e
andin Table 3. Thereit becomesapparenthatthe cor
relationsof the temperature®f the mixed-layeronly
oceammodelrun (NCEP-M)with theobsewrationsreach
only two thirds of thoseof the full experimen{NCEP).
Neverthelesghe simpler run (NCEP-M) doesalready
reproduceseveralof the obseredfeaturesOverall,the
resultsof these,more realistic, experimentsare some-
what inconclusive.

4. Conclusions

We have performed various experimentswith an
oceanGCM of the North Atlantic coupledto an at-
mosphericmixed layer (Seageret al. 1995; Visbecket
al. 1998)in orderto studytheoceansresponséo NAO-
like wind anomaliesWe foundthatthe NAO-like forced
runs are able to createtemperatureanomaliescompa-
rable to those found in obsewations (Visbeck et al.
1998).After theirformationoff theNorth Americaneast
coastthe temperatureanomaliespropagatealong the
pathway of the NAC. Dependingon the period with
which the forcing was appliedthey crossthe Atlantic
in 5to 10 years.This agreeswell with the obsewations
from Suttonand Allen (1997),who ®ndthemto cross
the Atlantic in about8 years.

Two basicallydifferentmechanismsreproposedor
theformationandpropagatiorof thetemperatur@anom-
aliesalongthe pathwayof the NAC: local formationof
temperatureanomaliesby changesn surface uxes or
by changesn the oceanicheattransportdivergenceand
the advectionof existinganomaliesby the mean ow.
Our experimentsndicatethat simpleadvectionof tem-
peratureanomalies createdoff the Americancoast,is
not able to fully explain the temperatureanomalies
alongthe pathwayof the NAC. Insteadwe found that,
for NAO forcing periodsup to 16 years,the spatial
patternof the direct responsdo 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 temperatureanomaliesn the ®rsthalf of the
pathwayandout-of-phas€negativetemperatur@anom-
alies during a positive NAO index) formation in the
secondhalf of the pathway We also found that about
two-thirds of the heatcontentanomaliesof the layer
0+440m were formed by changesn the oceanicheat
transportdivergenceandonly one-thirdby surfaceheat
“uxes. Theydo, howevey agreeroughlyin their spatial
distribution,makingtheir effectsdif®cultto distinguish.
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The two mechanismsavetwo different timescales
for the propagationof the temperatureanomaliesThe
timescalel/y of the advectionof an existinganomaly
is determinedyy the oceans meancurrentsy, whichwe
foundto belargelyindependenof theNAO-like forcing
variations, and by the length of the pathwayL. The
timescaleof the local formation of temperatureanom-
aliesis in contrastvariableanddeterminedy the NAO
forcing periodt. The propagativaimescalefor our ex-
perimentds about10yearsfor onepassalongthewhole
pathway We ®ndthatfor NAO periodsshorterthanthe
advectivetimescale(R . 1) thetemperatur@nomalies
are arrangedin a patternthat can be explainedby the
local formation only. For NAO periodscomparableo
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
longerthantheadvectiveimescaldR, 1)theadvected
temperatureanomaliescreatedin the ®rsthalf of the
pathwayreachthe secondhalf during a time whenthe
locally createdanomaliesareof oppositesign. Thusthe
two mechanismavork againsteachother and lead to
somecancellation.The degreeof cancellatiordepends,
however on the length of the NAO period and on the
strengthof the local formation at different partsof the
pathway

Thisresultis muchin agreementvith thesimpleone-
dimensionaktmospheretoceanodelpresentedy Sar
avananandMcWilliams (1997).Theyfoundthata spa-
tially coherentand temporally stochasticatmospheric
forcing (sinusoidalalong the spatialdomain)can lead
to enhancedesponsef theoceamatacertainfrequency
The parameteiin control of the reponsestrengthis the
ratio of theadvectiveanddampingtimescalesi-orweak
damping the peak responseoccurs when the forcing
frequencyequalsthe advectionspeedin the oceandi-
vided by the prescribedengthscaleof the forcing y/L.
This is the casewhenR 5 1.

The propagationspeedsof 0.8+5.6cm ?* found in
the experimentsoverthe observedspeedof 1.7cm ¢
(SuttonandAllen 1997).Interestinglythe speedsn the
model dependon the period with which the idealized
forcing was applied. The obsered and modeledprop-
agationspeedsagreein the modelrun with the forcing
periodfor which the models temperaturevariationsare
largest,suggestingthat the preferencefor the decadal
timescaleanomaliesmight be responsiblefor the ob-
sewved propagatiorspeed.

When forced with more realistic variationsof wind
andwind stresswe obtainresultsthatsuggesonly lim-
ited predictabilityof temperatur@anomalieslownstream
in the NAC. For the modelrun NAO-HURR, in which
we modulatedhe NAO-relatedwind variationswith the
obsewed NAO index, we obtainednicely propagating
temperatureanomalies.However downstreamin the
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NAC they do not agreewith thosefound in obsewa-
tions. If we usethe full wind andwind stressanomalies
of the NCEP+NCARreanalysis(i.e., include the non-
NAO-related anomalies),we obtain closer agreement
with obsewationsfor the whole pathway Both obser
vationsand the experimentforced with the full NCEP
anomaliesexhibit predominantlyout of phaserelation-
shipsbetweenthe two halvesof the pathway Though,
in our idealized experimentswe found out of phase
relationshipsonly for shortforcing periods,the obser
vations and the experimentNCEP exhibit them even
over the interdecadatimescale.
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