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Abstract

Causes for measured variability in the Norwegian Atlantic Slope Current (NwASC) dur-

ing the period from 1995-2000 are investigated by considering complementary data pro-

viding information on the upstream condition and atmospheric forcing. These data are

fieldsof seasurfaceheight(ssh)variability from theTOPEXaltimeter,reanalysedmean

sea level pressure (mslp), climatological hydrography and repeated hydrographic meas-

urements both in the northern North Atlantic and in the Norwegian Sea. The analysis in-

dicate two different mechanisms associated with different time scales that contribute to

the variabilities of the NwASC.

Firstly, for timescalesof 2-3monthsand6-12months,theanalysesshowsignificantco-

herencesbetweentheNwASCandthealong-streamseasurfaceslope,andthesshandthe

mslp.Thiscanbeinterpretedasarelationbetweenthewind forcingandNwASCthrough

modulationof theseasurfaceheight.In otherwords,thevariability in thewesterlywinds

modulatestheseasurfaceslopefrom thenorthernNorthAtlantic into theNorwegianSea,

andthusprovidesabarotropicforcing termfor theNwASC.Thephaserelationfrom the

coherenceanalysisis suchthatincreasedwesterlywindsoccurin phasewith anincrease

of theseasurfaceslopefrom theNorthAtlantic into theNorwegianSea,andfurthermore,

this coincides with an increase in the NwASC. The order of this wind effect on the sea

levelslopeis 10-7, andis similar to thebasin-scaledownwardseasurfaceslopefrom sub-

tropicalto highlatitudesin theNorthAtlantic Ocean.Thisdifferentialeffectonthesshin

the eastern part of the North Atlantic and in the Norwegian Sea can be connected to the

variability in theSverdruptransport.Strongeratmosphericcyclones(westerlies)increase

the magnitude of the northward Sverdrup transports in both the northern North Atlantic

and in the Norwegian Sea. Combined with the orientation of the isobaths, this lead to in-
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creased ssh in the eastern part of the North Atlantic and decreased ssh in the Norwegian

Sea.

Secondly, on inter-annual time scales, changes in the hydrographic conditions in the

northern North Atlantic coincide with changes in the NwASC. The change in hydrogra-

phy is also found in the TOPEX ssh data. At inter-annual scales, the ssh in the Iceland

Basin(reflectinghydrographicchanges)andtheNwASCshowsimilarvariability.A con-

ceptualmechanismrelatingtheobservedanomaliesto theNwASCisproposed.Underthe

assumption of a limited southward extent a cold/warm anomaly in the Iceland Basin

wouldbeassociatedwith ananomalouslystrong/weakeastwardgeostrophiccurrentto the

to southof theanomalytowardthecontinentalslope.Here,theupper(Atlantic) layerbe-

comes thicker, and thus transfers into a northward slope current through conservation of

relative vorticity in the upper layer.

Keywords: North Atlantic Current, Norwegian Atlantic Current, sea surface height, sea

surface slope, seasonal variability, inter-annual variability
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1. Introduction

Theaimof thisstudyis to investigatetheoceaniccouplingbetweenthenorthernNorthAtlantic

and the Nordic Seas. This is the region of the northernmost path of the Gulf Stream with the

North Atlantic Current (NAC) extending into the Norwegian Sea as the Norwegian Atlantic

Current(NwAC). Theassociatedfluxesof heatandsaltareof majorimportancein modifying

theregionalclimate.Also therelativelyhighsalinitymakestheAtlantic Water(AW) akey in-

gredientin thetransformationto denseintermediateanddeepwatermassesaspartof theglobal

thermohaline circulation.

The basic structure of the NAC and its extension into the NwAC is known (Fig. 1). The NAC

is divided into two separate northward flowing branches. One branch along the continental

slope situated just off the shelf break (e.g. Burrows et al., 1999; Huthnance, 1984) and one

branch trough the Iceland Basin (Perkins et al., 1998; Orvik and Niiler, 2001). A two branch

systemis alsoobservedin theNorwegianSea:aneasternbranchlocatedjustoff theshelfbreak

hereafterdenotedtheNorwegianAtlanticSlopeCurrent(NwASC)andawesternbranchfarther

offshoreasanextensionof theIceland-Faroefrontaljet (Poulainetal.,1996;Orvik etal.,2001).

Volumeflux estimatesof theinflowing AtlanticWater(S>35.0)areabout4.5Svfor theeastern

branch and about 3.5 Sv for the western branch. In terms of fluxes of heat and salt the differ-

ences are somewhat larger, because the eastern branch is warmer and saltier than the western

branch.

Supposedlytheeasternandwesternbranchesof theNwAC affecttheclimatesystemin theNor-

dic SeasandtheArctic differently.Thewesternbranchprovidestheinteriorof theNordicSeas

with more AW which again will have an impact on the regional air-sea exchanges and water

massformation,whereastheeasternbranchfavoursfluxesinto theBarentsSeaandArctic. Such

argumentsprovidealink to thereportedrecentreductionof theArctic seaice(e.g.Johannessen
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et al. 1999; Rothrock, 1999). Thus understanding of the forcing controlling the relative distri-

butionof theeasternandwesternbranchesof theNwAC is importantin orderto understandthe

climate system within the Nordic and Arctic Seas.

In contrastto thebasicstructureof theNAC andNwAC whichis reasonablywell known,quan-

tification of theroleof thevariousforcingmechanismsof thisnorthwardflow is lacking.Such

knowledgeisessentialbecausethetypeof drivingmechanismmayprovidedifferentconstraints

on the stability and the variability of the system. This is a very complex issue which certainly

depends on the scale under consideration. On time scales from days to weeks the NwASC is

closely linked to the wind forcing (Skagseth and Orvik, 2002), whereas the variability of the

westernbranchonsuchscalesis lessclear.Also,onseasonalandlongertimescalestherelative

role of the wind and the thermohaline forcing on the variability of the NwASC is not well un-

derstood (Hansen and Østerhus, 2000; Orvik et al., 2001).

Thefocusof thisstudyisontheeasternbranchof theNwAC, theNwASC.Thisbranchhasbeen

monitoredsinceApril 1995by anarrayof currentmetersin theSvinøysectionthatrunsnorth-

westward from the Norwegian coast at 62oN and cuts through the two-branch NwAC to the

north of the Faroe-Shetland Channel (Fig. 1). Monthly to inter-annual variabilities of the

NwASCfor theperiodfrom 1995to 2000areinvestigated,andcausalrelationshipsaresought

by consideringcomplementarydataof theupstreamconditionsandforcing.Thesedataaresea

surfaceheight(ssh)from theTOPEXaltimeter,meansealevelpressure(mslp),monthlyclima-

tological hydrography and in addition hydrographic observations, both in the northern North

Atlantic and in the Norwegian Sea.

Thereportis organizedasfollows: In part2) observationsfrom theNwASCin theSvinøysec-

tion arepresented,part3) containsdetailsfrom complementarydatasets,whichareanalysedin
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part 4). Part 5) contains some further analysis and the discussion, and concluding remarks are

made in 6).

2. Observations in the Norwegian Atlantic Current

Figure1 outlinesthelarge-scalesurfacecurrentpatternof theAtlantic inflow, enteringtheNor-

wegian Sea mainly through two pathways - the Faroe-Shetland Channel and over the Iceland-

FaroeRidge.Thewesternbranchis anextensionof theAtlantic WaterrunningthroughtheIce-

land Basin (Perkins et al., 1998), and feeding the Iceland-Faroe Front associated with an east-

wardrunningfrontaljet (ReadandPollard,1992).It extendseastwardandfarthernortheastward

into theNorwegianSeaasthewesternbranchof theNwAC andtendsto follow thetopographic

slope of the Vøring Plateau (Poulain et al., 1996). The Atlantic inflow through the Faroe-Shet-

land Channel continues northward along the Norwegian shelf break as the NwASC. This two-

branchNwAC wassuggestedby Poulainetal. (1996)from Lagrangiansurfacedrifter observa-

tions.Thetwo-fold structurewith atopographicallysteeredslopecurrentandafrontal jet about

200-300km fartheroffshoreis identifiedin theSvinøysectionby mooredandshipboardobser-

vations (Orvik et al., 2001).

Thehydrographicregimeis characterizedby thewedge-shapedwarmandsalineAtlantic Water

overlying thefresherandcolderintermediatewaters(Fig. 2). Orvik etal. (2001)describedthe

annual mean slope current as an along-isobath flow about 40 km wide. The strongest along-

slopecomponentof thecurrentis locatedover thesteepestslopebetweenthe200mand700m

isobathswith amaximumof 30cm/sandadecreaserelatively uniformly westwardto zeroatthe

1000misobath.Onthedeepersideof thecurrenttheverticalvelocityshearis in accordancewith

the baroclinic field (Mork and Blindheim, 2000). The tidal currents are small relative to the
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meancurrentsin thisarea,with themajortidal constituentM2 of theorderof 2-3cm/s(Orvik et

al., 2001).

Orvik and Skagseth (2002) have shown that the gross variability of the NwASC for periods

longerthanabout5 dayscanberepresentedby asinglecurrentmeterin thecoreof thecurrent.

Utilizing this result, the low-frequency variability of the NwASC is presented for the period

from 1995to 2000(Fig.3) usinganAanderaaRotatingCurrentMeter(RCM-7)situatedat490

m water depth and instrument depth at 100m in the core of the NwASC. The current data are

originally sampled as 1 hour mean values, but in Figure 3 and elsewhere in this article one

monthmeanvaluesof thealongslopecomponentis used.Therecordsuggestsvariability over

abroadrangeof scalesbut with theseasonalcycle,wintermaximaandsummerminima,asthe

mostprominent.Thisholdsovertheentirerecordexceptfor thesummerandfall of 1995where

theNwASCisanomalouslystrongrelativeto thesubsequentsummerandfall seasons.Asafirst

crude approach seeking causal relationships for the observed variabilities of the NwASC, the

NAO-index time series from Jones et al. (1997), essentially reflecting the strength of the west-

erlies, is also included in Figure 3. The time series suggest that for a range of periods, from

monthlyto annualscale,thevariabilitiesof theNwASCandtheNAO-index tendto co-varybut

thecorrelationcoefficient (r) betweentheseriesis only 0.36.In particularduringthefirst year

(1995-96)theco-variationwith theNAO-index is quitedifferentcomparedto therestof thepe-

riod,andtherelativeNwASC- maximumduringthesummerof 1995cannot(atleastin asimple

manner)beexplainedby thewind field. In part4 and5 amoredetailedanalysisis performedto

investigate the causal relationships between the variabilities in the wind forcing and the

NwASC.
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3. Complementary data sets

In orderto evaluatetheobservedNwASCvariabilitiesin abroaderspatialcontext, datasetsrep-

resentingtheforcingfield andoceanstatein theScotland-Icelandregionareanalysed(Fig. 4).

Theatmosphericforcing is expressedby fieldsof mslpfrom theNorwegianMeteorologicalIn-

stitute. This data set is originally based on reanalysed mslp data 300 km apart interpolated to

fieldsof 75km x 75km spatialresolutionat6 hourtimeintervals(ReistadandIden,1998).The

qualityof thedatahasbeenstudiedby Jonsson(1991a),andit wasfoundthatfor periodslonger

thanabout40hourstherewasagoodagreementbetweenthesedataandtheobservedwindsat

Weather Ship M in the Norwegian Sea, at 66oN, 2oE.

Sea surface height is obtained from the TOPEX altimeter data version WOCE-PODAAC-10d-

v2.0.TherecordcoverstheperiodfromOctober1992toDecember1999.Thespatialresolution

of thedatasetis 0.5deg x 0.5deg atapproximately10daytime intervals.Correctionsapplied

to thedataincludewetanddry atmosphericeffects,orbit effect,tidal effectsandtheinverseba-

rometer effect. Also in this data set the mean sea level state at each grid point for the period

1993-1996is subtractedandhenceonly informationaboutthesshvariability is containedin the

data.Sinceno tidal modelis perfectthetidal correctionappliedto thesshis notperfecteither.

Thispotentialproblemof aliasingtidesinto longersignalshasbeenreducedby theTOPEXsat-

ellite repeatperiod,chosenin orderto separatetheperiodsof realoceanicphenomenafrom the

tidal aliasingperiods.TheTOPEXaltimeteraliasingperiodfor thesix mostenergetictidal com-

ponents is about 2 months (M2, S2, N2, K1 and O1) except for P1 where it is about 6 months

(SchlaxandChelton,1994).Basedonthis,specialcareshouldbetakenwhendiscussingvaria-

bility in ssh from the TOPEX satellite with time scales of about 2 months.

Monthly fieldsof temperatureandsalinityatonedegreeresolutionandstandarddepthsaretak-

en from the World Ocean Atlas - 1998. These data are used to estimate seasonality in steric
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heightin theupperocean,i.e.basicallythecontributionupwardfrom themainoceanicthermo-

cline.

Hydrographicvariability, bothin thenorthernNorthAtlantic andin theNorwegianSeais inves-

tigated. In the northern North Atlantic, the hydrographic variability is inferred from repeated

XBT sections south of the Iceland-Faroe Ridge in the autumn of 1994, -95, -96 and -97. The

data are obtained from the GSDC-IFREMER-Global Subsurface Data Centre. These sections

containtemperatureinformationonly, but aregionallyrepresentativeθ-S relationis usedin ster-

ic height estimates.

Thehydrographicvariability northof theridgeis takenfrom arepeatedprofilein astandardsec-

tion northof theFaroesoperatedby theFaroeseFisheriesLaboratory(dataobtainedfrom Bogi

Hansen). Here data from 1990 is used in order to cover the TOPEX period. The sampling rate

is of the order 3-4 times a year.

4. Analysis of variability

4.1 Sea surface height variability

The TOPEX satellite data is analysed to investigate the ssh variability in the region of the Ice-

land-Scotland Ridge. Harmonic analysis is applied to retrieve the seasonality in the data (Fig.

5). The estimated amplitudes are larger in the Norwegian Sea than in the North Atlantic, with

correspondingphasevaryingby lessthanamonth.SincetheTOPEXdataonlyshowsvariability

fromthemeanssh,thismeansthattheslopeof theseasurfaceacrosstheIceland-ScotlandRidge

isatthemaximumin Marchandattheminimumin September. Themagnitudeof thisvariability

is of the order 10-7, and thus comparable with the basin-scale meridional sea surface slope in
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theAtlantic Ocean.Theexplainedvarianceby thesshannualharmonicof thetotalsshvariance

arein therangefrom 30-60%,with a tendency for largervaluesin theeasternpart(towardthe

continental slope) of the investigation area (Fig. 5c).

The estimated annual changes in ssh due to changes in the upper ocean steric height are calcu-

latedusingmonthlyfieldsof temperatureandsalinity from theWorld OceanAtlas - 1998.The

annual harmonic explains about 90% of the upper ocean steric height variability for all the in-

vestigation area. The estimates are smoother, at least partly due to smoothing/interpolation of

thedatasetontothe1 by 1 degreegrid,but arein generalof thesamemagnitudeandphase(Fig.

6 a, b) as the estimated seasonality from the TOPEX ssh data (compare with Fig. 5 a, b). The

largest discrepancy between these results is found in the northeastern part of the study area

(about 63-64oN, 5oW-2oE) where the estimated amplitudes based on the TOPEX ssh data ex-

ceed those based on hydrography.

To furtheranalysethespatialandtemporalvariability of thessh,anEmpiricalOrthogonalFunc-

tion (EOF) analysis is performed. Prior to this analysis, the contribution due to the annual

changein upperoceanstericheight(Fig. 6) is removedfrom thesshdata.Alternatively, thean-

nualcycleof thesshdatacouldhavebeenfilteredout.However thiswouldalsohave removed

annual scale contributions to the ssh that are not related to the upper ocean steric change, and

therefore this method is not used.The data are also smoothed in time using a moving-average

filter with a one month cut-off period.

Thetwo leadingEOFmodescapture49.5%and11.8%of thevariance,andarestatisticallysig-

nificant.Oneshouldnotethatthesemagnitudesdependonthesizeof theinvestigationareaand

the time filtering applied to the data prior to the analysis.

EOF mode 1 shows the highest magnitudes in the Norwegian Sea. The unipole pattern means

thatvariabilitiesdueto thismodearein phasein thenorthernNorthAtlantic andin theNorwe-
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gian Sea (Fig. 7a). The principal component indicates variability over a broad range of scales

from monthsto inter-annual(Fig. 7b).Also noteworthy aretwo longer-periodictrendsthrough

1993-1995 and 1996-1999, separated by a “jump” in 1995.

EOFmode2 describesadipolepatternwith anodalline over theIceland-FaroeRidge,turning

north-eastwardinto theNorwegianSea(Fig.7c).ThedipoleEOFpatternmeansthatthesshvar-

iesin oppositephaseacrossthenodalline, i.e.essentiallyacrosstheIceland-FaroeRidge.The

associated principal component shows that this pattern essentially contain seasonal variability

with varying amplitude through the record (Fig. 7d).

4.2 The mean sea level pressure data

The mslp variability in the study region is retrieved by EOF analysis. Prior to the analysis the

meanvalueateachgrid point is removedandthedataaresmoothedin timeusingamoving av-

eragefilter with aonemonthcut-off periodin asimilarmannerto thesshdata(section4.1).Here

only theleadingEOFmode,capturing76.5%of thevariance,is discussed.Thismodecontains

a unipole pattern with centre of action just south-east of Iceland (Fig. 8a). Combined with its

principalcomponent(Fig. 8b) thismodebasicallyrepresentsameasureof theaveragestrength

of theatmosphericlows(cyclones),andalsothestrengthof thewesterlies,with wintermaxima

and summer minima. Striking features are the “state-switch” in 1995- 1996, and the apparent

long-period trends with growing amplitudes in 1992-1995 and 1996-1999.

4.3 Hydrography

Thehydrographicvariability bothin thenorthernNorthAtlantic andwithin theNorwegianSea

areinvestigated.Thechangesareestimatedin termsof stericheightvariability for comparabil-
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ity with thesshvariability from theTOPEXaltimeter. Thestericheightvariability is estimated

from 700m depth to the surface, relative to a reference water mass with S=35 andθ=0oC.

In thenorthernNorthAtlantic thehydrographicvariability is takenfrom four repeatedsections

in thesubsequentautumnseasonsfrom 1994to 1997southof theIceland-FaroeRidge,through

theIcelandBasin(Fig.4).Thesectionscontainonly temperature,andthusestimationtheeffect

onthestericheightvariability requiressomeassumptionsaboutthesalinity. By consideringthe

annualmeanθ-Sprofilenearthecentreof thesectionat62oN, 13oW anearlylinearrelationis

foundbetween700and50m, with correlationcoefficient r > 0.99.Thus,undertheassumption

thatsaltandtemperatureanomaliesvaryin phase,thesalinitycanbeapproximatedby thelinear

relationS=0.059*θ+34.77,in theestimatesof stericheightestimateschanges.Thetemporalev-

olutionof thestericheightvariabilityshowsanegativeanomalyin thesectionfor theyears1994

and1995of < -2cm,anda transitiontowardapositiveanomalyof > 2cmin 1997(Fig. 9). The

changesarein accordancewith theobservedwarmingof theupperoceanfrom1994-95to1996-

97 in the sections through the Iceland Basin (not shown).

The hydrographic variability within the Norwegian Sea is represented by a repeated vertical

profile north of the Faroes at 64o00’N and 6o05’W. This profile is situated on the cold side of

theIceland-FaroeFrontoutsidetheregionof seasonalfrontaldisplacementreportedby Hansen

etal. (2000).Thestericheightvariability showsamarkedseasonalcycle,with anamplitudeof

the order of 2cm (Fig. 10). In the time period of the TOPEX satellite, the most pronounced

anomalyrelative to theannualharmonicis thetransitionfrom weakbut positivevaluesin sum-

mer of 1996 to negative values in the two following years, i.e. a dense (cold) anomaly.
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5. Discussion

Based on direct observations of the variabilities in the NwASC, the ssh, hydrography and the

wind field (mslp), it is tempting to investigate the mechanism of their coupling.

In particular, with the TOPEX ssh fields, relations between variabilities in the NwASC and in

the ssh are of interest.Assuming the NwASC has the properties of a local geostrophically bal-

anced flow, the sea surface slope mirrors the bathymetry, i.e. the sea surface slopes downward

from the shelf toward deeper water, and reflects the current speed. Assuming dx=40km for ex-

ample,anuncertaintyin dζ of +/-2cmgivesanuncertaintyrangeof theorderof 10cm/sthrough

the geostrophic relation: fv = g dζ/dx. The accuracy of the TOPEX satellite altimeter data of

about +/- 2 cm is thus insufficient to properly resolve the variability of this narrow flow.

Covariations between ocean currents and sea level slope have been discussed for the Atlantic

and Pacific coast of the United States (Sturges, 1974). Huthnance (1984) showed a linear rela-

tion between the along-slope current and the along stream sea surface slope (sss) through the

Joint Effect of Baroclinicity and Relief (JEBAR). However much of the variabilities focused

hereinareonshortertimescalesthanthoseassociatedwith JEBAR variabilityof ayearormore.

Theannualscalevariability dueto JEBAR is probablysmallin theregionof thenorthernNorth

Atlantic andtheNorwegianSeas,indicatedby thesimilaramplitudesandphasesof theannual

upper ocean steric change across the Iceland-Scotland Ridge (Fig. 6). Also the rather broad

range of observed variabilities in the NwASC including relatively short time scales of months

(Fig. 3) indicate a barotropic forcing mechanism.

To investigatewhetherrelationsbetweensshand,strengthof theNwASCfind supportin obser-

vationscoherenceanalysesbetweentheNwASCandsealevelslopesin along-andcross-stream

direction are performed. In the along-stream direction the sss both in the eastern: (ssh(A)-

ssh(B))/∆XA-B and the western: (ssh(C)-ssh(D))/∆XC-D part of the study area (areas shown in
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Fig.4) aresignificantlycoherentwith theNwASCfor periodsof about3 and6-12months(Fig.

11 a, c). Note that the shortest resolved period in this analysis is 2 months. The phase relation

is similar for theserecords(Fig.11b,d),with thesssindex leadingtheNwASCfor theperiods

of about 3 months withπ/4, i.e. about 11 days. For the 6-12 month periods there is a tendency

for positive phase, meaning the NwASC leads the sss but this is not significant. However, this

is probably an artifact, due to the combined effect of contributions from the remaining annual

stericsignalin thesss(themeanannualstericcyclewasremovedprior to thisanalysis)andthe

wind forcing, that are out of phase. The cross-flow sss in the North Atlantic: (ssh(A)-ssh(C))/

∆XA-C is notsignificantlycoherentwith theNwASC,exceptfor thelongestresolvedperiod(2

years).Thecross-flow sssin theNorwegianSea:(ssh(B)-ssh(D))/∆XB-D showspeaksin theco-

herencespectrumfor similarperiodsto thealongslopeflow but thesepeaksarelesssignificant.

The phase relation between these series is inconclusive due to large errors. It should be noted

thatin thisanalysis,onlydatapointswithoutgapsareincluded.Theerrorandtendency for miss-

ing data for TOPEX altimeter data is generally larger on the shelves and on steeper part of the

continentalslopes.Thusthesshdataincludedin thisstudyarepossiblynotoptimalfor resolving

the cross-flow sss associated with the NwASC.

With thestatisticallysignificantrelationbetweenthealong-streamsssandtheNwASCfromthe

coherenceanalysis(Fig.11a-d)weproceedby investigatingthecausefor thissealevel change.

This is performedby analysingthecoherence(Fig.12)betweentheprincipalcomponentsasso-

ciatedwith theleadingsatellitesshmodes(Fig.7 b,c)andtheleadingmslpmode(Fig.8b).The

normalized principal components of the SSH-PC1 and MSLP-PC1 is shown in Figure 12a.

These series show a very broad peak in the coherency estimates (Fig. 12 c-d). For periods of

about 3-4 months and longer the coherency estimates mostly exceed that of the 90% signifi-

cance level. The corresponding phase between these series show a small lag for the SSH-PC1

relative to theMSLP-PC1but this is notsignificantat the90%level. Theinterpretationof this,
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when also considering the spatial pattern associated with these principal components, is that

stronger/weaker atmospheric cyclones (and westerly winds) increase/decrease the sea surface

slope from the North Atlantic into the Norwegian Sea.

The normalized principal components of the SSH-PC2 and MSLP-PC1 are shown in Figure

12b. The coherence spectrum between these series show a significant peak for periods of 8-12

monthsthatis about-140o outof phase(Fig.12e-f).Thedipolepatternof theSSHEOF2(Fig.

7b)meansthatthevariabilitiesin thesshin theNorthAtlantic andin theNorwegianSeadueto

thismodearein oppositephase.Combinedwith theprincipalcomponentsthismeansstronger/

weaker atmospheric cyclones (and westerly winds) increase/decrease the sea surface height in

thenorthernNorthAtlantic whereastheoppositeeffectis foundin theNorwegianSea.Thusthe

combinedeffectof theSSH-PC2andMSLP-PC1includeasteepeningof theseasurfaceslope

from the North Atlantic into the Norwegian Sea with increasing westerly winds. This differen-

tial effect on the ssh in the eastern part of the North Atlantic and in the Norwegian Sea can be

connectedto thevariability in theSverdruptransport.Thespatialpatternof theleadingmslpeof

mode,basicallyrepresentingtheanomalousstrengthof theatmosphericcyclone,providealink

to variability in the northward Sverdrup transport:

where , f is the Coriolis parameter, r is the radius of the earth,φ is the latitude andτ

thewindstress.Thusanomalousstronger/weakercyclonesleadtoanomalousincrease/decrease

in thenorthwardSverdruptransport.Theassociatedzonaltransport,integratedfrom theeastern

boundary to the interior, yields:

Mϕ 1
β
---k ∇ τ×( )⋅=

β f∂
r φ∂
--------=

Mλ 1
r
--- M∂ ϕ

φ∂
----------- λd

λinterior

λeast

∫=
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whereλ is thelongitude.BasedonobservedwindstressdataVeronis(1973)foundannualmean

northeasterlySverdruptransportin theeasternpartof theNorthAtlantic, i.e. towardtheeastern

continentalslopeandtheIceland-ScotlandRidge.Thevariability in thewind forcingcontained

in theleadingmslpeofmoderepresentsthevariability of theregionalnorth-eastwardSverdrup

transport. In the southern part of the Norwegian Sea the Sverdup transport is basically north-

eastward (Jonsson, 1991b). A possible mechanism is therefore that stronger atmospheric cy-

clones (westerlies) increase the magnitudes of the Sverdrup transports in both the northern

NorthAtlantic andin theNorwegianSea,but thatcombinedwith theorientationof theisobaths

this leadto increasedsshin theeasternpartof theNorthAtlantic anddecreasedsshin theNor-

wegian Sea.

Therelationsobtainedbetweenvariabilitiesin theNwASCandtheseasurfaceslopes,andthe

leadingmodesof thesshandthemslp,haveanimportantimplicationwith respectto thedriving

forceof theNwASC.Theresultspresentedhereinsuggesta relationbetweenthewind forcing

andtheNwASCthroughmodulationof theseasurfaceheight.Thevariability in thewind forc-

ing modulates the sea surface slope from the northern North Atlantic into the Norwegian Sea,

andthusprovidesabarotropicforcing termfor theNwASC.Thephaserelationis suchthat,in

general,increasedwesterlywindsincreasetheseasurfaceslopefromtheNorthAtlantic into the

NorwegianSea,andleadto anincreaseof theNwASC.Themagnitudeof this variability is of

asimilarorderto thegenerallydownwardseasurfaceslopefrom equatorialto high latitudesin

the Atlantic of, 10-7.

In addition to the variability at relatively short time scales previously discussed, the different

data sets also contain variabilities at inter-annual time scales. In particular, the hydrographic

conditionin theIcelandBasinbetween1995and1996,basedontherepeatedXBT sections(see

Fig.9),show substantialchanges.Thesechangesarein accordancewith observationsfurtherto

the south, where an overall increase of the temperature and thickness, and decrease of the den-



- 17 -

sity, of the Subpolar Mode Water, accompanied by an increase of its salinity east of the Rey-

kjanesRidge,wasreportedfrom1995to1996(Berschetal.,1996).Thischangein hydrography

coincideswith therecordhighchangein thewinterNAO index betweensubsequentyears,from

a positive state in 1994-95 to a negative state in 1995-96 (Jones et al., 1997).

These anomalies found in the repeated XBT and CTD sections in the North Atlantic are also

observed in the TOPEX ssh data. Both of the two leading ssh EOF modes contribute to an in-

crease in the ssh from 1995 to 1996 in the North Atlantic, whereas in the Norwegian Sea their

combined effects tend to cancel out. This suggests that changes in the westerlies have a larger

impact on hydrography in the North Atlantic as compared to the Norwegian Sea, under the as-

sumptionthatthevariabilitiesin thewesterliesaretheprimerfor thechangefrom 1995to 1996.

Furtherinvestigatesof thecovariancebetweenhydrographicchangesin theNorthAtlantic and

changes in the Atlantic Inflow normalized time series representing the variabilities of the

NwASCandthesshin theIcelandBasin(areaC in Fig.4),areshown in Figure13.In boththese

records the annual cycle is the most prominent signal (Fig. 13a). Longer time scale variability

is indicatedin theserieswith maximain theseriesin 1995,minimain 1996-97,andincreasing

values until 1999 (Fig. 13b). The correlation coefficients (r) are 0.62 when the annual cycle is

included (Fig. 13a), and 0.53 when the annual signal is removed (Fig. 13b).

�
ndependent of origin, some general remarks can be made about the effect of hydrographic

anomaliesontheNwASC.Sincecold/warmanomaliesin theIcelandBasinareassociatedwith

anomalouslydense/lightwater, thisagainwouldaffect thedensityfield,andthusalsothecircu-

lation.Undertheassumptionof alimited southwardextent,thecoldanomalyin 1994-95would

be associated with an anomalously high eastward geostrophic current to the to south of the

anomalytowardthecontinentalslope.Here,theupper(Atlantic) layerbecomesthicker(seee.g.

http://sam.ucsd.edu/vertical_sections/Atlantic.html) and thus transfers into a northward slope

currentthroughconservationof relativevorticity in theupperlayer(η(u)/H(u)=const,whereη(u)
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andH(u) arerespectively therelativevorticity andthethicknessof theupperlayer).Suchargu-

mentationprovidesadirectlink betweencold(dense)anomaliesin thenorthernNorthAtlantic

(mainly in the Iceland Basin) as observed in 1994-95 and the observed anomalously strong

NwASC during 1995. Similar but opposite argumentation would work for warm (light) anom-

alies.

6. Concluding remarks

Variabilitiesin theNwASCduringtheperiodfrom 1995-2000areinvestigatedby considering

complementary data providing information on the upstream and atmospheric forcing. Time

scales from a few months up to inter-annual scales have been considered. The analysis indi-

catestwo differentmechanismsassociatedwith differenttime scalesthatcontributeto thevar-

iabilities of the NwASC.

Firstly, for time scales of 2-3 months and 6-12 months, the analysis shows a significant coher-

ence between the NwASC and the along-stream sea surface slope, and the ssh and the mslp.

This can be interpreted as a relation between the wind forcing and NwASC through modula-

tion of the sea surface height. In other words, the variability in the westerly winds modulates

the sea surface slope from the northern North Atlantic into the Norwegian Sea, and thus pro-

vides a barotropic forcing term for the NwASC. The phase relation from the coherence analy-

sis is such that increased westerly winds occur in phase with an increase of the sea surface

slopefrom theNorthAtlantic into theNorwegianSea,andfurthermore,thiscoincideswith an

increasein theNwASC.Theorderof thiswind effecton thesealevel slopeis 10-7, andis sim-

ilar to the basin-scale downward sea surface slope from sub-tropical to high latitudes in the

North Atlantic Ocean. This differential effect on the ssh in the eastern part of the North Atlan-

tic and in the Norwegian Sea can be connected to the variability in the Sverdrup transport.
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Strongeratmosphericcyclones(westerlies)increasethemagnitudesof theSverdruptransports

in both the northern North Atlantic and in the Norwegian Sea. Combined with orientation of

the isobaths, this lead to increased ssh in the eastern part of the North Atlantic and decreased

ssh in the Norwegian Sea.

Secondly, on inter-annual time scales, changes in the hydrographic conditions in the northern

NorthAtlantic coincidewith changesin theNwASC.Thechangein hydrographyis alsofound

in theTOPEXsshdata.Thesshin theIcelandBasin(reflectinghydrographicchanges)andthe

NwASCshowsimilarvariability. A conceptualmechanismrelatingtheobservedanomaliesto

the NwASC is proposed. Under the assumption of a limited southward extent, a cold/warm

anomaly in the Iceland Basin would be associated with an anomalous strong/weak eastward

geostrophiccurrentto theto southof theanomalytowardthecontinentalslope.Here,theupper

(Atlantic) layerbecomesthicker, andthustransfersinto anorthwardslopecurrentthroughcon-

servation of relative vorticity in the upper layer.
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Figure text

Figure1.Schematicof themajorpathwaysof Atlantic water(grey lines)in theinvestigationar-

ea. The Svinøy Section is shown (thin black line) starting at about 62oN and going toward the

northwest. Contoured isobaths are 2, 5, 10, 20, 30 and 40 hectometre.

Figure2. Hydrography in theSvinøySectionshowing a)potentialtemperature,b) salinityand

c) potentialdensity. Thecurrentmeterrecordconsideredin thisstudyis obtainedoverthe490m

isobath at 100m instrument depth (.).

Figure 3. Along-slope component of velocity in the NwASC based on current meters in the

Svinøysection(solid line) andNAO index (dashedline). Onemonthaveragedvalues.Thecor-

relation coefficient (r) between the series is 0.36.

Figure4. Mapof theinvestigationareashowingdatausedin thisstudy:(.) indicatesaltimeter

points, XBT section in the northern North Atlantic, and CTD profile north of the Faroes. The

defined boxes A-D are used to estimate the sea surface slopes discussed in Figure 11.

Figure 5 a-c. Calculated sea surface height annual cycle based on the TOPEX altimeter data

showing a)amplitudein cm,b) phasein monthsandc) theamountof varianceexplainedby the

annual harmonic in percent.

Figure6 a-b. Calculatedstericcontribution to theannualcycleseasurfaceheightfor theupper

700m including a) amplitude in cm and b) phase in months. Estimates are based on the World

Ocean Atlas - 1998 data set.

Figure 7 a-d. EOF analysis of the TOPEX ssh data showing a) the first EOF mode and b) its

associated principal component, c) the second EOF mode and b) its associated principal com-

ponent.Previousto plottingtheEOFpatternsaremultipliedwith thestandarddeviationof their

associated principal component, and the principal components are divided by their associated

standard deviations. The unit is in cm. One month low-pass filtered data.
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Figure 8 a-b. a)The leading EOF mode of Hindcast mslp data and b) the associated principal

component.Previousto plottingtheEOFpatternis multipliedwith thestandarddeviationof the

associatedprincipalcomponent,andtheprincipalcomponentis dividedby theassociatedstand-

ard deviation. The unit is in mbar. One month low-pass filtered data.

Figure 9. Steric height anomaly based on an XBT temperature section between Scotland and

Iceland. The XBT section is shown in figure 4.

Figure 10. Steric height anomaly based on a CTD station north of the Faeroes at 64o00’N,

6o05’W (see figure 4), including the estimate based on the individual profiles ( * ) and the as-

sociated annual harmonic ( - - ).

Figure11a-h.CoherenceanalysisbetweentheNwASCandvarioussealevelslopesdefinedas

a-b) ssh(A) - ssh(B) ,  c-d) ssh(C) - ssh(D) , e-f) ssh(A) - ssh(C) and g-h) ssh(B) - ssh(D). The

areas A-D are shown in Figure 4. The lower and upper dashed lines in the coherence squared

estimatesindicatethe95%and99%significancelevels.In thephaseplot thedashedlinesindi-

cate the 95% significance interval. One month low-pass filtered data.

Figure12a-f.Principalcomponenttimeseriesof a)SSH-PC1(thin line) andMSLP-PC1(thick

line) andb) SSH-PC2(thin line) andMSLP-PC1(thick line). Coherenceanalysisbetweenthe

series c-d) SSH-PC1 and MSLP-PC1 e-f) SSH-PC2 and MSLP-PC1. The lower/upper dashed

lines in the coherence squared estimates indicate the 95/99% significance levels. In the phase

plot the dashed lines indicate the 95% significance interval. One month low-pass filtered data.

Figure13a-b. a)Normalizedtimeseriesof TOPEXsshin boxC (boxshownin Figure4) and

theNwASCandb) similarbutwith theseasonalsignalremoved.Notethatthesshvariability is

multiplied by -1 for comparison with the NwASC. The mean contribution of the annual steric

heightchangeto ssh(shownFigure6) is removedfor theTOPEXsshdataprior to theanalysis.

One month low-pass filtered data.
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