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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
fields of seasurfaceheight(ssh)variability from the TOPEXaltimeter,reanalyseanean

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 time scalesf 2-3 monthsand6-12 months the analyseshowsignificantco-
herencebetweertheNwWASC andthealong-streanseasurfaceslope,andthesshandthe
mslp.Thiscanbeinterpretedasarelationbetweerthewind forcingandNwASC through
modulationof theseasurfaceheight.In otherwords,thevariability in thewesterlywinds
modulatesheseasurfaceslopefrom thenorthernNorth Atlantic into theNorwegianSea,
andthusprovidesabarotropicforcing termfor the NwASC. The phaseelationfrom the
coherencanalysigs suchthatincreasedvesterlywindsoccurin phasewith anincrease
of theseasurfaceslopefrom theNorth Atlantic into theNorwegianSeaandfurthermore,
this coincides with an increase in the NwWASC. The order of this wind effect on the sea
level slopeis 1077, andis similarto thebasin-scalelownwardseasurfaceslopefrom sub-
tropicalto highlatitudesin theNorth Atlantic OceanThis differentialeffectonthesshin
the eastern part of the North Atlantic and in the Ngjese Sea can be connected to the
variability in the SverdruptransportStrongeratmosphericyclones(westerlies)ncrease
the magnitude of the norttard Swerdrup transports in both the northern North Atlantic

and in the Norwgian Sea. Combined with the orientation of the isobaths, this lead to in-



creased ssh in the eastern part of the North Atlantic and decreased ssh in tlggadorwe

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(reflectinghydrographichangesandthe NwASC showsimilar variability. A con-
ceptuaimechanisnmelatingtheobservec@nomalieto theNwASCis proposedUnderthe
assumption of a limited soutland extent a coldhvarm anomaly in the Iceland Basin
wouldbeassociatedith ananomalouslstrong/wealeastvardgeostrophicurrento the

to southof theanomalytowardthe continentaklope.Here,the upper(Atlantic) layerbe-
comes thickr, and thus transfers into a norima slope current through consatien 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



1. Introduction

Theaimof this studyis to investigateaheoceaniaouplingbetweerthenorthernNorth Atlantic

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). Theassociatedluxesof heatandsaltareof majorimportancen modifying
theregionalclimate.Also therelatively high salinity makesthe Atlantic Water(AW) akeyin-
gredientin thetransformationto densantermediateanddeepwatermassesspartof 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
systenis alsoobservedn theNorwegianSea:aneasterrbranchiocatedust off theshelfbreak
hereaftedenotedheNorwegianAtlantic SlopeCurrentNwASC)andawesterrbranchfarther
offshoreasanextensiorof thelceland-Faroérontaljet (Poulainetal.,1996;0rvik etal.,2001).
Volumeflux estimate®f theinflowing Atlantic Water(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.

Supposedlyheeasterrandwesterroranche®f theNwAC affecttheclimatesystemn theNor-
dic SeasaandtheArctic differently. Thewesternbranchprovidestheinterior of theNordic Seas
with more AW which again will have an impact on the regional air-sea exchanges and water
masdormation,whereasheeastermranchfavoursfluxesinto theBarentsSeaandArctic. Such

argumentprovidealink to thereportedecentreductionof the Arctic seaice (e.g.Johannessen



et al. 1999; Rothrock, 1999). Thus understanding of the forcing controlling the relative distri-
butionof theeasterrandwesterrbranche®f theNwAC is importantin orderto understandghe

climate system within the Nordic and Arctic Seas.

In contrasto thebasicstructureof theNAC andNwAC whichis reasonablyvell known,quan-
tification of therole of thevariousforcing mechanismsf this northwardflow is lacking.Such
knowledgas essentiabecauséhetypeof driving mechanisnmayprovidedifferentconstraints

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
westerrbranchonsuchscaless lessclear.Also, onseasonandlongertime scalegherelative

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

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

Thefocusof thisstudyis ontheeastermbranchof theNwAC, theNwASC. Thisbranchhasbeen
monitoredsinceApril 1995by anarrayof currentmetersn the Svingysectionthatrunsnorth-
westward from the Norwgian coast at 62N and cuts through the tabranch NwAC to the

north of the Broe-Shetland Channel (Fig. 1). Monthly to inter-annual variabilities of the
NwASC for the periodfrom 1995to 2000areinvestigatedandcausalelationshipsaresought

by consideringcomplementargataof theupstreantonditionsandforcing. Thesedataaresea
surfaceheight(ssh)from the TOPEXaltimeter meanseaevel pressurémslp), monthlyclima-
tological hydrography and in addition hydrographic observations, both in the northern North

Atlantic and in the Norwegian Sea.

Thereportis organizedasfollows: In part2) observationsrom the NwASC in the Svingysec-

tion arepresentedpart3) containgdetailsfrom complementargatasets whichareanalysedn



part 4). Part 5) contains some further analysis and the discussion, and concluding remarks are

made in 6).

2. Obserations in the Norwgian Atlantic Current

Figurel outlinesthelarge-scalesurfacecurrentpatternof the Atlantic inflow, enteringthe Nor-
wegian Sea mainly through twpathvays - the Broe-Shetland Channel angeo the Iceland-
FaroeRidge.Thewesterrbranchis anextensionof the Atlantic WaterrunningthroughtheIce-
land Basin (Perkins et al., 1998), and feeding the IcelandeH-ront associated with an east-
wardrunningfrontaljet (ReadandPollard,1992).It extendseastvardandfarthemortheastwrd
into theNorwegian Seaasthewesterrbranchof theNwAC andtendsto follow thetopographic
slope of the Vgring Plateau (Poulain et al., 1996). The Atlantionrtfioough the Broe-Shet-
land Channel continues northvd along the Norwgan shelf break as the NWASC. Thisotw
branchNwAC wassuggestetby Poulainetal. (1996)from Lagrangiarsurfacedrifter obsenra-
tions. Thetwo-fold structurewith atopographicallysteeredlopecurrentandafrontal jet about
200-300km fartheroffshoreis identifiedin the Svingysectionby mooredandshipboardbser-

vations (Orvik et al., 2001).

Thehydrographiaegimeis characterizetdy thewedge-shapedarmandsalineAtlantic Water
overlying thefresherandcolderintermediatavaters(Fig. 2). Orvik etal. (2001)describedhe
annual mean slope current as an along-isobathatmut 40 km wide. The strongest along-
slopecomponenbf the currentis locatedover the steepesslopebetweerthe 200mand700m
isobathsvith amaximumof 30cm/sandadecreaseelatively uniformly westwardto zeroatthe
1000misobath Onthedeepesideof thecurrenttheverticalvelocity sheais in accordancevith

the baroclinic field (Mork and Blindheim, 2000). The tidal currents are smallveetatihe



meancurrentdn thisareawith themajortidal constituent, of theorderof 2-3cm/s(Orvik et

al., 2001).

Orvik and Skagseth (2002)Veshaevn that the grossariability of the NwASC for periods
longerthanabout5 dayscanberepresentetly asinglecurrentmeterin the coreof thecurrent.
Utilizing this result, the lv-frequeny variability of the NwASC is presented for the period

from 1995to 2000(Fig. 3) usinganAanderaaotatingCurrentMeter(RCM-7) situatedat 490

m water depth and instrument depth at 100m in the core of the NWASC. The current data are
originally sampled as 1 hour meaalwes, bt in Figure 3 and elgéhere in this article one
monthmeanvaluesof thealongslopecomponents used.Therecordsuggestsariability over
abroadrangeof scalesut with the seasonatycle, winter maximaandsummeminima,asthe
mostprominent.Thisholdsovertheentirerecordexceptfor thesummemandfall of 1995where
theNwASCis anomalouslystrongrelatveto thesubsequersummeiandfall seasonsAs afirst

crude approach seeking causal relationships for the @useriabilities 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 theNwASC andthe NAO-index tendto co-vary but

the correlationcoeficient (r) betweerthe seriesis only 0.36.In particularduringthefirst year
(1995-96)the co-variationwith the NAO-index is quitedifferentcomparedo therestof the pe-

riod, andtherelatve NWASC - maximumduringthesummeiof 1995cannotatleastin asimple
mannerpeexplainedby thewind field. In part4 and5 amoredetailedanalysiss performedo
investicate the causal relationships between t@rgabilities in the wind forcing and the

NwASC.



3. Complementary data sets

In orderto evaluatethe obsernedNwASC variabilitiesin abroadeispatialcontext, datasetsrep-

resentingheforcingfield andoceanstatein the Scotland-Icelandegion areanalysedFig. 4).

Theatmospheridorcingis expressedy fieldsof mslpfrom the NorwegianMeteorologicaln-
stitute. This data set is originally based on reanalysed mslp data 300 km apart interpolated to
fieldsof 75km x 75 km spatialresolutionat 6 hourtime intervals(Reistadandiden,1998).The
guality of thedatahasbeenstudiedby Jonssor§1991a) andit wasfoundthatfor perioddonger
thanabout40 hourstherewasa goodagreemenbetweerthesedataandthe obsenedwindsat

Weather Ship M in the Norwéan Sea, at 68, 2°E.

Sea sumce height is obtained from th©PEX altimeter dataersion WOCE-PODAAC-10d-
v2.0.Therecordcoverstheperiodfrom Octoberl 992to Decembefl999.Thespatialresolution
of thedatasetis 0.5deg x 0.5deg atapproximatelyl0 daytime intervals. Correctionsapplied
to thedataincludewetanddry atmospherieffects,orbit effect, tidal effectsandtheinverseba-
rometer eiect. Also in this data set the mean seellstate at each grid point for the period
1993-1996s subtractedndhenceonly informationaboutthesshvariability is containedn the
data.Sinceno tidal modelis perfectthetidal correctionappliedto the sshis not perfecteither
This potentialproblemof aliasingtidesinto longersignalshasbeenreducedy the TOPEXsat-
ellite repeatperiod,chosenn orderto separat¢he periodsof realoceanigpghenomen&om the
tidal aliasingperiods The TOPEXaltimeteraliasingperiodfor thesix mostenegetictidal com-
ponents is about 2 months §M5,, No, K; and Q) except for R where it is about 6 months
(SchlaxandChelton,1994).Basedon this, specialcareshouldbe takenwhendiscussing/aria-

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

Monthly fieldsof temperatur@andsalinity at onedegreeresolutionandstandardiepthsaretak-

en from the WIrld Ocean Atlas - 1998. These data are used to estimate seasonality in steric



heightin theupperoceanj.e. basicallythe contribution upwardfrom the mainoceanichermo-

cline.

Hydrographiovariability, bothin thenorthernNorth Atlantic andin theNorwegianSeais inves-
tigated. In the northern North Atlantic, thednographic ariability is inferred from repeated
XBT sections south of the Icelandi®e Ridge in the autumn of 1994, -95, -96 and -97. The
data are obtained from the GSDC-IFREMER-Global SubsarData Centre. These sections
containtemperaturenformationonly, but aregionally representatie 6-Srelationis usedn ster-

ic height estimates.

Thehydrographiovariability northof theridgeis takenfrom arepeategbrofilein astandardec-
tion northof the Faroesoperatedy the Faroesd-isheried_aboratory(dataobtainedrom Bogi
Hansen). Here data from 1990 is used in orderverdabe TOPEX period. The sampling rate

is of the order 3-4 times a year

4. Analysis of ariability
4.1 Sea sudce height ariability

The TOPEX satellite data is analysed toasticate the sshariability in the rgion of the Ice-
land-Scotland Ridge. Harmonic analysis is applied to wettlee seasonality in the data (Fig.
5). The estimated amplitudes aregarin the Norwgian Sea than in the North Atlantic, with
correspondinghasevaryingby lessthanamonth.Sincethe TOPEXdataonly shavsvariability
fromthemearssh thismeanghattheslopeof theseasurfaceacrosghelceland-Scotlan®idge
Isatthemaximumin Marchandattheminimumin SeptembeiThemagnitudeof thisvariability

is of the order 10, and thus comparable with the basin-scale meridional seststbpe in



the Atlantic OceanTheexplainedvarianceby thesshannuaharmonicof thetotal sshvariance
arein therangefrom 30-60%,with atendenyg for largervaluesin the easterrpart(towardthe

continental slope) of thevestication area (Fig. 5c).

The estimated annual changes in ssh due to changes in the upper ocean steric height are calcu-
latedusingmonthlyfieldsof temperatur@ndsalinity from the World OceanrAtlas - 1998.The

annual harmonicxplains about 90% of the upper ocean steric heighalility for all the in-
vestigation area. The estimates are smootheleast partly due to smoothing/interpolation of
thedatasetontothel by 1 degreegrid, but arein generabf thesamamagnitudeandphasgFig.

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

largest discreparycbetween these results is found in the northeastern part of the study area
(about 63-64N, 5°W-2°E) where the estimated amplitudes based on @REX ssh dataxe

ceed those based owpdnograply.

To furtheranalysehespatialandtemporablvariability of thessh,anEmpiricalOrthogonaFunc-

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

changean upperoceanstericheight(Fig. 6) is removedfrom the sshdata.Alternatively, thean-
nualcycle of thesshdatacould have beenfiltered out. However this would alsohave removed

annual scale contniftions 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 usviggaerage

filter with a one month cut-bperiod.

Thetwo leadingEOF modescapture49.5%and11.8%of thevariance andarestatisticallysig-
nificant.Oneshouldnotethatthesemagnitudeslependnthesizeof theinvestigationareaand

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

EOF mode 1 shwes the highest magnitudes in the Nogreen Sea. The unipole pattern means

thatvariabilitiesdueto this modearein phasan thenorthernNorth Atlantic andin the Norwe-
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gian Sea (Fig. 7a). The principal component indicaaesbility over a broad range of scales
from monthsto interannual(Fig. 7b). Also notewvorthy aretwo longerperiodictrendsthrough

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

EOFmode2 describesdipole patternwith anodalline overthelceland-FaroeRidge,turning
north-eastardinto theNorwegianSea(Fig. 7¢). Thedipole EOFpatterrmeanghatthesshvar-
iesin oppositephaseacrosghenodalline, i.e. essentiallyacrosghelceland-FaroeRidge.The
associated principal component sisathat this pattern essentially contain seascaagbility

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

4.2 The mean seaviel pressure data

The mslp wariability in the study rgion is retri#ed by EOF analysis. Prior to the analysis the
meanvalueat eachgrid pointis remoredandthedataaresmoothedn time usinga moving av-
eragdilter with aonemonthcut-off periodin asimilarmanneto thesshdata(sectiord.1).Here

only theleadinge OF mode capturing76.5%o0f thevariancejs discussedT his modecontains

a unipole pattern with centre of action just south-east of Iceland (Fig. 8a). Combined with its
principalcomponen{Fig. 8b) thismodebasicallyrepresenta measuref theaveragestrength

of theatmospheridows (cyclones) andalsothe strengthof thewesterlieswith winter maxima

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

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

4.3 Hydrograpi

Thehydrographiovariability bothin thenorthernNorth Atlantic andwithin theNorwegianSea

areinvesticated.Thechangesreestimatedn termsof stericheightvariability for comparabil-
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ity with the sshvariability from the TOPEXaltimeter The stericheightvariability is estimated

from 700m depth to the sade, relatie to a reference ater mass with S=35 age-0°C.

In thenorthernNorth Atlantic the hydrographicvariability is takenfrom four repeatedgections
in thesubsequerdutumnseasonfrom 1994to 1997southof thelceland-FaroeRidge,through
thelcelandBasin(Fig. 4). Thesectionontainonly temperatureandthusestimatiortheeffect
onthestericheightvariability requiressomeassumptionaboutthesalinity. By consideringhe
annualmeang-S profile nearthe centreof the sectionat 62°N, 13°W anearlylinearrelationis
foundbetweer700and50 m, with correlationcoeficientr > 0.99.Thus,undertheassumption
thatsaltandtemperatur@anomalieyvaryin phasethesalinity canbeapproximatedby thelinear
relationS=0.0590+34.77 in theestimate®f stericheightestimateshangesThetemporalev-
olutionof thestericheightvariability shavs anegative anomalyin thesectiorfor theyears1 994
and1995o0f < -2cm,andatransitiontowarda positve anomalyof > 2cmin 1997(Fig. 9). The
changesrein accordanceith theobsenedwarmingof theupperocearfrom 1994-950 1996-

97 in the sections through the Iceland Basin (notveho

The tydrographic ariability within the Norwgian Sea is represented by a repeaéztioal
profile north of the &roes at 62D0'N and 805’'W. This profile is situated on the cold side of
thelceland-FroeFrontoutsidetheregion of seasondrontal displacementeportedoy Hansen
etal. (2000).Thestericheightvariability shovs a marked seasonatycle, with anamplitudeof
the order of 2cm (Fig. 10). In the time period of tl@PEX satellite, the most pronounced
anomalyrelative to theannualharmonicis thetransitionfrom weakbut positive valuesin sum-

mer of 1996 to rgative values in the tw following years, i.e. a dense (cold) anomaly

-12 -



5. Discussion

Based on direct obsetions of the ariabilities in the NWASC, the sshydirograply and the

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

In particular with the TOPEX ssh fields, relations betweariabilities in the NWASC and in

the ssh are of interegtssuming the NWASC has the properties of a local geostrophically bal-
anced flavy, the sea suatce slope mirrors the bathetry i.e. the sea swate slopes denward

from the shelf tward deeper ater and reflects the current speed. Assuming dx=40knmxfor e
ample anuncertaintyin d¢ of +/-2cmgivesanuncertaintyrangeof theorderof 10cm/sthrough

the geostrophic relation: fv = d@ix. The accuracof the TOPEX satellite altimeter data of

about +/- 2 cm is thus indidient to properly resokr the \ariability of this narrav flow.

Covariations between ocean currents and ses #ope hae been discussed for the Atlantic

and Ricific coast of the United States ($jes, 1974). Huthnance (1984) sleal a linear rela-

tion between the along-slope current and the along stream saeessidpe (sss) through the
Joint Efect of Baroclinicity and Relief (JE&R). However much of the ariabilities focused
hereinareonshortertime scalegshanthoseassociatewith JEBAR variability of ayearor more.
Theannualscalevariability dueto JEBAR is probablysmallin theregion of thenorthernNorth
Atlantic andthe Norwegian Seasjndicatedby the similaramplitudesandphase®f theannual

upper ocean steric change across the Iceland-Scotland Ridge (Fig. 6). Also the rather broad
range of obserd \ariabilities in the NWASC including relagly short time scales of months

(Fig. 3) indicate a barotropic forcing mechanism.

To investigatewhetherrelationsbetweersshand,strengthof the NwWASC find supportin obser-
vationscoherencanalyse®etweertheNwASCandsedevel slopesn along-andcross-stream
direction are performed. In the along-stream direction the sss both in the eastern: (ssh(A)-

ssh(B))AX o.g and the western: (ssh(C)-ssh(DNi-.p part of the study area (areaswhan
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Fig. 4) aresignificantlycoherentvith theNwASC for periodsof about3 and6-12months(Fig.

11 a, c). Note that the shortest regdlperiod in this analysis is 2 months. The phase relation
is similarfor theserecordgFig. 11D, d), with thesssindex leadingthe NwASC for the periods

of about 3 months witlv/4, i.e. about 11 daysoFthe 6-12 month periods there is a tenglenc
for positve phase, meaning the NWASC leads the gs#hits is not significant. Heever, this

is probably an arté#ct, due to the combinedett of contrilutions from the remaining annual
stericsignalin thesss(themeanannualstericcycle wasremovedprior to thisanalysisandthe
wind forcing, that are out of phase. The crosg+fss in the North Atlantic: (ssh(A)-ssh(C))/
AX p.c is notsignificantlycoherentvith the NwASC, exceptfor thelongestresohedperiod(2
years).Thecross-flav sssin theNorwegianSea:(ssh(B)-ssh(D) XX g.p shavs peaksn theco-
herencespectrunfor similar periodsto thealongslopeflow but thesegpeaksarelesssignificant.
The phase relation between these series is incoveldse to lage errors. It should be noted
thatin thisanalysispnly datapointswithoutgapsareincluded.Theerrorandtendenyg for miss-
ing data for DPEX altimeter data is generallydar on the shebs and on steeper part of the
continentaklopesThusthesshdataincludedin thisstudyarepossiblynotoptimalfor resolving

the cross-flor sss associated with the NwASC.

With thestatisticallysignificantrelationbetweerthealong-streansssandtheNwWASCfrom the
coherencanalysigFig. 11a-d)we proceedy investigatingthecausdor thisseaevel change.
Thisis performedby analysinghecoherencéFig. 12) betweertheprincipalcomponentasso-
ciatedwith theleadingsatellitesshmodeqFig. 7 b,c)andtheleadingmslpmode(Fig. 8b). The
normalized principal components of the SSH-PC1 and MSLP-PC1lusishd-igure 12a.
These series sthoa very broad peak in the cohergrestimates (Fig. 12 c-d)oF periods of
about 3-4 months and longer the coheyegatimates mostlyxeeed that of the 90% signifi-
cance lgel. The corresponding phase between these seriesasbimall lag for the SSH-PC1

relative to the MSLP-PC1but thisis not significantatthe 90%level. Theinterpretatiorof this,
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when also considering the spatial pattern associated with these principal components, is that
stronger/wealr atmosphericyclones (and westerly winds) increase/decrease the saaesurf

slope from the North Atlantic into the Norgian Sea.

The normalized principal components of the SSH-PC2 and MSLP-PC1 ane ishBigure
12h The coherence spectrum between these seriesashignificant peak for periods of 8-12
monthsthatis about-14( out of phaseg(Fig. 12 e-f). Thedipolepatternof the SSHEOF2(Fig.
7b) meanghatthevariabilitiesin thesshin theNorth Atlantic andin the Norwegian Seadueto
thismodearein oppositephase Combinedwith the principalcomponentshis meansstronger/
wealer atmosphericyclones (and westerly winds) increase/decrease the seaestdight in
thenorthernNorth Atlantic whereasheoppositeeffectis foundin theNorwegianSea.Thusthe
combinedeffect of the SSH-PC2andMSLP-PClincludea steepeningf the seasurfaceslope
from the North Atlantic into the Norvggan Sea with increasing westerly winds. Thidedén-
tial effect on the ssh in the eastern part of the North Atlantic and in the iarw®ea can be
connectedo thevariability in theSverdruptransportThespatialpatternof theleadingmslpeof
mode basicallyrepresentingheanomaloustrengthof theatmosphericyclone,provide alink

to variability in the northvard Swerdrup transport:

M¢=%kHDXH

wheref3 = %p fis the Coriolis parameteris the radius of the earth|s the latitude and

thewind stressThusanomaloustronger/weadr cyclonedeadto anomalousncrease/decrease

in thenorthward SverdruptransportTheassociatedonaltransportjntegratedirom theeastern

boundary to the interipyields:

)\east
1 oM?
A = - —_—
M r)\J’ 5 dA
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whereA isthelongitude Basednobseredwind stresslataVeronis(1973)foundannuaimean
northeasterlybverdruptransporin theeasterrpartof theNorth Atlantic, i.e. towardtheeastern
continentaklopeandthelceland-Scotlan®Ridge.Thevariability in thewind forcing contained

in theleadingmslpeof moderepresentthevariability of theregionalnorth-eastwrd Sverdrup
transport. In the southern part of the Nogve®m Sea the ®rdup transport is basically north-
eastvard (Jonsson, 1991b). A possible mechanism is therefore that stronger atmogpheric ¢
clones (westerlies) increase the magnitudes of teed8yp transports in both the northern
North Atlantic andin the Norwegian Sea but thatcombinedwith the orientationof theisobaths
thisleadto increasedshin theeasterrpartof the North Atlantic anddecreasedshin the Nor-

wegian Sea.

Therelationsobtainedbetweernvariabilitiesin the NwASC andthe seasurfaceslopesandthe
leadingmodesof thesshandthemslp,have animportantimplicationwith respecto thedriving
forceof the NWASC. Theresultspresentedhereinsuggest relationbetweerthewind forcing
andthe NwASC throughmodulationof the seasurfaceheight.Thevariability in thewind forc-
ing modulates the sea sack slope from the northern North Atlantic into the N@nae Sea,
andthusprovidesa barotropicforcing termfor the NWASC. Thephaseelationis suchthat,in
generalincreasedvesterlywindsincreaseheseasurfaceslopefrom theNorth Atlantic into the
Norweagian Sea,andleadto anincreasef the NwASC. The magnitudeof this variability is of
asimilarorderto thegenerallydovnwardseasurfaceslopefrom equatoriako high latitudesin

the Atlantic of, 10’.

In addition to the &riability at relatvely short time scales preusly discussed, the ¢girent
data sets also contaianabilities at intetlannual time scales. In particyl#ne tydrographic
conditionin thelcelandBasinbetweerl995and1996,basedntherepeate BT sectiongsee
Fig.9), shav substantiathangesThesechangesrein accordancevith obsenrationsfurtherto

the south, where arverall increase of the temperature and thickness, and decrease of the den-
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sity, of the Subpolar Mode §ter accompanied by an increase of its salinity east of the Re
kjanesRidge,wasreportedrom 1995to 1996(Berschetal., 1996).Thischangen hydrograply
coincideswith therecordhighchangen thewinter NAO index betweersubsequentearsfrom

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

These anomalies found in the repeated XBT and CTD sections in the North Atlantic are also
obsered in the DPEX ssh data. Both of theavieading ssh EOF modes conirié to an in-
crease in the ssh from 1995 to 1996 in the North Atlantic, whereas in thediemm&ea their
combined dects tend to cancel out. This suggests that changes in the westerdieslager
impact on lydrograply in the North Atlantic as compared to the Nogves Sea, under the as-
sumptiorthatthevariabilitiesin thewesterliesaaretheprimerfor thechangdrom 1995to 1996.
Furtherinvestigatesof the covariancebetweerhydrographicchangesn the North Atlantic and
changes in the Atlantic Inflonormalized time series representing thaabilities of the
NwASC andthesshin thelcelandBasin(areaC in Fig. 4), areshavnin Figurel3.In boththese
records the annuaycle is the most prominent signal (Fig. 13a). Longer time sealahility

is indicatedin the serieswith maximain theseriesn 1995 ,minimain 1996-97 andincreasing
values until 1999 (Fig. 13b). The correlation ¢iwé&Ents (r) are 0.62 when the annugtle is

included (Fig. 13a), and 0.53 when the annual signal iswetn@-ig. 13b).

Independent of origin, some general remarks can be made aboudethefefydrographic
anomalie®ntheNwASC. Sincecold/warmanomaliesn thelcelandBasinareassociatedvith
anomalouslydense/lightvater this again would affectthedensityfield, andthusalsothecircu-
lation. Undertheassumptiorof alimited southvardextent,thecoldanomalyin 1994-95would
be associated with an anomalously high eastvgeostrophic current to the to south of the
anomalytowardthecontinentaklope Here theupper(Atlantic) layerbecomeshicker (seee.g.
http://sam.ucsd.edwvtical_sections/Atlantic.html) and thus transfers into a n@ttslope

currentthroughconsenrationof relative vorticity in theuppenayer(r](”)/H(“):const,wherer] )
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andHM arerespectrely therelative vorticity andthethicknessof the upperlayer). Suchargu-
mentationprovidesadirectlink betweercold (densejanomaliesn thenorthernNorth Atlantic
(mainly in the Iceland Basin) as obsedvn 1994-95 and the obsedranomalously strong
NwWASC during 1995. Similarld opposite ajumentation wuld work for warm (light) anom-

alies.

6. Concluding remarks

Variabilitiesin the NwASC duringthe periodfrom 1995-2000areinvestigatedy 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 differentmechanismassociateavith differenttime scaleghatcontributeto the var-

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 msilp.
This can be interpreted as a relation between the wind forcing and NWASC through modula-
tion of the sea surface height. In othards, the ariability in the westerly winds modulates

the sea sudlce slope from the northern North Atlantic into the Namnae 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 the North Atlantic into the NorwegianSea,andfurthermorethis coincideswith an

increasen the NWASC. Theorderof thiswind effecton the sealevel slopeis 107, andis sim-
ilar to the basin-scale downward sea surface slope from sub-tropical to high latitudes in the
North Atlantic Ocean. This dérential efect on the ssh in the eastern part of the North Atlan-

tic and in the Norwgian Sea can be connected to thaability in the Serdrup transport.
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Strongeratmosphericyclones(westerliesjncreasehe magnitude®f the Sverdruptransports
in both the northern North Atlantic and in the Nogiaan 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 Norwgian Sea.

Secondly, on inter-annual time scales, changes in the hydrographic conditions in the northern
North Atlantic coincidewith changesn theNwASC. Thechangen hydrographys alsofound

in the TOPEXsshdata.Thesshin thelcelandBasin(reflectinghydrographichangesandthe
NwASC showsimilar variability. A conceptuamechanismelatingthe observecanomaliego

the NWASC is proposed. Under the assumption of a limited santhetent, a coldharm

anomaly in the Iceland Basinowld be associated with an anomalous strong/weak aastw
geostrophicurrentto theto southof theanomalytowardthecontinentaklope.Here,theupper
(Atlantic) layerbecomeshicker, andthustransfersnto a northwardslopecurrentthroughcon-

senation of relatve \orticity in the upper layer
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Figure text

Figurel. Schematiof themajorpathwaysof Atlantic water(grey lines)in theinvesticationar-
ea. The Svingy Section is st (thin black line) starting at about®2and going tward the

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

Figure2. Hydrograply in the SvingySectionshaving a) potentialtemperatureh) salinity and
c) potentialdensity Thecurrentmeterrecordconsideredn this studyis obtainedoverthe490m

iIsobath at 100m instrument deptia ).

Figure 3. Along-slope component alacity in the NWASC based on current meters in the
Svingysection(solid line) andNAO index (dashedine). Onemonthaveragedvalues.Thecor-

relation co€icient (r) between the series is 0.36.

Figure4. Map of theinvestigationareashowingdatausedin this study:( =) 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 sué height annual/cle based on theQPEX altimeter data
shaving a) amplitudein cm, b) phasan monthsandc) theamountof varianceexplainedby the

annual harmonic in percent.

Figure6 a-h Calculatedstericcontributionto theannualcycle seasurfaceheightfor theupper
700m including a) amplitude in cm and b) phase in months. Estimates are based orldhe W

Ocean Atlas - 1998 data set.

Figure 7 a-d. EOF analysis of th©PEX ssh data siang a) the first EOF mode and b) its
associated principal component, c¢) the second EOF mode and b) its associated principal com-
ponentPreviousto plottingthe EOF patternsaremultiplied with the standardleviation of their
associated principal component, and the principal components/ateddby their associated

standard daations. The unit is in cm. One montiwigass filtered data.
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Figure 8 a-ba)The leading EOF mode of Hindcast mslp data and b) the associated principal
componentPreviousto plottingthe EOF patternis multiplied with thestandardleviation of the
associateg@rincipalcomponentandtheprincipalcomponents dividedby theassociatedtand-

ard deiation. The unit is in mbaOne month lwv-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 Faerd®¥0at 64
6°05'W (see figure 4), including the estimate based on the individual profiles ( * ) and the as-

sociated annual harmonic ( - -).

Figurella-h.CoherencanalysisetweertheNwASC andvariousseaevelslopesdefinedas
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
estimatesndicatethe 95%and99%significancdevels.In the phaseplot thedashedinesindi-

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

Figurel2a-f. Principalcomponentime serieof a) SSH-PC(thin line) andMSLP-PC1(thick
line) andb) SSH-PCZAthin line) andMSLP-PC1(thick line). Coherencanalysisbetweerthe
series c-d) SSH-PC1 and MSLP-PC1 e-f) SSH-PC2 and MSLP-PCL1. 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.

Figurel3a-b. a) Normalizedtime seriesof TOPEXsshin box C (box shownin Figure4) and
theNwASC andb) similar butwith theseasonatignalremovedNotethatthesshvariability is
multiplied by -1 for comparison with the NwASC. The mean contribution of the annual steric
heightchangeo ssh(shownFigure6) is removedor the TOPEXsshdataprior to theanalysis.

One month low-pass filtered data.
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Figure 1.
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