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Abstract

TheKaraSea,dueto its geographiclocationdownstreamof themaineastwardAtlantic
Waterinflow throughtheBarentsSea,is stronglyinfluencedby thehistoryof theAtlantic
Water masseswhich enter at its westernentrances:the Kara Strait and the passage
betweenFranz JosefLand and Novaya Semlya.Little is known about the interannual
variability of temperature, salinity and volume fluxes through these entrances.

The present investigation analyzes model results from 1979 to 1999 and compares them
to hydrographicobservationsin theBarentsandKara seaswith respectto the interannual
variability of Atlantic Water flow throughthe westernentrancesof the Kara Sea.Model
resultsandobservationssuggestthepropagationof sequencesof warmandcoldanomalies
throughtheareaof investigation.Most prominentareanomalouslycold years1986,1993
and 1998 for the Kara Strait throughflow which are associated with weak eastward or even
westwardflow over periodsup to severalmonths.For the passagebetweenFranzJosef
Land andNovayaSemlya,the entireperiodof the 1990sis characterizedby warm deep
water temperatures. In the early and late 1990s also the eastward volume fluxes are at their
maximum.We discussan Empirical OrthogonalFunctionanalysisof the velocity in the
BarentsandKaraSeas.Thewarmandcold phasesareassociatedwith thefirst two modes
of the velocity patternin the domain.The links of thesevelocity patternswith the large
scale sea level pressure are discussed.

1 Introduction

Apart from a largeinput of freshwaterby therivers,thehydrographyof theKaraSeais
stronglyinfluencedby lateralfluxesof Atlantic derivedwatermasses(PavlovandPfirman,
1995).Theseenterthroughthreeentrances:from the BarentsSeathroughthe Kara Strait
andvia thepassagebetweenFranzJosefLandandNovayaSemlya.A third inflow occurs
throughSt. Anna Trough from the North (Fig. 1). The sourceof the first two of theses
Atlantic Water inflows is the waterwhich intrudesthe BarentsSeafrom the Norwegian
Seathroughthe 'BarentsSeaOpening(BSO)',thegapbetweenSpitsbergenandtheNorth
Capeof Norway.The waterconsistsof a mixture of Atlantic Water from theNorwegian
Atlantic Current and fresher water of the Norwegian Coastal Current. The branches
enteringthrougheachof theentranceshaveexperiencedvery differentambientconditions
during the passage through the Barents Sea. 

# In: Proceedings in Marine Science, Siberian River Run-off in the Kara Sea: Characterisation
Quantification, Variability and Environmental Significance, R.Stein, K. Fahl, D. K. Fütterer, E.
Galimov (Eds.), 2003
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Fig. 1: Topography of the Barents and Kara Sea with names used in the text.

The coastalbranchpassingKara Strait has its largestinfluenceon the hydrographic
conditionsin the southernandeasternKara Sea(Pavlov andPfirman,1995;Harmsand
Karcher,1999).The branchenteringthroughthe passagebetweenFranzJosefLand and
NovayaSemlya,on the otherhand,influencesthe northernpart of the Kara Sea.Due to
heat loss, and potential subsequentice formation with brine release,part of this water
increasesin density and continues towards St.Anna Trough steered by the local
topography.It entersthedeepbasinof theArctic Oceanon theeasternslopeof thetrough
at mid-depths.It is unclearso far, whetherpart of the flow throughthe passagebetween
FranzJosefLandandNovayaSemlyarecirculatessouthwardat thenortherntip of Novaya
Semlyaandexcerptsa significantinfluenceon the hydrographyof the KaraSeasouthof
76°N (Pavlov and Pfirman, 1995; Loeng and Sætre, 2001).

On the western slope of St.Anna Trough the third branch of Atlantic derived
watermassesenterstheKara Sea.It stemsfrom the FramStrait branchof Atlantic Water
which spreadsfrom FramStraiteastwardalongtheBarentsSeaslope.Due to thecapping
of this water by fresh waterand ice it retainsa comparablyhigh temperature.Partof it
recirculatessouth and westwardsafter passingFranz JosefLand. Its tracesare clearly
visible asa high temperaturecorein hydrographicsectionsbetweenFranzJosefLandand
Novaya Semlya (Schauer et al., 2002).
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For all branchesof Atlantic-derivedwaterwhich enterthe Kara Sea,a largeseasonal
and interannualvariability can be expected,which has hardly been discussedin the
literature. It is the aim of the presentinvestigationto describethe variability of these
inflows as they result from a numericalexperimentwith a coupledice-oceanmodeland
from observations.Thesourceof theobservationsis the 'BarKode'database(Golubevand
Zuyev, 1999).

The presentstudy is conductedwithin the context of the German-Russianproject
SIRRO(SiberianRiver Run-Off) in thecourseof which two coupledice-oceanmodelsare
used.Harmset al. (this volume)describea high resolutionmodelof thesoutheasternKara
Seaaiming at the regionalprocessesin the southernKara Sea.Here we presentresults
from the large-scalemodeleffort concentratingon theoceanicconditionsimposedon the
Kara Sea by the three sources of inflowing Atlantic water.

2 Data sources: Model and Observations

2.1 The model
The present investigation makes use of a version of the ocean model MOM-2

(Pacanowski,1995) which has beenadaptedto the Arctic and subarcticregionsat the
Alfred WegenerInstitutefor PolarandMarine Research(Karcheret al., 2003;Kaukeret
al., 2003).The model domainextendsfrom the northernNorth Atlantic into the Nordic
SeasandtheArctic Ocean.At thesouthernmodelboundarynear50°N anopenboundary
condition has been implementedallowing the outflow of tracersand the radiation of
waves.At inflow pointsdeterminedby the model,temperatureandsalinity arespecified
according to climatology (Levitus et al., 1994). Barotropic velocities normal to the
boundaryarespecifiedfrom a lower resolutionversionof themodelthatcoverstheentire
NorthAtlantic (KöberleandGerdes,2003).Thehorizontalresolutionis 0.25°x 0.25°on a
rotated spherical grid which is introduced to avoid numerical difficulties at the Pole.

In the vertical, the model has30 unevenlyspacedlevels, the five top levels havea
constantthicknessof 20 m. Due to numericalconstraints,the minimum numberof levels
in thewatercolumnis three,which givesa minimumdepthof 60 m. Areaswith a bottom
depthless than 10 m are treatedas land. Areas with depthsbetween10 and 60 m are
deepened to the minimum depth. Bottom topography is based on the Etopo5 data set of the
NationalGeophysicalDataCenter.Modificationsweremadeto opentwo channelsin the
Canadian Archipelago connecting the Arctic Ocean with Baffin Bay.

The oceanmodel is coupledwith a dynamic-thermodynamicseaice model (Hibler,
1979; Harder,1998) which employsa viscous-plasticrheology.The thermodynamicsis
formulatedfollowing Semtner(1976).Freezingandmeltingarecalculatedby solving the
energy budget equation for a single ice layer with optional snow cover.

Thefreezingpoint of seawateris salinity dependent.Seaice andoceanmodelsusethe
sametime step and the samehorizontal grid, the calculation of non-linear ice-ocean
momentumfluxes is basedon oceancurrents which are temporally smoothedusing
moving 4-daily means.Outflow of ice out of the domain is allowed at the southern
boundaryandatBeringStrait.Themodelsarecoupledfollowing theproceduredevisedby
Hibler andBryan (1987).Thesurfaceheatflux is calculatedfrom standardbulk formulae
using prescribedatmosphericdata and seasurfacetemperaturepredictedby the ocean
model.

Initial conditions for potential temperatureand salinity were taken from the Arctic
Ocean EWG-climatology for winter (NSIDC, 1997). Where the model domain exceeds the
EWG-climatologydomain,the climatology of Levitus et al. (1994) hasbeenused.The
model is forced with daily mean2-meterair temperatureand dew point temperature,
cloudiness,precipitation,wind speedand surfacewind stress.For the first 20 yearsof
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spin-up, a climatology of these atmospheric data is used, which consists of a
climatological meanseasonalcycle of the period 1979-1993to which a typical daily
variability was added(OMIP-climatology)(Röske,2001).After the spin-upthe forcing
consists of daily mean atmospheric data from the ECMWF reanalysis for the period 1979 -
1993 (Gibsonet al., 1997).For the period 1994 -1999 2-meterair temperatureand dew
point temperature,wind speedand surfacewind stressare taken from the ECMWF
analysis.Cloudinessand precipitation data for this period are taken from the OMIP-
climatology.Freshwaterinflux from rivers is not explicitly included.To accountfor river
run-off anddiffuse run-off from the land,aswell asto includethe effectof flow into the
Arctic throughBeringStraiton thesalinity,a restoringflux (with anadjustmenttime scale
of 180 days) is addedto the surfacefreshwaterflux. The restoringflux is calculatedin
referenceto observeddatafrom the EWG-atlas(NSIDC, 1997)for the Arctic Oceanand
the Nordic Seasand Levitus et al. (1994) for the rest of the domain.The effect of the
restoring flux on the surface salinity for this and other Arctic Ocean models is documented
in Steele et al. (2001).

The entire hindcast integration covers a period of 21 years (1979-1999) after spin-up.

2.2 Observations
For a comparisonwith the modelderiveddatawe areableto makeuseof two sources

of observationaldata.Thebulk of datausedherestemsfrom the dataset'BarKode'which
compilesnumerousobservationsin theBarentsandKara Seasfrom the time period1898
to 1998(GolubevandZuyev, 1999).For this datasetthe original datahadbeenchecked
for errors and interpolated to standard depth horizons.

The secondsourceare data from the archive of the Arctic and Antarctic Research
Institute in St.Petersburg,Russia,covering single years between1979 and 1995. The
location of thesedata is limited to the sectionbetweenFranz JosefLand and Novaya
Semlyaandthe Kara Strait. Both availabledatasetshavebeenconvertedinto the format
'OceanData View (ODV)' (www.awi-bremerhaven.de/GEO/ODV/index.html).From the
combineddatasetwe will extractsubsetsof datafor thesummeron horizontalandvertical
sections.

3 Results

3.1 The large-scale situation 1979 - 1999
In a recentmodelingstudy basedon the samenumericalexperimentanalyzedhere,

Karcheret al. (2003) describethe large scalesituation in the Arctic Oceanduring the
period1979-1999with respectto the interannualvariability of the horizontaltemperature
transport. In accordance with observations from the Nordic Seas and the deep basins of the
Arctic Ocean,Karcheret al. (2003)describetheadvectionof Atlantic Watertemperature
anomalieswith the two prevailing flow branches.The first branchenterswith the West
SpitsbergenCurrent through Fram Strait and movesalong the continentalslope of the
BarentsSeabelow the haloclineeastwardsinto the EurasianBasin. The secondbranch
entersfrom the Nordic Seasinto the BarentsSeaandcontinuesvia the passagebetween
FranzJosefLandandNovayaSemlyainto thecentralArctic Ocean.In the1980stwo cold
anomaliesanda warmoneenteredtheArctic Oceanwith thetwo branches,exhibitingan
interannualvariability of about0.5-1.0°C(Fig. 2). A larger and longer lasting positive
temperatureanomalyenteredin the first half of the 1990s.This anomalyof the 1990sis
responsiblefor the bulk part of the warming of the Atlantic Water layer of the Arctic
Oceanobservedin the1990s(Quadfaselet al., 1991;Carmacket al., 1995).Theanalysis
of Karcher et al. (2003) showsthat three quartersof the additional heat in the 1990s
entered the Arctic Ocean basins with the Fram Strait branch. About one quarter of the heat
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Fig. 2: Observedtimeseriesof Atlantic Watertemperaturefrom thewesternBarentsSea(courtesy
of H. Loeng, IMR Bergen).

surpluscanbetracedbackto theBarentsSeabranch,despitetheenormousheatlossof the
ocean to the atmosphere that takes place west of Novaya Semlya.

3.2 Atlantic Water inflow into the Kara Sea from modeling results
Figure3 visualizesthemeanflow andmeanpotentialtemperatureat100m depthin the

areaof investigationasderivedfrom the period 1979 to 1999 of the modelexperiment.
Theflow of Atlantic Waterin theBarentsSeafollows severalmeanderingpathswhich are
guidedby topography.At about30°E theincomingflow from thewestseparatesinto two
branches.Onebranchturnsnorth-andsubsequentlyeasttowardsFranzJosefLandbefore
it sharplyturns southwardto the northerntip of NovayaSemlya.Here it joins with the
secondbranchwhich had continuedfurther eastwardand followed the west coast of
NovayaSemlya.Therejoinedflow entersKaraSeathroughthesouthernpartof theFranz
JosefLand to Novaya Semlyapassage.We will call the first of the two branchesthe
'centralbranch'of Atlantic Water in the BarentsSea,while the latter will be called the
'southernbranch'.The nearcoastalpart of the southernbranchwhich twists off in the
Pechoraareaandflows into theKaraSeathroughtheKaraStrait,is not visible in Figure3
since it is confined to the upper 60 m of the water column.

In the following sectionwe will presentthemodelresultswith respectto the flow into
the Kara Sea via these two gaps: the Kara Strait and the passage between Franz Josef Land
and Novaya Semlya. We will present timeseriesof monthly and yearly meansfor
temperatures,temperatureand volume fluxes at the openingsof the Kara Sea. The
temperaturefluxes are calculated based on weekly means of flow velocities and
hydrographicparameters.The referencetemperatureis -0.86°C, which is the mean
temperature of the Kara Sea during the 21 years of simulation.

The southern source: Kara Strait
The developmentof the water temperatureat the Kara Strait during the 21 yearsof

simulationshowsa large seasonalcycle with up to 2°C amplitude,a maximumin late
summer, and a large interannual variability of the annual maximum (Fig. 4). The
differencebetweenthecoldest(1998)andwarmestsummer(1989)during the21 yearsis
3.5°C. The years 1985-1987, 1993 and 1998 are characterizedby cold summers.
Naturally, the variability of the late winter minimum is muchsmaller,with about0.5°C
difference between the cold winter of 1990 and the relatively warm one in 1991.
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Fig. 3a:Meanpotentialtemperatureat 100m depthfor theperiod1979to 1999.Thefigure shows
a subdomain of the entire model domain covering the Barents and Kara Seas.

Fig. 3b: Meanpotentialvelocity at 100mdepthfor the period1979to 1999.The figure showsa
subdomain of the entire model domain covering the Barents and Kara Seas.
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The volume flow through Kara Strait is dominantly eastward, typically between 0.2 and
0.6 Sv on a yearly meanbasis.Monthly meansmay be as largeas 1.4 Sv net eastward
(Fig. 5a).Thesevaluesarein therangeof throughflowdiscussedin literature.Loenget al.
(1997) indicate a rangefrom 0.05 to 0.7 Sv from geostrophiccalculationsand current
metermoorings.The seasonalcycle differs in shapeandamplitudefrom year to year. It
usuallyhasa largeamplitudeO(0.5 Sv) and featuresthe strongesteastwardthroughflow
for the winter months, while the weakest and sometimes reversed net flows occur in the 

Fig. 4: Timeseriesof vertical mean monthly mean potential temperaturesfrom the model
simulation at a) the Kara Strait (total water column) and b) the southernpart of the passage
betweenFranz JosefLand and Novaya Semlyawhich capturesthe eastwardflowing water of
Atlantic origin. Thestipledline representsthevertically averagedtemperaturesbelow100m, the
thin line stands for the total water column.

summermonths.Most unusualperiodsare from late 1988 to mid 1990with an intense,
long-lastingeastwardflow, spring 1992 with a net westwardflow of almost1 Sv, and
1998,whena sluggisheastwardflow andstrongwestwardflow addup to net westward
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monthlymeanflows of 0.1 to 0.6 Sv over threequartersof a year.This periodcoincides
with the coldestphaseof the vertically integratedtemperaturesin the strait (Fig. 4a).For
thetemperaturefluxes (Fig. 5b) we find slightly reducedseasonalamplitudesin the1990s
ascomparedto thepreviousdecade.Theyear1998againshowsexceptionalbehaviorwith
a large outflow of cold water from the Kara Sea. 

The northwestern source: FJL-Novaya Semlya
The most prominentsignal of the long-termtemperaturedevelopmentof the Barents

SeaWaterat the FranzJosefLandto NovayaSemlyapassageis a regimeshift from cold
to warmof about0.8°Cfrom the1980sto the1990s(Fig. 4b). Superimposedon this shift
is a seasonalsignal in the overall vertical mean,which is irregular in termsof phaseas
well as in termsof amplitude.The deepwater temperatureon the otherhandhasonly a
smoothinterannualsignalsuperimposedon the shift. A first warmanomalyoccursin the
mid 1980s. This anomaly and a secondone in the early nineties has recently been
identified by Karcheret al. (2003)as featuresstemmingfrom the Nordic Seas(compare
alsoFig. 2). Both signals- in the waterbelow 100m- areobviouslyable to survivethe
intenseheatloss along the path of the BSO inflow water acrossthe BarentsSeashelf.
Interestingly the drop in temperature at the BSO after 1995 to values like before 1989 does
not appearat theFranzJosefLandto NovayaSemlyapassage.Especiallythe latesummer
temperature maxima of the vertical mean temperature stay on a high level throughout most
of the 1990s.The two coldest summersof 1987 and 1998 coincide with the coldest
summers found in the Kara Strait temperatures (Fig. 4a). 

Fig. 5: Timeseriesof vertically integrateda) volume flux andb) temperatureflux throughKara
Strait. The thin lines representeastwardand westward(stipled) flux, the thick lines are the net
flux, the direction is positive eastward.
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Theinflow of volumefrom theBarentsSeavia theFranzJosefLandto NovayaSemlya
passage (Fig. 6a) is characterized by a maximum in the mid 1980s and in the early and late
1990s.This sequencemirrors the volume fluxes at the BSO (Karcheret al., 2003).The
meaneastwardvolumeflux amountsto about2.5Sv which reducesto a neteastwardflux
of about 2.1 Sv when taking into accountthe westwardflux of about 0.4 Sv. These
numbersaresomewhatlargerthantheestimatesof 1.9 Sv eastwardand0.3 Sv westward
(Loenget al., 1994)or 1.5 Sv eastwardand0.1 Sv westward(Schaueret al. 2003)which
were both based on current meter records which covered 65% of the passage from October
1991to September1992.Theeastwardtemperatureflux throughtheFranzJosefLand to
Novaya Semlya passage (Fig. 6b) reflects the shift in the temperature between 1980s and 

Fig. 6: Timeseriesof vertically integrateda) volume flux and b) temperatureflux through the
passagebetweenFranzJosefLandandNovayaSemlya.Thecurvesin theupperpanelsarebased
on monthly meanswhile in the respectivelower panelsthey arebasedon yearlymeans.The thin
linesrepresenteastwardandwestward(stipled)flux, thethick linesarethenet flux, thedirection
is positive eastward.
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1990s.Also thewaterflowing westwardcarriedmoreheatin the1990s(stippledline). We
canidentify the sourceof this westwardmoving warm waterasa circulationof Atlantic
Waterfrom theFramStraitbrancharoundFranzJosefLand,sincea similar increasetakes
placeat the westernslopeof St.Annatrough(not shown).This will alsobe evidentfrom
temperatureandsalinity distributionsfrom observationsandthemodelaswe will explain
in the next section.

3.3 Hydrography from model results and observations
Theavailablehydrographicobservationswhich arelocatedin theareaof investigation

unfortunatelydo not allow constructinga completehistory of temperatureand salinity
distributionsfor theperiod1979-1999.However,basedon a combinationof datafrom the
BarKodedatasetand measurementsfrom the hydrographicarchiveof the AARI we are
ableto getat leasta roughideaon the interannualvariability of the hydrographyin order
to validatethemodelresults.For this purpose,timeseries,verticalandhorizontalsections
wereconstructed.For thesakeof aneasiercomparisonof observationsandmodelresults
we used the software ODV for the visualization and interpolation of both. For the
constructionof thesummermapsdatafrom themonthsJuneto Septemberhavebeenused
for the observations. From the model June to November means are shown.

Fig. 7: Observedtemperature(upperleft) andsalinity (upperright) againsttime at theKaraStrait
for all depths. Also shown are a map with the locations of the observations (lower left).

Timeseries from observed hydrography
For thefollowing analysisweusetimeseriesof observedtemperatureandsalinity at the

two sourceareasdiscussedin the previoussection:Kara Strait andthe passagebetween
FranzJosefLandandNovayaSemlya.Theobservationsof temperaturein theKara Strait
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as displayedin Figures7 and 8 exhibit similar featureson an interannualscaleas the
modeledtimeseriesdiscussedin the previous section. In the Kara Strait (Fig. 7) the
maximum temperatures observed in the summer months (July to September) are low in the
years1986 and 1987 while the earlier yearsof the 1980sand 1989 were warmer.For
salinity, severalyearsstandout with extremelylow salinity events:1982,1986and1994,
in which minimum salinitiesare well below 25, wherethe other yearsshow minimum
salinities above 30.

In thedeep(> 100m)BarentsSeawaterat thepassagenorthof NovayaSemlya(Fig. 8)
a shift to high temperaturesin the 1990sis indicatedalthoughthe datacoverageof the
1990s is sparse. Similar to the model results, a maximum is apparent also in 1985.

Fig 8: Observed temperature (upper left) and salinity (upper right) against time at the southern part
of the passagebetweenFranz Josef Land and Novaya Semlya which capturesthe eastward
flowing waterof Atlantic origin below 100m depth.Also shownarea mapwith the locationsof
the observations (lower left).

Horizontal and vertical sections
In the presentsectionwe will analyzehorizontalmapsof the temperaturedistribution

from observationsandfrom themodel.We will alsoanalyzevertical sectionsfrom Franz
Josef Land to the northern tip of Novaya Semlya.The sectionswere constructedby
samplingall data located in a band of 70 km width around the central line. For the
horizontalandvertical compilationsan interpolationwasperformedwhich is basedon a
weighted-averagesschemeusingdatafrom the neighborhoodof eachgrid-point. For the
constructionof meaningfulhorizontalandverticalsectionstheamountof availabledatain
therespectiveyearwasthe limiting factor.We will showdatafrom theyears1984,1987,
1991 and 1993 since thesehave sufficient observationaldata coverageand represent
extremes of interannual variability.
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Fig 9a: Observed temperature distributions in summer of 1984 on the 100 m depth level.

Fig 9b: Modeled temperature distributions in summer of 1984 on the 100 m depth level. 
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Fig 9c: Observeddatafor thesametime asin Figure9 a) andb) on a verticalsectionfrom Franz-
Josef-Land to the northern tip of Novaya Semlya.

The depthlevel of 100 m is chosento representthe Atlantic Water flow throughthe
Barentsand Kara Seas.The authorsare awareof the fact that deepreaching(>100 m)
mixed layers as remnantsof winter processesmay obscurethe picture especiallywith
respectto the interpretationof the horizontalmaps.On the deeperlevels thereare less
availableobservationsto comparedwith. The modelresultsshownhererepresentmeans
of the entire summerhalfyear (June to November)while the temporal (and spatial)
distribution of the observed data in this period may be very inhomogeneous.

The temperaturedistributionat 100m depthin thesummerof 1984from observations
(Fig. 9a)andthemodelsimulation(Fig. 9b) aresimilar andrevealthe classicalpatternof
warm Atlantic Water reachingfrom the BSO eastwardonto the BarentsSeashelf in two
tongues.Thesoutherntonguestretcheseastwardto theNovayaSemlyacoast.Thecentral
tongue stretches northward with only little eastward expansion. Both model and
observations,showtemperatureminima abovetheCentralBank anda bandof minimum
temperaturefrom thesoutheasternSpitsbergencoastto theareasouthof FranzJosefLand.
Also a warm tongueof the recirculatingFram Strait branchwatersouthof FranzJosef
Land is apparent.

In theobserveddata,however,thewarm tonguehasa positionwhich is detachedfrom
the FranzJosefLand coastfurther souththan in the model.The vertical sectionat the
passagefrom NovayaSemlyato FranzJosefLand(Fig. 9c) showsthis warmwatertongue
at 80 to 150mdepthwith maximabetween0.0°Cand0.5°C.Thecoreof the BarentsSea
Waterwhich is found on the bottomslopenorth of NovayaSemlya(approx.77 - 78°N)
exhibits maximum temperaturesof -0.5°C to 0.0°C. In 1987 (Fig. 10a,b) the southern
tongue of warm Atlantic Water reaching towards Novaya Semlya is significantly colder  
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Fig. 10: a) Observedandb) modeledtemperaturedistributionsin summerof 1987on the 100 m
depth level on a vertical section from Franz Josef Land to the northern tip of Novaya Semlya.
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Fig. 10c: Compositeof observeddatafor 1986 and1987on a vertical sectionfrom FranzJosef
Land to the northern tip of Novaya Semlya.

than in 1984: at 50°E by at least 1°C. In comparisonto 1984, the central tongueof
Atlantic Water in model and observationsshowsa more prominenteastwardextension
beyond40°E pointing towardsFranz JosefLand. This may be a hint to differencesin
circulationpathwayswith Atlantic Waterwhich is not only colderbutmovesalonga more
northern path as compared to 1984.

Thecolderconditionsat thepassagebetweenFranzJosefLandandNovayaSemlyaare
reflectedalsoin a vertical section(Fig. 10c).Herethedatafrom two summers(1986and
1987)arecombinedin onecompositefigure to geta clearerpictureof thestructureof the
otherwisesparsedata. This seemsjustified taking into account the similarity of the
temperaturerangein that areain thesetwo 'cold phase'years.While the temperaturesof
theFramStrait branchwaterenteringfrom the northeastaresimilar to 1984,the Barents
SeaWater is observedwith -0.5°C to -1.0°C only. Since for the early 1990sthe data
coverageof thecombinedAARI andBarKodedatais not sufficient for theconstructionof
a horizontal map, a temperaturemap derived from NorwegianFisheriesinvestigations
(ANON, 1992)is takeninto account(not shown).This chartexhibitstemperaturesat 100
m depthfor Septemberwhich exceed0°C as far north as 78°N at 45°E, indicativeof a
strongcentraltongueandgenerallywarmer conditions,featureswhich arealso found in
the modeldata(Fig. 11a).The temperatureincreaseas comparedto 1987is apparentin
both Atlantic Water tonguesin the BarentsSeaand amountsto approximately1°C. A
vertical sectionat the passagebetweenFranzJosefLand andNovayaSemlya(Fig. 11b)
reflectsthe warm conditionsof the southerntongueshowingtemperaturesabove-0.5°C
for theBarentsSeaWater.ApparentlyalsotherecirculatingFramStraitbranchis warmer
thanin thepreviousyearsandshowstemperaturesabove1.5°C.This reflectsthewarming
of the West Spitsbergen Current at Fram Strait after 1989. The warm pulse reached the
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Fig. 11a: Modeled temperature distributions in summer of 1991 on the 100 m depth level.

Fig. 11b: Observeddata for the sametime on a vertical sectionfrom FranzJosefLand to the
northern tip of Novaya Semlya.
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Fig. 12: Observed(a) andmodeled(b) temperaturedistributionsin summerof 1993on the100m
depth level.
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Fig. 13: Modeled temperature distributions in summer of 1998 on the 100 m depth level.

longitudeof FranzJosefLand in 1990/91,aswasdeducedfrom observationsandmodel
results (Quadfasel et al., 1991; Karcher et al., 2003).

While the warm eventin the FramStrait BranchWatercontinuedthroughoutthe first
yearsof the1990s,alsotheBarentsSeareceivedincreasedandanomalouslywarm inflow
of Atlantic Water during several years (Zhang et al., 1998; Karcher et al., 2003). 

Observationsfrom 1992 and 1993 (Loeng et al., 1994) indicate both branchesof
Atlantic Water in the BarentsSeawere warm. Model and observationsreveala strong
extensionof the southerntongue along the west coast of Novaya Semlya, but less
pronouncedcentral tongue (Fig. 12a, b). In contrastto 1991 this suggeststhe warm
conditionssouthwestof FranzJosefLandto berathera resultof FramStraitBranchWater
intruding from the NansenBasin than of heat carried with the central branchof the
Atlantic Water in the Barents Sea. 

For the yearsfollowing 1993theobservationaldatacoverageis not sufficient to draw
horizontalmaps.We thereforehaveto rely on the modeleddatafor a descriptionof the
mid to end1990s.From 1995to 1998observedandmodeledinflow temperaturesat the
BSO areanomalouslylow again(Fig. 2). Thereis no indicationfor an advectionof this
cold anomalyto the passagebetweenFranz JosefLand and Novaya Semlyafrom the
model.This wasalsoevidentfrom the analysisin the previoussections.A reasonis the
reducedtotal surfaceheatlossovertheBarentsandKaraSeaareain theyears1993-1996,
a result of anomalously warm air temperatures (Karcher et al., 2003).

In 1998we hadfounda strongdropin temperaturesat thetwo inflow passages(section
3.2). For theKara Strait 1998evenshoweda long lastingwestwardnet flow throughthe
strait.This is reflectedin thehorizontaltemperaturefield for 1998(Fig. 13).Thesouthern
Atlantic water branch and even more so the coastal water west of Kara Strait, are 
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Fig. 14: Spatialpatternsandtimeseriesof the first two modesof an EOF (Empirical Orthogonal
Function)analysisperformedwith the yearly meanvelocitiesat 80 m depthfrom the areafilled
with vectors.Fora properinterpretationof theintensityof thepatterns,eachvelocity vectorhasto
be multiplied with the amplitude of the timeseries at a given year.

unusuallycold. Thecentralbranch,on the otherhand,is characterizedby a warm tongue
reaching far northeastward.

Horizontal patterns of flow
The comparisonof modelresultsandobservationsperformedin the previoussections

indicateda patternof interchangingintensity for the two Atlantic Waterbrancheswhich
cross the BarentsSea.To further investigatethis feature we performedan Empirical
OrthogonalFunction(EOF) analysisof the yearly meanmodeledvelocity fields for the
investigateddomain (Fig. 14). The first two modesexplain 36 and 27 percentof the
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variance,respectively.The first modeis associatedwith a broadintensifiedflow through
the Barents Sea. The central and southern branches are anomalously strong. 

Thesouthernbranchis detachedfrom thewesternNovayaSemlyacoast,whichappears
as anomalously southwarddirected vectors in the modal pattern.This mode is also
associatedwith a strongflow throughtheKaraStraitandan intenseflushingof theentire
KaraSea.The timeseriesfor this moderevealsthat the low KaraStrait throughflowyears
1985 to 1987 and 1998 (Fig. 5) wereassociatedwith a negativestateof this mode.To
betterunderstandthe atmosphericstresspatternsassociatedwith this modewe computed
theSealevel Pressure(SLP)patternsassociatedwith thetwo modes(Fig. 15).For thefirst
mode the associatedSLP pattern is characterizedby a low pressureanomalyover the
Nordic Seas,which is likely to enhancethecycloniccirculationin there.This in turn is in
favor of anincreasedinflow of Atlantic Waterinto the BarentsSea.Also theSLPpattern
over theBarentsSeawith a SLPgradientfrom westto eastimposesa local forcing which
creates an intensified throughflow through the Barents and Kara Seas.

A positive stateof the secondmode,on the other hand,is associatedwith a reduced
flow throughthe Kara Seaand the Kara Strait, as is evidentfrom the tine seriesin the
period1989to 1991andin 1998/99.Thesecondmodehasits largestrealizationin 1998,
when the modeled time seriesfor the Kara Strait throughflow (Fig. 5) was strongly
reduced,even reversed.This mode also exhibits a decreasedvelocity of the southern
branchof Atlantic Waterin theBarentsSeawhile thecentraltongueis intensifiedtowards
northeast.The fact that the volumeflux throughthe FranzJosefLand to NovayaSemlya
passageis enhancedin 1998and1999seemsmainly dueto thestrongstateof the second
mode in these years. The temporal behavior of this pattern is consistentwith the
interpretationof theobservedandmodeledtemperaturepatternsat 100m depthpresented
in theprevioussection:thecentraltongueis strongin theperiod1989to 1991andhasits
maximumvalue in 1998. The associatedSLP for this secondmode (Fig. 15) showsa
muchsmallerscalepatternover the investigatedarea.It exhibitsa positiveSLP anomaly
over the northern tip of Novaya Semlya.

Fig. 15:Sealevel pressureassociatedwith thefirst two modesof thetimeseriesof velocity-modes
shown in Figure 14.
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The resulting wind stresspattern is directedagainstthe eastwardflow of southern
branchin theBarentsSeaandtheKaraStraitthroughflow.In thecentralandnorthernpart
of theBarentsSeatheeastwardflow profits from thehighpressureaboveNovayaSemlya,
aswas the casein the year 1998and 1999.The timeseriesof the secondmodevelocity
patternsandthe associatedSLPpatternfor the secondmodebeara largesimilarity to the
secondmodeof modeledandobservedwinterseaiceconcentrationin theBarentsSeaand
theNordic Seas(Kaukeret al., 2003).In their investigationwhich comparesmodelresults
and satellite observationswith respectto northernhemisphericsea ice, Kauker et al.
(2003) find a dipole of ice concentrationsand thicknessin the easternBarentsSeafor
positive states of their second winter mode.

In the years1998and1999the SLP patternsthereforepromotedintensifiedAW flow
on the centralbranch,which weakensthe ice cover there,while in the southernBarents
and the Kara Seathe AW flow is weakenedand westwardmovementof ice and water
through the Kara Strait is forced.

4 Conclusions

In the present investigation we analyzedmodel results from 1979 to 1999 and
observationsof hydrographyin theBarentsandKara Seaswith respectto the interannual
variability of Atlantic Water flow through the westernentrancesof the Kara Sea.The
focushasbeenon volumeand temperaturefluxes, as well as on vertical and horizontal
sectionsof temperaturedistributions.The investigationis a first stepto betterunderstand
the natureof the interannualvariability of Atlantic Waterflows on the BarentsandKara
Sea shelves.Model results and observationsare consistentin their suggestionof the
propagationof sequencesof warm and cold anomaliesthrough the BarentsSea and
subsequentlythrough the Kara Strait and the passagebetweenFranz JosefLand and
NovayaSemlya.Most prominentareanomalouslycold years1986,1993and1998for the
KaraStrait throughflowwhich areassociatedwith weakeastwardor evenwestwardflow
overperiodsup to severalmonths.For thepassagebetweenFranzJosefLandandNovaya
Semlya,theentireperiodof the1990sis characterizedby warmdeepwatertemperatures.
In the early and late1990s also the eastward volume fluxes are at maximum. 

We also find interannualvariability in the locationsandintensityof flow branchesof
Atlantic waterprior in theBarentsSea.Two mainbranchesareidentifiablein velocity and
temperaturedistributions:onecentralbranchwhich separatesat 30°E andmovestowards
the passageon a northwardpath touchingsouthernFranzJosefLand and one southern
branch which continues along the Siberian and subsequently the Novaya Semlya coastline.

It joins the centralbranchjust westof the passagebeforeenteringthe northernKara
Sea.Intensityandtemperatureof the two branchesarevariableon interannualtimescales.
An EOF analysisof the yearly meanvelocity patternsrevealstwo dominantmodes.The
first modeis associatedwith intensifiedbroadeastwardflow in the BarentsSeainduced
by favorablelargescaleand local SLP patterns.The secondmodeis associatedwith an
intensecentralbranch,a weaksouthernbranchandweakor reversedflow throughKara
Strait,aswasthecasein thelate1990s.This modealsohasa stronglink to changesin the
ice cover of the Barents and Kara Seas.

In this study we havebeenable to show that the modeledinterannualvariability of
temperaturesof theAtlantic WaterenteringtheKaraSeaareconsistentwith observations.
Additional information,e.g. on the volume fluxes and changesin upstreamflow fields,
havebeengainedfrom themodel.However,manyopenquestionsremainwith respectto
the interactionof theAtlantic Waterfluxeswith local andlarge-scaleambientconditions:
thevariability of salinity, the interplayof surfacestressesby wind andice, the interaction
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of the ice cover variability and the surfaceheatfluxes and their effect on heatandsalt
balances for the Barents and Kara Sea will have to be elucidated in forthcoming studies.
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