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Abstract

TheKaraSea,dueto its geographidocationdownstreanof the main eastwardAtlantic
Waterinflow throughthe BarentsSea,is stronglyinfluencedby the history of the Atlantic
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 hydrographicbservationsn the Barentsand Kara seaswith respecto the interannual
variability of Atlantic Waterflow throughthe westernentrance®f the Kara Sea.Model
resultsandobservationsuggesthe propagatiorof sequencesf warmandcold anomalies
throughthe areaof 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 passagéetweenFranz Josef
Land and NovayaSemlya,the entire period of the 1990sis characterizedy 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
BarentsandKara SeasThewarmandcold phasesareassociateavith the first two modes
of the velocity patternin the domain.The links of thesevelocity patternswith the large
scale sea level pressure are discussed.

1 Introduction

Apartfrom alargeinput of freshwatetby therivers,the hydrographyof the Kara Seais
stronglyinfluencedby lateralfluxes of Atlantic derivedwatermasse@avlovandPfirman,
1995).Theseenterthroughthreeentrancesfrom the BarentsSeathroughthe Kara Strait
andvia the passag®etweenFranzJosefLand andNovayaSemlya.A third inflow occurs
through St. 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)',the gapbetweenSpitsbergermndthe North
Capeof Norway. The water consistsof a mixture of Atlantic Waterfrom the Norwegian
Atlantic Current and fresher water of the Norwegian Coastal Current. The branches
enteringthrougheachof the entrancefiaveexperiencedery differentambientconditions
during the passage through the Barents Sea.

# In: Proceedings in Marine Scien@herian River Run-off in the Kara Sea: Characterisation
Quantification, Variability and Environmental Sgnificance, R.Stein, K. Fahl, D. K. @terer, E.
Galimov (Eds.), 2003
corresponding author: mkarcl@awi-bremerhaven.de
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Fig. 1: Topography of the Barents and Kara Sea with names used in the text.

The coastalbranchpassingKara Strait hasits largestinfluence on the hydrographic
conditionsin the southernand easterrKara Sea(Pavlov and Pfirman, 1995; Harmsand
Karcher,1999). The branchenteringthroughthe passagdetweenFranz JosefLand and
NovayaSemlya,on the other hand,influencesthe northernpart of the Kara Sea.Due to
heatloss, and potential subsequenice formation with brine release part of this water
increasesin density and continues towards St.Anna Trough steered by the local
topographylt entersthe deepbasinof the Arctic Oceanon the easterrslopeof thetrough
at mid-depthslt is unclearso far, whetherpart of the flow throughthe passagdetween
FranzJosefLandandNovayaSemlyarecirculatesouthwardat the northerntip of Novaya
Semlyaand excerptsa significantinfluenceon the hydrographyof the Kara Seasouthof
76°N (Pavlov and Pfirman, 1995; Loeng and Seetre, 2001).

On the western slope of St.Anna Trough the third branch of Atlantic derived
watermassesntersthe Kara Sea.lt stemsfrom the Fram Strait branchof Atlantic Water
which spread€srom Fram Strait eastwardalongthe BarentsSeaslope.Due to the capping
of this water by freshwaterandice it retainsa comparablyhigh temperaturePartof it
recirculatessouth and westwardsafter passingFranz JosefLand. Its tracesare clearly
visible asa high temperatureorein hydrographicsectiondbetweernFranzJosefLand and
Novaya Semlya (Schauer et al., 2002).
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For all branchesof Atlantic-derivedwaterwhich enterthe Kara Sea,a large seasonal
and interannualvariability can be expected,which has hardly been discussedin the
literature. It is the aim of the presentinvestigationto describethe variability of these
inflows asthey resultfrom a numericalexperimentwith a coupledice-oceanrmodeland
from observationsThe sourceof the observationss the 'BarKode'databas€Golubevand
Zuyev, 1999).

The presentstudy is conductedwithin the context of the German-Russiarproject
SIRRO(SiberianRiver Run-Off) in the courseof which two coupledice-ocearmodelsare
used.Harmsetal. (this volume)describea high resolutionmodelof the southeasterKara
Seaaiming at the regional processesn the southernKara Sea.Here we presentresults
from the large-scalanodeleffort concentratingon the oceanicconditionsimposedon the
Kara Sea by the three sources of inflowing Atlantic water.

2 Data sources: Model and Observations

2.1 The model

The presentinvestigation makes use of a version of the ocean model MOM-2
(Pacanowski,1995) which has beenadaptedto the Arctic and subarcticregionsat the
Alfred Wegenerinstitutefor PolarandMarine Researcli{Karcheret al., 2003; Kaukeret
al., 2003). The model domainextendsfrom the northernNorth Atlantic into the Nordic
Seasandthe Arctic Ocean At the southerrmodelboundarynear50°N an openboundary
condition has beenimplementedallowing the outflow of tracersand the radiation of
waves.At inflow pointsdeterminedby the model,temperatureand salinity are specified
accordingto climatology (Levitus et al., 1994). Barotropic velocities normal to the
boundaryarespecifiedfrom alower resolutionversionof the modelthat coversthe entire
North Atlantic (KoberleandGerdes2003).The horizontalresolutionis 0.25°x 0.25°ona
rotated spherical grid which is introduced to avoid numerical difficulties at the Pole.

In the vertical, the model has 30 unevenlyspacedevels, the five top levels have a
constanthicknessof 20 m. Due to numericalconstraintsthe minimum numberof levels
in thewatercolumnis three,which givesa minimum depthof 60 m. Areaswith a bottom
depthlessthan 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
National GeophysicaData Center.Modificationswere madeto opentwo channelsn the
Canadian Archipelago connecting the Arctic Ocean with Baffin Bay.

The oceanmodelis coupledwith a dynamic-thermodynamiseaice model (Hibler,
1979; Harder,1998) which employsa viscous-plastiaheology. The thermodynamicss
formulatedfollowing Semtner(1976).Freezingand melting are calculatedby solving the
energy budget equation for a single ice layer with optional snow cover.

Thefreezingpoint of seawateris salinity dependentSeaice andoceanmodelsusethe
sametime step and the samehorizontal grid, the calculation of non-linearice-ocean
momentumfluxes is basedon oceancurrentswhich are temporally smoothedusing
moving 4-daily means.Outflow of ice out of the domainis allowed at the southern
boundaryandat Bering Strait. Themodelsare coupledfollowing the proceduredevisedby
Hibler andBryan (1987).The surfaceheatflux is calculatedfrom standardoulk formulae
using prescribedatmosphericdata and seasurfacetemperaturepredictedby the ocean
model.

Initial conditionsfor 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 mean 2-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 atmosphericdata is used, which consists of a
climatological mean seasonakycle of the period 1979-1993to which a typical daily
variability was added(OMIP-climatology) (Roske,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 temperaturewind speedand surfacewind stressare taken from the ECMWF
analysis.Cloudinessand precipitation data for this period are taken from the OMIP-
climatology.Freshwateinflux from riversis not explicitly included.To accountfor river

run-off anddiffuse run-off from the land, aswell asto includethe effect of flow into the

Arctic throughBering Straiton the salinity, arestoringflux (with anadjustmentime 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 restof 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 comparisorwith the modelderiveddatawe areableto makeuseof two sources
of observationatata.The bulk of datausedherestemsfrom the datasetBarKode'which
compilesnumerousbservationsn the BarentsandKara Seasrom the time period 1898
to 1998 (Golubevand Zuyev, 1999). For this datasethe original datahad beenchecked
for errors and interpolated to standard depth horizons.

The secondsourceare datafrom the archive of the Arctic and Antarctic Research
Institute in St.PetersburgRussia, covering single years between1979 and 1995. The
location of thesedatais limited to the section betweenFranz JosefLand and Novaya
Semlyaandthe Kara Strait. Both availabledatasetdiave beenconvertednto the format
'‘OceanData View (ODV)' (www.awi-bremerhaven.de/GEO/ODV/index.htnfrom the
combineddatasetve will extractsubset®f datafor the summeron horizontalandvertical
sections.

3 Resaults

3.1 The large-scale situation 1979 - 1999

In a recentmodeling study basedon the samenumericalexperimentanalyzedhere,
Karcheret al. (2003) describethe large scalesituationin the Arctic Oceanduring the
period 1979-1999with respecto the interannuablariability of the horizontaltemperature
transport. In accordance with observations from the Nordic Seas and the deep basins of the
Arctic Ocean,Karcheret al. (2003) describethe advectionof Atlantic Watertemperature
anomalieswith the two prevailing flow branchesThe first branchenterswith the West
SpitsbergenCurrentthrough Fram Strait and movesalong the continentalslope of the
BarentsSeabelow the halocline eastwardsnto the EurasianBasin. The secondbranch
entersfrom the Nordic Seasinto the BarentsSeaand continuesvia the passagdetween
FranzJosefLandandNovayaSemlyainto the centralArctic Ocean.n the 1980stwo cold
anomaliesanda warm oneenteredthe Arctic Oceanwith thetwo branchesexhibiting an
interannualvariability of about0.5-1.0°C(Fig. 2). A larger and longer lasting positive
temperatureanomalyenteredn 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
Oceanobservedn the 1990s(Quadfasekt al., 1991; Carmacket al., 1995). The analysis
of Karcheret al. (2003) showsthat three quartersof the additional heatin the 1990s
entered the Arctic Ocean basins with the Fram Strait branch. About one quarter of the heat



51 Karcher et al.

western Barents Sea

temperature [°C]

I T Y Y Y Y Y Y N |
1980 1985 1990 1995 2000

[H. Loeng, IMR Bergen, pers. comm]

Fig. 2: Observedimeserieof Atlantic Watertemperaturdrom the westernBarentsSea(courtesy
of H. Loeng, IMR Bergen).

surpluscanbetracedbackto the BarentsSeabranch despitethe enormousheatlossof 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 visualizesthe meanflow andmeanpotentialtemperaturat 100 m depthin the
areaof investigationas derivedfrom the period 1979to 1999 of the model experiment.
Theflow of Atlantic Waterin the BarentsSeafollows severaimeanderingpathswhich are
guidedby topographyAt about30°E theincomingflow from the westseparatemto two
branchesOnebranchturnsnorth-andsubsequentlgasttowardsFranzJosefLand before
it sharplyturns southwardto the northerntip of NovayaSemlya.Here it joins with the
secondbranchwhich had continuedfurther eastwardand followed the west coast of
NovayaSemlya.Therejoinedflow entersKara Seathroughthe southerrmpartof the Franz
JosefLand to Novaya SemlyapassageWe will call the first of the two branchesthe
‘centralbranch’of Atlantic Waterin the BarentsSea,while the latter will be called the
'southernbranch’. The nearcoastalpart of the southernbranchwhich twists off in the
Pechoraareaandflows into the Kara Seathroughthe Kara Strait,is not visible in Figure3
since it is confined to the upper 60 m of the water column.

In the following sectionwe will presenthe modelresultswith respecto 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 presenttimeseriesof monthly and yearly meansfor
temperaturestemperatureand volume fluxes at the openingsof the Kara Sea. The
temperaturefluxes are calculated based on weekly means of flow velocities and
hydrographic parameters.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 seasonatycle with up to 2°C amplitude,a maximumin late
summer, and a large interannual variability of the annual maximum (Fig. 4). The
differencebetweerthe coldest(1998)andwarmestsummer(1989)during the 21 yearsis
3.5°C. The years 1985-1987,1993 and 1998 are characterizedby cold summers.
Naturally, the variability of the late winter minimum is much smaller,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 100 m depthfor the period1979to 1999.The figure shows
a subdomain of the entire model domain covering the Barents and Kara Seas.
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Fig. 3b: Meanpotentialvelocity at 100m depthfor the period 1979to 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 aslargeas 1.4 Sv net eastward
(Fig. 5a). Thesevaluesarein therangeof throughflowdiscussedhn literature.Loenget al.
(1997) indicate a rangefrom 0.05to 0.7 Sv from geostrophiccalculationsand current
metermoorings.The seasonactycle differs in shapeandamplitudefrom yearto year. It
usuallyhasa large amplitudeO(0.5 Sv) and featuresthe strongesteastwardhroughflow
for the winter months, while the weakest and sometimes reversed net flows dbeur in
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Fig. 4. Timeseriesof vertical mean monthly mean potential temperaturesrom 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. The stipledline representshe vertically averagedemperature®elow 100 m, the
thin line stands for the total water column.

summermonths.Most unusualperiodsare from late 1988to mid 1990with an intense,
long-lastingeastwardflow, spring 1992 with a net westwardflow of almost1 Sv, and
1998, whena sluggisheastwardlow and strongwestwardflow add up to net westward
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monthly meanflows of 0.1 to 0.6 Sv over threequartersof a year.This periodcoincides
with the coldestphaseof the vertically integratedtemperatures the strait (Fig. 4a). For
thetemperaturdluxes (Fig. 5b) we find slightly reducedseasonaamplitudesn the 1990s
ascomparedo the previousdecadeTheyear1998againshowsexceptionabehaviorwith
a large outflow of cold water from the Kara Sea.

The northwestern source: FJL-Novaya Semlya

The most prominentsignal of the long-termtemperaturedevelopmenbf the Barents
SeaWateratthe FranzJosefLandto NovayaSemlyapassagés aregimeshift from cold
to warmof about0.8°Cfrom the 1980sto the 1990s(Fig. 4b). Superimposedn this shift
is a seasonaskignalin the overall vertical mean,which is irregularin termsof phaseas
well asin termsof amplitude.The deepwatertemperatureon the otherhandhasonly a
smoothinterannualsignal superimposen the shift. A first warm anomalyoccursin 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 water below 100m - are obviouslyableto 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
notappearatthe FranzJosefLand to NovayaSemlyapassageEspeciallythe late summer
temperature maxima of the vertical mean temperature stay on a high level throughout most
of the 1990s. The two coldestsummersof 1987 and 1998 coincide with the coldest
summers found in the Kara Strait temperatures (Fig. 4a).
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Fig. 5: Timeseriesof vertically integrateda) volume flux andb) temperaturdlux throughKara
Strait. The thin lines represeneastwardand westward(stipled) flux, the thick lines are the net
flux, the direction is positive eastward.
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Theinflow of volumefrom the BarentsSeavia the FranzJosefLandto NovayaSemlya
passage (Fig. 6a) is characterized by a maximum in the mid 1980s and in the early and late
1990s.This sequencenirrors the volume fluxes at the BSO (Karcheret al., 2003). The
meaneastwardvolumeflux amountgo about2.5 Sv which reducedo a neteastwardlux
of about2.1 Sv when taking into accountthe westwardflux of about0.4 Sv. These
numbersare somewhatargerthanthe estimatesof 1.9 Sv eastwardand0.3 Sv westward
(Loengetal., 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 Septembed992.The eastwardemperaturdlux throughthe FranzJosefLandto
Novaya Semlya passage (Fig. 6b) reflects the shift in the temperature between 1980s and
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Fig. 6: Timeseriesof vertically integrateda) volume flux and b) temperatureflux throughthe
passagdetweenFranzJosefLand and NovayaSemlya.The curvesin the upperpanelsare based
on monthly meanswhile in the respectivdower panelsthey arebasedon yearly means.The thin

linesrepresentastwardandwestward(stipled)flux, thethick linesarethe netflux, the direction
is positive eastward.
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1990s Also the waterflowing westwardcarriedmoreheatin the 1990s(stippledline). We
canidentify the sourceof this westwardmoving warm waterasa circulation of Atlantic

Waterfrom the Fram StraitbrancharoundFranzJosefLand, sincea similar increasdakes
placeat the westernslopeof St.Annatrough (not shown).This will alsobe evidentfrom

temperatureindsalinity distributionsfrom observationandthe modelaswe will explain
in the next section.

3.3 Hydrography from model results and observations

The availablehydrographicobservationsvhich arelocatedin the areaof investigation
unfortunatelydo not allow constructinga completehistory of temperatureand salinity
distributionsfor the period1979-1999However,basedon a combinationof datafrom the
BarKode datasetand measurementgom the hydrographicarchive of the AARI we are
ableto getat leasta roughideaon the interannualariability of the hydrographyin order
to validatethe modelresults.For this purposetimeseriesyertical andhorizontalsections
were constructedFor the sakeof aneasiercomparisorof observationandmodelresults
we used the software ODV for the visualization and interpolation of both. For the
constructiorof the summemapsdatafrom the monthsJuneto Septembehavebeenused
for the observations. From the model June to November means are shown.
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Fig. 7: Observedemperaturéupperleft) andsalinity (upperright) againsttime at the Kara Strait
for all depths. Also shown are a map with the locations of the observations (lower left).

Timeseries from observed hydrography

Forthefollowing analysiswe usetimeserief observedemperatur@andsalinity atthe
two sourceareasdiscussedn the previoussection:Kara Strait and the passagédetween
FranzJosefLand andNovayaSemlya.The observation®f temperaturen the Kara Strait
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as displayedin Figures7 and 8 exhibit similar featureson an interannualscaleas the
modeledtimeseriesdiscussedn the previoussection. 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:1982,1986and 1994,
in which minimum salinities are well below 25, wherethe other yearsshow minimum
salinities above 30.

In thedeep(> 100m)BarentsSeawaterat the passagaorthof NovayaSemlya(Fig. 8)
a shift to high temperaturesn the 1990sis indicatedalthoughthe datacoverageof the
1990s is sparse. Similar to the model results, a maximum is apparent also in 1985.
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Fig 8: Observed temperature (upper left) and salinity (upper right) against time at the southern part
of the passagebetweenFranz JosefLand and Novaya Semlya which capturesthe eastward

flowing water of Atlantic origin below 100 m depth.Also shownarea mapwith the locationsof

the observations (lower left).

Horizontal and vertical sections

In the presentsectionwe will analyzehorizontalmapsof the temperaturedistribution
from observationandfrom the model. We will alsoanalyzevertical sectionsrom Franz
JoseflLand to the northerntip of Novaya Semlya. The sectionswere constructedby
samplingall datalocatedin a bandof 70 km width aroundthe centralline. For the
horizontaland vertical compilationsan interpolationwas performedwhich is basedon a
weighted-averageschemeusing datafrom the neighborhoodf eachgrid-point. For the
constructiorof meaningfulhorizontalandvertical sectiongheamountof availabledatain
therespectiveyearwasthe limiting factor.We will showdatafrom the years1984,1987,
1991 and 1993 since these have sufficient observationaldata coverageand represent
extremes of interannual variability.
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1984 Temperature [°C] on Depth [m]=100
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Fig 9a: Observed temperature distributions in summer of 1984 on the 100 m depth level.
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Fig 9b: Modeled temperature distributions in summer of 1984 on the 100 m depth level.
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Fig 9c: Observeddatafor the sametime asin Figure9 a) andb) on a vertical sectionfrom Franz-
Josef-Land to the northern tip of Novaya Semlya.

The depthlevel of 100 m is chosento representhe Atlantic Water flow throughthe
Barentsand Kara Seas.The authorsare awareof the fact that deepreaching(>100 m)
mixed layers as remnantsof winter processesnay obscurethe picture especiallywith
respectto the interpretationof the horizontalmaps.On the deeperlevels there are less
availableobservationgo comparedwith. The modelresultsshownhererepresenimeans
of the entire summer halfyear (Juneto November)while the temporal (and spatial)
distribution of the observed data in this period may be very inhomogeneous.

The temperaturealistributionat 100 m depthin the summerof 1984 from observations
(Fig. 9a) andthe modelsimulation(Fig. 9b) aresimilar andrevealthe classicalpatternof
warm Atlantic Waterreachingfrom the BSO eastwardonto the BarentsSeashelfin two
tonguesThe southerntonguestretchesastwardo the NovayaSemlyacoast.The central
tongue stretchesnorthward with only little eastward expansion. Both model and
observationsshowtemperatureninima abovethe CentralBank and a bandof minimum
temperaturédrom the southeaster®pitsbergemroastto theareasouthof FranzJosefLand.
Also a warm tongueof the recirculatingFram Strait branchwater south of Franz Josef
Land is apparent.

In the observeddata,howeverthe warm tonguehasa positionwhich is detachedrom
the Franz JosefLand coastfurther souththanin the model. The vertical sectionat the
passagérom NovayaSemlyato FranzJosefLand (Fig. 9c) showsthis warmwatertongue
at 80 to 150mdepthwith maximabetween0.0°Cand0.5°C. The coreof the BarentsSea
Waterwhich is found on the bottom slopenorth of NovayaSemlya(approx.77 - 78°N)
exhibits maximum temperature®f -0.5°Cto 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) Observedand b) modeledtemperaturalistributionsin summerof 1987 on 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 and 1987 on a vertical sectionfrom FranzJosef
Land to the northern tip of Novaya Semlya.

thanin 1984: at 50°E by at least1°C. In comparisonto 1984, the central tongue of

Atlantic Water in model and observationsshowsa more prominenteastwardextension
beyond40°E pointing towardsFranz JosefLand. This may be a hint to differencesin

circulationpathwayswith Atlantic Waterwhichis not only colderbut movesalonga more
northern path as compared to 1984.

The colderconditionsat the passagdetweernFranzJosefLandandNovayaSemlyaare
reflectedalsoin a vertical section(Fig. 10c). Herethe datafrom two summerg1986and
1987)arecombinedin onecompositefigure to geta clearerpictureof the structureof the
otherwise sparsedata. This seemsjustified taking into accountthe similarity of the
temperaturgangein thatareain thesetwo 'cold phaseyears.While the temperaturesf
the Fram Strait branchwater enteringfrom the northeastare similar 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 sufficientfor the constructionof
a horizontal map, a temperaturemap derived from Norwegian Fisheriesinvestigations
(ANON, 1992)is takeninto account(not shown).This chartexhibitstemperatureat 100
m depthfor Septembemhich exceed0°C asfar north as 78°N at 45°E, indicative of a
strongcentraltongueand generallywarmer conditions,featureswhich arealsofoundin
the modeldata(Fig. 11a). The temperaturencreaseas comparedo 1987is apparenin
both Atlantic Water tonguesin the BarentsSeaand amountsto approximatelyl°C. A
vertical sectionat the passagédetweenFranz JosefLand and NovayaSemlya(Fig. 11b)
reflectsthe warm conditionsof the southerntongueshowingtemperaturesbove-0.5°C
for the BarentsSeaWater. ApparentlyalsotherecirculatingFram Strait branchis warmer
thanin the previousyearsandshowstemperatureabovel.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.

1991

79N

Fig. 11b: Observeddatafor the sametime on a vertical sectionfrom Franz JosefLand to the
northern tip of Novaya Semlya.
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Fig. 12: Observeda) andmodeled(b) temperaturelistributionsin summerof 1993 onthe 100m
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,aswas deducedrom observationandmodel
results (Quadfasel et al., 1991; Karcher et al., 2003).

While the warm eventin the Fram Strait BranchWater continuedthroughoutthe first
yearsof the 1990s,alsothe BarentsSeareceivedncreasedindanomalouslywvarm 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 observationgeveal a strong
extensionof the southerntongue along the west coastof Novaya Semlya, but less
pronouncedcentral tongue (Fig. 12a, b). In contrastto 1991 this suggeststhe warm
conditionssouthwesbf FranzJosefLandto beratheraresultof FramStraitBranchWater
intruding from the NansenBasin than of heat carried with the central branchof the
Atlantic Water in the Barents Sea.

For the yearsfollowing 1993the observationablatacoverageas not sufficientto draw
horizontalmaps.We thereforehaveto rely on the modeleddatafor a descriptionof the
mid to end 1990s.From 1995to 1998 observedand modeledinflow temperaturest the
BSO are anomalouslylow again(Fig. 2). Thereis no indicationfor an advectionof this
cold anomalyto the passagebetweenFranz JosefLand and Novaya Semlyafrom the
model. This was also evidentfrom the analysisin the previoussections A reasonis the
reducedotal surfaceheatlossoverthe BarentsandKara Seaareain the years1993-1996,
a result of anomalously warm air temperatures (Karcher et al., 2003).

In 1998we hadfounda strongdropin temperatureat the two inflow passagesection
3.2). For the Kara Strait 1998 evenshoweda long lasting westwardnet flow throughthe
strait. This s reflectedin the horizontaltemperaturdield for 1998(Fig. 13). The southern
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.For a properinterpretatiorof theintensityof the patternseachvelocity vectorhasto

be multiplied with the amplitude of the timeseries at a given year.

unusuallycold. The centralbranch,on the otherhand,is characterizedy a warm tongue
reaching far northeastward.

Horizontal patterns of flow

The comparisorof modelresultsand observationgperformedin the previoussections
indicateda patternof interchangingntensity for the two Atlantic Water branchesvhich
crossthe 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 associatedavith a broadintensifiedflow through
the Barents Sea. The central and southern branches are anomalously strong.

Thesoutherrbranchis detachedrom thewesternNovayaSemlyacoastwhich appears
as anomalously southwarddirected vectorsin the modal pattern. This mode is also
associatedavith a strongflow throughthe Kara Straitandan intenseflushing of the entire
KaraSea.Thetimeseriedor this moderevealsthatthelow Kara Straitthroughflowyears
1985to 1987 and 1998 (Fig. 5) were associatedvith a negativestateof this mode.To
betterunderstandhe atmospheristresspatternsassociatedvith this modewe computed
the Sealevel PressuréSLP) patternsassociatedavith thetwo modeg(Fig. 15). For thefirst
mode the associatedSLP patternis characterizedy a low pressureanomalyover the
Nordic Seaswhichis likely to enhancehe cycloniccirculationin there.This in turnis in
favor of anincreasednflow of Atlantic Waterinto the BarentsSea.Also the SLP pattern
overthe BarentsSeawith a SLP gradientfrom 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 associatedvith a reduced
flow throughthe Kara Seaandthe Kara Strait, asis evidentfrom the tine seriesin the
period1989to 1991andin 1998/99.The secondmodehasits largestrealizationin 1998,
when the modeledtime seriesfor the Kara Strait throughflow (Fig. 5) was strongly
reduced,even reversed.This mode also exhibits a decreasedrelocity of the southern
branchof Atlantic Waterin the BarentsSeawhile the centraltongueis intensifiedtowards
northeastThe fact thatthe volumeflux throughthe FranzJosefLand to NovayaSemlya
passagés enhancedn 1998and1999seemganainly dueto the strongstateof the second
mode in theseyears. The temporal behavior of this patternis consistentwith the
interpretatiorof the observedand modeledtemperaturgatternsat 100 m depthpresented
in the previoussection:the centraltongueis strongin the period1989to 1991 andhasits
maximumvalue in 1998. The associatedSLP for this secondmode (Fig. 15) showsa
muchsmallerscalepatternover the investigatedarea.lt exhibitsa positive SLP anomaly
over the northern tip of Novaya Semlya.

sp mode 2

Fig. 15: Sealevel pressureassociatedvith thefirst two modesof the timeserieof velocity-modes
shown in Figure 14.
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The resulting wind stresspatternis directed againstthe eastwardflow of southern
branchin the BarentsSeaandthe Kara Straitthroughflow.In the centralandnorthernpart
of theBarentsSeathe eastwardlow profits from the high pressureaboveNovayaSemlya,
aswasthe casein the year 1998 and 1999. The timeseriesof the secondmode velocity
patternsandthe associate&LP patternfor the secondnodebeara large similarity to the
secondnodeof modeledandobservedvinter seaice concentrationn the BarentsSeaand
theNordic SeagKaukeretal., 2003).In their investigatiorwhich comparesnodelresults
and satellite observationswith respectto northernhemisphericseaice, Kauker et al.
(2003) find a dipole of ice concentrationsand thicknessin the easternBarentsSeafor
positive states of their second winter mode.

In the years1998 and 1999the SLP patternsthereforepromotedintensifiedAW flow
on the centralbranch,which weakensthe ice cover there,while in the southernBarents
andthe Kara Seathe AW flow is weakenedand westwardmovementof ice and water
through the Kara Strait is forced.

4 Conclusions

In the presentinvestigation we analyzed model results from 1979 to 1999 and
observation®f hydrographyin the Barentsand Kara Seaswith respecto the interannual
variability of Atlantic Water flow throughthe westernentrancesf the Kara Sea.The
focus hasbeenon volume and temperaturdluxes, aswell ason vertical and horizontal
sectionsof temperaturealistributions.The investigationis a first stepto betterunderstand
the natureof the interannualvariability of Atlantic Waterflows on the Barentsand Kara
Seashelves.Model results and observationsare consistentin their suggestionof the
propagationof sequence®f warm and cold anomaliesthrough the Barents Sea and
subsequenthythrough the Kara Strait and the passagebetweenFranz JosefLand and
NovayaSemlya.Most prominentareanomalouslycold years1986,1993and1998for the
Kara Straitthroughflowwhich are associatedavith weak eastwardor evenwestwardflow
over periodsup to severalmonths.For the passagdetweenFranzJosefLandandNovaya
Semlya,the entire periodof the 1990sis characterizedby warm deepwatertemperatures.
In the early and late1990s also the eastward volume fluxes are at maximum.

We alsofind interannualvariability in the locationsandintensity of flow brancheof
Atlantic waterprior in the BarentsSea.Two mainbranchesreidentifiablein velocity and
temperaturalistributions:one centralbranchwhich separatesat 30°E and movestowards
the passageon a northwardpath touching southernFranz JosefLand and one southern
branch which continues along the Siberian and subsequently the Novaya Semlya coastline.

It joins the centralbranchjust westof the passagdeforeenteringthe northernKara
Sea.Intensityandtemperaturef the two branchesarevariableon interannuakimescales.
An EOF analysisof the yearly meanvelocity patternsrevealstwo dominantmodes.The
first modeis associatedvith intensifiedbroadeastwardflow in the BarentsSeainduced
by favorablelarge scaleand local SLP patterns.The secondmodeis associatedvith an
intensecentralbranch,a weak southernbranchandweak or reversedlow throughKara
Strait,aswasthe casein thelate 1990s.This modealsohasa stronglink to changesn the
ice cover of the Barents and Kara Seas.

In this study we have beenable to show that the modeledinterannualvariability of
temperaturesf the Atlantic Waterenteringthe Kara Seaareconsistentith observations.
Additional information, e.g. on the volume fluxes and changesn upstreantlow fields,
havebeengainedfrom the model. However,manyopenquestiongemainwith respecto
theinteractionof the Atlantic Waterfluxes with local andlarge-scaleambientconditions:
thevariability of salinity, the interplayof surfacestresse®y wind andice, the interaction
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of the ice cover variability and the surfaceheatfluxes and their effect on heatand salt
balances for the Barents and Kara Sea will have to be elucidated in forthcoming studies.
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