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Abstract

An experimentwith a coupledseaice-oceanmodelof the North Atlantic andthe Arctic Ocean
forcedwith atmosphericdatafrom theNCEP/NCARreanalysisis analyzedwith respectto long-term
variability of thesea-surfacetemperatureandthesea-surfacesalinity in theNordicSeas.Laggedlin-
earregressionis usedto identifyanomaliesrelatedto theNorthAtlanticOscillation, theArctic Oscil-
lation, thesea-surfacetemperaturein the’storm-formationregion’, andtheice transportthroughthe
FramStraitwhich canbetracedfor severalyears.Theseanomaliesarenot restrictedto thesurface,
but canbefoundupto depthsof a few hundredmeters.
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1 Intr oduction

Themostrobustpatternof atmosphericvariabil-
ity in the North Atlantic on seasonalto decadal
time-scalesin winter is theNorth Atlantic Oscil-
lation (NAO) [Hurrel, 1995]. A highNAOphase
is associatedwith anomalouswarm andhumid,
strongerthannormalwesterlywindsoverEurope
andthesouthernNordic Seas.Closelyrelatedto
theNAO is theArctic Oscillation (AO) [Thomp-
son and Wallace, 1997] definedas the leading
principal componentof the wintertime (Nov.-
April) seasonalmeansof the sealevel pressure
(SLP) anomalyfield over the domainpoleward
of
�������

. Here,theleadingprincipalcomponent
is estimatedfrom the NCEP/NCARreanalysis
[Kalnay et al., 1996] and explains ���
	 of the
variance.

The aim of the study is to identify propagat-
ing signalsin theNordicSeas.TheNAO andAO
time seriesareusedasindicesfor linear regres-
sion.

Anothertime seriesusedis themodelledsea-
surface temperature(SST) in the area � �����
���

,
����� � �
��� called ’storm-formationre-

gion’ (SFR) near the southeasterncoastof the
USA. There,severewinter land/seatemperature
contrastsfuelsstormdevelopmentthroughbaro-
clinic instability [Roeber, 1984]. The modelled
SSTtimesseriesshowsfluctuationondecadalto
inter-decadaltimescales.Thespectrumis signif-
icantly peakedat a periodof 10-12yearsat the
95%level whichwastestedby fitting AR(1) pro-
cessesto thedata.ThemodelledSSTtimeseries
resemblestheSSTtimeseriesin theSFRderived
from shipobservations[SuttonandAllen,1997]
for theoverlappingtimeperiod1963-1988.

Thefourth index usedis thetime seriesof the
modelledice transportthroughthe Fram Strait
(ITF).

Lagged linear regression is applied to the
modelled SST and the modelled sea-surface
salinity (SSS)aswell as to subsurfacefields to
detectpropagatingsignalsrelatedto the NAO,
theAO, theSFRSST, andtheITF.

2 Model description, exper-
imental design, and data
preparation

The employedoceancirculation model derives
from the GFDL modularoceanmodel (MOM-
2) [Pacanowski,1995]. The model domainen-
closestheAtlantic northof approximately

���
���
andtheArctic Ocean.Thesouthernboundaryis
closed.Themodelis formulatedonarotatedgrid
with a horizontalresolutionof � ��� � � . Thever-
tical is discretizedby 19 levelswherebythelevel
thicknessincreaseswith depth.The time stepof
themodelis 6 hours.

A dynamic-thermodynamicsea-ice model
with a viscous-plasticrheology [Harder, 1998]
basedon Hibler’s [1979] model is coupledto
theoceanmodel.Thesea-icemodelemploysthe
samegrid andtimestepastheoceanmodel.

The coupled sea ice-ocean model is
forced with atmospheric surface data from
the NCEP/NCAR reanalysis. Monthly mean
dataweregeneratedfor surfaceair temperature,
dew point temperature,cloudiness,and wind
speed.Wind stresswas taken as daily means.
The precipitation was taken as climatological
monthly mean from the ECMWF reanalysis
[Gibsonetal., 1997].

For all modelandforcingvariablesusedin the
following analysismonthly meanswere gener-
atedand the long-termmeanannualandsemi-
annualcycle weresubtracted.Themeansof the
winter monthsNovemberto April were calcu-
latedand5-yearsrunning-meanwerecomputed.
Thefirst threeyearsof the integrationweredis-
carded,becauseof thecoldstart.Finally, thedata
weredetrendedbecauseit is a priori notpossible
to distinguishbetweena modeldrift anda trend
in thedata.
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3 Results

3.1 Indices

The(wintertimeaveraged,smoothed,detrended,
and renormalized)time seriesusedfor the re-
gressionareshown in Fig.1.Table1 liststhecor-
relationcoefficient for the four time series.The
NAO and the AO arehighly positive correlated
( ����� ).

1963/64 1973/74 1983/84 1993/94

NAO

AO

SFR

ITF

Figure 1: Comparisonof Indices: (Bottom to
top) Time seriesof the North Atlantic Oscil-
lation (NAO), the Arctic Oscillation (AO), the
SSTin the ’storm-formationregion’ (SFR),and
the ice transportthroughthe Fram Strait (ITF)
from winter 1963/64 to winter 1994/95. The
time seriesarewintertime(Nov.-April) seasonal
means,detrended,smoothedwith a 5-yearrun-
ning mean,and renormalizedto have standard
deviation one.

The correlationis not constantduring the in-
tegration ascan be seenby comparingthe cor-
relation for winter 1963/64to 1978/79(Tab. 2)
with winter 1979/80to 1994/95(Tab. 3); during
thesecondhalf of thesimulationthecorrelation
is only half ashigh asduringthefirst half of the
simulation.

The SSTin the SFRis highly positively cor-
related( ��� � ) with theNAO andthe AO in the
first half of thesimulationbut almostno correla-
tion canbeobtainedduringthesecondhalf.

TheicetransportthroughtheFramStrait(ITF)
is positively correlated( ��� � ) with theNAO and
theAO in thesecondhalf. However, thereis lit-
tle correlationduring the first half. The ITF is
weaklynegativecorrelatedwith theSFRtimese-
riesduringbothtime periods.

NAO AO SFR ITF
NAO .77 .52 .31
AO .56 .39
SFR -.26

Table 1: Correlationstatisticsof the North At-
lantic Oscillation(NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formationregion’
(SFR), and the ice transportthrough the Fram
Strait(ITF) of thewinters1963/64to 1994/95.

NAO AO SFR ITF
NAO .93 .75 .08
AO .84 .11
SFR -.27

Table 2: Correlationstatisticsof the North At-
lantic Oscillation(NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formationregion’
(SFR), and the ice transportthrough the Fram
Strait(ITF) of thewinters1963/64to 1978/79.

In summary, the NAO and the AO are rep-
resentingalmost the sameinformation but the
NAO(AO), SFR,and ITF are representingvery
differentinformation.

3.2 Associatedpatterns

The four time seriesare usedas indices for a
laggedlinear regression.To testthesignificance
of the regressionpatternsAR(1) processeswere
fitted to thetimeseriesandthecorrelationswere
calculated.Correlations !� " are significantat
the #�$�% level,  &� ' at the #�'�% level, and  (� � at
the #�#�% level. Fig. 2 shows the associatedpat-
ternof thelocalSSTwith theNAO for time lags
of oneyearandthreeyears.Thepatternfor one
year lag is shown becausethe correlationsfor
oneyearlag arehigherthanfor zerolag. At one
year lag positive correlationson the orderof � �
canbeseenin theBarentsSeaandin theNordic
Seas.Negativecorrelationsof ����� canbefound
in the LabradorSeaandeastof Iceland.Ampli-
tudesontheorderof ��� '
)�* areassociatedwith
theNAO in theprescriptedregionsof high posi-
tiveandnegative correlations(notshown).

Two yearslatertheregionsof highcorrelation
in the BarentsSeaandthe GIN Seashave van-
ishedbut a new local region of high correlation
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NAO AO SFR ITF
NAO .51 -.29 .61
AO .03 .62
SFR -.36

Table 3: Correlationstatisticsof the North At-
lantic Oscillation (NAO), the Arctic Oscillation
(AO), the SST in the ’storm-formationregion’
(SFR), and the ice transportthrough the Fram
Strait(ITF) of thewinters1979/80to 1994/95.

canbeseenin theKaraSea.Investigationof the
local heatfluxessuggestthat this anomalyprop-
agatesfrom the BarentsSeainto the Kara Sea.
Amplitudesaremuchweakerthan for oneyear
lag (on the order of +�,�-�. ). The region of high
negative correlationseastof Iceland is shifted
towardsthe Norwegian coastand hasstill am-
plitudesof /0+ 1�-2. . Both, the anomaliesin the
Kara Seaandthe anomalieseastof Icelandcan
be tracedfor two more yearswith roughly the
sameamplitudesbut lessercorrelations.

Fig.3 showsthesameanalysisfor theAO.For
oneyearlagthelocalSSTin theNordicSeasand
the BarentsSeaist strongercorrelatedwith the
AO thanwith the NAO. Qualitatively the same
propagatingsignalsare connectedwith the AO
andtheNAO.

Theassociatedpatternsto theSSTin theSFR
aredepictedin Fig.4.Thelagzeropatternshows
correlationupto + 3 northof Icelandandnegative
correlationsupto + 4 in theLabradorSea.Ampli-
tudesof /�+ 5�-�. northof Icelandandof /�+ 4�-�.
in the LabradorSeacan be found. Five years
later the anomalynorth of Iceland is advected
into theLabradorSea.Here,theanomalymerges
with a positive anomalycreatedin the ’storm-
formationregion’ describedby SuttonandAllen
[1997]. It is pointedout in Kaukeret al. [1999]
thattheanomalycreatednorthof Icelandis much
strongerin amplitudethan the anomalycreated
in theSFR.Theatmosphericheatflux shows no
correlationwith theadvectingSSTanomalycre-
atednorthof Icelandexceptfor lagzero.For five
yearslag a significantnegative correlationwith
the heatflux is found, i.e., the oceanis heating
theatmosphere.

The propagatingsignalsare not restrictedto
the surface.Fig. 5 depictsthe correlationof the
temperaturewith the SST in the SFR at an al-

mostzonalsectionat approximately687 -29 (see
Fig. 4 lag 5 for the locationof thesection).The
SSTanomalynorth-westof Icelandis obtained
up to a depthof :�1�7<; . Only very smallampli-
tudesareconnectedwith theseanomaliesbelow
the seaice (not shown), but at the sea-icemar-
gin and at greaterdepthamplitudesup to ,�-�.
arereached.At theNorwegianCoastaverydeep
reachingsignal (correlations= + 5 , amplitudes
of />+ 1�-2. ) canbe found. We suggestthat this
verydeepreachingsignalis acombinationof the
signalnorth-westof Icelandwhich circulatesby
part in theNordic Seasandlocal heatflux forc-
ing. Theverydeepreachingsignalsarein agree-
mentwith observationsof long-termvariability
[Deseret al., 1996].

For salinity anomalieswe restrict ourself to
thediscussionof SSSsignalsrelatedto the ITF
(Fig. 6). At oneyearlagnegative SSSanomalies
areassociatedwith anomaloushigh ice transport
throughtheFramStrait(positivetransportmeans
ice transporttowardsthe south).The anomalies
are not only located close to the Fram Strait
but also north of Greenlandand at the south-
ern tip of Greenland.Amplitudesof /?+ @BA�CED
areassociatedwith theITF. Positivecorrelations
up to +�6 can be found in the EastSiberianSea
and the Laptev Sea with amplitudesof up to
+ FGA�CED . Theseanomaliesareconnectedto propa-
gatingsignalsin thesea-icethicknessin theArc-
tic Ocean(cf. Gerdeset al. [1999]).

Threeyearslater the areaof negative corre-
lation hasshiftedtowardsthe southtowardsthe
LabradorSeawhereamplitudesof /H+ @IA
CJD are
achieved. In theareaof FramStraitonly locally
highercorrelationcanbeseen.Thepositive cor-
relatedareasin the East SiberianSeaand the
Laptev seahave propagatedtowardstheBarents
Sea.

One year lagged correlationsup to +�6 can
be found with the overturning in the Atlantic
(Fig. 7). The overturningis weakenedby :LKNM
(not shown) five yearsaftermaximumice trans-
port throughtheFramStrait.

4 Summary

Propagatingsignalsof the SSTandthe SSSre-
lated to the NAO, the AO, SST in the ’storm-
formationregion’, andthe ice transportthrough
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Fram Strait have been analyzed.It has been
shown that the usedindices are mutually very
different(excepttheNAOandtheAO) andthere-
fore not surprisinglypropagatingsignalsin dif-
ferent areasof the Nordic Seashave beende-
tected.

Surprisingly, not NAO(AO) related signals
have the highestcorrelationand amplitudesin
the SST and signals related to the SST in
the ’storm-formationregion’ have highestcor-
relation, amplitudes,and are detectablefor the
longesttime.

The seaice transportthroughthe FramStrait
influencesthe overturningin the Atlantic. High
ice export is connectedwith low sea-surface
salinitiesin the LabradorSeafour yearslagged
andthis salinity anomaliescausea reductionof
theoverturning.
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lag 1 lag 3

Figure2: Thefractionof low-frequency variability of localSSTthatcanbeaccountedfor by a linear
responseto the NAO. The NAO leadsthe local SSTby the numberof yearsdrawn at eachfigure.
Only correlationssignificantat the O�P
Q level areshown.

lag 1 lag 3

Figure3: SameasFig. 2 exceptfor theAO.

lag 0
R

lag 5
R

section

Figure4: SameasFig. 2 except for the SST in the SFR.The line labeled“section” indicatesthe
positionof thesectionshown in Fig. 5.
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Figure5: Thefractionof low-frequency variability of thetemperatureon a zonalsectionat approx-
imately Y8Z�[8\ (cf. Fig. 4) thatcanbeaccountedfor by a linear responseof theSSTin theSFRfor
zerolag.Only correlationsignificantat the ]�Z�^ level areshown.
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Figure6: Thefractionof low-frequency variability of localSSSthatcanbeaccountedfor by a linear
responseto the ice transportthroughthe Fram Strait (ITF). The ITF leadsthe local SSSby the
numberof yearsdrawn ateachfigure.Only correlationssignificantat the ]�Z
^ level areshown.
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Figure7: Thefractionof low-frequency variability of theoverturningthatcanbeaccountedfor by a
linearresponseof theice transportthroughtheFramStrait(ITF) for fiveyearslag.Only correlations
significantat the ]�Z
^ level areshown.
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