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1 Introduction

A seaice forecastingsystemis underdevelopmentat theDanishMeteorologicalInstitute(DMI).
The objective is to predictseaice drift in the watersaroundCapeFarewell 2-3 daysin advance.
Theforecastswill beof benefitto thepresentice serviceatDMI.

TheIceChartingandRemoteSensingDivisionatDMI producemapsof seaiceconcentration
in theCapeFarewell area.The mapsaremainly usedfor safenavigationandareupdatedevery
2-3days.They arebasedon remotelysenseddata,thatis, satellite-bornemeasurementsprimarily
from Radarsat,andby airbornemeasurementswith a specially-equippedaircraftandhelicopter.
Developmentof the ice serviceat DMI goesin two directions. Oneis to exploit the numberof
differentkinds of satelliteobservations[Gill , 1998;Gill and Valeur, 1999]. The otheris to use
numericalmodelsto predictseaice drift [Kliem, 1999], in orderto produceforecastsof the ice
extenta few daysaheadandto fill thegapbetweentwo successiveice maps.Thispaperdescribes
the forecastingsystem,andgivesa validationof the pre-operationalmodelperformancefor the
1999-2000iceseason.

2 Forecasting system

2.1 System description

Theforecastingsystemis basedon a numericalseaice modelandis intendedto beanextension
to thepresenticeservice.Theflowchartof seaicepredictionis shown in Fig.1. Whennew obser-
vationsareavailable,they areanalyzedmanuallyto producea mapof theseaice concentration.
This is the presentice serviceusedfor nowcasting,with the ice concentrationmapshowing the
currentice state.It is not consideredasa partof theforecastingprocedure,but asanindependent
systemproviding thenecessarydatafor theinitializationandvalidationof theforecastingsystem.
Theforecastprocedureproceedsasfollows. Theanalyzedice concentrationfield is transformed
to griddeddatato beusedasinitial conditionfor themodel.Theanalysedfieldsdonot in general
cover the entiremodeldomain,and the missinginitial valuesarefilled by usingthe preceding
forecast.Theactualwind forecastandaclimatologicaloceanstateof currentsarethenforcingthe
ice drift modelproducinga forecastfor theicecover.

Thephilosophybehindtheforcing is thattheocean(theEastGreenlandCurrent)givesamean
dragon theice transportingit alongthecoastof Greenland,while thedaily variationsaremainly
dueto thewind. Thus,theactualwind forecastis essentialfor theice drift forecastson theshort
time scales,while it is sufficient with a realistic steady-stateseasurfacecurrentfield. In the
simulationsthe wind dragthustendsto acceleratethe ice, while the oceandragtendsto keepa
steadymotion.

Figure2 illustratesthe scheduleof the forecastingsystem.Eachtime a new ice analysisis
produced,this is usedasinitial conditionfor a new forecast.Theobservationsdo not necessary
comein fixedinterval, but theforecastperiodis long enoughto cover thetimespanuntil thenext
availableobservations.

2.2 Sea ice model

The simulationsof the ice drift is performedwith a dynamicfinite elementseaice model (de-
scribedmoredetailedin Appendix 3). The modelis basedon a continuumformulationwith a
velocity, an ice thicknessandanice concentrationfield andtheusualmomentumandcontinuity
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Figure 1. Sketchof theforecastingsystem.Initial iceconcentrationfield is basedonobservationscomple-
mentedby theprecedingforecast.Forcingfieldsarereadfrom anatmosphericforecastingmodel(Hirlam)
andadiagnosticoceanmodel.
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Figure 2. Scheduleof theforecastingsystem.
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Cape Farewell

Greenland

Figure 3. Computationalmeshwith 6349nodesand12476elements.

equations.Currentlythe ice is consideredasconsistingof just onetype,but themodelcaneas-
ily beextendedto includeseveral types,for examplefirst yearandmulti yearice, with different
properties.

ThemomentumequationincludestheCoriolis force,a gravity forcedueto the tilt of thesea
surface,thewinddragandseasurfacecurrentdrag,andaforcedueto thedivergenceof theinternal
ice stress.Thethicknessandconcentrationfieldsevolve in time accordingto advection-diffusion
equations.

Theseaice modelincludesthefollowing features:

� Feasibilityto choosebetweenCartesianandsphericalcoordinates.

� Discritisationby thefinite elementmethod.

� Thecavitating fluid ice rheology[Flato andHibler, 1992].

� Quadraticdragformulationof theair andwaterstresses.

Themodelis setupfor adomaincoveringtheareaaroundCapeFarewell. Theopenboundary
is splittedinto threeparts;two, which arenormalto thecoastandisobathsabout300km up the
eastandwestcoasts,respectively, andanopenboundaryin deepwateralmostparallelto thecoast
about250km offshore.Theinflow of waterandseaice takesplaceat theboundarynormalto the
eastcoast,andoutflow is primarily at theboundarynormalto thewestcoast,while thecurrentsat
thedeepwaterboundaryaresmall.

The computationalmeshis shown in Fig. 3. It consistsof 6349nodesconnectedby 12476
elements.The generationof the meshexploits the possibility with the finite elementmethodto
have a varying resolution,thus it hashigh resolutionon the shelf andcontinentalslope,where
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April 18 09 GMT 2000

Figure 4. Seaicemap,09UTC 18April 2000.Iceis shownwith light blue(low concentration)to red(high
concentration),bluecolor indicateopenwater, andgrayindicateareaswith noobservations.

mostof theoceandynamicstakeplaceandwheretheice is usuallyfound.Thecolorscaleindicate
theresolutionbeingfrom 2 km up to 23km.

2.3 Sea ice observations

The ice observationsareprimarily madeby the Radarsatsatellite. Theseobservationsaremade
approximatelyoncea day, with varyingdegreeof coverageof about50%to almost100%of the
modeldomain. The observationsarereceived in real time at DMI. The analysistransforminga
satelliteimageto ausefulmapof theseaicecoverareperformedmanuallyby specialtrainedstaff.

Figure 4 shows the analysedfield at 09 UTC 18 April 2000. The extend of the Radarsat
imageis clearlyseen,covering52%of themodeldomain.Off theeastcoastof Greenlanda high
concentrationof 0.9is foundandtheiceedgeissharp.Off thewestcoasttheconcentrationismuch
lower, having valuesof 0.1-0.4,andtheicefieldsconsistof fieldsof differentconcentrations.

Figure5 shows thecoverageof analyzedice fieldsthroughtheice seasonDecember1999to
June2000. Sincetheobservationsonly cover a partof themodeldomain,theice analysesdo so
too. Occasionally, theanalysesarebasedonobservationsmadeatdifferenttime. This information
is lost whenthe analyzedfields are transformedto griddeddata,which just have a singletime
stamp.This is anerrorsourcewith a negative influenceon thevalidationof thenumericalsimu-
lations,andthesefieldsarethereforenot includedin thevalidationin section4. Though,mostof
thepaperversionsof theice mapscontainthedateinformation,andit hasthereforebeenpossible
manuallyto remove old datafrom many of the analysedice fields. Thesereducedice fieldsare
thereforerepresentinga singledatasetandareusedin thevalidationequivalentto the truesingle
dataseticefields.

5



Jan
5 10 15 20 25 30

Feb
5 10 15 20 25

Mar
5 10 15 20 25 30

Apr
5 10 15 20 25 30

May
5 10 15 20 25 30

Jun
5 10 15 20 25 30

Dec
5 10 15 20 25 30

86 99

85 93 74 83 83

81 62 68 99 76 79 99 99 99 80 99

77 99 55 85 97 99 86 99 82

55 87 64 99 88 73 89 85 99 81 55 95

86 82 61 85 84 64 70 89 75 99 77 53 85 99 99 99 90

86 56 99 99 99 89 99 76 39 99 94 99 96 84 86

47 62 62 50 57 64 54 53 63 58 46 61

62 58 64 50 55 59 62 59

62 44 41 64 60 63 58 65

57 53 64 56 48 61 34 55 80 93 64 23 67 68 55 45 63

55 48 91 50 91 64 52 61

63 58 55 57 24 50 70 61 50

25 85 59 22 19 22 17 62 52 39 25 58 16 16

49 53 62 49

41 42 49 55 56 55 55 60 57

52 54 47 41 48 95

53 42 44 51 51 45 41 44 70 56

35 53 77 52 30 67 62 31 63 44

Figure 5. Producedice mapsDecember1999to June2000.Mapsbasedona singledatasetareshown by
blue boxes,mapsreducedto be basedon a singledatasetareshown by redboxes,while mapsbasedon
observationsmadeat differenttime is shown by openboxes. The ratio of the areaof the modeldomain
coveredby themapis givenin percentage.Theverticalsolid linesindicatefull coverageweeklyicemaps.

Onceaweekafull coverageicemapis producedbasedonall availablesourcesof information.
Thesemapsareassembledusingdataondifferenttypesandarenotexpectedto beusedin thedaily
forecastprocedure.Though,dueto their full coveragethey areusefullasinitial field for thevery
first forecastandif thecontinuityin theforecastprocedurebreaks,for exampleif thetimeinterval
betweentwo succesiveobservationsis largerthantheforecastlength.

2.4 Wind forcing

The model is forced by 10 m wind fields from the HIgh ResolutionLimited Area Model
(HIRLAM) run operationallyat the DanishMeteorologicalInstitute [Sasset al., 1999]. The
HIRLAM systemconsistsof several nestedmodels. The wind fields are extractedfrom the
two modelsnamed“DMI-HIRLAM-G” and “DMI-HIRLAM-N” covering Greenland. DMI-
HIRLAM-G is the coarsermodelwith a resolutionof 0.45

�
anda forecastlengthof 60 hours,

while the inner modelDMI-HIRLAM-N hasa resolutionof 0.15
�

and a forecastlength of 36
hours.

2.5 Ocean forcing

Theseasurfacecurrentandelevationusedfor theoceanforcing arecalculatedby thelinearhar-
monicmodel,Fundy[Lynch andWerner, 1987;Greenberg et al., 1998]. It is a diagnosticmodel
wherethetime dependenceis basedon theassumptionthatthedependentvariablesareharmonic
oscillating.Hereis usedzerofrequency giving thesteady-statesolution.

Themodelis setup for a largerdomain(seeAppendixA) to remove boundaryeffect from the
areaof interest.Thecalculationis performedfor a domainextendingfrom 71

�
N at theeastcoast

to 70
�
N at the westcoastanddown to 53.4

�
N at theopenboundaryin the Atlantic Ocean.The

baroclinicpartof thecalculationis basedona ratherarbitrarydensityfield with Arctic water, i.e.
waterwith a temperatureof � 1.5

�
C anda salinity of 33.3psuon the shelf definedby the area
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Figure 6. Seasurfacecurrentandelevationusedfor oceanforcing.

having a depthlessthan570m, andAtlantic waterof 4
�
C and35 psuelsewhere.Thereasonfor

this is mainly thelackof usefuldataandis a topic for furtherdevelopment.
Theresultingelevationandsurfacevelocity field (seeFig. 6) show a sharpelevationgradient

andastrongcurrentcloselyfollowing theshelfbreakandthecorrespondingdensityfront. Further
off-shorethecurrentsareveryweak.

2.6 Example of forecast cycle

Figure7 showsanexampleof two cyclesof theforecastsystem.Theobservedfield at11April is
usedasinitial fieldsfor a modelsimulation.At 13 April new observationsareavailable,andthe
modelis reinitialized.Theobservationsdoonly cover theeasternpartof thearea,andtheforecast
from 11April is usedto fill out themissingvalues,andanew simulationis performed.At 15April
new observationsareavailable,anew reinitializationis made,andsoforth.

It shall bementionedthat thesimulationsshown herearefrom a periodwith relatively calm
weatherconditionsandonly smalldevelopmentin theice cover is seen.
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3 Numerical sea ice model

The numericalseaice model is basedon the assumptionthat the seaice is a continuumwith a
velocity field

�
v, a thicknessfield h, anda concentrationfield A. The thicknessis the areamean

thickness,andtheactualice thicknessis equalto h
	
A for A 
� 0. Currentlythe ice is considered

asconsistingof just onetype,but themodelcaneasilybeextendedto includeseveral types,for
examplefirst yearandmulti yearice,eachhaving a thicknessandconcentration.

ThemomentumequationincludestheCoriolis force,a gravity forcedueto the tilt of thesea
surface∇ζ, thewind drag

�
τa on theice, thesurfacecurrentdrag

�
τw on theice,anda force

�
F due

to thedivergenceof theinternalice stress

ρh
∂
�
v

∂t
� ρh

�
f 
 �

v � � gρh∇ζ � �
τa
� �

τw
� �

F (1)

where
�
f is theCoriolis parameterwritten asa vectorpointingupwardandρ is thedensityof sea

ice.
Thewind andoceancurrentstressesarecalculatedusingthequadraticformulations

�
τa

� ACaiρa � �va � �
v ��� �va � �

v� (2)

�
τw

� ACwiρw � �vw � �
v ��� �vw � �

v� (3)

whereCai andCwi aredimensionlessair-ice andwater-ice dragcoefficients,ρa andρw aretheair
andwaterdensities,and

�
va and

�
vw arethewind andsurfacecurrentvelocities.

Theinternalice stressis basedon thecavitating fluid rheology[Flato andHibler, 1992].This
rheologyassumesthatthereis noshearstress,andno internalstressin thecaseof divergence,but
thereis resistanceto compression,calculatedasapressuregradient∇P. ThepressureP is usually
calledtheice strengthanddependsonthethicknessandconcentrationas

P � P� he� C � 1 � A� (4)

whereP� andC areempiricalconstants.
The thicknessand concentrationfields evolve in time accordingto the advection-diffusion

equations

∂h
∂t

� � ∇ � � �vh� � ∇ � � D∇h� (5)

∂A
∂t

� � ∇ � � �vA� � ∇ � � D∇A� (6)

whereD is a diffusion-coefficient. The diffusion is necessaryto keepthe solutionsmoothand
stable.IntroducingacharacteristicvelocityscaleV anda lengthscale∆l for themesh,theratioof
theadvectionto thediffusiondefinethemeshPécletnumber

Pe � V∆l
D

(7)

Themodelis runwith a uniform meshPécletnumberthroughoutthedomainandeq.7 is usedto
calculatethediffusioncoefficient for eachelement.V is themeanspeedin theelement,and∆l is

9



Variable Symbol Unit Value
Densityof ice ρ kg m� 3 910.0
Densityof air ρa kg m� 3 1.3
Densityof water ρw kg m� 3 1025.0
Air/ice dragcoefficient Cai 1 � 2 � 10� 4

Water/icedragcoefficient Cwi 0 � 5 � 10� 3

Icestrengthparameter P� N m � 2 5 � 0 � 103

Icestrengthparameter C 20.0
MeshPécletnumber Pe 5.0

Table 1. Physicalparametersandconstants.

thesidelengthof theelementassumingit is anequilateraltriangle.Thus,thediffusioncoefficient
variesdependentuponthe velocity and the distancebetweenthe nodes. It is notedthat a high
meshPécletnumbergiveslittle diffusionandviceversa.

To makethe modelsuitablefor largedomains,the feasibility of usinglatitude/longitudeco-
ordinatesis included. This is donesimilar to Greenberg et al. [1998] by the transformationto
curvilinearcoordinates

dx � Rcos� φ � dλ
dy � Rdφ

(8)

whereλ andφ denotethelongitudeandlatitude,respectively, andR is theradiusof theearth.

4 Validation

4.1 Set-up

Thesystemis validatedin hindcastmodefor theiceseasonDecember1999to June2000,with the
seaicemodelsetupasdescribedin Section2. Theclimatologicaloceanfieldsshown in Fig. 6 are
usedfor theoceanforcing, andthree-hourlywind fields from DMI-HIRLAM-G areusedfor the
wind forcing.

Theaimis to produceforecastsof about3 days.A muchlongersimulationperiodof 10daysis
neverthelessappliedin thisvalidationstudyin orderto investigatethelimit of theforecastsystem.
Eachsimulationthusspanseveralobservationsusedfor thevalidation.

The first simulationis initialized by the weekly meanice mapat December4. This is the
only weekly meanice mapused,and the proceedingsimulationsareall initialized at the time
of availableobservationsby combiningthenew observationswith theprecedingsimulation.It is
notedthatonly theiceconcentrationis observed.Thethicknessandvelocityfieldsarereinitialized
asfollows. Wheretheconcentrationis zero,thereis no ice, andthethicknessandvelocity is set
to zerotoo. In caseof ice, i.e. if theconcentrationis largerthanzero,thethicknessis setsuchthat
the actualice thicknessis 1 m, andthe velocity is setto a geostrophicvelocity accordingto the
first 3 termsof Eq.1.

10



4.2 Error estimates

Thesimulationsarevalidatedagainsttheexisting ice mapswhich is basedon observationsof ice
concentration.Theobservationsavailablearethustheiceconcentrationfield atsomegiventimes,
andthevalidationis performedfor thesimulatedconcentrationat theobservationtimes.Theerror
is definedas the differenceof ice concentrationcalculatedwith the seaice model,A, and the
observedconcentration,Aobs. Sincetheobservationscover only a part of themodeldomain,the
comparisonsareperformedfor thesepartsonly. Theerrorestimatesarecalculatedasareamean
values.Theareameanis definedby

�
A� ��� SAda

� Sda
(9)

wherethesurfaceintegrationis performedontheareaSof thedomainthatis coveredby observa-
tion.

With thedefinitionEq.9 thefollowing statisticalestimatescanbecalculatedata giventime.
Thevariance

σ2 � A� ��� A2 � � �
A� 2 (10)

Thecovariance

σ2 � A � Aobs� � �
A � Aobs� � �

A� � � Aobs� (11)

Thecorrelationcoefficient

ρ � A � Aobs� � σ2 � A � Aobs�
σ � A�!� σ � Aobs� (12)

wherethestandarddeviation is σ � A� �#" σ2 � A� .
Theroot meansquareerror

rms �%$ � � A � Aobs� 2 � (13)

4.3 Ice season December 1999 to June 2000

Figures8 and9 shows rmsandρ � A � Aobs� for the ice seasonfrom December1999to June2000.
The differentsimulationsseemto have similar error statistics. From the simulationstart to the
first availableobservationafter30-50hoursthermserroris increasedto about0.1. Thereafterthe
rmserrorincreasesmoreslowly to a valuebetween0.1and0.25after240hours.Thecorrelation
coefficientshow asimilar shape,thoughdecreasingwhile thermserroris increasing.

Thereis asmallseasonaltrend,theforecastbeingslightly betterin thefirst monthsthanin the
endof theperiod.This is probablybecausetheseaicemodeldonot includethermodynamicsand
mechanicalprocessessuchaswave interaction.Thus,theice removal andmeltingwhichis higher
in the late spring than in the winter monthsis not includedin the model. Neither is freezing,
but this do not have the sameinfluencein the modelresult sincethe main sourceof ice is the
advectionof ice to thearearatherthanlocalizedfreezing.Therefore,theerrorsourcesaresmaller
in thebeginningof theiceseasonthanin theend.

As mentioned,thecorrelationcoefficient hasa sharpdecreaseandthermserror increasesin
the first 30-50hoursfor subsequentlyto level out, indicatingthat longerforecastsup to 10 days
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Figure 8. rmserrorof theiceconcentrationfield.
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Figure 9. Correlationcoefficientof thesimulatedandobservediceconcentrationfield.
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0-1daysforecasts 1-2daysforecasts

2-3daysforecasts 0-10daysforecasts

Figure 10. Absolutevalueof error. Averagedfor 0-1,1-2,2-3,and0-10days.

mightbefeasible.Though,oneshouldrememberthatthesimulationsreportedherearehindcasts,
andthemaximumforecastlengthis limited not only by the errorsin theseaice model,but also
by theatmosphericforecastlength.TheHIRLAM forecastsis 60 hours,while ECMWFdo up to
7 days.

The spatialvariationof the error is shown in Fig. 10 by mappingthe absolutevalueof the
error. Theerrorfieldsarecollectedfrom all simulationsandaveragedin time to giveameanerror
field for 0-1,1-2,2-3daysandthe0-10daysaverage.Thelargesterrorsis foundoff theeastcoast
of Greenlandwherethe largestice concentrationalsois found. This hasprobablyto do with the
purenumericalproblemof theadvectionschemesmoothingthefields. Off thewestcoasterrors
of 0.1-0.2is foundfor theiceconcentration.A smallincreaseof thevalueswith time is found,as
expectedfrom thediscussionabove,but thepatternof theerroris nearlyunchanged.

4.4 Examples of simulations

Two simulationsfrom thevalidationarepresentedhereasexamples.Simulatedandobservedice
concentrationfields from thesimulationsstartedat 17 Februaryand13 April 2000areshown in
Figs.11and12.

In thesimulationstartingat17February(Figs.11) theice is only presentalongtheeastcoast
initially in a narrow bandclosethe coast. After 3 daysthe ice is moved slightly further south,
and an offshoothasformed at about62

�
N. This is also found in the simulation,althoughthe

14



February 17 20 GMT 2000 February 17 20 GMT 2000

February 20 21 GMT 2000 February 20 21 GMT 2000

February 24 20 GMT 2000 February 24 20 GMT 2000

February 27 20 GMT 2000 February 27 20 GMT 2000

Figure 11. Ice concentrationfield for simulationstartedat 20 UTC 17 February2000(right column),and
observations(left column).
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April 13 18 GMT 2000 April 13 18 GMT 2000

April 15 20 GMT 2000 April 15 20 GMT 2000

April 18 09 GMT 2000 April 18 09 GMT 2000

April 21 09 GMT 2000 April 21 09 GMT 2000

Figure 12. Ice concentrationfield for simulationstartedat 18 UTC 13 April 2000(right column),and
observations(left column).
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offshoothasa slightly differentform. Interestingly, the offshootseemsto be connectedwith a
concavity at63

�
-62

�
N whichis seenin many of thesimulations.Thisconcavity is alsoseenin the

bottombathymetryinfluencingthe oceancurrentandsurfaceelevation by topographicsteering
and therebyinfluencingthe ice cover. After 7 daysthe ice cover hasbroadenedprobablydue
to westerlywinds anda increasedinflow of ice. The modeldoesnot includethe possibility of
changedboundaryconditions,and the informationof theseconditionsis not available,but the
modeldo respondto thewind. Thereforethe ice cover is broadened,but theice concentrationis
notsimulatedashighasobserved.After 10daystheicecover is observedto havenarrowedandto
havereachedCapeFarewell. In thesimulationtherelatively largeareawith low concentrationhas
nopossibility to disappear, but disregardingthis low concentrationicecover thesimulationseems
to agreemuchbetterwith reality, evenin a 10dayssimulation.

In theothersimulation1 startingat13April (Figs.12)theicecoverismoredevelopedwith high
concentrationof ice in a broadbandalongtheeastcoast,andabout200km up thewestcoastat
lowerconcentration.After thefirst 2 daysonly smallchangeshavehappened.Theareaat theeast
coastwith high concentrationis extendedslightly furthersouthasis alsoseenwithin themodel
result. Themodelalsocapturesthe featureswith two areasof high concentration,onelargearea
all alongtheeastcoastanda smallerareaat the westcoast,andin betweenlower concentration
at CapeFarewell. After 4.5daysall thelow concentrationice eastof Greenlandhasdisappeared,
leaving the approximately50 km wide bandwith high concentrationanda sharpice edge.The
high concentrationice field hasbeenpulled aroundCapeFarewell almostconnectingthe small
areaat thewestcoastwith high concentration.While theareaof low concentrationeastof Cape
Farewell hastotally disappeared,the areaof low concentrationwestof CapeFarewell is almost
unchanged.The simulationcomparewell westof CapeFarewell, andthe high concentrationon
the eastcoastis alsopulled, to someextend, to CapeFarewell. Though,the low concentration
ice field is kept in themodel. Thereasonis, asmentionedabove, that thereis no possibilitiesto
remove theicein themodel.After 7.5daystheobservationcoverswestof CapeFarewell only. At
thisdatethesimulationcompareswell, exceptfor anextendedareaof concentrationlessthan0.1.

5 Conclusion

A seaice forecastingsystemis setup for theCapeFarewell area,andvalidatedfor theice season
December1999to June2000.Thesystemis intendedto beanextensionof thepresenticeservice
at DMI. Theproductis theforecastsof theicecover ona time scaleof a few days.Thesystemis
build uponthenowcastingcurrentlybeingperformedat DMI, suchthattheobservedice fieldsis
usedfor reinitializationof theforecastsystem.

Thecoreof thesystemis a finite elementdynamicseaice model.Themodelis basedon the
traditionalcontinuumassumptions.It includestransportequationsfor the ice concentrationand
thickness,andamomentumequationfor thevelocity, andis forcedby theatmosphereandocean.
Thewind fieldsareobtainedfrom theoperationalatmosphericmodelatDMI, andtheseasurface
currentandelevationarecalculatedby usinga diagnosticoceanmodel. The ice modelincludes
a simpleice rheology. This seemsto be suitablefor the CapeFarewell areawheremostof the
ice undertakefree drift, andthe ice stressis just necessaryin caseof on-shorewind. Dueto the
simplicity of theice rheologythecomputationalspeedis high.

Thesystemisvalidatedin hindcastmodefor theiceseasonfrom December1999to June2000.

1Thissimulationactuallyspanover theexampleof anice field shown in Fig. 4 andis thesecondsimulationin the
exampleof theforecastcycleshown in Fig. 7.
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Theerroris foundtohaveasteepincreasein thefirst 30-50hoursfor subsequentlyto level out.The
largesterrorsarefoundalongthe eastcoastwherealsothehighestconcentrationsareobserved.
Themodelis foundto smooththe ice field andto spreadthe ice in a relatively largearea.These
largeareaswith low iceconcentrationareonly occasionallyfoundin reality, thoughnow andthen
the ice is reportedto bespreadover a largeareaover night, for examplein stormyweather. The
overall considerationis that the generalpatternof ice drift is simulatedwith reasonableresults,
andthe forecastsshouldbeof valuefor ship routingandotherusers.Furthermorethe forecasts
shouldbeof valuefor thepresenticeserviceat DMI in theanalysisof theiceobservations.

Themainemphasisof furtherdevelopmentof thesystemis suggestedto gointo theicemodel,
but also the ice-oceaninteractionis suggestedto be consideredfor further investigation. The
primarysuggestionfor furtherdevelopmentis to implementthermodynamics,maybejustasimple
scheme,and/oraparameterizationof iceremoval bywaveinteraction.Thiswill influencetheareas
with low concentration.In reality, astheconcentrationis lowered,theeffect of thermodynamical
processesaswell asmechanicalprocesses,suchaswave interaction,is increased.Thusastheice
is spread,the concentrationis lowered,and the ice is quickly breakeddown andmelted. With
theseprocessesimplementedin the ice model,theresultsareexpectedto improve, especiallyin
thelatespringwheremeltingis becomingmoreandmoreimportant.

Anothertopic for furtherdevelopmentis theforcingof themodel.Theatmosphericforcing is
extractedfromHIRLAM, theoperationalatmosphericmodelatDMI. Thewindfieldsareexpected
to bethebestpossiblefor thisarea,eventhoughtheobservationsaresparse,andit is probablynot
worthto put toomucheffort into any investigationsof theatmosphericfields.Theoceanforcing is
calculatedby a diagnosticmodel.Thewind effect on theoceanis not takeninto account,neither
is thetides. This is anobvious topic for furtherdevelopment.Theaim shouldbeto have a three
dimensionalprognosticmodelrunningwith a high verticalresolutionnearthesurface.This way
thewind effect on theseasurfacewill beincluded,thetidesshouldbetakeninto accountaswell,
andthe time evolution of theoceantemperaturewill be of importancefor the thermodynamical
processesin the seaice model. Though,it shallbe notedthat the computationaltime of a three
dimensionalprognosticoceanmodeldoesnot at all compareto that of the ice model. The ice
modelforcedby a steadystateoceanis very quick, andcanbe executedeven on a pc. The sea
ice forecastingsystemis thereforemosteasilybeingimprovedby furtherdevelopmentof theice
model,while includinga prognosticmodelwill beona longerperspective.
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A Waters around Greenland

Theaim in this studyis to establishtheseaice forecastsystemfor theCapeFarewell area.On a
longerperspective the forecastsshouldbeproducedfor a largerdomain. The meshusedfor the
oceansimulationsis shown in Fig.13. It coversthelargerdomainextendingfrom 71

�
N attheeast

coastto 70
�
N at thewestcoastanddown to 53.4

�
N at theopenboundaryin theAtlantic Ocean.

Thecolor indicatetheresolutionbeingabout2 km ontheshelfandcontinentalslopeup to 57km
at the openboundariesat deepwaterin the North Atlantic. The CapeFarewell meshshown in
Fig. 3 actuallyis apartof thismeshwith a higherresolutionthanthesurroundingareas.

Thedifficultieswith thislargerdomainaretogetinitial icefields.Thereasonfor concentrating
on the CapeFarewell areais that this is currently the most importantareawith respectto ship
traffic, but alsothat theRadarsatobservations,andtherebytheanalysedice fieldscover this area
only. If theforecastingsystemis to beappliedto thelargerarea,otherinformationhasto beused
for theinitial condition.Thiscouldbetheweeklymapswhichcoversall aroundGreenland.

Figure 13. Computationalmeshof thelargerdomainwith 21230nodesand41417elements.
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