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ZUSAMMENFASSUNG

Das NWP ModellALADIN(AireLimitéeAdaptationdynamiqueDéveloppementlnterNational)wurde
im Rahmeneines internationalenProjektesvon 13 EuropaischennationalenWetterdiensteninitiiert
und imJahre1998an derZAMG in den operationellenBetriebeingefflhrt.Ein neuesoperationelles
LAM System,ALADIN-AUSTRIA,wurdeim Jahre2003ins Lebengerufen.lm Zuge dessenwurde
nichtnur die horizontaleAuflésungerhéht,sondernauch die vertikalevon 37 auf 45 Schichten
erweitert.SeitMai2004wirddiesesModellimoperationellenDienstverwendet.DerArtikelgibteinen
kurzenUberblickUberdiewichtigstenModellcharakteristikawieModellgleichungen,horizontalebzw.
vertikaleGitterstruktur,lnitialisierung,KopplungundphysikalischeParametrisierungen.Fernerwirddie
Modellg‘UtevonALADIN-AUSTRIAbeschriebensowieeinVergleichzwischenALADIN-AUSTRIAund
seinenVorgangermodellenALADIN-LACE und ALADIN-VIENNAgegeben.Dabei zeigt sich, class
besondersimKurzfristbereicheineleichteVerbesserungderBodenparameterwieder2mTemperatur
erreichtwird.

ABSTRACT

The limitedarea numericalweatherpredictionmodelALADIN(AireLimitéeAdaptationdynamique
DéveloppementInterNational)developedby 13 European nationalweatherservices withinan
internationalproject,has been in use operationallyat ZAMG since September1998.A new
operationalNWP-LAMsystem,ALADIN-AUSTRIA,wasdesignedin2003/2004,inwhichnotonlythe
horizontalresolutionof themodelwas increasedbutalsothenumberof levelsfrom37to45. InMay
2004ALADIN-AUSTRIAwasputintooperationatZAMG.The papergivesa briefoverviewofthemain
features of ALADIN-AUSTRIA, including model equations, horizontal/verticalrepresentations,
initialisations,couplingand physicsparameterizations.Furthermore,the performanceof ALADIN-
AUSTRIA and comparisonsbetweenALADIN-AUSTRIAand ALADIN-LACE/ALADlN-VIENNA,the
earlierversionsof ALADIN at ZAMG, are discussed.Verificationstatisticsshow thatALADIN-
AUSTRIAgivesa slightimprovementforsurfaceparameterslike2mtemperature.
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1. Introduction

Limitedareanumericalweatherprediction(NWP)modelshavebecomethemaintoolforregionaland
localweatherpredictionand research.They are alsowidelyusedfor providingmeteorologicalinput
data for applicationsin hydrology,environmentalprotection,energy industry,agricultureand
transportation.At the beginningof the year 1990ZAMG facedthe necessityof operatinga modern
LimitedAreaModel(LAM),andthroughRC/LACE,RegionalCooperationforLimitedAreamodellingin
CentralEurope,ZAMG joinedan internationalprojectin the fieldof NWP. Vlfithinthis international
cooperation,ZAMG, togetherwiththe12otherEuropeannationalweatherservices(France,Belgium,
Portugal,Hungary, Czech, Slovakia, Slovenia, Croatia, Bulgaria,Moldova, Romania, Poland),
MoroccoandTunisia,developedthehighresolutionLAMALADIN.The growthincomputingpowerat
ZAMG made it possibleto runa LAM operationally.The firstoperationalLAM at ZAMG, ALADIN-
VIENNA,startedon22September1998,whichwasrunona Workstation(DEC Alpha600,1GBRAM,
600MHZ)twiceper day at 00UTC and 12UTC up to 48 hours.ItcoveredAustriaand surrounding
neighbouringcountries(Fig.1, left)witha horizontalresolutionof 9.6kmand31 levelsinthevertical.
ALADIN-VIENNAwas nestedin ALADIN-LACEwhichwas runat CHMI in Prague.ALADIN-LACE
coversthewholeCentralEurope(Fig.1, right)with12.2kmhorizontalresolution,and is coupledwith
theglobalmodelARPEGE/IFSatMeteo-France(Actionde RecherchePetietEchelleGrandeEchelle/
IntegratedForecastingSystem,Courtierand Geleyn,1988).At thattimetheoperationalmodelchain
consistedofthreesteps.

ARPEGE (Toulouse)--->ALADIN-LACE(Prague)--->ALADIN-VIENNA(Vienna).

OrographyALADIN—VIENNA OrographyALADIN-LACE
.' '__z. ‘1~ . 2

360054_
3300
300052 3000
2700 2700
240050 2400
2100 2100
180048" 1800
150046 1500
1200 1200
90044. 900
60042 600
300 .300

Figure 1: The modeldomainand topographyof ALADIN-VIENNA(left)and ALADIN-LACE
(right).

In January 2002, a high performancecomputerSGl-3400 became available throughproject
,,Kn'senrechnung“ atZAMG. Startingon4thof February2002,ALADIN-VIENNAwas runoperationally
on SGI, andALADIN-LACEwasalso runroutinelyat ZAMG since 1 January2003.The operational
procedurewasreplacedby

ARPEGE (Toulouse)--->ALADIN-LACE(Vienna)--->ALADIN-VIENNA(Vienna).

The modelsALADIN-VIENNAandALADIN-LACEdifferedmerelyinthehorizontalresolutionandthe
sizeofthedomain,whereastheverticalresolutionwas37levelsforboth.

Recently,differentLAM modelshave been used for weatherpredictionand researchat very high
horizontalresolution.Indeed,theexampleof Meso—NH(Laforeet al., 1998)hasshownthatveryhigh
horizontalresolution(2-3km)withbettermodelphysicscan improvethe qualityof the numerical
forecast.However,onemayquestiontheadequacyof verticalresolutioninthecurrentNWP models.
ExperienceatZAMG withALADIN-VIENNAandALADIN-LACEshowsthatincreasingthehorizontal
resolutionalonecannotguaranteea betterforecast.
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LindzenandFox-Rabinovitz(1989)deriveda consistencycriterionbetweenhorizontalresolutionAX
andverticalresolutionAZ , forexample,forquasi-geostrophicflows,

AZ=iAX (1)
N

wheref is theCoriolisparameterand N is thebuoyancyfrequency.Itis apparentfromEq. (1),that
verticaland horizontalresolutionshouldbe proportionalto each other.Pecnickand Keyser(1989)
studiedthe relationshipbetweenAZ and AX fora frontalstructure,PerssonandWarner(1991)for
theconditionalsymmetricinstabilityassociatedwithfrontalsystems.Similarinvestigationswerealso
conductedto examinethe importanceof modelresolutionconsistencyin heattransport(Weaverand
Sarachik,1990),and cloud and radiationparameterizations(Laneet al. 2000).All these studies
suggested that one should not simply increase the horizontalresolutionwithoutconsidering
appropriateverticalresolution.Inaddition,theyindicatedthata consistentmodelresolutionwouldlead
to morerealisticsimulationsandeliminatesomeartificialfeaturesandnoise,suchas spuriousgravity
waves.

In orderto improveforecastquality,to use computerpowermoreefficiently,and to simplifythe
operationalproductionprocedureoftheNWPsystematZAMG, a newprojectwasstartedattheend
of2003.The resultwasa newNWP-LAMsystemALADIN-AUSTRIAwiththefollowingmainfeatures:

. The verticalresolutionis increasedfrom37to45,themostadditionallevelsarelocatedinthelower
atmosphere.A schematiccomparisonof theverticallevelsbetweenALADIN-AUSTRIAandALADIN-
LACE/ALADlN-VIENNAis showninFig.2.

. The modeldomainis almostthesameas ALADIN-LACE,see Fig.3.

. The horizontalresolutionis setto9.6km,similartoALADIN-VIENNA.

Thus,theoperationalprocedureofNWP-LAMsystematZAMG becamesimply:

ARPEGE (Toulouse)--->ALADIN-AUSTRIA(Vienna).

Pressure[hPa]
2‘§§§§

§

W0

1WD

Figure2:ComparisonofverticallevelsinALADIN-LACE/ALADlN-VIENNAandALADIN-
AUSTRIA.Mostoftheadditionallevelsarelocatedintheloweratmosphere.
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OrographyALADIN-AUSTRIA
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Figure3: DomainandmodeltopographyofALADIN-AUSTRIA.

ALADIN-AUSTRIAreplacedbothALADIN-VIENNAundALADIN-LACE.Inthiswaythemaintenance
workof theoperationalsystemwas reducedwhileat the sametimethe qualityof theforecastwas
keptor slightlyincreased.Aftera 2-monthparalleltestwithALADIN-LACEand ALADIN-VIENNA,
ALADIN-AUSTRIAwasputintooperationson 10May2004.

Inthis paper,ALADIN-AUSTRIAis describedin Section2. Modelequations,horizontaland vertical
representation,coupling,initialisation,time integrationscheme, and physicsparameterisationare
presented.The verificationof resultsof ALADIN-AUSTRIA,ALADIN-LACE and ALADIN-VIENNA
againstanalysisand observationsis discussedin Section3. The concludingSectioncontainsa
summaryandoutlooktofuturework.

2. The modeldynamicsand physics inALADIN-AUSTRIA

ALADIN-AUSTRIAis a hydrostatic,spectrallimitedarea model,which is coupledwithits global
counterpartARPEGE. This sectionpresentsbrieflythe model equations,horizontaland vertical
representation,initialisation,coupling, time integration, horizontal diffusion and physics
parameterisations.

2.1The ModelEquations

2.1.1VerticalCoordinate

The verticalcoordinateofthemodelis thepressure-basedhybridcoordinate77proposedbySimmons
andBurridge(1981)

P(x, y. 77,t)= A(77)+B(77)7r(x,y. t) . (2)

where77is the verticalcoordinate,p is pressure,7: is the surfacepressureand A and B are
constantsdependingon theverticallevels.The coordinate77variesbetween0 (atthetop)and 1 (at
thebottom)andthefollowingconditionsarefulfilled

A(1)= 0; 3(1)= 1; 3(0) = 0; a_77> 0.
5p (3)

lim p = 75(x,y, t); lim p = pm = const.
77—)1 77—)0 p
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Therefore77is definedbytheconstantsA and B. This coordinateis terrainfollowingat lowlevels,
andbecomesa purepressurecoordinateatupperlevels.

2.1.2MomentumEquations

TheequationsofmotionforALADIN-AUSTRIAinthephysicalspaceare

6_v= —u[6xv]—v[6xu]+ Dv — 776—1) 6_v+ KC bv((o,/t)
at an 0p

63 6F (4)
+ fu —(RT6yln p+a ¢)—g i _. +m(6tv')d’fl'h'

y 077 5p

a—“=—u[6.u1—v[a.v]+év— fia—p a—“+I<C,..<<o,m
5’ 577 5p

0F, + m(atul)dif] .h.

5p
+ fv — (RTax ln p + 6x¢)— ng—pj

77

whereu and v arethephysicalwindcomponentsprojectedontheframeoftheALADINgrid,11'and
v' arethewindcomponentsonthemap,R isthegasconstant,T is thetemperature,f theCoriolis

2 2u +v
parameter,¢ is the geopotential,4’ and D are the vorticityand divergence,K =KT) is the

kineticenergy,F u and F v representthe physicalforcing,whichare verticalturbulentdiffusion,
verticalexchangeofmomentumduetoconvection,verticaltransportofmomentumduetounresolved
gravitywavesgeneratedbythesmallscalechangesoftheorography,andthetendencyresultingfrom
momentumtransportby falling precipitation.The last terms (6,u')d'fl'h‘ and (a,v')diff-h'

. 0
representthe effect of turbulenthorizontaldiffusion.[77_p] denotes the advectingvertical

077
velocity.
m representsthe map scale factor for eitherthe Polar Stereographic,LambertComformalor
Meractormapprojections.InALADIN-AUSTRIAtheLambertConformalprojectionis used,thenm
reads:

cos HQ 1+sin KLm : (Po ' (00 (6)
cos(0 1+sm(,0

xi., (0are the longitudeand latituderespectively,10 , (00are referencelongitudeand latitude,K L
is a constantparameter.The definitionsof geographicalcoordinatesin ALADIN-AUSTRIAare as
follows:

20 217.0,(p0 = 46 .2447 ,KL 2 0.7223 ,notrotated

The curvaturetermsinEq. (4)and(5)Cbu and va aredefinedby:
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' —K
C,, =flLisinKLM—20) (7)

acosq)

' —K
va=W—LCOSKL(/l—/to) (a)

acosp

wherea is theradiusoftheearth.

The relationshipbetweenthe physicalwindu,v and thewindon map u',v' afterCourtierand
Geleyn(1988)isdefinedas

u=mu', v=mv' (9)

The physicalcomponentsofgradientsofallscalarvariables(eg. for 7: ) thencanbewrittenas

6x77=m6;77, 6y77=m6;7r (10)

Incase of thewindvector,thepseudo-physicalgradienttensorintroducedin Eqs. (4)and(5)willbe
denotedas

[6xu]=m26;u', [6xv]=m26;v' (11)

Theactualphysicalwindgradienttensorcomponentsare

6xu=m6'x(m(x,y)u')¢m26'xu'. (12)

2.1.3HydrostaticandContinuityEquations

TheessentialdiagnosticequationinALADIN-AUSTRIAdynamicsisthehydrostaticconstraint
(SimmonsandBurridge,1981),

% _R_T_Q'1= (13)
577 p 577

Thecontinuityequation,expressingmassconservation,iswrittenas

2 fig =—V- V6_p _1 776—1), (14)
67 677 677 677 677

with

V- Val = 6_p D+d—B(u6x77+v6y77). (15)
677 677 6177

TheverticalintegralofEq. (14)is usedtocomputethetemporalvariationofthesurfacepressure77in
themodel,
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l
a—fl=—IV-[Va—p]d77

a77

Notingthat,atany 77level,

2 .53 _d_Ba_”
67 677 617767'

(15)

(17)

eachlevelinthemodelbyverticalintegrationofEq. (14)

.a_p __ 61} a_p
("ani- B“) at iViVanid"

Finally,thepressureverticalvelocitycanbeexpressedby

6p .6p 7'
w=Et—+(V.V)p+[77$]= 3(7))VVzr——jV.V:( 1797”}.

0

2.1.4ThermodynamicandMoistureEquations

The thermodynamicandmoistureequationsinthemodelare

a—T=—u6 T— v6yT— [77
apCp

6_p]6_T+RT 60 g£6pj6FT+

6t an ___ an ap

a61v . 6 6q, 6 5F, .-
=-u5xqv-vayq.— n—p ——g i —" +m(a,q,)dfi’-h-

6t 677 6p 677 6p

P

(18)

(19)

(20)

(21)

physicalprocesses,eg. fortemperature

- verticalfluxesduetoconvection,

rain,basicallyconversionsbetweenallthreewaterphases
- fluxdivergencesduetoshort-andlongwaveradiativefluxes,
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2.2Horizontalrepresentation

Itwas decidedat the beginningof theALADIN internationalcooperationthatthemodelshouldbe
developedas the LAM counterpartof theglobalspectralmodelARPEGE/IFSin orderto sharethe
developmentandprogressinARPEGE andto use theexistingsourcecodeofARPEGE as muchas
possible. Consequently,ALADIN is formulatedin the spectralway with regard to horizontal
discretization.A methodmorefrequentlyused for LAMs is the traditionalgridpointmethod. The
spectralmethodhasmanyusefulfeaturesandadvantagescomparedtothegrid-pointmethod,butof
courseitalso has disadvantageswhichhavebeenoftendisputedin theNWPworld(Geleyn,1998).
We summarizethepros,equalsandconsofthespectralmethodas follows.

The pros:

/ Simplecomputationofderivatives.
/ No linearphaseerrorinEulerianmode,nosourceofnon-linearinstability,noaliasingerrorfor

thecomputationofquadraticterms.
On thesphere,thereis nopoleproblemwiththespectralmethod.
The horizontaland verticalcomponentsare wellseparatedallowingsimplifiedconservation
properties.

\/ OnecanusethesimplestA-grid(Arakawaclassification)withoutnegativeimpact,whichleads
toadditionalbenefitsusinga semi-Lagrangiantechnique,as differenttrajectories(andhence
interpolations)fordifferentprognosticquantitiescanbeavoided.

/ Moreconvenientfora semi-implicittimeintegrationscheme,becausetheHelmholtzequations
are triviallysolved in a spectralmodel, this diagonalizationpropertyis also useful for
variationaldataassimilation.

/ Implicithorizontaldiffusionwhich is absolutelystable is trivialand infinitelytunablein a
spectralmodel.
Spectralfitting,ortruncation,isa powerfulwaytoremovenumericalnoise.
Reduced degrees of freedomin spectral space are a favourablefeature for various
applicationsinpost-processingandinvariationalcalculations.

/
\/

\\

Theequals:

- similarperformanceonaccuracyandcomputationcost(GustafssonandMcDonald,1996).

Thecons:

x Steep localgradientsmaybe notwellrepresentedin a spectralmodel,Gibbs phenomenon
(Majewski,1998)

x Spectralfittingof positivedefinitequantities(e.g. specifichumidity,cloudliquidwaterand
turbulentkineticenergy)canleadtounrealisticresultsthroughtheGibbsphenomenon.

x Themodeltopographyis poorlyrepresentedinspectralmodels,theremaybe unphysicalhills
andvalleysovertheoceansafterspectraltransformation.

x Itis impossibleinpracticeto implementa flowdependentoperatorforhorizontaldiffusionina
spectralmodel(Geleyn,1998;WeaverandCourtier2001).

x The spectralmethodcannotbeeasilyusedintheglobalcaseforveryhightruncations(Caian
andGeleyn,1997).

There are still some otherargumentsagainstthe spectralmethodas the horizontalresolution
becomes higher, for example,the spectral model requiresglobal communicationfor spectral
transformsat each time step; the cost of the Legendre transformincreasesdrastically.But
experiencesatECMWF (Temperton,1998)showthattheseproblemsaresolvable.

Applicationof thespectralmethodona limitedareadomainis notas self-evidentas inthecase of a
globalone, since periodicityis missing.Machenhauerand Haugen(1987)proposeda way for full
harmonicexpansionof thegrid-pointfieldsfor spectrallimitedarea applicationsand developedthe
formulationin HIRLAM(HaugenandMachenhauer,1993).The idea is thatthegrid-pointfieldsare
madebi-periodicallybycreatinganartificialextensionzoneinwhichtheyare interpolatedbetweenthe
valuesattheoppositeedgesinbothdirections.ThiswasimplementedinALADIN.
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ThehorizontalgeometryofALADIN-AUSTRIAisdecomposedintothreezonesas showninFig.4.

. CentralzoneC: theareaofmeteorologicalinterest.
0 IntermediatezoneI:theareaforrelaxationorcouplingwhichintroducestheforecastsfrom
thelargescalemodelARPEGE as lateralboundaryconditionsforALADIN.

. ExtensionzoneE: theartificialareafortheapplicationofspectraltechnique,wherethefields
arecreatedforhavingtheperiodicityconditionsinbothxandy directions.

The modelfieldsover the areas C and I are meteorologicallyand geographicallymeaningful,the
resultsovertheareaE aremerelyusedformathematicaloperationswhichareneededbythespectral
method.

Figure4:The horizontalgeometryofALADIN-AUSTRIA.The Centralzone:theareaof
meteorologicalinterest;theIntermediatezone:therelaxationareaforthecoupling;the
Extensionzone:theareafordoubly-periodicisation.

FollowingtheideabyMachenhauerandHaugen(1987)andconsideringa variableX, itsfullharmonic
Fourierexpansionisgivenby

M NX(x, y, 77,t) = 2 2X; (77,t)e2izr(mx/Lx+ny/Ly) (22)

m=—Mn=—N

whereM , N are themaximumwavenumbers,and LC , L y are thehorizontalwavelengthsinx

andy directionsrespectively.Let J, K be the numberof grid-pointsof thetotaldomainincluding
theE zonealongthex and y directionsrespectively.The inversetruncatedFouriertransform,i.e.the

spectralcoefficientX ,2, isobtainedby

1 J—lK—l . . +
X7:(779t)=—Z X(j9kanat)e—21”(Jm/Jkn/K) ' (23)

JK j=0k=0

All transformations,thedirectonefromthephysicalspacetospectralspaceandtheinverseonefrom
spectraltophysicalspace,areperformedinx andtheniny directionseparately.
Duetothefactthattheseriesaretruncatedfinitely,itis necessarytointroducea constraintintheform
of an ellipticspectraltruncation,whichis illustratedin Fig.5 and iswrittenforanywavenumbersn
and m as

722 m2
VJFMZ £1 (24)

10
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Figure5: Theelliptictruncationofallowedwavenumbersinbothx and y direction.

Thisconstraintensuresthatthespectralrepresentationofthefieldsoverthewholeintegrationdomain
is isotropicandhomogeneous.The elliptictruncationhas thesamepropertieson theCartesianplane
as thetriangulartruncationofthesphericalharmonicsonthesphere.

The numberof modes involvedin both Eq. (22)and Eq. (23) in spectralspace is 2M +1 ,
2N + 1 , andinphysicalspace J , K grid-points.Thoseparametersaredependentoneachother,

becauseM and N are chosenaccordingto thesize of themodeldomain.If J and K are not
wellchosen,an aliasingerrorwillbe introduceddueto thetransformationsof thequadratictermsin
themodelequations,whichmayleadtonon-linearinstability.To obtainanaliasing-freerepresentation
of quadratictermsin thetransformgrid,therelationshipbetweenthenumbersof grid-pointsandthe
wavesinALADINshouldbe:

JZ3M+1 and K23N+1 (25)

However,inthepresentformulationofALADIN,thequadratictermalso includesmapfactors(seeEq.
(4) and Eq. (5)),for examplethe momentumadvectionwhichcreatesa fourth-orderterm.This
generatesanadditionalsourceofaliasing.Specifictreatmentof thisproblemas designedforALADIN
isdescribedbyGeleyn(1998).

The transformsare carriedoutby usinga Fast FourierTransform(FFT) technique.Therefore,there
arealsosomeotherspecialrequirementsfor J and K .
InALADIN-AUSTRAwedefine8gridpointsas thewidthoftheIzone,11gridpointsas thewidthof
theE zone.Theotherdefinitionsare

J = 300 :numberofgrid-pointin x directionforthe C+I+Edomain
M = 99 : truncationin x direction

K = 270 :numberofgrid-pointin y directionfortheC+I+Edomain.
N = 89 : truncationin y direction

TheSouth-WestcorneroftheC+Idomain:11 = 2178340150 , (01= 33 .99584219

TheNorth-EastcorneroftheC+Idomain:22 = 39 .07586307 , (02= 55 .64347201

2.3Verticaldiscretisation

As mentionedinsection2.1.1,ALADINiswritteninhybrid77coordinateswhere77is definedbyEq.
(2).AfterSimmonsand Burridge(1981)thecoordinatesprovideconservationof energyandangular
momentumiftheverticalandhorizontaldiscretizationschemesareproperlychosen.

ALADIN-AUSTIRAisdiscretizedverticallyinto45 layers,i.e.,46 77 levels,whichis illustratedinTable
1.Modelvariablesarestaggeredinthevertical.Fluxesandtheadvectingverticalvelocityaredefined

11
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onfull77 levels.Allothervariablesaredefinedon half-77- levels,whichareexactlyhalfwaybetween
thefulllevels.Thesevariablesrepresentlayer-meanaverages.77is implicitin thecoordinate,which
meansthatthefixedlayerdepths677can be eliminated.As a result,all theequationsinvolveonly
pressureas anexplicitverticalcoordinate.

Vertical ConstantA ConstantB Definitionofthe
IndexK Modelvariables

1 0.0 0.0000000000 (7749/677)=0,77:0
2 271.828186 00000000019
3 518.944702 0.0028842613
4 742.211609 0.0085220076
5 942.490906 00167825148
6 1120644653 0.0275349915
7 1277534912 00406487212
8 1414.023682 0.0559929237
9 1530.973022 00734368414
10 1629.244873 00928497463
11 1709701416 01141008511
12 1773.204468 0.1370594203
13 1820616455 01615946889
14 1852799194 01875759512
15 1870.614624 02148723602
16 1874924805 02433532178
17 1866.591431 02728877664
18 1846.477783 03033452630
19 1815444336 03345949352
20 1774.354126 03665059805
21 1724068604 03989477158

21 1/2 V, T,qv,RTVInp+17¢,a)
22 1665.450562 04317893684
23 1599360596 04649002254
24 1526662354 04981494546
25 1448.217041 05314063430
26 1364887939 05645400286
27 1277.534912 05974200368
28 1187.021851 0.6299152970
29 1094209106 06618951559
30 999959656 06932288408
31 905135925 0.7237858176
32 810599121 07534350753
33 717211487 07820459008
34 625.836548 08094877005
35 537.334961 08356295824
36 452.567444 08603407741
37 372.398499 08834904432
38 297.689941 09049479961
39 229.300812 0.9245827198
40 168.098953 09422636032
41 114.937843 0.9578601718
42 70.686508 0.9712417126
43 36.206150 09822769165
44 12.358013 09908357263
45 0.0 09967873096
46 0.0 1.0 (,7dyéano, [0:7477:1

Table 1 illustratestheverticalindexof 77 levels,A and B and thedefinitionof thestaggered
gridusedinALADIN-AUSTRIA.
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677 . 6
The exact discreteformof surfacepressuretendency6— , advectingverticalvelocity776—p_’

t 77

verticaladvectionof Q 77'6_p 92
(377 0p

RT V In p + V ¢ ,and pressureverticalvelocity0) usedinALADINcanbefoundinJoly(1992).

j , the hydrostaticequationEq. (13),pressureforce

2.4LateralBoundaryConditions (LBC)andCoupling

The numericaltreatmentof the lateralboundariesis a problematicbutimportantaspectof a limited
areaforecastmodel.The problemintheinteriorofthedomainiswellposedonlywhentheproperset
of boundaryconditionsis prescribed.The solutionin the interiormaybe quitedifferentforapparently
minorvariationsintheboundaryconditions.

Inorderto takeintoaccounteffectsdue to weatherprocessesevolvingoutsidethemodeldomain,
ALADIN-AUSTRIAis coupledto the globalARPEGE model,which providesLBCs for ALADIN-
AUSTRIA ina 3-hourlyinterval.A schematicdescriptionofthecouplingpreocedurebetweenALADIN-
AUSTRIAandARPEGE is showninFig.6. The preparationoftheARPEGE fieldtoALADINLBC’s is
exactlythesameas fortheALADINinitialconditions,whichisdescribedindetailinSection2.6.

ARPEGE provideslateralboundaryconditions(617er3h)

I I I I

noooooooooooooonormo

11111111111

Model-outputin 1hintenara]

+48h

Figure6: SchematicillustrationofthecouplingbetweenALADIN-AUSTRIAandARPEGE.

Ifmeteorologicalfieldsfroma largescale modelsuch as ARPEGE are to be used,threeproblems
needtobesolved.

----SinceALADINis a limitedareaspectralmodel,thefieldsusedon theboundarymustbe double-
periodicbothin x and y directionsin orderto enabletheFouriertransformationforthecalculation
ofthederivatives.

Ifthe forecastedvaluesfromARPEGE are not consistentwiththe valuesnear the boundary
predictedby ALADIN, noise in the forecast variableswill develop near the boundaries.This
undesirablenumericalnoiseshouldbesuppressedattheboundariesofthedomainofinterestC.

----ARPEGE forecastshaveto be imposedon theIandE partsofthemodeldomaininordertotake
intoaccounttheprocessesevolvingoutsidethedomainoftheinterest.

The solutionstothoseabovementionedproblemsinALADIN-AUSTRIAarethedoubly-periodicisation
operationand the relaxationtechniquefor coupling,which is effectivein removingthe artificial
reflectionandtransmissionofsmallscalewavesontheboundariesofthedomainofinterestC.

As the doubly-periodicisationoperatorin ALADIN-AUSTRIA,cubic splinefunctionsare used with
subsequentLaplaciantransversalsmoothing.This ensurescontinuousderivativesuptosecondorder,
isotropyandnounrealisticovershooting(Horanyietal., 1996)
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ThecouplingmethodusedinALADIN-AUSTRIAistherelaxationtechniqueproposedbyDavies
(1976y

XA = (1—a)X0 +aXC, (26)

whereX Arefersto thevalueinthel-zoneaftercoupling,X C is thevaluefromthelargescalemodel
ARPEGE and X 0correspondstothevaluebeforecoupling.a is therelaxationcoefficent,itsvalueis
0 fortheC-zone,variesbetween0and1forthel-zoneandis 1fortheE-zone.a is calculatedfroma
specialdifferentiablefunction(Janiskova,1994).Radnoti(1995)discussedsomespecificaspectsof
thecouplingstrategyinALADIN.

2.5Temporaldifferencing:thesemi-Lagrangiansemi-implicit(SLSI)scheme

The time-integrationschemein ALADIN-AUSTRIAis a semi-Lagrangianschemeincludinga semi-
implicitcorrection,whichallowsfor a timestep much largerthan allowedby the CFL (Courant-
Friedrichs-Levy)criterion.The keytothestabilityoftheschemeis theremovaloffast-propagatingand
possiblyfast-advectingprocessesinthesemi-implicitcorrection.ForvariableX attimet, theexplicit
leap-frogschemeinanEulerianmodelcanbewrittenas:

X +—X ‘
— = D00 (27)
2A7

whereX+ is X attimet+At and X‘ is X attimet—At. D includesthephysicalprocessesin
the modellikeenergyconversions,advectionor wavepropagation.Separatingthe linearor nearly
linearprocessesL fromthosein D andintroducingthesemi-implicitcoefficient,8, wehave

X'—X' 1————=D¥ L—X' X‘—X. 28237 ()Jr,6 [2( + ) j ()

Notingthelinearityof L , Eq. (28)canbeexpressedas

(I —,BAtL)X' = Xg,,,.,,c,,+flAtL(X_ —2X). (29)

The inversionofthematrixontheleft-handoftheequation(I is theunitmatrix)is thepricetopayfor
thelargertimestep.The inversionis doneinspectralspaceas itinvolvestheinversionofa Laplacian
operator,whichis theso calledimplicitpartof thesemi-implicitcorrection.The firsttermonthe right
handof theEq. (29),XgX,.L,C,,.,is thefirstguessof X' givenbytheexplicitintegrationof Eq. (27).
The secondterm,the explicitpartof the semi-implicitcorrection,is computedin the real,physical
space. The physicalprocessesincludingthe fast propagatinggravitywavesmustbe in the linear
operatorL in orderto enhancethe computationalstability.The detailedtechnicaldescriptionof the
schemeinALADIN,suchas thedefinitionoftheoperatorL , is givenbyJoly(1992).

The semi-Lagrangianschemeallowsa furtherincreaseofthetimestepbecauseoftheunconditionally
stableadvectionpartof themodel.Thereis nomoreconstrainton thetimestepbytheCFL stability
conditions.TheALADINsemi-LagrangianschemeoriginatedfromARPEGE. Somemodificationswere
needed,however,due to the planegeometryand the limitedarea character.Ithas the following
features:

. threedimensional

. two-timelevel

. pseudosecondorderde-centering

. 32gridpointslinear/cubicinterpolation

Again, for thevariable X :

14
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EE=L+N+P @mdt

whereL, N andP representlinear,non-linearand physicalforcingterms,respectively.The semi-
implicitsemi-Lagrangianalgorithmoftheequationcanthenbewrittenas

Xt+l _Xt L X, +L Xt+1

GZAt 0"““1 ( 0)2 ( G ) -8L(X;;“2>+N(X:;‘”>+P(Xg>. (31>

where

X’m =(3X’ -X"‘)/2 (32)

and 8 is calledthede-centeringparameter.G is thegridpoint,0 is theoriginandM isthemiddle
ofthe 0 9 G trajectory.

Thewell-knownproblemoforographicresonancein theSLSI scheme(Coiffieret al., 1987)is solved
inALADINa) byusingthede-centeringinthesemi-implicitalgorithminordertohaveitmoreimplicit,
becausetheorographicresonantwavesare stationarygravitywavesin nature,andb) by increasing
the “divergencedamping”in the horizontaldiffusion,because a flowthat is likelyto enter into
resonanceisobviouslydivergent.

For ALADIN, special attentionmustbe paid to the computationof trajectoriesoriginatingin the
extensionzone.There is a necessityof havinggrid-pointcalculationsalso in theextensionzone for
couplingand doubly-periodizationfor the spectral transformation,but the values of prognostic
variablesintheE zoneare physicallymeaningless.The computationof trajectoriesneartheedgeof
theC+Idomain,whichmayoriginateintheE zone, is carriedoutbyassumingthatthevaluesof the
prognosticvariablesattheoriginpointoverE-zoneareequaltothevaluesatthenearestgridpointof
theC+Idomain.ExperimentsinALADINhaveshownthattheerrorsintroducedbythisassumptiondid
not leadto any seriousproblemsif the l-zoneis sufficientlywide(8gridpointsin case of ALADIN-
AUSTRIA).

InALADIN-AUSTRIA:

Timestep=415.385seconds,integrationupto48hours,twicea dayat00and12UTC

2.6InitialConditionand DigitalFilterlnitialisation(DFI)

2.6.1InitialCondition

Withinthe internationalcooperation,an ALADIN 3D-VAR data assimilationscheme has been
developed(Fisher,2002).Assimilationexperimentshave been carriedout usingdata frommany
differentobservingsystemssuchas TEMP, SYNOP, MSG, SATOB, SHIP,ATOVS, AMDARandwind
profiler(Wangetal.,2004).Theassimilationof radardatawithALADIN-3DVARisunderdevelopment.
As theresultshavenotyetbeentooencouragingZAMG stillkeepsthedynamicaladaptationoption,
whichmeansthattheinitialconditionof themodelALADIN-AUSTRIAisobtainedbyinterpolationfrom
theglobalmodelARPEGE analyses.Thefollowingsequenceofoperationsis performed:

Transformationofglobalspectralfieldsfromsphericalharmonicstotheco-locationgrid.
Horizontal interpolationwith a bi-linear or a 12-pointcubic Lagrangianpolynomials
interpolation.
Doubly-periodicization.
Verticalinterpolation.
Transformationofthegridpointfieldsintofullharmonics.01.0.0F”?

The mostimportantoptionin runningthehorizontalinterpolationis thecapabilityof usingdeparture
betweentheclimatologicalmeanvaluesandthesurfaceprognosticfields.Thisoptionensurestohave
small-scaledetailsintheinterpolateddata(Horanyietal., 1996).Concerningtheverticalinterpolation,
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a displacementof the planetaryboundarylayer(PBL) has been implementedin orderto keep its
structureas muchas possible.Forthismethodan intermediateverticalsystemiscreatedfirstlywhich
is definedby a specialcombinationof thecharacteristicsof the inputandtargetsystems.The next
stepis theverticalinterpolationfromtheinputandtheintermediatesystemstothetargetoneusinga
weightingfunctionvaryingbetween0 and 1 and whichensuresa smoothtransitionin the PBL
transitionlayer.Belowthistransitionzonetheresultsof theintermediatesystemaretakenindividually
andaboveonlytheoriginaloneis considered(Bubnovaetal., 1993).

TheparametersintheinitialconditionforALADIN-AUSTRIAcanbe listedas follows:

3D: wind,temperature,specifichumidity.

2D: surfacepressure,orography,surfacetemperatureand relativemoisturecontents, deep soil
temperatureand moisturecontents,snowcover,albedo,emissivity,landsea mask,proportionof
vegetation,roughnesslength,standarddeviation,anisotropyand orientationof sub-gridscale
orography.

Allfieldsarehandedoverinformofspectralcoefficients.

2.6.2DigitalFilterlnitialisation

Iftheinitialconditionsof themodelarenotinanappropriatestateof balance,likethewindandmass
fieldswitheachother,theunbalancedpartwillprojectontoinertia-gravitywaves.Thesewaveshave
largehorizontaldivergenceandpropagatehorizontally.Duetotheinterpolationfromtheglobaltothe
limitedareageometryinthedynamicaladaptationoptionofALADIN-AUSTRIAandduetothehigher
resolvingorographyinALADIN-AUSTRIA,an unrealisticunbalanceis unavoidablyintroducedin the
initialconditionsinALADIN-AUSTRIA.This noisewouldraisespurioushigh-frequencyoscillationsin
theforecastsandcausenumericalinstabilityat thebeginningof themodelintegration.To removeor
reducethishighfrequencynoise,DigitalFilterlnitialisationDFI (LynchandHuang,1992)is used in
ALADIN-AUSTRIA.

The mainideaof DFIis toconstructa filterinordertodampthehighfrequencynoisebyconsidering
thetemporalFourierseriesof theprognosticvariable.The filteringweightsarechoseninsucha way
thatforlowfrequenciestheamplitudeof thesolutionwiththatfrequencyremainsmostlyunchanged,
whereasforhighfrequenciestheamplitudeissubstantiallyreduced.

The practiceinALADIN-AUSTRIAis thattheuninitializedmodelstateis integratedfonlvardusingthe
fullmodelwithphysicsfromt = O to t = tN = NAt, andbackwardusingdryadiabaticdynamicsfrom

t = 0 to t =—tN=—NAt For any model field f , at every time step in = nAt ,

nt _N,...,f_2,f_1,f0,f1,f2,...,fN} is known.fn maybe regardedas theFouriercoefficientsofa

functionF (6?):

n=N
17(19):2 fne'i'” (33)

n=—N

where(9is thedigitalfrequency.Highfrequencycomponentsof fn couldbe dampedbymultiplying

F (6) bya functionH ((9):

T2N[xO003(19/2)]

71(9): T (x >
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1
wherex0=—, (H)

( 6]
cos

2
isdefinedas:

is thecutofffrequency.T2N is a Dolph—Tchebychevpolynomial,whichC

cos(ncos‘1 x) if [x]31
35

cosh(rzcosh_1x) if lxl>1 ( )

resultingin TO(x) =1 and T1(x)= x. The higherpolynomialscan be obtainedfromtherecurrence
relationship

Tn(x)= 2xT,,_1(x)—Tmm) 77Z 2 (36)

1
For the low-frequencyrange,H (6?)decreasesfrom1 to r =——) as [6)]goes from0 to @c,

2Nx0
andforthehighfrequencyrange(")6S |®S rrl, H ((9)oscillateswithini r. Let f; denotethelow-

frequencypartof f", clearly:

n=N
H(6l)-F(6) = Z fife-""9 (37)

n=—N

and

* k=N k=N
fn = Z(H.F)kfn—k: thfn—k (38)

k=—N k=—N

77
InALADIN-AUSTRIAwechooseN = 20, @C= E, and h" isgivenby:

N «9
1+27'; TZN(x0cos—”')cosmfin] (39)h, =

2N+1I ml 2

Thesolutionofthemodel,integratedfrom—tN to tN, isweightedaveraged:

f*(0)= Zhnfn (40)

so thatattheendoftheDH a balanceisachievedintheinitialstatefields.
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2.7HorizontalDiffusion

Horizontaldiffusionis necessaryin themodelto controlnon-linearinstabilityand to help reducing
errorsintroducedthroughaliasing.A highlyselective4th-orderhorizontaldiffusionis usedinALADIN-
AUSTRIA.

[QEJ =—K(r,l)V2(V2X”1) (41)6t W

whereK is thediffusioncoefficient.Ittakestheform:

4
K 0c . yor

(42)m1n(y0,p,,(1)/pref)

slit-ital

wherer is therelativewavenumber,and l is theverticallevel,ps, is thepressureof thestandard

atmosphereat levelI and pref the referencepressureof the same standardatmosphere.yO is a

tuningparameterwithvaluesbetween0and 1.

The coefficientsK are the same forvorticity,specifichumidityand temperature,and by a factor9
largerfordivergence(a translationto spectralhorizontaldiffusionof thefinitedifference“divergence
damping”).Thereis nodiffusionof surfacepressure.To reducespuriousdiffusivefluxesalongslopes
in the vicinityof steep mountains,it is not T but T—fl 1n(7z)which is diffused,where,6 is a
constantdependingon theverticallevel.A detaileddescriptionof thehorizontaldiffusioninALADIN
canbefoundinGeleyn(1998)andYessad(2004).

2.8Physical parameterizations

The parameterizationof processesthatare not explicitlymodelledrepresentsa majorsourceof
forecastuncertaintyand is an areaof intenseresearchwithintheNWPcommunity.Parameterization
techniquesmustbe employedwhenevera processis (a)toosmall-scaleto bemodelledexplicitly,or
(b)too littleunderstoodin detail.Usuallyboth(a)and (b)apply,whichmeansthecoefficientsof a
parameterizationhaveto be tunedempirically.Today’sNWP modelssuchas ALADINemployone-
dimensionalphysics,that is, each model column is treatedindependently.Exchangesbetween
columnstakesplaceviadynamicsandhorizontaldiffusiononly.Thissimplification,whichalsoallows
for efficientparallelization,willno longerbe justifiedin the future,especiallyovercomplexterrain,
whenthegridspacingof NWP modelswillbe reducedtowards2-3km.The followingdescriptionis
mainlybasedon thephysicsdocumentationby Gerard(2000),andon a summarygivenbyGeleyn
(2003)of physicsparameterizationsinALADIN.SeveralaspectsofALADINmodelphysicscan also
befoundinGeleyn(1998).

2.8.1Radiation

Radiationcalculationsputa heavyburdenon anyNWPmodelsimulation,expeciallyinthelongwave
partof the spectrumwhereeach atmosphericlayerexchangesradiationwitheach otherlayer,and
with the Earth’s surface. The scheme used in ALADIN-AUSTRIAis based on Geleyn and
Hollingsworth(1979)andRitterandGeleyn(1991).Itis numericallyrelativelyeconomicalandthuscan
be calledat each time-step.Ithas one spectralintervalin thesolaras wellas in thethermalrange,
considersallactivegases,anddistinguishesbetweenliquidandicephaseeffectsinclouds.Itusesa
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grey-bodyapproach,whichmeansthatradiationemissionand absorptionis handledthroughbulk
emissivitiesoverthewholeshortwaveand longwavespectralranges,respectively.Italsomakesuse
of Eddington’sapproximationwhichsays thatisotropyallowsto describethe radiationfieldwithone
upwardandonedownwardfluxonly.A thirdfluxrepresentsparallelsolarradiation.

5F: S ‘T I 155 = 277(1—co,)B,(T)+w,(1—/30) ' e ”0—2[1-w.(1-fl)]F. +2wvflFv (44>
v #0

6F1 S _0
V =—27r(1—m,)B, (T) —(up, —"e ”0+ 2[1—co.(1—fl)]F3 - 20% F3 (45)65,, #0

as, S,= _ (46)
65v #0

Here 6,, is theopticaldepth(increasingdownwards),a), is thesinglescatteringalbedo,and ,6 is a

diffusivityfactor,representingthe back-scatteredfractionof diffuseradiation,whereas,60 is the
fractionof solar radiationthat is back-scatteredupwards.The cosineof the solarzenithangle is
denotedby #0, and By(T) denotesthePlancksourcefunctionforthermalradiation.The subscript
v indicatesfrequency-dependency.Inthemodel,Eqs. (44)- (46)are used in spectrallyintegrated
form.Neglectingvariationsof By(T) withinmodellayers,thespectralintegrationcan be separated
fromtheverticalintegration,andStefan’slaw

B(T) = f B, (T)dv = 0T4 (47)

can be applied,where0' is Stefan’sconstant.The opticaldepth5Vandthesinglescatteringalbedo

(0,,depend on coefficientswhichcharacterizeabsorptionby constituentsapproximatedas grey
bodies(aerosols,clouds)andon thespectralabsorptioncoefficientsforthegasesH20,C02, and03.
Inpractice,6,, is computedbya summationof contributionsfromfinitefrequencyintervalsAv given

by

A6,, = k u (48)Av grey’

whereumy = qgreyApis thequantityof thegivengreybody(liquidwater,ice,aerosol)overthedepth

of the layer,and kAVis a meanspectralcoefficientfor the frequencyinterval.For partiallycloudy
layersit is assumedthat(a)eachcloudextendsoverthewholelayerdepth,(b)thecloudfractionis
constantoverthe layer,(c)thereis no lateraleffectbetweencloudsand clearsky.The verticalflux
divergencecomputedin theradiationschemethenenters,togetherwithotherdiabaticcontributions,
ther.h.s.ofthethermodynamictendencyequation(20).

2.8.2Turbulenttransportandsurfaceexchange

Turbulentfluxesof momentum,heatandwatervapourare modelledusinga first-orderturbulence
closure(Louis,1979;Louiset al., 1982).The turbulentdiffusivityof a quantityw is determinedviaa
diagnosticrelationshipas a functionofwindshearandRichardsonnumber

KW : [mlil’
617
E f (Rt) (49)
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whereI,” and Imdenotemixinglengthsfor the givenquantity,and momentum,respectively.The

schemecontainsa modificationproposedbyGeleyn(1987)whichtakesintoaccounttheenhancing
effectof shallowconvectiononverticaltransport.Duringrecentyearsmuchefforthasbeenspenton
improvingthe scheme’sdependencyon Ri in the stablystratifiedcase. Two criticalRichardson
numbershavebeenintroduced,dealingwiththeenhancingeffectofsub-gridinhomogeneityonfluxes,
andwithdifferencesinbehaviourbetweenthermalandmomentumfluxes.

Above the lowestmodel level, turbulentverticalfluxes of the quantity(u are computedfrom
diffusivitiesgivenby(49)througha finite-differenceformoftheflux-gradientrelationship

A
J, =—ng, X? (50)

Atthesurface,fluxesareparameterizedusingtheaerodynamicformulation

J..<zo)=pC.<Ri>|V<zo)l<w<zo)—w.). (51)

where20 is thelowestmodellevel,andthesubscriptsdenotesthesurfacevalueofthevariable‘1’.

2.8.3Cloudiness and large-scaleprecipitation

The cloudinessschemeof ALADIN-AUSTRIAis diagnostic.Explicitlyresolvedcloudinessand cloud
watercontentaredeterminedsimplyas a functionofhumidityandtemperature.Stratiformcloudwater
content(withthedimensionofa specifichumidity)iscomputedfrom

qs = (qs)max(1—e_aAq/(qs)max) (52)

wherethespecifichumiditypseudo-supersaturationisgivenby

Ag 2 q _rchAT' (53)

The criticalrelativehumidityrc is prescribedas a verticalprofile.Itis closeto 1atthebottomandtop
of theatmosphere,andhasa minimumad mid-troposphericlevels.The negative-exponentialformof
(52) takes into account the fact thatwith increasingcloud water contentsmallerand smaller
proportionsof newlycondensedwaterremainin thecloud.Stratiformcloudfraction723is estimated
fromstratiformcloudwatercontentthroughan empiricalrelationship.Convectivecloudwatercontent
qc and cloudfraction726are diagnosedas a functionof theverticaldivergenceof precipitationflux
computedin the deep convectionscheme. The final combinationof stratiformand convective
contributionsgives

q... = q. +q.» (54)

72,0,= 775+ (1—n5)nc. (55)

The precipitationflux is computedfromthe condensationratesat each levelassumingthatany
supersaturationis instantlytransformedintoprecipitation,takingintoaccountsub-cloudevaporation,
melting,andfreezingwitha revisedKessler(1969)scheme.

Whiletheaboveschemeassumesthatcondensateis immediatelyconvertedintoprecipitation,starting
withCycle29oftheALADINmodelthereis anoptiontousetheLopezmicrophysicalparameterization,
whichallowscloudwaterand cloudice to be treatedmoreexplicitly(Lopez,2002).Inthisscheme,
microphysicalconversiontermssuchas autoconversionandaccretionare parameterized,andcloud
waterand icearetreatedas prognosticvariablesthatcan undergostorageanddepletionandcanbe
adevctedwiththe flow.Tests on orographicprecipitationcases showthatthe prognosticscheme
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eliminatessomeof thesystematicerrorswhichwerepresentin thediagnosticscheme,suchas the
‘dryvalley’problemassociatedwithexcessiverain-outonupwindmountainslopesandridges.

2.8.4Deepconvection

The parameterizationofdeepconvectioninALADIN-AUSTRIAis basedonthemass-flux-typescheme
of Bougeault(1985)buthas beenrefinedin severalrespects.The Kuo—typeclosurehas beenmade
resolution-dependentfollowingtheideasof BougeaultandGeleyn(1989).A comprehensivetreatment
of the verticaltransportof horizontalmomentumwas introduced(Gregoryet al., 1997).The
entrainmentratevarieswithheight,followingtheproposalofGregoryandRowntree(1990).Thistakes
accountofthefactthatcloudswhichmanagetogrowupto a certainheighthavea higherbuoyancy
than the average clouds below.The detrainmentrate contains a constantcomponentand a
componentthatdependson the buoyancydecreasein the upperpartof thecloud.Downdraftsare
parameterizedina fashionsimilartotheupdraftcomputation(DucrocqandBougeault,1995).
The coreofanydeepconvectionschemeis thecloudmodel.As inmanyotherparameterizations,itis
a singleentrainingupdraft

6w__u=_,1 __ 56

wherethe entrainmentparameter/1.udeterminesthe degreeof relaxationof the saturated-adiabatic
ascentwithinthe cloudtowardsthe environment.The variable17/standsfor potentialtemperature,
specifichumidity,or the wind vector.The second importantcharacteristicof a deep convection
schemeis itstriggerfunction.InALADIN-AUSTRIA,a doubleKuo—typeconditionis used.Inorderfor
deepconvectiontodevelopata certainlevel,theremustbepositivebuoyancyas determinedfromthe
entrainingascent,andpositivemoistureconvergenceinthelayersbelow.Moistureconvergencealso
determinestheamountofprecipitationgeneratedbythescheme.

2.8.5Mountaindrag

At a resolutionof 10 km it is necessaryto parameterizethe effectof unresolvedfeaturesin the
topographyon theatmosphericflowfieldandtheassociatedmomentumtransport.The lineargravity
wavedragcontributionis basedontheworkofBoeretal. (1984)andrepresentedby

f = cp NVshs (57)

where f is the verticalflux of horizontalmomentum,N is the Brunt-vaisalafrequency,1?,the

standarddeviationoftheunresolvedtopography,and173a suitablenear-surfacewindvector.The form
dragcontributionfollowsLottandMiller(1997).Itis basedon thedividingstreamlineconceptwhich
describestheempiricalfactthattheairflowoveranobstacletendsto splitintotwodistinctregions.At
lowlevels,due to stability,the flowmay be blockedor flowaroundthe obstaclewithlittlevertical
motion.The Froudenumberdeterminesthedepthof the lowerlayer.Effectsdueto theanistropyof
thesub-gridtopographyareparameterizedas inPhillips(1984).

2.8.6Soil processes

The treatmentof soil processesis based on the ISBA (InteractionsSoil BiosphereAtmosphere)
schemedescribedby NoilhanandPlanton(1989)andGiardand Bazile(2000).Ituses 6 prognostic
variables:surfacetemperature,deepsoiltemperature,surfacereservoirwatercontent,deepreservoir
watercontent,interceptionreservoirwatercontent,andthewatercontentofthesnowcover.Physical
characteristicsincludevegetationfraction,land-usetype (sea, ice, lowvegetationor desert,high
vegetation),minimumsurfaceresistance,clayandsandpercentages,activesoildepth,leaf-areaindex,
and thermalroughnesslength.Recentmodificationsof the schemetake intoaccountthe freezing-
meltingeffectsofsoilwateratdifferentlevels.
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3. Results:Verificationandcase studies

3.1Verificationof ALADIN-AUSTRIA

For the presentstudy,we performeda twomonthsparallelsuiteof ALADIN-AUSTRIAfrom20 Feb
2004to 20 Apr 2004.To verifythe resultsof ALADIN-AUSTRIA,the model’sanalysisfields(12h
interval)were used for upper air parametersand SYNOP observationsfor the near surface
parameters.Verificationresultsof ALADIN-LACE,ALADIN-VIENNAand ALALDlN-AUSTRIAwere
comparedinordertoassesstheperformanceofALADIN-AUSTRIA.

a) Verificationof upperair fields

InFig. 7, Fig. 8 andFig. 9,we comparethetimeseriesof domainmeansof BIASandRMSE of the
ALADIN-LACEandALADIN-AUSTRIA24hand48hforecastsof 500hPageopotential.The ALADIN
configurationsAUSTRIAandLACE behavesimilarly,buta slightimprovementwithALADIN-AUSTRIA
is observedatlongerforecastperiods(forecastrange48h),atleastregardingtheBIAS(Fig.8).

BIASGeopotential500hPa,AGL+24h Mean-LACE:.059
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L—O—ALADIN-AUSTRIA+A LADIN-LACEI

Figure7:Biasof500hPageopotential,24hforecast,withmeanvaluesgivenattheupperright.
Blueline:ALADIN-AUSTRIA,redline:ALADIN-LACE.

Mean-AUSTRIA=0,06BIASGeopotential500hPa,AGL+48h Mean-LACE:0,35

Bias[gpdm]

Figure8:Biasof500hPageopotential,48hforecast,withmeanvaluesgivenattheupperright.
Blueline:ALADIN-AUSTRIA,redline:ALADIN-LACE.
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RMSE[gpdm]

Date
I—O—ALADIN—AUSTRIA+ALADIN-LACE‘

Figure9:Sameas Fig.8, butforRMSE of500hPageopotential,48hforecast.

b) Verificationof surface fields

BIASforT2m,9Stations BIASforMSL-Pressure,9 BiasforWindspeed,9Stations
0,0 Stations o_4
-0,2
-04 0,2

'-'-0,5 '6' E 0ox ,7,:-0,8 g E.
3 -1,0 .3 g-0,2
-1,2 m- _0,4
-1,4
-115 -0,6

6 12182430364248 6 12182430364248 6 12182430364248
Forecast-Hour[h] Forecast-Hour[h] Forecast-Hour[h]
+ALADIN-AUSTRIA —o—ALADlN-AUSTRIA +ALADlN-AUSTRIA
+ALADlN-VIENNA +ALADIN-VIENNA +ALADlN-VIENNA

Figure 10:BIASofT2m,MSL-pressure,windspeed(averagedover9majorAustriancities),
blue:ALADIN-AUSTRIA;red:ALADIN-VIENNA.

Verificationof surfacefieldswasdonefor2mtemperature,MSL pressureand 10mwindspeedfor9
majorAustriancities.Fig. 10showsa comparisonbetweenALADIN-AUSTRIAandALADIN-VIENNA
fortheaveragedBIASoverthe9 cities.For2mtemperature,BIASandRMSE are reducedby 10%in
ALADIN-AUSTRIA.Errorsofwindspeeddo notdiffermuchbetweenALADIN-AUSTRIAandALADIN-
LACE. FocusingontheverificationofstationVienna,whichis showninFig. 11,theslightimprovement
ofthe2mtemperatureandMSL pressureforecastis confirmed,whereasthequalityofthewindspeed
forecastremainsratherunchanged.

BiasforT2m,Vienna BiasforMSLPRESSURE,Vienna BiasforWindspeed,Vienna
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+A LADIN-VIENNA -—I—ALADIN-VIENNA —I——-ALADIN-VIENNA

Figure 11:BIASofT2m,MSL-pressure,windspeedforstationVienna,lineinblue:ALADIN-
AUSTRIA;inred:ALADIN-VIENNA.
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RMSEforT2m,Vienna RMSEforMSLPRESSURE, RMSEforWindspeed,Vienna
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Figure12:Sameas Fig.11,butforRMSE.

3.2Case study

Ithas beenobservedthatduringthesummerseasonALADINproduceslighttomoderateconvective
rainfallwhen none, or significantlyless, was observed. The unrealisticconvectiverainfallis
widespreadandstronglytiedtoorographicfeaturessuchas themainalpinecrest.Wrmmer(2004)has
investigatedtheproblemusingdifferentrepresentationsofmodelorographyandconvectionschemes
inALADIN-VIENNAandALADIN-AUSTRIA.Oneofthecase studiesaimedatevaluatingtheimpactof
model resolutionon convectiverainfall.One of his findingsis that ALADIN-AUSTRIAbringsa
beneficialeffect on convectiverainfalland its triggering.To demonstratethis improvement,we
comparetheforecastsof accumulatedconvectiverainfallofALADIN-VIENNAandALADIN-AUSTRIA,
whichis shownin Fig. 13.On the6thof May 2003,therewas no convectiveprecipitationobserved
between00UTC and 18UTC in the westernpartsof Austria.Inthe forecastof ALADIN-VIENNA,
unrealisticandwidespreadconvectiverainfallwasfoundoverthemountainsintheregion.Withhigher
verticalresolutionin ALADIN-AUSTRIA,the intensityand arealextensionof the convectiverainfall
cellsaresignificantlyreduced.

Cumulatedconvectiveprecipitation,6thMay 2003

Aladin-Vienna
Envelopetopography
37Levels

Aladin-Austria
Envelopetopography
45Levels

Figure13:ForecastsofaccumulatedconvectiverainfallwithALADIN-VIENNAandALADIN-
AUSTRIA.Bothmodelsstartedat00UTC, 6.May2003.Theforecastsarevalidfrom00UTCto
18UTC, 6.May2003.
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4. Conclusions and FuturePlans

Since 1998the numericallimitedarea predictionsystemALADIN has been in use operationallyat
ZAMG. The performanceof thesysteminthelastyearsis shownin Figs. 14-17,whichgiveanomaly
correlation,Bias,MeanAbsoluteError,RootMeanSquareError,andStandardDeviationErrorof48h
forecastof500hPageopotential(Fig.14andFig. 15)andof24hforecastof500hPageopotential(Fig.
16andFig. 17).

Inorderto improvethe forecastquality,to use the availablecomputerpowermoreefficiently,and
simplifytheoperationalproductionprocedureof NWPatZAMG, thenewNWP-LAMsystemALADIN-
AUSTRIA was designed.The new systemcombinesits two predecessorsALADIN-VIENNAand
ALADIN-LACEintoa singleCentralEuropeandomain,keepsthehigherhorizontalresolution(9.6km),
and increasesthe verticalresolutionfrom37 to 45 levels.The mainfeaturesof ALALDlN-AUSTRIA
havebeensummarizedinTable2.
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Figure14:Anomalycorrelationof48hforecastof500hPageopotentialsinceAugust2000.
Forecastsystem:ALADIN-VIENNAupto09May2004,ALADIN-AUSTRIA,after10May2004

MeanBIAS=1.77
Geopotential500hPaAGL+48h MeanMAE=14-40
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Figure15:Sameas Fig.14,butforBias,MAE,RMSE andSDE.
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Figure16:Anomalycorrelationof24hforecastof500hPageopotentialsinceAugust2000.
Forecastsystem:ALADIN-VIENNAupto09May2004,ALADIN-AUSTRIA,after10May2004
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Figure17:Sameas Fig.16,butforBias,MAE, RMSE andSDE.

A twomonthsparallelrun from20 Feb 2004to 20 April 2004was carriedout investigatingthe
performanceof ALADIN-AUSTRIAas comparedto ALADIN-VIENNAand ALADIN-LACE. Model
analyseswere used to verifyupper-airparameters,and SYNOP observationfor the near surface
forecast.Verificationstatisticsshowa slightimprovement,specificallyfornearsurfaceforecastssuch
as 2m temperatureand for upperair parametersat the longerforecastrange.The qualityof wind
speedforecastsremainsratherthesameas inALADIN-VIENNA.

ALADIN forecastsoften producespuriousconvectiveprecipitationover complextopography.A
sensitivitystudyoftheeffectof modelresolutionon convectiveprecipitationwasperformed,inwhich
theforecastof convectiveprecipitationwithALADIN-AUSTRIAis comparedtotheonewithALADIN-
VIENNA.The resultsofthecase studyshowthattheincreaseof levelsinALADIN-AUSTRIAleadsto
a beneficialeffectonconvectiverainfallanditstriggering.

ALADIN-AUSTRIAhasbeeninoperationalusesince10May2004.Itis evidentthatitsresolution,the
descriptionoftheatmosphericdynamicsandphysics,anditsdataassimilationsystemarestillneeded
to be improvedin orderto providemoreaccurateweatherprediction,forexamplein theforecastof
strongconvectiveevents.There are severalNWP researchand developmentprojectsgoingon at
ZAMG ofwhichespeciallythefollowingtwoshouldbementioned.
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l. AROME (ApplicationofResearchtoOperationsatMEsoscale)

TheaimoftheprojectAROME (Bouttier2003)is todevelopa newLAMbasedonthemodelsALADIN
and Meso-NH, in order to improvesignificantlythe qualityof the forecast,especiallyweather
phenomenaatsmallscalesuchas strongconvection(‘highimpactweather’).Fundamentalingredients
of themodelAROME are theALADINnon-hydrostaticdynamics(Bubnova1995and Bénard2004),
theMeso-NHphysicalpackage(Laforeet al. 1998,Caniauxet al. 1994,Cuxartet al. 2000,Masson
2000,Pinty1998)and the ALADINvariationaldata assimilationsystem(Fischer2002).The main
featuresofAROME are:

- 2-3kmhorizontalresolution,80verticallevels,non-hydrostatic.
° Explicitconvection,3-dimensionalturbulence,prognosticTKE, sophisticatedmicrophysicswith
prognosticcloudwater,differentphasechangeamongcloudliquidwater,ice, graupel,precipitating
rain,snow,hailandso on.3-dimensionalradiationeffects,suchas shadinginmountainousarea,very
detailedrepresentationofsurfacecharacteristics,includingcities.
- 4D-Varrapidcycledataassimilationata temporalresolutionbetween10and60 min.Radardata,
satelliteradianceand cloud products,microwaveand scatterometerdata,GPS, AMDAR, surface
automatednetworkaretobe ingested.

ll. ALADINLAEF (LimitedAreaEnsembleForecasting)

Scientificand computationallimitationspreventus fromconstructinga perfectNWP model.Small
errorsintheinitialconditioncangrowexponentiallyandeventuallyrendera forecastuseless.Inorder
to addressthisproblemin thedailyALADINforecasts,theproject“ALADINLimitedArea Ensemble
Forecasting”wasstartedatZAMG. The ensembleforecastsystemALADINis runat 16kmhorizontal
resolution,with31 levelsinvertical.ItcoversEuropeandmostoftheNorthAtlantic.Itisan ensemble
forecastsystemwith11 members.Up to now,workfocusedon the initialconditionperturbation
methodsBreeding(Tothand Kalnay,1997),ETKF (EnsembleTransformKalmanFilter,Bishopetal.
2001)and ET (EnsembleTransform,Bishopand Toth, 1999).CouplingwithARPEGE globalEPS
systemPEARP has beeninvestigated.ALADINdynamicaldownscalingof PEARP hasbeencarried
outas well.Studieson modelphysicsperturbation,couplingwithdifferentglobalEPS systems,and
comparisonsbetweenBreeding,ETKF andET areplannedforthenearfuture.
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