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Theinfluenceof physicalprocesseson extratropicalsingularvectors

Abstract

An investigationis madeof the impact of a full linearizedphysical(moist) parametrizationpackageon
extratropicalsingularvectors(SVs) usingthe ECMWF IntegratedForecastingSystem(IFS). Comparison
is madefor oneparticularperiodwith a dry physicalpackageincludingonly verticaldiffusionandsurface
drag. The crucial extra ingredientin the full packageis found to be the large-scalelatent heatrelease.
Consistentwith basictheory, its inclusionresultsin ashift to smallerhorizontalscalesandenhancedgrowth
for theSVs.Whereasfor thedry SVsT42resolutionis sufficient,themoistSVsrequireT63to resolvetheir
structureandgrowth. A 24hoptimizationtime appearsto beappropriatefor themoistSVsbecauseof the
largergrowthof moistSVscomparedwith dry SVs.Likedry SVs,moistSVstendto occurin regionsof high
baroclinicity, but their locationis alsoinfluencedby theavailability of moisture.Themostrapidly growing
SVsappearto enhanceor reducelarge-scalerain in regionsaheadof majorcold fronts. Theenhancement
occursin andaheadof acyclonicperturbationandthereductionin andaheadof ananticyclonicperturbation.
Mostof themoistSVsfor this situationareslightly modifiedversionsof thedry SVs.Howeversomeoccur
in new locationsandhaveparticularlyconfinedstructures.Themostrapidlygrowing SV is shown to exhibit
quite linearbehavior in thenonlinearmodelasit grows from 0.5 hPa to 12 hPa in oneday. For five times
this amplitudethe structureis similar but the growth abouthalf asthe perturbationdampsa PV troughor
producesacut-off, dependingon its sign.

1 Intr oduction

As a complementto the normalmodetheoriesof baroclinic instability for describingthe growth of weather
systemsin the extra-tropicalatmosphere,following an earlier suggestionby Lorenz (1965), Farrell (1982)
andmany subsequentstudieshave consideredstructuresthatareoptimal for growth over a specificfinite time
interval. Accordingto linear theory, given a specifiednorm anda linearizedversionof thepredictionmodel
andits adjoint,perturbationswith optimalgrowth in alimited timeinterval canbecalculatedby amathematical
proceduredescribed,for example,in BuizzaandPalmer(1995).Theresultingoptimalperturbationsarecalled
singularvectors(SVs).

SVsareof boththeoreticalandpracticalinterest.In the lattercategory, they areusedby theEuropeanCentre
for Medium-RangeForecasts(ECMWF)asabasisfor giving arangeof initial perturbationsto ananalysedstate
for their operationalEnsemblePredictionSystem(EPS)(Molteni et al. 1996). In a linearsense,theforecasts
from theseperturbedinitial conditionsshouldgive maximumdivergencefrom thecontrolforecastin aninitial
period.

The first SV studiesconsideredlinearizedversionsof filtered dynamicalequationswith no representationof
otherphysicalprocesses.Presentlyat ECMWF for the computationof SVs the dynamicsarea linearization
of that in thefull forecastmodelandthephysicsconsistsonly of a simpleverticaldiffusionandsurfacedrag
scheme.Thelatterwasincludedto suppressshallow fast-growing structuresnearthesurfacethatwereconsid-
eredto benotof interestsincethey werestronglydampedin thenonlinearintegrations(Buizzaet al. 1993).

Hoskinset al. (2000)analysedthenatureof thegrowth andstructureof ECMWF extratropicalSVscomputed
with suchsimplified physics. Particularaspectsincludean upscaleenergy transferduring SV development,
generallyastrongtilt againsttheshearin theinitial structures,andaverticaldistributionof energy, peakedin the
lower to middletroposphereat theinitial time andneartropopauseandthesurfaceat thefinal time (Hartmann
etal. 1995).Thegeographicaldistributionof SVswasinvestigated,showing thatstructurestypically developed
moving from upstreamandinsideregionsof maximumbaroclinicityat theinitial time to downstreamof them
at the final time. Thus, the upscaletransferof energy wassuggestedto be mostly a kinematiceffect of the
strengtheningflow in thedownstreamdirection.

Theverticalstructureswereanalysedby meansof potentialvorticity thinkingin connectionwith thetheoretical
ideasonbaroclinicinitial valueproblemsdevelopedin BadgerandHoskins(2001).Theverticalconcentration
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of the initial energy neara low-mid troposphericlevel wasrelatedto the subsequentunshieldingof opposite
signedpotentialvorticity featuresby theactionof theverticalshearin thezonalwind. Thechangein vertical
structureduring the growth processwasexplainedby the propagationof westward tilted andeastward tilted
Rossbywaves forming the initial structure:the westward tilted structuresgrow anduntilt asthey propagate
upwardswhereastheeastward tilted structuresdecayandtilt moreasthey propagatedownwards. The initial
growth wasexplainedasbeinganeffect of theupwardpropagatingRossbywave only. A second,laterperiod
of sustainedgrowth wasexplainedin termsof the couplingof interior andboundaryRossbywaves leading
to normal mode-like growth. Therefore,short optimizationtimes yield SVs that initially tend to be in the
mid-troposphere(avoiding direct interactionwith surface,that tendsto inhibit the initial growth), whereasfor
longeroptimizationtimesthe initial structuresarelower (giving larger amplitudeat the surfacefor coupling
andmoredistancefor upwardpropagationandgrowth). Thetime taken for thepropagationto thetropopause
andthereforethe relevanceof the couplingmechanismdefineswhat wasconsideredto be a shortor a long
optimizationtime.

Theroleof morecompletephysicalprocessesin theperturbationgrowth mechanismcanbetakeninto account
using linearizedmodelswhich includea morecompleteset of parametrizations.Ehrendorferet al. (1999)
studiedthe impactof the inclusionof moist physicson the computationof SVs usinga linearizedregional
mesoscalemodel. They found that theseSVs exhibited fastergrowth than thosein the dry caseand new
structuresappeared.At ECMWF, Mahfoufetal. (1996)foundthattheinclusionof large-scalecondensationin
thelinearizedcalculationof T42SVsresultedin largeramplificationratesandsmallerscalesattheoptimization
time (48h). Mahfouf (1999)describeda setof parametrizationsdevelopedfor the linearizedversionsof the
ECMWF globalmodel. This morecompletephysicsis usedhereandis presentedin section3. Barkmeijeret
al. (2001)computedtropicalSVswith suchECMWFphysics,comparingtheresultingpositionsandproperties
for differenttargetedareasin casesof tropical cyclones.In a companionpaper, Puri et al. (2001)obtaineda
largerandmorerealisticspreadin EPSforecasttropicalcyclonetracksusingperturbationsbasedon targeted
tropicalSVs.

Themotivationfor thisstudyis againboththeoreticalandpractical.Theimpactof additionalphysicalprocesses
on baroclinicinstability andweathersystemgrowth hasbeendiscussedsincethe work of Eady(1949). The
largestimpactmight be expectedfrom the inclusionof latentheatreleaseandsomeof the deductionsfrom
therelevant theoryaresummarisedherein section2. It is of interestto seewhethertheseideascarryover to
SVs. Pratically, it is necessaryto understandwhetherimportantchangescouldbe expectedif theSVs for an
ensembleof initial perturbationsweredeterminedin a muchmoreexpensive calculationthat includeda full
parametrizationpackage.

In section3 of this papertheECMWF linearizedphysicsis briefly describedanda rangeof experimentsfor
onecontrol forecastis defined.Section4 describesanddiscussesthe resultsandsomeconcludingcomments
aregivenin section5.

2 The impact of latent heat releaseon baroclinic instability and on the growth
of weathersystems

Therearea numberof complementaryperspectives on the impactof large-scalelatentheatreleaseon mid-
latitudeweathersystemgrowth andbehavior. Large-scalelatentheatreleaseoccursin the warm, moist air
rising aheadof the surfacelow. The correlationbetweenthe positive temperatureanomalyand the heating
impliesthattheeddyavailablepotentialenergy is increased.Latentheatreleasein convectionat thecold front
is lessclearin this regardandconvectionin thecold air wouldactto reducetheavailablepotentialenergy.

An alternative perspective on the impactof large-scalelatentheatreleaseis that therising air follows a moist
adiabat.The samecanbe true for thedescendingair if thereis sufficient evaporationof falling precipitation
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into it. As discussedin Hoskins(1987),argumentsbasedon parceldisplacementsat half thesteeperslopeof
moistadiabaticsurfacessuggestthatmoreperturbationenergy will beobtained.

Following BennetsandHoskins(1979),therelevanceof themoistadiabatimpliesthatthereis reducedeffective
staticstability, N, whentheair is saturated.TheEadybaroclinicinstabilitymodelgivesagrowth ratemaximum
thatis inverselyproportionalto N andawavelengthatwhich thisoccurswhich is proportionalto N. Therefore
we expectthat large-scalelatentheatreleasewill leadto increasedgrowth ratesandsmallerwavelengths.In
theEadymodeltheageostroficverticalcirculationis proportionalN � 2 andcanbeexpectedto beenhancedfor
agivenamplitudein thegeostroficfields.Themeasureof verticalinstability in asemi-geostrophicmodelis the
potentialvorticity (PV). Emanueletal. (1987)haveusedasemi-geostrophicmodelandrepresentedtheimpact
of latentheatreleasein theascendingair by reducingtheeffectivePV to zerothere.They foundthatthesurface
cyclonegrowth wasenhancedby a factorof 2.5andits horizontalscalewasmuchreduced.

A reducedeffectivestaticstabilitydueto latentheatreleasehassimilar implicationsin theinitial valueproblems
discussedin BadgerandHoskins(2001). In theOrr problemof a wave-like perturbationin a uniform sheared
flow in an infinite domainthetime-scaleis proportionalto N sothatbothgrowth anddecayareenhanced.In
thePV unshieldingmechanismintroducedby BadgerandHoskins(2001),if theinitial statehasPV anomalies
of oppositesignssituatedin averticalcolumnthenthesecancelin their impacton thehorizontalvelocityfield.
However, underthe actionof a shearflow they separate,the cancellationreducesandthehorizontalvelocity
field increasesin magnitude.For thesameinitial PV anomaliesbut reducedN, theverticalscalefor thevelocity
field associatedwith eachanomalyis greater. Thereforethe initial cancellationandthegrowth in thevelocity
field arelarger. Also theverticalpropagationof Rossbywaves,anothermechanismfor developmenthighlighted
by BadgerandHoskins(2001),is increasedfor reducedN.

In a PV perspective, asdiscussedin Hoskins(1990),latentheatreleaseleadsto a positive PV tendency in the
air below it anda negative tendency above. Sincethe lower troposphericascendingair is lessthana quarter
wavelengthaheadof thesurfacecyclone,anincreasein thePV in this air dueto large-scalelatentheatrelease
will act to increasethe surfacecyclonic circulation. Stoelinga(1996)hasshown that this PV enhancement
argumentis applicableto the resultshe obtainedfrom simulationswith andwithout physicalprocesses.In
summary, theexpectationfrom theoryis that theadditionof large-scalelatentheatrelease,in particular, can
beexpectedto give thepossibilityof initial perturbationsthatleadto considerablyenhancedgrowth compared
with thedry case.Also theseinitial perturbationswill tendto have smallerhorizontalscale.

3 Experimental set-up

The ECMWF improved linearizedphysicspackage(hereaftercalledfull physics)includesrepresentationsof
vertical diffusion, surfacedrag, gravity wave drag, large-scalecondensation,long-wave radiationand deep
cumulusconvection. Mahfouf (1999)describedthe linearizationof the parametrizationsof theseprocesses
andshowedthattheir inclusionresultsin a betteragreementbetweenthefull nonlinearforecastmodelandthe
tangent-linearmodel.Herewe give asummaryof someaspectsof thefull physicsschemes.

Theformulationof theboundarylayeris morecomplex thanthesimplifiedscheme(describedin Buizza1994b)
includedin the linearizedmodelsusedfor the optimizationof SVs in Hoskinset al. (2000). The vertical
diffusionis basedontheuseof exchangecoefficientsdependinguponthelocalRichardsonnumberasdescribed
in Louis et al. (1982). Analytical expressionsaregeneralisedfor thesituationof differentroughnesslengths
for heatandmomentumtransfers.Themixing lengthprofile of Blackadar(1962)is used,with a reductionin
thefreeatmosphere.

Theparametrizationof large-scalecondensationconsistsof arepresentationof stratiformprecipitationin which
localsupersaturationis immediatelyremovedby condensationandprecipitation,takingintoaccountthemelting
of snow. A full representationof theevaporationof precipitationin subsaturatedlayerswasfoundby Mahfouf
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(1999) to result in someundesirableSV characteristics,and so the effect was reducedcomparedwith the
nonlinearscheme.For convectiona simplifiedmass-fluxscheme,representingonly deepconvection,is used.
Detrainmentof cloudpropertiesinto theenvironmentis neglected.Theverticaltransportof perturbedfieldsis
estimatedusingmass-fluxprofilesobtainedfrom anonlinearintegrationof theconvectionscheme.

Thevarioussettingsof physics,resolutionandoptimizationtime interval (OTI) of theexperimentsconsidered
in this paperarelisted in Table1. Thedifferentsettingsof physicscomprise:the full physics,a subsetof the
physicsconsistingonly of vertical diffusion andsurfacedrag- referredto asdry physics,andthe individual
inclusionof large-scalecondensationor cumulusconvectionwith thedry physics.An extratropicalwintercase
startingfrom 17February1997at12UTC is takenasthebasicstatefor theexperiments.This is thesamebasic
statefor which Hoskinset al. (2000)studiedthebehavior of dry SVs. A setof experimentsis madeusingthe
samemodelresolutionasin thatpaper, T42L31.However, aswasdiscussedin section2, theinclusionof moist
processesmayresultin perturbationswith smallerscales.Thusanothersetof experimentsis performedusing
afiner resolution,T63L31.

ExperimentName PhysicsIncluded Resolution OTI
D42-1 dry physics T42L31 24h
F42-1 full physics T42L31 24h
D42-2 dry physics T42L31 48h
F42-2 full physics T42L31 48h
D63-1 dry physics T63L31 24h
F63-1 full physics T63L31 24h
D63-2 dry physics T63L31 48h
F63-2 full physics T63L31 48h

Cond63-1 dry physics+ large-scalecondensation T63L31 24h
Conv63-1 dry physics+ cumulusconvection T63L31 24h

Table1: Experiments

Anotheraspectof theexperimentalset-upis thehorizontaldiffusionusedin themodel.Buizza(1998)showed
that growth ratesand structuresare affectedby its specification. Here the diffusion is biharmonicand the
T42 valuesaresuchas to give dampingon the highestwavenumberscoefficientson time-scalesof 15 h on
temperatureandvorticity and6 h on divergence.At T63 resolutioninitial testswith equivalenttime-scales12
h and4.8 h, respectively, exhibited computationalnoisein someSVs. This noisewasnot presentwhenthe
diffusionwasdoubled.As a consequence,reducedtime-scalesof 6 h and2.4h, respectively, wereusedfor all
thecalculationsdescribedin thispaper.

Moist processesincludedin experimentswith full physicsallow theuseof moistureduringSV evolution, but
initial humidity perturbationsarenot allowed in the experimentsdiscussedhere. The norm usedin all these
experimentsis derivedfrom a dry energy innerproductasdefinedin BuizzaandPalmer(1995),theso-called
total energy norm. The optimal perturbationshave unit norm at the initial time. They areconstrainedby a
projectionoperator(Buizza 1994a)to have maximumamplitudeat the final time in the region to the north
of 30oN. In most of the results,only the leading10 SVs with the largestgrowth are considered. Further
experimentsusinganormthatallowedinitial moistureperturbationsweremade.Theresultsarenotconsidered
herebecause,althoughSV amplificationwaslarger, thestructuresfoundwerevery similar to thefull physics
structurescomputedusingthedry norm.
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4 Full physicseffectson singular vectors

In this sectiontheimpactof thefull physicson variouscharacteristicsof theSVsis analysed.

4.1 Amplification factors

As discussedin section2, baroclinicgrowth in thepresenceof moistprocessesis expectedto resultin pertur-
bationswith largergrowth rates.To explorethis,Fig. 1 shows theamplificationsfactorsfor thetenleadingSVs
of experimentsincluding eitherdry or full physicswith resolutionsT42 or T63 andOTIs of 24 or 48 hours.
Theamplificationfactorsaredefinedastheratio betweentheperturbationnorm(that is thesquareroot of the
dry energy innerproduct)at theinitial time andtheperturbationnormat thefinal time, andcorrespondto the
singularvaluesof theforwardtangentpropagator.
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Figure 1: Amplificationfactors of thefirst tenSVsfor experimentswith dry physics(dashedlines)andfull physics(solid
lines)with truncationT42(pointsdenotedby � ) andT63(pointsdenotedby 
 ) andOTI of (a) 24hand(b) 48h.

For the experimentswith OTI of 24h (Fig. 1 (a)), the amplificationfactorsfor the dry experimentsdecrease
slightly from thefirst to thesecondSV andaresmallerandnearlyconstantafter that. Theuseof full physics
resultsin further increasefor SVs1 and2 in theexperimentF42-1and1 to 4 in theexperimentF63-1. Thus,
theinclusionof diabaticprocessessignificantlyaffectsonly thefirst few SVsthat thenbecomedominant.For
OTIs of 48h(Fig.1 (b)), thespectraof thedry amplificationfactorsdecreasemoresmoothlywith increasingSV
index. In contrastwith the24hexperiments,thepresenceof diabaticprocessesin experimentsF42-2andF63-2
enhancesthegrowth for all SVs.Largergrowth ratesfor at leastthefirst two SVscomputedwith full physicsis
a resultfoundalsoin othercasesto bediscussedin a following paper. However, theincreasein growth ratefor
all 48hSVscausedby diabaticprocessesis not a generalresult: in somesituationslargergrowth occursonly
for thefirst few SVsin 48haswell asin 24hOTIs.

As discussedin BadgerandHoskins(2001)andHoskinsetal. (2000),developmentin theinitial growth period
is morerapid than the morenormalmode-like subsequentgrowth. This behavior is alsofound here. Thus,
althoughSVsamplify many timestheir initial amplitudesin experimentswith OTIs of 24h,theadditional24h
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of growth in experimentswith OTIsof 48hdoesnotresultin proportionaladditionalamplification.Forexample,
in theT63 full physicsexperimentstheleadingSV energy amplifiesby a factor16.2over the24hoptimization
interval, but thefactoris only 1.4 timeslarger thanthis for theleadingSV over the48hoptimizationperiod.

48h SVs have alsobeendeterminedfor the periodstaringat 12 UTC on 16 February1997andfinishing at
thesametime asthat usedfor the24hSVs. Theamplificationfactorgraphsarevery similar to thosefor the
overlappingbut laterperiodshown in Fig. 1 (b). However, thevaluesarein generalsomewhat largerwith, for
example,thefirst SV giving factors19.7and31.3for theT63dry andfull physicscomputations,respectively.

The increasein the amplificationfactorswhenfull physicsis usedis larger for experimentswith truncation
T63. For example,themaximumamplificationfactorincreasesfrom 7.2 to 11.0going from D42-1 to F42-1,
whichcorrespondsto anincreaseof 53%.However in goingfrom D63-1to F63-1,it changesfrom 8.8to 16.2,
an increaseof 84%. This result indicatesthe importanceof the representationof smallerscalesby the T63
truncationwhenmoistprocessesareinvolved.

An alternative perspective on the relative amplificationfactorsmay be given by turning them into average
doubling times. For the T63 experiments,theseaveragedoubling times for the first SV are 7.6h and 6.0h
for the 24h OTI dry andfull physicscalculations.For the two 48h windows the doublingtimesare longer,
correspondingto 11.6hand11.2h,respectively, for thefirst dry SV and10.6hand9.7hfor thefirst full physics
SV.

Finally, it shouldbenotedthattheverticaldiffusionschemeincludedin theimprovedphysicspackageusedhere
is dampingmorethantheoneusedin Hoskinset al. (2000).SVscomputedwith thesameresolutionandOTI
have amplificationfactorsslightly reducedfor thedry physicsusedherecomparedwith thesimplifiedscheme
usedthere.This differenceis approximately10 percentfor experimentswith OTI of 48handresolutionT42.
Mahfouf et al. (1996)alsofoundsmalleramplificationfactorsfor the improved vertical diffusion. However,
thereis no significantdifferencein thestructureandgeneralbehavior betweenSVscomputedwith theold and
thenew boundarylayerformulations.

4.2 Energy spectra

Themeantotalenergy spectrafor thefirst tenSVsfor experimentswith dry andfull physicsareshown in Fig.2,
for boththeinitial andthefinal time. At theinitial time, theenergy spectrumfor SVscomputedwithout moist
processesis notsignificantlyaffectedby increasingthehorizontalresolution:thedry physicscasespectrahave
similarshapesfor bothresolutionswith bothOTIs. Thecorrespondingexperimentsincludingfull physicshave
peaksat shorterwavelengths.This finding is in agreementwith the effectsof moist processeson baroclinic
instability discussedin section2. The shift to shorterwavelengthsis muchclearerfor experimentswith T63
resolution. For the T42 dry casethe energy in the scalesnearthe truncationat the initial time is significant
andwith the additionof moist processesthesescalesarenot well resolved. Thus,whenmoist processesare
included,theshift to smallerscalesmustbetakeninto accountin thechoiceof resolution.

Comparingthespectrafor theinitial andthefinal timein Fig.2, theupscaleenergy transferduringSV develop-
mentis clearin all cases,but thephysicalprocessespresentin thefull physicsexperimentsresultin moretotal
energy in smallerscalesat thefinal time. Useof 24hratherthan48hasOTI resultsin lesstotal energy at the
final time, andwith lesstime availablefor theupscaletransport,moreof this energy is associatedwith higher
wavenumbers.

Becausethe T63 truncationpermitsbetterrepresentationof the impactof the full physicsprocessesin small
scales,a clearershift in thespectrumat theinitial time whenthey areincludedandlargergrowth rates,it will
beusedfrom hereonwards.Also, becausethegrowth over the48hOTI is not muchlarger thanthatover 24h
andit is in the24hOTI thatthespectaculargrowth for full physicsSVsis found(seesection4.a),we consider
thata24hOTI is moresuitablefor this studyof full physicsSV properties.
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Figure2: Spectral distributionof thetotalenergyaveragedfor thefirsttensingularvectorsasa functionof total wavenum-
ber for experimentswith dry physics(dashedlines)andfull physics(solid lines)at initial time(left) andfinal time(right)
andOTI of (a) 24hand(b) 48h.

4.3 Total energy profile

Themeanverticaldistribution of totalenergy for thefirst tenSVsof experimentswith resolutionT63,24hOTI
andincludingdry or full physicsis givenin Fig. 3. Thecharacteristicpeaksin thelower to middletroposphere
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Figure3: Total Energyaveragedfor thefirst tenSVsasa functionof pressure for experimentsD63-1(dashed)andF63-1
(solid) at initial time(left) andfinal time(right).
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at initial time andnearthe tropopauseandthesurfaceat thefinal time foundby Hartmannet al. (1995)and
Hoskinset al. (2000) for dry SVs areseenherefor both experiments.For the full physicsexperiment,the
averageenergy peakat theinitial time is slightly lower andnarrower.

As discussedin theintroduction,duringafirst periodof growth theenergy of theinitial perturbationincreasesas
its westwardtilted componentspropagateupwards.For thefull physicsexperiments,largergrowth is achieved
dueto theenergy releasedby thediabaticprocesses,resultingin apronouncedfinal timeenergy peakobserved
at thetropopause.

4.4 Geographicaldistrib ution
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Figure 4: Geographical distribution of the amplificationfactor weightedenergy of the first ten singular vectors at the
initial time(left) andthefinal time(right) for (a) dry physics(D63-1)and(b) full physics(F63-1). Thecontourinterval
at thefinal timeis 50 timesthatat theinitial time.

Figure4(a) shows thegeographicaldistribution of thefirst tenSVsof experimentD63-1at the initial andthe
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final times.Thegeographicaldistribution is evaluatedasthevertically integratedamplificationfactorweighted
sumof thekineticandpotentialenergy of theleadingtenSVs.Thesedistributionsarein generalconsistentwith
theaveragedbaroclinicity index (HoskinsandValdes1990)shown in Fig. 5(a). As pointedout by Hoskinset
al. (2000),thestructurestypically developmoving from upstreamandinsideregionsof maximumbaroclinicity
at theinitial time to downstreamof themat thefinal time.
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Figure5: (a) 24haveragebaroclinicity index (17-18Feb12UTC).Thecontourinterval is 0.5d 8 1. (b) 24haveragemean
sealevel pressure (17-18Feb12UTC)and24hforecastfor 24haccumulatedprecipitationvalid for 18 Feb12UTC.The
contourinterval for pressure is 8hPa. Greencolour correspondsto a precipitationrangeof 1-8mm,light blueto 8-16mm
anddarkblueto 16-36mm.

Comparedwith the dry experiment,the full physicsexperimentF63-1shown in Fig. 4(b) hasa very similar,
althoughrathermoreconcentrated,distribution over theAtlantic Ocean.In contrast,nearthecoastof Asiaand
over thePacificOceanthelocationswith full physicsaredisplacedequatorwardsandeastwards.Themaximum
in the initial energy nearthe coastof Asia in D63-1 movesfrom near110oE to near160oE in F63-1. In the
Pacific the maximummovesfrom nearthe date-linein D63-1 to near155oW in F63-1. At the final time the
distributionshavemoveddownstreamfrom theinitial locationsandthedominantregionsoverthePacificOcean
areagainlocalizedfurthereastfor the full physicsexperiment.Themaximain thefinal energy changesfrom
near150oE in D63-1to near165oW in F63-1andfrom near155oW in D63-1to near135oW in F63-1.

ExperimentsConv63-1andCond63-1,describedin Table1, weremadeto investigatetheroleof thetwo types
of latentheatreleasein thechangesobserved for thefull physicsSVs. Thegeographicaldistributionsfor the
first tenSVsin thesetwo experimentsareshown in Fig. 6. For experimentConv63-1,thedistribution givenin
Fig. 6(a) is very similar to that in Fig. 4(a), for D63-1. In contrast,thedistribution shown in Fig. 6(b) for the
experimentCond63-1,with its similarity to Fig. 4(b), for F63-1,indicatesthat the large-scalecondensationis
thephysicalparametrizationresponsiblefor thedisplacementof theSVsin thePacific Oceanregion observed
in thefull physicsexperiment.Furtherinvestigationshows that theamplificationfactorsandstructuresof the
individual SVsareindeedvery similar to thosewith thefull physicspackage.

Thesimilarity betweentheSVsin variousexperimentsmaybequantifiedby thecomputationof thesimilarity
index describedin Buizza(1994b)asthemeanof theprojectioncoefficientsof theSVsof oneexperimenton
theSVsof theotherexperiment.Table2 shows thesimilarity indicesfor thefirst 15 SVsof T63 24hOTI ex-
perimentswith differentphysicalprocesses.TheseindicesindicatethatD63-1/Conv63-1andF63-1/Cond63-1
have a high degree of similarity (similarity indices greaterthan 0.85). On the other hand, experiments
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Figure6: SameasFig. 4, but for experiments(a) Conv63-1and(b) Cond63-1.Thecontourintervalat thefinal timeis 50
timesthatat theinitial time.

D63-1/Cond63-1andF63-1/Conv63-1have similarity indicesof about0.50.For someof the15SVsof D63-1
or F63-1 the sumof the projectioncoefficients (not shown) on the first 15 SVs of Cond63-1or Conv63-1,
respectively, is lessthan0.10.

Similarity D63-1 F63-1 Cond63-1 Conv63-1
D63-1 1.00 0.54 0.54 0.86
F63-1 1.00 0.87 0.54
Cond63-1 1.00 0.51
Conv63-1 1.00

Table2: Similarity indicesbetweenthevariousT6324hOTI experimentscalculatedusingthe15 leadingSVs.
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Figure7givesthedistributionsatinitial andfinal timesof theSVsshown in Fig.4(b), superimposedonthebasic
statetotal columnwatervapourcontentat thesametimes. This shows clearly that,althoughthedistributions
of thefull physicsSVsover thePacific Oceanarestill over regionsof high baroclinicity (c.f. Fig. 5(a)), their
exactpositionsaredisplacedtowardsthe local maximain moistureat boththeinitial andthefinal times.SVs
calculatedusing48hOTI arefoundto exhibit very similar behavior (not shown). Examinationof thesynoptic
situation,e.g. Fig. 5(b), indicatesthat the full physicsSVs tendto exist in andmove alongthe precipitation
regionsaheadof cold fronts. The total precipitationshown in Fig 5(b) is dominatedby large-scalerain. It
appearsthattheSVsusethemodificationof thelatentheatreleasein thelarge-scalerain thereto enhancetheir
growth. This hypothesiswill beconsideredfurtherin thenext section.
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Figure 7: Fig. 4(b) superimposedon thebasicstatetotal columnwatervapour(TCWV)contentat the initial time(left)
andthefinal time(right). Thecontourinterval for TCWVis 6 kg m8 2.

The different impactof full physicsfor SVs over the Asia/Pacific region comparedto the Atlantic region is
consistentwith the fact that in theAtlantic the region wherethedry SVs areconcentratedis alsoa region of
largewatervapouravailability, thus,theSVsdo notmovewhenmoistprocessesareincluded.

4.5 Moist mechanismsfor growth

Having found that inclusionof full physics,andin particularlarge-scalelatentheatrelease,resultsin larger
growth for all SVs and changein someSV locations,moist SV structuresandmechanismsfor growth are
investigatedin thissection.To determinethePV perturbationassociatedwith anSV, thecontribution of thePV
of thebasicstateis subtractedfrom thePV of theperturbedstate.Theverticalderivativesin thePV computation
arecalculatedusinga centredfinite differenceschemein theinterior andforwardandbackwarddifferencesat
theboundaries.

Figure8 (a)and(b) show longitudeheightsectionsof streamfunctionfor thefirst SV of experimentsD63-1and
F63-1at theinitial andfinal times.In bothexperiments,thisdominantSV hasasimilar location,startingonthe
coastof NorthAmericaandevolving over theAtlantic Ocean.As seenin Fig.8, thefull physicsSV hasslightly
smallerscaleandlargerfinal amplitude,but thestructuresaresimilar in thetwo cases.ThecorrespondingPV
sectionsin Fig. 8 (c) and(d) show tight westward tilted initial structures,tilting into the vertical during the
growth process,with a largefinal amplitudenearthesurface.

ThesecondSVsof experimentsD63-1andF63-1(notshown), alsonearthecoastof NorthAmericaaresimilar
to the correspondingSV1 but shiftedby approximatelya quarterwavelength. In fact, apartfrom moist SVs
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at new locationsin the Pacific Oceandiscussedin section4.d, moist SV structurescloselyresemblethe dry
structures,andthemaindifferenceis thattheirgrowth is enhancedby latentheatrelease.

(a) StreamfunctionD63-1
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(b) StreamfunctionF63-1
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(c) PV D63-1
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(d) PV F63-1
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Figure8: Longitude-pressurecross-sectionsfor thefirst singularvectors,at theinitial (left) andfinal (right) times,of (a)
streamfunctionfor D63-1,(b) streamfunctionfor F63-1,(c) PV for D63-1and(d) PV for F63-1. Initial timeat 40oN and
final timeat 44oN. Thestreamfunctioncontourat thefinal timeis 20 timesthat at theinitial timeandthePV contourat
thefinal timeis 5 timesthatat theinitial time.
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In contrast,thethird SV of F63-1is in a region thatwasnot selectedasoptimalby theoriginal setof dry SVs.
It is the largestgrowth SV localizedin theWestPacific region. Figure9 shows longitudeheightsectionsfor
thethird F63-1SV andfor theeighthD63-1SV, theonewith thelargestgrowth localizedin Asia/WestPacific.
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(b) StreamfunctionF63-1
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(c) PV D63-1
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(d) PV F63-1
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Figure 9: Sameas Fig. 8, but for the eighthsingular vectorof D63-1 and the third singular vectorof F63-1. Initial
timeat 33oN for (a) and(c) and31oN for (b) and(d). Final timeat 36oN for (a) and(c) and35oN for (b) and(d). The
streamfunctionandPVcontoursare thesameasin Fig. 8.
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Clearly, themoistSV hasa tighterstructure,very concentratedin thevertical,andquitedifferentfrom all dry
ones. The sumof the projectioncoefficientsof SV3 of F63-1on the first 15 SVs of D63-1 is only 0.08. In
contrast,for thefirst SV of F63-1thissumis 0.72,andtheprojectioncoefficient on SV1of D63-1is 0.66.

As shown in Fig.9, thethird moistSV hasawestwardtilt at theinitial timethatis notcompletelylostatthefinal
time. It hasaveryorganizedstructurethatresemblestheonesdiscussedin BadgerandHoskins(2001).In this
case,asrepresentedby themodel,large-scalecondensationis thecrucialingredientresponsiblefor creatingan
optimalstructurein thatregion. In contrastto thefirst andthesecondmoistSVs,this third SV clearlydepends
stronglyon theavailability of moisture.Its very tight structurecanbeexplained,asdiscussedin section2, by
a reductionin theeffective staticstability associatedwith latentheatrelease.Consistentwith basictheorythis
enhancesgrowth andupward propagation.Thus,althoughthe mechanismfor growth is the sameasfor the
otherSVs,theexistenceof this SV is considerablyinfluencedby thereducedeffective staticstability.

In additionto baroclinicmechanisms,barotropicmechanismsof SV growth have alsobeendiscussed,for ex-
ample,in BuizzaandPalmer(1995).Thisconversionof kineticenergy from thebasicstateto theperturbations
is indicatedby initial SV tilts againstthehorizontalshear. In general,themoiststructuresshow lessevidence
of sucha tilt andthereforeof barotropicconversion.

Precipitationchangesassociatedwith aparticularSV weremosteasilyobtainedfrom integrationswith thefull
forecastmodel. The initial time SV was addedwith either sign to the control stateat the initial time with
anamplitude,0.25hPa maximumsurfacepressureamplitude,suchthat its evolution shouldbe linear for one
day. The perturbationevolution wasobtainedby subtractingthe control forecastfrom theperturbedforecast
at correspondingtimes. Theresulting24hsurfacepressureand21-24haccumulatedprecipitationchangesfor
a full physicsSV 1, with the initial signbeingsuchthat its structureis dominatedby a cyclone,areshown in
Fig.10(a). Also indicatedby an‘L’ is theinitial positionof thesurfacelow. Takingaccountof themovementof
thesystemit is clearthatprecipitationis enhancedin andaheadof theperturbationsurfacelow, consistentwith
expectations.Thereductionof precipitationon thesouthernflank of thelow couldbeassociatedwith bringing
cooler, drierair into this region.

(a) SV 1 (b) SV 3
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Figure 10: Differencesderivedfromnonlinearintegrationsinitialised with theanalysedstateperturbedby smallampli-
tudefull physicsSVs:(a) 21-24haccumulatedprecipitation(shaded)and24hmeansealevel pressure (contours) for SV
1 and(b) 21-24haccumulatedprecipitation(shaded)and500hPa streamfunction(contours) for SV3. In (a), thecontour
interval for pressureis 1hPa andthecontoursaredrawnat T 0.5hPa, T 1.5hPa,etc.Accumulatedprecipitationanomalies
greaterthan0.5mm,1.5mmand2.5mmareshownbygreen,blueanddarkbluecolours,respectively. Anomalieslessthan
-0.5mmand-1.5mmare shownby yellowandbrowncolours, respectively. L indicatesthepositionof thesurfacelow at
the initial time. In (b) the contourinterval is 0.2m2s8 1 for streamfunctionand0.2mmfor precipitation. L indicatesthe
initial positionof thecyclone.
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Figure10(b) showsasimilarfigurefor SV 3 but using500hPastreamfunctionbecauseof thesmallamplitudes
nearthesurface.Thereis clearlyenhancementof precipitationaheadof thelow andsuppressionbehindit.

Comparingwith Fig. 5(b) it is seenthat SV 1 andSV 3 areassociatedwith enhancementand reductionof
the precipitationin different partsof the two major cold front precipitationregions near45oW and 180oE,
respectively.

4.6 Nonlinear behavior

In the previous section,we have referredto resultsof nonlinearintegrationsto investigatethe precipitation
changeswith respectto theperturbationgrowth. A furtherpurposeof nonlinearexperimentsis to explore the
limitationsof thelineartheoryin themoistcase.Therefore,perturbationswith amplitudescorrespondingto 2

(a) doubleamplitude(+) (b) doubleamplitude(-)
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Figure11: 21-24haccumulatedprecipitationand24hmeansealevelpressuredifferencesderivedfromnonlinearintegra-
tionsinitialisedwith theanalysedstateperturbedbyfull physicsSV1 with amplifiedinitial amplituderelativelyto section
4.e: (a) positive2 times,(b) negative2 times,(c) positive10 timesand(d) negative10 times.Thecontourinterval in (a)
and(b) is 2hPa for pressureand2mmfor precipitation(twicethat in Fig. 10 (a)) andin (c) and(d) 10hPa and10mm(ten
timesthat in Fig. 10 (a)), sothat linear behaviorwouldmake each picture thesameasthat in Fig. 10 (a) (with reversed
signfor (a) and(c)).
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and10 timesthe initial perturbationusedin section4.ewereaddedto thecontrolstateat initial time andthe
resultingperturbedinitial conditionswereintegratedfor 24h.

Themaximumsurfacepressureamplitudefor the full physicsSV 1 in the full modeldiscussedin section4.e
was0.25hPa at theinitial time and6 hPa at thefinal time. Both thefactor24 in thegrowth of thesurfacelow
andthe24hstructureof thesurfacepressurefield werevery similar to thatgivenby theSV obtainedfrom the
linearmodel. For positive andnegative full physicsSV 1 with thelargeramplitudestheresulting24hsurface
pressureand21-24haccumulatedprecipitationchangesareshown in Fig. 11. Thefinal maximumamplitude
for theperturbationscorrespondingto twice theinitial amplitudein section4.eis approximately12 hPa, twice
asmuchasthat obtainedthere. Also, consistentwith linear behavior, thepositive andnegative perturbations
have similar behavior. However, for thelargestamplitudetheinitial surfacepressuremaximumis 2.5hPa and
the final maximumamplitudeis about30 hPa, insteadof the value60 hPa implied by linear behavior. This
implies thatnonlinearity, asexpected,is significantfor this amplitude.However thestructureat 24h for both
positive andnegative perturbationsis still similar to thatfor smalleramplitudes.

The anticorrelation between evolved positive and negative perturbations, computed as described in
Buizza (1995), supportstheseconclusions. The anticorrelationis 0.86 and 0.80 for the first two ampli-
tudes,while for the largestSV amplitudethe anticorrelationis 0.60. Also, the relative nonlinearityindex of

(a)Control00h (b) Control24h
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Figure 12: θ on thePV=2 surfacefor (a) thecontrol analysis,(b) thecontrol forecastat thefinal timeandthetwo final
perturbedforecastswith thelargestamplitudeperturbationobtainedfromthefirstmoistSVwith (c) positivesignand(d)
negativesign.Thecontourinterval is 5K.
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Gilmouretal. (2001)increasesfrom 0.53and0.65for thefirst two amplitudesto 0.94for thelargestamplitude.

To further explore the nonlinearbehavior for the largestamplitude,Fig. 12 shows potentialtemperature,θ,
on thePV=2 surfacefor thecontrolanalysis,thecontrol forecastat thefinal time andthetwo final perturbed
forecastswith the largestamplitudeperturbationobtainedfrom thefirst full physicsSV. In thecontrol run, a
troughpropagatesfrom theeastcoastof North Americaover thewesternNorth Atlantic. In thefinal forecast
generatedfrom the largernegative perturbation,seenin Fig. 12(d), the tip of thetroughhasalreadystartedto
cut off anda strongdownstreamridge hasdeveloped. An oppositebehavior is seenin the forecastobtained
from thepositiveperturbation(Fig. 12(c)): thetroughis lesspronouncedandtheridgeis notpresent.Thelarge
amplitudechangesand,in particular, thecut-off dynamicsin thenegative perturbationcaseareconsistentwith
thebreakdown of linearity in thiscase.

5 Conclusions

In thispaperit hasbeenshown usingtheECMWFIFSthatphysicalprocesseshaveanimportantimpactonSV
growth andstructure.

In agreementwith previousunderstandingof theeffectsof moistprocesseson baroclinicinstability, enhanced
growth ratesandshorterwavelengthshave beenfound. Consistentwith thesechanges,it hasbeenshown that
whenmoistprocessesareconsidereda T63 truncation,ratherthanT42, is moreappropriateanda 24hOTI is
moresuitablethanthe48husuallyusedfor dry SVs.

Bothdry andfull physicsSVstendto beconcentratedin regionsof highbaroclinicity, but theexactlocationsof
full physicsSVsarealsoinfluencedby theavailability of moisture.It hasbeenfoundthat theparametrization
of large-scalecondensationis thedominantprocessin thefull physicspackageandis responsiblefor nearlyall
theimpactof full physicsonextratropicalSVs.Theparametrizationsof gravity wavedrag,longwaveradiation
anddeepcumulusconvectionappearto have little influenceon extratropicalSVs.

Most of the moist SVs analysedareslightly modifiedversionsof the dry SVs. However someoccurat new
locationsandhavetighterstructures,veryconcentratedin thevertical.Thisresultis consistentwith resultsfrom
Ehrendorferet al. (1999),wheresomeof theSVsresultingfrom theuseof moistphysicswerenew compared
to thedry case,whereasothersweresimilar.

As in thedry case,growth maybeexplainedasin Hoskinsetal. (2000)by PV unshielding,upwardpropagation
andcouplingof waves,but now facilitatedby energy releasefrom large-scalecondensation.Themostrapidly
growing SVs enhanceor reduceprecipitationin regionsaheadof major cold fronts. A cyclonic perturbation
resultsin enhancementof therain in andaheadof it whereasreductionoccursin andaheadof ananticyclonic
perturbation.

In practicalapplicationsof moist SVs, suchasensembleprediction,the linearity assumptionmustbe valid
for perturbationsof reasonableamplitude,comparableto thesizeof typical uncertainties(Errico andRaeder,
1999). The mostrapidly growing SV herehasa linear behavior in the nonlinearmodelasit grows from 0.5
hPa to 12 hPa in 24h. For five timesthis amplitudethestructureis similar but theamplitudereachedis about
half thatgivenby linear theory. A perturbationwith this amplitudecanchangetheflow by dampinga trough
or sharpeningit andproducingacut-off, dependingon its sign,indicatinganearlierbreakdown of thelinearity
approximation.

Moist processesareparticularlyimportantin perturbationgrowth in severestormcases.A studyof theimpact
in a rangeof suchcaseswill bereportedin asubsequentpaper.
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