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Theinfluenceof physicalprocessesn extratropicalsingularvectors

Abstract

An investigationis madeof the impactof a full linearizedphysical(moist) parametrizatiorpackageon
extratropicalsingularvectors(SVs) usingthe ECMWF IntegratedForecastingSystem(IFS). Comparison
is madefor oneparticularperiodwith a dry physicalpackagencluding only vertical diffusionandsurface
drag. The crucial extra ingredientin the full packageis found to be the large-scaldatent heatrelease.
Consistentvith basictheory its inclusionresultsin a shift to smallerhorizontalscalesandenhancedrowth
for the SVs. Whereador thedry SVsT42 resolutionis sufficient,themoistSVsrequireT63 to resohe their
structureandgrowth. A 24h optimizationtime appeargo be appropriatdor the moist SVs becausef the
largergrowth of moistSVscomparedvith dry SVs. Likedry SVs,moistSVstendto occurin regionsof high
baroclinicity, but their locationis alsoinfluencedby the availability of moisture.The mostrapidly growing
SVsappeatto enhanceor reducelarge-scaleain in regionsaheadof major cold fronts. The enhancement
occursn andaheadf acyclonicperturbatiorandthereductionin andaheadf anantig/clonicperturbation.
Most of the moist SVsfor this situationareslightly modifiedversionsof thedry SVs. However someoccur
in new locationsandhave particularlyconfinedstructuresThemostrapidly growing SV is shavn to exhibit
quitelinear behavior in the nonlinearmodelasit grows from 0.5hPato 12 hPain oneday. For five times
this amplitudethe structureis similar but the growth abouthalf asthe perturbationdampsa PV troughor
produces cut-off, dependingnits sign.

1 Intr oduction

As a complemento the normalmodetheoriesof baroclinicinstability for describingthe growth of weather
systemsin the extra-tropicalatmospherefollowing an earlier suggestiorby Lorenz (1965), Farrell (1982)
andmary subsequentgtudieshave consideredstructureghatareoptimalfor growth over a specificfinite time
intenal. Accordingto lineartheory given a specifiednorm anda linearizedversionof the predictionmodel
andits adjoint, perturbationsvith optimalgrowth in alimited timeinterval canbecalculatedby amathematical
proceduradescribedfor example,in BuizzaandPalmer(1995). Theresultingoptimal perturbationsrecalled
singularvectors(SVs).

SVsareof boththeoreticalandpracticalinterest.In the latter cateyory, they areusedby the EuropearCentre
for Medium-Rangéd-orecast§ECMWF) asabasisfor giving arangeof initial perturbationgo ananalysedtate
for their operationaEnsemblePredictionSystem(EPS)(Molteni etal. 1996). In alinearsensetheforecasts
from theseperturbednitial conditionsshouldgive maximumdivemgencefrom the controlforecastin aninitial
period.

Thefirst SV studiesconsideredinearizedversionsof filtered dynamicalequationswith no representatiorf
otherphysicalprocessesPresentlyat ECMWF for the computationof SVsthe dynamicsarea linearization
of thatin thefull forecastmodelandthe physicsconsistsonly of a simplevertical diffusion andsurfacedrag
schemeThelatterwasincludedto suppresshallav fast-graving structuresiearthe surfacethatwereconsid-
eredto benot of interestsincethey werestronglydampedn the nonlinearintegrations(Buizzaetal. 1993).

Hoskinset al. (2000)analysedhe natureof the gronth andstructureof ECMWEF extratropicalSVs computed
with suchsimplified physics. Particularaspectdnclude an upscaleenegy transferduring SV development,
generallyastrongtilt againsthesheaiin theinitial structuresandaverticaldistribution of enegy, pealedin the
lower to middletropospherattheinitial time andneartropopausendthe surfaceat the final time (Hartmann
etal. 1995). Thegeographicatlistribution of SVswasinvestigatedshaving thatstructuregypically developed
moving from upstreamandinsideregionsof maximumbaroclinicity at the initial time to downstreanof them
at thefinal time. Thus,the upscaletransferof enegy was suggestedo be mostly a kinematiceffect of the
strengthenindlow in the downstreandirection.

Theverticalstructuresvereanalysedy meanf potentialvorticity thinkingin connectiorwith thetheoretical
ideason baroclinicinitial valueproblemsdevelopedin BadgerandHoskins(2001). Thevertical concentration
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of the initial enegy neara low-mid tropospheridevel wasrelatedto the subsequentinshieldingof opposite
signedpotentialvorticity featuresby the actionof the vertical sheaiin the zonalwind. The changen vertical
structureduring the growth processwasexplainedby the propagatiorof westward tilted and eastvard tilted
Rossbywaves forming the initial structure:the westward tilted structuresgronv anduntilt asthey propagate
upwardswhereaghe eastvard tilted structuresdecayandtilt moreasthey propagataelovnwards. The initial
gronvth wasexplainedasbeingan effect of the upward propagatingRossbywave only. A second)ater period
of sustainedgrowth was explainedin termsof the coupling of interior and boundaryRossbywaves leading
to normal mode-like growth. Therefore,short optimizationtimesyield SVs that initially tendto be in the
mid-tropospherdavoiding directinteractionwith surface,thattendsto inhibit theinitial growth), whereador
longeroptimizationtimesthe initial structuresarelower (giving larger amplitudeat the surfacefor coupling
andmoredistancefor upward propagatiorandgrowth). Thetime taken for the propagatiorto the tropopause
andthereforethe relevanceof the coupling mechanisndefineswhat was consideredo be a shortor a long
optimizationtime.

Therole of morecompletephysicalprocesses the perturbatiorgrovth mechanisntanbetakeninto account
using linearizedmodelswhich include a more completeset of parametrizations Ehrendorferet al. (1999)
studiedthe impactof the inclusion of moist physicson the computationof SVs using a linearizedregional

mesoscalanodel. They found that theseSVs exhibited fastergrowth thanthosein the dry caseand new

structuresappearedAt ECMWEF, Mahfoufetal. (1996)foundthattheinclusionof large-scalecondensatioim

thelinearizedcalculationof T42 SVsresultedn largeramplificationratesandsmallerscalesatthe optimization
time (48h). Mahfouf (1999) describeda setof parametrizationslevelopedfor the linearizedversionsof the
ECMWF globalmodel. This more completephysicsis usedhereandis presentedn section3. Barkmeijeret
al. (2001)computedropical SVswith suchECMWF physics,comparingheresultingpositionsandproperties
for differenttargetedareasn casef tropical cyclones.In a companionpapery Purietal. (2001)obtaineda
larger andmorerealisticspreadn EPSforecasttropical cyclonetracksusing perturbationdasedon tamgeted
tropical SVs.

Themotivationfor this studyis againboththeoreticabndpractical. Theimpactof additionalphysicalprocesses
on baroclinicinstability andweathersystemgrowth hasbeendiscusseaincethe work of Eady(1949). The
largestimpact might be expectedfrom the inclusion of latentheatreleaseand someof the deductionsfrom
the relevanttheoryaresummarisederein section2. It is of interestto seewhethertheseideascarry over to
SVs. Pratically it is necessaryo understandvhetherimportantchangesould be expectedif the SVsfor an
ensembleof initial perturbationsvere determinedn a muchmore expensve calculationthat includeda full
parametrizatiopackage.

In section3 of this paperthe ECMWF linearizedphysicsis briefly describedanda rangeof experimentsfor
onecontrolforecastis defined. Section4 describesanddiscusseshe resultsandsomeconcludingcomments
aregivenin section5.

2 Theimpact of latent heatreleaseon baroclinic instability and on the growth
of weather systems

Thereare a numberof complementanperspecties on the impact of large-scaldatentheatreleaseon mid-
latitude weathersystemgrowth and behaior. Large-scalelatentheatreleaseoccursin the warm, moist air
rising aheadof the surfacelow. The correlationbetweenthe positve temperatureanomalyand the heating
impliesthatthe eddyavailablepotentialenegy is increasedLatentheatreleasen convectionatthe cold front
is lessclearin this regardandcorvectionin the cold air would actto reducethe availablepotentialenegy.

An alternatve perspectie on theimpactof large-scaldatentheatreleasés thatthe rising air follows a moist
adiabat. The samecanbe true for the descendingir if thereis sufficient evaporationof falling precipitation
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into it. As discussedn Hoskins(1987),agumentshasedon parceldisplacementst half the steepeslopeof
moistadiabaticsurfacessuggesthatmoreperturbationenegy will be obtained.

Following BennetsandHoskins(1979),therelevanceof themoistadiabaimpliesthatthereis reduceceffective

staticstability, N, whentheair is saturatedThe Eadybaroclinicinstability modelgivesa growth ratemaximum
thatis inverselyproportionalto N andawavelengthat which this occurswhichis proportionalto N. Therefore
we expectthatlarge-scaldatentheatreleasewill leadto increasedyronth ratesandsmallerwavelengths.In

the Eadymodelthe ageostroficertical circulationis proportionalN~2 andcanbe expectedo be enhancedor

agivenamplitudein thegeostrofidields. Themeasuref verticalinstability in asemi-geostrophimodelis the
potentialvorticity (PV). Emanuektal. (1987)have useda semi-geostrophimodelandrepresentetheimpact
of latentheatreleasen theascendingir by reducingtheeffective PV to zerothere.They foundthatthesurface
cyclonegrownth wasenhancedby a factorof 2.5 andits horizontalscalewasmuchreduced.

A reduceceffective staticstability dueto latentheatreleasdénassimilarimplicationsin theinitial valueproblems
discussedn BadgerandHoskins(2001). In the Orr problemof a wave-like perturbatiorin a uniform sheared
flow in aninfinite domainthe time-scalés proportionalto N sothatboth grownth anddecayareenhancedIn
the PV unshieldingmechanismntroducedby BadgerandHoskins(2001),if theinitial statehasPV anomalies
of oppositesignssituatedn averticalcolumnthenthesecancelin theirimpacton the horizontalvelocity field.
However, underthe actionof a shearflow they separatethe cancellationreducesandthe horizontalvelocity
field increasesn magnitude For thesamaeinitial PV anomaliedut reduced\, theverticalscalefor thevelocity
field associateavith eachanomalyis greater Thereforethe initial cancellatiorandthe growth in the velocity
field arelarger Alsotheverticalpropagatiorof Rosshywaves,anothemechanisnfior developmentighlighted
by BadgerandHoskins(2001),is increasedor reduced\.

In aPV perspectie, asdiscussedn Hoskins(1990),latentheatreleasdeadsto a positive PV tendeng in the
air below it anda negative tendeng above. Sincethe lower tropospheriascendingair is lessthana quarter
wavelengthaheadof the surfacecyclone,anincreasen the PV in this air dueto large-scaldatentheatrelease
will actto increasethe surface cyclonic circulation. Stoelinga(1996) hasshavn that this PV enhancement
amgumentis applicableto the resultshe obtainedfrom simulationswith and without physicalprocesses.n
summary the expectationfrom theoryis that the addition of large-scaldatentheatreleasejn particular can
be expectedto give the possibility of initial perturbationghatleadto considerablyenhancedjronth compared
with thedry case.Also thesenitial perturbationsill tendto have smallerhorizontalscale.

3 Experimental set-up

The ECMWF improved linearizedphysicspackagg hereaftercalledfull physics)includesrepresentationef
vertical diffusion, surface drag, gravity wave drag, large-scalecondensationlong-wave radiationand deep
cumuluscorvection. Mahfouf (1999) describedhe linearizationof the parametrization®f theseprocesses
andshavedthattheirinclusionresultsin a betteragreemenbetweerthe full nonlinearforecastmodelandthe
tangent-lineamodel. Herewe give a summaryof someaspect®f thefull physicsschemes.

Theformulationof theboundarylayeris morecomple thanthesimplifiedschemddescribedn Buizza1994b)
includedin the linearizedmodelsusedfor the optimizationof SVsin Hoskinset al. (2000). The vertical
diffusionis basedntheuseof exchangecoeficientsdependingiponthelocal Richardsomumberasdescribed
in Louis etal. (1982). Analytical expressionsare generalisedor the situationof differentroughnesdengths
for heatandmomentumtransfers.The mixing lengthprofile of Blackadan(1962)is used,with areductionin
thefreeatmosphere.

Theparametrizatiomwf large-scalecondensatiogonsistof arepresentatioof stratiformprecipitationin which
local supersaturatiois immediatelyremovedby condensatioandprecipitation takinginto accounthemelting
of snaw. A full representationf the evaporationof precipitationin subsaturatethyerswasfound by Mahfouf
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(1999) to resultin someundesirableSV characteristicsand so the effect was reducedcomparedwith the
nonlinearscheme For corvectiona simplified mass-fluxschemerepresentingnly deepcorvection,is used.
Detrainmenbf cloud propertiesnto the ervironmentis neglected. The verticaltransportof perturbedieldsis
estimatedusingmass-fluxprofilesobtainedrom a nonlinearintegrationof the corvectionscheme.

Thevarioussettingsof physics,resolutionandoptimizationtime interval (OTI) of the experimentsconsidered
in this paperarelistedin Tablel. The differentsettingsof physicscomprise:the full physics,a subsebf the

physicsconsistingonly of vertical diffusion and surfacedrag - referredto asdry physics,andthe individual

inclusionof large-scaleeondensatiolr cumulusconvectionwith thedry physics.An extratropicalwinter case
startingfrom 17 Februaryl997at 12 UTC is takenasthebasicstatefor the experiments Thisis thesamebasic
statefor which Hoskinset al. (2000)studiedthe behaior of dry SVs. A setof experimentss madeusingthe

samemodelresolutionasin thatpaper T42L31. However, aswasdiscussedh section2, theinclusionof moist

processesayresultin perturbationsith smallerscales.Thusanothersetof experimentds performedusing

afinerresolution, T63L31.

ExperimentName Physicsincluded Resolution| OTI
D42-1 dry physics T42L31 | 24h
F42-1 full physics T42L.31 | 24h
D42-2 dry physics T42L31 | 48h
F42-2 full physics T42L.31 | 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+ cumuluscorvection T63L31 | 24h

Table1: Experiments

Anotheraspecbf the experimentaket-upis the horizontaldiffusionusedin the model. Buizza(1998)shaved
that growth ratesand structuresare affected by its specification. Here the diffusion is biharmonicand the
T42 valuesare suchasto give dampingon the highestwavenumbersoeficients on time-scalef 15 h on
temperature@ndvorticity and6 h on divergence.At T63 resolutioninitial testswith equivalenttime-scalesl 2
h and4.8 h, respecitely, exhibited computationahoisein someSVs. This noisewasnot presentwhenthe
diffusionwasdoubled.As a consequencegducedime-scale®f 6 h and2.4 h, respectiely, wereusedfor all
the calculationgdescribedn this paper

Moist processemcludedin experimentswith full physicsallow the useof moistureduring SV evolution, but
initial humidity perturbationsare not allowed in the experimentsdiscussedere. The normusedin all these
experimentds derived from a dry enegy inner productasdefinedin BuizzaandPalmer(1995),the so-called
total enegy norm. The optimal perturbationshave unit norm at the initial time. They are constrainedy a
projectionoperator(Buizza 1994a)to have maximumamplitudeat the final time in the region to the north
of 3°N. In most of the results,only the leading10 SVs with the largestgrowth are considered. Further
experimentausinga normthatallowedinitial moistureperturbationsveremade.Theresultsarenotconsidered
herebecausealthoughSV amplificationwaslarger, the structurefoundwerevery similar to thefull physics
structurecomputedusingthedry norm.
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4 Full physicseffectson singular vectors

In this sectiontheimpactof thefull physicson variouscharacteristicef the SVsis analysed.

4.1 Amplification factors

As discussedn section2, baroclinicgrowth in the presencef moistprocessess expectedto resultin pertur
bationswith largergrowth rates.To explorethis, Fig. 1 shavs theamplificationgfactorsfor thetenleadingSVs
of experimentsincluding eitherdry or full physicswith resolutionsT42 or T63 and OTls of 24 or 48 hours.
The amplificationfactorsare definedasthe ratio betweerthe perturbatiomorm (thatis the squareroot of the
dry enegy innerproduct)at theinitial time andthe perturbatiomorm at the final time, andcorrespondo the
singularvaluesof the forwardtangentpropagatar

(a) OTl = 24h (b) OTI =48h
-6-D42-1 -54-D63-1 -©6-D42-2 -&-D63-2
20 -6- F42-1 - F63-1 20 -6- F42-2 - F63-2
S S ANg
o O ~R A
o A (o] JA A
LL15 LL15¢ _ _ O A
= [ 9\\\0 S \\A\\ﬁ
2 8 TTo--¥e B-a--a 3
[0 D (] ~e-_}
210 L10 RS
= 3 S
e &
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SV Number SV Number

Figure 1: Amplificationfactors of thefirstten SVsfor experimentswith dry physics(dashedines)andfull physics(solid
lines)with truncationT42 (pointsdenotedoy o) and T63 (pointsdenotedoy A) and OTI of (a) 24hand(b) 48h.

For the experimentswith OTI of 24h (Fig. 1 (a)), the amplificationfactorsfor the dry experimentsdecrease
slightly from thefirst to the secondSV andaresmallerandnearly constantafterthat. The useof full physics
resultsin furtherincreasedor SVs1 and2 in the experimentF42-1andl to 4 in the experimentF63-1. Thus,
theinclusionof diabaticprocessesignificantlyaffectsonly thefirst few SVsthatthenbecomedominant.For
OTls of 48h(Fig. 1 (b)), thespectraof thedry amplificationfactorsdecreasenoresmoothlywith increasingsV
index. In contraswith the24hexperimentsthepresencef diabaticprocessem experimentd-42-2andF63-2
enhancethegrowth for all SVs. Largergrowth ratesfor atleastthefirst two SVscomputedwith full physicsis
aresultfoundalsoin othercaseso bediscussedn afollowing paper However, theincreasen growth ratefor
all 48h SVscausedy diabaticprocessess not a generalresult: in somesituationslarger growth occursonly
for thefirst few SVsin 48haswell asin 24hOTls.

As discussedn BadgerandHoskins(2001)andHoskinsetal. (2000),developmentin theinitial growth period
is more rapid thanthe more normal mode-like subsequengrowth. This behaior is alsofound here. Thus,
althoughSVsamplify mary timestheir initial amplitudesn experimentswith OTls of 24h,theadditional24h
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of growth in experimentswith OTls of 48hdoesnotresultin proportionaladditionalamplification.For example,
in the T63 full physicsexperimentgheleadingSV enegy amplifiesby afactor16.2overthe 24hoptimization
intenal, but thefactoris only 1.4timeslargerthanthis for theleadingSV over the 48hoptimizationperiod.

48h SVs have alsobeendeterminedor the periodstaringat 12 UTC on 16 February1997 andfinishing at
the sametime asthat usedfor the 24h SVs. The amplificationfactorgraphsarevery similar to thosefor the
overlappingbut laterperiodshavn in Fig. 1 (b). However, thevaluesarein generalsomeavhatlargerwith, for
example,thefirst SV giving factors19.7and31.3for the T63 dry andfull physicscomputationstespectiely.

The increasean the amplificationfactorswhenfull physicsis usedis larger for experimentswith truncation
T63. For example,the maximumameplificationfactorincreasegrom 7.2to 11.0going from D42-1to F42-1,
which correspond$o anincreasenf 53%. However in goingfrom D63-1to F63-1,it change$rom 8.8t0 16.2,
anincreaseof 84%. This resultindicatesthe importanceof the representatiorf smallerscalesby the T63
truncationwhenmoistprocesseareinvolved.

An alternatve perspectie on the relative amplificationfactorsmay be given by turning theminto average
doublingtimes. 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 48hwindows the doublingtimes arelonger

correspondingo 11.6hand11.2h,respeciiely, for thefirst dry SV and10.6hand9.7hfor thefirst full physics
SV.

Finally, it shouldbenotedthattheverticaldiffusionschemencludedin theimprovedphysicspackageisedhere
is dampingmorethanthe oneusedin Hoskinsetal. (2000). SVscomputedwith the sameresolutionand OTI
have amplificationfactorsslightly reducedor the dry physicsusedherecomparedvith the simplified scheme
usedthere. This differenceis approximatelylO percentfor experimentswith OTI of 48handresolutionT42.
Mahfouf et al. (1996)alsofound smalleramplificationfactorsfor the improved vertical diffusion. However,
thereis no significantdifferencein the structureandgenerabehaior betweensVscomputedwith the old and
thenew boundarylayerformulations.

4.2 Energy spectra

Themeantotalenegy spectrdor thefirst tenSVsfor experimentswith dry andfull physicsareshavn in Fig. 2,

for boththeinitial andthefinal time. At theinitial time, theenegy spectrunfor SVscomputedwvithout moist
processess notsignificantlyaffectedby increasinghe horizontalresolution:thedry physicscasespectrahave
similar shapedor bothresolutionsvith both OTIs. The correspondingxperimentsncludingfull physicshave
peaksat shorterwavelengths. This finding is in agreemenwith the effects of moist processe®n baroclinic
instability discussedn section2. The shift to shorterwavelengthss muchclearerfor experimentswith T63
resolution. For the T42 dry casethe enegy in the scalesnearthe truncationat the initial time is significant
andwith the addition of moist processeshesescalesare not well resohed. Thus,whenmoist processesare
included,theshift to smallerscalesnustbetakeninto accountin the choiceof resolution.

Comparinghespectrédor theinitial andthefinal timein Fig. 2, theupscaleenegy transferduring SV develop-
mentis clearin all casesbut the physicalprocessegresenin thefull physicsexperimentgesultin moretotal
enegy in smallerscalesat thefinal time. Useof 24hratherthan48hasOT]I resultsin lesstotal enegy at the
final time, andwith lesstime availablefor the upscaldransportmoreof this enepgy is associatedvith higher
wavenumbers.

Becausehe T63 truncationpermitsbetterrepresentationf the impactof the full physicsprocessen small
scalesa clearershift in the spectrumat theinitial time whenthey areincludedandlarger growth rates,it will
be usedfrom hereonwards. Also, becausehe gronth overthe 48h OTI is not muchlargerthanthatover 24h
andit is in the24h OTI thatthe spectaculagrowth for full physicsSVsis found(seesection4.a),we consider
thata 24h OTI is moresuitablefor this studyof full physicsSV properties.
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Figure2: Spectal distribution of thetotal enegy averagedfor thefirsttensingularvectos asa functionof total wavenum-
berfor experimentawith dry physicgdashedines)andfull physicH(solid lines)at initial time (left) andfinal time (right)

andOTl of (a) 24hand (b) 48h.

4.3 Total eneryy profile

Themeanverticaldistribution of total enegy for thefirst tenSVsof experimentswith resolutionT63,24hOTI
andincludingdry or full physicsis givenin Fig. 3. The characteristipeaksin thelowerto middletroposphere
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o o o
.27

/
e F63-1

1000
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Total Energy

0.15
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o) (2] D
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Figure 3: Total Eneigy averagedfor thefirstten SVsasa functionof pressue for experimentd63-1(dashedpand F63-1
(solid) atinitial time (left) andfinal time (right).
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atinitial time and nearthe tropopausendthe surfaceat the final time found by Hartmannet al. (1995)and
Hoskinset al. (2000)for dry SVs are seenherefor both experiments. For the full physicsexperiment,the
averageenepy peakattheinitial timeis slightly lower andnarraver.

Asdiscussedh theintroduction,duringafirst periodof growth theenegy of theinitial perturbatiorincreasess
its westwardtilted componentpropagateipwards.For thefull physicsexperiments|argergrowth is achiered
dueto theenepy releasedy the diabaticprocessesgesultingin a pronouncedinal time enegy peakobsered
atthetropopause.

4.4 Geographicaldistrib ution

| . (@) | -
Dry Physics - Initial Time Dry Physics - Final Time
140°W 160°W  180°  160°E 140°E 140°W 160°W  180°  160°E 140°E
120°W [, 11200 1200w [ | 120°E
100°W |-- | 100°  100°W |-- --| 100°E
80w FNlg X | 80°E 80°W Nl t | 80°E
60°wW | ~\| 60°E 60°W | 60°E
Full Physics - Initial Time Full Physics - Final Time
140°W 160°W  180°  160°E 140°E 140°W 160°W  180°  160°E 140°E
120°W [, 1120 120°W . | 120°E
100°W |-- | 100°E  100°W |-- --| 100°E
80w Flg b | 8o°E 80°W Nl b | gooE
60w | | 60°E 60w | Al 60°E

(b)
Figure 4: Geqgraphical distribution of the amplificationfactor weightedenegy of the first ten singular vectos at the
initial time (left) and thefinal time (right) for (a) dry physics(D63-1) and (b) full physics(F63-1). Thecontourinterval
atthefinal timeis 50 timesthatat theinitial time

Figure4(a) shavs the geographicatlistribution of the first ten SVs of experimentD63-1 at theinitial andthe
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final times. Thegeographicatlistribution is evaluatedasthevertically integratedamplificationfactorweighted
sumof thekineticandpotentialenegy of theleadingtenSVs. Thesedistributionsarein generatonsistentvith

the averagedbaroclinicityindex (HoskinsandValdes1990)shavn in Fig. 5(a). As pointedout by Hoskinset
al. (2000),thestructuregypically developmoving from upstreanandinsideregionsof maximumbaroclinicity
attheinitial time to downstreamof thematthefinal time.

(@) (b)

140°W 160°W 180° 160°E 140°E 140°W 160°W 180° 160°E 140°E

120°W | ‘<7| 120°E 120°W |-. | 120°E

100°W |- 100°E 100°W XA 100°E

80°W Nl i Tt 80°E 80°W [ /| 80°E

60°w | ~| 60°E 60°w | ~ 60°E

Figure5: (a)24haverage baroclinicity index (17-18Feb12UTC).Thecontourintervalis 0.5d~1. (b) 24haverage mean
sealevel pressue (17-18Feb 12UTC)and 24hforecastfor 24h accumulategrecipitationvalid for 18 Feb12UTC.The
contourinterval for pressue is 8hPa. Greencolour correspondgo a precipitationrange of 1-8mm light blueto 8-16mm
anddark blueto 16-36mm.

Comparedwith the dry experiment,the full physicsexperimentF63-1shavn in Fig. 4(b) hasa very similar,

althoughrathermoreconcentratedjistribution over the Atlantic Ocean.In contrastpearthe coastof Asiaand
overthePacific Ocearthelocationswith full physicsaredisplacecequatonardsandeastvards. Themaximum
in the initial enegy nearthe coastof Asiain D63-1 movesfrom near11(PE to nearl6(°E in F63-1. In the
Pacific the maximummovesfrom nearthe date-linein D63-1to near155W in F63-1. At the final time the
distributionshave moveddownstreanfrom theinitial locationsandthedominantregionsoverthe Pacific Ocean
areagainlocalizedfurther eastfor the full physicsexperiment. The maximain thefinal enegy changegrom

nearl5CE in D63-1to nearl65°W in F63-1andfrom nearl55°W in D63-1to nearl35°W in F63-1.

ExperimentConv63-1andCond63-1describedn Tablel, weremadeto investigatetherole of thetwo types
of latentheatreleasen the change®bsenred for thefull physicsSVs. The geographicadistributionsfor the
first ten SVsin thesetwo experimentsareshowvn in Fig. 6. For experimentConv63-1,thedistribution givenin
Fig. 6(a) is very similar to thatin Fig. 4(a), for D63-1. In contrastthe distribution shawvn in Fig. 6(b) for the
experimentCond63-1with its similarity to Fig. 4(b), for F63-1,indicatesthatthe large-scalecondensatioiis
the physicalparametrizatiomesponsibldor the displacementf the SVsin the Pacific Oceanregion obsered
in the full physicsexperiment. Furtherinvestigationshawvs thatthe amplificationfactorsandstructuresof the
individual SVsareindeedvery similar to thosewith thefull physicspackage.

Thesimilarity betweerthe SVsin variousexperimentamay be quantifiedby the computatiorof the similarity
index describedn Buizza(1994b)asthe meanof the projectioncoeficientsof the SVs of oneexperimenton
the SVsof the otherexperiment.Table2 shows the similarity indicesfor thefirst 15 SVsof T63 24h OTI ex-
perimentswith differentphysicalprocessesThesendicesindicatethatD63-1/Con63-1andF63-1/Cond63-1
have a high deggree of similarity (similarity indices greaterthan 0.85). On the other hand, experiments
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Figure 6: SameasFig. 4, but for experimentga) Cornv63-1and(b) Cond63-1.Thecontourinterval at thefinal timeis 50
timesthatat theinitial time

D63-1/Cond63-lndF63-1/Con63-1 have similarity indicesof about0.50. For someof the 15 SVsof D63-1
or F63-1the sum of the projectioncoeficients (not shavn) on the first 15 SVs of Cond63-1or Corv63-1,
respectely, is lessthan0.10.

Similarity | D63-1 F63-1 Cond63-1 Corv63-1
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 indicesbetweernthevariousT6324h OT| experimentsalculatedusingthe 15 leadingSVs.
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Figure7 givesthedistributionsatinitial andfinal timesof theSVsshavn in Fig. 4(b), superimposednthebasic
statetotal columnwatervapourcontentat the sametimes. This shaws clearly that, althoughthe distributions
of thefull physicsSVsover the Pacific Oceanarestill over regionsof high baroclinicity (c.f. Fig. 5(a)), their
exactpositionsaredisplacedowardsthe local maximain moistureat boththeinitial andthefinal times. SVs
calculatedusing48h OTI arefoundto exhibit very similar behaior (notshavn). Examinationof the synoptic
situation,e.g. Fig. 5(b), indicatesthatthe full physicsSVstendto exist in and move alongthe precipitation
regions aheadof cold fronts. The total precipitationshavn in Fig 5(b) is dominatedby large-scalerain. It
appearshatthe SVsusethe modificationof thelatentheatreleasén thelarge-scaleaain thereto enhanceheir
growth. This hypothesiswill beconsideredurtherin the next section.

Full Physics - Initial Time Full Physics - Final Time

140°W 160°W 180° 160°E 140°E 140°W 160°W 180° 160°E 140°E

120w [ 120°E 120°W |4

100°W
80°W [

80°E 80°W =~

60°W [ | 60°E 60°W [

40°W 20°W 0° 20°E 40°E 40°W 20°W 0° 20°E 40°E

Figure 7: Fig. 4(b) superimposen the basicstatetotal columnwater vapour(TCWV)contentat the initial time (left)
andthefinal time (right). Thecontourinterval for TCWVis 6 kg m=2.

The differentimpactof full physicsfor SVs over the Asia/Racific region comparedo the Atlantic region is
consistentvith the factthatin the Atlantic the region wherethe dry SVs are concentrateds alsoa region of
large watervapouravailability, thus,the SVsdo not move whenmoistprocesseareincluded.

4.5 Moist mechanismsfor growth

Having found thatinclusionof full physics,andin particularlarge-scaldatentheatreleaseyesultsin larger

growth for all SVs and changein someSV locations,moist SV structuresand mechanismgor gronth are
investigatedn this section.To determinghe PV perturbatiorassociatedvith an SV, thecontritution of the PV

of thebasicstateis subtractedrom thePV of theperturbedstate. Theverticalderiativesin thePV computation
arecalculatedusinga centredfinite differenceschemen the interior andforward andbackward differencesat

theboundaries.

Figure8 (a) and(b) shawv longitudeheightsectionsof streamfunctiorior thefirst SV of experimentdD63-1and
F63-1attheinitial andfinal times.In bothexperimentsthisdominantSV hasasimilarlocation,startingon the
coastof North Americaandevolving overthe Atlantic Ocean As seerin Fig. 8, thefull physicsSV hasslightly
smallerscaleandlarger final amplitude but the structuresaresimilar in thetwo cases.The correspondindg®V
sectionsin Fig. 8 (c) and(d) shawv tight westward tilted initial structurestilting into the vertical during the
growth processwith alargefinal amplitudenearthe surface.

ThesecondsVsof experimentdD63-1andF63-1(notshavn), alsonearthe coastof North Americaaresimilar
to the correspondingsV1 but shifted by approximatelya quarterwavelength. In fact, apartfrom moist SVs
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at new locationsin the Pacific Oceandiscussedn section4.d, moist SV structuresclosely resemblethe dry
structuresandthe maindifferenceis thattheir growth is enhancedby latentheatrelease.

(a) StreamfunctiorD63-1
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Figure 8: Longitude-pessue cross-sectionor thefirstsingularvectos, at theinitial (left) andfinal (right) times,of (a)
streamfunctiorfor D63-1, (b) streamfunctiorfor F63-1,(c) PV for D63-1and(d) PV for F63-1. Initial timeat 40°N and
final time at 44°N. Thestreamfunctiorcontourat the final timeis 20 timesthat at theinitial time andthe PV contourat
thefinal timeis 5 timesthat at theinitial time
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In contrastthethird SV of F63-1is in aregionthatwasnot selectedasoptimalby the original setof dry SVs.
It is the largestgronth SV localizedin the WestPacific region. Figure9 shaws longitudeheightsectionsfor
thethird F63-1SV andfor the eighthD63-1SV, the onewith thelargestgrowth localizedin Asia/WestPacific.

(a) StreamfunctiorD63-1
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Figure 9: Sameas Fig. 8, but for the eighth singular vector of D63-1 and the third singular vector of F63-1. Initial
time at 33°N for (a) and(c) and 31°N for (b) and(d). Final timeat 36°N for (a) and (c) and 35°N for (b) and (d). The

streamfunctiorand PV contouss are the sameasin Fig. 8.
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Clearly themoist SV hasa tighter structure very concentratedh the vertical, andquite differentfrom all dry
ones. The sumof the projectioncoeficients of SV3 of F63-10on thefirst 15 SVs of D63-1is only 0.08. In
contrastfor thefirst SV of F63-1this sumis 0.72,andthe projectioncoeficienton SV1 of D63-1is 0.66.

As shavnin Fig. 9, thethird moistSV hasawestvardtilt attheinitial timethatis notcompletelylostatthefinal
time. It hasavery organizedstructurethatresembleshe onesdiscussedn BadgerandHoskins(2001).In this
caseasrepresentetly themodel,large-scalecondensatioiis the crucialingredientresponsibldor creatingan
optimalstructurein thatregion. In contrasto thefirst andthe secondmoistSVs, this third SV clearlydepends
stronglyon the availability of moisture.Its very tight structurecanbe explained,asdiscussedn section2, by
areductionin the effective staticstability associatedvith latentheatrelease Consistentvith basictheorythis
enhancegrowth and upward propagation.Thus, althoughthe mechanisnfor growth is the sameasfor the
otherSVs, theexistenceof this SV is considerablynfluencedby the reduceceffective staticstability.

In additionto baroclinicmechanismsharotropicmechanism®f SV grownth have alsobeendiscussedfor ex-
ample,in BuizzaandPalmer(1995). This corversionof kinetic enegy from the basicstateto the perturbations
is indicatedby initial SV tilts againsthe horizontalshear In general the moist structuresshav lessevidence
of suchatilt andthereforeof barotropiccornversion.

Precipitationchangesssociateavith a particularSV weremosteasilyobtainedfrom integrationswith thefull
forecastmodel. The initial time SV was addedwith eithersign to the control stateat the initial time with
anamplitude,0.25hPa maximumsurface pressureamplitude,suchthatits evolution shouldbe linearfor one
day The perturbationevolution was obtainedby subtractingthe control forecastfrom the perturbedforecast
at correspondingimes. The resulting24h surfacepressureand21-24haccumulategrecipitationchangegor
afull physicsSV 1, with theinitial signbeingsuchthatits structureis dominatedoy a cyclone,areshovn in
Fig. 10(a). Alsoindicatedby an‘L’ is theinitial positionof thesuriacelow. Takingaccounbf themovementof
thesystenit is clearthatprecipitationis enhancedh andaheadf the perturbatiorsurfacelow, consistentvith
expectationsThereductionof precipitationon the southerrflank of thelow couldbe associateavith bringing
cooler drierair into this region.

(b) SV 3

160°W

140°W

40°wW 20°wW 0° 140°W 160°W 180° 160°E 140°E 120°E

Figure 10: Differencesderivedfrom nonlinearintegrationsinitialised with the analysedstateperturbedby smallampli-

tudefull physicsSVs:(a) 21-24haccumulategrecipitation(shaded)and 24h meansealevel pressue (contouss) for SV
1 and(b) 21-24haccumulategrecipitation(shaded)nd 500hR streamfunctior{contouss) for SV3. In (a), the contour
intervalfor pressueis 1hPa andthecontouss aredrawnat +£0.5hR, +1.5hR, etc. Accumulategbrecipitationanomalies
greaterthan0.5mm.1.5mmand2.5mmare shownby green,blueanddark bluecolours, respectivelyAnomaliedessthan

-0.5mmand-1.5mmare shownby yellow and brown colours, respectivelyL indicatesthe positionof the surfacelow at

theinitial time In (b) the contourinterval is 0.2nfs~ for streamfunctiorand 0.2mmfor precipitation. L indicatesthe

initial positionof thecyclone
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Figure10Q(b) shavs a similar figurefor SV 3 but using500hPa streamfunctiobecaus®f the smallamplitudes
nearthe surface.Thereis clearlyenhancementdf precipitationaheadf thelow andsuppressiofehindit.

Comparingwith Fig. 5(b) it is seenthat SV 1 and SV 3 are associatedvith enhancemenand reductionof
the precipitationin different partsof the two major cold front precipitationregions near45°W and 18C°E,
respectiely.

4.6 Nonlinear behavior

In the previous section,we have referredto resultsof nonlinearintegrationsto investigatethe precipitation
changeswith respecto the perturbationgrowth. A further purposeof nonlinearexperimentss to explorethe
limitations of the lineartheoryin the moistcase.Therefore perturbationsvith amplitudescorrespondingo 2

Figure11: 21-24haccumulategbrecipitationand24hmeansealevel pressue differencegerivedfromnonlinearintegra-
tionsinitialised with theanalysedstateperturbedby full physicsSV1 with amplifiedinitial amplituderelativelyto section
4.e: (a) positive2 times,(b) negative?2 times,(c) positive10 timesand (d) negative10 times. Thecontourintervalin (a)
and(b) is 2hPa for pressue and 2mmfor precipitation(twicethatin Fig. 10 (a)) andin (c) and(d) 10hRaand 10mm(ten
timesthatin Fig. 10 (a)), sothatlinear behaviorwould male ead picture the sameasthatin Fig. 10 (a) (with reversed
signfor (a) and(c)).
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and10 timestheinitial perturbationusedin sectiond.e wereaddedto the control stateat initial time andthe
resultingperturbednitial conditionswereintegratedfor 24h.

The maximumsurfacepressureamplitudefor the full physicsSV 1 in the full modeldiscussedn section4.e
was0.25hPaattheinitial time and6 hPa at thefinal time. Both the factor24 in the growth of the surfacelow
andthe 24h structureof the surfacepressurdield werevery similar to thatgiven by the SV obtainedfrom the
linearmodel. For positive andnegative full physicsSV 1 with the larger amplitudeshe resulting24h surface
pressureand21-24haccumulatedrecipitationchangesareshavn in Fig. 11. The final maximumamplitude
for the perturbationsorrespondingo twice theinitial amplitudein section4.eis approximatelyl2 hPa, twice
asmuchasthat obtainedthere. Also, consistenwith linear behaior, the positive andnegative perturbations
have similar behaior. However, for the largestamplitudethe initial surfacepressuranaximumis 2.5hPaand
the final maximumamplitudeis about30 hPa, insteadof the value 60 hPa implied by linear behaior. This
impliesthatnonlinearity asexpected,is significantfor this amplitude. However the structureat 24h for both
positive andnegative perturbationgs still similarto 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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60°W

(c) Perturbe4h(+)
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NN
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40°W

20°wW

0°

z

80
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Figure 12: 8 onthe PV=2 surfacefor (a) the control analysis,(b) the control forecastat the final time andthe two final
perturbedforecastawith the largestamplitudeperturbationobtainedfromthe first moistSVwith (c) positivesignand (d)
negativesign. Thecontourinterval is 5K.
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Gilmouretal. (2001)increase$rom 0.53and0.65for thefirst two amplitudego 0.94for thelargestamplitude.

To further explore the nonlinearbehaior for the largestamplitude,Fig. 12 shawvs potentialtemperaturef,
on the PVV=2 surfacefor the controlanalysis the control forecastat the final time andthe two final perturbed
forecastawith the largestamplitudeperturbationobtainedfrom the first full physicsSV. In the controlrun, a
troughpropagate$rom the eastcoastof North Americaover the westernNorth Atlantic. In thefinal forecast
generatedrom the larger nggative perturbationseenin Fig. 12(d), thetip of thetroughhasalreadystartedto
cut off anda strongdownstreamridge hasdeveloped. An oppositebehaior is seenin the forecastobtained
from the positive perturbation(Fig. 12(c)): thetroughis lesspronouncedndtheridgeis notpresentThelarge
amplitudechangesand,in particular the cut-of dynamicsn the negative perturbatiorcaseareconsistentvith
the breakdavn of linearityin this case.

5 Conclusions

In this paperit hasbeenshavn usingthe ECMWEF IFS thatphysicalprocessebave animportantimpacton SV
grownth andstructure.

In agreementvith previous understandingf the effectsof moistprocessesn baroclinicinstability, enhanced
growth ratesandshorterwavelengthshave beenfound. Consistentvith thesechangesit hasbeenshavn that
whenmoist processeareconsidereda T63 truncation ratherthanT42, is moreappropriateanda 24h OTl is
moresuitablethanthe48husuallyusedfor dry SVs.

Bothdry andfull physicsSVstendto beconcentrateéh regionsof high baroclinicity but theexactlocationsof
full physicsSVsarealsoinfluencedby the availability of moisture.lt hasbeenfoundthatthe parametrization
of large-scalecondensatiois thedominantprocessn thefull physicspackageandis responsibldor nearlyall
theimpactof full physicson extratropicalSVs. Theparametrizationsf gravity wave drag,long wave radiation
anddeepcumuluscornvectionappeato have little influenceon extratropicalSVs.

Most of the moist SVs analysedare slightly modified versionsof the dry SVs. However someoccurat nev
locationsandhave tighterstructuresyery concentrateth thevertical. Thisresultis consistentvith resultsfrom
Ehrendorferetal. (1999),wheresomeof the SVsresultingfrom the useof moistphysicswerenen compared
to thedry case whereaothersweresimilar.

Asin thedry casegrowth maybeexplainedasin Hoskinsetal. (2000)by PV unshieldingupwardpropagation
andcouplingof waves,but now facilitatedby enegy releasdrom large-scalecondensationThe mostrapidly

growing SVs enhanceor reduceprecipitationin regionsaheadof major cold fronts. A cyclonic perturbation
resultsin enhancementf therainin andaheadof it whereageductionoccursin andaheadof anantigyclonic

perturbation.

In practicalapplicationsof moist SVs, suchas ensembleprediction, the linearity assumptiormust be valid
for perturbationf reasonablemplitude,comparabléo the size of typical uncertaintiegErrico and Raeder
1999). The mostrapidly groving SV herehasa linear behaior in the nonlinearmodelasit grows from 0.5
hPato 12 hPain 24h. For five timesthis amplitudethe structureis similar but the amplitudereacheds about
half thatgiven by lineartheory A perturbatiorwith this amplitudecanchangethe flow by dampinga trough
or sharpeningt andproducinga cut-of, dependingnits sign,indicatinganearlierbreakdan of thellinearity
approximation.

Moist processeareparticularlyimportantin perturbatiorgrowth in severestormcasesA studyof theimpact
in arangeof suchcaseswill bereportedn a subsequenpaper
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