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A corvectionschemdor dataassimilation:Descriptionandinitial tests

Abstract

A new simplified parametrizatiorof subgridscalecorvective processe$iasbeendevelopedandtestedin

the framawork of the ECMWF IntegratedForecastingSystemfor the purposeof variationaldataassimila-
tion, singularvectorcalculationsandadjointsensitvity experiments.Its formulationis basedon Tiedtke’s
(1989)nonlinearcorvectionschemeusedat ECMWE, but a setof simplificationshasbeenappliedto sub-
stantiallyimproveits linearbehaiour. Theseincludethe specificatiorof a singleclosureassumptiorbased
on corvective available potentialenegy, the uncouplingof the equationgor the corvective massflux and
updraughtcharacteristicand a unified formulation of the entrainmentand detrainmentates. Simplified
representationsf downdraughtandmomentuntransportarealsoincludedin the new scheme.

Despitethesesimplifications,the forecastingability of the new cornvective parametrizatiors shavn to re-
mainsatisactoryevenin seasonahtegrations.A detailedstudyof its Jacobianandthevalidity of thelinear
hypothesiss presentedThenew schemas alsotestedn combinatiorwith thenew simplifiedparametriza-
tion of large-scalecloudsandprecipitationdevelopedby TompkinsandJanislkova (2004). In contrastwith
Mahfouf's (1999)simplified corvective parametrizationits tangent-lineaandadjoint versionsaccountfor
perturbation®f all corvective quantitiesncludingconvective massflux, updraughtharacteristicandpre-
cipitation fluxes. Thereforethe new schemeis expectedto be beneficialwhen combinedwith radiative
calculationghataredirectly affectedby condensatioandprecipitation.

Examplesof applicationsf thenew moistphysicsin 1D-Var retrievalsusingmicrowave brightnesgsemper
aturemeasuremen@swell asin adjointsensitvity experimentsarepresented.

1 Introduction

In Meteorology variationaldataassimilationis usedto obtaina statisticallyoptimal representationf the at-
mosphericstatefor a given date (the analysi$ throughthe combinationof backgroundinformation from a
previous short-rangdorecastwith usefulinformationcontainedn a setof availableobsenrations. Practically
variationalmethodsarebasedon the minimizationof a costfunctionthatmeasureshe global distanceof the
new atmosphericstateto both the backgroundstateandthe obserations. The major underlyingassumption
in thesetechniquess thatall processesvolved canbe consideredaslinearor atleastonly weakly nonlinear
In four-dimensionalariationaldataassimilation(4D-Var), the minimizationof the costfunctionis performed
over atime window of severalhours,which permitsthe assimilationof obsenationsat their actualtime. For
instance,at the EuropeanCentrefor Medium-rangeWeatherForecast ECMWF), the twice-daily 4D-Var
analysegCourtieretal. 1994; Rabieretal. 2000)are currentlyobtainedby assimilatingobserationsover a
12-hourwindow.

The propagationof the 4D-Var incrementsthroughthe assimilationwindow via adjoint integration and the
conversionof the modelstateinto equivalentobsened quantitiesrequirethe useof a setof parametrizations
thatdescribegheatmospheridynamicandphysicalprocessedn particular adetailedenougtrepresentatioof
moistprocessegonvectionandlarge-scaleondensatiorecomegssentialvhenobserationsdirectlyrelated
to cloudsand precipitationareto be assimilated.However, moistdiabaticprocessesire by naturenonlinear
andnon-diferentiableor discontinuousn time (e.g. saturatiorthreshold precipitationformation). A careless
inclusionof raw parametrizationsf thesephenomenaanquickly resultin seriousviolation of the basiclinear
assumptiomrmadein variationaldataassimilation.This is particularlytruein the caseof corvectionasshavn
in Zupanski(1993)andVukicevic andErrico (1993)for instanceln recentyears mary efforts have beended-
icatedto the designof simplified parametrizationsf atmospherienoist processe$or the specificpurposeof
operationabataassimilation(e.g. Janiskva etal. 1999;Mahfoufetal. 1996;Mahfouf 1999[MAH99]; Mah-
fouf andRabier2000, Fillion andMahfouf 2000). Zou (1993)successfullyperformed4D-Var assimilationof
pseudo-obseationsincluding the adjointof simplelarge-scalecondensatiomndcorvectionparametrizations
in the NCEP model, with no specialtreatmentof "on-off” processesNonethelessZupanskiand Mesinger
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(1995) underlinedthat the importanceof discontinuitiesin moist processess likely to dependon the model
usedand on the chosenmeteorologicakituation. Theseauthorsindicatedthat their corvection schemehad
first to be modifiedin orderto eliminateits discontinuoushbehaiour. Only thenwasit possibleto obtaina
betterprecipitationforecasusingthe 4D-Var assimilationof 24-houraccumulatedurfacerainfall obserations
prior to the beginning of the forecast. In otherrespectsMarécal and Mahfouf (2003) demonstratedhat an
indirect'1D-Var + 4D-Var’ assimilationof precipitationobserationswas more robust thana direct 4D-Var
assimilation partly becausef the presencef strongnonlinearitiesn Tiedtke's (1989) mass-fluxcorvection
scheme.

This paperintroducegheformulation,theimplementatiorandtheapplicationof a new simplified parametriza-
tion of corvection (called SIMPCV2 hereafter)suitablewhereser linearizedcomputationsare needed.SIM-
PCV2is much more detailedthanthe MAH99 simplified corvection scheme(SIMPCV hereafter). In fact,
the new parametrizatiorf corvectionhasbeendesignedsuchasto retainsomefundamentakimilaritieswith
Tiedtke's (1989)nonlinearschemgoperationallyusedin forecastmode;OPNLCV hereafterandat the same
time to reducethe high degreeof compleity of the latterthatis a sourceof strongnonlinearitiesdetrimental
to 4D-Var assimilation.Table2 summarizesll usefulacroryms definedandusedthroughouthe paper

Section2 describesSIMPCV2,while section3 presentsts validationin season-longntegrations.In section4
SIMPCV2is first comparedo Tiedtke's parametrizationin termsof Jacobiangandin termsof linearity over
a singletimestepfor initial perturbationf variousamplitudes. Then,the linear behaiour of SIMPCV2is
assesseith 12h-longintegrationsfor initial perturbationghataretypical of analysiserrors. This set-upcorre-
spondgo the oneusedin the ECMWF 4D-Var assimilationsystem.Finally, somepreliminaryapplicationsof
thenew simplified corvectionschemearepresentedn section5.

2 Description of the new parametrization

Previous studiesunderlinedthe needfor animprovementof the linearizedversionof ECMWF'’s parametriza-
tions of moist processeso be usedin a wide rangeof applicationsincluding 4D-Var assimilation,singular

vector computationsand 1D-Var retrievals from rain obserations (Marécal and Mahfouf 2000). Tompkins

andJaniskva (2004)recentlydevelopeda new simplified parametrizatiorof large-scalecloudsandprecipita-

tion. A new simplified versionof the operationakornvectionschemewasalsorequired. This new simplified

mass-fluxschemgSIMPCV2) was designedsuchasto retain somebasicsimilaritieswith OPNLCV and at

the sametime to reduceits degreeof compleity thatcanbe a sourceof unwantedstrongnonlinearities.Note

thatmodificationsdescribedy Bechtoldetal (2004)have beenrecentlyappliedto Tiedtke’s original nonlinear
corvectionschemedo improve forecastscores.

In the new simplified schemeall typesof convection (shallawv, mid-level, anddeep)aretreatedin the same
way. In particular thelink betweerthe modelcontrolvariablesandthe cloudbasemasdlux (the so-calledclo-
sure assumptiohis expressedhrougha singleformulationthatdepend®n the releaseof corvective available
potentialenegy (CAPE)in time. In contrastwith OPNLCYV, the equationghatdescribethe vertical evolution
of theupdraughmassflux, My (in kg m—2 s™1), andof the updraughthermodynamicharacteristicsp, (dry
staticenepy, s, andtotal waterg, = q+ q. whereq denotesspecifichumidity and g. cloud condensate)re
uncoupled:

oMy
9z (&u— )My (1)
0y —&u(Py— D) 2)
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where g, and ¢, arethe fractional entrainmentand detrainmentates,respectiely. Here,aswell asin the
restof the paper overbarsdenotefield valuesin the ervironment,thatis averagedover a modelgridbox, and
subscriptor superscriptu” relateto the updraughtharacteristicsAs explainedbelow, the uncouplingallows

the removal of the iterative calculationsinvolved in OPNLCYV for updatingthe cloud basemassflux thereby
leadingto aneasiedevelopmentof theadjoint. Basedon SiebesmandJalob (personatommunication)g, is

parametrizedsc, /(z— z4) +10-°> m~! wherec.=0.4andz is the startingheightof the updraughtin m). As

for detrainmentpbsenrations(e.g. Cohen2000)suggesthat &, is usuallysmallerthang, in the lower part of

theupdraughandcomparabléo g, furtherup, whichis takeninto accountoy writing

1%y
= 1-— —_ 3
wherethe constant; is setto 0.7. Closeto cloudtop whereupdraughbuoyang becomesegative, a constant
organizeddetrainmentateof 2 x 10~ m~! is addedto &, computedrom Eg. (3).

Corvectionis assumedo be activatedonly if the bulk corvective updraughtertical velocity remainspositive
atcloud base.The updraughis assumedo originatefrom the surfaceonly if its initial verticalvelocity, ws, is
positive. ws is calculatedrom the surfaceheatfluxesusingHoltslagandMoeng(1991)

1
Ws = 1.2(u§— 15 gz'; FV) ’ 4)
wherek=0.4 (von Karman's constantandR, = —w'T,/ is the surfaceflux of virtual temperatureT, (primes
denoteperturbations)For simplicity, thefriction velocity u, is arbitrarily setequalto 0.1m s~ asin OPNLCV.
Theinitial temperaturendspecifichumidity departure®f the updraughfrom the ervironment,dT, anddq,,
areassumedo be dependenbn the surfacesensibleand latent heatfluxes, Fg andF, (in W m~?; positive
downward)respectiely, accordingto

FS
5T, = _l'Spprs 5)
_ FL
oqu = _1'5vaws (6)

wherep is thedensityandC, the specificheatcapacityof theair at constanpressureandL, is thelatentheat
of vaporisatiorof water If corvectioncannotbeinitiatedfrom thesurface,the corvective ascentmayoriginate
from higherlevels providedrelative humidity exceeds80%. In this casetheinitial verticalvelocity of the bulk
updraughis setequalto 1 ms1.

Regardlessof whetherthe updraughtoriginatesfrom the surfaceor from higherup, the vertical evolution of
its kinetic enegy is computedollowing SimpsonandWiggert(1969),which involvesthe buoyang/, %4(z), as
well asthe entrainmenbf ervironmentalair into the updraught,

owg
0z

= —agwi+BA(2) (7)

wherea = % B=1andw, is theupdraughtertical velocity. The buoyang in theupdraughis definedas

B2 = (V-T)-od ®)

\"

whichincludesthe cloudwaterloadinsidethe updraughtgy.

Using a similar approach,a simple parametrizatiorof corvectve downdraughtsthat are usually associated
with the strongcooling dueto the evaporationof precipitationhasbeenimplemented.Uncoupledequations
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describetheevolution with heightof thedowndraughimasdlux, M, andof thedowndraughthermodynamical
characteristicsp,:

oM,

9z — (&9 — 0y)My (9)
J _
T = (- D) (10

wherethefractionalentrainmenanddetrainmentatesin thedowndraughtsarerespectiely g, = 2 x 104 m?
anddy = ¢5/z, with c5=0.3.

In practice Eq. (1) andEq. (9) aresolvedin termsof theratiosp, = My/ME® and iy = M, /MSP respectiely,
whereM¢® denoteghe updraughimassflux at cloud base(clb). p, and 4 arerespectiely initialized to 1 at
cloudbaseandto —0.3atthelevel of free sinkingfollowing Tiedtke (1989).Oncethevertical profilesof p,(2)
and 4 (2) areknown, Mg® is calculatedn suchaway thatthe CAPE in the atmosphericolumnis removed
over a characteristicesolutiondependentimescaler (3600s for resolutionscoarseithanT319,1200s from
T319t0 T511,600s beyondT511),accordingto Gregory etal. (2000)

vclo_ CAPE 1

! T 1+aq9s | 99 dz (11)
Joowa (L E+a3) (1@ + 1y(2) 9%

wherea = S—; —1andCAPE= [,,,4%(2)dz Sinceearlierexperimentssuggestethatthevaluesof the cloud-
basemassflux weretoo low in the caseof shallav convection,MS® is multiplied by 3 in suchsituations.

SIMPCV2alsofeaturesa simplerepresentationf corvectve momentumtransport.lt is basedon OPNLCV
but in contrastwith thelatterthe sameentrainmentinddetrainmentatesasfor heatandmoistureareapplied
to thetwo wind componentsor the sale of simplicity.

The computationof precipitationformation, & (in kg kg~ m—1), from the updraughtcloud condensatés
inspiredby Tiedtke (1989)

K(z) C; q¢
Wy

where

0 otherwise (13)

3l 5 .

K(2) = { 12x103s?t if z - z,, > 1500m
& representautoconersionandcollection/aggrgation processesyhile the coeficient C; crudelyaccounts
for the dependencef precipitationformation efficiency on temperature. Practically C; is setequalto =
1+ 7£(260— Ty), with the restriction1 < C; < 5. It shouldbe notedthatin OPNLCYV Tiedtke's original
formulationof precipitationformationhasbeenreplacedby Sundqvists (1988).

The tangent-lineaand adjoint versionsof SIMPCV2 are available and have beentestedin different types
of experiments,someof which will be presentedn section5. Simplificationsand modificationsthat were
neededo improve the schemes linear behaiour will be summarizedn section4.4. It is worth noting that
unlike SIMPCV, SIMPCV2handlegerturbation®f all convective quantitiesncludingmassdlux, all updraught
characteristicaswell asprecipitationfluxes. Thisis expectedo bebeneficialwhencombiningSIMPCV2with
aradiative transfermodelfor frequencieshataresensitve to cloud condensatand/orhydrometeors.
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3 Season-longintegrations

Although SIMPCV2wasnot designedor the purposeof mediumor long-rangewveatherforecastingit is still
importantto checkthatits resultsin aforecasmodedo notdepartoo muchfrom thoseobtainedwith OPNLCYV.
As anexample,season-longntegrationswith a T95 spectrakesolution(approx.200km) in the horizontaland
60 verticallevelsarepresentedherefor thewinter 1987-1988usingeitherOPNLCV or SIMPCV2in cycle 26r3
of the ECMWF forecastmodel. Therespeciie experimentswill bereferredto asOPNLCV andSIMPCV2.

For eachexperiment,an ensembleof three4-monthlong runswere startedfrom 1, 2 and 3 November1987
respectiely to ensuremore robust statistics. The actualvalidationfocuseson the last threemonthsof these
integrations hamelyDecemberJanuarnandFebruary Three-monttaveragesreshavn for four differentfields
relatedto cloudsandprecipitation:thetotal surfaceprecipitation(Fig. 1), thetotal cloud cover (Fig. 2), thenet
shortvave radiationat the top of the atmospherdSWR-TOA; Fig. 3), andthe outgoinglongwave radiation
at the top of the atmospherdOLR-TOA; Fig. 4). Correspondingbsenationsfrom the Global Precipitation
Climatology Project(GPCP),from the InternationalSatellite Cloud Climatology Project(ISCCP),and from

the EarthRadiatve BudgetExperiment{ERBE),areusedto validatethe modelfields.

Eachfigure displays(a) the obsered field, (b) the field from OPNLCYV, (c) thefield from SIMPCVZ2, (d) the
differencebetweenOPNLCYV andobsenrations,and (e) the differencebetweenSIMPCV2 and obserations.
Theglobal meanof eachfield appearsn thetitle of eachpanelalongwith theroot meansquare(RMS) errors
atthetop of panelg(d) and(e).

In termsof precipitationFig. 1.(d) and(e) indicatethatOPNLCV andSIMPCV2exhibit rathersimilar discrep-
ancieswith respecto the GPCPobserations,exceptover southerrAfrica. In bothexperimentsthe precipita-
tion simulatedn the Inter-Tropical CorvergenceZone(ITCZ) tendsto be substantiallyoverestimateaver the
centralandeasterrPacific, over the Atlantic andover the Indian Ocean.Local departureseach15 mm day*
in OPNLCV and8 mm day ! in SIMPCV2 slightly eastof the dateline. On the otherhand, precipitationis
clearly underestimatedver the Indonesiarwarm pool by up to 12 mmday ! with both convectionschemes.
Also notethesimilar doublestructureof theITCZ in the IndianOceanin Fig. 1.(b) and(c), whichdoesnot ap-
pearin the obsenations.Overall, the averageratio of corvective precipitation(not shavn) on thetotal amount
reache$6%in OPNLCV versus49%in SIMPCV2. Themeandeparturdrom the GPCPobsenrationsis lower
in SIMPCV2 (0.12mm day 1) thanin OPNLCV (0.22 mm day™1), but the RMS error s slightly higherin
SIMPCV2(1.91versusl.86mmday1).

Figure2.(d) and(e) indicatethatthe departure$rom obsered cloudcover exhibit similar patternan OPNLCV
and SIMPCV2: too low cloudinessover the oceanictrade-windregions often affectedby stratocumuli(west
of SouthAmerica, SouthAfrica, California and Morroco), excessie cloud cover over Central America, the
Andes,southwesbf India and over SoutheasfAsia. Over the extra-tropicaloceansgcloudsare more widely
underestimatedh SIMPCV2 thanin OPNLCV. In fact this correspondgo a lack of low-level clouds (not
shavn) that partly resultsfrom the useof the CAPE closurefor shallav corvectionin SIMPCV2 insteadof
the moistureconvergenceclosureappliedin OPNLCV. Globally, cloud amountin SIMPCV2 shaws a deficit
of roughly5.8%while OPNLCV overestimateg by only 1.1%. TheRMS erroris largerin SIMPCV2thanin
OPNLCV (20.80versusl7.73%).

Figure3.(d) and(e)andFig. 4.(d) and(e) exhibit SWR-TOA andOLR-TOA deficiencieshatareconsistentvith
thedeparturepreviously outlinedfor cloudcover. Theexcessof SWR-TOA in thetrade-windregionsaffected
by stratocumul{upto 80 W m~2 off the Peruviancoast)resultsfrom thelack of suchcloudsin thesimulations.
Both figuressuggesthatcloud depthfrom OPNLCV or SIMPCV2is too low over the Indonesiarwarmpool,
the AmazonandWestAfrica. On the otherhand,the simulatedcloud vertical extentseemdo be exaggerated
over the westernindian Oceanas well as off the coastof Nordestein SIMPCV2. On the planetaryscale,
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0

Total Precipitation DJF 87/88, GPCP (Mean=2.70)

mmiday

30

120°W 60°W 0° 60°E 120°E

120°W 60°W 0° 60°E 120°E

LE/;‘ “ ;

Figure 1: Total precipitationover winter 1987-88: (a) asfrom GPCPobsenations, (b) from OPNLCV and (c) from

SIMPCV2 experiments(seetext for moredetails). DifferenceSOPNLC\tobsenationsand SIMPCV2-obserationsare

shavn in panels(d) and(e) respectrely. Meanandroot meansquaredifference(whenrelevant)arementionedat thetop
of eachpanel.Unitsarein mmday .
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Total Cloud Cover DJF 87/88, ISCCP (Mean 63. 53)
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Figure 2: Sameasin Fig. 1, but for total cloud cover usinglSCCPobsenations.Units arein %.
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Top Shortwave Radlatlon DJF 87/88 ERBE (Mean 269 04)
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Figure 3: Sameasin Fig. 1, but for top netshortwave radiationusingERBE obsenations.Units arein W m~2.
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Outgoing Longwave Radiation DJF 87/88, ERBE (Mean=-237.06)
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Figure 4: Sameasin Fig. 1, but for outgoinglongwave radiationat the top of the atmosphereisingERBE obsenations.
Unitsarein W m=2.
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SIMPCV2shavs a SWR-TOA positive biasof 2.91W m~2, while OPNLCV is almostperfectlybalancedbias
of 0.17W m~2). In termsof OLR-TOA, both experimentdeadto comparableneandeviations respectiely
equalto —9.99W m~—2 and—8.38W m—2.

Theresultspresentedh thissectiondemonstratéhat,althoughnotdesignedor thepurposeof long simulations,
SIMPCV2behaesreasonablyvell with respecto obserationsandresembleshefull operationatorvection
scheme.

4 Linear behaviour

4.1 Jacobians

Thesensitvities or Jacobian®f the outputsof SIMPCV2to the input temperaturendspecifichumidity have
beencomputedor seseralhundredsof initial atmospherigrofilesusingthe finite-differenceapproachandby
perturbingspecifichumidity andtemperatureneachverticallevel, separatelyThestudyof theselacobiantias
permittedefficient isolationand modificationof portionsof the codethat couldleadto excessie sensitvities
locally (seesubsectiond.4). Sharpvertical gradientsof sensitvities are not desirablesincethey canlead
to irregular profiles of analysisincrementgdespitethe subsequensmoothingeffect of the backgrounderror
covariancematrix).

Figures5 and 6 displaytypical Jacobiansf variousoutputquantitiesfrom OPNLCV with respectto input
specifichumidity andtemperatur@erturbationsFigure5 focusesonthe Jacobiansf thecorvective tendencies
of temperatureandspecifichumidity and on the sensitvities of the corvective updraughimassflux. Figure6
displaysthe Jacobian®f corvective precipitationprofilesand CAPE. Similar plots are shavn in Fig. 7 and
8 for SIMPCV2. Note thatthe dynamicrangeof the colour scaleis determinedby the extremevaluesof the
field plottedin eachpanel. For the selectedgrid point (4.3 N, 159.96E), deepcorvection extendsbetween
modellevels 55 (resp.56) and 30 (resp.28) with OPNLCYV (resp.SIMPCV2),andsurfaceconvective rainfall
is equalto 53.54(resp. 85.82)mm day 1. Tablel in the appendixgivesthe correspondencbetweermodel
andpressurdevels.

Several conclusionscan be dravn from theseplots. First, the Jacobiansof (%—I)com with respectto T and

of (%)con, with respectto g are confinedaroundthe main diagonal,which indicatesthat the effect of the
perturbationremainslocalized. Secondly the structureof the Jacobian®f all otherfieldsis almostentirely
dictatedby the shapeof the CAPE Jacobiangbottom panelsof Fig. 6 and8). This is not surprisingsince
the corvective massflux is directly relatedto CAPE throughEq. (11). In contrast,it shouldbe notedthat
the denominatoiof Eg. (11) hasa negligible influenceon the Jacobians.An additionalsourceof sensitvity
of surfacerainfall to temperaturenly appearsaaroundmodellevel 40 with OPNLCV. Thirdly, the sign of the
Jacobiangan easily be explainedby the changesof vertical stability inducedby temperaturgerturbations
andby the changesn the waterphasecausedy specifichumidity perturbations Focusingon SIMPCV2for
instancea heatingappliedbelovr modellevel 46 meansvarmerair in the convective updraughthencestronger
positive buoyangy in theascenvia Eq. (8), enhancedAPE(Fig. 8.f) andcorvective masdlux (Fig. 7.f), which
finally resultsin more corvective precipitation(Fig. 8.b andd). With OPNLCV suchresponséo low-level
temperaturgerturbationss confinedto the lowestmodellevel. Similarly andfor both corvectionschemesa
moisteningof the ervironmentbelown level 40 implies morewatervapouravailablein the updraughthrough
entrainmentthatis a strongerlatent heatingthroughcondensationn the ascent,which eventually leadsto
higher CAPE values(Fig. 8.e) andenhancedrecipitation(Fig. 8.aandc). Note thatthe peakof sensitvity
seenatlevel 57 and58 in Fig. 6.(e) resultsfrom the recentinclusionof a mixing of updraughtharacteristics
below cloud basein OPNLCV (Bechtoldet al. 2004). Overall, it shouldbe emphasizedhat the Jacobians

10 TechnicalMemoranduniNo. 411



0

A corvectionschemdor dataassimilation:Descriptionandinitial tests
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Figure 5: Jacobian®f outputtemperaturda,c) and specifichumidity (b,d) tendenciesand corvective updraughtmass

flux (e,f) with respecto input specifichumidity andtemperaturéor OPNLCV. Thex-axis(resp.y-axis)shavsthemodel

levels at which the input (resp. output) variableis considered.Jacobian®f the massflux (e,f) have beenscaledby 10%.

Extremevaluesof the Jacobiansre given at the top left of eachpanel(SI units). Solid (resp. dashed)white isolines
correspondo positive (resp.negative) sensitvities.
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Figure 6: Jacobian®f corvective precipitationprofiles(a,b), surfacecorvective precipitation(c,d) and CAPE (e,f) with
respecto input specifichumidity andtemperaturdor OPNLCV. Firstrow: samelayoutasin Fig. 5; otherpanels:the
x-axisshowsthevaluesof the Jacobiansvhile they-axisshavsthemodellevelsatwhich theinputvariableis perturbed.
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Figure 7: Sameasin Fig. 5 but for SIMPCV2,
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Figure 8: Sameasin Fig. 6 but for SIMPCV2.
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exhibit asmootheistructureandalargeramplitudewith SIMPCV2thanwith OPNLCV.

4.2 Linearity over asingletime-step

Reasonablyvell-behaed physicalparametrizationin termsof linearity are necessaryo ensurea successful
convergenceof the minimizationin variationaldataassimilation.Therefore the linearbehaiour of the modi-
fied corvectionschemeéhasbeenassessethroughthe calculationof nonlinearresidualsandcomparedo that
of OPNLCYV. For agivennonlinearoperatoM andits tangent-lineafTL) versionM’, the nonlinearresiduals
aredefinedas

RES. = M(X+ A dx) — M(x) — M'[X]A Ox (14)

wherex denotesthe input temperatureand specifichumidity in the presentcase. The residualshave been
computedor the corvective tendencie® T /dt anddq/dt thatareproducedy the convective parametrization
M. The calculationsof Eq. (14) have beenrepeatedor valuesof the scalingfactorA rangingfrom 107> to 1
andfrom -1 to -10~°. Thereferencevectorof perturbation®dx wassetequalto typical valuesof the standard
deviation of the backgroundnodelerrors.An exampleof vertical profilesof sucherrorsis shawvn in Fig. 9.

20—

Model level

60\\\\\\:\\\\\\\\\\\\\\\\\\
0.0 0.5 1.0 15 2.0 2.5

Background error on T and q

Figure 9: Vertical profiles of typical valuesof the standarddeviation of the modelbackgrounderrorson temperature
(dashedine; in K) andspecifichumidity (solid line; in g kg—1).

Figuresl0and11 shav nonlinearresidualsaveragedover 100atmospherigrofileswith deepcorvection,that
areobtainedwhenrespectiely temperatureandspecifichumidity perturbation®f varying sizeareappliedat
thelowestmodellevel (60). Resultsareshawvn for this level becausénput perturbationsmposedhereusually
bring large modificationsof corvective activity but similar conclusionscanbe dravn for otherlevels. The
field actually plottedin Fig. 10 and 11 is log,o(RES,, /RE\®) whereRES?* denoteghe maximumvalue
of theresidualfor a given plot andfor both OPNLCV and SIMPCV2. This normalizationpermitsthe com-
parisonof theresidualsobtainedwith the two parametrizationandthe smallerthe valuesof the plottedfield,
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Figure 10: Nonlinearresidualsof corvective temperaturend specifichumidity tendenciesasfunctionsof parametei

thatdetermineghe sizeof theinput temperaturgerturbationsmposedon modellevel 60. The displayedresidualshave

beenaveragedover onehundredcorvective profiles. Thefield actually plottedis log, o(RESy, /RES{™) whereRES™

denoteghe maximumvalue of the residualfor a given pair of input/outputparametersndfor both studiedcornvection
schemegi.e. for agivenrow of thefigure).Left: OPNLCV, right: SIMPCV2.

16 TechnicalMemoranduniNo. 411



0

A corvectionschemdor dataassimilation:Descriptionandinitial tests

T tendency OPNLCV T tendency SIMPCV2

30 30 N b -
3 40 3 40F 1
> > L
Q Q
o o
© ©
O (@)
= = |

50 50 1

60 o 60 .

-10° -10° -10* 10* 10*® 10° -10° -10° -10° 10* 10*® 10°

Scaling factor on q,, perturbation Scaling factor on g, perturbation
g tendency OPNLCV g tendency SIMPCV2

30 30 :
3 40 3 40
> >
Q Q
o o
o ]
(@) (@)
= = I

50 50

60 60|

-10° -10° -10* 10* 10*® 10° -10° -10° -10° 10* 10*® 10°

Scaling factor on q,, perturbation Scaling factor on g, perturbation
log.,(RES/RES™)

-30 .10 -7 4 -2 -1 O

Figure 11: Sameasin Fig. 10, but wheninput specifichumidity perturbationgreimposedon modellevel 60.
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the morevalid the linear assumption.Figures10 and 11 demonstratéhat the nonlinearresidualsare almost
systematicallyone orderof magnitudesmallerwith the new schemdhanwith the operationabne. The weak
asymmetriesboutthe y-axis resultfrom the fact thatlarge negative temperatureor moistureperturbationsat
the surfacecanturn off corvectiontherebyleadingto alesslinearbehaiour of the scheme.

4.3 Validity of thelinear assumption in time

In additionto the previouslinearity testsperformedon corvectionalone,it is crucialto verify thattheinclusion
of SIMPCV2in TL integrationscanleadto a betterapproximationof the finite differenceof two nonlinear
integrationswhen other processesuchas vertical diffusion, large-scalecondensatiorand radiationare also
actvatedandwhentheperturbationsnvolvedarenotnecessarilyimitedin size.Indeedn 4D-Varassimilation
for instance,the magnitudeof such perturbationamay reachseveral K for temperatureseveral g kg=* for

specifichumidity anda severalm s~ for wind.

The meanabsoluteerror, E, betweera TL run andthe correspondingpair of nonlinearintegrationsis defined
as

E = |M(x+dx)—M(x) —M'[x]x| (15)

wherex is equalto a given backgroundnodelstateandthe perturbationdx is setto the differencebetween
this backgroundandthe operationakerifying analysis.The sizeof theinitial perturbationsmposedo the TL
modelis thereforethatof analysis-backgroud departures.

In the2004versionof the ECMWF 4D-Var systemthemodeltrajectoryis calculatedusingOPNLCV, while the
minimizationandtheevolution of analysisncrementsnvolve the simplifiedlinearizedcorvective parametriza-
tion SIMPCV. SinceSIMPCV2is animprovedapproximatiorto OPNLCYV, its usein the TL integrationshould
leadto a reductionof the linearity error It is alsoimportantto checkhow SIMPCV2 behaeswhencom-
binedwith the new simplified parametrizatiorof large-scalecloudsand precipitation(CLOUDST, hereatfter;
TompkinsandJaniskva 2004).

Theintegrationspresentedherearerun over 12 hourswith a spectralresolutionof T159and60 verticallevels
in orderto matchthe currentassimilationwindow andinnerloop horizontaland vertical resolutionsof the
ECMWF 4D-Var system.Thefull simplifiedphysicsis activatedin all TL integrationsbut one(adiabaticrun).

Figuresl2andl13respecitiely displayzonalmeanrerrordifferencesor temperatur¢in K) andspecifichumidity
(in g kg~!) whenthe TL modelis integrated:

(a) with the operationalsimplified physicalpackage(SIMPOP:vertical diffusion, gravity wave drag, deep
convection,large-scalamoistprocesseffom MA99 andradiationfrom Janiskva etal. (2002))insteadof
no simplified physicsatall (ADIAB),

(b) with SIMPCV2asa substitutefor SIMPCV, and
(c) with bothSIMPCV2andCLOUDST insteadof SIMPOPmoistphysics.

Theglobalrelative changdn thelinearity erroris mentionedatthetop of eachpanelandnegative valuesof the
plottedfield indicateimprovementsof thelinearity.

Firstof all, panel(a) shavs thattheinclusionof the operationakimplified physicsimprovesthelinearity error
by 13.96%for temperaturand18.4%for specifichumidity relative to theadiabaticTL run. Statisticccomputed
for panel(b) of Fig. 12 and13indicatethat SIMPCV2furtherreduceghe globalmeanTL errorby 0.49%and
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Figure 12: Impactof the new moist physicson the tangent-lineaapproximationerror asdefinedin the text. Panel(a)
shaws the temperatureerror difference(in K) when SIMPOP s usedin the tangent-linearcalculationsinsteadof no
physicsat all (adiabaticrun). Thetwo otherpanelsshown thefurtherchangesn the errordueto the use(b) of SIMPCV2
and(c) of SIMPCV2combinedwith CLOUDST. Error changesredisplayedaszonalmeansandmodellevelsareshavn

ontheverticalaxis. Theglobalrelative errorreductionappearsat thetop of eachpanel.
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Figure 13: Sameasin Fig. 12 but for specifichumidity.
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0.40%respectrely. The strongesteductionof the error occursbetween60’S and 70°N andis confinedto

modellevels 39 to 50. Betweenthe suriaceandmodellevel 50 the erroris slightly increased Above level 40,

error changegsemainsmall and limited to the Tropics. Figures12.(c) and 13.(c) shaw thatthe combination
of SIMPCV2with CLOUDST bringsanoverall reductionof E equalto 2.10%for temperaturendl1.45%for

specifichumidity with respecto the experimentwith the currentoperationakimplified moistphysics.

4.4 Elimination of instability and nonlinearity sources

In someearlier Jacobiancomputationssomesourcesof excessie sensitvity were isolatedandremoved by
adequatenodificationsof thecode.Thesecodeadjustmentgonsistedf

- theremoval of thedependencef organizeddetrainmenbn the updraughtsertical velocity;

- the specificationof a constantupdraughtvertical velocity (3 m s™1) in the calculationof precipitation
formation(Eq. (12)) wheneer the buoyang/ becomesagative atlevelsbelav 7000m.

It wasalsofound that the activation of the massflux limiter thatis requiredto prevent numericalinstability
triggeredby the violation of the Courant-Friedrich-Ley criterion leadsto ratherunrealisticJacobians.For
instancethesensitvity of the surfacerainfall ratewith respecto temperaturet lower levelsbecomest least
oneorderof magnitudesmallerandoppositeto thatshavn in the bottomright panelof Fig. 7. However, only
abouts% of thetotal numberof convective grid pointsareaffectedby themasdlux limiter for timestepsmaller
than1800s andfor the currentmodelresolution(T511L60).

Furthermorejn someTL evolution experimentsun with SIMPCV2 a spuriousamplificationof TL perturba-
tionsoccurredatafew geographicapointsafterafew hoursof integration,whichthencontaminatedhe entire
Globe. In fact, suchproblemscanarisewhenthe perturbatiorof a givenfield canbecomeaslarge asthefield

itself, which wasfoundto bethe casefor

- the cloudbasemassflux, M from Eq. (11),
- thebuoyangy, #(z), asdefinedin Eq. (8),
- theinitial verticalvelocity of the updraughtws, from Eq. (4).

To avoid thesdnstabilities thecorrespondingerturbationsrereducedy afactorof 0.25for Ml‘j'b and0.35for

%(2) andws. For thelatterfield, thelimitation is appliedonly whenws is lower than0.5m s™1. Thesefactors
weretunedsoasto provide agoodcompromiseébetweerstability andvalidity of thelinearassumptionandare
requiredwhenrunningSIMPCV2in all tangent-lineaandadjointcalculationsnvolving time integration.

5 Applications

5.1 1D-Var inrainy areas

SIMPCV2hasbeenextensvely testedin 1D-Var retrievals of temperatur@ndspecifichumidity profilesfrom
obsered rainfall rate (RRs)and microwave brightnesgemperature¢TBs). The two correspondingnethods
will be abbreriated as 1D/RR and 1D/TB hereafter In suchexperiments,vertical profiles of incrementsof
temperatur@ndspecifichumidity areobtainedoy minimizing a costfunctionthatmeasureghefit of themodel
statebothto the obserationsandto a backgroundstate.Error statisticson modelandobserationsneedto be
properly specified. The newv moist physicalpackageg(SIMPCV2+CLOUDST)is calledto convert the model
state(T,q) into precipitationfields that can be usedin turn to simulatemicrovave brightnesstemperatures
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0

Surface RR guess Surface RR TMI obs

Figure 14: 1D-VarexperimentausingSIMPCV2andCLOUDST: (a) surfaceRRsassimulatedrom the backgroundstate
of (T,q), (b) asderivedfrom TRMM multi-channelmicrowvave TBs usingthe PATER algorithm,andasrecomputedrom
the modified model(T,q) profilesafter (c) 1D/RR and(d) 1D/TB (usingthe 10, 19, 22 and37 GHz channelsn vertical
andhorizontalpolarizations).1D-Var Total ColumnWaterVapour(TCWV) incrementsrom (e) 1D/RR and(f) 1D/TB
arealsoplotted.In all panelshackgroundnean-sea-kel isobarsaredravn every 2 hPa.
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usingthe radiatve transfermodel of Bauer(2002). The iterative minimization of the costfunction involves
the adjointversionof the moist physics.The adjointof the radiative transfermodelis alsorequiredin 1D/TB.
More technicaldetailson 1D/RRand1D/TB in precipitatingareascanbefoundin Moreauetal. (2004).

An exampleof 1D-Var retrieval using obserationsfrom the Tropical Rainfall MeasuringMission (TRMM)
polarorbiting satelliteis shavn in Fig. 14 for tropicalcycloneAmi at 1800UTC 14 January2003in thewestern
Pacific. Notethatthe surfacerainfall ratesusedasobsenrationsin 1D/RRareobtainedoy applyingtheretrieval
algorithmPATER developedby Baueretal. (2001). Figure 14 demonstratethat both 1D-Var approachesare
ableto produceadjustmentsf themodels temperaturandspecifichumidity thatimprove surfacerainfall rates
with respecto the PATER obserations. This is even moreremarled in the caseof 1D/TB sincethis method
worksdirectly onthe TBs andhasthereforeno explicit informationon precipitation.In the proposedxample,
1D/TB hasbeenappliedto the10,19,22and37 GHz channelsn verticalandhorizontalpolarizations A rather
systematicand commonfeaturein 1D/RR and 1D/TB using SIMPCV2 and CLOUDST is the predominance
of specifichumidity incrementgelative to thosein temperaturdafter conversioninto equivalentincrementof
saturatiorspecifichumidity). This supportshe choicemadeby MarécalandMahfouf (2003)to defineTCWV
pseudo-obseationsthatareobtainedoy verticalintegrationof the 1D-Var specifichumidity incrementsThese
TCWV pseudo-obseationscanin turn be fed into the 4D-Var assimilationsystem. In otherrespectspne
shouldalso note that the incrementsare usually systematicallytwice as large with 1D/TB aswith 1D/RR.
This is the result of the sensitvity of the selectedmicrowvave frequenciesnot only to rain but alsoto cloud
liquid watercontentandwatervapour but alsoto a lesserextent to the specificationof the obsenration error
statistics.1D/TB retrievalsonly usingthe22 GHz channeleadto TCWYV incrementghataremorecomparable
in magnitudeo thosefrom 1D/RR (notshavn).

In thenearfuture, SIMPCV2andCLOUDSTwill beusedoperationallyin the 1D-Var calculationsnvolvedin

the'1D-Var + 4D-Var’ methodproposedy Marécaland Mahfouf (2003)to assimilateTBs from the Special
SensoMicrowave Imager(SSM/I). Eventually the new simplified moistphysicswill betestedwithin 4D-Var
itself.

5.2 Sensitivity experiments

The new moist physicshasalsobeencomparedwith the operationaloneto computethe sensitvity to initial
conditionsof a givencharacteristic), of theforecastatthefinal time over a selectedyeographicatiomain, 2.
Thegradientof J with respecto the modelS initial state,[1,J, is obtainedfrom the gradientof J atfinal time,
0;J, throughtheintegrationof theadjointmodelwith simplified moistphysics M*. Formally this relationcan
bewritten

0, = B 2M*P*PO,J (16)

wherethe norm basedon the ECMWF 4D-Var backgrounderror covariancematrix, B, (DerberandBouttier
1999)is usedattheinitial time, P is the geographicaprojectorandthe asteriskdenoteshe adjointoperator

In the exampledescribedchere,the forecastcharacteristiof interest,J, is chosento be the quadraticerror of
specifichumidity

0= [ [ @) - u(P)? T g a7)

whereq;,. is the specifichumidity from a 48-hourforecastvalid at 1200UTC 12 November1999andqa, the
samefield from the verifying analysis.J involves both vertical integration and horizontalaccumulatiorover
domainZ with longitudesrangingfrom 0° to 5°E andlatitudesbetweem(®N and45°N. The mainpatternsof
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mean-sea-iel pressurd MSLP) and500 hPa geopotentiaheightat the beginning andat the end of 48-hour
window aresummarizedn Fig. 15. By 1200UTC 12 November1999,alow haddevelopedover Spain,which
led to torrentialrainfall over southernFrance(up to 620 mm in 24 hourslocally; Bechtoldand Bazile 2001)
dueto theenhancingeffect of theintensemoisturesupplythroughsurfaceevaporationover the Gulf of Lyons.

10°W 0° 10°E 20°E 10°W 0° 10°E 20°E

Figure 15: MSLP (black solid line; every 5 hPa) and 500 hPa geopotentiaheight (red dashedine: every 40 m) fields
from theoperationabnalysisat 1200UTC (a) 10 Novemberand(b) 12 November1999.

Sensitvity fieldsarecomparedisingeitherthe SIMPOPmoist physicspackageor therevisedone(SIMPCV2
andCLOUDST)in the adjointcomputationsFigure 16 displaysthe sensitvities of J computedat 1200UTC
12 November1999to specifichumidity on modellevels 46 (left) and 55 (right): panels(a) and (b) shav
the sensitvities at the beginning of the adjointintegrationwhile the four otherpanelsdisplaythe sensitvities
at the end of the 48-hourbackward adjoint integration using either the SIMPOP moist physics(c andd) or
SIMPCV2+CLOUDST(e andf). Notethatsensitvities have beennormalizedby the pressurdhicknesof the
correspondingnodellayer

Figure16.(a) and(b) exhibit expectedpatternsof g—é atthebeaginningof the adjointintegration. Cross-sections
(not shawvn) suggesthat the largestsensitvities at the end of the adjoint integration are confinedbetween
modellevel 43 andthe surface,with maximumvaluesat level 46. Furthermoresensitvity patternsobtained
with SIMPCV2+CLOUDSTareusuallysimilarto thoseobtainedwith the SIMPOPmoistphysicsasillustrated
by panels(c) and(e). Somesignificantdifferencesonly appeatbelov modellevel 50 over the Gulf of Lyons
asindicatedby panels(d) and(f), which could be attributedto the directlink betweersurfaceheatfluxesand
corvective actvity in SIMPCV2throughEq. (4)-(6). Thesepreliminarysensitvity experimentsdemonstrate
thatthe new simplified moist physicsis ableto remainstableduring the 48 hoursof adjointintegration (i.e.
no spuriousamplification of perturbationsandthat it producessensitvity patternsthat are consistentwith
the operationabnes. Thereseemdo be a potentialadditionalimpactof physicalprocesseghatareexplicitly
representeth SIMPCV2andCLOUDST adjointversionsbut notin SIMPOR Whetherthis impactis actually
beneficialwill be determinedn the context of forecastsensitvity experimentsaswell asin singularvector
calculationqusedfor instancdo generatenitial perturbationgn anensemblgredictionsystem)andof course
in 4D-Var dataassimilation.
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Figure 16: Sensitvities of specifichumidity forecasterror at 1200 UTC 12 November1999to specifichumidity on

modellevels 46 (left panels)and55 (right panels)at the sametime (a andb) and 48 hoursbeforehandvhenusingthe

SIMPOPmMoistphysics(c andd) or SIMPCV2+CLOUDST(e andf) in adjointcalculations Positve andnegative values

of sensitvity areshavn with redsolid andblue dashedsolinesrespectiely. Sensitvities arerendereddlimensionlessy
thenormalizationapplied(seetext).
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6 Conclusions

A new simplified parametrizatiorof subgridscalecorvective processefiasbeendevelopedandtestedin the
framawvork of the ECMWF IntegratedForecastingsystemfor the purposeof variationaldataassimilation sin-
gularvectorcalculationsandadjointsensitvity experimentslt is basednthefull nonlinearschemehatis used
in the ECMWF operationaforecastsput it wasdemonstratethata setof simplificationscouldleadto a sub-
stantialimprovementof its linear behaiour without significantlydegradingits forecastingability evenin sea-
sonalintegrations.Thenew schemeéhasalsobeensuccessfullicombinedwith the new simplified parametriza-
tion of large-scalecloudsandprecipitationdevelopedby TompkinsandJanislova (2004). In contrastwith the
MAH99 simplifiedcorvective parametrizationits tangent-lineaandadjointversionsaccounfor perturbations
of all corvective quantitiesincluding convective massflux, updraughtcharacteristicand precipitationfluxes.
Thereforethe new schemeds expectedto be beneficialin the 4D-Var context when combinedwith radiatve
calculationgthat aredirectly affectedby condensatiormnd precipitation. In particular this is the reasorwhy
SIMPCV2hasbeensuccessfullyusedin 1D-Var retrievals of TCWV from microwvave brightnessemperatures
in precipitatingareagMoreauet al. 2004). In the nearfuture,theimpactof the nen simplified moistphysics
in 4D-Var dataassimilationitself will betested.
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Modellevel number| PressuréhPa)
5 1
10 4
15 12
20 36
25 96
30 202
35 353
40 539
45 728
50 884
55 979
60 1012

Table 1: Pressurdin hPa) on every five modellevels betweenlevels 5 and 60. Valuesare given assuminga surface
pressuref 1013.25hPa.

Acronym | Description

OPNLCV | Nonlinearcorvectionschemesusedin operationaforecasts
and4D-Var trajectory(cycle 26r3, Tiedtke 1989)

SIMPCV | Simplifiedcorvectionschemeasusedin operationatangent-linear,
andadjointcalculationgcycle 26r3; Mahfouf 1999)

SIMPOP | All simplified physicalparametrizationasusedin operational
tangent-lineaandadjointcalculationgcycle 26r3; Mahfouf 1999;
Janiskva etal. 2002)

CLOUDST | New simplified parametrizatiomf cloudsandprecipitation
(TompkinsandJanislova 2004)

SIMPCV2 | New simplified corvectionschemgtopic of this paper)

Table2: List of acrorymsusedin thetext.
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