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Abstract

A new fastradiative transfermodelto computeinfraredlimb radiancegor the Michelsoninterferometefor

Passve AtmosphericSounding MIPAS) hasbeendevelopedandextensiely validated. Themodel,referred
to asRTMIPAS, cansimulateradiancedor all channelf the high-spectratesolutionMIPAS instrument
in the 685-2000cm™! wavenumberregion (at 0.025cm™* resolution). RTMIPAS is partof a wider effort

to developthe capabilityto assimilateinfraredlimb radiancesnto the ECMWF model. The schemeuses
linearregressiormodelsto parameteris¢he effective layer optical depths andit cansimulatethe effect of

variablewatervapourandozone;contributionsfor mary othergasesreincluded,but afixedclimatological
profileis assumed.

Thedevelopmenbf themodelhasinvolvedthecalculationof anaccuratdine-by-linetransmittancelatabase,
the selectionof suitablepredictorsfor the gasesandthe viewing geometrymodelled,andthe generatiorof
regressiorcoeficientsfor 43,205MIPAS channels.

RTMIPAS canreproducdine-by-lineradianceso anaccuray thatis below thenoise-level of theinstrument
for mostspectralpointsandtangentheights,while offering significantly morerapid radiancecalculations
comparedo currently available radiative transfermodels. The comparisonof RTMIPAS transmittances
with line-by-line model equivalentsindicatesthat the accurag of the RTMIPAS transmittancemodel is
comparabldo thatof similar regression-basexadiative transfermodelsfor the nadirviewing geometry

1 Intr oduction

Thisreportdescribeshe developmentandvalidationof a fastradiative transfermodelfor limb radiancegrom
the Michelsoninterferometefor Passve AtmosphericSounding(MIPAS, e.g.,EuropearSpaceAgenc, ESA,
2000) on-boardthe Ervisat satellite. This is the first stepof a wider effort to assimilateinfraredlimb radi-
ancesnto a numericalweatherprediction(NWP) model. MIPAS is aninterferometemwith very high spectral
resolution(0.025cm™2, unapodised)measuringnfraredlimb radiancesn 5 spectrabandsbetweens85 and
2410cm™! (Tablel), providing atotal of 59,605spectrapoints(i.e., channels)In-flight measurementsf the
instrumentoisearedisplayedin Fig. 1. MIPAS’ mainaim s to provide informationon the thermalstructure
andchemicalcompositionof the uppertropospherandthe stratospherat high verticalresolution.

The availability of an appropriataadiative transfermodelis a prerequisitefor exploiting radiancedatafrom
satellitesoundersTheradiatve transfermodelcaneitherbe usedin aretrieval schemde.g.,Rodgersl976),or
it canbecomean “obsenation operator”in a variationaldataassimilationschemde.g.,Eyre et al. 1993). For

Table 1: Main characteristicsof MIPAS.

0.025cm™%, unapodised

(0.035cm™1, apodised)

A-band:  685-970cm 1 (11,401spectralpoints)
AB-band: 1020-117cm™! (6,001spectrapoints)
Spectrabands B-band: 1215-150cm~! (11,401spectrapoints)
C-band:  1570-175cm™! (7,201spectrapoints)
D-band:  1820-241Ccm ! (23,601spectrapoints)

Spectraresolution

Nominaltangentaltitudesin 6-42kmin 3 km steps47,52,60,68 km.
normalscanningnode
Field of view attangentoint approximately\8 km x 30km

(vertical x horizontal)
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Figure 1: Apodisednoiseequivalentspectal radiancesfor MIPAS from the well-studiedorbit 2081 (A. Dudhia 2003,
pers.communication).

ary realtimeor nearrealtimeapplicationsspeedf theradiative transfermodelis a majorissue.

Fastradiative transfermodelsusedin the assimilationof nadirradianceemploy regression-baseparameteri-
sationsof band-transmittanceg.g.,McMillin etal. 1995,Matricardietal. 2004). Oneexampleis RTTOV (or

variationsof this for advancednadirsounderse.g.,Matricardi2003,Matricardiet al. 2004),which usesfixed

pressurdevels andcalculatesonvolved level-to-spacdransmittancefrom eachlevel basedon linearregres-
sion modelsfor the effective layer optical depthsin eachlayer The RTTOV approachs usedfor the direct

assimilationof nadir radiancesat ECMWF anda numberof other NWP centres.Intercomparisorstudiesof

variousradiative transfermodelsindicatethat nowadaysregression-baserhdiative transferschemedor nadir

soundersagreewith line-by-line (LBL) calculationswithin the variability of differentLBL models,andthis

variability is muchsmallerthantheuncertaintiesn the spectroscop(e.g.,Garandetal. 2001).

Fastradiatve transfermodelscurrently usedin retrieval schemedor infrared limb soundersare generally
basedon the look-up table concept. For instance Marks and Rodgers(1993) developedan approachbased
on convolved transmittancepre-talulatedin termsof massof absorbermass-weightegressureandmass-
weightedtemperaturalongtheline of sight,which wasusedfor the Improved StratospheriandMesospheric
Soundel(ISAMS). More recently the MIPAS communitydevelopedradiative transfermodelsthatuselook-up
tablesfor theabsorptiorcrosssectiononirregularspectraprids(e.g.,Dudhiaetal. 2002b,Ridolfi etal. 2000).
In thesemodels, monochromaticadiative transfercalculationsare performedonly for anoptimisedsub-sebf
spectralpoints. Linear interpolationis thenusedto obtainmonochromaticadiancesn the wavenumbergrid
requiredfor the subsequentonvolution with theinstrumentine shapgILS). This approachis usedin thereal-
time processingf MIPAS dataat ESA to derive profilesof temperature@ndpressureaswell asmixing ratios
for H,0, 05, HNO;, CH, andNZO.l However, the compleity of themodelandthestill considerablexecution
time make it not suitablefor usein anoperationalariationalassimilationscheme.

In this reportwe describea regression-basethstradiative transfermodelfor MIPAS (referredto as“RTMI-
PAS™). In the currentversionof the model,only watervapourandozonearetreatedasvariablegaseshut the
methodcould be extendedto othergasesf required. The structureof this reportis asfollows: First, we out-
line the radiative transferandtransmittancgarameterisationgsedin RTMIPAS, with particularemphasin
the limb-specificimplementatiorchoices.We thenevaluatethe performancenf the schemecomparedo LBL
computationsConclusionsaredrawvn in thelastsectionin which we alsodiscusghestrengthsandweaknesses
of ourapproach.

IThenearreal-timeozone-profilgproductfrom MIPAS is currentlyassimilatecbperationallyat ECMWF (Dethof2003).
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2 Description of the model

2.1 Radiativetransfer equation

Givenalimb-ray throughthe atmospherecharacterisety its tangenteightz,,, the monochromaticlearsky
radianceR, (1., Zan) for thefrequeng v attheobserer’s positionl,,, alongthisray pathcanbewrittenas(e.g.,
KidderandVonderHaar1995):

Iobs

ot Io sala an
RV(Iobsa Ztan) = RV(Oa Ztan) TV(Iobsa Oa Ztan) + / BV (T(Iaztan)) % dl (1)
=0

with | denotingthe pathcoordinatealongtheline of sight, 1, (1;,1,,Z.,) thespectratransmittancet wavenum-
berv for the path(l,, |,) alongthe ray with tangentheightz,,, andB, (T (I, z.,)) the Planckfunction for the
scengemperaturd andwavenumbern. The backgroundspaceradianceR, (0,z,,) is assumedo be zerofor
theremainderof this text. This is acceptabléf the pathorigin | = 0 is chosersuficiently outsideof the atmo-
sphereon the ray sideaway from the obserer. In the abore equationwe have assumedocal thermodynamic
equilibriumandneglectedscattering Note thatthe pathfor the pathintegralis not a straightline, but insteadit
is affectedby refractionin the atmospherandthereforebendstowardsthe Earth.

The line-of-sightradiancefor the MIPAS channelwith centralwavenumberv is obtainedby corvolving the
monochromaticadiancewith thenormalisednstrumentine shapg(ILS) u, (v) to obtain:

+o00
RlluoZar) = [ RollowsZan) Up(v) dV @

V=—00

If the Planckfunctiondoesnot vary too muchover the channekesponsdunction, equation(1) canbe written

as: |

obs A
3 aTA Io salaztan
R\)(Iobsa ztan) ~ /BQ(T(IaZ(an)) %

1=0

di 3)

T, indicatesthe corvolved transmittancdor a MIPAS channewith centralwavenumber. Numericalcalcula-
tionsfor a numberof diverseatmosphericonditionsshav thatthe useof cornvolved quantitiesin theradiative
transferequation(polychromaticapproximationjntroduceserrorswell belav the MIPAS noiselevel.

Finally, corvolution in the vertical with the instrument normalisedield of view (FOV) function f givesthe
FOV radianceRE %Y (I yye, Zan):

+

00

Iigw(lobsa ztan) = IQQ(Iobsa Z) f(Z— Z(an) dZ (4)

N
Il
o

2.2 Atmospheric layering and ray-tracing

In RTMIPAS, the radiative transferintegral (3) is solved basedon a numberof discretelayers. For this pur
posetheatmospherés representedn 81 fixed pressurdevels. Thesepressurdevelsaregivenin Table2 and
displayedin Figure2. The spacingof the levelsis similar to that usedby Matricardi (2003),andit hasbeen
chosenby takinginto accountypical temperaturdapseratesandthe expectedfuture vertical discretisatiorof
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the ECMWF forecastmodel. Additional computationgor a rangeof differentatmosphericonditionswith a
doubledvertical resolutionshaved that the radiancesensitvity to the pressuregrid refinements well belov
thenoiselevel of the MIPAS instrumeni(notshowvn). Thelowestlevel correspondso thelowestlevel typically
within the MIPAS FOV, whereaghe top hasbeenchosenas a compromisebetweenthe (future) top of the
ECMWF modelatmospheréat 0.01 hPa) andan even highertop of the atmospherevhich would allow mod-
elling the contritutionsfrom thesemesospheritevels. To investigatehe sensitvity of themodelto the choice
of thetop of the modelatmosphereve comparedcsimulatedradiancesalculatedwith atop of the atmosphere
at 120 km with radiancessimulatedwith the top of the atmospheres usedin RTMIPAS (approx.87 km).
Theradianceifferencesverefoundto be ngyligible, exceptin somestrong-absorptioehannelsvhich canbe
avoidedin retrieval or assimilationschemes.

Ray-tracingis requiredto obtainthe ray path andthe atmosphericonditionsalongthe pathfor a given at-
mosphericstateandthe satellites pointing information. Note thatin thelimb geometry a givenray will not
necessarilycrossall the layersintroducedin RTMIPAS, and the oneswhich are crossedare crossedwice
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Figure 2: Scematicrepresentatiorof the levels (horizontal lines) and pencil beams(curvedlines) usedin RTMIPAS,

mappednto a plane-paallel view. An atmospherianeanprofile hasbeenusedto corvertthe RTMIPASpressue levels
to heights.
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(Fig. 2). In thefollowing, we will usethenumbersl to 81 to referto the pressurdevels crossedy theray on

the satellite-vard side of the tangentpoint (with 1 at the top of the atmosphere)and81 to 161 (countingup-

wards)to the oneson the otherside. This definesa maximumof N = 160layers.Theray tracingis performed
usingthe methodsof Healy and Eyre (2003). The resultof the ray tracingis mixing ratios of watervapour
andozoneat eachpressurdevel crossedy a givenray, aswell aspathlengthsandCurtis Godsonair density
weightedmeantemperature$or eachlayer (e.g., Ridolfi et al. 2000). For simplicity, we consideronly rays
whosetangentheightslie on alayerboundaryandusethe FOV corvolution to calculatethe radiancedor ary

othertangentheightviewed by MIPAS, asdescribedurtherbelon. The hydrostaticequationis usedto obtain
thegeometricheightif it is not provided by theuser

Using the atmospheridayeringfor a ray with the tangentpoint at the m-th pressurdevel, equation(3) thus

becomes:
m-1 N

S ~ CGy (2 S CGy (2 S
Rom™ 2 Bo(Tim) (Gojm = Tojam) + 5 Bo(Tim) (To,jm =Ty jiam ®)
=

=1 =

Here, T, im arethe cornvolved transmittancefrom the j-th level to the obserer alongthe given path. Thefast
parameterisationf T is theheartof RTMIPAS, andit will bedescribedn thenext subsection?l'fn? is theCurtis
Godsormeantemperaturef thej-th layerasprovided by theray-tracingcalculatedassuminghetemperature

varieslinearly with heightbetweerthelayerboundaries.

The above calculationsare performedfor rayswith tangentpointsat a numberof levels, spanningthe FOVs
of theinstrument.The choiceof the numberof such“pencil beams”is a tradeof betweencomputationatost
andaccurag. For RTMIPAS, we found it suficient to calculatelimb radiancesonly for the tangentpoints
indicatedin Table2, andthenevaluatethe FOV integral basedon a cubic approximationto ﬁo(lobs, Z.). The
FOV function f is assumedo vary linearly with heightbetweenthe talulatedvalues. Similar approacheare
usedin the operationaESA retrieval processingwherea 2nd-ordempolynomialis usedto represenﬁo(lobs, 2)
betweerthe pencilbeamdor the nominalMIPAS tangentheights(e.g.,Ridolfi etal. 2000).

Theerrorintroducedby usingthechosersubsebf pencilbeamss difficult andcostlyto assessasthisrequires
a very large numberof pencil beamradianceso be calculatedto obtain a high-resolutionradianceversus
tangentheightrelationship. Also, the error dependsn the channel,atmosphericondition,andthe location
of the pencilbeamsrelative to the FOV. To characterisehe sensitvity of RTMIPAS to the FOV corvolution
we comparedsimulatedFOV-convolved MIPAS radiancescalculatedn two ways: usingthe 34 pencilbeam
radianceselectedn RTMIPAS, andusingall RTMIPAS levels astangentievelsfor pencilbeamcalculations.
The computationsvere performedfor the nominaltangentaltitudesin the normalscanningmode(Table 1),
usingtheReferencé-orwardModel (RFM, Dudhiaetal. 2002b).Thecalculationsarefor fivereferenceprofiles,
representingnid-latitudedaytime,mid-latitudenighttime, polar summey polarwinter, andtropical conditions
(JohnRemedio003,pers.communication) Figure3 shavs thenoise-normalisechaximumabsoluteadiance
differencebetweerthetwo calculationobtainedor the5 referenceprofiles. It canbeseerthatusingthesub-set
of pencilbeamdeadsto relatively smallradiancalifferenceglessthan0.4timesthe MIPAS instrumeninoise)
for mostchannelsaandtangentheights,exceptfor the lowesttangentheightat 6 km, wherethe differencescan
exceedthe MIPAS noiselevel. The largerdeviationsfor the 6 km tangentheightoccurfor thetropical profile
for which the tangentheightfor the lowestpencilbeamis too highto fully capturethe radianceprofile within
the FOV, and extrapolationis used. While the FOV calculationssummarisedn Fig. 3 do not rule out that
the choserapproacHor the FOV convolution canintroducemoresignificanterrors(particularlyin regionsof
strongcunatureof the radianceprofile with tangentheight), they provide someevidencethatthe RTMIPAS
FOV corvolutionis not problematicaslong asthe RTMIPAS pencilbeamsoverthe MIPAS FOV. In ary case,
it shouldbestressedhatthe designof a suitablecost-eficient approacto FOV corvolution basedbn alimited
numberof pencilbeamsds not specificto RTMIPAS, and FOV-corvolution hasbeenrecognisedisa possible
sourceof errorfor othermodelsby otherauthors(e.g.,von Clarmanretal. 2003).
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Table2: Pressuelevelsusedto discretisetheatmosphezin RTMIPAS.To giveanindicationof thecorrespondindeights
thesehavebeencalculatedfroma meanatmospherigrofile. Thelevelsfor which pencilbeamcalculationsare performed
are markedby ticksin the column“Tangent?”.

Number Pressur¢hPa] Height[km] Tangent?] Number Pressur¢hPa] Heightlkm] Tangent?

1 0.00374 87.5 42 33.3601 23.1

2 0.00628 84.2 43 37.4579 224

3 0.01050 80.9 44 42.0767 21.7 Vv
4 0.01724 77.5 Vv 45 47.2900 20.9

5 0.02804 74.1 46 53.1713 20.2

6 0.04469 70.7 Vv 47 59.7964 19.5 Vv
7 0.07008 67.5 48 67.2557 18.8

8 0.09408 65.4 49 74.1827 18.2

9 0.12532 63.3 Vv 50 81.8231 17.6

10 0.16567 61.3 51 88.5000 17.1 Vv
11 0.21900 59.3 Vv 52 95.7066 16.6

12 0.27021 57.7 53 103.500 16.1

13 0.33340 56.1 Vv 54 111.955 15.6

14 0.41136 54.6 55 121.100 15.2 Vv
15 0.50754 52.9 56 130.996 14.7

16 0.62623 51.3 Vv 57 141.700 14.2

17 0.77266 49.7 58 153.277 13.7 Vv
18 0.95334 48.0 Vv 59 165.800 13.2

19 1.17626 46.4 60 179.347 12.7

20 1.45131 44.8 Vv 61 192.105 12.3 Vv
21 1.79068 43.2 62 205.772 11.8

22 2.06631 42.1 Vv 63 218.258 11.4 Vv
23 2.38435 41.1 64 231.435 111

24 2.75136 40.0 Vv 65 245.265 10.7 Vv
25 3.17485 39.0 66 259.922 10.3

26 3.66352 38.0 Vv 67 275.152 9.9 Vv
27 4.22741 37.0 68 291.113 9.5

28 4.87810 36.0 Vv 69 308.000 9.2 Vv
29 5.62894 35.0 70 325.362 8.8

30 6.49536 34.0 Vv 71 343.702 8.4 Vv
31 7.49513 33.0 72 362.907 8.0

32 8.71793 32.0 Vv 73 382.828 7.6 Vv
33 10.1491 31.0 74 403.842 7.3

34 11.8257 30.0 Vv 75 425.591 6.9 Vv
35 13.7913 28.9 76 448.290 6.5

36 16.0979 27.9 Vv 77 472.200 6.1 Vv
37 18.8067 26.9 78 496.738 5.8

38 21.0782 26.1 Vv 79 522.551 54 Vv
39 23.6241 25.4 80 549.473 5.0

40 26.4874 24.6 81 577.297 4.6 Vv
41 29.7200 23.9 Vv
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Figure 3: Maximumabsoluteradiancedifference(of 5 profiles) betweenFOV-convolvedsimulatedMIPAS radiances
calculatedin the two waysdescribedin the maintext. Theradiancedifferenceshavebeennormalisedby the MIPAS
instrumentnoise and are shownas a functionof wavenumbernd central tangentheight. For displayreasonsthe plot

showsthe maximunof 40 channelintervals(i.e., 1 cn ! intervals).
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2.3 Transmittance parameterisation

In the RTMIPAS transmittancealculationsonly watervapourandozonearetreatedasvariablegaseswhereas
the othergasesare consideredasfixed. The modeltreatsseparateljthe absorptionof the fixed gaseswater
vapour andozoneto obtainthetotal transmlttancer“x*“20+03 Calculationof thetotal transmittancegs compli-
catedby thefactthatBeers law (e.g. KldderandVonderHaar1995)doesnot applyfor polychromatictrans-
mittancesi.e., theproductof thetransmittancefrom eachof the gasesonvolved separatelys notthe sameas
the convolved transmittancdor all gasegexceptfor continuum-lile effects). To reducethe errorsintroduced
by separatiorof the gastransmittanceaftertheir corvolution we write the total transmittancefgf}:*ni°+°3 as:

2fix+H20  £fix+H20+03

.i:‘f;for%mos _ "\f}lx v,,m \17.J7m (6)
)] j,m TfIX Tiix+H20
v,j,m v,j,m

wherethe superscripténdicatewhich gasesareconsideredn eachtransmittancealculation. Thethreefactors
ontherighthandsidethussene as“effective level-to-satelliteransmittancesfor thefixedgaseswatervapour
andozone respeciiely. We cannow introduceconvolved effective layeroptical depthsas:

i i _ ol fi
O-\”/Ifj,m - O-Olfjfl,m - Iog ( lej m/TvIXJ 1 m) (7)
Ffix+H20  Ffix+H20
A H20 2 H20 _ v,jm ,"0,j—1m
0-07j7m_ O-Ovj_lam - Iog ( Tflx /Tﬁx > (8)
v,j,m V,j—1m
.l’:f|x+H20+03 Tf|x+H2f+03
A03 ~03 _ v,j,m U,j—1,m
O-Ovjzm B O-Ovjflvm - Iog Tﬁx+H20 / Tf|x+H20 (9)
v,j,m V,j—1m
wheregd; o.im= = —log(t, %.1m m) i the convolved level-to-satelliteoptical depthfrom level j alongthe pathwith

tangenhelghtatthelevel m, andthe superscriptndicatestherelevantgas.

Thetransmittancgarameterisatiom RTMIPAS is basedn regressiommodelsfor the abore convolved effec-
tive layeropticaldepthsfollowing algorithmsthathave beendevelopedovertheyearsfor anumberof different
satelliteinstrumentgMcMillin etal. 1979,Susskindetal. 1983,Eyre 1991, Strow etal. 2003). The corvolved
level-to-satelliteoptical depthsarewritten as:

M
Ty jm = Opj-1m T+ kZ 3,k Xk (10)
=1

WherexJ areprofile dependenpredictorscharacterisinghe atmospheristatealongtheray, M is the number
of predlctors anda, K are the regressioncoeficients for eachlayer Regressioncoeficients are computed
for thefixedgasespzone watervapourline absorptionandwatervapourcontinuumabsorptionyespectiely.
To computethe regressioncoeficients, we generatedlatabasesf accuratelLBL transmittancegor a setof
diverseprofileswhichrepresentheatmospheriwariability acrosghe MIPAS viewing range(seesection2.4for
details).Theeffective opticaldepthsrom this databasarethenusedto computetheregressiorcoeficientsby
linearregressiorof 607j,m— 607].717m versughepredictorvaluescalculatedrom theprofile variables A separate
modelis usedfor the watervapourcontinuumabsorption.This allows to updatethe modelfor the continuum
absorptiorwithout the needof generatinga new LBL databaseSincethe continuum-typeoptical depthsvary
very slowly with frequeng, the corvolved opticaldepthscanbereplacedoy monochromaticalculations.

The predictorsusedin this reportaregivenin Table4, with the profile variablesdefinedin Table3. The pre-
dictorsareoriginally basedon Matricardi et al. (2004),with modificationsfor the limb geometry Giventhe
differentviewing geometry a necessanadjustmento the predictorswasto replacethe secantof the satellite
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zenithanglewith theactuallayerpathlength(AS). All predictorsaredefinedby takingtheratio with respecto
valuesof a referenceprofile or a typical value (in the caseof the layer pathlength),to avoid numericalinsta-
bilities in theregressionglueto too large variationin the predictors.For thefixed gasesthe predictorsdepend
only on thetemperaturalongthe pathandthe layer pathlength,whereador the variablegaseghe variation
in the absorbemmounthasto be takeninto account.The layer optical depthis expectedto be proportionalto
the absorbermmountn for weakabsorptionand y/n for strongabsorption(Goody and Yung 1995), which is
reflectedin the morebasicpredictors.Combinedeffectsof weakandstrongabsorptioraremodelledthrough
furthervariationsin theexponent.Similarto Matricardietal. (2004)we foundit necessaryo take into account
thedependencef thelayeropticaldepthonthe propertiesalongtheray pathtowardsthe satellite,eventhough
theratioingintroducedn (6) reduceghis dependencerurtherdetailson the choiceof predictorscanbefound
in Matricardiet al. (2004),andour setof predictorsis further characterisedtatisticallyin section2.5. From
Table4 it canbe seenthatthe watervapourcontinuummodelusespredictorsthat dependon Curtis-Godson
air densityweightedmeanvalues.This wasfoundto give betterresultsratherthanusingthe simplearithmetic
averageof the valuesat the top andbottomof the layer Notethatthe watervapourcontinuummodelpredicts
monochromatioptical depthssothatthe predictorsdependonly on layeraveragegquantitiesandnot, asin the
caseof the polychromaticopticaldepthson quantitiesintegratedalongtheray pathtowardsthe satellite.

Similar to the approachtaken in Matricardi (2003), we found it beneficialto performa weightedregression
wherethelayeropticaldepthshave weightsgivenby T im T, JaLm Thisis particularlyadvantageousor chan-
nelswhich, in somelayers,exhibit changesn the behanour of thelayeropticaldepthagainstsomepredictors
for strongattenuatiorcasessuchassomewatervapourchanneldor which layeropticaldepthscanstartto de-
creasavith AW, whentheattenuatioralongtheraytowardsthesatelliteis strong(cf, MatricardiandSaunders
1999). Theweightingusedassureshattheregressiommodelis primarily influencedby thelinearregime of the
weaklyattenuatedasesThebehaiour of theregressiormodelfor the caseswith strongattenuatioralongthe
ray towardsthe satelliteis of little importanceaslargererrorsin thelayeropticaldepthtranslatdo smallerrors
in termsof transmittancefor thesecasesin addition,thechosenweightingdownweightstheinfluenceof layer
opticaldepthswith numericalinaccuraciesesultingfrom ratioingsmalllevel-to-satellitetransmittances.
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Table 3: Profile variablesusedto specifythe RTMIPAS predictois. In the following, P(i), T(i), W(i), and O(i) are
pressue, tempeature, watervapourmixingratio, and ozonemixingratio on thei-th modellevel, respectivelyA star (*)
indicatesthe refeenceprofile usedto scalethe profile values. A tilde (7) indicatesthat the quantityis definedper layer
(ratherthanlevel). AS(i,m) representshe scaledpathlengthin thei-th layer for a ray with a tangentpoint at level m.
Similarly, AZ*(i) representghe scaledgeometricdepthof thei-th layer for therefelenceprofile.

T(i 1 i i T* 1 * * ~ . f i
TH=2TG+n+T(), TH=cTG+0)+TG), Ti)= ~*(J_)
? 2 ()
- . 1 ~ 1 « . —— W(j)
W(i) = 3(WG+D+W), W) = 3W G+ D+W (D), W) = g
~ 1 =, 1 . . 5 . 6 J
O() =50+ +0(), O ()=50(+n+070), &)= ~*((j))
( y1_, P(i) A%(i,m) T(i) o '
311 PO 82 () 700 if j<m
TW(jam) =< L . )
S5 P() A86m) ()+zij=1617m P(i) As(i,m) T(i) .
L m l P()A () (|)+ Zij:ml,m P(I) Az*(l) f*(l) OtherWlse
(31, P(i) AYi,m) W(i) o .
. 51, P() Az+(i) W (i) if j<m
Wo(j,m) =19 ) | )
Yt PG AS(Lm) W) + 3] P(i) AS(E,m) W(i) )
L y1, P(i) Az (i) W (i) otherwise.
¥, P(i) A%i,m) T(i) W(i) o .
. Z.Ll P(i) AZ+(i) T+() W+ (i) if j<m;
Ww(jam) = ) )
35t PO) A86m) ) WD) + 515, PO 88Gm) TO WG -

sy PO) AZ (i) T+() WH(i)

Ow(j,m) andQ,,(j,m) definedasWiy(j,m) andW,(j,m), but for watervapour

T.°%(j) andWeS(j) arethe density-weightedCurtis Godsortemperatur@andwatervapourmixing ratio,
respectiely, bothobtainedrom theray-tracing.
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RTMIPAS: A fastradiative transfermodelfor the assimilationof infraredlimb radiancesrom MIPAS C30-

Table4: Predictorsusedin RTMIPAS.SeeTable 3 for a definitionof the profile variablesused.Thepredictois are defined
per layer j and pencil beamwith tangentpoint at level m; indicessuch as () in T;(j) and (j,m) in A3(j,m) havebeen

omittedfor clarity.

Predictor Fixedgases Watervapour Ozone Watervapour
number (line) (continuum)

1 AS ASW, e} ASWee/Tce

2 AT ASW T, NSO, T ASWCe/(T,59)2
3 AST, ASW; T2 NSO, T2 A3 (WcCe)2/T.ce
4 NST?2 ASW / /Wiy N50, /+/Oy NS (Wee)2/(Tiee)
5 AST3 ASW; /W, NS0, /Oy

6 AsTY VASW VD36,

7 a8 VT VOSW T, V86 T

8 Ti VOSW VW (88G5)15/v/Ou

9 T2 VDS A, VO

10 T (ASW;)2 2,

11 T VW v/Ouw

12 W2 2

13 AST3

2.4 Transmittance database

The transmittancaelatabasaisedto derive the regressioncoeficientsfor RTMIPAS was generatedisingthe
RFM (Dudhiaet al. 2002b),a multi-purposeLBL radiative transfermodeloriginally basedon GENLN2 (Ed-
wards1992). The RFM hasbeenconsiderablyalidatedand comparedavourably with a numberof other
LBL modelsfor limb viewing (e.g.,von Clarmannet al. 2003). Line datawere taken from the 2000 edition
of theHITRAN moleculardatabaseThe fixed gasedncludeall gaseswith contrikutionsat or above the noise
level of the MIPAS instrument,as determinedby limb calculationsfor a referenceatmosphere.Theseare:
CO,, N,0, CO, CH,, O,, NO, SG,, NO,, NH;, HNO;, OCS,HOCI, N,, HCN, CH,Cl, H,0,, C,H,, C,Hg,
COF,, SF;, CIONO,, NO, , CFCl, (F11),CF,Cl, (F12),CF, (F14),CHCIF, (F22),C,Cl,F; (F113),C,CLF,
(F114),C,CIFg (F115),CCl,, N,O5, HNO,. Becauseof the longer paths,a large numberof minor species
have to beincludedin theLBL computatiorfor thelimb geometrycomparedo nadirviewing. Climatological
profilesfor thesespecieshave beenused(JohnRemedios2003, pers.communication). Whereappropriate,
the gasconcentrationsvere scaledto expectedvaluesfor the year 2005, the expectedyear for assimilation
experimentsvith MIPAS radiances Sub-Lorentziarwings of CO, line shapesave beenrepresentethrough
so-calledchi-factor corrections(Cousinet al. 1985, Le Doucenet al. 1985). The continuumtype absorption
for N,, O, andCO, is included(Lafferty etal. 1996, Thibaultetal. 1997,Cloughetal. 1989). To computethe
regressiorcoeficientsfor thewatervapourcontinuum,a separatelatabaséasbeengeneratedisingthe CKD
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Figure 4: Tempeature, watervapour and ozonemixingratio profilesof the 46 profile training dataset.

2.4 continuummodel (Cloughet al. 1989). Monochromatid_.BL calculationswere performedat a resolution
of 0.0005cm 1. Thesehigh-resolutiorspectrawvere subsequentlgorvolved with the MIPAS ILSs, apodised
usingNorton-BeerstrongapodisationDidem AlpaslanandRob Koopmanr2003,pers.communication) The
resolutionof 0.0005cm* wavenumberss consideredsuficient to resohe the sharpDopplerbroadenedines
at high altitudesfor thelimb geometry(e.g.,Ridolfi etal. 2000). To confirmthis, we computedcorvolved ra-
dianceshasedn monochromaticalculationswith aresolutionof 0.001cm~t and0.0001cm™* wavenumbers
for somereferenceprofiles. While considerablaifferencesn the corvolved radiancesverefoundwhenmov-
ing from the0.001cm* to the 0.0005cm* resolution decreasingheresolutionfurtherled only to negligible
radiancalifferencesNotethatwe consideronly MIPAS channelsn thewavenumberange685-2000cm 1, as
thechannelsn the 2000-2410cm™? region of the spectrumare contaminatedy solarradiationandalsoshav
poorsignal-to-noiseharacteristics.

TheLBL computationsreperformedor asetof 46 diverseatmospherigrofiles(Fig. 4), assumindorizontal
homogeneityn thecalculations Theprofilesaretakenfrom the60 level ERA-40reanalysige.g.,Simmonsand
Gibson2000),andprovide thermodynamicallgonsistenvaluesof pressuretemperatureandmixing ratiosfor
watervapourandozone. The profileswere sampledusing the methodof Chevallier (2002), maximisingthe
variability in the stratospherend uppertroposphereabore 550 hPa. For eachof the profiles, the required
level-to-satellitetransmittanceandradiancesvere calculatedor a setof limb rayswith the tangentpointsat
the pressurdevelsindicatedin Table2.

The calculationof the transmittancedatabaseresentsa hugecomputationakffort, leadingto a databasef
about45 Gbytesper profile for the monochromatidransmittancealone. This computationakffort obviously
imposesa practicallimitation not only on the numberof profilesusedin thetraining of the fasttransmittance
modelbut alsoon the numberof pencil beamsbeingconsidered.The numberof profilesusedin the training
setis comparabldo thattypically usedin the derivation of regressiorcoeficientsfor fastmodelsfor the nadir
viewing geometrysuchasin Matricardi(2003).Sincetheprofilesusedin thesefastmodelshave to capturethe
tropospheriaswell asthe stratospherivariability andbecausef the intrinsic lower stratospheriariability,
we expectthat46 profilesshouldbe adequatdor this study
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