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RTMIPAS: A fastradiative transfermodelfor theassimilationof infraredlimb radiancesfrom MIPAS

Abstract

A new fastradiativetransfermodelto computeinfraredlimb radiancesfor theMichelsonInterferometerfor
PassiveAtmosphericSounding(MIPAS) hasbeendevelopedandextensively validated.Themodel,referred
to asRTMIPAS, cansimulateradiancesfor all channelsof thehigh-spectralresolutionMIPAS instrument
in the685-2000cm� 1 wavenumberregion (at 0.025cm� 1 resolution).RTMIPAS is partof a wider effort
to develop the capabilityto assimilateinfraredlimb radiancesinto the ECMWF model. The schemeuses
linearregressionmodelsto parameterisetheeffective layeropticaldepths,andit cansimulatetheeffect of
variablewatervapourandozone;contributionsfor many othergasesareincluded,but afixedclimatological
profile is assumed.

Thedevelopmentof themodelhasinvolvedthecalculationof anaccurateline-by-linetransmittancedatabase,
theselectionof suitablepredictorsfor thegasesandtheviewing geometrymodelled,andthegenerationof
regressioncoefficientsfor 43,205MIPAS channels.

RTMIPAS canreproduceline-by-lineradiancesto anaccuracy thatis below thenoise-levelof theinstrument
for mostspectralpointsandtangentheights,while offering significantlymorerapid radiancecalculations
comparedto currently available radiative transfermodels. The comparisonof RTMIPAS transmittances
with line-by-line model equivalentsindicatesthat the accuracy of the RTMIPAS transmittancemodel is
comparableto thatof similar regression-basedradiative transfermodelsfor thenadirviewing geometry.

1 Intr oduction

This reportdescribesthedevelopmentandvalidationof a fastradiative transfermodelfor limb radiancesfrom
theMichelsonInterferometerfor PassiveAtmosphericSounding(MIPAS, e.g.,EuropeanSpaceAgency, ESA,
2000)on-boardthe Envisat satellite. This is the first stepof a wider effort to assimilateinfrared limb radi-
ancesinto a numericalweatherprediction(NWP) model. MIPAS is aninterferometerwith very high spectral
resolution(0.025cm� 1, unapodised),measuringinfraredlimb radiancesin 5 spectralbandsbetween685and
2410cm� 1 (Table1), providing a total of 59,605spectralpoints(i.e.,channels).In-flight measurementsof the
instrumentnoisearedisplayedin Fig. 1. MIPAS’ mainaim is to provide informationon thethermalstructure
andchemicalcompositionof theuppertroposphereandthestratosphereathighverticalresolution.

The availability of an appropriateradiative transfermodel is a prerequisitefor exploiting radiancedatafrom
satellitesounders.Theradiative transfermodelcaneitherbeusedin aretrieval scheme(e.g.,Rodgers1976),or
it canbecomean“observationoperator”in a variationaldataassimilationscheme(e.g.,Eyreet al. 1993).For

Table1: Main characteristicsof MIPAS.

Spectralresolution
0.025cm� 1, unapodised
(0.035cm� 1, apodised)

Spectralbands

A-band: 685-970cm� 1 (11,401spectralpoints)
AB-band: 1020-1170cm� 1 (6,001spectralpoints)
B-band: 1215-1500cm� 1 (11,401spectralpoints)
C-band: 1570-1750cm� 1 (7,201spectralpoints)
D-band: 1820-2410cm� 1 (23,601spectralpoints)

Nominaltangentaltitudesin 6-42km in 3 km steps;47,52,60,68 km.
normalscanningmode
Field of view at tangentpoint approximately3 km � 30 km
(vertical � horizontal)
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Figure 1: Apodisednoiseequivalentspectral radiancesfor MIPASfrom the well-studiedorbit 2081(A. Dudhia 2003,
pers.communication).

any realtimeor near-realtimeapplications,speedof theradiative transfermodelis amajorissue.

Fastradiative transfermodelsusedin theassimilationof nadir radiancesemploy regression-basedparameteri-
sationsof band-transmittances(e.g.,McMillin et al. 1995,Matricardiet al. 2004).Oneexampleis RTTOV (or
variationsof this for advancednadirsounders,e.g.,Matricardi2003,Matricardiet al. 2004),which usesfixed
pressurelevelsandcalculatesconvolved level-to-spacetransmittancesfrom eachlevel basedon linear regres-
sion modelsfor the effective layer optical depthsin eachlayer. The RTTOV approachis usedfor the direct
assimilationof nadir radiancesat ECMWF anda numberof otherNWP centres.Intercomparisonstudiesof
variousradiative transfermodelsindicatethatnowadaysregression-basedradiative transferschemesfor nadir
soundersagreewith line-by-line (LBL) calculationswithin the variability of differentLBL models,andthis
variability is muchsmallerthantheuncertaintiesin thespectroscopy (e.g.,Garandetal. 2001).

Fast radiative transfermodelscurrently usedin retrieval schemesfor infrared limb soundersare generally
basedon the look-up tableconcept. For instance,Marks andRodgers(1993)developedan approachbased
on convolved transmittancespre-tabulatedin termsof massof absorber, mass-weightedpressure,andmass-
weightedtemperaturealongtheline of sight,whichwasusedfor theImprovedStratosphericandMesospheric
Sounder(ISAMS). Morerecently, theMIPAS communitydevelopedradiative transfermodelsthatuselook-up
tablesfor theabsorptioncrosssectionsonirregularspectralgrids(e.g.,Dudhiaetal. 2002b,Ridolfi etal. 2000).
In thesemodels,monochromaticradiative transfercalculationsareperformedonly for anoptimisedsub-setof
spectralpoints. Linear interpolationis thenusedto obtainmonochromaticradianceson thewavenumbergrid
requiredfor thesubsequentconvolution with theinstrumentline shape(ILS). Thisapproachis usedin thereal-
time processingof MIPAS dataat ESA to derive profilesof temperatureandpressure,aswell asmixing ratios
for H2O,O3, HNO3, CH4 andN2O.1 However, thecomplexity of themodelandthestill considerableexecution
timemake it not suitablefor usein anoperationalvariationalassimilationscheme.

In this reportwe describea regression-basedfastradiative transfermodelfor MIPAS (referredto as“RTMI-
PAS”). In thecurrentversionof themodel,only watervapourandozonearetreatedasvariablegases,but the
methodcouldbeextendedto othergasesif required.Thestructureof this reportis asfollows: First, we out-
line theradiative transferandtransmittanceparameterisationsusedin RTMIPAS, with particularemphasison
thelimb-specificimplementationchoices.We thenevaluatetheperformanceof theschemecomparedto LBL
computations.Conclusionsaredrawn in thelastsectionin whichwealsodiscussthestrengthsandweaknesses
of ourapproach.

1Thenear-real-timeozone-profileproductfrom MIPAS is currentlyassimilatedoperationallyat ECMWF (Dethof2003).
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2 Description of the model

2.1 Radiative transfer equation

Givena limb-ray throughtheatmosphere,characterisedby its tangentheightztan, themonochromaticclear-sky
radianceRν � lobs � ztan � for thefrequency ν at theobserver’s positionlobs alongthis raypathcanbewrittenas(e.g.,
KidderandVonderHaar1995):

Rν � lobs � ztan � � Rν � 0 � ztan � τν � lobs � 0 � ztan �	� lobs

l � 0

Bν � T � l � ztan ��� ∂τν � lobs � l � ztan �
∂ l

dl (1)

with l denotingthepathcoordinatealongtheline of sight,τν � l1 � l2 � ztan � thespectraltransmittanceatwavenum-
ber ν for thepath(l1, l2) alongthe ray with tangentheightztan, andBν � T � l � ztan ��� the Planckfunction for the
scenetemperatureT andwavenumberν . ThebackgroundspaceradianceRν � 0 � ztan � is assumedto bezerofor
theremainderof this text. This is acceptableif thepathorigin l � 0 is chosensufficiently outsideof theatmo-
sphereon theray sideaway from theobserver. In theabove equationwe have assumedlocal thermodynamic
equilibriumandneglectedscattering.Notethatthepathfor thepathintegral is notastraightline, but insteadit
is affectedby refractionin theatmosphereandthereforebendstowardstheEarth.

The line-of-sightradiancefor the MIPAS channelwith centralwavenumberν̂ is obtainedby convolving the
monochromaticradiancewith thenormalisedinstrumentline shape(ILS) uν̂ � ν � to obtain:

R̂ν̂ � lobs � ztan �� � ∞

ν � � ∞

Rν � lobs � ztan� uν̂ � ν � dν (2)

If thePlanckfunctiondoesnot vary too muchover thechannelresponsefunction,equation(1) canbewritten
as:

R̂ν̂ � lobs � ztan ��� lobs

l � 0

Bν̂ � T � l � ztan ��� ∂ τ̂ν̂ � lobs � l � ztan �
∂ l

dl (3)

τ̂ν̂ indicatestheconvolvedtransmittancefor aMIPAS channelwith centralwavenumber̂ν . Numericalcalcula-
tionsfor a numberof diverseatmosphericconditionsshow thattheuseof convolvedquantitiesin theradiative
transferequation(polychromaticapproximation)introduceserrorswell below theMIPAS noiselevel.

Finally, convolution in theverticalwith the instrument’s normalisedfield of view (FOV) function f givesthe
FOV radianceR̂FOV

ν̂ � lobs � ztan � :
R̂FOV

ν̂ � lobs � ztan �� � ∞

z� 0

R̂ν̂ � lobs � z� f � z � ztan� dz (4)

2.2 Atmospheric layering and ray-tracing

In RTMIPAS, the radiative transferintegral (3) is solved basedon a numberof discretelayers. For this pur-
pose,theatmosphereis representedon 81 fixedpressurelevels. Thesepressurelevelsaregivenin Table2 and
displayedin Figure2. Thespacingof the levels is similar to that usedby Matricardi (2003),andit hasbeen
chosenby takinginto accounttypical temperaturelapseratesandtheexpectedfutureverticaldiscretisationof
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theECMWF forecastmodel. Additional computationsfor a rangeof differentatmosphericconditionswith a
doubledvertical resolutionshowed that the radiancesensitivity to thepressuregrid refinementis well below
thenoiselevel of theMIPAS instrument(notshown). Thelowestlevel correspondsto thelowestlevel typically
within the MIPAS FOV, whereasthe top hasbeenchosenasa compromisebetweenthe (future) top of the
ECMWF modelatmosphere(at 0.01hPa) andanevenhighertop of theatmospherewhich would allow mod-
elling thecontributionsfrom thesemesosphericlevels.To investigatethesensitivity of themodelto thechoice
of thetop of themodelatmospherewe comparedsimulatedradiancescalculatedwith a top of theatmosphere
at 120 km with radiancessimulatedwith the top of the atmosphereas usedin RTMIPAS (approx.87 km).
Theradiancedifferenceswerefoundto benegligible, exceptin somestrong-absorptionchannelswhichcanbe
avoidedin retrieval or assimilationschemes.

Ray-tracingis requiredto obtain the ray pathand the atmosphericconditionsalongthe path for a given at-
mosphericstateandthesatellite’s pointing information. Note that in the limb geometry, a given ray will not
necessarilycrossall the layers introducedin RTMIPAS, and the oneswhich are crossedare crossedtwice
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Figure 2: Schematicrepresentationof the levels(horizontal lines) and pencil beams(curvedlines) usedin RTMIPAS,
mappedinto a plane-parallel view. An atmosphericmeanprofile hasbeenusedto convert theRTMIPASpressure levels
to heights.
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(Fig. 2). In thefollowing, we will usethenumbers1 to 81 to referto thepressurelevelscrossedby theray on
thesatellite-ward sideof thetangentpoint (with 1 at the top of theatmosphere),and81 to 161(countingup-
wards)to theoneson theotherside.This definesa maximumof N � 160layers.Theray tracingis performed
usingthe methodsof Healy andEyre (2003). The resultof the ray tracing is mixing ratiosof watervapour
andozoneat eachpressurelevel crossedby a givenray, aswell aspathlengthsandCurtisGodsonair density
weightedmeantemperaturesfor eachlayer (e.g.,Ridolfi et al. 2000). For simplicity, we consideronly rays
whosetangentheightslie on a layerboundary, andusetheFOV convolution to calculatetheradiancesfor any
othertangentheightviewedby MIPAS, asdescribedfurtherbelow. Thehydrostaticequationis usedto obtain
thegeometricheightif it is notprovidedby theuser.

Using the atmosphericlayeringfor a ray with the tangentpoint at the m-th pressurelevel, equation(3) thus
becomes:

R̂ν̂ �m � m� 1

∑
j � 1

Bν̂ � TCG
j �m � � τ̂ν̂ � j �m � τ̂ν̂ � j � 1 �m ��� N

∑
j � N � m� 2

Bν̂ � TCG
j �m � � τ̂ν̂ � j �m � τ̂ν̂ � j � 1 �m � (5)

Here,τ̂ν̂ � j �m aretheconvolved transmittancesfrom the j-th level to theobserver alongthegivenpath.Thefast

parameterisationof τ̂ is theheartof RTMIPAS,andit will bedescribedin thenext subsection.TCG
j �m is theCurtis

Godsonmeantemperatureof thej-th layerasprovidedby theray-tracing,calculatedassumingthetemperature
varieslinearly with heightbetweenthelayerboundaries.

Theabove calculationsareperformedfor rayswith tangentpointsat a numberof levels, spanningthe FOVs
of theinstrument.Thechoiceof thenumberof such“pencil beams”is a tradeoff betweencomputationalcost
andaccuracy. For RTMIPAS, we found it sufficient to calculatelimb radiancesonly for the tangentpoints
indicatedin Table2, andthenevaluatetheFOV integral basedon a cubic approximationto R̂ν̂ � lobs � ztan � . The
FOV function f is assumedto vary linearly with heightbetweenthetabulatedvalues.Similar approachesare
usedin theoperationalESA retrieval processing,wherea 2nd-orderpolynomialis usedto represent̂Rν̂ � lobs� z�
betweenthepencilbeamsfor thenominalMIPAS tangentheights(e.g.,Ridolfi etal. 2000).

Theerrorintroducedby usingthechosensubsetof pencilbeamsis difficult andcostlyto assess,asthis requires
a very large numberof pencil beamradiancesto be calculatedto obtain a high-resolutionradianceversus
tangentheightrelationship.Also, the error dependson the channel,atmosphericcondition,andthe location
of thepencil beamsrelative to the FOV. To characterisethesensitivity of RTMIPAS to theFOV convolution
we comparedsimulatedFOV-convolved MIPAS radiancescalculatedin two ways: usingthe34 pencil beam
radiancesselectedin RTMIPAS, andusingall RTMIPAS levelsastangentlevelsfor pencilbeamcalculations.
The computationswereperformedfor the nominal tangentaltitudesin the normalscanningmode(Table1),
usingtheReferenceForwardModel(RFM,Dudhiaetal.2002b).Thecalculationsarefor fivereferenceprofiles,
representingmid-latitudedaytime,mid-latitudenighttime,polarsummer, polarwinter, andtropicalconditions
(JohnRemedios2003,pers.communication).Figure3showsthenoise-normalisedmaximumabsoluteradiance
differencebetweenthetwocalculationsobtainedfor the5 referenceprofiles.It canbeseenthatusingthesub-set
of pencilbeamsleadsto relatively smallradiancedifferences(lessthan0.4timestheMIPAS instrumentnoise)
for mostchannelsandtangentheights,exceptfor thelowesttangentheightat 6 km, wherethedifferencescan
exceedtheMIPAS noiselevel. The largerdeviationsfor the6 km tangentheightoccurfor thetropicalprofile
for which thetangentheightfor thelowestpencilbeamis too high to fully capturetheradianceprofile within
the FOV, andextrapolationis used. While the FOV calculationssummarisedin Fig. 3 do not rule out that
thechosenapproachfor theFOV convolution canintroducemoresignificanterrors(particularlyin regionsof
strongcurvatureof the radianceprofile with tangentheight),they provide someevidencethat the RTMIPAS
FOV convolution is notproblematicaslongastheRTMIPAS pencilbeamscover theMIPAS FOV. In any case,
it shouldbestressedthatthedesignof asuitablecost-efficient approachto FOV convolution basedona limited
numberof pencilbeamsis not specificto RTMIPAS, andFOV-convolution hasbeenrecognisedasa possible
sourceof errorfor othermodelsby otherauthors(e.g.,von Clarmannet al. 2003).
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Table2: Pressurelevelsusedto discretisetheatmospherein RTMIPAS.To giveanindicationof thecorrespondingheights
thesehavebeencalculatedfroma meanatmosphericprofile. Thelevelsfor which pencilbeamcalculationsareperformed
aremarkedby ticksin thecolumn“Tangent?”.

Number Pressure[hPa] Height[km] Tangent? Number Pressure[hPa] Height[km] Tangent?
1 0.00374 87.5 42 33.3601 23.1
2 0.00628 84.2 43 37.4579 22.4
3 0.01050 80.9 44 42.0767 21.7 �
4 0.01724 77.5 � 45 47.2900 20.9
5 0.02804 74.1 46 53.1713 20.2
6 0.04469 70.7 � 47 59.7964 19.5 �
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 � 50 81.8231 17.6

10 0.16567 61.3 51 88.5000 17.1 �
11 0.21900 59.3 � 52 95.7066 16.6
12 0.27021 57.7 53 103.500 16.1
13 0.33340 56.1 � 54 111.955 15.6
14 0.41136 54.6 55 121.100 15.2 �
15 0.50754 52.9 56 130.996 14.7
16 0.62623 51.3 � 57 141.700 14.2
17 0.77266 49.7 58 153.277 13.7 �
18 0.95334 48.0 � 59 165.800 13.2
19 1.17626 46.4 60 179.347 12.7
20 1.45131 44.8 � 61 192.105 12.3 �
21 1.79068 43.2 62 205.772 11.8
22 2.06631 42.1 � 63 218.258 11.4 �
23 2.38435 41.1 64 231.435 11.1
24 2.75136 40.0 � 65 245.265 10.7 �
25 3.17485 39.0 66 259.922 10.3
26 3.66352 38.0 � 67 275.152 9.9 �
27 4.22741 37.0 68 291.113 9.5
28 4.87810 36.0 � 69 308.000 9.2 �
29 5.62894 35.0 70 325.362 8.8
30 6.49536 34.0 � 71 343.702 8.4 �
31 7.49513 33.0 72 362.907 8.0
32 8.71793 32.0 � 73 382.828 7.6 �
33 10.1491 31.0 74 403.842 7.3
34 11.8257 30.0 � 75 425.591 6.9 �
35 13.7913 28.9 76 448.290 6.5
36 16.0979 27.9 � 77 472.200 6.1 �
37 18.8067 26.9 78 496.738 5.8
38 21.0782 26.1 � 79 522.551 5.4 �
39 23.6241 25.4 80 549.473 5.0
40 26.4874 24.6 81 577.297 4.6 �
41 29.7200 23.9 �

6 TechnicalMemorandumNo. 436



RTMIPAS: A fastradiative transfermodelfor theassimilationof infraredlimb radiancesfrom MIPAS

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

1.
6

1.
8

2.
0

2.
2

Tangent height [km]

W
av

el
en

gt
h 

[m
ic

ro
n]

70
0

77
5

85
0

92
5

10
00

10
75

11
50

12
25

13
00

13
75

14
50

15
25

16
00

16
75

17
50

18
25

19
00

19
75

14
.5

13
12

11
10

9.
5

9
8.

5
8

7.
5

7
6.

7
6.

3
6

5.
7

5.
5

5.
3

5

60 50 40 30 20 10

W
av

en
um

be
r 

[c
m

−1
]

Figure 3: Maximumabsoluteradiancedifference(of 5 profiles) betweenFOV-convolvedsimulatedMIPASradiances
calculatedin the two waysdescribedin the main text. Theradiancedifferenceshavebeennormalisedby the MIPAS
instrumentnoise, andare shownasa functionof wavenumberandcentral tangentheight. For displayreasons,theplot
showsthemaximumof 40 channelintervals(i.e., 1 cm� 1 intervals).
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2.3 Transmittanceparameterisation

In theRTMIPAS transmittancecalculationsonly watervapourandozonearetreatedasvariablegases,whereas
the othergasesareconsideredasfixed. The modeltreatsseparatelythe absorptionof the fixed gases,water
vapour, andozoneto obtainthetotal transmittancêτ fix+H2O+O3

ν̂ � j �m . Calculationof thetotal transmittancesis compli-
catedby thefact thatBeer’s law (e.g.,Kidder andVonderHaar1995)doesnot applyfor polychromatictrans-
mittances,i.e., theproductof thetransmittancesfrom eachof thegasesconvolvedseparatelyis not thesameas
theconvolved transmittancefor all gases(exceptfor continuum-like effects). To reducetheerrorsintroduced
by separationof thegastransmittancesaftertheir convolution wewrite thetotal transmittancêτ fix+H2O+O3

ν̂ � j �m as:

τ̂ fix+H2O+O3
ν̂ � j �m � τ̂ fix

ν̂ � j �m τ̂ fix+H2O
ν̂ � j �m

τ̂ fix
ν̂ � j �m τ̂ fix+H2O+O3

ν̂ � j �m
τ̂ fix+H2O

ν̂ � j �m (6)

wherethesuperscriptsindicatewhichgasesareconsideredin eachtransmittancecalculation.Thethreefactors
ontheright handsidethusserveas“effective level-to-satellitetransmittances”for thefixedgases,watervapour,
andozone,respectively. Wecannow introduceconvolvedeffective layeropticaldepthsas:

σ̂ fix
ν̂ � j �m � σ̂ fix

ν̂ � j � 1�m � � log � τ̂ fix
ν̂ � j �m � τ̂ fix

ν̂ � j � 1 �m � (7)

σ̂ H2O
ν̂ � j �m � σ̂ H2O

ν̂ � j � 1�m � � log � τ̂ fix+H2O
ν̂ � j �m

τ̂ fix
ν̂ � j �m � τ̂ fix+H2O

ν̂ � j � 1 �m
τ̂ fix

ν̂ � j � 1 �m � (8)

σ̂ O3
ν̂ � j �m � σ̂ O3

ν̂ � j � 1�m � � log � τ̂ fix+H2O+O3
ν̂ � j �m
τ̂ fix+H2O

ν̂ � j �m � τ̂ fix+H2O+O3
ν̂ � j � 1 �m

τ̂ fix+H2O
ν̂ � j � 1�m � (9)

whereσ̂ν̂ � j �m � � log � τν̂ � j �m � is theconvolved level-to-satelliteoptical depthfrom level j alongthe pathwith
tangentheightat thelevel m, andthesuperscriptindicatestherelevantgas.

Thetransmittanceparameterisationin RTMIPAS is basedon regressionmodelsfor theabove convolvedeffec-
tivelayeropticaldepths,following algorithmsthathavebeendevelopedover theyearsfor anumberof different
satelliteinstruments(McMillin etal. 1979,Susskindet al. 1983,Eyre1991,Strow etal. 2003).Theconvolved
level-to-satelliteopticaldepthsarewrittenas:

σ̂ν̂ � j �m � σ̂ν̂ � j � 1�m � M

∑
k � 1

aν̂ � j � k x j � k (10)

wherex j � k areprofile dependentpredictorscharacterisingtheatmosphericstatealongtheray, M is thenumber
of predictors,andaν̂ � j � k arethe regressioncoefficients for eachlayer. Regressioncoefficients arecomputed
for thefixedgases,ozone,watervapourline absorption,andwatervapourcontinuumabsorption,respectively.
To computethe regressioncoefficients, we generateddatabasesof accurateLBL transmittancesfor a setof
diverseprofileswhichrepresenttheatmosphericvariability acrosstheMIPAS viewing range(seesection2.4for
details).Theeffective opticaldepthsfrom thisdatabasearethenusedto computetheregressioncoefficientsby
linearregressionof σ̂ν̂ � j �m � σ̂ν̂ � j � 1 �m versusthepredictorvaluescalculatedfrom theprofilevariables.A separate
modelis usedfor thewatervapourcontinuumabsorption.This allows to updatethemodelfor thecontinuum
absorptionwithout theneedof generatinga new LBL database.Sincethecontinuum-typeopticaldepthsvary
very slowly with frequency, theconvolvedopticaldepthscanbereplacedby monochromaticcalculations.

Thepredictorsusedin this reportaregiven in Table4, with theprofile variablesdefinedin Table3. Thepre-
dictorsareoriginally basedon Matricardi et al. (2004),with modificationsfor the limb geometry. Given the
differentviewing geometry, a necessaryadjustmentto thepredictorswasto replacethesecantof thesatellite
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zenithanglewith theactuallayerpathlength(∆s̃). All predictorsaredefinedby takingtheratiowith respectto
valuesof a referenceprofile or a typical value(in thecaseof the layerpathlength),to avoid numericalinsta-
bilities in theregressionsdueto too largevariationin thepredictors.For thefixedgases,thepredictorsdepend
only on the temperaturealongthepathandthe layerpathlength,whereasfor thevariablegasesthevariation
in theabsorberamounthasto betaken into account.The layeropticaldepthis expectedto beproportionalto
the absorberamountn for weakabsorptionand � n for strongabsorption(GoodyandYung 1995),which is
reflectedin themorebasicpredictors.Combinedeffectsof weakandstrongabsorptionaremodelledthrough
furthervariationsin theexponent.Similar to Matricardietal. (2004)wefoundit necessaryto take into account
thedependenceof thelayeropticaldepthonthepropertiesalongtheraypathtowardsthesatellite,eventhough
theratioingintroducedin (6) reducesthisdependence.Furtherdetailson thechoiceof predictorscanbefound
in Matricardiet al. (2004),andour setof predictorsis furthercharacterisedstatisticallyin section2.5. From
Table4 it canbe seenthat thewatervapourcontinuummodelusespredictorsthat dependon Curtis-Godson
air densityweightedmeanvalues.This wasfoundto give betterresultsratherthanusingthesimplearithmetic
averageof thevaluesat thetop andbottomof thelayer. Notethat thewatervapourcontinuummodelpredicts
monochromaticopticaldepthssothatthepredictorsdependonly on layeraveragequantitiesandnot, asin the
caseof thepolychromaticopticaldepths,on quantitiesintegratedalongtheray pathtowardsthesatellite.

Similar to the approachtaken in Matricardi (2003),we found it beneficialto performa weightedregression
wherethelayeropticaldepthshaveweightsgivenby τ̂ν̂ � j �m τ̂ν̂ � j � 1�m. This is particularlyadvantageousfor chan-
nelswhich, in somelayers,exhibit changesin thebehaviour of thelayeropticaldepthagainstsomepredictors
for strongattenuationcases,suchassomewatervapourchannelsfor which layeropticaldepthscanstartto de-
creasewith ∆s̃W̃r whentheattenuationalongtheraytowardsthesatelliteis strong(cf, MatricardiandSaunders
1999).Theweightingusedassuresthattheregressionmodelis primarily influencedby thelinearregimeof the
weaklyattenuatedcases.Thebehaviour of theregressionmodelfor thecaseswith strongattenuationalongthe
raytowardsthesatelliteis of little importance,aslargererrorsin thelayeropticaldepthtranslateto smallerrors
in termsof transmittancesfor thesecases.In addition,thechosenweightingdownweightstheinfluenceof layer
opticaldepthswith numericalinaccuraciesresultingfrom ratioingsmall level-to-satellitetransmittances.
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Table 3: Profile variablesusedto specifythe RTMIPASpredictors. In the following, P � i � , T � i � , W � i � , and O � i � are
pressure, temperature, watervapourmixingratio, andozonemixingratio on thei-th modellevel, respectively. A star ( � )
indicatesthe referenceprofile usedto scaletheprofile values.A tilde (˜) indicatesthat thequantityis definedper layer
(rather than level). ∆s̃� i � m� representsthescaledpath lengthin the i-th layer for a ray with a tangentpoint at level m.
Similarly, ∆z̃��� i � representsthescaledgeometricdepthof thei-th layer for thereferenceprofile.

T̃ � j ��� 1
2  T � j � 1�!� T � j �#" � T̃ $ � j �%� 1

2  T $ � j � 1�!� T $ � j �#" � T̃r � j �&� T̃ � j �
T̃ $ � j �

W̃ � j �%� 1
2  W � j � 1�'� W � j �#" � W̃ $ � j �&� 1

2  W$ � j � 1�!� W$ � j �#" � W̃r � j �&� W̃ � j �
W̃$ � j �

Õ � j �&� 1
2  O � j � 1�!� O � j �#" � Õ$ � j �&� 1

2  O$ � j � 1�!� O$ � j �#" � Õr � j ��� Õ � j �
Õ$ � j �

T̃w � j � m���)(***+ ***,
∑ j

i - 1
P . i / ∆s̃. i �m/ T̃ . i /

∑ j
i - 1

P . i / ∆z̃0#. i / T̃ 0�. i / if j 1 m;

∑m2 1
i - 1 P . i / ∆s̃. i �m/ T̃ . i / � ∑ j

i - 1612 m
P . i / ∆s̃. i �m/ T̃ . i /

∑m2 1
i - 1 P . i / ∆z̃0 . i / T̃ 0 . i / � ∑ j

i - 1612 m
P . i / ∆z̃0 . i / T̃ 0 . i / otherwise.

W̃w � j � m�&�3(***+ ***,
∑ j

i - 1
P . i / ∆s̃. i �m/ W̃ . i /

∑ j
i - 1

P . i / ∆z̃0�. i / W̃ 0�. i / if j 1 m;

∑m2 1
i - 1 P . i / ∆s̃. i �m/ W̃ . i / � ∑ j

i - 1612 m
P . i / ∆s̃. i �m/ W̃ . i /

∑ j
i - 1

P . i / ∆z̃0#. i / W̃ 0�. i / otherwise.

W̃tw � j � m�&� (***+ ***,
∑ j

i - 1
P . i / ∆s̃. i �m/ T̃ . i / W̃ . i /

∑ j
i - 1

P . i / ∆z̃0#. i / T̃ 0#. i / W̃0�. i / if j 1 m;

∑m2 1
i - 1 P . i / ∆s̃. i �m/ T̃ . i / W̃ . i / � ∑ j

i - 1612 m
P . i / ∆s̃. i �m/ T̃ . i / W̃ . i /

∑ j
i - 1

P . i / ∆z̃0 . i / T̃ 0 . i / W̃0 . i / otherwise.

Õw � j � m� andÕtw � j � m� definedasW̃w � j � m� andW̃tw � j � m� , but for watervapour.

T̃CG
r � j � andW̃CG

r � j � arethedensity-weightedCurtisGodsontemperatureandwatervapourmixing ratio,
respectively, bothobtainedfrom theray-tracing.
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Table4: Predictorsusedin RTMIPAS.SeeTable3 for a definitionof theprofilevariablesused.Thepredictorsaredefined

per layer j andpencilbeamwith tangentpoint at level m; indicessuch as � j � in T̃r � j � and � j � m� in ∆s̃� j � m� havebeen

omittedfor clarity.

Predictor Fixedgases Watervapour Ozone Watervapour

number (line) (continuum)

1 ∆s̃ ∆s̃W̃r ∆s̃ Õr ∆s̃W̃CG
r � T̃CG

r

2 ∆s̃2 ∆s̃W̃r T̃r ∆s̃ Õr T̃r ∆s̃W̃CG
r � � T̃CG

r � 2
3 ∆s̃ T̃r ∆s̃W̃r T̃2

r ∆s̃ Õr T̃2
r ∆s̃ � W̃CG

r � 2 � T̃CG
r

4 ∆s̃ T̃2
r ∆s̃W̃r �54 W̃w ∆s̃ Õr � 4 Õw ∆s̃ � W̃CG

r � 2 � � T̃CG
r � 4

5 ∆s̃ T̃3
r ∆s̃W̃r 4 W̃w ∆s̃ Õr 4 Õw

6 ∆s̃ T̃4
r 4 ∆s̃W̃r 4 ∆s̃ Õr

7 ∆s̃
3
2 4 T̃r 4 ∆s̃W̃r T̃r 4 ∆s̃ Õr T̃r

8 T̃r 4 ∆s̃W̃r �54 W̃w � ∆s̃ Õr � 1 6 5 � 4 Õw

9 T̃2
r 4 ∆s̃W̃r 4 W̃tw 4 Õtw

10 T̃w � ∆s̃W̃r � 2 Õ2
tw

11 T̃2
w 4 W̃w 4 Õw

12 W̃2
w Õ2

w

13 ∆s̃ T̃3
r

2.4 Transmittancedatabase

The transmittancedatabaseusedto derive the regressioncoefficients for RTMIPAS wasgeneratedusingthe
RFM (Dudhiaet al. 2002b),a multi-purposeLBL radiative transfermodeloriginally basedon GENLN2 (Ed-
wards1992). The RFM hasbeenconsiderablyvalidatedand comparesfavourably with a numberof other
LBL modelsfor limb viewing (e.g.,von Clarmannet al. 2003). Line dataweretaken from the 2000edition
of theHITRAN moleculardatabase.Thefixedgasesincludeall gaseswith contributionsat or above thenoise
level of the MIPAS instrument,asdeterminedby limb calculationsfor a referenceatmosphere.Theseare:
CO2, N2O, CO, CH4, O2, NO, SO2, NO2, NH3, HNO3, OCS,HOCl, N2, HCN, CH3Cl, H2O2, C2H2, C2H6,
COF2, SF6, ClONO2, NO� , CFCl3 (F11),CF2Cl2 (F12),CF4 (F14),CHClF2 (F22),C2Cl3F3 (F113),C2Cl2F4
(F114),C2ClF5 (F115),CCl4, N2O5, HNO4. Becauseof the longerpaths,a large numberof minor species
have to beincludedin theLBL computationfor thelimb geometrycomparedto nadirviewing. Climatological
profiles for thesespecieshave beenused(JohnRemedios2003,pers.communication).Whereappropriate,
the gasconcentrationswerescaledto expectedvaluesfor the year2005, the expectedyear for assimilation
experimentswith MIPAS radiances.Sub-Lorentzianwingsof CO2 line shapeshave beenrepresentedthrough
so-calledchi-factorcorrections(Cousinet al. 1985,Le Doucenet al. 1985). The continuumtype absorption
for N2, O2 andCO2 is included(Lafferty et al. 1996,Thibaultet al. 1997,Cloughet al. 1989).To computethe
regressioncoefficientsfor thewatervapourcontinuum,aseparatedatabasehasbeengeneratedusingtheCKD
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Figure4: Temperature, watervapour, andozonemixingratio profilesof the46 profile trainingdataset.

2.4 continuummodel(Cloughet al. 1989). MonochromaticLBL calculationswereperformedat a resolution
of 0.0005cm� 1. Thesehigh-resolutionspectraweresubsequentlyconvolved with theMIPAS ILSs, apodised
usingNorton-Beerstrongapodisation(DidemAlpaslanandRobKoopmann2003,pers.communication).The
resolutionof 0.0005cm� 1 wavenumbersis consideredsufficient to resolve thesharpDoppler-broadenedlines
at high altitudesfor thelimb geometry(e.g.,Ridolfi et al. 2000).To confirmthis,we computedconvolved ra-
diancesbasedonmonochromaticcalculationswith a resolutionof 0.001cm� 1 and0.0001cm� 1 wavenumbers
for somereferenceprofiles.While considerabledifferencesin theconvolvedradianceswerefoundwhenmov-
ing from the0.001cm� 1 to the0.0005cm� 1 resolution,decreasingtheresolutionfurtherled only to negligible
radiancedifferences.Notethatweconsideronly MIPAS channelsin thewavenumberrange685-2000cm� 1, as
thechannelsin the2000-2410cm� 1 region of thespectrumarecontaminatedby solarradiationandalsoshow
poorsignal-to-noisecharacteristics.

TheLBL computationsareperformedfor asetof 46diverseatmosphericprofiles(Fig. 4), assuminghorizontal
homogeneityin thecalculations.Theprofilesaretakenfrom the60level ERA-40reanalysis(e.g.,Simmonsand
Gibson2000),andprovidethermodynamicallyconsistentvaluesof pressure,temperature,andmixing ratiosfor
watervapourandozone. The profilesweresampledusingthe methodof Chevallier (2002),maximisingthe
variability in the stratosphereanduppertroposphereabove 550 hPa. For eachof the profiles, the required
level-to-satellitetransmittancesandradianceswerecalculatedfor a setof limb rayswith thetangentpointsat
thepressurelevelsindicatedin Table2.

The calculationof the transmittancedatabasepresentsa hugecomputationaleffort, leadingto a databaseof
about45 Gbytesperprofile for themonochromatictransmittancesalone.This computationaleffort obviously
imposesa practicallimitation not only on thenumberof profilesusedin thetrainingof thefasttransmittance
modelbut alsoon thenumberof pencil beamsbeingconsidered.Thenumberof profilesusedin the training
setis comparableto thattypically usedin thederivationof regressioncoefficientsfor fastmodelsfor thenadir
viewing geometry, suchasin Matricardi(2003).Sincetheprofilesusedin thesefastmodelshave to capturethe
troposphericaswell asthestratosphericvariability andbecauseof theintrinsic lower stratosphericvariability,
weexpectthat46 profilesshouldbeadequatefor this study.
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2.5 Characterisation of the predictor selection

To characteriseour predictorselectionwe investigatedtherelevanceof eachpredictorthroughstepwiseselec-
tion for a subsetof channelsandlayers,in line with methodssuggestedby Sherlock(2002). Note that there
arelikely to benon-zerocorrelationsbetweensomepredictors,andthesepotentiallylimit theaccuracy of the
estimatesfor the regressioncoefficients for a given training dataset.The stepwiseselectionis basedon the
trainingdatabaseof effective layeropticaldepths,usingthepredictorsgivenin Table4. Forwardselectionand
backward elimination is basedon Akaike’s InformationCriterion (AIC2), which measuresthe likelihood of
theregressionmodelwith anadditionalpenaltyfor therankof themodel(e.g.,VenablesandRipley 2002). It
shouldbenotedthatfor simplicity RTMIPAS usesapredictorsetthatis suitablefor all channelsandall layers,
thushaving to caterfor a rangeof differentregimes.

Figures5 to 7 provide examplesof theresultsfor thestepwiseselectionfor thefixedgases,watervapourline
absorption,andozone,respectively, eachin theMIPAS bandin which they aremostprominent.TheFigures
show thepercentageof channelsfor whicheachpredictorwaschosen,andtheaveragerankingof eachpredictor
in caseit waschosen.For computationalreasonswe performedtheselectiononly for every 20thchanneland
every 4th layer.

Theresultsshow thatall predictorsareselectedfor at least60 % of thechannelsin at leastonelayer, andno
predictorappearsobviously redundant.This reflectstherelevantcontribution of all predictorsto thetransmit-
tancemodel.For thelower layers(layernumbersaround80), fewerpredictorstendto bechosen,asseenin the
lower valuesof thepercentagechosen.This may indicatesomedegreeof overfitting in our modelsfor these
layers,resultingfrom thelowernumberof cases,asonly casesfrom thelowestpencilbeamsareavailable.For
thefixedgasesandozone,thestatisticsfor eachpredictorshow considerableconsistency with layer number,
whereasfor thewatervapourmodelthis is lessevident. As expected,giventheratioingintroducedin (6), pre-
dictorsdescribinglayerquantitiestendto be selectedfirst, beforepredictorsthat characterisetheatmosphere
on thepathtowardsthesatellite.Note,however, thatsomeof thesepath-weightedpredictorsarechosenvery
frequently, despitehaving a loweraverageranking(e.g.,T̃2

w, 4 W̃w, Õ2
tw, 4 Õw), indicatingthesignificantaddi-

tional informationthesepredictorsprovide. Thestepwiseselectionalsoshows how the leadingpredictorsfor
theozoneor watervapourline absorptiontendto beproportionalto ∆s̃ Õr or ∆s̃W̃r andthusproportionalto
thelayerabsorberamount.Thisbehaviour is typical for weakabsorptionregimes.For theozonemodel,strong
absorptionpredictors(proportionalto thesquareroot of theabsorberamount)becomemoreimportantaround
layer30, i.e., aroundtheozonemaximum. It shouldbenotedaswell, thatneitherthepercentagechosennor
theaveragerankingis a goodindicatorfor predictorswhich areimportantfor specificregimesrepresentedin
a smallnumberof channels.We foundthis is particularlythecasefor themodelfor watervapourline absorp-
tion, for whichsomeof thelesserchosenor lower rankedpredictorsneverthelessaddprominentskill for some
channels(e.g., 4 ∆s̃W̃r ).

2 AIC 7 log 8 σ2 9;: 2M < 1
n , with themeanresidualvarianceσ2, thenumberof predictorsM, andthenumberof casesn
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Figure 5: Resultsof thestepwiseselectionfor thepredictors usedin thefixed-gasesmodelin RTMIPAS.Theplotsshow

(a) thepercentage of channelsfor which thepredictorwaschosen,and(b) theaverage rankingwhenit waschosenfor

each predictor (listed on the x-axis)as a functionof RTMIPASlayer. Thestepwiseselectionis further describedin the

maintext, andit wasbasedon every20thchannelandevery4th layer for theMIPASA-band.SeeTable3 for a definition

of theprofile variablesused.
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Figure6: AsFig. 5, but for thepredictorsof thewatervapourline absorptionmodel,with thestepwiseselectionperformed

over theC-band.
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Figure7: AsFig. 5, but for thepredictorsof theozonemodel,with thestepwiseselectionperformedover theAB-band.
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3 Validation of the fast model

In this sectionwe studythe accuracy of RTMIPAS by comparingpencil beamradiancesandtransmittances
from RTMIPAS with RFM equivalentsfor thedependentprofilesetandfor asetof profilesindependentof the
regressioncoefficients.Notethatwe validateRTMIPAS againstresultsfrom thesameLBL modelusedin the
trainingphase,thuscharacterisingthe“f astmodelerrors”only. Spectroscopicerrorsin theLBL modelarenot
addressedhere.

It is worth notingherethatwe presentresultsfor all spectralpointsfor which RTMIPAS hasbeendeveloped,
whetheror not thesewill beusedin thefutureassimilationof MIPAS datain theECMWF system.Giventhe
largenumberof channelsof MIPAS, it is necessaryto selectasubsetof channelsfor any quantitative analyses,
asfor instancedonein theESA retrievals(e.g.,Ridolfi et al. 2000).This selectionwill give theopportunityto
excludechannelswith contributionsfrom unmodeledgasesor with too largefastmodelerrors,usingmethods
describedby Dudhiaetal. (2002a).

3.1 Radianceerrors for the dependentprofile set

For thedependentprofile set,RTMIPAS canreproducetheRFM radiancespectrato a level of accuracy below
thenoiselevel of theMIPAS instrumentfor mostchannelsandpencilbeamsover therangeconsideredby RT-
MIPAS.Figures8 to 12show thestandarddeviationandthemeanof theRTMIPAS-RFMradiancedifferences,
normalisedby the apodisedinstrumentnoise(i.e., error-to-noiseratio). For the noisespecification,in-flight
valuesof thewell-studiedorbit 2081havebeenused(Fig.1). For displaypurposes,weshow themaximumand
themeanerror-to-noiseratio for each40-channelinterval (1 cm� 1) for eachpencilbeam.Notethatdisplaying
themaximumin each40-channelinterval emphasisesthepoorestperformanceof RTMIPAS (asjustonepoorly
modelledchannelmayrepresentthewholespectralinterval), whereasthemeanmaybereduceddueto a good
performancefor channelswith little variability andthereforelittle usein dataassimilation.TheFiguresexhibit
a very goodperformanceof RTMIPAS. More than92% of the channelstypically show standarddeviations
of lessthanhalf the instrumentnoisefor eachpencil beam(Figures13, 15, 17, 19, 21), with an even better
performancefor thehigherpencilbeams.Radiancebiasesarealsousuallysmall(typically lessthan 1

10th of the
instrumentnoise),exceptfor thelowestpencilbeams(e.g.,Figures10 to 12, 14, 16, 18, 20, 22).

As expected,the performanceof RTMIPAS differs with spectralband. Overall, the MIPAS B- andC-band
with strongwatervapourabsorptionshow the smallesterror-to-noiseratio (e.g.,Figures17 to 20). This is
largelydueto thesmallvariability of watervapourin thestratosphere.TheAB-bandwith predominantlyozone
absorptionshows the pooreststatistics(e.g.,Fig. 15), particularly in the regionsof strongozoneabsorption
around1020-1075cm� 1, or in the 1070-1170cm� 1 region at lower tangentheights. Furtherinvestigations
reveal that theseerrorsarepredominantlyintroducedby the ozonetransmittancemodel. Similarly, the fast
modelerrorsandbiasesin the750-800cm� 1 wavenumberregion of theA-bandarealsomainly introducedby
theozonetransmittancemodel.Biasestendto bemostpronouncedat lower levelsin theA- andAB-band(e.g.,
Figures14and16), whereastheotherbandsexhibit negligible biasesthroughout(Figures10to 12). Thebiases
at lower levelsarenot consideredproblematic,astherespective channelscouldbeavoidedin theassimilation,
andthelowestpencilbeamswill frequentlynotbeuseddueto cloudcontaminationin theobservations.
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Figure 8: Standard deviation of theRTMIPAS-RFMradiancedifferences,scaledby theMIPASnoise, for thedependent
profileset.Theplot showsthemeanstandard deviation to noiseratio over40channelintervals(i.e., 1 cm� 1 intervals)as
a functionof wavenumberandpencilbeampressure.
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Figure 9: Standard deviation of theRTMIPAS-RFMradiancedifferences,scaledby theMIPASnoise, for thedependent
profile set.Theplot showsthemaximumstandard deviation to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)
asa functionof wavenumberandpencilbeampressure.
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Figure 10: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for the dependentprofile set.
Theplot showsthe minimumof the bias to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure 11: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for the dependentprofile set.
Theplot showsthe meanof the bias to noiseratio over 40 channelintervals (i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure 12: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for the dependentprofile set.
Theplot showsthe maximumof the bias to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure 13: Distribution of the numberof channels[%] in the MIPAS A-bandversus the standard deviation of the
RTMIPAS-RFMradiancedifferences,scaledby the MIPASnoise. The statistic is basedon the dependentprofile set.
Resultsfor 8 selectedpencil beamsare shown,with their tangentpressures[hPa] indicatedin the legend. Thebinning
interval is 0.1.
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Figure 14: Distribution of thenumberof channels[%] in theMIPASA-bandversusthemeanRTMIPAS-RFMradiance
difference, scaledby the MIPASnoise. Thestatisticis basedon the dependentprofile set. Resultsfor 8 selectedpencil
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Figure15: AsFig. 13, but for theMIPASAB-band.
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Figure16: AsFig. 14, but for theMIPASAB-band.

24 TechnicalMemorandumNo. 436



RTMIPAS: A fastradiative transfermodelfor theassimilationof infraredlimb radiancesfrom MIPAS

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

0.0 0.2 0.4 0.6 0.8 1.0

0
20

40
60

80
10

0

Standard deviation to noise ratio

C
ha

nn
el

s 
[%

]

522.55
308.00
121.10
29.72
11.83
4.88
1.45
0.33

Figure17: AsFig. 13, but for theMIPASB-band.
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Figure18: AsFig. 14, but for theMIPASB-band.
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Figure19: AsFig. 13, but for theMIPASC-band.
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Figure20: AsFig. 14, but for theMIPASC-band.
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Figure21: AsFig. 13, but for theMIPASD-bandup to 2000cm� 1.
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Figure22: AsFig. 14, but for theMIPASD-bandup to 2000cm� 1.
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3.2 Transmittanceerrors for the dependentprofile set

While theevaluationin termsof radiancesis mostrelevant for theapplicationof RTMIPAS, a characterisation
of the modelperformancein termsof transmittancescangive further insightsandmay point to areaswhere
improvementsarepossible.

Overall, root meansquared(RMS) differencesbetweenRTMIPAS andtheRFM transmittancesaretypically
around10� 4 � 10� 5, andthemaximumRMS differencerarelyexceeds0.005(Figures23, 25, 27, 29, 31). The
errorsarecomparableto thosefound in Matricardi (2003)for RTIASI, indicatingthat the quality of the fast
transmittancemodelin RTMIPAS is comparableto theonefor similar regression-basedmodelsfor thenadir
viewing geometry. Thelowestpencilbeamsin theC- andD-band(with considerablewatervapourabsorption)
show the poorestperformancein termsof transmittanceRMS differences(Figures29 and31). This is most
likely dueto thelargerwatervapourvariability for thetroposphericchannels.

Theregionwherethemaximumtransmittanceerroroccurstendsto dependonthetangentpressureof thepencil
beams(Figures24, 26, 28, 30, 32). For thelowestpencilbeamsit occursmoreoftenon thesatellite-wardside
of thetangentpoint, whereasfor thepencilbeamswith tangentpointsin thestratospherethemaximumRMS
differencetendsto occuron the space-ward sideof the tangentpoint. The former reflectsthe fact that many
of the lower limb raysbecomeopaque(τ @ 0 A 0) at or aroundthe tangentlayer, whereasthe latter may be
dueto thedifficulty of fitting the largervariability of satellite-ward pathconditionson thespace-wardsideof
the tangentpoint. This larger variability is a resultof the fact that for a given level on the space-ward side
of the tangentpoint, the level-to-satellitepathcancrossthrougha differentnumberof layersbelow the level
considered,dependingon theheightof thetangentpoint.

The accuracy of the modelledtransmittancesis, to someextent, affectedby the large variability of the path
lengthsencounteredin layerswhich areusedas tangentlayers. Frequently, the largesttransmittanceerrors
occurat a level which is usedasa tangentlevel for anotherpencilbeamon thesatellite-ward side,andat the
level justabove on thespace-wardsideof thetangentpoint. This is associatedwith thelargervariability in the
layerpathlengthsfor theselayers,with thelongestpathlengthsoccurringwhenthelayer is usedasa tangent
layer. For layersusedastangentlayers,theratio betweenthelongestandtheshortestlayerpathlengthwhich
canbeencounteredis typically morethantwiceaslargeasfor neighbouringlayers,with this ratioexceeding10
for somemiddlelayers.In comparison,in fastmodelsfor nadirviewing afactorof 2.25is typicallyencountered.
Oneoption to improve the transmittancemodelof RTMIPAS would be to usetwo regressionmodels:oneto
applywhentherespective layeris a tangentlayer, andonefor all othersituations.Giventhegoodperformance
of RTMIPAS in termsof radiancesin thecurrentconfigurationwehave notpursuedthisoptionfurther.
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Figure 23: Distribution of the numberof channels[%] in the MIPASA-bandversusthe channelmaximumRMSof the
RTMIPAS-RFMdifferencesin the level-to-satellitetransmittances.Thestatistic is basedon the dependentprofile set.
Resultsfor 8 selectedpencil beamsare shown,with their tangentpressures[hPa] indicatedin the legend. Thebinning
interval is 0.001.
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Figure 24: Distribution of the numberof channels[%] in the MIPAS A-bandversus the level at which the channel
maximumRMSof theRTMIPAS-RFMdifferencesin the level-to-satellitetransmittancesshownin Fig. 23 is found. The
level is calculatedrelativeto thetangentpoint (locatedat 0), with negativelevelnumbersfor thesatellite-ward sideof the
ray, andpositivelevelnumbersfor theotherside. Thestatisticis basedonthedependentprofileset.Resultsfor 8 selected
pencilbeamsare shown,with their tangentpressures[hPa] indicatedin thelegend.Thebinninginterval is 10 levels.
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Figure25: AsFig. 23, but for theMIPASAB-band.
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Figure26: AsFig. 24, but for theMIPASAB-band.
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Figure27: AsFig. 23, but for theMIPASB-band.
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Figure28: AsFig. 24, but for theMIPASB-band.
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Figure29: AsFig. 23, but for theMIPASC-band.

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

−60 −40 −20 0 20 40 60

0
20

40
60

80
10

0

Position of maximum RMS differences of level−to−space transmittances

C
ha

nn
el

s 
[%

]

522.55
308.00
121.10
29.72
11.83
4.88
1.45
0.33

Figure30: AsFig. 24, but for theMIPASC-band.
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Figure31: AsFig. 23, but for theMIPASD-bandbelow2000cm� 1.
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Figure32: AsFig. 24, but for theMIPASD-bandbelow2000cm� 1.
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3.3 Water vapour continuum transmittance errors for the dependentprofile set

RTMIPAS usesa separateregressionmodelfor thewatervapourcontinuum,trainedon a separatedatabaseof
transmittancesfrom theCKD 2.4watervapourcontinuummodel(Cloughet al. 1989). Thedatabaseis based
on thesame46diverseprofilesshown in Fig. 4.

The transmittanceerrorsintroducedby the fastmodelfor thewatervapourcontinuumalonearefairly small,
andthemaximumRMS differencesof theRTMIPAS-RFM transmittancesexceeds0.001only for the lowest
pencilbeamswith tangentpressureswell in thetroposphere(Fig. 33). Theerrorpatternandthemagnitudeof
theerrorarein goodagreementwith resultsobtainedby Matricardi(2003),showing thattheregressionmodel
canbesuccessfullyadaptedfrom thenadirgeometryto limb viewing.
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Figure33: ChannelmaximumRMSof theRTMIPAS-RFMdifferencesin thelevel-to-satellitetransmittancesfor thewater
vapourcontinuummodelfor thedependentprofile set.Resultsfor 6 selectedpencilbeamsare shown,with their tangent
pressures[hPa] indicatedin thelegend.
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3.4 Radianceerrors for an independentprofile set

Wewill now characterisethefastmodelerrorsfor RTMIPAS for aquasi-independentsetof 53profiles.Thisset
hasbeensampledfrom ERA-40datain asimilarwayasthetrainingset,but providesprofilesfrom atmospheric
conditionstakenfrom differenttimesor locations.Notethatfor thestatisticalindependenceof theindependent
profile set, the independentsetshouldnot be sampledfrom the samecompilationof profilesas the training
set,but shouldinsteadbebasedonacompletelydifferentsource(e.g.,sondeobservations).However, no other
profilesetwasavailablewhichcapturestheatmosphericvariability andprovidesthermodynamicallyconsistent
temperature,watervapour, andozoneprofilesat sufficient quality throughoutthevertical rangeconsideredby
RTMIPAS. Our choiceof the independentset is not considereda major drawbacksincethe primary aim of
RTMIPAS is dataassimilationwithin theECMWF model.

Figures34to 38show noise-normalisedstandarddeviationsandmeansof RTMIPAS-RFMradiancedifferences
for all pencilbeams.TheFigurescanbecomparedwith Figures8 to 12 for thedependentset.

The performanceof RTMIPAS for the independentsetof profiles is similar to that for the dependentsetof
profiles, with standarddeviations of the RTMIPAS-RFM radiancedifferencesbelow the noiselevel of the
MIPAS instrumentfor mostchannelsandpencilbeams.Thelargestincreasesin thestandarddeviation or the
meanof the RTMIPAS-RFM differencestend to occur for the lowest pencil beams(compareFigures39 to
48 with Figures13 to 22, respectively). In addition,thereis a slight increasein thestandarddeviation of the
RTMIPAS-RFM differencesat about50-100hPa in theA- andtheAB-band,andthebiasesfor thechannels
with the largestbiasesin theA- andtheAB-bandarealsosomewhat larger. However, overall, the increasein
theerrorswhenmoving to the independentprofile setis smallerthanwhat is typically encounteredin similar
fastmodelsfor thenadirgeometry(Matricardi2003).This is likely relatedto theparticulartestingdatasetused:
Matricardi(2003)usesanindependentsetof 117profilesthatoriginatesfrom a differentsourceasthetraining
datawith ozoneprofilesaddedfrom climatologyandthusnot necessarilythermodynamicallyconsistent.In
our case,fewer profilesareusedandthey arefrom thesamesourceasthe training set,andtheseprofilesare
thermodynamicallyconsistent.Nevertheless,the similar performancefor the independentandthe dependent
setsof profilessuggeststhat46profilesareadequatefor thetrainingof RTMIPAS.
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Figure34: Standarddeviationof theRTMIPAS-RFMradiancedifferences,scaledbytheMIPASnoise, for theindependent
profileset.Theplot showsthemeanstandard deviation to noiseratio over40channelintervals(i.e., 1 cm� 1 intervals)as
a functionof wavenumberandpencilbeampressure.
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Figure35: Standarddeviationof theRTMIPAS-RFMradiancedifferences,scaledbytheMIPASnoise, for theindependent
profile set.Theplot showsthemaximumstandard deviation to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)
asa functionof wavenumberandpencilbeampressure.
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Figure36: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for theindependentprofile set.
Theplot showsthe minimumof the bias to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure37: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for theindependentprofile set.
Theplot showsthe meanof the bias to noiseratio over 40 channelintervals (i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure38: MeanRTMIPAS-RFMradiancedifferences(bias),scaledby theMIPASnoise, for theindependentprofile set.
Theplot showsthe maximumof the bias to noiseratio of 40 channelintervals(i.e., 1 cm� 1 intervals)as a functionof
wavenumberandpencilbeampressure.
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Figure 39: Distribution of the numberof channels[%] in the MIPAS A-bandversus the standard deviation of the
RTMIPAS-RFMradiancedifferences,scaledby the MIPASnoise. Thestatistic is basedon the independentprofile set.
Resultsfor 8 selectedpencil beamsare shown,with their tangentpressures[hPa] indicatedin the legend. Thebinning
interval is 0.1.
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Figure 40: Distribution of thenumberof channels[%] in theMIPASA-bandversusthemeanRTMIPAS-RFMradiance
difference, scaledby theMIPASnoise. Thestatisticis basedon theindependentprofile set.Resultsfor 8 selectedpencil
beamsareshown,with their tangentpressures[hPa] indicatedin thelegend.Thebinninginterval is 0.02.
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Figure41: AsFig. 39, but for theMIPASAB-band.
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Figure42: AsFig. 40, but for theMIPASAB-band.
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Figure43: AsFig. 39, but for theMIPASB-band.
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Figure44: AsFig. 40, but for theMIPASB-band.
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Figure45: AsFig. 39, but for theMIPASC-band.
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Figure46: AsFig. 40, but for theMIPASC-band.
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Figure47: AsFig. 39, but for theMIPASD-bandbelow2000cm� 1.

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

−0.10 −0.05 0.00 0.05 0.10

0
20

40
60

80
10

0

Bias to noise ratio

C
ha

nn
el

s 
[%

]

522.55
308.00
121.10
29.72
11.83
4.88
1.45
0.33

Figure48: AsFig. 40, but for theMIPASD-bandbelow2000cm� 1.
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4 Conclusions

This memorandumdescribesin detail thedevelopmentandvalidationof a new fastradiative transfermodelto
computeinfraredlimb radiancesfor MIPAS (calledRTMIPAS). Themodelhasbeendevelopedwith aview to
assimilatelimb radiancesfrom MIPAS within theECMWFassimilationsystem.It usesa fastregression-based
parameterisationof convolvedlevel-to-satellitetransmittances,previously developedfor nadirviewing geome-
try (e.g.,Matricardiet al. 2004).Watervapourandozonearetreatedasvariablegases,whereasa climatology
is assumedfor all otherabsorbers.While in this reportwe have consideredhorizontallyhomogeneousatmo-
spheresonly, themethodcouldbeextendedto accountfor horizontalgradientsin theatmosphericfieldswith
nosignificantlossof speed.

RTMIPAS canreproduceLBL radiancesto anaccuracy below thenoise-level of theinstrumentfor mostspec-
tral pointsandtangentheights,while offeringsignificantlymorerapidcalculationscomparedto currentlyused
radiative transfermethodsfor thelimb geometry. RootmeansquaredifferencesbetweentheRTMIPAS andthe
RFM level-to-satellitetransmittancesarevery small, typically around10� 4 � 10� 5, andthe maximumRMS
differencerarelyexceeds0.005for somepencilbeamsandchannels.This goodperformanceis comparableto
thatof fastradiative transfermodelsdevelopedfor nadirviewing, basedonsimilar regression-basedmethodol-
ogy (e.g.,RTIASI, Matricardi2003).Thepredictorsusedin theregressionmodelsneededto beadaptedfrom
thenadirgeometryto limb viewing to achieve thisperformance,andthefinal predictorsetshows considerable
differencesto thatusedin themodelsfor nadirviewing, while thegeneralform of thepredictorsis similar. The
modelperformssimilarly well for thesetof trainingprofilestakenfrom ERA-40dataandaquasi-independent
setof profilesalsosampledfrom ERA-40data,suggestingthat themodelis suitablytrainedfor theexpected
atmosphericvariability.

The small errorsintroducedby the fast transmittanceparameterisationin RTMIPAS arenot going to give a
significantcontribution to the total forward modelerror, comparedto uncertaintiesin the spectroscopy. The
performanceof RTMIPAS is thusexpectedto beadequatefor dataassimilationpurposes.Tangentlinearand
adjointroutinesof RTMIPAS have beendevelopedfor usein variationaldataassimilation.

Themainadvantageof RTMIPAS is thatit offersvery rapidcalculationsof MIPAS radiances:if usedwith the
samevertical layeringandthesamecompilingoptimisations,RTMIPAS is aboutanorderof magnitudefaster
thanthefastversionof theRFM basedon irregularspectralgridsandlook-up-tables.In addition,theexecution
time neededfor RTMIPAS is proportionalto thenumberof channels,without relying on thecommonlyused
microwindow concept,openingnew possibilitiesfor selectingchannelsfor theassimilationfrom theabundance
of 43,205RTMIPAS channels.Themaindisadvantagesof RTMIPAS arethat it canhandleonly two variable
gases(althoughthemethodcouldbeextended)andthatchangesin thespecificationof theinstrumentline shape
requireanew derivationof theregressioncoefficients.Theeffectof thesmalllossin accuracy comparedto the
LBL modelcanbeminimisedif channelswith larger “f astmodelerrors”areavoidedat thechannelselection
stage,usingmethodsasdescribedin Dudhiaetal. (2002a).

RTMIPAS shows thata regression-basedapproachto transmittancemodellingcanbesuccessfullyadaptedto
thelimb geometry, anda numberof refinementsto themethodor extensionsto otherinstrumentsarepossible.
As alreadymentioned,themodelcould be extendedto treatothergasesasvariable,in additionto just water
vapourandozone,following work of Matricardi (2003) for the nadir geometry. Also, the choiceof atmo-
sphericlayeringcould be revisited. For instance,someregression-basedmodelsfor nadir viewing uselevels
definedby constantlevel-to-satelliteabsorberamountsratherthanlevelsof constantpressures(e.g.,McMillin
etal. 1995),andthisdiscretisationmayallow largerflexibility for thechoiceof tangentheightsusedfor pencil
beamcalculations.Theexperiencewith regression-basedmodelsfor thenadirgeometrysuggestsalsothatthe
methodmaybeappliedto otherlimb-soundinginstrumentsfor theinfraredregion(suchastheHigh Resolution
DynamicsLimb Sounder, HIRDLS), but alsofor themicrowave region (suchastheMicrowaveLimb Sounder,
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MLS), with little or no changesto thesetof predictorsused.Themaintaskto developsucha modelfor other
instrumentsis thecomputationof a suitabletransmittancedatabaseandthegenerationof instrument-specific
regressioncoefficients. Choicesmadefor theFOV convolution mayalsoneedto berevisitedaccordingto the
instrumentspecifications.TheRTMIPAS softwareitself is sufficiently genericto beeasilyadaptedonceregres-
sion coefficientsandotherspecificationsareprovided. Furtherin the future, the conceptsusedin RTMIPAS
may offer a goodstartingpoint for the developmentof an observation operatorfor combinedradio occulta-
tion andactive microwave limb soundingtechniques,suchasthe plannedAtmosphereandClimateExplorer
(ACE)+(KirchengastandHøeg 2004).
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