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Retrieval of CH,, CO, and CO, total column amounts
from SCIAMACHY near-infrared nadir spectra:

Retrieval algorithm and first results

Michael BuchwitzandJohnP. Burrows

Instituteof EnvironmentalPhysicsiup) / Instituteof RemoteSensingife),
Universityof Bremen Bremen,Germary

ABSTRACT

SCIAMACHY is aUV/visible/nearinfraredgratingspectrometeon boardthe EuropearenvironmentakatelliteENVISAT
that obsenesthe atmospherén nadir, limb, andsolarandlunar occultationviewing geometriesvith moderatespectral
resolution(0.2-1.5nm). At the University of Bremena modified DOAS algorithm (WFM-DOAS) is being developed
primarily for the retrieval of CHy, CO, COy, H,0, N2 O, and O, total columnsfrom SCIAMACHY nearinfrared and
visible nadir spectra. A first versionof this algorithm hasbeenimplementedbasedon a fastlook-up table approach.
The algorithmandthe look-up tableis describedalongwith aninitial erroranalysis.Weightingfunctionsand averaging
kernelsindicatethatthe SCIAMACHY nearinfrared nadir measurementare highly sensitve to tracegasconcentration
changesvenin the lowestkilometer of the atmosphere.The resultspresentedhave beenobtainedby applying WFM-
DOAS to small spectralfitting windows focusingon CHy, CG,, CO, and O, column retrieval and CH, and CO, to
O, columnratios (denotedXCH, and XCOs, respectiely). Thesetype of dataproductsare plannedto be usedwithin
the EU researctproject EVERGREENTto constrainsurfacesourcesandsinks of CH, and CGO, usinginversemodeling
techniques.This studydiscusseshe first setof WFM-DOAS productsgeneratedor andto be furtherimproved within
EVERGREEN Althoughno detailedvalidationhasbeenperformedyetwe foundthattheretrievedcolumnshave theright
orderof magnitudeandshaow (at leastqualitatively) the expectedcorrelationof the well mixed gase<CO, andCH, with
O, andsurfacetopography The standardieviation of thedry air columnaveragednmixing ratio XCO, within 10° latitude
bandss £10ppmvor £2.7%(XCH,4: £50 ppbv or £2.8%)for measurementsverland (over ocearthescattetis afactor
of 2-4larger). Thesevalueshave beendeterminedrom ~25%of the groundpixelsof oneorbit which fulfill thefollowing
requirements{nearly)cloudfree, solarzenithangle< 75°, XCO error < 4% (XCH, error < 6%). It hasnot yet been
assessetion much of this variability canbe attributedto real columnchanges.The obsened variability is aboutthree
timeslargerthanexpectedfrom (singlespectrajsignal-to-noiseconsiderationdut might be affectedby limitations of the
currentimplementatiorof the retrieval algorithm (e.g.,sensitvity to surfacereflectiity) andcalibrationissueg(e.g.,not
yetconsideredADC non-linearitycorrection).Especiallythe CO retrieval needgurther studyandimprovement.The CO
fit errorsare20-40%overlandbut typically significantlylargerovertheocean A clearidentificationof theweakCO lines
is difficult asthe COfit residualsaredominatedy relatively stablesystematiartifacts(alsoobsenedin the CO, andCH,
fitting windows) on the orderof theweakCO absorptiorines. This might be explainedby thestill preliminarycalibration
of the SCIAMACHY spectraand/orerrorsof the spectroscopidata.

Keywords: Remotesensingnearinfrared,tropospheretracegasesgreenhousgasesbiogeochemicatycles

1.INTRODUCTION

WFM-DOAS (Weighting Function Modified Differential Optical Absorption Spectroscoy) is a modified DOAS algo-
rithm! underdevelopmentat the University of Bremenmainly for theretrieval of tracegascolumnsfrom SCIAMACHY?
and GOME/ERS-2 nadir radianceand solar irradiancespectra. WFM-DOAS is independenbf the official ESA/DLR
ENVISAT operationalLevel 1 to 2 algorithmsand Level 2 dataproductd and scientific algorithmsdevelopedat other
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institutiong~% whicharenot discussedhere. Thetermverticalcolumnamountrefersto thevertically integratedconcentra-
tion profile of agiventracegas(in numberof moleculeerunit area).Analysisof simulatedSCIAMACHY nearinfrared
(NIR) nadirmeasurementgrior to the launchof ENVISAT indicatedthattheretrieval precision(definedascolumnerror
resultingfrom instrumentnoise)is about1% for the strongNIR absorber$H,, CO;, andH,O, andabout10% for the
weakNIR absorber€CO andN,O (assumingan integrationtime of 1 s andthe useof entire channelgatherthansmall
spectralmicro-windows for retrieval).!>” In orderto obtainretrieval accuracie®n this order, systematiaetrieval errors
(bias)resultingfrom, e.g.,calibrationerrorsor retrieval algorithmlimitations, needto be minimizedasmuchaspossible.
Accuracies/precisiongn the orderof 1% for single(O2 normalized)CH, andCO, columnsareneededf the dataareto
beusedfor scientificapplicationsuchasconstrainingCH, andCO, surfacesourcesaindsink$ 1% asplannedg.g.,within
the EU 5t* framawork researctproject EVERGREEN(ht t p: / / www. knmi . nl / EVERGREEN ). On the otherhand
theretrieval algorithmalsohasto be very fastin orderto processhugeamountsof data. In practisethis meansthat an
acceptableompromiséetweeraccurag andspeechasto befound. In this studyinitial resultsconcerningheapplication
of afirst versionof this algorithmto SCIAMACHY Level 1c (i.e., calibrated)hadirandsolarspectraarepresented.

2. DESCRIPTION OF THE WFM-DO AS RETRIEVAL ALGORITHM

WFM-DOAS is basedon fitting the logarithmof a linearizedradiatie transfermodel I*°¢ plus a low-orderpolynomial
P; to thelogarithmof theratio of a measuredhadirradianceandsolarirradiancespectrumj.e., obsened sun-normalized
radiancel?%. Index i refersto the centerwavelength); of (linear diodearray)detectorpixel numberi. Providedthere
exists anappropriatespectrafitting window, I2%* depend®n thetrue but unknavn vertical columnsof the tracegasesf

interest(component®f vectorV?). The WFM-DOAS equationcanbewritten asfollows:
2
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A derivative, or weighting function, with respectto a vertical columnrefersto the changeof the radiancedueto a
change(scaling) of a pre-selectedracegasvertical profile. To simplify the notation,the dependencef the radiance
on otherimportantparameterge.g., temperatureprofile or albedo)hasbeenomittedin Eq. (1). In the following the
termin squarebracletsis calledthe WFM-DOAS model. The WFM-DOAS referencespectraare the logarithm of the
sun-normalizedadianceand its derivatives. They are computedwith a radiative transfermodel® for assumede.g.,
climatological)“mean” columnsV. Multiple scatteringis fully taken into account. The fit parametergunderlinedin
Eq. (1)) arethe desiredtracegasvertical cqumnst andthe polynomialcoeficientsa,,. Additional fit parametersilso
usedin this study are temperatureprofile shift and surfacealbedochange. The fit parametewvaluesare determinedoy
minimizing (in least-squaresensel}he differencebetweembsenationandWFM-DOAS model,i.e., fit residuumRES;.
Theleast-squareproblem(Eqg. (1)) canalsobe expressedn the following vector/matrixnotation: Minimize ||y — A x||2
with respectto x. The solutionis & = Cx ATy whereCx = (ATA)"! is the covariancematrix of solution .
The errorsof the retrieved columnsreportedin this study (e.qg., error barsFig. 18) have beencalculatedas follows'2:
oy, = V/(Cx)jj x >, RES?/(m — n), where(Cx);; is the j-th diagonalelementof the covariancematrix, m is the
numberof spectralpointsin thefitting window (typically 100)andn is the numberof linearfit parametergtypically 6).

In orderto avoid time consumingn-lineradiativetransfersimulationsalook-uptableapproacthasbeenmplemented.
The WFM-DOAS referencespectraradianceandderivatives) have beencomputedfor cloud free conditionsassuminga
US StandardAtmosphergCH, andCO, werescaledo currentconcentrations tropospherianaritimeandstratospheric
backgroundaerosolscenarioand a surfacealbedoof 0.1. The talulatedreferencespectradependon solarzenithangle
(SZA: 0°-9( in stepsof 5°), surfaceelevation (0, 1, 2, 3 km) andwatervaporcolumn(scalingfactors:0.5,1.0,1.5,2.0,
4.0), in total 400 combinations.WFM-DOAS hasbeenimplementedasan iteratve schememainly to accountfor non-
linearitiesintroducedby the high variability of atmospheriavatervapor (initial guess:scalingfactor1.0,i.e., unchanged
US StandardAtmospherevatervaporprofile).

3. SPECTRAL FITTING WINDOWS

The resultsshavn in this studymainly referto five rathernarron spectraffitting windows listed in Table1. This means
that for this study only a small sub-setof the spectralinformation of the SCIAMACHY measurementlasbeenused



for retrieval. The spectraffitting windows have beenselectedasa startingpoint for retrieval algorithminvestigationand
optimization. Currently the calibrationof the SCIAMACHY spectras still preliminary(e.qg.,with respecto polarization
correction,pixel-to-pixel gain correction,analog-to-digitacorverter(ADC) non-linearitycorrection). It is expectedthat
thefitting windows canbesignificantlyenlaged- therebyimproving theprecision- oncethecalibrationhasbeenimproved
in operationalevel 0 to 1 processindthis requiresa processoupgrade(expectedfor endof 2003)andreprocessingf
the archived Level O data). Table 1 alsolists the default fit parametersisedin this study exceptthe coeficientsof the
low order polynomialwhich is alwaysincluded. Among the criteria for selectingthe fitting windows wasto minimize
interferencewith watervaporabsorption. Therefore,H.O columnsare currently only retrieved asa by-productof low
quality (it is plannedto generatean accurateH, O column SCIAMACHY WFM-DOAS dataproductin the nearfuture).
Whentestinganearlyimplementatiorof WFM-DOAS prior to thelaunchof ENVISAT H, O columnsof goodquality have
beenretrievedfrom GOME/ERS-2 spectraat 700nm.!3

The spatial(horizontal)resolutionof the SCIAMACHY nadirmeasurementdepend®n orbital positionandspectral
interval2 Low solarzenithangles(e.g.,tropicalandsub-tropicakegions)correspondo best(smallest)spatialresolution.
The groundpixel (footprint) sizefor fitting windows WIN_CH_4 andWIN _CH_6 is (nearly)identicalat eachorbital posi-
tion: 60x30km? for anintegrationtimesof 0.25s and120x 30 km? for 0.5 s (theseintegrationtimescover mostof the
orbit). For the channel7 and8 fitting windows the footprint sizeis typically a factorof two larger (120x30 km? (0.55s)
and240x30km? (1.0s)).

For the spectralfitting windows usedin this study SCIAMACHY instrumentsignal-to-noisgS/N) calculationsfor
simulatednadir radiancesorrespondindo a solarzenithangleof 50° anda surfacealbedoof 0.1 in combinationwith
WFM-DOAS retrievalshave beenperformed.Theresultsarealsoshovn in Tah 1. Thechannel7 and8 S/N andprecision
valuesarevalid for nominaltransmissionj.e., without consideratiorof ary (temporal)transmissiordegradationdueto
(reversible)ice build uponthe SCIAMACHY detectorsNotethatS/N andtheretrieval precisionsareroughlyproportional
tothemeasuredignal(afterdarksignalcorrection)whichisin turn (approximatelyproportionato transmissiorfandother
importantparametersuchassurfacealbedo).

Table 1. Overview of the spectralfitting windows andmain retrieval parametersisedin this study (first four columns). The lasttwo
columnsindicatethe performancef thesechannelsn termsof signal-to-noiseatiosandretrieval precisions S/Nis theaveragesignal-
to-noise-ratio(valid for a solarzenithangleof 50° andan albedoof 0.1) given for two integrationtimes (value beforecolon, unit is
seconds)Precisionis the 1-sigmatracegascolumnretrieval precisionof the mainfit parametefor the given S/N performance.

ID / Channel Spectral Main fit Additional fit SIN[-] Precisionof main
interval[nm] parameter  paramete(default) fit parametef%]
WIN_CH4/4  755-775 O, column  Temp.,albedo N.A. (> 1000) N.A. (< 1%)
WIN_.CH6/6  1558-1594 CO, column H,0O,temp. 0.25:670,0.5:1100 0.25:1.0,0.5:0.6
WIN_CH.7/7  2030-2040 CO, column H,0,temp. 0.50:260,1.0:390 0.50:1.4,1.0:0.9

WIN_CH8a/8 2265-2280 CH4column N,O,H,O,temp. 0.50:140,1.0:200 0.50:1.1,1.0:0.7
WIN_CH8b/8 2359-2370 COcolumn CH4, H2O,temp.  0.50:50,1.0:70 0.50:19,1.0:13

4. WEIGHTING FUNCTIONS AND AVERAGING KERNELS

The advantageof the nearinfraredspectralregion, in contrastto the, e.g.,UV or thethermalinfraredregions,is thatthe
radiationdetectedy anadirviewing satelliteinstrumenis highly sensitve with respecto thetracegasconcentrationsven
in the lowestkilometerof the atmosphereThis is demonstratedh this sectionfor SCIAMACHY obsenations. For this
purposesimulatedhadirspectréhave beengeneratedor anunperturbeqUS Standardptmospheraswell asfor perturbed
atmospheresvherea certain(constant)numberof (CH,, CO;, and CO) moleculeshave beenaddedat variousaltitude
levels. Typicalresultsaredisplayedn Figurel shaving theradiancesensitvity dueto CH, concentratiorthangesAs can
beseentheradiancds sensitve evento concentratiorthangestthe bottomof theatmospherg€0 km). Thesensitvity per
CH, moleculeincreasesvith decreasingltitude. This seemso betypical for strongabsorptiorlinesandalsois obsered
for CO, (saturationof unresoledlinesin the strongabsorbelimit,'* seealsonext paragraph).CO shavs an opposite
behaior (the CO linesareweak),namelyaslight decreasef sensitvity with decreasingerturbatioraltitude.

In orderto determinehow the retrieved columndependon the profile of the tracegasto be retrieved, Figures2-4
shav so-calledverticalcolumnaveragingkernels(AK) for CHy, CO,, andCO, respectiely. They aredefinedasfollows:



AK(z) = (V™ — Vi) /(ViP — Viv), where V' is the true column of the tracegasconsideredor the unperturbed
vertical profile, andV*? andV"? arethe true andretrieved columnsof the perturbedprofile (enhancedoncentratiorat
altitude z km), respectrely. The averagingkernelshave beencomputedby applyingWFM-DOAS to syntheticradiance
spectra. In line with the discussionof Figure 1, the retrieval sensitvity for CHy; and CO, increaseswith decreasing
perturbatioraltitude. Dufour andBréon'® have presented similar resultto thatshovn in Figure3 for CO, but for higher
spectraresolution.Thisincreaseof sensitvity is advantageouor CH; andCO, source/sinldeterminatiorasmostof the
informationon local sourcesandsinksis locatedcloseto the Earth's surface.
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Fig. 1. Left: Top: Sun-normalized radiance (SZA 50°,
albedo 0.1). Middle: Relative difference of radiance spec-
tra (weighting functions) calculated for perturbed profiles
(perturbation at z km corresponding to a +2% CHy4 col-
umn change) and the unperturbed CH4 profiles. Bottom:
Ratios of weighting functions with the weighting function
for a perturbation at 10 km. Right: As bottom left but dif-
ferent representation (each line corresponds to one wave-
length).
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Fig. 2. CHg4 vertical column averaging kernels obtained
by applying the WFM-DOAS retrieval algorithm to spectra
as shown in Figure 1 (fitting windows: WIN_CH_8a and
WIN_CH_8b).
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5. WFM-DO AS ERROR ANALYSIS

The fastlook-up table approachintroduceserrors. In addition, thereare errorsresultingfrom parametershatinfluence
theradiative transferbut arenot retrieved by WFM-DOAS, suchasaerosolsandclouds. In the following, aninitial error
analysisof the currentlyimplementedrersionof WFM-DOAS is presentedFor this purpose simulatednadirspectrahave
beengeneratedvith a radiative transfermodelfor variousconditions,suchasdifferentmodel atmospheresand surface
albedosIf not statedotherwisetheresultsshavn in this sectionarevalid for a solarzenithangleof 50° andalbedo0.1.

5.1. Sensitvity to vertical profiles

The currentlyimplementedook-uptablehasbeengeneratedssumingrertical profilesof pressuretemperatur@andtrace
gasvolume mixing ratios correspondingo the US StandardAtmospherg(CH, and CO, concentrationscaledto 1750
ppbv and370ppmy, respectiely). In orderto estimatethevertical columnretrieval errorsresultingfrom applyingWFM-
DOAS to differentatmospheressimulatedspectrafor several modelatmospherebave beengenerated.The resultsare
shavn in Table2. Theretrieval errorsmainly reflectthe differencein temperature@ndwatervaporprofilesof the various
atmospheresomparedo the US StandardUSS)referenceatmospher¢Temperatureat sealevel: USS288.1K, SAW
257.2K, TRO 299.7K; H,O columnsin g/cn?: USS1.43,SAS0.21,TRO 4.18).As canbe seenjf atemperaturgrofile
shiftis includedin thefit, theerrorsareontheorderof 1-2%,exceptfor CO,wheretheerrorcanbeaslargeasnearly10%.

Table 2. Vertical columnretrieval errorsresultingfrom applyingWFM-DOAS to spectrageneratedisingvariousmodelatmospheres.
Thevaluesgivenin bracletsreferto retrievalswithout allowing for atemperaturerofile shift in theretrieval.

Atmosphere WIN_CH8a WIN_CH8b WIN.CH6 WIN.CH7 WIN_CHA4

CH, [%] CO[%] CO;, [%] CO; [%] 0O, [%]
Sub-arcticsummmel(SAS) 1.3(0.8) 0.1(1.8) 0.0(-0.8) 0.6(3.9) 0.0(-1.7)
Sub-arctiovinter (SAW) 1.1(5.1) 1.8(-12.8) 0.1(4.3) -1.7(22.3) 0.4(10.8)
Mid-latitude summerMLS) 0.9(-1.0) -4.6(215) -0.1(-2.5) -0.2(15.3) 0.1(-5.4)
Mid-latitude winter (MLW) 1.2(3.0) 0.7(-10.8) 0.4(2.3) 0.0(11.0) 0.8(5.4)
Tropical (TRO) -0.4(-2.6) -8.6(35.8) -0.4(-3.0) -2.3(20.5) 0.0(-6.6)

5.2. Sensitvity to aerosolsand subvisual cirrus clouds

Aerosolsandcloudsmainly scatterbut alsoabsorbsolarradiation. The bulk of the gasegelevantfor this studyis situated
in the lowestkilometersof the atmospherei.e., in aregion wherecloudsandaerosolsare presentin extremelyvariable
type and concentration. The look-up table usedin this study hasbeengeneratedising a single aerosolscenarioonly.

It is basedon the aerosolparameterizatiomlsoimplementedn the radiative transfermodel MODTRAN basedon work

doneby ShettleandFenn!® This (default) scenariocanbe characterizedsfollows: Maritime aerosolin the boundary
layer (BL), troposphericvisibility andrelative humidity 23 km and80%, respectiely, andbackgroundstratospheriand
normalmesosphericonditions. Aerosol scatteringand absorptionvertical optical deptharelisted in Table3. To a first

approximationaerosolsncreaseor decreasehe overall (i.e., spectrallybroadband)evel of solarradiationscatteredack
to space.This effect is taken into accountby the polynomialincludedin Eq. (1). However, aerosolsalsodeterminethe

relative depthof absorptiorlinesby influencingthe (average)photonpath.

Theretrieval errordueto aerosohasbeenestimatedy definingseveral(includingtwo ratherextreme)aerosokcenar
ios (seeTables3 and4). The*OPAC averagecontinental’aerosokcenarid” andradiatve transfersimulationsdiffer from
the default scenariousedfor the referencespectrain variousaspectgMie phasefunction insteadof Heryey-Greenstein
approximation scatteringand extinction profiles). “OPAC averagecontinental’aerosolconsistsof a mixture of “water
solubleaerosol’(small particlesmainly originatingfrom gas-to-particleeornversion),soot,and“insoluble aerosol”(dust).
The “Enhancedaerosolin boundarylayer (BL)” scenariocontainsurbanaerosolin the BL with a visibility aslow as2
km and a high relative humidity of 99%. For the “No aerosolin atmosphere’scenaricthe aerosolshave beenentirely
“switchedoff” in the radiative transfersimulation. Table4 shavs that WFM-DOAS asappliedto NIR spectraappearso
beratherinsensitve to aerosol{< 1%). In thevisible (O, A-band)the sensitvity is, however, significantlylarger.

No attemptshave beenmadesofar to extend WFM-DOAS by a cloud correctionschemen orderto dealwith clouds
(e.g.,partial cloud cover or thin clouds). The currentapproachis basedon identification(andelimination) of cloud con-
taminatedgroundpixels. SCIAMACHY offers variouspossibilitiesfor cloud detection,even on sub-pixel scale. In this



studya very simplethresholdalgorithmis usedbasedon SCIAMACHY’s UV PMD (PolarizationMeasuremenbevice)
measurements. Evenwith a more sophisticatedilgorithmit might not be possibleto identify all cloud contaminated
pixels. A certainlevel of cloud contaminatiormight evenbetoleratedin orderto increase¢he numberof usefulmeasure-
ments.In this context it is interestingto estimatethe vertical columnretrieval errorresultingfrom (undetectedyubvisual
cirrusclouds.Thesecloudsarepredominantlyatropical/subtropicabhenomenonCirruscloudshave beenmodeledn this
studyasa scatterindayerof 1 km verticalextentcenteredat 12 km. The assumedcatteringvertical optical depthswere
0.01,0.02,and0.03independentf wavelength.Thisis areasonablassumptiorbecaus¢he particlesaremuchlargerthan
thewavelengthconsideredere. A scatteringoptical depthof 0.03roughly corresponds$o the maximumoptical depthof
subvisualcirruscloudsat 500 nm. Table4 shavs thatsucha scatterindayernearthetropopauseés expectedto leadto an
underestimationf theretrievedverticalcolumns(shieldingof thetropospherdying underneathpy morethan1%in most
casesThevalueslistedin Table4 for the underestimationf theretrieved CO, columnin the presenc®f cirruscloudsare
similar asthe valuesreportedin Dufour andBréon!® For anoptical depthof 0.03they estimatedhis errorto be-1.0%
(here:-1.4%)at 1.6 micronsand-2.0%(here:-3.7%)at 2.0 microns.ldenticalvaluesarenot to be expectechecausef the
differentspectraresolutionandspectraintervalsusedin both studies.Concerningaerosolghey alsofoundsimilar errors
(< 1.5ppmv(or 0.4%))asgivenin Table4 for CO,.

Table 3. Aerosol scattering(ASOD) and absorptionvertical optical depth (AAOD) for the aerosolscenarioglefinedfor this error
analysigseealsoTable4). Rayleighscatteringvertical optical depth(RSOD)hasbeenincludedfor comparison.

Aerosolscenario 500nm 750nm 1500nm 2000nm 2300nm
Look-uptabledefault: ASOD: 0.305 0.2475 0.17748 0.14933 0.13506
AAQD: 0.004 0.0029 0.00307 0.00342 0.00258
RSOD: 0.144 0.0276 0.00170 0.00054 0.00031
OFAC averagecontinental: ASOD: 0.292 0.1680 0.06200 0.04071 0.03225
AAQD: 0.032 0.0239 0.01542 0.00981 0.00898
Enhancedherosoin BL: ASOD: 2.859 2.1393 0.97306 0.65477 0.53859
AAQOD: 0.195 0.1338 0.08092 0.07498 0.06101

Table 4. Vertical columnretrieval errorsresultingfrom aerosolariability andundetectedubvisual cirruscloudsat 12 km (OD means
scatteringoptical depth). The valuesin bracletsarevalid for retrievals wherethe albedoweightingfunction hasbeenincludedin the
fit (exceptfor O, wherethealbedoweightingfunction hasbeenexcluded).

Aerosol/cloudscenario WIN_CH.8a WIN_CH8b WIN_CH.6 WIN_CH.7 WIN_CH4

CHy [%] CO[%] CO; [%] CO, [%] 0O, [%]
Aerosol:
ORAC averagecontinental -0.3(-0.5) -0.5(-0.8) -0.5(-0.1) -0.2(-0.8) -0.5(-2.2)
Enhancederosoin BL -0.2(0.3) 0.8(1.6) -09(0.4) -0.8(1.4) 6.1(4.1)

No aerosoin atmosphere -0.3(-0.8) -0.6(-1.2) -0.8(-1.0) -0.1(-1.4) -2.5(2.4)
Clouds:

Sulvisualcirrus(OD 0.01) -1.1(1.7) -1.4(0.4) -0.4(17) -1.2(0.4) 1.1(-2.7)
Subvisualcirrus(OD 0.02) -2.4(3.2) -2.8(0.7) -0.8(3.1) -2.4(0.6) 2.0(-5.4)
Subvisualcirrus (OD 0.03) -3.7(4.5) -4.0(0.9) -14(4.2) -3.7(0.8) 2.8(-8.1)

5.3. Sensitvity to surfacealbedo

The WFM-DOAS look-uptableusedin this studyhasbeengeneratecssuming constan{Lambertian)albedoof 0.1. To
afirst approximatioralbedoaffectsthe overall (i.e., spectrallybroadband)evel of solarradiationscatteredackto space.
This effectis takeninto accountby the polynomialincludedin Eq. (1). However, asaerosolsthe albedoalsoinfluences
the relative depthof absorptionlines. As shavn in Table5 the retrieval errorsmight exceed1%, especiallyif no albedo
weightingfunctionis includedin thefit. Thealbedosensitvity in the spectraregion of the oxygenA-bandis significantly
higherthanin the nearinfrared spectralregion (as scatteringis more importantat shorterwavelength),especiallyif no
albedoweightingfunctionis included. Thereforealbedois includedin thefit (seeTable 1) despitethe high correlation
with the O, absorptioncorrelationcoeficient ~0.95). Notethatin principlethealbedosensitvity canbereducedsimply
by extendingthe look-uptableandby estimatingthe albedofrom the SCIAMACHY spectran spectrakregionsrelatively



free of gasabsorption(future work, assumesgloudfree pixels). Table5 shavs thatthe retrieval errorsarelessthana few
percentexceptfor very low albedoscenesgvenif the albedoweightingfunctionis not includedin the fit. Dufour and
Bréont® compileda list of surfacereflectancesor the spectralregions 1.6 and 2.0 microns. Accordingto their Table 2
the surfacereflectanceof vegetationis 0.18 (desert:0.4, snow/ice: 0.15)at 1.6 micronsand0.1 at 2.0 microns(desert:
0.35,snaw/ice: 0.02). Concerninghespeculacomponenbf the ocearreflectancésunglint condition)they reportvalues
largerthanapproximately0.2 for a solarzenithangleof 40° andwind speed$elon 10 m/s but point out thatthe diffuse
componenbf thereflectedight in theinfraredis very small (“lessthan0.001").

Table 5. Vertical columnretrieval errorsasa function of surfacealbedo.For analbedoof 0.1the errorsarezerobecausehereference
spectraare calculatedfor albedo0.1. The valuesin braclets are valid for retrievals wherethe albedoweighting function hasbeen
includedin thefit (exceptfor O, wherethealbedoweightingfunction hasbeenexcluded).

Albedo WIN_CHB8a WIN_CH8b WIN.CH.6 WIN.CH.7 WIN_CHA4

CH, [%] CO[%] CO; [%] CO; [%] O, [%]
0.30 0.8(0.1) 06(0.2) 1.4(05) 0.9(0.3) -3.0(22.8)
0.20 0.5(0.0) 0.4(0.1) 0.9(0.3) 0.6(0.1) -1.5(15.5)
0.10 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.0(0.0)  0.0(0.0)
0.05 -0.7(0.0)  -0.4(0.1) -1.3(0.3) -1.0(0.1) -2.1(-17.9)
0.03 -1.5(0.1)  -0.8(0.2) -2.6(-04) -2.0(0.2) -6.3(-30.7)
0.003 -74(0.8)  -8.2(0.4) -10.3(1.3) -9.0(1.2) -25.8(-62.2)

5.4. Other error sources

In this sectionthreeadditionalerrorsarequantifiedwhich arerelatedto the (rathersparseprid selectedor thereference
spectrdook-uptable: solarzenithangleinterpolation,scananglecorrection,surfaceelevation (pressure) Note thatthese
errorscanbereducedelatively easily e.g.,by extendingthelook-uptable.

The WFM-DOAS look-uptableusedin this studyhasbeengeneratedor a rangeof solarzenithanglesfrom 0 to 90°
in stepsof 5°. Thesespectraareinterpolatedo the solarzenithangleof the measurementrheresultingretrieval erroris
rathersmall(e.g.,lessthan0.03%for a solarzenithangleof 52.4°). Thelook-uptablehasbeengeneratedor exactnadir
obsenationonly, neglectingthe +30° scanaroundthe nadirdirection. The columnsasdeterminecy thefit arecorrected
usinga simplegeometricabpproximatiod to accountfor theenhancemerdf the depthof absorptiorlinesdueto theslant
pathviewing geometry The currentlyimplementedtorrectionschememay resultin errors(overcorrectionpf upto 2-3%
for the mosteastvard or westward groundpixels. The look-up tablehasbeengeneratedor a limited numberof surface
elevations(or surfacepressures)overingtherange0-3 km in stepsof 1 km. A simplenext neighborapproachs currently
implementedn orderto selectthereferencespectréor agivengroundpixel. This mightresultin retrieval errorswhich are
1% or larger, dependingon spectralinterval, groundpixel averagesurfaceelevation, etc. Thereare mary otherpotential
sourcef retrieval errorswhich arenot coveredin this study(e.g.,calibrationerrors).A potentiallyimportanterrorsource
whichis difficult to quantifyarethe spectroscopidata(HITRAN® 2000hasbeenusedfor this studyincludingall updates
availableuntil March2003andtakinginto accounthepressureshift of line transitionsnot consideredn earlierversionsof
thelook-uptable). Retrieval errorson the orderof a few percentcanbe expecteddueto, e.g.,line intensityuncertainties.
In this context especiallythe low quality of the waterlinesfor wavelengthbetweernl700and2400nm arenotewnorthy (as
indicatedby the quality flagsgivenin HITRAN 2000), especially becausevater absorptioninterfereswith mary CO,,
CH, andbasicallyall COlinesin thespectrakegion obsenedby SCIAMACHY.

6. SPECTRAL FITS

Figuresb-8 shav typical WFM-DOAS fit resultscorrespondingo a sceneover land (mid-westAfrica, orbit 4700from 23-
Jan-2003surfacetype vegetation/soil).The spectralabsorptiorfeaturesof all majorabsorber¢CHy, CO,, O3, andH,0)
areclearlyvisible. Eachsquaresymbolin Figs.5-8 correspond$o onelineardiodearraydetectoipixel (gapscorrespondo
pixelswhich have notbeenusedfor retrieval (socalled“dead” or “bad” pixels)). Notethatsofar CO, retrievalshave been
limited to the WIN _CH_6 fitting window. Theretrieved columnsincludingerrorsandroot-mean-squar@RMS) difference
betweermmeasuremerandmodelafterthefit arelistedin thefigure captions.For low reflectvity scenese.g.,overocean
outsidesun-glintareasthe quality of thefit is typically worser(seebottompanelsof Figs.20-22).1deally, thefit residuum
shouldreflectthe measurememntoise. This limit, however, hasnot yet beenreached.Currently the fit residualsare on



the orderof theweakNIR absorber€0O andN,O, which modulatethe radianceby only approximatelyl-3%. Thisis not
dueto measurememoise. Thefit residualsare clearly dominatedby systematicspectrafeaturesasshown in Figure9
for COfits). Furtherinvestigationis neededo determinethereasorfor this (calibration,spectroscop etc.). Notethatthe
residualsalsodependsomavhat) on the spectrometeslit function assumedor the corvolution of the referencespectra.
In this studya Gaussiarslit functionhasbeenusedfor channel (Full Width at Half Maximum (FWHM): 0.415nm) and
channeb (1.4 nm) retrievals. For channelB a functionof type (a * (A — X;)® + 1)~! hasbeenused(with a equalto 0.24
andb equalto 2.7) resultingin slightly betterfits thana Gaussiarfunction (studiesndicatethatthe channel in-orbit line
shapdunctiondeviatesfrom theonedeterminedn ground(HansSchrijver (SRON), personatommunication))In oneof
thefirst WFM-DOAS studie$? a“correctionspectrum’hasbeendeterminedandincludedin thefit to dealwith systematic
spectralartifacts.In comparisorto thatstudythe spectrausedfor this paperhave animproved calibrationwith respecto
dark signalcorrectionandwavelengthcalibration(notethat slight adjustment®f the wavelengthcalibrationaredoneas
partof the WFM-DOAS retrieval usinga spectrakhift andsqueezealgorithm). TheSCIAMACHY nadirandsolarspectra
usedin this studyhave beengenerateaff-line by ESA to enablea betterdark signalcorrectionthanpossiblewith current
operationaprocessinglt is expectedthat SCIAMACHY spectraavailablein the nearfuture (afterprocessoupgradeand
reprocessingyill have abetterquality asthe spectraanalyzedn this study For this studyno correctionspectrurhasbeen
includedin thefit. However, wheninvestigatingthe retrieval resultsfor this study it wasfoundthatthe columnsof some
gasesare systematicallyunder or overestimated.This needsfurther investigationbut uncertaintiesn the spectroscopic
datamight explain this at leastpartially. In orderto make a preliminaryfirst ordercorrectionfor this, scalingfactorshave
beenappliedto the retrieved columnsreportedin this study(asalsodonein similar studie$? 2%): all CO, columnshave
beenmultiplied by 1.05,all O, columnsby 0.9, andall N,O columnsby 0.67. No scalingfactorshave beenappliedto
CHy, CO,andH,0.
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Fig. 5. Example for fit window WIN_CH 4. Retrieved
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CO fits orbit 4700 / Latitude 12.5°-14.2°N (1 scan = 8 spectra)
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Fig. 9. CO spectral fit results from eight consecutive ground pixels corresponding to one east to west scan
over mid-west Africa. Top: The thick grey line is the average “CO fit residuum” obtained from the eight indi-
vidual CO fit residuals (symbols). The CO fit residuum is the sum of the fit residuum (model - measurement
after fit, see also middle panel) plus fitted CO absorption (thin black lines (individual fits) and average of
fitted CO lines shown as dotted thick line). The grey vertical lines denote one standard deviation of the CO fit
residuals indicating approximately the measurement noise (1-2%). Bottom: Retrieved CO columns including
fit error. The fit residuum (RMS approximately 3%) is dominated by still to be explained systematic spectral
features on the order of the weak CO absorption lines.



7. WFM-DO AS PROCESSING OF ENTIRE ORBITS

In this sectionresultsfrom two orbitsarepresente@nddiscussedorbits4700and4701from 23-Jan-2003)startingwith
cloudissues.If cloudsareinsidethe field-of-view of SCIAMACHY they might shielda significantamountof the total
column. SCIAMACHY offersvariousmeandor clouddetection? For this studya simplesinglethresholdalgorithmhas
beenusedto generatea cloud maskfrom SCIAMACHY'’s PMD (PolarizationMeasuremenbevice) measurementis the
ultra-violet (PMD1). PMD1 detectsa linear polarizedcomponenbf the nadir radianceat low spectral(~320-380nm)
but relatively high (in comparisorto the main channels)spatialresolutionof 7x30 km2. PMD1 signals(after division
by the cosineof the SZA) for orbits 4700and4701areshavn in Fig. 10. Well known cloud structureqcorresponding
to high PMD1 signals)areclearly visible. For the interpretationof the retrieval resultsthe following informationis of
interest: For a surfacepressureof 1013 hPa the columns(in molecules/crf) of the well-mixed gasesCH,, CO,, and
O, areapproximately3.810'°, 8.010%!, and4.510%4, respectiely. The variability of the CO, columnis on the order
of 3%15 In the following a CH, column variability of 5% is assumedwhich also correspondgo the averageinter-
hemispheridifference.Figures11-13shov Os, CHy, andCO, columnsasretrieved from orbits 4700 (right) and4701
(left). No cloud maskor cloudcorrectionhasbeenapplied.As onewould expect,low columnsareclearly correlatedwith
thecloudstructurewisiblein Fig. 10. Becausef thelow variability of thegasesliscussedhereit is interestingo notethat
asignificantvariability of theretrievedcolumnsof all threegasesn combinatiorwith aclearcorrelationis presenglsofor
apparentlycloudfree groundpixels (seealsoFigures16 and17). Thisis probablymainly dueto two effects: (i) changes
in surfacepressurgor surfaceelevation)and(ii) albedoeffects. Thefirst effect correspondso real columnchangesthe
secondmight resultfrom an algorithmlimitation, namelythe useof a single surfacealbedo(0.1) for the constructionof
thelook-uptable.Concernindi): Thecorrelationwith surfaceelevationis mostpronouncedor thenadirmeasurementast
10-1#N latitudeof orbit 4700(thenadir“state”(i.e., rectangulablock of nadirmeasurementshatcoverspartsof Sengal
with apparentlymary cloudfreepixelsin combinationwith a significantvariationof surfacetopography/eleation) Here,
the averagesurfaceelevation of the groundpixelsincreasegrom nearly sealevel (O m) for westpixels to about400 m
for the directnadirandeastpixels. This shouldcorrespondo a columndecreasérom westto eastof approximatelyd%
andthis decreasés in factvisible in theretrieved columns(Fig. 18) demonstratinghat SCIAMACHY is sensitve to even
small CO, andCH,; columnchangesn the orderof onepercent.Concerning(ii): Figures11-13show arelatively large
variability of theretrievedcolumnsfor apparentlcloudfreemeasurementvertheoceang.g.,for thenadirstatecovering
the 25-30°S latituderangeof orbit 4700. Note thatthe very low columns(lower left cornerof statecoloredin blue) are
probablydueto clouds(Fig. 10 shonvs somebright spotsin this area).But evenexcludingthesecloud contaminategbixels,
thecolumnsvariability is still unrealisticallyhigh (up to 10-20%).This is probablyrelatedto changesn ocearreflectiity
asafunctionof scananglein combinatiorwith thealbedosensitvity of the presentlyimplementedVFM-DOAS scheme.
Notethatfor Januanthe sun-glintcondition(line of sightviewing directioncloseto directionof speculareflectionof the
directsunlight)is fulfilled for the eastpixelslocatedbetweerapproximately40° S latitudeandthe equator(eachorbit). In
thisregionhigher(morerealistic)columnsareretrievedascomparedo directnadirpixelsor westpixels. This dependeng
of theretrievedcolumnsonthe surfacereflectiity (or albedo)is in accordancevith the erroranalysispresentedn section
5.3.

Figuresl4 and15 shov CH, andCO, to O2 columnratios(multiplied by 0.2095,the O2 concentratiorof dry air) in
thefollowing alsoreferredto asdry air columnaveragedmixing ratiosXCH, andXCO,, respectiely. The XCO, errors
have beencalculatedassumingincorrelatedit errorsof the correspondingcO, andO, columns,i.e., asroot-sum-square
of the CO, and O errors(analogfor XCH,4). Over Africa andover the oceanwherethe sun-glintconditionis fulfilled,
XCH, and XCO, arecloseto their expectedvaluesof 1780 ppbv and 370 ppmy, respectrely, but outsidetheseareas
they shav some(probably)unrealisticvariability (seealsoFigs.20 and21). This canpartly be explainedby cloudsnot
coveredby the cloud mask(severalbright spotsin areasot coveredby the cloud maskarevisible whenzoominginto the
PMD1image).Thelow (O,-normalizedandnot normalized)columnsin mid andnorth Europe(Figures11-15and20-21)
might be relatedto relatively large solar zenithangles(> 70°) in January Fig. 19 shavs the temperatureasretrieved
from the CO, and O, fitting windows. Actually a temperatureorofile shift of the US StandardAtmosphergemperature
profile hasbeenretrieved. The temperatureshovn in Fig. 19 are the temperatureat the bottom of the US Standard
Atmosphereplus the retrieved temperatureshifts. Similar temperatureshifts areretrieved from channel8 retrievals but
with significantlyhigherscattering Thelatitudedependencef thetemperaturés roughlyasonewould expectfor January
(bell shapedcurve centeredaround20°S latitude with lower valuestowards higher latitudes). Fig. 19 shaws the CO
columnsretrieved from orbit 4700including the correspondindit error, which is quite large reflectingthe low quality of
the spectralfit, especiallyover the ocean. The columnsretrieved betweenl0°-35°N latitude are someavhat higherthan



the columnsretrieved from MOPITT/EOQS-Trr&! (V3, L2V5.7.2.betajpn the sameday, which arein therange2-3-10'®
molecules/cri (seeht t p: / / www. eos. ucar . edu/ nopi tt/ dat a/ pl ot s/ mapsv3. ht nl).
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Fig. 16. CO;z - Oz column correlation. Tiny dots: all
ground pixels from orbit 4700. Grey square symbols: sub-
set of ground pixels (PMD1 < threshold (“cloud free”),
XCO; error < 4%, SZA < 75°). The subset comprises
1759 out of 6927 pixels (25.4%). The two lines show the
expected range of values assuming a £3% variability of
the CO, column assumed to be 7.95-10%! molecules/cm?
(370 ppmv) for an O, column of 4.5-102* molecules/cm?.
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Fig. 17. CH4 - O3 column correlation. Tiny dots: all ground
pixels from orbit 4700. Grey square symbols: subset of
ground pixels (PMD1 < threshold (“cloud free”), XCH4 er-
ror < 6%, SZA < 75°). The subset comprises 515 out
of 2475 pixels (20.8%). The two lines show the expected
range of values assuming a +5% variability of the CH4
column assumed to be 3.82-10'° molecules/cm? (1780
ppbv) for an O, column of 4.5-10%* molecules/cm?.
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from fitting windows WIN_CH_4
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The solar zenith angle (SZA) at -60°
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cal lines indicate their standard de-
viation.
CONCLUSIONS

A firstversionof the WFM-DOAS retrieval algorithmhasbeenimplementedasedn afastlook-uptableapproactchosen
to avoid time consumingon-line radiative transfersimulations. The algorithmandthe look-up table hasbeendescribed
alongwith aninitial erroranalysishasedn simulatedneasurementd.hisanalysidocusenerrorsintroducedoy vertical
profilesof tracegasesandtemperaturevhich differ from thelook-uptableassumptionsaerosolssubvisualcirrusclouds,
andalbedo.This analysisrevealsthatthe error of the currentlyimplementedVFM-DOAS algorithmwith respecto CHy,
CO, andCO, columnretrieval is on the orderof afew percent.This is acceptabldor CO but needsurtherimprovement
for CO, andCH, to reachtheir significantlymorechallengingaccurag requirementsWeightingfunctionsandaveraging
kernelsshaw thatthe SCIAMACHY nadirmeasurementrehighly sensitve to CH,, CO,andCO, concentratiorthanges
evenin thelowestkilometerof theatmospherekirstresultshave beenpresenteabtainedoy applyingthis methodto small
spectrafitting windows focusingon CHy, CO,, CO,andO- columnretrieval andCH, andCGO, to O, columnratios.The
retrieved columnshave the right orderof magnitudeandshav the expectedcorrelationof the well mixed gasesCO, and
CH, with Os andsurfacetopography The standarddeviation of the retrieved O normalizedCO, (CH;) columnswithin
1 latitudebandsis +10 ppmv (£50 pphv) for measurementsver land (over oceanthe scatteris a factorof 2-4 larger).
Especiallythe CO retrieval needsfurther studyandimprovement. The CO fit errorsare 20-40%over land but typically
significantlylargerovertheocean.The COfit residualsaredominatedy relatively stablesystemati@rtifacts(alsopresent
in the CO, andCHy, spectrafitting windows) on the orderof theweakCO absorptioriines.
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