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ABSTRACT

TheEuropeanenvironmentalsatelliteENVISAT wassuccessfullylaunchedon1stof March2002.TheUV/visible/near-
infrared grating spectrometerSCIAMACHY is part of ENVISAT’s atmosphericsciencepayload. SCIAMACHY
observesthe atmospherein nadir, limb, andsolarandlunar occultationviewing geometrieswith moderatespectral
resolution(0.2-1.5nm). At theUniversityof BremenamodifiedDOAS algorithm(WFM-DOAS) is beingdeveloped
primarily for theretrieval of CH� , CO,CO� , H � O, N � O, andO� total columnamountsfrom ratiosof SCIAMACHY
nadir radianceandsolarirradiancespectrain thenear-infraredandvisible spectralregions. First preliminaryresults
concerningthis activity arepresented.SCIAMACHY is currently(Sept.2002)in its commissioningphaseandonly
preliminary, i.e.,not yet fully calibrated,Level 1 dataproductsareavailable,generatedmainly for initial Level 0 to 1
processingverificationpurposes.A methodaimedat improving theretrieval in caseof systematicartifactsresulting
from, e.g., residualcalibrationerrors,is presented.This studyfocuseson methanevertical columnretrieval using
channel8 (2260–2385nm). Oneof the major scientificobjectivesof the SCIAMACHY methanemeasurementsis
to derive informationon methane(surface)sourcesandsinks. Suchan applicationrequiresa relative radiometric
accuracy closeto thesignal–to–noiseperformanceof theinstrument(S/N � 50–100in channel8 for albedo0.1and
solarzenithangle60

�
) andanaccurateandfastretrieval algorithm.Thisstudypresentsfirst stepsundertakento reach

thisambitiousgoal,focusingon theretrieval algorithm.

INTR ODUCTION

WFM–DOAS(WeightingFunctionModifiedDifferentialOpticalAbsorptionSpectroscopy) is amodifiedDOAS
algorithm(Buchwitzetal.,2000a)mainlybeingdevelopedfor theretrieval of tracegasverticalcolumndensitiesfrom
SCIAMACHY (Bovensmannet al., 1999)andGOME/ERS-2(Burrows et al., 1999)nadir radianceandsolarirradi-
ancespectra.Thetermverticalcolumndensity(or simply verticalcolumn)refersto thevertically integratedconcen-
trationprofile of a giventracegas(unit: numberof moleculesperarea).Initial resultsconcerningtheapplicationof
this algorithmto preliminarySCIAMACHY Level 1c nadirspectra(Slijkhuis, 2000)arepresented.WFM–DOAS is
independentof theofficial ESA/DLRENVISAT operationalLevel 1 to 2 algorithmsandLevel 2 dataproductswhich
arenotdiscussedhere.Analysisof simulatedSCIAMACHY nadirmeasurementsindicates,asshown by Buchwitzet
al. (2000a),that theretrieval precision(definedasmeasurementerrordueto instrumentnoise)is about1% for CH� ,
H � O, andCO� , andabout10%for theweakabsorbersCO andN � O. In orderto obtaina retrieval accuracy closeto
thesevalues,systematicretrieval errorsresultingfrom, e.g.,residualcalibrationerrorsor retrieval algorithmlimita-
tions,needto beminimizedasmuchaspossible.This studyfocuseson orbit 2338(11-Aug-2002)coveringpartsof
centralEuropeandwesternAfrica.
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DESCRIPTION
�

OF THE WFM–DOAS RETRIEVAL ALGORITHM

WFM–DOAS is basedon fitting a linearizedradiative transfermodel ���
	�� plus a low–orderpolynomial �  to
the logarithmof the ratio of a measurednadir radianceandsolarirradiancespectrum,i.e., observed sun-normalized
radiance� 	���� . Index � refersto the centerwavelength �  of (linear diodearray)detectorpixel number � . Provided
thereexistsanappropriatespectralfitting window, ��	���� dependsonthetruebut unknown verticalcolumnsof thetrace
gasesof interest(componentsof vector ��� ). TheWFM–DOAS equationcanbewritten asfollows:������� ��� � 	������ � ���! "#$ ��� � �
	�� �&%� �(' )*+-, �(. ��� ���
	��.0/ +

111111�23546 �87/ +  %/ + �(' �  �:9 � � ;=<> �������
�@?BADCFEHG  A �JI K ��LNM (1)

A derivative, or weightingfunction,with respectto averticalcolumnrefersto thechangeof theradiancedueto
achange(scaling)of apre-selectedtracegasverticalprofile. To simplify thenotation,thedependenceof theradiance
on otherimportantparameters(e.g.,temperatureprofile or albedo)hasbeenomittedin Eq. (1). In thefollowing the
termin squarebracketsis calledtheWFM–DOAS model. TheWFM–DOAS referencespectraarethe logarithmof
the sun–normalizedradianceandits derivatives. They arecomputedwith the radiative transfermodelSCIATRAN
(Buchwitz et al., 2000b)for assumed(e.g.,climatological)“mean” columns %� . The fit parameters(underlinedin
Eq.(1)) arethedesiredtracegasverticalcolumns 7/ + andthepolynomialcoefficients 9 � . An additionalfit parameter
alsousedin this studyis the temperatureprofile shift. The fit parametersaredeterminedby minimizing (in least–
squaressense)thedifferencebetweenobservationandWFM–DOAS model,i.e.,fit residuum

CFEHG  .
In orderto avoid time consumingon-lineradiative transfersimulations,a look-uptableapproachhasbeenim-

plemented.Thereferencespectrahavebeengeneratedfor cloudfreeconditionsassumingaUSStandardAtmosphere
(CH� andCO� scaledto currentconcentrations),a troposphericmaritimeandstratosphericbackgroundaerosolsce-
nario,a surfacealbedoof 0.1, anddirectnadirobservation. Thescanangledependenceis taken into accountusing
a simplegeometricalcorrection(Buchwitz et al., 2000a). The tabulatedreferencespectradependon solar zenith
angle(0

�
-90

�
in stepsof 5

�
), surfaceelevation(0, 1, 2, 3 km) andwatervaporcolumn(scalingfactors:0.5,1.0,1.5,

2.0, 4.0). WFM–DOAS hasbeenimplementedasan iterative scheme,mainly to accountfor thehigh variability of
atmosphericwatervapor.

The (fast) look-up tableapproachintroduceserrors. Most of the CH� retrieval resultspresentedin this study
have beengeneratedusing a small fitting window (2281.7-2284.6nm) in channel8. The error introducedby the
currentlyimplementedlook-uptablehasbeenestimatedby applyingthealgorithmto simulatedmeasurements.Table
1 summarizestheresults.As canbeseen,theerroris below 1%in mostcases.

APPLICA TION OF WFM–DOAS

Water vapor vertical column retrieval using GOME data

Beforethefirst SCIAMACHY datawereavailable,WFM–DOAS wastestedusingGOME nadir spectra(Bur-
rows et al., 1999).Thefirst four channelsof GOME andSCIAMACHY arenearlyidentical.Themaindifferenceis
thespatialresolution,which is betterfor SCIAMACHY. WFM–DOAS hasbeenappliedto the685–710nm spectral
region (channel4) to retrieve watervapor total columnamounts(seeFig. 1). In addition to H � O, O� (to account
for clouds)and temperature(to improve the accuracy of the retrieved H � O columns)hasbeenincludedin the fit.
The GOME derived H � O columnshave beencomparedwith the Daily GriddedIntegratedWaterVapordataprod-
uct routinely generatedfrom SSM/I microwave measurements(Fig. 2). The comparisonhasbeenlimited to cloud
freescenes(GOME limitation) over water(SSM/I limitation). GoodagreementhasbeenfoundbetweenGOME and
SSM/I.However, theGOME derivedcolumnsare � 15%too low comparedto SSM/I.This is probablydueto albedo
effects(seeTab. 1) in combinationwith (now improved)spectroscopicdata(Rothmanetal., 1998).
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Fig. 1. Example of a WFM-DOAS fit as applied to a
GOME channel 4 nadir spectrum obtained over the
Atlantic Ocean near Ireland.
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Fig. 2. Typical result of the comparison of GOME
and SSM/I derived H ] O columns. The GOME de-
rived columns have been enhanced by 15%. Bot-
tom panel: same data but different representation
(smoothed for better visibility).

Table 1. WFM-DOAS CH � vertical column retrieval error estimated using simulated measurements
(solar zenith angle (SZA) 30

�
, except No. 6). Difference between error A and B: For B a temperature

profile shift parameter is included in the fit.

No. Investigatederrorsource TrueCH� RetrievedCH� RetrievedCH�
[10

�_^
mol./cm

�
] errorA [%] errorB [%]

1 Simu.measurement` referencescenario 3.65 0.0 0.0
(testof, e.g.,wavelengthinterpolation)

2 Albedo0.025 3.65 –0.7 –0.4
3 Albedo0.05 3.65 –0.3 –0.1
4 Albedo0.4 3.65 0.6 0.6
5 Line–of–sightscananglecorrection 3.65 –1.0 –0.9
6 SZA interpolation(SZA=32.5

�
) 3.65 0.0 0.0

7 Surfaceelevation0.75km 3.33 –0.5 -1.0
8 No aerosolin atmosphere 3.65 –0.6 –0.6
9 Enhancedwatervapor( 6 1.8) 3.65 0.0 0.0

10 Reducedwatervapor( 6 0.6) 3.65 0.0 0.0
11 Tropicalatmosphere 3.66 –4.5 1.0
12 Midlatitudesummeratmosphere 3.51 –3.3 –0.5
13 EnhancedCH� in BL (1.75

I
2 ppmv) 3.74 0.2 –0.3

Application to SCIAMA CHY channel8

Typical resultsof WFM–DOAS asappliedto SCIAMACHY spectrain theregion 2281.7-2284.6nm areshown
in Figures3 and4 which refer to fits with andwithout including a correctionspectrum(seebelow), respectively.
WFM–DOAS (performedwithoutany correction)revealedaclearcorrelationbetweenthequalityof theretrieval and
theradiancelevel, which in turn is primarily determinedby thesurfacereflectivity of thecorrespondinggroundpixel:
Thehighertheradiance(or reflectivity), thebetterthefit. Over sand(Sahara)thequality of thefit is best(reasonable
albeitunderestimatedmethanecolumns,relatively smallfit residuals)but over water(Atlantic Ocean,Mediterranean
Sea)significantlyworse.However, thefit residualsarerathersystematic,i.e., not dominatedby noise.Non-optimal
darksignalcorrectionmight explain theobservedsystematicartifacts.Especiallyin channel8 thedarksignalis high
(mainly resultingfrom thermalemissionof theopticalbench)andasmallerrorin darksignalcorrectioncanresultin
a relatively large(relative) radianceerror, especiallyover low albedoscenes.

Basedon this and relatedstudiesperformedduring the commissioningphasethe needto improve the dark
signalcalibration- especiallyof the NIR channels- hadbeenrecognized.As a result,betterin–orbit dark signal
measurementshave beenperformedsinceDecember2002.Optimaluseof thesemeasurementsrequiresmodification
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of Levela 0–1processing(Slijkhuis,2000)followedby reprocessing(expectedfor 2003).
In orderto dealwith thespectralartifactspresentin thetestspectraavailablefor this study, acorrectionscheme

hasbeendeveloped.It is basedonanestimationof thespectralbehavior of thesystematicmeasurementerrorusinga
smallnumberof nadirpixels.Theresulting“correctionspectrum”hasbeenincludedin thefit, leadingto anadditional
term (includingfit parameter)in Eq. (1). The correctionspectrumconsistsof basicallytwo terms. Oneterm is the
fit residuum

CFEbGdc determinedfor groundpixel e by applyinga WFM–DOAS fit without any correction.This term
is orthogonalto the subspaceof measurementspacespannedby the weightingfunctions. The secondterm lies in
weightingfunctionspaceandis estimatedusingpre-definedcolumns/ f�+ appropriatefor thetime andlocationof the

measurement(here: reasonableguess). / f�+ canbe – but doesnot needto be – identicalwith %/ + (seeEq. (1)). The
correctionspectrum(seealsoFig. 3) is definedasfollows ( � refersto wavelength):gih C  ? j gkh C cml c , �on p ? qrCFEHG c ' )*+s, � . �t� �u�
	��.v/ +

11111 2354 6 � 7/
c+  / f�+ �xw c , �on p (2)

Theaveragingsymbol y{z refersto averaging| correctionsfunctions
gkh C c determinedindividually for |

groundpixels. Here | =8 consecutive groundpixels over the Atlantic Oceanat approx.15
�
S latitude have been

chosen.A WFM–DOAS retrieval (without any correction)hasbeenappliedto eachof the | groundpixelsresulting
in | fit parametervalues 7/

c+ for eachof the } tracegasesconsideredsimultaneouslyin thefit (here } =3: CH� (main
absorber),H � O andN � O (weak)). Including this correctionspectrumsignificantly improves the quality of the fit,
resultingin smallerfit residualsandmoreaccuratecolumns(compareFigures3 and4), basicallyfor all groundpixels
alongthe orbit (Fig. 5), but especiallyover water. Note that the correctionspectrumpotentiallynot only accounts
for measurementerrorsbut might alsohelp, at leastto a certainextent, to correctfor algorithminaccuracies,e.g.,
interpolationerrors,convolution errors(slit functionuncertainties)or errorsof thespectroscopicdata.

Cloudcontaminatedgroundpixelshave beenidentifiedusingsub-pixel (approx.30 6 7 km
�
) PolarizationMea-

surementDevice (PMD) measurements.SCIAMACHYs UV PMD hasbeenselectedbecauseof its high sensitivity
to scatteringby (not too low) cloudsin combinationwith its relatively low sensitivity to otherparameters(albedo,gas
absorption).A simplethresholdalgorithmhasbeenusedfor this studyto generateacloudmask.

Figure7 shows anotherexampleof a WFM–DOAS fit. Herea fitting window in theCO absorptionregion of
channel8 hasbeenselected.The spectralabsorptionfeaturesof CH� andH � O have clearly beenidentified. The
fit residuum,however, exceedsthe ratherweak ( � 2%) absorptionsignal of CO. It is expectedthat an improved
radiometriccalibrationand/orfurtherretrieval algorithmrefinementswill resultin betterfits.

SCIAMA CHY CHANNEL 6 AND 7: CO �
SCIAMACHY channels6 and7 cover absorptionbandsof CO� . Fig. 8 shows SCIAMACHY sun-normalized

radiancespectrain spectralregionsmainly foreseenfor CO� total columnretrieval. TheCO� absorptionfeaturesare
clearly visible in the SCIAMACHY spectra.Oneof the main scientificobjectivesof the SCIAMACHY CO� total
columnmeasurementsis to constrainCO� surfacesourcesandsinks(as for CH� ) in order to improve our current
knowledgeof thecarboncycle. Therequirementson dataandalgorithmsfor this taskareprobablyevenhigherthan
for methane.

OUTLOOK

RecentlyESAhasmadeavailablealimitednumberof orbitswith animproveddarksignalcalibration(still notyet
fully calibrated,e.g.,with respectto polarizationcorrection,in–orbit pixel–to–pixel gaincorrectionandwavelength
calibration).Thesespectraarecurrentlybeinganalyzedby WFM–DOAS without includingany correctionfunctions.
Preliminaryresultshave beenpresentedby Buchwitz et al. at the EGS–AGU–EUGJoint Assembly, Nice, France,
6-11April 2003.An electronicversionof thepostercanbedownloadedfrom theUniversityof BremenWFM–DOAS
webpagehttp://www.iup.physik.uni-bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/. Theim-
provedspectraenablethe retrieval of reasonablemethaneandCO� columns(retrieved from SCIAMACHY channel
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6) without~ any correctionfunction.
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Fig. 3. Example of a WFM-DOAS fit as applied to
a SCIAMACHY channel 8 nadir measurement over
the Mediterranean Sea. The agreement between
measurement and WFM–DOAS model is within 2%
as can be seen in the bottom panel. The squares in
the second panel denote the CH � fit residuum, de-
fined as fitted CH � weighting function (= derivative
times fit parameter) plus fit residuum. The retrieved
methane column is 3.76 � 10 �_� molec./cm ]x� 6% (fit
error estimated from residuum).
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Fig. 4. As Figure 3. but without including the cor-
rection spectrum in the fit. The retrieved methane
column is 1.49 � 10 �_� molec./cm ]�� 14% (clearly
underestimated).
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Fig. 5. Methane vertical columns retrieved from orbit 2338 (11
August 2002). The spatial resolution is approx. 30 � 120 km ] .
The columns retrieved for cloud contaminated ground pixels
(see Fig. 6) are not shown. Clearly visible are the expected
relatively low methane columns over the Atlas mountains re-
sulting from decreasing surface pressure (i.e., air mass) with
increasing ground altitude.
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Fig. 6. Broadband signal of PMD 1 used
for generating the cloud mask for Fig. 5
(using a threshold determined by visual
inspection). Low signal corresponds to
dark-grey, high signal to light-grey (mainly
clouds). Clearly visible are the cloud
structures in the lower and upper part of
the PMD image.
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Fig. 7. Example of a WFM-DOAS fit as applied to
a SCIAMACHY nadir measurement over the Mediter-
ranean Sea for a spectral fitting window in the second
half of channel 8.
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regions in channel 6 and channel 7 to be used for
CO ] retrieval. The dotted and dashed lines show
the absorption features of CO ] and H ] O (vertically
shifted and scaled).

CONCLUSIONS

First preliminaryresultshave beenpresentedconcerningtheWFM–DOAS retrieval of total columnamountsof
importantatmospherictracegasesfrom SCIAMACHY (andGOME)near-infrarednadirmeasurements.In thisstudy
only initial - not fully calibrated- testdatahave beenanalysed(oneorbit). Nevertheless,theabsorptionfeaturesof
CH� , H � O, andCO� have beenclearly identifiedin theSCIAMACHY nadir spectra.Thefit residualsarecurrently
significantlylarger thaninstrumentnoise. In orderto dealwith therathersystematicspectralartifactspresentin the
analysedspectra,a correctionspectrumhasbeendetermined(usingnadir pixels of onenadir scanin the southern
hemisphere)and includedin the fit, resultingin significantlybetterfits andmore accuratecolumns(all along the
orbit). More studies,an improvedcalibration,andalgorithmrefinementsareneededto enableaccurateretrievals of
CH� , H � O, CO� , CO andN � O columns.
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