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ABSTRACT

SCIAMACHY is aUV/visible/near-infraredgratingspectrometeronboardtheEuropeanenvironmentalsatelliteENVISAT
that observesthe atmospherein nadir, limb, andsolarandlunar occultationviewing geometrieswith moderatespectral
resolution(0.2-1.5nm). At the University of Bremena modifiedDOAS algorithm (WFM-DOAS) is being developed
primarily for the retrieval of CH

�
, CO, CO

)
, H

)
O, N

)
O, andO

)
total columnsfrom SCIAMACHY near-infraredand

visible nadir spectra. A first versionof this algorithm hasbeenimplementedbasedon a fast look-up table approach.
Thealgorithmandthe look-up tableis describedalongwith an initial erroranalysis.Weightingfunctionsandaveraging
kernelsindicatethat the SCIAMACHY near-infrarednadirmeasurementsarehighly sensitive to tracegasconcentration
changeseven in the lowestkilometerof the atmosphere.The resultspresentedhave beenobtainedby applyingWFM-
DOAS to small spectralfitting windows focusingon CH

�
, CO

)
, CO, and O

)
column retrieval and CH

�
and CO

)
to

O
)

columnratios(denotedXCH
�

andXCO
)
, respectively). Thesetype of dataproductsareplannedto be usedwithin

the EU researchprojectEVERGREENto constrainsurfacesourcesandsinksof CH
�

andCO
)

using inversemodeling
techniques.This studydiscussesthe first setof WFM-DOAS productsgeneratedfor andto be further improvedwithin
EVERGREEN.Althoughnodetailedvalidationhasbeenperformedyetwefoundthattheretrievedcolumnshavetheright
orderof magnitudeandshow (at leastqualitatively) theexpectedcorrelationof thewell mixedgasesCO

)
andCH

�
with

O
)

andsurfacetopography. Thestandarddeviationof thedry air columnaveragedmixing ratio XCO
)

within 10Q latitude
bandsis R 10ppmvor R 2.7%(XCH

�
: R 50ppbv or R 2.8%)for measurementsover land(overoceanthescatteris a factor

of 2-4 larger).Thesevalueshavebeendeterminedfrom S 25%of thegroundpixelsof oneorbit which fulfill thefollowing
requirements:(nearly)cloud free,solarzenithangle T 75Q , XCO

)
error T 4% (XCH

�
error T 6%). It hasnot yet been

assessedhow muchof this variability canbe attributedto real columnchanges.The observed variability is aboutthree
timeslargerthanexpectedfrom (singlespectra)signal-to-noiseconsiderationsbut might beaffectedby limitationsof the
currentimplementationof the retrieval algorithm(e.g.,sensitivity to surfacereflectivity) andcalibrationissues(e.g.,not
yet consideredADC non-linearitycorrection).EspeciallytheCO retrieval needsfurtherstudyandimprovement.TheCO
fit errorsare20-40%overlandbut typically significantlylargerover theocean.A clearidentificationof theweakCOlines
is difficult astheCOfit residualsaredominatedby relatively stablesystematicartifacts(alsoobservedin theCO

)
andCH

�
fitting windows)on theorderof theweakCOabsorptionlines.Thismightbeexplainedby thestill preliminarycalibration
of theSCIAMACHY spectraand/orerrorsof thespectroscopicdata.

Keywords: Remotesensing,nearinfrared,troposphere,tracegases,greenhousegases,biogeochemicalcycles

1. INTR ODUCTION

WFM-DOAS (Weighting FunctionModified Differential Optical AbsorptionSpectroscopy) is a modified DOAS algo-
rithm U underdevelopmentat theUniversityof Bremenmainly for theretrieval of tracegascolumnsfrom SCIAMACHY

)
andGOME/ERS-2V nadir radianceandsolar irradiancespectra.WFM-DOAS is independentof the official ESA/DLR
ENVISAT operationalLevel 1 to 2 algorithmsandLevel 2 dataproducts

)
andscientificalgorithmsdevelopedat other
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institutions

�XWZY
whicharenotdiscussedhere.Thetermverticalcolumnamountrefersto thevertically integratedconcentra-

tion profileof agiventracegas(in numberof moleculesperunit area).Analysisof simulatedSCIAMACHY near-infrared
(NIR) nadirmeasurementsprior to thelaunchof ENVISAT indicatedthat theretrieval precision(definedascolumnerror
resultingfrom instrumentnoise)is about1% for the strongNIR absorbersCH

�
, CO

)
, andH

)
O, andabout10% for the

weakNIR absorbersCO andN
)
O (assumingan integrationtime of 1 s andthe useof entirechannelsratherthansmall

spectralmicro-windows for retrieval).U\[�] In orderto obtainretrieval accuracieson this order, systematicretrieval errors
(bias)resultingfrom, e.g.,calibrationerrorsor retrieval algorithmlimitations,needto beminimizedasmuchaspossible.
Accuracies/precisionson theorderof 1% for single(O

)
normalized)CH

�
andCO

)
columnsareneededif thedataareto

beusedfor scientificapplicationssuchasconstrainingCH
�

andCO
)

surfacesourcesandsinkŝ

W U`_ asplanned,e.g.,within
the EU 5acb framework researchprojectEVERGREEN(http://www.knmi.nl/EVERGREEN/). On the otherhand
the retrieval algorithmalsohasto be very fast in orderto processhugeamountsof data. In practisethis meansthat an
acceptablecompromisebetweenaccuracy andspeedhasto befound. In thisstudyinitial resultsconcerningtheapplication
of a first versionof this algorithmto SCIAMACHY Level 1c (i.e.,calibrated)nadirandsolarspectraarepresented.

2. DESCRIPTION OF THE WFM-DOAS RETRIEVAL ALGORITHM

WFM-DOAS is basedon fitting the logarithmof a linearizedradiative transfermodel dfe,g\hi plusa low-orderpolynomialj i to thelogarithmof theratio of a measurednadirradianceandsolarirradiancespectrum,i.e., observedsun-normalized
radiancedkg\lnmi . Index o refersto thecenterwavelength p i of (lineardiodearray)detectorpixel numbero . Provided there
existsanappropriatespectralfitting window, dkgqlrmi dependson thetruebut unknown verticalcolumnsof thetracegasesof
interest(componentsof vector s-a ). TheWFM-DOAS equationcanbewrittenasfollows:ttttttt uwv d g\lrmiyx s aXzB{

|}
~ u�v d e7gqhi x8�s z�� ���q� U

� uwv d�e7g\hi��� �
������������ x8�� � { �� � z�� j i x�� e z

���
�
ttttttt
)
���Z�J��� i � ) � ¡ or¢¤£ (1)

A derivative, or weighting function, with respectto a vertical columnrefersto the changeof the radiancedue to a
change(scaling)of a pre-selectedtracegasvertical profile. To simplify the notation, the dependenceof the radiance
on other importantparameters(e.g., temperatureprofile or albedo)hasbeenomitted in Eq. (1). In the following the
term in squarebracketsis calledthe WFM-DOAS model. The WFM-DOAS referencespectraarethe logarithmof the
sun-normalizedradianceand its derivatives. They are computedwith a radiative transfermodelU\U for assumed(e.g.,
climatological)“mean” columns �s . Multiple scatteringis fully taken into account. The fit parameters(underlinedin
Eq. (1)) arethedesiredtracegasverticalcolumns �� � andthepolynomialcoefficients � e . Additional fit parametersalso
usedin this studyare temperatureprofile shift andsurfacealbedochange.The fit parametervaluesaredeterminedby
minimizing (in least-squaressense)thedifferencebetweenobservationandWFM-DOAS model,i.e., fit residuum�J��� i .
Theleast-squaresproblem(Eq. (1)) canalsobeexpressedin thefollowing vector/matrixnotation:Minimize �Z¥ {§¦©¨ � )
with respectto ¨ . The solution is ª¨?«¬�®�¦°¯ ¥ where ¬�® � x ¦�¯E¦°z²± U is the covariancematrix of solution ª¨ .
The errorsof the retrieved columnsreportedin this study (e.g., error barsFig. 18) have beencalculatedas followsU ) :³´� � «¶µ x ¬ ® z ��� ��· i �J��� )if¸ x ¡ { ¢ z , where x ¬ ® z ��� is the ¹ -th diagonalelementof thecovariancematrix,

¡
is the

numberof spectralpointsin thefitting window (typically 100)and ¢ is thenumberof linearfit parameters(typically 6).

In orderto avoid timeconsumingon-lineradiativetransfersimulations,alook-uptableapproachhasbeenimplemented.
TheWFM-DOAS referencespectra(radianceandderivatives)have beencomputedfor cloud freeconditionsassuminga
US StandardAtmosphere(CH

�
andCO

)
werescaledto currentconcentrations)a troposphericmaritimeandstratospheric

backgroundaerosolscenarioanda surfacealbedoof 0.1. The tabulatedreferencespectradependon solarzenithangle
(SZA: 0Q -90Q in stepsof 5Q ), surfaceelevation(0, 1, 2, 3 km) andwatervaporcolumn(scalingfactors:0.5,1.0,1.5,2.0,
4.0), in total 400combinations.WFM-DOAS hasbeenimplementedasan iterative scheme,mainly to accountfor non-
linearitiesintroducedby thehigh variability of atmosphericwatervapor(initial guess:scalingfactor1.0, i.e., unchanged
US StandardAtmospherewatervaporprofile).

3. SPECTRAL FITTING WINDOWS

Theresultsshown in this studymainly refer to five rathernarrow spectralfitting windows listed in Table1. This means
that for this study only a small sub-setof the spectralinformationof the SCIAMACHY measurementshasbeenused



for retrieval. Thespectralfitting windows have beenselectedasa startingpoint for retrieval algorithminvestigationand
optimization.Currently, thecalibrationof theSCIAMACHY spectrais still preliminary(e.g.,with respectto polarization
correction,pixel-to-pixel gaincorrection,analog-to-digitalconverter(ADC) non-linearitycorrection).It is expectedthat
thefitting windowscanbesignificantlyenlarged- therebyimproving theprecision- oncethecalibrationhasbeenimproved
in operationalLevel 0 to 1 processing(this requiresa processorupgrade(expectedfor endof 2003)andreprocessingof
the archived Level 0 data). Table1 alsolists the default fit parametersusedin this study, except the coefficientsof the
low orderpolynomialwhich is always included. Among the criteria for selectingthe fitting windows was to minimize
interferencewith watervaporabsorption.Therefore,H

)
O columnsarecurrentlyonly retrieved asa by-productof low

quality (it is plannedto generateanaccurateH
)
O columnSCIAMACHY WFM-DOAS dataproductin thenearfuture).

Whentestinganearlyimplementationof WFM-DOAS prior to thelaunchof ENVISAT H
)
O columnsof goodqualityhave

beenretrievedfrom GOME/ERS-2V spectraat 700nm.U`V
Thespatial(horizontal)resolutionof theSCIAMACHY nadirmeasurementsdependson orbital positionandspectral

interval.

)
Low solarzenithangles(e.g.,tropicalandsub-tropicalregions)correspondto best(smallest)spatialresolution.

Thegroundpixel (footprint) sizefor fitting windowsWIN CH 4 andWIN CH 6 is (nearly)identicalat eachorbital posi-
tion: 60 � 30 km

)
for an integrationtimesof 0.25s and120� 30 km

)
for 0.5 s (theseintegrationtimescover mostof the

orbit). For thechannel7 and8 fitting windows the footprint sizeis typically a factorof two larger(120� 30 km

)
(0.5 s)

and240� 30km

)
(1.0s)).

For the spectralfitting windows usedin this study SCIAMACHY instrumentsignal-to-noise(S/N) calculationsfor
simulatednadir radiancescorrespondingto a solarzenithangleof 50Q anda surfacealbedoof 0.1 in combinationwith
WFM-DOAS retrievalshavebeenperformed.Theresultsarealsoshown in Tab. 1. Thechannel7 and8 S/N andprecision
valuesarevalid for nominal transmission,i.e., without considerationof any (temporal)transmissiondegradationdueto
(reversible)icebuild upontheSCIAMACHY detectors.NotethatS/Nandtheretrievalprecisionsareroughlyproportional
to themeasuredsignal(afterdarksignalcorrection)whichis in turn(approximately)proportionalto transmission(andother
importantparameterssuchassurfacealbedo).

Table 1. Overview of thespectralfitting windows andmainretrieval parametersusedin this study(first four columns).The last two
columnsindicatetheperformanceof thesechannelsin termsof signal-to-noiseratiosandretrieval precisions.S/Nis theaveragesignal-
to-noise-ratio(valid for a solarzenithangleof 50º andanalbedoof 0.1) given for two integrationtimes(valuebeforecolon,unit is
seconds).Precisionis the1-sigmatracegascolumnretrieval precisionof themainfit parameterfor thegivenS/N performance.

ID / Channel Spectral Main fit Additional fit S/N [-] Precisionof main
interval [nm] parameter parameter(default) fit parameter[%]

WIN CH 4 / 4 755- 775 O
)

column Temp.,albedo N.A. ( » 1000) N.A. ( T 1%)
WIN CH 6 / 6 1558- 1594 CO

)
column H

)
O, temp. 0.25:670,0.5: 1100 0.25:1.0,0.5: 0.6

WIN CH 7 / 7 2030- 2040 CO
)

column H
)
O, temp. 0.50:260,1.0: 390 0.50:1.4,1.0: 0.9

WIN CH 8a/ 8 2265- 2280 CH
�

column N
)
O, H

)
O, temp. 0.50:140,1.0: 200 0.50:1.1,1.0: 0.7

WIN CH 8b / 8 2359- 2370 COcolumn CH
�
, H

)
O, temp. 0.50:50,1.0: 70 0.50:19,1.0: 13

4. WEIGHTING FUNCTIONS AND AVERAGING KERNELS

Theadvantageof thenear-infraredspectralregion, in contrastto the,e.g.,UV or thethermalinfraredregions,is that the
radiationdetectedbyanadirviewingsatelliteinstrumentis highlysensitivewith respectto thetracegasconcentrationseven
in the lowestkilometerof theatmosphere.This is demonstratedin this sectionfor SCIAMACHY observations.For this
purposesimulatednadirspectrahavebeengeneratedfor anunperturbed(USStandard)atmosphereaswell asfor perturbed
atmosphereswherea certain(constant)numberof (CH

�
, CO

)
, andCO) moleculeshave beenaddedat variousaltitude

levels.Typical resultsaredisplayedin Figure1 showing theradiancesensitivity dueto CH
�

concentrationchanges.As can
beseen,theradianceis sensitiveevento concentrationchangesat thebottomof theatmosphere(0 km). Thesensitivity per
CH

�
moleculeincreaseswith decreasingaltitude.Thisseemsto betypical for strongabsorptionlinesandalsois observed

for CO
)

(saturationof unresolved lines in the strongabsorberlimit, U � seealsonext paragraph).CO shows an opposite
behavior (theCO linesareweak),namelyaslight decreaseof sensitivity with decreasingperturbationaltitude.

In order to determinehow the retrieved columndependson the profile of the tracegasto be retrieved, Figures2-4
show so-calledverticalcolumnaveragingkernels(AK) for CH

�
, CO

)
, andCO, respectively. They aredefinedasfollows:



¼½ xc¾ z � x ��¿�À { � a�Á z ¸ x � a À { � a�Á z , where
� a�Á is the Â rue columnof the tracegasconsideredfor the Ã nperturbed

verticalprofile, and
� a À and

��¿�À
arethe Â rue and Ä etrievedcolumnsof the Å erturbedprofile (enhancedconcentrationat

altitude ¾ km), respectively. Theaveragingkernelshave beencomputedby applyingWFM-DOAS to syntheticradiance
spectra. In line with the discussionof Figure 1, the retrieval sensitivity for CH

�
and CO

)
increaseswith decreasing

perturbationaltitude.DufourandBréonU`Æ havepresenteda similar resultto thatshown in Figure3 for CO
)

but for higher
spectralresolution.This increaseof sensitivity is advantageousfor CH

�
andCO

)
source/sinkdeterminationasmostof the

informationon local sourcesandsinksis locatedcloseto theEarth’ssurface.

Fig. 1. Left: Top: Sun-normalized radiance (SZA 50 º ,
albedo 0.1). Middle: Relative difference of radiance spec-
tra (weighting functions) calculated for perturbed profiles
(perturbation at Ç km corresponding to a +2% CH È col-
umn change) and the unperturbed CH È 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).

Fig. 2. CH È 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).

Fig. 3. CO É vertical column averaging kernels (for
WIN CH 6 and WIN CH 7).

Fig. 4. CO vertical column averaging kernels
(WIN CH 8b).



5. WFM-DOAS ERROR ANALYSIS

The fast look-up tableapproachintroduceserrors. In addition,thereareerrorsresultingfrom parametersthat influence
theradiative transferbut arenot retrievedby WFM-DOAS, suchasaerosolsandclouds.In thefollowing, an initial error
analysisof thecurrentlyimplementedversionof WFM-DOAS is presented.For thispurpose,simulatednadirspectrahave
beengeneratedwith a radiative transfermodel for variousconditions,suchasdifferentmodelatmospheresandsurface
albedos.If not statedotherwise,theresultsshown in this sectionarevalid for a solarzenithangleof 50Q andalbedo0.1.

5.1.Sensitivity to vertical profiles

Thecurrentlyimplementedlook-uptablehasbeengeneratedassumingverticalprofilesof pressure,temperatureandtrace
gasvolumemixing ratioscorrespondingto the US StandardAtmosphere(CH

�
andCO

)
concentrationsscaledto 1750

ppbv and370ppmv, respectively). In orderto estimatetheverticalcolumnretrieval errorsresultingfrom applyingWFM-
DOAS to differentatmospheres,simulatedspectrafor several modelatmosphereshave beengenerated.The resultsare
shown in Table2. Theretrieval errorsmainly reflectthedifferencein temperatureandwatervaporprofilesof thevarious
atmospherescomparedto the US Standard(USS)referenceatmosphere(Temperaturesat sealevel: USS288.1K, SAW
257.2K, TRO 299.7K; H

)
O columnsin g/cm

)
: USS1.43,SAS0.21,TRO 4.18).As canbeseen,if a temperatureprofile

shift is includedin thefit, theerrorsareontheorderof 1-2%,exceptfor CO,wheretheerrorcanbeaslargeasnearly10%.

Table 2. Verticalcolumnretrieval errorsresultingfrom applyingWFM-DOAS to spectrageneratedusingvariousmodelatmospheres.
Thevaluesgivenin bracketsreferto retrievalswithoutallowing for a temperatureprofile shift in theretrieval.

Atmosphere WIN CH 8a WIN CH 8b WIN CH 6 WIN CH 7 WIN CH 4
CH

�
[%] CO[%] CO

)
[%] CO

)
[%] O

)
[%]

Sub-arcticsummmer(SAS) 1.3( 0.8) 0.1( 1.8) 0.0(-0.8) 0.6( 3.9) 0.0(-1.7)
Sub-arcticwinter (SAW) 1.1( 5.1) 1.8(-12.8) 0.1( 4.3) -1.7(22.3) 0.4(10.8)
Mid-latitudesummer(MLS) 0.9(-1.0) -4.6( 21.5) -0.1(-2.5) -0.2(15.3) 0.1(-5.4)
Mid-latitudewinter (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.Sensitivity to aerosolsand subvisual cirrus clouds

Aerosolsandcloudsmainly scatterbut alsoabsorbsolarradiation.Thebulk of thegasesrelevantfor this studyis situated
in the lowestkilometersof the atmosphere,i.e., in a region wherecloudsandaerosolsarepresentin extremelyvariable
type andconcentration.The look-up tableusedin this study hasbeengeneratedusinga single aerosolscenarioonly.
It is basedon the aerosolparameterizationalsoimplementedin the radiative transfermodelMODTRAN basedon work
doneby ShettleandFenn.U Y This (default) scenariocanbe characterizedasfollows: Maritime aerosolin the boundary
layer (BL), troposphericvisibility andrelative humidity 23 km and80%,respectively, andbackgroundstratosphericand
normalmesosphericconditions.Aerosolscatteringandabsorptionvertical optical deptharelisted in Table3. To a first
approximationaerosolsincreaseor decreasetheoverall (i.e., spectrallybroadband)level of solarradiationscatteredback
to space.This effect is taken into accountby the polynomialincludedin Eq. (1). However, aerosolsalsodeterminethe
relativedepthof absorptionlinesby influencingthe(average)photonpath.

Theretrieval errordueto aerosolhasbeenestimatedby definingseveral(includingtwo ratherextreme)aerosolscenar-
ios (seeTables3 and4). The“OPAC averagecontinental”aerosolscenarioUX] andradiativetransfersimulationsdiffer from
the default scenariousedfor the referencespectrain variousaspects(Mie phasefunction insteadof Henyey-Greenstein
approximation,scatteringandextinction profiles). “OPAC averagecontinental”aerosolconsistsof a mixture of “water
solubleaerosol”(smallparticlesmainly originatingfrom gas-to-particleconversion),soot,and“insolubleaerosol”(dust).
The “Enhancedaerosolin boundarylayer (BL)” scenariocontainsurbanaerosolin the BL with a visibility aslow as2
km anda high relative humidity of 99%. For the “No aerosolin atmosphere”scenariothe aerosolshave beenentirely
“switchedoff ” in theradiative transfersimulation.Table4 shows thatWFM-DOAS asappliedto NIR spectraappearsto
beratherinsensitive to aerosols( T 1%). In thevisible (O

)
A-band)thesensitivity is, however, significantlylarger.

No attemptshave beenmadesofar to extendWFM-DOAS by a cloudcorrectionschemein orderto dealwith clouds
(e.g.,partialcloudcover or thin clouds).Thecurrentapproachis basedon identification(andelimination)of cloudcon-
taminatedgroundpixels. SCIAMACHY offers variouspossibilitiesfor clouddetection,evenon sub-pixel scale. In this



studya very simplethresholdalgorithmis usedbasedon SCIAMACHY’s UV PMD (PolarizationMeasurementDevice)
measurements.

)
Even with a moresophisticatedalgorithmit might not be possibleto identify all cloud contaminated

pixels. A certainlevel of cloudcontaminationmight evenbetoleratedin orderto increasethenumberof usefulmeasure-
ments.In this context it is interestingto estimatetheverticalcolumnretrieval errorresultingfrom (undetected)subvisual
cirrusclouds.Thesecloudsarepredominantlyatropical/subtropicalphenomenon.Cirruscloudshavebeenmodeledin this
studyasa scatteringlayerof 1 km verticalextentcenteredat 12 km. Theassumedscatteringverticalopticaldepthswere
0.01,0.02,and0.03independentof wavelength.This is areasonableassumptionbecausetheparticlesaremuchlargerthan
thewavelengthconsideredhere.A scatteringopticaldepthof 0.03roughlycorrespondsto themaximumopticaldepthof
subvisualcirruscloudsat 500nm. Table4 shows thatsucha scatteringlayernearthetropopauseis expectedto leadto an
underestimationof theretrievedverticalcolumns(shieldingof thetropospherelying underneath)by morethan1%in most
cases.Thevalueslistedin Table4 for theunderestimationof theretrievedCO

)
columnin thepresenceof cirruscloudsare

similar asthevaluesreportedin Dufour andBréon.UXÆ For anopticaldepthof 0.03they estimatedthis error to be-1.0%
(here:-1.4%)at1.6micronsand-2.0%(here:-3.7%)at2.0microns.Identicalvaluesarenot to beexpectedbecauseof the
differentspectralresolutionandspectralintervalsusedin bothstudies.Concerningaerosolsthey alsofoundsimilarerrors
( T 1.5ppmv(or 0.4%))asgivenin Table4 for CO

)
.

Table 3. Aerosol scattering(ASOD) and absorptionvertical optical depth(AAOD) for the aerosolscenariosdefinedfor this error
analysis(seealsoTable4). Rayleighscatteringverticalopticaldepth(RSOD)hasbeenincludedfor comparison.

Aerosolscenario 500nm 750nm 1500nm 2000nm 2300nm
Look-uptabledefault: ASOD: 0.305 0.2475 0.17748 0.14933 0.13506

AAOD: 0.004 0.0029 0.00307 0.00342 0.00258
RSOD: 0.144 0.0276 0.00170 0.00054 0.00031

OPAC averagecontinental: ASOD: 0.292 0.1680 0.06200 0.04071 0.03225
AAOD: 0.032 0.0239 0.01542 0.00981 0.00898

Enhancedaerosolin BL: ASOD: 2.859 2.1393 0.97306 0.65477 0.53859
AAOD: 0.195 0.1338 0.08092 0.07498 0.06101

Table4. Verticalcolumnretrieval errorsresultingfrom aerosolvariability andundetectedsubvisualcirruscloudsat 12km (OD means
scatteringopticaldepth).Thevaluesin bracketsarevalid for retrievalswherethealbedoweightingfunctionhasbeenincludedin the
fit (exceptfor OÉ wherethealbedoweightingfunctionhasbeenexcluded).

Aerosol/cloudscenario WIN CH 8a WIN CH 8b WIN CH 6 WIN CH 7 WIN CH 4
CH

�
[%] CO[%] CO

)
[%] CO

)
[%] O

)
[%]

Aerosol:
OPAC averagecontinental -0.3(-0.5) -0.5(-0.8) -0.5(-0.1) -0.2(-0.8) -0.5(-2.2)
Enhancedaerosolin BL -0.2( 0.3) 0.8( 1.6) -0.9( 0.4) -0.8( 1.4) 6.1( 4.1)
No aerosolin atmosphere -0.3(-0.8) -0.6(-1.2) -0.8(-1.0) -0.1(-1.4) -2.5( 2.4)
Clouds:
Subvisualcirrus(OD 0.01) -1.1( 1.7) -1.4( 0.4) -0.4( 1.7) -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) -1.4( 4.2) -3.7( 0.8) 2.8(-8.1)

5.3.Sensitivity to surfacealbedo

TheWFM–DOAS look-uptableusedin thisstudyhasbeengeneratedassumingaconstant(Lambertian)albedoof 0.1.To
a first approximationalbedoaffectstheoverall (i.e., spectrallybroadband)level of solarradiationscatteredbackto space.
This effect is taken into accountby thepolynomialincludedin Eq. (1). However, asaerosols,thealbedoalsoinfluences
the relative depthof absorptionlines. As shown in Table5 the retrieval errorsmight exceed1%, especiallyif no albedo
weightingfunctionis includedin thefit. Thealbedosensitivity in thespectralregionof theoxygenA-bandis significantly
higher than in the near-infraredspectralregion (asscatteringis moreimportantat shorterwavelength),especiallyif no
albedoweightingfunction is included. Therefore,albedois includedin the fit (seeTable1) despitethe high correlation
with theO

)
absorption(correlationcoefficient S 0.95).Notethatin principlethealbedosensitivity canbereducedsimply

by extendingthelook-uptableandby estimatingthealbedofrom theSCIAMACHY spectrain spectralregionsrelatively



freeof gasabsorption(futurework, assumescloudfreepixels). Table5 shows that theretrieval errorsarelessthana few
percentexceptfor very low albedoscenes,even if the albedoweightingfunction is not includedin the fit. Dufour and
BréonU`Æ compileda list of surfacereflectancesfor the spectralregions1.6 and2.0 microns. Accordingto their Table2
the surfacereflectanceof vegetationis 0.18 (desert:0.4, snow/ice: 0.15)at 1.6 micronsand0.1 at 2.0 microns(desert:
0.35,snow/ice: 0.02).Concerningthespecularcomponentof theoceanreflectance(sunglint condition)they reportvalues
larger thanapproximately0.2 for a solarzenithangleof 40Q andwind speedsbelow 10 m/sbut point out that thediffuse
componentof thereflectedlight in theinfraredis verysmall(“lessthan0.001”).

Table 5. Verticalcolumnretrieval errorsasa functionof surfacealbedo.For analbedoof 0.1 theerrorsarezerobecausethereference
spectraarecalculatedfor albedo0.1. The valuesin bracketsarevalid for retrievals wherethe albedoweighting function hasbeen
includedin thefit (exceptfor OÉ wherethealbedoweightingfunctionhasbeenexcluded).

Albedo WIN CH 8a WIN CH 8b WIN CH 6 WIN CH 7 WIN CH 4
CH

�
[%] CO [%] CO

)
[%] CO

)
[%] O

)
[%]

0.30 0.8(0.1) 0.6(0.2) 1.4( 0.5) 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(-0.4) -2.0(0.2) -6.3 (-30.7)
0.003 -7.4(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(rathersparse)grid selectedfor thereference
spectralook-uptable:solarzenithangleinterpolation,scananglecorrection,surfaceelevation(pressure).Notethatthese
errorscanbereducedrelatively easily, e.g.,by extendingthelook-uptable.

TheWFM-DOAS look-uptableusedin this studyhasbeengeneratedfor a rangeof solarzenithanglesfrom 0 to 90Q
in stepsof 5Q . Thesespectraareinterpolatedto thesolarzenithangleof themeasurement.Theresultingretrieval error is
rathersmall (e.g.,lessthan0.03%for a solarzenithangleof 52.4Q ). Thelook-uptablehasbeengeneratedfor exactnadir
observationonly, neglectingthe R 30Q scanaroundthenadirdirection.Thecolumnsasdeterminedby thefit arecorrected
usingasimplegeometricalapproximationU to accountfor theenhancementof thedepthof absorptionlinesdueto theslant
pathviewing geometry. Thecurrentlyimplementedcorrectionschememayresultin errors(overcorrection)of up to 2-3%
for themosteastwardor westwardgroundpixels. The look-up tablehasbeengeneratedfor a limited numberof surface
elevations(or surfacepressures),coveringtherange0-3km in stepsof 1 km. A simplenext neighborapproachis currently
implementedin orderto selectthereferencespectrafor agivengroundpixel. Thismight resultin retrieval errorswhichare
1% or larger, dependingon spectralinterval, groundpixel averagesurfaceelevation,etc. Therearemany otherpotential
sourcesof retrieval errorswhicharenotcoveredin thisstudy(e.g.,calibrationerrors).A potentiallyimportanterrorsource
whichis difficult to quantifyarethespectroscopicdata(HITRAN UX^ 2000hasbeenusedfor thisstudyincludingall updates
availableuntil March2003andtakinginto accountthepressureshift of line transitionsnotconsideredin earlierversionsof
thelook-uptable).Retrieval errorson theorderof a few percentcanbeexpecteddueto, e.g.,line intensityuncertainties.
In this context especiallythelow quality of thewaterlinesfor wavelengthbetween1700and2400nm arenoteworthy (as
indicatedby the quality flagsgiven in HITRAN 2000),especially, becausewaterabsorptioninterfereswith many CO

)
,

CH
�

andbasicallyall CO linesin thespectralregionobservedby SCIAMACHY.

6. SPECTRAL FITS

Figures5-8show typicalWFM-DOAS fit resultscorrespondingto asceneoverland(mid-westAfrica, orbit 4700from 23-
Jan-2003,surfacetypevegetation/soil).Thespectralabsorptionfeaturesof all majorabsorbers(CH

�
, CO

)
, O

)
, andH

)
O)

areclearlyvisible. Eachsquaresymbolin Figs.5-8correspondsto onelineardiodearraydetectorpixel (gapscorrespondto
pixelswhichhavenotbeenusedfor retrieval (socalled“dead”or “bad” pixels)).NotethatsofarCO

)
retrievalshavebeen

limited to theWIN CH 6 fitting window. Theretrievedcolumnsincludingerrorsandroot-mean-square(RMS) difference
betweenmeasurementandmodelafterthefit arelistedin thefigurecaptions.For low reflectivity scenes,e.g.,overocean
outsidesun-glintareas,thequalityof thefit is typically worser(seebottompanelsof Figs.20-22).Ideally, thefit residuum
shouldreflectthe measurementnoise. This limit, however, hasnot yet beenreached.Currently, the fit residualsareon



theorderof theweakNIR absorbersCO andN
)
O, which modulatetheradianceby only approximately1-3%. This is not

dueto measurementnoise. Thefit residualsareclearlydominatedby systematicspectralfeatures(asshown in Figure9
for COfits). Furtherinvestigationis neededto determinethereasonfor this (calibration,spectroscopy, etc.).Notethatthe
residualsalsodepend(somewhat)on thespectrometerslit functionassumedfor theconvolution of the referencespectra.
In this studya Gaussianslit functionhasbeenusedfor channel4 (Full Width at Half Maximum(FWHM): 0.415nm) and
channel6 (1.4nm) retrievals. For channel8 a functionof type xc�/ÊËx p { p i z l �+ÌÍz ± U hasbeenused(with � equalto 0.24
and Î equalto 2.7) resultingin slightly betterfits thana Gaussianfunction(studiesindicatethatthechannel8 in-orbit line
shapefunctiondeviatesfrom theonedeterminedonground(HansSchrijver(SRON), personalcommunication)).In oneof
thefirst WFM-DOAS studiesUXV a“correctionspectrum”hasbeendeterminedandincludedin thefit to dealwith systematic
spectralartifacts.In comparisonto thatstudythespectrausedfor this paperhave animprovedcalibrationwith respectto
darksignalcorrectionandwavelengthcalibration(notethat slight adjustmentsof the wavelengthcalibrationaredoneas
partof theWFM-DOAS retrieval usinga spectralshift andsqueezealgorithm).TheSCIAMACHY nadirandsolarspectra
usedin this studyhavebeengeneratedoff-line by ESA to enablea betterdarksignalcorrectionthanpossiblewith current
operationalprocessing.It is expectedthatSCIAMACHY spectraavailablein thenear-future(afterprocessorupgradeand
reprocessing)will haveabetterqualityasthespectraanalyzedin thisstudy. For thisstudynocorrectionspectrumhasbeen
includedin thefit. However, wheninvestigatingtheretrieval resultsfor this study, it wasfoundthat thecolumnsof some
gasesaresystematicallyunder- or overestimated.This needsfurther investigationbut uncertaintiesin the spectroscopic
datamight explain this at leastpartially. In orderto make a preliminaryfirst ordercorrectionfor this, scalingfactorshave
beenappliedto theretrievedcolumnsreportedin this study(asalsodonein similar studiesU`ÏZ[ ) _ ): all CO

)
columnshave

beenmultiplied by 1.05,all O
)

columnsby 0.9, andall N
)
O columnsby 0.67. No scalingfactorshave beenappliedto

CH
�
, CO,andH

)
O.
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Fig. 5. Example for fit window WIN CH 4. Retrieved
O É column: 4.56 Ü 10 ÉrÈ molecules/cm ÉCÝ 0.5%. RMS fit
residuum: 0.5%.
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Fig. 6. Example for fit window WIN CH 6. Retrieved
CO É column: 7.82 Ü 10 Éqã molecules/cm É Ý 1.7%. RMS fit
residuum: 0.2%.
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Fig. 7. Example for fit window WIN CH 8a. CH È col-
umn: 3.83 Ü 10 ãcè molecules/cm É Ý 2.2%. N É O: 6.3 Ü 10 ãcé
molecules/cm É Ý 17%. RMS fit residuum: 1.2%.
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3.1 Ü 10 ãcé molecules/cm É Ý 43%. CH È column: 3.3 Ü 10 ãcè
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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-DOAS PROCESSINGOF ENTIRE ORBITS

In this sectionresultsfrom two orbitsarepresentedanddiscussed(orbits4700and4701from 23-Jan-2003),startingwith
cloud issues.If cloudsareinsidethe field-of-view of SCIAMACHY they might shielda significantamountof the total
column.SCIAMACHY offersvariousmeansfor clouddetection.

)
For this studya simplesinglethresholdalgorithmhas

beenusedto generatea cloudmaskfrom SCIAMACHY’s PMD (PolarizationMeasurementDevice) measurementsin the
ultra-violet (PMD1). PMD1 detectsa linear polarizedcomponentof the nadir radianceat low spectral( S 320-380nm)
but relatively high (in comparisonto the main channels)spatialresolutionof 7 � 30 km

)
. PMD1 signals(after division

by the cosineof the SZA) for orbits 4700and4701areshown in Fig. 10. Well known cloud structures(corresponding
to high PMD1 signals)areclearly visible. For the interpretationof the retrieval resultsthe following information is of
interest: For a surfacepressureof 1013hPa the columns(in molecules/cm

)
) of the well-mixed gasesCH

�
, CO

)
, and

O
)

areapproximately3.8ë 10UXÏ , 8.0ë 10

) U , and4.5ë 10

)q�
, respectively. The variability of the CO

)
columnis on the order

of 3%.UXÆ In the following a CH
�

columnvariability of 5% is assumed,which also correspondsto the averageinter-
hemisphericdifference.Figures11-13show O

)
, CH

�
, andCO

)
columnsasretrievedfrom orbits 4700(right) and4701

(left). No cloudmaskor cloudcorrectionhasbeenapplied.As onewould expect,low columnsareclearlycorrelatedwith
thecloudstructuresvisible in Fig. 10. Becauseof thelow variability of thegasesdiscussedhereit is interestingto notethat
asignificantvariability of theretrievedcolumnsof all threegasesin combinationwith aclearcorrelationis presentalsofor
apparentlycloudfreegroundpixels(seealsoFigures16 and17). This is probablymainly dueto two effects: (i) changes
in surfacepressure(or surfaceelevation)and(ii) albedoeffects. Thefirst effect correspondsto realcolumnchanges,the
secondmight resultfrom an algorithmlimitation, namelytheuseof a singlesurfacealbedo(0.1) for theconstructionof
thelook-uptable.Concerning(i): Thecorrelationwith surfaceelevationis mostpronouncedfor thenadirmeasurementsat
10-14Q N latitudeof orbit 4700(thenadir“state”(i.e.,rectangularblockof nadirmeasurements)thatcoverspartsof Senegal
with apparentlymany cloudfreepixelsin combinationwith a significantvariationof surfacetopography/elevation). Here,
the averagesurfaceelevation of the groundpixels increasesfrom nearlysealevel (0 m) for westpixels to about400 m
for thedirectnadirandeastpixels. This shouldcorrespondto a columndecreasefrom westto eastof approximately4%
andthisdecreaseis in factvisible in theretrievedcolumns(Fig. 18)demonstratingthatSCIAMACHY is sensitive to even
smallCO

)
andCH

�
columnchangeson theorderof onepercent.Concerning(ii): Figures11-13show a relatively large

variability of theretrievedcolumnsfor apparentlycloudfreemeasurementsovertheocean,e.g.,for thenadirstatecovering
the 25-30Q S latituderangeof orbit 4700. Note that the very low columns(lower left cornerof statecoloredin blue)are
probablydueto clouds(Fig. 10showssomebrightspotsin thisarea).But evenexcludingthesecloudcontaminatedpixels,
thecolumnsvariability is still unrealisticallyhigh(up to 10-20%).This is probablyrelatedto changesin oceanreflectivity
asa functionof scananglein combinationwith thealbedosensitivity of thepresentlyimplementedWFM-DOAS scheme.
Notethatfor Januarythesun-glintcondition(line of sightviewing directioncloseto directionof specularreflectionof the
directsunlight)is fulfilled for theeastpixelslocatedbetweenapproximately40Q S latitudeandtheequator(eachorbit). In
this regionhigher(morerealistic)columnsareretrievedascomparedto directnadirpixelsor westpixels.Thisdependency
of theretrievedcolumnson thesurfacereflectivity (or albedo)is in accordancewith theerroranalysispresentedin section
5.3.

Figures14 and15 show CH
�

andCO
)

to O
)

columnratios(multiplied by 0.2095,theO
)

concentrationof dry air) in
thefollowing alsoreferredto asdry air columnaveragedmixing ratiosXCH

�
andXCO

)
, respectively. TheXCO

)
errors

have beencalculatedassuminguncorrelatedfit errorsof thecorrespondingCO
)

andO
)

columns,i.e., asroot-sum-square
of the CO

)
andO

)
errors(analogfor XCH

�
). Over Africa andover the oceanwherethe sun-glintconditionis fulfilled,

XCH
�

andXCO
)

arecloseto their expectedvaluesof 1780ppbv and370 ppmv, respectively, but outsidetheseareas
they show some(probably)unrealisticvariability (seealsoFigs.20 and21). This canpartly beexplainedby cloudsnot
coveredby thecloudmask(severalbright spotsin areasnot coveredby thecloudmaskarevisible whenzoominginto the
PMD1 image).Thelow (O

)
-normalizedandnot normalized)columnsin mid andnorthEurope(Figures11-15and20-21)

might be relatedto relatively large solarzenithangles( » 70Q ) in January. Fig. 19 shows the temperatureasretrieved
from theCO

)
andO

)
fitting windows. Actually a temperatureprofile shift of the US StandardAtmospheretemperature

profile hasbeenretrieved. The temperaturesshown 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.Thelatitudedependenceof thetemperatureis roughlyasonewouldexpectfor January
(bell shapedcurve centeredaround20Q S latitude with lower valuestowardshigher latitudes). Fig. 19 shows the CO
columnsretrievedfrom orbit 4700including thecorrespondingfit error, which is quite largereflectingthe low quality of
the spectralfit, especiallyover the ocean.The columnsretrieved between10Q -35Q N latitudearesomewhat higherthan



thecolumnsretrievedfrom MOPITT/EOS-Terra

) U (V3, L2V5.7.2.beta)on thesameday, which arein therange2-3ë 10UX^
molecules/cm

)
(seehttp://www.eos.ucar.edu/mopitt/data/plots/mapsv3.html).
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Fig. 10. SCIAMACHY PMD1 signal used for sub-pixel
cloud identification (cloud mask see Figs. 14 and 15). Col-
ors: low signal: dark blue, high signal: light blue/white
(high probability for cloud in field of view).
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Fig. 11. O É vertical columns retrieved from orbit 4700
(right) and 4701 (left) from 23-Jan-2003 (fitting window
WIN CH 4). Each (colored) rectangular region corre-
sponds to one nadir state (the gaps in between are due
to the limb observations).

:<;>=������
	?� @�@������1�����A�
���������������@�

 !#"1B1%
!#" '#%
!#" $#%
!#" &#%
!#" C#%
'#"1B1%
'#" '#%
'#" $#%
'#" &#%
'#" C#%
(#"1B1%)

 !#"1B1%
!#" '#%
!#" $#%
!#" &#%
!#" C#%
'#"1B1%
'#" '#%
'#" $#%
'#" &#%
'#" C#%
(#"1B1%)

*,+.- /10ED F 4 576?2 9

Fig. 12. As Fig. 11 but for CH È (window WIN CH 8a).
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Fig. 13. As Fig. 11 but for CO É (window WIN CH 6).
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Fig. 14. XCH È derived from windows WIN CH 8a (CH È )
and WIN CH 4 (O É ). Here, the cloud mask has been ap-
plied (grey pixels).
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Fig. 15. XCO É derived from windows WIN CH 6 (CO É )
and WIN CH 4 (O É ). Here, the cloud mask has been ap-
plied (grey pixels).



Fig. 16. CO É - O É column correlation. Tiny dots: all
ground pixels from orbit 4700. Grey square symbols: sub-
set of ground pixels (PMD1 X threshold (“cloud free”),
XCO É error X 4%, SZA X 75 º ). The subset comprises
1759 out of 6927 pixels (25.4%). The two lines show the
expected range of values assuming a Ý 3% variability of
the CO É column assumed to be 7.95 Ü 10 Éqã molecules/cm É
(370 ppmv) for an O É column of 4.5 Ü 10 ÉrÈ molecules/cm É .

Fig. 17. CH È - O É column correlation. Tiny dots: all ground
pixels from orbit 4700. Grey square symbols: subset of
ground pixels (PMD1 X threshold (“cloud free”), XCH È er-
ror X 6%, SZA X 75 º ). The subset comprises 515 out
of 2475 pixels (20.8%). The two lines show the expected
range of values assuming a Ý 5% variability of the CH È
column assumed to be 3.82 Ü 10 ãcè molecules/cm É (1780
ppbv) for an O É column of 4.5 Ü 10 ÉrÈ molecules/cm É .

Fig. 18. CO É , CH È , and O É column correlation with ground pixel surface
elevation. Only a subset of the ground pixels of orbit 4700 are shown
here (located in latitude range 8 º N-16 º N / longitude range 340 º -352 º )
corresponding to an apparently cloud free area with significant variation
of the surface elevation. The dotted lines mark the assumed Ý 3% vari-
ability range for CO É , O É , and XCO É and Ý 5% for CH È and XCH È for
the same mean columns (and mixing ratios) as listed in the captions of
Figs. 16 and 17 (for sea level, i.e., 0 m). A linear decrease of the columns
of 4% per 400 m altitude increase has been assumed (top and middle
panels).

Fig. 19. Temperature as determined
from fitting windows WIN CH 4
(black symbols) and WIN CH 6
(grey). They can be interpreted as
temperatures at the bottom of the
atmosphere (see main text for de-
tails). The results from all ground
pixels are shown (e.g., including
backscan pixel and without any
cloud filtering).



Fig. 20. XCH È (top) including 1-
sigma error (bottom) for orbit 4700
(meaning of dots and square sym-
bols: see Figs. 16 and 17). The
thick horizontal lines denote the
average value of the (normalized)
columns plotted as square symbols
within 10 º latitude bands. The verti-
cal lines indicate their standard de-
viation.

Fig. 21. As Figure 20 but for XCO É .
The solar zenith angle (SZA) at -60 º
latitude is Y 50 º and at +60 º latitude
Y 80 º . For the east pixels of each
orbit located at -20 º latitude the SZA
has its minimum value of Y 25 º .

Fig. 22. As Figure 20 but for CO
columns (here the error criterion for
the subset is: CO fit error X 50%).
The average columns and standard
deviations are only shown for lat-
itude bands containing more than
15 data points (i.e., more than 15
square symbols).

CONCLUSIONS

A first versionof theWFM-DOAS retrieval algorithmhasbeenimplementedbasedonafastlook-uptableapproachchosen
to avoid time consumingon-line radiative transfersimulations.The algorithmandthe look-up tablehasbeendescribed
alongwith aninitial erroranalysisbasedonsimulatedmeasurements.Thisanalysisfocusesonerrorsintroducedby vertical
profilesof tracegasesandtemperaturewhich differ from thelook-uptableassumptions,aerosols,subvisualcirrusclouds,
andalbedo.This analysisrevealsthattheerrorof thecurrentlyimplementedWFM-DOAS algorithmwith respectto CH

�
,

CO,andCO
)

columnretrieval is on theorderof a few percent.This is acceptablefor CO but needsfurther improvement
for CO

)
andCH

�
to reachtheir significantlymorechallengingaccuracy requirements.Weightingfunctionsandaveraging

kernelsshow thattheSCIAMACHY nadirmeasurementsarehighly sensitive to CH
�
, CO,andCO

)
concentrationchanges

evenin thelowestkilometerof theatmosphere.First resultshavebeenpresentedobtainedby applyingthismethodto small
spectralfitting windowsfocusingon CH

�
, CO

)
, CO,andO

)
columnretrieval andCH

�
andCO

)
to O

)
columnratios.The

retrievedcolumnshave theright orderof magnitudeandshow theexpectedcorrelationof thewell mixedgasesCO
)

and
CH

�
with O

)
andsurfacetopography. Thestandarddeviation of theretrievedO

)
normalizedCO

)
(CH

�
) columnswithin

10Q latitudebandsis R 10 ppmv( R 50 ppbv) for measurementsover land(overoceanthescatteris a factorof 2-4 larger).
Especiallythe CO retrieval needsfurther studyandimprovement.The CO fit errorsare20-40%over land but typically
significantlylargerovertheocean.TheCOfit residualsaredominatedby relatively stablesystematicartifacts(alsopresent
in theCO

)
andCH

�
spectralfitting windows)on theorderof theweakCOabsorptionlines.
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