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INTRODUCTION

Watervapouris oneof themostabundantatmospherigasesMore than99%of watervapouris locatedn thetroposphere
whereit significantly contributesto atmosphericchemistry weathey and climate [1]. Its large spatialand temporal
variability makeswatervapouratracerfor tropospherichangesndespeciallyimportantfor globalmodelswhich aimto
predictclimate.

Theimportanceof watervapourhasgeneratedhe needfor globalwatervapourdata. The mainsourcedor watervapour
dataarecurrentlyin situ radio sondemeasurementspacebornelR measurementspr exampleby the TIROS-N Op-
erationalVertical SounderTOVS), and microwave soundingsfor examplewith the SpecialSensoMicrowave Imager
(SSM/I), seee.q.[2], andreferencesherein.

Recentlytwo differentapproachebave shovn thatmeasurementsf the GlobalOzoneMonitoring Experimen{GOME)
may provide anadditionalsourceof globalwatervapourdata[3; 4].

The GOME instrumentis a space-basedrating spectrometemeasuringboth the extraterrestrialsolar irradianceand
the Earthshineradiancen the spectralrangebetween240and800 nm. A typical GOME spectrumis shavn in Fig. 1.
Measurementareperformedin nadir viewing geometrywith a spatialresolutionof about320km x 40 km. GOME is
operatingsuccessfullysince 1995 from the ERS-2satelliteproviding not only global distributions of O3 andNO3, but
alsocolumnamountsof several otheratmosphericonstituentsfor exampleBrO, OCIO, SO,, andHCHO (see[5], and
referencesherein).

The currentstudy presentsan extensionof the algorithm describedby [3] which now allows for the retrieval of water
vapouronaglobalscale.

THE ALGORITHM

The algorithmto derive watervapourtotal columnamountsfrom GOME datais basedon the well-known Differential
Optical AbsorptionSpectroscop (DOAS) approach(seeFig.2) which hasshowvn to be applicableto both ground-based
andspacebornemeasurementsee[5], andreferencesherein).

As in standardDOAS, the Earth-shineradianceis normalisedto solarirradiance. All broadbandcontributions (like
Rayleigh-andMie scatteringsurfacealbedo)areapproximatedy a polynomial,whichis subtractedrom the measured
signal. The absorbetamountis thenderived from the remainingdifferentialabsorptionstructuresusuallyinvolving a
radiative transfermodel.

Although this kind of approachhasbeensuccessfullyusedto retrieve the columnamountsof varioustracegasessome
modificationsarerequiredto make it applicableto theretrieval of watervapourfrom GOME data. Theseareexplainedin
detailin [3] andwill thusonly beshortlyaddressetiere.
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Fig. 1: Typical GOME Spectrum(ratio of Earthshingadianceto solarirradiance).

Non-Linearity

Themainreasorfor theneedof amodifiedapproachs thatthestronglywavelengthdependenabsorptiorof watervapour
is not resohed by the GOME instrumentbecausef its limited spectralresolution. This resultsin a non-linearrelation
betweerdifferentialabsorptiorandabsorbeamount.This non-linearityhasbeenparametriseéh analogyto [6]:

T=cQy @

wherert is the slantoptical depth,Cy thewatervapourvertical column,b describeghe saturatioreffects,andc contains
the (average)crosssectionsandthe air massfactor(AMF), i.e. thefactorwhich convertsthe slantcolumninto avertical
columndensity Both b andc dependnwavelength spectratesolution solarzenithangle(SZA), atmosphericonditions
(pressuretemperatureglouds),andto somedegreealsoon the shapeof the watervapourprofile. However, it is a basic
assumptiorthatb andc do not dependon the total vertical columndensity The parameter® andc may be calculated
from radiative transfercalculations.

Air MassFactor Corr ection

A commonretrieval problemis thatthe referenceatmosphereisedin radiative transfercalculationsusuallydiffersfrom
the real atmosphericonditionsduring the measurementThis resultsin anin-appropriateéAMF, andasa consequence
alsoin anwrongverticalcolumn.
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Fig. 2: Theprincipal DOAS approach.
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Fig. 3: Slantopticaldensitiesof O, andwatervapourin the spectrakregion of thefitting window for atropicalreference
atmospher@anda solarzenithangle(SZA) of 40°.

This problemis solved by introducingan AMF correctionfactorwhich is determinedusingadditionalinformationfrom
O, absorptiorfeatures.Themainideais to assumehatthe AMF correctionfactorsfor O, andH,0 arethe same;since
theamountof O, is known, this factormay be determinedor a givenO; slantoptical depthto,.

The aborve assumptiorof the sameAMF correctionfactorin factrelieson severalboundaryconditions,namelythat O,
andH»0 absorptiorareof similar strengthandoccurin the samespectraregion. Thisis assuredy choosinghespectral
window betweer688and700nm for theretrieval. In this wavelengthrangeO, andH,O absorptiongartly overlapand
theassociatedlantoptical depthsareof the samemagnitude(seeFig. 3).

Cloud Corr ection

Anotherproblemof space-basesheasuremenis the UV-VIS-NIR spectraregionis thatnoinformationcanbeobtained
from below clouds. For the retrieval of watervapourthis is a seriousissue,becausenostof the watervapouris located
nearthe surfaceand thus not visible in the presenceof clouds. Becauseof the large GOME ground pixels thereare
only very few measurementsndercloud-freeconditions. The mostcommonsituationis a partly cloud-coveredscene.
Thereforecloudsneedto be consideredn aretrieval algorithmwhich shallbe applicableon a globalscale.
Fortunatelysomeof theinfluencef cloudsonthemeasuredignalarealreadyimplicitly coveredby theretrieval method
describedabove. All broadbancdeffectsof clouds,i.e. increasingthe total intensity of the incominglight, areincluded
in the backgroundpolynomial. Changesn the AMF are— at leastto somedegree— coveredby the AMF correction,
assuminghatthe changeof the averagdight pathdueto the presencef cloudsis similar for O, andwatervapour
However, the generaproblemremainghatthe GOME datado not containinformationfrom below the clouds,andthusa
large partof thewatervapourcolumnis invisible in the presencef clouds.Moreover, theshape®f thewatervapourand
O, profilesdiffer andthusthe ‘visible’ amountsof watervapourand O, vary with cloud top heightandcloud coverage.
Thereforethe actualvaluesof the parameterd andc dependon cloudinessandthe couplingbetweenwatervapourand
O, —andthusthe AMF correctionfactor— is alsoa function of cloud top heightandcloud coverage.This needsto be
considered.

Onesolutionof this problemis to computeadditionalparametersor differentcloudtop heightsandcloud coveragesThe
appropriatgparametesetis thenselectedisingactualvaluesfor thecloudtop heightandcoveragetakenfrom the GOME
level 2 dataproduct.

A cloud correctionalgorithmwhich doeslessrely on given cloudtop heightandcoverageis describedn [7]. However,
recentanalysisresultsindicatethatthe algorithmdescribedn the presenpaperis computationallyfasterandgivesbetter
resultsaslong asthe cloud parameteraresuficiently well known.

Modified DOAS Equation

Theapproachdescribedabove resultsin the following modifiedDOAS equation:

In <I—> =P-a (Toz—i—CC\t}) 2)
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In this equation] andlg arethe Earthshingadianceandsolarirradiancespectraneasuredhy GOME.
Radiatve transfercalculationsusing GOMETRAN [8; 9] provide the parameterd, ¢, andto,. As notedbefore,these
parameterslependon wavelength atmosphericonditions,andsolarzenithangle.
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Fig. 4: Watervapourtotal columnamountsmeasuredy SSM/I on DMSP-F14betweenl August2000and 3 August
2000(descendingrhbits).

To minimise computationakfforts cloudshave beenmodelledasreflectinglayersof lambertianalbedo0.9 at the cor-
respondingcloud top altitude. Comparisonsvith more complex cloud modelshave shavn thatthis is sufficient for the
presentpurpose. Pre-calculategharametersetshave beenderived for a surfacealbedoof 5% (valid for oceanscenar
ios), eightcloudtop heights(1 — 8 km), cloud coveragesof 0%, 20%,40%, 60%, 80%, and 100%,the six MODTRAN
standardeferenceatmospheregropical, mid-latitudesummer/wintersub-arcticsummer/winterand 1976 US Standard
atmosphere)andeight SZAs (0°, 20°, 40°, 50°, 60°, 70°, 80°). Parametesetsfor otherSZAsandcloud conditionsare
derivedfrom interpolation.

A non-linearfit appliedto equation(2) resultsin the coeficientsof the polynomialP, the AMF correctionfactora, and
finally thetarmgetedverticalwatervapourcolumnamountCy .
Notethatevencompletelycloudyscenariosanbehandledby this approachalthoughinformationfrom below theclouds
is only takenfrom thereferenceatmospherén this case.

RESULTS

To judgeuponthequality of theretrieval, GOME watervapourcolumnsarecomparedvith SSM/I daily griddedintegrated
WaterVapor (IWV) data. Thesedataareavailableover oceanonly andhave a spatialresolutionof 0.5° x 0.5°. For the
presentanalysisSSM/I datafrom the DMSP F-14 satellite measuredetweenl and3 August2000during descending
orbitshave beenselected A compositémageof thesedateis shavn in Fig. 4.

The correspondingGOME water vapour datahave beenderived from radianceand irradiancespectraextractedfrom
GOME level 1 dataand cloud coverageand cloud top heightvaluestaken from GOME level 2 datafor the samethree
days. Theretrieval hasbeensuccessfullyperformedfor all GOME subpixels. For the comparisorwith SSM/I backscan
pixelshave beenomittedin the plots,andthe GOME datahave beengriddedto 0.5° x 0.5°.

Two differenttypesof retrieval have beenperformed:

At first, a simpleapproacthasbeenusedwhich assumesor all measurementa cloudfreescenaricandalwaysusesthe
tropical referenceatmosphereln this case all atmospheriwariationsanddifferentcloud conditionshave to be handled
by the AMF correction.

The secondapproachusesthefull capabilitiesof the retrieval model: Parameteisetsare determinedor the actualcloud
conditions,andan automaticselectionof anappropriateeferenceatmospherés performedby anadditionalanalysisof
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Fig. 5: Watervapourtotal columnamountdeterminedrom GOME measurementsetweenl August2000and3 August
2000.No specificcloudcorrectionis performedandatropical referenceatmospherés used.

O, absorptiorfeatures.

As canbeeseenfrom Fig. 5, even the simple modelis quite successfubn a global scale. The generalstructuresand
magnitudef the watervapourdistribution seenin the SSM/I dataarereproduced Moreover, in contrastto SSM/I, the
retrieval alsoproducesonsistentesultsoverland. However, in someregions,like in theeasterrpartof the Pacific ocean,
theretrieved GOME columnsaremuchlower thanthe SSM/I values.

In thesecaseghe AMF correctionfails becausdhe backgroundatmospheraisedin the parametercalculationis too far
away from the real atmosphericonditions,mainly dueto the presencef clouds. In fact, theseproblemareasmay be
clearlyidentifiedby alow AMF correctionfactor Thisis illustratedin Fig. 6, whereall datahave beenomittedfor which
theretrieval resultsin an AMF correctionfactorsmallerthan0.8. Obviously, all areaswvhich shavedtoo low columnsin
Fig. 5 arenow removedin Fig. 6.

Runningthe ‘full’ model- including cloud correction— resultsin the total water vapourcolumnsdisplayedin Fig. 7.
As canbe seentheretrieval still worksfor non-cloudyscenesFor cloudy sceneghe retrieved columnsarehigherthan
without cloud correction,andthe agreementvith SSM/I datais muchbetter However, in somecloudy regionsthe water
vapourcolumnsare significantly overestimatedandin generalthe scatterof the datais muchlargerin the presencef
clouds.

Thereareseveralpossiblereasongor theseremainingproblems:First of all, the quality of theretrieval stronglydepends
on a goodknowledgeof cloudtop heightandcloud coverage.The cloudtop heightgivenin the GOME dataproductis
taken from a climatology andthus may not matchreality. The othercritical point is that becausano informationfrom
below the cloudscanbe derived from the GOME data,the total columnfor a cloudy scenedepend®n the choiceof the
referenceatmospheref which only six differenttypesare currentlyin use. Thereforeit is concludedthatthe retrieval
works alsofor cloudy scenesbut in thesecasesadditionalerrorsareintroducedresultingfrom the smallerinformation
contentof themeasuremerdata.

Summary

A methodto retrieve vertical columnamountsof watervapourfrom GOME datahasbeenpresented.This methodis
basedn a modifiedDOAS approactandespeciallyconsidergheinfluenceof saturationjncorrectAMFs, andclouds.It
hasbeenshownn thattheretrieval of watervapourcolumnsfrom GOME datais possibleon a globalscale andespecially
thatGOME watervapourcolumnscanalsoberetrievedoverland. ComparisonbetweerlGOME andSSM/l watervapour
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Fig. 6: Samedataasin Fig. 5, but only datawith AMF correctionfactorslargerthan0.8aredisplayed.
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Fig. 7: Watervapourtotal columnamountgeterminedrom GOME measurementsetweenl August2000and3 August
2000. Theretrieval includesanautomaticdeterminatiorof the referenceatmospherandadditionalcloud correction.

columnsshov a goodgeneralagreementevenif no explicit cloud correctionis performed. Areaswherethe cloudfree
approachfails may be clearly identified. Improvementsare achiezed with anadditionalcloud correction,but the results
arevery sensite to the choiceof thereferenceatmospher@andthe cloudtop heightandcloud coverageused.

Futurestudiesshall look into othersourcesof (better)cloud parametersother cloud correctionalgorithms,or a better
climatology The possibility of deriving information aboutthe vertical profile of watervapourwill also be subjectto



furtherinvestigations.
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