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INTRODUCTION

Watervapouris oneof themostabundantatmosphericgases.Morethan99%of watervapouris locatedin thetroposphere
where it significantly contributesto atmosphericchemistry, weather, and climate [1]. Its large spatialand temporal
variability makeswatervapoura tracerfor troposphericchangesandespeciallyimportantfor globalmodelswhichaim to
predictclimate.
Theimportanceof watervapourhasgeneratedtheneedfor globalwatervapourdata.Themainsourcesfor watervapour
dataarecurrently in situ radio sondemeasurements,spaceborneIR measurements,for exampleby the TIROS-N Op-
erationalVertical Sounder(TOVS), andmicrowave soundings,for examplewith the SpecialSensorMicrowave Imager
(SSM/I),seee.g.[2], andreferencestherein.
Recently, two differentapproacheshaveshown thatmeasurementsof theGlobalOzoneMonitoringExperiment(GOME)
mayprovideanadditionalsourceof globalwatervapourdata[3; 4].
The GOME instrumentis a space-basedgrating spectrometermeasuringboth the extraterrestrialsolar irradianceand
the Earthshineradiancein the spectralrangebetween240and800 nm. A typical GOME spectrumis shown in Fig. 1.
Measurementsareperformedin nadir viewing geometrywith a spatialresolutionof about320km � 40 km. GOME is
operatingsuccessfullysince1995from the ERS-2satelliteproviding not only global distributionsof O3 andNO2, but
alsocolumnamountsof severalotheratmosphericconstituents,for exampleBrO, OClO, SO2, andHCHO (see[5], and
referencestherein).
The currentstudypresentsan extensionof the algorithmdescribedby [3] which now allows for the retrieval of water
vapourona globalscale.

THE ALGORITHM

The algorithmto derive watervapourtotal columnamountsfrom GOME datais basedon the well-known Differential
OpticalAbsorptionSpectroscopy (DOAS) approach(seeFig.2) which hasshown to beapplicableto bothground-based
andspacebornemeasurements(see[5], andreferencestherein).
As in standardDOAS, the Earth-shineradianceis normalisedto solar irradiance. All broadbandcontributions (like
Rayleigh-andMie scattering,surfacealbedo)areapproximatedby a polynomial,which is subtractedfrom themeasured
signal. The absorberamountis thenderived from the remainingdifferentialabsorptionstructures,usually involving a
radiative transfermodel.
Although this kind of approachhasbeensuccessfullyusedto retrieve the columnamountsof varioustracegasessome
modificationsarerequiredto make it applicableto theretrieval of watervapourfrom GOMEdata.Theseareexplainedin
detail in [3] andwill thusonly beshortlyaddressedhere.



Fig. 1: TypicalGOME Spectrum(ratioof Earthshineradianceto solarirradiance).

Non-Linearity

Themainreasonfor theneedof amodifiedapproachis thatthestronglywavelengthdependentabsorptionof watervapour
is not resolvedby the GOME instrumentbecauseof its limited spectralresolution.This resultsin a non-linearrelation
betweendifferentialabsorptionandabsorberamount.This non-linearityhasbeenparametrisedin analogyto [6]:

τ � c Cb
V (1)

whereτ is theslantopticaldepth,CV thewatervapourverticalcolumn,b describesthesaturationeffects,andc contains
the(average)crosssectionsandtheair massfactor(AMF), i.e. thefactorwhich convertstheslantcolumninto a vertical
columndensity. Bothb andc dependonwavelength,spectralresolution,solarzenithangle(SZA),atmosphericconditions
(pressure,temperature,clouds),andto somedegreealsoon theshapeof thewatervapourprofile. However, it is a basic
assumptionthat b andc do not dependon the total verticalcolumndensity. Theparametersb andc may be calculated
from radiative transfercalculations.

Air MassFactor Corr ection

A commonretrieval problemis that thereferenceatmosphereusedin radiative transfercalculationsusuallydiffersfrom
the real atmosphericconditionsduring the measurement.This resultsin an in-appropriateAMF, andasa consequence
alsoin anwrongverticalcolumn.

Fig. 2: TheprincipalDOAS approach.



Fig. 3: Slantopticaldensitiesof O2 andwatervapourin thespectralregion of thefitting window for a tropicalreference
atmosphereandasolarzenithangle(SZA) of 40

�
.

This problemis solvedby introducinganAMF correctionfactorwhich is determinedusingadditionalinformationfrom
O2 absorptionfeatures.Themain ideais to assumethat theAMF correctionfactorsfor O2 andH2O arethesame;since
theamountof O2 is known, this factormaybedeterminedfor a givenO2 slantopticaldepthτO2.
Theabove assumptionof thesameAMF correctionfactorin fact relieson severalboundaryconditions,namelythatO2

andH2O absorptionareof similarstrengthandoccurin thesamespectralregion. This is assuredby choosingthespectral
window between688and700nm for theretrieval. In this wavelengthrangeO2 andH2O absorptionspartly overlapand
theassociatedslantopticaldepthsareof thesamemagnitude(seeFig. 3).

Cloud Corr ection

Anotherproblemof space-basedmeasurementsin theUV-VIS-NIR spectralregionis thatno informationcanbeobtained
from below clouds.For theretrieval of watervapourthis is a seriousissue,becausemostof thewatervapouris located
nearthe surfaceand thus not visible in the presenceof clouds. Becauseof the large GOME groundpixels thereare
only very few measurementsundercloud-freeconditions.Themostcommonsituationis a partly cloud-coveredscene.
Therefore,cloudsneedto beconsideredin a retrieval algorithmwhich shallbeapplicableon a globalscale.
Fortunately, someof theinfluencesof cloudsonthemeasuredsignalarealreadyimplicitly coveredby theretrievalmethod
describedabove. All broadbandeffectsof clouds,i.e. increasingthe total intensityof the incominglight, areincluded
in the backgroundpolynomial. Changesin the AMF are– at leastto somedegree– coveredby the AMF correction,
assumingthatthechangeof theaveragelight pathdueto thepresenceof cloudsis similar for O2 andwatervapour.
However, thegeneralproblemremainsthattheGOMEdatado notcontaininformationfrom below theclouds,andthusa
largepartof thewatervapourcolumnis invisible in thepresenceof clouds.Moreover, theshapesof thewatervapourand
O2 profilesdiffer andthusthe‘visible’ amountsof watervapourandO2 vary with cloudtop heightandcloudcoverage.
Thereforetheactualvaluesof theparametersb andc dependon cloudiness,andthecouplingbetweenwatervapourand
O2 – andthusthe AMF correctionfactor– is alsoa functionof cloud top heightandcloudcoverage.This needsto be
considered.
Onesolutionof thisproblemis to computeadditionalparametersfor differentcloudtopheightsandcloudcoverages.The
appropriateparametersetis thenselectedusingactualvaluesfor thecloudtopheightandcoveragetakenfrom theGOME
level 2 dataproduct.
A cloudcorrectionalgorithmwhich doeslessrely on givencloudtop heightandcoverageis describedin [7]. However,
recentanalysisresultsindicatethatthealgorithmdescribedin thepresentpaperis computationallyfasterandgivesbetter
resultsaslongasthecloudparametersaresufficiently well known.

Modified DOAS Equation

Theapproachdescribedaboveresultsin thefollowing modifiedDOAS equation:

ln

�
I
I0 � � P � a � τO2 � c Cb

V � (2)

In this equation,I andI0 aretheEarthshineradianceandsolarirradiancespectrameasuredby GOME.
Radiative transfercalculationsusingGOMETRAN [8; 9] provide the parametersb, c, andτO2. As notedbefore,these
parametersdependon wavelength,atmosphericconditions,andsolarzenithangle.
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Fig. 4: Watervapourtotal columnamountsmeasuredby SSM/I on DMSP-F14between1 August2000and3 August
2000(descendingorbits).

To minimisecomputationalefforts cloudshave beenmodelledasreflectinglayersof lambertianalbedo0.9 at the cor-
respondingcloud top altitude. Comparisonswith morecomplex cloudmodelshave shown that this is sufficient for the
presentpurpose.Pre-calculatedparameterssetshave beenderived for a surfacealbedoof 5% (valid for oceanscenar-
ios), eightcloud top heights(1 – 8 km), cloudcoveragesof 0%, 20%,40%,60%,80%,and100%,thesix MODTRAN
standardreferenceatmospheres(tropical,mid-latitudesummer/winter, sub-arcticsummer/winter, and1976US Standard
atmosphere),andeightSZAs(0

�
, 20

�
, 40

�
, 50

�
, 60

�
, 70

�
, 80

�
). Parametersetsfor otherSZAsandcloudconditionsare

derivedfrom interpolation.
A non-linearfit appliedto equation(2) resultsin thecoefficientsof thepolynomialP, theAMF correctionfactora, and
finally thetargetedverticalwatervapourcolumnamountCV .
Notethatevencompletelycloudyscenarioscanbehandledby thisapproach,althoughinformationfrom below theclouds
is only takenfrom thereferenceatmospherein this case.

RESULTS

To judgeuponthequalityof theretrieval,GOMEwatervapourcolumnsarecomparedwith SSM/Idaily griddedIntegrated
WaterVapor(IWV) data.Thesedataareavailableover oceanonly andhave a spatialresolutionof 0.5

� � 0.5
�
. For the

presentanalysisSSM/I datafrom the DMSP F-14 satellitemeasuredbetween1 and3 August2000during descending
orbitshavebeenselected.A compositeimageof thesedateis shown in Fig. 4.
The correspondingGOME water vapourdatahave beenderived from radianceand irradiancespectraextractedfrom
GOME level 1 dataandcloudcoverageandcloud top heightvaluestaken from GOME level 2 datafor the samethree
days.Theretrieval hasbeensuccessfullyperformedfor all GOME subpixels. For thecomparisonwith SSM/I backscan
pixelshavebeenomittedin theplots,andtheGOMEdatahavebeengriddedto 0.5

� � 0.5
�
.

Two differenttypesof retrieval havebeenperformed:
At first, a simpleapproachhasbeenusedwhich assumesfor all measurementsa cloudfreescenarioandalwaysusesthe
tropical referenceatmosphere.In this case,all atmosphericvariationsanddifferentcloudconditionshave to behandled
by theAMF correction.
Thesecondapproachusesthefull capabilitiesof theretrieval model: Parametersetsaredeterminedfor theactualcloud
conditions,andanautomaticselectionof anappropriatereferenceatmosphereis performedby anadditionalanalysisof
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Fig. 5: Watervapourtotalcolumnamountsdeterminedfrom GOMEmeasurementsbetween1 August2000and3 August
2000.No specificcloudcorrectionis performed,anda tropicalreferenceatmosphereis used.

O2 absorptionfeatures.
As canbeeseenfrom Fig. 5, even the simplemodel is quite successfulon a global scale. The generalstructuresand
magnitudesof thewatervapourdistribution seenin theSSM/I dataarereproduced.Moreover, in contrastto SSM/I, the
retrieval alsoproducesconsistentresultsover land.However, in someregions,like in theeasternpartof thePacificocean,
theretrievedGOMEcolumnsaremuchlower thantheSSM/I values.
In thesecasestheAMF correctionfails becausethebackgroundatmosphereusedin theparametercalculationis too far
away from the real atmosphericconditions,mainly dueto the presenceof clouds. In fact, theseproblemareasmay be
clearlyidentifiedby a low AMF correctionfactor. This is illustratedin Fig. 6, whereall datahavebeenomittedfor which
theretrieval resultsin anAMF correctionfactorsmallerthan0.8. Obviously, all areaswhich showedtoo low columnsin
Fig. 5 arenow removedin Fig. 6.
Runningthe ‘full’ model– including cloud correction– resultsin the total watervapourcolumnsdisplayedin Fig. 7.
As canbeseen,theretrieval still works for non-cloudyscenes.For cloudyscenestheretrievedcolumnsarehigherthan
without cloudcorrection,andtheagreementwith SSM/I datais muchbetter. However, in somecloudyregionsthewater
vapourcolumnsaresignificantlyoverestimated,andin generalthe scatterof the datais muchlarger in the presenceof
clouds.
Thereareseveralpossiblereasonsfor theseremainingproblems:First of all, thequality of theretrieval stronglydepends
on a goodknowledgeof cloudtop heightandcloudcoverage.Thecloudtop heightgivenin theGOME dataproductis
taken from a climatologyandthusmay not matchreality. The othercritical point is that becauseno informationfrom
below thecloudscanbederivedfrom theGOME data,thetotal columnfor a cloudyscenedependson thechoiceof the
referenceatmosphereof which only six differenttypesarecurrentlyin use. Thereforeit is concludedthat the retrieval
works alsofor cloudy scenes,but in thesecasesadditionalerrorsareintroducedresultingfrom thesmallerinformation
contentof themeasurementdata.

Summary

A methodto retrieve vertical columnamountsof watervapourfrom GOME datahasbeenpresented.This methodis
basedon a modifiedDOAS approachandespeciallyconsiderstheinfluenceof saturation,incorrectAMFs, andclouds.It
hasbeenshown thattheretrieval of watervapourcolumnsfrom GOME datais possibleon a globalscale,andespecially
thatGOMEwatervapourcolumnscanalsoberetrievedoverland.ComparisonsbetweenGOMEandSSM/Iwatervapour
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Fig. 6: Samedataasin Fig. 5, but only datawith AMF correctionfactorslargerthan0.8aredisplayed. 
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Fig. 7: Watervapourtotalcolumnamountsdeterminedfrom GOMEmeasurementsbetween1 August2000and3 August
2000.Theretrieval includesanautomaticdeterminationof thereferenceatmosphereandadditionalcloudcorrection.

columnsshow a goodgeneralagreement,even if no explicit cloudcorrectionis performed.Areaswherethe cloudfree
approachfails maybeclearly identified. Improvementsareachievedwith anadditionalcloudcorrection,but theresults
areverysensitive to thechoiceof thereferenceatmosphereandthecloudtop heightandcloudcoverageused.
Futurestudiesshall look into othersourcesof (better)cloud parameters,othercloud correctionalgorithms,or a better
climatology. The possibility of deriving informationaboutthe vertical profile of watervapourwill alsobe subjectto



furtherinvestigations.
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