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ABSTRACT

A successfulintegrationof solarenergy into theexistingenergy structurehighly dependsonadetailedknowledge
of thesolarresource.TherecentlystartedEuropeanprojectHELIOSAT-3 will supplyhigh-qualitysolarradiation
dataandtakingadvantageof theenhancedcapabilitiesof thenew MeteosatSecondGeneration(MSG) satellites.
Theexpectedquality representsa substantialimprovementwith respectto theavailablemethodsandwill better
matchtheneedsof thesolarenergy community. Thesegoalswill beachievedby animprovementof thecurrent
semi-empiricalHeliosatcalculationschemes(seesection2) aswell asby thedevelopmentandestablishmentof
a new type of calculationscheme.This new type will be basedon radiative transfermodels(RTM) using the
informationof atmosphericparametersretrieved from the MSG satellite(clouds,ozone,watervapor) and the
GOME/ATSR-2satellites(aerosols).Within this paper, thenew typeof thesolarirradiancecalculationscheme,
includingthefunctionaltreatmentof thediurnalvariationof thesolarirradiance,is described.

1 INTRODUCTION

RemoteSensingfrom satellitesis acentralissuein monitoringandforecastingthestateof theearthsatmosphere.
GeostationarysatellitessuchasMETEOSAT provide cloudinformationin ahighspatialandtemporalresolution.
Suchsatellitesarethereforenotonly usefulfor weatherforecasting,but alsofor theestimationof solarirradiance
sincetheknowledgeof theradiancereflectedby cloudsis thebasisfor thecalculationof thetransmittedirradiance.
Additionally a detailedknowledgeaboutatmosphericparametersinvolved in scatteringand absorptionof the
sunlightarenecessaryfor anaccuratecalculationof thesolarirradiance.An accurateestimationof thedownward
solar irradianceis not only of particularimportancefor the assessmentof the radiative forcing of the climate
system,but alsoabsolutelynecessaryfor anefficientplanningandoperationof solarenergy systems.
Currently, mostof theoperationalcalculationschemesfor solarirradiancearesemi-empirical,basedonstatistical
methods.They usecloud informationfrom the currentMETEOSAT satelliteandclimatologiesof atmospheric
parameterse.g. turbidity (aerosolsandwatervapor). The MeteosatSecondGenerationsatellite(MSG, to be
launchedin 2002)will provide not only a higherspatialandtemporalresolution,but alsothe potentialfor the
retrieval of atmosphericparameterssuchasadditionalcloud parameters,ozone,watervaporcolumnandwith
restrictionsaerosols.
Using the enhancedcapabilitiesof the new MSG satellite,solar irradiancedatawith a high accuracy, a high
spatialandtemporalresolutionanda largegeographicalcoveragewill beprovided,within theEU fundedproject
HELIOSAT-3.
Thesegoalswill beachievedby an improvementof thecurrentsemi-empiricalHeliosatcalculationscheme(see
section2) as well as by the developmentand establishmentof a new type of calculationscheme(seesection



3). This new type will be basedon radiative transfermodels(RTM) usingthe informationof the atmospheric
parametersretrievedfrom theMSGsatellite(clouds,

	�

, watervapor)andtheGOME/ATSR-2satellites(aerosols,	 


).
In orderto enablea betterunderstandingof thenew schemethecurrentschemeis describedin thenext section.
Afterwardsthenew solarirradiancecalculationscheme,includingthefunctionaltreatmentof thediurnalvariation
of thesolarirradiance,is described.The improvementslinked with theadaptionof thenew calculationscheme
arediscussedtakinginto accountbenefitsandlimitationsof thenew method.

2 The current HELIOSAT scheme

Thebasicideaof theHeliosatmethodis to dealwith atmosphericandcloudextinctionseparately. In afirst stepa
cloudindex is derivedfrom METEOSAT imagery. This stepusesthefact that theplanetaryalbedomeasuredby
thesatelliteis proportionalto theamountof cloudiness.Thederived cloud index is thencorrelatedto thecloud
transmission,describedwith theclearsky index � , which relatestheactualgroundirradiance to theirradiance
of the cloud free case���� ����������� . As a consequencea clearsky model,providing ���� ����������� , is necessaryfor the
estimationof theactualgroundiradianace

2.1 Cloud Transmission

Cloudshave thelargesteffect on atmosphericradiative transfer. Thecloudamountis derivedfrom METEOSAT
imagery. First theMETEOSAT imageshave to benormalizedwith respectto thesolarzenithangle. Therefore
therelative reflectance� is introduced: ���  "!# %$'&)(+*-, (1)

Here
 

is the measuredvalueof the satellitepixel and
 %$

is the instrumentoffset. Since '&�(+* is used, � is a
measureof theplanetaryalbedo.Originally

 %$
wasconsideredasa constant.Beyer et. al (1996)split this offset

into aninstrumentoffset
 /.�0

andatmosphericoffset
 %1 *32 which is dueto backscatterof theatmosphere.

 %1 *32
wasderivedby ananalysisof oceanpixels: %1 *32 �547698;:=<?>A@CBEDGFIHKJ�LNMPOQ=RTS $VU W�XZY�[ (2)

where B is theanglebetweensunandsatelliteasseenfrom theground,
Y

thezenithangleof thesatelliteand L\M
thesolarzenithangle(SZA). Thefunction HKJ�L\M+O is definedas:HKJ�L\MPO � !^] ,`_T_ !#a _b, a FP:=<?> L\M !dcTe , c FN:=<?>7@ LNM 8f6Zg , ghFZ:=<?> 
 L\M , (3)

Thecloudindex is ameasureof thecloudcover, it variesbetween0 for cloud-freeand1 for full cloudcover. It is
calculatedusingthereflectivity � from equation1:i � � ! �j2lknm�j2 1 ( ! �o29kpm , (4)

To calculatei , themaximum �j2 1 ( andminimum �o29kpm valuesof � areneeded.�j29kpm correspondsto theground
albedo. Mapsof the groundalbedoarecomputedon a monthly basisby statisticalanalysisof the dark pixels.
The maximumreflectivity �o2 1 ( hasto be computedonceper satellitesincetherearedifferencesin the sensor
propertiesin thedifferentMETEOSAT satellites(Hammeret. al, 2001)
Cloudtransmissioncanbedescribedasseenfrom thegroundby theclear-sky index � whichcomparestheactual
groundirradiance with theirradianceof thecloudfreecase��)� ����������� :�q� 'rts & 17u7v)wVx , (5)

Thecloud index is thenempiricallycorrelatedto theclearsky index � . This relationshipis basically �y�I6 ! i
with minor modificationsfor i{z ]

and iyz 6 :id| !^] , a �q�}6 , a!^] , aq~ i�| ] , e �q�}6 ! i] , eq~ i�| 6 , 6 �q� a , ]?� g !#c , �T� g'F i 8"6 , �T� g�F i @6 , 6 ~ i �q� ] , ] _
(6)

Thegroundirradiance is thenobtainedfrom��f��F J '� k u & r *�� rts & 1�u�v)wVx FP:=<?> L M 8�'� k��P�+� v � r�s & 17u7v�wVx O (7)



spatialresolution(subsat.point) temporalresolution spectralchannels
MSG 1km 15 min 12

METEOSAT 2.5km 30 min 3

Table1: Improvementsin METEOSAT resolution

2.2 The current Clear-Sky Model

TheHELIOSAT-Methodwasoriginally proposedby Canoet. al (1986)andlatermodifiedby Beyer et. al (1996)
andHammer(2000). For the calculationof the clearsky irradianceit usesthe direct irradiancemodelof Page
(1996)anddiffuse irradiancemodelof Dumortier (1995). Both usethe Linke turbidity factor to describethe
atmosphericextinction. Thedirectirradianceis:����`�����)� � ��� �����������E�� $ FZ�KF\��� $VU X���� @V� �\���n@7��� �)��� 2 ��� 2 (8)

where  $ is the extraterrestrialirradiance, � the eccentricitycorrection, ��� J a O the Linke-Turbidity factor for
airmass2,  +¡ J£¢{O the Rayleighoptical thicknessand ¢ the airmass. For the air massthe following relation
developedby KastenandYoung(1989)is used:

¢ � 6 !d¤o¥ 6 ]T]T]T]Q=RTS L\M 8 ] ,`_ ] _ g a J�¦ � , ] g ¦T¦ _?§ ! L\MZO �©¨ U � 
 ��ª (9)

using
¤

astheheightin metersandtheSZA L\M in degrees.TheRayleighoptical thickness +¡ J£¢{O is theoptical
thicknessof a dry andcleanatmosphere,anatmospherewithout aerosolsandwatervapor, whereonly Rayleigh
scatteringoccurs.
The Linke-Turbidity is definedas the numberof Rayleighatmospheresnecessaryto representthe real optical
thickness  J£¢{O : � � J£¢{O �   J£¢{O +¡ J£¢{O (10)

Sincethis turbidity still hasa daily variation,it is normalizedto theturbidity for theairmass2:�©� J a O � � � J£¢{O FN  ¡ J£¢{O +¡ J a O , (11)

Thediffuseirradianceis anempiricalfit by Dumortier(1995)���� 0¬« �%�� $ FZ�F Q=RTS L @M F J ] , ]T]?� _ 8 J !^] , ]�® _ 8 ] , ]?�\®j� FP��� J a O�O F Q=RTS L\M 8 J ] , ] 6 ®�!d] , ]?cTa gEF=�©� J a O�O (12)

The turbidity informationcannot be derived from the Meteosatspectralchannels.Thereforea climatological
modelmustbeused.To accountfor theannualvariationof theturbidity a relationof Bourges(1992)is used:���¯�°� $ 8;±/:=<?>/² a�³cT� _o´/µ 8;¶l>7·�¸¹² a�³cT� _o´�µ [ (13)� $ , ± and ¶ aresitespecificfit parameters,´ is thedayof theyear. A mapwith theparametersfor Europehas
beensetupduringtheEU-fundedSatel-Lightproject(www.satellight.com).

3 THE NEW SCHEME

With the launchof the MeteosatSecondGeneration(MSG) satellitethe possibilitiesfor monitoring the earth
atmosphere,especiallyfor cloud description,will be enormouslyimproved. The MSG weathersatellitewill
provide not only a higher spatialand temporalresolutionbut will alsoscanthe earthatmosphereusing more
spectralchannelsthan the currentsatellite. The improved spectralinformation is linked with the potentialfor
the retrieval of atmosphericparameterssuchasozone,watervaporandwith restrictionsaerosolsaswell asan
improveddescriptionof clouds.
With this moredetailedknowledgeaboutatmosphericparameterswe will establisha new calculationscheme
basedon a radiative transfermodel (RTM) that usesthe retrieved atmosphericparametersas input. This new
schemewill be basedon the integrateduseof a radiative transfermodel,whereasthe informationof the atmo-
sphericparametersretrieved from theMSG satellite(clouds,ozone,watervapor)andfrom theGOME/ATSR-2
satellites(aerosols,ozone)will beusedasinput to theRTM basedscheme.1

1In thenearfuturetheinformationfrom GOME/ATSR-2will bereplacedby SCIAMACHY/AATSR



However an operationalusageof a RTM for the treatmentof heterogenousclouds(whetherdirectly or via the
usageof pre-calculatedlook-uptables)is notpossible.Thelimitationsof 3-D cloudmodelingdonotenablereal-
istic RTM calculationsof 3-D cloudproblemsin anoperationalmanner, but just casestudies,sincethenecessary
3-D cloud input informationcan(yet) not be provided operationally. Hencewith respectto the useof a RTM
the problemis the non-availability of realisticspecificationof heterogenouscloudsfrom measurements.MSG
will not provide sufficient informationabout3-D cloudcharacteristics.No othersatelliteor measurementsetup
providesthis informationfor theneededtemporalresolutionandspatialcoverage.
Besidetheseproblemsanexplicit or integrateduseof RTM is not practicablesincetheneededcalculationtime
of 3d-RTM modelsis to large for operationaladaption.Evenhomogenouscloudscannot treatedexplicitly in an
operationalmannerwith aRTM (MSG pixel resolution).Theusageof look-uptablesfor homogenouscloudshas
noadvantagescomparedto theusageof thedescribedn-k relation.
As a consequenceof the thingsmentionedabove, the integratedusageof theRTM within theschemeis related
to theclear-sky schemeusingthewell establishedn-k relation(seeformula6) to considercloudeffects.Then-k
relationis powerful andvalidatedandleadsto small Root MeanSquareDeviation (RMSD) betweenmeasured
andcalculatedsolarirradiancefor almosthomogenouscloudsituations.Neverthelessthen-k relationcanandwill
beimprovedwith respectto thefollowing tasks.º Within theHELIOSAT-3 projectit hasbeenshown that thecloudheightin correlationwith thegeometry

hasaneffecton then-k relation.In contrastto thecurrentschemesucheffectswill beconsideredin thenew
scheme.º Heterogenouscloud effectswill be investigatedin orderto correctthe n-k relationin a statisticalmanner
e.g. improve the calculatedrelationbetweendiffuseanddirect irradiance,e.g. usingcloud heightanda
variability index to correctthen-k relation.Thiswork couldbebasedonpreviousstudiesof Skartveit etal.
(1998),adaptingasimilarapproachto thenew scheme.

Theramainingpartof this paperdealswith the integrateduseof theRTM within theschemeandhencefocuses
on theclear-sky moduleof thescheme.

3.1 The new clear-sky module

MSG will scantheearthatmospherein a very high spatialresolution(seetable1, e.gapproximately2.5million
pixelshave to beprocessedevery 15 min. for Europe).Thusthecomputingtime necessaryto calculatethesolar
irradiancefor eachpixel hasto beverysmallto makeanoperationalusageof thesolarirradianceschemepossible.
Onepossibility to managethecomputingtime problem,with respectto RTM applications,is theuseof look-up
tablesto considertheeffect of atmosphericparameteron thesolarirradiance.Insteadof doing this a new more
powerful andmoreflexible method,theintegrateduseof RTM within theschemebasedon a modifiedLambert-
Beerrelation,will beappliedwithin theHELIOSAT-3 project.
The integrationof RTM into thecalculationschemes,insteadof usingjust pre-calculatedlook-uptables,is only
possibleif the necessarycomputingtime can be decreasedenormously. For this purposea tricky functional
treatmentof thediurnalsolarirradiancevariationhasto beapplied.Thusmakinganappropriateoperationaluse
of aRTM within thecalculationschemespossible.
Thebasis(or startingpoint)of theintegrateduseis theassumptionthatdaily valuesof theatmosphericparameters
in aspatialresolutionof 100x100km or 50x50km aresufficient. Thisassumptionis appropriateandis not linked
with restrictionsof themodelbecauseof thereasonslistedbelow.º Thisresolutionis mostreasonablefor solarenergy applicationsin considerationof accuracy andoperational

practicality.º Restrictionsin the art of retrieval limits the availableinput of the atmosphericclearsky parameterswith
respectto the temporalandspatialresolution.E.g. the retrieval of Aerosolsfrom satelliteis handicapped
by thesmallAerosolreflectanceandtheperturbationof theweaksignalby cloudsandsurfacereflection.
For thatreasonsretrieval of daily Aerosolvaluesin 100x100km resolutionwith a ´´global´´coveragein an
appropriateaccuracy is a taskfor thefar future.º Thetemporaldaily fluctuationsof solarirradinacearein generaldominatedby thefluctuationsof clouds.
Thecloudinformationis usedin its high temporalandspatialresolution(MSG pixel resolution).
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Figure1: Overview of thenew calculationscheme
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Figure2: Diamgrammof the spatialandtemporallinkage
betweenclear-sky andcloudinformation.º Theusageof themodifiedLambert-Beerfunction,describedlateron,shouldenablethecorrectionof deriva-

tions from the daily valuesof the atmosphericclearsky parameterson the irradiancein an easyandfast
manner(seealsotheconclusions).

Sincedaily valuesof theatmosphericparameters(
	 


, » @ 	 ,aerosols)within a region of 100x100km(50x50km)
canbeassumedto besufficient, thediurnalvariationof thesolarirradianceis just dependenton theSolarZenith
Angle(SZA) L\M . TheRTM calculatesthediurnalvariationof thesolarirradiancefor eachregionusingtheaveraged
atmosphericparametersas input. The cloud effect andhencethe temporaldisturbtionof the diurnal clearsky
irradianceof eachpixel is consideredusingthen-k relation.As aconsequencenoteverypixel hasto beprocessed
with the radiative transfermodel. With the modified Lambert-Beerfunction, describedin detail later on, the
diurnalvariationof theclearsky irradiancecanbematchedvery well. As a consequencetheRTM calculations
necessaryto definethediurnalvariationof theclearsky irradiancecanbereducedenormously. Usingthemodified
Lambert-Beerfunctiononly 2 RTM calculationsarenecessaryto definethecompletediurnalvariationof theclear
sky irradiancefor a given atmosphericstate. As a conseuence,independentif a pixel is cloudy or not, 2 RTM
calculationareenoughto calculatethesolarirradiancefor thewhole (e.g. 100x100km) region, whereit hasto
berememberedthat theeffect of cloudsis consideredby usingthen-k relation(seeequation6). Figure1 and2
illustratesthenew schemeandtheintegrateduseof theRTM within theclearsky module.

3.2 The fitting function

TheLambert-Beerrelationis givenby ¼ � ¼+$%½ �P¾?¿ J�ÀÁO (14)
whereÀ is theopticaldepth
Consideringpathprolongationandprojectionto theearthsurfaceleadsto.¼ � ¼ $ ½ �+¾j¿ J ÀQ=R�S J�L\MZO O ½ Q=RTS J�L\MZO (15)

This formuladescribesthebehavior of thedirectmonochromaticradiationin theatmosphere,henceaneffective
opticaldepth À canbeestimatedfor all SZA ( L M ). À �"Â i J ¼ ¥ ¼ $ O (16)

Usingequation(16) for LNM =0 leadsto À $ . If we aredealingwith monochromatic radiation then À is constant,
henceÀ equalsÀ $ for all SZA.
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If wearedealingwith wavelengthbands À is notconstant,but changessmoothlywith increasingSZA . À $ is just
theeffective opticaldepthat L\M =0, Thereasonfor thatis thenon-linearnatureof theexponentialfunction.
Henceacorrectionof theopticaldepth,or equivalentto this,of theparameter ÃrtÄ v �pÅ)Æ7� is necessary.¼ � ¼ $ ½ �+¾?¿ J ÀQVRTS 1 J�L M O O ½ Q=RTS J�L\MPO (17)

Usingthis functionthecalculateddirectradiationcanbereproducedvery well (seeFig. 5). Thefitting parameter
a is calculatedbasedon two RTM calculations.

3.2.1 Global irradiance

As explainedabove a correctionof formula15 is necessaryfor direct radiationif theformulais appliedto wave-
lengthbands,henceit is necessaryfor global radiationtoo. But in addition to the wavelengthbandeffect the
Lambert-Beerlaw is no longer´´valid´´ for monochromaticradiationdueto theeffect of scatteredphotonsthat
are´´comingback´´. This effect is mainly described(considered)by theusageof theeffective opticaldepth À $ .
As a consequence,usingtheeffective opticaldepththeLambert-Beeris still a (relative) goodapproximationfor
´´monochromatic´ǵlobal radiation(e.g. seeFig. 3) . But dueto e.g. the atmosphericvertical inhomogeneity
thechangein theamountof photonscomingbackdueto changesin SZA is notdescribedby 6 ¥ QVRTS J�LNM\O in detail.
Hencea correctionof formula 15 is necessaryeven for monochromaticincomingradiation,in order to yield a
bettermatchbetweenRTM calculatedandfunctionvalues.SincetheLambert-Beerrelation,usingtheeffective
opticaldepth À $ , is still a (relative) goodapproximationif the incomingradiationis monochromatic,it is not so
surprisingthatfor wavelengthbandsthefunction¼=Ç s`Ä�È 1 s�� ¼ $ ½ �P¾?¿ J J�ÀÁOQ=RTS È J�L M O O ½ Q=RTS J�L\MZO (18)

is (similar to thedirectradiationcase)alsoagoodfitting functionfor globalradiation(seeFig. 5).

3.2.2 Diffuse irradiance

TheLambert-Beerrealtiondescribestheattenuationof theincomingradiation.Theincomingdiffuseradiationat
thetopof theatmosphereis negligible. Thesourceof thediffuseradiationis theattenuationof thedirectradiation
dueto scatteringprocesses.HencetheLambert-Beerlaw is relatedto theirradianceof diffuseradiationbut does
notdescribetheirradianceof diffuseradiation,sincediffuseradiationcannotbedescribedin termsof attenuation
of incomingradiation(e.g.seeFig. 4). Howeverfitting with themodifiedLambert-Beerrelationworksvery well
(seeFig. reffig:comp1).
Sincethe scalingwith cos(x) is not appropriatefor diffuseradiationit is skippedandequation(19) is usedfor
fitting. ¼ � k��P�=� v & � ¼ $ ½ �P¾?¿ J J�ÀÁOQ=RTS J�LNMZO r O (19)
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3.2.3 General remarks

Theusageof themodifiedLamber-Beerfunctionis physicallymotivated,but it is actuallyafitting function.This
is especiallyobvious for thecaseof diffuseradiationIn principle it is possibleto fit theRTM calculationswith
any appropriatefunctionfor examplea modifiedpolynomialof third degree J�É F Q=RTS 
 J ¾ O 8ËÊ%F Q=RTS @ J ¾ O 8 Q O (see
Fig. 7). Hencethe big advantageof the modifiedLambert-Beerfunction is not the feasibility to fit the RTM
calculations,but that it is possibleto yield a very goodmatchbetweenfitted andcalculatedvaluesby usingonly
2 SZA calculations.This is possiblesincethechangeof the irradiancewith SZA is relatedto theLamber-Beer
law, henceusingthemodifiedLambert-Beerrelation´´thedegreesof freedomcanbe reduced´´.More over the
parametercancalculatedwithout theneedfor a numericalfit.
The function was testedfor many different atmosphericstates,e.g four different aerosoltypes, four different
visibilities (5, 10,23,50),differentwateramounts,differentstandardatmospheres.Additionally it wastestedthat
thefit alsoworks if anotherRTM model(insteadof libradtran)is usedfor the RTM calculations.Thereareno
reasonsto assumethat thereexist a atmosphericstatefor that the fit doesnot work very well. Henceit canbe
assumedthatthefit worksvery well for all atmosphericstates.
For ourpurposethesenseof aappropriatefitting functionis to savecalculationtimewithout losing´´significant´´
accuracy. Thequestionif afitting functionis usablefor thatpurposedependson thedifferencebetweenthefitted
valuesandtheRTM calculatedvalues(which arevery small,lessthan8W/m@ below aSZA of 85 Deg.).
At low visibilities (high opticaldepth,high aerosolload)

¼ Ä hasto beenhancedfor globalanddiffuseradiation
(formula

¼ Ä &G� J 6l8 ¼ R ½9¼ � k3�Z�=� v & ¥ J ¼ � k u & r * ½9¼=Ç s`Ä�È 1 s O�O ½9¼ R is used).

4 Conclusionsº Modified Lambert-Beerrelation enablesthe integrateduseof RTM within the Clear-Sky-Scheme. The
integrateduseof RTM is linkedwith high flexibility relatingto theinput of theatmosphericstate,changes
in theoryandthedesirableoutputparameters.
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º Spectralinformation is automaticallyprovided, using the correlated-koption provided within the RTM
libRadtranpackage(http://www.libradtran.org/). Optionally informationaboutthe azimuthaldistribution
of thediffuseradiationpossible.º Consistentcalculationsof global,directanddiffuseradiationfor clearsky caseswithin onesinglescheme
consideringdifferentaerosoltypesandnotonly turbidity arepossible.Hencea improvedestimationof the
relationbetweendiffuseanddirectradiationis possible,especiallyfor clearsky situations.º It seemsthatdeviationsof theatmosphericstatefrom theaverage(

	 

, » @ 	 , aerosols)caneasilybecor-

rectedwith themodifiedLambert-Beerlaw. A correctionof theeffective opticaldepthÀ $ , whereasthea,b,c
parameterremainunchanged,leadsto agoodmatchbetweenRTM calculatedandfunctionvaluesfor H20.
For aerosolssimilar testshave to beperformed.º Clearandeasylinkagewith cloudysky scheme,whereasthetreatmentof theheterogenouscloudeffectsis
not restricted.Theimprovementof thecorrectionof heterogenouscloudeffectsis aimedfor.
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