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ABSTRACT

A successfuintegrationof solarenepgy into theexisting enegy structurehighly depend®n adetailedknowvledge
of thesolarresourceTherecentlystartedeuropearprojectHELIOSAT-3 will supplyhigh-qualitysolarradiation
dataandtaking adwantageof the enhanceaapabilitiesof the new MeteosatSecondseneratioMSG) satellites.
The expectedquality represents substantiaimprovementwith respecto the available methodsandwill better
matchthe needsof the solarenegy community Thesegoalswill be achieved by animprovementof the current
semi-empiricaHeliosatcalculationschemegseesection2) aswell asby the developmentandestablishmenof
a new type of calculationscheme.This new type will be basedon radiative transfermodels(RTM) usingthe
information of atmospherigarametersetrieved from the MSG satellite (clouds, 0zone,water vapor) and the
GOME/ATSR-2satellites(aerosols).Within this paper the new type of the solarirradiancecalculationscheme,
includingthefunctionaltreatmenof the diurnal variationof the solarirradiancejs described.

1 INTRODUCTION

RemoteSensingrom satellitess a centralissuein monitoringandforecastinghe stateof the earthsatmosphere.
GeostationargatellitessuchasMETEOSAT provide cloudinformationin a high spatialandtemporalresolution.
Suchsatellitesarethereforenot only usefulfor weatherforecastingput alsofor the estimationof solarirradiance
sincetheknowledgeof theradianceeflectedby cloudsis thebasisfor thecalculationof thetransmittedrradiance.
Additionally a detailedknowledge aboutatmospheriqparametersnvolved in scatteringand absorptionof the
sunlightarenecessarjor anaccuratecalculationof thesolarirradiance An accurateestimationof thedownward
solarirradianceis not only of particularimportancefor the assessmentf the radiatve forcing of the climate
systemput alsoabsolutelynecessaryor anefficient planningandoperationof solarenegy systems.

Currently mostof theoperationatalculationschemesgor solarirradiancearesemi-empiricalpasecn statistical
methods. They usecloud informationfrom the currentMETEOSAT satelliteand climatologiesof atmospheric
parameter®.g. turbidity (aerosolsand watervapor). The MeteosatSecondGenerationsatellite (MSG, to be
launchedin 2002)will provide not only a higher spatialand temporalresolution,but alsothe potentialfor the
retrieval of atmospherigparametersuchas additionalcloud parameterspzone,watervapor columnand with
restrictionsaerosols.

Using the enhancedcapabilitiesof the nev MSG satellite, solarirradiancedatawith a high accurag, a high
spatialandtemporalresolutionanda large geographicatoveragewill be provided,within the EU fundedproject
HELIOSAT-3.

Thesegoalswill be achiezed by animprovementof the currentsemi-empiricaHeliosatcalculationschemgsee
section2) aswell asby the developmentand establishmenbf a new type of calculationscheme(seesection



3). This new type will be basedon radiative transfermodels(RTM) usingthe information of the atmospheric
parametersetrievedfrom the MSG satellite(clouds,O3, watervapor)andthe GOME/AT SR-2satelliteqaerosols,
O3).

In orderto enablea betterunderstandingf the new schemehe currentschemes describedn the next section.

Afterwardsthe new solarirradiancecalculationschemeincludingthefunctionaltreatmenbf thediurnalvariation

of the solarirradiance,is described.The improvementdinked with the adaptionof the new calculationscheme
arediscussedakinginto accountenefitsandlimitations of the nev method.

2 Thecurrent HELIOSAT scheme

Thebasicideaof the Heliosatmethodis to dealwith atmospheri@andcloud extinction separatelyln afirst stepa
cloudindex is derived from METEOSAT imagery This stepusesthe factthatthe planetaryalbedomeasuredby
the satelliteis proportionalto the amountof cloudiness.The derived cloudindex is thencorrelatedo the cloud
transmissiongdescribedvith the clearsky index &, which relatesthe actualgroundirradianceG to theirradiance
of the cloud free caseG cieersky- As aconsequenca clearsky model, providing G cieqrsky, IS N€CeSsaryor the
estimationof theactualgroundiradianace

2.1 Cloud Transmission

Cloudshave thelargesteffect on atmosphericadiative transfer The cloudamountis derived from METEOSAT
imagery Firstthe METEOSAT imageshave to be normalizedwith respecto the solarzenithangle. Therefore
therelative reflectance is introduced: _C-0Cy (1)

Gea:t .
Here C is the measuredralue of the satellite pixel and Cy is the instrumentoffset. SinceG,,; is used,p is a
measuref the planetaryalbedo.Originally C, wasconsideredisa constantBeyer et. al (1996)split this offset
into aninstrumentoffsetC,; andatmospherioffset Cy,, Whichis dueto backscatteof the atmosphereClp,
wasderived by ananalysisof ocearnpixels: 16.)

z

Cotm = (1 +cos® T) - o0 T8 (2)
whereV is theanglebetweersunandsatelliteasseenfrom the ground,¢ the zenithangleof the satelliteandd,
thesolarzenithangle(SZA). Thefunction f(6,) is definedas:

f(6,) = —0.55 — 25.2 - cosf, — 38.3 - cos® §, + 17.7 - cos® 0. (3)

Thecloudindex is ameasuref thecloud cover, it variesbhetweer for cloud-freeand1 for full cloudcover. It is
calculatedusingthereflectvity p from equationl:

n = P Pmin__ (4)
Pmaz — Pmin
To calculaten, the maximump,,,,, andminimum p,,;,, valuesof p areneeded.p,,,;;, correspondso the ground
albedo. Maps of the groundalbedoare computedon a monthly basisby statisticalanalysisof the dark pixels.
The maximumreflectiity p,,.. hasto be computedonce per satellitesincethereare differencesn the sensor
propertiesn thedifferentMETEOSAT satellitegHammeret. al, 2001)
Cloudtransmissiortanbe describedasseenfrom the groundby the clearsky index £ which comparegheactual
groundirradianceG with theirradianceof the cloudfree caseG cieqrsky -
G

g Gclea’r‘sky ' (5)

Thecloudindex is thenempirically correlatedo the clearsky index k. This relationshipis basicallyk =1 —n

with minor modificationsfor n — 0 andn — 1:
n < —0.2 k=1.2
-02<n<0.8 k=1-n
08<n<11  k=2067—3.667-n+1.667 n°
1l1<n k =0.05

ThegroundirradianceG is thenobtainedfrom
G=k- (Gdirect,clearsky - COs 92 + Gdiffus,clearsky) (7)

(6)



spatialresolution(subsat. point) | temporalresolution| spectrakchannels
MSG 1km 15min 12
METEOSAT 2.5km 30min 3

Tablel: Improvementsin METEOSAT resolution

2.2 The current Clear-Sky Model

TheHELIOSAT-Methodwasoriginally proposedy Canoet. al (1986)andlatermodifiedby Beyer et. al (1996)
andHammer(2000). For the calculationof the clearsky irradianceit usesthe directirradiancemodelof Page
(1996) and diffuse irradiancemodel of Dumortier (1995). Both usethe Linke turbidity factorto describethe
atmospheri@xtinction. Thedirectirradiances:

Gdirect,clearsky =Go-e€- 670'8662.TL (2)-0r(m)m (8)
where G| is the extraterrestrialirradiance,e the eccentricitycorrection,7r,(2) the Linke-Turbidity factor for
airmass2, 6g(m) the Rayleighoptical thicknessand m the airmass. For the air massthe following relation
developedby KastenandYoung(1989)is used:

= 1 — 2/10000
~ cosf, + 0.50572(96.07995° — 0,)—1-6364

usingz asthe heightin metersandthe SZA 6, in degrees.The Rayleighoptical thicknessiz(m) is the optical
thicknessof a dry andcleanatmospherean atmospherevithout aerosolsandwatervapor whereonly Rayleigh
scatteringoccurs.

The Linke-Turbidity is definedasthe numberof Rayleighatmospheresiecessaryo representhe real optical

9)

thicknessj(m): §(m)
T = 10
£(m) Sn(m) (10)
Sincethis turbidity still hasa daily variation,it is normalizedo theturbidity for theairmas<2:
Tr(m) - 0r(m
Tr(2) = Tr(m) - 0r(m) (11)

6r(2)
Thediffuseirradianceis anempiricalfit by Dumortier(1995)
Gaigus = Go - € - cos62 - (0.0065 + (—0.045 + 0.0646 - T1,(2)) - cosf, + (0.014 — 0.0327 - T(2))  (12)

The turbidity information can not be derived from the Meteosatspectralchannels. Thereforea climatological
modelmustbe used.To accounfor theannualvariationof theturbidity arelationof Bourges(1992)is used:

2 2w
Ty, =Tq — in|{ —— 1
L 0+ucos(365J)+vsm(365J>, (13)

Ty, u andv aresite specificfit parameters,/ is the day of theyear A mapwith the parametergor Europehas
beensetup duringthe EU-fundedSatel-Lightproject(www.satellight.com).

3 THE NEW SCHEME

With the launchof the MeteosatSecondGeneration(MSG) satellitethe possibilitiesfor monitoring the earth
atmosphereespeciallyfor cloud description,will be enormouslyimproved. The MSG weathersatellite will
provide not only a higher spatialand temporalresolutionbut will also scanthe earthatmospheraising more
spectralchannelghanthe currentsatellite. The improved spectralinformationis linked with the potentialfor
the retrieval of atmospherigparametersuchasozone,watervaporandwith restrictionsaerosolsaswell asan
improved descriptionof clouds.

With this more detailedknowledge aboutatmospherigparametersve will establisha new calculationscheme
basedon a radiative transfermodel (RTM) that usesthe retrieved atmospherigparameterssinput. This new
schemewill be basedon the integrateduseof a radiative transfermodel, whereaghe information of the atmo-
sphericparametersetrieved from the MSG satellite(clouds,ozone watervapor)andfrom the GOME/ATSR-2
satellite(aerosolspzone)will beusedasinputto the RTM basedschemé.

In the nearfuturetheinformationfrom GOME/ATSR-2will bereplacecby SCIAMACHY/AATSR



However an operationalusageof a RTM for the treatmentof heterogenouslouds(whetherdirectly or via the
usageof pre-calculatedook-uptables)is not possible.Thelimitations of 3-D cloudmodelingdo not enablereal-
istic RTM calculationsof 3-D cloud problemsin anoperationamannerbut just casestudies sincethe necessary
3-D cloud input information can (yet) not be provided operationally Hencewith respectto the useof a RTM
the problemis the non-availability of realistic specificationof heterogenousloudsfrom measurementsMSG
will not provide sufiicient informationabout3-D cloud characteristicsNo othersatelliteor measuremergetup
providesthisinformationfor the neededemporalresolutionandspatialcoverage.

Besidetheseproblemsan explicit or integrateduseof RTM is not practicablesincethe needeccalculationtime
of 3d-RTM modelsis to large for operationahdaption.Evenhomogenousloudscannot treatedexplicitly in an
operationamannemwith aRTM (MSG pixel resolution).The usageof look-uptablesfor homogenousloudshas
no adwantagecomparedo the usageof the describech-k relation.

As a consequencef the thingsmentionedabove, the integratedusageof the RTM within the schemds related
to the clearsky schemeusingthe well establishedh-k relation(seeformula6) to considercloud effects. The n-k
relationis powerful andvalidatedandleadsto small Root Mean SquareDeviation (RMSD) betweenmeasured
andcalculatedsolarirradiancefor almosthomogenousloudsituations Neverthelesshen-k relationcanandwiill
beimprovedwith respecto thefollowing tasks.

o Within the HELIOSAT-3 projectit hasbeenshavn thatthe cloud heightin correlationwith the geometry
hasaneffectonthen-krelation.In contrasto thecurrentschemesucheffectswill beconsideredn thenew
scheme.

¢ Heterogenousloud effectswill beinvestigatedn orderto correctthe n-k relationin a statisticalmanner
e.g. improve the calculatedrelationbetweendiffuse and directirradiance,e.g. usingcloud heightanda
variability index to correctthe n-k relation. Thiswork couldbe basedn previous studiesof Skarteit etal.
(1998),adaptinga similar approacho the nev scheme.

Theramainingpartof this paperdealswith the integrateduseof the RTM within the schemeandhencefocuses
ontheclearsky moduleof thescheme.

3.1 The newclearsky module

MSG will scanthe earthatmospherén a very high spatialresolution(seetable 1, e.gapproximately2.5 million
pixels have to be processedvery 15 min. for Europe). Thusthe computingtime necessaryo calculatethe solar
irradiancefor eachpixel hasto bevery smallto make anoperationalisagenf thesolarirradianceschemepossible.
Onepossibility to managehe computingtime problem,with respecto RTM applicationsjs the useof look-up
tablesto considerthe effect of atmospherigarameteon the solarirradiance.Insteadof doingthis a nevw more
powerful andmoreflexible method the integrateduseof RTM within the schemebasedon a modifiedLambert-
Beerrelation,will beappliedwithin the HELIOSAT-3 project.

Theintegrationof RTM into the calculationschemesinsteadof usingjust pre-calculatedook-uptables,is only
possibleif the necessarccomputingtime can be decrease@&normously For this purposea tricky functional
treatmenbf the diurnal solarirradiancevariationhasto be applied. Thusmakingan appropriateoperationalise
of aRTM within thecalculationschemepossible.

Thebasig(or startingpoint) of theintegrateduseis theassumptiorthatdaily valuesof theatmospheriparameters
in aspatialresolutionof 100x100km or 50x50km aresufiicient. This assumptioris appropriateandis notlinked
with restrictionsof the modelbecaus®f thereasondistedbelow.

e Thisresolutionis mostreasonabléor solarenegy applicationsn consideratiorf accurag andoperational
practicality

e Restrictionsin the art of retrieval limits the available input of the atmosphericlearsky parametersvith
respecto the temporalandspatialresolution. E.g. the retrieval of Aerosolsfrom satelliteis handicapped
by the small Aerosolreflectanceandthe perturbationof the weaksignal by cloudsandsurfacereflection.
For thatreasonsetrieval of daily Aerosolvaluesin 100x100km resolutionwith a”"global”” coveragein an
appropriateaccurag is ataskfor thefar future.

e Thetemporaldaily fluctuationsof solarirradinacearein generaldominatedby the fluctuationsof clouds.
Thecloudinformationis usedin its high temporalandspatialresolution(MSG pixel resolution).
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Figurel: Overview of thenew calculationscheme betweerclearsky andcloudinformation.

e TheusagefthemodifiedLambert-Beefunction,describedateron, shouldenablethecorrectionof deriva-
tions from the daily valuesof the atmosphericlearsky parameter®n the irradiancein an easyandfast
manner(seealsotheconclusions).

Sincedaily valuesof the atmospherigparameter$Os, H,O,aerosolswithin a region of 200x100km(50x50km)
canbeassumedo be sufiicient, the diurnalvariationof the solarirradiances just dependenon the SolarZenith
Angle(SZA)0,. TheRTM calculateshediurnalvariationof thesolarirradiancefor eachregionusingtheaveraged
atmospherigparameterasinput. The cloud effect and hencethe temporaldisturbtionof the diurnal clear sky
irradianceof eachpixel is consideredisingthen-k relation. As aconsequenceot every pixel hasto beprocessed
with the radiative transfermodel. With the modified Lambert-Beerfunction, describedn detail later on, the
diurnalvariationof the clearsky irradiancecanbe matchedvery well. As a consequencthe RTM calculations
necessarto definethediurnalvariationof theclearsky irradiancecanbereducectnormouslyUsingthe modified
Lambert-Beefunctiononly 2 RTM calculationsarenecessaryo definethe completediurnalvariationof theclear
sky irradiancefor a given atmosphericstate. As a conseuencendependentif a pixel is cloudy or not, 2 RTM
calculationare enoughto calculatethe solarirradiancefor the whole (e.g. 100x100km) region, whereit hasto
berememberedhatthe effect of cloudsis consideredy usingthe n-k relation(seeequation6). Figurel and2
illustratesthe new schemeandthe integrateduseof the RTM within the clearsky module.

3.2 Thefitting function
ThelLambert-Beerelationis givenby

I =1y xexp(r) (14)
wherer is theopticaldepth
Consideringpathprolongationandprojectionto the earthsurfaceleadsto.
T
I=1 —_— 15
0* exp(cos(Qz)) * cos(0;) (15)

This formuladescribeshe behaior of the directmonochromaticadiationin the atmospherehencean effective
opticaldepthr canbeestimatedor all SZA (4,).

= in(I/1,) (16)

Using equation(16) for 8,=0 leadsto 7y. If we aredealingwith monochromatic radiation thenr is constant,
hencer equalsr, for all SZA.
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Figure 3: lllustration: For monochromaticradiation the
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abettermatcha correctionof formula 15 (the Lambert-Beer
relation)is necessary

x= SZA
Figure4: SincethemodifiedLambert-Beerelationdoesnot
describehebehaior of diffuseradiation,a correctionof the
Lambert-Beerelationis absolutelynecessaryFitting with a
simplecosinerelationleadto a muchpooreragreement.

If we aredealingwith wavelengthbandsr is notconstantput changesmoothlywith increasingSZA . 7 is just
theeffective opticaldepthat #,=0, Thereasorfor thatis the non-lineamatureof the exponentiafunction.
Hencea correctionof the opticaldepth,or equivalentto this, of the parametel;) is necessary

-
cos(0,

I =Ty exp( ) * cos(0,) (17)

.
Usingthis functionthe calculateddirectradiationcanbereproducedery well (seeFig. 5). Thefitting parameter
ais calculatedbasedn two RTM calculations.

3.2.1 Globalirradiance

As explainedabove a correctionof formula 15 is necessaryor directradiationif theformulais appliedto wave-
lengthbands,henceit is necessaryor global radiationtoo. But in additionto the wavelengthbandeffect the
Lambert-Beettaw is no longer “valid”” for monochromaticadiationdueto the effect of scattereghotonsthat
are”"comingback™. This effect is mainly describedconsideredpy the usageof the effective optical depthrg.
As a consequencaysingthe effective optical depththe Lambert-Beeis still a (relative) goodapproximatiorfor
““monochromatic”global radiation(e.g. seeFig. 3) . But dueto e.g. the atmospherioserticalinhomogeneity
thechangean theamountof photonscomingbackdueto changesn SZA is notdescribedy 1/cos(6,) in detail.
Hencea correctionof formula 15 is necessargven for monochromatiédncomingradiation,in orderto yield a
bettermatchbetweenRTM calculatedandfunction values. Sincethe Lambert-Beerelation, usingthe effective
opticaldepthry, is still a (relatve) goodapproximationif the incomingradiationis monochromaticit is notso
surprisingthatfor wavelengthbandsthe function

Tiobar = Io * e:z;p(CL) * cos(6,) (18)

Osb(ez)
is (similar to thedirectradiationcase)alsoa goodfitting functionfor globalradiation(seeFig. 5).

3.2.2 Diffuse irradiance

ThelLambert-Beerealtiondescribeshe attenuatiorof the incomingradiation. Theincomingdiffuseradiationat
thetop of theatmospherés negligible. Thesourceof thediffuseradiationis the attenuatiorof thedirectradiation
dueto scatteringporocessesHencethe Lambert-Beetaw is relatedto theirradianceof diffuseradiationbut does
notdescribaheirradianceof diffuseradiation,sincediffuseradiationcannotbedescribedn termsof attenuation
of incomingradiation(e.g. seeFig. 4). However fitting with the modifiedLambert-Beerelationworksvery well
(seeFig. reffig:comp1l).

Sincethe scalingwith cos(x)is not appropriatefor diffuse radiationit is skippedandequation(19) is usedfor

fitting. (1)
Laif fuse = Io * exp(m) (19)
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Figure5: ComparisorbetweenRTM calculationsandfit usingthe modifiedLambert-Beerelation,for different
atmospherictates

3.2.3 Generalremarks

The usageof themodifiedLamberBeerfunctionis physicallymotivated,but it is actuallya fitting function. This
is especiallyobvious for the caseof diffuseradiationin principleit is possibleto fit the RTM calculationswith

ary appropriatefunctionfor examplea modifiedpolynomialof third degree(a - cos3(x) + b - cos?(z) + ¢) (see
Fig. 7). Hencethe big adwantageof the modified Lambert-Beerfunction is not the feasibility to fit the RTM

calculationsput thatit is possibleto yield a very goodmatchbetweerfitted andcalculatedvaluesby usingonly
2 SZA calculations.This is possiblesincethe changeof theirradiancewith SZA is relatedto the LamberBeer
law, henceusingthe modifiedLambert-Beerelation” the degreesof freedomcanbe reduced””.More over the
parametecancalculatedvithout the needfor a numericalffit.

The function was testedfor mary differentatmosphericstates,e.g four differentaerosoltypes, four different
visibilities (5, 10,23, 50), differentwateramountsdifferentstandarcatmospheresAdditionally it wastestedthat
thefit alsoworksif anotherRTM model (insteadof libradtran)is usedfor the RTM calculations.Thereareno
reasondo assumehatthereexist a atmosphericstatefor thatthe fit doesnot work very well. Henceit canbe
assumedhatthefit worksvery well for all atmospheristates.

For our purposehe senseof aappropriatditting functionis to save calculationtime withoutlosing ““significant™
accurag. Thequestionf afitting functionis usablefor thatpurposedependon the differencebetweerthefitted
valuesandthe RTM calculatedvalues(which arevery small,lessthan8W/m? below a SZA of 85 Deg.).

At low visibilities (high optical depth,high aerosolload) I, hasto be enhancedor globalanddiffuseradiation
(formula Ipe = (1 + To % Idiffuse/(jdirect * Iglobal)) xIo Is Used).

4 Conclusions

e Modified Lambert-Beerrelation enablesthe integrateduse of RTM within the ClearSky-Scheme. The
integrateduseof RTM is linked with high flexibility relatingto theinput of the atmospheristate,changes
in theoryandthedesirableoutputparameters.
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Figure7: Comparisorof thefit usinga polynomialof third
degreeandthe RTM calculations

e Spectralinformationis automaticallyprovided, using the correlated-koption provided within the RTM
libRadtranpackage(http://wwwlibradtran.og/). Optionally informationaboutthe azimuthaldistribution
of thediffuseradiationpossible.

¢ Consistentalculationsof global,directanddiffuseradiationfor clearsky caseswithin onesinglescheme
consideringdifferentaerosoltypesandnot only turbidity arepossible.Hencea improved estimationof the
relationbetweendiffuseanddirectradiationis possible gspeciallyfor clearsky situations.

e |t seemghat deviationsof the atmospheristatefrom the average(Os, H,O, aerosols)kaneasilybe cor
rectedwith themodifiedLambert-Beefaw. A correctionof the effective opticaldepthry, whereaghea,b,c
parameteremainunchangedgeadsto a goodmatchbetweerRTM calculatedandfunctionvaluesfor H20.
For aerosolsimilartestshave to be performed.

e Clearandeasylinkagewith cloudysky schemewhereaghetreatmenof the heterogenousloud effectsis
not restricted.Theimprovementof the correctionof heterogenousloud effectsis aimedfor.
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