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ABSTRACT . This paper presents a clear-sky model, which has ldeveloped in the framework of the new
digital European Solar Radiation Atlas (ESRA). TESRA model is described and analysed with the main
objective of being used to estimate solar radiatrground level from satellite images with the ibleht
method. Therefore it is compared to clear-sky modeht have already been used in the Heliosat mefhoe
diffuse clear-sky irradiation estimated by this ESRodel and by other models has been also chedjaithst
ground measurements, for different ranges of tined_turbidity factor and solar elevation. The resshow that
the ESRA model is the best one with respect tostiass and accuracy. The r.m.s. error in the estimaf the
hourly diffuse irradiation ranges from 11 WHno 35 Wh.nf for diffuse irradiation up to 250 Wh:n The
good results obtained with such a model are dubeadact that it takes into account the Linke tdityi factor

and the elevation of the site, two factors thatuigrice the incoming solar radiation. In returniniplies the

knowledge of these factors at each pixel of thellgatimage for the application of the Heliosatthwaal.

1. Introduction

In the course of the realisation of the first exitiof the new digital European Solar Radiation $\flar years
1981 - 1990 (ESRA, 1999), new models have beersddvior the computation of the irradiance and furibf
the irradiation for clear skies. Compared to theletaused for the European Solar Radiation Atlayéars 1966
- 1975 (1984), there is an explicit expressiontfoth the beam and the diffuse components. The Eeasnof
these models have been empirically adjusted bipdittechniques using hourly measurements spanned ov

several years and for several locations in Eurdpe. Linke turbidity factor is a key point in thes®dels. It is a
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The clear sky model of the ESRA

function of the scattering by aerosols and the gdtiem by gas, mainly water vapour. When combinéith the
atmosphere molecules scattering, it summarisetuthaity of the atmosphere, and hence the attémuatf the
direct beam and the importance of the diffuse foactThe larger the Linke turbidity factor, the dar the
attenuation of the radiation by the clear-sky aphese. Clear-sky models are instrumental in several
applications in solar energy. Of particular intéresthe authors is the assessment of the solaatiaa from
satellite images. In the Heliosat method, one efrtfost known methods, the clear-sky model is arakepoint.
Canoet al. (1986) used the model of Bourges (1979), Mowdsal. (1989) a very similar one but from Perrin de
Brichambaut and Vauge (1982). The clear-sky modak{en model) of the 1966 - 1975 Atlas (1984) haanb
recently introduced in the Heliosat method by thent of the University of Oldenburg (Heinemann, peas
communication). The better the clear-sky model, lletter the assessment of the irradiation fromllgate
observations. For that reason, the authors in\astigthe new models proposed by the ESRA.

The present article details and comments these Isjoieluding several graphs, therefore providinghare
comprehensive description of these models usefulligcussing its relevance to the Heliosat methbdlso
discusses the differences between the concurrentelygroposed by the ESRA and concludes on their
relevance for the computation of either the irrad@or the irradiation. Symbols used in this pagrer those

recommended by the ESRA.

2. The horizontal global irradiance under cloudlss skies

2.1. The beam component

In this model, the global horizontal irradiance &ear sky,G,, is split into two parts: the direct componédsy,
and the diffuse componem,. Each component is determined separately. Thefamiradiance is W.f.

The direct irradiance on a horizontal surface @arh horizontal irradiance) for clear sBy, is given by:

B, = I, € siny, ex{-08662T_ (AM 2)md, (m) (1)

where
« g is the solar constant, that is the extraterrestriadiance normal to the solar beam at the medar so
distance. It is equal to 1367 W’m

* ¢&is the correction used to allow for the variatidrson-earth distance from its mean value;
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* Jis the solar altitude anglg; is 0° at sunrise and sunset;

e TL(AM2)is the Linke turbidity factor for an air mass eba2;
e Mmis the relative optical air mass;

« Or(mM)is the integral Rayleigh optical thickness.

The quantity :
exi{-0 8662T, (AM 2)mJy (m) (2)

represents the beam transmittance of the beamticadiander cloudless skies. The relative opticalnaassm
expresses the ratio of the optical path lengtthefsolar beam through the atmosphere to the omtathlthrough
a standard atmosphere at sea level with the stireaenith. As the solar altitude decreases, tlag¢ive optical
path length increases. The relative optical patlytie also decreases with increasing station heigbve the sea
level, z. A correction procedure is applied, obtained asrditio of mean atmospheric pressypeat the site

elevation, to mean atmospheric pressure at seh f®véd his correction is particularly important in maaimous

areas. The relative optical air mass has no ung;given by Kasten and Young (1989), whefeis in degrees:

m( ystrue )= (p/ po)
sinys™ +050572( y,"* +6.07995) %% (3)

with the station height correction given by:

P/ =expt72) (4)
wherez is the site elevation argl is the scale height of the Rayleigh atmosphere theaEarth surface, equal to
8434.5 meters.

The solar altitude angle used in equatior)}g@”,e, is corrected for refraction:

true _

¥ _ys+AMefr (5)

Copyright Ecole des Mines de Paris - Armines 3
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01594+ 112377/ 18Dys+ 00656567/ 1FY<
1+28.9344(rr/ 18Dy + 277 397w/ 1§/ &

Ay, =0.061359( 180 71) (6)

The Rayleigh optical thicknesgg, is the optical thickness of a pure Rayleigh seaty atmosphere, per unit of
air mass, along a specified path length. As tharsmdiation is not monochromatic, the Rayleighiazbt
thickness depends on the precise optical path andehon relative optical air masg, The parametrisation used
is the following (Kasten, 1996):

{if m<20 (y,=1.9),1/d,(m)=6.62960+ 1.75130m - 0.1202am* +0.0065an° - 0.00013n"* (7)

ifm>20 (y,<1.9),1/3,(m)=104+0.718m

The discrepancy between both formularst20is equal to 1.6.18 which is negligible (less than 0.1 per cent of
1/6x(m)).
All the variation of the beam transmittance with miass is included in the produatdg (). Figure 1 displays

the beam transmittance (Fig. 1.a.) and irradiaiig.1.b.) forp=py (sea level), and for different values of

turbidity factor (T.(AM2) = 2, 3, 5, 7), as a function of solar elewati

2.2. The diffuse component

The diffuse irradiance falling on a horizontal swe for clear sky (or diffuse horizontal irradiayde., also
depends on the Linke turbidity factdr,(AM2), at any solar elevation. In fact, the proportidrthe scattered
energy in the atmosphere increases as the turhiditgases, and as the beam irradiance falls, iffiesel
irradiance normally rises. At very low solar alties and high turbidity, however, the diffuse ireatie may fall
with turbidity increase due to high overall radiatienergy loss in the atmosphere associated with p@ath

length. Thus, the diffuse horizontal irradianByg, is determined by:

D, =l,¢ Trd(TL(AMZ)) Fy(v. . T.(AM2) (8)
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In this equation, the diffuse radiation is expresas the product of the diffuse transmission fuomctit zenith

(i.e. sun elevation is 90,4, and a diffuse angular functioky,

To(T.(AM2) =-1584310°+ 30543I8 T (AM )z .3797 1 T( AM)]2 (9)

For very clear sky, the diffuse transmission fumetis very low: there is almost no diffusion, byt the air
molecules. As the turbidity increases, the diffusgnsmittance increases while the direct transnitia
decreases.

Typically, T,y ranges from 0.05 for very clear skyfi(AM2)=2) to 0.22 for very turbid atmosphere

(TL(AM2)=7). Figure 2 display3,4 as a function o (AM2).

The diffuse angular functior;4, depends on the solar elevation angle and is fitigd the help of second order

sine polynomial functions:

Fa(vo TL(AM2)) = A + Assinly,) + Al sir(y,)|" (10)

The coefficientd\y, A1, andA,, only depend on the Linke turbidity factor. Theg anitless and are given by:

A, =2646310" - 61581187, (AM )2 .31408THT (AM )|2
A =2.0402+ 1894510 T, (AM - 1116114 T(AM )|2 (11)
A, =-13025+ 39231167, (AM 2+ 850791 T( AM )|2

with a condition orAy:

if (A T,g) <210°, A = 210%/T, (12)

This condition is required becaudg yielded negative values foF (AM2)>6. It was therefore decided to

impose this limiting condition to achieve acceptabdhlues at sunrise and sunset.
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The diffuse function is represented in figure 3.eGran note thaffy is not exactly equal to 1 fop = 90°.

Equation 8 suggests that this should be the calsatewer the turbidity. The model can be improvedtioat

point.

OnceF4 computed, the diffuse horizontal irradianBg,can be determined. It is displayed in figure 4deveral
Linke turbidity factors, as a function of the sotdevation.D, clearly increases as the turbidity increases,tdue

the increase in scattering by the aerosols. Aadyrenentioned, it may be the opposite at very lolarsaltitudes

and high turbidity.

Then, the direct and diffuse irradiances undeudiless sky conditions can be summed to yield thbajiclear

sky horizontal irradiance, which is representetigare 5. :

Ge =B+ D¢ (13)

The global irradiance decreases as the turbidareases and as the solar elevation decreasesdt équal to 0

at sunset or sunrise because of the diffuse conmpevigch is still noticeable while the sun is beltive horizon.

3. The horizontal global irradiation under cloudless skies

3.1. The beam component

Oncem, T (AM2), and &x(m) are known, the cloudless beam horizontal irragilatian be evaluated for any part

of the day by numerical integration &. using suitable time steps. The site, however, fmaypartially
obstructed and/or the beam may not shine on aicestaface of interest for part of the time periodpected.
Using a range of techniques, like shading masksadar charts, it is possible to identify the pesaaf day
during which the beam will actually reach the scefalhe numerical integration can be adjustedHis; but the
task becomes easier if the solutions can be askessaytically rather than numerically. Thus thearne
irradiance has been constructed by data fittingrteies to provide d, (AM2)-dependent output that can be

handled with ease analytically. It takes the form:
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B, = 1, £ T,(T.(AM2)) R, (., T.(AM2)) (14)

where T,,(TL(AM2)) is a transmission function for beam radiation eatith andF is a beam angular function.
B. is set to 0 if equation 14 leads to a negativee/al he computation dfy, is made at zenith, i.e. sun elevation
is 90°. So, in this case the relative optical aitseim is given bp/py. Thus, Ty, is only dependent on the Linke

turbidity factor for air mass 2 and @fp, which is determinated by the site elevation:

To(T.(AM2)) = ex-08662T (AM2) (¢ B)Jx (P B (15)

Fu()s, TL(AM2)) has the form of a second order polynomial on the sf the solar altitudey, with coefficients

solely dependent oh (AM2):

R (Vo T(AM2))= G + G sinly,) + G sir(y.)|" (16)

Equation 14 corresponds to a re-writing of the béaadiance, using the form used for the diffusadiance

(equation 8).

SettingFy()5, TL(AM2)) to 0 or very close to 0 may produce negative \ahtehigh turbidities. This situation
which arises only at very low altitudes, resultedese the polynomials are not a perfect fit. Tadase the

accuracy of the fits at very low solar elevatidme walues of the coefficients,, C; andC, were computed for
three ranges of the solar altitude angle at ngof." below 15°, between 15° and 30°, and over 30°sTthe

polynomials take the form:

2

Co = Loo+ LogTL (AM2)( p/ p) + Lof T(AMD( P )]
Ci=Lyt L11TL(AM2)( p/ Q) + I-xz[ T( ANQ)( p B’)]
C, = Lo+ LT (AMR) p/ )+ LI TCAMR( B R + & TC AN p ]

N

(17)

with theL;; coefficients listed in Table 1 below for the thimmnsidered ranges. These coefficients, as wdl}as

Bi, andD; (see further) are unitless.
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Finally, the analytical integral of the beam irraitin for a period ranging from solar hour angl@do a, takes

the form:

B.(,,@,)= 1, £ T, (T, (AM2)) j: F(vs T.(AM2)) (E—de (18)

whereDl is the length of the day, i.e. 24 hours or 864Qfbsds,
and @ to ap are solar angles related to two instantartd § (expressed in decimal hour), according to the

following equations:

w; = (t1-12)ﬂ12

19
W= (t-12)7112 (19)

The solar hour angley, expresses the time of the day in terms of théeamigrotation of the Earth about its axis
from its solar noon position at a specific placs.thAe Earth rotates of 360° (omad) in 24 hours, in one hour

the rotation is 15° (or/12 rad).
The unit of B(a, ap) is Wh.mi? if the length of the day is expressed in hours).a if DI is expressed in
seconds.
In this equation,

Fb(ys’TL(AMZ)): C0+ClSinys+C2 Sinzys (20)
and can be re-written

F,(@.@.0.T (AM2)) = B, + B, cosw+ B, cof2w) (21)

since
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siny, = sin@ .si+ co® .cad .cas (22)
It comes
DI : . w,
B.(w,,@,)= 1, & (ZT)T,,D(TL(AMZ))[ Bw+ B sinw)+ gsm(zijl (23)

with the coefficientd3y, B, andB, given by:

B, =C, + C,sin(®)sin(@ )+ C[ sin@ }[ sin@ )’ +05C,[ cosp || cos(]?
B, = C, cos(® )cos@ ¥ 2C, sin@ )sind )cost )cod( ) (24)
B, =0.25C,[cos(@ ][ cosf |

where @is the latitude of the site (positive to the Northélemisphere) andis the declination (positive when

the sun is north to the equator: March 21 to Sepé&r23). Maximum and minimum values of the declorat

are +23°27' and -23°27".

The B; coefficients only depend on latitud®, and declination at nood, The transmission functioR, and the

C; coefficients only depend on the Linke turbiditgtiar for air mass 2. Thus all these factors cacdreputed
only once for each day.
The daily integral is achieved by setting equal to the sunrise hour angéer anda to the sunset hour angle,

ks i.e.

By = B(esp sd (25)

The daily sum of beam irradiation at differenttiadies (30° and 60°B.gq, is displayed in figure 6 for various

turbidities, as a function of the julian day. Thailg sum decreases as the turbidity increases.di$tabution

over the year of the daily sum is more peaked asatitude increases, and also as the turbidityedses.

3.2. The diffuse component

Copyright Ecole des Mines de Paris - Armines 9
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The diffuse horizontal irradiatio®) (¢, ap), is computed by the analytical integration of thiféude irradiance

(equation 8) over any period defined &ayand ap, and is equal to:

De(wy, w,) =1 g 5(2D—]IT)Trd (T.(AM2))| Do+ Dysin(@)+ Dzsin(Za)jZi (26)

with the coefficient®,, D, andD, given by:

D, = A, + A sin(@)sin@ )+ A sin@ )’[ sing ) +05A,[ cosp |j[ cos&])
D, = A cos(® )cosp }2A, sing )sinf )cost )cod( ) (27)
D, =0.25A,[cos(@ ][ cosf |

where theA; coefficients only depend on the Linke turbiditgtfar for air mass 2 and have been given previously
(equation 11).
The daily integral is achieved by setting equal to the sunrise hour angéer anda to the sunset hour angle,

axs 1.e.
Doy = De(Wspw 59 (28)

The daily sum of diffuse irradiation at differeatitudes (30° and 60°P.q, is displayed in figure 7 for various
turbidities, as a function of the julian day. Thailg sum increases as the turbidity increases. diibution

over the year of the daily sum is more peaked addtiitude increases, and also as the turbidieamses.

3.3. Are both formulations equivalent ?

For each component of the irradiance, two empirficahulations have been proposed in sections 23arithe
first one (section 2) has been investigated forahsessment of irradiance (WAnand gives instantaneous

values of solar radiation. The second one (se@jois more suitable to compute irradiation (WR)msince it

offers an analytical function af) which is equivalent to the hour: thus, irradiacea be integrated analytically
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during appropriate time period (for instance onarhor one day) in order to compute irradiation. if@grate
irradiance, the method presented in section 3 dposes both the beam and the diffuse componentg usin
transmission functions and solar angular functidmadiation can also be computed by numericalgraton of
the formulation of section 2 using fitting time [@e But, as discussed in section 3.1, an analyititedration is
easier to handle than a numerical one.

Both formulations have been compared for the coatmut of the clear-sky beam horizontal irradiance
(equations 1 and 14). Figure 8 displays both mofieleam irradiance. The differences are smatdly itho not
exceed 18 W.ifias shown in figure 9 and are less than 3 % farselevation above 25°. The diffuse irradiance
has the same formulation in both sections. Theeefthre difference between the global irradianceeiction 2
and section 3 is given by the difference betweamnbgradiances. Both formulations lead to very Emiesults
and should be considered as equivalent for thessismmt of the beam irradiance. Therefore, to coenthe
irradiation, the easiest-to-compute formulationwdtidoe preferred. The formulation of section 3his simplest

and should be used to compute clear-sky irradiation

3.4. The global irradiation

The clear-sky global irradiation is obtained asghe of the clear-sky beam horizontal irradiatiod ¢he clear-

sky diffuse horizontal irradiation between two ardst; andt,, according to the equation 19.

Ge (@, ap) = Be(awh, @) + D (i, ap) (29)

The parametergy; and ap are respectively set tasr and assfor the computation of the daily sum of clear sky
global irradiation:

Gc(%F& 605§ = Bc(aéF& %S) + Dc(%F& 605§ (30)

< ch= Bcd + Dcd (31)

The daily sum of global irradiation at differentifades (30° and 60°%.q, is displayed in figure 10 for various
turbidities, as a function of the julian day. Thailg sum decreases as the turbidity increases.di$tabution

over the year of the daily sum is more peaked addtiitude increases, and also as the turbidityedeses.
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4. Comparison with other clear-sky models

4.1. Comparison with clear-sky models used preshoin the Heliosat method

In the original version of the Heliosat method, Ganhal. (1986) used the model of Bourges (1979) to oltan

global irradiance under clear-sky:

Ge @ourgesy= 0.70 b £ (sin jo)**° (32)

Figure 11 displays the global irradiances for thisdel and the ESRA model. Four different valuethefLinke
turbidity factor have been used: 2, 3, 5, and 7elthe solar elevation is low, both models giveilainresults.
But when the solar elevation becomes higher th&ntB@ values given by the model of Bourges arsecto the
values given by the ESRA model for a Linke turbjidéctor between 5 and 7. Yet, in Europe, the ayetdnke
turbidity factor is about 3.5. Therefore, the glolveadiance estimated by the model of Bourgeoé lbw for

Europe, as a general rule.

The global clear-sky irradiance given by the maafdPerrin de Brichambaut and Vauge (1982), hereafited
PdBV, was used by Mousst al. (1989) in their study on the Heliosat method. Thizdel is very similar to the

model of Bourges, and is given by:

G (paav)= 0.81 b £(sin jo)**° (33)

This model, as well as that of Bourges, does npli@ity take into account the aerosols, the watentent, nor
the ground albedo. To check the validity of thisdelp Moussuet al. compare it to the clear-sky model
described by Igbal (1983, model C) after the wooksBird and Hulstrom (1981 a, b) for various valuEs
ground albedo, precipitable water thickness, andzbotal visibility. The comparison demonstratesttithe
shape of the model PdBV is consistent with the rh@land that the variation of Gs well described by the
function (sinys)’*> However the magnitude of .Gpasy) suffers from the lack of input parameters. Figlifie
displays also the PdBV model. One can note thatfaimke turbidity factor equal to 3, the ESRA andBV

models give very similar values of the clear-skobgll irradiance for all range of solar elevation.
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Both models, GEourgesy@nNd G (paev) have been useful to establish the Heliosat metbiothe assessment of the
solar radiation and ground albedo. However theaik laf accuracy prevents from further improvementshie
Heliosat method. A more accurate model is needadhwihcludes other parameters, such as the Linkedity
factor and the elevation. A first step was madéetye et al (1997) who established that the introductionhef t
ESRA model in the Heliosat method would result iatoincrease of the accuracy of the estimates. Bhefly
examined the models of Kasten (European Solar Radi#tlas, 1984) and of Dumortier (1995) on purely
analytical grounds. They concluded that within Hsdit both models should lead to slightly larger mbes
errors than the ESRA model. lefdéal only used one year of data for four stations umope. In the course of
the Satellight programme funded by the Europeanr@isgion (Fontoynonet al, 1998), it was also concluded
that the use of the Linke turbidity factor increatiee accuracy of the estimates made by the Helinsthod. In
this Satellight version of the Heliosat method, thear-sky model is the one of Dumortier. Similewdfngs on

the benefit of introducing, TAM2) were made by Rigollier and Wald (1999).

4.2. Comparison with other models

Other models taking into account the Linke turlyidictor and ground elevation have been comparettieo

ESRA model. The clear-sky irradiance given in thel@/document 557 (1981, page 124) is:

G. = (1297 - 57 T(AM2)) (sin )36 * THAM2))33] (34)

Rigollier and Wald (1999) show that it provides #amresults to the ESRA model. They also rise dsun the
equation for diffuse component which does not behanoperly at low solar elevations (below 10° -)1aAd
overestimates the diffuse radiation. They recomradrtd use the ESRA model instead.

The model of Dumortier and a MODTRAN derived motiale been retained for comparison with the ESRA
model. The three models have in common the equdtiorbeam radiation (equation 1). Accordingly, the
comparison is restricted to the diffuse componentHdr validation, half-hourly measurements of eithbal
and direct, or global and diffuse irradiation welseed at seven stations for different time periddsble 2). The
diffuse, or direct component is computed by thetrsuaiion of the measured component from the global
irradiation. The instantaneous Linke turbidity facts deduced from the measurements using equéatiand

assuming that the half-hourly irradiation can b&iragated to the irradiance:
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T.(AM2) = - In(B./ I £5in Jg) / 0.8662d(m) m (35)

Non clear-skies are then excluded from the measemtnby excluding large values of(AM2). In fact, two
thresholds were used, ranging from 2.0 to 6.5 ndfififteen T (AM2) intervals, partly overlapping each other,
in order to check the influence of such choiceshenconclusions : [2.0 - 3.5], [2.5 - 3.5], [3.8.5], [2.0 - 4.0],
[2.5-4.0], [3.0 - 4.0], [2.0 - 5.0], [2.5 - 5.0B.0 - 5.0], [2.0 - 6.0], [2.5 - 6.0], [3.0 - 6,qR.0 - 6.5], [2.5 - 6.5],
[3.0 - 6.5]. The remaining measurements were tlempared to the three models of diffuse irradiaridas

irradiance is also assimilated to the half-hounlgdiation for the comparison.

The model of Dumortier (1995) is defined only falas elevation angles lower than 70°, and is gilbgrthe

following expression:

D. = I £(0.0065 + (-0.045 + 0.0646,{AM2)) sinys - (-0.014 + 0.0327 TAM2)) sin2j)e)  (36)

with the conditions: ys<70° and 2,5T (AM2)<6,5.

The third model was developed at the Universityotdenburg (Beyerteal., 1997) using the radiative transfer
code MODTRAN 3.5 (Kneizyet al, 1996). Various simulations were made using werisets of parameters.

The following expression was found to well fit thetputs of MODTRAN:

D.=lo £(a+ b TL(AM2) + ¢ T(AM2Y + (d + e TL(AM2) + f T.(AM2)) sin j& + (37)
(g + h TL(AM2) + i T.(AM2)) sin? g

a=0.017991 d=-0.112593 g =-0.019104
b =-0.003967 e =0.101826 h =-0.022103
¢ =0.000203 f=-0.006220 i= 0.003107

Figure 12 displays these three models for a Linkbidity factor of 3 and 6. These models are gsiteilar for

low solar elevation and diverge at high elevation.

For each remaining measurement, the three modeie werformed using the corresponding half-hourly

TL(AM2) value. The differences between the modelnestits and the observations were computed and then
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summarised as bias (estimates mean minus observatiean) and root mean square error (rmse) for reage

of T (AM2) and some ranges of solar elevation (Table 3).

When comparing the different models, the resultsiokd show that the three clear-sky models givelai
results. None of the models always gives the lesstlts. However, one can note that the ESRA clearrodel
never gives the worse errors. Therefore it may desidered as the most robust of the three moddis T
property is a key point when automatic processingrge volumes of data is at stake. For this reaiie ESRA
clear-sky model should be preferred. For this mothel rmse is comprised between 11 and 35 Whfor all
ranges of T(AM2) for diffuse irradiation up to 250 Wh:fnThere is no significant dependence of the resuits
the geographical location and on the ground elemafl'he results obtained for Freiburg, where twaskets of

one year are available, show a high temporal vaitiab

We have validated these conclusions with anotheaseéa of seven stations which is more expandedrie t
from 1981 to 1990, but it offers a lower geographicoverage (Table 4). This dataset is extracteth fthe
ESRA. Uccle offers half-hourly measurements of glphliffuse and beam irradiations, while only hgustms

of global and diffuse irradiation are available floe other stations.

The results computed over ten years show that dévére errors are similar for the three models, BE®&RA
model always gives the best results for all statimhen considering average errors over the tersygailables
5 and 6 are reported root mean square errors (ravsg)bias for the three models, and for two rarmafes

T.(AM2).

The results are slightly the same for the differgtgs. There is still no significant dependencéhefresults on
ground elevation or geographical location. Moreovbe differences in error observed in 1994 betw®en
remote sites such as Sede Boger and Vaulx-en-dedimot higher than those observed between 1981 %9
for the different German stations. This low spatiafiability allows to conclude that the model @& affected by
the climate. The high temporal variability noted Fyeiburg between results in 1993 or in 1997 $® abserved
for this ten-years dataset. For example, for a ¢inkbidity factor ranging from 2 to 3.5, rmse b&tESRA
model are varying from 11 to 18 Wh’in Hamburg while the ten-years error is 15 Wh.iim Weihenstephan,

rmse are varying from 14 to 25 WH?*mhile the ten-years error is 19 WHnHalf-hourly values are available
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for Uccle, therefore a computation has been madgtdourly values in order to compare errors olei@ifrom
these two kinds of data. Similar numbers are oleskfor the assessment of the irradiation on hduaisis than

those obtained from half-hourly basis.

Tables 7 and 8 report values of rmse, relative yrand bias for the ESRA model and selected soéaébns:
20° < ys < 25°, 40°< ys < 45°, and 60< ys < 65°. These tables have been drawn for Wirzburg,abe
representative of the other German stations sinerstis no climate effect. On the one hand, theneoi clear
dependence on the solar elevation within the reselten if the errors are varying from one ranganwther. On
the other hand, these tables illustrate the impogaf the selection of the range o{AM2) on the results. The
rmse in Wh.nf decreases when skies are getting clearer. Thigshokr all models and all ranges of solar
elevation and numbers should be considered with. ddowever the conclusions drawn are valid foratiges
of T(AM2).

In this study, equation 1 was used to compyi@W?2) for the sake of the simplicity. If the secofatmulation
(equation 14) had been used, it would have resiftetightly different T(AM2) values but similar errors than

the first formulation.

5. Conclusion

We have analysed the models proposed by the neialdifuropean Solar Radiation Atlas (ESRA) for the
assessment of the irradiance and the irradiatiatenlear sky for both the beam and the diffuse pmmants.
We have investigated the variations of these modils various parameters, namely the sun elevadiwh the
Linke turbidity factor. The ESRA proposes two sefsmodels. One is best suited for the assessmetiteof
irradiance. The other should be preferred for th@mutation of hourly irradiation and daily sum ofadiation.
We conclude that these models can be used indaheefvork of the Heliosat method, especially the séame,
since the aim of the Heliosat method is to estinsiar irradiation received at ground level fronteide
images.

The ESRA model has been compared to several diear-sky models and has proved to be the most ascas
a whole, though other models lead to similar result

Compared to the other models used up to now itH#Hmsat method, the accuracy in the ESRA modeidstly

gained by the introduction of the Linke turbidigctor. From an operational point of view, the usthe ESRA
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model implies the knowledge at each pixel of theagey of the Linke turbidity factor and of the grdun
elevation.

Digital maps of ground elevation are currently &tae for the whole Earth with a spatial resolutsuitable for
the processing of images from the meteorologictdlligas. Accuracy elevation may be questioneddwesal
parts of such maps. However the impact of this @myuon the outputs of the ESRA model is less tiwen
impact of an error on TAM2). This factor is hardly known everywhere andeffort should be devoted to its
assessment at each pixel of the image, at leastctimatological basis, season by season.

These models have been coded in language C antdt@available as sources at the WWW site Heliaser

www-helioserve.cma.fr/in this site, user can already simulate the edégrirradiation, given the geographical

site, the elevation and the Linke turbidity factArdatabase of the Linke turbidity factor has &dsen set up for
about 700 sites. These values are available inViMgW site and can be used for a better assessmehe o

clear-sky radiation (Anglest al, 1998).

6. Acknowledgements

The content of the present paper was influencedonye chapters of the ESRA handbook. Fruitful disions
with John Page (Sheffield, United Kingdom) havepbkdl to improve the clearness of this article. Tathars
deeply acknowledge the help of the University ofédburg (Germany); part of this work was made tlisieg
their valuable softwares and databases. This waak partly supported by the programme JOULE of the
European Commission (DGXII): programmes ESRA (adirtator: K. Scharmer, GET, Germany) and

SatelLight (co-ordinator: M. Fontoynont, ENTPE, ikca).

7. References

Angles J., Menard L., Bauer O., Wald L. (1998) A Wserver for accessing a database on solar ratliatio
parameters. IrProceedings of the Earth Observation & Geo-Spailsb and Internet Workshop ;98osef
Strobl & Clive Best (Eds), Salzburger Geographisktaterialien, Universitat Salzburg, Salzburg, AisstHeft

27, pp. 33-34.

Copyright Ecole des Mines de Paris - Armines 17



The clear sky model of the ESRA

Beyer H.G., Hammer A., Heinemann D., Westerhellweg(1997) Estimation of diffuse radiation from

Meteosat data. North Sun '97" thternational Conference on Solar Energy at Higtitudes, Espoo-Otaniemi.

Bird R. and Hulstrom R. L. (1981 a) Direct insatetimodels Transactions of the ASME Journal Solar Energy

Engineering 103, 182-192.

Bird R. and Hulstrom R. L. (1981 b) A simplifiedealr sky model for direct and diffuse insolationhmmizontal

surfaces. Report SERI/TR-642-761, Solar Energy &ebkdnstitute, Golden, Colorado, U.S.A.

Bourges G. (1979) Reconstitution des courbes dguééce cumulées de l'irradiation solaire globaleale
recue par une surface plane. Report CEE 295-77dESFentre d’Energétique de I'Ecole Nationale Supmédne

des Mines de Paris, tome |l, Paris, France.

Cano D., Monget J.M., Albuisson M., Guillard H.,das N. and Wald L. (1986) A method for the deteation

of the global solar radiation from meteorologicatiedlite dataSolar Energy37, 31-39.

Dumortier D. (1995) Modelling global and diffusertmmntal irradiances under cloudless skies witledént
turbidities. Final report JOU2-CT92-0144, DaylightEcole Nationale des Travaux Publics de I'Extylx-en-

Velin, France.

ESRA (1999)European solar radiation atlag-ourth edition, includ. CD-ROM. Edited by J. Gré&i. Scharmer.
Scientific advisors: R. Dogniaux, J. K. Page. AuthoL. Wald, M. Albuisson, G. Czeplak, B. Bourgés,
Aguiar, H. Lund, A. Joukoff, U. Terzenbach, H. Gey@r, E. P. Borisenko. Published for the Commissiotie

European Communities by Presses de I'Ecole, Eeddévines de Paris, Paris, France.

European Solar Radiation Atlas. Second Improved Exignded Editionyols. | and II. (1984) W. Palz (Ed.).

Commission of the European Communities, DG ScieResearch and Development, Report No. EUR 9344,

Bruxelles.

Copyright Ecole des Mines de Paris - Armines 18



The clear sky model of the ESRA

Fontoynont M., Dumortier D., Heinemann D., Hammer @lseth J., Skartveit A., Ineichen P., ReiseRage J.,
Roche L., Beyer H.-G., Wald L. (1998) Satellight\\WNVW server which provides high quality daylightdan
solar radiation data for Western and Central EurdpeProceedings of the 9th Conference on Satellite

Meteorology and Oceanographyublished by Eumetsat, Darmstadt, Germany, ELA2 Bpp. 434-435.

lehlé A., Lefévre M., Bauer O., Martolini M. and WaL. (1997) Meteosat: A valuable tool for agro-

meteorology, Final Report for the European Commigsioint Research Center, Ispra, Italy.

Igbal M. (1983)An introduction to Solar RadiatiofiNew York: Academic Press), pp. 107-169.

Kasten F. and Young A.T. (1989) Revised opticahaass tables and approximation formépplied Optics28

(22), 4735-4738.

Kasten F. (1996) The Linke turbidity factor basedimproved values of the integral Rayleigh optitétkness.

Solar Energy56, 239-244.

Kneizys F. X.et al (1996) The MODTRAN 2/3 Report and LOWTRAN 7 Mode&kchnical Report, Phillips

Laboratory, Geophysics Directorate, Hanscom AFB.

Moussu G., Diabate L., Obrecht D. and Wald L. ()989method for the mapping of the apparent ground

brightness using visible images from geostatiosatgllitesInt. J. Remote Sensint0 (7), 1207-1225.

Page J.K. (1995) The estimation of diffuse and bé&asadiance, and diffuse and beam illuminance fideuly
global irradiation, a key process in the evolutioihmicrocomputer packages for the new EuropeanrSola
Radiation and Daylighting Atlases. Technical Repdot 8, prepared June 30th, 1995 and revised Augthst
1995, 37 pp. + 5 pp. of tables. Appendix 1: Solmvation functions for estimating cloudless day rhea
irradiance and daily beam irradiation on horizorgaffaces from the beam transmittance, 12 pp. .50p
tables. Page, J.K., 1996. Technical Report No.e8ised September 21st, 1996, 36 pp. + 5 pp. oksabl

Appendix 1: Revised September 22nd, 1996, 13 ppp. Bf tables.

Copyright Ecole des Mines de Paris - Armines 19



The clear sky model of the ESRA

Perrin de Brichambaut C. and Vauge C. (1982) Lergent solaire : Evaluation de la ressource énepggti

(Paris : Technique et documentation (Lavoisier)

Rigollier C. and Wald L. (1999) Selecting a cleky-snodel to accurately map solar radiation fromekite
images. To be published ifProceedings of the 19th EARSelL SymposRemote sensing in the 21st century:
economic and environmental applications”, Valladp$pain, Nieuwenhuis G., Vaughan R., Molenaar Bdls{,

Balkema.

World Meteorological Organization, WMO (1981). Metelogical aspects of the utilization of solar eitin as
an energy source. Annex: World maps of relativebglaadiation. Technical Note No. 172, WMO-No. 557,

Geneva, Switzerland, 298 pp.

Copyright Ecole des Mines de Paris - Armines 20



The clear sky model of the ESRA

Co Loo Lo Loz
1> 30° -1.7349.1G -5.8985.10 6.8868.1¢
15 < " <30 -8.2193.10 4.5643.1¢ 6.7916.16
wor <15 -1.1656.10 1.8408.1d -4.8754.10
C, Lo Ly L1
110> 3P 1.0258 -1.2196.16 1.9229.10
15° < " < 3¢ 8.9233.10 -1.9991.10 9.9741.10
10" < 15 7.4095.10 -2.2427.10 1.5314.1G
C, Lao Loy Lo Los
1> 30° -7.2178.10 1.3086.10 -2.8405.10 0
15° < )" <3¢ 2.5428.10 2.6140.10 -1.7020.1G 0
wor <15 3.4959.10 7.2313.10 -1.2305.10 5.9194.10

Table 1 Coefficients | for the computation of the; Coefficients.
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Station Name Latitude N ; Longitude E| Elevation | Available Data Period of Measurement
Aas (Norway) 59.67 ; 10.77 85m Global - Diffuge menths (04/95 - 12/95)
Freiburg (Germany) 47.98 ;7.83 280 m Global - Bean? years (06/93 - 05/94 and 97 - G
Géavle (Sweden) 60.67 ; 17.16 16 m Global - Diffyse 9 months (04/95 - 12/95)
Geneva (Switzerland) 46.20 ; 6.09 400 m Global mBeq 1 year (1994, April excluded)
Oldenburg (Germany) 53.13;8.22 20m Global - Beam 1 year (10/95 - 10/96)
Sede Boger (Israel) 30.85; 34.78 475 m Global - Beam 1 year (1994)
Vaulx-en-Velin (France 45.78 ; 4.93 170 m Globhliffuse 1 year (1994)

Table 2 Description of the ground data used to comparediffese clear-sky models.
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Ground ESRA DUMORTIER MODTRAN
mean rmse bias rmse bias rmse bias

Aas 85 23 (27 %) 1 23 (27 %) -1 22 (26%) 1
Freiburg 93 135 33 (24 %) -14 35 (26 %) -1y 28 (P1%| -7
Freiburg 97 99 30 (30 %) 13 29 (29 %) 1( 35(35%) 7 1
Gavle 111 27 (24 %) -10 29 (26 %) -14 26 (24% -10
Geneva 103 33 (32 %) 14 31 (30 %) 10 40 (39% 19
Oldenburg 105 26 (25 %) 5 27 (25 %) -7 26 (25% -
Sede Boger 102 26 (26 %) 10 24 (24 % g 27 (279%) 15
Vaulx-en- 112 27 (24 %) 6 27 (24 %) 4 33 (30%) 13
Velin

Table 3 Results in Wh.fhobtained when comparing the diffuse models of DtienpESRA, and MODTRAN

with half-hourly values. Only the values correspiogdo a T(AM2) between 2.5 and 6.5 have been retained.

All values of solar elevations are kept.
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Station Name Latitude N ; Elevation Station Name Latitude N ; Elevation
Longitude E Longitude E
Braunschweig(Germany 52.30; 10.45 83 m|| Wiurzburg (Germany) 49.77 ; 9.97 275 m
Dresden (Germany) 51.12;13.68 246 m|Weihenstephan (Germarly) 48.40 ; 11.70 472 m
Hamburg (Germany) 53.65;10.12 49 m Uccle (Belgium) 50.80; 4.35 100 m
Trier (Germany) 49.75 ; 6.67 278 m

Table 4 Description of the second dataset of ground stetid he data are measured from January 1981 to

December 1990 .

24
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Ground ESRA DUMORTIER MODTRAN
mean rmse bias rmse bias rmse bias
Braunschweig 79 19 (24 %) -8 22 (28 %) -15 22 (28 %) -11
Dresden 61 13 (22 %) -2 15 (25 %) -8 16 (26 %) -6
Hamburg 70 15 (22 %) -3 18 (25 %) -9 18 (25 %) -6
Trier 76 17 (22 %) -3 19 (25 %) -10 19 (25 %) -6
Wairzburg 76 17 (23 %) -5 20 (27 %) -12 20 (26 %) -9
Weihenstephan 72 20 (27 %) -1 21 (29 %) -7 21 (30 %) -4
Uccle 66 16 (25 %) -1 17 (26 %) -7 18 (27 %) -4
All stations 71 17 (24 %) -3 19 (27 %) -9 19 (27 %) -7

Table 5 Results in Wh.tfhobtained when comparing the diffuse models of EERAortier, and MODTRAN

with hourly values of the second ground datasg¢AM?2) ranges from 2.5 and 3.5.
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Ground ESRA DUMORTIER MODTRAN
mean rmse bias rmse bias rmse bias
Braunschweig 121 23 (19 %) -10 25 (21 %) -11 23 (19% -1
Dresden 101 19 (19 %) 1 20 (20 %) 0 22 (22 %) 3
Hamburg 107 20 (19 %) -5 21 (20 %) -6 21 (20 %) -4
Trier 119 23 (19 %) -7 25 (21 %) -10 23 (19 %) -4
Wiirzburg 120 22 (19 %) -7 24 (20 %) -9 23 (19 %) -4
Weihenstephan 114 24 (21 %) -2 25 (22 %) -4 26 (23 %) 2
Uccle 110 20 (18 %) -2 21 (19 %) -4 21 (19 %) 0
All stations 113 22 (19 %) -5 23 (21 %) -6 23 (20 %) -2
Table 6 As table 5 but for TAM2) ranging from 2.5 to 6.5.
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solar elevation|number of valueg ground mean bias rmse relative rmse
60° - 65° 243 197 -16 32 16 %
40° - 45° 717 174 -11 27 16 %
20° - 25° 1236 118 -7 22 18 %

Table 7 Results in Wh.thobtained for different ranges of solar elevatiomen comparing the diffuse ESRA

model with hourly values measured in Wirzburg (Genw) Only the values corresponding to a Linke it}

factor between 2.5 and 6.5 have been retained.
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14

relative rmse

solar elevation{number of valueg ground mean bias rmse
60° - 65° 29 109 5 21 19 %
40° - 45° 73 105 1 19 18 %
20° - 25° 235 86 -7 20 23 %

Table 8 As Table 7 but with, TAM2) ranging between 2.5 and 3.5.
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Beam transmittance

0.9
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solar elevation (degrees)

Fig. 1.a. The beam transmittance
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Beam irradiance (W.m-2)

0 40 50 60
solar elevation (degrees)

Fig. 1.b. The beam horizontal irradiance for clear sky, B
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Diffuse transmission function at zenith, Trd
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Fig. 2 The diffuse transmission function at zenit, s a function of the Linke turbidity factor(AM2).

Copyright Ecole des Mines de Paris - Armines

31



The clear sky model of the ESRA

Diffuse angular function, Fd
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Fig. 3 The diffuse solar zenith functiorny F
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Diffuse irradiance (W.m-2)
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Fig. 4 The diffuse horizontal irradiance for clear sky, D
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Global irradiance (W.m-2)
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Fig. 5 The global horizontal irradiance for clear sky, G
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Fig. 6 The daily sum of beam horizontal irradiation féear sky, By computed at 30° and 60° latitude.
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Daily sum of diffuse irradiation

(Wh.m-2) at 30° latitude
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Daily sum of diffuse irradiation
(Wh.m-2) at 60° latitude
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Fig. 7 The daily sum of diffuse horizontal irradiatiorr fdear sky, Qs computed at 30° and 60° latitude.
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Beam irradiance (W.m-2) evaluated with botl
models (82 and §:
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Fig. 8 Comparison between both models : Bc_82 (secti@m@)Bc_83 (section 3) for the computation of the
beam horizontal irradiance for clear sky. The comagtion has been made at mean solar distance, 4&tid

and 0° longitude (the solar declinatiahis equal to 5.70° is equal to 1, ang™°" > 30°).
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Difference [Bc (82) - Bc (83)] (W.m-2)
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Fig. 9 Difference between Bc_82 (beam irradiance for ictg, section 2) and Bc_83 (beam irradiance for

clear sky, section 3), as a function of the solavation and T(AM2), at mean solar distance.
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Daily sum of global irradiation
(Wh.m-2) at 30° latitude
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Fig. 10 The daily sum of global horizontal irradiation folear sky, G, computed at 30° and 60° latitude.
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Global irradiance (W.m-2)
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Fig. 11 Comparison between the ESRA model (Gc ESRA) feraiif values of [AM2) , the model of Bourges,

1979 (Gc Bourges), and the model of Perrin de Bnnbaut and Vauge, 1982 (Gc PdBV)
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Diffuse irradiances with T, = 3 (W.m?)
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Diffuse irradiances with T, = 6 (W.n?)
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Fig. 12 The diffuse components of the ESRA model (Dc EERAPUMORTIER model (Dc Dumortier), and

the MODTRAN model (Dc MODTRAN) fqAM2) = 3 and 6, at mean sun-earth distance.
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