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Abstract. Parameterisation of changes of the solar irradiance at ground level with a specific variable (e.g. so-
lar zenithal angle, aerosol optical depth, altitude, etc.) is often used in operational processes becausie it saves
computational time. This paper deals with the modelling of the vertical profile of downwelling solar irradi-
ance for the first two kilometres above ground in clear sky conditions. Two analytical parameterisations are
evaluated for direct and global irradiance in spectral bands as well as for the total irradiance. These parameteri-
sations reproduce the vertical profile with good accuracy for global spectral irradiance and are less accurate for
direct component, especially in turbid atmosphere. A piecewise linear interpolation technique using irradiance
values known at surface and 4 altitudes every 500 m performs better in any case.

1 Introduction issue is similar to the modelling of the dependency of irradi-
ance with altitude in the cloud-free atmosphere (Abdel Wa
Satellite-derived assessments of surface downwelling solahab etal., 2009; Gueymard and Thevenard, 2009). The SSI
irradiance (SSI) are more and more used by engineeringhen set to the irradiance in the free atmosphere for the corr
companies in solar energy. Performances are judged satisponding elevatior. It would be possible to run a radiative
factory for the time being. Nevertheless, requests for mordransfer model (RTM) to obtain such a z-profile. However,
accuracy are increasing, in particular in the spectral definitunning a RTM is very time-consuming and an analytical
tion and in the decomposition of the global radiation into its function or a simple linear interpolation technique would be
direct and difuse components. One approach to reach thigoreferable from an operational point of view (Mueller et al.,
goal is to improve both the modelling of the radiative trans- 2009). Therefore, the problem statement is: can we modg
fer and the quality of the inputs describing the optical state ofthe vertical profile up to 2 km with a §icient accuracy us-
the atmosphere. Within their joint project Heliosat-4, DLR ing fast parameterisations or linear interpolators?
and MINES ParisTech have adopted this approach aiming at A few parameterisations have been published that may af
creating advanced databases of solar irradiance succeedirsgver this question (Abdel Wahab et al., 2009; Gueymard an
to the current ones HelioClim and SolEMi (Oumbe et al., Thevenard, 2009; Oumbe and Wald, 2009). However, the
2009). The Heliosat-4 method will be applied to Meteosathave been studied in a limited number of cases. This articl
images. establishes the performances of two parameterisations for
This article contributes to this project and its practical im- clear-sky conditions and for the spectral distribution of the ir
plementation. It deals with clear-sky conditions and focusegadiance by comparing their outcomes to those from a RTN
on the modelling of the change in the SSI with altitfer ~ considered as delivering reference values. In addition, w

the first two kilometres above ground levelzgt In opera-  compare them to two standard interpolation techniques in of-

tions, the SSI is assessed at the mean elevation of the Mgler to assess their potential benefits. o
teosat pixel. To answer users’ requests, we need to provide Both parameterisations require as inputs solar |rrad.|anc.e
the SSI at a dferent elevation whenever the average pixel at two diterent altitudes, here O km and 2km. These irradi

elevation is diferent from that of the considered site. This ances are provided by the RTM libRadtran (www.libradtran
org). Aside its use to obtain these two irradiances, libRad

tran is a reference against which we assess the performang
Correspondence to: A. Oumbe of each parameterisation in retrieving irradiance for 32 sped
BY (armel.oumbe@dir.de) tral bands and total. The spectral resolution used here is tf
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o M an exponential form. This assumption is supported by the
S 1om law of Beer-Bouguer-Lambert for the direct component.
*'Q 900 —
2 / 2.1 Parameterisation 1
S
§ 700 The parameterisation 1 (p1) describes the global and direct
3 ™ ::3: irradiances with the following functions (Oumbe and Wald,
S 5w KTdir * 1000 2009):
"(l; == KTglo * 1000
= 0 02 04 06 08 1 12 14 18 18 2 IC(Z) = lO(l_ A(ZO) exp [—OJ(Z— ZO)])
altitude over surface (km) B.(2) = lo(1- Ag(z0) exp [Fas(z—20)]) Q)

Figure 1. Example of change in irradiancB{for direct andl. for =~ Knowing clear-sky irradiances at two firent altitudes,
global) and clearness index (KT) with altitude. KTdir and KTglo 1¢(z4) atzyq andl () atz, A(zy) anda are determined:
are direct and global KT.

A(zo) = 1-(Ic(20)/10)

a=-In[(lo—1c(z1))/(lo—1c(20))] /(21 — 20) )

correlated k-approximation (Kato et al., 1999), for a com- :
promise between accuracy of results and speed of execution "c Same equations hold fé(2) and s, where Bo(zy)

With this method, atmospheric transmittance is computeqa NdB(z) are the direct clear-sky irradianceszatandz,
following the spectral absorption of molecules in the atmo- o
sphere. The 32 spectral bands span from 240 nm to 4600 nn¢-2 Parameterisation 2

The SSlis nullin bands #1 and #2. The second parameterisation (p2) is an extension of that pro-

posed by Abdel Wahab et al. (2009) and inspired from Guey-
mard and Thevenard (2009). Here, global and direct irradi-
2 Parameterisations ances are defined as:

Figure 1 illustrates the change in solar downwelling irradi- '¢(2 = o €xp Fr(20)5* 7]

ance with altitudez above the surface ranging from 0km Bc(2) = lo exp [-78(20)8° ] 3
to 2km. In this example, the irradiances were computed . . . . .

with libRadtran using standard conditions in Europe, a SO_Knowmg clear-sky irradiances at two fﬂ_arent a.ltltudes,
lar zenithal angle equal to 3@nd an aerosol optical depth le(24) atzy andlc(z) atzo, 7(z) andps are given by:

at 550 nm equal to 0.3. The shape of the two curdor 77y = —In (1o(z0)/10)

direct andl for global, is not the same: the direct irradiance = exp [In ©(20)/7(z0))/ (Zo - 2] @)
increases faster with altitude than the global irradiance, dué = &P N ((20)/7(24))/(Z0 =24

to the higher AOD sensitivity of direct irradiance. The same equations hold feg(z) andgg, whereBc(z4)and
The clearness index KT is the ratio of the irradiance atB(z) are the direct clear-sky irradianceszatandz,.
ground level to that at the top of atmosphere. Expectedly,
the variation of KT (KTdir, KTglo) with altitude is similar to
that of SSI (Fig. 1). Actually, in this work, we always com-
pute SSI, with libRadtran and with the chosen parameterisal he interpolator p3 is a simple linear interpolation between
tion, and derive KT from it. Using KT is a mean to show the irradiances known at Okm and 2km and extrapolation
how good the method reproduces theet of atmospheric ~ for other altitudes. The interpolator p4 is a piecewise linear
contents on solar downwelling spectral irradiance, since thdnterpolation. Four intervals are defined, from O km to 2km,
errors in SSI are expressed relatively to the irradiance at th€very 500m. The irradiance is known at each of the five
top of atmosphere_ Using KT instead of SSI is more Conve_”mits. Within each interval, the irradiance is CompUtEd by
nient in several cases and both should be used. For exampld, linear interpolation; extrapolation is performed for other
the magnitude of the SSI changes from one Kato band to an@ltitudes.
other and it is dficult to compare the deviation in SSI for
different Kato bands. On the other side, errors in KT are3 Comparison with libRadtran
commensurate and one can analyse and compare the errors
for all cases moref@ciently. Moreover, the parameterisa- A Monte-Carlo technique is applied to randomly select 5000
tions are explicitly products of extraterrestrial irradiankg ( sets within the 9D-space defined by discrete values taken by
and other parameter, corresponding to KT. They are based otihhe 9 most prominent inputs to libRadtran with respect SSI:
the assumption that the vertical profile of irradiance follows solar zenith angle, aerosol optical depth, type and Angstrom

2.3 Linear interpolations
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Figure 2. Mean KT and RMS for each parameterisation.
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Figure 3. P95 of relative RMS for each parameterisation.

exponent, total column water, total column ozone, altitudefor the Angstrom cofficient, the gamma law for the aerosol
of the ground, ground albedo and atmospheric profile. Weoptical depth and the beta law for total column ozone and
have selected these optical properties considering their obground albedo. The parameters of the laws are empirically
served marginal distribution. More precisely, we have cho-determined from the analyses of the observations made |n
sen the uniform distribution as a model for marginal proba-the AERONET network for aerosol properties and from me-
bility for all parameters except for the parameters related tateorological satellite-based ozone products. The aerosol type
aerosol, albedo and ozone. We have selected the normal latcontinental average” is used half the time. By weighting
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Figure 4. Variation of KTdir and of corresponding RMS with aerosol optical depth and solar zenith angle. Spectral and total KT are
mixed up.

these selections, we reduce the amount of rare atmospheric Figure 3 shows the P95 and stresses the inaccuracies that
states where very few SSI and large relative errors are obean occur in very turbid atmospheres.
tained. For each 9-tuple, libRadtran outputs are total global P95 for KTglo is less than 5% for all parameterisations
and direct irradiances, and their spectral values for the 32and for most wavelengths. P95 is less than 10 % for KTdir for
Kato spectral bands, for 21 altitudes from 0 to 2km everyall parameterisations for wavelengths greater than 600 nm,
100 m above the surface. and reaches a maximum of 25% at 300nm for p2. This
The parameterisations pl, p2 and p3 are adjusted on thdemonstrates that these parameterisations are accurate for the
irradiances at 0 km and 2 km. Three more altitudes are usedlobal and direct irradiances. Note that P95 in KTdir and KT-
with p4. Irradiances at altitudes not used are computed withglo for p4 is very low for all bands. Relative performances
each parameterisation p1 to p4 and compared to those frorof parameterisations are the same as in Fig. 2. p3 remains
libRadtran. The comparison is made on the clearness indethe worst and p4 the best. pl is better than p2 at short wave-
KT defined as the ratio between the spectral surface irradilengths and pl is better at longer wavelengths. If one selects
ance and the corresponding spectral top-of-atmosphere. KTthe best parameterisation between pl and p2 at each Kato
dir and KTglo are computed. Theftrences are synthesized band, P95 will be less than 5 % for KTglo for all wavelengths
by the RMS (Root Mean Square deviation) and the percentileand for KTdir for all wavelengths greater than 800 nm. P95
95 % (P95) of the frequency distribution of the RMS within greater than 10 % will be obtained only for wavelengths less
the 21 altitudes. They are compared to the mean KT (Fig. 2)than 450 nm. These regions are not the main contributors to
Errors in KTglo are very small for each band and total: the total extraterrestrial irradiance: they represent only 15 %,
each parameterisation reproduces well the vertical profileand the conclusion should take this into account of total irra-
As for the total, the errors in KTdir are greater in absolute diance. Accuracy of p4 remains good; the error is the greatest
value than those in KTglo for each band. Their relative val- in the less-energetic bands and is less than 10 % for all bands.
ues are also greater: they may amount to 3-5% at shorf\ctually, these large relative errors in KT are small in SSI:
wavelength and 1-2 % at long wavelength. The parameterthe corresponding RMS is less than 6 W2rand 8 W n12 on
isation p3 performs the worst of the four tested functions.direct and global total irradiance.
The parameterisation pl and p2 are close, their accuracies The errors for each parameterisation are not related to pre-
are similar on KTglo, pl performs better than p2 at wave- cipitable water and ground albedo but depend on solar zenith
lengths shorter than 800 nm, and p2 performs better at longesingle and aerosol optical depth (Fig. 4). The RMS increases
wavelengths. The parameterisation p4 performs the best. with the solar zenith angle or aerosol optical depth, and
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