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Abstract:

 Accurate solar surface irradiance data is a prerequisite for an efficient planning and operation of solar energy systems. Further, it is essential for climate monitoring and analysis. Recently, the demand on information about spectrally resolved solar surface irradiance has grown. As surface measurements are rare, satellite derived information with high accuracy might fill this gap. This paper describes a new approach for the retrieval of spectrally resolved solar surface irradiance from satellite data. The method combines a eigenvector-hybrid look-up table approach for the clear sky case with satellite derived cloud transmission (Heliosat method). The eigenvector LUT approach is already used to retrieve the broadband solar surface irradiance of data sets provided by the Climate Monitoring Satellite Application Facility (CM-SAF). This paper describes the extension of this approach to wavelength bands and the combination with spectrally resolved cloud transmission values derived with radiative transfer corrections of the broadband cloud transmission. Thus, the new approach is based on radiative transfer modeling and enables the use of extended information about the atmospheric state, among others, to resolve the effect of water vapor and ozone absorption bands. The method is validated with spectrally resolved measurements from two sites in Europe and by comparison with radiative transfer calculations. The validation results demonstrate the ability of the method to retrieve accurate spectrally resolved irradiance from satellites. The accuracy is in the range of the uncertainty of surface measurements, with exception of the UV and NIR (≥ 1200 nm) part of the spectrum, where higher deviations occur.
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1. Introduction

The surface solar irradiance (I) is defined as the incoming solar radiation at the surface in the 0.2–4.0 μm wavelength region. The solar surface irradiance retrieval reported in this paper is part of a suite of data sets derived within the Satellite Application Facility on Climate Monitoring (CM-SAF). The CM-SAF is part of the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) ground segment and part of the EUMETSAT network of Satellite Application Facilities [1]. It contributes to the operational long term monitoring of the climate system by providing Essential Climate Variables [2] related to the energy and water cycle of the atmosphere. These are currently cloud parameters, surface and top of atmosphere (TOA) radiation budget components and atmospheric water vapor [3] and [4].

Surface solar irradiance data with high resolution in space-time are necessary for a better understanding of climate variability, climate dynamics (extremes and the change of patterns in space-time) and for assessing the radiation balance of the climate system. Moreover, these data are well suitable for the verification of reanalysis data and regional climate models (e.g., [5]). Finally, solar irradiance is of importance for the satellite based estimation of drought and evaporation and the analysis of the hydrological cycle. Solar surface irradiance assessment from geostationary satellites constitutes a powerful alternative to meteorological ground network for climatological data [6] and is the primary source of observational data in regions where ground based measurements are rare. (e.g., over ocean and on the African continent).

In addition to the broadband surface solar irradiance, CM-SAF aims to retrieve spectrally resolved irradiance in high accuracy and a high resolution in space and time. This paper contains the description of the applied method, referred to as SPECMAGIC, as well as validation of the spectrally resolved irradiance and a discussion of the results.

Spectrally resolved irradiance provides additional and further information for the abovementioned climate analysis and monitoring issues. Further, spectrally resolved irradiance enables the calculation of photosynthetic active radiation. More over, it enables the calculation of daylight, which is of importance for the design and planning of office buildings and medicine studies, e.g., concerning Seasonal Affective Disorder.

A very important and growing area of application is the use of solar surface irradiance for the efficient utilization of solar energy systems. Accurate solar surface irradiance data is a prerequisite for an efficient planning and operation of solar energy systems. Recently, the demand of measurements of spectrally resolved solar surface irradiance has grown in view of the development of tandem and triple solar cells as well as thin film solar cells. Tandem and tridem cells cover a broader range of the spectra including the water vapor bands which increases the need for accurate spectrally resolved irradiance.

As ground measurements are rare, satellite derived information constitutes the primary data source for spectrally resolved irradiance within the scope of climate monitoring and solar energy applications. Satellite data allow the determination of the solar irradiance with a high spatio-temporal resolution and a large regional coverage (up to global) by combination of different satellites. Various algorithms have been developed to produce surface solar radiation data sets (e.g., [7–13]) covering different approaches.

In contrast to retrieval methods for the broadband irradiance, retrieval algorithms for the generation of long term series of spectrally resolved irradiance are very rare and satellite based long term data records of spectrally resolved surface irradiance are so far not available (at least to the knowledge of the authors). The algorithm described here is dedicated to generate such a long time series, covering at least 25 years based on Meteosat satellite data. The algorithm will be applied within the CM-SAF for the generation of spectrally resolved irradiance. As a result of its concept it aims to fulfill both aspects—it is fast enough to generate long time series and it is accurate enough to provide the data in climate quality. The objective of this manuscript is the description and validation of a new retrieval method for satellite-based spectrally resolved surface irradiance with emphasis on the visible and near-infrared (VIS/NIR) region of the spectrum.



2. Outline of the Method for the Retrieval of Spectrally Resolved Irradiance

The main challenge of the development of algorithms for the satellite based retrieval of long time series of spectrally resolved irradiance is to fulfill two aspects which seem to be in contradiction. Firstly, the algorithm should be able to provide data records with a high accuracy. Secondly, the algorithm has to be fast in order to be able to generate a long time series with an appropriate spatial coverage. The second requirement prevents the operational use of radiative transfer models (RTM) as the processing of the enormous amounts of satellite pixels would take too much time. Moreover, radiative transfer models do not relate directly the observed satellite radiances to the spectrally resolved surface irradiance. For the reasons mentioned above, there has been a need for the development of a new approach for the satellite based retrieval of spectrally resolved solar irradiance. One concept applied within the new algorithm is the use of improved lookup tables.

A lookup table (LUT) is a data structure used to replace a runtime computation with a simpler interpolation operation within discrete pre-computed results, see Figure 1 as an illustration.

Figure 1. The principle of an LUT approach. The relation of the transmission to a variety of atmospheric states is pre-calculated with a radiative transfer model (RTM) and saved in a look-up table (LUT). Based on the amount of considered atmospheric states the LUT table is large. Usually, 105 to 107 calculations are needed for a classical LUT approach if specific scientific optimizations are not applied. This figure has been previously published in [13].
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In our case pre-computed radiative transfer model (RTM) results contain the transmittance for a variety of atmospheric and surface states. Once the LUTs have been computed, the transmittance for a given atmospheric state can be extracted from the LUTs by interpolation for each satellite pixel and time. Finally, solar surface irradiance can be calculated from the transmittance by multiplication with the extraterrestrial incoming solar flux density.

The idea behind the LUT approach for an irradiance retrieval scheme is to achieve equal accuracy as with the direct usage of an RTM, but without the need to perform RTM calculations for each pixel and time, thus leading to an improved computing performance.

Atmospheric absorption and Rayleigh scattering are predominantly responsible for changes in the shape of the spectrum at the surface relative to the top of atmosphere. The effect of Mie scattering on the shape of the spectrum is in comparison with these processes rather weak.

This in turn suggests the separation of the effects of clouds, which is predominantly a Mie scattering effect, from the clear sky effect on spectrally resolved solar irradiance. The broadband cloud effect on the solar irradiance can be well defined with the effective cloud albedo derived with the established, accurate and fast Heliosat method (e.g., [14,15]). The spectral treatment of clouds is therefore reduced to the spectral correction of the broadband effective cloud albedo of the rather weak Mie scattering effect on the spectrum. For this correction a simple lookup table can be calculated with radiative transfer models that converts the broadband to the spectral cloud albedo, described in detail in Section 4.

The remaining issue is related to the estimation of the clear sky spectrum. For this issue the hybrid eigenvector LUT approach discussed in detail in Mueller et al. [13] is applied, this broadband method is referred to as MAGIC (Mesoscale Atmospheric Irradiance Code). This approach has been developed for the broadband irradiance but is extended to spectral bands utilizing its complete strength. This extension is discussed in this manuscript. The lookup tables needed to apply this approach [13] has been calculated with the radiative transfer model (RTM) libRadtran using the disort solver [16]. libRadtran [17]isa collection of C and Fortran functions and programs for calculation of solar and thermal radiation in the Earth’s atmosphere (A. Kylling and B. Mayer, http://www.libradtran.org). It has (also) been validated by comparison with other models [18] and radiation measurements [19].

libRadtran offers the possibility of using the correlated-k approach of Kato et al. [20]. The correlated-k method is developed to compute the spectral transmittance (hence the spectral fluxes) based on grouping of gaseous absorption coefficients. The main idea is to benefit from the fact that the same value of the absorption coefficient k is encountered many times over a given spectral interval. Thus, the computing time can be decreased by eliminating the redundancy, grouping the values of k, and performing the transmittance calculation only once for a given value of k. The Kato approach comes with 32 bands in the solar spectrum. The width of the bands depends on the distribution and structure of the absorption bands and ranges from about 20–30 nm in the UV/VIS up to hundreds of nanometers in the NIR.

libRadtran is very flexible with respect to the atmospheric input, e.g., different possibilities for the input of the aerosol information can be chosen by the user. The correlated-k option of libRadtran supports the adaptation of the broadband hybrid eigenvector LUT approach [13] for spectrally resolved irradiance.

It is important to mention that the basis for the clear sky part of the method described in Section 3 has been the broadband approach discussed in Mueller et al.[13]. This includes the combination of a basis LUT for the treatment of the aerosol effect and parameterizations of the absorption processes induced by ozone and water vapour, referred to as hybrid eigenvector approach in [13]. The equations used to consider the effect of water vapour, ozone and the diurnal cycle equals therefore the broadband equations described in [13].

The new items added by this publication is the extension of the broadband clear sky approach to Kato wavelength bands, including verification against radiative transfer results and measurements. This verification is an essential imperative as it can not be assumed a priori that the broadband equations and parameterizations works well for every Kato band. It is the first time that the eigenvector-hybrid approach has been exploited for the retrieval of the spectrally resolved irradiance. The equations and parameterizations applied are essential for the understanding of the described approach and are therefore discussed in Section 3, where the clear sky part of SPECMAGIC is presented in more detail.

In Mueller et al.[13] the broadband cloud effect on the irradiance is considered by a look-up table, whereas the treatment of clouds in the current scheme is based on the retrieval of the effective cloud albedo, discussed in more detail by Mueller et al. [21]. For the all sky spectrally resolved irradiance the treatment of the spectral effect of clouds is needed. For this purpose a new approach has been developed which is firstly described in this manuscript, please see Section 4.2 for further details. Also, the combination of this approach with the clear sky eigenvector LUT hybrid method is a new feature of the algorithm for the retrieval of spectrally resolved irradiance, referred to as SPECMAGIC. It is the first time that SPECMAGIC is described and validated with radiative transfer results and ground measurements.



3. Clear Sky Approach for the Retrieval of Spectrally Resolved Irradiance

The core and starting point of the hybrid eigenvector LUT approach has been an analysis of the principal components and dependencies of the interaction between the atmospheric variables, the surface albedo and the surface solar irradiance (transmittance) [13]. The analysis of the principal components allows to delete parameters with marginal effect on solar surface irradiance (<0.1%) within the retrieval. Relevant remaining processes for cloud free skies are scattering and absorption by aerosols, the absorption by water vapor (H2O) and ozone (O3), and the reflection by the Earth’s surface. Respective variables belonging to these processes are aerosol optical depth (aod), single scattering albedo (ssa) and asymmetry parameter (gg) of aerosols, the water vapor vertical column and the surface albedo. The analysis of the system’s interaction allows the selection of processes and variables which have to be considered within a basis LUT from those that can be parameterized by simple equations. Atmospheric variables that belong to radiation processes that are not dependent upon the amount/value of other atmospheric variables are not considered within the basis LUT. The basis LUT can be calculated for fixed values of the respective variables. Deviations of the variables from the fixed values can be corrected afterwards as their effect depends not on other variables. The effect of ozone or water vapor amounts, respectively, is pre-dominantly independent of aerosol properties. The effect of the surface albedo can be treated with a simple scaling. These findings are based on radiative transfer model studies [13]. Hence, no RTM calculations are saved in the basis LUT, but their effect is corrected by simple “correction” equations. Water vapor and ozone are pure absorber. The amount of absorption depends on the water vapor amount and the path length through the atmosphere, which is pre-dominantly independent of aerosol properties, amount of ozone and surface albedo.

The effect of aerosols is a mixture of scattering and absorption. The effect of aerosols on the atmospheric transmission can not be described by a single quantity, e.g., by the aerosol optical depth (aod), but more variables are needed. For example, for the same aod value different aerosol types, expressed by the single scattering albedo (ssa) and the the asymmetry parameter (gg), lead to significantly different values of solar surface irradiance. Hence, the effect of aod on the atmospheric transmission depends on the single scattering albedo or the asymmetry parameter (aerosol type) and visa versa.

The effect of aerosol scattering and absorption on spectrally resolved irradiance (denoted as IΛ) are considered within a 3-dimensional basis lookup table. IΛ is calculated for different values of aod, gg and ssa, and the results are saved in the LUT. The effect of water vapour (H2O), ozone (O3) and surface albedo (SAL) is corrected after interpolation to the given aerosol state, defined by aod, ssa and gg, has taken place. Hence, the overall approach to calculate the clear sky surface irradiance used in this paper, can be summarized as:
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(1)




where, IΛ is the final spectrally resolved irradiance for cloud free skies, [image: there is no content] is the spectrally resolved irradiance for a given aerosol state derived from the basis LUT for fixed water vapour, ozone and surface albedo. IΛ,H2Ocor and IΛ,O3cor are the correction of deviations in water vapour and ozone from the fixed values used in the LUT, respectively. Finally SALΛ,cor is the scaling to the given surface albedo relative to 0.2, which has been used in all previous steps.
More details on the calculation of the basis LUT used to derive [image: there is no content] are given in Section 3.1. The applied corrections for water vapor and ozone deviations as well as for SAL are described in Sections 3.2 and 3.3, respectively.

The clear sky method is referred to be a hybrid “eigenvector” LUT approach and is discussed in more detail by Mueller et al. [13]. It reduces the amount of needed RTM calculation for the generation of the look-up tables and increases the computing performance. The Appendix provides a mathematical background for the decision whether a process is independent or not.


3.1. Basis LUT: Treatment of Aerosols

The basis clear sky LUT consists of spectrally resolved RTM results for aerosols with different values of aerosol optical depth (aod), single scattering albedo (ssa) and asymmetry parameter (gg). The basis LUT is dedicated to consider the effect of aerosol scattering and absorption. The absorption by water vapour and ozone as well as the surface reflection are predominantly independent from the aerosol state and fixed values have been used for the calculation of the basis LUT, i.e., a water vapor column of 15 mm, an ozone content of 345 DU, and a surface albedo of 0.2. The atmospheric values conform to the US standard atmosphere. The effect of the solar zenith angle on the transmission, hence the solar irradiance, is considered by the use of the Modified Lambert–Beer (MLB) function developed by Mueller et al.[22], which is given in Equation (2).
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(2)




where τ0Λ is the optical depth of the vertical column, IΛ is the solar radiation at ground for a solar zenith angle (SZA) of θz and I0,enh,Λ is based on the extraterrestrial irradiance according to Equation (3) at wavelength (wavelengths band) Λ. The cosine of the solar zenith angle accounts for the decrease of the surface flux density due to the increase of the solar zenith angle (the same amounts of photons are distributed over a larger area for increasing solar zenith angles). This relation is identical to the Lambert–Beer function (or MLB function) with exception of an additional “empirical” correction exponent a, hence a correction of the parameter [image: there is no content] [22]. The correction parameters aΛ are calculated based on two RTM runs, one at θz =0 and the other at θz =60°, hence the correction parameters aΛ can be calculated without the need for a numerical fit. I0,enh is based on the extraterrestrial irradiance at the top of atmosphere and estimated using Equation (3)[22].
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(3)




Here DΛ and BΛ are the diffuse and direct (beam) component of the solar surface irradiance IΛ = BΛ + DΛ at a SZA of zero. The application of this equation is needed in order to preserve a good match of the MLB relation with RTM results for high optical depths, where the use of the extraterrestrial irradiance I0Λ fails. It is important to notice that the Modified Lambert–Beer relation (Equation (2)) is also used for the calculation of the direct (beam) irradiance BΛ, with the exception that instead of using I0,enh,Λ the original extraterrestrial irradiance I0Λ must be used. The fitting parameters aΛ have different values for direct irradiance and (total) solar surface irradiance. Using the MLB function, the calculated direct irradiance, diffuse irradiance as well as the solar surface irradiance can be reproduced very well (see Figure 2 as an example). The MLB function is discussed in detail by Mueller et al.[22], including proof and verification. Further validations are given by Ineichen et al.[23].
The MLB parameters aΛ, I0,enh,Λ and τ0Λ are saved in the basis LUT for each wavelength band and different values of aerosol optical depth (aod), single scattering albedo (ssa) and asymmetry parameter (gg). The resulting basis LUT is three dimensional and contains the MLB-parameters to calculate Ibasis and Bbasis with Equation (2). The effect of aod is significantly larger than the effect of both ssa and gg, so the basis LUT contains MLB parameters for 23 aod values times three ssa values times two gg values (ssa ∈ {0.7, 0.85, 1.0} and gg ∈ {0.6, 0.78}). The spectral effect of aerosols is considered by application of a standard aerosol model [24,25].

The calculation of the solar irradiance is done as follows: for any given aerosol state the nearest neighbors are selected from the LUT and the solar irradiance is calculated for these nearest neighbors at any given solar zenith angle by application of the MLB relation. Subsequent interpolation between the nearest neighbors provides the solar irradiance for a given aerosol state, but only for fixed water vapor, surface albedo and ozone values. In order to correct for variations from the fixed values occurring in nature, the parameterizations described in Sections 3.2 and 3.3 are applied as consecutive steps.

The sensitivity of surface irradiance on atmospheric variables has been evaluated for all steps in order to reduce the mesh points of the needed RTM calculations as much as possible. Decision criteria for the mesh width has been the effect of the parameters on the atmospheric transmission in combination with its degree of non-linearity, e.g., for a parameter with large effect on the atmospheric transmission but a predominantly linear behavior the interpolation grid can be wide-meshed, while with increasing non-linearity the distance between the grid-points has to be decreased.



Figure 2. Comparison between RTM calculations and fit using the Modified Lambert–Beer relation. Example for a fit of narrow-band spectral irradiance. Global irradiance is synonymous to solar irradiance at the surface. Direct irradiance is the direct portion (beam) of the solar surface irradiance. This figure has been previously published in [22].
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3.2. Treatment of Water Vapor and Ozone Variations

The results of radiative transfer modeling reveals that the effect of variations in water vapor and ozone is predominantly independent of the atmospheric state (in particular the aerosol state) [13]. Taking benefit of this feature the basis LUT has been calculated for a fixed value of water vapor (15 mm) and deviations relative to this value are corrected subsequently by application of Equation (4), which is based on the broadband correction applied in [13]. RTM runs for the clear-sky case have been performed, in order to derive the atmospheric transmissivity correction (Equation (4)) for water vapor variations relative to the fixed standard values used in the basis LUT.
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(4)




ΔIH2O,Λ is the difference between the irradiance [image: there is no content] for the real amount of water vapor and Ibasis,Λ resulting from interpolation within the basis “aerosol” LUT. ΔIH2O,Λ is calculated for the following set of input parameters (θz =0, a rural aerosol type with aod = 0.2, ssa = 0.94, gg = 0.75, 345 DU ozone, and SALΛ = 0.2). bΛ is a “fitting” parameter applied to match the solar zenith angle dependency of water vapour absorption.

ΔIH2O,Λ is pre-calculated for 18 water vapor columns, seven of them in the range of [0...15] mm and eleven within [20...75] mm. Respective values of ΔIH2O,Λ and bΛ are saved in an LUT for each wavelength band. The use of this LUT enables the calculation of the irradiance for the real water vapor values given for the specific pixel and time. Only 19 of the 32 Kato bands are influenced by water vapor absorption, consequently only for these the LUT contains non-zero values for ΔIH2O,Λ and bΛ. The parameter bΛ is limited by bΛ ⩽ 1.

The differences between explicit RTM runs and results derived using Equation (4) are in general quite small as visualized in Figure 3 for a sun zenith angle of 20° as an example.

Figure 3. Differences between [image: there is no content] and Ibasis,Λ estimated by explicit RTM calculations (dots) and by use of the correction formula (lines, Equation (4)) for eight Kato wavelength bands and the solar zenith angle of 20°.
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For solar surface irradiance the deviations between radiative transfer results and the parameterization are negligible for the majority of cases. Only for extreme atmospheric conditions (high SZA, very high or low amount of water vapor), considerable deviations between explicit RTM runs and parameterization occur. The wavelength bands Λ ∈ {724 nm, 932 nm, 1,355 nm} are most sensitive to changes in water vapor content. For those, deviations in the irradiance are given in Table 1 for the worst case of 80° SZA and 70 mm water vapor content.

Table 1. Comparison of irradiance calculated with either RTM or the parameterization given in Equation (4) for the worst case scenario of 80 degree SZA and 70 mm water vapour content. The deviations are therefore upper limits, which are only reached in extreme atmospheric conditions. Values are given for three water vapor bands for solar surface irradiance IΛ and direct irradiance BΛ.









	Katoband Λ[nm]
	Width [nm]
	
	Deviation Relative to RTM [W/m2/band]
	Dito [W/m2/nm]





	724
	38.2
	IΛ
	−0.74
	−0.019



	932
	86.0
	IΛ
	−2.11
	−0.025



	1,335
	321.8
	IΛ
	−0.73
	−0.0023



	932
	86.0
	BΛ
	−1.93
	−0.022








In a further independent step the same approach as in Equation (4) is used for ozone.
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(5)




ΔIO3,Λ is the difference between the irradiance [image: there is no content] for the real amount of ozone and [image: there is no content] derived for the fixed value of ozone. cΛ is a “fitting” parameter applied to match the solar zenith angle dependency of ozone absorption.

The effect of ozone on the broadband solar surface irradiance is quite small, therefore three pre-calculated ΔIO3 values are sufficient. In contrast, for spectrally resolved irradiance eight pre-calculated ΔIO3 values are needed (210 to 525 DU, in steps of 45 DU). The LUT for ΔIO3 and cΛ contains nonzero values for 13 of 32 Kato bands. For broadband irradiance the parameter cΛ< 1. This relation also holds for direct irradiance for most wavelength bands, but fails to generate reliable results for the ultraviolet range. Here, appropriate modifications of Equation (5) might resolve the problem.

Again small differences between explicit RTM runs and results derived using Equation (5) are observed, illustrated for a sun zenith angle of 20° for global irradiance in Figure 4. Nevertheless, for high SZA considerable deviations between explicit RTM runs and parameterization occur. For the wavelength bands Λ ∈ {317 nm, 586 nm, 646 nm} that are highly sensitive to changes in ozone content, deviations in the irradiance are given in Table 2 for the worst case of 80° SZA and 525 DU ozone content.

Figure 4. Differences between [image: there is no content] and [image: there is no content] estimated by explicit RTM calculations (dots) and by use of the correction formula (lines, Equation (5)) for nine Kato wavelength bands and the solar zenith angle of 20°.
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Table 2. Comparison of irradiance calculated with either RTM or the parameterization given in Equation (5). Values are given for three ozone bands calculated with high SZA of 80° and extreme ozone content of 525DU for solar surface irradiance IΛ and direct irradiance BΛ.









	Katoband Λ[nm]
	Width [nm]
	
	Deviation Relative to RTM [W/m2/band]
	Dito [W/m2/nm]





	317
	20.9
	IΛ
	−0.19
	−0.0091



	586
	38.4
	IΛ
	−0.20
	−0.0052



	646
	41.7
	IΛ
	−0.09
	−0.0022



	317
	20.9
	BΛ
	−0.028
	−0.0013



	646
	41.7
	BΛ
	−0.12
	−0.0028










3.3. Treatment of Surface Albedo

RTM calculations for a variety of atmospheric states have shown that the effect of the surface albedo on the solar surface irradiance is predominantly independent of the atmospheric clear sky state.

The following formula was derived for broadband solar surface irradiance [13]:
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[image: there is no content] is the solar surface irradiance derived from the basis LUT for a surface albedo of 0.2 for all wavelength after Equations (4) and (5) have been applied. SALΛ is the variable surface albedo and IΛ is the solar irradiance after the surface albedo correction has been applied.

This formula was derived for broadband surface irradiance and albedo [13]. Nevertheless, within the spectral model, we assume that this formula can also be applied to spectral reflectance SALΛ. However, the applied equation simplifies the spectral effect of the surface albedo. Increased surface albedo will increase particularly short wavelengths because of the strongly wavelength-dependent backscattering by the atmosphere as discussed, e.g., by Lenoble et al.[26]. This effect is not accounted for by the applied equation.

As a database for spectral reflectance we use the spectral albedo functions assigned to each of 20 land-use types, originating from the NASA CERES/SARB Surface Properties Project ([27,28]). The land-use types are fixed throughout the year, hence variation of the surface albedo over the year are not considered. The spectral resolution of the derived surface albedo equals the grid of the correlated-k Fu/Liou parameterization in the range of 800–4,000 nm. Within the 290–800 nm range the surface-type dependent albedo files provided with libRadtran can be used, which have a significantly higher spectral resolution. These are not defined for the same land-use types, but for a smaller set of classes like lawn, grass, water and rye. To solve this problem we use a feasible linear combination of libRadtran spectral reflectances to estimate the reflectivity of the NASA CERES/SARB classes. The diurnal variation of the spectral surface albedo is determined as a function of solar zenith angle, as given by [29]. The scene dependent solar zenith adjustment factors needed for this function are also taken from the NASA CERES/SARB Surface Properties Project.



3.4. Sensitivity on Atmospheric Background Profiles

The atmospheric background profile provides the vertical information on the total number density needed for the calculation of the Rayleigh scattering. In addition, it provides the vertical profile of water vapor and ozone, which are scaled according to the column amounts. Yet, using different background profiles (e.g., mid-latitude summer, polar winter, ...) has predominantly no effect on the solar surface irradiance. Consequently, in the new approach all RTM calculations are only performed for the US standard atmosphere rather than for 5 atmospheric background profiles as before in the CM-SAF prototype.



3.5. Summary of Clear Sky Approach

The basis LUT is three dimensional and contains the MLB-parameters to calculate Ibasis and Bbasis with Equation (2). The irradiances are interpolated from this basis LUT for the respective aerosol state, expressed by specific values of aod, ssa and gg. The spectral effect of aerosols is considered by application of a standard aerosol model [24,25]. The effect of deviations in water vapor, ozone and surface albedo relative to the fixed values used in the calculation of the basis LUT are corrected by application of the parameterizations described in detail in Sections 3.2 and 3.3.

Figure 5 illustrates the new clear-sky scheme and the context and order of the parameterizations.

Figure 5. Diagram of the new clear sky LUT. SZW is the solar zenith angle. NWP is Numerical Weather Prediction, I is the solar surface irradiance. This procedure is applied for each wavelength band. Figure has been previously published in [13].
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Due to optimizations of the interpolation grid and the application of the water and ozone correction as well as the surface albedo parameterization the amount of needed RTM calculations is enormously reduced, e.g., by a factor of 10,000 without losing accuracy. This is illustrated in Table 3.

Table 3. Reduction of needed RTM runs, comparison of original prototype CM-SAF algorithm with the new algorithm. RIA: RTM based Impact Analysis, analysis of Principal Components and Symmetries. MLB: Modified Lambert–Beer Relation.









	Parameter
	RTM Runs broadband prototype
	RTM Runs broadband new concept
	RTM Runs 32 spectral bands new concept
	Method





	Background atmosphere
	5
	1
	1
	RIA



	Aerosol AOD and type
	×10 × 8
	×10 × 3 × 2
	×23 × 3 × 2
	ssa and gg instead of 8 types



	SZA
	×8
	×2
	×2
	MLB function



	H2O, O3
	×10 × 5
	+10 +3
	+18 +8
	parameterization



	SAL
	×8
	+0
	+0
	parameterization



	Totel number
	1,280,000
	133
	302
	











4. All Sky Approach for the Retrieval of Spectrally Resolved Irradiance


4.1. Retrieval of Effective Cloud Albedo

The broadband cloud transmission is calculated from the effective cloud albedo derived with the Heliosat method ([14,15]). The effective cloud albedo is defined as the normalized difference between the all sky and clear sky reflection in the visible observed by the satellite. The deviation of the all sky reflection of the pixel from the clear sky reflection is a measure of the cloud effect on the Earth’s solar radiation budget. In order to derive the effective cloud albedo, different luminance conditions arising from variations in the observed reflections due the Sun-Earth distance and the solar zenith angle have to be corrected. Furthermore, the dark offset of the instrument has to be subtracted from the satellite image counts. The observed reflections are therefore normalized by application of Equation (7):
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(7)




Here, D is the observed digital count including the dark offset of the satellite instrument. D0 is the dark offset, θ is the solar zenith angle and f corrects the variations in the Sun-Earth distance. The effective cloud albedo (CAL) is then derived from the observed normalized reflections by Equation (8):
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(8)




Here, ρ is the observed reflection for each pixel and time. ρcs is the clear sky reflection, which is a monthly value derived for every pixel and time slot separately. This is essentially done by using the reflection of the pixel in a cloud free case. This is usually the relative minimum of the reflections during a certain time span (e.g., a month) derived for each pixel of the satellite image. Further details on the method to derive ρcs are given in [15]. ρmax is the “maximum” reflection. It is determined by the 95 percentile of all reflection values at local noon in a target region, characterized by high frequency of cloud occurrence for each month. Changes in the sensitivity of the satellite instrument would lead to a respective change in the 95 percentile. In this manner changes in the satellite brightness sensitivity are accounted for.
The wavelength dependency of the effective cloud albedo and hence the cloud transmission is accounted for in a second step (Section 4.2).



4.2. Spectral Correction of Cloud Effect

The broad band cloud transmission is equivalent to the clear sky index kbb defined as the ratio of solar surface irradiance I to clear sky irradiance Ics:



[image: there is no content]



(9)




This value is related to the effective cloud albedo given by the Heliosat relation (e.g., [14]or[15]) via:
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(10)




The occurrence of clouds results in a shift of clear sky spectrum from the red towards the blue range. Hence, a conversion from the broadband cloud transmission described by the clear sky index kbb to a wavelength dependent transmission kΛ is required. The clear sky state does not predominantly affect the spectral correction discussed hereafter. Hence the standard atmosphere of the basis LUT has been used for the derivation of the spectral correction.

For this, libRadtran RTM runs have been performed for the different wavelength bands and for the broadband with SAL and SZA set to zero and for cloud layers with cloud optical depth values of COD = 0, 10, 20, 40, 80 and 160. The corresponding wavelength dependent clear sky index values are gained through division of the resulting solar surface irradiance by the irradiance for COD = 0. Hence clear sky indices for all wavelength bands and the broadband are available after this step. The broadband clear sky index values for the different CODs are kbb = 1, 0.525, 0.244, 0.197, 0.102 and 0.050, respectively.

Conversion factors are calculated for each wavelength band with a radiative transfer model by Equation (11) in order to consider the spectral effect of clouds on the broadband transmission.
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(11)




Here, fΛ is the conversion factor, [image: there is no content] and [image: there is no content] are the clear sky indices for the wavelength bands (denoted by Λ) and the broadband (denoted by bb) calculated with radiative transfer model (denoted by RT M)
The resulting conversion factors are shown in Figure 6.

Figure 6. Conversion from the broadband cloud transmission described by the clear sky index kbb to a wavelength dependent transmission [image: there is no content]. The corresponding conversion factor f is given for different cloud optical depths expressed by different broadband cloud transmissions kbb.
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The conversion factors are saved in a LUT and applied to correct the wavelength effect of clouds on the clear sky transmission for every satellite pixel and time by application of Equation (12):
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(12)




and subsequently by application of Equation (13):
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(13)




here, kΛ is the derived all sky spectrally resolved clear sky index and [image: there is no content] is the broadband clear sky index observed by satellite. IΛ is the all sky and Ics,Λ the clear sky spectrally resolved irradiance, respectively. Ics,Λ is derived with the clear sky method described in Section 3.
The surface reflection is already accounted for within the retrieval of the effective cloud albedo which motivates the setting of the surface albedo to zero. However, the effective cloud albedo is retrieved with a broadband visible channel, hence, the spectral dependency of multiple scattering between clouds and the surface is not accounted for within the applied spectral correction. Furthermore, the approach discussed in this manuscript simplifies the spectral dependency of clouds on the solar zenith angle. Radiation with shorter wavelengths in the visible-UV penetrate clouds more effectively than at longer wavelengths, and the difference increases with increasing solar zenith angle [30]. This effect is not accounted for by the discussed approach.



4.3. Used Input on the Atmospheric State

The information on the effective cloud albedo is derived with the Heliosat method, described in Section 4. This methods accounts also for the effect of surface reflection in cloudy situations by consideration of the observed clear sky reflection (see Section 4.1). The effective cloud albedo is retrieved in pixel resolution from the broadband visible channel of the Meteosat satellites. This means that CAL is available in 30 min resolution for Meteosat First Generation and in 15 minute resolution for Meteosat Second Generation (MSG). For this study CAL derived from MSG’s high resolution visible broadband channel has been used, hence a CAL value has been available every 15 min at a given location. Further information on MSG channels are given in [1]. The spectral effect of aerosols is considered by application of a standard aerosol model [24,25]. The irradiances are interpolated from this basis LUT for the respective aerosol state. For information about the aerosol state an aerosol climatology based on AEROCOM data [31] merged with ground based measurements from the AErosol RObotic NETwork (AERONET) [32] are used. It comes as a climatology of monthly means in 1 × 1 degree resolution. Alternatively aerosol information can be taken from the Global Aerosol Date Set (GADS/OPAC) [33] using relative humidity from the National Centers for Environmental Prediction (NCEP) [34] in order to consider the effect of relative humidity on aerosol optical depth, single scattering albedo and asymmetry parameter.

The water vapor profile results from the reanalysis of the European Centre for Medium-Range Weather Forecasts at a 0.25 × 0.25 degree grid [35,36]. Monthly values have been used. For ozone, climatologies based on the Total Ozone Mapping Spectrometer (TOMS) and the Ozone Measuring Instrument (OMI) are used [37].

The treatment of the surface reflection in clear sky situation has been discussed in Section 3.3. The surface albedo does not vary throughout the year but is based on long term annual means. Details are given in Section 3.3. This means that seasonal and year to year variations in snow cover are not considered. This induces uncertainties of about 2%–4% in regions with frequent variations in snow cover. Occasionally higher uncertainties might occur.




5. Irradiance on a Tilted Surface

Measurements of the whole spectrum covering Ultraviolet (UV), visible (VIS) and near infrared (NIR) are very rare. Within the development of the solar energy business there has been a need for measurement of the spectrum on tilted surfaces. As a result, available measurements covering the complete solar spectrum over a longer time period are usually performed on tilted planes. The validation of the spectrally resolved irradiance will be therefore performed by the use of ground measurements on tilted planes. Hence, a model for the transformation of the horizontal irradiance to the irradiance on tilted planes is needed. This in turn introduces on one hand an additional error source, but provides on the other hand a better measure of the SPECMAGIC method within solar energy applications.

It is current practice to model the broadband irradiance on a tilted surface Itilt as a composition of direct beam Btilt, sky diffuse Dtilt and ground-reflected radiation Ireflected (e.g., [38]):
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(14)




The direct and reflected components are easy to calculate:
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(15)






[image: there is no content]



(16)




with the angle of incidence δ and the tilt angle α, where I and B are the irradiance and beam irradiance on a horizontal plane.
For the diffuse sky component models with different degrees of detail exist, preferably containing an isotropic, a circumsolar and a horizon brightening factor (see [39]):
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(17)




here, D is the diffuse irradiance on a horizontal plane.
Klucher [38] introduced an anisotropic all-sky factor F into this type of model.
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(18)
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(19)




For overcast skies with F = 0 the model equals an isotropic distribution, for clear skies F → 1 Equation (17) is approximated.

The parameterizations given in Equations (15), (16) and (19) are used within this study to calculate the tilted irradiance Itilt for each wavelength band.



6. Validation of the Retrieved Spectral Solar Surface Irradiance


6.1. Measurements of the Solar Spectral Surface Irradiance

Two data sets of spectral measurements are used for the validation of the method. They cover one year and are specified in Table 4. Both data sets were quality checked by the institutes that carried out the measurements. Please note, that these measurements are performed on a tilted plane, because they are intended to be used within photovoltaic performance studies.

Table 4. Description of the datasets used for this investigation.


	Dataset
	Loughborough
	Stuttgart





	Location
	52.77°N, −1.23°E
	48.75°N, 9.11°E



	Provided by
	CREST, Loughborough University
	IPE, Stuttgart University



	Period
	Sep 2003–Aug 2004
	2008



	Apparatus
	Horiba, custom build
	Stellarnet EPP 2000C UV-VIS, EPP 2000 NIR INGAS



	Temporal resolution
	2 min scan, every 10 min
	1 min scan every min., delivered as 15 min average



	Spectral resolution
	10 nm
	1 nm



	Spectral range
	300 to 1,700 nm
	300 to 1,700 nm



	Orientation
	20° East
	South



	Tilt
	52°
	33°



	Completeness original data
	40%
	98%



	Completeness hourly data
	35%
	97%








To make the datasets comparable they were averaged to hourly values. Moreover, they have been integrated to the spectral bands used in our approach. As the instruments are limited within the interval of 300 to 1,700 nm, we can perform this integration for the 20 Kato bands defined within the interval of 317–1,613 nm. Both data sets have been used in a preceding study in a comparison with SOLIS (SOLar Irradiance Scheme) [22].



6.2. Validation Results

Different aspects were used for validation of the data retrieved with SPECMAGIC.

First, the retrieved annual averages of IΛ have been compared with measurements for each wavelength band for cloud free skies. Cloud free cases are classified by the ratio between diffuse and global irradiance, for a ratio below 0.3 clear sky cases are assumed. The applied error measures, Root Mean Square Deviation (RMSE) and Bias, are based on comparison of hourly values and are defined in the Appendix. Please note that the comparison on hourly basis leads to high values of the root mean square deviations. Therefore, the absolute and relative bias values are the main quantities applied for the evaluation of the ability of the method to provide accurate spectral resolved irradiance. The resulting spectra are given for both sites together with the bias in Figure 7.

Figure 7. Average spectrum for Kato bands measured at Loughborough (left) and Stuttgart (right) in comparison with SPECMAGIC. The bias is given in addition.



[image: Remotesensing 04 00622f7 1024]





In general a good agreement between the retrieved and the measured spectrum is apparent. The retrieved annual spectrum is in better agreement with Stuttgart measurements. This is also depicted in the bias. The bias is closer to zero at Stuttgart than at Loughborough. The good match in the UV at the Stuttgart site in contrast to the mismatch at the Loughborough site might be a result of an outdated calibration of the instrument in the UV where aging and blurring of optical devices happens much faster. The bias shows no striking spectral feature or trend between 400 and 1400 nm. Secondly, SPECMAGIC has been compared with SOLIS) [22] for cloud-free skies. SOLIS follows a concept of integrated radiative transfer runs, but takes benefit of the modified Lambert–Beer relation in order to improve the computing performance. The use of identical atmospheric input for SOLIS and SPECMAGIC avoids the occurrence of differences in the comparison that are induced by uncertainties in the atmospheric input. As the MLB approach is applied in both schemes also uncertainties induced by this approach are avoided. Hence, the comparison results provide information about the accuracy of the applied hybrid eigenvector approach and parameterizations for water vapor, ozone and surface albedo corrections relative to explicit radiative transfer modeling for typical atmospheric conditions.

Figure 8 shows the comparison results. It is observed that the SPECMAGIC annual spectrum is in good agreement with the SOLIS annual spectrum. However, the bias indicates a slight tendency of SPECMAGIC to underestimate the SOLIS results for wavelength bands with Λ < 700 nm and to overestimate the SOLIS results for wavelength bands with Λ > 700 nm.

Figure 8. Average spectrum for Kato bands retrieved with SPECMAGIC and with SOLIS for Loughborough (left) and Stuttgart (right). The bias is given in addition.
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The relative bias and root mean square deviation (RMSE) resulting from the comparison of SPECMAGIC with the ground measurements are illustrated for both sites in Figure 9.

Figure 9. Relative bias and RMSE of SPECMAGIC retrieval with respect to ground measurements performed at Loughborough (left) and Stuttgart (right) for all situations, clear sky and cloudy sky.
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In order to investigate differences in the spectral features between cloudy and cloud free situations, the respective statistical quantities are diagrammed separately in addition. It can be seen that the relative RMSE is dominated by the cloudy situations, and it is significantly reduced for clear sky situations. A striking feature is the large all sky relative bias above 1,300 nm. For clear sky irradiance an significant increase in the relative bias is also apparent, which indicates that the clear sky model might be a main driver. However, the results indicate that also the spectral cloud correction contributes significantly to the bias. Further analysis is needed before final conclusions can be drawn, especially as systematic measurement errors can not be excluded a priori, but have to be seriously taken into account. Below 1,200 nm the retrieval shows a good performance. This indicates that the applied spectral correction of clouds works well here.

The final analysis concentrates on four wavelength bands. We use an ozone absorption band centered around 345 nm (328–363 nm). A second band is chosen in the visible range (center 485 nm, 452–517 nm). The third band is a water vapor absorption band (center 931 nm, 889–975 nm). The following band is a near infrared band that is not affected by water vapor absorption (center 1,010 nm, 975–1,046 nm). For these four bands the yearly course is given for both sites in Figures 10 and 11. The irradiance values at the specified bands are normalized with the broadband irradiances to concentrate the analysis on purely spectral effects. The monthly averages as well as the 10th and 90th percentile of normalized irradiance are given in these figures.

Figure 10. Annual course of normalized irradiance for four wavelength bands for Loughborough. Comparison of measured data and SPECMAGIC retrievals.
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Figure 11. Annual course of normalized irradiance for four wavelength bands for Stuttgart. Comparison of measured data and SPECMAGIC retrievals.
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A first inspection of the SPECMAGIC retrievals shows that the annual cycle of the four chosen bands are similar for both sites. In summer the UV and VIS bands have a higher share in the broadband irradiance than in wintertime. The opposite is apparent for the water vapour and NIR bands. However, a remarkable misfit between SPECMAGIC and ground measurements occurs at Loughborough for the UV band. Here, the ground measurements shows only a slight annual cycle, which seems to be unlikely. The more pronounced annual cycle given by SPECMAGIC seems to be more realistic. The good match of the annual cycle at Stuttgart supports this hypothesis. This is another hint for an outdated or misaligned calibration in the UV at Loughborough, which has been already indicated by the comparison of the annual averages (see Figure 7). The difference of the WV absorption band at Loughborough needs further investigation. The observations at Stuttgart show an overall good agreement with SPECMAGIC.




7. Discussion

The paper describes a unique method for the retrieval of long time series of spectrally resolved surface irradiance based on satellite data. This method will be used for the generation of a climate data record within the CM-SAF. The data will be processed and provided on user demand, which requires a fast and accurate method and inhibits the use of explicit RTM calculation and SOLIS [22]. The respective data will be available free of charge. The new method is based on radiative transfer modeling and enables the use of improved information on the atmospheric state. Several methods, especially those applied within the solar energy community, are still not able to utilize atmospheric aerosol and water vapour information (e.g., [14,40]), but use only turbidity in order to consider the clear sky attenuation. This might lead to reasonable results for either global or direct irradiance, but it is not possible to provide consistent set of the two parameters, see Mueller et al.[22] for further details. For the spectrally resolved irradiance the situation is even worse. The use of aerosol, ozone and water vapor instead of turbidity is a must for an accurate calculation of the spectrally resolved surface irradiance. Turbidity does not provide information about the amount of water vapor or ozone and it is therefore not possible to consider the effect of water vapor or ozone on the spectrum in an appropriate manner. SPECMAGIC overcomes this limitation.



8. Conclusions

The basis for the physical model and the retrieval of spectrally resolved irradiance has been the MAGIC broadband algorithm [13]. It is the first time that the eigenvector-hybrid LUT approach has been exploited for the retrieval of the spectrally resolved irradiance. The method is validated with spectral measurements of two sites in Europe for 22 spectral bands. The validation results demonstrate that the retrieval performs well. The accuracy is in the range of the uncertainty of surface measurements, which is about 5%, with exception of the UV and NIR (≥1,200 nm) part of the spectrum, where higher deviations occur. There is a need to investigate the differences in the UV spectra in more detail. However, it might be that at least parts of the differences are due to calibration issues as a consequence of aging (blurring) of the optical devices in the UV resulting from the photochemically very aggressive UV radiation.

The comparison with measurements on tilted planes shows also evidence for the ability of the method to provide spectral resolved irradiance on horizontal surfaces accurately. Spectrally resolved irradiance on horizontal surfaces is needed for climate monitoring and analysis, but for many application, e.g., for land surfaces, daylight applications and photosynthetic active radiation, irradiance on tilted planes is also of great importance. Beside these applications, the performed comparisons with measurements on tilted planes have demonstrated the ability of SPECMAGIC to provide accurate data also for solar energy applications.

The treatment of spectrally resolved cloud transmission by the discussed method might fail in bands with strong water/ice absorption (e.g., 1.6, 2.2 micron) as these effects are strongly dependent on cloud droplet size. Variations in droplet size are not explicitly considered by the applied method. Hence, the spectrally resolved irradiance in these spectral regions should be handled with care and might be unreliable.
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Appendix


Meaning of Eigenvector Approach

A process is called independent of other atmospheric processes if for a given deviation of an atmospheric variable (here water vapour for example) a unique scalar tH2O can be defined which fulfills the following equation.
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(20)




I0 is the extraterrestrial irradiance and RTMδH2O is an operator, describing the effect of deviations in water vapour on I0. For every RTMδH2O a unique tH2O exists which depends only on the amount of water vapour and on no other atmospheric variable. The value of t describes the atmospheric transmission. The atmospheric transmission of the operator RT MδH2O depends only on the amount of water vapour. tH2O can therefore by interpreted as eigen-value of the operator RT MδH2O and Io as “eigenvector”.
For aerosols this is not the case, because no eigenvalue exists. Hence,
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(21)




For equal δ AOD not a unique but different taod values exist, as t depends on the value of aod, ssa and gg. The transmission for a given aerosol optical depth depends also on the values for the single scattering albedo and the asymmetry parameter.
For the surface albedo, Equation (20) is also valid not for the extraterrestrial irradiance but the surface irradiance:
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Applied Error Measures

Bias: The bias (or mean error) is simply the mean difference between the two considered datasets. It indicates whether the dataset on average overestimates or underestimates the reference dataset (e.g., ground measurement denoted as o).
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Relative Bias: is the Bias divided by the absolute value of the reference.
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Standard deviation (SD): The standard deviation SD is a measure for the spread around the mean value of the distribution formed by the differences between the generated and the reference dataset.
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Root Mean Square Deviation: The root-mean-square deviation (RMSD) or root-mean-square error (RMSE) results from the bias and the standard deviation and is defined as follows. It measures beside the bias also the scatter of the data.
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Relative Root Mean Square Error: is the RMSE divided by the absolute value of the reference data set.
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