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Abstract—The Satellite Application Facility on Climate Moni-

toring (CM-SAF) Spectral Resolved Irradiance (SRI) and Na-

tional Renewable Energy Laboratory National Solar Radiation 

Database Spectral on Demand (NSRDB-S) satellite-based spectral 

irradiance products are tested here against benchmark data and 

models at seven ground stations: one in Spain for CM-SAF SRI 

and six in North America for NSRDB-S. Benchmarks include 

WISER spectroradiometers, spectra modeled from SolarSIM-G 

measurements and the SMARTS radiative code with two alternate 

input sources: AErosol RObotic NETwork (AERONET) and the 

Modern-Era Retrospective analysis for Research and Applica-

tions, Version 2 (MERRA-2) reanalysis. The satellite products are 

tested in terms of their ability to estimate photovoltaic (PV) spec-

tral effects for six PV module technologies. The spectra are also 

compared directly under clear-sky conditions. Both CM-SAF SRI 

and NSRDB-S outperform the simple benchmark of neglecting 

spectral effects in terms of predicting instantaneous spectral mis-

match factors, but only CM-SAF SRI generally does better at pre-

dicting long-term spectral derate factors. The clear-sky results re-

veal systematic differences between NSRDB-S and benchmark 

spectra, likely due to the NSRDB-S treatment of aerosols. Mean-

while, the mean SMARTS spectra with AERONET and MERRA-

2 inputs are in good agreement, showing promise for the use of 

MERRA-2 as input to clear-sky models. 

 

Index Terms—Irradiance, mismatch, photovoltaic, satel-

lite, solar, spectral. 

I. INTRODUCTION 

HOTOVOLTAIC (PV) modules are generally rated at 

Standard Test Conditions (STC), which include the 

AM1.5 reference spectral distribution of solar irradiance 

[1]. Deviations from this distribution under real operating con-

ditions can lead to energy gains or losses on an annual basis of 

up to roughly 3% for crystalline silicon and 10% for amorphous 

silicon [2]. Ideally, spectral effects would be derived using PV 

module spectral responsivity and data from an on-site spectro-

radiometer, but this is usually not feasible since such ideal cir-

cumstance is extremely rare.  

Instead, current photovoltaic modeling tools either ignore 

spectral effects altogether or approximate spectral effects using 

atmospheric variables that influence the spectral distribution of 

irradiance, such as clear-sky index, air mass, or integrated water 

vapor (see, e.g., [3]). While such models are easy to integrate 

into modeling tools and usually rely on commonly available 

data, they need to be trained with spectral responsivity data 

from specific PV modules. This means that the models need to 

be re-trained whenever the spectral responsivity of a PV module 

of interest differs significantly from those included in the 

model. Moreover, such models are usually empirical, in which 

case they must be trained on the limited number of available 

spectral irradiance data sets. Whereas a recent cross-validation 

analysis suggests that empirical models have skill in generaliz-

ing to new locations [3], the extent of this generalizability re-

mains an open question.   

 In parallel, some satellite-based spectral irradiance products 

have become available in recent years [4, 5, 6], offering a prom-

ising alternative with broad geographic coverage. Unlike their 

broadband counterparts, however, there has been limited vali-

dation of these spectral products to date. The present study con-

tinues this validation effort by comparing two satellite-based 

spectral irradiance products to benchmark data and models at 

seven locations, with an emphasis on the skill of the satellite 

products at modeling PV spectral effects.  

II. SATELLITE-BASED SPECTRAL IRRADIANCE PRODUCTS 

So far, only two operational satellite-based spectral irradi-

ance products appear to be available in the public domain: 

(i) the National Renewable Energy Laboratory (NREL) Na-

tional Solar Radiation Database (NSRDB) Spectral On-De-

mand (NSRDB-S) service, and (ii) the Satellite Application Fa-

cility on Climate Monitoring (CM-SAF) Spectral Resolved Ir-

radiance (SRI) data set. NSRDB-S covers parts of the Ameri-

cas, whereas CM-SAF SRI covers parts of Europe, Africa, the 

Middle East, and South America. Both products are tested here. 

The NSRDB-S service runs the Fast All-sky Radiation 

Model for Solar applications with Narrowband Irradiances on 

Tilted surfaces (FARMS-NIT) model [5, 6] on NREL’s servers 

in real time. Atmospheric properties are derived using data from 

the Modern-Era Retrospective analysis for Research and Appli-

cations, Version 2 (MERRA-2) reanalysis [7], and parameter-

ized based on some quantities extracted from version 2.9.5 of 

the Simple Model of the Atmospheric Radiative Transfer of 

Sunshine (SMARTS) [8]. Spectral data are currently available 

from 1998 to 2019 at an hourly time step, for any fixed-tilt PV 

array orientation and for one-axis trackers. They include 2002 

wavebands ranging from 280 to 4000 nm.  

Some FARMS-NIT spectra have been benchmarked against 

those of other radiative transfer models and against spectrora-

diometer data in Golden, Colorado, USA, under clear-sky con-

ditions [5, 6]. The latter, location-specific comparison used 

model inputs from ground observations rather than MERRA-2, 

hence does not constitute a complete test of the NSRDB-S prod-

uct per se.   

The CM-SAF SRI spectral product is based on the 

SPECMAGIC model, with atmospheric inputs derived from 
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monthly mean and climatological data [4]. CM-SAF SRI spec-

tral data are made available to users on a monthly mean basis, 

from 1983 to 2017, for 32 wavebands from 240–4606 nm [9].  

The SPECMAGIC spectral irradiances have been tested against 

spectroradiometer data at two European locations, with results 

indicating uncertainty comparable to that of spectroradiometers 

themselves, except in the UV and near infrared (≥1200 nm) 

[10].  

III. BENCHMARK DATA 

Appropriate measurements have been obtained for the seven 

ground stations shown in Fig. 1 (with latitudes ranging from 

37.09 to 53.34°), for different time periods of at least one year 

in 2014, 2018, and 2019, and at time steps of 1–5 minutes, as 

described in [3]. Each of these stations monitors the broadband 

global horizontal irradiance (GHI), direct normal irradiance 

(DNI), and diffuse horizontal irradiance (DIF), along with other 

meteorological variables. 

Stations in Golden and Almería, Spain, are equipped with 

EKO WISER I spectroradiometers that cover the 290–1650-nm 

(Golden) and 300–1700-nm (Almería) spectral ranges. In what 

follows, only measurements and model estimates of spectral 

global horizontal irradiance are considered. At Almería, spec-

tral modeling was used by Deutsches Zentrum für Luft- und 

Raumfahrt (DLR) to extend the data to the 280–4000-nm range 

[11]. Quality control of data is described in [3], and additional 

DLR-conducted quality control at Almería is detailed in [11]. 

The remaining five stations are located across Canada in 

Varennes, Egbert, Charlottetown, Devon, and Ottawa. They in-

clude Spectrafy SolarSIM-G spectral irradiance sensors, which 

measure irradiance in nine narrow wavelength bands, and re-

constitute the 280–4000-nm spectrum through proprietary soft-

ware. In addition, the Egbert, Almería, and Golden locations 

include an AErosol RObotic NETwork (AERONET) station for 

at least a part of the period of interest. AERONET is a global 

network of stations [12] that are equipped with multiwave-

length sunphotometers to observe the incident spectrum at typ-

ically 8 wavelengths in the 340–1640-nm range. After various 

quality-control steps (most importantly to remove periods when 

the sun disc is occluded by clouds), some key optical properties 

of aerosols and water vapor are derived using a sophisticated 

retrieval algorithm [13].   

Spectroradiometric measurements at Golden and Almería are 

used here directly to test the satellite-based spectral global irra-

diance products. In parallel, and as described below, the Solar- 

  

 

Fig. 1. Location of the seven ground stations (©Google Earth Pro, 2022). 

SIM-G, AERONET, and MERRA-2 data are also used as inputs 

to radiative transfer models to produce modeled spectra to serve 

as additional benchmarks. 

IV. BENCHMARK MODELS 

Four benchmark models are used to further assess the perfor-

mance of the NSRDB-S and CM-SAF SRI products: (i) ignor-

ing all spectral effects; (ii) Spectrafy modeled spectra; and 

SMARTS modeled spectra with either (iii) AERONET or (iv) 

MERRA-2 inputs. For all these options, more details are pro-

vided below. 

Since PV spectral gains or losses are relative to performance 

under the reference AM1.5 spectral distribution, the simplest 

benchmark is simply to assume the AM1.5 spectrum at all 

times, i.e., to ignore spectral effects altogether and have a fixed 

spectral mismatch factor of 1 (see Section V.A.).  

Another benchmark available at the five Canadian stations is 

the spectral irradiance over the 280–4000-nm range modeled by 

Spectrafy using the SolarSIM-G measurements as inputs [14].  

Under cloudless conditions, spectral modeling is much easier 

than under clouds. It is thus possible to use the SMARTS model 

(version 2.9.9) to derive estimates of the incident irradiance’s 

spectral distribution [15, 16]. For the best results, ground-based 

observations (such as from AERONET) of the most radiatively-

important atmospheric quantities—aerosols and water vapor—

must be used as inputs. Here, three sites (Almería, Egbert, and 

Golden) have a collocated AERONET station, whose infor-

mation is appropriately used to obtain “SMARTS-Reference” 

predictions.  

Modeled atmospheric data, such as provided by MERRA-2, 

can also be used with SMARTS, but should be expected to yield 

spectral irradiance estimates of lower quality because of the sig-

nificant uncertainty in the MERRA-2 aerosol products, in par-

ticular [17]. In this analysis, the MERRA-2 aerosol and water 

vapor products are used with no correction or interpolation of 

any kind. Stated differently, this information is exactly that for 

the whole grid cell containing each experimental site. This is 

contrary to the situation for the NSRDB broadband and spectral 

(NSRDB-S) products, for which the MERRA-2 information is 

subjected to various preliminary corrections [18]. 

In spite of this, the use of SMARTS (with inputs from uncor-

rected MERRA-2 information in particular) constitutes a par-

ticularly relevant benchmark for NSRDB-S because the 

FARMS-NIT model is intended to mimic SMARTS under 

clear-sky conditions. 

V. MODEL EVALUATION 

Spectral irradiances for a horizontal plane are extracted for 

the North American sites using the NSRDB Data Viewer. For 

Almería, the CM-SAF SRI data on a horizontal plane are nor-

mally provided on a daily or monthly resolution through the 

CM-SAF portal. In the present case, 30-minute data from 

June 1, 2018 to June 30, 2019 have been obtained via personal 

communication.  

As detailed below, the NSRDB-S and CM-SAF SRI products 

are first evaluated over all time steps (“all-sky”) in terms of 
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their skill at modeling PV spectral effects. The analysis is then 

restricted to clear-sky conditions and extended to include direct 

comparisons of spectral distributions to help diagnose differ-

ences between the satellite products and both the WISER and 

SolarSIM-G all-sky benchmarks. 

A. All-sky analysis and PV spectral effect comparisons  

Instantaneous PV spectral effects can be encapsulated via the 

spectral mismatch factor (SMM), defined as [19]: 

 𝑆𝑀𝑀 =
∫ 𝑠(𝜆)𝐸𝑚𝑒𝑎𝑠(𝜆)𝑑𝜆

𝑏
𝑎

∫ 𝑠(𝜆)𝐸𝑟𝑒𝑓(𝜆)𝑑𝜆
𝑏

𝑎

 
∫ 𝑠𝑟𝑒𝑓(𝜆)𝐸𝑟𝑒𝑓(𝜆)𝑑𝜆

𝑑
𝑐

∫ 𝑠𝑟𝑒𝑓(𝜆)𝐸𝑚𝑒𝑎𝑠(𝜆)𝑑𝜆
𝑑

𝑐

  (1) 

where 𝑠(𝜆) is the spectral responsivity of the PV module of in-

terest, 𝑠𝑟𝑒𝑓(𝜆) is the spectral responsivity of the device used to 

measure broadband irradiance, 𝐸𝑚𝑒𝑎𝑠(𝜆) is the measured spec-

tral irradiance, 𝐸𝑟𝑒𝑓(𝜆) is a reference spectral irradiance (i.e., 

the AM1.5 standard global spectrum) and 𝑎, 𝑏, 𝑐 and 𝑑 are the 

endpoints of the ranges over which 𝑠(𝜆) and 𝑠𝑟𝑒𝑓(𝜆), respec-

tively, are non-zero. 

Spectral effects can be incorporated into PV modeling by re-

placing the broadband measured irradiance 𝐸𝑚𝑒𝑎𝑠 by the effec-

tive irradiance 𝐸𝑒𝑓𝑓  with: 

 𝐸𝑒𝑓𝑓 = 𝑆𝑀𝑀 × 𝐸𝑚𝑒𝑎𝑠 () 

For the purposes of this study, the long-term spectral derate 

factor (SDF) applicable to PV energy yield is defined inde-

pendently of PV modeling as: 

 SDF =  
∑ 𝑆𝑀𝑀×𝐸𝑚𝑒𝑎𝑠

∑ 𝐸𝑚𝑒𝑎𝑠
  (3) 

where the sums include all data in the period of interest.  

SMM is computed here for each site at each available time 

step and for six PV module technologies: amorphous silicon (a-

Si), copper indium gallium selenide (CIGS), monocrystalline 

silicon (mono-Si), polycrystalline silicon (poly-Si), and two 

cadmium telluride technologies from First Solar, namely series 

4-1 and earlier (FS4-1), and series 4-2 and later (FS4-2). The 

spectral responsivities for each PV module type [3] are shown 

in Fig. 2.  

At each site, calculations of SMM and SDF are performed for 

all measured, satellite-based, and benchmark model data, after 

necessary filtering to retain only common time steps, and with 

SMM computed over common wavebands: 280–4000 nm at the 

Canadian sites, 290–1650 nm at Golden, and 307–1613 nm at 

Almería. Performance is assessed for each site and PV module 

technology via the mean absolute deviation (MAD) in SMM 

and the deviation in SDF relative to a chosen reference. For 

Golden and Almería, the WISER measurements act as the ref-

erence, whereas the SolarSIM-G modeled spectra are selected 

as the reference for the Canadian sites under all-sky conditions. 

B. Clear-sky analysis and spectra comparisons 

The clear-sky analysis is conducted for the three stations with 

 

Fig. 2. Normalized spectral responsivities of six PV module technologies. 

AERONET data, i.e., Egbert, Almería, and Golden. Clear-sky 

periods are identified first by running the Bright-Sun [20] algo-

rithm with measurements of the three irradiance components, 

as well as clear-sky irradiance estimates from the Copernicus 

Atmosphere Monitoring Service (CAMS) McClear model [21] 

as inputs. To ensure clear-sky conditions for satellite products 

as well, the analysis is further restricted to instants when the 

NSRDB-S clear-sky and all-sky GHI values are equal, or within 

4% of each other for CM-SAF SRI. 

In addition to the analysis of PV spectral effects, the satellite-

based spectra are directly compared to the different benchmark 

spectra under clear skies. At Golden, the measured WISER data 

have a limited optical resolution, leading to smoother spectra 

than in modeled benchmarks. The NSRDB-S and SMARTS 

spectra are therefore smoothed using a Gaussian moving aver-

age [15] based on a full width at half maximum of 6.5 nm for 

the MS-711 and MS-712 instruments, and 4.5 nm for the MS-

710. In contrast, for Almería, the CM-SAF SRI product pro-

vides irradiance in only 32 spectral bands, thus all other spectra 

are arranged in the same way to make waveband-by-waveband 

comparisons possible. Similarly, all spectra are normalized to a 

broadband irradiance of 1000 W/m2 over the common wave-

bands detailed in Section V.A. Mean normalized spectra are 

compared, and mean percent deviations computed, with the 

WISER instruments acting as references at Almería and 

Golden, and the SMARTS-Reference model at Egbert. 

VI. RESULTS AND DISCUSSION 

A. All-sky 

For CM-SAF SRI at Almería, the SMM’s MAD and the devia-

tion in SDF are shown for each PV module technology in Figs. 3 

and 4, respectively, alongside the corresponding metrics when 

spectral effects are ignored (“No spectral” benchmark). Figs. 5 and 

6 show the same metrics for NSRDB-S, with the minimum, mean, 

and maximum deviations across the six North American sites. Note 

that these deviations must be interpreted with care, since in many 

cases they are comparable to the uncertainties in SMM (and SDF) 

themselves: according to an analysis for one site in Germany [22], 

standard uncertainties on SMM for an EKO WISER are ≈0.009 for 

crystalline silicon and ≈0.018 for a-Si.  
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Fig. 3. Mean absolute deviation in all-sky SMM related to WISER at Almería 

for CM-SAF SRI and the “No spectral” benchmark, for each PV module 

technology. 

Fig. 4. Difference in all-sky SDF at Almería relative to the WISER for CM-

SAF SRI and the “No spectral” benchmark, for each PV module technology. 

Fig. 5. Mean absolute deviation in all-sky SMM for the NSRDB-S and the 

“No spectral” benchmark for each module type, relative to the WISER or  

SolarSIM-G values, depending on site. Bars denote maxima and minima 

across the six North American sites and the marker denotes the mean. 

With this caveat in mind, the results of the all-sky analysis nev-

ertheless provide some indications about the NSRDB-S and CM-

SAF SRI skills relative to the “No spectral” benchmark. For SRI, 

results suggest that it outperforms the simple benchmark at Alme-

ría in terms of estimating SMM and SDF, except for the cad-

mium telluride modules. The difference is most significant for 

a-Si, whose spectral effects are largest.  

 

Fig. 6. Differences in all-sky SDF for the NSRDB-S and the “No spectral” 

benchmark for each module type, relative to the WISER or SolarSIM-G 

values, depending on site. Bars denote maxima and minima across the six 

North American sites and the marker denotes the mean. 

In the case of NSRDB-S, the mean absolute deviations tend 

to be smaller than for the “No spectral” benchmark relative to 

the WISER and SolarSIM-G values, but the reverse is true when 

considering SDF. Moreover, the deviations in the latter are 

fairly consistent across the six locations, suggesting that there 

may be systematic errors in the NSRDB-S spectra. This hypo-

thesis is explored for clear-sky conditions in the next section. 

B. Clear-sky 

Fig. 7 displays box plots of the clear-sky SMM distribution 

for each PV technology at Golden to emphasize differences in 

temporal variance. The plot is for 54 clear-sky periods during a 

few months of 2014, when a temporary AERONET station op-

erated at Golden. Contrary to Fig. 5, NSRDB-S glaringly un-

derperforms compared to all other spectral determinations, and 

even to the “No spectral” benchmark (SMM=1), both in terms 

of mean value and distribution properties. At the other extreme, 

the two SMARTS-based results behave very similarly and out-

perform that benchmark, except for the FS4-1 and FS4-2 mod-

ules. Fig. 7 also underlines the particular case constituted by a-

Si modules, whose clear-sky SMM is much higher than that of 

any other module technology. Interestingly, this clear-sky a-Si 

SMM is smaller at Almería (Fig. 8). Although CM-SAF SRI’s 

mean SMM is different from that of the other determinations, 

its dispersion around the mean is similar. This is not the case 

with NSRDB-S at Golden (Fig. 7). 

Fig. 9 provides a comparison of the mean clear-sky spectra 

obtained at Golden in 2014 from the WISER measurements and 

the predictions of NSRDB-S and SMARTS (using two alternate 

sets of inputs), all obtained after the normalization process de-

scribed in Section V.B. The two SMARTS-based mean spectra 

agree with the WISER’s mean spectrum to within about ±3%, 

except around strong atmospheric absorption bands (a typical 

issue; see [16]) and in the UV.  

In contrast, the NSRDB-S mean spectrum displays a very dif-

ferent behavior. The shape of the difference curve (bottom of  

Fig. 9), with overestimation below 500 nm and underestimation 

beyond, was not expected. This is also seen at Egbert, and is 
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likely related to a too-low aerosol optical depth and/or an incor-

rect modeling of the aerosol transmittance, but the exact cause 

of this issue will require further scrutiny. Considering the spec-

tral responsivity curves from Fig. 2 for the six PV module 

technologies, this pattern is consistent with the systematic over-

estimation of SDF by NSRDB-S for a-Si across all North-

American sites seen in Fig. 6, and the underestimation for other 

PV technologies. 

Finally, Fig. 10 is similar to Fig. 9, but for the conditions of 

Almería. The spectral resolution of the mean CM-SAF SRI 

spectrum is obviously very limited compared to that of 

NSRDB-S, and some of its 32 wavebands appear to be some-

what biased, even though comparatively less than the latter be-

low 500 nm. A tentative explanation for these biases is that SRI 

is modeled using a monthly aerosol climatology and monthly-

mean water vapor data, rather than dynamic hourly information, 

as with MERRA-2. These localized biases in the SRI spectra 

can explain why the clear-sky SRI’s a-Si SMM box plot is not 

exactly aligned with those of the modeled spectra, as displayed 

in Fig. 8. 

 

Fig. 7. Box-plot distributions of clear-sky SMM at Golden during 2014 for each 

module type, as obtained from the WISER, NSRDB-S, and SMARTS predic-

tions with two sets of inputs.  
 

 

Fig. 8. Box-plot distributions of clear-sky SMM at Almería during 2018–2019 

for an a-Si module, as obtained from the WISER, CM-SAF SRI, and SMARTS 

predictions with two sets of inputs. 

 

 

Fig. 9. Mean normalized clear-sky spectra at Golden in 2014 from WISER, 
NSRDB-S, and SMARTS (with two sets of inputs), after smoothing of the 

modeled spectra at the WISER resolution (top); spectral differences between 

these mean modeled spectra and the mean WISER observations (bottom). 

 

Fig. 10. Mean normalized clear-sky spectra at Almería from WISER, CM-

SAF SRI, and SMARTS (with two sets of inputs), after summing the modeled 

spectra over CM-SAF SRI wavebands (top); spectral differences between 

these mean modeled spectra and the mean WISER observations (bottom). 
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VII. CONCLUSION  

Satellite-based spectral irradiance products offer a promising 

avenue for estimating PV spectral effects over broad geo-

graphic areas. The analysis of CM-SAF SRI at Almería indi-

cates that this product generally has skill with respect to a sim-

ple benchmark of excluding spectral effects. In contrast, results 

for the NSRDB Spectral On-Demand (NSRDB-S) service at six 

sites in North America reveal systematic differences between 

the NSRDB-S and both the SolarSIM-G and WISER estimates. 

Comparisons of spectra under clear-sky conditions suggest 

these discrepancies might be due in part to the treatment of aer-

osols in NSRDB-S. Furthermore, the SMARTS-Reference and 

SMARTS-MERRA2 mean spectra are in good agreement at 

those three sites having a collocated AERONET station. This 

finding holds promise for clear-sky spectral modeling if it gen-

eralizes to other sites because MERRA-2 has worldwide cover-

age and provides gapless hourly data streams starting in 1980.  
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