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Abstract

Satellite derived solar radiation is nowadays a good alternative to ground measurements for renewable 
energy applications. It has the advantage to provide data with a good accuracy, the best time and space 
granularity, in term of real time series and average year such as TMY.  

This report presents results of a long term validation in the European and Mediteranean regions of the 
irradiance evaluated by the HelioClim-3 scheme in hourly, daily and monthly values, and seven average 
products on an annual basis. The performance is also put forward with the natural interannual variability.

The main results are:

-	 the accuracy of the derived hourly global irradiance reaches 20% (standard deviation) with no 
bias, and 46% for the beam component with a 6% to 9% mean bias,

-	 the main improvement from version 4 to version 5 comes from the use of a new clear syk model 
with sub-daily aerosol data as input,

-	 some systematic patterns are pointed out, depending on the sky type, the site latitude, the ae-
rosol optical depth and the ground snow cover,

-	 the overall annual uncertainty of the HelioClim-3 scheme is situated within one interannual varia-
bility standard deviation for the global component, and within two standard deviations for the 
beam irradiation,

-	 the overall performance for the beam component is slightly worse for version 5, but the frequency 
distributions are improved, particularly for high irradiance values.
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Nomenclature

Gh or GHI	 global horizontal solar irradiance or irradiation
Ghc 	 clear sky global horizontal solar irradiance or irradiation
Bn or DNI	 normal beam (or direct) solar irradiance or irradiation
Dh or DIF	 diffuse horizontal solar irradiance or irradiation
Bnc	 clear sky normal beam solar irradiance or irradiation
Gsat	 modeled solar irradiance or irradiation
Gmes	 measured solar irradiance or irradiation
Io	 extra-atmospheric solar irradiance

K	 clearness or clear sky index
Kt	 global clearness index (Gh normalized by Io sin h)
Kt’	 modified global clearness index
Kc	 global clear sky index (Gh normalized by Ghc)
Kd	 diffuse clearness index
Kb	 beam clearness index
Kbc	 beam clear sky index (Bn normalized by Bnc)

TL	 Linke turbidity coefficient
TLam2	 Linke turbidity coefficient at air mass = 2 
aod	 atmospheric aerosol optical depth
w	 atmospheric water vapor content or column
δcda	 aerosol optical depth of a clean and dry atmosphere 
δw	 water vapor atmospheric optical depth
Ta	 ambiant temperature at 2m
RH	 relative humidity at 2m
h	 solar elevation angle
AM	 atmospheric air mass

n	 cloud index
ρ	 planetary albedo
ρg	 overcast sky planetary albedo
ρc	 clear sky planetary albedo

mbd	 mean bias difference
rmsd	 root mean square difference
sd	 standard deviation
bsd	 bias standard deviation (standard deviation of the bias)
R	 correlation coefficient
KSI%	 second order Kolmogorov-Smirnov test
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1.	 Introduction	

Meteorological satellite images as data sources to evaluate the ground irradiance components become 
the state of the art in the field of solar energy systems. The strongest argument is the high spatial cove-
rage, and the fifteen minutes temporal granularity. They also have the advantage to provide nowcast 
data used for example to assess the proper operation of a solar plant. On the other hand, long term 
ground data are very scarce concerning the beam irradiance. The use of secondary inputs such as polar 
satellite data and ground information increases significantly the precision of the algorithms, mainly for 
the beam component. Following a paper from Zelenka et al. (1998) concerning the nuggets effect, the 
interpolation distance to the nearest ground measurement site is limited to 10 to 30 km, depending on 
the irradiance parameter; this strengths the satellite derived data argument.

Many universities and private companies provide satellite derived data, freely or for pay, averaged over 
up to 12 years (Meteosat second generation is operational since April 2004) or in real time (nowcasting), 
and integrated over different time ranges. The aim of this document is to conduct a long term validation 
(2004 - 2013) of HelioClim-3 satellite scheme against ground measurements, for both the global and the 
beam components, and based on hourly, daily and monthly values. 

2.	 Ground data	

Data acquired at 22 ground sites are used for the validation, with up to 10 years of continuous measure-
ments; for the validation itself, due to the satellite variability, only data from 2004 to 2013 are used. 
The data acquired before 2004 are used to illustrate the interannual variability. The list of the stations 
is given in Table I, with their characteristics. The climate range covers desert to oceanic, the latitude 
from 20°N to 60°N (with one site at 25°S), and the altitudes from sea level to 1580 meters. 

The concerned parameters are the global irradiance on a horizontal plane Gh (or GHI), the normal beam 
irradiance Bn (or DNI) and the horizontal diffuse irradiance Dh (or DIF). For some sites, only the beam 

Table I List of the ground sites with the latitude, longitude, altitude, climate, the acquired parameters and the origin of the 
data 
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or the diffuse component is acquired; the third component is then calculated by difference following 
the closure equation, the equation connecting together the three irradiance components: Gh = Dh + Bh . 
For one site, the South African site of Skukuza, only the global component is available. For comparison 
purpose, the beam component is evaluated with the help of the DirIndex model (Perez et al. 1992).

The ground data are kindly provided by the Plataforma Solar de Almeria (PSA & DLR, Spain), the Baseline 
Surface Radiation Network (BSRN), the Aerosol Robotic Network (Aeronet), the Global Aerosol Watch 
project (GAW), the CIE International Daylight Measurements Program (Commission internationale de 
l’éclairage IDMP), the Universidad Politecnica de Madrid (UMP, Spain), the Ecole Nationale des Travaux 
Publiques (ENTPE, Lyon, France), the Centre Scientifique et Technique du Bâtiment (CSTB, Nantes, 
France), the Institut für Schnee- und Lawinenforschung (SLF) and the Physikalisch-Meteorologisches 
Observatorium Davos (PMOD/WRC, Switzerland), the Frauenhofer Institute für Winderergie und En-
ergisystemtechnik (IWES, Kassel, Germany), and the Natural Resources and the Environment, Global 
Change and Ecosystem Dynamics Research Group (CSIR, South Africa).

High precision instruments (WMO standards) such as Kipp+Zonen CMP10, Eppley PSP pyranometers, 
and Eppley NIP pyrheliometers, are used to acquire the data. A stringent calibration, characterization 
and quality control was applied on all the data by the person in charge of the measurements; the cohe-
rence of the data for all the stations was verified by the author and is described in section 5. 

3.	 Satellite data: HelioClim-3

Meteosat Second Generation (MSG) images are routinely processed with the Heliosat-2 method (Rigollier 
2004) every 15’ to update the HelioClim-3 (HC3) database. Heliosat-2 combines a clear sky model with 
a “cloud index”. The cloud index approach is based on the assumption that the appearance of a cloud 
over a pixel results in an increase of reflectance in visible imagery; the attenuation of the downwelling 
shortwave irradiance by the atmosphere over a pixel is related to the magnitude of change between 
the reflectance that should be observed under a cloud-free sky and that is currently observed. This 
magnitude of change is quantified by the cloud index.

Versions 4 and 5 are the two most advanced versions of HelioClim-3. Version 4 (HC3v4) uses the 
climatological European Solar Radiation Atlas clear-sky model (ESRA 2000, Rigollier et al. 2000), 
based on the Linke Turbidity Factor TL. The climatological database of Linke Turbidity Factor has been 
estimated using ground measurements worldwide (Remund et al. 2003), and led to one map per month 
which have been temporally interpolated to generate one map per day. The major drawback of this 
climatological database is that it was never updated to take into account the attenuation or increase 
of the atmosphere turbidity due to local effects such as maritime inputs, volcanoes, fires, evolution 
of the water vapor content, pollution, etc. Version 5 of HelioClim-3 (HC3v5) (Lefèvre et al. 2013) is an 
attempt to overcome this limitation, by exploiting the new McClear clear sky model (Qu et al. 2014), 
outcome of the MACC projects (Kaiser et al. 2012). McClear provides updated sub-daily information on 
the content of the atmosphere, combining both in-situ and satellite inputs. 

HelioClim-3 estimates of the Surface Solar Irradiance (SSI) are available at integration periods (or time 
steps) of 15 minutes, one hour, one day and one month. The temporal coverage of data is from February 
2004 up to current day-2 for the version 5, and day-1, real time and even d+1 forecast data for version 4. 
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HelioClim-3 provides 15 minutes GHI values, on which decomposition models (ESRA 2000) are applied 
to compute all the components of the radiation over an horizontal, fix-tilted and normal plane for the 
actual weather conditions. When a request is launched, post-processing layers are applied for instance 
to modulate the radiation values inside the MSG pixels to take into account the actual elevation of the 
required location, or to compute the shadowing effect of the far horizon. HelioClim-3 time series can be 
retrieved either via the SoDa website (www.soda-is.com), or automatically via a machine-to-machine 
access. Several other value-added services based on this resource are also available as a one-shot 
request, such as the purchase of a volume of HelioClim-3 time series or Typical Meteorological Years 
(TMY) on a given area, irradiation maps, measurement completion, etc.

4.	 Data quality control	

Sensor calibration is the key point for precise data acquisition in the field of solar radiation. The radia-
tion sensors should be calibrated by comparison against a sub-standard before the beginning of the 
acquisition period, and then every year. Due to possible errors and inaccuracies, a post-calibration is 
difficult to conduct.

The validity of the results obtained from the use of measured data is highly correlated with the quality 
of the data bank used as reference. Controlling data quality is therefore the first step to perform in the 
process of validating models against ground data. This essential step should be devised properly and 
automated in order to rapidly detect significant instrumental problems like sensor failure or errors in 
calibration, orientation, leveling, tracking, consistency, etc. Normally, this quality control process should 
be done by the institution responsible for the measurements. Unfortunately, it is not always the case. 
Even if some quality control procedures have been implemented, it might not be sufficient to catch 
all errors, or the data points might not be flagged to indicate the source of the problem. A stringent 
control quality procedure must therefore be adopted in the present context, and its various elements 
are described in what follows.

If the three solar irradiance components -beam, diffuse and global- are available, a consistency test can 
be applied, based on the closure equation that link them:

where Bn, Gh and Dh are respectively the normal beam irradiance, the horizontal global and diffuse irra-
diance, and h the solar elevation angle over the horizon. 

An a posteriori automatic quality control cannot detect all acquisition problems that could have hap-
pened, however. The remaining elements to be assessed are threefold:

•	 the measurement’s time stamp (needed to compute the solar geometry),
•	 the sensors’ calibration coefficient used to convert the acquired data into physical values,
•	 the coherence between the parameters.
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4.1	 Time stamp	

To detect a possible time shift in the data, the symmetry (with respect to solar noon) of the irradiance 
for very clear days is visually checked. The global horizontal and direct normal irradiances are plotted 
versus the sine of the solar elevation angle for specific clear days. If the time stamp is correct, the af-
ternoon curve should normally lie over the morning curve as visualized in Figure 1. Exceptions do occur, 
however, at sites where the atmospheric turbidity changes during the day, due for example to topogra-
phy-induced effects, where the clear-sky irradiance can be significantly different in the afternoon than 
in the morning. As the global irradiance is less sensitive to turbidity, the accordance morning/afternoon 
is of more importance for the global component. 

If this test is positive, verification can be done with the help of the global clearness indices Kt and Kb 
defined respectively as: 

where Io is the extraterrestrial solar irradiance (i.e. the solar constant corrected for the actual sun-earth 
distance). The clearness index is then plotted for the morning and afternoon data separately, e.g. using 
different colors. The upper limit, representative of clear-sky conditions, should lie over for the morning 
and the afternoon data as represented in Figure 2 for 3 years of global and beam irradiance data acquired 
at Carpentras (France). Ideal hourly clear-sky values, calculated with the Solis model (Müller et al 2004, 
Ineichen 2008), are plotted in light blue on the same graph. This test is very sensitive since a time shift 
of only a few minutes will conduct to a visible asymmetry.

When these two conditions (symmetry around solar noon and consistency of envelope) are fulfilled, 
the time stamp of the data bank can be considered correct, and the solar geometry can be precisely 
calculated.

Figure 1 above: Gh and Bn represented versus 
the sinus of the solar elevation angle for a 
clear day.

Figure 2 right:	 Kt and Kb represented 
separately for the morning (dark blue) and 
the afternoon (yellow) data, versus the solar 
elevation angle for hourly values acquired in 
Carpentras. 
Corresponding clear sky model data are 
represented in light blue.
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4.2	 Sensor calibration	

The sensors’ calibration can be verified for clear sky conditions by comparison against data from a 
nearby station or with the help of additional measurements. To conduct this test, for each day, the 
highest hourly values of Gh and Bn are selected from the measurements and plotted against the day of 
the year as illustrated on Figure 3. These points are representative of the clearest daily conditions. As 
the highest value for each day is selected, the upper limit normally represents clear-sky conditions (for 
Gh, it happens that higher-than-clear-sky values are obtained under partly cloudy or scattered clouds, 
high-sun conditions, this is why this test should not be applied for data with time granularity lower 
than hourly). On such graphs, data from nearby sites, or from different years for the same site can be 
compared. 

Figure 3 Daily highest value of respectively the global and the beam irradiances reported versus the day of the year for the 
station of Carpentras. The corresponding modified clearness index and clear sky index are also represented.

The Gh graphs can be augmented by superimposing the modified clearness index Kt’, which was defined 
by Perez and Ineichen (1990) as:

where AM is the optical air mass as defined by Kasten (1980). This modified clearness index has the 
advantage of being relatively more independent from the solar elevation angle than Kt. Therefore, it is 
possible to delineate three Kt’ zones to characterize the sky condition (Ineichen 2009):

	 clear-sky conditions	 0.65 < Kt’ ≤ 1.00
	 intermediate sky conditions	 0.30 < Kt’ ≤ 0.65
	 cloudy sky conditions	 0.00 < Kt’ ≤ 0.30

In the upper part of Figure 3, only values with Kt’ > 0.65 are represented.

For Bn, the clear-sky index is defined as:

where δcda is the broadband clean and dry atmosphere optical depth, and δw is the atmospheric water 
vapor optical depth. These two broadband optical depths can be evaluated following Molineaux et al. 
(1998) with simplified expressions:
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The denominator of Kbc is representative of the beam irradiance transmitted by a clean atmosphere. 
Kbc is represented on the right graph of Figure 3. On the upper part, only values for Kbc higher than 0.8 
are represented.

The sensor calibration’s correctness can then be assessed by comparison if data from a nearby site 
are available. If not, this can alternatively be done with the help of a clear-sky radiative transfer model 
when the atmospheric aerosol optical depth (aod) and the total water vapor column (w) are known. 
The long term stability of the calibration can also be assessed with this method by plotting on the same 
graph several years of data in different colors.

In the first case, it can be assumed that clear conditions result in similar irradiances if the sites are not 
too far one from the other, and are in similar climate situations. The upper limits of the compared plots 
should therefore coincide. This is illustrated on Figure 4 for the sites of Toravere and Zilani, situated at 
200 km one from the other and under similar climates.

Figure 4 Comparison of measurements from two nearby (200km) sites: daily highest value of the global irradiance reported 
versus the day of the year for the station of Toravere and Zilani, for the irradiance components and the corresponding mo-
dified clearness index.

 In the second case, aod and w data may be retrieved from independent ground-based sunphotometer 
networks such as the AErosol RObotic NETwork (Aeronet), if a station is close to that of the radiometric 
station being investigated. These quantities are measured automatically at 15-minute intervals by Aeronet 
stations. Since only data acquired under direct sun conditions are valid, the original data stream (Level-1) 
is analyzed to filter out non-sun conditions (Level-1.5). Further corrections are applied to reflect any 
change in calibration or quality-control issues (Level-2). Level-2 data should be used whenever possible 
since they are of the best possible quality. Individual values are then averaged to obtain a daily value. The 
same procedure can be done for the total water vapor column w. In case it is not measured by a nearby 
Aeronet or similar network, it can be evaluated from the ground ambient temperature Ta and relative 
humidity RH by the use of an empirical model, such as Atwater’s model (Atwater and Ball 1976). The 
latter method is approximate, but spatially extrapolating actual measurements also introduces errors, 
so that there is no perfect method in most cases. When temperature and/or humidity data are missing, 
the data from a neighboring station can be used, or as a last resort (and much larger errors), monthly 
average from climatic data banks. These aod and w values are then used with a clear sky model (Solis 
clear-sky radiative model (Muller et al. 2004, Ineichen 2008), or CPCR2 (Gueymard 1989)) to evaluate 
the clear-sky hourly Gh and Bn values. These are plotted on the same graphs than above, as shown in 
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Figure 5 for measurements from Carpentras. On these graphs, the upper limits of the irradiance values 
and of the clearness indices obtained with the two methods should show similar upper limits.

Figure 5 Comparison of the clear sky irradiance obtained from BSRN measurements and evaluated with the solis model with 
aeronet data.

To quantitatively assess the correctness of the calibration factor, a linear regression is applied on the 
clear condition selected hourly values (as defined in section 5.2) , between the two sets to be compared. 
This is illustrated in Figure 6 for the two components. The regression line is also shown for each case, 
its slope is representative of the calibration error.

Figure 6 Scatter plots of the two data sets for the global and the beam components. The red dashed line given on the graph 
is representative of the calibration coefficient discrepancy.

In the latter case, the irradiance components can be compared year by year for the same site in order 
to assess the stability of the measurements. Here again, the upper boundary should not change from 
one year to the other, if there are no significant changes in the turbidity and/or the humidity. An exa-
mple is given on Figure 7 for measurements acquired in 2006 and 2010 at Carpentras. Considering the 
whole period used in the validation, a calibration coefficient shift can be pointed out by this method.

Figure 7 Comparison between two different years of BSRN measurements: same representations as in Figure 3 and 5
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4.3	 Components consistency	

The consistency test between the Gh and Bn components can be verified with the help of the global and 
beam clearness indices. 

The hourly beam clearness index Kb is plotted versus the corresponding global index Kt as illustrated 
for the site of Carpentras on Figure 8. On the same graph, the clear-sky predictions from the Solis radia-
tive model are represented for four different a priori values of aod. The corresponding Linke turbidity 
coefficient TLam2 is then calculated from the Bn thus obtained:

TLam2 is evaluated for AM = 2 and its correspondence with aod is also indicated on the graph (Ineichen 
2008c)
. Any important deviation between the predicted and measured clear-sky values indicates calibration 
uncertainties, pyrheliometer misalignment, soiled or shaded sensors, or miscategorization of clear-sky 
conditions.

Figure 8  The beam clearness index is plotted against the global clearness index for Lerwick (maritime) and Carpentras (rural). 
On the same graph, clear sky modelled values are represented for 4 different aerosol loads. The corresponding Linke turbidity 
coefficients are also indicated

When the three components, global, diffuse and beam, are available, the closure equation can be 
applied. Due to the measurement methods for each of the components, the strict equality cannot be 
verified for all the values and acceptability limits are to be defined. For example:

•	 the BSRN quality control is the following:

   should be within 8% for h > 15° and 15% for h ≤ 15°

for       	    

•	 the SERI quality control for the closure is defined as follow

Kt = Kd + Kb  ± 0.03

•	 closure equation applied in this report:
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if				  

then	Bn + abs(Bn - Bncalc) < Blimit

These different quality controls are illustrated in the Figure 9 where the kept hourly values are repre-
sented in blue.

Figure 9 Closure equation: quality control applied on the beam irradiance when the  three components are available. The 

selected hourly values are represented in blue. For the QC applied in this report, the limit is also reported on the graph.

5.	 Model-measurements hourly, daily and monthly comparison indicators	

5.1	 First order statistics	

The most conventional comparison indicators are the mean bias difference (mbd), the root mean square 
difference (rmsd), the standard deviation (sd) and the determination coefficient (R); they represent a 
quantification of the model dispersion and are defined as follow:

where Gmes and Gsat represent respectively the measured and the modeled irradiance. The mbd gives an 
indication of the systematic bias of a model. Even if the average bias over all the sites is small, it can be 
highly variable from one site to the other. Therefore, the standard deviation of the biases (bias standard 
deviation bsd) is evaluated, it give an indication of the spatial stability of the model.

Comparison can also be done in terms of frequency of occurrence and cumulated frequency of occur-
rence: for the irradiance, it gives an indication of the repartition for each level of radiation, and for the 
clearness index for hourly values, it assesses that the modeled level of radiation occurs at the right time 
during the day. The obtained graph is a line (or a bar chart) representative of the relative frequency 
of occurrence of the considered parameter. This is illustrated on Figure 10 (left) for the normal beam 
clearness index Kt. On the same graph, the frequency of occurrence of the ground measurements is 
represented as grey bars, and the two version of HelioClim-3 in color lines. On the right graph, the cu-
mulated frequency of occurrence is represented.
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Figure 10 Relative frequency of occurrence of the clearness index (left) and the cumulated frequency of occurrence of the 
beam irradiance for the measurements (grey) and the two version of the model (right).

5.2	 Second order statistics	

A second order statistic, the Kolmogorov-Smirnov test (Massey et al. 1951, Espinar et al. 2009), is also 
applied on the data. It represents the capability of the model to reproduce the frequency of occurrence 
at each of the irradiance level. In order to avoid a peak at the zero level of the beam irradiance, these 
values are excluded from the statistic. A visualization is given on Figure 10 (right) where the irradiance 
cumulated frequency of occurrence is represented against the irradiance for the same site than above. 
The quantitative value representative of the Kolmogorov Smirnov test Integral (KSI) is defined as:

where Fc(Gmes) and Fc(Gsat) are respectively the irradiance ground measurements and the corresponding 
modelled cumulated frequencies of occurrence. KSI% is then obtained by normalizing KSI by a critical 
value depending on the number of events, the lower the value is, the closest the model is to the mea-
surements. The obtained KSI% values are given on the graph in Figure 10 (right).

These statistical parameters include dispersions introduced by:

•	 the retrieval procedure,
•	 the comparison of point measurements (ground data) with area measurements (pixels),
•	 the comparison of the average of four instantaneous measurements with 60 minutes 

integrated values.

5.3	 Model-measurements difference distribution	

In terms of validation, when evaluating satellite derived parameters with the same time step, the 
comparison can be done by means of scatter plots; these give a visual evaluation of the capability of 
the model to reproduce the measurements. On such graphs, the 1:1 diagonal line is representative of 
an ideal model, and the points should lie around this line. An illustration is given on Figure 11 for hourly 
and daily values. 
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Figure 11 Hourly and daily modeled against measured global irradiance at the site of Carpentras for the whole considered period.

On Figure 12, the distribution of the difference between the model and the measurements around the 
1:1 axis for hourly values is represented in term of frequency of occurrence for the whole period (in ad-
dition, inthe annex, for the months of April and August). On the same graph, the cumulated frequency 
of occurrence is also represented. For good results, this curve should be as steep as possible, and cross 
the 50% value on the zero axis of the horizontal scale. The cumulated frequency is given every two mon-
ths on a separate graph (Figure 12, right). The same representations are given for the three radiation 
components and all the sites in the annex where n referes to the three irradiance components: global 
(g), normal beam (b) and diffuse (d) (see Figures a-10n to a-13n in the annex).

Figure 12 Model-measurements difference distribution (left) between model and measurements for the HelioClim-3v5 model 
and the site of Carpentras. On the right graph, the cumulated frequency of occurrence is given for 6 months.

6.	 Interannual variability analysis method	

The annual global and beam irradiation values are analyzed year by year. A reference period covering 
the years 2004 to 2010 will guide the evaluation of the different products. The yearly total determined 
by the average over this reference period is used as normalization value for all the annual totals. This 
normalized average (= 100%) is represented on the Figure 13 by the first blue bar from the left and 
labelled 2004-2010 average. A standard deviation is calculated over the 8 years reference period, it is 
represented on the graph by the light orange zone surrounding the 100% line. 

The following values are represented on Figure 13:

•	 the year per year annual ground irradiation measurements are represented by blue bars, 
•	 the average or typical data banks values, satellite based or ground measurements, are 

represented by the yellow bars on the left part of the graph,
•	 the year per year HelioClim-3v4 data are represented by the orange bars,
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•	 the year per year HelioClim-3v5 data are represented by the green bars,
•	 the annual deviation from the 100% reference period average is represented by the red bars 

for the typical year data, left part of the graph,
•	 the ground measurements annual deviation from the reference period are represented by 

the brown bars, right part of the graph.

This method implies that there are no missing values in the evaluation of the yearly total. As this is not 
always the case, and to circumvent the elimination of too many data, a correction has to be applied as 
described in section 7.4.

Figure 13 Total annual irradiation normalized to the average annual value over the reference period (2004-2010) for the site 
of Carpentras.

7.	 Ground data validity assessment, calibration and stability	

The first step in a model validation procedure is to assess the validity of the ground measurements. This 
can be done by applying a stringent quality control. If some simple errors like a time shift in the data 
can be corrected, the suspicious data should be discarded. After having confirmed the time stamp in 
the data banks (see section 4.1), the following tests are applied on the time series.

7.1	 Comparison with Aeronet network	

For 6 of the 22 ground measurements sites, data from a nearby Aeronet station are used to assess the 
calibration coefficient of the instruments. These are Carpentras (France), Davos (Switzerland), Madrid 
(Spain, only for 2012), Sede Boqer (Israel), Tamanrasset (Algeria) and Toravere (Estonia). The Solis clear 
sky model (Müller et al. 2004, Ineichen 2008) is used to evaluate the global and beam irradiance from 
the aerosol optical depth aod and the water vapor content w of the atmosphere. 

To validate the calibration coefficient applied during the measurements, the clear sky values are selected 
from the measured data (see section 4.2), and compared with the corresponding values derived from 
the Aeronet data and the Solis model. 
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For all the sites except Davos, Table II shows small differences between the sets of data, less than 2% 
in the average, these effects are not significant enough to consider a calibration adaptation (see for 
example, Figure 7 for the site of Carpentras). 

The site of Davos shows differences of the order of 5% between spring and autumn, probably due to 
snow effects.
Table II List of the ground sites with year by year period of comparison, the aeronet convergent period, the results of the 

closure test, and the percentage of acquired monthly values considered for the interannual variability.

7.2	 Long term stability	

For the long term stability test, one can assume that the highest global and beam irradiance values do 
not vary significantly from one year to the other, and that a steep variation should be an issue of a ca-
libration drift, more particularly when the effect disappears abruptly, i.e. in the case of a re-calibration 
of the sensors.

The long term stability is verified by comparing year by year the highest values of the hourly global and 
beam irradiance (see Figure 7). This analysis pointed out some significant drifts given in Table II for the 
following data:

•	 Davos: the beam irradiance is 20% too high from December 1999 to February 2000. This period is 
not included in the validation, but is integrated in the interannual variability analysis, 

•	 Vaulx-en-Velin: the irradiance is 5% to 9% too high from 1995 to 2004,
•	 Zilani: the global irradiance is 10% too low in 1999, and the beam is 15% too high in 2000. Here also, 

it is not included in the validation period. 

After applying the corresponding coefficients on the data, the quality control show normal behavior.
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7.3	 Components coherence	

The component coherence is verified according to section 4.3 with the help of the closure equation 
when the three components are available. The results of the coherence test are given in Table II in term 
of a percentage of data kept after the test. This percentage stays between 69% and 100%. 

The lowest value, 69%, is the result for Davos, where the beam component is not acquired in the same 
location than the global and the diffuse; a slight difference in the time stamp is also possible. In addi-
tion, the distance between two sites is about 300 meters, Davos is in a valley and the two horizons are 
slightly different as shown on Figure 14. If the effect on the global irradiance is not visible, the sky view 
factors are similar, the beam component can be influenced by this difference. 

The closure equation is applied on the normal beam component which is very sensitive for low solar 
elevations, and therefore, values of 90% are satisfactory.

Some sites like Leerwick shows a very high percentage of kept data, even if the three components are 
stamped as separate measurements at the WRDC server. It is probable that the third component is 
retrieved from the two others. 

For the sites where only two components are available, the closure equation is not applicable, and 100% 
of the data are kept. 

The second coherence test is done on only the global and the beam component by comparing the 
corresponding clearness indices (Figure 8 in section 4.3). This test is applied indifferently on beam 
measurements, or beam evaluated from global and diffuse irradiances. For this test, only two sites 
show singularities:

•	 as shown on Figure 15, the beam clearness index in Lerwick (A) shows values that seems too low 
compared with the clear sky model Solis which is also represented on the Figure for four different 
aerosol optical depths. For comparison, the same graph is given for the site of Almeria (B). This is 
confirmed with the diffuse fraction (Gh / Dh) test given on (C) where the fraction is high compared 
to the clear sky model. This test is applied on only the global and the diffuse components and is 
independent from the beam. This can be a result of very high permanent turbidity. The closure 
test is coherent.

Figure 14 Horizon of the two sites of Davos PMOD and Davos SLF. The sky view factors do not differ, but slight differences 
can occur on the beam component.
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Figure 15 Components coherence test. Site of Lerwick: (A) Kb versus Kt, slightly too low beam component compared to the 
Solis clear sky, and (C) diffuse fraction versus Kt, slightly too high diffuse. The closure equation (D) gives good results. (B) Site 
of Almeria is given for comparison purpose.
(E) to (G) Site of Madrid: (E) and (G) it is the only site with these specific shapes. Slight improvement when representing the 
beam evaluated from the global and the diffuse (F). The closure equation (H) shows high discrepances.

	 A	 B

	 C	 D

	 E	 F

	 G	 H
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•	 for the site of Madrid, the shape of Figure 16E is not common, it is the only site showing such a 
behavior. Replacing the beam component in the clearness index by the global/diffuse difference 
improves slightly the shape, but it is still not common (F). Another issue can be a levelling default 
of the global sensor. A sensitivity test is conducted on the data of Almeria and given on Figure 16. 
The reference graphs drawn from the measurements are given in (A) and (B). When an levelling 
error of 3° is artificially introduced in the measurements, the result given on (C) and (D) show a 
similar behavior compared to the corresponding graphs for Madrid (E) and (F). This could be an 
explanation of this singularity.

7.4	 Data validation for the interannual variability	

The aim of the analysis of the interannual variability is to take into account the natural variation of the 

Figure 16 Components coherence test. Global irradiance sensor levelling sensitivity study on the data from Almeria. (A) and 
(B) Diffuse fraction and clearness index tests applied on the measurements of Almeria. (C) and (D) effect on data from Almeria 
for a 3° sloped global sensor. The shape of the data on (C) and (D) looks similar to (E) and (F).

	 A	 B

	 C	 D

	 E	 F
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irradiation from one year to the other in the model uncertainty. To conduct a significant interannual 
variability analysis, a long period of data is needed. These long time series have to be as continuous 
as possible and with no missing data. As the majority of the ground measurements time series are not 
complete and as it is not possible the fill the gaps, a strategy has to be developed to circumvent the 
problem. 

The following corrections are applied on the data: to obtain a yearly total, the data are taken month by 
month and added. For each month, the missing share of ground measurements is evaluated in term of 
a number of missing data percentage. When the gaps’ length represents less than 5% of the month, a 
linear extrapolation is applied on the monthly values based on the normalized number of hourly values 
aggregated in the considered month. When more than 5% of the data are missing, the monthly value 
is replaced by the average of all the corresponding months of the considered time series. The missing 
share statistics are given in Table II. 
	  
In Lerwick, the 10% missing data for the beam component occur mainly in 2011. For the site of Madrid 
too many data are missing for the beam component, so that the interannual variability analysis is not 
significant.

Due to these corrections, the results given in the interannual variability bar charts do not correspond 
exactly to the hourly validation results. As the hourly comparison is restricted to validated values, some 
differences may also occur depending on the length of the comparison period. Nevertheless, the results 
are significant when considered as a general overview the tendency of a model to reproduce the data.

8.	 Validation results	

8.1	 Hourly, daily and monthly validation	

The total amount of points included in the comparison and the corresponding irradiance and irradiation 
averages are the following:

•	 700’000 hourly values 	 Gh = 317 	 Bn = 322 	 Dh = 129 	 [W/m2]
•	 60’000 daily values 	 Gh = 3.73 	 Bn = 3.78  	 Dh = 1.51	 [Wh/m2.day]
•	 2’000 monthly values 	 Gh = 108 	 Bn = 109 	 Dh = 44	 [Wh/m2.month]

The number of ground or satellite derived values differ from one site to the other, and the covered 
periods are not of the same length for all the sites (see Table II). 
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Table III and Figure 17 give the main results of the validation (the complete results, site by site, for the 
two versions of HelioClim-3, component by component, in hourly, daily and monthly, absolute and 
relative values are given in the annex, Tables a-I, a-II and a-III). A general observation is that the hourly 
global irradiance is retrieved with a zero average bias and a standard deviation around 20% (65 [W/
m2]), the beam component around 47% (150 [W/m2]) with a +6% to +9% bias, and the diffuse around 45% 
(56 [W/m2]) with a -10% bias. If the overall bias for the global irradiance is zero, it can be highly variable 
from one site to the other (-8% to +9%) . This is highlighted by the standard deviation of the mean bias 
deviation bsd; it stays around 3.5% for the global component. For the beam component (and a fortiori 
for the diffuse irradiance), the bias varies from site to site, especially for northern sites (i.e. Lerwick).

8.1.1	 Model-measurements difference distribution 

In a general way, for the global component and both versions, the bias distribution around the 1:1 axis 
follows a un- or slightly skewed normal distribution, so that the standard deviation indicator is signifi-
cant (see Figures 11 & 12, a-1g to a-4g and a-10g to a-13g in the annex). This is not the case for the normal 
beam irradiance, where bimodal (i.e. Nantes), skewed or not normal distributions can occur depending 
on the site. No common rule can be drawn from the Figures a-10b to a-13b in the annex, the shape of 
the distribution depends on the clear sky model used and the specificities of the input parameters. For 
some sites with sunny conditions like Almeria, Carpentras, Tamanrasset or Sede Boqer, the dispersion 
of the hourly bias is so high that the distribution cannot be considered as normal. In this case, the stan-
dard deviation has to be considered with precaution. Concerning the diffuse component, even if the 
values on the model/measurements graphs are not aligned on the 1:1 axis, the frequency of occurrence 
distribution is not too far from a normal distribution; this makes the standard deviation representative 
of the uncertainties (see Figures a-1d to a-4d and a-10d to a-13d  in the annex)

8.1.2	 Improvement from HelioClim-3 version 4 to version 5

The improvement between HelioClim-3 version 4 and version 5 is the use of a new clear sky model. 
In version 4, the used clear sky is evaluated with the ESRA model, developed by Rigollier and Geiger 
(Rigollier et al. 2000, Geiger et al. 2002). Validation of this model (Ineichen 2016) shows clearly an 
underestimation for both global an beam components. This is illustrated on Figure 18 (upper graphs) 
where the clearness index is represented versus the solar elevation angle for both components. The 
measurements are plotted in yellow dots, and the model in blue. The upper limit, representative of clear 
conditions, is never reached by the modelled values, especially for the beam component (see  Figures 
a-1b to a-4b in the annex). The consequence on the irradiance modelled values is that the highest values 
are never reached. In HelioClim-3 v5, an adaptation of the clear sky model is done using the McClear 
model (Lefèvre 2013) with MACC-II aerosol sub-daily data (Kaiser et al. 2002). The improvement is illus-
trated on Figure 18 lower graphs, where the same parameters than for version 4 are represented. For 
the new version, the clear sky measurements are reached by the modelled values, except for low solar 
elevation angle values where a slight underestimation is visible (see Figures a-9g and a-9b in the annex).
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Figure 18 Global and beam clearness index (Kt and Kb) plotted versus the solar elevation angle for the two versions of helioclim-3.

8.1.3	 Time resolution of the input parameters

When representing the clearness index versus the solar elevation angle, the time resolution effect of 
the aod and w input to the model can be pointed out. In version HelioClim-3 v4, monthly climatic values 
are used to evaluate the clear sky, whereas sub-daily values obtained from the MACC-II project are used 
in HelioClim-3 v5. This is illustrated on Figure 19 where aggregates of points are visible  only on the left 
graph. This effect can be seen on the graphs for all the sites (see Figures a-9n in the annex), more par-
ticularly on sites where aod and w are highly variable (i.e. Lerwick and Nantes).

Figure 19 Beam clearness index Kb plotted versus the solar elevation angle for the two versions of helioclim-3 for the site of 
Lerwick.

8.1.4	 Sky condition effect

The observation of the bias versus the modified clearness index Kt’ (or the sky type, see Figures a-5g 
and a-5b in the annex) shows the same general tendency for all the models and both components: a 
slight overestimation for cloudy conditions and an underestimation for clear skies. The highest effect 
is a beam component overestimation for intermediate conditions. This is illustrated on Figure 20. For 
clear conditions, the dispersion is due to an approximate knowledge of turbidity. In the case of inter-
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mediate cloud cover, the model does not identify with enough precision the type and thickness of the 
clouds (see Figures a-5g and a-5b in the annex).

Figure 20 Model bias versus the clearness Kt (or sky conditions) for the global and beam components.

8.1.5	 Snow effect

For the site of Davos, the snow cover during the winter period has a significant effect on the modeled 
irradiance. Indeed, if no particular attention is payed in winter, the high reflectance of the snow cover 
can change the determination of the ground albedo, and during the process, can be interpreted as 
cloudy conditions. The result is an overestimation of the irradiance for cloudy condition conditions 
due to the underestimation of the ground albedo. Moreover, the variability of the snow cover induces 
a higher dispersion of the irradiance, especially for the beam component. The effects are visible on 
Figure 21 where the model bias is represented versus the modified clearness index, or sky conditions, 
for the global and the normal beam components.

Figure 21 Model bias versus the clearness Kt (or sky conditions) for the global and beam components and the site of Davos.

8.1.6	 Latitude effect

Due to the angle of view of the ground surface by the satellite, the size of the image pixel increases with 
the latitude of the site. This means that the reflectance of the ground includes also a higher variety of 
ground albedo values, and cloud types and altitudes. The small view angle of the satellite with respect 
to the ground increases the parallax effect on the cloud position (Schutgens 2009, Marie-Joseph 2013). 
The result on the modeled irradiance is a higher dispersion (standard deviation) for both components 
as illustrated on Figure 22 where the standard deviation of the modeled values are represented against 
the latitude of the station.
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Figure 22 HelioClim-3 relative standard deviation versus the latitude of the station for the global and the 
normal beam irradiance.

8.1.7	 Aerosol effect

The graphs on Figure 23 represent the hourly bias of the beam component versus the aerosol optical 
depth. A clear dependance can be pointed out for all the sites (see Figures a-6b in the annex), the model 
shows a negative bias for clean atmosphere condition, and going more or less to an overestimation for 
higher turbidity. The effect is less market for the version 5 of HelioClim-3. For the global component, as 
it is less sensitive to the aerosol load, the effect is smaller, even negligible.

Figure 23 Model bias versus the clearness Kt (or sky conditions) for the beam component and the two version of HC-3.

When representing the daily model-measurements bias versus the day of the year, the general tendency 
is a summer/winter pattern for the beam component as it is illustrated on Figure 24 left. This effect is 
certainly correlated with the atmospheric turbidity ; it follows the aerosol load seasonal dependency. 
The right graph on Figure 24 represents the monthly bias surrounded by ± one standard deviation: the 
monthly modeled average and the measurements average are represented (for all the sites, see Figures 
a-7n and a-8n in the annex).

Figure 25 is a graphical illustration of the monthly validation. On the left graph, the monthly values of 
the two version of HelioClim-3 model, and on the right graph, all the average models are shown; the 
measurements are in red, the dashed red lines represent ± one standard deviation around the monthly 
value. Figures a-21n in the annex give a graphical representation for all the sites and models. For the 
global component, 96% of the monthly HelioClim-3 v5 modeled values are situated between the two 
dashed lines, 92% for version 4; for the normal beam component, 88% of the monthly HelioClim-3 v5 
modeled values are situated between the two dashed lines, 84% for version 4. From these graphs, it 
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arises that the only site  where all the average modelled monthly values are apart from one standard 
deviation around the average monthly measured values is Sede Boqer (see annex).

8.2	 Frequency distribution	

The correspondence between the frequency distribution of the modeled values and the measurements 
is as important as a low bias and standard deviation. It is the guaranteeing of a realist representation 
of the solar resource by the satellite models.

The general observation is that the two versions of the models, for all the sites, present a coherent 
frequency distribution representation of the global irradiance level (with the exception of Davos for the 
snow periods, Figures a-12g and a-13g). When considering the global clearness index frequency distribu-

Figure 24 Left graphs: Model-measurements difference for daily normal beam irradiation values versus the day 
of the year. Right graphs: Monthly averaged values surrounded by ± one standard deviation for the modeled and 
the measured values of the global irradiation. 

Figure 25 Comparison of the monthly values for all the models. In red, the measurements, the red dashed lines 
represent  ± one standard deviation.
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tion, for all non-arid climate sites, a peak of overestimation can be seen for Kt values around 0.15. The 
peak is slightly smoothed on version 5 values, but still present. For the beam component, the general 
pattern is an overestimation for very low beam or clearness index values, and an underestimation for 
intermediate values. For both components, as stated in section 8.1.2, the high irradiance and clearness 
index values are better modeled with version 5. These two effects are illustrated on Figure 26 for the 
site of Kassel. The Figures for all the sites are given in the annex, Figures a-14n to a-19n.

19n.

Figure 26 Frequency distribution of occurrence versus the clearness index for the site of Kassel.

8.3	 Interannual variability	

Beside the visual analysis of Figure a-20g and a-20b, it is interesting to compare the bias of the models 
with the interannual variability expressed by the standard deviation around the annual irradiation average 
for both the global and the beam components. The comparison results are given in Table IV. The blue 
columns represent the annual average for each site and the corresponding standard deviation over the 
reference period 2004-2010. The results are expressed as mean bias differences; if the mbd is less than 
one standard deviation sd, the cell background is represented in green. These mbd are hig hly variable 
from site to site and from model to model, even if the combined results for all sites are relatively good. 
On the last lines, the absolute bias and the standard deviation of the bias bsd is given for all models. 
These values express the spatial «smoothness» of the model.

From Table IV, the following points can be underlined for the global component:

•	 if version 4 has a lower overall mean bias, the absolute bias and the standard deviation of the 
bias are lower for version 5,

•	 considering the site by site results, half of the sites present a bias within ± one standard deviation 
of the interannual variability, 23% within ± two standard deviations, and 14% with a higher bias. 
The results are slightly better for version 5

and for the beam component:

•	 the average bias over all sites is relatively high, but as stated in previous sections, the clearness 
index distribution is better represented by version 5, especially for high values,

•	 version 4 gives slightly better results for all the annual indicators,

•	 the worst results arise for high latitude sites (size of the pixels view angles), and for dry climate 
sites (albedo determination difficulties, aerosol and clear sky model uncertainties),
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•	 considering the site by site results, around half of the sites have a bias within ± one standard 
deviation of the interannual variability. The site to site and version to version comparison of the 
bias shows a high variability.

Table IV Results of the yearly validation and interannual variability analysis.

9.	 Conclusions	

The first conclusion is that the quality control is a key point in any model validation. Even if the data are 
highly qualified by the organization in charge of the acquisition, uncertainties can remain in the data 
and influence the validation. The best case is when independent data such as aerosol optical depth are 
also available. 

The conclusions of the present study are the following:

•	 for latitude from 20° to 60°, altitude from sea level to 1600 m and various climate, the hourly global 
irradiance is retrieved with a negligible bias and an average standard deviation around 20% for 
both versions of HelioClim-3 scheme. For the beam irradiance, the bias is around 6% to 9%, and 
the standard deviation around 47%,

•	 as expected, the main improvement from version 4 to version 5 comes from the clear sky model 
and the knowledge of the aerosol optical depth, better results are obtained with daily (our sub 
daily) turbidity instead of  monthly climatic values,

•	 the intermediate sky conditions are more difficult to model: the type and altitude of the clouds 
are not easy to determine precisely,

•	 the snow cover has to be taken into account, especially in the alps region,

•	 a general pattern with the atmospheric aerosol load is visible for all sites. Even if the pattern is 
present for the two versions of HelioClim-3, it is less marked for the latest version. Some seasonal 
effects can be related to the aerosol variability during the year,
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•	 the standard deviation is increasing with the latitude, i.e. the size of the pixels and the angle of 
view of the satellite,

•	 a peak of discrepancy in the frequency distribution is present for all the non-arid sites around 
Kt = 0.15 for both versions. On the other hand, version 5 presents a much better representation 
of high clearness index values,

•	 even if the overall results for the beam component are slightly worst for the HelioClim-3 v5, the 
frequency distribution are improved.
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Figures and Tables

The n referes to the three irradiance components: global (g), normal beam (b) and diffuse (d)

Figure  a-1n 	 Model versus measurements for hourly diffuse irradiance 

Figure  a-2n 	 Model versus measurements for daily diffuse irradiation

Figure  a-3n 	 Model versus measurements for monthly diffuse irradiation

Figure  a-4n 	 Model versus measurements for monthly average diffuse irradiation, surrounded by ± one stan-
dard deviation on each axis

Figure  a-5n 	 Model-measurements difference for hourly global irradiance values versus the modified clearness 
index Kt’ 

Figure  a-6n 	 Model-measurements difference for hourly global irradiance values versus the aerosol optical 
depth

Figure  a-7n 	 Model-measurements difference for daily global irradiation values versus the day of the year

Figure  a-8n 	 Monthly averaged values surrounded by ± one standard deviation for the modeled and the 
measured values of the global irradiation.

Figure  a-9n 	 Clearness index Kt versus the solar elevation angle for the measurements (yellow) and the mo-
deled (blue) hourly values

Figure  a-10n 	 Hourly values distribution of the model-measurements difference around the 1:1 axis of Fig a-1g 
for the all the data. The corresponding cumulated curve is also represented 

Figure  a-11n 	 Cumulated frequency of occurrence of the model-measurements difference versus the mo-
del-measurements difference

Figure  a-12n 	 same as Fig a-10n for April 

Figure  a-13n 	 same as Fig a-10n for August

Figure  a-14n 	 Relative frequency of occurrence of the hourly global irradiance versus the corresponding irra-
diance. The measurements are represented in grey. 

Figure  a-15n 	 Relative frequency of occurrence of the daily global irradiance versus the corresponding irra-
diance. The measurements are represented in grey.

Figure  a-16n 	 Relative frequency of occurrence of the global clearness index versus the corresponding clearness 
index Kt. The measurements are represented in grey.

Figure  a-17n 	 Relative frequency of occurrence of the daily global clearness index versus the corresponding 
clearness index. The measurements are represented in grey.

Figure  a-18n 	 Cumulated frequency of occurrence of the hourly global irradiance values versus the correspon-
ding irradiance. The measurements are represented in grey.

Figure  a-19n 	 Cumulated frequency of occurrence of the daily global irradiance values versus the corresponding 
irradiance. The measurements are represented in grey.

Figure  a-20n 	 Interannual variability of the global irradiation for the measurements, the average models, and 
the nowcasting products. The values are normalized to the 2004-2010 reference period average.

Figure  a-21n 	 Comparison of the monthly values for all the models.  In red, the measurements, the red dashed 
lines represent  ± one standard deviation.

Table a-I, II & III 	 Site by site, for the two HelioClim-3 versions, hourly global, normal beam and diffuse irradiance 
(respectively irradiation) validation results expressed in relative and absolute values. The absolute 
values are given in [Wh/m2h],  [kWh/m2 day] and/or [kWh/m2 month]. 

	 For all sites, the overall values, the absolute mean bias and the standard deviation of the bias 
are given.
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Figure  a-1g Model versus measurements for hourly 
global irradiance 

Figure  a-2g Model versus measurements for daily 
global irradiation

Figure  a-3g Model versus measurements for mon-
thly global irradiation

Figure  a-4g Model versus measurements for mon-
thly average global irradiation, surrounded by ± one 
standard deviation on each axis

Figure  a-1b Model versus measurements for hourly 
normal beam irradiance 

Figure  a-2b Model versus measurements for daily 
normal beam irradiation
 

Figure  a-3b Model versus measurements for mon-
thly normal beam irradiation
  

Figure  a-4b Model versus measurements for mon-
thly average normal beam irradiation, surrounded 
by ± one standard deviation on each axis
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Figure  a-1d Model versus measurements for hourly 
diffuse irradiance 

Figure  a-2d Model versus measurements for daily 
diffuse irradiation

Figure  a-3d Model versus measurements for mon-
thly diffuse irradiation
  

Figure  a-4d Model versus measurements for mon-
thly average diffuse irradiation, surrounded by ± 
one standard deviation on each axis
 

Figure  a-5g Model-measurements difference for 
hourly global irradiance values versus the modified 
clearness index Kt’ 

Figure  a-5b Model-measurements difference for 
hourly normal beam irradiance values versus the 
modified clearness index Kt’ 

Figure  a-6g Model-measurements difference for 
hourly global irradiance values versus the aerosol 
optical depth

Figure  a-6g Model-measurements difference for 
hourly normal beam irradiance values versus the 
aerosol optical depth
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Figure  a-9g Clearness index Kt versus the solar 
elevation angle for the measurements (yellow) and 
the modeled (blue) hourly values

Figure  a-9b Normal beam clearness index Kb versus 
the solar elevation angle for the measurements 
(yellow) and the modeled (blue) hourly values 

Figure  a-8g Monthly averaged values surrounded by 
± one standard deviation for the modeled and the 
measured values of the global irradiation. 

Figure  a-8b Monthly averaged values surrounded by 
± one standard deviation for the modeled and the 
measured values of the global irradiation. 

Figure  a-8d Monthly averaged values surrounded by 
± one standard deviation for the modeled and the 
measured values of the global irradiation. 

Figure  a-7g Model-measurements difference for 
daily global irradiation values versus the day of 
the year

Figure  a-7b Model-measurements difference for 
daily normal beam irradiation values versus the 
day of the year

Figure  a-7d Model-measurements difference for 
daily diffuse irradiation values versus the day of 
the year
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Figure  a-10g Hourly values distribution of the model-mea-
surements difference around the 1:1 axis of Fig a-1g for 
the all the data. The corresponding cumulated curve is also 
represented 

Figure  a-12g same as Fig a-10g for April Figure  a-13g same as Fig a-10g for August 

Figure  a-11g Cumulated frequency of occurrence of the 
model-measurements difference versus the model-mea-
surements difference

Figure  a-10b Hourly values distribution of the model-mea-
surements difference around the 1:1 axis of Fig a-1b for 
the all the data. The corresponding cumulated curve is also 
represented 

Figure  a-12b same as Fig a-10b for April Figure  a-13b same as Fig a-10b for August 

Figure  a-11b Cumulated frequency of occurrence of the 
model-measurements difference versus the model-mea-
surements difference
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Figure  a-10d Hourly values distribution of the model-mea-
surements difference around the 1:1 axis of Fig a-1d for 
the all the data. The corresponding cumulated curve is also 
represented 

Figure  a-12d same as Fig a-10d for April Figure  a-13d same as Fig a-10d for August 

Figure  a-11d Cumulated frequency of occurrence of the 
model-measurements difference versus the model-mea-
surements difference



Long term HelioClim-3 global, beam and diffuse irradiance validation (Annex)
Pierre Ineichen  

Figure  a-14g Relative frequency of occurrence of the 
hourly global irradiance versus the corresponding ir-
radiance. The measurements are represented in grey.

Figure  a-16g Relative frequency of occurrence of 
the global clearness index versus the corresponding 
clearness index Kt. The measurements are repre-
sented in grey.

Figure  a-18g Cumulated frequency of occurrence 
of the hourly global irradiance values versus the 
corresponding irradiance. The measurements are 
represented in grey.

Figure  a-15g Relative frequency of occurrence of 
the daily global irradiance versus the correspon-
ding irradiance. The measurements are repre-
sented in grey.

Figure  a-17g Relative frequency of occurrence of 
the daily global clearness index versus the corres-
ponding clearness index. The measurements are 
represented in grey.

Figure  a-19g Cumulated frequency of occurrence 
of the daily global irradiance values versus the 
corresponding irradiance. The measurements are 
represented in grey.
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Figure  a-14b Relative frequency of occurrence 
of the hourly normal beam irradiance versus the 
corresponding irradiance. The measurements are 
represented in grey.

Figure  a-16b Relative frequency of occurrence of 
the normal beam clearness index versus the corres-
ponding clearness index Kt. The measurements are 
represented in grey.

Figure  a-18b Cumulated frequency of occurrence 
of the hourly normal beam irradiance values versus 
the corresponding irradiance. The measurements are 
represented in grey.

Figure  a-15b Relative frequency of occurrence 
of the daily normal beam irradiance versus the 
corresponding irradiance. The measurements are 
represented in grey.

Figure  a-17b Relative frequency of occurrence of 
the daily normal beam clearness index versus the 
corresponding clearness index. The measurements 
are represented in grey.

Figure  a-19b Cumulated frequency of occurrence 
of the daily normal beam irradiance values versus 
the corresponding irradiance. The measurements 
are represented in grey.
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Figure a-21g Comparison of the monthly values for all the models.  In red, the measurements, the red dashed lines re-
present  ± one standard deviation.
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Figure a-21b Comparison of the monthly values for all the models.  In red, the measurements, the red dashed lines re-
present  ± one standard deviation.
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