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Abstract

Models converting satellite images into the different radiation components become
increasingly performing and give often better estimation of the solar irradiance availability
than ground measurements if the station is not situated in the near vicinity of the
application.

Five different satellite products deriving both global and beam irradiance are validated
against data from 23 ground sites. The main conclusions are:

e the global irradiance is retrieved with a negligible bias and an average standard
deviation around 16% for the best algorithm. For the beam irradiance, the bias is
around several percents, and the standard deviation around 35%,

¢ the main deviation comes from the knowledge of the aerosol optical depth,

¢ the high latitude sites give not poorer results than the other sites,

The interannual variability of the irradiance conditions, the lack of independent ground
measurements such as aerosol data, the difficulty to assess the exact calibration of the
ground data, and the choice of a specific year to carry out the validation, conduct to
results that give good indications, but from which it is difficult to draw general conclu-
sions.
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1. Introduction

Models converting satellite images into the different radiation components become
increasingly performing and give often better estimation of the solar irradiance availability
than ground measurements if the station is not situated in the near vicinity of the
application (Zelenka, 1999). If the global irradiance can be derived with a good accuracy,
it is more difficult for the beam component and the dispersion of the models is higher.

The aim of the present study is to validate and compare five different products deriving
the global and beam irradiance components from meteorological satellite images. Itis a
complement to a previous study conducted by the author (Ineichen 2009) on products
from Eumetsat Satellite Application Facilities (SAF). These algorithmes are derived by
GeoModel in Bratislava (SolarGis), Helioclim Soda (heliosat 3v3), 3Tier company in the
United States, University of Oldenburg (EnMetSol-Solis and EnMetSol-Dumortier) and
the IrSolAv company in Spain.

2. Ground data

The ground data used in the study are acquired at stations part of networks such as
Baseline Solar Radiation Network (BSRN), Commission International de I’'Eclairage (CIE),
FluxNet network, Swiss Institute of Meteorology (ISM-Anetz) and World Radiation Data
Center (WRDC). Data from 23 ground sites situated mainly on the European continent
are used. The work is done on data covering the year 2006.

Beside the global horizontal irradiance G,, half of the sites acquire the normal beam
irradiance B . High precision instruments (WMO 2008) such as Kipp and Zonen CM10

Station Country Climate Dy, B, latitude © longitude ° altitude m operated by
Cabauw The Netehrlands temperate maritime X 51.970 4.930 2 BSRN - KNMI
Camborne United Kingdom temperate maritime X 50.220 -5.310 88 BSRN - Met Office
Carpentras France mediterranean X 44.080 5.060 100 BSRN - Météo France
Davos Dorf Switzerland semi-continental alpin X 46.810 9.840 1610 WRDC - Met Office
El Saler Spain semi arid, warm summer 39.346 -0.319 10 FluxNet
Geneva Switzerland semi-continental X 46.199 6.131 420 CIE - UNIGE
Jungfraujoch Switzerland high alpine X 46.550 7.980 3571 CLIMAP - Météo Suisse
Las Majadas Spain semi arid, warm summer 39.942 -5.773 260 FluxNet
Lerwick United Kingdom cold oceanic X 60.130 -1.180 82 BSRN - Met Office
Locarno Switzerland warm temperate, humid 46.170 8.780 367 ANETZ - Météo Suisse
Nantes France oceanic X 47.150 -1.330 30 CIE - CSTB
Payerne Switzerland moderate maritime/continental X 46.820 6.950 490 BSRN - Météo Suisse
Sede Boger Israel dry steppe 30.867 34.767 457 BSRN - Met Office
Sion Switzerland dry alpine 46.220 7.330 489 ANETZ - Météo Suisse
Sonnblick Austria temperate alpine X 47.050 12.950 3105 WRDC - ZAMG
Tamanrasset Algeria hot, dry desert 22.780 5.520 1400 BSRN - Met Office
Thessaloniki Greece mediterranean temperate X 40.630 22.970 60 WRDC - Met Office
Toravere Estonia cold humid X 58.270 26.470 70 BSRN - EMHI
Val Alinya Spain warm temperate, humid 42.152 1.449 1770 FluxNet
Vaulx-en-Velin France semi-continental X 45.780 4.930 170 CIE - ENTPE
Wien / Hohe Warte Austria continental X 48.250 16.350 203 WRDC - ZAMG
Yatir Forest Israel hot arid 31.347 35.052 650 FluxNet
Zurich Switzerland temperate atlantic 47.475 8.530 558 ANETZ - Météo Suisse
ANETZ MeteoSwiss network CUEPE Energy Group, UniGe
BSRN Baseline Surface Radiation Network EHMI The Estonian Meteorological and Hydrological Institute
CIE Commission Internationale pour I'Eclairage ENTPE Ecole Nationale des Mines de Paris
CLIMAP MeteoSwiss Climate Maping application KNMI The Netherlands Institute of Meteorology
CSTB Centre Scientifique et Technique du Batiment UNIGE University of Geneva

ZAMG Zentralanstalt fur Meteorologie und Geophysik/Geodynamik
Table I List of the stations, data and parameters availability.

-1 -



Five satellite products deriving beam and global irradiance against ground data validation
P. Ineichen

and 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 coherence of the data for all
the stations was verified by the author and is described in the following section. For two
sites, the aerosol optical depth aod and the water vapor column w is independently
acquired and is used as input to clear sky models in order to assess the instruments
calibration factors.

The climate, latitude, longitude and altitude of the stations are given in Table I.

3. Data quality control

For all the stations, the first quality control consist of an assessment of the acquisition
time stamp. To point out a possible time shift in the data, the symmetry in solar time of
the irradiance for very clear days is visually checked. The horizontal global and if available,
the normal beam irradiances are plotted versus the sinus of the solar elevation angle
for specific clear days. If the time stamp is correct, the afternoon curve should lay over
the morning curve as visualized on Figure 1a.

If this test is positive, a verification can be done with the help of the global clearness
index K, defined as:

K= G
I, -sin(h)

where G, is the horizontal global irradiance, I is the solar constant, and h the solar
elevation angle. The clearness index is plotted for the morning and the afternoon data
in a separate color. The upper limit, representative of clear sky conditions, should lay
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Figure 1a The global horizon- Figure 1b The global clearness index K, is represented
tal and normal beam separately for the morning (green) and the afternoon
irradiances are represented (yellow) data, versus the solar elevation angle for one
versus the sinus of the solar year in hourly values.
elevation angle for a clear day. Clear sky model data are represented in blue.
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over for the morning and the afternoon data as represented on Figure 1b for one year
of data acquired at the site of Geneva for the year 2006. Hourly clear sky condition
values are plotted in light blue on the same graph. When these two conditions are
fulfilled, the time stamp of the data bank is correct, and the solar geometry can be
precisely calculated. This test is very sensitive and a time shift of only a few minutes will
conduct to an visible assymetry. A similar test can be done with the beam clearness
index K, defined as:

but this parameter is less sensitive to a possible time shift.

The coherence test between the two components can be verified with the help of the
global and beam clearness indices (Ineichen 2010). The hourly beam clearness index is
plotted versus the corresponding global index as illustrated on Figure 2 for the site of
Carpentras. On the same graph, the clear sky data evaluated with the Solis clear sky
model (Muller 2004, Ineichen 2008a) are represented for four different values of aerosol
optical depth (aod). The more usual corresponding Linke turbidity coefficient T,
retrieved from the beam irradiance:

B

— (*cha'TLamZ'MA)
n Io €

and evaluated at air mass AM = 2 is also given on the graph (Linke 1922, Ineichen
2008b). §_,. is the optical depth of a clean and dry atmosphere. An important deviation
from the clear sky lines can indicate calibration uncertainties, beam irradiance
missalignement or soiled sensors.

The absolute sensor calibration can be assessed with the help of a clear sky model
when the atmospheric aerosol optical depth and the water vapor column are known.
These two parameters are normally retrieved from spectral measurements. When the

Beam clearness index K, Water vapor = 2 cm aerosol type: rural Carpentras Atmospheric water vapor column retrieved from ground measurements with the Atwater model [cm]
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Figure 2 The beam clearness index is plotted Figure 3 Atmospheric water vapor column
against the global clearness index. On the same  evaluated from the ambiant temperature and
graph, clear sky modelled values are relative humidity against the watre vapor
represented for 4 different aerosol loads retrieved from spectral measurements.
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water vapor w is missing, it can be evaluated from the ground ambiant temperature
(T,) and relative humidity (HR) by the use of Atwater model (Atwater 1976) with a
good precision as illustrated on Figure 3 for the site of Carpentras and data acquired
from 2003 to 20009.

For some sites, the aod measurements retrieved from independent networks such as
aeronet are acquired as soon as direct sun is available; these values are then averaged

to give a daily value and used with the Solis clear sky model to evaluate hourly clear sky
G, and B, values.

Day by day, the highest hourly value is then selected from the measurements and
plotted against the day of the year on Figure 4. These points are representative of the
clearest daily sky conditions. Based on the aod and water vapor content w of the
atmopshere, the corresponding clear sky values are evaluated with the model. As the
highest values for each day is selected, the upper limit for these two series shoud lay
together if the two sets of measurements (irradiance and aod) are coherent. On the
same graph are also represented the daily clear sky indices defined as:

2. Gy 2.8,
Kh __ day Khb __ day

- thc and - anc

day day

These values, if the data are coherent, should have an upper limit near of the unity.

4. The clearness index K, and sky type classification

As it is the case for the majority of the national networks, the global irradiance is the
only available measured parameter concerning the solar radiation. Even if for half of the
stations the beam component is available, the global irradiance and the corresponding
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Figure4  Daily highest value of the global irradiance reported versus the day of the year
for the station of Carpentras, for the measurements and the corresponding clear sky evaluated
from the aod and the Solis model. The daily clear sky index is also represented.
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clearness index K, are key parameters in the field of irradiance modelization. The clearness
index K, was introduced as a norm (Black 1954) to characterize the insulation condi-
tions at a given point in time when only the global component is known. Unfortunately,
this parameter is not independent of the solar elevation angle as it is shown on the left
graphe of Figure 5 where the clearness index K, is plotted versus the solar elevation
angle for the site of Carpentras. It can be seen on this Figure that clear sky conditions,
determined by the upper limit of the clearness index values, are not equally represented
by K, for the different solar elevation angles.

In order to use the clearness index as a reliable sky condition descriptor, Perez et al.
(1990) modified this parameter to make it independent of the solar elevation angle.
The formulation is the following:

' K

Ke (1.031-exp(-1.4/(0.9+9.4/ AM))+0.1)

where AM is the optical air mass as defined by Kasten (1980). This modified clearness
index is represented on Figure 5 (right graph) for the same points than above. It can
clearly be seen on this Figure that even if some patterns are still present, the modified
clearness index is relatively independent from the solar elevation angle. Therefore, it is
now possible to define three zones to characterize three sky types:

clear sky conditions 0.65 < K, <1.00
intermediate sky conditions  0.30 < K’, < 0.65
cloudy sky conditions 0.00 < K, <0.30

These limits are arbitrary, but are coherent with other classifications, like for example
the Cloud Free Index saturation (CFIsat) as defined by Durr (2006):

CFIsat = 100 (CFI - 1)/ z

where z and CFI are defined in Dlrr (2004). CFlsat is independent from the irradiance
measurements; it is a function of the downward surface longwave irradiance and the
dry bulb temperature. The comparison between the CFIsat and K’ is illustrated on
Figure 6 (right graph). The red dashed lines represent the limits used in the present
study and applied on the modified clearness index. In the CFIsat classification, clear sky
conditions are defined by a CFIsat below 0%, and cloudy conditions above 50%. The
corresponding limits are represented in blue dashed lines. It can be seen on Figure 6 that
the majority of the points are situated in the intersections of the corresponding three
zones.

Another assessement can be done with the cloud cover as illustrated on Figure 6 (left
graph). Here also, the limits used in the present study are well correlated with the cloud
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Clearness index Kt = Gh / lo sin(h)

Measurements (BSRN Carpentras 2006) Modified clearness index Kt' Measurements (BSRN Carpentras 2006)
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Figure 5 Global and modified clearness index versus the solar elevation angle.
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Figure 6 Cloud cover and CFIsat coefficient versus the modified clearness index. The sky

condition selection limits are represented in dashed red lines.

cover (0% cloud cover for the clear sky conditions and 100% cloud cover for the
overcast sky conditions).

5. Satellite derived data

Five different products are validated in the present study. The methodology and the

input parameters are described in the following section. The product from University of
Oldenburg (EnMetSol) is evaluated for two different aerosol climatologies.

5.1 SolarGis

The irradiance components are the results of a five steps process: a multi-spectral
analysis classifies the pixels, the lower boundary (LB) evaluation is done for each time
slot, a spatial variability is introduced for the upper boundary (UP) and the cloud index
definition, the Solis clears sky model is used as nhormalization, and a terrain disaggregation
is finally applied.

Four MSG spectral channels are used in a classification scheme to distinguish clouds
from snow and no-snow cloud-free situations. Prior to the classification, calibrated pixel
values were transformed to three indices: normalized difference snow index (Ruyter
2007), cloud index (Derrien 2005), and temporal variability index. Exploiting the potential
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of MSG spectral data for snow classification removed the need of additional ancillary
snow data and allowed using spectral cloud index information in cases of complex
conditions such as clouds over high albedo snow areas.

In the original approach by Perez (2002), the identification of surface pseudo-albedo is
based on the use of a lower bound (LB), representing cloudless situations. This approach
neglects diurnal variability of LB that is later corrected by statistical approach. Instead of
identifying one value per day, LB is represented by smooth 2- dimensional surface (in
day and time slot dimensions) that reflects diurnal and seasonal changes in LB and
reduces probability of no cloudless situation.

Overcast conditions represented in the original Perez model by a fixed Upper Bound
(UB) value were updated to account for spatial variability which is important especially
in the higher latitudes. Calculation of cloud index was extended by incorporation of
snhow classification results.

The broadband simplified version of Solis model (Ineichen 2008a) was implemented. As
input of this model, the climatology values from the NVAP water vapor database (Randl
1996) and Atmospheric Optical Depth data by (Remund 2008) assimilated with Aeronet
and Aerocom datasets are used.

Simplified Solis model was also implemented into the global to beam Dirindex algorithms
to calculate Direct Normal Irradiance component (Perez 1992, Ineichen 2008c). Diffuse
irradiance for inclined surfaces is calculated by updated Perez model (1987).

Processing chain of the model includes post-processing terrain disaggregation algorithm
based on the approach by Ruiz-Arias (2010). The disaggregation is limited to shadowing
effect only, as it represents most significant local effect of terrain. The algorithm uses
local terrain horizon information with spatial resolution of 100 m. Direct and circumsolar
diffuse components of global irradiance were corrected for terrain shadowing.

5.2 Heliosat-2 algorithm

The Helioclim 3 data bank is produced with the Heliosat-2 method that converts obser-
vations made by geostationary meteorological satellites into estimates of the global
irradiation at ground level. This version integrates the knowledge gained by various
exploitations of the original Heliosat method and its varieties in a coherent and thorough
way.

It is based upon the same physical principles but the inputs to the method are calibrated

radiances, instead of the digital counts output from the sensor. This change opens the

possibilities of using known models of the physical processes in atmospheric optics,

thus removing the need for empirically defined parameters and of pyranometric

measurements to tune them. The ESRA models (ESRA 2000, Rigollier 2000 and 2004)

are used for modeling the clear-sky irradiation. The assessment of the ground albedo
- 7 -
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and the cloud albedo is based upon explicit formulations of the path radiance and the
transmittance of the atmosphere. The turbidity is based on climatic monthly Linke Turbidity
coefficients data banks.

The Liu and Jordan (1960) model is used to split the global irradiance into the diffuse
and beam components.

5.3 3Tier algorithm

Satellite-based time series of reflected sunlight are used to determine a cloud index time
series for every land surface worldwide. A satellite based daily snow cover dataset is
used to aid in distinguishing snow from clouds. In addition, the global horizontal clearsky
radiation G,_is modeled based on the surface elevation of each location, the local time,
and the measure of turbidity in the atmosphere. 3Tier opted to use a satellite-based,
monthly time series of aerosol optical depth and water vapor derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS). This dataset was combined with another
turbidity dataset that includes both surface and satellite observations to provide a turbidity
measure that spans the period of our satellite dataset and is complete for all land
surfaces. The cloud index n and the clear sky irradiance G,_are then combined to model
the global horizontal irradiance G,. This component of the process is calibrated for each
satellite based on a set of high-quality surface observations. G, estimates are then
combined with other inputs to evaluate the other irradiance components D, and B, .

5.4 EnMetSol

The EnMetSol method is a technique for determining the global radiation at ground by
the use of data from a geostationary satellite (Beyer 1996, Hammer 2003). It is used
in combination with a clear sky model to evaluate the 3 irradiance parameters G,, D,
and B . The key parameter of the method is the cloud index n, which is estimated from
the satellite measurements and related to the transmissivity of the atmosphere via

K =1-n

where the transmissivity is expressed by the clear sky index K_defined as the ratio of
global irradiance G, and the corresponding clear sky irradiance G, :

Two sets of data produced with the EnMetSol algorithm will be analyzed, corresponding
to two different clear sky irradiance models:

e the model of Dumortier (Fontoynont 1998) with the Remund (2009)
MeteonormHR high resolution data base for the turbidity input,
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e and the original Solis clear sky model (Mueller 2004) with monthly averages of
AOD (Kinne 2005) and water vapour content (Kalnay 1996) as input parameters.

For the Dumortier clearsky, a diffuse fraction model (Lorenz 2007) is used to calculate
the all sky diffuse horizontal irradiance (via G,-D,). A recently developed beam fraction
model (Hammer 2009) is used to calculate the B for all sky conditions with the Solis
model.

5.5 IrSolAv

In the IrSolAv irradiance derivation scheme, the cloud index n is derived using the
methodology developped by Dagestad and Olseth (Dagestad and Olseth, 2007) with
some modifications in the ground albedo determination. The ground albedo is computed
from a forward and backward moving window of 14 days taking into account its evolution
during the day, as function of the co-scattering angle.

The global horizontal irradiance G, is then evaluated from the cloud index with the
model proposed by Zarzalejo (Zarzalejo et al., 2009); it uses as independent variables
the cloud index, the 50-percentile of the cloud index for a given place, and the air mass
AM. The normal beam irradiance B_ is calculated from the global irradiance with the help
of Louche correlation (Louche et al., 1991).

In a second step, the clear sky conditions are indentified with the algorithm proposed
by Polo (Polo et al., 2009a; Polo et al., 2009b); for these clear conditions, the irradiances
are evaluated with the ESRA clear sky model (Rigollier 2000), using the aerosol optical
depth aod taken from Soda, MODIS or from a method proposed by Polo (Polo et al.,
2009a) depending on their availability.

6. Comparison and evaluation procedure

In terms of validation, when evaluating satellite derived parameters with the same time
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Figure 8  Scatter plots for the global horizontal irradiance produced by EnMetSol for Zurich
and Payerne.
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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 these
graphs, the diagonal line is representative of an ideal model, and the points should lay
around this line. An illustration is given on Figure 8 for Zurich and Payerne, two sites that
showing different dispersions.

The statistical parameters like the mean bias difference (mbd), the root mean square
difference (rmsd), the standard deviation (sd) and the determination coefficient (R?)
represent a quantification of the model dispersion. These statistical parameters include
dispersions introduced by:

e the retrieval procedure,

e the comparison of point measurements (ground data) with aera
measurements,

e the comparison of the average of four instantaneous measurements
with 60 minutes integrated values.

In the field of solar radiation and natural light, the comparison is often done in term of
frequency of occurrence: for the irradiance, it gives an indication of the repartition for
each level of radiation, and for the clearness index, that the level of radiation occures 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 9 for the global irradiance and the corresponding clearness index K. On the
same graph, the frequency of occurrence of the ground measurements are represented
as grey bars, and the different models in color lines.

A second order statistic, the Kolmogorov-Smirnov test (Espinar 2009), is also applied
to 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
beam irradiance, these values are excluded form the statistic. A visualisation is given on
Figure 10 where the irradiance cumulated frequency of occurrence is represented against
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Figure9  Global irradiance and clearness index K, relative frequency of occurrence for data
acquired in Vaulx-en-Velin (F). The grey bars are representative of the measurements.
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Figure 10 Relative frequency of occurrence for the global and the beam irradiance for
measurements at the site of Vaulx-en-Velin.

the irradiance for the same site than above. The quantitative value representative of the
Kolmogorov Smirnov test Integral (KSI) is defined as:

KSI = | 5

hmin

FC(Gh) - Fc(Ghmod) | ’ dGh

where F (G,) and F (G, ) are respectively the ground measurements and the
corresponding modelled cumulated frequencies of occurrence.

7. Globalirradiance results

To ensure a correct and comparable validation of the different products, the following
method was used to merge the products and the ground measurements: for each
generated value, the nearest time stamped corresponding ground value is searched in
the data base; this means that the satellite image was taken within the ground integration

Global irradiance mean bias deviation [VV/mZ]
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-100
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ro°$ @e & 40% R 0@ S F %) é\o C\@% ?}e & 0.\\,;} a?e oé{— \\0@ \& AQ}\ $\‘,}\ &e (@Q . <\09
RS S o’b (=) 0(‘ ) \'D & > N 00 S P > ?\ > <<O /\/\\ 2
S & rz}Q Y Q{b N4 £ A RS & & & '\é O A $ v
[C AN 5\3(‘ \:z,%' o N & RG A'b&-\- 42
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Figure 11 Average global irradiance and absolute mean bias difference
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Figure 12 Absolute standard deviation for the global irradiance. In red, the average G,.
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Figure 13 Relative standard deviation for the global irradiance.
Global irradiance second order statistic: Kolmogorof-Smirnov index KS/
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Figure 14 Second order statistics KSI for the global irradiance
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period. Then, only hours for which ground and both generated products are present are
taken into account in the validation procedure; so, mainly the ground data availability
restrict the number of points in the comparison.

The results of the validation are given on Table II and Table III respectively in absolute
and relative values. The corresponding graphs are given on Figure 11 to 14.

The first established fact is that the sites of Davos, Jungfraujoch and Sonnblick give
much higher differences than the other stations. This is due to the snow cover during all
or part of the year, which is not taken into account by all the models, and is difficult to
evaluate precisely. This is clearly visible on frequency of occurrence plotted fir the clearness
index as shown on Figure 15 for the site of Sonnblick. These site are not part of the
overall statistics. The site of Nantes is also represented on Figure 15 for comparison
purpose.

The overall average mean bias deviation is very low for all the products, and except for
heliosat 3, the sign of the mean bias deviation is in general the same for all the algorithms.
It is interesting to note that for high latitude sites (Cabauw, Camborne, Lerwick and
Toravere), the bias is even lower than for the middle latitude sites. The site of Val d’Alynia
in Spain shows slightly variable bias depending on the product, this can be explained by

! [ [ I [ !

Relative frequency of occurrence of Measurements (WRDC Sonnblick 2006) Measurements (CIE Nantes 2006) Relative frequency of occurrence of
the cleamness index K —— Geomodel (Sonnblick 2006) — Geomodel (Nantes 2006) the clearness index K

Helioclim3 (Sonnblick 2006) Helioclim3 (Nantes 2006)
—— 3Tier (Sonnblick 2006) — 3Tier (Nantes 2006)

IrSolAv (Sonnblick 2006) IrSolAv (Nantes 2006)
— EnMetSol Solis (Sonnblick 2006) —— EnMetSol Solis (Nantes 2006)
—_— Dumortier (Sonnblick 2006) U4 —— EnMetSol Dumortier (Nantes 2006)

N Qc::/_/\/\\/ % §;2§¢\,-\:;} J
\//\\VM» T od
o leatness Clearness
idex index
KX Gl lon N Ki= Gp/ lon
0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

Figure 15 Frequency of occurence of the clearness index for the site of Sonneblick (high
altitude and snow) and for Nantes.

Relative frequency of occurrence of the
global irradiance G,

Measurements (FluxNet Val d'Alinya 2006)
—— Geomodel (Val d'Alinya 2006)
Helioclim3 (Val d'Alinya 2006)
—— 3Tier (Val d'Alinya 2006) [
IrSolAv (Val d'Alinya 2006)
—— EnMetSol Solis (Val d'Alinya 2006)
— EnMetSol Dumortier (Val d'Alinya 2006)
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Figure 16 Frequency of occurence of global irradiance and the clearness index for the site of

Val d’Alynia.
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the high altitude of the site (1770m) and the mountainous environment. The produced
irradiance varie from one algorithm to the other; the corresponding graph is given on
Figure 16 for the global irradiance and the clearness index. This can be due to the clear
sky model used for the normalisation in conjunction with their input parameter
(atmospheric water vapor content, aerosol load and linke turbidity).

In term of absolute standard deviation (due to the negligible bias, the root mean square
difference and the standard deviation are equivalent), except for the high altitude sta-
tions (Davos, Jungfraujoch, Sonnblick and Val d’Alynia), all the site show the same order
of magnitude, including the high latitude sites. Due to the high irradiance level for Car-
pentras, Sede Boger, Tamanrasset and Yatir forest, the sites show good relative stan-
dard deviations.

The choice of a clear sky model is a key point in the satellite irradiance derivation, it will
have a direct influence on the output. The measured and modelled global clearness

Clearness index Kt = Gh / lo sin(h) Clearness index Kt = Gh / lo sin(h)
1.2 i i i i 1.2 i i i i
Measurements (BSRN Carpentras 2006) Measurements (BSRN Carpentras 2006)

1 + SolarGis (Carpentras 2006) 1 + Helioclim3 (Carpentras 2006)

70 80 0 10 20 30 40 50 60 70 80
Solar elevation Solar elevation

Clearness index Kt = Gh / lo sin(h) Clearness index Kt = Gh / lo sin(h)
12 Py I I I 12 T T i T
Measurements (BSRN Carpentras 2006) Measurements (BSRN Carpentras 2006)

1 + IrSolAv (Carpentras 2006) 1 + 3Tier (Carpentras 2006)

70 80 70 80
Solar elevation Solar elevation

Clearness index Kt = Gh/ lo sin(h) Clearness index Kt = Gh / lo sin(h)
1.2 I I I I 1.2 T I L I
Measurements (BSRN Carpentras 2006) Measurements (BSRN Carpentras 2006)

1 . Dumortier (Carpentras 2006) 1 + EnMetSol Solis (Carpentras 2006)

038 1
06 ¢,
04 "%

02 £

)

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Solar elevation Solar elevation

Figure 17 The global clearness index K, represented against the solar elevation angle for the
site of Carpentras. In yellow, the measurements and in blue the different products.
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Global irradiance bias [Wh/m?h] Helioclim3 (Carpentras 2006) Global irradiance bias [Wh/m?h] EnMetSol Dumortier (Carpentras 2006)

MBD = 4%
] sp = 12%

-50

-100
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200 : s - . 200
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Solar elevation angle [°] Atmospheric water vapor column [cm]

Figure 18 Global irradiance mean bias difference against the solar elevation angle (left) and
the atmospheric water vapor content for two products and the site of Carpentras.

index is plotted against the solar elevation for all the products and the site of Carpentras
on Figure 17. On these graphs, the clear sky conditions are represented by the upper
boundary; it is interesting to point out that even if there is a great gap between the
measurements and the modelled values for Helioclim, the overall performance is of the
same order of magnitude than for the other products. It can also be noted here that for
half of the products, the highest and the lowest modelled values of K, are never reached.

To better understand the bias, a dependence analysis is done with the solar elevation
angle and the water vapor column. To illustrate the results, two examples are given on
Figure 18 where the bias is represented against the considered parameter, and a best fit
is traced to underline the tendency. If the main pattern of all the models is to underestimate
the global irradiance for low water vapor column values and overestimate it for high w,
the bias pattern is variable from one model to the other with the solar elevation angle.

The study was also done with the turbidity, but this parameter was not available except
for the sites of Carpentras and Sede Boger, and on a daily basis. As for the water vapor
content, the general tendency is a positive slope on the bias with the daily aerosol

optical depth. An illustration for EnMetSol is given on Figure 19.

The irradiance for clear sky conditions is directly derived from the clear sky model. For

Global irradiance bias [Wh/m®h] EnMetSol Solis (Sede Boger 2006) Global irradiance bias [Wh/m?h] EnMetSol Solis (Carpentras 2006)

200

MBD= 2%
| sp = 12%

s e

LR et T

-100 -

-150

-200
0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Daily aerosol optical depth Daily aerosol optical depth

Figure 19 Global irradiance mean bias difference against the daily aerosol load of the
atmosphere for the two sites of Sede Boger and Carpentras.
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SolarGis | Heliosat 3v3 3Tier EnMetSol EnMetSol IrSolAv
(Solis) (Dumortier)
sky type G, nb mbd sd mbd sd mbd sd mbd sd mbd sd mbd sd
-9 43 -23 49 -18 57 -16 41 -16 43 -25 66
clear 498 35824
-2% 9% -5% 10% -4% 11% -3% 8% -3% 9% -7% 17%
12 67 22 75 12 80 20 60 19 61 19 95
intermediate 249 24096
5% 27% 9% 30% 5% 32% 8% 24% 8% 25% 11% 53%
18 49 39 65 42 62 25 48 24 48 36 79
overcast 82 15917
22% 60% 48% 80% 51% 75% 30% 58% 29% 59% 63% 138%

Table IV First order statistics in absolute and relative values for the global horizontal irradiance
and for the three sky conditions. The absolute values are in [W/m?].

all sky condition, the clear sky model is combined with the cloud index. It is therefore
interesting to differentiate the sky conditions following the rules defined in section 4.
Table IV gives the overall results obtained for the three sky types. Without surprise, the
clear sky conditions show the lowest standard deviation. All the algorithms have the
same tendency to underestimate for clear conditions, and overestimate the global
irradiance for intermediate and overcast conditions. Going more into details, the same
tendency is also visible for all the sites. This is illustrated on Figure 20 for a cloudy

(Lerwick) and a sunny (Carpentras) site. All the Figures and the complete Tables are
given in the Annex.

The second order statistic given by the Kolmogorov-Smirnov index is a combination of

Global irradiance bias [Wh/m?h] 3Tier (Lerwick 2006) Global irradiance bias [Wh/m?h] 3Tier (Carpentras 2006)
- : s 200
MBD = -1% | . R |
SD = oM N .
150 4+ % ) . I
; N Wl .
1004 e . " 'Jr K l‘,
PIEEE o .
.
50 o
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B A
o bR

50 4

-100

-150 A -150 A

N T ool
interniediate &’ «| overcast interrediate

overcast s, ‘. !‘ o Clear
-200 -200
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 08 1
Modified clearness index K;' Modified clearness index K;'

Figure 20 Global irradiance mean bias difference against the modified clearness index for the
two sites of Lerwick and Carpentras.

100% | — 100% | T —

Global irradiance cumulated Global irradiance cumulated frequency of occurrence
frequency of occurrence

80% | / 80% |

60% 7 60% /
40% Measurements (ISM Sion 2006) — 40% / Measurements (CIE Nantes 2006) —
—— Geomodel (Sion 2006) —— Geomodel (Nantes 2006)
Helioclim3 (Sion 2006) Helioclim3 (Nantes 2006)
—— 3Tier (Sion 2006) — 3Tier (Nantes 2006)
20% 17— IrSolAv (Sion 2006) N 20% IrSolAv (Nantes 2006) N
—— EnMetSol Solis (Sion 2006) —— EnMetSol Solis (Nantes 2006)
—— EnMetSol Dumortier (Sion 2006) —— EnMetSol Dumortier (Nantes 2006)
0% | | 0% | |
0 200 400 600 800 1000 0 200 400 600 800 1000
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Figure 21 Clearness index cumulated frequecy of occurrence for two sites with comparable
standard deviation: Sion and Nantes.
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the bias, the standard deviation (dispersion) and the cumulated frequency of occurence.
It is more sensitive and highlights smaller deviations than the first order indicators. This
can be seen for example for the sites of Sion or Sede Boger, where the standard
deviation is similar to the other sites, but the clearness index frequency of occurence
shows descreapancies with the corresponding measurements. The cumulated frequency
of occurrence for Sion and Nantes are given on Figure 21. The deviation from the
measurements in Sion is visible for all the models at low and high irradiance levels; it can
be due to snow in the Rhone Valley.

In conclusion, except for the four high altitude sites (potentially with snow), the average
bias is around 1% (4 [W/m?]), positive for all the models. The best product derives the
global irradiance with a standard deviation of 16% (55 [W/m?]).

Some models never reach the measured highest and lowest clearness index. The majority
of the products show a bias dependance with the solar elevation angle, the water vapor
column and when available, with the aerosol optical depth. In term of sky type, the
general pattern is to underestimate the global irradiance for clear conditions, and to
overestimate it for all the other conditions. Not all models take into account the snow,
but even when included in the algorithm, the global irradiance for the concerned sites is
not satisfactory.

8. Beamirradiance results

The same methodology is used for the validation of the beam irradiance component,
except that the slots with no direct irradiance are excluded from the validation in order
to avoid a bias in the overall statistic and a peak at zero irradiance in the frequency of
occurrence.

Normal beam irradiance mean bias deviation [W/mz]

400

300

200

102&.]11 1 Y j ll

gee i J LFU’
-100
< oS ) >
0®°$ \00@0 é(\'z’ 04% %@\o &4’0 \S\oo .,bbq’ s«\\o &@0 (,\@9 IS é\@e
P FETTF @ FF T e
[SidlNea & o
5\) \:b
@ Normal beam average O SolarGis M Heliosat 3v3
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Figure 22 Average beam irradiance and absolute mean bias difference
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Figure 23 Relative standard deviation for the global irradiance.
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Figure 24 Second order statistics KSI for the global irradiance

The first and second statistics are given on Table V and VI, and on Figures 22 to 24. It
can be seen on Figure 22 that the absolute bias for the beam component is variable
from one site to the other, and depends on the product: for example, it is positive in
Payerne (15-60 W/m2) and highly negative in Sede Boger (-70 to -110 W/m2). For
Tamanrasset, it varies from -27 [W/m?] (Geomodel) to +68 [W/m?] (EnMetSol) and

+94 [W/m?] (Heliosat), and for Lerwick, from -4 to +78 [W/m?].

The standard deviation varies from 20% to 100%; it is highly variable in absolute and
relative values. The site of Sede Boger show the best values, but as it is a standard
deviation, it doesn’t take into account the its high mean bias. These deviation are
illustrated on Figure 25, where on the left graph, the beam clearness index K, is
represented versus the solar elevation angle. It can be seen that the modelled clear sky
upper limit never reaches the corresponding measurements. On the right graph, the
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Figure 25 Beam clearness index versus the solar elevation angle, and the corresponding rela-
tive frequency of occurrence for the site of Sede Boger.

frequency of occurrence is represented: the clear sky peak is to low for all the products.
Part of the discreapancy can be an calibration issue. In fact, when comparing the BSRN
beam ground measurements with the clear sky irradiance evaluated with solis from
aeronet aod measurements, a 4% difference is visible as illustrated on Figure 26 (left:
uncorrected, right: corrected by 4%). Also, inspecting BSRN data from Sede Boger, a
common 41 days sequence was found in data from 2005 and 2006. Comparison with
satellite evaluated data conducted to eliminate this sequence from the present valida-
tion as it was much better reproduced with 2005 data. The 4% correction is allready
included in the above results.

The relative standard deviation is comparable for all the sites, except for Lerwick, the
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Figure 26 Sede Boger beam irradiance before and after correction. On top, beam irradiance
and clear sky index; bottom, daily measurements and évaluated data.
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Figure 27 Normal beam irradiance mean bias difference against the solar elevation angle
(left) and the atmospheric water vapor content (right) for the site of Carpentras.
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Figure 28 Normal beam irradiance mean bias difference against the daily aerosol load of the
atmosphere for the two sites of Sede Boger and Carpentras.

highest site in term of latitude, and where the average beam irradiance is very low. As
for the global component, the results are good for the high latitude sites, and, due to
the snow, not significative for the high altitude sites.

The same parameter dependance than for the global irradiance is conducted on the
beam component. The results are given on Figures 27 and 28, where the same sites
and models as for the global component are represented; they show very similar pat-
tern (see Figures 18 and 19). This is a consequence of the method used to derive the
beam irradiance: all the algorithm derive in a first step the global component, and split it
into beam and diffuse with the help of a diffuse fraction model (Dirindex (Perez 1992)
for SolarGis, Liu and Jordan (Liu 1960) for Helioclim, and in-house models for the other
products). This means that the conclusion drawn for the global are also valid for the

EnMetSol EnMetSol

SolarGis Heliosat 3v3 3Tier (Solis) (Dumortier) IrSolAv
sky type B, nb mbd sd mbd sd mbd sd mbd sd mbd sd mbd sd
-66 121 -61 163 -45 161 -66 138 -24 137 -83 179
clear 627 20352
-10% 19% | -10% 26% -7% 26% | -10% 22% -4% 22% | -13% 29%
40 110 119 146 81 163 58 108 72 114 73 171
intermediate 142 15173
28% 78% 84% 103% | 57% 115% | 41% 76% 51% 81% 52% 120%
14 45 51 70 38 93 18 50 18 52 39 89
overcast 5 10065
302% 983% | 1117% 1522% | 831% 2022% | 394% 1084% | 393% 1129% | 845% 1927%

Table VII  First order statistics in absolute and relative values for the normal beam irradiance and
for the three sky conditions. The absolute values are in [W/m?].
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beam irradiance, even if the effects are more important due to the chained models.

The validation results for the three categories of the sky type are given on Table VII
where the results for overcast conditions are included, even if they are not significative.
Here again, comparable conclusions can be drawn, the bias is negative for clear condi-
tions and positive for intermediate skies.

The above results are also visible on the second order statistic KSI, as illustrated on
Figure 24 and 29, and given in Table V and VI. The fact that the beam is measured or
retrieved from the global and the diffuse is not the main issue on the difference in the
cumulated frequency of occurrence curves, it is more a site effect.

In conclusion, the beam irradiance is retrieved from the satellite images with an average
standard deviation of 35% to 54% depending on the model. In term or irradiance value,
it rages from 90 to 200 [W/m?] according to the model and the site. The mean bias
difference is slightly higher than for the global component, negative for clear conditions
and positive for intermediate skies.

As the beam component is derived from the global, the dependances with the different
parameters are similar but sharper than for the global irradiance.

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 organisation 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 available.

The main conclusions of the present study are represented by the first order statistics:

o for latitude from 20° to 60°, altitude from sea level to 1800 m and various climate,
the global irradiance is retrieved with a negligible bias and an average standard

100% ‘ ‘ ‘ 100% ‘ ‘

Normal beam irradiance cumulated frequency of occurrence / Normal beam irradiance cumulated frequency of occurrence ?
80% 1 / 80% 1

. // )
/i Z

40% Measurements (CIE Nantes 2006) 1 40% Measurements (BSRN Payerne 2006) |
—— Geomodel (Nantes 2006) —— Geomodel (Payerne 2006)
Helioclim3 (Nantes 2006) Helioclim3 (Payerne 2006)

20% —— 3Tier (Nantes 2006) 1 —— 3Tier (Payerne 2006) u

20% -
IrSolAv (Nantes 2006) IrSolAv (Payerne 2006)
—— EnMetSol Solis (Nantes 2006) —— EnMetSol Solis (Payerne 2006)
—‘ EnMetSol Dumome‘r (Nantes 2006) —_ : Dumortier (‘Payerne 2006)
T T 0% T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Normal beam irradiance [W/mz] Normal beam irradiance [W/mz]

Figure 29 Beam clearness index cumulated frequecy of occurrence for Nantes where the
beam is retrieved from the diffuse, and Payerne where the beam componant is acquired.

\

0%
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deviation around 16% for the best algorithm. For the beam irradiance, the bias is
around several percents, and the standard deviation around 35%,

e as expected, the main dependance comes from the knowledge of the aerosol
optical depth. A lower dependance with the atmospheric water vapor column and
the solar elevation angle is pointed out,

e even if the snow cover is taken into account in the algorithm, the sites situated in
high altitude such as Junfraujoch and Sonnblick give bad results and are not take
into account in the overall statistic.

e the high latitude sites such as Cabauw, Camborne or Toravere give not poorer
results than the other sites, only Lerwick, the highest site in latitude (60°N) presents
more difficulties. It has also very low levels of irradiance,

o for the majority of the sites, SolarGis and EnMetSol give the best statistics for
both of the components.

Neverteless, the interannual variability of the irradiance conditions (it has be shown in a
previous study that even for the same site and algorithm, the results can vary from one
year to the other, Ineichen 2010a), the lack of independent ground measurements such
as aerosol data, the difficulty to assess the exact calibration of the ground data, and the
choice of a specific year to carry out the validation, conduct to results that give good
indications, but from which it is difficult to draw general conclusions.
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11. Nomenclature and abbreviations

A0 606 B~

X

>

=X

3
>
o

M
~
9)

h

AM

RTM

aod

HR

mbd
rmsd
sd
KSI

solar constant in W/m?

direct normal incidence irradiance in W/m?

surface solar global irradiance on a horizontal plane in W/m?
clear sky surface solar irradiance in W/m?

surface solar diffuse irradiance on a horizontal plane in W/m?
global or surface solar irradiance clearness index

beam clearness index

clear sky index

daily global clear sky index

daily beam clear sky index

cloud index

cumulated frequecy of occurrence of the global irradiance

solar elevation or altitude angle in degrees (°)
optical air mass

radiative transfer model
Linke turbidity
aerosol optical depth, or atmospheric aerosol load

surface (ambient) temperature
relative humidity
atmospheric total water vapour column

mean bias difference

root mean square difference

standard deviation

Kolmogorov-Smirnov index, second order statistic
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Annexe: figures in the following pages:

For the clear, intermediate and overcast sky conditions:

e First and second order statistics in absolute values for the global hori-
zontal irradiance. The sites in grey are not taken into account in the
overall statistics.

e First and second order statistics in relative values for the global horizon-
tal irradiance. The sites in grey are not taken into account in the overall
statistics.

e First and second order statistics in absolute values for the normal beam
irradiance. The sites in grey are not taken into account in the overall
statistics.

e First and second order statistics in relative values for the normal beam

irradiance. The sites in grey are not taken into account in the overall
statistics.
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