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Abstract. HelioClim-3v4 (HC3v4), HelioClim-3v5 (HC3v5) and the radiation service version 2 of the Coper-
nicus Atmosphere Monitoring Service (CAMS-Rad) are databases that contain hourly values of solar radiation
at ground level. These estimated hourly irradiations are compared to coincident measurements made at five sta-
tions in Morocco. The correlation coefficients between measurements and estimates are similar for the three
databases and around 0.97–0.98 for global irradiation. For the direct irradiation, the correlation coefficients are
around 0.70–0.79 for HC3v4, 0.79–0.84 for HC3v5 and 0.78–0.87 for CAMS-Rad. For global irradiation, the
bias relative to the average of the measurements is small and ranges between −6 and −1 % for HC3v4, −4 and
0 % for HC3v5, and−4 and 7 % for CAMS-Rad; HC3v4 and HC3v5 exhibit a tendency to slightly underestimate
the global irradiation. The root mean square error (RMSE) ranges between 53 (12 %) and 72 Wh m−2 (13 %) for
HC3v4, 55 (12 %) and 71 Wh m−2 (13 %) for HC3v5, and 59 (11 %) and 97 Wh m−2 (21 %) for CAMS-Rad. For
the direct irradiation, the relative bias ranges between −16 and 21 % for HC3v4, −7 and 22 % for HC3v5, and
−18 and 7 % for CAMS-Rad. The RMSE ranges between 170 (28 %) and 210 Wh m−2 (33 %) for HC3v4, 153
(25 %) and 209 Wh m−2 (40 %) for HC3v5, and 159 (26 %) and 244 Wh m−2 (39 %) for CAMS-Rad. HC3v5
captures the temporal and spatial variability of the irradiation field well. The performance is poorer for HC3v4
and CAMS-Rad which exhibit more variability from site to site. As a whole, the three databases are reliable
sources on solar radiation in Morocco.

1 Introduction

Solar radiation is an essential variable in the ocean-climate
system and the assessment of its intensity and variability in
space and time at ground level is the object of many works,
see e.g. Bell et al. (2009), Bengulescu et al. (2016, 2018),
Blanc et al. (2011, 2015), Lefèvre et al. (2007), Wahab et
al. (2009). Solar radiation is also a crucial factor which in-
fluences life on Earth for animals, plants (Bois et al., 2008;
Colombo et al., 2009; Wagner et al., 2012) and humans
(Juzeniene et al., 2011). The energy received from the Sun
and impinging on a horizontal surface of unit surface located

at ground level is called the surface solar downward irradia-
tion and is abbreviated as SSI.

The most accurate means of assessing the SSI are ground-
based instruments. They may offer high to good quality
measurements if well maintained. However, they are quite
few and other means were and still are looked for to as-
sess the SSI at any place and any time. For example, me-
teorological reanalyses offer estimates of SSI covering the
whole world that span several decades back in time. Boil-
ley and Wald (2015), Bengulescu et al. (2017) and Trolliet
et al. (2017) have analyzed the quality of several reanaly-
ses: ERA-Interim, ERA-5, MERRA, and MERRA-2, against
ground measurements of SSI. These authors reported that re-
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Table 1. Instrument description and measured data for each station (from Schüler et al., 2016).

Station Instrument Measured data

Missour Pyranometer, ball shaded pyraonometer and pyrheliometer GHI, DHI and DNI
Ben Guerir Pyranometer, ball shaded pyraonometer and pyrheliometer GHI, DHI and DNI
Erfoud Rotating shadowband pyranometer GHI and DHI
Zagora Rotating shadowband pyranometer GHI and DHI
Tan-Tan Pyranometer, ball shaded pyraonometer and pyrheliometer GHI, DHI and DNI

analyses often exhibit cloudy conditions while actual condi-
tions are cloud-free and vice versa. Satellite images are an-
other means to getting a synoptic view of the SSI and may
supplement radiometric measurements (Lefèvre et al., 2014;
Wagner et al., 2012).

Several databases have been constructed from images ac-
quired by the Meteosat series of satellites. Three of these
are dealt with hereafter: the HelioClim-3 databases (ver-
sion 4 and version 5) and the CAMS Radiation Service
(version 2), where CAMS stands for Copernicus Atmo-
sphere Monitoring Service. Each database is available on-
line and has more than several hundred users each year
(Thomas et al., 2016a). Validations of each database are rou-
tinely performed and their results are published, thus sup-
plying users with up to date knowledge of each database.
For example, validation is performed every quarter that
compares ground-based measurements made at several sta-
tions in Europe, Africa and South America to the SSI es-
timated by the CAMS Radiation Service. A report is pub-
lished and made available on-line at https://atmosphere.
copernicus.eu/validation-supplementary-products (last ac-
cess: 17 April 2018). Joint validations of the three databases
have also been performed for various climates in Europe
(Thomas et al., 2016b) and for more specific geographical
regions, such as Brazil (Thomas et al., 2016a), Egypt (Eissa
et al., 2015a), Oman (Marchand et al., 2017) and the tropical
Atlantic Ocean (Trolliet et al., 2017).

Pursuing this effort is important to users of the databases
and the present work is a contribution to this on-going activ-
ity. Like the previous ones dealing with specific geographi-
cal regions, this work addresses the issue of the spatial con-
sistency of errors. In other words, it addresses the question
of how much the accuracy found in the retrieval of hourly
global irradiation for a given database varies within a region
of similar climate. A large variability decreases the confi-
dence a user may have in using this database for an entire
region. The aim of this study is to validate and discuss the
errors of the hourly SSI extracted from the three databases;
HC3v4, HC3v5 and CAMS Radiation Service against refer-
ence data collected from five stations in northern and cen-
tral parts in Morocco. The climate at the five stations is Csa
in the Köppen–Geiger climate classification, i.e. a temperate
climate with dry and hot summers (Peel et al., 2007).

Figure 1. Geographical locations, coordinates, and period of mea-
surements of the five stations.

2 Description of measurements used for
comparison and quality control

The five stations are: Missour, Ben Guerir, Erfoud, Zagora
and Tan-Tan (Fig. 1). Tan-Tan is close to the seashore at an al-
titude of 75 m a.m.s.l. (above mean sea level). The other sites
are more mountainous with altitudes ranging from 450 m up
to 1107 m (Fig. 1).

Missour, Erfoud, Zagora and Tan-Tan were set up within
the EnerMENA project (Schüler et al., 2016). The Mis-
sour, Ben Guerir, and Tan-Tan stations are equipped with
one pyrheliometer that measures the direct irradiation BN
received on a plane normal to the direction of the sun and
two pyranometers, one measuring the global SSI G, and the
other equipped with a shadow ball measuring the diffuse ir-
radiation D (Table 1). The Erfoud and Zagora stations are
equipped with a rotating shadowband irradiometer that mea-
sures G and D, from which one may compute BN. At all five
stations, the measurements provide 1 min measurements of
SSI (Table 1). The measurements are collected by the IRE-
SEN, the national research institute for solar energy and new
energies in Morocco. For the purpose of this work, mea-
surements were aggregated as hourly irradiations for both G

and BN. Measurements are available from 2013 to 2016,
except at Ben Guerir where the period ranges from 2015
to 2016.

The time series of G and BN were controlled for their
quality according to the WMO (1981) procedure with de-
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tails given in Korany et al. (2016). This automated procedure
checks whether the measurements exceed physically possi-
ble and extremely rare limits and flags them as suspicious. A
visual check is performed on the results of the automated
procedure to remove other outliers. In this work, all data
flagged as suspicious were rejected. In addition, the lowest
values can be noise and are therefore insignificant in a val-
idation process. These measurements were removed if they
were less than a threshold set at 50 Wh m−2. This threshold
is approximately 1.5 times the uncertainty (defined as twice
the standard deviation of the errors) given by WMO (2008)
for measurements of good to moderate quality.

3 The Meteosat satellites, the HelioClim databases
and the CAMS Radiation Service

The European Space Agency initiated the Meteosat series of
geostationary satellites to provide services to the meteoro-
logical community by imaging clouds and other phenomena
over Europe, Africa and Atlantic Ocean in a synoptic man-
ner. The Meteosat programme is currently operated by EU-
METSAT. The Earth observing instrument aboard the first
generation of Meteosat satellites comprised three channels,
while the instrument aboard the second generation offered
12 channels. The greater the number of channels, the more
numerous and the more accurate the cloud properties that can
be deduced from the images.

A series of methods, called Heliosat, has developed since
the 1980s in order to convert images acquired by satellites
into fields of SSI (Cano et al., 1986). The principle of He-
liosat is that the appearance of a cloud over a pixel yields an
increase in radiance in the images taken in the visible range
by the satellite. A cloud index is computed that quantifies the
change between the observed radiance and the radiance that
should be observed if the sky were cloud-free. The greater the
cloud index, the greater the extinction of the downwelling ra-
diation by the atmosphere. Of interest here, is the Heliosat-2
method, proposed by Rigollier et al. (2004), which is easier
to implement than the original one by Cano et al. (1986) and
gives more accurate results. A detailed analysis of the input
uncertainties and their influence on the Heliosat-2 outcomes
was published by Espinar et al. (2009). Heliosat-2 makes
use of a clear-sky model, which is a model that estimates
the SSI in cloud-free conditions. The European Solar Radia-
tion Atlas, abbreviated as ESRA (Greif et al., 2000; Page et
al., 2001), proposes such a model, called the ESRA clear-sky
model, which is embedded within Heliosat-2 (Rigollier et al.,
2000, 2004).

Heliosat-2 was first applied to images of the first gen-
eration of the Meteosat series to create and update the
HelioClim-1 database of daily SSI (Lefèvre et al., 2007,
2014) within the HelioClim project of MINES ParisTech
(Blanc et al., 2011). Cros et al. (2006) proposed a proce-
dure for allowing the application of Heliosat-2 to the im-

ages from the second generation of Meteosat satellites. Since
2004, Meteosat images are acquired every 15 min and rou-
tinely processed to update the HelioClim-3 database of 15
min SSI, abbreviated hereafter as HC3. In order to correct
some drawbacks observed since its inception and to bring
improvements and corrections to the original HC3 database,
post-processing algorithms are applied on-the-fly when a re-
quest for a time-series of SSI is made. For example, the SSI
stored in HC3 is modulated to account for the elevation of
the required location and the shadowing effect of the hori-
zon. This approach avoids several re-processing phases of
the whole set of images dating back to 2004. HC3 version 4,
abbreviated as HC3v4 is currently the most advanced version
of HC3 that makes use of the ESRA clear-sky model.

One drawback in HC3v4 is the use of a fixed climatology
of the atmosphere turbidity as input to the ESRA clear-sky
model. To overcome it, Qu et al. (2014) have proposed an
improvement to HC3v4, called the HC3 version 5 and abbre-
viated as HC3v5. This improvement is built on (i) the approx-
imation of Oumbe et al. (2014) wherein the global or direct
SSI under all-sky conditions is the product of the cloud-free
SSI and a factor that is a function of the solar zenithal an-
gle, cloud properties and ground reflective properties, (ii) the
recent McClear clear-sky model (Lefèvre et al., 2013), and
(iii) the recent results on aerosol properties, and total column
content in water vapour and ozone produced by the CAMS
that are input to McClear.

The more recent Heliosat-4 method (Qu et al., 2017) is
entirely based on the approximation of Oumbe et al. (2014).
The cloud-free SSI is given by the McClear model with
CAMS atmospheric constituents as inputs (Lefèvre et al.,
2013). The German Aerospace Center (DLR) processes the
multispectral images of the Meteosat satellite every day us-
ing the APOLLO method (Qu et al., 2017) and provides the
cloud properties as input to Heliosat-4. The other inputs are
the solar angles computed using the SG2 algorithm (Blanc
and Wald, 2012) and the data set of quantities describing the
bidirectional reflectance of the ground of Blanc et al. (2014).
The CAMS Radiation Service, abbreviated as CAMS-Rad,
exploits the Heliosat-4 method.

The three databases provide time series of 15 min SSI,
from 2004 onwards, for any place located within the field of
view of the Meteosat satellites. They can be accessed online
on the SoDa web site (http://www.soda-pro.com, last access:
17 April 2018) (Gschwind et al., 2006).

4 Validation against in-situ measurements

HC3v4, HC3v5 and CAMS-Rad time series of hourly irradi-
ation G and BN were obtained from the SoDa web site at the
five stations. These time-series also contain the irradiation at
the top of atmosphere on a horizontal surface, E0. From G

and E0, one may compute the clearness index KT (=G/E0).
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Figure 2. 2-D histogram of the in situ measurements (horizontal
axis) and HC3v4 estimates (vertical axis) at Erfoud. The number
of samples (NDATA), the mean of the measured hourly irradia-
tions (MREF), the bias (MBE), the standard-deviation (STDE), root
mean square of the errors (RMSE) in Wh m−2, and the correlation
coefficient (CC) are reported in the upper left corner. Relative val-
ues are obtained by the division of the quantity by MREF.

The validation against in-situ measurements was performed
for G, BN, and KT.

The validation followed the ISO (1995) (International Or-
ganization for Standardization) standard wherein the differ-
ences are obtained by subtracting measurements from the
database estimates. The sets of differences are summarized
by the bias (mean of the differences), the standard deviation
of the differences and the root mean square error (RMSE).
These quantities are computed relative to the mean of the
measurements at a given site. Correlation coefficients are
also computed. 2-D histograms between measurements and
estimates, also known as scatter density plots, are drawn.

As an example, the 2-D histograms for G are presented
for Erfoud (Figs. 2–4). The number of samples in each bin
is coded in colour, increasing from dark blue (1 sample) to
dark red (a few tens). The number of samples, the mean
of the measurements, the bias, the standard deviation, the
RMSE, and the correlation coefficient are also given. In this
example, the points are fairly aligned along the 1 : 1 line for
the three databases. The other sites exhibit similar trends.
The correlation coefficients are large in the three cases; the
changes in G are well represented by the three databases.
The scattering is limited in the three graphs. The relative
standard deviation is around 12–13 % of the mean of the
measurements. The bias is negative for HC3v4 (underesti-
mation of −13 Wh m−2, −3 %, Fig. 2). One can see in Fig. 2
that the points are located just below the 1 : 1 line, except

Figure 3. 2-D histogram of the in situ measurements (horizontal
axis) and HC3v5 estimates (vertical axis) at Erfoud. The number
of samples (NDATA), the mean of the measured hourly irradia-
tions (MREF), the bias (MBE), the standard-deviation (STDE), root
mean square of the errors (RMSE), in Wh m−2, and the correlation
coefficient (CC) are reported in the upper left corner. Relative val-
ues are obtained by the division of the quantity by MREF.

for the largest irradiations where the estimates match the in
situ measurements. The bias is slightly negative for HC3v5
(−6 Wh m−2, −1 %). One can observe in Fig. 3 a slight un-
derestimation for G less than 400 Wh m−2, an error close
to 0 for G in [400, 850] Wh m−2 and, a slight overestima-
tion for G greater than 850 Wh m−2. The situation is differ-
ent for CAMS-Rad: the bias is slightly positive (7 Wh m−2,
1 %); one can observe in Fig. 4 errors close to 0 for G less
than 300 Wh m−2, and an increasing overestimation as G in-
creases.

5 Results and discussion

Table 2 reports the number of samples used for validation,
the mean of the ground-based measurements, the bias and
RMSE and their relative values, and the correlation coeffi-
cient for each database and each station for G. Table 3 re-
ports the same quantities but for BN and Table 4 deals with
the clearness index.

The correlation coefficient for G often exceeds 0.98 at
all stations and all databases (Table 2). As the squared cor-
relation coefficient, also termed the coefficient of determi-
nation, is related to the variance of the measurements, this
confirms that the variability of the measurements in time is
well reproduced by each database for Morocco. As a whole,
HC3v4 and HC3v5 exhibit similar correlation coefficients,
which are slightly greater than those for CAMS-Rad. These
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Table 2. Global hourly SSI. Number of coincident data, mean of measurements, bias and RMSE and correlation coefficient for HC3v4,
HC4v5 and CAMS-Rad at the five sites. RMSE: root mean square error

Missour Ben Guerir Erfoud Zagora Tan-Tan

Number of pairs 11 635 6592 12 504 13 171 10 745

Mean of the measurements (Wh m−2) 521 541 510 525 463

HC3v4
Bias in Wh m−2 and (relative value) −10 (−2 %) −31 (−6 %) −13 (−3 %) −32 (−6 %) −2 (−1 %)
RMSE (Wh m−2) and relative value 69 (13 %) 72 (13 %) 60 (12 %) 64 (12 %) 53 (12 %)
Correlation coefficient 0.974 0.974 0.977 0.981 0.981

HC3v5
Bias (Wh m−2) −13 (−3 %) −22 (−4 %) −6 (−1 %) −22 (−4 %) −1 (0 %)
RMSE (Wh m−2) 67 (13 %) 71 (13 %) 60 (12 %) 59 (11 %) 55 (12 %)
Correlation coefficient 0.976 0.972 0.978 0.983 0.980

CAMS-Rad
Bias (Wh m−2) −19 (−4 %) −7 (−1 %) 7 (1 %) −6 (−1 %) 31 (7 %)
RMSE (Wh m−2) 77 (15 %) 76 (14 %) 64 (13 %) 59 (11 %) 97 (21 %)
Correlation coefficient 0.970 0.966 0.976 0.980 0.944

Figure 4. 2-D histogram of the in situ measurements (horizontal
axis) and CAMS-Rad estimates (vertical axis) at Erfoud. The num-
ber of samples (NDATA), the mean of the measured hourly irra-
diations (MREF), the bias (MBE), the standard-deviation (STDE),
root mean square of the errors (RMSE), in Wh m−2, and the corre-
lation coefficient (CC) are reported in the upper left corner. Relative
values are obtained by the division of the quantity by MREF.

large correlation coefficients are partly due to the fact that
the Heliosat models, like many others, accurately estimate
the solar zenithal angle during the day leading to a de facto
strong correlation between ground-based measurements and
satellite-derived estimates of SSI and hiding potential weak-
nesses in models. The bias for G is always negative for
HC3v4 and HC4v5; the bias for HC3v5 is a bit less in ab-

solute value than that for HC3v4 (Table 2). It ranges be-
tween −32 and −2 Wh m−2 for HC3v4, i.e. an amplitude
of 30 Wh m−2. The range of variation of the bias is smaller
for HC3v5: the bias ranges between −22 and −1 Wh m−2,
i.e. an amplitude of 21 Wh m−2 only. The bias is more vari-
able from one site to another for CAMS-Rad compared to
HC3v4 and HC3v5: it ranges between −19 and 31 Wh m−2,
i.e. an amplitude of 50 Wh m−2. Actually, Tan-Tan exhibits a
large positive bias for CAMS-Rad (31 Wh m−2). If this site
is removed, the bias has a more limited range, from −19 to
7 Wh m−2, and the corresponding amplitude (26 Wh m−2) is
similar to that for HC3v4. The RMSE is similar for HC3v4
and HC3v5 and ranges between 53 and 72 Wh m−2, and
55 and 71 Wh m−2 respectively. The RMSE is greater for
CAMS-Rad and ranges from 59 to 77 Wh m−2, with an ex-
ception of 97 Wh m−2 at Tan-Tan.

The correlation coefficient for BN depends on the database
(Table 3). The greatest correlation coefficients are attained
for CAMS-Rad and range from 0.78 to 0.87. Those for
HC3v5 are slightly less and are less variable from site to
site; they range from 0.79 to 0.84. The correlation coeffi-
cients range from 0.70 to 0.79 for HC3v4. It can be con-
cluded that each database reproduces fairly well the hourly
variation in BN in Morocco. The bias in BN is negative for
all databases except at Tan-Tan where it is positive. Biases
are fairly similar for HC3v4 and CAMS Radiation Service;
they range respectively between−102 and−36 Wh m−2, and
−113 and −29 Wh m−2 (108 and 39 Wh m−2 at Tan-Tan).
The bias for HC3v5 is less than the other databases in abso-
lute value. It ranges from −45 to −9 Wh m−2 (116 Wh m−2

at Tan-Tan). Similar observations are made for the RMSE
of BN. The smallest RMSEs are observed for HC3v5; they
range between 153 and 177 Wh m−2 (209 Wh m−2 at Tan-
Tan because of the large bias). The relative standard devia-
tion is 25–30 %. The RMSE for HC3v4 ranges from 170 to

www.adv-sci-res.net/15/21/2018/ Adv. Sci. Res., 15, 21–29, 2018
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Table 3. Direct hourly SSI. Number of coincident data, mean of measurements, bias and RMSE and correlation coefficient for HC3v4,
HC4v5 and CAMS-Rad. RMSE: root mean square error.

Missour Ben Guerir Erfoud Zagora Tan-Tan

Number of pairs 10 395 5942 11 509 12 428 7321

Mean of the measurements (Wh m−2) 630 614 621 645 527

HC3v4
Bias in Wh m−2 and (relative value) −102 (−16 %) −36 (−6 %) −39 (−6 %) −76 (−12 %) 108 (21 %)
RMSE (Wh m−2) and relative value 198 (31 %) 170 (28 %) 202 (33 %) 210 (33 %) 205 (39 %)
Correlation coefficient 0.735 0.793 0.703 0.728 0.781

HC3v5
Bias (Wh m−2) −15 (−2 %) −9 (−2 %) −15 (−2 %) −45 (−7 %) 116 (22 %)
RMSE (Wh m−2) 176 (28 %) 153 (25 %) 177 (29 %) 177 (27 %) 209 (40 %)
Correlation coefficient 0.806 0.838 0.790 0.818 0.805

CAMS-Rad
Bias (Wh m−2) −113 (−18 %) −29 (−5 %) −74 (−12 %) −79 (−12 %) 39 (7 %)
RMSE (Wh m−2) 244 (39 %) 159 (26 %) 207 (33 %) 185 (29 %) 189 (36 %)
Correlation coefficient 0.777 0.866 0.797 0.847 0.798

Table 4. Clearness index. Bias, RMSE and correlation coefficient for HC3v5 and CAMS-Rad.

HC3v4 HC3v5 CAMS-Rad

Bias RMSE Corr. Bias RMSE Corr. Bias RMSE Corr.
coeff. coeff. coeff.

Missour −0.03 (−4 %) 0.12 (18 %) 0.774 −0.03 (−5 %) 0.12 (19 %) 0.772 −0.04 (−6 %) 0.13 (20 %) 0.789
Ben Guerir −0.04 (−7 %) 0.11 (16 %) 0.813 −0.04 (−6 %) 0.11 (18 %) 0.799 −0.02 (−2 %) 0.11 (17 %) 0.784
Erfoud −0.04 (−6 %) 0.12 (19 %) 0.690 −0.03 (−5 %) 0.13 (20 %) 0.689 −0.01 (−2 %) 0.12 (19 %) 0.712
Zagora −0.06 (−9 %) 0.12 (18 %) 0.728 −0.06 (−9 %) 0.13 (19 %) 0.741 −0.03 (−4 %) 0.11 (17 %) 0.753
Tan-Tan 0.00 (0 %) 0.08 (15 %) 0.904 −0.01 (−1 %) 0.09 (17 %) 0.890 0.03 (6 %) 0.12 (22 %) 0.794

210 Wh m−2 (205 Wh m−2 at Tan-Tan). That for CAMS Ra-
diation Service varies more from site to site than HC3v4 or
HC3v5: it ranges from 159 to 244 Wh m−2 (189 Wh m−2 at
Tan-Tan). There is a difference between the Heliosat-2 and
Heliosat-4 algorithms: the latter estimates both G and BN (in
CAMS-Rad) while for HC3v4 and HC3v5, BN is estimated
from G via an empirical algorithm (Ruiz-Arias, 2009). In 2-
D histograms of BN for CAMS-Rad (not shown), the esti-
mated BN is often close to 0 while the actual BN is large.
This happens at Erfoud, Missour and Zagora. This relates to
errors in detection of clouds and the computation of their op-
tical depth in Heliosat-4 that may arise in this eastern part
of Northern Morocco due to ground and weather character-
istics, especially for large solar zenithal angles. In several
cases, while the actual BN is large, the cloud analysis from
Meteosat images indicated a fully cloudy pixel with a cloud
coverage of 100 %. In such conditions, the optical depth of
the cloud is set in APOLLO to an arbitrary value: 0.5, even if
the calculation provides a smaller value. The influence of the
resulting error in cloud optical depth is the greatest at large
solar zenithal angles, which are encountered at the beginning
and end of the day. This drawback contributes to an increased
bias in absolute value and standard deviation, hence an in-
creased RMSE.

KT is less dependent than G on the solar zenithal angle
and is a stricter indicator of the ability of a database in as-
sessing the optical state of the atmosphere. The correlation
coefficient for KT is always less than that of G. In Table 4,
HC3v4 and HC3v5 offer the same correlation coefficients for
KT: they often exceed 0.70 and are up to 0.90 for Tan-Tan
(0.98 for G). The correlation coefficient is less variable for
CAMS-Rad and ranges from 0.71 to 0.79. It can be con-
cluded that each database reproduces the hourly variation
in KT quite well. As for KT (Table 4), the bias ranges be-
tween −0.06 and −0.03 for HC3v4 and HC3v5 (0.00 and
−0.01 at Tan-Tan) and −0.04 and −0.01 for CAMS-Rad
(0.03 at Tan-Tan). The RMSE is approximately 0.12 for the
three databases, except at Tan-Tan for HC3v4 and HC3v5:
0.08 and 0.09 respectively. 2-D histograms for KT (not
shown) show that the reference KT is often greater than 0.7,
denoting frequent cloud-free skies. There is a slight under-
estimation of KT by HC3v4. Tan-Tan is an exception with
points aligned on the 1 : 1 line and a slight underestima-
tion for the greatest clearness indices. HC3v5 exhibits also
a slight but systematic underestimation of KT but limited to
KT less than 0.7. For KT > 0.7, the errors are small and it
is believed that this is due to the use of the McClear model
with CAMS estimates of atmospheric constituents as inputs.
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Several studies have shown the accuracy of this ensemble
McClear / CAMS in similar climates (Eissa et al., 2015a, b;
Lefèvre et al., 2013; Lefèvre and Wald, 2016; Thomas et
al., 2016b). The station at Erfoud is an exception where the
McClear scheme overestimates. Tan-Tan is slightly differ-
ent from the others: the points are well aligned on the 1:1
line, and a slight overestimation may be observed for the
greatest clearness indices. The situation is more contrasted
for CAMS-Rad. As a whole, an underestimation is observed
when KT is less than 0.7 and the greatest clearness indices are
well reproduced. Similar to HC3v5, McClear overestimates
the greatest clearness indices at Erfoud. The greatest clear-
ness indices are well estimated at Tan-Tan. However, there is
a large scattering when KT is less than 0.7 and actual cloudy
conditions are often reported as cloud-free by CAMS-Rad.

It has been noted that Tan-Tan is often an exception for all
databases. This may relate to its particular location close to
the seashore which experiences moisture-laden breezes from
the ocean and where many small clouds form which may not
be detectable individually in the Meteosat images. The exact
performance at this site depends on each database, though
HC3v4 and HC3v5 perform fairly similarly. The bias and the
RMSE for G and KT are less for HC3v4 and HC3v5 than for
CAMS-Rad. On the contrary, for BN, CAMS-Rad exhibits
smaller bias and RMSE than HC3v4 and HC3v5.

6 Conclusions and perspectives

This paper reports on a comparison of three satellite-derived
radiation databases against the measurements of 5 stations
in Morocco. A great deal of attention has been paid to the
quality of the measurements prior to the comparison.

It was found that the three databases reproduce the hour-
to-hour changes in SSI very well with correlation coeffi-
cients of around 0.97–0.98 for the global radiation G at all
stations. For the direct irradiation BN, the correlation co-
efficients are around 0.70–0.79 for HC3v4, 0.79–0.84 for
HC3v5 and 0.78–0.87 for CAMS-Rad.

HC3v4 and HC3v5 have a tendency to underestimate G

in Morocco. The bias relative to the average of the mea-
surements is small and ranges between −1 and −6 % for
HC3v4 and 0 and −4 % for HC3v5. It ranges between
−4 and 7 % for CAMS-Rad. The RMSE ranges between
53 and 72 Wh m−2 (11 and 13 %) for HC3v4 and HC3v5,
and between 59 and 97 Wh m−2 (11 and 21 %) for CAMS-
Rad. As for BN, HC3v5 offers the smallest RMSE (153 to
177 Wh m−2), then HC3v4 (170 to 210 Wh m−2), and finally
CAMS-Rad (159 to 244 Wh m−2).

It has been observed that the performance of the databases
varies from site to site and is not constant. Constant perfor-
mances are desirable when one wants to compare the so-
lar irradiation between two or more places. HC3v5 does not
exhibit noticeable geographical changes in performances; it
captures the temporal and spatial variability of the irradiation

field well. The performance is worse for HC3v4 and CAMS-
Rad which exhibit more geographical variability.

One may observe that CAMS-Rad is not providing much
better performances than HC3v4 or HC3v5. The contrary
could have been expected as the attenuation of the SSI due
to clouds in the HC3v4 and HC3v5 databases is based on the
empirical concept of cloud index in the Heliosat-2 method
whose design dates back to the end of the 1970s, while in
CAMS-Rad it is based on the more recent and more sophis-
ticated APOLLO processing of multispectral images from
Meteosat in the Heliosat-4 method. This demonstrates that
simplicity does not exclude accuracy. One may recall that
Heliosat-2 has been the subject of many investigations and
that successive re-processing steps of HC3 aim at correcting
errors and refining estimates towards a better accuracy. This
is not yet the case of Heliosat-4 which is a recent method that
needs to be fully understood for its qualities and drawbacks.

Assuming that the in situ measurements achieve the
“moderate quality” pyranometer measurements defined by
WMO (2008, rev. 2012) for hourly global irradiation, one
may ask if the estimates from the three databases are com-
pliant with “moderate quality”. Defined as the 95 % proba-
bility (P95), the relative uncertainty for “moderate quality”
should not exceed 20 %. The total uncertainty takes into ac-
count the uncertainty of observations and the uncertainty of
the estimates. It can be expressed in a first approximation as
the quadratic sum of both uncertainties. As a consequence,
the total relative uncertainty should not exceed 28 % (P95),
or 14 % (P66) if the estimates were of “moderate” quality.
The relative RMSE is less than 14 % for HC3v4 and HC3v5
and for CAMS-Rad with the exception of Tan-Tan. It can be
concluded that to a first approximation, the quality of the es-
timates meets the “moderate quality” for all databases. As
a whole, the three databases are reliable sources of data on
solar radiation over Morocco.
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