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1. Introduction

The solar radiation reaching the ground level on horizontal surfaces is of paramount importance in many
applications, from climate to health (ESRA, 2000), and of course for the production of energy: heat,
electricity. This communication deals with the amount of energy received during a day on a surface of 1 m?
located at ground surface and integrated over the whole spectrum of the solar radiation. This density of
energy is called daily solar irradiation.

Meteorological networks measure the daily solar irradiation, also called daily solar exposure, and expressed
in MJ/m? or J/cm?. Accurate assessments of daily irradiation can now be drawn from images acquired by
meteorological satellites (Cano et al., 1986; Diabaté e al., 1988; Solar Radiation Atlas of Africa, 1991;
Zelenka et al., 1999). Stations measuring daily irradiation on the long-term are rare and satellites are an
accurate way to complement or supplement them. Several initiatives are producing daily irradiation from
satellite images. Among them, are the HelioClim databases presented hereafter. These databases have been
qualified by comparison with measurements collected by meteorological stations. It has been concluded that
they can be exploited in confidence for the prediction of daily solar irradiation. However, most of the
comparisons were made for sites located in Europe and Northern Africa. As the interest towards Central and
South Africa increases, the question of the merits of HelioClim databases in this area arises. This
communication is a first step towards bringing a definite answer. It focuses on the country of Mozambique
for a beginning. Owing to the World Radiation Data Center, data from several stations are available and of
good quality. By comparing these data to daily irradiation contained in the HelioClim databases, we will
assess the uncertainty of HelioClim for Mozambique.

2. The HelioClim databases

The HelioClim project is an initiative of MINES ParisTech / Armines launched in 1997, to increase
knowledge on solar irradiation at ground level and to offer irradiation data for any site, any instant within a
large geographical area and large period of time, to a wide audience (Blanc ef al., 2011a; Rigollier, Wald,
1999). It covers Europe, Africa and the Atlantic Ocean. Three databases were created: HelioClim-1 to -3,
abbreviated in HC-1, HC-2, and HC-3. Actually, the database HC-2 was created as a prototype of HC-3 and
was removed in 2010. The construction of these databases HC-1 and HC-3 is made by exploiting the
Heliosat-2 method (Rigollier et al. 2004) to convert satellite images into irradiation. The details of the
construction are described by Lefévre ef al. (2007) and Blanc ef al. (2011a).

HC-1 offers daily solar irradiation for the period 1985-2005, i.e., for 21 years. It has been created from
archives of images of the Meteosat First Generation (MFG), and more exactly from a set of images in
reduced spatial resolution, called ISCCP-B2 data. Blanc et al. (2011) consider that HC-1 has an effective
pixel of 30 km in size in a first approximation. The validation of HC-1 has been performed for sites mostly
located in Europe and Northern Africa (Abdel Wahab et al., 2009; Lefévre et al., 2007). The root mean
square difference (RMSD) between ground-based measurements and HC-1 for Northern Africa is
approximately 130 J/cm?; (Abdel Wahab et al. 2009). As for European and African stations, including a few
in Mozambique but for a period limited to 1994-1997, Lefévre et al. (2007) found that the RMSD is fairly
similar for all stations and is approximately 250 J/cm?,

HC-3 began in 2004—1* February 2004—and is updated daily. It exploits the enhanced capabilities of the
series of satellites Meteosat Second Generation (MSG) to deliver values of SSI every 15 min with a spatial
resolution of 3 km at nadir. HC-3 database has gone through extensive validation of 15 min and hourly
values. No article has yet been published on this validation, though the results for 29 sites—26 in Europe,
one in the Middle East, one in North Africa, one in South Africa—are published on the SoDa Service



(www.soda-is.com/eng/help/helioclim3_uncertainty eng.html). From these results, one can obtain a first
approximation of the RMSD for daily values, which is better than for HC-1 for the same stations.

These databases are available on the SoDa Service (www.soda-is.com) where data can be downloaded easily
(Gschwind et al., 2006). The whole database HC-1 is available for free on the SoDa Service. As for HC-3, its
access is restricted to paying customers, except for the year 2005 which is freely available.

3. Ground-based measurements

National meteorological services (NMS) usually measure solar radiation at a few sites. Data are sent to the
World Radiation Data Center (WRDC), located in Saint-Petersburg, in Russia, under the control of the
World Meteorological Organization (WMO). There the data are archived and published. For data prior to
1994, a joint effort by WRDC and the National Renewable Energy Laboratory (NREL) of the USA resulted
in an automatic delivery system of data based on Internet. Blanc et al. (2011b) discuss access to data for
Africa. We used this very convenient system to download the daily values.

There is a fairly limited amount of African stations offering long time-series of daily solar irradiation of
moderate to good quality available in WRDC. In the tropical and equatorial Africa, Mozambique is one
exception. Thirteen stations have reported radiation data to WRDC between 1985 and 1998. However, after
1998, only 3 stations reported radiation data with many gaps in data. At the time of writing, only 1 station
(Maputo) measures radiation data, the others have stopped or report sunshine duration only.

Quality of measurement is difficult to assess from the WRDC archives. All data are scrutinized at WRDC
and quality-flagged before entering archives. However, no information on quality is provided with the
radiation data. Thus, we have to consider that these data meet the requirements set by WMO (2008) for
international exchange: relative uncertainty is 5% to 10% for good to moderate quality.

Table 1 provides the location of the three stations selected in Mozambique. The selection was made on the
duration of the series of daily irradiation. The sites are in flat areas, separated by hundreds of km, and
therefore for a given day, the three sites experience different weather situations. The number of days having
valid values for both HC-1 and WRDC is of order of thousands for each site. Thus, the validation of HC-1 is
statistically representative. As for HC-3, only Maputo has data after 2003 and can be used for comparison.

Tab. 1: Location of the three selected sites in Mozambique and the period of measurements

Station name and WMO identifier) | Latitude (°) | Longitude (°) | Elevation Period
(m, a.s.l.)

Beira (672970) -19.58 34.54 10 1985-01-01 to
1997-02-28

Maputo (673411) -25.58 32.36 70 1985-01-01 to
2009-12-31

Tete (672610) -16.11 33.35 123 1985-01-01 to
998-12-31

4. Method for comparison

The quality of the ground data measurements of the global irradiation was controlled by the means of a Web
tool in order to remove suspicious data (see at www.helioclim.net, Geiger et al., 2002). We follow the ISO
standard (1995) to assess the quality of HC-1, or HC-3, versus ground-based measurements. We compute the
difference: estimated-measured for each day, and summarize these differences by the bias, the standard-
deviation, the root mean square difference (RMSD), the percentiles 5%, 10%, 50%, 90% and 95% of the
difference. Values are also expressed in relative values with respect to the mean daily irradiation observed in
ground-based measurements. In addition, we compute the correlation coefficient as well as the parameters of
the regression line obtained by least-square fit. We performed this operation for all data merged together, and
for each year separately.

The clearness index is the ratio of the daily solar irradiation at surface to that at the top of atmosphere. The
clearness index quantifies the global transmittance of the atmosphere; it is very low when the sky is overcast



and large, say 0.8, when the sky is very clear. In a comparison over one or several years, using clearness
index has the advantage of removing the seasonal effects due to changes in the geometry of the sun relative
to the earth. These changes are well reproduced in the HelioClim databases. Using clearness index shows
how much the HelioClim databases reproduce the cloud cover and the optical state of the atmosphere as a
whole. Therefore, we perform the comparison in daily irradiation and daily clearness index.

A limitation to the comparison between ground-based measurements and satellite-derived data is due to the
large differences in principles of measurements. Single point and temporally integrated data (ground-based
measurements) are compared to spatially integrated and instantaneous data (satellite estimates). An
assumption of ergodicity (e.g. here equivalence between the temporal and spatial averages) is usually made.
This assumption is correct only if the field is spatially homogeneous over an area much larger than a pixel.
This is generally false when a significant physiographic feature is present. Nevertheless, a discrepancy is
expected because of the natural variability of the irradiation in space; from the work of Zelenka ez al. (1999)
on the natural variability of the hourly irradiation in space, Blanc et al. (2011a) wrote that a discrepancy of a
few percent relative to the mean daily irradiation should be expected in such comparisons. Other local effects
such as reflections on the surrounding slopes or the shadows of clouds may add to the difficulty in
comparison.

Another type of comparison is performed: HC-3 versus HC-1, as there is an overlap of 23 months in these
databases: from Feb 2004 to Dec 2005. Blanc et al. (2011a) discuss this issue. They underlined that the two
data sets have different spatial properties and that one should expect a discrepancy that is due to the change
in spatial resolution. In addition, the limited number of instantaneous satellite observations within a day used
to create daily irradiation has an effect which cannot be predicted easily as demonstrated by these authors.

Finally, using the previous comparison and the linear relationship that can be drawn between HC-3 and HC-
1, we have computed a new data set, called HC-3adjusted. In this context “adjusted” means that this data set
results from an alignment of HC-3 onto HC-1, and is consistent with HC-1 data. A comparison is performed
between the ground-based measurements and HC-3, respectively HC-3adjusted. This is done only for the
station of Maputo since it is the only one having data after 2003.

5. Results

Figure 1 displays the correlogram between ground-based measurements (horizontal axis) and HC-1 (vertical
axis) for respectively, Beira, Maputo, and Tete. The identity line is also reported as well as the linear
regression line. The three stations offer similar results.

The correlation between series of data is strong. The scattering of measurements is fairly low: points lie
along the fitted line, whose slope is close to 0.9. There is an underestimation of the irradiation by HC-1. This
is particularly noticed for the largest irradiations. Outliers can be observed but there are only very few. The
correlogram for daily clearness index for Maputo is also displayed in Figure 1. The correlation is strong, too.
The features are similar to those observed in correlograms for irradiation. One may conclude that HC-1
reproduces well the day-to-day variations of the actual daily irradiation and of the daily clearness index.

The quality parameters for each station are presented in Table 2 for daily irradiation. As shown by the
graphs, the three stations exhibit similar results. The bias is negative: HC-1 underestimates the daily
irradiation. The bias is approximately -100 J/cm?, and is approximately -5% of the mean daily irradiation
obtained from ground-based measurements. The scattering of the differences is limited: the RMSD ranges
between 270 J/cm? and 380 J/cm?, i.e., 13% to 15% of the mean value. The correlation coefficient is large
and greater than 0.85. The slope of the regression line is fairly close to 1: it ranges between 0.83 and 0.87.

The results vary from one year to another. The bias can change by a factor 2. However, there are fairly small
relative changes in RMSD and correlation coefficient. Changes can be explained by i) the limited quality of
the ground-based measurements, i) the limitations discussed above whose influences are a function of the
weather and cloud cover, and iii) by the known uncertainties of the outcomes of the Heliosat-2 method as a
function of these same quantities and others, such as the ground albedo that vary during time (Espinar ef al.,
2009).



Figure 1. Correlogram between ground-based measurements (WRDC) and HC-1 for the station Beira (upper left), Maputo
(upper right), and Tete (lower left). On lower right, correlogram between WRDC and HC-1 for Maputo for daily clearness

index.

Table 2. Comparison between HC-1 and WRDC for daily irradiation. Percentages are relative to the mean daily irradiation

observed in ground-based measurements.

Beira Maputo Tete
Mean value (J/cm?) 2018 1917 2061
Number of days 3403 7265 3716
Bias (J/cm?) -111 (-5%) -101 (-5%) -90 (-4%)
Standard-deviation (J/cm?) 259 (13%) 251 (14%) 297 (15%)
RMSD (J/cm?) 282 (13%) 270 (14%) 310 (15%)
Correlation coefficient 0.900 0.932 0.849
Least-square fit. Slope 0.867 0.889 0.834
Least-square fit. Intercept (J/cm?) 156 112 253

Similarly to Table 2, Table 3 displays the quality parameters for each station but for daily clearness index.
Expectedly, the three stations exhibit similar results. The bias is negative: -0.03; the RMSD has a limited
range: 0.08 — 0.09, i.e., 13% of the mean value of the daily clearness index. Expectedly, the correlation
coefficient is smaller than that for the daily irradiation. However, it is still large and greater than 0.82. The

slope of the regression line is fairly close to 1: it ranges between 0.87 and 0.89.




Table 3. Comparison between HC-1 and WRDC for daily clearness index. Percentages are relative to the mean daily clearness
index observed in ground-based measurements.

Beira Maputo Tete

Mean value 0.59 0.59 0.60

Number of days 3403 7265 3716
Bias -0.03 (-5%) -0.03 (-4%) -0.02 (-3%)
Standard-deviation 0.07 (12%) 0.07 (12%) 0.08 (13%)
RMSD 0.08 (13%) 0.08 (13%) 0.09 (14%)

Correlation coefficient 0.872 0.904 0.817

Least-square fit. Slope 0.877 0.894 0.870

Least-square fit. Intercept 0.042 0.034 0.054

We have further proceeded with the comparison between HC-3 and HC-1 for the overlapping periods: 2004-
2005, and the three stations. Figure 2 displays the correlogram for the Maputo site. HC-3 provides larger
values than HC-1 as a whole. HC-3 and HC-1 are very close for large values around 3000 J/cm?. Similar
observations are made for the three stations. The scattering of the points is very limited; the standard-
deviation is approximately 250 J/cm?. The correlation is large: greater than 0.88 for irradiation, and 0.89 for
clearness index.
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Figure 2. Correlogram between HC-1 and HC-3 for the Maputo station. Period: 2004-2005.

The points lie quite well along a straight line. Taking the mean value for the three stations of the parameters
of the straight line, we can write:

HC3adjusted = 0.977 HC3 -179, in J/cm?

where HC3adjusted is a new version of HC-3 that is fully consistent with HC-1. Figure 3 displays the
correlogram between HC-3adjusted and ground-based measurements for all available days in the period



2004-2009. Only Maputo is dealt with as it is the only station having data after 2004. HC-3adjusted
underestimates the daily irradiation measured at the Maputo station as a whole. Expectedly, the agreement
between ground-based measurements and HC-3adjusted is very good.
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Figure 3. Correlogram between ground-based measurements (WRDC) and HC-3adjusted for the Maputo station. Period:

2004-2009.

Table 4 reports figures of merit for HC-3 compared to ground-based measurements (WRDC) in Maputo, as
well as for HC-3adjusted. Only days in the period 2004-2005 that are valid for both HC-3 and HC-1 are
used, so that a comparison can be made with HC-1. This comparison is reported in Table 4.

Table 4. Maputo. Comparison between HC-3 and WRDC, and between HC-3adjusted and WRDC, for the coincident days in

2004 and 2005.
HC-1 HC-3 HC-3adjusted
Mean value (J/cm?) 1821 1821 1821
Number of days 683 683 683
Bias (J/em?) -63 (-3%) 140 (7%) -84 (-4%)
Standard-deviation (J/cm?) 235 (12%) 203 (11%) 202 (11%)
RMSD (J/em?) 243 (13%) 247 (13%) 219 (12%)
Correlation coefficient 0.936 0.949 0.949
Least-square fit. Slope 0.969 0.926 0.905
Least-square fit. Intercept (J/cm?) -7 275 90

As expected from Figures 1 and 2, HC-3 overestimates (positive bias) the observed irradiation, while HC-1
and therefore HC-3adjusted provide an underestimation. As discussed in section 4, a difference is expected
between the various data sets. The differences between figures of merit for HC-3adjusted, HC-3 and HC-1
are very similar, except for the bias, and the intercept of the least-square-fit.



6. Conclusions

Overall, we have found that the HelioClim databases reproduce well the daily solar irradiation at ground
level observed in Mozambique as well as its day-to-day variations.

The three studied sites show no difference in performance. These performances are similar to those obtained
by Lefévre et al. (2007) in a similar study but limited to the years 1994 to 1997. This supports our present
conclusions.

The RMSD found for European and African stations in Lefevre et al. (2007) is fairly similar for all stations
and is approximately 250 J/cm?. This value is very close to the value found here. In Northern Africa, the
RMSD is much smaller and is approximately 130 J/cm?; the performances of HC-1 are much better in this
region likely because of the very frequent clear sky conditions. The previous studies (Abdel Wahab et al.,
2009; Lefévre et al., 2007) have reported that the quality of HC-1 is comparable to that of similar databases
among the best ones.

This study contributes to the great effort made to assess the merits of the HelioClim databases. We found that
the HelioClim databases offer similar performances in Mozambique than in the northern hemisphere. This
extends the area where the daily irradiation values extracted from the HelioClim databases have a proven
quality.

HC-1 contains consistent time-series of daily solar irradiation for a 21-year period. Even if uncertainty is
currently too great for accurate analyses of climate change, the availability of these time-series for virtually
any location in Mozambique should help any community interested in climate applications to perform steps
towards a better knowledge of the daily solar exposure and its variation over recent years. This period is long
compared to what is usually available in WRDC for recent decades. HC-1 can be combined with time-series
of ground-based measurements available for previous periods, such as made in Egypt to form much longer
time-series (Abdel Wahab ef al., 2009).

HC-1 is now an element of the precursor radiation service of the GMES atmosphere service. GMES (global
monitoring for environment and security) is the European programme for the establishment of a European
capacity for Earth observation. It consists in a complex set of systems which collects data from multiple
sources, process them and provide users through services in six domains: land, atmosphere, emergency,
security and climate change (www.gmes.info). HC-1 is available for free on the SoDa Service (www.soda-
is.com). Data can be downloaded easily. This availability aims at facilitating the use of the HC-1 database.

The HC-3 database began in 2004 and is updated daily. Eight years are now available. Its performances in
Mozambique are similar to those of HC-1 though only one station is available for the comparison. HC-3 is
also available in the SoDa Service, though it is for-pay, except the year 2005 which is for-free. HC-3 is also
part of the GMES atmospheric service.

We have shown that HC-3 can be adjusted onto HC-1 in order to create a consistent data set spanning from
1985 up to today, thus enabling long-term studies of daily solar irradiation at ground level and its changes in
space and time.
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