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THE PERFORMANCES OF THE HELIOCLIM DATABASES IN MOZA MBIQUE

Lucien Wald, Philippe Blanc, Mireille Lefévre and Be  noit Gschwind

MINES ParisTech, Center for Energy and Processes, Sophia Antipolis (France)

1. Introduction

The solar radiation reaching the ground level orizootal surfaces is of paramount importance in ynan
applications, from climate to health (ESRA, 2008hd of course for the production of energy: heat,
electricity. This communication deals with the ambaf energy received during a day on a surfack wk
located at ground surface and integrated over thelevspectrum of the solar radiation. This density
energy is called daily solar irradiation.

Meteorological networks measure the daily soladiation, also called daily solar exposure, andesged

in MJ/m2 or J/cm?2. Accurate assessments of daifdiation can now be drawn from images acquired by
meteorological satellites (Cano et al., 1986; Didbet al., 1988; Solar Radiation Atlas of Afric&991;
Zelenka et al., 1999). Stations measuring dailgdiation on the long-term are rare and satellitesaa
accurate way to complement or supplement them. r@eirgtiatives are producing daily irradiation fro
satellite images. Among them, are the HelioClimabases presented hereafter. These databases lesve be
qualified by comparison with measurements colletiganeteorological stations. It has been conclutiat
they can be exploited in confidence for the predictof daily solar irradiation. However, most ofeth
comparisons were made for sites located in EuropeNmrthern Africa. As the interest towards Cenégnadi
South Africa increases, the question of the meoitsHelioClim databases in this area arises. This
communication is a first step towards bringing &inite answer. It focuses on the country of Mozagigi

for a beginning. Owing to the World Radiation D&anter, data from several stations are availabiecdn
good quality. By comparing these data to dailydiation contained in the HelioClim databases, w# wi
assess the uncertainty of HelioClim for Mozambique.

2. The HelioClim databases

The HelioClim project is an initiative of MINES Rsfech / Armines launched in 1997, to increase
knowledge on solar irradiation at ground level amaffer irradiation data for any site, any instarnthin a
large geographical area and large period of timeg tvide audience (Blanc et al., 2011a; Rigolli#igld,
1999). It covers Europe, Africa and the Atlantice@n. Three databases were created: HelioClim-3B,to -
abbreviated in HC-1, HC-2, and HC-3. Actually, ttetabase HC-2 was created as a prototype of H@3 an
was removed in 2010. The construction of thesebdats HC-1 and HC-3 is made by exploiting the
Heliosat-2 method (Rigollier et al. 2004) to corveatellite images into irradiation. The details tbé
construction are described by Lefévre et al. (2@0i0) Blanc et al. (2011a).

HC-1 offers daily solar irradiation for the perid®85-2005, i.e., for 21 years. It has been cre&tmuh
archives of images of the Meteosat First GeneraffddRG), and more exactly from a set of images in
reduced spatial resolution, called ISCCP-B2 datan®et al. (2011) consider that HC-1 has an dffect
pixel of 30 km in size in a first approximation. 8 kalidation of HC-1 has been performed for sitesthy
located in Europe and Northern Africa (Abdel Walethal., 2009; Lefevre et al., 2007). The root mean
square difference (RMSD) between ground-based memsnts and HC-1 for Northern Africa is
approximately 130 J/cmz?; (Abdel Wahab et al. 20@88)for European and African stations, includinfpa

in Mozambique but for a period limited to 1994-19@&fevre et al. (2007) found that the RMSD islfair
similar for all stations and is approximately 2%€nd.

HC-3 began in 2004—1February 2004—and is updated daily. It exploits #mhanced capabilities of the
series of satellites Meteosat Second GenerationfGM8 deliver values of SSI every 15 min with atida
resolution of 3 km at nadir. HC-3 database has gbneugh extensive validation of 15 min and hourly
values. No article has yet been published on thiglation, though the results for 29 sites—26 indpe,
one in the Middle East, one in North Africa, oneSouth Africa—are published on the SoDa Service



(www.soda-is.com/eng/help/helioclim3_uncertaintyg.étml). From these results, one can obtain a first
approximation of the RMSD for daily values, whishbietter than for HC-1 for the same stations.

These databases are available on the SoDa Sewxog.$oda-is.com) where data can be downloadedyeasil
(Gschwind et al., 2006). The whole database HCaldlable for free on the SoDa Service. As for BlGts
access is restricted to paying customers, excephéoyear 2005 which is freely available.

3. Ground-based measurements

National meteorological services (NMS) usually meassolar radiation at a few sites. Data are sethe
World Radiation Data Center (WRDC), located in $&atersburg, in Russia, under the control of the
World Meteorological Organization (WMO). There ttiata are archived and published. For data prior to
1994, a joint effort by WRDC and the National Reabile Energy Laboratory (NREL) of the USA resulted
in an automatic delivery system of data based oerriet. Blanc et al. (2011b) discuss access to fdata
Africa. We used this very convenient system to doau the daily values.

There is a fairly limited amount of African stat®wffering long time-series of daily solar irradbat of
moderate to good quality available in WRDC. In thepical and equatorial Africa, Mozambique is one
exception. Thirteen stations have reported radiatiata to WRDC between 1985 and 1998. Howeven; afte
1998, only 3 stations reported radiation data widny gaps in data. At the time of writing, only taten
(Maputo) measures radiation data, the others hapgpead or report sunshine duration only.

Quality of measurement is difficult to assess friivta WRDC archives. All data are scrutinized at WRDC
and quality-flagged before entering archives. Hosvewo information on quality is provided with the
radiation data. Thus, we have to consider thatetltsta meet the requirements set by WMO (2008) for
international exchange: relative uncertainty ist6%0% for good to moderate quality.

Table 1 provides the location of the three statigglected in Mozambique. The selection was madihen
duration of the series of daily irradiation. Théesiare in flat areas, separated by hundreds ofakm,
therefore for a given day, the three sites expeedadtifferent weather situations. The number of degang
valid values for both HC-1 and WRDC is of ordetlvdusands for each site. Thus, the validation ofHE
statistically representative. As for HC-3, only Miégp has data after 2003 and can be used for cosqpari

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

Station name and Latitude (°) Longitude (°) Elevation (m asl) Period
WMO identifier)
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
1998-12-31

4. Method for comparison

The quality of the ground data measurements ofjtbieal irradiation was controlled by the means &¥eb

tool in order to remove suspicious data (see at wnelioclim.net, Geiger et al., 2002). We follow t&0
standard (1995) to assess the quality of HC-1,@3versus ground-based measurements. We contygute t
difference: estimated-measured for each day, antrguize these differences by the bias, the standard
deviation, the root mean square difference (RMSB9, percentiles 5%, 10%, 50%, 90% and 95% of the
difference. Values are also expressed in relathlges with respect to the mean daily irradiatiorevieed in
ground-based measurements. In addition, we contpateorrelation coefficient as well as the paranseté

the regression line obtained by least-square fi.p&rformed this operation for all data merged ttogye and

for each year separately.

The clearness index is the ratio of the daily soladiation at surface to that at the top of atphese. The
clearness index quantifies the global transmittafdbe atmosphere; it is very low when the skgusrcast



and large, say 0.8, when the sky is very cleama bomparison over one or several years, usingreear
index has the advantage of removing the seasofestefdue to changes in the geometry of the sutivel

to the earth. These changes are well reproducéideiHelioClim databases. Using clearness index show
how much the HelioClim databases reproduce thedctmver and the optical state of the atmospher@ as
whole. Therefore, we perform the comparison inydiafbdiation and daily clearness index.

A limitation to the comparison between ground-baseisurements and satellite-derived data is dtieeto
large differences in principles of measurementsgl8i point and temporally integrated data (grouadeal
measurements) are compared to spatially integratedl instantaneous data (satellite estimates). An
assumption of ergodicity (e.g. here equivalenceven the temporal and spatial averages) is usoalye.
This assumption is correct only if the field is Sally homogeneous over an area much larger thpixel.
This is generally false when a significant physaic feature is present. Nevertheless, a discogpin
expected because of the natural variability ofitfeiation in space; from the work of Zelenka et(4999)
on the natural variability of the hourly irradiatian space, Blanc et al. (2011a) wrote that a dfsancy of a
few percent relative to the mean daily irradiatihrould be expected in such comparisons. Other &ftadts
such as reflections on the surrounding slopes erdiadows of clouds may add to the difficulty in
comparison.

Another type of comparison is performed: HC-3 verBlC-1, as there is an overlap of 23 months inethes
databases: from Feb 2004 to Dec 2005. Blanc €2@l.1a) discuss this issue. They underlined tratwo
data sets have different spatial properties andaha should expect a discrepancy that is duedahiange

in spatial resolution. In addition, the limited nioen of instantaneous satellite observations withday used

to create daily irradiation has an effect whichraatrbe predicted easily as demonstrated by thebersu

Finally, using the previous comparison and thedimelationship that can be drawn between HC-3H@d

1, we have computed a new data set, called HC-8&djuln this context “adjusted” means that this dzet
results from an alignment of HC-3 onto HC-1, andassistent with HC-1 data. A comparison is perfedm
between the ground-based measurements and HCg&cteely HC-3adjusted. This is done only for the
station of Maputo since it is the only one havirgedafter 2003.

5. Results

Figure 1 displays the correlogram between groursgdhaneasurements (horizontal axis) and HC-1 (@rtic
axis) for respectively, Beira, Maputo, and TeteeTitentity line is also reported as well as thesdin
regression line. The three stations offer simieaults.

The correlation between series of data is strofge 3cattering of measurements is fairly low: poiigs
along the fitted line, whose slope is close to Ul8ere is an underestimation of the irradiatiorH8y+1. This

is particularly noticed for the largest irradiatiorOutliers can be observed but there are only fexy The
correlogram for daily clearness index for Maputalso displayed in Figure 1. The correlation isrsty, too.
The features are similar to those observed in tmgrams for irradiation. One may conclude that HC-1
reproduces well the day-to-day variations of theialcdaily irradiation and of the daily clearnesdex.

The quality parameters for each station are predemt Table 2 for daily irradiation. As shown byeth
graphs, the three stations exhibit similar resulike bias is negative: HC-1 underestimates they dail
irradiation. The bias is approximately -100 J/card is approximately -5% of the mean daily irradiat
obtained from ground-based measurements. The sogtef the differences is limited: the RMSD ranges
between 270 J/cm? and 380 J/cm?, i.e., 13% to 16%eomean value. The correlation coefficient igyéa
and greater than 0.85. The slope of the regreéisiers fairly close to 1: it ranges between 0.88 8.87.

The results vary from one year to another. The téeschange by a factor 2. However, there areyfairiall
relative changes in RMSD and correlation coeffiti€hanges can be explainedipyhe limited quality of
the ground-based measuremeiifsthe limitations discussed above whose influenecesaafunction of the
weather and cloud cover, aiig by the known uncertainties of the outcomes ofHleiosat-2 method as a
function of these same quantities and others, asdhe ground albedo that vary during time (Espéataa.,
2009).
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Figure 1. Correlogram between ground-based measuresnts (WRDC) and HC-1 for the station Beira (upper éft), Maputo
(upper right), and Tete (lower left). On lower right, correlogram between WRDC and HC-1 for Maputo fordaily clearness
index.

Table 2. Comparison between HC-1 and WRDC for dailyrradiation. Percentages are relative to the meadaily 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% %P%)
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?3 156 112 253

Similarly to Table 2, Table 3 displays the qualiigrameters for each station but for daily clearnedsx.
Expectedly, the three stations exhibit similar hessurhe bias is negative: -0.03; the RMSD hasnatdid
range: 0.08 — 0.09, i.e., 13% of the mean valu¢hefdaily clearness index. Expectedly, the coriamtat
coefficient is smaller than that for the daily dration. However, it is still large and greaternt@82. The
slope of the regression line is fairly close tat tanges between 0.87 and 0.89.



Table 3. Comparison between HC-1 and WRDC for dailglearness index. Percentages are relative to theean 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 bat¢C-3 and HC-1 for the overlapping periods: 2004-
2005, and the three stations. Figure 2 displaysctiteelogram for the Maputo site. HC-3 providegéar
values than HC-1 as a whole. HC-3 and HC-1 are cloge for large values around 3000 J/cmz2. Similar
observations are made for the three stations. Th#esing of the points is very limited; the stamba
deviation is approximately 250 J/cm2. The correlatis large: greater than 0.88 for irradiation, &8P for
clearness index.
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Figure 2. Correlogram between HC-1 and HC-3 for theMaputo station. Period: 2004-2005.

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

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

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



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

Table 4 reports figures of merit for HC-3 compatedyround-based measurements (WRDC) in Maputo, as
well as for HC-3adjusted. Only days in the perid@D£-2005 that are valid for both HC-3 and HC-1 are
used, so that a comparison can be made with HQ4&.cbmparison is reported in Table 4.

Table 4. Maputo. Comparison between HC-3 and WRDCand between HC-3adjusted and WRDC, for the coincid# 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/cm?) -63 (-3%) 140 (7%) -84 (-4%)
Standard-deviation (J/cm?) 235 (12%) 203 (11%) @a2s)
RMSD (J/cm?) 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?3 -7 275 90

As expected from Figures 1 and 2, HC-3 overestisngiesitive bias) the observed irradiation, whilg-#
and therefore HC-3adjusted provide an underestimaths discussed in section 4, a difference is ebgue
between the various data sets. The differencesdagtigures of merit for HC-3adjusted, HC-3 and HC-
are very similar, except for the bias, and therggpt of the least-square-fit.



6. Conclusions

Overall, we have found that the HelioClim databasgsoduce well the daily solar irradiation at grdu
level observed in Mozambique as well as its dagldg-variations.

The three studied sites show no difference in perémce. These performances are similar to thossreat
by Lefevre et al. (2007) in a similar study butited to the years 1994 to 1997. This supports oesent
conclusions.

The RMSD found for European and African stations@févre et al. (2007) is fairly similar for allagtons
and is approximately 250 J/cm2. This value is velnse to the value found here. In Northern Afrittee
RMSD is much smaller and is approximately 130 J/a¢iré performances of HC-1 are much better in this
region likely because of the very frequent clear s&nditions. The previous studies (Abdel Wahallgt
2009; Leféevre et al., 2011) have reported thatadity of HC-1 is comparable to that of similatalzases
among the best ones.

This study contributes to the great effort madagsess the merits of the HelioClim databases. \Wedfthat
the HelioClim databases offer similar performancetMozambique than in the northern hemisphere. This
extends the area where the daily irradiation vakmsacted from the HelioClim databases have aerov
quality.

HC-1 contains consistent time-series of daily saladiation for a 21-year period. Even if uncantgiis
currently too great for accurate analyses of cl@ratange, the availability of these time-seriesvidually

any location in Mozambique should help any comnyimiterested in climate applications to perfornpste
towards a better knowledge of the daily solar eyposnd its variation over recent years. This pkisdong
compared to what is usually available in WRDC fecant decades. HC-1 can be combined with timesserie
of ground-based measurements available for prepeu®ds, such as made in Egypt to form much longer
time-series (Abdel Wahab et al., 2009).

HC-1 is now an element of the precursor radiatienvise of the GMES atmosphere service. GMES (global
monitoring for environment and security) is the &ean programme for the establishment of a European
capacity for Earth observation. It consists in aplex set of systems which collects data from rpléti
sources, process them and provide users througitegrin six domains: land, atmosphere, emergency,
security and climate change (www.gmes.info). HG hvailable for free on the SoDa Service (www.soda-
is.com). Data can be downloaded easily. This abiitiaaims at facilitating the use of the HC-1 dhase.

The HC-3 database began in 2004 and is updategl &ght years are now available. Its performarices
Mozambique are similar to those of HC-1 though awye station is available for the comparison. His-3
also available in the SoDa Service, though it ispay, except the year 2005 which is for-free. H3-also
part of the GMES atmospheric service.

We have shown that HC-3 can be adjusted onto H&¢dkder to create a consistent data set spannimg fr
1985 up to today, thus enabling long-term studfedadly solar irradiation at ground level and itsanges in
space and time.
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