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Measurements of daily means of surface solar irradiance made at four ground
stations in French Guiana are compared to estimates from the HelioClim-3
database produced by the Heliosat-2 method applied to Meteosat satellite images.
The bias ranges from 12 W/m2 (6% of the mean of measurements) to 23 W/m?2
(12%) depending on the stations. The root mean square difference ranges
between 23 W/m?2 (11%) and 35 W/m?2 (18%). The correlation coefficient is close
to 0.9. Better results are observed during the rainy season than during the dry
season. Uncertainties are mainly due to the presence of clouds, large viewing
angles of the Meteosat satellite, and limitations of the atmospheric transmittance
model under the tropical atmospheric conditions. It is concluded that using
Heliosat-2 method provides new knowledge about solar radiation in French

Guiana.

1. Introduction

Knowledge of global solar incident radiation on the Earth’s surface and its geographical
distribution is of prime importance for numerous solar-based applications. Climate
science requires reliable and sufficiently detailed data to understand the radiative

forcing of climate change. To exploit solar radiation for use in urban buildings and



energy systems for heating and electrical power generation, high temporal and spatial
resolution data for mid- and long-term energy planning are needed. Hourly and daily
values of solar radiation measurements, which are always necessary for these
applications, entail unacceptably high costs if provided by a high-density ground-based
radiometric network. Satellite sensors provide an alternative to the sparse coverage of
radiometric networks, since they can produce data over large regions on a high spatial
resolution grid. Meteorological geostationary satellites such as Meteosat are widely
used: they offer synoptic and accurate views of the cloud fields, which are the major
causes of changes in solar radiation available at the surface.

Various algorithms and models have been developed for estimating the surface
solar irradiance (SSI) from geostationary satellite images (Cano et al. 1986; Diabaté et
al. 1988; Martins et al. 2007; Moser and Raschke 1983, 1984; Perez et al. 1997, 2002;
Raschke et al. 1987; Tarpley 1979). Among those models, several studies have
confirmed the reliability of the Heliosat-2 model for retrieving the SSI from Meteosat
satellite images (Hammer et al. 2003). SSI estimated by means of satellite images needs
to be characterized through comparison with surface data in order to ensure the
reliability and precision of the retrieved SSI data over each region of interest.
Furthermore, quality assessment of the retrieved data is necessary, since it allows
corrections or improvements of the method resulting in the production of high-quality
solar data sets (Dagestad 2004; Durr and Zelenka 2009; Espinar et al. 2009).

Several studies have been conducted to evaluate the uncertainty of SSI derived
from the Heliosat-2 method applied to Meteosat images. Several authors found the
quality of the retrieved SSI satisfactory for Europe, including Madeira Island (Aculinin
2008; Blanc et al. 2011; Lefevre et al. 2007; Rigollier et al. 2004; Vazquez et al. 2009).
Similar conclusions were reached for the Northern African desert climate (Abdel
Wahab et al. 2009; Blanc et al. 2011) and for arid and semi-arid areas of Iran (Moradi et
al. 2009) and Iraq (Al-Jumaily et al. 2010). Dependency of the performance of the
method on the local climate was found in Africa by Lefévre et al. (2007) analysing data
from 35 stations. This was confirmed by Dountio et al. (2010) with fairly poor
performances observed for Cameroon; on the contrary, good performances were
observed by Wald et al. (2011) for Mozambique and Blanc et al. (2011) for

Mozambique and Zimbabwe.



Although many studies have been carried out to evaluate Heliosat-2 estimates,
there are still several specific climate areas covered by the Meteosat satellite which have
not been evaluated. The present work focuses on the northeastern region of Amazonia,
an area where the climate is influenced by the Intertropical Convergence Zone (ITCZ).
The ITCZ appears in satellite images as a band of clouds and its presence is related to
rainfall. Change with time in the location of the ITCZ for a given area results in the
rainy and dry season. The aim of this article is to evaluate the Heliosat-2 method by

using ground measurements performed at four stations in French Guiana.

2. Overview of the climate in French Guiana

French Guiana is situated between 2° N and 6° N on the Northeast coast of South
America. It is characterized by a subequatorial climate with a mean annual rainfall
ranging from 2500 mm to 3000 mm occurring in a bimodal pattern (Marchand et al.
2004) (Figure 1). The amount of rainfall is governed by the movements of the ITCZ.
The ITCZ is characterized by rapid ascent of hot air associated to the development of
large and homogeneous cumulonimbus clouds. The ITCZ is the location of convergence
of the northeast and southeast trade winds. The convergence of these wind systems
enhances the development of convective rain clouds and vigorous thunderstorms over
large areas.

The ITCZ overpasses French Guiana twice a year delineating a seasonal cycle
with four unequal periods (Bovolo et al. 2011). From July to November, the ITCZ lies
north (10° N) of French Guiana, which corresponds to the dry season. During this
season, the sky is mostly clear with frequent cloudy periods. Clouds are most often
cirrus, stratocumulus and altocumulus (Vasquez, 2009). During the night and early
morning, the sky is cloudy, overcast with multiple layers of altostratus and
stratocumulus clouds. These layers are then split to form small cumulus clouds during
the afternoon offering fragmented cloud cover. Weak precipitations may occur.

While moving southwards the ITCZ overpasses French Guiana during the
months of December to January. This is the short rainy season (Figure 1). During the
period of February to March, the ITCZ reaches its southernmost position between 10° S
and 20° S; precipitation levels decrease. Then, the ITCZ slowly moves northwards and
overpasses again French Guiana with episodes of strong rains. This major rainy season

extends from late March to early July and peaks during May (Figure 1).



Annual variations of the movements of the ITCZ do exist; onset and cessation
dates of each season vary from year-to-year.

3. Ground and satellite data

In situ measurements exploited for the purposes of this study were provided by four
weather stations (Table 1) of the French national weather service Météo-France. These
stations are equipped with pyranometers CM6B and CMP11 by Kipp & Zonen, The
Netherlands. The CMG6B is a first class pyranometer and the CMP11 fulfils the accuracy
requirements of a secondary standard pyranometer defined in WMO (2008), which are
specified to be 3%. Pyranometers are sent to the Météo-France Centre every 2 years for
calibration and are replaced by newly-calibrated pyranometers. Météo-France offers
access to hourly and daily means of global irradiance on the horizontal plane. Such
measurements were used by Marie-Joseph (2003) in her PhD thesis on electricity
production. Here, data were collected for the period of 2004-2010.

The Rochambeau station is located 13 km from the Atlantic Ocean, in the town
of Matoury. The Saint-George, Saint-Laurent and Maripasoula stations are located
between 30 km and 230 km from the coast in the interior of the country, in the towns
bearing the same names (Figure 2). The lle Royale station has not been retained in this
study. It is on a 0.6 kmz2 island situated 7 km offshore and is much smaller than the
corresponding Meteosat pixel whose size is approximately 10 km. Mixture of ocean and
land with local effects is observed by Meteosat and cannot be a representative of the
typical performance of the Heliosat-2 method in French Guiana.

SSI estimations were obtained by processing Meteosat satellite images by means
of the Heliosat-2 method presented hereafter. The estimated SSI values were stored in
the HelioClim databases. These databases are discussed in Blanc et al (2011). The
HelioClim-1 (HC-1) database contains daily means of SSI, covering the period of 1985-
2005, which were calculated using images of reduced quality, known as B2 images,
taken by the Meteosat first-generation sensor (Lefevre et al. 2007). Blanc et al. (2011)
consider that HC-1 has an effective pixel of 30 km in size in the first approximation.
They studied the effect of the low number of images usable per day for a given pixel;
this number decreases as the latitude increases, and so does the quality of the imagery as
a whole. However, the limited number of instantaneous satellite observations within a

day has an effect which cannot be predicted easily as demonstrated by these authors.



The HC-1 database is part of the GEOSS Core Data Set since 2011. The HelioClim-3
(HC-3) data are constructed using images taken by the Meteosat Second Generation
sensors. Each image is processed using the Heliosat-2 method to provide SSI values at
15 min intervals, with a spatial resolution at nadir of 3 km, starting from 2004. The HC-
3 database is updated daily. Daily means of SSI are calculated based on all the images
available for the day and pixel in question.

The SoDa Service (www.soda-is.com) provides easy access to the HelioClim
databases containing SSI values for Europe, Africa, and the Atlantic Ocean (Gschwind
et al. 2006).

Only HC-3 data is dealt here. It would have been possible to perform a
comparison between HC-1 data and ground measurements but is not done in the present
article. We focus on the performances of the Heliosat-2 method, and we feel that HC-1
data are not fully representative because of the use of B2 images as inputs. Compared to
original Meteosat images, B2 images have a reduced spatial quality: 1 pixel of 5 km in
size out of 6 pixels with subsequent spatial interpolation and reduced temporal quality,

i.e. only one image for each 3-h interval (Blanc et al. 2011).

4. The Heliosat-2 Method

The Heliosat-2 method is based on the principle that a difference in the signal received
by the sensor is due to a change in the apparent albedo, which is caused by a
modification of the cloudiness. A cloud index, n, is then formulated, which is correlated
to the SSI using a statistical regression. This principle of statistical regression was
adopted by the Heliosat-1 method (Cano et al. 1986; Diabaté et al. 1988; Moussu et al.
1989) which uses visible spectrum images from the Meteosat first-generation satellite.
The model was improved by setting up an automatic calibration procedure that
transforms digital counts into radiance (Lefévre et al. 2000; Rigollier et al. 2002),
making it possible to introduce an explicit formulation of the different albedos required
by the method, thus contributing to the robustness and operational capability of the
model, now known as Heliosat-2 (Rigollier et al. 2004). The cloud index, nt(i, ), can
therefore be written as follows :
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pt(i,j) is the apparent albedo observed by the satellite at instant t for the pixel (i, j).
pg(i,J) is obtained by taking the minimum of the apparent albedo in a time series of

images. pt,ouq (i, 7) is the albedo of the brightest clouds. Based on the cloud index, it is

possible to calculate the following clear-sky index:
Ke( ) =1-n'(,)) )

KE(i,j) is also defined as the ratio between the SSI G* (i, j) and the SSI that would be

observed if the sky were clear GE(i, j), which leads to:
G' (i,)) = KE(,)DGEG ) €)

GL(i,)) is estimated by the ESRA clear-sky model (Rigollier et al. 2000) corrected by
Geiger et al. (2002). The inputs to this model are the solar zenithal angle, the elevation
of the site and the Linke turbidity factor for a relative air mass 2, TL. The Linke
turbidity factor TL is a very convenient approximation to model the atmospheric
absorption and scattering of the solar radiation under clear skies. It describes the optical
thickness of the atmosphere due to both the absorption by the water vapour and the
absorption and scattering by the aerosols relative to a dry and clean atmosphere.
Remund et al. (2003) constructed a series of 12 maps, one per month, covering the
world by cells of 5” of arc angle in size, i.e. approximately 10 km at mid-latitude. There
is one value per month; daily values are obtained by interpolation in time. As these are
typical values of TL for a month, there is no change in clear-sky SSI every year: the
hourly values for a given day are the same whatever the year. This is one of the reasons
for discrepancies between the actual values of SSI and those from Heliosat-2. TL may
vary greatly from 1 hour to another, or one day to another. It is often set to 3.5 in
Europe as an average but large variations may be observed. According to graphs in
Rigollier et al. (2000), a change of 1 in TL leads to a relative change of approximately
10 — 15% in clear-sky SSI and thus in SSI (Eqg. 3). Rigollier et al. (2004) found that the
bias between measured SSI and Heliosat-2-derived SSI is sensitive to the selected
values of TL. Larger discrepancies are found when the sun is low above the horizon; the
influence of TL is not limited to clear-sky cases.

Using Eg. 2, the clear-sky index Kc is computed for every slot of 15-min
acquired by the Meteosat satellite. To cope with the different time systems used by

Meteosat (UT: Universal Time) and Météo-France (TST: True Solar Time), as well as
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with missing slots, the clear-sky index Kc known in UT system is interpolated every
minute and then projected into the TST time system. The interpolation technique is a
linear model considering that Kc is known for the middle of each 15-min interval. The
ESRA model works in TST system and is ran for each minute of the day to yield
GL(i,j). Then, the 1-min SSI is computed by Eq. 3. Daily means of SSI are calculated

by summing these 1-min values.

5. Results and discussion

We performed a comparison between daily means of SSI estimated from HC-3 and
qualified ground-based measurements. We followed the ISO standard (1995) by
computing the deviations: subtracting measurements for each day from HC-3
estimations, and summarizing these deviations by the bias, the root mean square
difference (RMSD), and the correlation coefficient r. In addition to SSI, we also study
the clearness index: KT which is the ratio of the measured SSI to the irradiance
impinging a horizontal surface at the top of the atmosphere. For clear skies, KT is close
to 0.8, and is close to 0 for overcast skies. This index has the advantages of removing
most of the effects due to Sun’s position and indicating the type of sky. As for SSI, we
computed the following deviations: KT from HC-3 minus KT from measurements, and
we summarized these deviations by the bias, the RMSD, and the correlation coefficient.

The two time-series to be compared are different in nature: one is made of
pinpointed time-integrated measurements, whereas the other is made of space-averaged
instantaneous assessments. Accordingly, a discrepancy is expected because of the
natural variability of SSI in space. Zelenka et al. (1999) found a standard deviation of
10-15% within a pixel relative to the hourly mean of SSI. Although it is difficult to
predict because spatial variability is not a random variable and depends on each location
and time because of the spatial and temporal properties of the cloudiness, we can expect
a discrepancy of several percent relative to the daily mean of SSI and a few percent

relative to the monthly mean.

5.1 Monthly mean of SSI

Table 2 reports the bias and RMSD observed for monthly means of SSI for the two
stations with records spanning more than 3 years. The bias is quite large and is

approximately 10% of the mean SSI. The results found by Blanc et al. (2011) for other



stations in Europe and Africa are also reported in Table 2. It can be seen that the bias
and the RMSD observed for French Guiana sites are slightly greater than that for the
other stations, and very similar to those of the stations Bulawayo and Inhambane in
southern Africa (Zimbabwe and Mozambique, respectively).

As previously reported by Lefévre et al. (2007), we note that the bias differs
from 1 year to another. For example, it ranges from 13 W/m? to 23 W/m? for
Rochambeau. Explanation may be found in the relation between the magnitude of the
bias and the position of the ITCZ. The bias is close to 0 during the months of January
and May. During these months, the ITCZ is active over French Guiana with rain at its
maximum, usually in May (Figure 1). The sky is overcast with thick cloud decks. The
bias is positive and maximum in magnitude in July, i.e. at the beginning of the dry
season when the ITCZ is leaving Guiana and drifting northwards. Two other peaks in
magnitude in bias are also observed in April-May and November-December, which
correspond to the presence of the ITCZ respectively north of Guiana drifting
southwards and south of Guiana drifting northwards, respectively. During these periods,
clouds are broken with intermittent rainfall, which is discussed in section 2. Positions of
the ITCZ for a given month as well as the intensity of the precipitations vary every
month; this may induce changes in the annual bias.

5.2. Quality of HC-3 daily means of SSI for each station

Figure 3 exhibits the scatter plots between measurements and estimates for daily means
of the SSI for each station. The dotted line with a slope of one represents the ideal case,
in which HC-3 estimations would be identical to the measured data. The full line
represents the least-square fitting line whose parameters are written on the graph. The
points lie along the fitted line, which denotes a fairly small scatter of the deviations. r is
large, between 0.91 and 0.93. The day-to-day variations are well represented by the HC-
3 data for all sites. This is confirmed by the large r for KT around 0.92, which means
that the day-to-day variations in type of sky are well reproduced. The position of the
fitted lines above the dotted lines indicates that the Heliosat-2 method tends to
overestimates the SSI for all the stations. One reason may be that the Linke turbidity
factor values inputted to the ESRA model are underestimated, which leads to an
overestimation of the SSI under clear-sky and consequently an overestimation of the

SSI (Eq. 3). Because French Guiana is close to the Equator, a low daily mean of SSI



cannot result from low elevation of the Sun above the horizon and is solely due to large
extinction of the radiation by the atmosphere.

Table 3 reports the bias, RMSD and r for SSI. The mean bias is 10% of the
mean measured SSI. It changes with the year and the station, as already observed for
monthly values. The RMSD is more stable and is approximately 16% of the mean
measured SSI.

In Table 3, we observe a synchronous trend in bias and RMSD, which suggests
the existence of one or several common explanatory factors for all sites. Taking into
account the fact that several authors have indicated greater accuracy for the Heliosat-2
method in dry climates (Moradi et al. 2009; Rigollier et al. 2004), we selected the
rainfall as a meteorological factor representative of the aridity of a site. We compute the
monthly relative bias of a site as the average deviation for a given month in a given year
divided by the mean SSI observed for this site for the whole period studied here (Table
1). Hence, relative biases can be compared with each other. Figure 4 exhibits the
monthly relative bias as a function of the monthly rainfall for Rochambeau and Saint-
Georges. As a whole, the bias is maximum for low rainfall. Both graphs suggest that the
bias decreases when the rainfall increases. Unsurprisingly, this is in agreement with the
findings about monthly means of SSI in section 5.1. However, the correlation between
the bias and rainfall is weak, which means that other factors have a noticeable influence.
In the cases treated by the above-mentioned authors, dry climates meant frequent
occurrence of clear skies, i.e. spatially constant conditions. It may be deduced that the
absence of cloud cover or its fragmentation is important; this will be investigated later

in this article.

5.3. Quality of HC-3 daily means of SSI for each season

Beside the sensitivity of the Heliosat-2 method to the monthly rainfall, we have
evaluated the accuracy of the method for the rainy and dry seasons. Table 3 reports the
bias, RMSD, and correlation coefficient for SSI for each season. Results are similar
with clearness index and are not shown here. Figure 5 exhibits scatter plots where the
dotted line is the 1:1 line; all stations are merged. In rainy season (Figure 5(a)) the dots
are well scattered in the range [0, 300] W/m2. They lie along the 1:1 line, and r is 0.92.
There is an overestimation for large SSI, and an underestimation for low SSI; this

results in overall low bias of 12 W/m?2. This season comprises days with very different



characteristics—clear skies, partly cloudy skies and cloudy skies. The greatest relative
bias and RMSD are found at the Saint-Georges station (8% and 18%) and the lowest
values at the Maripasoula station (3% and 10%). For each site, the relative bias and
RMSD observed during the rainy season are slightly less than the bias for the year.
Actually, as shown in Figure 5, there are positive and negative deviations during the
rainy season, which compensate each other, yielding a small overall bias.

As for the dry season, Figure 5(b) shows dots that are concentrated in the upper
part of the range of SSI, which denotes a high proportion of clear skies. r is 0.86 and is
less than during the rainy season. The large presence of dots above the dotted line
indicates that the Heliosat-2 method overestimates the SSI during the dry season. Table
3 shows that the relative RMSD values are fairly identical regardless of the season. On
the contrary, the bias during the dry season is twice greater than the bias during the
rainy season: 13% versus 7% as an average. This holds for each site.

This large difference in bias between the rainy and dry seasons may be related to
the underestimation of the Linke turbidity factor TL discussed earlier in this article. It is
difficult to assess whether this underestimation affects TL for all months or only for the
dry season. During this season, TL reaches its minimum and ranges between 3.2 and 3.4
from June to September. If TL is especially underestimated for this season, the clear-sky
SSl is especially overestimated and so is the SSI for this season.

Other reasons may be related to type of clouds and aerosols. Negative deviations
are associated with heavy rainfalls that occur when the ITCZ is present over French
Guiana. These heavy rains are caused by convective clouds (cumulonimbus)
characteristic of the ITCZ. In dry season, convective clouds carrying rains are scarce,
and negative bias values are practically absent. So, the absence of negative bias values
contributes significantly to increase the bias during the dry season. Qin et al. (2006)
found similar seasonal variations in bias linked to the ICTZ’s seasonal movements.

The influence of the aerosols was also investigated. French Guiana is subjected
to aerosol influence from Saharan sources carried by the regular trade winds (Goudie
and Middleton 2001). During the rainy season, the aerosol plume coming from North
Africa is transported by the northeast trade winds to the northeast coast of South
America and the Amazon basin, whereas during the dry season, the predominant wind
from the southeast pushes this plume northwards to the Caribbean Sea (Mélieres et al.

2003). Aerosol concentrations have been measured since 2002 at the Regional
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Atmospheric Observatory located 11 km from the Rochambeau station. Measurements
show periodic aerosol concentration peaks (<180 pg.cm™) during the rainy season.
These concentration peaks are mainly due to Saharan dusts and occur during days with
low or no rainfall. As a whole, the deviation is positive for aerosol concentration greater
than 80 ug.cm™ and has a tendency to increase with the concentration. However, the
correlation is weak and there is no positive or negative tendency for the bias when the
concentration decreases. The positive deviations, i.e. overestimation, encountered for
days with high concentration compensate the negative deviations found for the rainy
days of the rainy season, contributing to a low overall bias for this season. The absence
of Saharan dust resulting in lower aerosol concentrations (<40 pg.cm™) during the dry
season does not yield a decrease in the magnitude of the bias. This is another possible

reason for the seasonal difference in bias.

5.4. Quality of HC-3 daily means of clearness index

The results of this study revealed the sensitivity of the Heliosat-2 method to seasonal
phenomena. To better study the causes behind the variation of HC-3 data, we focus now
on the clearness index KT. Figure 6 exhibits scatter plots of KT for each season; all
stations are merged. This figure is similar to Figure5; it offers a view of the
performances in terms of type of sky instead of SSI.

As said earlier, the rainy season comprises a large variety of types of sky; the
dots in Figure 6(a) cover a large range of values [0, 0.7]. The Heliosat-2 method
reproduces well the clearness index: the dots lie along the line 1:1, the scattering is
weak, and r is 0.92. One may note the underestimation by Heliosat-2 for very thick
clouds (KT < 0.2). This corresponds to the underestimation of the low SSI values (figure
5(a)). As already mentioned, low daily means of SSI are solely due to large extinction
of the radiation by the atmosphere.

The dry season (figure 6(b)) exhibits a smaller range of values: [0.2, 0.8]
because of the increasing occurrence of clear days. Actually, for any site, measurements
show that chance for KT to be greater than 0.35 is more than 95% in any month of this
season. The frequency of KT greater than 0.7 is much larger than during the rainy
season. As for SSI, there is an overestimation by the Heliosat-2 method. Not taking into

account the range of KT less than 0.4 because there are too few points, the
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overestimation is a function of KT; it decreases as KT increases. This corresponds to the
previous discussion on the prominence of positive deviation for clear-sky. r is 0.85.

Figure 7 exhibits the bias, standard-deviation, and RMSD in SSI as a function of
the clearness index for all stations. For each interval of KT of 0.1 in width, we have
computed the bias, standard-deviation, and RMSD of the deviations in SSI for the rainy
season (Figure 7(a)) and dry season (Figure 7(b)). The bias is indicated by a cross, the
standard-deviation by a bar, and the RMSD by a full line. In addition, we have plotted
the relative frequency of KT (dashed lines) derived from HC-3. The relative frequency
shows a smooth peak around K1=0.5 for the rainy season and a sharp peak around
K1=0.7 during the dry season.

For both seasons the magnitude of the bias is not constant, it takes the form of a
bell-shaped curve which reaches its maximum for partly cloudy skies (0.3 < KT <0.5)
and decreases when the sky is becoming clearer or overcast. The bias in the dry season
(Figure 7(b)) is always greater than that during the rainy season (Figure 7(a)) with a
maximum in the former season, which corresponds to 2.5 times the maximum in the
latter. These discrepancies in performances of the Heliosat-2 method for the same
clearness index have probably the same causes than the differences in bias for each
season: TL, types of cloud, and aerosols.

For all seasons, the standard deviation varies between 20-30 W/m2 for clear and
covered skies and increases up to 60 W/m2 for partly covered skies. These changes in
standard-deviation are related to the bell-shaped curve observed for the bias. One reason
for such a shape is the parallax effect. Schutgens and Roebeling (2009) showed that
errors due to this effect are dominant for a geostationary satellite and ground stations
with a large viewing angle. In the case of the pixels in French Guiana, they are observed
with large viewing angles. If they are covered by clouds, the parallax effect shifts these
clouds eastwards. The sensor aboard the satellite does not see exactly what is happening
in the atmospheric column right above a measuring station. This contributes to the
deviation between HC-3 and ground measurements. The effect of the parallax on SSI or
KT is more pronounced when the cloud cover is fragmented, i.e. when the spatial
variability in cloud cover is large. It is less pronounced when the cloud cover is
homogeneous (low KT) or when the sky is clear, because a shift of homogeneous

conditions has a small impact. This explains partly the bell-shape.
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Cloud fragmentation may contribute to a larger bias for intermediate Kt for
another reason. Cebecauer et al. (2011) mention that the limited spatial resolution of the
Meteosat sensor prevents from detecting small broken clouds such as cumulus. This
patchwork of small clouds may be interpreted by the sensor and further by the Heliosat-
2 method as a large thin cloud. This mistake contributes to the deviation. Its impact is
more important for intermediate KT than for overcast skies (low KT) or clear skies (large

KT), thus contributing to the bell-shape form.

6. Conclusion

This study demonstrates that it is possible to obtain good quality estimations of
irradiance over French Guiana when applying the Heliosat-2 method to Meteosat
satellite images. A comparison between estimates and measurements of daily means of
surface solar irradiance yields a bias ranging from 12 W/m? (6% of the mean of
measurements) to 24 W/m2 (12%) depending on the stations. The root mean square
difference ranges between 23 W/m2 (11%) and 35 W/m2 (18%). r is close to 0.9
meaning that the day-to-day variations are well-reproduced. Better results are observed
during the rainy season than during the dry season.

It has been shown that HC-3 satellite estimations are sensitive to seasonal
variations. We found a correlation between the rainfall and the performances of HC-3.
The bias is not constant and varies as a function of the season as well as of the
variations in the onset and cessation dates of the seasons in relation to the position of
the ITCZ and its intensity. The bias depends upon the Linke turbidity factor, which
controls the prediction of the SSI under clear-sky which itself controls the prediction of
the SSI for any sky. Bias also depends upon the type of sky observed, type of clouds,
and fragmentation of the cloud cover, and aerosols. Large viewing angles of the
Meteosat satellite induce shift in actual location of clouds and, in conjunction with the
large size of the pixel over French Guiana, may contribute to decreasing performances
in case of fragmented cloud cover.

These results authorize the use of the Heliosat-2 method to compensate for the
lack of solar radiation maps of the northeastern region of Amazonia, as well as the
exploitation of HC-3 estimates in management systems for solar electricity or solar heat

production.
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These results open new prospects for strengthening the Heliosat-2 method. It
might be interesting, for example, to introduce more elaborate atmospheric
transmittance models in order to decrease the uncertainty in the retrieval. Lefévre et al.
(2012) attained good results in the retrieval of the 1-min SSI under clear-sky by
exploiting retrievals of the aerosol properties and total column content in ozone and
water vapour issued by the MACC (Monitoring Atmosphere Composition and Climate)
project cofunded by the European Commission. Regarding clouds, Qu et al. (2012)
obtained results fairly close to HC-3 when using a radiative transfer model and detailed
cloud properties derived from Meteosat images as inputs. These advanced elements
could be studied for a further inclusion in Heliosat-2.

Future work is also planned to exploit images from GOES geostationary
satellites offering smaller viewing angles of French Guiana in order to reduce the
uncertainties and improve the accuracy of retrievals. Preliminary work made at ’UMR
Espace-Dev at Cayenne shows that it is feasible; Zhang et al. (2011) demonstrate the
applicability of the Heliosat-2 method to the Chinese FengYun-2C (FY-2C) satellite to

map solar radiation over China.
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TABLES

Table 1: Ground meteorological stations in French Guiana.

Stations Latitude (°)  Longitude (°) Height (m) Data span Period for this
study
Rochambeau 481 -52.37 4 1985-2010 2004-2010
Saint-Georges 3.88 -51.80 6 2005-2010 2005-2010
Maripasoula 3.63 -54.03 104 2008-2010 2008-2010
Saint-Laurent 5.48 -53.90 4 2009-2010 2009-2010

Table 2: HC-3 estimations minus measurements for monthly means of SSI for two sites
in French Guiana, and other stations in Europe and Africa excerpted from Blanc et al.
(2011). RMSD: root mean square difference. In brackets, quantities are relative to the
mean measured SSI.

Period Number of Mean Bias in RMSD in  Correlation
observations measured W/m? W/m? coefficient
(months) SSIin W/m?

Rochambeau 2004 — 2010 83 203 18 (9%) 31 (11%) 0.926
Saint-Georges 2005 - 2010 64 195 23 (12%) 35 (17%) 0.933
Helsinki 2004 - 2009 70 114 6 (5%) 15 (13%) 0.995
Eskadalemuir 2004 - 2009 70 93 3 (3%) 11 (12%) 0.992
Vienna 2004 - 2009 72 134 —4 (=3%) 7 (5%) 0.998
Payerne 2004 - 2007 48 146 =9 (—6%) 13 (9%) 0.994
Carpentras 2004 - 2009 58 180 3 (2%) 10 (6%) 0.997
Nice 2004 - 2009 72 180 6 (3%) 11 (6%) 0.999
Aswan 2004 - 2005 24 259 -9 (-3%) 13 (5%) 0.986
Tamanrasset 2004 - 2007 48 267 9 (3%) 15 (6%) 0.977
Bulawayo 2004 - 2005 24 220 27 (12%) 32 (15%) 0.909
Inhambane 2006 - 2007 17 209 18 (9%) 24 (11%) 0.942
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Table 3: Overall statistics of comparison between daily means of SSI from HC-3 and those
measured for all seasons, rainy and dry season.

Station # Valid days Mean measured Bias Bias (%) RMSD RMSD (%) Correlation coeff.
SSI (W m?) (W.m?) (W.m?)
All seasons

Rochambeau 2514 203 19 9% 31 15% 0.93
Saint-Georges 1884 195 23 12% 35 18% 0.93
Maripasoula 584 212 12 6% 23 11% 0.91
Saint-Laurent 312 199 13 7% 26 13% 0.92
Average 5294 201 19 10% 32 16% 0.93
Rainy season

Rochambeau 1453 178 12 7% 28 16% 0.93
Saint-Georges 1069 169 14 8% 31 18% 0.93
Maripasoula 388 199 7 3% 20 10% 0.91
Saint-Laurent 209 188 8 4% 22 12% 0.94
Average 3119 178 12 7% 28 16% 0.92
Dry season

Rochambeau 1061 238 28 12% 36 15% 0.87
Saint-Georges 815 229 34 15% 40 17% 0.88
Maripasoula 196 237 22 9% 28 12% 0.85
Saint-Laurent 103 220 23 10% 34 15% 0.83
Average 2175 234 30 13% 37 16% 0.86
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FIGURES

Figure 1: Thirty years average monthly rainfall and insolation in French Guiana (from
Marchand et al., 2004).
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Figure 2: Location of ground stations in French Guiana, superimposed on an image from the
Meteosat satellite (copyright Eumetsat 1997)
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Figure 3: Scatter plot between measurements of daily means of SSI and HC-3 for: (a)
Rochambeau (HC-3=1.01 Meas + 16.03), (b) Saint-Georges (HC-3=1.12 Meas -
0.43), (c¢) Maripasoula (HC-3=1.01 Meas +10.11), (d) Saint-Laurent
(HC-3=1.07 Meas + 0.12)
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Figure 4. Monthly relative bias as a function of the monthly rainfall for (a) Rochambeau
(bias=-0.01 rain + 11.24) and (b) Saint-Georges (bias=-0.02 rain + 15.69)
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Figure 5: Scatter plot between measurements of daily means of SSI and HC-3 in (a) rainy
season (HC-3=1.05 Meas + 2.56), and (b) dry season (HC-3=0.77 Meas + 84.01).
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Figure 6: Scatter plot between measured daily means of clearness index (K1) and HC-3 in (a)
rainy season (HC-3=1.05 Meas + 0.01), and (b) dry season (HC-3=0.73 Meas + 0.22)
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Figure 7: Bias, standard deviation, and RMSD versus clearness index (K1) from HC-3, and
frequency distribution of KT for rainy season (a) and dry season (b)
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