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Abstract 

The joint deliverable D3-8 and D5-1-4 describes the implementation of the method Heliosat-II (D5-1-
4), the construction of the database (D3-8) and the resource permitting to exploit the database through 
the SoDa IS. 

The method Heliosat-II was developed in the WP 3.4 in 2000-2001. It converts images acquired by the 
satellite Meteosat into maps of global irradiation received at ground level. The object of the WP 5.1d 
is the implementation of this method for its application to Meteosat archives, and using the resources 
in the SoDa service, in order to create time-series of daily irradiation for Africa, Europe, and the 
Atlantic Ocean. In WP 3.5c, the WP 5.1d application is applied to a time-series of Meteosat images 
spanning from 1985 onwards. A database is created that serves irradiation information that supports 
the resource WP 5.3r "Meteosat" delivering irradiation values through the SoDa IS. The resource WP 
5.3r will serve the resources devoted to vegetation, climate studies and ocean applications as well as to 
solar systems, among others. In the course of the work, an extension of the resource permitted to 
perform the resource WP 5.3f as well. 

The report discusses the users requirements, their satisfaction and the specifications of the resource 
and of the database. It presents the database properties and the operational implementation of the 
method Heliosat-II. Finally, it details the service execution. All equations and practical details of the 
application WP 5.1d are given in Annexes. 

The present document reports on these four different and related activities: WP 5.1d, WP 3.5c ,WP 
5.3f and 5.3r. Changes in the schedule and work programme performed under the supervision of the 
scientific co-ordinator permitted to run these activities partly in a concurrent way. They are completed 
in the same period and the delay that was foreseen in January 2002 for WP 3.5c was partly mitigated. 

The method Heliosat-II was successfully implemented. Coincident ground measurements were used 
for checking that the application reproduces the measurements with the accuracy defined in WP 3.4. 
The method Heliosat-II itself is not a resource of the SoDa service; its execution calls upon SoDa 
resources and other outcomes, namely, the method resulting from WP 3.4, including the calibration of 
Meteosat images, the modelling of the irradiation under clear skies (WP 5.2), the screening for quality-
check (WP 3.5c), the Linke turbidity factor (WP 5.2a), the interpolation method (WP 5.1a) and the 
orography (WP 5.3o). 

This final database of WP 3.5c is a medium-resolution climatological database of 3-hour irradiation 
for Africa, Europe, and the Atlantic Ocean. Comparisons were made between the outputs of this 
database (daily irradiation, monthly means of daily irradiation, 5-days and 10-days irradiation) and the 
ground-based measurements for Europe and Africa and for several years. The accuracies are compliant 
with the specifications. This demonstrates both the quality of the method Heliosat-II and the correct 
implementation of the application. 

The database comprises the equivalent of 118500 stations. When compared to the stations that are 
available through the WMO network, the database offers a much more detailed knowledge of the 
spatial distribution of the solar radiation, two orders of magnitude larger than the present knowledge. 
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Introduction 

The joint deliverable D3-8 and D5-1-4 describes the implementation of the method Heliosat-II (D5-1-
4), the construction of the database (D3-8) and the resource permitting to exploit the database through 
the SoDa IS. 

The method Heliosat-II was developed in the WP 3.4 in 2000-2001 and was reported in the deliverable 
D3-2. The method Heliosat-II converts images acquired by the satellite Meteosat into maps of global 
irradiation received at ground level. It was proved that the method Heliosat-II provides better results 
than its state-of-the-art counterparts do. The accuracy was assessed by the means of a comparison with 
measurements made in the meteorological network in Europe. 

The object of the WP 5.1d is the implementation of the method Heliosat-II for its application to 
Meteosat archives, and using the resources in the SoDa service, in order to create time-series of daily 
irradiation for Africa, Europe, and the Atlantic Ocean. Four months of coincident ground 
measurements and Meteosat data are used for testing the correct implementation. It was checked that 
the application reproduces the measurements with the accuracy defined in WP 3.4, using different 
measurements than those used to test the development of the method Heliosat-II. The consistency with 
the products, created in WPs 3.5a and b, on the overlapping zone was also checked. The application 
was found compliant to the specifications and it was decided to proceed with it. Though the method 
Heliosat-II itself is not a resource of the SoDa service, its execution calls upon SoDa resources and 
other outcomes, namely, the method resulting from WP 3.4, including the calibration of the Meteosat 
images, the modelling of the irradiation under clear skies (WP 5.2), the screening for quality-check 
(WP 3.5c), the Linke turbidity factor (WP 5.2a), the interpolation method (WP 5.1a) and the 
orography (WP 5.3o). 

In WP 3.5c, the WP 5.1d application is applied to a time-series of Meteosat images spanning from 
1985 onwards. To date, the time-series is made of two sets of 40908 images each, one set in the visible 
range, the other in the thermal infrared range. This database of images was established by the means of 
the Minimage software, freely available by the Ecole des Mines de Paris. The two datasets are separate 
and each Meteosat image is a layer within an image Minimage framework, one framework per day. 
This differs from the original Open MTP formats of the provider Eumetsat. This format was selected a 
more suitable for the further processing and because the Open MTP formats evolved in time. This 
database is intended only for a private access by the application Heliosat-II. Accordingly, it was 
organised in directories and sub-directories tailored to this application. Each image was quality-
checked on receipt using a semi-automatic visual screening. Though the work to create this database 
was considerable, this database of images should only be considered as an intermediate database.  

Another "intermediate" database was created in this WP 3.5c, composed of measurements of hourly 
and daily irradiations made in the world meteorological network (World Wide Watch). Hourly data 
were collected for Europe from the national weather services and span from July 1994 to June 1995 
for 60 sites. A special effort was made in co-ordination with Ecole Nationale d'Ingénieurs in Bamako 
(Mali) to collect observations over Africa, a continent where few measurements are available. It 
resulted into the collection of measurements of daily irradiation spanning over at least one year for 30 
sites. Half of them have data for periods of 4 years or larger. The original datasets were harmonised 
for formats, units and time system. The UTC time system was selected as it is that ruling Earth 
observation missions and adopted for the final database in WP 3.5c. The measurements were quality-
checked. This activity led to the development of a web service allowing customers to control the 
quality of their own time-series of measurements. This service is presently available in the server 
www.helioclim.net and is a clear contribution to standardisation issues. An article was submitted to the 
international journal Solar Energy (see Annex C of the QMR 8). The data were used by the partner 
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Meteotest for assessing the Linke turbidity factor (WP 5.2a) and were used in WP 3.5c for checking 
the quality of the products resulting from the final database. 

This final database of WP 3.5c is a medium-resolution climatological database of 3-hour irradiation 
for Africa, Europe, and the Atlantic Ocean, spanning from 1985 onwards. This database is detailed in 
this report. Comparisons were made between the outputs of this database (daily irradiation, monthly 
means of daily irradiation, 5-days and 10-days irradiation) and the ground-based measurements for 
Europe and Africa and for several years. The accuracies are compliant with the specifications. This 
demonstrates both the quality of the method Heliosat-II and the correct implementation of the 
application. 

The database of WP 3.5c supports the resource WP 5.3r "Meteosat" delivering irradiation values 
through the SoDa IS. The specifications of the resource are given in this report. The resource WP 5.3r 
will serve the resources devoted to vegetation, climate studies and ocean applications as well as to 
solar systems, among others. In the initial plan, the resource WP 5.3f was to be developed to offer an 
access to daily irradiation from the database "high resolution solar radiation database" (WP 3.5b). The 
purpose of this database is to support the computation of detailed statistics of half-hourly irradiation in 
a limited period (5 years). Its design was made in this respect and random access to specific periods 
for the computation of daily irradiation from half-hourly values of cloud index is not easy and not fast. 
Since the WP 3.2 demonstrated the consistency of the resulting products with those that can be 
computed from the high resolution database, the service for daily irradiation can be best offered by the 
resource WP 5.3r and both resources are merged. 

The present document reports on these three different and related activities: WP 5.1d, WP 3.5c , WP 
5.3f and WP 5.3r. Changes in the schedule and work programme performed under the supervision of 
the scientific co-ordinator permitted to run these activities partly in a concurrent way. They are 
completed in the same period and that the delay that was foreseen in January 2002 for WP 3.5c was 
partly mitigated. 

The initial schedule planned a completion of WP 5.1d in December 2001, of WP 3.5c in May 2002, of 
WP 5.3f in July 2002 and of WP 5.3r in June 2002 (Technical Annex to the contract, detailed in 
Action Plan). The revised schedule made in January 2002 has foreseen a completion of WP 5.1d in 
April 2002 because of delays in WP 5.1a "Turbidity" (deliverable D5-2-1) and consequently, a 
completion of WP 3.5c in September 2002. By making different persons working on complementary 
aspects, time was gained. The WP 5.1d was completed in April 2002, the WP 5.3f, r were completed 
in June 2002 and the WP 3.5c was completed in July 2002. The database comprises 13 years of data. 
The final delay for the whole operation is therefore 1 month. The updating of the database is on-going 
and is performed by ENSMP. 

The report discusses the users requirements, their satisfaction and the specifications of the resource 
and of the database. It presents the database properties and the operational implementation of the 
method Heliosat-II. Finally, it details the service execution. All equations and practical details of the 
application WP 5.1d are given in Annexes. 

 

User Requirements, their Satisfaction and Specifications 

The design of the resource takes into account the user requirements (deliverable D6-1) and the results 
of the series of tests of the first prototype of the SoDa service (deliverable D6-2). The design, GUI and 
other aspects of other Web services were also taken into account: INFEO, EEA-EIONET, CERES, EO 
Newsroom, IFREMER-SISMER, MODB, MedAtlas, NASA, NOAA-NCDC, USGS, Unidata, 
RETScreen, HelioClim, SWITCH, Environment Canada, Satel-Light, SWERA, NREL, DLR, IPCC, 
WMO, WMO-World Radiation Data Center. CD products were also analysed: CERES, EUMETNET-
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European Climate Data Set, WMO-CLINO, Meteonorm, ESRA, ISCCP, ISLCP, Global-Land 1-km 
AVHRR, Medias-France, Global Daily Summary, Global Upper Air Climatic Atlas, Meteosat 
Collection, Earth observation by Meteosat, NASA-SAGE, NASA-SRB, IPCC Data Distribution 
Centre, ISLCP. 

Demands from users consist in time-series of global hourly and daily irradiation and derived quantities 
(e.g., 5-days sums and 10-days sums for agricultural or health applications). Time-series should be 
long enough, at least one year but longer periods are highly preferable. Geographical coverage is 
preferably the whole world. Though this quantity is not well expressed because of its complexity, the 
requested size of the spatial support is of order of 10 km, that is 5' of arc angle. There are some 
demands for higher spatial resolution, 1 km. 

The requirements for accuracy depend upon the requested parameter and are listed in the Table below, 
expressed as RMSE (root mean square error). 

Type Irradiation (Wh m-2)  Type Irradiance (W m-2) 

Hourly values 130  Hour  130 

Daily values 800  Day 35 

5-days sum of daily irradiation 3000  5-days 25 

10-days sum of daily irradiation 5500  10-days 20 

Monthly mean of hourly irradiation 80  Month 15 

Monthly mean of daily irradiation 400    

Table 1. Requirements for accuracy expressed as RMSE for irradiation (Wh m-2) and irradiance (W 
m-2) 

 

Several publications demonstrate that these requirements can only be met by an appropriate processing 
of images taken by the meteorological geostationary satellites. The deliverable D3-2 demonstrate that 
the method Heliosat-II provide results whose accuracy is compatible with the requirements in Table 1. 

A major problem arises to satisfy the space and time requirements. Satellite data are not given free and 
the purchase of several years of satellite images may reveal very expensive. For example, NASA 
requested approximately 20 kEuro for one year of data for each of the satellite GOES-E and -W. In 
other places: China (FY-2), India (INSAT), Japan (GMS) and Russia (GOMS), we attempted to 
contact appropriate persons within the responsible national agencies to discuss the collection of data. 
They reveal unfruitful. Negotiations with Eumetsat were most satisfactory. Given a small fee, 
Eumetsat agreed to provide Meteosat images of reduced resolution covering one-third of the Earth. 
Centred on the Gulf of Guinea, these images cover Europe and Africa, which are the areas most 
demanded by the customers of the SoDa service (Fig. 1). The time-series secured by Armines/ENSMP 
starts from the creation of this set, in 1985. In this time-series, images are available only every 3 hours, 
following the standards of the World Weather Watch. Because interpolation in time is not reliable in 
this case, we decided to restrict the service to the delivery of daily values and not to provide hourly 
values. However, in order to keep this option open, we decided to store these hourly values in the 
database. It will be easy then to deliver them if decision is taken. It should be added that algorithmic 
tools exist that create synthetic hourly irradiation values given a daily irradiation. The prototype of the 
SoDa service comprises such resources that can be piped with the present resource via the SoDa 
Compound Service. 
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Figure 1. A Meteosat image 

Though the size of the spatial support of these B2 images is compatible with the requirements, their 
particular mode of production means that a pixel of say, 10 km in size, is available every 60 km in 
both directions. It follows that the resource will call upon the interpolation procedure defined in 
deliverable D5-1-1. The study of the method Heliosat-II (deliverable D3-2) performed comparisons 
with WMO data and showed the compliance in accuracy of the interpolated values. 

Parameters should be irradiation in Wh m-2 or irradiance in W m-2. It may be possible to offer a change 
in units, especially for irradiation. In meteorology and agriculture, one uses J cm-2, persons working in 
the field of solar energy: Wh m-2 and others Ly (Langley). Since the outputs originate from an 
integration of data held in the database, a parameter should be provided denoting the reliability of the 
estimate. 

Another parameter was requested by two customers working in oceanography and whose interest lies 
in the assessment of the sea surface temperature using thermal infrared sensors aboard polar orbiting 
satellites such as the NOAA-AVHRR, ESA-ERS-ATSR, ESA-Envisat-AATSR. The atmospheric 
transmittance should be modelled and they believed that an estimate of the transmittance in the sun 
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broadband range may help in better assess the transmittance in the thermal range. The broadband 
transmittance is what is termed clearness index in solar energy. 

Requirements about geographical and temporal selection are those already in use in the SoDa IS GUI 
(tags <geopoint> and <timeperiod> of the SoDa XML). 

Except for hourly values, requirements are based upon the time unit "day". To keep the service open to 
further requests from customers, e.g. two-week sums of irradiation, we decided to store only daily 
values. The construction of the final quantities will be done through the additional functions. The 
attributes of <timeperiod> are set accordingly. 

The geographical system used by <geopoint> is the same than that used by EUMETSAT and weather 
services. No change is requested. 

Customers request a near real time answer. The retrieval of the data should be fast as well as the on-
line processing. An important aspect of the requirements is that the large majority of customers 
requested time-series for a specific location and not time-series of gridded (maps) values. We decided 
to discard the image structure and to shape the database to facilitate the search for time-series for a 
given location. The requested location is usually not a B2-pixel. It follows that answering a request 
needs the extraction of time-series of the four neighbourhood B2-pixels and the interpolation of each 
daily value. Accordingly, additional functions should be added between the extraction functions and 
the request functions. For speed reasons, the interpolation procedure will be embedded in these 
additional functions instead of calling it within the Soda Compound Service. 

Customers are accessing the Soda service via standard browser. The size of the XML outputs of the 
resource should not be too large. In view of the experience of other resources and other services, a 
trade-off between the speed of answer, the bandwidth, user requirements and user-friendly aspects of 
the GUI is established as one year of daily values. 

The execution of the service requests access to resources of the SoDa service. The execution of the 
method Heliosat-II requests information from the SoDa service. Since the method Heliosat-II itself is 
not a resource, and since speed is at stake, the data (orography, Linke turbidity factor, Meteosat 
calibration coefficients) necessary for the execution of the method Heliosat-II are obtained through 
prior HTTP Get to the corresponding URLs in system calls in the C software. It would have been 
possible to make software using the Compound Service at the expenses of computational resources 
and time. 

 

The Data Model, Database and Storage Constraints 

The data model follows that of the WMO / WCP with a few exceptions. Data are defined in time and 
space and has defined units (SI). Our data model is compliant with that of WMO as for the provider, 
units, time period, time sampling, time support, geographical location. 

For the time sampling in the database, we are not using exactly the time system (UTC) of WMO, but 
that of Eumetsat, the European federation of Met-Offices, for the satellite data. The time is expressed 
in half-hour in UTC, noted slot, ranging from 1 to 48. The time support is still the hour. This Eumetsat 
/ MOP time system will change as we evolve towards the next generation of satellite products MSG. 
However, as the time sampling of the sensor is kept as additional information, knowing the 
geographical location is the site permits an accurate conversion from one system to the other. They 
should be considered as equivalent. It should be mentioned that the time system used for the 
exploitation application is UTC. 
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Following the WMO/WCP model, each data is stored as a couple of (time, value). Use of the Eumetsat 
time system and additional parameters permits to store time on a byte only. Deviation is made from 
the WMO/WCP model by not storing explicitly the day (number or date). The day is retrieved by the 
biunivocal relationship between the day and the address of the series of values for this day in the 
database, knowing that there are eight couples per day. 

The WMO/WCP model is not dealing with gridded data and thus does not comprise attributes on 
space support and sampling. By assuming that the support of the information, approximately 100 km2, 
can be assimilated to a time-averaged pin-point measurements, as demonstrated in the literature (see 
also discussion in deliverable D3-2), we assimilate the Meteosat-derived measurements to WMO 
measurements and it is not necessary to add components to the WMO/WCP model. This is 
additionally substantiated by the fact that the geographical location of the WMO measuring stations 
are given with an accuracy of 1' of arc angle, which is fairly close to the 5' of the support of our 
estimates. 

The WMO/WCP model comprises a description of the measuring station with several attributes, such 
as latitude, longitude, elevation above sea level, name, country and a digital identifier. The attributes 
"name" and "country" are not kept since they have no signification in our case. We defined an 
identifier in our own nomenclature as follows. Scanning the Meteosat image of 416 times 416 pixels, 
starting from the upper lefternmost corner, we reject pixels that are outside the Earth disk as seen by 
Meteosat and the pixels for which the elevation angle under which Meteosat is seen from this location, 
is smaller than 15° - the physical model being not accurate for such angles. The remaining pixels are 
labelled by their ranking order; this ranking order is the identifier. 

The database comprises the equivalent of 118500 stations. This number may be compared to the 70 
sites offering daily values for a period of similar duration that are available for Europe in the ESRA 
(2000) and the 30 stations in Africa with daily values for more than four years available through the 
WMO World Radiation Data Center. The database offers a much more detailed knowledge of the 
spatial distribution of the solar radiation, two orders of magnitude larger than the present knowledge. 

A table is set that offers a correspondence between the identifier, the location of the pixel in lines and 
rows and the geographical location in latitude and longitude. In order to gain storage space, we opted 
for less redundancy that the WMO/WCP model. Instead of repeating all attributes for each time-series 
for a station, we repeated only the identifier. This table is in binary format. 

As for the database, we opted for a binary proprietary format because the data model is very simple, 
only one parameter is stored and the overall structure is simple. Unless the usage in weather data 
where there is one file per station and per year, we made a unique file for all pixels for one year. 
Though it is an unstructured binary file, one may describe it approximately as a set of records, one 
record per station with a fixed length. A record begins with the identifier, followed by 366 sets of eight 
couples of time and value. One file contains approximately 1 Giga-values. This choice of the structure 
permits also to speed up the access to data. 

Given the speed of the exploitation software, the storage constraints were given a high priority. 
Compressed format was rejected because of access time. This also explains the choice of binary 
format. Storing hourly irradiation requests two bytes, except if one uses different units, resulting also 
in a loss of accuracy. Storing daily irradiation also requests two bytes. Storing sums over 5 days or 10 
days or a month requests more than two bytes. We opted for not storing derived quantities, such as 
daily values, or 5-day and 10-day sums, or monthly sums or monthly means. These quantities will be 
computed on the fly by the application.  

A further gain is made by storing the cloud index, a quantity ranging between –0.2 and 1.1, as a byte 
after an appropriate offset and multiplication. This choice is also that made by the WP 3.5b. When the 
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cloud index value is unknown (e.g., lack of original data, unreliable estimate), the cloud index is set to 
255. Finally, the size of a yearly file is approximately 1 GByte. 

An additional table is created in order to increase computing speed of the exploitation software by 
reducing access to the SoDa resources. For each identifier (each pixel), a series of calls were made to 
the appropriate SoDa resources to get the monthly values of the Linke turbidity factor and the altitude 
of the pixel. These values are stored in the table. They are used by the WP 5.1d application (heliosat), 
producing the cloud index from the Meteosat images, and by the exploitation software (helio_gd). 

Figure 2 depicts the construction of the database of quality-checked Meteosat images on which the 
method Heliosat-II is performed. 

 

Meteosat images 
quality-checked IR  

Database calibration factors  

Meteosat images OpenMTP      
VIS, IR EUMETSAT

Meteosat images Minimage      
VIS, IR 

Format 
Converter

Meteosat images 
quality-checked VIS  

Image 
quality check

Calibration

 
Figure 2. Construction of quality-checked Meteosat images database and of the calibration factors database 

 

Operational Implementation of the Method Heliosat-II 

Given the choice made for the database, the method Heliosat-II is implemented in two separate 
components: heliosat and helio_gd. The first one processes the series of Meteosat images, computes 
cloud indices and stores them into the database. The second one exploits the database and converts 
cloud indices into appropriate variables: daily irradiation, 5-day irradiation etc. 

Both softwares are written in C, using the software Minimage. Constraint on time execution is 
important though non critical. In that respect, some data (orography, Linke turbidity factor) necessary 
for the execution of the method Heliosat-II were obtained from the Soda service once for all and 
stored in the database. Other data that depend upon the day and the geographical location of the site 
requested by the customer (orography, Meteosat calibration coefficients) are obtained through HTTP 
Get to the corresponding URLs in system calls in the C software. It would have been possible to make 
software using the Compound Service at the expenses of computational resources and time. 



 

SoDa – Integration and exploitation of networked Solar radiation Databases for environment 

 

 

 

 

 11 

The software heliosat is entirely automatic; it performs on a series of images contained in a given 
directory. The image files were named in such a way that the name contains all information that is 
necessary for the processing, namely instant of acquisition by the sensor. It makes use of the two 
tables of the database. For each image, there is a request to the database of the calibration coefficients 
through a HTTP Get call to the server www.helioclim.org. Of course, the automatic application of the 
method Heliosat-II to several years of images necessitated some adaptations. Two additional 
developments were made. One deals with the method for creating the maps of ground albedo, and 
especially the problem of the initial state in an iterative procedure. The second treats the case of the 
oceanic areas affected by the sun glitter effects that may falsely result in very low irradiation. Statistics 
are locally computed on the image to correct these effects. The Annexes detail the algorithms used in 
the softwares heliosat and helio_gd. 

The software heliosat runs on a Unix machine and processes one year of data in 3 days (execution 
time) in a completely automatic way. Meteosat images are presently stored on Exabytes and are 
downloaded year after year. Then heliosat is run. The database is increased. The Meteosat images are 
erased from the disk and another year is downloaded on the disk. A scheme of this execution is shown 
in Figure 3. 

 

Algorithm Heliosat-II

Database 3-h cloud index  
Resource Linke Turbidity Factor

Resource Orography

Database Meteosat images  
Database calibration factors  

Table of pixel identifiers

 
Figure 3 

 

The software helio_gd reads the database and converts the cloud index into hourly clearness index for 
each of the days of the requested period. The hourly clearness indices are then converted into daily 
irradiation or in irradiance for this day (see Annexes). The necessary information on the Linke 
turbidity factor and pixel elevation is found in the database. The time-series of daily irradiation is then 
converted into the requested variable: daily irradiation, irradiance, daily broadband atmospheric 
transmittance (clearness index), monthly mean of daily irradiation, irradiance over a month, 5-day 
irradiation, 10-day irradiation, monthly irradiation.  

Since the geographical site selected by the customer is usually not one of the sites present in the 
database, a spatial interpolation is necessary. It is performed by using the interpolation scheme 
developed in WP 5.1 (deliverable D5-1-1) applied to the closest nine sites in the database. The altitude 
necessary for performing the interpolation is passed to helio_gd when it is called by a php script (see 
next section). This interpolation is performed by helio_gd. This means that nine time-series are 
extracted and converted to provide values for a single site. Using the nearest neighbour results in a 
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fastest answer but less accurate. Anyway, the execution time is fast enough. This property was used 
for the design of the database. 

A reliability parameter is provided with the requested variable. It is assessed from the number of 
values that were used to compute the variable under concern. Given in five classes, it permits at a 
glance to gauge the quality of the retrieval. The accuracy (bias, rmse) of the estimates was assessed 
through comparison with ground measurements for 30 to 90 sites in Europe and Africa and several 
years. It is reported in the HTML page describing the resource in the SoDa HGSS. 

The time system of the database is the UTC one (through the Eumetsat time system). Computations 
are all made in the True Solar Time system for more accurate results.  

 

Service Execution 

The service execution comprises 

• time-space requests, unit conversion, parameter selection, within the SoDa IS; 

• invoking the resource in the server www.helioclim.org, which launches the application described 
in the previous section; 

• extraction of data contained in the database; 

• their conversion to the proper parameter; 

• the spatial interpolation, including the call to SoDa for obtaining the terrain elevation for the site 
under concern; 

• the creation of the outputs; 

• streaming the outputs back to the SoDa IS. 

Requirements about geographical and temporal selection are those already in use in the SoDa GUI 
(tags <geopoint> and <timeperiod>). Unit selection and variable selection (irradiance, irradiation, 
broadband transmittance) are performed through the service additional GUI. 

The server is based on Apache that contains an ODBC (Open Database Connectivity) driver and is 
already containing some resources of the SoDa service. The resource is invoked through an HTTP Get 
request (see the XML resource description). The outputs of the resource are written according the 
SoDa XML guidelines. 

Figure 4 depicts the inputs, outputs and the resources called in the service execution. 
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Inputs Resources Outputs 

Latitude 
Longitude 

Year 
Month1 
Month2 

Algorithm Heliosat-II

Algorithm interpolationDatabase 3-h cloud index  

Nine surrounding pixels

Resource Linke Turbidity Factor

Resource Orography

Resource « Meteosat-derived Daily Irradiation »

 

Daily irradiation 
Irradiance over a day 

Daily broadband 
atmospheric transmittance 

(clearness index) 
Monthly mean of daily 

irradiation 
Irradiance over a month 

5-day sum of daily 
irradiation 

10-day sum of daily 
irradiation 

Monthly sum of daily 
irradiation 

Figure 4.  

 

The execution is performed in three embedded levels. The first level is that invoked by the SoDa IS 
(heliogd.php, see the resource description). It obtains the inputs from the GUI as well as the site 
altitude by invoking the appropriate SoDa resource. It then calls the second level, which is also a PHP 
script (helio_run.php). This script performs additional tasks and launches the third level: helio_gd.exe. 
Each level returns to the upper level, the first level returning to the SoDa IS. The major rationale for 
selecting such a hierarchy is the independency between the components, which permits to develop, 
test, update, modify one of them, modify the SoDa XML, etc., without changing the whole 
application.  

Resource description: 

<?xml version="1.0"?> 

<resource> 

        <info> 

                <name>Meteosat-derived Daily Irradiation –  Europe / Africa</name> 

                <producer>Ecole des Mines de Paris</producer> 

                <url>http://www.helioclim.net/com/heliogd.php</url> 

        </info> 

        <input parameter="varid" type="numeric" dimension="single"> 

                <show>Select the parameter to extract</show> 

                <list> 

                      <option default="true" value="1">Daily irradiation</option> 

                      <option value="2">Irradiance over a day</option> 

                      <option value="3">Daily broadband atmospheric transmittance (clearness 

index)</option> 

                      <option value="4">Monthly mean of daily irradiation</option> 
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                      <option value="5">Irradiance over a month</option> 

                      <option value="6">5-day sum of daily irradiation</option> 

                      <option value="7">10-day sum of daily irradiation</option> 

                      <option value="8">Monthly sum of daily irradiation </option> 

                </list> 

        </input> 

        <input parameter="latlon" type="geopoint" dimension="single"> 

                <show>Select on the map the point of interest</show> 

        </input> 

        <input parameter="period" type="timeperiod" dimension="single"> 

                <timerange>1985-01-01,19997-12-31</timerange> 

                <show>Enter the period (first day, last day, same year)</show> 

        </input> 

</resource> 
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Annex A. Notations 

The following notations are employed in this document. 

The following subscripts are used 

• 0: extraterrestrial or astronomical values, 

• g: ground related values, 

• c: clear sky (i.e. cloudless sky) values, 

• b: overcast sky values. 

• λ: spectral values. 

Astronomical quantities and sun angles 

• t is the time. 

• θS is the sun zenithal angle. 

• γS is the sun elevation at time t, also called the solar altitude angle. γs is 0° at sunrise and sunset. θS 
= π/2 - γS. 

• I0 is the solar constant, that is the extraterrestrial irradiance normal to the solar beam at the mean 
solar distance. It is equal to 1367 W.m-2. 

• I0λ is the spectral distribution of solar radiation outside the atmosphere. It is created by averaging 
or interpolating values read in published tables, to irradiance for 10 nm intervals centred on the 
indicated wavelengths. These tables are those of Neckel, Labs (1984), read from Justus (1989) and 
Rossow et al. (1992). Units are W m-2 µm-1. 

•  ε is the correction used to allow for the variation of sun-earth distance from its mean value. It 
depends upon the day. I0 ε(t) is the extraterrestrial irradiance for the current day observed on a 
surface normal to the solar beam. 

• δ is the declination (positive when the sun is north to the equator: March 21 to September 23). 
Maximum and minimum values of the declination are +23°27' and -23°27'. 

• Dl is the length of the day, i.e. 24 hours or 86400 seconds. 

• the solar hour angle, ω, expresses the time of the day in terms of the angle of rotation of the Earth 
about its axis from its solar noon position at a specific place. As the Earth rotates of 360° (or 2π 
rad) in 24 hours, in one hour the rotation is 15° (or π/12 rad). Given an instant t in true solar time 
(TST) expressed in decimal hour, ω = (t-12)π/12. If t is Universal Time (UT) in decimal hour, if λ 
is the longitude (positive eastwards) and if ∆t is the correction of time (the so-called equation of 
time) in decimal hour, then ω = π/12 (t + 12λ/π + ∆t – 12), if λ is in radians, or ω = 15 (t + λ/15 
+ ∆t – 12) if λ is expressed in degrees. 

Radiation quantities 

The letters L, G, D, I and B denote the following quantities: 

• L: radiance (W m-2 sr-1), 

• G: global irradiance or irradiation,  
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• D: diffuse irradiance or irradiation (diffuse component of solar radiation), 

• I: normal direct irradiance or irradiation (beam component of solar radiation normal to the 
direction of the sun), 

• B: direct irradiance or irradiation (beam component of solar radiation). 

The basic time intervals to which the irradiation values refer are identified by the following subscripts: 

• h: hourly values (e.g., the integral of the global irradiance observed during one hour, which is the 
hourly irradiation), 

• d: daily values (e.g., the integral of the global irradiance observed during one day, which is the 
daily irradiation), 

• m: mean monthly values (e.g., the mean value of the hourly irradiation observed during one month 
for the hour h). 

Notations for the irradiances and irradiations: 

• G0
t(i,j) is the horizontal irradiance outside the atmosphere for the time t and the pixel (i, j). G0

t(i,j) 
= I0 ε(t) sin γS(t,i,j). It is expressed in W m-2. 

• G0h(i,j) is the horizontal hourly irradiation outside the atmosphere for the hour h and the pixel 
(i, j). It is expressed in W h m-2. 

• G0d(i,j) is the horizontal daily irradiation outside the atmosphere for the day d and the pixel (i, j). It 
is expressed in W h m-2. 

• Gt(i,j), Bt(i,j) and Dt(i,j) are respectively the horizontal global, beam and diffuse irradiances at 
ground level for the time t and the pixel (i, j). They are expressed in W m-2. 

• Gc
t(i,j), Bc

t(i,j) and Dc
t(i,j) are respectively the horizontal global, beam and diffuse irradiances at 

ground level under clear sky for the time t and the pixel (i, j). They are expressed in W m-2. 

• Gh(i,j), Bh(i,j) and Dh(i,j) are respectively the horizontal global, beam and diffuse hourly 
irradiations at ground level for the hour h and the pixel (i, j). They are expressed in W h m-2. 
Similar notations hold for the daily irradiations, with a subscript d. 

• Gch(i,j), Bch(i,j) and Dch(i,j) are respectively the horizontal global, beam and diffuse hourly 
irradiations at ground level under clear sky for the hour h and the pixel (i, j). They are expressed in 
W h m-2. Similar notations hold for the daily irradiations, with a subscript d. 

Notations for describing the optical properties of the atmosphere and the ground 

• KTt(i,j) is the clearness index for the time t and the pixel (i, j). It is equal to the ratio of the global 
radiation at ground on a horizontal surface Gt(i,j) to the horizontal radiation outside the 
atmosphere G0

t(i,j): KTt(i,j) = Gt(i,j) / G0
t(i,j). The clearness index may be defined from irradiance 

or from hourly or daily irradiations: KTh(i,j) or KTd(i,j). 

• Kc
t(i,j) is the clear-sky index for the time t and the pixel (i, j). It is equal to the ratio of the global 

radiation at ground on a horizontal surface Gt(i,j) to the same quantity but for clear skies Gc
t(i,j): 

Kc
t(i,j) = Gt(i,j) / Gc

t(i,j). It may be defined from irradiance or from hourly or daily irradiations: 
Kch(i,j) or Kcd(i,j). 

• TL(AM2) is the Linke turbidity factor for a relative air mass m equal to 2. 
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• m is the relative optical air mass. It expresses the ratio of the optical path length of the solar beam 
through the atmosphere to the optical path through a standard atmosphere at sea level with the sun 
at the zenith. 

• δ R(m) is the integral Rayleigh optical thickness. 

• Lt(i,j) is the radiance observed by the spaceborne for the time t and the pixel (i, j). It is expressed 
in W m-2 st-1. 

Notations for other properties of the site 

• z is the elevation of the site above mean sea level. 

• p is the pressure at site elevation and p0 is the mean atmospheric pressure at sea level. 

• Φ and λ are respectively the latitude (positive to the Northern Hemisphere) and longitude of the 
site (positive eastwards). 

Satellite (Meteosat) -related quantities 

• Sλ is the sensor spectral response in the visible range, covering approximately the interval [0,3 µm, 
1,1 µm] for Meteosat (unitless) 

• I0met is the total irradiance in the visible channel for the various Meteosat sensors (i.e. 

⌡⌠0.3
1.1 I0λ Sλ dλ), in W m-2 

• ρ t(i,j) is the apparent albedo observed by the spaceborne sensor for the pixel (i, j). It has no unit 
and is equal to the bidimensional reflectance, assuming the Lambertian hypothesis. 

ρ t(i,j) = 
π Lt(i,j)

 I0met ε(t) sin γS(t,i,j)
 = 

π Lt(i,j)
 I0met ε(t) cos θS(t,i,j)

  

• ρ tcloud(i,j) is the apparent albedo observed by the spaceborne sensor over the brightest clouds for 
the pixel (i, j) (unitless) (a quantity specific to the method Heliosat) 

• ρ tg(i,j) is the apparent albedo observed by the spaceborne sensor over the ground under clear skies 
for the pixel (i, j) (unitless) (a quantity specific to the method Heliosat) 

• θv is the viewing angle, equal to zero when looking to nadir 

• ψ is the difference between the sun and satellite azimuth angles 

• a t, b t and CN tdark are the calibration coefficients of the Meteosat radiometer at instant t. 
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Annex B. Overview of the method Heliosat-II 

The principle of the method Heliosat-II, as well as most current methods, is that a difference in global 
radiation perceived by the sensor aboard the satellite is only due to a change in apparent albedo, which 
is itself due to an increase of the radiation emitted by the atmosphere towards the sensor. 

A key parameter is the cloud index n, resulting from a comparison of what is observed by the sensor to 
what should be observed over that pixel if the sky were clear, which is related to the "clearness" of the 
atmosphere. In principle, it can be written as: 

n t(i,j) = [ρ t(i,j) - ρ tg(i,j) ] / [ρ tcloud - ρ tg(i,j)) ] 

where  

• ρ t(i,j) is the reflectance, or apparent albedo, observed by the spaceborne sensor for the time t and 

the pixel (i, j): ρ t(i,j) = 
π Lt(i,j)

 I0met ε(t) cos θS(t,i,j)
 , where Lt(i,j) is the observed radiance, 

• ρ tcloud(i,j) is the apparent albedo over the brightest clouds, 

• and ρ tg(i,j) is the apparent albedo over the ground under clear skies. 

If the sky is clear, the apparent albedo ρ t(i,j) is close to the apparent albedo over the ground and the 
cloud index n is close to 0 (possibly negative). If the sky is overcast, the cloud index n is close to 1 
(possibly larger). In brief, the cloud index n may be considered as describing the attenuation of the 
atmosphere (1 minus the transmittance). Thus, the cloud index n, or similar quantities depending upon 
the methods, is a very convenient tool to exploit satellite images. 

The basic principle is not always verified. Other parameters may intervene, such as multiple cloud 
layers and dramatic changes in the ground albedo due to the snowfall or the shadow created by a 
neighbouring cloud. The change in sensor outputs is not necessarily linked to a change in the optical 
state of the atmosphere or a change in the optical state does not necessarily translate into a change in 
the cloud index. 

The cloud index should not be confused with the cloud cover. Given an overcast sky, the observer at 
ground level will report a cloud cover of 8 in okta. This cloud cover will be the same whether there is 
one single layer of clouds or more, while the cloud index n may be sensitive to the vertical profile of 
clouds. 

The albedos used in the above equation may be constructed from a time-series of satellite images. The 
optical state of the clear sky is given by a model, often in the form of the global irradiation and its 
direct and diffuse components and the beam and diffuse transmittances. 

Finally, the cloud index n is related to the global irradiation on an hourly (or half-hourly) basis by the 
means of the clearness index or the clear-sky index. From these hourly irradiations, the daily 
irradiation can be constructed. 
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Annex C. Modelling the global, direct and diffuse irradiations under clear-skies 

Let note the latitude of the site (positive to the Northern Hemisphere), Φ, its longitude (positive 
eastwards), λ, its elevation above mean sea level, z, the declination of the sun for the day under 
concern, δ, and the solar hour angle for the instant t, ω. The sun elevation above horizon, γs

true, 
corrected for refraction is given in radians by: 

γs
true = γs + ∆γrefr 

sinγS = sinΦ sinδ + cosΦ cosδ  cosω 

∆γrefr = 0.061359 
0.1594 + 1.123 γS + 0.065656 γS

2 
 1 + 28.9344 γS + 277.3971 γS

2   

The modelling of the irradiation for clear skies originates from the clear-sky model of the European 
Solar Radiation Atlas (ESRA 2000; Rigollier et al. 2000) with corrections for the site elevation 
proposed by Remund, Page (2002). 

The relative optical air mass m expresses the ratio of the optical path length of the solar beam through 
the atmosphere to the optical path through a standard atmosphere at sea level with the sun at the 
zenith. As the solar altitude decreases, the relative optical path length increases. The relative optical 
path length also decreases with increasing site height. A correction procedure is applied, obtained as 
the ratio of mean atmospheric pressure, p, at the site elevation, to mean atmospheric pressure at sea 
level, p0. This correction is particularly important in mountainous areas. The relative optical air mass 
at sea level has no unit and is given by Kasten, Young (1989): 

m(γs
true) = 1 / [ sin γs

true + 0.50572 ((180/π)γs
true + 6.07995)-1.6364] 

The Rayleigh optical thickness, δR, is the optical thickness of a pure Rayleigh scattering atmosphere, 
per unit of air mass, along a specified path length. As the solar radiation is not monochromatic, the 
Rayleigh optical thickness depends on the precise optical path and hence on relative optical air mass, 
m. The parameterisation used is based on Kasten (1996) and was modified by Remund, Page (2002) to 
correct the behaviour of the original model with terrain altitude. 

The height correction is given by  

p/p0 = exp(-z/zh) 

where zh is the scale height of the Rayleigh atmosphere near the Earth surface, equal to 8434.5 meters. 

Let corr_δR(p/p0) be the correction of the integral Rayleigh optical thickness due to the elevation of the 
site. Remund, Page determined this function for two values of (p/p0): 

corr_δR (0.75) = 1.248174 - 0.011997 m(γs
true) + 0.00037 m2(γs

true) 

corr_δR (0.50) = 1.68219 - 0.03059 m(γs
true) + 0.00089 m2(γs

true) 

Given that corr_δR(1)=1 and assuming that corr_δR(p/p0) = corr_δR(0.5) for (p/p0)>0.5, corr_δR(p/p0) 
can be determined for any (p/p0) by piecewise linear interpolation. The integral Rayleigh optical 
thickness is thus given by: 

if m ≤ 20, (γS ≥ 1.9°) 

1/δR(m) = corr_δR (p/p0) [6.625928 + 1.92969m -0.170073m2 +0.011517m3 -0.000285m4 ] 

if m > 20, (γS < 1.9°), 1/δR(m) = 10.4 + 0.718 m (p/p0) 
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The beam component 

The beam irradiation for a period ranging from solar hour angles ω1 to ω2, is given by: 

Bc(ω1,ω2) = I0 ε  
Dl
2π Trb(TL(AM2)) ⌡⌠

ω2

ω1

Fb(γS, TL(AM2)) dω 

where 

• ε is the correction of the variation of sun-earth distance for the day under concern. I0 ε is the 
extraterrestrial irradiance for the current day observed on a surface normal to the solar beam. 

• Dl is the average length of the day (i.e., 24 hours). The unit of Bc is Wh m-2 if Dl is expressed 
in hours, or J m-2 if Dl is in seconds. 

• ω1 to ω2 are related to two instants t1 and t2. 

Trb(TL(AM2)) is a transmission function for beam radiation at zenith (γs = π /2), function of the Linke 
turbidity factor, TL(AM2), and Fb is a beam angular function. Bc is set to 0 if the equation leads to a 
negative value. Trb(TL(AM2)) and Fb(γS, TL(AM2)) are given by: 

Trb(TL(AM2)) = exp[-0,8662 TL(AM2) (p/p0) δR(p/p0)] 

Fb(γS, TL(AM2)) = C0 + C1 sin(γS) + C2 sin2(γS) 

The values of the coefficients C0, C1 and C2 are polynomials and are given for three ranges of the solar 
altitude angle at noon, γs

noon: below 15°, between 15° and 30°, and over 30°: 

C0 = L00 + L01 TL(AM2) (p/p0) + L02 [TL(AM2) (p/p0)]2 

C1 = L10 + L11 TL(AM2) (p/p0) + L12 [TL(AM2) (p/p0)]2 

C2 = L20 + L21 TL(AM2) (p/p0) + L22 [TL(AM2) (p/p0)]2 + L23 [TL(AM2) (p/p0)]3 

with the Lij coefficients listed in Table 1. These coefficients, as well as the coefficients Ai, Bi, Ci and Di 
(see further) are unitless. 

C0 L00 L01 L02  

γs
noon > 300 -1,7349.10-2 -5,8985.10-3 6,8868.10-4  

150 < γs
noon ≤ 300 -8,2193.10-3 4,5643.10-4 6,7916.10-5  

γs
noon ≤ 150 -1,1656.10-3 1,8408.10-4 -4,8754.10-7  

     
C1 L10 L11 L12  

γs
noon > 300 1,0258 -1,2196.10-1 1,9229.10-3  

150 < γs
noon ≤ 300 8,9233.10-1 -1,9991.10-1 9,9741.10-3  

γs
noon ≤ 150 7,4095.10-1 -2,2427.10-1 1,5314.10-2  
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C2 L20 L21 L22 L23 

γs
noon > 300 -7,2178.10-3 1,3086.10-1 -2,8405.10-3 0 

150 < γs
noon ≤ 300 2,5428.10-1 2,6140.10-1 -1,7020.10-2 0 

γs
noon ≤ 150 3,4959.10-1 7,2313.10-1 -1,2305.10-1 5,9194.10-3 

Table 1 Coefficients Lij for the computation of the Ci coefficients. 

Fb(γS, TL(AM2)) can be rewritten as a function of ω, Φ, δ, TL(AM2): 

Fb(ω, Φ, δ, TL(AM2)) = B0 + B1 cosω +B2 cos(2ω) 

since 

sinγS = sinΦ sinδ + cosΦ cosδ  cosω 

It comes 

Bc(ω1,ω2) = I0 ε  
Dl
2π Trb(TL(AM2)) [B0ω + B1 sin(ω) + B2 sin(2ω)] ω2

ω1
 

with the coefficients B0, B1 and B2 given by: 

B0 = C0 + C1 sin(Φ) sin(δ) + C2 sin(Φ)2 sin(δ)2 + 0.5 cos(Φ)2 cos(δ)2 

B1 = C1 cos(Φ) cos(δ) + 2 C2 sin(Φ) sin(δ) cos(Φ) cos(δ) 

B2 = 0.25 C2 cos(Φ)2 cos(δ)2 

The daily integral is achieved by setting ω1 equal to the sunrise hour angle, ωSR, and ω2 to the sunset 
hour angle, ωSR, i.e.: 

Bcd = Bc(ωSR, ωSS) 

The diffuse component 

The diffuse horizontal irradiation, Dc(ω1, ω2), over any period defined by ω1 and ω2, is given by: 

Dc(ω1,ω2) = I0 ε  
Dl
2π Trd(TL*(AM2)) [D0ω + D1 sin(ω)+ D2 sin(2ω)] ω2

ω1
 

where TL*(AM2) = p/p0 TL(AM2). 

The transmission function at zenith, Trd, is given by 

Trd(TL*(AM2)) = -1.5843 10-2 + 3.0543 10-2 TL*(AM2) + 3.797 10-4 TL*(AM2)2 

The coefficients D0, D1 and D2 are given by: 

D0 = A0 + A1 sin(Φ) sin(δ) + A2 sin(Φ)2 sin(δ)2 + 0.5 cos(Φ)2 cos(δ)2 

D1 = A1 cos(Φ) cos(δ) + 2 A2 sin(Φ) sin(δ) cos(Φ) cos(δ) 

D2 = 0.25 A2 cos(Φ)2 cos(δ)2 

The coefficients A0, A1, and A2, are given by: 

A0 = 2,64631 10-1 - 6,1581 10-2 TL*(AM2) + 3,1408 10-3 TL*(AM2)2 

A1 = 2,0402 + 1,89451 10-2 TL*(AM2) - 1,1161 10-2 TL*(AM2)2 

A2 = -1,3025 + 3,9231 10-2 TL*(AM2) + 8,5079 10-3 TL*(AM2)2 

with a condition on A0: 
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if (A0 Trd) < 2 10-3 then A0 = 2 10-3 / Trd 

This condition is required because A0 yields negative values for TL(AM2)>6. It was therefore decided 
to impose this limiting condition to achieve acceptable values at sunrise and sunset. 

The daily integral is achieved by setting ω1 equal to the sunrise hour angle, ωSR, and ω2 to the sunset 
hour angle, ωSS, i.e. 

Dcd = Dc(ωSR, ωSS) 

The global irradiation 

The global irradiation under clear sky, Gc, is obtained as the sum of the beam and diffuse horizontal 
irradiations under clear sky between two instants t1 and t2. 

Gc (ω1, ω2) = Bc (ω1, ω2) + Dc (ω1, ω2) 

The parameters ω1 and ω2 are respectively set to ωSR and ωSS for the computation of the daily global 
irradiation: 

Gc (ωSR, ωSS) = Bc (ωSR, ωSS) + Dc (ωSR, ωSS) ⇔ Gcd = Bcd + Dcd 

One may define the global transmittance of the atmosphere for the incident radiation, T(θS), as the sum 
of the beam and diffuse transmittances: 

T(θS) = TrB(θS) + TrD(θS) 
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Annex D. The cloud index 

The cloud index n is defined as: 

n t(i,j) = [ρ t(i,j) - ρ tg(i,j) ] / [ρ tcloud - ρ tg(i,j)) ] 

where  

• ρ t(i,j) is the reflectance, or apparent albedo, observed by the spaceborne sensor at instant t and for 

the pixel (i,j): ρ t(i,j) = 
π Lt(i,j)

 I0met ε(t) cosθS(t,i,j)
 , where Lt(i,j) is the observed radiance and I0met is the 

total irradiance in the visible channel for the various Meteosat sensors, 

• ρ tcloud(i,j) is the apparent albedo over the brightest clouds, 

• and ρ tg(i,j) is the albedo over the ground under clear skies. 

The computation of n t is pending to the determination of the reflectances or albedoes ρ tg and ρ tcloud. In 
turn, these reflectances are computed from the analysis of a time-series of the reflectance observed by 
the sensor ρ t. 

The reflectance observed by the sensor ρ t under clear skies is a function of the reflectance of the 
ground, ρ tg, the sun zenithal angle, θS, the viewing angle,θv, and the difference, ψ, of the sun and 
satellite azimuth angles. At the first order, given the large size of the pixel, the multiple reflection and 
scattering effects are negligible. Assuming a Lambertian ground, the reflectance observed by the 
sensor is (Tanré et al. 1990): 

ρ t(i,j) = ρ tatm(θS, θv,ψ) + ρ tg(i,j) T t(θS) T t(θv) 

where ρ tatm(θS, θv,ψ) is the intrinsic reflectance of the atmosphere, caused by the scattering of the 
incident and upward radiation towards the sensor. The parameters T t(θS) and T t(θv) are the global 
transmittances of the atmosphere for the incident and upward radiation. The principle of reciprocity 
implies that the same formulation applies to both transmittances. 

Numerous works show that the ground is not exactly of Lambertian nature. Vermote et al. (1994) 
propose several bi-directional models to consider these effects in the simulation of ρ t(i,j). From an 
operational point of view, the method Heliosat-II cannot consider these effects by lack of information. 
In particular, it would imply the knowledge of the landuse for each pixel of the field of view of the 
satellite Meteosat and of the associated model. 

The influence of the sun zenithal angle θS is important as is that of the Linke turbidity factor, which 
affects the transmittance. The air mass increases with θS, causing an increase of the intrinsic 
reflectance of the atmosphere ρ tatm. The transmittance decreases as the turbidity increases, or similarly 
as the visibility decreases. The difference, ψ, of the sun and satellite azimuth angles impacts on the 
reflectance observed by the sensor, though it is less important than the sun zenithal angle. 

The present approach is based upon the modelling of the intrinsic reflectance of the atmosphere, also 
called the path reflectance, and the atmospheric transmittance. Each term, ρ tatm and T t(θS) or T t(θV) is 
modelled, resulting into the explicit formulation of ρ t as a function of θS, θV, ψ and ρ tg. Inversely, this 
permits to compute ρ tg and ρ tcloud. 

Assuming that the scattering by the atmosphere is isotropic, it is conceivable that the path radiance 
Latm reaching the sensor is proportional to the path radiance reaching the ground. This path radiance 
can be expressed using the expression of the diffuse irradiance under clear sky at ground level, Dc: 

Latm = (Dc / π) (I0met / I0) (<cosθV> / cosθV)0,8 
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The ratio (I0met /I0) normalises the extraterrestrial irradiance to the Meteosat sensor case. Following 
Beyer et al. (1996), the ratio (<cosθV> / cosθV)0,8 empirically corrects for the viewing angle without 
bias (<cosθV>=0,5). 

Various tests show that the approach is satisfactory, provided it is restricted to zenithal angles and 
viewing angles less than 75°, as was the case with the method Heliosat-I (Diabaté 1989; Bauer 1996). 
It follows that the method Heliosat-II will be unable in principle to accurately estimate the irradiation 
north of the latitude 65° N, and south of the latitude 65° S. 
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Annex E. The computation of the ground albedo 

The ground albedo ρg(i,j) may be assessed from a time-series of Meteosat observations converted into 
radiances Lt(i,j). The analysis of several years of images from Meteosat shows that it happens that 
some pixels exhibit very low radiances, similar to those observed during the night, while the sun is 
well above the horizon. A constraint is imposed on radiances to avoid such cases; they should be 
greater than 3 percent of the maximal radiance that can be observed by the sensor: 

Lt(i,j) ≥ 0,03 
I0met(t)

π  + b(t) 

where b(t) is the calibration coefficient, and more exactly the radiance measured when viewing 
darkness. The calibration coefficients are obtained through the web site (see online at 
http://www.helioclim.org). 

Knowing the Linke turbidity factor and the site elevation (see on line at http://soda.jrc.it), the path 
radiance is computed: 

Lt
atm(i,j) =  

D tc(i,j) I0met

2 π  I0 (cosθV)0.8  

and 

ρ tatm(θS,θv,ψ) =  
π Lt

atm(i,j)
I0met ε  cosθS

  

Finally, we get a quantity ρ* t(i,j) that is a ground albedo if the sky were clear at the instant t. 

ρ* t(i,j) = [ ρ t(i,j) - ρatm(θS,θv,ψ)] / T(θS) T(θv) 

This operation is performed for several images. For each pixel, a time series of ρ* t(i,j) is obtained. To 
eliminate artefacts in assessing the ground albedo, the time series is restricted to the instants for which 
the sun zenithal angle θS is less than the maximum of 50° and (2 θS

noon / 3), where θS
noon is the angle 

observed at noon, remembering that θS is less than 75° in any case. The second minimum of the series 
of retained reflectances is the ground albedo ρg(i,j) for this period. 

The period of the time-series should be the shortest as possible in order to take into account the rapid 
variations of the ground albedo, if any. Compared to the method Heliosat-I, wherein it is preferable to 
have one estimate of the ground albedo per slot, the accurate correction of the effects of the sun and 
satellite angles permits to merge all the slots into the time-series. Thus, the period may be shortened. 
In an operational mode, especially when real time is at stake, a moving period may be adopted. 

This possibility to have only one albedo map for a period permits to create a background map that 
allows overcoming the case where at a pixel, no cloudless instant is observed. In that case, the smallest 
reflectance is that of a cloud and should not be considered as the ground albedo. Prior being declared a 
ground albedo, the second minimum is compared to the background value. It cannot be less to half this 
value and cannot be greater than twice this value. If it is the case, it is set to one of these limits. The 
result is the ground albedo. 

In our specific case, the background map was created by processing all images available for the 
months of January and December for the years 1985 to 1997. These months were selected as offering 
less questionable pixels for the whole field of view of the Meteosat satellite. For each pixel, the time-
series of reflectances is processed as mentioned above. If less than 0.05 and if the pixel is over the 
land, the second minimum is set to this value. This background map was carefully screened by two 
operators to detect possible defects, using vegetation atlases and other geographical information. 
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Annex F. The computation of the cloud albedo 

The albedo of the clouds ρcloud has been defined by Cano (1982) as the typical value for the brightest 
clouds. The histogram of cloud albedoes is flat and it is very difficult to characterise this parameter 
ρcloud by a statistical quantity, such as a mode or a percentile. Costanzo (1994) or Hammer et al. 
(1997a, b) compute the mean value of the brightest albedoes observed in a time-series of images. The 
results may depend upon the length of the time-series and of the selected threshold. It should be added 
that some sites exhibit clear skies during several months (e.g. the Mediterranean basin), making it 
difficult to find very bright clouds. 

The above-mentioned difficulties disappear if one is using calibrated radiances. In this case, we may 
adopt an actual albedo of the brightest clouds. Rigollier (2000) refers to the maximum value given by 
Grüter et al. (1986), that is 0.9. According to the experience of L. Wald, who set up several 
implementations of the Heliosat-I method for various cases, as well as to the works of Möser, Raschke 
(1983), Grüter et al. (1986), Moussu et al. (1989), Stuhlmann et al. (1990), Raschke et al. (1991) and 
Wald (1998), this parameter is not a maximum value and should not be taken too high. The effective 
cloud albedo depends upon the sun zenithal angle. We follow the model proposed by Taylor, Stowe 
(1984a): 

ρeff(i,j) = 0.78 –0.13 [1 - exp(−4 cos(θS)5] 

However, the parameter ρcloud is to be compared to the quantities ρ* t(i,j) that derive from the observed 
radiances to compute the cloud index n. For ρ* t(i,j) = ρ tcloud(i,j), the cloud index n should be equal to 
unity. It follows that the same equation should apply to the effective cloud albedo, leading to the 
apparent cloud albedo ρ tcloud(i,j): 

ρ tcloud(i,j) = [ ρeff(i,j) - ρatm(θS,θv,ψ)] / T(θS) T(θv) 

Two constraints are added, gained from experience: 

ρ tcloud(i,j) > 0.2, otherwise ρ tcloud(i,j) = 0.2 

and ρ tcloud(i,j) < 2.24 ρeff(i,j), otherwise ρ tcloud(i,j) = 2.24 ρeff(i,j) 

The value 2.24 is the largest anisotropy factor observed by Taylor, Stowe (1984b) for the present 
geometrical configuration sun-pixel-sensor and thick water cloud. 
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Annex G. The relationship between the cloud index and the global hourly irradiation 

The clear-sky index Kch is equal to the ratio of the hourly global irradiation at ground on a horizontal 
surface Gh to the same quantity but for clear skies Gch: 

Kch = Gh / Gch 

The relationship between the cloud index and the clear-sky index is the following: 

nt < -0.2 Kch = 1.2  

-0.2 < nt < 0.8 Kch = 1 - n  

0.8 < nt < 1.1 Kch = 2.0667 – 3.6667 nt + 1.6667(nt)²  

nt > 1.1 Kch = 0.05  
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Figure 2. Relationship between the clear-sky index Kch and the cloud index n 
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Annex H. The computation of the daily irradiation and subsequent quantities 

The computation of the daily irradiation Gd(i,j) is based upon the N assessments of the hourly 
irradiation Gh(i,j) made during the day. The equations are the followings: 

Gd(i,j) = Kcd(i,j) Gcd(i,j) = Gcd(i,j) ∑
h=1

N
 wh Kch(i,j)  

where wh = 
Gch(i,j)

 ∑
h=1

N
 Gch(i,j)

  

It comes 

Gd(i,j) = Gcd(i,j) 

∑
h=1

N
 Gh(i,j)

 ∑
h=1

N
 Gch(i,j)

  

The estimate is said valid if at least N hourly irradiations are used in the computation. For each hourly 
irradiation, the mean solar elevation should be greater than 15°. To account for seasonal variation, N is 
set equal to a function of the sun zenithal angle observed at noon, θS

noon. 

if θS
noon < 55°, N = 2; otherwise N = 3 for the B2 data (data available every 3 hours) 

if θS
noon < 55°, N = 5; otherwise N = 8 when hourly values are available 

Other quantities are subsequently computed: the cumulative of the daily irradiation during 5 days or 
10 days and the monthly mean of the daily irradiation. 

These quantities are said valid if they are computed with at least 60 % of valid daily irradiation. It 
means that 

• 5-days irradiations are made from at least 3 daily estimates (60 %), 

• 10-days irradiations are made from at least 6 daily estimates (60 %), 

• monthly means of daily irradiation are made from at least 18 daily estimates (60 %). 

 



 

SoDa – Integration and exploitation of networked Solar radiation Databases for environment 

 

 

 

 

 35 

Annex I. Solving the specific case of sun glitter on the ocean 

The pattern of dancing highlights caused by the reflection of the sun from a water surface is called the 
sun glitter pattern. The surface of the ocean may be differentiated into small, mirrorlike facets. At 
spacecraft altitude, the reflecting facets will not be individually resolved. Therefore the apparent 
radiance of the sea surface in any direction will depend on the fraction of the area having the proper 
slope for specular reflection. The observed glitter pattern shows a radiance decreasing smoothly 
outward from its centre, since greater and therefore less frequent slopes are required as the distance 
from the centre increases. As the surface roughness increases with sea state, the pattern broadens and 
the level of radiance at the centre decreases (Wald, Monget 1983a). 

Contrary to the usual case of ground reflectance, the reflectance of the sea is highly variable during a 
day, ranging from null values to values greater than cloud reflectances (Wald, Monget 1983b). The 
approach adopted to assess the ground albedo is not effective in the case of the glitter pattern. The 
glitter pattern is centred on the specular point that is approximately defined as the pixel for which the 
viewing and sun zenithal angles are equal and the difference of the azimuths of the sun and the 
satellite is equal to 180 ° (they are opposite). Far from the specular point, the ocean reflectance is 
approximately constant and the ground albedo approach is suitable. 

Figure 3 exhibits the image acquired in the visible band by the Meteosat satellite. Visible in the middle 
of the image is the glitter pattern, a circle like shape in this case. The sun is at its zenith; the specular 
point is roughly southward of the nadir of the satellite. 

 

  
Figure 3. Meteosat visible image, taken on 1/1/1994, slot 23. Reflectances increase from black to 
white. The satellite is located above the Gulf of Guinea. Note the circular clear pattern in this Gulf, at 
the centre of the image, partly covered by clouds. The Gulf is magnified on the right image. 

Within the glitter pattern, another approach should be designed to take into account the fact that the 
reflectance may be greater than that of a cloud. For practical reasons, it was decided to correct the 
cloud index in the glitter pattern instead of the reflectance. 

A window is defined centred on the specular point. This point is defined as the pixel of the image for 
which the viewing and sun zenithal angles are the closest and the difference of the azimuths of the sun 
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and the satellite is the closest to 180 °. The search is performed between the latitudes 30 °N and –30° S 
approximately. The viewing and zenithal angles should be greater than 40 °. Otherwise, no correction 
is applied. The window is large enough to encompass the largest size of the glitter pattern: 
approximately 2000 km in radius. Only are considered the pixels known as belonging to the ocean. For 
each of these pixels, if the cloud index is greater than 0.2 (Kch less than 0.8), the sky is said cloudy and 
no correction is applied. Otherwise, a new window of 3 x 3 pixels is defined centred on the current 
pixel. One counts the number of pixels exhibiting cloud indices less than 0.2. If this number is strictly 
greater than 5 (60 % of the total), the current pixel is considered as cloud-free and the cloud index is 
set to 0. 

Figure 4 shows the application of the method on the previous image (Fig. 3). The uncorrected map 
exhibits cloud indices that are too high in the glitter pattern. They are mistaken as clouds and the 
resulting irradiation will be too low. Once corrected, the cloud indices offer values that are similar to 
the other cloudless parts of the ocean. The clouds are not affected by the corrections. 

  

Figure 4. Map of the cloud index. Left: not corrected for the glitter effects. Note that the glitter pattern 
is clearly visible. Right: corrected. 
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Annex J. An additional correction to hourly irradiation estimates 

Detailed analyses of the discrepancies between ground measurements and Heliosat-II estimates 
revealed a bias that is a function of the true solar time. The exact reasons are unknown. They are 
believed to be a consequence of the approximate modelling of the influence of the solar zenithal angle 
in the joint assessment of the ground albedo, cloud albedo and instantaneous albedo. 

The influence is not large at all and amounts to approximately 1-2 % in relative value. However, 
correcting for bias is very important in climate studies. An additional correction is brought to the 
clear-sky index, Kch, computed in Annex G: 

new Kch = Kch – 0.01(8 TST – 104) 

where TST is the true solar time, and 

new Kch = max(new Kch, 0.05) 

new Kch = min(new Kch, 1.2) 

 


