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Abstract-A statisticalmethod is presentedfor the determinatiouof the global solar radiation at ground
level. It makes use of data from the meteorological satellites, which provide extensive coverage as
well as adequateground resolution. In the first step, a reference map of ground albedo is deduced
from the time-sequenceof satellite images. Then, by comparing the satellite data with the computed
albedo map, a cloud coverageindex is determinedfor each ground point of5 km x 5 km. This index
is linearly correlated to the atmospherictransmissionfactor. The regressionparametersare estimated
using a training set provided by ground pyranometers. Tests for two different time periods show a
good agreementbetween the actual and model-derivedhourly global radiation.

1. INTRODUCTION
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Though the global radiation measurementsnetwork
in developedçountries is still in progress,the average distance between stations in Europe is about
100 km and is thus too large for the current applications of solar meteorology. In many other parts
of the world the networks are even sparser,especially over the oceans.
On the other hand, meteorologicalsatellitesprovide extensive and frequent observations of the
earth-atmospheresystem, both in the visible and infrared wavelengths.The ground resolution depends
upon the satellite sensor and the latitude of measurements, and varies from I to 5 km; the period
ofobservationsrangesfrom 30 minutesto 12hours.
Adequate processing of these data provides a
wealth of information useful in the production of
solar energy indices, particularly for those areas
where no traditional meansof observation are available. Besides their usefulness in solar energy engineering, such global radiation atlasesprovide new
scientific information. For example, they can be
used in climatology studies which require accurate
data on the ocean heat flux balance, in which the
sun radiation plays a major role.
Both the Solar Energy R&D of the Commission
of the European Communities (Project F) and the
Agence Française pour la Maîtrise de l'Energie
(AFME) are involved in the determination of global
radiation using satellite data. This paper presents
the work carried out by the authors under these
auspices.
Methods for estimating the global radiation at
ground level using satellite data can be divided in
two categories: a statistical approach based on reI Now with Thomson-CSF in Cagnes-sur-Mer.
t Now with INRIA in Sophia-Antipolis.

lations between satellite and ground data and a
physical approach using radiative transfer models
to formulate a relationship between satellite and
ground measurements.
While more likely to be precise when applied to
small areas,statistical methods are usually lessgeneral and require comparison with ground data. The
work of Tarpley[l] is perhaps the best known of
these methods.On the other hand, physical methods use simplemodels,becausesatellitesonly measure a few parametersarnongthe many that govern
radiative transfer. The best known methodsare certainly those of Raschke, Preuss[2] and Gautier er
al.l3l.
The approach now developed here is of a statistical kind. A training set of ground data is required to determine the parameters of the regression model, which in turn will predict the global
radiation. The basic idea of this method is that the
amount of the cloud cover over a given area statistically determines the global radiation for that
area. Thus, the processingis divided in two steps.
A cloud cover index is first derived for each location (i, 7), called a pixel, of the original satellite
image and subsequentlyused in a second step for
a statistical estimation of the global radiation.
In preparation to the determination of the cloud
cover index, a reference map of the planetary albedo for clear sky is constructed and updateddaily.
The cloud cover index map is then derivedfrom the
comparison of the current satellite image and the
referençe albedo map. Following this determination, the atmospherictransmissionfactors are computed using pyranometric data and a statistical
regression between these factors and the cloud
cover index at the same locations is then performed. Finally, the global radiation map is computed on a refined grid using an interpolation technique between ground stations.
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2. SATELLITE
DATA
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The basic remote sensing data are taken from
the geostationary satellite Meteosat observations,
both in the visible and the thermal infrared spectral
ranges. Each satellite image is preprocessedusing
geometric correction with landmark correlation,
noise filtering, and normalization of digital counts
by the direct spectral irradiance which would be
measured on an horizontal plane located at each
pixel under a clear sky.
Becausethe digital counts can be directly related
to the upward radiance, this normalization is equivalent to the computation of a bidirectional reflectance factor. Furthermore, since most continental
surfaces may be considered as lambertian for the
observation anglesunder concern (except for water
and snow) within a small error, the transformation
is equivalent to the computation of an image of the
albedo of the system clear sky-ground (planetary
albedo for clear sky) with variable cloudiness. For
conveniencethe planetary albedo for clear sky will
be called reference albedo in the following. In fact,
the exact relationship between the upward radiance
and digital count is unknown, becausethe satellite
Meteosathas no calibration.However, the term albedo will be usedfor convenience.
3. CONSTRUCTION OF THE REFERENCE ALBEDO MAP

Generally, the cloud albedo is greater than the
ground albedo,except over snow and some desert
soils. Usually, one makes use of this fact in the
construction of the reference albedo map by assuming that, given a satellite image time-series,the
clouds are nonstationary and that the minimum
value observed at each pixel will provide a reference albedo map.
In this method, the construction of the albedo
map is based on the fact that, if the cloud albedo
is greater than the reference albedo, then in a time
seriesof satellite images,the appearanceofa cloud
in the field of view of the sensor will result in increased measured radiance. Cloud detection can
thus be performed by the difference between the
cloud induced responseand the corresponding signature of the ground under a clear sky.
After the clear sky model of Bourges[4], the
global radiation at ground G" at instant / is:

l,j

G"(t) : Io;(sinv;tt*"r,
5
"i

,"j

, , I''.,r;'j
"iri
,...t.,.i

(l)

the system clear sky-ground of albedo p(r) may be
expressedby the following:
E(t) : p(r)16;(sin
u)t.r5.

(Z)

The various terms of this formula are considered
as random variables, in order to take into account
the approximate character of the clear sky model
and the instrumental noise. The referenceatbedois
evaluated at each pixel in a recursive fashion by
minimizing the variance of the difference between
the measuredradiancesand the radiancesresulting
from the clear sky model, the cloudy cases being
eliminatedat each step.
Under someassumptions,this way of estimating
the ground albedo can be justified mathematically[5]. It is assumedthat the reference albedo is
a stationary random variable p" ofmean p* and variance ol, and that the cloud albedo is a Jtationary
random variable p. of mean p. and variance ol. If
the apparent albedo is a stationary random variable
X equal to p" (reference albedo) with a probability
P" and equal to p. (cloud albedo) with a probability
P., it can be shown that the iterative minimization
of the variance of the difference between the observed and clear sky model radiancesis equivalent
to an iterative computation of the mean X of the
variable X, with elimination of the cloudy pixels at
each step.
7 = Prp, * P"p..

(3)

This convergenceproperty is met if the difference
between the means p" and p. is much larger than
the standard deviation o" and larger than o.:

F.-F")o"
p. - F" ) o..

(4)

In the case of cloud discriminatlon, those conditions are typically fulfilled, and the iterative averageX convergesto the mean ground albedo value
p". Two important exceptions are snow and some
desert surfaces.
The methodis illustratedin Fig. l, which shows
the reference albedo map of Europe obtained from
ten Me.teosatimages of May 1979.Of course, if a
cloud layer remained stationary in the time-series,
the model hypothesesare not fulhlled, and the apparent albedo is the albedo ofthe cloud, as it is the
case over Ireland in Fig. l. A second example of
satellite derived reference albedo map is given in
Fig. 2, which relates to the western central part of
Africa for the last days of January 1984.

where l_oy
is the extraterrestrial solar irradiance for
the day under concern, normal to beam multiplied
by 0.7; and p is the elevationof the sun.
The parameter a characterizesthe total atmospheric transmittanceand rangesbetween0.14-0.17
4. EVALUATION
OFTttE ô"O- "o** r*"*
dependingupon the geographicallocation[4].
In this work, a value of 0.15 has been chosen
The cloud cover index nî(i, ) at point (i,7) for
and therefore the irradiance measuredby the sat- given time r is defined
as a function of the charellite sensor in absenceof clouds and comine from acteristic reference albedo p(j,.1),
the apparent al-
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Fig. I . Map of the referencealbedo of Europe obtained from Meteosatdata for May 1979.The albedo
value increasesfrom black to white. Becausethe sky was always cloudy over Ireland, the local albedo
is very high, and does not representthe ground albedo.

bedo at the samepoint as measuredby the satellite
p'(i,7), and the averagealbedoofthe cloud tops p..
It is computed for each pixel using the following
formula:
nÎ(i, j) : (p'(i,"r) - p(i,)l(p. - p(,,"r)). (5)
The reference albedo of the Europe area is determined in the previous step for each 5 x 5 km2
pixel of the Meteosat image by iterative detection
and elimination of cloudy areas. The computation
of cloud albedo,p., is performedusing the inverse
of the previous algorithm retaining only the cloudy
areas. The histogram of this "only cloud" image
provides an estimation of p. using mode computation.
This cloud cover index ranges from 0 to I and
can be interpreted as the percentage of the cloud
coverper pixel. It also providesan indicatorofthe
transmission of an atmospheric column above the
pixel, with low values corresponding to a high
transmission factor.
The cloud cover index determination relies on a
reliable reference albedo map, which is affected by
seasonal variations. In order to take these variations into account, the reference albedo map is updated during the processing by weight averaginga
new cloud-free pixel with previously determined
cloud-free pixels.
However this method does not perform properly
when the reference albedo is of the same order of
magnitude as the albedo of the clouds. Over Eu-

rope, this is specifically the caseover snowy areas.
In this case, Cano[S] proposes that an alternate
cloud index is dehned using the radianceÂ* (i,,
measured by the satellite in the thermal infrared
spectral band:
n"(i, j) : (R'(t, J) - R"XR. - R")),

(6)

where R. is the radianceof the clouds, and R" the
radiance of cloud-free snow areas,both determined
using image histogram in the thermal infrared.
However no further study ofthis alternateapproach
was performed. In this case the cloud index may
become negative in case of temperature inversion
in the lower atmosphere.Also there must be an objective procedure to decide which of the two approaches should be adopted. None of these problems is presently addressedand the method here
describeddoes not use this alternative.
5. STATISTICAL RELATIONSHIP BETWEEN CLOI]D
COVER INDEX AND GROIJND MEASURED TRANSMISSION
FACTOR

The method uses linear regressionbetween the
satellite determined cloud cover index and the
ground measured transmission coefficient. This
simple and efflrcientapproach is basedon previous
work from Bourges[4], and correlations coefficients
determinedby Pastre[6]between sunshineduration
and cloud cover index.
The total atmospherictransmissionfactor K(i, "l)
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Fig. 2. Map of the referenc€ albedo of western Central Africa, obtained from Meteosat data received
in WEFAX format for the last days of January 1984.The albedo increasesfrom black to white.
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is defined as the ratio of global radiation at ground
on a horizontal surface G(i, j) to the horizontal irradiance outside the atmosphere Gs(i,j):

.
i

i

. i
"-t
::-.1
- ;; .l :i

K(i, j) : G(i, r)lco1, i.

Q)

This quantity ranges typically from 0.2 to 0.8. If
one interprets the cloud cover index n'(i,7) as the
percentage of pixel covered by clouds, the global
ground irradiance at time / is expressedas a linear
combination
G'(i,i): nt(i,i)G6(i,i) + {l - nt(i,i\)G"(i,t),

In order to test the linear relationshipbetween
the cloud cover index and the total transmission
factor, measurementsof hourly global irradiation
during May 1979,provided for 27 French stations
by the French Meteorological Office, were reduced
to transmissionfactors and comparedto the closest
5 x 5 km2 pixel in the image with a location root
mean square (r.m.s.) error less than haH a pixel.
The correlation coefficient is almost everywhere
greater than 0.80, thus indicating that the hypothesisof a linear relationshipcanbe relied upon (Fig. 3).

(8)
6. DETERMINATION OF HOURLY GLOBAL RADIATION AT

where Ga and G. are the global ground irradiance
GROI,JND
for overcast and clear skies, respectively.
The previous step provides for eaoh pixel and
For each of these extreme conditions, one can
define a transmission factor, respectively K6 and hour time interval t, the coeffrcients a(i,.1) and b(i,
K., which is supposed to be constant for a given "l), defining a linear regression between the transhour. This realistic hypothesis leads to the follow- missionfactor K'(i, j) and the cloud cover index n'(i,
ing linear relation:
J) determinedfrom satellite. Once thesecoefficients
are known at the ground stations, a method of inK(i,j) = n' (i,i)Ku1 J + 0 - n' (i,i))K"(i,j)
terpolation (krigeage) between the stations is applied in order to defîne the complete field of coef: n'(i,j)(KoQ,i - K.(i,j)) + K"(i,ù
(9)
f,rcientsa and b for the studied area and for each
: a(i,j)n'(i,i + b(i,i).
hour interval.

'Determination of solar radiation from satellite data

l2-13h. The correlation coefficient between measured and estimated values is in most casesbetter
than0.8 (Table I and Fig. 4). The r.m.s. rangesfrom
If it is assumed that the f,reld of coefficients d
and b for each pixel is stablein time or slowly vary- 14 to 72 Jlcilf Q9 to 200 Wh/m2) with an average
value of 42 Jlcm2(117Wh/m2).
ing on a seasonalbasis, it is thus possibleto estiIn the secondtest, prediction was performed on
mate the transmissionfactor for each new image as
24-30 April, using the 1-23 April 1982for training.
follows:
The hourly periodswere 8-9h, ll-lzh and 14-15h.
The estimation errors are presented in the form of
:
(10)
R'(t, i)
a(i, i)n'(i, i + b(i, i.
an histogram for each hourly period and for the
whole set of stations (Fig. 5). The r.m.s were reThe estimation of the hourly global radiation is then
spectively 18,24 and 23 Jlcmz(50, 67,64 Wh/m2).
deduced as follows:
The bias (systematic error) is null like for the hrst
( 1 1 ) test.
G^ti,t"l = R'ti,i)Go(t,
r.
The results of the second test are much better,
likely due to the greater similarity in conditions durIn order to test this model and to estimate its
ing the training and estimations periods.
accuracy in predicting hourly global radiation, validations were performed using data from France
and Europe. The data sets were split into a training
CONCLTJDING REMARKS
period and an estimation period covering the next
7 days. During the training period, ground meaA simple method for estimating the global rasurements of hourly global radiation were used to diation has been developed and tested. The
determinethe coefficients a and à for the 27 stations method, which relies on the prior determination of
over France in May 1979, and for 89 stations over a referençe albedo map, is statistical in nature and
Europe (April 1982).These coefficients were then avoids the difficult problem of satellite data caliused to predict the hourly global radiation during bration. In addition to the albedodetermination, the
the estimation period for a pixel size 5 km x 5 km. foundation of the scheme is the linear relationship
Finally, estimated and measuredvalues were com- between the hourly transmission factor measured
pared and the errors computed.
at the ground and the cloud cover index computed
In the first test, the training period lasted 7 days from the Meteosat data. The root mean squareerror
(5-12 May), and the estimationperiod ran from 13 of reconstruction of radiation at ground stations
to 2l May. The hourly periodswere: 8-9h, l0-l lh, scattered over France and Europe has been dem7. ACCI]RACY OF TIIE METIIOD IN PREDICTING THE
GLOBAL RADIATION
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Table I' Statistical results of comparison between satellite derived and ground measuredhourly
global radiation using the 27 stations of the French Meteorological Office. Prediction was
performed on 13-21 May 1979,period using the previous 7 days for training
STATION

CORRELATION
COEFFICIENT

R.M.S.
(J/cm')

I

.986

14.3

2

.968

2 7. L

.978

24.5

4

.922

34.7

5

.938

2 8 .r

6

.910

45.6

7l q

55.3

8

.956

26.4

9

.895

5 0 .1

l0

.777

69.2

il

.914

36.8

L2

.96r

24.8

t ?

.713

72.9

I4

.964

26,3

15

.851

44.8

16

.966

22.3

I7

.943

36.3

18

.853

s6.4

l9

.484

72.1

20

.863

5 5 .I

2l

.962

28.2

22

.805

60.5

23

.919

4t.4

24

.816

5 7. 2

25

.928

36.0

26

.806

s8.5

27

.961

28.3

.871

42.2

AVERAGE

onstrated to be around 30 J/cm2 (83 Wh/m2) for
global hourly values.
These results clearly demonstrate that satellite
data can be used successfullyfor mapping both the
global radiation at ground level and the cloud coverage over very large areas, with a ground resolution of 5 km x 5 km. The satellite derived data
display details of the mesoclimatic variations of the
global radiation over the land. Such information is
ofparticular value in at least five instances. It is a
great help in countries where the solar radiation
monitoring network is well developed, because it
offers an opportunity to interpolate betweenground
stations and study mesoscale problems. In other
parts of the world, such as Africa, satellite data of-

fers the only opportunity to map the solar radiation
over large areas. They also provide vital new information over the oceans,where, for the moment,
only a few measurements are available, and no
global radiation map could be produced. lndeed,
these satellite derived data should make a substantial contribution to the assessmentof the earth radiation budget.
In solar building architecture, l5-50Vo of the
thermal energy can be derived from solar energy,
depending on the seasonâ.lvariations. However,
this can only be fulfilled after correct dimensioning
of storage and regulation devices. These engineering parameters require a precise knowledge of the
amount of solar radiation impinging on a wall, a

. Determination of solar radiation from satellite data

glass pane or a roof as an instantaneousvalue as
well as describing its variations over daily and seasonal cycles.
Following this research phase, an operational
system should be set up for routine production of
global radiation maps or derived data (cloud coverage, albedo). The first effort reported was by
Gautierl7] who mapped the hourly global irradiation for the southeasternCanada and northeastern
United States of America. She published maps of
the daily global irradiation averagedover a month
for May and October 1978,and also for thirty days
scattered in spring (April-June 1978).In progress
is the effort of the Heliosat station team, in Ecole
Nationale Supérieuredes Mines de Paris in SophiaAntipolis (France). The data from the Meteosat satellite are directly received and processedfollowing
a procedure derived from the method hereby presented. The Heliosat station'is working since January 1983, and is due to continue in 1985.This
scheme produces a map of the hourly global irradiation over Europe three times a day, and, since
1984, over the western central Africa. However,
some problems remain and must be solved if the
method is to be applied on a worldwide basis. Of
particular diffrculty are the problems of sand winds
and of dry mists in Africa, for which specific studies
have just begun.
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