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POTENTIALS OF IMAGES FROM GEOSTATIONARY SATELLITE ATA FOR THE
ASSESSMENT OF SOLAR ENERGY PARAMETERS

Lucien Wald
Ecole des Mines de Paris, BP 207, 06904 Sophigalni France

ABSTRACT

Images taken by meteorological geostationary g&ellare currently used to map global
radiation. Several methods exist which processethesges. Among them, the Heliosat
method ranks as one of the most accurate and otinee &fasiest to use. Typical uncertainties
(rms.) of such assessment are about 10 % for th@thtyomean global irradiance on the
ground, about 10 % for the daily value, and ab&ué2for the hourly value. Use of ground
measurements and proper processing (e. g. krigioggase the accuracy of the estimates in

global radiation.

Splitting the global radiation into its direct addfuse components is not currently made on
an operational basis. This requires additionalrmition, such as turbidity in clear skies and
geometrical and optical properties of the cloudbjctv is not available from the current
geostationary satellites. However, some methods baen proposed which make use of the
sole satellite data and which rely on assumptieacing the missing information. In
assessing the components of the global radiatioe sbould take care of the space-time scales
he is dealing with: they are of paramount imporéimcdesigning a method, of its usefulness,
as well as in the evaluation of its accuracy. Iteimphasized that satellite images are
measurements taken by a radiometer and as such tbbetheory of signal processing,
particularly space-time sampling constraints. Tpeliaation of such images and of their

processing is limited to time scales equal or gretitan 1 hour, and to space scale equal or
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greater than two pixels (about 20 km). Therefore cannot treat the case of fragmented cloud
coverage, unless additional external informatioavailable. An important aspect to be taken
into account when satellite-derived and ground-muess information are to be compared,

either for calibration or validation, is the fatiat satellite information is a snapshot over a

large area, while ground information is a time-gnéged pinpoint measurement.

Of course practical problems to be solved are gtyomlependent upon the particular
applications, with major effects of space and tsamplings. For example, in daylighting for
a peculiar building, detailed spatial distributisnrequired for a very accurate assessment of
the luminance. The large size of a pixel preverasmfhaving this information, and the best

and most useful that can be got is likely a skgxkagether with some relevant probabilities.

In daylighting as well as in many other application solar energy, it is necessary to split the
global radiation into its diffuse and direct compats in order for example to be able to
compute values on tilted surfaces. Keeping in niredabove-mentioned limitations, several

works have been made to infer diffuse radiatiomfgatellite images.

Some of these works are briefly presented, théicjpies and their uncertainties. Then future
tracks are discussed which rely heavily on numenwadels of the radiative transfer within
the cloudy or cloud-free atmosphere. The advantagdsdrawbacks, as well as the pending
guestions are presented. Such approaches reqditeadl information that are not available
by the sole use of the data of the geostationamilises. The supply of these data, the

robustness of the method to these data are distusse

It is shown that some properties, such as turhidigometrical and optical properties of the
clouds, are predominant for the assessment of iffiesel and direct components. These
properties are best estimated by some other $aselind it is recommended to use them in
order to gain in accuracy. However this leads ttarge increase in complexity of the

processing chain as well of the fundamental problémbe solved with respect to the space-

time characteristics.
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1. INTRODUCTION - THE HELIOSAT METHOD

Images taken by meteorological geostationary g&®llare currently used to map global
radiation. Several methods exist which processethesges. Among them, the Heliosat
method ranks as one of the most accurate and otie afasiest to use. The Heliosat project
has been developed at Ecole des Mines de Paris thedauspices of both the Commission of
the European Union (DG XII-F) and the French Ageat¥nergy, beginning in 1978. It has
two purposes: the estimation of incident solaratdn at ground level from images of the
earth acquired by geostationary satellites, andotbduction of detailed maps of the spatial
distribution of the global radiation (and of itsngponents, if possible) in real time. A large
number of works from Ecole des Mines de Paris BD. theses), and also other institutes,
have assessed many times the good accuracy of ¢hieskt method by the means of
comparison with ground-based pyranometers. Theg h&so shown its simplicity, its reduced
computing-time, its possible levels of automatiats, acceptance of different kinds of
geostationary satellites (Meteosat, GOES, GMS) afndiata (raw data, B2 data, PDUS data

and digitized WEFAX data), and its relevance in-teme and operational constraints.

The principle of the Heliosat method is the coreiam of a "cloud index" resulting from a
comparison of what is observed by the sensor td sl@uld be observed over that pixel if the
sky were clear, which is related to the "clearnasfsthe atmosphere. In preparation to the
determination of the cloud index, a reference mifhe albedo for clear sky is constructed
(Moussuet al., 1989). Given a time-series of images, it is eatd at each pixel in a
recursive fashion by minimizing the variance bemvebke measured radiances and those
resulting from the clear sky model, the cloudy sdseing eliminated at each step (Cahal.,

1986). Figure 1 provides a diagram of the method.

At each pixel of the current image, the appardmea@d is computed as:

(DC-DCO0)
(extraterrestrial radiation) (geometry factor)(clearsknsmittance)

apparentalbeds

where
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« DC means ‘digital count’, DCO being what can belethlthe sensor zero (DC is not
necessarily calibrated),

« the extraterrestrial radiation is computed for¢heent day,

» the geometry factor accounts for the illuminationl éhe viewing geometry,

* the clear sky transmittance is provided by simphpieical models.

The cloud index i,j) at point (i,j) for given time t is defined aa function of the

characteristic reference albegd(,j), the apparent albedo at the same point medshy the
satellitepl(i,j), and the average albedo of the cloud top$see Figure 1). The computation of
pc is performed using the inverse of the algorithradufr determining the reference albedo

map and retaining only the cloudy areas. The hiatagof this "only cloud" image provides an

estimation op¢.

The clearness index KT(i,j) is defined as the raifoglobal radiation at ground on an

horizontal surface G(i,j) to the horizontal irraai@ outside the atmospherg({):

KT(i.j) = G(i.j) / Goli.j)

Several previous studies did show a linear relatgn between the cloud index and the

clearness index, where a and b are positive anel heen determined once for ever:

KTt=-ard+b

Then the hourly global radiation at ground leveleomorizontal plane is determined according

to: Gi(i,j) = - KTY(i,j) Gol(i.j)

The Heliosat method can run in a fully automat&ghfan on any kind of Meteosat visible data
(Diabatéet al. 1989; Waldet al. 1992). It provides accurate hourly estimateshef global
radiation at ground. Furthermore, it gives as bydprct estimates of the cloud cover and also
maps of ground albedo (Mousstial. 1989). The latter have been employed to study the
changes in albedo in the Western Africa duringwihele year 1984 (Diabat al. 1989) or
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the hydrological regime of Lake Chad during thetpgsars, including the 1970's drought
(Wald, 1990).

Satellite dat
Mean value of
Albedo of the ground Apparent albedo - the thick cloud
o (i.j) attime t land pixel (i,j) top albedo
p' (i) .
Cloud index

n' (i) = [p (i) - p ()1 / [P, - P (D]

v

Clearness index
K (i) = a (i.j) n (i) + b(.j)

l

Shortwave global solar radiation at ground level
G (i) =K (i) G, (i)

Figure 1. Diagram of the Heliosat method

A model has been proposed by Diabaté (1989) foragsmssment of the monthly mean of
daily sums. An analytical law has been fitted omeasurements taken by Météo-France for
10 years with a relative deviation (rms.) less tha#o. This model has then be applied to

hourly values derived from satellite data throulgd Heliosat method. Only three values are
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available per day. When compared to ground measmenthe relative error (rms.) in
reconstruction is about 10 %. The larger the nuntbemages used per day, the lower the
level of error. The error depend also of the sizthe pixel. Stuhlmanmt al. (1990) applied
their IGMK model to satellite images having a resioin of about 50 km (called B2-type

data). Having five images per day, they found alamerror,i.e. 10 %.

Though the algorithm exists for about fifteen yedesselopments are still made. For example,
Beyer et al. (1996) proposed some changes which may result amoeasier use and

installation of the Heliosat method and a betteueacy if confirmed by more experiments.

Many comparisons (several thousands) between Hliosther methods and ground
measurements have been made by several indeperdeatch teams (see e.g. Diabaté, 1989;
Diabatéet al., 1988; Gruteet al., 1986;Solar radiation atlas for Africa, 1991; Zelenkat al.,
1991). The results are independent of season pexteeasonally snow-covered areas -, of
geographical areas and of satellites, type of datd, the quality (even the absence) of the
calibration of the satellite data. Some very recsntks have shown that merging a few
ground stations measurement into the satelliterddrmaps, make the errors decrease by a
few per cent (Beyer, Wald, 1996; Zelendtaal., 1991). The error is now a function of the
distance to the closest station. The standard stlionethod ranks as one of the most
accurate. At pixel level (10x10 Kinthe relative error (rms.) is about

« 15 % or better for the assessment of the hourlyeyal

* 10 % or better for the monthly mean for a givenrhou

* 10 % or better for the monthly mean of daily sums.

Heliosat also means a software, the Sun-UNIX versibit made at Armines / Ecole des
mines de Paris being in public-domain and availaitean Internet server (http://www-
cenerg.cma.fritele). A PC-based package includingptallite data receiver has also been
developed and is marketed and sold by a French aoyn@he method is currently used by
several institutes in Europe and elsewhere withsiggionary satellites like Meteosat

(Europe), GOES (USA) or GMS (Japan). A scientifedwork ensures collaboration between
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these institutes and improvements in the method.

2. LIMITATIONS IN ASSESSING ADVANCED SOLAR ENERGY ARAMETERS

Splitting the global radiation into its direct addfuse components is not currently made on
an operational basis. This requires additionalrmgttion, such as turbidity in clear skies or
geometrical and optical properties of the cloudbjctv is not available from the current

geostationary satellites. However, some methods haen proposed which make use of the
sole satellite data and which rely on assumptiepsacing the missing information. But first

of all, one should take care of the space-timeescélke is dealing with in assessing the
components of the global radiation. Such scalehpmaramount importance in designing a

method, including its usefulness, as well as ineveduation of its accuracy.

The typical size of a pixel within images from gedi®nary satellites is about 10 km. Images
are acquired every half-hour or every hour. Ihsnt obvious that no one can expect to derive
directly from such images parameters having smajpace-time scales, such as for example,
the luminance entering a window facing a certaneation. Satellite images are nothing else
that measurements taken by a radiometer. As swshaibey the theory of signal processing,
particularly to space-time sampling constraintse Hpplication of such images and of their
processing is limited to time scales equal or gretitan 1 hour, and to space scale equal or
greater than two pixels (about 20 km). It follovastt for example, we cannot treat the case of
fragmented cloud coverage or provide a detailedrg@sn of the cloud cover surrounding a

peculiar building, unless additional external imh@tion is available.

Of course practical problems to be solved are gtyomlependent upon the particular
applications, with major effects of space and tsamplings. For example, monthly means of
daily sums of diffuse radiation over large areasrauch easier to assess in an accurate way
than the same radiation hour per hour for theseeplaand peculiarly if aerosols loading is

highly variable. In daylighting for a peculiar hbdilhg, detailed luminance distribution is
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required for a very accurate assessment of thenmmee. The large size of a pixel prevents
from having this information, and the best and mastful information that can be got is

likely a class of skies, together with some reléyaobabilities.

One of the major points when designing or validatmethods which derive parameters from
satellite data is the link between these paramedads the measurements of these same
parameters by standard procedures at ground leyelometers, for example). The latter are
used either for validation of the derived paransetard the assessment of their accuracy, or
for calibration of the method, possibly on a roalnbasis, or for both. Several problems
arise. They are usually resolved by calling upaottes of atmospheric turbulence. | discuss

briefly these problems and their effects on assessof the accuracy of a method.

An important aspect to be taken into account wregellge-derived and ground-measured
information are to be compared, either for calibrator validation, is the fact that satellite
information is a snapshot over a large area, wipiteund information is a time-integrated
pinpoint measurement. The first question is: shakkground information be similar to the
satellite-derived information if the method werethwno error ? What are the origins of the
possible discrepancies and their level of magnitadeecond question: taking into account

that the model is not perfect, can we assess pigdle error only due to the model ?

Mixed to the previous aspect, is the accuracy efggocoding of the pixels within the satellite
image. Typical accuracy is 0.3 - 0.5 pixel for vergll geocoded images. For the images of
interest here, that means that the geographicatitotof a pixel is known with an error (rms.)

of about 3 to 5 km. It follows that the exact pmsitof the ground station is unknown. One
may hesitate between several pixels when beingdoieciwhich pixel contain the ground

station (Figure 2). Related to that point is thegjion of the variability of the parameter under
concern within a pixel. If the parameter is homagmrs, and more exactly has an uniform
value over the pixel, then the ground measuremastthe same value than any other pin-
point measurement that would be made over thatl.pbteat is the ground measurement is

representative of the parameter.
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Figure 2. Location of a pyranometer within a pixel

However uniformity is obviously rarely encounterddherefore one has to deal with weaker
hypotheses. Before proceeding, we have to considerthat images are not acquired in the
middle of the time-lapse of the ground measuremiot. example, France is observed by
Meteosat every half-hour plus 15 minutes (e.g. 50UT, 10h45 UT, ...). Therefore assuming
that one hour is the time-lapse that should be @vetpto the satellite-derived parameter, one
has to construct an one-hour synthetic value byrtbans of interpolation using time-adjacent
measurements made by the e.g. pyranometer. Indeegustification in doing so is done

exactly in the same way than for the space domaantlje pixels). The same hypotheses are
to be applied. The most common one is the statiignaf increments of the parameter in

space and time. Let consider the parameter asdomarvariable in space. Let consider its
difference between two points arbitrarily remotéisTdifference is also a random variable.
Stationarity of increments means that the staibfproperties of this random variable are

independent in space and time.

It is assumed furthermore that the optical propsrtof interest are passive tracers of
atmospheric velocity, and that their turbulent mmies can be derived from that of the
velocity. This is only fairly true for clouds sindbey have their own dynamics which may
differ strongly from the wind dynamics. Such a hymsis allow us to make use of well-

known theories of turbulence.

Workshop on Satellites for Solar Energy Resource |nformation - Washington, DC, April 10-11, 1996
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Time-average, as performed by pyranometers, shoaldeplaced by average in space, as
performed by satellite sensor. In turbulence the@ylor proposed in 1938 the so-called
hypothesis of ‘frozen turbulence’, according to efhbne can consider that the aggregates of
turbulent eddies which govern oscillations of ogitiproperties at a fixed point are translated
without change with the mean velocity of wind. Byst hypothesis, satellite-derived values
averaged over several pixels within the neighbodhafothe pyranometer can be compared to
the ground measurements. More exactly the statisfithe satellite-derived parameter can be
compared to the statistics of the ground measureme&his hypothesis is very convenient and
often used. But still it remains a working hypotsewhich is not always verified when
possible. It may be valid for very small intervalk time relative to the variation of the

turbulence, which is obviously not the case here.

The size of the pixel (~ 10 km) as well as the meawent lapse time (1 hour) are well within
the critical range intermediate between small-seald meso-scale turbulence. Within this
range, there is generally no strong links betweerfltictuations observed at one scale (e.g. 10
km) and another (e.g. 1 km). The statistical progeicannot be transposed from one scale to
another as one can do in the so-called ‘inertefiges in small- or meso-scale turbulence. It
follows that we cannot claim that the satelliterded information, averaged over a block of
pixels or not, should match the ground measurenfemliscrepancy is expected because of
the natural variability of the radiation which canre predicted nor assessed in the general

case.

Assuming a mean velocity of 10 m/s, one sees titatlse-derived values must be averaged
over about 4 pixels in order to be compared taltheur averaged ground measurement. This
number of pixels depend strongly upon the wind ei&avhich is variable in space (x, y) and

also with the altitude z. The latter problem maysbbred by the computation of an average of
the vertical profile of mean velocity weighted Inetprofile of the optical properties, as far as
such information is available. This is barely tlase. For the sake of the simplicity, one often

averages the satellite-derived values over a scpfaBa3 pixels centered on the location of
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the pyranometer. In doing so, one assumes the hamedy of the random variable made up
from the fluctuations of the velocity around theamesalue for this block of pixels. As said
before, this is only fairly true for several terfskdometers, including the large variability of
the optical properties in the lower part of thgptssphere. Furthermore, it does not account for
the prevailing direction of the wind. Taking a sgpaeans that the wind is blowing from all
directions towards the central pixel or inversétytting it differently, this way of doing may
be read as if some clouds which never passed ifiglieof-view of the pyranometer during
the 1-hour measurement influence this measuren@ntourse, changing the size of the
square to e.g. 7x7 or 11x11 pixels significanthamfpe the results, the magnitude of it
depending upon the case. Under uniform conditidhs, results are the same. In the
heterogeneous case, the results may differ sigmifig in an unpredictable way. Pinker,
Laszlo (1991) studied the effect of different splasampling of satellite observations on
retrieved surface global radiation using two dif@r resolutions: 8 and 50 km. They found
that, on the average, the results differed by al®ut9 %. Several other attempts, not
published in international journals, found simit@nclusions and demonstrated that there is
not an unique size of pixel aggregate giving thst besults. It is possible at one time to get
better agreement with one resolution and at otimes better agreement with a different
resolution. Beyeet al. (1992) suggested that the local variance may asedlmeasure of the

spatial heterogeneity and may serve to determmentbst appropriate size.

From this discussion, some conclusions are drawmgchware valid only for the scales

involved here:

e it is not true that the satellite-derived infornaati should exactly match the ground
measurement,

« the natural variability of the radiation may be mngant and induce a large discrepancy
between assessed and measured radiation,

* turning spatial average into temporal average byntleans of the Taylor hypothesis is not
justified in the general case,

* however it greatly ease the burden in image praogs®mplexity,

e it may have sensible effects on the results of dmparison between satellite-derived
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parameters and ground measurements,

» the magnitude of these effects are difficult todice

3. ASSESSING DIFFUSE RADIATION

In daylighting as well as in many other application solar energy, it is necessary to split the
global radiation into its diffuse and direct compats in order for example to be able to
compute values on tilted surfaces. Keeping in nihmal above-mentioned limitations, some

works have been made to infer diffuse radiatiomfgatellite images.

One obvious way is to start from the satellite~geali global radiation and to apply a standard
algorithm as in the case of ground measurementhdnframework of the European Solar
Radiation Atlas, 2nd edition, several algorithmsrevéested by a group of experts. The
algorithms of Erbset al. (1982) have been selected. The first algorithmfopers the
assessment of the daily diffuse horizontal irradratfrom the daily global horizontal
irradiation. Typical relative rms. is about 15 %l@ss when entries are measured radiation. In
the case of satellite-derived global radiation, bas to add the associate error. | assume that a
crude assessment of the rms. may be given by titeofdhe quadratic sum of each rms., and
thus we obtain a typical relative rms. of abouf20The second algorithm performs the same
task but for monthly average of daily sums. Itppléed to maps of global radiation obtained
by the merging of ground-measurements and satdiiteved information, to provide maps of
monthly means of diffuse radiation averaged oveyddys (1981-1990). Typical relative rms.

is about 8 % or less when entries are measureati@dli In the case of satellite-derived
radiation, it is estimated to about 13 %. Thougldely assessed, these rms. form a reference.
Given the complexity of the processing of satellitda, a model can only be justified on an
operational basis if the resulting errors are thas these references. Table 1 summarizes the
errors (in relative rms.) that are currently attainby the processing of satellite images as

exposed above.
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hourly 20 %
Global daily sum 10 %
monthly means of hourly values 10 %
monthly means of daily sums <10 %
hourly 35-40 %
Diffuse daily sum 20 %
monthly means of daily sums 13 %

Table 1. Summary of the errors (in relative rmisgttare currently attained by the processing

of satellite images.

An attempt was made by Diabaté, Wald (1995) (see Biabaté 1989) to assess the hourly
diffuse radiation through the Heliosat method. Ampéical relationship was seek between the
Heliosat cloud index n and the diffuse radiatioraswred at eleven stations in France during
1984 and 1985. This relationship was a second-grdignomial function of n. According to
the linear relationship between n and KT, thisgsiealent to seek a relationship between
clearness index KT and diffuse radiation. The taak very difficult since it was dealing with
hourly values and not averages. Relative uncertsirftms.) were about 38 % for both years.
The larger errors were encountered for clear skgsvery thick clouds. In both cases KT and
the solar elevation are not sufficient to deterntime diffuse radiation. The influence of the
turbidity is predominant for clear skies (low cloudlex, n < 0.1, KT > 0.6) and becomes
negligible for cloudy skies (n > 0.5, KT < 0.4).rPeery thick clouds, it was found that

additional information describing the type of clasdequired in order to gain accuracy.

Stuhlmannet al. (1990) introduced a model to assess the daily suthe diffuse component
into the IGMK model. The IGMK model was developedncurrently with Heliosat. In
essence, both models are very alike and lead tdasinesults (Gruteret al., 1986; Solar
radiation atlas for Africa, 1991). Using climatological monthly means of tmical thickness
for the atmospheric ozone, water vapor, and sud#dmedo, and prescribed values for aerosols

type and loading, they computed the daily diffusdiation for 31 stations for 1985 and 1986,
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by the processing of Meteosat B2-type images (e@ehpurs, pixel size is about 50 km).
Figure 3 is copied from this work and displays th&éo of daily diffuse to daily global
radiation versus the clearness index KT for Jan@886 and 1986. The relative error (rms.)
in reconstructing the daily sum is about 25 % andeduced to about 15 % for the monthly
mean of daily sum of diffuse radiation. Differenttythe work of Diabaté, Wald, one observe
a large scatter for medium and small KT. The fhat these authors used low resolution data
together with ground stations located in severffdint climates, is in perfect agreement with
the introduction of climatological knowledge in tl@MK model. In the case of both an area

of smaller extension and higher resolution sagetdta, one would likely obtain larger errors.

Figure 3. Ratio of daily sum of diffuse to dailynswf global radiation versus daily clearness
index, for January 1985 and 1986. (a) measuren{8atstations); (b) IGMK model results.
Copied from Stuhlmanat al. (1990).

From the analysis of such works, | believe thatoanfl description of different optical

processes within the atmosphere is a key to sudoesssessing advanced solar energy

parameters. This is illustrated by the modified IKkhodel which provides fairly acceptable
results though crude approximations are made ilcapiroperties of the atmosphere. Several

models have been popularized like Lowtran, ModtoabS-6S. They have different purposes
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which differ from those pursued here. However tlh@yn the basis from which one can
cautiously extract the various sub-models desgiltie fundamental processes. By bringing
more physics into consideration, one expects taowvgthe accuracy in retrieving the diffuse

radiation as well as the spectral information regplifor illuminance assessment.

However the major limit to these sophisticated n®dee the physical parameters to be input.

Usually, these parameters are very difficult townbthink that_their knowledge is the second

key to success

Using models detailing the fundamental processassléo:

e complexity increases

* number of input parameters increases,

e accuracy of input parameters should be high,

» whole system should be coherdrg, each piece (sub-model plus associated inputs)dhou

have the same level of knowledge and accuracyttienothers.

For example, one may use detailed description ef Riayleigh scattering and of aerosol
scattering. Rayleigh scattering is a function af &ir pressure at ground level. A relative
change of 10 % in pressure induces a relative @éahg % in radiation in the blue range. As
for the aerosol scattering, assuming one type oisaé instead of another leads to relative
changes of 1 - 2 % in the same range. These emaygartly compensate or cumulate. In this
example, we have increased the description of tlecegses, we have increased the
complexity, we have increased the number of inputsthe lack of knowledge about these

inputs leaves a possible relative error of sevagalkcent.

The work of Stuhlmanset al. (1990) illustrates this point. Having designed @del requiring
several input parameters, they affect crude valogeem by lack of knowledge. In a certain
way it is in contradiction with the sophisticatiohthe model. For example, special treatment
can be done for aerosols, but nobody knows thecaptinickness, type and loading for the

current conditions. They are using climatologicalador simply archives (past measurements
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or maps), which are overall poor in accuracy beeahsy do not correspond to the current
conditions. This lead to an accuracy which is reitds than simpler models, which are using
statistical relationship between ground measuresnant satellite-derived parameters. This
limit in accuracy due to the poor accuracy of thpuit parameters is illustrated in Figure 3.
One can see that for clear-skies there is a bidfer@hce between mean values) in KT
between the observations and the estimates. Ths dnounts to 0.04 in absolute value,
which is about 10 % of the mean KT. It is mostlgueed by the use of prescribed values for
the aerosol properties (no seasonal nor geogrdpladation) or of climatological values for

water vapor.

The previous works as well as runs of numerical @l®dlescribing the radiative transfer

within a cloudy or cloud-free atmosphere show that first approximation

« there are two difficult cases to solve: the cldaes and the overcast skies, including the
case of superimposed layers of cloud, and the bro&kls,

* in clear-sky, the main parameters are the aerosalihg and the water vapor content, or
the visibility which is a more global parameter,

* in overcast skies, the most important parametersher optical thickness, and the altitude

of the cloud top.

According to the past experience, the following rapph should be used in the Satellight
program. This approach should be understood asobribe several steps towards a very
accurate assessment of the diffuse componentsreotafinite one. The Satellight program is
sponsored by the European Commission, and ainme aetrieval of the diffuse component as
well as improving the assessment of the illuminafite approach is the following. One may
use climatological or standard values for aerosol water vapor and more generally for all
parameters of interest. Cloud top height is assebgethe means of imagery taken in the
thermal infrared band, providing measurements ef tdmperature of the targets. Given a
standard vertical profile of temperature, one carive the cloud top height. The profiles may
possibly be supplied by the European Center foriMedRange Weather Forecast (ECMWEF).

This allows to take into account the current cands, though cloud top height determination
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is limited by the fact that the vertical temperatyrofile may change rapidly within a
ECMWEF grid mesh, at least in the boundary layethéf ECMWEF profiles are used, account
should be taken of the size of the grid mesh (abdift at besti.e. about 70 km) compared to

the pixel size.

Then there is one degree of freedom: the optidekiiess of the cloud. It is adjusted in an
iterative way so that the reflectance output fréwe humerical model matches the reflectance
observed by Meteosat. More precisely, this minitn@aproblem is performed on a function
of the distance between measured and assessedepaimnittention should be paid on this
parameter (or these parameters). For examplee ipénameter is the reflectance observed by
Meteosat, one should take into account the poauracg of the calibration of the sensors.
This peculiar point can be solved by using reflects relative to an arbitrary reference. For
example, one can define a model cloud index imalas way than for Heliosat. The matching
is then performed on the cloud indexes. Comparethdoprevious works, one can expect
better results because of this degree of freedadjusfing the optical thickness of the cloud to
the observations allows to compensate for the ®masing from elsewhere. It is likely that
the error on the optical thickness will be largat the error of the whole approach to the
diffuse radiation will be better. Of course theoeiin clear-skies is expected to be close to that

observed by Stuhlmaret al. since the processing will be similar.

4. MERGING DATA FROM OTHER SATELLITES

However better accuracy is required for global aidn applications and also other
parameters are required for several uses of inrgewmdmains: global, diffuse, direct,

illuminance, APAR, cloud cover surrounding a spmectral composition of the radiation.
According to the previous discussion, it followstthbetter accuracy is required on the input

parameters, including their space and time didtiobu

This can only be achieved by the means of spaagels@nsors. Some may help in producing
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more detailed assessment of these input paramé&terse satellites are future programs, some
are current. For example, NOAA data are acquiretivim visible and near-infrared bands.
Darnell et al. (1988) used such data in a very satisfying wayandigg accuracy. The
multispectral capabilities permit a characterizaid the optical properties of the atmosphere,
including aerosols loading for clear skies. Howethex processing of such images is much
more complicated than the Meteosat data. Furthexpibiere is only one to three usable
images per day as an average, at the beginnirgeifternoon in mean solar time. This is not
sufficient to derive daily sums. It follows thaethNOAA imagery cannot be used alone for the
assessment of solar energy parameters. When cadntbngeostationary images, it greatly
improves the retrieval of these parameters, bubhatexpense of a much more complicated

processing.

Future programs such as the European MeRIS, PolRER,GOMOS and the USA EOS
initiatives will better characterize and map theicg properties of the atmosphere. We can
expect to have within a few years a more accurasergotion of the parameters to be input to
the sophisticated models retrieving the directiffuse radiation. An approach such as the one
envisioned for Satellight will be still valid, withossibly a minimization of a quantity which

is now a function of several inputs allowed to Istig fluctuate.

When calling upon several sources of data, seyeaddlems arise, including the problem of
data fusion. Some satellites like the Meteosat S@dBeneration program will give a large
number of the required information. However it ikely that in order to increase our
knowledge, we have to increase the number of ratewdormation. Therefore we have to
deal with other satellites and sensors. Theseligatdhta are of different types, different
resolutions in space, different sampling in timéfedent geographical coverage, and then we
enter a very difficult field of image processinglled data fusion. That means that an
advanced analysis of satellite data will requicdose cooperation between people involved in
optics of the atmosphere, image processing, appligthematics, decision theory and so on.
Advanced fusion techniques may call upon data alsgion and numerical models for

predicting temporal changes of optical propertisst of the work will be done by the space
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agencies but the solar energy community has a fonadtal role to play. As today the solar
energy community has to show that it is convindedua the potentials of the satellite data in

order to foster the studies the space agenciedauagh in that direction.

5. CONCLUSION

| have discussed the state-of-the-art in assesdifigse and direct components of the
radiation. Some methods are currently available daih in accuracy is needed for solar
energy applications. Discrepancies between grouedsorements and satellite observations
with respect to space and time characteristickeydassues. The variation in space and time
of the radiation should be better understood ireotd modelize it and furthermore to be able

to compare (or merge) these different types of slaéamore accurate way.

Some properties, such as turbidity, geometrical aptical properties of the clouds, are
predominant for the assessment of the diffuse aedtdcomponents. It has been shown that
advanced models should be employed for the radiatansfer but then the main limitation is
the poor accuracy of the input parameters. Thesargers are, or will be, best estimated by
some other satellites and it is recommended totlsm when possible in order to gain
accuracy. However this leads to a large increasieeirtomplexity of the processing chain and
requires a better understanding of the fundamegmtdllems to be solved with respect to the

space-time characteristics.
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