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1. Introduction

This is the final report for grant NAB1AA-H-00024, mod.2 entitled : "Insolation
estimates from GOES data", and it is a contribution to the AgRISTARS program of

NOAA/NESS.

For practical purposes two approaches are presently available to derive insola-
tion from geostationary satellite data: 1) a statistical method developed by Tarp-
ley, 1979 which uses calculated correlations between mean satellite brightness meas-
urements and ground pyranometer measurements and y 2) a physical method, developed
by Gautier et al., 1980, which relies on calibrated high resolution brightness data
and simple physical modeling of the radiative processes occuring in the atmosphere
and clouds. The two methods have been shown to provide very similar results statis-
tiecs (i.e. about 10 % of the mean surface daily insolation measurements), but the
second method has the advantage that it does not require ground truth measurements.
However it requires calibration of the visible sensor, good image aligmment (naviga-

tion) and relatively high resolution of the brightness input data.

The main goal of this grant was to test whether a revised version of the method
of Gautier et al.,1980 (later, referred as GDM for Gautier Diak and Masse) could be
used with the GOES data set available at NESS, i.e. a reduced resolution hourly data
set. It was initially proposed to compare the daily insolation estimates made from
the GDM method applied the 48 x 48 km averaged brightness data set of NESS to a
pyranometer data set to be provided by NESS. This would have however required the
development of an image processing software adapted to the NESS brightness data set
which we estimated would have jeopardized the complete achievement of our principal
goal. Consequently, we decided to perform these tests with both the satellite and
pyranometer data sets we already had used to test the GDM method. This also had the

important advantage of not requiring a new calibration of the VISSR (since it had
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been previously performed for the GDM study) and consequently of providing addi-
tional ressources to perform a more complete statistical analysis of the properties

of insolation fields derived from satellite data.

In this report we present the results of this analysis in the context of the
proposed goal of this study. In section 2 we describe the GDM method so that the
reader can understand the rationale of the various tests performed. These tests and
their resulting statistics (obtained by camparison with pyranameters measurements)
are presented in section 3. The analysis of these results then led us in two direc-
tions: 1) the improvement of the physics of the model, which is discussed in section
4, and 2) the analysis of the natural variability of insolation, which is described
in section 5. Finally, the conclusions and recomendations from this study are

presented in section 6.

2. Description of the GDM method

The details of the radiative modeling are given in Gautier et al., 1980. In
this section, we briefly outline the physics of the approach and in more details the
procedure applied to estimate daily insolation. This will lead us to a short discus-

sion of the sources of error in this method.

Geostationary calibrated hourly brightness data are used to derive hourly inso-
lation in both clear and cloudy conditions. It is assumed that these data can be
used to delineate cloudy regions and also to calculate the bulk radiative properties
of clouds. In addition, it is assumed that in clear conditions it is possible to
estimate hourly insolation from only climatological conditions, i.e. not using the
measured brightness. Brightness data forming an image are thus tested, pixel by
pixel, to decide whether the conditions are clear or cloudy within the radiometer

field of view (pixel) using a cloud threshold value. This cloud threshold value is
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obtained fram the calculated surface albedo, the sun angle and the atmospheric pro-
perties. In order to reduce the amount of computation involved we assume that they
are constant over a certain area and equal to the value at the center of the area.
The area size (or box size) has to be large enough to noticably reduce the amount of
computations, but small enough so that the variables used do not excessively vary
from one side of the box to the center, i.e. such that the procedure does not
introduce errors of unacceptable magnitude. For each box we determine the number of
cloudy pixels (n) and their averaged cloudy brightness (B(cloudy)). The mean hourly

insolation at time t for an m x m pixel box is then calculated from:
Ins (t) = (m2 - n) Ins(clear) + n Ins(cloudy)

where Ins(clear) is calculated using a simple model which allows one to estimate the
effects of Rayleigh scattering and atmospheric water vapor absorption on solar radi-
ation. Ins(cloudy) is calculated from B(cloudy) by applying the calibration function
to obtain the corresponding cloudy reflectance R(cloudy) and the equation described
in GDM. The assumption here is that Ins(cloudy) is a linear function of R(cloudy);

this has been verified during the preliminary tests of the GDM method.

Thus with this approach, which represents a slight modification from that
described in Gautier et al., 1980, we perform some averaging within the processing

algorithm itself.

We have chosen an 8 x 8 pixel box for our typical insolation estimates because
the VISSR visible sensor detector sensor is composed of an array of eight sensors.

This thus allows us to use a mean calibration for all the sensors.

The daily insolation is then obtained by integrating in time the hourly insola-
tion estimates. This integration, which is performed using the trapezoidal method,

requires the detennination-of the sunrise and sunset times for each box of 8 x 8
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pixels. These times are calculated from the satellite information contained in the

directory of each image and the navigation program which relates satellite to earth

coordinates.

The cloud brightness threshold, necessary to delineate cloudy regions, is cal-
culated from the surface albedo (itself calculated fram a composite clear air image
in the way described in Gautier et al., 1980), to which we add an uncertainty margin
in order to take into account possible changes in atmospheric conditions between the
time of the analyzed picture and that of the albedo calculations. Since the bright-
ness difference between a clear and a cloudy region is large, for any same atmos-
pheric conditions, this approach is generally very good for delineating cloudy
regions. Visual verifications have been performed which have justified our confi-
dence in it. Fig 1 and 2 present some results from calculations made with the GDM

model and compared with surface pyranometer measurements.
Error sources

The sources of error in the previously described approach are of several kinds,
but in general relatively small. The most significant source of error is in
representing a continuous function (insolation) by a time series of quasi-
instantaneoous GOES images. Secondly, errors result from the imperfection of the
radiative transfer modeling of the clouds used to calculate insolation from the
brightness. These come from the fact that 1) the system is underdetermined ,i.e. we
use one measurement (brightness) to infer two variables (reflectance and transmit-
tance) and 2) the clear air modeling is relatively simplistic. Third, errors result
from inaccuracy in the calibration and there is no way to verify the quality of the
calibration except from intercomparison with calibrations obtained using other
approaches. Fourth, errors result from the geometrical simplifications introduced

in the calculation of the sun and satellite angles. Fifth, errors result from
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inaccuracy in the surface albedo calculations used in the cloud threshold calcula-
tions. For 1large pixels errors occur because the pixel is assigned to either a

clear or cloudy category, whereas it may be partially cloudy.

All these errors may add up to 20-25% on the hourly estimations.

2. Tests and resulting statistics

Since the brightness data available at NESS are spatially averaged over 8 x 8
pixels 1initially (and over even larger areas for the routine insolation calcula-
tions), the tests we performed with the GDM model have been made using 8 x 8 aver-
aged brightness values as input to our model (input = B8). Various averaging combi-
nations inside the processing algorithm (model) have then been applied . In order
to have meaningfull statistics we decided to perform these tests over large enough
areas and chose 64 x 64 pixels (i.e. 100 km2) area for estimating the mean insola-
tion. This means that the insolation estimates made from the various averaging com-
binations inside the algorithm were all averaged in such a way that the resolution
of the final mean insolation corresponds to an area of 64 x 64 pixels. The various

combinations were the followings :

a) input = 8 model = 1 final = 8
b) =8 z 2 =4
c) =8 =4 s 2
d) =8 =8 =1

It is important to understand the implications of all these combinations. For
clarification we now explain the meaning of cambination (b) for example. Since all
the input data have the same resolution (i.e. average of 8 full resolution pixels),
let's call this NP for New Pixel. In this case, we have used boxes of 2 x 2 NP to

delineate clouds (i.e. U4 NP have been tested for clear/cloudy conditions), and the
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necessary angles for our calculations have been estimated at the center of each 2 x
2 box of NP. This means that the angles have been calculated 16 times for the final
64 x 64 averaged insolation value. In the case of combination (d)only one angle has
been calculated, corresponding to the center of the 64 x 64 box. The mean insola-
tion resulting from these averaging cambinations were compared to the mean insola-
tion obtained from 1 pixel resolution input data (input = 1), averaged over 8 x 8 in
the model (model = 8) and then averged over 8 x 8 (final = 8) to obtain a mean value
over 64 x 64. All these results were also compared to insolation measured from a
pyrancmeter located somewhere within that 64 x 64 box. The reason for which the
pyranometer is not located in the center of the 64 x 64 box results from processing
constraints (i.e. the processing always started from the top of the image). Such a
processing was chosen for speed and also in order to have results in the form of
images (i.e. two-dimensional arrays), from which to analyze the spatial variability.
Fig 3 shows the time series of the three pyranometers used in the following com-

parisons. The expected error on individual insolation value is about 5 %.

Table 1 presents the daily insolation estimates for the five possible combina-
tions tested, together with the pyranometer measurements located within the 64 x 64
pixel box for three stations in Canada over a 28 day period in may 1978. The first
column indicates the mean insolation expressed in w/m2 (x24) (this unit results fram
a direct integration of the hourly insolation values expressed in w/m2). The second
column indicates the corresponding spatial variance over the box in the same units,
the third column the difference between the satellite estimate and the pyranometer
measurements and the fourth column the same difference, but expressed in percentage

of the pyranometer insolation.
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The statistics of the entire data set are presented in Table 2. From table 1,
2 and fig 4 (which represent the distribution of the difference between the satel-
lite estimates and the pyranameter measurements for three of the 5 tested combina-
tions), it 1is clear that this difference is relatively small (r.m.s of 9 to 10% of
the mean pyrancmeter measurements). It was not expected however to find the close

agreement obtained between the results from the full resolution calculations and the
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results obtained using mean input 8 x 8 brightness. This seems to indicate a
quasi-linearity between brightness and insolation for that space scale (about 100 km
at this latitude) and this could explain the quality of the results obtained from a
statistical model which uses mean brightness and takes into account the geometry of

the problem (i.e. Tarpley's approach).

mean insolation from pyranometer = 5922 WD/m2

Table 2.
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This quasi-linearity may result from the fact that, in the cases tested, the
values of brightnesses encountered were within a limited range (e.g. relatively
homogeneous cloud cover or combinations of relatively high surface albedos and small
clouds). We have however eliminated this possibility by examining low surface albedo
regions such as the Lake Ontario region in our image. Table 3 shows the summary of
the results obtained in the lake area for only 2 combinations (i.e. 1-8-8 and 8-1-

8). Clearly the insolation estimates for these two combinations are very similar.
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Table 3.
Lake Ontario
: 122 : 123 : 124 i 125
1-8-8 1 7775 400 1 6583 263 1 7320 T 183 1 2128 390
8-1-8 | 7661 - 1 6506 - 1 T218 - 12193 -
‘: d ' :
: 128 i 129 ! 130 E 131
1-8-8 | 3392 507 1 3359 4bou 1+ 5778 1008 . 8754~ 64
8-1-8 1 3232 - 1 3047 - 1 5708 - 1 8634 N
+ 1 1- 3
: 133 : 135 | 136 | 137
1-8-8 | 3836 893 | 3270 940 | 3386 — 336 | 3161 364
8-1-8 | 3866 SRR SR - e -
| T T T
1-8-8 | U351 1397 | 8452 412 1 6022 411 1 9123 7 u9
8-1-8 1 4316 - 5 8348 - 5 5942 - 5. 9006 -
i 143 | 14y i 145 i 146
1-8-8 1 8783 T 191 1 7868 272 ! 9112 7 80 | 8509 100
8-1-8 1 8669 - 1 TT54 - 1 8985 - i 8375 -
4 ok A A
| 148 L N 150 | 151
1-8-8 | 8339 95 ! 8166 97 + 8973 T 134 ! 6902 T 256
8-1-8 i 8229 - ! 8057 - 1 8863 - ! 6808 z
- T T — :
; 129 : 147 | 132 |
1-8-8 | 3456 — 593 ! 800 114 ! 1613 — 188 !
8-1-8 i 3231 - i 8383 - i 1355 - |‘

The close correspondence between the results of the two methods (averaged
data/averaged insolation) when compared with pyranameters measurements could also be
due to the fact that mean insolations over a 64 x 64 box estimated from the two
methods are closer to each other than they are to measurements of insolation by a
pyranometer at a single location. This explanation can be tested by comparing the
pyranameter measurements to the estimates made using full resolution input bright-
ness for the box located the closest to the pyranometer location. Such comparisons

are presented in table 4.
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Table 4.
Ottawa Montreal Toronto Ottawa Montreal Toronto

Day 122 123

pyr 5504 4729 7619 3477 2882 8008
closest 5266 4845 7977 2175 2970 7600
N%) 2) y 2 5 37 3 5
éLHD/m 238 -116 -358 1302 -88 408
Day 124 125

pyr 7448 - 6033 6636 - 1250
closest 7646 - 6749 7336 - 1217
%) :3 - 12 1 - 3

P ol -198 - =716 =700 ™ 333,
Day 128 129

pyr 5767 - 1438 3573 - 4235
closest 5967 - 1196 3066 - 3726
N 3 - 17 14 - 12
é =200 - 242 507 - 509
Day 130 131

pyr 3037 2043 4375 8001 8005 T171
closest 2691 2124 4209 8675 8758 7782
N%) 1 y y 8 9 9
A 346 -81 166 -674 =753 -611
Day 133 135

pyr 3365 4406 2266 2861 3122 2326
closest 586 5399 2028 2828 2987 2344
N3) 23 23 11 1 y 1
Q 779 -993 238 33 135 -18
Day 136 137

pyr T704 6866 3136 1330 4493 3941
closest 8234 4330 3720 1662 3595 5371
%) 7 37 19 25 20 36
AY -530 2536 -584 =332 898 -1430
Day 138 141

pyr 4531 4694 4368 8010 7030 8366
closest 4617 4384 un77 9054 7830 8763
%) 2 7 2 13 1" 5
VAN -86 310 -109 =104y -800 =397

—_
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Ottawa Montreal Toronto Ottawa Montreal Toronto

Day 139 140

pyr 7916 7459 7915 5244 5753 2803
closest 9032 9022 9028 6316 6123 23U46
IX%®) 14 21 14 20 6 16
‘; -1116 -1563 -1113 -1072 ;;]O 457
Day 142 143

pyr 8317 8481 8234 7854 7981 T408
closest 8927 9008 9173 9026 8850 8026
IN%) T 6 1 15 1" 8
A -610 =527 =939 -1172 -869 -618
Day 144 145

pyr 7892 7917 T450 7811 7921 8343
closest 9025 9209 8725 9101 9279 9280
N%) 14 16 17 17 17 1
A -1133 -1292 -1275 -1290 -1358 -937
Day 146 148

pyr 7152 6853 8104 7694 7792 8279
closest 8226 8258 9000 8140 8254 8499
%) 15 - 21 11 6 6 3
4; =T642-107¢ =1405 -896 =4u6 =462 =220
Day 149 150

pyr 7266 7853 7803 7193 6358 7789
closest 8212 9270 8235 8551 8622 8855
N%) 13 18 6 19 36 14
4}4 =946 =1417 =432 -1358 -2264 -1066
Day 151 147

pyr 4236 5624 7253 7674 8090 8099
closest 4121 6521 T704 8471 8624 8574
N%) 3 16 6 10 7 6
Q 115 -897 =451 =797 =534 =475
Day 132

pyr 2017 4406 1551

closest 2158 4829 1299

N%) 7 10 16

JAN -141 =423 252

A==

The first column indicates the pyranometer measurement, the second is the "closest",

the third gives the difference between the "closest" and the pyranameter and the

fourth column the same difference, expressed in percentage of the pyranometers meas-
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urements. Again, the results were not anticipated since the r.m.s of the difference
is even larger than that for the spatial averages over 64 x 64. In order to wunder-
stand these results we need to look in more details at each individual case in order

to infer the reasons for this situation.

We carefully examined the cases for which the difference (in percent) of the
previous comparisons ("closest" vs pyrancmeters) w ere larger than 15%. We found
two classes of errors. First, a class for which the spatial variability was very
large (as deduced from the estimated spatial variance). In these cases it was always
possible to find an adjacent box for which the satellite insolation estimate was
within a few percent of the pyranometer measurements. Second, a class for which the
discrepancy between the satellite estimates and the pyranometers measurements occur
when the insolation is large; most of the time larger than 7500 w/m2 (x24). 1In
these cases the spatial variability was relatively small and the conditions were
almost clear, although not entirely. Examination of the cloud albedos obtained in
the intermediary calculations of the model showed that they were in the vicinity of
3 to 6 %. We interpreted this as corresponding to partial filling of the 1 km pixel.
Visual examination of the images corresponding to these cases enhanced our confi-

dence in this explanation.

From these two kinds of results it became evident to us that two further steps

were necessary to better interpret these results :

1) to improve our modeling in the quasi-clear air conditions and,

2) to study the effects of data averaging on the spatial characteristics of
insolation, since we have seen that we could retrieve the mean value relatively pre-

cisely with an averaged input brightness.
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The results obtained from these two steps are presented in the following two

sections (section 4 and 5).

4. Improved insolation model

4a. Model improvements

Since we needed to modify our modeling in quasi-clear air conditions, we also
added improvements which related to the important simplifications of the original

model, i.e. :

1) No separation of broad-band solar fluxes and intensities
specific to the GOES sensor(VISSR) band width. Broad-band
solar parameterization used for water vapor absorption and

Rayleigh scattering.

2) Isotropic scattering and reflection.

3) No clear-air absorption process besides water vapor absorption.

4) Plane parallel clouds which fill the sensor field-of-view.

In calculating quantities derived from the VISSR brightness measurement (sur-
face albedo,cloud threshold and cloud albedo) simple parameterizations of the physi-
cal processes within the VISSR bandwidth replace the previous broad-band assump-

tions.

In this spectral region, water vapor has only a weak absorption band at .7
microns and the sensor sensitivity is low at this wavelength. Thus, water vapor
absorption is neglected in calculating the surface albedo, threshold and cloud
albedo. The broad-band absorption of solar flux (Paltridge, 1973) is retained in

the calculation of surface insolation.
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Ozone absorption (bands in the ultraviolet and visible) was neglected in the
original model. While the effect of ozone absorption on the total solar flux is
small (2%), the effect of the visible ozone absorption band on the flux in the VISSR

channel may be more important. Ozone absorption was modelled in the manner of Lacis

and Hansen (1974), considering the ozone layer as an absorbing medium overlying a
reflection 1layer (the earth-atmosphere system). The empirical formula in Lacis and
Hansen (1974) for ozone absorption in the visible region is used to estimate the
absorption in the VISSR channel for the calculation of surface albedo, threshold and
cloud albedo. This formula plus a counterpart for ozone absorption in the ultra-

violet together describe the effects of ozone on the total solar flux for calcula-

tion of insolation.

To estimate the effect of Rayleigh scattering of the direct solar beam in the
VISSR channel, a single-scattering approximation to the Rayleigh scattered intensity
at the VISSR peak sensitivity wavelength (.6 microns) is used (Coulson 1959). Its
magnitude is a function of the Rayleigh scattering optical depth of the atmosphere
at that wavelength and the satellite, sun and relative angles. Backscattering of
diffuse flux in the VISSR channel is estimated at this optical depth from the tables
of Coulson(1959).

In the case of cloud, all scattering processes are assigned above cloud top
which we fix at about 700 mb. The magnitude of the scattering is adjusted by lower-
ing the Rayleigh scattering optical depth to represent the fraction of atmospheric
mass above cloud tops. In the equation for surface insolation, the original broad-

band solar estimates of Rayleigh scattering are retained.

In addition to the improved physics, a simple correction for clouds smaller
than the sensor field-of-view has been added. A systematic overestimation of inso-

lation (i.e. underestimation of cloud albedo) was found in the results presented and
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discussed earlier. This is understandable since the insolation model is designed
for plane-parallel clouds which are assumed to fill the sensor field of view. The
leakage of energy out the sides of finite clouds is a well-known phenamenon. Much
of this energy out the sides, while directed to the upward hemisphere is in direc-
tions away from the satellite angle and is therefore not accounted for in the model
calculation of cloud albedo from measured brightness. An erroneously low cloud

albedo value and overestimate of insolation is the result.

To correct this condition, we have imposed a minimum cloud albedo of 7% when
any clouds at all are detected (i.e. data brightness above calculated cloud thres-

hold).

A maximum cloud absorption of 7% of the incident flux at cloud top for the
brightest(thickest) clouds produced better results in the new model than did the old

model maximum of 20%. With the improved model physics we found that the statistical

correction for thick and extensive clouds required in the old model was no longer

necessary.
4Ub. Results

The results of model improvements on the calculation of insolation were
evaluated by reprocessing seven days of the original Canadian data set (three
pyranometer locations per day) with the new model. The days encompass conditions

ranging from very clear to very cloudy.

In processing the Canadian data set originally with the old model, days with
marginal navigation quality were left in so as to have an indication of the total
errors associated with the satellite methods. In selecting days to reprocess with
the new model, those for which the navigation was at all suspect were purposely

eliminated so that the merits of the different physical models could be compared,
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minimizing error effects of navigation problems.

The results of these improvements of the model are presented in table 5.

- 20-

Table 5.
Ottawa
day pyr "closest" INE) new /N%)
135 2861 2828 (1) 2777 (3)
138 4531 4617 (2) 4495 1)
139 T416 9032 (14) 8ouu (2)
140 5244 6316 (20) 5994 (14)
144 7892 9025 (14) 8132 (3)
146 7152 8226 (15) 7531 (5)
Montreal
day pyr "closest" /N%) new [N%)
135 3122 2987 4) 3002 )
138 4694 4384 (7 4463 (5)
139 T459 9022 (21) 7937 (6)
140 5753 6123 (6) 5723 (.5)
144 7917 9209 (16) 8132 (3)
146 6853 8258 (21) 541 (10)
Toronto
day pyr "closest" /N%) new (N%)
135 2326 2344 (1) 2364 (2)
138 4368 uy77 (2) 4480 (3)
139 7915 9028 (14) 8040 (2)
140 2803 2345 (16) 2230 (20)
144 7450 8725 amn 7961 (7
146 8104 9000 (11) 8065 (5)

For daily insolation the new model outperformed the best version of the old model in

16 of 21 trials (not all presented in the table).

The standard error of measurement

in satellite estimated daily insolation vs. pyranometers was 5.3% for the new model.

For the same days the best version of the old model (systematic error removed)
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vielded a standard error of 6.3%. The removal of systematic error from the new
model has yet to be performed and this should lead to some additional improvement.
Once the new physical parameterizations are put in look-up tables form, we antici-

pate no increase in computer time for this improved model.

5. Spatial variability

Since the average of insolation seems to be relatively well estimated by the
various combinations discussed earlier, it is important to verify that the important
spatial characteristics of insolation are also conserved in the various schemes.
This was studied fram an analysis of the estimated spatial variance, presented in
Table 1, and from a structure function analysis of the fields obtained using the

various combinations.

5.2 Analysis of the variance

Examination of Table 1 indicates that in cases of cloudy conditions the spatial
variance can be quite large. A previous study of that variance (Gautier, 1982) has
showed that is was about 30 % of the mean insolation value. The use of 8 pixels
averages as input data reduces the variance by a few % for the 8-1-8 cambination and
by 10-20 % for the 8-4-2 combination, which is the combination that contains the
largest spatial averaging, for which we can calculate the variance (in the case 8-
8-1, insolation is calculated by averaging 8 boxes inside the model, therefore no
spatial variance can be estimated). Fram this analysis, we can conclude that the
spatial variance is not well conserved by the various processing combination, with a
possible 1loss of spatial variability information of wup to 40 %. A structure
analysis will thus indicate the characteristics of this loss of spatial spatial

information.



5b. Structure function analysis

Structure functions D(d) are defined as :

D, (- (TCredy —TCr)

where the overbar denotes an averaging operator. They express the spatial varia-

tions as a function of distance d in all possible directions (360 ).

We calculaied the two-dimensional structure functions of insolation for fields
corresponding to each combination and, for simplification of the interpretation the

one-dimensional mean structure function for the zonal and meridional directions.

The fields of insolation for the various combinations are presented in fig 5,
6, 7, 8 and 9 for respectively 1-8,8-1,8-2,8-4 and 8-8 As expected there is a
decrease of the spatial details from the first to the 1last combination. The
corresponding two-dimensional structure functions are presented in fig 10,11,12,13
and 14. The spatial details showed in fig 10 are well reproduced for the combina-
tions up to 8-4, but in 8-8 there is same aliasing introduced by the poor spatial
sampling. For instance the feature that extends in the south-east north-west direc-
tion at small scales (10 to 40 in the units of the graph) is distorted and the
scales are not well represented. At larger scales, the feature in the north-eat
corner is very distorted. This analysis suggests that an average of 8 within the

model is too large for the insolation field we have analyzed here.

The one-dimensional structure function analysis is presented on fig 15 and 16.
These results indicate that in the meridional direction there is some distortion at
the small scale but very little at the large scales (beyond 100 km). On the other
hand, in the zonal direction the distortion is important at all scales and, as for
the two-dimensional analysis, the 8-8 cambination has an important degradation of

the information even at large scales.
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6. Conclusions and recommendations

The results presented and discussed above indicate that spatially averaged
daily insolation can be estimated fram mean hourly brightness at a resolution of
about 14 km (averages of eight full resolution pixels). These results have been
obtained by spatially averaging original full resolution (about 1.7 km) brightness
data, but the same conclusions would probably hold for sensor-averaged brightness

provided that the sensor averaging procedure is sufficiently isotropic.

Since our results seem to indicate a quasi-linearity between linear combina-
tions of hourly brightness and daily insolation at the 100 km scale and since the
results of combination 8-1-8 are comparable to the other resultsfor the mean insola-
tion, it appears that it may be even possible to use input hourly brightness aver-
aged over as large an area as 100 km to obtain adequate mean insolation values.
However, the spatial analysis indicates that, for the particular insolation fields

analyzed here, the 8-8 combination distorts the field extensively but not the 8-i.

Therefore we conclude that the optimal averagings of the input data and within
the model which require the least amount of computation but retain the importanf
spatial characteristics of the field analyzed are an average of eight (8) of the
input hourly brightness with an average of four (4) within the model to calculate

hourly and daily insolation.

Obviously, these results still require further testing with larger data sets to
ensure their statistical representativity, and their validity for other insolation

fields. the spatial field analysis, as a function of its spatial characteristics.
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Insolation variation with time for day 110 1978

Broken lines = satellite estimates,

Stepwise lines = pyranometers measurements

Insolation variation with time for day 240 1978

Broken lines = satellite estimates,

Stepwise lines = pyranometers measurements

Pyranometers Daily INsolation Time Series

for Ottawa, Montreal and Toronto during the time period of the experi-
ments.

Distribution of the Normalized Difference:

(Pyrano. meas. - Satellite est.)/Pyrano. meas. for various experi-
ments

Insolation Field for Day 123 1978

Experiment number 1

Insolation Field for Day 123 1978

Experiment number 2

Insolation Field for Day 123 1978

Experiment number 3

Insolation Field for Day 123 1978

Experiment number 4

Insolation Field for Day 123 1978

Experiment number 5

2-Dim Structure Function of Insolation Field
for Day 123 1978 Experiment number 1

Fig 11 : 2-Dim Structure Function of Insolation Field
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Fig 15 :

Fig 16 :

for Day 123 1978 Experiment number 2

2-Dim Structure Function of Insclation Field

for Day 123 1978

Experiment number 3

2-Dim Structure Function of Insolation Field for Day 123 1978
Experiment number Y4

2-Dim Structure Function of Insolation Field for Day 123 1978
Experiment number 5

Meridional Structure Function for Day 123 1978

Zonal Structure Function for Day 123 1978
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