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ABSTRACT

The purpose of this work was to determine site =specific coefficients {(within
the U.S.) for use with the Perez diffuse irradiance model. The model pre-
diects diffuse irradiance on tilted planes of any orientation for all insola~-
tion conditions, based on the knowledge of direct and global {or diffuse)
irradiance. This is a component of SNLA's photovoltaic simulation program
PVFORM. The model consists of (1) a pre-set geometric framework that
describes the main non~isotropic features of sky radiance -~ circumsolar and
horizon/zenith effects - and (2) an experimentally derived component that
describes the variations of these anisotropic effects with weather condi=~
tions. A measurement program was initiated to provide the data necessary for
(1) deriving the model's experimental component for several US locations, (2)
comparing model configuration and evaluating performance at these locations
and (3) evaluating site dependency and recommending, if justified, model con-
figurations adapted to particular environments/climates. Five environmentally
distinct sites were selected based on thelr potential impact on model perfor-
mance. In addition, work was performed to improve sky condition paramefteriza-
tion and eliminate all unjustified complexities of the original model. The
main results of thias work are the following: (1) the model algorithm has been
greatly simplified while conserving original accuracy, (2} the physical
soundness and effectiveness of the insolation parameterization method have
been improved, {3) one unique model, with a fixed set of coefficients, has
been shown to be sufficiently accurate to describe sites within the U.S.
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INTRODUCTION

The Atmospheric Sciences Research Center of the State University of New York
at Albany (ASRC) was contracted by Sandia National Laboratories (SNLA) in
1986 to further develop and perform a comprehensive validation of the slope
irradiance algorithm proposed by Perez et al. [1]. This algorithm, now
referred to as the Perez model, takes into account the anisotropy of the
sky's diffuse irradiance to predict irradiance on tilted surfaces. It is a
component of SNLA's photovoltaic simulation program, PVFORM [2].

The main goal of this program was to address remaining questions as to the
site dependency of the model and to develop, if necessary, different versions
of the model for specific environments.

A measurement program was designed and implemented to provide the experimen-—
tal data base necessary to optimize and validate the model for the contermi~
nous United States., Also, a substantial portion of the effort was directed
toward improving and streamlining the algorithm.

This report is an overview of the program. It is divided into four main sec-
tions.

The first section reviews the changes performed on the model's algorithm
since the onset of the program. This section also describes the current meth~
odology used to fit the model to a given experimental data set.

The second section describes the measurement program and its implications for
the modeling work.

Data analysis results are presented in the third section. They include a pre-
sentation and comparison of coefficients derived at each site along with
model validation results.

The last section of this report focuses on interpretation and discussion of
results and concludes with a set of recommendations.






I MODEL ALGORITHM

I.1 Derivation of a new, simpler algorithm.

The new algorithm is given in Eq. (1) below,

D, =Dy { (1-Fy)[1+cos(8)1/2 + Fy a/b + F, sin(S) }, (1)
where D is the diffuse irradiance received by a tilted surface of slope S,

D is the horizontal diffuse irradiance, F1 and F» are respectively the
circumsolar and horizon "reduced" brightness coef?icients, and a and b are

two terms describing the incidence-weighted solid angle sustained by the cir-
cumsolar region as seen respectively by the tilted surface and the horizon-
tal.

The methodology and rationale for systematically reducing the complexity of
the algorithm while maintaining the original performance [3] are presented in
detail in Appendix C (pp. C-15 to C-26). This work which was also reported

in Solar Energy [4].

Although the model's geometric framework and the methodology to derive coef-
ficients have remained basically unchanged, considerable simplifications have
been performed. First, a linear algorithm was substituted for the original
equation by redefining brightness coefficients as fractions of horizontal
diffuse irradiance rather than as radiance enhancement terms. Second,
unneeded (and arbitrary) original geometric complexities were removed. For
instance, the physical horizon band could be replaced by an arc of great
circle, ylelding a simpler analytic formulation with only negligible impact
on energiles computed for tilted planes. Concerning the circumsolar brighten-
ing, two model versions were proposed [3]; one keeping the original physical
circular region and the other simply assuming a point source.

Results presented herein are based on the recommended simpler (point-source
circumsolar) version. The recommendation is based on the following facts: (1)
the knowledge of actual sky radiance distribution profiles is not an absolute
requirement to achieve relatively high precision of the integrated (diffuse
irradiance) value on a flat—-plate collector with a large field of view; the
effect may be accounted for by a series or point or extended sources; (2) a
circumsolar point source is not less physically sound than a fixed-width,
uniform-radiance circumsolar disc; (3) performance degradation from extended
to point source was experimentally found to be negligible.

The new model framework is compared to the original in Figure 1.



Note that the above remarks are valid only for flat-plate collectors. Other
applications, such as daylighting, involving more complex window/room geomet=-
ries, are more sensitive to the actual radiance (luminance) gradients. An
extrapolation of the current model for these applications is under develop-
ment [5].

In this form, the terms a and b of Eq. (1) may be simply expressed as:

Max [0, cos(e8)], and (2)

a

b = Max [cos85°, cos(Z)], (3)

where 8 and Z are the solar incidence angles on the tilted surface and on the
horizontal. The lower limit in the formulation of b is introduced to avoid
possible distortions and to allow adequate model utilization for zenith
angles higher than the validation domain of this study (5°, 85°).

I.2 Derivation of Brightness Coefficients

Coefficients are treated as functions of three quantities that parameterize
the sky's condition. These quantities are the solar zenith angle, Z, the
sky's clearness, €, and the sky's brightness, A. The parameters e and A are
given by:

€ =1+ {[(Dh + 1)/Dy + KZ3]/[1 + 231 - 1} (4)
where k¢ =:1.041 -- Z in radians ~-,
and A = D m/I, (5)

where I is the normal incident direct irradiance, m the optical air mass and

Io is the extraterrestrial normal incident irradiance.

It is important to remark that the three parameters are designed to describe
all sky conditions from overcast to clear and are based on two measured quan-
tities - global and direct (or diffuse) irradiance - which are necessary to
compute irradiance on tilted surfaces regardless of the diffuse algorithm
used.

Although some degree of interdependence exists between the three quantities,
they are treated as independent dimensions of a sky condition's space.

Substantial work was done to enhance this independent character; the depen-
dence of both € and A on Z has been practically eliminated. Figure 2 shows
the dependence of the original € on Z and explains the z3 formulation in Eq.
O

Dependence of e on the site's altitude was also noted. A linear empirical
altitude correction was used for this work after analyzing data from sites
ranging from sea level to 1600 m. The corrective factor (1 - 0.00026h) was
applied to €. This is recommended for high~altitude sites such as Albuqu~-
erque, NM. However, additional investigation is needed to more precisely
delineate altitude effect on the sky condition's parameter €.



The functions used to describe the variations of F, and F., with these
parameters have also been changed. Originally, these were discrete functions.
The A - ¢ - Z space was divided into 240 categories. Each was assigned a pair
of values for F, and F,. A fully analytical approach was tried but rejected
because its formulation would have been too complex and would have consumed
too computer time (see Sandia's re;ated report [3] in Appendix C). A compro-
mise was reached whereby analytical linear functions were used to describe
variations with A and Z, and a discrete representatlion was used on the ¢
axis, which was divided into 8 intervals. The eight e intervals are specified
in Table I -~ they have been optimized to balance the observed variations of

F1 and F2 evenly between each interval. Model coefficients are formulated as:

Fi(e) = Max [0, Fyq(e) + & Fyple) + 2 Fy3(e)] ana (6)

FE(E) F21(E) + A F22(E) + Z F23(€)- {7}

The formulation of F, is made s0 as to avoid non-physical negative values
that may occur and result in unacceptable distortions if the model is used
for very low solar elevation angles beyond the present validation range.

A total of 48 coefficients is needed in the current model formulation (down
from 480 in the original version).

These coefficients are obtailned by least square fitting of Eq. (1) to exper-
imental data recorded on tilted surfaces. The following methodology is used:

Given n tilted sensors and m hourly (or shorter time step) events

bhelonging to one of the eight ¢ ranges specified in Table I, let the

values of global, direct and diffuse radiation for the jth hour be

respectively G., I. and D,.., and the corresponding global values on
. g J h .

tilted surfaces, Gci" from 1 =1 to n. Let the expression R be

defined as: J

= m n ‘ 2
Ro= 3uy"2ioy (Coyy = 8oyp)%s (8)
where gcij is the global irradiance on the ith surface estimated by
the PereZz¥model as follows: -
gCij = Ii cOoSs (eij) + alj + bij F] +Cij FZ’ (9)

where B.. is the solar incidence angle on the ™ surface at time j

~~this 13 of course assumed to be 90° for incident angles exceeding
o
90~. The terms a__, byj and ¢;; are given by [see Eq. (1)]:

ij
aij = Dhj 1+ cos(Si)]/2, (10)
bij = DhJ [COS(Bij)/OOS(ZJ)] - aijp (11)
cij = Dhj sin(Si)- (12)
where 5. is the slope of the ith surface and 2, is the solar zenith
angle a% time j. ’



Given the expression selected for F1 and Fp, the expression R may be
written as:

= m n
Ro= Lyq ™l DO 5 wBrygFyy + CrygFyp + DY yyFyg

j
* E'ijF21 * F'yiFop + G'iJF23)JZ- (13)
where:

Mij = Goyy = Iy cos(oyy) = agy, (12)
1y = by (13)
15 = iy 8y (14)
Py = by 2y (16)
Blyy = eig a7
Flyy = c13 Ay (18)
a5 ey 2y (19)

The six coefficients' ranges are then obtained by minimizing the
expression R; that is, by solving the following system of linear
equations:

A"B" + B"2F11 + B"C"Fq, + B"D"Fy3 + B"E"Fpq + B"F"Fy, + B"G"Fp3 = 0
A"C™ + BUCMF,, o+ Cn2F12 + C"D"Fy3 + CME"Fpq + C"F"Fpp + C"G"Fp3 = 0
A"D"™ + B"D"F,, + DMCNMF,,. + D"2F13 + D"E"Fpy + D"F"Fpp + D"G"Fp3 = 0 (20)
A'E" + BUEVF[, + EVCVF,, + ENDVF, 5 + ECF,, + EMF"F,, + E"G"Fy3 = 0
A"F" + B"F"F11 + F"CUFy, + F"D"F13 + FME"F,, + F"2F22 + F"G"F23 =0

A"G" + B"G"F11

+

G"C"F12 + GllD’lF13 + G"E"F21 + G"F"F22 + G"2F23 = O’

where,

A"B" = Ej=1mzi=1n [A'ijB'ij]’ (21)

gne - zj=1m2i=1n [B'2], (22)
"2 = m n '2

G 2j=1 L7 (61, ete. (23)



The process is repeated for each of the eight ¢ categories so as to
obtain a total of 48 coefficients.

Note that the use of the new algorithm greatly simplifies the coefficient
determination process. The original model called for solving a set of nonli=-
near equations, a computer#demanding task that could lead to nonconverging
solutions.






II EXPERIMENTAL DATA

As explained above, the derivation of coefficients for the model (as well as
its validation) relies on the availability of radiation data for tilted sur~
faces. Four vertical surfaces facing four azimuths and a south facing 450
slope were suggested as a compromise that would not bias the results in any
particular orientation while keeping the number of measurements reasonably
small.

Although the model had already been validated independently [1,6,7] against
several data sets worldwide, notably by the International Energy Agency (71,
several questions remained as to the site-specific climatic and environmental
effects on the model's coefficients and performance. These questions remained
unanswered primarily because most validation data sets relied on different
instrumentation, measurement techniques, quality assurance, etc.

This work represents a first attempt to systematically assemble a set of
identical measurements, using identical instrumentation and set~up, in sev-
eral locations nationwide, each being selected for its distinet climatic and
environmental characteristics.

I1.1 Selection of Sites

The site selection process included the following steps:

(1) Reviewing published literature on solar radiation climatology
and mapping.

(2) Accounting for site-specific environmental factors thought to
have a potential impact on model performance and coefficients; that
is altitude, regional albedo and prevailing local aerosol content.

(3) Limiting final sites to those where Sandia National Laboratories
already conducted experimental work (there are 13 such stations
nationwide).

The selection process is presented in detail in Appendix C (pp. C-3 to C-14).
It is briefly summarized here.

Literature review pointed out two traditional approaches to the division of
a large area into distinet solar regions. The first is based on the region's
energy yield (global, direct or diffuse) [8,9,10]. The second approach iden-
tifies regions by similarities in temporal variations and average, maximum



and minimum yield of the global component. The methodologies used for this
second approach range from sophisticated principal component [11,12,13] or
harmonic analysis [14] to classifications according to yearly energy yield
amplitude and phase [15].

It was felt that few of the more sophisticated methods gave results applica-
ble to the present analysis, primarily because the classifications ~+ often
based on monthly data ~— only reflect long-term variation patterns rather
than the physical aspects of radiation relevant to the model's performance.
The SERI direct/diffuse maps [10] and the Willmott's classification [11] were
selected as most appropriate input to the present selection process; the for~
mer because the direct/diffuse gain of a region is indicative of the pre~
vailing turbidity, the latter because Willmott's statistical regionalization
was the only one using daily rather than monthly data thereby incorporating
some information on sky condition.

In addition to literature review, the selection process included four site=
specific environmental factors thought to have potential influence on model
configuration and performance if not properly accounted for by the proposed
insolation parameterization. These factors are only partially accounted for
in the above statistical regionalizations. They are (1) the site's altitude;
(2) the regional albedo as inferred from prevailing regional ground cover;
(3) the site's air quality (particulate content); and (4) the site's prevail-
ing atmospheric moisture content. The two first factors could have a possibly
non—-negligible impact on clear-day horizon brightening, while the third and
fourth factors have a strong influence on circumsolar brightening.

Finally, after limiting final site selection to SNLA experimental facilities,
the five following sites were selected:

(1) Albuquerque, New Mexico —-- high altitude, arid.

(2) Phoenix, Arizona ~+ low altitude, arid.

(3) E1 Monte (Los Angeles), California =—- continental arid and
oceanic influence, presence of anthropogenic smog. ‘

(4) Cape Canaveral, Florida =-- sub~tropical, maritime.

(5) Osage, Kansas ~~ this last site was selected because it repre~

’ sented a transition zone between the arid western region inves~

tigated and mid~latitude temperate regions where model perfor~
mance was assumed to be known.

I1.2 Instrumentation and Data Acquisition

Measurements performed at each site consisted of global, direct and diffuse
irradiance as well as ground-shielded global irradiance on a 45° south-facing
slope and on vertical surfaces facing respectively north, east, south and
west. A typical station set~up is shown in Figure 3. Instrumentation con~
sisted of Eppley PSPs and NIPs. Ground shields were box~like structures, the
interiors of which were covered with black-painted honey-~comb so as to virtu~
ally eliminate the ground reflected component. Their rims were aligned with
the center of the tilted detectors at a distance of 25 cm.

All instruments, except Cape Canaveral's, were cross-calibrated outdoors at a
SNLA facility at the onset of the project. PSPs were calibrated horizontally
under U45° solar incidence. Cape Canaveral's sensors were calibrated by the
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Florida Solar Energy Center (FSEC).

In addition to irradiance sensors, the stations were also equipped with an
equivalent set of quantum sensors measuring photon counts between 400 and 700
nm in order to begin assessing the extent of spectral effects. These data
will be analyzed subsequently on behalf of the Solar Energy Research Insti-
tute. :

Each site's collection period for data analyzed herein is given below:

Phoenix: 12/1/86 to 6/30/87

El Monte: 12/20/86 to 6/30/87
Osage: 3/5/86 to 5/30/87
Albuquerque: 1/3/87 to 6/30/87
Cape Canaveral: 3/9/87 to 11/15/87

With the exception of Osage, data are representative of most solar geometries
existing at each site #~+ solstice~to*solstice.

Note: Post 7/16/87 Cape Canaveral data are analyzed separately in Appendix B,
because of instrumentation questions still unresolved at reporting time.

All data were subjected to automatic quality control, which was extrapolated
from recommendations prepared for the US Daylight Availability Measurement
Working Group [16]. Secondary data QC based on the Perez model was also per-
formed. This insured that differences between the calculated (global minus
direct) and modeled diffuse value did not either exceed 50 W or 30%,
whichever was largest (that is, over 3 to 4 times the known Perez RMSE).
Also, manual quality control of data was performed during bi/tri-weekly site
visits to clean instruments, verify tracking accuracy and report any pertir
nent events.

Also used in this report for comparison purposes are data from the Albany, NY
Solar Energy Meteorological and Training Site (SEMRTS) [17] recorded between
January 1979 and December 1983, data from Carpentras, France [18], recorded
between January 1979 and December 1980 and data from Trappes, France [19],
recorded between April 1979 and April 1981,

11






IIT DATA ANALYSIS >~ RESULTS

II11.1 Climatology of the Sites

The distribution of hourly events observed at each site with respect to inso~
lation conditions (with the parameters A and € for Z ~ constant) is plotted
in Figures 5 through 9 for Phoenix, El1 Monte, Osage, Albuquerque and Cape
Canaveral, respectively. Figure U4, in which distribution for Carpentras,
France, is plotted, features descriptive labels that should be helpful in
understanding these representations.

The dominance of very clear events (high €) in Phoenix and Albuquerque is
clearly marked. It is interesting to note the high peak in Albuquerque for
the highest ¢ category is due both to the site's clearness and its altitude
~~ ¢ has not been corrected for altitude dependence in this plot to illus-
trate this point.

By contrast, El1 Monte exhibits a much higher frequency of high turbidity
occurrences (2 < € < 5), intermediate (partly cloudy/very high turbidity)
events (1 < g < 2) and overcast events (¢ = 1). Conditions at Cape Canaveral
are quite similar; however, the frequency of very clear events is noticeably
lower than in the Los Angeles area. The Osage distribution is bimodal (i.e.,
two peaks; clear and overcast conditions). This confirms the transitional
aspect of this site between the new regions investigated in this study and
previously studied northeastern climates, where the bimodal distribution is
extremely marked (as can be seen in Figure 10 where Albany's event distribu~
tion has been plotted).

Figures 4 and 11 describe event distribution at two sites where the model had
been validated previously; that is, at Trappes and Carpentras, France. The
latter exhibits characteristics reminiscent of the southwestern arid sites,
although with a higher incidence of intermediate events. The former exhibits
a distribution typical of oceanic Europe with a very high proportion of over-
cast and intermediate events.

II1.2 Coefficients for the Model

A set of coefficients was derived for each of the five SNLA sites. Coeffi~
cients are presented in Tables 2 to 6 for Phoenix, El Monte, QOsage, Albuqu~
erque and Cape Canaveral respectively. A composite coefficient set, C., from
the five sites was established and is presented in Table 7. In addition,
coefficients derived from Albany data are presented in Table 8, and a compos=
ite set based on both SNLA and Albany data, 02, is shown in Table 9. Coeffi~
cients for the two French sites are presented in Table 10. Finally the coef#

13



ficients for a composite file including the eight sites investigated are
reported in Table 11.

Variations of F, and F, with sky clearness at ~ constant solar zenith angle
(45° < Z < 60°) have béen plotted in Figures 12 through 16 for each of the five

SNLA sites. Figure 17 includes composite plots from all five sites. They are
presented in scatter plot format. Each point was obtained by deriving best
fit F, and F, for each hourly record analyzed.

These variations are consistent with previous results (e.g., Perez et al.,
[4]) insofar as their main characteristics can be observed at each site.
These variations are

(1) The circumsolar brightening coefficient, F1, increases
gradually with € until it peaks for intermediate e values rep-
resentative of high turbidity skies, and then decreases
markedly with increased clearness ~= this is particularly visi-
ble in Phoenix.

(2) The horizon brightening coefficient, FZ’ is negative for
overcast and low e occurrences ~~ indicative of brightening of
the zenithal region of the sky for these conditions. This
becomes positive past intermediate conditions and increases
substantially with clearness.

(3) Remarkably low data scatter is observed, notably for
"intermediate conditions™ which include a large possible combi-
nation of cloud type, amount, thickness and height as well as
atmospheric turbidity.

Some differences between sites are also of interest; for instance, the
strongly marked peak in El1 Monte for e€~2 is probably representative of the
heavy smog events frequent in that area. Also, when comparing Albuquerque and
Phoenix, both very similar, to El Monte, it is evident that circumsolar
brightening in the latter site has a lesser tendency to decrease for very
bright skies, which may be indicative of a persistence of large forward scat-
tering aerosols for these conditions. However, the impact of these differ-
ences on energy modeling appears to be minimal, as indicated by the valida-
tion results.

I1I.3 Model Validation

Cross validation of the model, using coefficients from each site against all
data sets, constitutes the most important tool to assess model performance,
evaluate site dependency and evaluate the need for environment-dependent sets
of coefficients. /

Results are presented in Appendix A. They include the mean bias (MB) and root
mean square (RMS) errors for each surface orientation, site and model coeffi-
cient set investigated; that is a total of 100 tests. Composite RMS and MB
errors for all orientations are also presented.

The isotropic and two anisotropic models (Hay [20] and Klucher [21]) are used
as reference standards. They are described in Perez et al. [1], which is

14



included as an appendix.

Validation results are summarized in Table 12, where composite errors for
each US site and model have been summarized.

Several facts may be pointed out from the analysis of Appendix A and Table
12:

First, it is clear that the model based on a composite set of: coef-
ficients (C1 or C,) performs adequately for all sites studied. The
root mean square error is kept under 16 W for all sites. This repre-
sents a performance gain of ~ 60% on the isotropic model and ~ 33%
on the Hay model. The additional performance gain using site-
specific coefficients is small (on the order of 1 W).

Second, the large errors obtained for the Osage~based model and, to
a much lesser extent, for the Albany~based model are noteworthy and
demonstrate the usefulness of the present study. Indeed; the very
poor results obtained with the Osage—based model in Albuquerque and
Phoenix are simply due to the fact that Osage, unlike the two south~
western sites, included only very few high ¢ events and, because of
the least square fitting method used to derive the coefficients, the
resolution achieved for such events is totally unsatisfactory and
allows for important distortions. Likewise, the small performance
deterioration caused in all SNLA sites by the Albany-based model may
be explained, in part, by the higher latitude of this site and the
corresponding lack of very low solar zenith angle events. The fact
that composite models perform adequately in both Osage and Albany,
on the contrary, demonstrates that the model becomes very stable
when this is not "tuned" to satisfy particular climatic conditions.

Table 13, which summarizes the cross validation performed with USA~
composite and Trappes/Carpentras data sets, further illustrates the
increased stability achieved by pooling several climatic environ-
ments to define the model.

Third, the best results among SNLA-based models are obtained with
Phoenix coefficients and to a lesser extent, Albuquerque and El
Monte coefficients. Likewise, these three sites also exhibit the
smallest prediction errors. Although some degree of site dependency
may be invoked, other reasons may be advanced to explain these small
remaining differences: (1) In Cape Canaveral the main difference
with other sites may be traced to the east vertical sensor, which
exhibits unusually larger errors, whereas other orientations are
adequately modeled -- the Table 12 composite error summary does not
include the east sensor for that site; (2) Osage's coefficients'
singularity was discussed above, but the larger model errors encoun-
tered at this site are likely to be caused by station maintenance,
which proved more problematic than at other sites (lack of knowl~
edgeable personnel, less frequent site visits).

Last, the largest isotropic errors {(and largest relative model
improvement ) are found for El Monte where the high occurrence of
high turbidity/thin cloudiness makes for a strongly anisotropic
environment. The smallest isotropic errors are found in Albugquerque
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and Phoenix; this is due both to the more isotropic nature of the
very clear sky and the lower impact of the diffuse component in
energy budgets at these two sites. Regardless of these differences,
the model's performance limit appears to be 13-15 W RMSE, 0~5 W MBE,
achieved at each of these sites. This is only slightly larger than
the expected instrumentation precision for Class I sensors.

Another model validation question was addressed: that of the impact of
instrumentation choice and set-up on model determination and therefore on the
effectiveness of this validation study.

The impact of the efficacy of ground radiation removal was assessed: Table 14
presents model cross-validation performed with two Albuquerque data sets. The
first contains .data recorded from 11/5/86 to 12/31/87 before installation of
honeycomb in the ground shields; the second contains data from 1/3/87 to
2/24/87 after installation. The two data sets have a comparable solar geom-
etry as they are almost symmetrical with respect to the winter equinox. It is
clear that the "no-honeycomb coefficients" cause the model to overestimate
and vice~versa. However, performance deterioration is minimal and certainly
does not raise questions as to the validity and conclusions of this and other
studies. It is interesting to note that the overestimating model yields
noticeably higher RMS errors than the more conservative "with honeycomb"
model.,

The impact of instrumentation choice will be studied as a follow~up to this
work in cooperation with the University of Geneva [22]. This will prov1de
data of high quality, with instrumentation set up similar to this program's,
but using Kipp and Zonen CM10 pyranometers with different characteristics
from Eppley PSPs.:
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IV CONCLUSIONS, RECOMMENDATIQNS

The three main conclusions of this study are

(1) The original model was considerably streamlined without perfor-
mance deterioration.

(2} The physical soundness and effectiveness of the parameterization
for the sky's condition parameterization have been improved.

{3) No fundamental difference was noted among coefficients derived
at any of the SNLA sites. A common set of coefficients based on the
ensemble of sites was found to perform adequately for all locations.
It would then appear that the sky~condition parameterization method
used handles site differences adequately and that a single model is
recommended .

(4) SNLA-derived coefficients were found to be more conservative
than coefficients derived previously for Albany and two French
sites. A model based on SNLA coefficients performs comparatively
better on these data than vice versa. -

The SNLA coefficlent set (Table 8) is recommended as the unique set. The
choice is not c¢ritical, because both Tables 9 (USA) and 11 {(all sites avail-
able) also yield perfectly acceptable results. The preference for Table 8,
despite the larger climatic base of Table 9 or 11, is based on the following
discussion.

Both Albany SEMRTS and the French sites include a less satisfactory instru-
mentation set=up than the SNLA sites: silicon-based detectors were used in
Albany for the four vertical planes; ground shields were black-painted but
not coated with anti-reflective devices. No ground shields were available in
Trappes and Carpentras -~ the reflected component was removed using available
measurements in the north and scuth vertical planes only; also these sites
made partial use of older Kipp and Zonen CM3/5 pyranometers.

An extension of this program, currently undertaken in collaboration with the
University of Geneva, should further address this question. New state-of-
the~art data from Switzerland will be included to derive an updated coeffi-
cient set to be made available in the specialized literature.
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Figure 1 : Comparison of Original and Current Model Geometric Frameworks
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Figure 3 : Typlcal Moblle Station (Osage, KS)
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Figure 12: Phoenix, AZ: Variation of F1 and F2 with Sky Clearness () for
Solar Zenith Angles Ranging from 45 to 60
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Sky Clearness (Epsilon - 1)

Figure 14: Same as Figure 12 but Osage., KS
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Figure 15: Same as Figure 12 but Albuquerque, NM
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Figure 19: Same as Figure 12 but Trappes and Carpentras.
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Table 1 : Selected interval for the parameter

Interval Number Low Bound High Bound

1 1 1.065
2 1.065 1.230
3 1.230 1.500
4 1.500 1.950
5 1.950 2.800
6 2.800 4,500
7 4,500 6.200
8 6.200 -
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Table 2: Model Coefficients Derived for Phoenix, AZ

e bin Upper Cases

# Limit (%) f£11 f12 £13 £21 f£22 f23

1 1.065 5.07 -0.003 0.728 -0.097 -0.075 0.142 -0.043
2 1.230 3.80 0.279 0.354 -0.176 0.030 -0.055 -0.054
3 1.500 5.52 0.469 0.168 -0.246 0.048 -0.042 -0.057
4 1.950 6.53 0.856 -0.519 ~-0.340 0.176 -0.380 -0.031
5 2.800 10.53 0.941 -0.625 -0.391 0.188 -0.360 -0.049
6 4.500 24.98 1.056 -1.134 -0.410 0.281 -0.794 -0.065
7 6.200 23.65 0.901 -2.139 ~0.269 0.118 -0.665 0.046
8 -—- 19.91 0.107 0.481 0.143 -0.111 -0.137 0.234

Fl = Fll(e) + Fl2(e)*~ + F1l3(e)*Z Note: Pheonix

F2 = F21l(e) + F22(e)*" + F23(e)*Z
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Table 3 : Model Coefficients Derived for El Monte, CA

e - n " " - S - S S o o S — o — - T W b A PP P T e e e e o e e et GV A S e G e S e S BNR FWP S R My S M S S GRS WS G W B R S S e o

Limit (%) fl1 f12 £13 f21 f22 £23
1 1.065 14.65 0.027 0.701 -0.119 -0.058 0.107 ~0.060
2 1.230 4.59 0.181 0.671 -0.178 -0.079 0.194 -0.035
3 1.500 8.79 0.476 0.407 -0.288 0.054 -0.032 -0.055
4 1.950 11.38 0.875 -0.218 -0.403 0.187 -0.309 -0.061
5 2.800 16.64 1.166 -1.014 -0.454 0.211 -0.410 -0.044
6 4.500 24.10 1.143 -2.064 -0.291 0.097 -0.319 0.053
7 6.200 11.25 1.094 -2.632 -0.259 0.029 -0.422 0.147
8 - 8.59 0.155 1.723 0.163 -0.131 -0.019 0.277
Fl = Fll(e) + Fl2(e)*”~ + Fl3(e)*Z Note:; El Monte

F2 = F2l(e) + F22(e)*” + F23(e)*Z

. S S S Ve S Y TS S S W S N S S G Y P PR S T s e S - T G 4 P SO T (o e T S D VD U ST TR M S M G - e T W O e S o ey

—— Y e = T S A T E Y S M TE S T T e S R R TE S MR W R T R A T e ey S S GO WS W PR S e S el (A SN D R WS SYP W T T e T M e S W G G R S S W

e bin Upper Cases
# Limit (%) fl1 £12 £13 £21 £22 £23
1 1.065 36.84 -0.353 1.474 0.057 -0.175 0.312 0.009
2 1.230 6.94 0.363 0.218 -0.212 0.019 -0.034 -0.059
3 1.500 5.98 -0.031 1.262 -0.084 -0.082 0.231 -0.017
4 1.950 10.05 0.691 0.039 -0.295 0.091 -0.131 -0.035
5 2.800 13.40 1.182 ~1.350 -0.321 0.408 -0.985 -0.088
6 4.500 20.81 0.764 0.019 -0.203 0.217 ~-0.294 -0.103
7 6.200 5,02 0.219 1.412 0.244 0.471 -2,988 0.034
8 -—- 0.96 3.578 22.231 ~-10.745 2.426 4,892 -5.687
Fl = Fll(e) + Fl2(e)*~ + Fl3(e)*Z Note: Osage

F2 = F2l(e) + F22(e)*" + F23(e)*Z
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Table 5 : Model Coefficients Derlved for Albuquerque, NM

- T o . T T T Y T T o " " " — S T e D S v G - G S e S WU W S S S Cwe S G GE S SR SR TED W G R M S S G D S S e s e un e

e bin Upper Cases

# Limit (%) f11 f12 £13 f21 f£22 £23

1 1.065 13.89 0.034 0.501 -0.094 -0.063 0.106 -0.044
2 1.230 7.22 0.229 0.467 ~-0.156 -0.005 -0.019 -0.023
3 1.500 7.44 0.486 0.241 -0.253 0.053 -0.064 -0.022
4 1.950 8.21 0.874 -0.393 -0.397 0.181 -0.327 -0.037
5 2.800 10.23 1.193 -1.296 -0.501 0.281 -0.656 -0.045
6 4.500 16.96 1.056 -1.758 -0.374 0.226 ~-0.759 0.034
7 6.200 18.76 0.901 -4,783 -0.109 0.063 -0.970 0.196
8 -— 17.29 0.851 -7.055 -0.053 0.060 -2,833 0.330

Fl = Fll(e) + Fl2(e)*" + F13(e)*2 Note: Albuquerque

F2 = F21(e) + F22(e)*" + F23(e)*Z

———— ——— — D S ¢ Y Y S ST TR T D S0 W WS G A D G2 W S ST T - Ty T e G S U e e A U GV U S A U T M Nl A D U G N Wk S D G ST R e M R S S S e

e bin Upper Cases

# Limit (%) f1l1 £12 £13 f£21 £22 £23

1 1.065 12.89 0.075 0.533 -0.124 -0.067 0.042 -0.020
2 1.230 6.90 0.295 0.497 -0,218 -0.008 0.003 ~0.029
3 1.500 9.98 0.514 0.081 -0.261 0.075 -0.160 ~0.029
4 1.950 10.34 0.747 -0.329 -0.325 0.181 -0.416 -0.030
5 2.800 17.24 0.901 -0.883 -0.297 0.178 ~-0.489 0.008
6 4.500 20.33 0.591 -0.044 -0.116 0.235 -0.999 0.098
7 6.200 11.62 0.537 -2.402 0.320 0.169 -1.971 0.310
8 -— 10.71 -0.805 4.546 1.072 -0.258 -0.950 0.753

Fl = Fll(e) + Fl2(e)*~ + Fl3(e)*Z Note: Cape Canaveral

F2 = F2l(e) + F22(e)*~ + F23(e)*2Z

> . T S T — P > W W W T 0 4SS G e M A e S S R R S S S e G S e G S M U G G S ) G G EE G S - S S S W S S S SA R D D e

e bin Upper Cases

# Limit (%) f11 f12 £13 £21 £22 £23

1 1.065 13.60 -0.196 1.084 -0.006 -0.114 0.180 -0.019
2 1.230 5.60 0.236 0.519 -0.180 -0.011 0.020 -0.038
3 1.500 7.52 0.454 0.321 -0.255 0.072 -0.098 -0.046
4 1.950 8.87 0.866 -0.381 -0.375 0.203 -0.403 ~0.049
5 2.800 13.17 1.026 -0.711 -0.426 0.273 -0.602 -0.061
6 4.500 21.45 0.978 -0.986 -0.350 0.280 -0.915 -0.024
7 6.200 16.06 0.748 -0.913 -0.236 0.173 -1.045 0.065
8 -—- 13.73 0.318 -0.757 0.103 0.062 -1.698 0.236

Fl = Fll(e) + Fl2(e)*”~ + Fl3(e)*2 Note: Sandia Composite

F2 = F2l(e) + F22(e)*" + F23(e)*Z

—— o . o = o s S U A ——— " o S 8 S e S A " T — — — S U S S T e G N W U e S T A0 S P SR e S e M b G G S v W

43



Table 7 ; Mode! Coefficients Derived for Albany, NY

Ly —— T 1 (. T P P e e ey e Sy Y W [PV P o e (YT P THY T B B e ot v e e e o e e e o s S ok A e o e e e e e e T R B

e bin Upper Cases

# Limit (%) fl1l1 flz £13 £21 £22 £23

1 1.065 37.27 0.012 0.554 -0.076 ~-0.052 0.084 -0.029
2 1.230 7.71 0.267 . 0.437 -0.194 0.016 0.022 ~0,036
3 1.500 7.49 0.420 0.336 -0.237 0.074 -0.052 -0.032
4 1.950 7.99 0.638 -0.001 -(.281 0.138 -0.189 -0.012
5 2.800 9.7 1.019 -1.027 -0.342 0.2791 -0.628 0.014
6 4.500 13.43 1.149 -1.940 -(0.331 0.322 ~-1.097 0.080
7 6.200 7.66 1,434 =-3.994 -0.49%92 0.453 ~-2.376 0.117
8 -—- 8.69 1.007 -2.292 -0.482 0.390 -3.368 0.229

Fl = Fll{e} + Fl2(e)*" + Fl3(e)*Z Note: Albany SEMRTS

F2 = F2l(e) + F22(e)*” + F23(e)*Z

A e e e AL Al ot e e e e iy e T s o o 7 T 7 T T T Tt 0 Y7 Vo o o T T ot o o T o g P e it S B W

U e e e D e o e o e i e e R i o S T T T o o o T T T T} o 7 S T S0 T N TV T W o o e o o o iy i g S Mt T o o o

Limit (%) f11 £12 £13 £21 £22 £23
1 1.065 28.77 ~0.034 0.671 -0.059 -0.059 0.086 -0.028
2 1.230 €.95 0.255 0.474 -0.191 0.018 ~0.014 -0.033
3 1.500 7.50 0.427 0.349 -0.245 0.093 -0.121 -0.039
4 1.950 8.30 0.756 -0.213 -0.328 0.175 -0.304 -0.027
5 2.800 10.99 1.020 -0.857 -0.385 0.280 -0.638 -0.019
6 4.500 16.31 1.050 ~1.344 -0.348 0.280 -0.893 0.037
7 6,200 10.68 0.974 -1.507 -0.370 0.154 -0.568 0.109
8 - 10.50 0.744 -1.817 -0.25¢6 0.246 -2.618 0.230

Fl = Fll(e) + Fl2{(e)*~ + Fl3(e)*Z Note: USA Composite
F2 = F2l(e) + F22(e)*" + F23(e)*Z
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Table 10: Model Coefficients Derlved for French sites

e bin Upper Cases

# Limit (%) fl1 f12 £13 f£21 £22 £23

1 1.065 30.30 0.013 0.764 -0.100 -0.058 0.127 -0.023
2 1.230 8.70 0.095 0.920 -0.152 -0.000 0.051 -0.020
3 1.500 8.96 0.464 0.421 -0.280 0.064 -0.051 -0.002
4 1.950 10.64 0.759 -0.009 -0.373 0.201 -0.382 0.010
5 2.800 13.27 0.976 -0.400 -0.436 0.271 -0.638 0.051
6 4.500 16.03 1.176 -1.254 -0.462 0.295 -0.975 0.129
7 6.200 7.62 1.106 -1.563 -0.398 0.301 -1.442 0.212
8 -—- 4.48 0.934 -1.501 -0.271 0.420 -2.917 0.249

Fl = Fll(e) + Fl2(e)*”~ + F1l3(e)*2 Note: Trappes and Carpentras

F2 = F21(e) + F22(e)*"~ 4+ F23(e)*Z

e bin Upper Cases :

# Limit (%) f11 £12 £13 £21 £22 £23

1 1.065 29.38 -0.018 0.705 -0.071 ~-0.058 0.102 -0.026
2 1.230 7.65 0.191 0.645 -0.171 0.012 0.009 -0.027
3 1.500 8.08 0.440 0.378 -0.256 0.087 -0.104 ~0.025
4 1.950 9.23 0.756 ~0.121 ~0.346 0.179 -0.321 -0.008
5 2.800 11.90 0.996 -0.645 -0.405 0.260 -0.590 0.017
6 4,500 16.20 1.098 -1.290 -0.393 0.269 -0.832 0.075
7 6.200 9.46 0.973 -1.135 -0.378 0.124 -0.258 0.149
8 - 8.10 0.689 -0.412 -0.273 0.199 -1.675 0.237

Fl = Fll(e) + Fl2(e)*~ + F13(e)*% Note: All Sites Composite

F2 = F2l(e) + F22(e)*"~ + F23(e)*Z
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Table 12: Model Validation Summary

[REgRp— —_ R

e e o o 2 i cm ot ot o o

MODEL : - PEREZ HAY ISO KLU
Coefficients : Pho E. Mte 0Os Albu C. Can C Alby c2 - - -
LOCATION g Flve Surface Comp031te RMS Error (W/Sq.m)-=——-—-——--
Phoenix, AZ : 13 15 6“ 15 20 13 18 15 20 34 34
El Monte, CA : 15 13 48 17 17 14 18 15 23 45 b9
Osage, Ks + 17 16 13 20 18 15 20 18 28 46 51
Albuquerque, NM : 13 14 50 12 15 13 16 13 20 33 34
C. Canaveral, F1: 14 17 36 14 12 14 16 14 23 34 45
Composite 1 : 14 15 51 16 17 14 17 15 22 38 k1
Albany, NY : 17 16 42 16 17 16 13 14 24 36 30
Composite 2 : 16 16 45 16 17 15 14 14 23 36 33

R — e et gt e s e
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Table 13: Summary of Cross-valldation for SNL and French sites.

—

v o o o

o o

S 45 NO9O E 90 S 90 W 90 COMPOSITE

SITE COEFF.

MODEL TESTED SET Mean Bias Error (W/sq.m)
Isotropic T&C - :~31.0 19,0 -11.0 -25.0 -8,0 21.0
Hay T&C - :=19.0 3.0 -11.0 ~16.0 -8.0 13.0
Klucher T&C - :=12.0 33.0 8.0 -5.0 11,0 17.0
Perez T&C T&C -3.0 6.0 ~1.0 -0.0 2.0 3.0
Perez T&C USA + T&C =7.0 3.0 ~5.0 ~5.0 -1.0 5.0
Perez T&C USA -10.0 2.0 ~7.0 -8.0 -3.0 7.0
Isotropic UsSA - -17.0 18.0 -5.0 -12.0 +=5.0 11.0
Hay USA - -6.0 0.0 -8.0 -6.0 -6.0 6.0
Klucher USA - 1.0 32.0 13.0 8.0 15.0 17.0
Perez USA T&C 7.0 5.0 3.0 9.0 5.0 6.0
Perez USA USA + T&C 3.0 2.0 ~-1.0 4.0 2.0 3.0
Perez USA USA 1.0 1.0 -3.0 1.0 0.0 2.2

Root Mean Square Error (W/Sq.m)
Isotropic T&C - 46.0 33.0 44,0 45,0 42.0 43,0
Hay T & C - : 28,0 24.0 31.0 29.0 29.0 28.0
K1l ucher T&C - : 23.0 49,0 39.0 27.0 39.0 37.0
Perez T & C T&C : 14,0 12.0 17.0 16.0 17.0 15.0
Perez T&C USA + T&C : 16,0 12.0 18.0 17.0 16.0 16.0
Perez T & C Usa 18,0 11.0 19.0 18.0 17.0 17.0
Isotropic USA - 30.0 32.0 42.0 33.0 44,0 37.0
Hay USA - 17.0 24,0 28.0 21.0 27.0 24.0
Klucher USA - 15.0 48,0 41.0 26.0 4u2.0 36.0
Perez USA T&C 15.0 12.0 17.0 19.0 19.0 17.0
Perez USA USA + T&C 13.0 11,0 16.0 16.0 17.0 15.0
Perez USA Usa 12.0 11.0 17.0 15.0 17.0 15.0
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Table 14: Effect of Horizon Shields Reflectivity on Model Performance

SITE COEFF. S 45 NO90 E 90 S 90 W 90 COMPOSITE

MODEL TESTED SET Mean Bias Error (W/sq.m)
Isotropic Albuq. 1 - :—30.0 8.7 1.6 -38,5 =~T7.2 22.4
Hay Albuqg. 1 = : 2.3 -4.4 -0.7 ~-7.8 -6.5 5.0
Klucher Albuqg. 1 - -6.2 17.1 11.9 -18.1 3.8 12.7
Perez Albug. 1 Albuq. 1 0.2 1.1 3.5 =3.8 ~2.1 2.5
Perez Albug. 1 Albuq. 2 -6.2 3.1 3.5 =11.1 -=3.2 6.3
Isotropic Albugq. 2 - ~31.7 16.5 1.5 -37.0 ~4.0 23.1
Hay Albuqg. 2 - 1.6 -2.6 =-2.4 -1.5 =41 2.6
Klucher Albuq. 2 - 0.9 29.4 17.4 -10.0 12.7 16.9
Perez Albuq. 2  Albug. 1 7.8 0.4 1.7 5.9 -2.2 4,5
Perez Albuq. 2 Albuq., 2 0.6 3.0 1.0 -2.1 =3.0 2.2

Root Mean Square Error (W/Sq.m)
Isotropic Albuq. 1 - : 40.1 19.7 17.5 50.4 22.0 32.7
Hay Albug. 1 - : 15.9 19.8 18.5 19.2 18.5 18.4
Klucher Albug. 1 - : 14,9 27.5 20.9 26.0 18.4 22.0
Perez Albuqg. 1 Albug. 1 : 9.8 6.4 12,0 11.7 9.6 10.1
Perez Albug. 1 Albugq. 2 : 13.1 7.9 11.6 18.4 10.1 12.7
Isotropic Albuq. 2 - : 42,7 27.9 25.5 48. 26.3 35.5
Hay Albugq. 2 - : 19.6 23.4 22.3 19.4 22.2 21.4
Klucher Albug. 2 - : 14,1 41,9 41,9 19.0 27.5 28.4
Perez Albug. 2  Albuq. t : 16.9 8.3 14.9 16.6 13.7 14.4
Perez Albug. 2  Albug. 2 : 11,6 8.6 12.3 12.3 11.5 11.3

— vt e
s

NOTE: Albuq.1: 11/5/86 to 12/31/86 ("No Honeycomb")
Albuq. 2: 1/3/87 to 2/241/87 ("With Honeycomb")
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APPENDIX A: CROSS—-VALIDATION RESULTS

This appendix contains validation statistical summaries for each of the 100
cross—validation tests performed. These summaries include, for each orienta-
tion and slope studied, the root mean square and mean bias errors resulting
from using the Perez and the three reference models: Isotropic, Hay and
Klucher. Tables alsc include mean global and diffuse values on each surface
and number of events analyzed. Surfaces are referred to by numbers as follows:

38:
30:
32:
3y
36:
39:
40,

South 45° (43° for Albany)
North Vertical

East Vertical

South Vertical

West Vertical

South 330

South 53°

The table below is provided to help logating tests in this appendix.

COEFFICIENTS

Phoenix

El Monte

Osage
Albuquerque
Cape Canaveral
All SNLA
Albany SEMRTS
All USA

Trappes—Carpent. :

All Sites



————— f12 .po

Tue Jan 26 16:26:10 EST 1988

--IS0-- -PEREZ- ~--HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 14 3 15 4 19 10
2/ 30 1577 60 46 26 16 13 7 21 =7 43 33
3/ 32 1577 245 74 42 -12 17 -3 25 -9 36 12
4/ 34 1577 313 76 34 -14 15 -2 18 -4 26 10
5/ 36 1577 248 67 38 -5 16 4 21 -3 37 19
Composite error 34 12 15 4 20 6 34 19

Site: Phoe oy

Coefficients  ALBMKAUNEAGWE

----- f12.pl-----
Tue Jan 26 16:24:50 EST 1988
~~-I1S80-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 14 8 15 4 19 10
2/ 30 1577 60 46 26 16 13 -2 21 -7 43 33
3/ 32 1577 245 74 42 -12 16 -3 25 -9 36 12
4/ 34 1577 313 76 34 -14 14 1 18 -4 26 10
5/ 36 1577 248 67 38 -5 17 4 21 -3 37 19
Composite error 34 12 15 4 20 6 34 19
Site :Phoesnx Coefficients: £t MONTZT



———— fl2.pk--
Tue Jan 26 16

:25:25 EST 1988

--ISO-- =~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 54 -6 15 4 19 10
2/ 30 1577 60 46 26 16 59 -24 21 -7 43 33
3/ 32 1577 245 74 42 -12 67 -20 25 -9 36 12
4/ 34 1577 313 76 34 -14 72 -20 18 -4 26 10
5/ 36 1577 248 67 38 -5 67 -15 21 -3 37 19
Composite error 34 12 64 18 20 6 34 19
Site Phgew¥ Coefficients: OIAGET
----- £f12 .pf---~-
Tue Jan 26 16:26:53 EST 1988
--I1S0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 21 13 15 4 19 10
2/ 30 1577 60 46 26 16 12 6 21 -7 43 33
3/ 32 1577 245 74 42 -12 20 5 25 -9 36 12
4/ 34 1577 313 76 34 -14 21 9 18 -4 26 10
5/ 36 1577 248 67 38 -5 23 11 21 -3 37 19
Composite error 34 12 20 9 20 6 34 19

Site :’p\\ogp'\ X

Coefficients: AP CANAVEZARAL



----- £f12.psnl

Tue Jan 26 16:27:25 EST 1988

--1S0-- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 13 6 15 4 19 10
2/ 30 1577 60 46 26 16 10 1 21 -7 43 33
3/ 32 1577 245 74 42 -12 14 -3 25 -9 36 12
4/ 34 1577 313 76 34 -14 13 -0 18 -4 26 10
5/ 36 1577 248 67 38 -5 15 3 21 -3 37 19
Composite error 34 12 13 3 20 6 34 19

Site:Phoewix

Coefficients: aAMDIA COMPOSITE

————— £f12 .pp—----

Tue Jan 26 16:24:17 EST 1988
--1S0-- ~-PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 12 4 15 4 19 10
2/ 30 1577 60 46 26 16 10 0 21 -7 43 33
3/ 32 1577 245 74 42 -12 15 -5 25 -9 36 12
4/ 34 1577 313 76 34 -14 13 -3 18 -4 26 10
5/ 36 1577 248 67 38 -5 14 1 21 -3 37 19
Composite error 34 12 13 3 20 6 34 19

Site:Phoeix

Coefficients: Pk woux



----- £f12.pusa

Tue Jan 26 16

:28:43 EST 1988

--IS0--  -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 16 10 15 4 19 10
2/ 30 1577 60 46 26 16 13 6 21 -7 43 33
3/ .32 1577 245 74 42 -12 14 3 25 -9 36 12
4/ 34 1577 313 76 34 -14 14 6 18 -4 26 10
5/ 36 1577 248 67 38 -5 17 10 21 -3 37 19

34 12 15 8 20 6 34 19

Composite error

Coefficients: L SA COMPOS(TE

————— fi12 .ptc-----

Tue Jan 26 16:29:22 EST 1988

' e --ISO-- -PEREZ- =--HAY-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 529 118 29 -12 24 20 15 4 19 10
2/ 30 1577 60 46 26 16 17 12 21 -7 43 33
3/ 32 1577 245 74 42 -12 19 12 25 -9 36 12
4/ 34 1577 313 76 34 -14 22 17 18 -4 26 10
5/ 36 1577 248 67 38 -5 25 19 21 -3 37 19

Composite error 34 12 22 16 20 6 34 19
Site:hoenix Coefficients: FrewveH ComPos Tz



----- fl2.pall
Tue Jan 26 16:29:53 EST 1988

--1S0-- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 - 1577 529 118 29 -12 19 14 15 4 19 10
2/ 30 1577 60 46 26 16 14 8 21 -7 43 33
3/ 32 1577 245 74 42 -12 15 6 25 -9 36 12
4/ 34 1577 313 76 34 -14 16 10 18 -4 26 10
5/ 36 1577 248 67 38 -5 20 13 21 -3 37 19
Composite error 34 12 17 11 20 6 34 19

Coefficients: ALL SiTedS COMPOSITE

Site:PDhoewnx
----- fl2.palb-----
Tue Jan 26 16:28:02 EST 1988
--IS0~-- -PEREZ- --HAY-- ~-KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1577 . 529 118 29 -12 19 14 15 4 19 10
2/ 30 1577 60 46 26 16 16 11 21 -7 43 33
3/ 32 1577 245 74 42 -12 16 8 25 -9 36 12
4/ 34 1577 313 76 34 -14 17 10 18 -4 26 10
5/ 36 1577 248 67 38 -5 21 15 21 -3 37 19
Composite error 34 12 18 12 20 6 34 19

Site:Vhoe v x

Coefficients:/&\baﬁy



Tue Jan 26 16

:32:01 EST 1988

--1S0-- -PEREZ~- ~--HAY-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 -19 16 -3 16 -5 18 3
2/ 30 1502 59 53 42 29 15 10 24 6 64 48
3/ 32 1502 202 83 49 -1 20 1 27 =4 52 23
4/ 34 1502 278 93 40 -11 16 -3 19 -4 38 14
5/ 36 1502 195 84 55 =2 19 1 28 -4 57 23
Composite error 45 16 17 5 23 5 49 27
Site: EL MoNTE Coefficients: ALBVAQUERQUE
----- £12.11--==~
Tue Jan 26 16:31:05 EST 1988
--I1S0-- -PEREZ- --HAY-- -KLUCH-
#$/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 ~-19 12 1 16 -5 18 3
2/ 30 1502 59 53 42 29 10 2 24 6 64 48
3/ 32 1502 202 83 49 -1 16 -0 27 -4 52 23
4/ 34 1502 278 93 40 -11 13 -1 19 -4 38 14
5/ 36 1502 195 84 55 -2 16 -1 28 -4 57 23
Composite error 45 16 13 1 23 5 49 27
Site: EL MoNTE Coefficients: EL MoNTE



Tue Jan 26 16:31:33 EST 1988

--HAY--

--ISO-- -PEREZ- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 -19 43 -5 16 -5 18 3
2/ 30 1502 59 53 42 29 43 -10 24 6 64 48
3/ 32 1502 202 83 49 -1 50 -10 27 -4 52 23
4/ 34 1502 278 93 40 =11 55 -11 19 -4 38 14
5/ 36 1502 195 84 55 -2 48 -9 28 -4 57 23
Composite error 45 16 48 9 23 5 49 27
Site: L MONTL Coefficients: oS AGT
----- f12.1f-----
Tue Jan 26 16:32:28 EST 1988
--I80-- -PEREZ- =~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 -19 15 2 16 -5 18 3
2/ 30 1502 59 53 42 29 13 8 24 6 64 48
3/ 32 1502 202 83 49 -1 20 5 27 -4 52 23
4/ 34 1502 278 93 40 -11 16 3 19 -4 38 14
5/ 36 1502 195 84 55 -2 20 3 28 -4 57 23
Composite error 45 16 17 5 23 5 49 27

Site: 2L MOMTYL

Coefficients: CAPL CANAVEORAL



Tue Jan 26 16

:32:57 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 -19 13 -1 16 -5 18 3
2/ 30 1502 59 53 42 29 11 4 24 6 64 48
3/ 32 1502 202 83 49 -1 16 -0 27 -4 52 23
4/ 34 1502 278 93 40 -11 14 -2 19 -4 38 14
5/ 36 1502 195 84 55 -2 16 -1 28 -4 57 23
Composite error 45 16 14 2 23 5 49 27
Site: EL MONTE Coefficients: SANDIA coMPOSITE
————— £12.1p---~--
Tue Jan 26 16:30:33 EST 1988
; --I80-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1502 472 159 36 -19 14 -2 16 -5 18 3
2/ 30 1502 59 53 42 29 11 4 24 6 64 48
3/ 32 1502 202 83 49 -1 18 -2 27 -4 52 23
4/ 34 1502 278 93 40 -11 15 -4 19 -4 38 14
5/ 36 1502 195 84 55 =2 17 =2 28 -4 57 23
Composite error 45 16 15 3 23 5 49 27
Site: EL MoNTE Coefficients: PHOENIX



----- £f12.lusa~----
Tue Jan 26 16:33:52 EST 1988 ,
--180-- -PEREZ- ~--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1502 472 159 36 -19 14 4 16 -5 18 3
2/ 30 1502 59 53 42 29 15 10 24 6 64 48
3/ 32 1502 202 83 49 -1 17 6 27 -4 52 23
4/ 34 1502 278 93 40 -11 14 4 19 -4 38 14
5/ 36 1502 195 84 55 -2 17 5 28 -4 57 23
Composite error 45 16 15 6 23 5 49 27
Site: gL MoNTE Coefficients: USA ComPoS ITE
————— fl2.1ltc-----
Tue Jan 26 16:34:19 EST 1988
--ISO-- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1502 472 159 36 -19 18 12 16 -5 18 3
2/ 30 1502 59 53 42 29 19 14 24 6 64 48
3/ 32 1502 202 83 49 -1 21 13 27 -4 52 23
4/ 34 1502 278 93 40 -11 19 13 19 -4 38 14
5/ 36 1502 195 84 55 -2 20 11 28 -4 57 23

Composite error 45 16 19 13 23 5 ~49 27

Site: EL MoNTE Coefficients: FRENCH <OMPOS(TE

A-10



----- fl2.lall-~=-~-
Tue Jan 26 16:34:47 EST 1988
--I80-- ~PEREZ- -~HAY~~ ~KI,UCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1502 472 159 36 -19 15 7 16 -5 18 3
2/ 30 1502 59 53 42 29 16 12 24 6 64 48
3/ 32 1502 202 83 49 -1 18 9 27 -4 52 23
4/ 34 1502 278 93 40 -11 15 8 19 -4 38 14
5/ 36 1502 195 84 55 -2 18 8 28 -4 57 23
9

Composite error 45 16 16 23 5 49 27
Site: . NMONTE Coefficients: AW Dvres CLOMDOS\TT
----- f12.lalb~===--

Tue Jan 26 16:33:25 EST 1988
--I180-- -PEREZ - --HAY~~- -KLUCH~

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1502 472 159 36 -19 15 7 16 -5 18 3
2/ 30 1502 59 53 42 29 18 14 24 6 64 48
3/ 32 1502 202 83 49 -1 19 10 27 -4 52 23
4/ 34 1502 278 93 40 -11 16 8 19 -4 38 14
5/ 36 1502 195 84 55 -2 19 10 28 -4 57 23

Composite error 45 16 18 10 23 5 49 27

Site: €L NOMVTE Coefficients: ALRANY

A-11



--ISO-- ~PEREZ- ~-HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 17 -1 20 -4 21 5
2/ 30 418 66 64 47 36 16 9 29 13 68 53
3/ 32 418 124 85 50 15 27 2 37 1 60 34
4/ 34 418 202 9¢ 28 4 13 3 19 3 35 24
5/ 36 418 241 107 62 ~7 22 -3 31 0 57 20
Composite error 46 19 20 5 28 6 51 32

Site: OsSAGCE

Coefficients: ALRLAUEACWUT

----- fl2.kl-----
Tue Jan 26 16:35:08 EST 1988

--1S0-- -PEREZ- --HAY-~ -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 15 0 20 -4 21 5
2/ 30 418 66 64 47 36 11 1 29 13 68 53
3/ 32 418 124 85 50 15 24 -3 37 1 60 34
4/ 34 418 202 96 28 4 11 1 19 3 35 24
5/ 36 418 241 107 62 -7 17 -4 31 0 57 20
Composite error 46 19 16 2 28 6 51 32

Site: OSAGE Coefficients: €L MONTE_

A-12



Tue Jan 26 16:35:18 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 13 0 20 -4 21 5
2/ 30 418 66 64 47 36 10 -0 29 13 68 53
3/ 32 418 124 85 50 15 16 -2 37 1 60 34
4/ 34 418 202 96 28 4 10 1 19 3 35 24
5/ 36 418 241 107 62 -7 16 0 31 0 57 20
Composite error 46 19 13 1 28 6 51 32
Site: OsAG®R. Coefficients: OSAGE
----- £f12  kf-----
Tue Jan 26 16:35:38 EST 1988
~~ISO-- -PEREZ- --HAY-- -KLUCH~-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 16 -1 20 -4 21 5
2/ 30 418 66 64 47 36 14 7 29 13 68 53
3/ 32 418 124 85 50 15 26 1 37 1 60 34
4/ 34 418 202 96 28 4 13 3 19 3 35 24
5/ 36 418 241 107 62 -7 19 -1 31 0 57 20
Composite error 46 19 18 3 28 6 51 32

Site: OSAGE

A-13

Coefficients: CAPE QANAVEAAL



Tue Jan 26 16:35:47 EST 1988

--ISO-- -PEREZ- ~--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 15 -1 20 -4 21 5
2/ 30 418 66 64 47 36 11 3 29 13 68 53
3/ 32 418 124 85 50 15 20 -1 37 1 60 34
4/ 34 418 202 96 28 4 11 1 19 3 35 24
5/ 36 418 241 107 62 -7 18 -4 31 0 57 20
Composite error 46 19 15 2 28 6 51 32
Site: OAGE& Coefficients: samDia COMPOS TR

----- £f12 . kp-----

Tue Jan 26 16:34:58 EST 1988
--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 16 -1 20 -4 21 5
2/ 30 418 66 64 47 36 11 4 29 13 68 53
3/ 32 418 124 85 50 15 24 -1 37 1 60 34
4/ 34 418 202 96 28 4 11 1 19 3 35 24
5/ 36 418 241 107 62 -7 19 -4 31 0 57 20
Composite error 46 19 17 3 28 6 51 32

Site: OBAGC<

Coefficients: Phoemx

A-14



----- fl12 .kusa~-----
Tue Jan 26 16:36:06 EST 1988
--1S0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 418 408 183 34 -12 16 3 20 -4 21 5
2/ 30 418 66 64 47 36 15 10 29 13 68 53
3/ 32 418 124 85 50 15 24 5 37 1 60 34

4/ 34 418 202 96 28 4 14 7 19 3 35 24
5/ 36 418 241 107 62 =7 18 3 31 0 57 20
Composite error 46 19 18 6 28 6 51 32
Site: osaC e Coefficients: Ls A COMPOS\TE
————— £12 . ktc-=-=~~~
Tue Jan 26 16:36:16 EST 1988
~--I80~- =-PEREZ~- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 418 408 183 34 -12 18 10 20 -4 21 5
2/ 30 418 66 64 47 36 18 12 29 13 68 53
3/ 32 418 124 85 50 15 25 10 37 1 60 34
4/ 34 418 202 96 28 4 19 14 19 3 35 24
5/ 36 418 241 107 62 =7 20 8 31 0 57 20

Composite error 46 19 20 11 28 6 51 32

Site: cnAGS Coefficients: fFReNcwy COMAOS (TE

A-15



----- £f12 .kall
Tue Jan 26 16

:36:25 EST 1988

--1SO-~ -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 16 6 20 -4 21 5
2/ 30 418 66 64 47 36 16 11 29 13 68 53
3/ 32 418 124 85 50 15 24 7 37 1 60 34
4/ 34 418 202 96 28 4 16 10 19 3 35 24
5/ 36 418 241 107 62 =7 18 5 31 0 57 20
Composite error 46 19 18 8 28 6 51 32

Site: Agalt Coefficients: AL SiteEss COMPOSITZ.
----- £12.kalb-----
Tue Jan 26 16:35:57 EST 1988
--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 418 408 183 34 -12 17 6 20 -4 21 5
2/ 30 418 66 64 47 36 19 13 29 13 68 53
3/ 32 418 124 85 50 15 26 8 37 1 60 34
4/ 34 418 202 96 28 4 17 11 19 3 35 24
5/ 36 418 241 107 62 -7 19 6 31 0 57 20
Composite error 46 19 20 9 28 6 51 32

Site: s AGE

A-16

Coefficients: ALRANY



Tue 'Jan 26 16:38:35 EST 1988 \
--180-- -PEREZ- -~HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1828 535 122 31 -17 11 0 15 -3 14 2
2/ 30 1828 57 46 29 16 10 1 23 -4 45 30
3/ 32 1828 217 61 35 1 13 2 22 -2 39 19
4/ 34 1828 328 78 36 -16 13 -2 18 -6 26 4
5/ 36 1828 226 69 35 =7 13 -2 21 -6 35 12
Composite error 33 13 12 2 20 4 34 17
Site: ALBUGVERGUE Coefficients: ALBUGUERGUE
----- fl12.0l1-----
Tue Jan 26 16:37:31 EST 1988
--I1S50-- -PEREZ- --HAY-~- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1828 535 122 31 -17 12 1 15 -3 14 2
2/ 30 1828 57 46 29 16 14 -5 23 -4 45 30
3/ 32 1828 217 61 35 1 16 -0 22 -2 39 19
4/ 34 1828 328 78 36 -16 14 -3 18 -6 26 4
5/ 36 1828 226 69 35 =7 16 -4 21 -6 35 12

Composite error 33 13 14 3 20 4 34 17

Site: ALBVGUERQUE Coefficients: EL MoNTE

A-17



Tue Jan 26 16:38:03 EST 1988

--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg~D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 42 -11 15 -3 14 2
2/ 30 1828 57 46 29 16 47 -17 23 -4 45 30
3/ 32 1828 217 61 35 1 50 -13 22 -2 39 19
4/ 34 1828 328 78 36 -16 56 -19 18 -6 26 4
5/ 36 1828 226 69 35 -7 52 -16 21 -6 35 12
Composite error 33 13 50 15 20 4 34 17
Site: ALBURUERGVE Coefficients: OSAGE
----- £f12.,0f----~
Tue Jan 26 16:39:07 EST 1988
--ISO-- =-PEREZ- =--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 15 4 15 -3 14 2
2/ 30 1828 57 46 29 16 11 3 23 -4 45 30
3/ 32 1828 217 61 35 1 18 6 22 -2 39 19
4/ 34 1828 328 78 36 -16 16 3 18 -6 26 4
5/ 36 1828 226 69 35 -7 16 3 21 -6 35 12
Composite error 33 13 15 4 20 4 34 17
Site: ALBUQUERQUE Coefficients: CAPE CANAVERAL

A-18



Tue Jan 26 16:39:39 EST 1988
--1S0-- -PEREZ- =--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1828 535 122 31 -17 12 1 15 -3 14 2
2/ 30 1828 57 46 29 16 10 -1 23 -4 45 30
3/ 32 1828 217 61 35 1 14 1 22 =2 39 19
4/ 34 1828 328 78 36 ~-16 13 -3 18 -6 26 4
5/ 36 1828 226 69 35 -7 14 -2 21 -6 35 12

Composite error 33 13 13 2 20 4 34 17
Site: ALBLQUERGUE Coefficients: SANDIA ComPoSITE
----- fl2.o0p-----

Tue Jan 26 16:36:59 EST 1988
--ISQ0-- ~-PEREZ- ~-HAY-- ~-KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1828 535 122 31 -17 12 -2 15 -3 14 2
2/ 30 1828 57 46 29 16 11 -2 23 -4 45 30
3/ 32 1828 217 61 35 1 14 -1 22 =2 39 19
4/ 34 1828 328 78 36 -16 15 -5 18 -6 26 4
5/ 36 1828 226 69 35 -7 14 -4 21 -6 35 12

Composite error 33 13 13 3 20 4 34 17

Site: ALPUGRVERAVE Coefficients: PHOCN\X

A-19



Tue Jan 26 16:40:55 EST 1988

~~-I80~- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 13 4 15 -3 14 2
2/ 30 1828 57 46 29 16 11 3 23 -4 45 30
3/ 32 1828 217 61 35 1 15 6 22 =2 39 19
4/ 34 1828 328 78 36 -16 13 1 18 -6 26 4
5/ 36 1828 226 69 35 =7 14 2 21 -6 35 12
Composite error 33 13 13 4 20 4 34 17

Site 2A\Mu,%d\k&-

Coefficients: WSA COMPOS\TZ

----- f12.otc~----
Tue Jan 26 16:41:32 EST 1988
--IS0-- ~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 17 11 15 -3 14 2
2/ 30 1828 57 46 29 16 13 7 23 -4 45 30
3/ 32 1828 217 61 35 1 19 12 22 -2 39 19
4/ 34 1828 328 78 36 -16 17 10 18 -6 26 4
5/ 36 1828 226 69 35 -7 17 9 21 -6 35 12
Composite error 33 13 17 10 20 4 34 17
Coefficients: Feest COMFOS (TE

Site:Ajphugurtant

A-20



————— fl2.0all
Tue Jan 26 16:42:05 EST 1988

--I1S0-~- -PEREZ~ --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 14 6 15 -3 14 2
2/ 30 1828 57 46 29 16 12 4 23 -4 45 30
3/ 32 1828 217 61 35 1 16 7 22 =2 39 19
4/ 34 1828 328 78 36 -16 14 4 18 -6 26 4
5/ 36 1828 226 69 35 -7 14 4 21 -6 35 12
Composite error 33 13 14 5 20 4 34 17
Site: ALBUQUERQVE Coefficients: ALL SITES CoMPOSITE
----- fi12.0alb-----
Tue Jan 26 16:40:13 EST 1988
--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1828 535 122 31 -17 15 8 15 -3 14 2
2/ 30 1828 57 46 29 16 13 7 23 -4 45 30
3/ 32 1828 217 61 35 1 18 10 22 -2 39 19
4/ 34 1828 328 78 36 -16 15 6 18 -6 26 4
5/ 36 1828 226 69 35 -7 16 6 21 -6 35 12
Composite error 33 13 16 8 20 4 34 17
Site: ALRUQUERQUE Coefficients: ALBANY

A-21



Tue Jan 26 16

:42:51 EST 1988

| ~--ISO0-- -PEREZ- ~--HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 13 4 13 -1 21 13
2/ 30 551 84 69 39 20 14 -2 30 =3 59 40
3/ 32 551 259 99 60 =10 28 -8 39 -11 58 17
4/ 34 551 150 85 22 3 11 -5 21 -9 36 24
5/ 36 551 173 86 46 3 18 2 26 -2 53 29
Composite error 40 10 18 5 27 7 48 26

Site: cAPe CANAVEAAL

Coefficients: ALBUR e AAWE

----- £12.f1~-----
Tue Jan 26 16:42:29 EST 1988
--ISO-- =-PEREZ- ~--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 12 3 13 -1 21 13
2/ 30 551 84 69 39 20 20 -11 30 -3 59 40
3/ 32 551 259 99 60 -10 25 -9 39 -11 58 17
4/ 34 551 150 85 22 3 16 -11 21 -9 36 24
5/ 36 551 173 86 46 3 18 -1 26 -2 53 29
Composite error 40 10 19 8 27 7 48 26
Site: APs CANAVEAAL Coefficients: gL MONTE

A~22



Tue Jan 26 16

:42:41 EST 1988

~--ISO~- -PEREZ- --HAY-- -~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 33 2 13 -1 21 13
2/ 30 551 84 69 39 20 36 -15 30 -3 59 40
3/ 32 551 259 99 60 -10 49 -12 39 -11 58 17
4/ 34 551 150 85 22 3 36 -14 21 -9 36 24
5/ 36 551 173 86 46 3 39 -1 26 -2 53 29
Composite error 40 10 39 11 27 7 48 26
Site: CAPE CANAVERAL Coefficients: OSAGE
----- fl12. ff-----
Tue Jan 26 16:43:02 EST 1988
--I180-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg~-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 12 4 13 -1 21 13
2/ 30 551 84 69 39 20 13 -3 30 -3 59 40
3/ 32 551 259 99 60 -10 24 -5 39 -11 58 17
4/ 34 551 150 85 22 3 11 -6 21 -9 36 24
5/ 36 551 173 86 46 3 14 4 26 -2 53 29
Composite error 40 10 16 4 27 7 48 26
Site: carE CAVAVERAL Coefficients: CAPE cANAVERAL

A-23



----- fl12.fsnl
Tue Jan 26 16:43:12 EST 1988

--180-~ ~PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 13 4 13 -1 21 13
2/ 30 551 84 69 39 20 16 -7 30 -3 59 40
3/ 32 551 259 99 60 -10 25 -9 39 -11 58 17
4/ 34 551 150 85 22 3 13 -8 21 -9 36 24
5/ 36 551 173 86 46 3 16 1 26 -2 53 29
Composite error 40 10 17 6 27 7 48 26

Site: CAPE. CANAVEPAL

Coefficients: santia COMPOBI\TE

----- f12.fp~-----
Tue Jan 26 16:42:17 EST 1988

--1S0~- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg~G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 12 3 13 -1 21 13
2/ 30 551 84 69 39 20 16 -7 30 -3 59 40
3/ 32 551 .259 99 60 -10 27 -10 39 -11 58 17
4/ 34 551 150 85 22 3 14 -9 21 -9 36 24
5/ 36 551 173 86 46 3 15 -0 26 -2 53 29
Composite error 40 10 18 7 27 7 48 26

Site:caPe CANAVERMAL

Coefficients: Ploe ¥

A-24



Tue Jan 26 16:43:34 EST 1988
--I80-- =-PEREZ- =--HAY-- ~KLUCH~-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 551 398 152 20 -1 15 8 13 -1 21 13
2/ 30 551 84 69 39 20 15 =2 30 -3 59 40
3/ 32 551 259 99 60 ~10 23 -2 39 ~11 58 17
4/ 34 551 150 85 22 3 10 -3 21 -9 36 24

5/ 36 551 173 86 46 3 17 6 26 -2 53 29
Composite error 40 10 17 5 27 7 48 26
Site: CcaAPE CanAVEAAL, Coefficients: UsA COMPOS(TE
----- £12.fte-----
Tue Jan 26 16:43:44 EST 1988
--I130-- -PEREZ~- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 ~1 20 14 13 -1 21 13
2/ 30 551 84 69 39 20 15 2 30 -3 59 40
3/ 32 551 259 99 60 -10 22 5 39 -11 58 17
4/ 34 551 150 85 22 3 12 3 21 -9 36 24
5/ 36 551 173 86 46 3 23 13 26 -2 53 29

Composite error 40 10 19 9 27 7 48 26

Site: cAPE CANAVZ AAL Coefficients: Faenca ComPos e

A~25



----- fl12.fall
Tue Jan 26 16:43:55 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 17 10 13 -1 21 13
2/ 30 551 84 69 39 20 15 -0 30 -3 59 40
3/ 32 551 259 99 60 -10 23 0 39 -11 58 17
4/ 34 551 150 85 22 3 10 -0 21 -9 36 24
5/ 36 551 173 86 46 3 19 9 26 -2 53 29
Composite error 40 10 17 6 27 7 48 26
Site: CAPE CANAVERAL Coefficients: ALL SITES ComMPOSITE

----- f12.falb-----
Tue Jan 26 16:43:23 EST 1988
--1S0-- -PEREZ- ~~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 17 11 13 -1 21 13
2/ 30 551 84 69 39 20 15 2 30 -3 59 40
3/ 32 551 259 99 60 -10 23 3 39 -11 58 17
4/ 34 551 150 85 22 3 10 1 21 -9 36 24
5/ 36 551 173 86 46 3 19 10 26 -2 53 29
Composite error 40 10 18 7 27 7 48 26
Site: CAPE CANAVERAL Coefficients: ALBANY

A-26



----- fl2.snlo
Tue Jan 26 16:50:42 EST 1988

--1S0-- -PEREZ- -~--HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 5876 495 138 31 -14 14 1 16 -1 18 6
2/ 30 5876 62 51 .34 21 13 5 24 -1 53 38
3/ 32 5876 218 75 44 -3 19 -0 27 -5 46 19
4/ 34 5876 285 83 35 -11 14 -2 19 -5 31 12
5/ 36 5876 220 76 45 -4 17 1 25 -4 46 19
Composite error 38 13 16 3 22 4 41 22

Site: SANDLA CoM QS ITE

Coefficients AL RAUQUEAQUE

————— fl12.snll-----

Tue Jan 26 16:47:19 EST 1988
--IS0O-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 5876 495 138 31 -14 13 3 16 -1 18 6
2/ 30 5876 62 51 34 21 13 -3 24 -1 53 38
3/ 32 5876 218 75 44 -3 18 -2 27 -5 46 19
4/ 34 5876 285 83 35 -11 14 -2 19 -5 31 12
5/ 36 5876 220 76 45 -4 17 -1 25 -4 46 19
Composite error 38 13 15 2 22 4 41 22

Site: SAMNDIA COMPTI(TE

Coefficients: gL mouTe

A-27



----- fl2.snlk-----
Tue Jan 26 16:49:00 EST 1988
--IS0-- ~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 5876 495 138 31 -14 44 -6 16 -1 18 6
2/ 30 5876 62 51 34 21 47 -16 24 -1 53 38
3/ 32 5876 218 75 44 -3 54 -13 27 -5 46 19
4/ 34 5876 285 83 35 -11 57 -15 19 -5 31 12
5/ 36 5876 220 76 45 -4 53 -12 25 -4 46 19

Composite error 38 13 51 13 22 4 41 22
Site: SANDK ComMPOD ITE Coefficients:osice
----- fl12.snlf-----
Tue Jan 26 16:52:24 EST 1988
--ISO~~ -PEREZ~- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 5876 495 138 31 -14 17 6 16 -1 18 6
2/ 30 5876 62 51 34 21 12 5 24 -1 53 38
3/ 32 5876 218 75 44 -3 20 4 27 -5 46 19
4/ 34 5876 285 83 35 -11 17 4 19 -5 31 12
5/ 36 5876 220 76 45 -4 19 5 25 -4 46 19

Composite error 38 13 17 5 22 4 41 22

Site:S4ANDIA COMPOS TE Coefficients: CA®Pz CANAVZRAL

A-28



----- fl12.snlsnl-----
Tue Jan 26 16

:54:05 EST 1988

--IS0-- -PEREZ- --HAY~-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 5876 495 138 31 -14 13 2 16 -1 18 6
2/ 30 5876 62 51 34 21 11 1 249 -1 53 38
3/ 32 5876 218 75 44 -3 17 -1 27 -5 46 19
4/ 34 5876 285 83 35 -11 13 -2 19 -5 31 12
5/ 36 5876 220 76 45 -4 15 0 25 -4 46 19
Composite error '38 13 14 1 22 4 41 22

Site: SANDLAL COMPODITE

Coefficients: wamdLa CompPOSITZ

----- fl12.snlp-----

Tue Jan 26 16:45:37 EST 1988
--I1S0-- =-PEREZ- --HAY-- -~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 5876 495 138 31 -14 13 -0 16 -1 18 6
2/ 30 5876 62 51 34 21 11 0 24 -1 53 38
3/ 32 5876 218 75 44 -3 17 -3 27 -5 46 19
4/ 34 5876 285 83 35 -11 14 -4 19 -5 31 12
5/ 36 5876 220 76 45 -4 15 -2 25 -4 46 19
Composite error 38 13 14 2 22 4 41 22

Site: 40D 14 COMPOS ITE

Coefficients:phoenvy

A-29



----- £f12.snlusa-----
Tue Jan 26 16:57:28 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
oty ¢ T P o e D S S e T M T iy T S iy e M S S Y s S e v

1/ 38 5876 495 138 31 -14 14 6
2/ 30 5876 62 51 34 21 13 6
3/ 32 5876 218 75 44 -3 17 4 27 -5 46 19
4/ 34 5876 285 83 35 -11 13 3
5/ 36 5876 220 76 45 -4 16 5

Composite error 38 13 15 5 22 4 41 22

Site: QLANDIA COMPOSITE  Coefficients: usA COMPOSITE

----- fl2.snltc-----
Tue Jan 26 16:59:12 EST 1988
--I50-- -PEREZ- --HAY-- -~-KLUCH-
#/Code Cases Avg~-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

i1/ 38 5876 495 138 31 ~14 20 14 16 -1 18 6
2/ 30 5876 62 51 34 21 16 10 24 -1 53 38
3/ 32 5876 218 75 44 -3 20 11 27 -5 46 19
4/ 34 5876 285 83 35 -11 19 12 19 -5 31 12
5/ 36 5876 220 76 45 -4 21 13 25 -4 46 18

At v s

Composite error 38 13 19 12 22 4 41 22

Site:SANDIA OMHAOSITE Coefficientg: FRencH ComMPos T

A-30



----- fl2.snlall-~---
Tue Jan 26 17:00:55 EST 1988
--IS0-~ -PEREZ- --HAY-~- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 5876 495 138 31 -14 16 9 16 -1 18 6
2/ 30 5876 62 51 34 21 14 7 24 -1 53 38
3/ 32 5876 218 75 44 -3 18 7 27 -5 46 19
4/ 34 5876 285 83 35 -11 15 6 19 -5 31 12
5/ 36 5876 220 76 45 -4 17 8 25 -4 46 19
Composite error 38 13 16 8 22 4 41 22
Site:SAMNDIA COMPOS T Coefficients: Ay Si1TES <OMPOUTE
----- fl2.snlalb-~----

Tue Jan 26 16:55:47 EST 1988

--I80-~- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 5876 495 138 31 -14 17 9 16 -1 18 6
2/ 30 5876 62 51 34 21 16 10 24 -1 53 38
3/ 32 5876 218 75 44 -3 19 9 27 -5 46 19
4/ 34 5876 285 83 35 -11 16 8 19 -5 31 12
5/ 36 5876 220 76 45 -4 19 10 25 -4 46 19

Composite error 38 13 17 9 22 4 41 22

Site: SAVDIA COMPOOSITE Coefficients: ALRANY

A-31



-f12.albo
Tue Jan 26- 17:16:24 EST 1988

--ISO-- -PEREZ~ --HAY-- -KLUCH-
#/Code Cases Avg~G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 13 -6 17 -8 13 -2
2/ 39 10865 379 157 36 -23 17 -9 22 -12 16 -6
3/ 40 10865 358 145 38 -21 17 -7 22 -10 17 -3
4/ 30 10865 65 61 29 16 10 -3 24 1 45 29
5/ 32 10865 161 84 40 =7 20 -10 27 -10 37 10
6/ 34 10865 221 90 32 -13 16 -5 22 -6 23 5
7/ 36 10865 160 82 42 -5 20 -7 28 -7 40 12
Composite error 36 16 16 7 24 8 30 13
Site: ALBANY Coefficients: ALBVGUERAVE
----- fl2.albl-----
Tue Jan 26 17:08:40 EST 1988
--IS0-- -PEREZ- --HAY-~- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 12 -4 17 -8 13 -2
2/ 39 10865 379 157 36 -23 15 =7 22 -12 16 -6
3/ 40 10865 358 145 38 -21 15 -5 22 -10 17 -3
4/ 30 10865 65 61 29 16 14 -9 24 1 45 29
5/ 32 10865 161 84 40 -7 20 -13 27 -10 37 10
6/ 34 10865 221 90 32 -13 18 -4 22 -6 23 5
7/ 36 10865 160 82 42 -5 19 -9 28 -7 40 12
Composite error 36 16 16 8 24 8 30 13
Site: ALBANY Coefficients: EL MowNTE

A-32



-fl2.albk

Tue Jan 26 17

:12:32 EST 1988

~--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 29 -8 17 -8 13 -2
2/ 39 10865 379 157 36 -23 37 -13 22 -12 16 -6
3/ 40 10865 358 145 38 -21 41 -11 22 -10 17 -3
4/ 30 10865 65 61 29 16 42 -19 24 1 45 29
5/ 32 10865 161 84 40 =7 49 -21 27 -10 37 10
6/ 34 10865 221 90 32 -13 47 -13 22 -6 23 5
7/ 36 10865 160 82 42 -5 46 -18 28 -7 40 12
Composite error 36 16 42 15 24 8 30 13
Site: ALsAnY Coefficients: OSAGE
----- fl12.albf-----
Tue Jan 26 17:20:17 EST 1988
--ISO0-- -PEREZ- --HAY-~ -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 14 -3 17 -8 13 -2
2/ 39 10865 379 157 36 -23 17 -6 22 -12 16 -6
3/ 40 10865 358 145 38 -21 17 -3 22 -10 17 -3
4/ 30 10865 65 61 29 16 10 -3 24 1 45 29
5/ 32 10865 161 84 40 -7 17 -8 27 -10 37 10
6/ 34 10865 221 90 32 -13 20 -1 22 -6 23 5
7/ 36 10865 160 82 42 -5 19 -5 28 -7 40 12
Composite error 36 16 17 5 24 8 30 13
Site: ALBANY Coefficients: CAPE CANAVERAL

A-33



— aa s

-f12.albsnl
Tue Jan 26 17

:24:09 EST 1988

--I530-- ~-PEREZ- --HAY-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 12 -5 17 -8 13 -2
2/ 39 10865 379 157 36 -23 15 -8 22 -12 16 -6
3/ 40 10865 358 145 38 -21 16 -5 22 -10 17 -3
4/ 30 10865 65 61 29 16 11 -7 24 1 45 29
5/ 32 10865 161 84 40 -7 19 -12 27 ~-10 37 10
6/ 34 10865 221 90 32 -13 17 -4 22 -6 23 5
7/ 36 10865 160 82 42 -5 18 -9 28 -7 40 12
Composite error 36 16 16 7 24 8 30 13
Site: ALBANY Coefficients: SANAIA camposnré

----- £fi2.albp----~
Tue Jan 26 17:04:48 EST 1988 ‘
--180-- =-PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 12 -¢ 17 -8 13 =2
2/ 39 10865 379 157 36 ~23 16 -9 22 -12 16 -6
3/ 40 10865 358 145 38 ~21 17 -7 22 -10 17 -3
4/ 30 10865 65 61 29 16 11 -6 24 1 45 29
5/ 32 10865 161 84 40 =7 20 -13 27 -10 37 10
6/ 34 10865 221 90 32 -13 17 -6 22 -6 23 5
7/ 36 10865 160 82 42 -5 20 -9 28 -7 40 12
Composite'error 36 16 17 8 24 8 30 13
Site: ALBANY Coefficients: PHOCNIX

A-34



----- fl2.albusa-----
Tue Jan 26 17

:31:55 EST 1988

--IS0-- -PEREZ- --HAY-- -~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 10 -2 17 -8 13 -2
2/ 39 10865 379 157 36 -23 13 -4 22 -12 16 -6
3/ 40 10865 358 145 38 -21 13 -2 22 -10 17 -3
4/ 30 10865 65 61 29 16 9 =2 24 1 45 29
5/ 32 10865 161 84 40 -7 16 -7 27 -10 37 10
6/ 34 10865 221 90 32 -13 16 0 22 -6 23 5
7/ 36 10865 160 g2 42 -5 17 -4 28 -7 40 12
Composite error 36 16 14 4 24 8 30 13
Site:ALMANY Coefficients:USA COMPOSTZ
————— f12.albtc--~-~-
Tue Jan 26 17:35:47 EST 1988
--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 12 3 17 -8 13 -2
2/ 39 10865 379 157 36 -23 12 2 22 -12 16 -6
3/ 40 10865 358 145 38 ~-21 15 6 22 -10 17 -3
4/ 30 10865 65 61 29 16 9 1 24 1 45 29
5/ 32 10865 161 84 40 -1 14 -2 27 -10 37 10
6/ 34 10865 221 90 32 -13 20 8 22 -6 23 5
7/ 36 10865 160 82 42 -5 17 2 28 -7 40 12
Composite error 36 16 15 4 24 8 30 13
Site:ALRANY Coefficients: PR:NCH COMPOS T

A-35



-fl2.alball-----
Tue Jan 26 17

:39:39 EST 1988

-~IS0-- -PEREZ- --HAY-- -~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 10 0 17 -8 13 =2
2/ 39 10865 379 157 36 -23 12 -2 22 -12 16 -6
3L 40 10865 358 145 38 -21 13 1 22 -10 17 -3
4/ 30 10865 65 61 29 16 9 -0 24 1 45 29
5/ 32 10865 161 84 40 -7 15 -5 27 -10 37 10
6/ 34 10865 221 90 32 -13 17 3 22 -6 23 5
7/ 36 10865 160 82 42 -5 16 -2 28 -7 40 12
Composite error 36 16 13 2 24 8 30 13
Site: ALQAANY Coefficients: ALL SITES COMPOS(TE
----- f12.albalb-----
Tue Jan 26 17:28:01 EST 1988
--I180-- -PEREZ- --HAY-- -KLUCH~-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 10865 384 160 28 -18 10 -0 17 -8 13 -2
2/ 39 10865 379 157 36 -23 12 -2 22 -12 16 -6
3/ 40 10865 358 145 38 -21 13 1 22 -10 17 -3
4/ 30 10865 65 61 29 16 9 1 24 1 45 29
5/ 32 10865 161 84 40 -7 14 -4 27 -10 37 10
6/ 34 10865 221 920 32 -13 16 3 22 -6 23 5
7/ 36 10865 160 82 42 -5 16 -0 28 -7 40 12
Composite error 36 16 13 2 24 8 30 13
Site: ALBANY Coefficients: ALBANY

A-36



-f12.usao
Tue Jan 26 18

:01:49 EST 1988

-=-I1S80O~- -PEREZ~ --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 -4 17 -6 15 1
2/ 39 10865 379 157 36 =23 17 -9 22 -12 16 -6
3/ 40 10865 358 145 38 -21 17 =7 22 -10 17 -3
4/ 30 16741 64 58 31 18 11 0 24 0 48 32
5/ 32 ,16741 181 81 42 -6 19 =7 27 -8 41 13
6/ 34 16741 244 88 33 -12 16 -4 21 -6 26 7
7/ 36 16741 181 80 43 ~5 19 -4 27 -6 42 15
Composite error 36 15 16 5 23 7 33 15
Site: UsA CoMPoOSITE Coefficients: ALBUQUERQUVE
----- fl2.usal-=-=-=-~
Tue Jan 26 17:50:45 EST 1988
--IS0-- ~-PEREZ - --HAY-~- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 -1 17 -6 15 1
2/ 39 10865 379 157 36 -23 15 =7 22 -12 16 -6
3/ 40 10865 358 145 38 -21 15 =5 22 -10 17 -3
4/ 30 16741 64 58 31 18 13 -7 24 0 48 32
5/ 32 16741 181 81 42 -6 19 -9 27 -8 41 13
6/ 34 16741 244 88 33 ~12 16 -3 21 -6 26 7
7/ 36 16741 181 80 43 -5 18 -6 27 -6 42 15
Composite error 36 15 16 6 23 7 33 15
Site: USA COMPOSITE Coefficients: EL MONTE

A-37



Tue Jan 26 17

:56:17 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 35 -8 17 -6 15 1
2/ 39 10865 379 157 36 -23 37 -13 22 -12 16 -6
3/ 40 10865 358 145 38 -21 41 -11 22 -10 17 -3
4/ 30 16741 64 58 31 18 44 -18 24 0 48 32
5/ 32 16741 181 81 42 -6 51 -19 27 -8 41 13
6/ 34 16741 244 88 33 ~-12 51 -14 21 -6 26 7
7/ 36 16741 181 80 43 -5 49 -16 27 -6 42 15
Composite error 36 15 45 15 23 7 33 15
Site: USA CoMPOSITE Coefficients: OSAGE
----- fl2.usaf~-~--
Tue Jan 26 18:07:22 EST 1988
--1SO-- -PEREZ- -~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 15 -0 17 -6 15 1
2/ 39 10865 379 157 36 -23 17 -6 22 -12 16 -6
3/ 40 10865 358 145 38 -21 17 -3 22 -10 17 -3
4/ 30 16741 64 58 31 18 11 -0 24 0 48 32
5/ 32 16741 181 81 42 -6 18 -4 27 -8 41 13
6/ 34 16741 244 88 33 -12 19 1 21 -6 26 . 7
7/ 36 16741 181 80 43 -5 19 -1 27 -6 42 15
Composite error 36 15 17 3 23 7 33 15
Site: USA CoMPosITE Coefficients: CAPE CANAVERAL

A-38



Tue Jan 26 18

:12:54 EST 1988

~~I80-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 -2 17 -6 15 1
2/ 39 10865 379 157 36 -23 15 -8 22 -12 16 -6
3/ 40 10865 358 145 38 -21 16 -5 22 -10 17 -3
4/ 30 16741 64 58 31 18 11 -4 24 0 48 32
5/ 32 16741 181 81 42 -6 18 -8 27 -8 41 13
6/ 34 16741 244 88 33 -12 16 -4 21 -6 26 7
7/ 36 16741 181 80 43 -5 18 -6 27 -6 42 15
Composite error 36 15 15 5 23 7 33 15
Site: USA composiTE Coefficients: SANDIA COMPOSITE
----- £12.usap-----
Tue Jan 26 17:45:12 EST 1988
~~I80-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 -4 17 -6 15 1
2/ 39 10865 379 157 36 ~23 16 -9 22 -12 16 -6
3/ 40 10865 358 145 38 -21 17 -7 22 =10 17 -3
4/ 30 16741 64 58 31 18 11 -4 24 0 48 32
5/ 32 16741 181 81 42 -6 19 -9 27 -8 41 13
6/ 34 16741 244 88 33 -12 16 -5 21 -6 26 7
7/ 36 16741 181 80 43 -5 18 =7 27 -6 42 15
Composite error 36 15 16 7 23 7 33 15
Site: usa comPoS(TE Coefficients: Prpe NIX

A-39



-f12.usausa~----
Tue Jan 26 18

:23:59 EST 1988

--ISO-~ -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 1 17 -6 15 1
2/ 39 10865 379 157 36 -23 13 -4 22 -12 16 -6
3/ 40 10865 358 145 38 -21 13 -2 22 -10 17 -3
4/ 30 16741 64 58 31 18 11 1 24 0 48 32
5/ 32 16741 181 81 42 -6 16 -3 27 -8 41 13
6/ 34 16741 244 88 33 -12 15 1 21 -6 26 17
7/ 36 16741 181 80 43 -5 17 -0 27 -6 42 15
Composite error 36 15 14 2 23 7 33 15
Site: USA CoMPOSITE Coefficients: USA COMPOSITE
----- f12 .usatc-----
Tue Jan 26 18:29:31 EST 1988
--I1S0-~ -PEREZ- ~-HAY-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 15 7 17 -6 15 1
2/ 39 10865 379 157 36 -23 12 2 22 -12 16 -6
3/ 40 10865 358 145 38 -21 i5 6 22 ~10 17 -3
4/ 30 16741 64 58 31 18 12 5 24 0 48 32
5/ 32 16741 181 81 42 -6 16 3 27 -8 41 13
6/ 34 16741 244 88 33 -12 20 10 21 -6 26 17
7/ 36 16741 181 80 43 =5 18 5 27 -6 42 15
Composite error 36 15 16 6 23 7 33 15
Coefficients: FRENCH COMPOSI(TE

Site: JSA compos(TE

A-40



-£f12 .usaall

Tue Jan 26 18:35:03 EST 1988

; -~ISO-- ~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 3 17 -6 15 1
2/ 39 10865 379 157 36 -23 12 -2 22 -12 16 -6
3/ 40 10865 358 145 38 -21 13 1 22 -10 17 -3
4/ 30 16741 64 58 31 18 11 2 24 0 48 32
5/ 32 16741 181 81 42 -6 16 -1 27 -8 41 13
6/ 34 16741 244 88 33 -12 16 4 21 -6 26 7
7/ 36 16741 181 80 43 -5 17 2 27 -6 42 15
Composite error 36 15 14 3 23 7 33 15
Site: USA COMPOSITE Coefficients: ALL SITES COoMPoSITE
----- £f12 .usaalb-----
Tue Jan 26 18:18:26 EST 1988
. --IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 3 17 -6 15 1
2/ 39 10865 379 157 36 -23 12 -2 22 -12 16 -6
3/ 40 10865 358 145 38 -21 13 1 22 -10 17 -3
4/ 30 16741 64 58 31 18 12 4 24 0 48 32
5/ 32 16741 181 81 42 -6 16 1 27 -8 41 13
6/ 34 16741 244 88 33 -12 16 5 21 -6 26 7
7/ 36 16741 181 80 43 -5 17 3 27 -6 42 15
Composite error 36 15 14 3 23 7 33 15
Site: usA coMeoSITE Coefficients: ALBANVY

A-41



—— —

Tue Jan 26 18:47:42 EST 1988

--I80-- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 23 -15 28 -19 23 -12
2/ 30 11222 64 59 33 19 12 1 24 3 49 33
3/ 32 11222 171 88 44 -11 21 -11 31 -11 39 8
4/ 34 11222 234 103 45 -25 23 -14 29 ~16 27 -5
5/ 36 11222 169 B6 42 -8 18 -7 29 -8 39 11
Composite error 43 21 11 28 13 37 17

20

Site: FrecncH Qoupos T

Coefficients: _4 L RUGIUWEAGUE

----- £f12.tcl-----
Tue Jan 26 18:41:23 EST 1988

-~-ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg~G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 19 ~12 28 -19 23 -12
2/ 30 11222 64 59 33 19 13 -5 24 3 49 33
3/ 32 11222 171 88 44 -11 23 -12 31 -11 39 8
4/ 34 11222 234 103 45 =25 21 -12 29 -16 27 -5
5/ 36 11222 169 86 42 -8 20 -9 29 -8 39 11
Composite error 43 21 20 11 28 13 37 17

Site: _-F'&MC.H CoOMPOS \TE.

Coefficients: €i. MOMNTE

A-42



Tue Jan 26 18:44:32 EST 1588

--I150-- -PEREZ~ --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 11222 379 164 46 =31 33 -14 28 -19 23 =12
2/ 30 11222 64 59 33 1% 32 -11 24 3 49 33
3/ 32 11222 171 88 44 -11 41 -16 31 -11 39 8
4/ 34 11222 234 103 45 =25 41 -1le 29 -16 27 -5
-5/ 36 11222 169 86 42 -8 39 =12 29 =8 39 11
Composgite error 43 21 37 14 28 13 37 17
Site: fFeencih (omeosiTs Coefficients: OXAGE
----- £12 . tof-----

Tue Jan 26 18:50:52 EST 1988

--I30-- -PEREZ- ~--HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

379 164 46 -31 21 -12 28 -19 23 -12

64 59 33 1% 11 -0 24 3 49 33
171 88 44 -11 22 -9 31 -11 39 8
234 103 45 -25 22 -10 29 -16 27 =5
169 86 42 -8 19 -5 29 -8 39 11

1/ 38 11222
2/ 30 11222
3/ 32 11222
4/ 34 11222
5/ 36 11222
Composite

——— L ——1—1

error 43 21 19 8 28 13 37 17

Site: FrercH Couposrre Coefficients: CAPE CANAVERAL

A-43



----- £f12.tcsnl-----
Tue Jan 26 18

:54:02 EST 1988

--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 21 -13 28 -19 23 -12
2/ 30 11222 64 59 33 19 11 -3 24 3 49 33
3/ 32 11222 171 88 44 -11 22 -12 31 -11 39 8
4/ 34 11222 234 103 45 -25 22 -13 29 -16 27 -5
5/ 36 11222 169 86 42 -8 18 -8 29 -8 39 11
Composite error 43 21 19 11 28 13 37 17
Site: FrerneH ComposiTE Coefficients: S ANDIA COomMPesITE
————— fl2.tcp-----
Tue Jan 26 18:38:13 EST 1988
--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 22 -15 28 -19 23 -12
2/ 30 11222 64 59 33 19 12 -3 24 3 49 33
3/ 32 11222 171 88 44 -11 23 -13 31 -11 39 8
4/ 34 11222 234 103 45 -25 24 -15 29 -16 27 -5
5/ 36 11222 169 86 42 -8 19 -9 29 -8 39 11
Composite error 43 21 20 12 28 13 37 17
Site: ﬁhgwéﬂ Quu¢bsrra. Coefficients: TPHoemx

A-44



----- £f12.tcusa-----
Tue Jan 26 19:00:22 EST 1988

--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 18 -10 28 -19 23 -12
2/ 30 11222 64 59 33 19 11 2 24 3 49 33
3/ 32 11222 171 88 44 -11 19 -7 31 -11 39 8
4/ 34 11222 234 103 45 -25 18 -8 29 -16 27 -5
5/ 36 11222 169 86 42 -8 17 -3 29 -8 39 11
Composite error 43 21 17 7 28 13 37 17
Site: FRENCH Compos (TE Coefficients: USA cOMPoOS(TE
————— fl2.tcte~-~---
Tue Jan 26 19:03:32 EST 1988
--IS0-- -PEREZ- =--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 14 -3 28 -19 23 -12
2/ 30 11222 64 59 33 19 12 5 24 3 49 33
3/ 32 11222 171 88 44 -11 17 -1 31 -11 39 8
4/ 34 11222 234 103 45 -25 16 -0 29 -16 27 -5
5/ 36 11222 169 86 42 -8 17 2 29 -8 39 11
Composite error 43 21 15 3 28 13 37 17
Site: FRENCH CoMPos(TE Coefficients: FReENCH <omMPes TE

A-45



----- £f12.tcall~----
Tue Jan 26 19:06:43 EST 1988

~~I50~-- -PEREZ- --HAY-- ~KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 le4 46 -31 16 =7 28 -19 23 -12
2/ 30 11222 64 59 33 19 12 3 24 3 49 33
3/ 32 11222 171 88 44 -11 18 -4 31 -11 39 8
4/ 34 11222 234 103 45 -25 17 -5 2% -16 27 =5
5/ 36 11222 169 86 4z -8 16 -1 29 -8 39 11
Composite error 43 21 16 5 28 13 37 17

Site: Freach (oot

Coefficients: aLl

Sites COMESS(TE

----- £fl12 .tcalb-----

Tue Jan 26 18:57:12 EST 1988
--150-- -PEREZ- --HAY-~- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 11222 379 164 46 -31 17 -8 28 -19 23 -12
2/ 30 11222 64 59 33 19 13 5 24 3 49 33
3/ 32 11222 171 88 44 -11 18 -4 31 -11 39 8
4/ 34 11222 234 103 45 ~25 17 -5 29 -16 27 -5
5/ 36 11222 169 86 42 ~8 16 0 29 -8 39 11
Composite error 43 21 16 5 28 13 37 17

o i s e e ——— —

Site: Feeneid Couposite

A-46

Coefficients: ALRANY



Tue Jan 26 19

:41:52 EST 1988

--I180~-- -PERE2Z- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 -4 17 -6 15 1
2/ 30 27963 64 58 32 18 11 1 24 1 48 33
3/ 32 27963 177 84 43 -8 20 -8 29 -9 40 11
4/ 34 27963 240 94 38 -17 19 -8 25 -10 27 2
5/ 36 27963 176 82 43 -6 19 -5 28 -7 41 13
6/ 39 10885 378 156 36 -23 17 -9 22 -12 16 -6
7/ 40 10865 358 145 38 =21 17 =7 22 -10 17 -3
Composite error 38 15 17 6 25 8 35 16

Site:ALL SITES COMPOS\TE

Coefficients: ALBUQUEAQUE

----- £f12.alll---~-

Tue Jan 26 19:24:18 EST 1988
--I80-- -PEREZ- ~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 -1 17 -6 15 1
2/ 30 27963 64 58 32 18 13 -6 24 1 48 33
3/ 32 27963 177 84 43 -8 21 -10 29 -9 40 11
4/ 34 27963 240 94 38 -17 18 -7 25 -10 27 2
5/ 36 27963 176 82 43 -6 19 -7 28 =7 41 13
6/ 39 10885 378 156 36 -23 15 -7 22 -12 16 -6
7/ 40 10865 358 145 38 -21 15 -5 22 -10 17 -3
Compogite error 38 15 17 7 25 8 35 16

Site:aLL s\TeES

A-47

COMPOBITE (Coefficients: éL MAVTE



Tue Jan 26 19:33:05 EST 1988

--I80-- -PEREZ- ~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 35 -8 17 -6 15 1
2/ 30 27963 64 58 32 18 40 -15 24 1 48 33
3/ 32 27963 177 84 43 -8 47 -17 29 -9 40 11
4/ 34 27963 240 94 38 ~17 47 -14 25 -10 27 2
5/ 36 27963 176 82 43 -6 45 -14 28 -7 41 13
6/ 39 10885 378 156 36 -23 37 -13 22 -12 16 -6
7/ 40 10865 358 145 38 -21 41 -11 22 -10 17 -3
Composite error 38 15 43 14 25 8 35 16
Site:mL 3vres COMEPOSYTL Coefficients: OIAGE
----- fl2.allf---~--
Tue Jan 26 19:50:40 EST 1988
--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423‘ 152 30 -17 15 -0 17 -6 15 1
2/ 30 27963 64 58 32 18 11 -0 24 1 48 33
3/ 32 27963 177 84 43 -8 20 -6 29 -9 40 11
4/ 34 27963 240 94 38 -17 20 -4 25 -10 27 2
5/ 36 27963 176 82 43 -6 19 -3 28 =7 41 13
6/ 39 10885 378 156 36 -23 17 -6 22 -12 16 -6
7/ 40 10865 358 145 38 -21 17 -3 22 -10 17 -3
38 15 17 4 25 8 35 16

Composite error

Site 4L S\ TES COMPOI\TE Coefficients: L APE CANAUERAL
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----- fl2.allsnl~----
Tue Jan 26 19:59:27 EST 1988

--IS0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 -2 17 -6 15 1
2/ 30 27963 64 58 32 18 11 -4 24 1 48 33
3/ 32 27963 177 84 43 -8 20 -10 29 -9 40 11
4/ 34 27963 240 94 38 -17 18 -7 25 -10 27 2
5/ 36 27963 176 82 43 -6 18 -7 28 =7 41 13
6/ 39 10885 378 156 36 -23 15 -8 22 -12 16 -6
7/ 40 10865 358 145 38 -21 16 -5 22 -10 17 -3
Composite error 38 15 17 7 25 8 35 16
Site: ALL SITES CoMPeSITE Coefficients: SANDJA CoMPOSITE

----- fl12.allp-----
Tue Jan 26 19:15:30 EST 1988
-~ISO-- =-PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 -4 17 -6 15 1
2/ 30 27963 64 58 32 18 12 -4 24 1 48 33
3/ 32 27963 177 84 43 -8 21 -11 29 -9 40 11
4/ 34 27963 240 94 38 -17 19 -9 25 -10 27 2
5/ 36 27963 176 82 43 -6 19 -8 28 =7 41 13
6/ 39 10885 378 156 36 -23 16 -9 22 -12 16 -6
7/ 40 10865 ‘358 145 38 -21 17 -7 22 -10 17 -3
Composite error 38 15 17 8 25 8 35 16
Site: ALL SITES CoMPoSITE Coefficients: PfxoeNiX
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----- fl2.allusa~~---
Tue Jan 26 20:17:02 EST 1988

--180-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 12 1 17 -6 15 1
2/ 30 27963 64 58 32 18 11 1 24 1 48 33
3/ 32 27963 177 84 43 -8 17 -5 29 -9 40 11
4/ 34 27963 240 94 38 -17 16 -2 25 -10 27 2
5/ 36 27963 176 82 43 -6 17 -1 28 =7 41 13
6/ 39 10885 378 156 36 -23 13 -4 22 -12 16 -6
7/ 40 10865 358 145 38 -21 13 -2 22 -10 17 -3
Composite error 38 15 15 3 25 8 35 16
Site: ALL SITES CoMPOSITE Coefficients: USA Compos(TE
----- fl12.alltc----~-
Tue Jan 26 20:25:57 EST 1988
--130-~- ~-PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 15 7 17 -6 15 1
2/ 30 27963 64 58 32 18 12 5 24 1 48 33
3/ 32 27963 177 84 43 -8 17 1 29 -9 40 11
4/ 34 27963 240 94 38 -17 18 6 25 -10 27 2
5/ 36 27963 176 82 43 -6 18 4 28 -7 41 13
6/ 39 10885 378 156 36 -23 12 2 22 -12 16 -6
7/ 40 10865 358 145 38 -21 15 6 22 -10 17 -3
Composite error 38 15 16 5 25 8 35 16
Site: AL SITES comPesITE Coefficients: FRENCLH CoOMPOS(TE
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-fl2.allall-----
Tue Jan 26 20

:34:45 EST 1988

--ISO-- -PEREZ- --HAY-- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 -17 13 3 17 -6 15 1
2/ 30 27963 64 58 32 18 11 3 24 1 48 33
3/ 32 27963 177 84 43 -8 17 -2 29 -9 40 11
4/ 34 27963 240 94 38 -17 16 1 25 -10 27 2
5/ 36 27963 176 82 43 -6 17 1 28 -7 41 13
6/ 39 10885 378 156 36 -23 12 -2 22 -12 16 -6
7/ 40 10865 358 145 38 -21 13 1 22 -10 17 -3
Composite error 38 15 15 2 25 8 35 16

Site:ALL 81 TE> COMPOSI\TE Coefficients: AL Sivrzs COMPOSTZE

----- fl2.allalb-----

Tue Jan 26 20:08:15 EST 1988
--180-- ~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-~G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 16741 423 152 30 =17 13 3 17 -6 15 1
2/ 30 27963 64 58 32 18 12 5 24 1 48 33
3/ 32 27963 177 84 43 -8 17 -1 29 -9 40 11
4/ 34 27963 240 94 38 -17 16 1 25 -10 27 2
5/ 36 27963 176 82 43 -6 17 2 28 -7 41 13
6/ 39 10885 378 156 36 -23 12 -2 22 -12 16 -6
7/ 40 10865 358 145 38 -21 13 1 22 -10 17 -3
Composite error 38 15 15 3 25 8 35 16

Sitei ALl &\Tes compos T Coefficients: ALRANY
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APPENDIX B: COMPLEMENTARY RESULTS

This appendix presents the results of the analysis of data recorded at the
Cape Canaveral site between 7/17/87 and 11/15/87. This had to be delayed
because of still pending data acquisition/processing questions at reporting
time. These were addressed and answered satisfactorily.

Results presented include a cross—validation of data sets and models derived
respectively from (1) the pre-7/17 Cape Canaveral data set — FSE.A -, (2) the
post-7/17 Cape Canaveral data set - FSE.B -, (3) the complete Cape Canaveral
data set -~ FSE.ALL - and, (3) the SNLA data set as defined in the main
report.

Validation summaries are presented on pages B-2 to B-5. Presentation format
is identical to that of appendix A. Results are further summarized in the
table below which includes composite root mean square errors for each test
performed.

s 4 ot A s o e oo e r A o ot ) Sk ot o o el Ay o 1 A e i R o o A A A S ik o o b} g it A A A e o e A S e 0 A At S L e o Lt o S L2 b e o

MODEL : PEREZ HAY IS0 KLU

Coefficients : FSE~B FSE-A FSE-ALL SNLA - - -
TEST DATA SET g —— S45, S, N, W Composite RMS Error (W/Sq.m)—---
FSE-B : 13 14 13 15 23 34 45
FSE-A s 14 13 13 14 23 34 37
FSE-ALL : 13 14 13 14 23 34 41

SNLA : 16 16 16 13 23 38 41

e e o ik Tl 0 i e A A ) P L ' A A3 o St arg a1y P B e A Ay o o S i e Sk 0 s dmm o

These complementary results are consistent with those presented in the main
report and therefore further validate the conclusions and recommendations of
this study.



Wed Feb 3 11

:23:24 EST 1988

~--IS0-- ~PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 539 445 150 31 -15 14 1 17 -6 17 3
2/ 30 539 64 60 33 19 12 0 25 -2 51 37
3/ 32 539 224 91 54 -12 22 -4 36 -14 49 12
4/ 34 539 232 92 30 ~13 13 -5 22 ~-12 25 8
5/ 36 539 167 77 40 2 16 5 26 -1 45 26
Composite error 39 14 16 4 26 9 40 21
Site: FSE. A Coefficients: FSE.DB
----- fl12.aa~=-~--
Wed Feb 3 11:23:35 EST 1988
--IS0-- -PEREZ- --HAY-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 539 445 150 31 -15 13 3 17 -6 17 3
2/ 30 539 64 60 33 19 13 -2 25 -2 51 37
3/ 32 539 224 91 54 ~12 20 -4 36 -14 49 12
4/ 34 539 232 92 30 -13 11 -4 22 -12 25 8
5/ 36 539 167 77 40 2 15 4 26 -1 45 26
Composite error 39 14 15 3 26 9 40 21
Site: FSE.A Coefficients: FS$g. A
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Wed Feb 3 11

:23:56 EST 1988

--IS0O-- <-PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 539 445 150 31 -15 14 0 17 -6 17 3
2/ 30 539 64 60 33 19 13 -4 25 =2 51 37
3/ 32 539 224 91 54 -12 24 -8 36 -14 49 12
4/ 34 539 232 92 30 -13 14 -7 22 -12 25 8
5/ 36 539 167 77 40 2 15 1 26 -1 45 26
Composite error 39 14 16 5 26 9 40 21
Site: Fse. A Coefficients: SANDIA COMPOSITE
----- fl2.af-----
Wed Feb 3 11:23:45 EST 1988
-=-IS80-- -~-PEREZ- ~--HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 539 445 150 31 -15 14 2 17 -6 17 3
2/ 30 539 64 60 33 19 12 -1 25 =2 51 37
3/ 32 539 224 91 54 -12 21 -4 36 -14 49 12
4/ 34 539 232 92 30 -13 12 -4 22 -12 25 8
5/ 36 539 167 77 40 2 15 4 26 -1 45 26
Composite error 39 14 15 3 26 9 40 21
Site: FSE. A Coefficients: FSE.ALL
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Wed Feb 3 11:22:41 EST 1988

--ISO-- -PEREZ- ~-~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 561 398 152 20 -1 12 4 13 -1 21 13
2/ 30 551 84 69 39 20 13 -3 30 -3 59 40
3/ 32 551 259 99 60 -10 24 -5 39 ~11 58 17
4/ 34 551 150 85 22 3 11 -6 21 -9 36 24
5/ 36 551 173 86 46 3 14 4 26 -2 53 29
Composite error 40 10 16 4 27 7 48 26
Site: FSE.O Coefficients: FSE.B
----- f12 . ba~-=--=-
Wed Feb 3 11:22:52 EST 1988
--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 551 398 152 20 -1 14 6 13 -1 21 13
2/ 30 551 84 69 39 20 15 -5 30 -3 59 40
3/ 32 551 259 99 60 -10 22 -4 39 -11 58 17
4/ 34 551 150 85 22 3 12 -6 21 -9 36 24
5/ 36 551 173 86 46 3 16 3 26 -2 53 29
Composite error 40 10 16 5 27 7 48 26
Site: psg.® Coefficients: €ge. A



----- fl2.bsnl
Wed Feb 3 11

#/Code Cases Avg-G Avg-D RMS MBE

:23:14 EST 1988

--180~- -PEREZ- ~--HAY-- -KLUCH-

RMS MBE RMS MBE RMS MBE

1/ 38 551 398 152 20 -1 13 4 13 -1 21 13
2/ 30 551 84 69 39 20 16 =7 30 -3 59 40
3/ 32 551 259 99 60 -10 25 -8 39 -11 58 17
4/ 34 551 150 85 22 3 13 -8 21 -9 36 24
5/ 36 551 173 86 46 3 16 1 26 -2 53 29

Composgite erxror 40 10 17 6 27 7 48 26
Site: FSe. 6 Coefficients: SANOIA CoMPoSITE
----- £f12 . bf----~-

Wed Feb 3 11:23:03 EST 1988
~-=-I180-- ~-PEREZ- --HAY-- -~KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE

RMS MBE RMS MBE RMS MBE

1/ 38 551 398 152 20 -1 13 5 13 -1 21 13
2/ 30 551 84 69 39 20 14 -3 30 -3 59 40
3/ 32 551 259 99 60 -10 23 -4 39 -11 58 17
4/ 34 551 150 85 22 3 11 -5 21 -9 36 24
5/ 36 551 173 86 46 3 15 3 26 -2 53 29
Composite error 40 10 16 4 27 7 48 26
Site: FSE.B Coefficients: FSE. ALL
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----- £f12.fb-=~~~
Wed Feb 3 11:24:15 EST 1988
-«~I80~- -PEREZ- --HAY~-- ~KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1090 421 151 26 =8 13 2 15 -3 19 8
2/ 30 1090 74 64 3¢ 20 13 -1 28 -3 E5 39
3/ 32 1090 242 95 57 -11 23 -5 37 -12 54 14
4/ 34 1090 191 88 26 -4 12 -5 22 -11 31 16
5/ 36 1090 170 81 43 3 15 4 26 -1 4% 28

Composite error 40 11 16 4 27 8 44 24
Site: FSE.ALL Coefficients: Ese.B
————— £12,fa-r-=n
Wed Feb 3 11:24:35 EST 1988
-=-IS0-~- ~-PEREZ - --HAY~-~- -KLUCH-

#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE

1/ 38 1090 421 151 26 -8 14 5 15 -3 19 8
2/ 30 1090 74 64 36 20 14 -3 28 -3 55 39
3/ 32 1090 242 85 57. -11 21 -4 37 -12 54 14
4/ 34 1090 191 88 26 -4 12 -5 22 -11 31 16
5/ 36 1080 170 81 43 3 16 3 26 -1 49 28

o o me - g s e

Composite error 40 11 ie 4 27 8 44 24

Site: Fse . ALL Coefficientsgs: FSE. A



----- £f12.fsnl
Wed Feb 3 11

:25:14 EST 1988

~=-I180-- =-PEREZ- ~-HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1090 421 151 26 -8 13 2 15 -3 19 8
2/ 30 1090 74 64 36 20 14 -5 28 -3 55 39
3/ 32 1090 242 95 57 -11 25 -8 37 -12 54 14
4/ 34 1090 191 88 26 -4 13 -8 22 -11 31 16
5/ 36 1090 170 81 43 3 15 1 26 -1 49 28
Composite error 40 11 17 6 27 8 44 24
Site: FSE.ALL Coefficients: SANDIA CoMPOSITE
————— fl12 . ff-----
Wed Feb 3 11:24:54 EST 1988
--IS0-- -PEREZ~- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 1090 421 151 26 -8 13 4 15 -3 19 8
2/ 30 1090 74 64 36 20 13 -2 28 -3 55 39
3/ 32 1090 242 95 57 -11 22 -4 37 -12 54 14
4/ 34 1090 191 88 26 -4 11 -5 22 -11 31 16
5/ 36 1090 170 81 43 3 15 4 26 -1 49 28
Composite error 40 11 15 4 27 8 44 24
Site: FSE.ALL Coefficients: FSE.ALL
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----- fl2.snlb

Wed Feb 3 11

:27:04 EST 1988

--I80-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg~G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 6415 491 139 31 -15 16 5 16 -2 18 6
2/ 30 6415 62 52 34 21 12 5 24 -1 53 38
3/ 32 6415 219 77 45 -4 20 3 28 -6 46 19
4/ 34 6415 281 84 34 -11 17 3 19 -6 31 11
5/ 36 6415 216 76 44 -4 19 5 25 -4 46 20
Composite error 38 13 17 4 23 4 41 22
Site: SANDIA CoMPOSITE Coefficients: FSE.B
————— fl12.snla----~
Wed Feb 3 11:28:53 EST 1988
~--ISO-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 6415 491 139 31 ~15 16 7 l6é -2 18 6
2/ 30 6415 62 52 34 21 .13 3 24 -1 53 38
3/ 32 6415 219 77 45 -4 18 3 28 -6 46 19
4/ 34 6415 281 84 34 -11 15 3 19 -6 31 11
5/ 36 6415 216 76 44 -4 18 4 25 -4 46 20
Composite error 38 13 16 4 23 4 41 22
Site: SANDIA CoMPOSITE Coefficients: FSE. A

B-8



————— f12.snlsnl-----
Wed Feb 3 11

:32:35 EST 1988

--1S0-- -PEREZ- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 6415 491 139 31 -15 13 2 16 -2 18 6
2/ 30 6415 62 52 34 21 11 1 24 -1 53 38
3/ 32 6415 219 77 45 -4 17 -2 28 -6 46 19
4/ 34 6415 281 84 34 -11 13 -2 19 -6 31 11
5/ 36 6415 216 76 44 -4 15 0 25 -4 46 20
Composite error 38 13 14 2 23 4 41 22
Site: SANDIA COMPOSITE Coefficients: SANDIA COMPOSITE

----- f12.snlf-----
Wed Feb 3 11:30:44 EST 1988
~--ISO-- -PEREZ~- --HAY-- -KLUCH-
#/Code Cases Avg-G Avg-D RMS MBE RMS MBE RMS MBE RMS MBE
1/ 38 6415 491 139 31 -15 16 6 16 -2 18 6
2/ 30 6415 62 52 34 21 12 4 24 -1 53 38
3/ 32 6415 219 77 45 -4 19 3 28 -6 46 19
4/ 34 6415 281 84 34 -11 16 3 19 -6 31 11
5/ 36 6415 216 76 44 -4 18 5 25 -4 46 20
Composite error 38 13 16 4 23 4 41 22
Site: SAND(A CoMPoS|TE Coefficients: FSE.ALL
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Richard Perez

Atmospheric Sciences Research Center

Intermediate Report '

to SANDIA National Laboratories
Selection of Sites for
the experimental generation

of Perez Model's coefficients

I. Selection Process

The site selection process is based on the following facts and findings.

a) Five sites were to be selected among a total of ten potential sites where SNL
currently operates experimental photovoltaic installations.

b) Existing literature on solar climatié regionalization of the United States
was reviewed and methods relevancy to the project were evaluated.

c¢) Climatic/geographic factors potentially relevant to the model's
configuration/performance were identified and used to complement existing

regionalization methods.

A) Possible sites

These include ten locations where SNL is involved in PV systém testing. These
locations are: (1) Washington, DC; (2) Osage, Kansas; (3) Dallés, Texas; (4) Phoenix,
Arizona; (5) Hesperia, California; (6) Molokai Island, Hawaii; (7) San Diego,
California; (8) Sacramento, California; (9) Cape Canaveral, Florida; and, (10)
Albuquerque, New Mexico.

In addition to these sites, other National Laboratories were suggested as

possible locations if environmentally justified.
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B) Literature Review/Assessment

Three scientific abstract data bases were searched to scan the available
literature in the field of solar climatic regionalization. These include: (1)
Meteorological Abstracts; (2) Engineering Index Compendex; and, (3) Science Citation
Index.

Review of literature iﬁdicate that there exists ﬁwo main approaches to the
generation of solap regions in a given area. The first and most historic method
identifies solar regions based on their yearly global energy yield [1] or on the
yield of the direct and/or diffuse compdnents [2,3]. In this case region boundaries
are represented by energy isobleths. The second approach identifies regions by
similarities in temporal variations and average, maximum and minimum yield of the
global component [4,5,6,7,8). Temporal/spatial variations are studied on the scale
of a month [4,5,6,8] or a day [7]. The fegionalization methods used for this second
approach range from sophisticated statistical techniques such as principal component
[5,7,8] or harmonic analysis [4] to'qlassifications according to yearly energy yield
amplitude and phase [6].

It will be noted that other regionalization techniques which include solar
radiation as only a part;ai input (along with heating, cooling degree days, and other
meteorological and‘social parameters relevant to building design, e.g. [4]) have not
been included in this analysis.,

The following table iﬁdicates for each of the eight references cited the type of
data used as input, the criteria used for region mapping and the assessed relevancy

of each method to this project's concern.



Table 1

Ref.#

Type of

Input Data

Classification/Mapping

Method/Criteria

Assessed Relevancy to

Project

WMO average
global yearly

yield

Worldwide regionalization

based on yearly isopleths

Total yearly energy yield
includes physical charac-
terization of importance to
the model. However, this
criteria alone is very in-

complete.

U.S. winter and
summer monthly
yield of global
direct and dif-
fuse radiation.
(based on U.S.

old radiation

network data)

Maps of winter and summer
global direct and diffuse

isopleths

Diffuse and direct radia-
tion yearly and seasonal
yields are of direct rele-
vancy to the model's per-
formance since they give a
more accurate estimation of
average turbidity and
cloudiness level than

global radiation only.

U.S. monthly and
yearly yield of
global direct
and diffuse rad-
iation (based on
SOLMET and ERSATZ

data bases)

Monthly and yearly maps
of global direct and

diffuse isopleths

Same as above




U.S. monthly ave.
of global radia-
tion based on 222
NWS-SOLMET
Station over 25

yr period

Fourrier analysis. Re~
gionalization based on
phase/amplitude of

harmonics

Mean monthly global radia-
tion temporal variance
structures are probably
more indicative of peri-
odical synoptic climato-
logical phenomena than of
the quality of radiation
received at the earth sur-
face. The relevance of
this study of the pro-
ject may be considered

marginal.

' Same as above

Q-mode principal compon-
ents analysis. Region-
alization based on mini-
mization of euclidian
distances in space of com-

ponents

Same comment as above.

The proposed maps include
14 distinct regions in a
small area of the SW U.S.
and four regions within the
Florida peninsula alone,
while including the
northern Pacific coast, the
northern Rockies, most of
the Great Plains, the Great
Lakes, the Appalachian and
North Atlantic regions in

one category.




Yearly radiation
curve for 1000
locations world-

wide Source: WMO

Worldwide systematic clas-
sification based on yearly
solar energy curve ampli-

tude, maximum, minimum and

phase

Same comment as above.
However, the simpler and
more pragmatic approacﬁ
used hefe yields an incom-
plete but seemingly accept-
able regionalization of the

conterminous United States.

Paily totals of
global radiation
covering a period
of 5 years at 60

sites

P-mode principal components
analysis of stations covar-
iance matrix, regionaliza-

tion process based on simi-
lar clustering technique as

Ref. #5

Although this is also a

method which focuses on

temporal variance struc-

tures, the use of daily in-
put data rather than
monthly averages greatly
increases the relevancy of
this method to the project.
Indeed long term series do
yield indirect information
on cloudiness type and tur-

bidity levels.

Monthly totals
for eleven
California
sites (NWS).
22 years of

data

P-mode principal component.
analysis of covariance

matrix

Same as 5. Regionalization

covers California only.




Based on the argumentation developed in Table 1 it was decided to select both the
SERI insolation atlas (Diffuse/Direct maps), [3], and Willmott's classification, [7],

as a basis for the present selection.

C) Other relevant climatic inputs

These exist four physical regional characteristiecs, which probably have an impact
on the model's configuration and performance and which are only indirectly, if at
all, accounted for by looking at direct or diffuse yield maps or at regionalizations
based on time/space variability.

These factors are: (1) the site's altitude; (2) the regional albedo; (3) the
site's air quality (particulate content); and, (U) the site's moisture content.

The altitude of the site may influence the level of horizon brightening during
clear days since the proportion of scattered radiation (both single and multiple)
originating from thé top of the atmosphere decreases with altitude while that coming
from high zenith angles augments.

The albedo of the surrounding region is also a factor which may influence the
level of horizon brightening observed during clear days. Indeed much of this
brightening effect is caused by scattered radiation reflected from the ground
(retroscattering).

Pollution and moisture levels may strongly affect the intensity of forward-
scattered radiation for both clear and intermediate skies.

It is of prime importance to assess if the effect of these factors may be fully
explained using the existing model's sky condition parameterization method, or if
this has to be expanded to include sites' altitude, albedo, pollution and/of moisture

levels.

II. Proposed Sites

Based on the previous arguments and constaints the sites selected for the first
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measurement phase are the following:
1) Albuquerque, NM
2) Phoenix, AZ
3) Pasadena, CA
4) Osage, KS
5) Cape Canaveral, FL

The first three sites are located in the same Wilmott's region (region 4) and
the two first exhibit a similar direct/diffuse split. However, they greatly differ
in terms of altitude (Albuquerque vs. Phoenix) and pollution/moisture levels
(Pasadena vs. Phoenix/Albuquerque).

Osage, Kansas is located in Wilmott's northern great plains region (region 5) and
is a key location to assess the extent of the validity of coefficients developed in
SW U.S.

Cape Canaveral is a low albedo, high moisture content, high turbidity area and
should offer maximum contrast with SW coefficients. This is located in Wilmott's
region 10.

The U.S. map shown in Figure 5 superimposes the Wilmott's partition with the
direct irradiance yearly yield, the main albedo regions (based on three types of
dominant vegetation: forest, prairie, desert), and three altitude regions (0 to 500
m, 500 to 1500 m and 1500 m+) of the United States. Both the selected and other
potential sites have been reported on this map which should summarize the main

aspects of the present selection process.
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Richard Perez
Atmospheric Sciences Research Center

Intermediate
Report to SANDIA National Laboratories

Performance Improvement

and Structural Simplification
of Perez Diffuse Irradiance Model

I. Introduction

Two major areas of simplification and performance improvement were
investigated during this work period. The first area involved model mathe-
matical and/or geometrical/structure modifications, while the second
involved statistical modifications in the use and representation of the
model's brightness coefficients.

At each step of the modification process, the performance of the model
was monitored through dependent tests against three months of hourly data

from Trappes, France.

IT. Original model

In the original configuration, diffuse irradiance, Dc, on a sloping
surface of tilts is obtained from the horizontal diffuse as:

(1+cos s8)/2 + a(F1—1) + b(F,-1)
(1)

Dc = Dh ]
! ¢ e(F,-1) + d(Fy=1) °

where a and b are the solid angles occupied by the circumsolar region
and the horizon band multiplied by the cosine of their respective mean
incidence on the slope, while ¢ and d are the equivalent of a and b for the
horizontal plane.

The brightness coefficients F, anq F, represent respectively the
radiance enhancements within the circumsular and the horizon zones with

respect to the main portion of the sky hemisphere.
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These are discrete functions of the insolation conditions parameterized
by the solar altitude, Dh, and the quantity € defined by,

bh + 1 \
£ = ) )
Dh

where I is the normal direct irradiance.

Currently F, and F, are available under the form of 5 x 6 x 8 matrices
defined by preselected intervals for each of the three insolation condi-
tions descriptors (% intervals for z, 6 for Dh and 8 for €).

The performance of this model is shown in Table 1 where the statistical
results of a dependent test against three months of hourly data in Trappes,
France, are presented. These include the root mean square (RMS) and mean

bias errors computed for a 45° tilt south facing plane and four vertical

planes facing respectively north, east, south and west.
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Table 1

Orientation 459South  90%North  90%East  90°South  90%West
RMSE Perez (KIm~2h™) 61.5 52.4 99.3 58.5 81.3
MBE Perez (Kim 2h') 5.4 21.3 ~14. 4 11.3 39.7
RMSE iso (Ksm~2h') 102.9 145.5 215.8 87.9 164.1
MBE iso (K§m 2h') ~55. 4 88.2 ~27.6 -21.5 8.8
RMSE Hay (k3m~2h"") 79.2 103.0 162.2 82.9 112.4
MBE Hay (Kym 2h™') ~36.5 39.9 -31.3 -23.0 8.2

- 1
RMSE Klucher (K m2h)  63.5 206.1 198.0 66.1 175.5
MBE Klucher (K m 2h') -3.2 138.0 37.4 35.0 76.7

III. Mathematical and structural model modifications

A. Use of reduced brightness coefficients

The most important step toward model simplification was taken by
rewriting its governing equation and by changing the definition of the
brightness coefficients.

Equatidn (1) may be written as
ple + DCe + Do

Dec = Dh{ , } (2)
phi + pn€ + pnN

where the subcripts c and h correspond to the sloping surface and the
horizon respectively, while the superscripts i, ¢ and h correspond to the
respective energy contributions of the main portion of the sky (isotropic),
the circumsolar region and the horizon band. Noting that
Dh = 1 + D°n + th, (2) may be written as ,
ple D% Dhe |

Dc - Dh§ + + z : (3)
Dh Dh  Dh

which may in turn be written as ,

ple  p% p°n D" D'h )
D¢ = m% + + =) ()
Dh Dh bh® Dh Dh
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Noting that Dc®/DhC = a/c and that D'c/D™h = b/d, and defining D®h/Dh as f,
and Dh"/pn as f,, equation (4) becomes
Dle + f, a/c + f, b/d

Dc = Dh% 1 (5)
i

Finally, noting that ple = (1 + cos s)(Dh = D®h - th)/2, equation (5)

becomes,
De = Dh{‘O.S(l + cos s){(l - f1 ~ f,) + f, al/c + f, b/d } (6)

This is the new model governing equation using "reduced" brightness
coefficients f, and f,. It will be noted that the new equation is linear
with respect to the reduced coefficients, which was not the case for the
original equation. As before, the new reduced coefficients will be
obtained for a given site, by least square fitting of experimental data.
This process is now greatly simplified and much less computer time consum-
ing, due to the linear character of equation (6). The relationships
between the new reduced coefficients and the original ones are the follow-

ing: .

"; (7)

Fl_1) + are-1),
c(F2 - 1)

C(F,‘ " 1)

1 + cf

f =

> =t 1 (8)

! °®-1) + a(re-1)

Conceptually, these reduced brightness coefficients may be described as
the respective contributions of the circumsolar and the horizon band region
on the horizontal.

Table 2 shows the compared performance of the original model and.the

new equation based on three months of testing against Trappes data.
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Table 2
Orientation 45%9South  90°North  90°East  90°South  90°West

Original Equation

RMSE 61.5 52.4 99.3 58.5 81.3

MBE 5.4 21.3 -14.4 11.3 39.7
New Equation

RMSE 59.8 52.9 97.0 57.9 81.6

MBE 1.0 22.7 -15.7 7.4 39.8

No performance loss but rather a slight improvement may be observed
with this new, much simpler version of the model. Much of the gain may be
attributed to the simplification of the least square fitting process, which

had originally relied on a series of approximations.

B. Allowance for negative coefficients

Both equations (2) and (6) assume that the brightness or reduced
brightness ooefficients cannot be negative. Thié decision was originally
made for physical reasons, since negative coefficient would actually mean
negative radiance (originating from the sensing point) in the considered
sky hemisphere zone. However, given its structural configurétion, the
model cannot account for cases when the top of the atmosphere is the
brightest region, as can be observed during overcast events. One possi-
bility would be to add a third anisotropic zone in the model making it more
complex and difficult to use. The other possibility is to allow for nega-
tive f, or F, coefficients as needed to simulate the effect of a bright
atmosphere top on sloping surfaces.

The new formulation (equation (6)), with allowance for negative coef-
ficients has been established for and tested against three months of
Trappes data. Statistical results are shown in Table III along with the

original model's performance characteristics.
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Table 3

Orientation 45%south  90%orth  90°East  90°South  90°West
Original Equation
RMSE 61.5 52.4 99.3 58.5 81.3
MBE 5.4 21.3 -14.4 11.3 39.7

New equation +
allowance for <o coef,

RMSE 58.2 46.4 95.7 - 51.2 76.3

MBE ~8.0 12,4 ~26.7 -5.2 28.7

The gain in performance is now substantial for all surfaces notably the
vertical south surface and vertical north surface.

In summary, the two steps taken to modify the model's mathemati-

cal/structural formulation resulted in increased simplicity of use along

with a small but noticable overall performance improvement.

C. Other structural changes

Two levels of structural implification were investigated. These
include:

1) Simple model with ponctual circumsolar region and infinitesimally

narrow horizon band: In this configuration all circumsolar energy is

assumed to originate from a point centered on the sun's position while the
horijzon band energy originates from an arc of great circle at the base of
the atmosphere. The latter has therefore no effect on the horizontal
plane, Equation (6) becomes:
Dec = Dh  0.5(1l+cos S)(l-f1)+f1 cos Bc/cos gh + f, sin s (9)
Coefficients for this new formulation have been established, allowing
for negative values, and the resulting model was tested against the same
three month data file from Trappes. Results are presented in Table 4 and
compared to the performance of both the model described in Section II.B and

the original model.
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Table X
Orientation 459South 90°North 90°East 90°South 90°West

Original Equation
(Section I)
RMSE 61.5 52.4 99.3 58.5 81.3
MBE 5.4 21.3 -14.4 11.3 39.7

New Equation

(Section II1.B)
RMSE 58.2 L. 4 95.7 51.2 76.3
MBE ~-8.0 12.4 ~26.7 -5.2 28.7

Simplified Equation
(Section III.C1)
RMSE 56.1 54.8 118.9 52.8 80.4
MBE ~0.5 19.2 -52.9 19.8 6.4
Simplified Equation
(Section III.C2)
RMSE 58,2 Ly, 9 95.6 50.56 4.6
MBE -8.0 12.7 -27.0 -3.7 28.3
Although this simple configuration works well for the south facing
slope, there is a noticable performance setback for other orientations,
which indicates that the model must retain an extended circumsolar region.

Tests proved that 15° half-angle gave the best overall results.

2) Simple model with infinitesimally narrow horizon band: In this

configuration, the extended circumsolar region is maintained, however,
the horizon band is set as in the previous section. The governing
equation is:

Dc = Dh  0.5(1l+cos S)(l—fT) +f,a/b +f,sins (10)

The arc of great circle horizon band configuraticn has the advantage of
rendering the equation continuous with s for low vzlues of s, which was not
the case in the original configuration.

Test results are shown in Table 4. Overall performance 1s equivalent
if not slightly better than the III.B configuration.

Because of the simplicity of equation (10) and the good performance of

this configuration, it is suggested to use this as a base model in future
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work.
In order to confirm the facts presented in this section, the same tests

have been performed on three months from Carpentras, France, a site cli-
matically different from Trappes. Results are presented in Table 5 for the
original model, the simplified version (II.B) and the simplified version
with narrow horizon band (III.C2). Also, for comparative purposes, this
table includes the performance evaluation of the isotropic, Hay and

Klucher models.

Table 5
Orientation 45°South 90°North 90°East 90°South 90%West
Isotropic Model
RMSE 112.3 145.3 175.3 68.6 170.3
MBE -71.2 82.0 -53.7 -17.4 -29.5
Hay Model
RMSE 81.8 100.6 129.5 97.3 -102.6
MBE -57.4 -5.7 -76.0 -47.5 -31.9
Klucher Model
RMSE 58.5 222.4 158.7 92.2 170.8
MBE -11.4 157.4 43.3 61.9 71.3
Perez Original
RMSE 40.2 50.9 58.8 70.8 65.1
MBE -6.6 27.6 -17.9 12.6 16.2
Perez Simplified
(VersionIII.B)
RMSE 40.8 7.1 56.8 67.0 62.6
MBE -12.6 25.3 ~24.6 9.4 11.7
Perez Simplified
(VersionIII.C2)
RMSE 40.1 47.3 57.2 - 66.3 61.7
MBE -10.0 25.3 -25.2 7.8 11.2

IV. Statistical modifications

In this section we investigate the use of analytic functions rather
than matrices (of brightness coefficients) to express anistropy changes

with insolation conditions. As before, functions of z, Dh and e are esta-
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blished through least square fitting but in this case the coefficlents of
the analytical functions rather than their actual values for differeént
insolation conditions are obtained. This investigation was rendered mana-
gable computer—time-wise due to the use of the modelts simpler formulation
described in section IIIL.B.

Nine such functicns were tried and tested against the same three months
of data from Trappes. These functions are described in Table 6. The
choice of each function's projection on £, Dh and z axes was based on
visual inspection of the variaticon of brightness coefficients F1 and F,
with insolation.

Test results are presented in Table 7. Performance 1s compared to the
base case model which in this case was the model described in section
ITI.B.

As can be expected, the performance of analytical functions-based mod~
els improves with the number of coefficients allowed. However, the impro-
vement from the eight coefficients function #1 to the 36-coefficients
function #9 is small when compared to the increase in equation complexity.
Also, it can be noted that none of the analytic functions used showed an
overall performance superior to the matrix—based model.

In addition, it can be said that whereas an analytical function-based
model is easier to manipulate for hand-performed calculations (at least for
simple functions such as #1 and 2), a matrix based model constitute z more
economic approach for computer-based applications. (3 "IF" statements for
the matrix-based model as opposed to 8 sums, 12 multiplications and # func-—

tion calls for the simplest analytical funetion studied.)

V. <Conclusions and future work

At the conclusion of this working period, the following points can be
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Table 7
Surface Orientation  45%outh  90°North  90°East  90°South  90%West

Base case (III.B)

RMSE (kIm “n™ 1) 58.2 46,4 95.7 51.2 76.3
MBE { " ) -8.0 12.4 -26.7 -5.2 28.7
Function 1

RMSE ( " ) 66.7 45,2 102.1 54,3 77.5
MBE ( " ) -7.8 13.3 -25.6 -4.5 30.7
Function 2

RMSE ( " ) 67.3 5.3 102.6 54,9 77.9
MBE (" ) -7.7 13.4 -25.2 4,4 30.6
Function 3

RMSE ( " ) 62.3 43.8 99.2 52.5 77.2
MBE ( " ) -8.3 13.0 -24.3 -5.2 30.8
Function 4

RMSE ( " ) 63.6 b5, 2 101.1 53.1 7.3
MBE ( " ) -8.8 12.7 -27.0 -5.7 31.0
Function 5

RMSE ( " ) 63.6 5.5 101.0 53.1 77.1
MBE ( " ) ~8.2 13.5 -26.7 ~-4.8 31.6
Function 6

RMSE ( " ) 63.6 hy 8 102.2 53.0 77.6
MBE ( " ) -8.5 13.3 ~27.6 -5.2 32.2
Function 7

RMSE ( ™ ) 60.0 44,3 98.0 51.0 78.0
MBE ( " ) -8.0 12.4 ~24,0 ~5.4 30.8
Function 8

RMSE ( " ) 60.0 by, 3 98.0 51.0 78.0
MBE ( " ) -8.0 12.4 -24.0 5.4 30.8
Function 9

RMSE ( " ) 60.0 7.0 94.7 51.5 78.0
MBE (" ) -7.5 13.4 -26.3 4.5 30.6
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made:

® The simple model described in section III.dlywill be the base model
for future work,

® Analytical functions-based models do not reach the level of perfor-
mance of matrix-based models if the complexity of the functions is kept to
a reasonable level.

e Simple analytical functions-based models have been described. Their
applications appear to be limited to hand-held applications such as, for
example, preliminary calculations or estimates of departure from isotropic
sky.

In the upcoming phase of model work the two following points will be
investigated:

e Optimization of Dh, €, z categories.

® Partial analytic approach for the estimation of F1 and F, - notably

with respect to the z dimension.
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Abstract—A model is described to estimate hourly or higher frequency diffuse sky radiation impinging
on plane surfaces of any orientation, once knowing this value on the horizontal. This model features
a simple geometrical sky hemisphere description, allowing for the observed effects of forward-scattered
and back-scattered radiation and a parameterization of insolation conditions based on available ra-
diative quantities.

Model performance is studied through (1) long term independent tests performed against hourly
ground-shielded tilted irradiance data from Trappes, France; Carpentras, France and San Antonio,
Texas; (2) long term dependent tests performed against hourly data from the same stations plus Albany,
New York; and (3) real time tests based on one-minute data from Albany, New York. Performance
is assessed through comparison with three reference models: the isotropic, the Hay, and Klucher
anisotropic models. Substantial performance improvement over the three reference models is found
for all stations and all surface orientations. Additional performance improvements from independent
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to dependent testing can be explained logically on the basis of climate, altitude and latitude differences

between stations.

1. INTRODUCTION

As solar energy system modeling became more re-
fined over the last ten years, the requirements for
input radiation parameters became more demand-
ing. Both accurate radiation data bases and ade-
quate models are in increasing need by the engi-
neering community worldwide. The current
undertaking of the International Energy Agency in
this field[1] is an illustration of this specific interest.

Notably, the hourly modeling of the energy re-
ceived by tilted planes, based on the knowledge of
horizontal global radiation and normal incidence di-
rect radiation, is of prime importance. The aniso-
tropic nature of diffuse radiation has been the larg-
est source of error associated with this
computation. Many authors have pointed out the
shortcomings of the classical isotropic assumption,
e.g., [2, 3], and recent photovoltaic projects in the
United States have demonstrated the need for bet-
ter models in this areaf4].

However, there exist today, several models
which attempt to account for diffuse radiation an-
isotropy. The most successful have been observed
to better the isotropic model in many instances,
e.g.,[5,6,7].

The model described and tested in this paper was

t Member ISES.

developed as an attempt to improve systematically
on the isotropic assumption for all weather condi-
tions and all captor orientations, by using (1) a sim-
ple, realistic geometric representation of radiance
distribution within the sky hemisphere; (2) a sky-
condition description scheme making full use of the
information already available to compute hourly ir-
radiance on slopes, i.e., global horizontal, direct
and/or diffuse, position of the sun; and (3) an ex-
perimentally-derived law governing the relationship
between sky condition and radiance distribution.
This model will be subsequently referred to as Perez
model.

2. METHODS

2.1 Description of the Perez model

The model is composed of three distinct ele-
ments: (1) A geometrical representation of the sky
dome, (2) A parametric representation of the in-
solation conditions, and (3) A statistical component
linking the two.

2.1.1 The geometrical framework. This is rep-
resented in Fig. 1, where the sky hemisphere is di-
vided into three zones. Radiance originating from
each of these regions can be different, while re-
maining constant within a given zone. Such a con-
figuration was decided upon in order to account for
the two main zones of anisotropy observed in the
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Fig. 1. Model geometrical representation of the sky
hemisphere.

atmosphere: circumsolar brightening, due to for-
ward scattering by aerosols, and horizon bright-
ening due primarily to multiple Rayleigh scattering
and retroscattering in clear atmospheres{10].

If the radiances originating from the main por-
tion of the dome, the circumsolar, and the horizon
zone are respectively equal to L, F; X L, and F;
X L, the resulting horizontal diffuse irradiance Dh
can be expressed as

Dh = wL{1 + 2(1 - cos a)Xh(z)(F, — 1) cos 2’
+ 0.5(1 — cos 26)(F, — 1)}, (1)

where a is the half angle of the circular region cen-
tered on the sun’s position and set at 15° for the
model studied here. The parameter Xh is the frac-
tion of this circular region which is seen by the hor-
izontal, while the angle 2z’ is equal to the solar zenith
angle, z, if the circular region is totally visible, and
equal to its average incidence angle if it is only par-
tially visible. The angle £ is the horizon band an-
gular thickness, set at 6.5° for the presented model.

Equation (1) assumes that the circumsolar region
is small enough so that all points within this region
are seen under the same angle, z’.

Similarly the diffuse irradiance, Dc, received by
a sloping plane is expressed as

Dc = wL{0.5(1 + cos )
+ 2(1 — cos a)Xc(8)(F; — 1) cos 6’
+ 2t sin £'(F, — Din}, Q)

where s is the plane’s tilt angle, while the angles 6
and 6’ and the parameter Xc are the equivalent of
Z, 2, and Xh respectively, for the considered sur-
face.

The last term of eqn (2) is a sinusoidal approx-
imation of the horizon band contribution to the en-
ergy budget of the plane, where the angle ¢’ is de-
fined as

£ =5 + &} — s/n). 3)

This approximation causes a minor deviation
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from the actual integrated value[11] and generates
a slight discontinuity for s = 0; however, its effect
is negligible when placed in the operating model
contéxt.

The combination of eqns (1) and (2) leads to the
model’s governing equation

Dc = Dh{0.5(1 + cos s) + a(@)(F, — 1)
+ b(s)(F2 — DHI + c¢(@(Fy — 1)
+d(F, - 1)}, @)

where
a(® = 2(1 — cos a)Xc(8) cos 8, )
b(s) = 2¢ sin &'/m, 6)
c(z) = 2(1 - cos a)Xh(z) cos z', @)
= (1 — cos 2£€)/2. (8)

Equation (4) is identical to the isotropic equation
fOI' F 1 = F2 = 1

2.1.2 The sky condition parameterization.
Considering that the calculation of irradiance on a
slope at a given instant requires the knowledge of
the normal incidence direct irradiance, the hori-
zontal diffuse irradiance, and the solar position, it
is logical to use that information to describe the type
of sky condition existing at that instant. The three
following variables are used for this purpose:

e z, solar zenith angle

e Dh, horizontal diffuse radiation

e ¢ = (Dh + I)/Dh, where I is the normal incidence
direct.

It is assumed, at this stage of model develop-
ment, that z, Dh and € are independent quantities
defining a 3-dimensional space. This space is di-
vided into over 200 ‘‘sky condition categories,”’ by
defining intervals for each of the variables. These
are presented in Table 1.

2.1.3 The sky condition/model configuration re-
lationship. The only undefined terms in eqns (1) and
(2) are the coefficients F, and F,. These non-di-
mensional multiplicative factors set the radiance
magnitude in the two anisotropic regions relatively
to that in the main portion of the dome. The degree
of anisotropy of the model is a function of these
two terms only. The model can go from an isotropic
configuration (F;, F; = 1) to a configuration in-
corporating circumsolar and/or horizon brighten-
ing.

The magnitude of these coefficients is treated as
a function of the three variables describing the sky
conditions. At this stage of model development,
these are not continuous functions, but matrices
corresponding to the discrete partition of the sky
condition space presented above.

These coefficients constitute the statistical/ex-
perimental part of the model. They are obtained
through the analysis of hourly—or higher fre-
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Table 1. Description of the ¢, Dh and 8h intervals depicting the sky conditions

Dh ( KJ/min )

€

z ( degrees )

Name Name

of Lower Upper of Lower Upper lLower Upper
Interval Bound Bound Interval  Bound Bound Bound Bound
A 0 3 A 1 1 0 35
B 3 6 B 1.003 1.03 35 45
C 6 10 c 1.03 1.1 45 55
D 10 15 D 1.1 1.5 55 65
E 15 20 E 1.5 2.5 65 90

F 20 - F 2.5 5

G 5 9

H 9 --

quency—data recorded with ground-shielded pyr-
anometers of different slopes and orientations. In
order not to bias the model in favor of a specific
orientation, measurements are needed in the four
cardinal directions. Also, as this type of model is
used primarily for sun-facing captors, one or more
sloping, south-facing or sun-tracking measurements
are needed.

The analysis consists of optimizing F, and F, for
each [6, e, Dh] interval by least square fitting of
measured data.

2.2 Data sets

Data from Trappes and Carpentras, France[12];
San Antonio, Texas[13]; and Albany, New York
[14] are used in this analysis. These sites represent
four distinct solar environments with latitudes rang-

ing from 30° to 48°N and climates ranging from
semi-arid subtropical to temperate marine. Table 2
summarizes the geographical and climatological
particularities of each station.

The selected sites had to meet the three criteria
presented below:

(1) Availability of high quality hourly measure-
ments of horizontal global and direct and/or diffuse
irradiance, as well as tilted global irradiance for
four azimuths. The type of instrumentation used
and the level of quality control achieved at the two
leading Meteorologie Nationale stations, and two
of the U.S. Solar Energy Meteorological Research
and Training Sites, ensures the data quality needed
for a study of this nature. Table 3 summarizes the
measurements performed and instrumentation used
at each site.

Table 2. Description of selected sites

Station Latitude Longitude Elevation Climate Type
Albany, New York 42° 42'N 73° 50'W 94m Humid
Continental
Temperate
San Antonio, Texas 29° 46'N 98° 49'W 253m Semi-arid
Sub tropical
Carpentras, France 44° 05'N 5° 03'E 99m Mediterranean
Trappes, France 48° 46'N 2° 0'E 167m Marine
Temperate
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Table 3. Type of measurements used from each site and instrumentation

Station(s)** Measurements(s) Instrument
T,C,A,S Direct irradiance Eppley NIPS
T,C,A,S Global irradiance Thermal pyranometers*
T,C South, west, east and north Thermal pyranometers#*
vertical global irradiance
S South, west, east and north Thermal pyranometers*
ground-shielded
vertical global irradiance
A South, west, east and north Li-Cor filtered
ground-shielded radiometers
vertical global irradiance
T,C 45° tilt, south facing Thermal pyranometers*
gleobal irradiance
A,S Latitude, latitude +10° Thermal pyranometers*
and latitude -10° tilt
south facing, ground
shielded global irradiance
T,C North and south vertical Thermal pyranometers#*
reflected radiation. Sky
shielded instruments.
NOTES: * Both Kipp and Zonen CM5 and Eppley PSPs are used at the French
stations. The American sites used only Eppley PSPs
** A: Albany; C: Carpentras; S: San Antonio; T: Trappes

(2) Elimination of most assumptions regarding
ground-reflected radiation. In order to focus on sky
radiance distribution, assumptions regarding direc-
tionality of ground-reflected radiation and albedo
must be minimized.

Tilting pyranometers from the two American
sites are equipped with artificial horizons (cylin-
drical black-painted shields for Albany, and planar
black-painted shields for San Antonio). The two
French stations provide independent records of
ground reflected radiation measured with sky-
shielded vertically mounted pyranometers facing
north and south. Ground-reflected iradiance is re-
moved from east and west vertical sensors by as-
suming that it is equal to the half sum of the north
and south vertical reflected irradiances. Further,
the ground component is removed from the 45°
south facing sensor by assuming isotropy of the
south-reflected component.

(3) Availability of at least three seasonally rep-
resentative months of hourly data. This criteria al-
lows notably for analysis of a given site under three
typical solar geometry configuration.

. Albany data includes the months of February,
April, and June 1980, (out of the four years avail-
able), while San Antonio data includes December
1980, March, July, and December of 1981. Data
from Trappes cover a 21-month period starting in
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April 1979, while Carpentras data cover a two-year
period (Jan. 1979 to Dec. 1980).

In addition to the four hourly data bases de-
scribed above, one-minute data from Albany, NY
covering the months of February, April and June
1980 are used to study the model on a short time
interval basis.

2.3 Model testing, reference models

The model’s performance is observed from three
different viewpoints: (1) dependent tests, (2) in-
dependent tests, and (3) real time performance.

2.3.1 Dependent tests. The enhancement ma-
trices F; and F, are established for each station as
explained earlier. The completed models are then
tested against the data sets used for their establish-
ment.

For each available sensor orientation, the mean
bias error (MBE) and the root mean square error
(RMSE), accumulated over the complete testing pe-
riod at each station, are used to rate model per-
formance.

The goal of these dependent tests is to evaluate
the limits of the Perez model configuration ability
to recreate existing conditions.

2.3.2 Independent tests. The Albany-estab-
lished model is now tested against data from the
three other sites. As above, MBE and RMSE cor-
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responding to the complete testing period for each
site are used to rate performance.

The question of site/climate dependency of the
sky condition description method used is answered
to a large extent by these tests.

2.3.3 Real time tests. Based on the Albany one-
minute data set, the model’s behavior is observed
in real time for typical weather conditions, such as
winter/summer clear days, winter/summer thin
overcast days and winter/summer partly cloudy
days.

2.3.4 Reference models. Three models are used
as reference to provide an objective comparative
basis to all the above tests. These are the following:
(1) The isotropic (Liu and Jordan[15]) model, (2)
The Hay model[6) and, (3) The Klucher model{7].
The latter models were selected as they had been
found to operate generally better than the isotropic
and several other models, e.g. [16].

The Klucher model is based on the Temps and
Coulsonf17] clear sky equation. This was designed
to incorporate both the observed horizon and cir-
cumsolar brightening in the computation of energy
impinging on slopes. The governing equation is

Dc = DR(1 + cos s¥2{1 + F sin*(s/2)}
x {1 + Fcos?@sin®z}, (11)

where F is used to parameterize the sky condition
and is given by,

F = 1 — (DhiGh)?, (12}
where Gh is the horizontal global irradiance.

The Hay model incorporates only circumsolar
brightening in its structure. As for Klucher’s, the
sky condition is depicted by one term expressing
the amount of direct irradiance received at the earth
surface. This clearness index term is given by,

K =11, (13)
where 1, is the extraterrestrial radiation. The mod-
el’s governing equation is,

Dc = Dh{(K cos 8/cos 7}

+ (1 — K¥1 + cos 5)/2}). (14)
Both Klucher and Hay models return to an is-

otropic configuration in the absence of direct sun-
light.

3. RESULTS

3.1 Model's parameters establishment

As an example of the complete anaiysis of each
data set as described in Section 2.1.2, the variations
of F, and F, with the two radiative quantities de-
scribing the sky conditions are plotted on Fig. 2(a)

through 2(d) for the stations of Trappes, Carpen-
tras, Albany and San Antonio, respectively, for
solar zenith angles lying between 55° and 65°.
The scale on the Dh axis is linear, while that on
the € axis is logarithmic. No point was plotted if
less than five hourly events were observed within
a given {Dh, e, z] category.
The most eyident feature of these plots is their
similarity: For four sets of independent data, the
same type of pattern may be observed for F, and
F,. This includes the following:
¢ Increase in circumsolar brightening (F,) with Dh
for low e values, (low direct radiation, bright at-
mosphere).

 Existence of both circumsolar and horizon bright-
ening (F, and F,) as & increases, with increased
relative horizon contribution when approaching
very clear conditions (Low Dh, high ¢). This is
particularly visible on Fig. 3.

e Evidence of continuity between overcast and
clear sky conditions indicating the persistence of
a specific pattern for all intermediate cases (e.g.,
broken clouds).

e Tendency toward isotropic configuration for dark
overcast atmospheres,

Disparities may also be noted between the four
plots. The most interesting pertains to the relative
importance of horizon brightening for clear atmos-
pheres: this is maximum for the San Antonio, Texas
station, and the Carpentras station, while horizon
contribution is comparatively lower for Trappes
and Albapy. The effect of both climate/geography
and instrumentation are discussed in the next sec-
tion. Hawever, it is interesting to note that (1) the
station at the highest elevation exhibits the most
brightening at the horizon; (2) the two driest sta-
tions, exhibiting the largest number of clear ai-
mosphe,'e events, also show the most pronounced
horizon brightening—compare for example Figs.
4(a} (Trappes) and 4(b) (Carpentras) where the num-
ber of hourly events in each [Dh, €] is reported for
the studied solar zenith angle range; (3) the regions
of San Antonio and Carpentras, due to their dry
climate, have the least amount of green vegetation,
and consequently the highest albedo.

3.2 Model performance

3.2.1 Long-term tests. Tables 4(a) through 4(d)
summarize the overall results obtained by testing
models against each complete data set. These show
for Trappes, Carpentras, Albany and San Antonio
respectively, (1) the average hourly energy, Gc, re-
ceived by each sloping sensor; (2) the root mean
square error obtained for each model in terms of
percentage of the previous value; and (3) the mean
bias error for each model, also in percent.

Each table contains tests results for the three
reference models, the new model using Albany-de-
rived parameters (i.e., independent test), and the
new model using each station’s derived parameters
(i.e., dependent tests).
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Figure 2a: Trappes, France Figure 2b: Carpentras, France

Figure 2c: Albany, NY, USA ) Figure 2d: San Antonio, TX, USA

Fig. 1. Varations of cincumsolar brightening coefficient, F, (solid lines) and horizon brightening, Fz
{dotted lines) with Dk and «, for 55° < ¢ < 657,
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{Fz - I}J{F] - 1)

Fig. 3. Variation of the relative magnitudes of horizon and circumsolar brightening with 3k and ¢ for
55 < r < 65,

! of events

# of events

f of events

E

(<)

Fig. 4. Number of hourly events analyzed in cach [Dh, £ interval for 55° < z < 65°; (a) Trappes—
11 months of data; (b) Carpentras—24 months of data; (¢) Albany—3 months of data.
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Table 4(a). Models performance summary for Trappes, France—21 months of hourly data
L3

< Sensor Slope and Orientation
45° 90° 90° © 90° 90°
Average* hourly South North East Sou;h West
global irradiance
KI/MPnt 1060 234 520 656 467

RMSE |  MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE
Model

~ - Percent of Measured Global - =~
Perez dependent 5.1 | -0.4 18.2 7.6 | 12.9 -1.3 10.2 2.3 14.1 | 5.4
Perez independent 5.7 -1.2 23.9 14.0 14.4 | -1.0 10.4 1.3 15.6 | 5.9
Isotropic 14.3 | -9.1 | 53.4 |[33.3) 34.0| -5.9 22.4 (-10.2 31.2 | 0.4
Hay 9.3 | -5.6 | 38.0 [15.4| 23.4 | ~5.4 14.9 | -5:9 21.4 | 0.1
Klucher 7.6 | -3.6 | 76.5 |50.8| 30.0 4.6 14.2 | -1.2 32.1 |12.0

Note: * Average taken over the number of daytime hours studied.

Table 5 summarizes, for each station and sensor able,”” X, is defined as,
orientation, and for independent testing, the im- X = 10001 — RMSE Perez/RMSE Reference) (15)

provement achieved with the proposed model over
each of the three references, in terms of percent

Table 4(b). Performance summary carpentras, France—24 months of hourly data

An equivalent variable is studied in Table 6, but
decrease of RMS errors. The “‘improvement vari- this time it represents the additional improvement

‘\\\\\ Sensor Slope and Orientation
45° 90° 90° 90° 90°

Average* hourly South North East South West
global irradiance

x3/MAn7t 1574 230 687 972 715

RMSE | MBE RMSE | MBE RMSE | MBE | RMSE| MBE | RMSE MBE
Model
Percent of Measured Global

Perez dependent 2.7 |-0.7 18.2 8.3 7.6 | 0.6 5.71 1.2 7.0 0.5
Perez independent 3.9 |[-1.8 30.0 0.1 10.9 {-2.3 7.1y -1.3 | 10.2 |[-2.4
Isotropic 10.9 .|-7.8 | 47.8 |24.0 20.8 {-6.9 16.0({~10.0 | 21.4 (|-7.7
Hay 6.0 [-4.2 36.9 [ -6.5 14.7 {-7.0 | 10.0] -5.9 | 14.0 |-7.1
Klucher 5.0 |-2.9 74.3 | 49.1 18.2 4.5 9.2 -1.6 | 18.0 3.2
Note: * Average taken over the number of daytime hours studied
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Table 4(c). Performance summary Albany, New York, USA—3 months of hourly data

\\\\\ Sensor Slope and Orientation
43° 90° 90° 90° 90°
Average* hourly South North East South West
global irradiance
K3/t 1401 260 661 781 617
RMSE MBE RMSE MBE RMSE MBE RMSE MBE RMSE MBE
Model
Percent of Measured Global
Perez dependent 2.9 -0.2 12.7 4.2 8.2 -1.1 6.5 1.6 9.4 | 0.2
Isotropic 8.9 -5.6 } 37.7] 18.8 26.0 | -6.2| 15.9 {~-6.6 27.0 |-5.7
Hay 5.6 -3.3 | 30.4| -3.8 | 16.5 | -7.0| 10.5 | -4.9 18.3 |-7.4
Klucher 4.1 -1.5 | 60.0}-38.8 | 22.5 3.9 10.7 | -1.8 24,3 | 5.0
Note: * Average taken over the number of daytime hours studied

achievable when a dependent test is performed.

This variable, Y, is given by,

Y = 100(1 — RMSE Perez Dependent/

RMSE Perez Independent) (16)

It is interesting to note, as in Section 3.1, that

NY.

Table 4(d). Performance summary San Antonio, Texas, USA—4 months of hourly data

the largest improvement is found for the two sta-
tions which have the most different climatic and
geographical environments compared to Albany,

3.2.2 Real time performance. The difference be-
tween measured and modeled radiation values is
plotted for selected orientations against time of day
for five typical insolation conditions encountered

N\

Sensor Slope and Orientation

30° 90° 90° 90° 90°
Average* hourly South North East South West
global irradiance
2 -1
KJ/M"h 1946 216 771 1523 884
RMSE| MBE RMSE MBE RMSE MBE| RMSE MBE RMSE MBE
Model
Percent of Measured Global

Perez dependent 2.2 | 0.5 19.4 8.8 1] 6.7 -1.6| 4.6 -2.2 | 4.9 0.3
Perez independent 2.1 |-0.3 26.4 |-15.7 |10.9 -7.4 7.0 -5.0 | 8.0 -5.3
Isotropic 5.9 |-4.6 33.3 |-10.6 {21.7 | -13.7| 16.3 | -13.3 |19.2 |-12.8
Hay 3.0 |-1.6 56.0 |-40.3 {18.9 | -14.8| 10.8 -8.9 |15.2 |-11.8
Klucher 2.6 |~1.0 39.8 9.3 115.7 -6.6{ 11.0 -8.4 |13.0 | -5.9
Note: * Average taken over the number of daytime hours studied
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in Albany, New York. The solid lines correspond
to the isotropic model, while Klucher, Hay, and
Perez models are represented by x-lines, +-lines
and o-lines respectively.

Figures 5(a), (b), and (c) illustrate the case of a
winter clear day (February 4, 1980) for the 43°
south, the east vertical and north vertical surfaces.
Winter, thin overcast conditions, prevailed on Feb-

1004 a:

2/4/80
43° South

ruary 3, 1980. Results are plotted on Figs. 6(a) and
(b) for the 53° south and the north sensors respec-
tively. Figures 7(a) and (b) illustrate variable con-
ditions with several clear occurrences in the morn-
ing (February 13, 1980); results are shown for the
vertical south and north surfaces, respectively.
The cases of a clear summer day and a high tur-
bidity hazy summer day are illustrated by Figs. 8(a)

100, b: 2/4/80

90° EBast

KI/M2 /Hx

-2004 %% Klu
eee  Per
- —_ Iso
=z +++  Hay
o~
-3004 &
2
& ® == B’ ¥ 3 '3 = T s = & 8 3% & 3
time of day time of day
c: 2/4/80
1004 90° North
01
-1004
mex Klu
H eee Per
~ — Iso
-200- = +++  Hay
s
time of day

Fig. 5. Daily variations of the difference betwezn modeled and measured irradiance values on a clear,
winter day, based on one-minute data in Albany, NY, February 4, 1980.
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Table 5. Percent reduction of RMS error, using the proposed model for independent tests: (1 -~
(RMSE Perez independent)(RMSE Reference Model)™!) x 100

Sensor Slope and Orientation
Sloping* 90 degs. 90 degs. 90 degs. 90 degs.
South North East South West
Reference Iso| Hay | Klu Iso | Hay | Klu| Iso| Hay [Klu | Iso | Hay | Klu | Iso| Hay | Klu
Albany 677% | 48% | 29% 66% | 582 | 792 e8%| 50% | 66% | 59% | 38%| 39% | 65% | 49% | 61%
Trappes 617 | 39% | 25% s6% | 372 1 64z | 587 39% [52% | 54% | 31% | 27% | 51%) 27% | 51%
Carpentras | 65%| 36% | 23% 457 | 287 L 64z | 48% | 26% |40% | 56% | 29% | 22% | 53% | 27% | 43%
San Antonio| 657% | 33% | 24% 27% | 462 {37721 44% | 35% |30% | 58% | 29% |39% | 51%| 41% | 30%
Note: All tests are independent but for Albany, NY
* 45° for Trappes and Carpentras, 43° for Albany, 30° for San Antonio
100 4 a: 2/3/80
53° South
-
300 - =z *EK Klu
~ g Per
EE —_— Iso
5] ++ Hay
200 | ™
100 -
"
Klu
_["“ ]
o~ Per 0
Z iso b: 2/3/80
-500 4 - ay 90° North
-m T T T T T T Y _lm T T T T T 1

Time of day

"

i L
”

- ®

i

- -
S s

1
”

'Timé of.daf

Fig. 6. Daily variations of modeled minus measured irradiance on a thin overcast, winter day based
on February 3, 1980 one-minute data, in Albany, NY.
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Table 5. Percent reduction of RMS error, using the proposed model for independent tests: (1 —
(RMSE Perez independent)(RMSE Reference Model) ™) x 100

Sensor Slope and Orientation

Sloping#* 90 degs. 90 degs. 90 degs. 90 degs.

South North East South West

Reference Iso| Hay | Klu Iso | Hay | Klu| TIso| Hay [Klu | Iso | Hay | Klu Iso | Hay | Klu
Albany 67% | 48% | 29% 667 | 58% | 79%] 68% | 50% | 66% | 59% | 38% | 39% | 65% | 49% | 617
Trappes 617% | 39% | 25% 56% | 37% | 64% | 58% | 39% {52% | 54% | 31% | 27% | 51%{ 27% | 51%
Carpentras | 65%| 36% | 23% 457 | 28% | 64% | 48% | 26% |40%Z | 56Z | 29% §22% | S3% | 27% | 43%
San Antonio| 65%| 33% | 24% 27% | 46% {37% | 447 | 35% {30%Z | S58% | 29% | 39% | 51% ) 41% | 30%
Note: All tests are independent but for Albany, NY
* 45° for Trappes and Carpentras, 43° for Albany, 30° for San Antonio
100 4 a: 2/3/80
53° South
G
300 o = a0 Klu
~ 0o Per
Ei — Iso
] ++ Hay
200 | ™
100
L
0
b: 2/3/80
90° North
4
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Fig. 6. Daily variations of modeled minus measured irradiance on a thin overcast, winter day based
on February 3, 1980 one-minute data, in Albany, NY.
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Fig. 8. Daily variations of modeled minus measured irradiance on a clear summer day, based on June
12, 1980 one-minute data in Albany, NY.
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Fig. 9. Daily Variations of modeled minus measured irradiance on a high turbidity summer day, June
8, 1980, based on one-minute data from Albany, NY.

through (¢) (June 8, 1980, 43° south, vertical north
and west sensors, respectively) and Figs. 9a and b
(June 12, 1980, vertical north and south sensors).
It will be noted that all curves presented have
been smoothed using a five point averaging method.

4. DISCUSSION

4.1 Model configurations—parametrization of
sky conditions

The experimental relationship established be-
tween F,;, F, and the parameters describing sky
conditions is found to be similar for all stations.
Circumsolar brightening is found to be the dominant
anisotropic effect for all conditions (Fig. 2—F)),
but horizon brightening becomes important for
clear sky events (Fig. 2—F,). This is consistent
with previous observations[19], where Mie scatter-
ing (i.e., forward scattering) dominates in aerosol
charged atmospheres, whereas Rayleigh scattering
(i.e., multiple scattering, retroscattering, near the
horizon) prevails for clear conditions.

Two points of interest will be noted:

(1) A sky description scheme based only on the
relative importance of direct radiation {(e.g., Hay,
Klucher) will overlook several interesting config-
urations, such as the circumsolar radiance enhance-
ment observed for bright atmospheres where there
is no or little direct beam (high Dh, low ).

(2) The proposed (Dh, €) grid appears to account
globally for most ‘‘intermediate’ sky configura-
tions. This is best seen through the following ex-
ample:

The climatic difference between the stations of
Trappes and Carpentras is obvious when comparing
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Figs. 4(a) and (b). Distribution of hourly events in
Carpentras shows a large majority of clear to very
clear occurrences (high €, medium to low Dh),
whereas events distribution in Trappes reveals nu-
merous overcast and ‘‘intermediate conditions,”
e.g., broken clouds of all types, thin overcast. How-
ever the circumsolar/horizon brightening patterns
observed in Figs. 2(a) and 2(b), and described in the
previous section, are very similar. This is particu-
larly interesting for the middle (high D4, low to me-
dium &) portion of these graphs. A wide range of
possible ‘‘intermediate’’ sky configurations from
several locations exhibit a comparable long term
radiance distribution. Hooper and Brunger{20]
made a similar observation based on long-term ra-
diance measurements.

Hence, based on the above and observed model
performance, it is reasonable to state that the pro-
posed weather parameterization constitutes an ad-
equate basis to describe prevailing radiance distri-
bution in the atmosphere, in most instances.

4.2 Overall performance

Both the model physical framework and the sky
condition parameterization are assessed through
analysis of the independent tests presented above.
Performance against ground-shielded data from
three widely different solar environments show that
they both constitute an adequate approach to the
modelization of irradiance on a slope.

Indeed, after fair testing, substantial perform-
ance improvement over existing anisotropic models
is found for all orientations and all stations when
using the RMS error as a standard (Table 5). Per-
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formance improvement based on MB error is also
remarkable for almost all stations and sensor ori-
entations.

4.3 Site/climate dependency

Site dependency is not found in the first ap-
proach to be a major stumbling block for the model.
However, the F,/F, pattern differences between
stations, and the margin for performance improve-
ment from independent to dependent testing are
certainly worth additional investigation.

Two possible causes had been originally ad-
vanced[8] to explain performance and model con-
figuration differences between sites. These are the
following: (1) Climatical/geographical reasons and
(2) instrumentation differences. It appears at this
point that the influence of the latter is secondary
because of the following reasons:

(a) As the most sensitive instrumentation differ-
ence between sites is the method for excluding
ground-reflection, variations in the quantity of ho-
rizon brightening observable for each site should be
explained on this basis. However, Trappes and Al-
bany, where two opposite methods for removing
ground-reflected irradiance are used—sky shields
vs ground shields—exhibit very similar patterns for
horizon brightening. Nevertheless, a more com-
plete investigation (e.g., side by side comparison)
is needed to eliminate any doubts regarding this
matter.

(b) Most observed differences can be logically
associated with climatic/geographical differences.
These are as follows:

(1) Clear sky horizon brightening is found to be
the most pronounced for the highest station, San
Antonio, Texas. Indeed, the multiple and retros-
cattering occurring near the horizon should play an
increasing role as altitude increases and radiance
from the top of the atmosphere decreases.

(2) Horizon brightening :s found to be more in-
tense for the two driest stations (Carpentras and
San Antonio). The higher ground albedo associated
with dry climate vegetation, and the resulting in-
tensified retroscattering, could explain this obser-
vation.

(3) Performance improvement from an Albany-
derived model to a station-derived model is larger
when climatic differences are more pronounced
(e.g., Trappes vs. Carpentras—compare climatic
differences: Fig. 4(c) with Figs. 4(a) and 4(b).

The logical follow-up of this work is to analyze
the model configuration obtained for a set of spe-
cific climate/altitude/environment stations, and to
assess the validity of interpolation between sites.

4.4 Performance vs. reference models—Perez
model’s limitations

Real time analysis reveals specific points of in-
terest, contrasting the Perez model’s performance
with that of the selected reference standards.

The first important point to be noted is that the
isotropic model is inadequate for applications re-
quiring dynamic simulations. This is best seen on
February 3 for the south-facing 53° slope, where the
error generated exceeds 600 JK/m?/hr (35%) around
noon time. It will be noted that an error of that
magnitude will persist from sunrise to sunset for
tracking flat plate collectors and would likely be
increased for low concentrators.

The strength of the proposed design compared
to the two anisotropic references is twofold:

(1) The weather condition parametrization in-
cludes both direct and diffuse radiation, treated as
independent variables, rather than direct radiation
only. This may be seen clearly on Fig. 6 to a lesser
extent on Figs. 7 and 8. There was almost no direct
radiation present on February 3 before 11 AM and
after 2 PM, although diffuse radiation was intense.
Only the proposed model differed noticeably from
the isotropic configuration and could account for
part of the existing anisotropy.

(2) This model can go from a circumsolar en-
hancement configuration to a circumsolar + hori-
zon enhancement configuration depending on the
type of sky condition, whereas the Hay model is
purely circumsolar; and while the Klucher model
includes both circumsolar and horizon brightening,
the two terms are not allowed to vary indepen-
dently. The lack of horizon brightening in the Hay
model will cause it to underestimate on clear days
for surfaces which do not face the sun (see Fig. 5(b),
afternoon, Fig. 5(c) and Fig. 8(c)); it will also un-
derestimate on clear days for all orientations when
the zenith angle is small (see Figs. 8(a)~-8(c)). On
the other hand, the structure of the Klucher model
is responsible for its tendency to overestimate for
slopes that do not face the sun, particularly on high
turbidity days when forward scattering is the only
noticeable effect. This is particularly visible on Fig.
9(b) where the overestimate exceeds 100% between
11 AM and 12 PM.

It will also be noted that the Klucher model is
bound by design to generate energy values larger
than the isotropic values (this may be seen in all
tables and daily plots). Additionally, there is a limit
by which isotropic values can be exceeded by this
model (this limit is equal to 2.7 for F = 1, z = 90°
and 6 = 0°). Consequently, it will not perform as
well as either the Hay or the Perez model when
directional scattering is very intense—see for ex-
ample Fig. 5(b) between 9 AM and 11 AM.

The proposed design also reaches its limits,
which are most apparent when looking at the real
time plots, since there still exists some deviation
between modeled and measured values. This per-
formance limitation may be assessed by looking at
dependent tests results on Tables 4(a)-4(d). The
best achievable RMS errors over a long term period
will typically be of the order of 11 to 18 Watts/m?
for all orientations. Any improvement beyond this
point would likely require a more complex ap-
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proach to diffuse radiation modeling. However, it
will be remarked that simple model design modi-
fications presently under study have been observed
to push that limitation another step further. This
involves notably differential horizon brightening as
a function of azimuth.

4.5 Model status, developmental work in
progress

There are two points of interest which are now
being investigated, or which will require additional
work. These are the following:

(1) Establishment of a comprehensive climate/
geography/environment/model configuration rela-
tionship, based on existing or new data bases at
selected sites (e.g., based on classifications such as
[19]), as well as investigation of potential site in-
terpolations.

(2) Model design improvements, such as frame-
work modifications as mentioned above, or sky
condition parametization based on another com-
bination of the three selected variables—notably,
the use of z as dependent rather than independent
variable will be investigated. Design improvements
will be limited to those requiring no more input pa-
rameters than presently used. Also, model end-use
simplifications will be investigated. These will no-
ticeably include the use of analytical functions
rather than three-dimensional matrices for the coef-
ficients F; and F,, as soon as final model config-
urations are obtained from extended data analysis.

CONCLUSION

The model, which has been presented, is based
on three basic ideas: (1) a geometrical representa-
tion of the sky dome incorporating variable circum-
solar and horizon atmosphere brightening, (2) a par-
ametric description of the insolation conditions,
based on available radiative quantities, and (3) an
experimentally-derived law governing the varia-
tions of circumsolar and horizon brightening with
the insolation conditions.

Model performance is found to be adequate
when independently tested against hourly tilted ir-
radiance data sets from Trappes and Carpentras,
France, and San Antonio, Texas. Ground-reflected
irradiance was either removed at the acquisition
site, or independently measured, thereby eliminat-
ing assumptions on that matter. Results reveal a
systematic performance improvement by this
model over the isotropic model and the models of
Hay and Klucher, which were used as references.
The isotropic RMS errors are typically reduced by
40-60% while Hay’s and Klucher’s are typically re-
duced by 25-40% and 20-60%, respectively.

Within this study’s context, site-dependency is
not found to be a major stumbling block for either
the insolation parametrization method or the model
itself. This is quite apparent by looking both at the
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Albany derived model pericrmance and at the sim-
ilar experimentally-derived laws obtained from the
two widely different climate environments of
Trappes and Carpentras.

However, there exists a substantial margin for
performance improvement, as demonstrated by the
results of dependent model tests. These suggest that
climate (hence vegetation) and altitude have an in-
fluence on the model’s configuration and perform-
ance which can be interpreted on a deterministic
basis. A systematic analysis of their influence, in-
volving several climate/altitude pilot sites will cer-
tainly be worth the effort, as typical long-term RMS
error could be reduced down to about 15 Wm ™2 for
fixed surfaces of any orientations. This perform-
ance improvement is likely to be even more no-
ticeable when considering tracking flat plate or low
concentration captors.
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Abstract—A new, more accurate and considerably simpler version of the Perez[1] diffuse irradiance
model is presented. This model is one of those used currently to estimate short time step (hourly or
less) irradiance on tilted planes based on global and direct {or diffuse) irradiance. It has been shown
to perform more accurately than other models for a large number of locations worldwide. The key
assumptions defining the model remain basically unchanged. These include (1) a description of the
sky dome featuring a circumsolar zone and horizon zone superimposed over an isotropic background.
and (2) a parametenzation of insolation conditions (based on available inputs to the model), determining
the value of the radiant power originating from these two zones. Operational modifications performed
on the modei are presented in a step by step approach. Each change is justified on the basis of increased
ease of use and/or overall accuracy. Two years of hourly data on tilted planes from two climatically
distinct sites in France are used to verify performance acciracy. The isotropic, Hay and Kiucher
models are used as reference. Major changes include (1) the simplification of the governing equation
by use of reduced brightness coefficients; (2) the allowance for negative coefficients; (3) reduction of
the horizon band to an arc-of-great-circle; (4) optimization of the circumsolar region width; and {3)
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optimization of insolation conditions parameterization.

1. INFRODUCTION

It is a current practice, for evaluating the energy
received by a tilted surface, to decompose the solar
radiation into three components which are treated
independently[1]: Direct beam, sky diffuse and
ground-reflected.

Models differ generally in their treatment of the
sky diffuse component which is considered as the
largest potential source of computational error[2].
While the treatment of the direct component is
straightforward and virtually error-free for flat sur-
faces, that of the ground reflected compenent may
also be a cause of computational errors which are
in most instances, however, of lesser overall impact
than that caused by a poor description of the sky
hemisphere.

In a separate paper, the authors investigate this
last point and describe simple guidelines to account
adequately for the ground reflected component[3].
The model discussed in this paper focuses on the
treatment of the sky diffuse component.

Originally developed to handle instantaneous
events{i, 4], the Perez model, as it has become to
be known, has been more extensively used for
hourly applications, Although it requires no mare
input than the most simple model assuming iso-
tropic sky[5], i.e. global and direct or diffuse irra-

1 Member ISES.

diance, it has been found to perform substantially
better than that as well as other widely used aniso-
tropic models {e.g. 6-8] when tested against inde-
pendent data sets {e.g. 9-12].

The mode! was recently incorporated inte San-
dia National Laboratories” (SNL)} photovoltaic
simulation program, PVFORM{13]. However,
more widespread application of this model has been
subject to question because of (1) the fact that it
was quite more complex to use than other models
and (2) the fact that it had not yet been validated
for an extended set of environments.

The first point is addressed to a large extent in
this paper: A new simpler and slightly higher per-
formance, version of the model is presented.

The second of these concerns is being addressed
by Sandia National Labs who currently conducts
an extensive measurement program geared to val-
idate and/or configure the model for different key
climatic environments[14]. The impacts of atmos-
pheric moisture and aerosol content, regional al-
bedo, altitude and local skylines are notably inves-
tigated. Results will be reported subsequenily.

2. METHODS

2.1 Background information on original model
The Perez diffuse irradiance model incorporates
two basic components. The first is a geometric de-
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Fig. 1. Perez model’s representation of the sky hemisphere

scription of the sky hemisphere superimposing a
circumsolar disc and horizon band on an isotropic
background (Fig. 1). This configuration was chosen
to account for the two most consistent anisotropic
effects in the atmosphere: Forward scattering by
aerosols and multiple Rayleigh scattering and re-
troscattering near the horizon. Assuming that ra-
diances in the circumsolar and horizon regions are,
respectively, equal to F, and F, times that of the
background, then the diffuse irradiance D., im-
pinging on a plane of slope s, is obtained from the
horizontal diffuse D, using

DC=D;,

[0.5(1 + cos(s) + a(F, — 1) + b(F, — 1)
1+ cF,— 1) +dF,-1) ’

0

where a and b are the solid angles occupied, re-
spectively, by the circumsolar region and the ho-
rizon band weighted by their average incidence on
the slope. The parameters ¢ and d are the equivalent
of a and b for the horizontal. These are specified
in the nomenclature.

IBright Overcast Skies

The second component is empirical and estab-
lishes the value of the brightness coefficients F, and
F, as a function of the insolation conditions. These
conditions are parameterized by three quantities
which describe, respectively, the position of the
sun, the brightness of the sky dome, and its clear-
ness. These quantities are, respectively, (1) the
solar zenith angle Z; (2) the horizontal diffuse ir-
radiance D,; and (3) the parameter € equal to the
sum of D, and direct normal I divided by D,. It will
be noted that these three quantities require no more
input than is normally required by other models to
compute hourly irradiance on a slope.

As an example of this parameterization, a scatter
plot is presented in Fig. 2 which shows the distri-
bution, in the (D,, €) plane at Z = constant of
hourly observations recorded during a three-year
period in Trappes and Carpentras, France{15]. In
this figure, D, has been normalized to extraterres-
trial global and is referred to as ‘*delta’’. This shows
the dependent character of D, and e for high €'s
(clear skies) and their independent nature for low
€’s (overcast and partly cloudy cases).

For practical applications the (Z, D,, €) space
was divided into 240 sky condition categories (5 for
Z, 6 for D, and 8 for €). For each category, a pair
of (F;, F,) coefficienis was established. These
coefficients were obtained from the least square fit-
ting of eqn (1) to actual data recorded on sets of
sloping pyranometers.

2.2 Summary of changes from original to present
model configuration

The rationale behind each modification was to
render the model less complex to use while either
maintaining or improving its accuracy. This was
judged by testing each version of the model against
the three-year data sets from Trappes and Carpen-
tras, France, including hourly global irradiance

Intermediate Skies
40.8
2 B
(I
! )
: (%)
A a
1.‘;u&'3‘ Cleér, Turbid Skiesl 1
' \ "EPSILON o
i L4l Lod iy 0.0
1.01 1.1 2.0 20.0

Dark Overcast Skies

Fig. 2. Distribution of observed hourly events in Trappes and Carpentras (two years of data), in the
D, e plane for Z € {45°, 55°].
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measurements on five tilted surfaces. The results
of these tests are presented in the next section.

2.2.1 Use of reduced brightness coefficients.
An important drawback of eqn (1) is its non-lin-
earity with respect to I, and F; as defined eariier.
The determination of these coefficients through
least square fitting calls notably for a series of ap-
proximations and for solving sets of non-linear
equations which may require considerable com-
putation.

A major step toward simplification was taken by
rewriting the model’s governing equation using re-
defined brightness coefficients. Equation (1) may
be written as [16]

2}

DL + DS + Dk
o (G220,

D, + D§ + D

where the superscripts i, c and h refer, respectively,
to the diffuse contribution, on the horizontal or the
slope, of the isotropic background of the circum-
solar and the horizon regions. Noting that the de-
nominator of the right-hand side of eqn (2) is equal
to D, this may be written as

D.  D:D;
D, " D.D;

kryh
DC=D,‘( +DFD"). (3)

DD}

Further, one notes that D5/Dj equal to a/c, that
D%{D% is equal to b/d and that D’ is, by definition,
given by

D.=050 + cos(s) (D -~ D — DY), @

Finally, if D§/D, is set equal to F} and DD, to
F3, eqn (3) becomes

D, = D,0.5(1 + cos(s)N (1 — F}, — F)
+ Fila/c) + Fib/d)). (5)

Equation (5) is linear with respect to the terms
F}| and F' defined as reduced brightness coeffi-
cients. Conceptually they represent the respective
normalized contributions of the circumsolar and ho-
rizon regions to the total diffuse energy received on
the horizontal, whereas the original coefficients
represent the increase in radiance over the back-
ground in both regions. For instance, a value of 0.5
for F} indicates that 50% of horizontal diffuse be-
haves approximately as direct radiation, whereas a
value of F; equal to 0.2 indicates that a vertical
surface will access an additional amount of energy
equal to 20% of the horizontal diffuse radiation.

The relationship between the reduced coeffi-
cients and the original ones are the following:

Fl=cF, = W[+ c(F,— 1)+ d(F, ~ 1], (6)
Fi=d(F>, — D1 + c(F, — 1) + d(F: — 1)}. M

It will be noted that eqns (5) and (1) define ex-

actly the same model framework. As before, the
new coefficients may be derived empirically from
experimental data recorded on sloping surfaces.

2.2.2 Allowance for negative coefficients. In its
original setup the model did not allow for coeffi-
cients smaller than one (i.e. negative reduced coef-
ficients). In other words the model returned to an
isotropic configuration whenever observations
could not be explained by an increase in radiance
in either of the anisotropic regions, This setup ex-
plained most situations except overcast occur-
rences when the top of the sky dome is the brightest
region[17].

Although negative coeffictents are physically
meaningless (since by definition this would mean
negative energy received from a region in the
dome), the use of negative F5 coefficients is equiv-
alent, as far as flat plate surfaces are concerned, to
adding a third brighter region at the top of the sky
hemisphere. This new setup yields noticeable per-
formance improvements particularly for climates
where cloudy conditions prevail.

2.2.3 Geometric framework modifications. (a)
Horizon band: The onginal configuration called for
a 6.5° elevation horizon band. A rigorous definition
of the term b in egn (1} or (3) is rendered complex
by such assumption. This was partly circumvented
in the original model by accounting only for the half
horizon band facing the slope, thus causing a dis-
continuity between the horizontal and slopes ap-
proaching 0°.

A much simpler configuration is now proposed
whereby all the energy of the horizon band is con-
tained in an infinitesimally thin region at 0° eleva-
tion. Equation (5) becomes

D, = D0.5(1 + coss) (I — FY)
+ Fi{a/c) + Fjsin(s)].  (8)

(b)Y Circumsolar region: The circumsolar region
was originally set at 15° half angle. A much simpler
approach would be to assume that all circumsolar
energy originates from a point source; In this case
eqn (8) may be simply written as follows:

D, = D, {050 + cos(s)) (1 — FD)
+ Fi(cos(8.)/cos(Z) + F;sin(s)]. (9)

However, unlike for the horizon band, this sim-
plification causes small performance deterioration,
noticeable for the non-south orientations—for
which low sun incidence events and therefore the
physical size of the circumsolar region have a larger
impact. A 25° half-angle circumsolar region was
found to provide the best overall performance and
is used as a basis to tHlustrate the impact of the other
simplifications and changes described hereafter.
The O° point source option will be proposed as an
alternative version of this model. Its operational
configuration is reported in Section 3. For infor-
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mation, performance validation results using the
model with 35°, 25° 15° and point source circum-
solar regions are presented in Table S.

It is important at this point to remind the reader
that the circumsolar representation used in this
model (fixed width, homogeneous circular zone) is
acceptable only for collecting elements with wide
field of view (e.g. flat plate collectors). It would be
inaccurate to use this representation as is to com-
pute radiance (or luminance) in specific points of
the sky dome. This would require a more detailed
description of the forward scattered radiation, ac-
counting for actual radiance profiles and for their
variations with insolation conditions (e.g. see [18]).
The same is true for the horizon brightening repre-
sentation used in this model. An expanded version
of the model, suited for such applications, is cur-
rently under development.

2.2.4 Optimization of insolation parameteriza-
tion.

(a) Replacement of D, by A: The second quan-
tity selected to describe insolation conditions (hor-
izontal diffuse irradiance, D;) is not totally inde-
pendent from the first quantity (solar zenith angle).
Independence between these two dimensions de-
scribing, respectively, the position of the sun and
the brightness of the sky may be achieved by se-
lecting a new second dimension, A, defined as

A = (Dym)/y,

where m is the relative air mass and I, the extra-
terrestrial radiation, Normalization with respect to
Iy also renders this dimension independent of the
users’ unit. .

(b) Redefinition of the A, €, Z grid: The discrete
sky condition 3D space associated with the original
model is composed of 240 categories.

Each of these specifies a pair of coefficients.
This approach was chosen primarily to facilitate ob-
servational analysis of experimental data. It has the
advantage of requiring no computation for querying

Fi and F; for a given sky condition; however, the
user must carry a table of 480 terms.

An alternate approach would consist of using
analytical functions for Fj and F3. Although simpler
in concept, the fully analytical approach was re-
jected because of the added computational time
caused by a rather complex formulation. This com-
plexity is due mostly to the variable ¢ which re-
quires a five degree polynomial (i.e. a 24 term
expression if the variations with A and Z are as-
sumed linear) to approach the precision of the orig-
inal grid-based approach.

A compromise is proposed here, whereby Fi and
F; are expressed as analytic functions of A and Z
while an eight-category discrete axis is kept for e.
The partition of that axis is optimized to provide
the same mean variation of F; and F3 in each cat-
egory, based on the four-year experimental data set
pooled from the two French sites. The analytic
function in each e category is of the form e + fZ
+ gA, where e, f, g are constants. Indeed, varia-
tions with Z and A are found to be well-explained
by independent linear approximations.

3. RESULTS

3.1 New model formulation

The new governing equation of the model is
given in section 2.2.3. [eqn (8)]. All terms were de-
fined above and are summarized in the nomencla-
ture. The reduced coefficients Fi(Z, A, €) and F3(Z,
A, €) are given in Table 1. A simpler, slightly less
accurate version of this new model [eqn (9)], is also
introduced; the corresponding brightness coeffi-
cients are given in Table 2.

Scatter plots in Figs. 3, 4 and S illustrate the
variations of F; and F5 with respect to Z, A and e,
respectively. Variations with Z were plotted for ¢
values comprised between 2.5 and S corresponding
to intermediate to clear and turbid skies. Variations
with A were plotted for e < 1.05, that is, for overcast

Table 1. Generic circumsolar (F1) and horizon brightening (F3) coefficients
developed from Trappes and Carpentras data for the 25° circumsolar model

25° circumsolar region

e bin Upper Cases”

# limit (%) Fi Fi, Fis F3 Fi F3;

1 1.056 24.8 -0.011 0.748 —-0.080 —0.048 0.073 -0.024
2 1.253 9.32 -0.038 1.115 -0.109 -0.023 0.106 —0.037
3 1.586 7.17 0.166 0909 -0.179 0.062 -0.021 - —-0.050
4 2.134 7.88 0.419 0.646 —0.262 0.140 -0.167 -0.042
5 3.230 10.85 0.710 0.025 -0.290 0.243 -0.511 -0.004
6 5.980 18.57 0.857 -0.370 -0.279 0.267 -0.792 0.076
7 10.080 15.17 0.734 -0.073 -—-0.228 0.231 -1.180 0.199
8 —_ 6.96 0.421 -0.661 0.097 0.119 -2.125 0.446

Fi = Fii(e) + Fiz(e)*A + Fi3(e)*Z
F3 = Fi1(e) + Fi(e)*A + Fis(e)*Z

* Percent of total cases for 2 years each of Trappes and Carpentras, France.
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Table 2. Generic circumsolar (F}) and horizon brightening (F3) coefficients
developed from Trappes and Carpentras data for the point source circumsolar
model

Point source circumsolar region

ebin Upper Cases”

# limit (%) Fn Fiz Fis F3 F3, Fyn

1 1.056 24.08 0.041 0.621 -0.105 -0.040 0.074 —0.031
2 1.253 9.32 0.054 0.966 ~0.166 —0.016 0.114 ~0.045
3 1.586¢ 7.17 0.227 0.866 —0.250 0.069 -—0.002 -0.062
4 2.134  7.88 0.486 0.670 -0.373 0.148 —0.137 -0.056
5 3.230 10.85 0.819 0.106 —0.465 0.268 -—0.497 -0.029
6 5.980 18.57 1.020 -0.260 -0.514 0.306 —0.804 0.046
7 10.080  15.17 1.009 -0.708 —-0.433 0.287 -—1.286 0.166
8 —_ 6.96 0936 -1.121 -0.352 0.226 —2.449 0.383

Fi = Fu(e) + Fi2(e)*A + Fis(e)*Z
F3 = Fii(e) + Fr(e)*A + Fi(e)*Z

 Percent of total events for 2 years each of Trappes and Carpentras, France

0.5}

4

ZENITH ANGLE (deg.)
0 30 60 90

Fig. 3. Variations of F} and F} with solar zenith angle for € € [2.5, 5]. Results based on two years of
data from Trappes and Carpentras.
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Fig. 4. Variations of F} and F3 with A for € < 1.05. Results are based on two years of data from
Trappes and Carpentras. )

conditions, while variations with e were plotted for
zenith angles ranging from 45° to 55°.

The use of linear approximations for explaining
the vaniations of F; and F5 with A and Z for given
e intervals are clearly justified by these plots. Varia-
tions with e are more difficult to express with simple
analytic expressions.

These plots confirm past observations made
about the brightness coefficients: (1) evidence of
circumsolar brightening for bright overcast skies;
(2) maximum of circumsolar brightening for partly
cloudy to clear highly turbid atmospheres; (3) de-
crease of circumsolar brightening and marked in-
crease of horizon brightening for low turbidity clear
skies; (4) fairly low scatter in experimentally de-
rived F; and F5—this is particularly interesting for
intermediate skies given the large number of pos-
sible sky configurations falling into that category.
It will be noted, concerning this last point, that
much of the dispersion for € < 2, (see Fig. 5), may
be explained by variations of A.

C=45

These results are based on the analysis of a com-
posite data file from Trappes and Carpentras,
France, including two years of hourly measure-
ments for each site (Ref. [12]). The measurements
include global irradiance, direct irradiance and
global irradiance on a 45° tilt south plane and ver-
tical south, west, north and east planes. Ground-
reflected irradiance was available from sky-
shielded vertical pyranometers facing north and
south and was effectively removed from the tilted
global measurements as described in [10].

The sites of Trappes and Carpentras represent
two different climatic environments (respectively,
marine temperate and Mediterranean). They con-
stitute, therefore, an acceptable basis to use the
model for climates ranging between these two ex-
tremes.

The reader is cautioned, however, that this
model has not yet been validated for all possible
solar environments. An active program is now un-
derway[14] which will either validate existing for-
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Fig. 5. Variations of F) and F3 with e for Z € [45°, 55°]. Results are based on two years of data from
Trappes and Carpentras.

mulations or provide sets of coefficients applicable
to several key environments in the United States.
This program investigates in particular the effects
of altitude, regional albedo and seasonal local aer-
osol content on model configuration and perform-
ance.

3.2 Model performance validation

The value of the changes to the Perez model is
considered from two perspectives. First, we ex-
amine the objective performance improvement in
predicting diffuse radiation on sloping surfaces, and
second, we examine the practical gain in terms of
usability of the simplified model.

3.2.1 Predictive performance-test results. The
main criteria used for model evaluation are the RMS
and mean bias errors resulting from the actual and
modeled diffuse. Test data are identical to that used
to establish the coefficients, that is, two years of
hourly data from both Trappes and Carpentras. In
this respect the test of the Perez model may not be
considered as independent. However, the pool of
data is so large and the climates of the two sites so
different that tests may be held as valid given the
present status of knowledge in this area. More in-

formation on this aspect of the model will be ob-
tained when SNL data becomes available for anal-
ysis[14].

Testing the model is a two-step process. First,
the coefficients F, and F, must be generated. Dur-
ing this step, we may also observe the distribution
of events with e to optimize partitioning. Second,
using the coefficients so generated, the model is
used to calculate hourly radiation impinging on var-
ious surfaces. The errors generated are compared
to three widely used models for reference. These
are the isotropic[2], the Hay[3] and Klucher[4]
models.

The Perez model has been tested at each step of
the simplification discussed above. These results,
based on Trappes and Carpentras data, are sum-
marized in Table 3. Further, the original and the
new model configurations’ performances are com-
pared for Albany, NY. Results are reported in Table
4. This is based on two years of SEMRTS hourly
data[19].

The line labelled ‘‘Perez 1°° is the original ver-
sion of the model. Perez 2 through 7 are successive
changes introduced in the model. The first step to-
ward simplification is the introduction of a simpler
governing equation (Perez 2). Note the slight loss
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Table 3. Model performance test statistical results. Perez 1: original model;
Perez 2 = Perez | + eqn (5); Perez 3 = Perez 2 + allowance for negative
coefficients; Perez 4 = Perez 3 + eqn (8); Perez 5 = Perez 4 + 25° circumsolar
region; Perez 6 = Perez 5 + use of A instead of D ; Perez 7 = new model (25°
circumsolar). Results are based on two years of hourly data from Trappes and
Carpentras

South North East South West  Composite
Model 45° vertical vertical vertical vertical error

RMS ERRORS (kJ.m~2hr™ 1)

Isotropic 163.1 119.8 159.0 155.4 151.0 150.4
Hay 94.3 87.9 112.7 98.4 101.7 99.3
Klucher 78.4 178.2 140.2 92.8 141.7 131.3
Perez i . 49.9 46.7 61.8 60.7 . 59.6 56.1
Perez 2 50.5 46.4 61.3 61.4 59.3 56.1
Perez 3 50.5 42.8 59.6 58.4 57.3 54.1
Perez 4 50.0 43.1 59.5 58.2 56.8 539
Perez § 49.9 40.0 59.2 56.7 56.1 52.8
Perez 6 48.9 38.6 57.8 55.3 53.6 51.3
Perez 7 49.3 37.9 57.5 55.6 529 51.1
MEAN BIAS (kJ.m~2hr™ 1)
Isotropic -109.8 69.9 -374 -850 275 72.5
Hay —60.6 103 -389 -496 —-26.9 41.2
Klucher -39.1 121.1 30.6 -11.8 41.6 61.6
Perez 1 -8.5 24.4 -0.8 11.1 13.2 139
Perez 2 -8.6 25.1 0.8 11.8 14.3 14.5
Perez 3 -13.0 18.1 —-6.2 4.8 7.3 11.1
Perez 4 -11.1 18.5 -6.5 3.8 7.0 10.7
Perez 5 —-12.6 17.4 -6.3 6.1 7.5 10.9
Perez 6 -13.3 17.5 -5.8 5.5 7.9 11.0
Perez 7 —14.1 17.6 -6.5 4.7 7.1 11.2

Average Global 1369.2 232.5 619.1 848.6 610.6
Average Diffuse 593.3 213.3 320.6 368.2 310.7

Table 4. Mode! performance test statistical results for Albany, New York. Results
are based on two years of hourly data

South North East South West  Composite
Model 43° vertical vertical vertical vertical error

RMS ERRORS (kJ.m~2.hr™})

Isotropic 115.4 104.7 143.6 103.5 152.1 125.5
Hay 74.1 84.2 96.2 75.9 102.1 87.2
Klucher 51.2 158.4 134.2 79.5 141.7 120.1
Original Perez 40.8 36.3 55.1 68.8 63.2 54.3
New Perez * 39.9 31.5 53.2 61.9 60.0 50.7
New Perez 41.2 28.1 50.3 61.3 57.3 49.1
MEAN BIAS (kJ.m~2.hr™")

Isotropic -72.5 56.5 -237 -362 -—18.4 46.2
Hay -32.4 22 -31.6 -96 -~239 23.3
Klucher -12.3 102.3 35.0 27.8 41.7 53.6
Original Perez 4.1 14.6 ~-4.2 31.6 6.6 16.0
New Perez * -3.6 5.8 —-153 18.0 —-4.4 11.2
New Perez -55 46 -150 19.7 —-4.2 11.8
Average Global 1350.4 233.9 584.4 794.5 579.6

Average Diffuse 550.1 219.3 299.5 312.0 294.3

* point source circumsolar; " 25° circumsolar region

C=lT



The Perez diffuse irradiation model

on south surfaces. This loss seems a reasonable
trade-off with the much simpler model equation.

Step 3 reflects the allowance for negative coef-
ficients. The table of mean bias errors emphasizes
the importance of this step. The RMS errors also
experience a considerable benefit from this simple
change. It will be noted that all performance gains
from negative coefficients results from better han-
dling of overcast conditions.

Another simplifying change in the model is the
reduction of the physical horizon band to a linear
quantity. In addition to greatly simplifying model
implementation, this has also provided a small over-
all performance improvement as shown in Perez 4.

Setting the circumsolar half angle to 25 degrees,
an increase from the original 15 degrees, provided
the overall best results for the two test sites. This
change is included in Perez 5—performance varia-
tions as a function of circumsolar region definition
are also reported, for information, in Table 5. An-
other noticeable performance gain (Perez 6) re-
sulted from the use of A instead of D,,.

The final change for this study is the consoli-
dation of A and Z as functional components of the
model coefficients, F; and F3. This is a fairly large
evolutionary step for the model, and a slight ac-
curacy loss is encountered on the south surfaces
while slightly improving overall performance. This
last step also includes optimization of e axis par-
titioning.

3.2.2 Computational improvement.  Inassess-
ing the computational improvement of the model,
we will consider two points. First, the issue of
model complexity. The model should be easy to im-
plement and use for personal computer applica-
tions, It should also be simple enough to allow hand
calculations if necessary. Second, we address the
generation of coefficients, F{ and F3. A research
organization should be able to develop these coef-
ficients locally, rather than depend on a generic set
intended to satisfy a broad climate spectrum.

Determination of brightening coefficients for a
given event: In the old version, F; and F; were each
stored in a three-dimensional matrix of 240 ele-
ments. Obtaining F and F3 required a mapping of
the continuous variables A, € and z into this dis-
crete space. On average, this would require eight
comparisons for the mapping (2.5 for A, 3.5 for €
and 2 for Z), and two table readings.

For the new model, F} and F; are determined
by two simple functions. We must still map € to a
discrete space requiring an average of 3.5 compar-
isons. Then, a total of six table look-up are re-
quired.

On a computer, the differences between the orig-
inal and the new methods are negligible in terms of
time: logically, the new method is much more
straightforward. Both methods require initializa-
tion: the oid needs two arrays of 240 elements each
while the new needs six arrays of eight elements
each. When computed by hand, or on a calculator,
the user would probably read the values from a
chart.

Model framework: The old model framework
was a function of the type

R = (a + bF, + cF))(1 + dF, + eFy),
whereas the new model is a function of the type
R =a + Fib' + Fic',

where a', b’ and ¢' are all simple functions. Im-
plementing the new model is far simpler than the
old particularly if one uses the point source version.
Although, the savings in computer time for a single
run is probably not noticeable.

In general, the model has become simple enough
that its use is practical under almost any circum-
stances.

Generation of Coefficients set: Most users will
never need to. generate coefficients for F{ and F3,

Table 5. Variations of model performance with size of circumsolar
region. Results are based on two years of hourly data from Trappes and

Carpentras
Circumsolar
region
sustaining  South  North East South West  Composite
half angle 45° vertical vertical vertical vertical error
RMS ERRORS (kJ.m~2.hr™ )
0° 493 438 61.8 57.6 56.0 54.1
15° 48.4  40.6 58.8 55.8 53.6 519
25° 49.2 379 57.4 55.5 52.8 51.0
35° 51.6 36.5 57.8 55.9 53.9 51.7
MEAN BIAS (kJ.m~2.hr™ 1)
0° -104 193 -6.1 2.5 6.6 10.6
15° -11.2 182 -6.7 33 6.5 10.5
25° -14.0 176 -6.4 4.6 7.0 11.1
35° —18.3 18.2 -4.0 8.0 8.8 12.9
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as a well-rounded generic and/or environment-de-
pendant set(s) will be made readily available[14].
However, research facilities with access to a solar
data base may want to develop theit own coeffi-
cients for a specific environment. This process is
now greatly simplified. A program to solve a system
of non-linear equations used to be required. This
could consume considerable computing resources.
and could generate non-converging solutions. Coef-
ficient generations now involves only solving sets
of linear equations.

4. CONCLUSIONS

A summary of the modifications performed on
the Perez model to increase its simplicity. while
maintaining or improving accuracy has been pre-
sented. While the key assumptions defining the
model remain unchanged, substantial ‘‘operating’’
modifications have made the model fairly simple to
implement and use for microcomputer-based ap-
plications, well in line with other, less accurate
models.

Together with increased simplicity, the pro-
posed changes result in improved accuracy on all
tested orientations and slopes. Improvements were
found to be most noticeable for vertical surfaces
particularly for the north-facing one. A simplified
“‘point source”’ version of this new model is also
proposed. It also features improved accuracy on the
original model. but to a lesser degree for non-south
surfaces.

Each simplification was validated based on two
years of hourly data from Trappes and Carpentras.
France: two environmentally distinct sites featur-
ing, respectively, humid oceanic and dry Mediter-
ranean climates. Conclusions reached for these two
sites were substantiated with data from Albany,
New York.

The generic models established for the two
French sites now feature an improvement of ap-
proximately 2.5-3 to 1 over the isotropic model.
RMS errors for all orientations are kept under 16
W m~? while mean bias errors are kept under S W
m~? for the two sites tested.

It will finally be noted that the main focus of this
paper was to introduce a simpler version of a model
‘which has already been extensively validated. Fur-
ther questions remain concerning the potential im-
pact of altitude, regional/seasonal albedo and local
atmospheric moisture and particulate content on
the model configuration (i.e. intensities of horizon
and circumsolar brightening) and on its perform-
ance. However, it is not thought, based on existing
validations, that these should have such an effect
as to drastically change the performance hierarchy
(i.e. isotropic versus Hay versus Klucher versus
Perez) shown in Table 3. These questions are cur-
rently being addressed and will be the object of up-
coming communications.
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NOMENCLATURE

z Solar zenith angle

F, Original circumsolar brightness coefficient

Original horizon brightness coefficient

D, Diffuse irradiance impinging on a tilted surfuce

Diffuse irradiance on the horizontal

s Plane tilt angle

a Solid angle occupied by the circumsolar region.
weighted by its average incidence on the slope. In this
study « is approximated as follows:

a = 2(1 — cos a)x,

where o is the circumsolar region half angle and x.

is given by
Xe = bpcos B if 6, <72 - a.
Xe = bpb, sin(d, a)

if 8, € [7/2 = a] and x. = 0, otherwise. where 6, is
the incidence angle on the tilted plane. ¥, i1s defined
below (see term ¢) and U, = {(n/2 - 8. = o)) 2

b Solid angle occupied by the horizon region. weighted
by its average incidence on the slope. This 1s ap-
proximated as follows:

b = 2&'w sin §'.

where £ is the angular thickness of tae horizon band
and &' is given by

£ =(m ~ &7 + &2

¢ Solid angle occupted by the circumsolar region.
weighted by its average incidence on the horizontal.
In this study. ¢ is approximated as follows:

¢ = 21 - cos alyn-
where x, is given by

xn=¢cos ZifZ <72 — a.

xn = W sin(Yy, o). otherwise.

where U, is given by

Wy =2 — 2+ )20if Z> 52 - «
by, 1. otherwise

i

i

d Solid angle occupied by the horizon band weighted
by its average incidence on the horizontal. d is given
by

d= (1 - cos 2§
€ Sky clearness parameter given by

€ = (Dy + D/Dy.

where 1 is the direct normal incidence irradiance
A New sky brightness parameter given by

A = D}. m/l()



The Perez diffuse irradiation model

where m is the relative air mass and I, the normal
incidence extraterrestrial radiation. (A constant value
was used in this study.)

New circumsolar brightness coefficient

New horizon brightness coefficient
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