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Modeling Sky Luminance Angular Distribution for
Real Sky Conditions: Experimental Evaluation

of Existing Algorithms
R. Perez, |. Michalisky, and R. Seals

Introduction

Skylight and direct sunlight are the two com-
ponents of natural light. The former is an extended
source of spatially varied intensity, while the latter can
be regarded as a point source. Recently developed
daviighting simulation tools can accurateiv modei
light penerration within compiex structures’ and et
fectivelv complement the time-consuming and expen-
sive scale model approach. if provided with a proper
description of these two light sources.

This paper is concerned with skviight. A recent
paper by the authors® dealt with the direct sunlight
component. A proper description of the skviign:
source entails a knowiedge of the angular distribution
of skv luminance. Standard modeis concerned witn in-
tegrated diffuse illuminance impinging on a tiltea
piane- are insufficient.

Manv spatiallv continuous luminance distribunon
modeis have been proposed. In particular. note the
CIE standard clear. intermediate, and overcast
skies.**? In this paper. we are concerned with models
designed to account for changing light intensity
distribution as a function of all insolation conditons
from overcast through partiallv cloudyv to clear.

Methods

The experimental database

Models are evaluated against an experimental
set of daw that includes more than 16000 all-
skv scans recorded in Berkelev. CA. berween June
1985 and December 1986. Each scan bv Lawrence
Berkelev Laboratories comprises 186 luminance
measurements. Measurements were performed using
a multi-purpose scanning photometer developed bv
Bartelle, Pacific Northwest Laboratories. and welil
suited to the current research application.® In addi-
tion to skv scans, we also have time-coincident direct
illuminance measurements.

Unforwunatelv. no time coincident
measurements are available: however, the use of both
direct illuminance and diffuse illuminance (through
skv scan integration) allows us to adequatelyv describe
insolation conditions and to model the correspond-

irradiance

Authors’ affiliation: Atmospheric Sciences Research Center, The Univer-
sity at Albany, State Univernity of New York. Albany, NY.

Summer 1992 JOURNAL of the Illuminating Engineering Sociery

ng direct and diffuse irradiance’

The Luminance Distribution Algorithms

We selected six algorithms that are capable of
~odeling the variations of sky luminance distribution
25 a function of all insolation conditions. Before
iescribing each algorithm. it is important to remark
‘nat each is independent from the data set.

Srunger algorithm’—The Brunger algorithm was
tesigned to model radiance rather than luminance
istribution, hence it mav be at a disadvantage in the
oresent evaluation. It uses global and diffuse irra-
iance as input and parameterizes insolation condi-
ons as a two-dimensional space defined by the ratio

1 global to extraterrestrial irradiance (ie. clearness
.adex. k) and the ratio of diffuse to global irra-
2:ance. K. The geomerrical framework of the model is
‘nat originally proposed by Hooper, et al.’® The gov-
rning equation as adapted for luminance distribu-
on is provided in the Appendix.

Harrison algorithm”—This model uses two luminance
distribution profiles: overcast and clear skv, respec-
weiv L, and L. The general profile is a linear
combinauon of the two, based upon opaque cloud
cover. The analvtical expression for each profile is
srovided in the Appendix.

Unforwunately, opaque cloud cover data were not
available for Berkeley. We did try data obtained in San
Francisco, CA, located 30 km awav, but results were
not encouraging. Much better performance was ob-
tained bv estimating the needed input from available
data: as a consequence. this model may also be at'a
cisadvantage in the present comparison. After having
tried several cloud cover algorithms.” the best results
were obtained by substituting k to opaque cloud cover.

Kittler homogeneous sky algorithm''—This physically
based model was developed to calculate both absolute
and relative skv patterns for varying insolation condi-
tions parameterized using the illumination turbidity
coetficient. T,."” Illumination wurbidity may be deriv-
ed from our direct illuminance data as shown in the
Appendix. along with the model governing equations.

Note that we use an average luminance value for the
model's normalizing constant C,. This does not in-
fluence the results of the present evaluation be-
cause all models are compared in relative terms after
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Figure 1—Illustration of the celestial angles used in the paper:

v is the sun’s incidence or scattering angie;

o is the considered point’s elevation; and

Z is the solar zenith angie
normalization to horizontal diffuse illuminance. (Rule
2 below).

Matsuura Algorithm'*—This model is based on the
three CIE standard skies overcast. intermediate. and
clear. *** The all-weather distribution is obtained bv
linear combinations of the intermediate. the overcast.
and the clear skv siandard models. based on the il
luminance cloud ratio. which is used to
parameterize insolation conditions. (k. is the i
luminance equivalent of k) The model’s governing
equation 1s provided in the Appendix.

Note that the author provides specific formuiae to
estimate the zenith luminance input to each of the
CIE skies. In the present case. we used measured
zenith luminance. Moreover. since all models are nor-
malized to horizontal diffuse illuminance (as in Rule
2 below). the value of the zenith luminance input has
no influence on our evaluation.

Perraudeau model*—This model uses a unique for-
mulae relating skv luminance to diffuse irradiance.
with adjustable coefficients depending on insolation
conditions. Five sets of coefficients are provided for
insolation conditions from overcast to clear as
parameterized by a cloud index. N,, defined as
i1 =kl -k.). where k, is the theoretical clear dav
value of k. The coefficients were derived exper-
imentallv from luminance measurements at five
points in the skv. The governing equation is given in
the Appendix.

ASRC ClE-combination algorithm™—As for the Mat
suura algorithm. this model is based on the three GIE
skies plus a high turbidity formulation of the CIE
clear skv.” The general distribution 1s obuained via in-
terpolation involving two guantties: skv clearness. €.
and skv brightness. A. The two parameters mav be
derived from direct (or global) and diffuse irradiance
as shown in the appendix. The interpolation scheme
is based on another model that we devel-ped to com:
pute diffuse illuminance on a dlt- This scheme has
been slightv modified since the preliminary
algorithm® by deveioping a more straightforward

Ry

reiationship between the illuminance model’s coeffi-
cients and the CIE skies.

The ground rules for model comparison

Bule I—The input to each model consists of global
and direct (diffuse) irradiance. This is consistent with
the goal of the davlighting community to exploit irra-
diance data to derive daylight quantities. Models that
use illuminance as input (e.g., Kittler) are not at a
disadvantage here, since irradiance and illuminance
are linked by a deterministic luminous efficacy.” In
fact. these models mav even have a slight advantage,
since illuminance is the measured quantity while irra-
diance is modeled. Only the Harrison model requir-
ing opaque cloud cover as input is at a disadvantage.

Aule 2—We are interested in each model’s abilitv to
account for the relative angular distribution of lumi-
nance in the skv, not its ability to provide absolute
iuminance values. This is because given a relative pro-
file. one can always obtain the absolute values if either
o1 tne following is known: the luminance at any given
point in the sky or the integrated diffuse illuminance
on anv given plane. Both mav be obrained in a more
straightforward manner from irradiance input than
luminance distribution. For the present. we will com-
pare algorithms after having normalized their outpur
1o horizontal diffuse illuminance.

Resuits

Overall results are presented in Table 1. The table
inciudes model mean bias (MBE) and root mean
sauare error (RMSE) for all events (16000 scans, three
miilion data points) in the entire skv dome divided in-
to rive regions: the zenith region (60-degree elevation
and greater) and three regions below 60-degrees eleva-
tion in azimuthal directions facing the sun, opposite
the sun, and east-west of the sun. Note that the bias er-
ror in the zenithal region is a measure of each model's
ability to relate zenith luminance and diffuse il-
luminance on the horizontal.

lieal model benchmark—Table 1 also includes the
results of an “ideal” model. This model consists of the
mean skvlight distributions assembled from the ex-
perimental database for each of 750 insolation condi-
tion bins defined by the sky clearness, ¢ the sky
brightness. A, and the solar zenith angle. Z. This
crude, data-dependent model features more than
10000 empirical coefficients (186 positions in the skv
vault times 750 bins). It is not intended for use as a
working model. but rather as a benchmark to estimate
how much dispersion remains (RMSE) even when un-
biased. insolation-dependent luminance distributions
are used. In effect. this model shows the limit ot ac-
curacy achievable with the tvpe of all-weather model
considered here. The remaining RMSE would be
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Table 1—Mean sky luminance (cd/m’). model mean bias. and root mean square errors
as a function of sky condition and position in the sky

E/W-of-sun region North-of-sun region

Entire skv Zenithai region sun-facing region
All conditions :
\ean luminance 4478 12094 8377 4003 3446
(15999 scans) MBE RMSE MBE RMSE VBE RMSE MBE RMSE MBE RMSE
Ideal ] 1880 i 1708 | 3319 1 1264 0 1079
ASRC.CIE -73 2113 A7 1920 - 10 377 -42 1396 -361 1250
Brunger 227 2312 207 Jug - AU 4157 - 268 1511 -333 1344
Harrison 197 2363 2833 - 1163 4324 =108 1522 109 1356
Matsuura i61 2443 267 - 11158 1451 -27 1489 -46 1426
Rittler 299 2520 461 - 1373 4336 - 165 1552 -6 1552
Perraudeau 26 2558 - 350 ) )97 13 1913 112 2147
Bright overcast conditions
Mean luminance 19067 1429 12343 10244 7054
(685 scans) MBE RMSE MBE RMSE {BE RMSE MBE RMSE MBE RMSE
[deal Il 3721 0] a6t 2 5384 0 2212 0 1929
ASRC.CIE 36 3952 193 Eh —- 40a 7018 573 2474 - 282 1981
Harrison i 4389 401 i - 3195 7172 519 2607 1772 2666
Brunger -26 4423 534 [IIE] 582 7676 =353 2605 -43 24 iFE
Martsuura -431 5877 1242 2] 10660 126 3077 2420 35358
Kittler - 485 5981 4hd e 5 10765 591 3176 2736 3829
Perraudeau 161 5144 - 1663 ST = 9120 2736 4631 1829 5743
Clear conditions
Mean iuminance 3208 RIELL 123 3199 i
(4803 scans) MBE RMSE MBE “BE RMSE MBE RMSE MBE RMSE
Ideal 0 773 Y il ! 1507 0 343 0 472
ASRC-CIE - 101 1051 -23 135 L0 1736 -125 6581 -310 713
Matsuura - 102 1051 -23 1736 -123 681 =312 713
Rittler - 252 1163 450 n =344 1833 -383 549 -534 S60
Harrison =300 1334 ol [ -4 2374 — 441 1013 -9224 726
Brunger -275 1350 5 i1 i - a4 2442 =310 88T - 433 aln
Perraudeau - 340 1434 12 i a3 20 by - 37¢ 1182 - 963 1390
Dark overcast conditions
Mean luminance 114 1313 i1y 1053 1043
(787 scans) MBE RMSE MBE RAMSE V{BE RMSE MBE RMSE MBE RMSE
Ideal 0} 1487 i 37 070 1] 464 0 134
Brunger =94 597 19 TE — 8T 717 - 28 146 -25 307
Matsuura - 54 554 108 4! - 146 752 - 38 523 - 88 533
ASRC.CIE -39 354 108 iz - 146 752 -88 523 - 58 535
Rittler =39 333 104 - 147 752 - 88 523 -89 S
Perraudeau a3 386 - 180 al 243 7T 139 335 148 374
Harrison 15 596 -3 B 336 H88 - 40 513 -122 343

mostly atributable to one-of-kind random cloud/haze
patterns that the present models cannor address.
Table 1 also illustrates model behavior for three
specific insolation conditions: clear sky conditions.
bright overcast, and dark overcast. In each case,
models have been ranked with respect to their overall
RMS error. The validation results reported in Table 1
include all solar elevations: it is interesting to note
that the ranking of the models and their relative error
do not change appreciablv with solar elevation.
These results are graphicallv illustrated in Figure 2.
where mode] bias trends throughout the skv'dome

Summer 1992 [JOURNAL of the [llummaung Engineering Societv

mav be observed for a specific range of solar eleva-
tons (= 45 degrees).

Discussion

Results in Table 1 show that overall the ASRC-CIE
combination model exhibits the lowest RMSE in all
orientations and a low MBE for all but the direction
opposite the sun, The Brunger algorithm comes in sec:
ond in terms of RMSE with the best performance for
dark overcast conditions. This is remarkable since this
model was not designed as a luminance distribution
model. Following are the Harrison model (remarkable
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Figure 2—Bias error as a function of sky position for (a) clear skies,
(b) bright overcast skies, and (c) dark overcast skies. The top row of
each group from left to right displays the observed mean il-
luminance distribution followed by the bias errors for the Brunger,
Harrison, and Kittler models. The bottom row from left to right

given the fact that we used a substitute input), the Ma-
tsuura, Kittler, and Perraudeau algorithms.

[t is interesting 1o note that the two models with the
best performance rely two-dimensional
parameterization of insolation condirions that, in ef-
fect, differentiates between the clearness of the skv

on a

displays the bias error of the ASRC, Perraudeau, Matsuura, and ideal
models. A gray scale indicates the bias magnitude (low bias = black,
high bias = white), Continuous areas indicate positive bias and
discontinuous areas negative bias.

fovercast vs. clear) and its brightness (thin vs. thick
cloudiness). This would support the thesis that a kev
factor in the successful modeling of skylight distribu-
tion is an adequate parameterization of insolation
conditions. as much as the model's geometrical
framework. The fact that the Matsuura algorithm.
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which uses the same CIE functions as the ASRC
algorithm but another parameterization, performs
less well, tends to confirm our assertion. Indeed,
Figure 2 and Table 1 show that the clear sky perfor-
mance and dark overcast sky performance of the
Matsuura algorithm is very similar to that of ASRC,
but that the former does not account well for bright
overcast skies.

Note that a more versatile parameterization
does not necessarily mean more input quantities.
In fact, all models tested here use exactly the same in-
put information.

A similar observation is made for the Kittler model
which performs similarly to the ASRC and Matsuura
algorithms for the extreme conditions, but does not
handle the intermediate cases well. The probable
reason is that the turbidity parameter ceases to be ap-
propriate as soon as skies become inhomogeneous
(lLe. party cloudy).

The main source of weakness using the Perraudeau
algorithm may be the fact that this was experimentallv
derived from onlv a limited number ot points in the
skv dome, leading to possible distortions 1n other
directions. The large RMSEs in the directions per
pendicular and opposite to the sun are svmptomatic
of this.

Finally, it is verv important to remark that the idea:
model performance, exempiified by the mean skv
model. is not considerablv better than the best aigo-
rithms tested here. although possibilities for svstematic
improvement exist as seen from the well detined bias
patterns. Also. the ideal model RMSE remains signufi-
cant because of the random nature of clouds superim-
posed on the mean skvlight distribution backeround.
With support from the US National Science Founda-
tion we are 1n the process of developing an algorithm
that will account for this random effect.

Conclusions

Our studv illustrates some basic weaknesses and
strengths of existing methods to model the distribu-
tion of skvlight from irradiance data for real skv con-
ditions. The best algorithms tested here. the ASRC-
CIE’ and Brunger’ models. come close to the preci-
sion achievable bv this tvpe of model although room
for svstematic performance improvement does exist.
We also note that the random nature of clouds, while
having little impact on average skvlight distribution,
accounts for much shortterm uncertainty, particular
lv in the vicinity of the sun.

The reader mav want to use the results of this
validation to select a model that extrapolates skv
luminance spatial distribution from routine irra-
diance data. It must be remembered that the valida-
tion 1s site specific and will have to be repeated when

Summer 1992 JOURNAL of the llluminaung Engineering socien

data become available. On the other hand, to the
credit of this study, it must be said that the Berkeley
data feature a wide range of insolation conditions
from dark overcast to very clear; that it has been
shown that site dependency is not a major issue if in-
solation conditions are properly parameterized: and
that the present test is fully independent.
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Nomenclature

A normal illuminance from any skv element.
normalized to E,

«. . 20v, Welghting factors used in Matsuura model

10, a1, 29, ssC0efficients for Brunger's model

B normal direct illuminance, normalized to
E.,

be, bet. bl o el

mave  coefficients used in ASRC-CIE model

C opaque cloud cover

&t normalizing luminance constant used in

Kittier model
coefficients used in Perraudeau model

dl. el, f1.

d2. 2, d3,

e3. f3

E:: horizontal diffuse irradiance

E direct normal extraterrestrial irradiance

E..., direct normal irradiance

1B diffuse illuminance on the horizontal

E direct normal extraterrestrial illuminance

i direct normal illuminance

f'(y) function of solar incidence used in Per:
raudeau model

k modeling function of the reiative diffuse
indicatrix (Kittler)

g'(®) function of points elevation used in Per
raudeau model

G zenithal gradation function used in Kittler
model

G ground reflectance (Kitder)

h'(Z) function of solar zenith angle used in Per-
raudeau model

K ratio of diffuse to global irradiance

K solar air mass expression (Makhotkin) used

in Kittler model
k, clearness index (ratio of global to extrater-
restrial irradiance)

k, ratio of diffuse to global illuminance

L.ccec luminance at considered point using CIE
standard clear sky

L..cce luminance at considered point from CIE
clear-turbid expression

L. .., luminance at considered point from CIE in-
termediate sky

Liceo luminance at considered point from CIE
overcast skv

T luminance at considered point

I 58 clear-sky luminance at considered point in

Harrison model

e overcast luminance at considered point in
Harrison's model

M function of T, modulating f (Kittler model)

m sun's air mass

N function of T, modulating f (Kittler model)

N cloud index used in Perraudeau model

B air mass of considered point in Kittler model
(Makhotkin)"

P extinction coefficient for the considered skv
element in Kitler model

R function of Z and B used in Kittler model

S5 extinction coefficient in the direction of the
sun (Kittler model)

AEs illumination turbiditv coefficient

he forward elongation of diffusion indicatrix
(Kittler model)

z solar zenith angle

Vi functuon of T, G, and X, used in Kittler
model

v angle between the direction of the sun and
the considered point

A skv brightness used in ASRC-CIE model

£ skv clearness used in ASRC-CIE model

o angular elevation of considered point in

the sky

Appendix: Model-governing equations
Brunger’s model

L.= E, {[a,+a;5ine - a.exp(-a,;y))/[mia,~2a,/3)

- 2a,l(Z.35)] n
where L. is the luminance at the considered point in
the skv dome.

E . is the horizonual diffuse illuminance.

o 1s the angular elevation of the considered point.

+ is the angle between the considered point and the
sun's position.

Z is the solar zenith angle (all angles are illustrated
in Figure 1)

a,. 4, 2. and a, are four experimentally derived
coefficients. function of k, and k (each function is
discrete and consists of 2 9-bv-9 k-by-k matrix,” and

liZ.a,) is a normalizing function equal to

Iir= Ll - L)) (2

with [, = [1 + expl-ami2)ifay + 4] (3
[, = 2[1 - exp(-a,m)] (4
[ = ma, [1 + expl-a.w/2)] (3)
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Coefficients for the Brunger model:

K, 05 0.15 025 033 .45 055 065 0.75 085
k
0.95 0.1864 0.2002 1.1380 .1308 11718 0.2060 0.1603 0.1482 0.1505
0.85 0.1431 0.2303 0.3477 11,2664 1.2139 0.1520 0.1151 0.1358 0.1529
0.75 0.2213 0.2995 1.3687 1. 2684 1201 0.1870 0.1842 0.1566 0.1700
0.65 0.2818 0.3423 1.3851 1.2843 1.2713 0.1597 0.2088 0.1273 0.1834
0.55 0.3784 0.4751 0.6079 0.2892 1.2816 0.2465 0.207 0.2477 (.2396
0.45 0.4132 0.4479 0.4208 0.2337 12822 0.2916 0.2583 0.2457 0.2315
035 0.4055 0.3979 0.3478 0.2744 1.3162 0.3006 0.2871 0.2491 0.2510
(1L R 0.3834 0.3614 0.3249 0.3019 13289 0.3417 0.3153 0.3071 0.2971
0.15 0.3624 0.3414 0.3214 0.3179 3339 0.3388 0.336 0.3243 0.3061
0.95 0.1979 0.1772 (.093 5472 0.0294 0.0735 0.157 0.16494
0.85 0.142 0.0346 -2215 - 1139 0.1497 0.1805 0.2404 0.17190
0.75 0.0064 -0.129 - 0.292 - .1615 0.0632 0.0253 0.3003 0.10341
0.65 = 0.097 - {.200 - 0272 - .1645 0.1715 0.052 -0.05 - 0.0934
0.55 -0.219 - 0.342 - 0.483 - 1,1953 0.1245 0.0927 -0.0711 - 0.1369
0.45 - 0.268 - 315 - 0.292 - 1015 0.2065 0.1654 - 0.1398 - 0.2028
0.35 - 0.269 -0.270 -0.222 - 11152 02172 0.2184 -10.2224 - 0.0907
0.25 - 0.253 -.238 - 0.207 - 19l 0.2574 0.2338 -0.2576 - 0.3126
0.15 -0.239 - 0.225 -0.212 -i.218 0.258 0.26 -0.3003 - 0.4531
0.95 0 0 1.289 5654 18734 2.9511 2.5897 2.3141 2.09639
0.85 2.636 2.651 3.317 7758 1.6099 1.8315 22984 2.0385 1.87865
0.75 2.6374 2.6389 2.6268 1.4096 1.2819 1.308 1.8486 1.71881
0.65 3.0275 34175 +.1962 AHaa 1.2064 15095 1.5961 1.58902
0.55 3.1376 7.2477 11.0%8 29163 1.1098 1.5836 1.58195
0.45 7.2395 0.3413 11.435 27320 1.95325 1.512 1.5803
0.35 8.5103 9.7812 10.221 45443 2.6467 1.5992 0.9733
0.25 5.8665 PR 5.6642 4.1918 3.886 28127 1.3594
0.15 8.5607 8.2550 T.2873 4.2199 +.2481 1.9157 1.612
0.95 } 1 0.9667 1.6733 24129 3.7221 3.9387 6.6941 7.86410
0.85 5.525 3.6487 44211 2.859 3.726 4.6125 4.1533 9.4496 9.03404
0.75 +.385 3.245 2.8413 40842 29453 2.5932 3.1127 14.744 8.61843
0.65 +.3185 4.252 5259 1.3678 3.486 1.9183 2.8364 2.0993 2.49287
0.35 +.3692 4.42 1.388 3.7268 37447 4076 2.5586 3.45 2.88645 .
0.45 +.5343 $.6994 +.9789 5.3698 45241 3.7624 3.3769 2.964 2.3229
0.35 +.7686 50028 5.3062 5.6336 5.8975 4.266 3.594 2.6404 2.6775
0.25 +.9699 7 G 3.3395 5.3729 5.1121 4.3268 +.392 3.5189 2.597
0.15 5.0767 3.1834 5.1957 5.0519 4.7309 4.3497 4.3727 3.268 2.319
Coefficients for Perraudean model:
Ny d, e da [ ds ey fq
0.00-005 32.33 13.16 3.24 1.18 0.23 0.76 0.13 0.2
0.05-11.20 17.82 23.99 52 [ 0.89 0.45 0.1 0.59
0.20-0.70 1441 69.7 10,18 2.03 1.31 0.83 -0.29 0.38
0.70-090 13.05 124.96 7.49 piobid] 1.54 0.83 - 028 0.42
090-1.00 1289 243.28 3.26 ) 1.59 1.04 - 0.41 0.2
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I, = 2Z sinZ - 0027 sin(2Z) ()
Harrisons model
L, =04 + 021 Z + 0.27 sino + 1.43 exp
(=241 v) (7

L. =[128+147 exp(-11.1y) = 4.28 cos'y cos Z)*
(1 = exp(-0.42isind)] * [1 - exp(-067icosZ)] (8)

The general profile, L. is a linear combination of
the two, based upon opaque cloud cover, C.

I —El s 0010 a
Kittler’s model

[lluminance turbidity T, is obtained from

T, = (LnE,, = LnE,) (99 + 0043m)/ m 10y

with E,, = direct normal extraterrestrial illuminance
E direct normal illuminance at the ground
m sun's air mass

~sn

The governing equation of the model 1s

E = (CRINGR )+ ~BiKPE -~ X -3
K, =P = %A % B (11

If the sun’s elevation (#/2 - Z) is equal to the con-

sidered point's elevation, the equation becomes

L = C KGR )+ BUITRET- 8=

- 4]} {19]
where A = exp(-P,;T,P) 15)
with P, = 1/(99 + 0043 P,) 14}
P, = [sin"e = 00081465 - sino] /0001572 (13
B = expt -5, T,K) (16)
with ., = 199 + 0043 K.) (171

K. = [cos’Z + 0.0031465)"> — cosZ] / 0.001572(18
G =08 + G’ + 1641 - 07GYsine + A(l -
G. )1 - l.53sino) (19
with G. = ground reflectance (assumed here to be
0.2)

R, =1=+B + 131 - BicosZ (20)
f =1+ N(exp(-3y) — 0009 ~ M cos™y (21,
(22)

with N = 43 T,"Yexp(-035T,)

Me==0i711T (23)

X, = 0115375 N

Z.=1 + T, 0075 - 0025 X,)(l - G) (24)

C, = 7705 cdim® (23)
Matsuura’s model

Le = 2 Licee + 3 Licgie-i + 20 Licico (26)

where L. 1s the CIE clear sky luminance® from

It the CIE intermediate sky luminance®

c-ciet

L is the CIE overcast skv luminance?

T CIe0

a.. a and a,, are three coefficients depending on k,
as follows

if k05

g = lianda. = a. =0 27

if k. > 03 andk, < 065

=1 = ik-08)/035, a3 =1 —a anda, =10
(28)

itk =085

a.=0a=1 - (k-0650035 anda, =1 - a

(29)

Note that the analytical formulatons of L. L.
e and L., are provided by Perez. et al. (1990).°

Perraudeau’s model

L. = E,fiv gl hi(Z) (30
where E,; is the horizontal diffuse irradiance

fy) = d; + e, exp(-3y) ~ f, cos® ¥ (31

glo) = d. - e, (sing)"® (32)

hiZ) = d. + e; cosZ + f, sinZ (33)

where d,. e,. f. du. €, ds. €5 and f; are experimentally
derived coefficients treated as discrete functions of
Np. defined as (1-k)i(1-k,), where k, is the theoretical
clear dav value of k.

There are five values for each coefficient for condi-
1ons ranging from overcast to clear (opposite).
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ASRC-CIE model

Determination of sky clearness ¢ and brightness A

€ = [(Ey + Ec)Ees + 1041 Z'1/[1 + 1041 Z°] (34)

where E__ is the direct normai-incident irradiance.
and A = m E_J/E_.. £35)

where E., is the normal-incident extraterrestrial
irradiance
The model-governing equation is

L\'c =bo Lot bc: L\t-(lc-(i =:b; i e

Qg
(Rele]]

where L, ..., is a high turbiditv form of the CIE clear
skv.”

b., b, b, and b, are coefficients depending on ¢
and A as follows

ife< 14

B

b, = max (O‘ min{l, (A-0.151/06 - (e—1)/0.4] )

-

b, =1-b andb, = b, =0 (38)

ifld <e<3
b, =(-14)16b, =1 - b.andb. = b, = 0 (3%

iffeis=0

b, = min[l. (¢-3¥3), b, =1 — b.and b, = b
= [ (40

As above. note that the analvtical formulations or
Bk " f b and L, are provided by
Perez.-
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