Solar Energy Vol. 50, No. 3, pp. 235-245, 1993
Printed in the US.A.

0038-092X/93  $6.00 + .00
Copyright © 1993 Pergamon Press Lid.

ALL-WEATHER MODEL FOR SKY LUMINANCE
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Abstract—This article reports the development and evaluation of a new model for describing, from routine
irradiance measurements, the mean instantaneous sky luminance angular distribution patterns for all sky
conditions from overcast to clear, through partly cloudy, skies.

1. INTRODUCTION

Skylight is a nonuniform extended light source whose
intensity and angular distribution pattern varies as a
function of insolation conditions. In addition to direct
sunlight, sky luminance angular distribution is the
necessary and sufficient information required for cal-
culating daylight penetration into any properly de-
scribed environment (e.g., a daylit space in a struc-
ture[1,2]). Because actual sky luminance distribution
data are available only in a handful of locations, it is
essential to be able to estimate skylight distribution
from routine measurements such as irradiance[3].

In a recent study[4], we evaluated six existing
models{3,5-9]designed to account for changing light
spatial distribution as a function of insolation condi-
tions. This study concluded that
1. The best possible performance of any of these mod-

els, i.e., the models’ ability to recreate observed lu-
minances at any point in the sky at any point in
time, was found to be limited by the random nature
of cloud luminance patterns superimposed on mean
luminance distribution patterns for any given in-
solation condition.

2. The best models tested [ 3,5 Jwere found to approach
this best possible performance, that is, to account
for mean luminance distributions at given insolation
conditions. However, some room for systematic
improvement was noted.

3. The performance of empirically based models was
found to be satisfactory[3].

4. The key to a model’s performance was its ability to
adequately parameterize insolation conditions.

In this paper we present a new model that is con-
sistent with points 2, 3, and 4 above: the model at-
tempts to account for systematic directional bias errors
remaining with existing models (e.g., see Table 1
in[4]). It is experimentally derived from a large pool
of data (3 million data points) covering a wide range
of insolation conditions, albeit at a unique site. How-
ever, the model does rely on a parameterization of in-
solation conditions that has proven to be versatile and
largely site independent[3]. The random cloudiness
issue is addressed in a separate paper[10], with the
goal of developing a working model capable of recreat-
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ing random but physically sound cloud luminance
patterns to be superimposed on the mean sky model
presented here.

2. METHODS

Like many other transposition models, this model
can be logically divided into three basic building blocks:
(a) the model mathematical framework. that is. the
analytical expression relating the luminance of any sky
element to the selected input data; this expression
should be able to account for all possible luminance
profiles for any conditions by adjusting selected coef-
ficients; (b) the input quantities to the models and the
parameters delineating insolation conditions; and (c)
the functional form of the coefficients that relate the
framework to the insolation condition parameters;
these functions may be based on either physical
grounds[7]or experimental data; in the present case
the functions are derived statistically from a large bank
of sky scan data described at the end of this section.

2.1 Model framework

We retained a mathematical expression that is a
generalization of the CIE standard clear sky for-
mula[!1]. This general expression includes five critical
coeflicients that can be adjusted to account for lumi-
nance distributions ranging from totally overcast to
very clear. The relative luminance, /v, defined as the
ratio between the luminance of the considered sky ele-
ment, Lv, and the luminance of an arbitrary reference
sky element is given by

lv=1(¢,v)=1[l + aexp(b/cos {)]
X {1 + cexp(dy) + ecos®y], (1)

where { is the zenith angle of the considered sky ele-
ment and 7 is the angle between this sky element and
the position of the sun. The coefficients ¢, b, ¢, d, and
e are adjustable coefficients, functions of insolation
conditions.

Lv may be obtained from /v as follows, if zenith
luminance Lv: is known, either measured or mod-
eled[31]:
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Fig. 1. Influence of coefficient & on luminance distribution.

Lv = Lvzf({, v)/1(0, Z), (2)

where Z is the zenith angle of the sun (solar zenith
angle).

More generally, we recommend that Lv be obtained
after normalization of the modeled sky to diffuse il-
luminance Evd, where Evd is either a measured quan-
tity or modeled from irradiance[3]:

Lv = lvad/( [{v({, v )cos {]dw), (3)
sky hemisphere = 2=z sr

where w is the solid angle differential element.

The relative intensity and width of the circumsolar
region, the sign and shape of the horizon-zenith gra-
dient, and the relative importance of backscattering
may be specified by adjusting the coefficients a, b, c,
d, and e. The effect of each coefficient on the model’s
skylight distribution pattern is briefly described below.

Cocefficient a. Depending on the sign of this coeffi-
cient, the model will exhibit either a darkening (a > 0)
or a brightening (a < 0) of the horizon region with
respect to the zenith, corresponding respectively to
overcast and clear sky conditions. The magnitude of
the horizon—zenith gradient is proportional to the ab-
solute value of a. Figure | displays three luminance
patterns corresponding to ¢ = 0.75, a = —0.75, and ¢
= —1.5.

Coefficient b. The luminance gradient near the ho-
rizon may be modulated by adjusting this coefficient.
This is illustrated in Fig. 2, where two luminance pro-
files have been reported, one with b = —0.2, corre-
sponding to a narrow bright band near the horizon,
and the other, with b = —0.7, corresponding to a more
gradually varying luminance from horizon to zenith.
For the reader’s information, the CIE standard clear
sky model uses a value of —0.32.

Coefficient ¢. The magnitude of this coefficient is
proportional to the relative intensity of the circumsolar
region or solar aureole. In Fig. 3, we illustrate this effect
by showing two luminance profiles in the plane of the
sun, with values of ¢ separately equal to 4 and 10. Note
that we have eliminated any horizon-zenith effect in
this example by taking the coefficient a equal to zero.
This pattern would typically correspond to interme-
diate skies. In the standard CIE clear sky model, this
coeflicient is 10.

Coefficient d. This coefficient accounts for the width
of the circumsolar region. The two examples shown
in Fig. 4 correspond to values of 4 equal to —2 and
—6, with @ = 0 and ¢ = 4. In the standard CIE clear
sky model, this coefficient is equal to —3.

Coefficient e. This coefficient accounts for the rel-
ative intensity of backscattered light received at the
earth’s surface. The two illustrative examples in Fig. 5
correspond to standard CIE clear sky conditions, but
with values of ¢ separately equal to zero and one. The
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Fig. 2. Influence of coefficient b on luminance distribution.
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standard CIE sky backscattering coefficient is equal to
0.45.

2.2 Model input and parameterization of insolation
conditions

This model is designed to use hourly or shorter time
step global and direct irradiance to predict sky lumi-
nance angular distribution. If measured direct irradi-
ance is not available, the model could be used in con-
junction with an additional model developed by the
authors to generate hourly direct irradiance from
global[12].

In its operational form the model consists of a pri-
mary model to extrapolate horizontal diffuse illumi-
nance or zenith luminance from global, direct irradi-
ance and if available, dew point temperature—this
model is described in detail in[3]. The primary model
is used to normalize the luminance patterns per eqns
(2)or(3).

The relative sky luminance distribution is modeled
with eqn ( 1 ). This model makes use of direct and global
irradiance to parameterize insolation conditions. This
parameterization is identical to that reported
in[ 3 ]wherein insolation conditions are described as a
three-dimensional space, including the solar zenith
angle Z, the sky’s clearness ¢, and the sky’s brightness
A, where Z is given in radians and obtained from time
of day, time of year, and location, and ¢ and A are
obtained from direct and global irradiance and are
specified respectively in eqns (4) and (5). Note that
the term sky brightness, originally introduced by Perez
et al.[13], is unrelated to the standard CIE definition
of brightness.

¢ = [(Eed + Ees)/Eed + 1.041Z3]/[1 + 1.041Z3]
(4)

A = mEed/ Ees,. (5)
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The term Eed refers to horizontal diffuse irradiance,
Ees to normal incident direct irradiance, m to the op-
tical air mass[14], and Ees, to the normal incident
extraterrestrial irradiance. Note that this parameter-
ization has proven to be largely site independent for
models concerned with skylight anisotropy[3.15,16].

2.3 Derivation of functions relating the model’s
coefficients to insolation conditions

The five coefficients of the model are treated as
functions of A, ¢, and Z. The functions are derived via
nonlinear least-squares fitting of eqn (1) to a large
number of experimental data points. The functions
have a structure similar to that of the irradiance and
daylight availability models described in[3]. That is,
the functions are analytical in terms of A and Z and
discrete in terms of e. For each coefficient, a total of
eight functions of A and Z corresponding to eight e
intervals are derived. The eight sky clearness intervals
are given in Table 1. These intervals are identical to
those used in[3]. For all but two cases the 4, Z ana-
lytical form is the same for each coefficient for each e.
This analytical form is given below, using coefficient
a as an example:

a=a(e) + a(e)Z + Alas(e) + ay(e)Z]. (6)
The terms 4;( ¢) are discrete functions of the parameter
¢ represented by eight-term vectors corresponding to
each e interval.

The two exceptions are for the coefficients ¢ and ¢
in the first € interval. These functions are

c=exp[(Alc; + Z))?] — ¢, (7)

d= _CXp[A(d| +d22)] +d3+Ad4 (8)
2.4 Experimental data base

The experimental set of data includes over 16,000
all-sky scans recorded in Berkeley, California, between
June 1985 and December 1986[17]. Data were ac-

quired with a 15-min nominal time step and used in-
discriminately in this project, including a broad range
of insolation conditions from overcast to clear through
intermediate skies. This may be seen in Fig. 6, where
the distribution of observations as a function of sky
clearness and sky brightness has been reported. The
distribution is typically bimodal but features a broad
range of brightness levels for overcast skies and exhibits
a widely distributed range of clear skies from turbid/
partly cloudy (e = 3) to very clear (e > 8).

Each all-sky scan consists of 186 luminance mea-
surements, amounting to a total number of almost 3
million data points. Measurements were performed
using a multipurpose scanning photometer developed
by Pacific Northwest Laboratories. This instrument is
well characterized for the current research applica-
tion[18]. In addition to sky scans, we also have time-
coincident measurements of direct illuminance. Un-
fortunately, measurements for the primary input to
the model, global, and direct irradiance are not avail-
able directly. However, using both direct illuminance
and diffuse illuminance (through sky-scan integration )
allows us to adequately parameterize insolation con-
ditions as specified above by back-modeling the cor-
responding direct and global irradiance from[3].

3. RESULTS

3.1 Model derivation

The coeflicients derived via least-squares fitting of
the model to the data are reported in Table 1. In its
operational form, the model will first access coefficients
a; to e; as a function of e. The coeflicients a, b, ¢, d,
and e will then be calculated on the basis of A and Z
using eqns (6), (7), or (8). A luminance pattern will
be derived using eqn (1) and normalized using eqn
(3). Typical values of the coefficients a, b, ¢, d, and
eextracted from Table | for each of the eight sky clear-
ness categories at midrange solar zenith angles have
been plotted in Figs. 7, 8,9, 10, and 11.
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Table 1. Model coefficients

For sky

clearness

ranging
From To al a2 a3 ad bl b2 b3 b4
1.000 1.065 1.3525 —0.2576 —0.2690 —1.4366 -0.7670 0.0007 1.2734 -0.1233
1.065 1.230 -1.2219 -0.7730 1.4148 1.1016 -0.2054 0.0367 —3.9128 0.9156
1.230 1.500 —1.1000 —0.2515 0.8952 0.0156 0.2782 —0.1812 —4.5000 1.1766
1.500 1.950 —0.5484 —0.6654 —0.2672 0.7117 0.7234 -0.6219 ~5.6812 2.6297
1.950 2.800 —0.6000 -0.3566 —2.5000 2.3250 0.2937 0.0496 —5.6812 1.8415
2.800 4.500 —1.0156 —0.3670 1.0078 1.4051 0.2875 —0.5328 ~3.8500 3.3750
4.500 6.200 —1.0000 0.0211 0.5025 —0.5119 -0.3000 0.1922 0.7023 -1.6317
6.200 — —1.0500 0.0289 0.4260 0.3590 -0.3250 0.1156 0.7781 0.0025

cl 2 c3 c4 dl a2 d3 d4
1.000 1.065 2.8000 0.6004 1.2375 1.0000" 1.8734 0.6297 0.9738 0.2809%
1.065 1.230 6.9750 0.1774 6.4477 -0.1239 —1.5798 —0.5081 —-1.7812 0.1080
1.230 1.500 24.7219 —13.0812 —37.7000 34.8438 —5.0000 1.5218 3.9229 —2.6204
1.500 1.950 33.3389 —18.3000 —62.2500 52.0781 —3.5000 0.0016 1.1477 0.1062
1.950 2.800 21.0000 —4.7656 —21.5906 7.2492 —3.5000 —0.1554 1.4062 0.3988
2.800 4.500 14.0000 -0.9999 —7.1406 7.5469 —3.4000 —0.1078 —1.0750 1.5702
4.500 6.200 19.0000 -5.0000 1.2438 —1.9094 —4.0000 0.0250 0.3844 0.2656
6.200 — 31.0625 —14.5000 —46.1148 55.3750 ~7.2312 0.4050 13.3500 0.6234
el e2 e3 e4

1.000 1.065 0.0356 —0.1246 —0.5718 0.9938
1.065 1.230 0.2624 0.0672 —0.2190 —0.4285
1.230 1.500 -0.0156 0.1597 0.4199 —0.5562
1.500 1.950 0.4659 —0.3296 —0.0876 —0.0329
1.950 2.800 0.0032 0.0766 —-0.0656 —0.1294
2.800 4.500 —0.0672 0.4016 0.3017 —0.4844
4.500 6.200 1.0468 -0.3788 —2.4517 1.4656
6.200 — 1.5000 —0.6426 1.8564 0.5636

Forx=a, b,c,d and e

X =x+xZ + Alx; + x4Z], except for first sky clearness bin, where

Yo = expl(Ac; + 2))F] — |
td = —explAld, + d,2)] + ds + Ad,.

Coefhicient « is positive for overcast conditions ( first
e interval ) but becomes rapidly negative for interme-
diate and clear conditions, indicating a displacement
of the noncircumsolar luminance enhancement from
the zenith to the horizon. The effect of 4 can be assessed
by comparing the overcast and clear luminance profiles
in Figs. 12 and 13. It is interesting to note in Fig. 12
that the dark overcast zenith brightening is found to
be somewhat less significant than that suggested in the
CIE standard overcast sky[19]. This finding, which is
consistent with several recent ( yet undocumented ) ob-
servations in the central United States and Northern
Europe{20,21], will have to be corroborated with data
from other sites.

Coeflicient b exhibits a gradual decrease in absolute
value from the second e interval (intermediate con-
ditions) on. This indicates that the model will go from
no noticeable horizon brightening for intermediate
conditions to a well-defined horizon band with a steep
luminance gradient for clear conditions. This can be
visualized on Fig. 13 where luminance profiles corre-
sponding to bright overcast (first ¢ interval, dark ho-
rizon), intermediate (third e interval), turbid (sixth e

interval), and very clear conditions (eighth ¢ interval )
have been plotted.

The circumsolar intensity coeflicient, ¢, exhibits a
marked increase from overcast to partly cloudy con-
ditions before gradually increasing toward clear con-
ditions. Note that the overcast value of ¢ reported here
corresponds to moderately dark skies (A = 0.1). Coef-
ficient ¢ would approach zero for dark overcast skies
and exceed five for bright overcast skies; this effect can
be visualized in Fig. 12 where luminance profiles for
bright and dark overcast skies are compared.

Coefhicient d, which accounts for the width of the
circumsolar region, decreases exponentially with
clearness. This is indicative of the well-known obser-
vation that the solar aureole is considerably narrower
for clear skies than turbid skies. It is interesting to note
that the value of —3 found in the CIE clear sky model
appears to be an upper limit value for all conditions;
however, the aureoles modeled here for ciear conditions
are found to be substantially narrower than the CIEs.
The cumulative effect of coefficients ¢ and d results in
a total amount of modeled circumsolar light that is
maximum for the fifth and sixth e categories, which is
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Fig. 6. Distribution of experimental sky scans as a function of sky clearness (¢) and sky brightness (A).

consistent with the findings of earlier studies concerned
with irradiance and illuminance on tilted surfaces (see
Fig. 14 in[3]).

Finally, the backscattering coefficient ¢ becomes
significant only for the three highest ¢ categories where
it exhibits an exponential increase with clearness. This
observation is physically sound, because backscattering
effect should be maximum in a molecular (Rayleigh)
atmosphere.

3.2 Model validation

The model is validated using the mean bias error
(MBE) and root mean square error (RMSE) bench-
marks computed after comparison of 3 million mod-
eled and measured luminance values. All-sky error
summaries are provided for the entire experimental
data set and for three distinct sky conditions: (a) dark
overcast conditions (e = 1, A < 0.1), (b) bright overcast
conditions (e = 1, A > 0.4), and (c¢) clear conditions
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Fig. 7. Variations of coefficient a with sky clearness, ¢, obtained from the equation for Z = 45° and A
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(e > 6). Error summaries are also provided for four
regions in the sky vault relative to the sun’s position:
(a) a zenithal region including all points below 30°
zenith angle, (b) a sun-facing region including all points
above 30° zenith angle within 45° of the sun’s azimuth,
(c) a north-of-sun region including all points above
30° zenith angle that are >135° from the sun’s azi-
muth, and (d) an east/west-of-sun region including
all remaining points.

The performance of the model is compared to that
of the six models that we had previously evaluated[3,5-
9], as well as to that of an optimum mean sky lumi-
nance model defined as the mean sky luminance found
for each of 750 (A, ¢, Z) insolation condition cate-
gories[4]. This brute force model is a benchmark for
the accuracy achievable with the type of model con-
sidered here, using the present input information.

Much of the remaining error may be attributed to one-
of-a-kind random cloud patterns that the present
models cannot address.

The rules for model evaluation are identical to those
spelled out in[4]; that is, all models are normalized
to horizontal diffuse illuminance per eqn (3). This al-
lows us to focus on the capability of a model to describe
the shape of the luminance pattern. All the models are
independent from the test data base, except for the
new model. To put the dependent test in perspective,
however, it must be said that the pool of experimental
data is very large compared to the empirical coefficients
extracted from it—one coeflicient for 18,500 data
points—and that such dependent tests have proved
valid for related models[22]. Nevertheless, validations
will have to be repeated against other experimental
data sets[23].

I

COEFFICIENT VALUE

Overcast

SKY CLEARNESS

Fig. 9. Same as Fig. 7 but coefficient c.
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Validation results are reported in Table 2. The per-
formance of the new model approaches that of the
optimum mean sky model for all conditions and ori-
entations and constitutes a systematic gain over the
two models that had posted the best performance in
our preliminary evaluation[4,5]. As explained in[3],
it should be noted that the Harrison [8]algorithm is at
a slight disadvantage in this comparison, as we did not
have access to the opaque cloud cover data required
as input for this model.

The performance gain of the new model is most
noticeable in terms of directional mean bias errors,
because the capability of this type model to minimize
RMSEs is limited by random cloud/haze distributions.
In order to best gauge this systematic performance im-
provement, we defined a distortion index as the sum

of the model absolute bias errors in each of the four
sky vault regions described above. This index illustrates
the ability of a model to generate prevailing skylight
distribution patterns representative of observations. In
Fig. 14, we have plotted the distortion index found for
each model for the entire data base and for the three
sets of insolation conditions of Table 2. Note that the
indexes have all been normalized to one.

Although these results do not constitute a definitive
proof of the new model’s precision because the model
was statistically derived from this site-dependent data
set, some validity may be drawn from the fact that the
Brunger[5]model also derived statistically from a dis-
tinct data set scores rather well in the distortion test.
Validation with new data sets is of course recom-
mended as they become available.
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4. CONCLUSIONS

The model presented here combines a simple
mathematical framework that can assume most pre-
vailing sky luminance patterns with a set of coefficients
derived from a large, high-quality experimental set of
sky-scan data. The coefficients act on the model’s
framework to account for the relative effects of forward
scattering, backscattering, multiple scattering, and air
mass on luminance distribution. They are treated as a
function of three insolation condition parameters—
solar elevation, sky clearness, and brightness—which
may be derived from standard irradiance time series.
These functions are consistent with the physics of ra-
diative transfer and the findings of earlier studies con-
cerned with diffuse irradiance anisotropy.

Validation results show that the performance of the
model approaches optimum level for this type of
model. That is, the model accounts for most mean

anisotropic effects, but not random, one-of-a-kind
cloud effects (an upgrade to this model incorporating
random cloud patterns will be presented in a later pa-
per). Of course, the validation performed here is de-
pendent and will have to be repeated on independent
data. It is possible that the model may require adjust-
ment to account for this data base site specificity. The
International Daylighting Measurement Program ini-
tiated by the CIE and WMOQ[23]will provide such a
climatically diverse data base. To the credit of the
present work, however, it must be said that in our pre-
liminary assessment of luminance distribution models,
the best performers were empirical models, derived
from site-specific data[3.5]: the key to a model’s per-
formance was found to be its parameterization of in-
solation conditions; the insolation condition parame-
terization used here has been shown to be site inde-
pendent, particularly when used to account for diffuse
light anisotropy[3].
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Fig. 13. Modeled luminance in the plane of the sun for different levels of sky clearness.
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All-weather model for sky luminance
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Fig. 14. Model relative distortion index.
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