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Summary

This work describes a new algorithm to characterize sky
condition in intervals of 5min using four categories of
sun exposition: apparent sun with cloud reflection effects;
apparent sun without cloud effects; sun partially concealed
by clouds; and sun totally concealed by clouds. The al-
gorithm can also be applied to estimate hourly and daily
sky condition in terms of the traditional three categories:
clear, partially cloudy and cloudy day. It identifies sky
conditions within a confidence interval of 95% by min-
imizing local climate and measurement effects. This is
accomplished by using a logistic cumulative probability
function to characterize clear sky and Weibull cumulative
probability function to represent cloudy sky. Both prob-
ability functions are derived from frequency distributions
of clearness index, based on 5 minutes-averaged values of
global solar irradiance observed at the surface during a pe-
riod of 6 years in Botucatu, Southeastern of Brazil. The
relative sunshine estimated from the new algorithm is sta-
tistically comparable to the one derived from Campbell-
Stocks sunshine recorder for both daily and monthly values.
The new method indicates that the highest frequency of
clear sky days occurs in Botucatu during winter (66%)
and the lowest during the summer (38%). Partially cloudy
condition is the dominant feature during all months of the
year.

1. Introduction

The geographic variation of solar radiation and
sun light availability at the surface depends on
the sun position and radiometric properties of the
atmosphere. The position of the sun is easily esti-
mated from zenith and azimuth solar angles, while
the actual state of the atmosphere is much more
difficult to obtain. One way to assess the radiomet-
ric properties of the atmosphere, which will be ex-
plored in this work, is by the sky condition.

In general, sky conditions are classified in three
categories: clear sky, partially cloudy and cloudy.
Under clear sky condition, the intensity of solar
irradiance at the surface is a function of the content
of ozone, water vapor and aerosol in the atmo-
sphere. For cloudy conditions, the major depletion
is caused by clouds. They act according to type,
number of layers and thickness, forming complex
structures that reduce the solar radiation at the sur-
face (Igbal, 1983). Daily sky condition can be
easily identified using clearness index or relative
sunshine. Clearness index is the ratio of incoming
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global solar irradiance at the surface to extraterres-
trial solar irradiance and indicates the degree of
atmospheric transparency to solar radiation. Rela-
tive sunshine is the ratio of sunshine duration at the
surface to daytime period and, at practical terms,
indicates the fraction of daytime covered by clouds.

It is available in the literature several works re-
lating sky condition to different ranges of hourly
and daily values of clearness index (Orgill and
Hollands, 1977; Skartveit and Olseth, 1987; Erbs
et al.,, 1982; Reindl et al., 1990; Zangvil and
Lamb, 1997; Li and Lam, 2001; Calbd et al.,
2001). However, there are no unique set of clear-
ness index values that is generally accepted to
define hourly or daily sky conditions in terms of
clear sky, partially cloudy and cloudy sky. The
main reason for this discrepancy is because the
definition of sky condition in terms of clearness
index values depends on local climate and the
available method of solar radiation measurements.

Historically, solar irradiance as well as other
meteorological parameters is reported in terms of
hourly, daily and monthly values. Although hourly
values are common and appropriated for general
proposes, short term characterization of sky con-
dition is important to estimate direct and dif-
fuse solar radiations at the surface; particularly
to correct effects caused by shadow-band and
shadow-disk devices over pyranometers due to
the anisotropy of solar radiation field (LeBaron
et al., 1990; Batlles et al., 1995). It is important,
also, in the evaluation of indoor light efficiency
(Robledo and Soler, 2000, 2001; Littlefair, 2001)
and shading effects in photoelectric control sys-
tems (Hiller et al., 2000).

Gansler et al. (1995) verified that cumulative
distribution function of solar radiation quantities
measured during one minute-interval (instanta-
neous values) differs considerably from ones mea-
sured during one hour-interval. Suehrcke and
McCormick (1988) observed that frequency dis-
tribution for 5 minutes-averaged solar irradiance
values is similar to frequency distribution of in-
stantaneous values and concluded that hourly and
daily values of solar irradiance do not represent
appropriately the statistical properties of instan-
taneous values. This discrepancy is particularly
important in applications where apparatus de-
ploying solar energy respond almost instanta-
neously to fluctuations caused by clouds and
other atmospheric effects.

The main goal of this work is to describe a
new algorithm developed to identify, objectively
(independent of climate and measurement meth-
ods), instantaneous sky condition in intervals of
5 min using four categories of sun exposition: ap-
parent sun with cloud reflection effects, apparent
sun without cloud effects, sun partially concealed
by clouds and sun totally concealed by clouds.
The algorithm is based only on 5 minutes-averaged
values of clearness index and relative optical
air mass. Therefore, it requires measurements of
global solar radiation at the surface every 5 min.
This algorithm allows also classifying hourly
and daily sky conditions in terms of clear sky,
partially cloudy and cloudy, as traditionally car-
ried out in most of the works in the literature.
The algorithm identifies instantaneous, hourly
and daily sky conditions within a confidence in-
terval of 95%.

It will be shown that the shape of frequen-
cy distributions of 5 minutes-averaged values of
clearness index in Botucatu, located in a country-
side rural area of Sao Paulo State, Southeastern
of Brazil, using 6 years of continuously observed
values of global solar radiation, have a universal
behavior for clear sky and cloudy days; conse-
quently their statistical properties can be extend
and applied to other places, as long as the param-
eters used to define them are evaluated accord-
ing to the methodology presented here. Thus, the
frequency distribution curves of clearness index
obtained for Botucatu will be used to generate a
set of cumulative frequency distribution curves in
terms of relative optical air mass, which in turn
will be used to develop the new algorithm. It will
be also shown that new algorithm can be used to
estimate sunshine duration and relative sunshine.

The data used in this work is described in Sect. 2.
Details about the modeling of frequency distribu-
tion of clearness index are presented in Sect. 3.
The new algorithm is described in Sect. 4 and
applied to determine the seasonal evolution of
the predominant daily sky condition and sunshine
duration in the city of Botucatu in Sect. 5. The
results of this research are summarized in the
Sect. 6.

2. Data set

This work is based on 5 minutes-averaged values
of global (G) and direct (G,) solar irradiance, and
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daily values of sunshine duration measured in
the Radiometric Station at the University of the
State of Sao Paulo, located in the rural area of
Botucatu city, State of Sao Paulo, Southeast of
Brazil (22°51'S; 48°26' W).

Botucatu, a city with 110 thousand habitants, is
located in the countryside of Brazil, at 786 m above
the mean sea level, and approximately 221 km far
from the Atlantic Ocean. It is characterized by
mild cold and dry winter (June to September) and
by warm and wet summer (December to March).
The averaged air temperature (relative humidity)
varies from a minimum of 17.5°C (55%) in the
winter to a maximum of 22.5 °C (80%) in the sum-
mer. The minimum precipitation occurs in August
(38 mm) and the maximum in January (260 mm).

Global solar irradiance was measured with a
spectral precision pyranometer model PSP, manu-
factured by Eppley Inc, and direct solar irradi-
ance was measured by a pyrheliometer coupled
to a sun tracker model ST-3, both manufactured
by Eppley Inc. All irradiance values were sampled
with frequency of 0.2 Hz using the data acqui-
sition system model CR23X, manufactured by
Campbell Scientific Inc. Relative sunshine (S)
was obtained from sunshine duration (N) mea-
surements carried out using a Campbell-Stocks
recorder located near to the radiometers in the
radiometric station of Botucatu. All solar radia-
tion values used in this work are referred to true
solar time. The pyranometer and pyrheliometer
were periodically checked using as reference a
secondary pyranometer and an absolute pyrheli-
ometer according to WMO (1983). All radiation
measurements used in this work were carried out
continuously during 6 years, from 1996 to 2001.

The algorithm proposed here is based on val-
ues of solar irradiance for two distinct sky con-
ditions: clear sky and cloudy (Suehrcke and
McCormick, 1988; Jurado et al., 1995). The orig-
inal data set was divided in two mutually ex-
cluding subsets. The first subset corresponds to
clear sky condition, defined by days with § > 0.9
and by a symmetric diurnal evolution of 5 min-
utes-averaged values of global solar radiation at
the surface. Days when the time evolutions in the
morning and in the afternoon follow the extrater-
restrial solar radiation diurnal evolution are con-
sidered symmetric (Skartveit et al., 1998). The
second one corresponds to cloudy condition, de-
fined by days with §<0.1 and G, <120 W m™2,

This lower limit of G,, is considered as the mini-
mum solar radiation value required to burn the
heliograph record (Gueymard, 1993; Skartveit
et al., 1998; Suehrcke, 2000). These two mutually
excluding data sets are used to estimate the fre-
quency distributions of 5 minutes-averaged clear-
ness indexes for clear sky and cloudy conditions
used here to develop the new algorithm.

3. Modeling frequency distribution

The algorithm is based on the fact that short-term
variations existing in the frequency distributions
of clearness index are exclusively due to changes
in the relative optical air mass (Suehrcke and
McCormick, 1988; Skartveit and Olseth, 1992;
Jurado et al., 1995; Tovar et al., 1998; Assungao
et al., 2003).

The clearness index is estimated, for each rela-
tive optical air mass, as indicated below:

G
- (1)

where Gy is 5 minutes-averaged value of solar irra-
diance at the top of the atmosphere, expressed in
W m~2 and evaluated according to Igbal (1983).

The relative optical air mass is estimated ne-
glecting the Earth curvature effects and assuming
a homogeneous and not refractive atmosphere so
that:

m, = sec 0z - exp(—0.0001184z) (2)

where 6 is the sun zenith angle, expressed in
degrees and estimated according to Igbal (1983)
and z is height above the surface expressed in
meters.

ki

Table 1. Number of 5 minutes-averaged values of global
solar radiation for six classes of relative optical optic mass
used to construct the frequency distribution of k; for clear sky
and cloudy conditions

Class my Number of &, values

Range Central Clear sky Cloudy
value condition  condition

1 09<m,<1.1 1 6436 6422

2 1.9<m,<2.1 2 1142 918

3 29<m,<3.1 3 418 384

4 39<m,<4.1 4 213 233

5 49<m,<5.1 5 152 137

6 59<m,<6.1 6 95 96




238 H. F. Assuncao et al.

To estimate the variations of the frequency dis-
tributions of k; in terms of m,, each of the two
mutually excluding data sets are divided in 6
subsets representing 6 classes of relative optical
air mass values described in Table 1, for clear sky
and cloudy conditions (Suehrcke and McCormick,
1988). Each subset, represented by a unique val-
ue of m,, is divided in 50 intervals of clearness
index and used to estimate the frequency distri-
bution of k; in terms of m, (Tovar et al., 1998;
Assuncao et al., 2003).

3.1 Clear sky condition

Under clear sky condition the observed frequen-
cy distributions of k, show a symmetric pattern
for all relative optical air mass classes (Fig. 1a).
According to Tovar et al. (1998), this type of
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Fig. 1. Frequency distribution of clearness index for a)
clear sky and b) cloudy conditions observed in Botucatu
from 1996 to 2001. The continuous line in a) corresponds
fitted logistic probability density function (Appendix A)
for p=0.16175 + 0.71628 exp(—m,/5.74442) and 6 =
0.04736 — 0.04128 exp(—m,/3.82816). The continuous
line in b) corresponds to a fitted Weibull probability den-
sity function (Appendix B) for a = 1.30649 + 0.74763
exp(—m,/2.58206) and 6 = 0.09919 + 0.14525 exp(—m,/
3.04931)

frequency distribution is satisfactorily adjusted
by the following family of logistic curves:

__exp{—k — p(ma)]/6(ma) }
f(kt7 ma) - 2
6(ma) {1 +exp{—[k; — pu(ma)}/6(ma)} }
(3)
where f(k;,m,) is the probability density func-
tion of k; for a given relative optical air mass.

The corresponding cumulative distribution func-
tion is expressed as:

1

Uresp(— o pml/oim))

Conceptually, F(k;,m,) is the probability of
finding values of clearness index equal or smaller
than k, for a given relative optical air mass. The
parameters j(m,) and 6(m,) are respectively, the
center and the size of the modeled frequency dis-
tributions of k;. Table 2 shows values of these
parameters considering the mean (avg) and stan-
dard deviation (sd) of observed distribution of &,
as indicated in the Appendix A. Values of R*
very close to 1 indicated that logistic curve (3)
adjusted very well the observed distribution of k;
for all relative optical air mass classes.

F(k[,ma) =

Table 2. Clearness index parameters as a function of rela-
tive optical air mass, estimated from 5 minutes-averaged
values of solar radiation for clear sky conditions

m, 6 avg sd R?

1 0.76569 0.01588 0.76569  0.02880 0.99977
2 0.66632  0.02215 0.66632  0.04018  0.99990
3 0.57842  0.02867 0.57842  0.05200 0.99992
4 0.52498  0.03309 0.52498 0.06002 0.99956
5 0.46838 0.03660 0.46838 0.06639  0.99878
6 0.40815 0.03832  0.40815 0.06950 0.99964

3.2 Cloudy condition

Under cloudy condition the observed frequency
distributions of k, are asymmetrical (Fig. 1b), as
consequence they are properly adjusted by Weibull
probability density function, described by:

flkyymg) = a(ma)mma)—a(m,,)kta(ma),l
exp{—[k,/ﬁ(ma)]a(ma)} (5)

and the corresponding cumulative distribution
function is expressed as:

Flki,mg) = 1 — exp{~[k,/B(m)]""™}  (6)
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where the parameters «(m,) and 3(m,) are esti-
mated from the observed mean (avg) and stan-
dard deviation (sd) values of k, distributions
(Table 3) as indicated in Appendix B.

Table 3. Observed probability distribution parameters for
clearness index (k;) as a function of relative optical air mass
(mg). Cloudy days

m, « 1) avg sd R?

1 1.80633 0.20551 0.18272 0.10471  0.99870
2 1.67323  0.16910 0.15105 0.09279 0.99870
3 1.53682  0.15884 0.14299 0.09494 0.99843
4 1.45340 0.13781 0.12491 0.08732  0.99924
5 1.42314  0.13045 0.11860 0.08454  0.99402
6 1.38736  0.11881 0.10844 0.07915 0.99258

3.3 Parameterization of u(my), 6(my),
a(mq) and (3(my)

The derivation of f(k,,m,), in the previous
Sects. 3.1 and 3.2, has indicated that the magni-
tude of all relevant parameters varies continu-
ously as a function of the relative optical air
mass. An analysis of how the discrete variation
wu(my), 6(m,), a(m,) and B(m,) alters each one
of the frequency distribution curves and, conse-
quently, the amplitude of &, (Tables 2 and 3) has
indicated that they can be parameterized in terms
of the relative optical air mass according to the
following generic expression:

g(my) = a+ bexp(—my/c), for 0.9<m,<6.1
(7)

where the coefficients a, b and ¢ are indicated
in Table 4. The R? very close to 1 indicated that
these coefficients are very well estimated by non-

Table 4. Coefficients of adjusting parameters p, 6, o and (3
as a function of relative optical air mass (Eq. (7))

g(m,) a b c R? Probability
density

function

(mg) 0.16175 071628 5.74442 0.99781 Logistic
8(mg) 0.04736 —0.04128 3.82816 0.99718
a(m,) 130649  0.74763 2.58206 0.99257 Weibull
B(m,) 009919  0.14525 3.04931 0.99254

linear fitting of (7) through the observed discrete
values of p(my), 6(m,), a(m,) and B(m,) indi-
cated in Tables 2 and 3.

Figure 3 indicate a set of probability functions
of k, for clear sky and cloudy conditions obtained
using (7).

4. Algorithm

According to Igbal (1983) the amount of solar
irradiance that reaches the surface of the Earth
depends on the concentration of ozone, water
vapor, aerosol and clouds. They are the ma-
jor atmospheric components responsible by
the atmospheric transmittance. Due to several
causes, the concentrations of these components
are affected by short-term random variations,
causing frequent changes in the state of the
atmosphere. However, a continuous monitoring
of solar irradiance for a long period of time
will certainly generate a data set that contains
statistical information about a significant large
range of atmospheric transmittance values. There-
fore, by knowing the models that describe the
amplitude of solar irradiance based on frequen-
cy distribution functions derived from long-
term observation, it is possible to identify the
sky condition. To eliminate latitude effects the
sky condition is evaluated in terms of the clear-
ness index (Li and Lam, 2001; Calbd et al.,
2001).

Although instantaneous values of clearness
index portray quite well sky condition, it is
not technically practical to classify the sky con-
ditions in terms of traditional way (clear sky,
partially cloudy and cloudy) taking into consid-
eration only one measurement of global solar
irradiance at the surface without a simultaneous
visual inspection of sky. On the other hand,
working with a series of global solar irradiance
measurements (5 minutes-averaged for instance)
taken during the day and considering the sky
condition associated to each measurement in
terms of the degree of sun exposition (or sun
concealing) the traditional classification becomes
feasible.

Thus, based on these two considerations the
new algorithm will be developed to classify
instantaneous sky condition in intervals of 5 min-
utes using four categories of sun exposition
(Table 5, Fig. 2).
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Table 5. Characterization of instantaneous sky condition

(sky;;)

Category j Instantaneous sky condition (sky;;)

1 Sun apparent with cloud reflection effects
2 Sun apparent without cloud effects

3 Sun partially concealed by clouds

4 Sun totally concealed by clouds

4.1 Boundary values

According to Jurado et al. (1995), exist, for each
of these four categories, very well defined bound-
ary values of clearness indexes that can be justi-
fied mathematically, by considering the clearness
index as a combination of several factors such as
relative optical air mass and the content of ozone,
water vapor and aerosol.

Thus, it is possible to estimate boundary values
of k, and to set ranges of sky conditions with con-
fidence interval CI = 0.950. This confidence inter-
val is distributed symmetrically around the mean
value of k; so that: P(k,<k).)=1—CI/2 =
0.025 and Pk<k ., )=1-(1-CI/2)=
0.975. Here, k;;, and k; . are, respectively, the
minimum and maximum expected values of clear-
ness index for a specific relative optical air mass
under clear sky condition.

Inverting (4) and replacing F(k;,,m,) by
P(k, <k ..) for the lower limit, and substituting
F(ki,mq) by P(k,<k..) for the upper limit, one
obtains the following interval of k, values for
clear sky condition:

o = ) = S0 [ —1) 9

%m:uw»—amnn[ )

0.975 1]

a) kt > ktsmax b) kfvmin < ktS kfax

.

c s
) kimax< k< kimin

Similarly, inverting (6), assuming P(k,<
ke .) =0, Pk,<k‘ )= CI and substituting

F(k;,m,) by CI value, one obtains for cloudy sky
condition:

1
. 1\
where P(kfgkfmin)’ P(ktgkfmax)’ P(ktgktcmin)

and P(k, <k . ) are the probabilities associated
to the confidence intervals. The superscripts ¢
and s indicate, respectively, presence (cloudy
condition) and absence (clear sky condition) of
clouds between the sun and the pyranometer.
The meaning of these boundary values are illus-
trated in Fig. 2. There it is possible identify the
relation between the actual appearance of the sky,
sky condition and boundary values for four cate-

gories of sun exposition by using photography.

4.2 Instantaneous sky condition

Taking into consideration the level of solar ex-
position, the instantaneous sky condition can be
identified in terms of the clearness index value.
Since daytime variation of relative optical air
mass depends on latitude and time of the year,
the way the relative optical air mass varies during
the day affects the distribution of global solar
radiation and clearness index.

Thus, the classification of instantaneous sky
condition to: clear sky, partially cloudy and cloudy
(Table 6) is given by:

skyyy skyy,  sky;z  skyis

skyyy  skyy,  skyys  skyas

SKY = (11)

Skynl SkynZ Skyn3 Skyn4

‘_1) kt < kgmax

Fig. 2. Photographic examples of: a) Sun apparent with cloud reflection; b) Sun apparent without cloud; ¢) Sun partially
concealed by clouds; d) Sun totally concealed by clouds, in Botucatu
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The matrix SKY has n lines and four columns,
corresponding respectively to the total number of
clearness indexes observations during a given
day and total number of categories of sun expo-
sition considered (Table 5).

Each element of SKY obeys the following
rules:

1 if kK, >k
Skyl‘l _ { 4 'tmax
0 otherwise
{ L if ktsmin Skl‘ S k?max
skyp = .
0 otherwise
sky,-3 _ { 1 if ktcmax‘<kf< fmin
0 otherwise
1 if &k, <k€

Sk.yl4 — { — ""tmax
The instantaneous sky condition is obtained by

the category of nonzero element of each line of
SKY.

0 otherwise

Table 6. Classification of sky condition based on effective
relative sunshine (f)

Sky condition Effective relative sunshine (f].d)

Clear sky fzd >0.9
Partially cloudy f4<0.9 and f{ <0.9
Cloudy f4>0.9

4.3 Effective relative sunshine and daily
sky condition

The matrix SKY can also be used to estimate the
effective daytime duration (Dp). In the case
reported here D, is approximated by:

4 n
D=2 3 sy, (13)
60 j=1 i=1

Here, because £, is available in 5 minutes-aver-
aged values, the ratio 5/60 transforms minute
into hour.

Because the algorithm works only for relative
optical air mass <6.1, the values of D; do not
represent the exact daytime duration, but an
approximated value of N.

The effective relative sunshine for category j
of sun exposition is evaluated as:

n

1
= D—L;skyij (14)

Thus, the classification of sky condition in
any specific day is given by the effective relative
sunshine of the dominant category according to
Table 6.

Igbal (1983) considered the possibility of small
cloud to maintain the sun concealed as it moves
through the sky slowly, or the possibility of small
among clouds openings to maintain the sun shin-
ing during long periods of time. Even consider-
ing these possibilities, it seems very unlikely for
the sun to remain exposed (or concealed) more
than 90% of the time without the day being con-
sidered totally clear (or totally covered by clouds).

According to Li and Lam (2001) there are
two types of cloudiness, one due to shallow and
bright clouds (Fig. 2¢) and another caused by
thick and dark clouds (Fig. 2d). It is plausible
to assume that shallow clouds transmit enough
direct solar radiation to burn the sunshine record-
er card of heliograph.

Hence, relative sunshine can be expressed con-
sidering the prevailing irradiance values in terms
of categories 1, 2 and 3:

3
s=> f (15)
i=1

Adding up the fraction of time that the solar
disk is not totally covered by clouds has an
advantage over direct measurements carried out
with heliographs, because it does not depend on
the observer abilities and wetness of the sunshine
record card.

5. Application of the new algorithm
for Botucatu

The algorithm developed above was applied to the
entire data set to identify instantaneous sky con-
dition, to classify the predominant sky condition
during the entire daytime (daily sky condition)
and to estimate the relative sunshine for Botucatu.

To facilitate the classification of the sky con-
dition, all boundary values will be expressed in
terms of the maximum (G} ,,) and minimum
(Ghin) expected values of global solar irradiance
for apparent sun and maximum (Gy,,,) expected
value of global solar irradiance for concealed
sun, given in terms of the extraterrestrial solar

radiation by:
GS — kS

max tmax

Go (16)
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fnin - ktymin(;0 (17)
Grcnax = ktcmaxGO (18)

5.1 Sun apparent with cloud reflection
effects (skyi;)

In this category the global solar irradiance is
intensified by multiple reflections caused by
clouds or by ground and clouds (Fig. 2a). These
reflections occur when the sky is partially cloudy
and can generate clearness index values greater
than 1.

Figure 4a and b show four instantaneous sky
conditions found in two different days: May 28,
1996 and December 5, 2000. They exemplified
events with anomalous high values of global
solar irradiance, well above the boundary val-
ues for clear sky (G},,,). According to Suehrcke
and McCormick (1988) and Orgill and Hollands
(1977) in all these cases clouds reflect solar
radiation towards the pyranometer, increasing
diffuse radiation without affecting the direct
component of solar radiation at the surface. In
the case of Botucatu the frequency distribution
of this category is, in average, smaller than 2%
(Table 7).

Suehrcke and McCormick (1988) pointed out
that the cloud reflection do not affect the daily
values of solar radiation because they are short
time phenomena that are compensated by the
attenuation of solar radiation by clouds during
the period of one day.

Table 7. Seasonal distribution of fractions of sun exposition
in the sky based on apparent sun with cloud reflection
effects; apparent sun without cloud effects; sun partially
concealed by clouds; sun totally concealed by clouds

Instantaneous
sky conditions

Frequency (%)

Spring Summer Autumn Winter

Sun apparent with 1.2 1.6 1.2 0.8
cloud reflection

effects

Sun apparent 45.5 37.9 63.4 66.2
without cloud

effects

Sun partially 9.5 9.4 5.9 6.9
concealed by clouds

Sun totally 43.8 51.1 29.5 26.1
concealed by clouds

5.2 Sun apparent without cloud effects (sky;,)

Clearness index in this category is controlled by
direct solar irradiance in which the transmittance
is regulated mainly by atmospheric turbidity and
relative optical air mass (Fig. 2b). It can be veri-
fied in Fig. 3 that the k; distribution curves for
clear sky undergo a displacement as the relative
optical air mass increases. This behavior confirms
the strong association between k, and relative
optical air mass, already verified by Suehrcke
and McCormick (1988), Tovar et al. (1998) and
Assuncao et al. (2003).

Here, the diurnal evolution of global solar irra-
diance at the surface is characterized by a smooth
curve (Fig. 4d). Almost undetectable oscillations
in global solar irradiance are due to variation
in the atmospheric transmittance. In some cases
global solar irradiance is affected by high and
shallow clouds like cirrus (Fig. 4c). Thus, even
in sunny days these types of clouds are common
and difficult to be visualized. In average, during
summer in Botucatu the sun remains uncovered
in 38% of time, while in the winter it can reach
about 66% (Table 7).

5.3 Sun partially concealed by clouds (sky;s)

This category represents the transition between
sun apparent and concealed, in which the radia-
tion field is transmitted diffusely throughout the
clouds (Fig. 2c) but the direct solar irradiance
remains above 120 Wm™2.
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Fig. 3. Cumulative probability function of k, for clear and
cloudy sky conditions defined by an interval of confidence
of 95%
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According to Suehrcke and McCormick (1988)
this phenomena is characteristic of fast vari-
ations of solar radiation in the boundaries of
thick clouds. Figure 5a shows a typical day rep-
resenting this category, when the variability in
the transmittance caused by clouds is clearly
smoothed out by the process of averaging the
data with interval of 5 min.

Figure 5b shows a day with sky apparently
clear, however the observed values of global irra-
diance are below the critical level expected for
the category of apparent sun, and well above the
category of concealed sun. Although Suehrcke
and McCormick (1988) claimed that this type
of phenomenon is due to uniform and thin cloud
layers such as cirrus-stratus, we believed that the
excess of attenuation observed in this day is due
to the ozone, water vapor and clear sky turbid-
ity caused by biomass burning at the end of the
sugar-cane harvest season, a widespread activity
in Southeast of Brazil in September. According
to Skartveit and Olseth (1992) the attenuations
in the direct solar irradiance due to aerosol and

shallow clouds are counterbalanced by an in-
crease of the diffuse solar irradiance, reducing
the effects of aerosol and clouds on the global
solar irradiance.

Table 7 indicates that this category occurs in
less than 10% of the cases in Botucatu. This re-
sult agrees with the one obtained by Suehrcke
(2000) for instantaneous values of clearness in-
dex between 0.48 and 0.73, which were attribu-
ted to the thin clouds.

5.4 Sun totally concealed by clouds (sky;,)

In this category prevails diffuse component of the
global solar irradiance, with very little or totally
absent direct component (Fig. 2d). A visual in-
spection of Fig. 3 indicates that the probability of
a particular value of k; to occur increases with the
relative optical air mass for cloudy condition.
According to Tovar et al. (1998) this behavior
may be associated to the fact that the area cov-
ered by clouds at the surface increases with the
relative optical air mass. Moreover, cloud thick-
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ness and horizontal extension do also increase 5.5 Relative sunshine
with relative optical air mass as the clouds be-
come less transparent at large values of relative
optical air mass. Therefore, the blocking effect
caused by clouds on the sun is stronger for large
values of relative optical air mass.

Figure 5c and d show that the distribution of

global solar irradiance, during a cloudy day, is

The frequency of clear sky, partially cloudy and
cloudy days by month in Botucatu are displayed
in Fig. 6. These frequencies were estimated using
(14) and the definitions in Table 6. The number
of clear days shows a maximum in the winter

not as symmetric as suggested by the maximum o] T
o @ Cloudy sk

expected value of global solar irradiance (Gy,,,)- 26 - ® < Partly cloady sky o e

Besides, clearness index depends more on the ;‘2‘ O Clear sky

physical properties of clouds than on the relative 20 & s

optical air mass. The smaller spreading of fre-
quency distribution of &, curves for cloudy condi-
tions confirms this conjecture (Fig. 3). According
the Igbal (1983), when the sky is entirely covered Q
by clouds the diffuse solar irradiance at the sur- ‘]

face becomes isotropic and the clearness index 2] g : 8 o e +

" 788

Number of days
=

@)

y
shows a very weak dependence on the relative ' ? ? r A, Q 5

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
optical air mass. Table 7 shows that instantaneous
cloudy condition is more frequent during sum-
mer (51%) and less frequent in the winter (26%)
in Botucatu.

Month

Fig. 6. Frequency distribution of average number of days
with clear, partially cloudy and cloudy conditions in
Botucatu
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(Southern Hemisphere) and partially cloudy days
are the prevailing condition during all months of
the year. Considering the entire year, the percen-
tage of clear, partially clear and cloudy days are
21, 69 and 10%, respectively.

Figure 7 shows the linear correlation between
relative sunshine from a Campbell-Stocks recorder
and estimated by the new algorithm. The determi-
nation coefficient equal to 0.9564 indicates a good
matching between these two methods. Statistical
analyses indicate that the new algorithm over-
estimates the relative sunshine obtained by the
Campbell-Stocks recorder in about 6.4%, with
a RMSE of 18.2%.

Benson et al. (1984) compared relative sun-
shine measured with Campbel-Stocks recorder
and pyrheliometer, found discrepancies of the
order of +15% for hourly values, £8% for daily
values and +4% for monthly values. They also
found that Campbell-Stocks recorder underesti-
mate relative sunshine for high values of relative
optical air mass and underestimate for small ones
during periods of intense brightness. Besides,
they concluded that the measurements taking with
Campbell-Stocks recorder are affected by errors
related to the atmospheric moisture content and
misreading of the record.
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Fig. 7. Dispersion diagram of daily values of relative sun-
shine obtained from new method and using Campbell-
Stocks sunshine recorder for Botucatu

Figure 8 shows the seasonal evolution of
monthly-averaged values of daily relative sun-
shine estimated from Campbell-Stokes recorder
and using the new algorithm. The new algorithm
overestimated measured relative sunshine in
about 4.3%, with RMSE of 5.7% for monthly

time scale. The good agreement between new
method and observed values of relative sunshine
with Campbell Stocks is present in all months
of the year and corroborates the observations car-
ried out by Benson et al. (1984). Udo (2000) did
also find a high correlation between monthly
values of clearness index and relative sunshine.
Comparatively to the results obtained by others
researchers, the relative sunshine duration ob-
tained by the new algorithm show a slightly lar-
ger discrepancy, probably due to differences in
the criteria of burning threshold. For instance,
Benson et al. (1984) and Li and Lam (2001) con-
sidered 210 W m~2 as burning threshold, while
Skartveit et al. (1998) and Suehrcke (2000)
adopted the WMO standard value of 120 W m~2.
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Fig. 8. Seasonal evolution of monthly values of relative
sunshine obtained from new method and using Campbell-
Stocks sunshine recorder for Botucatu

6. Conclusion

A new algorithm to characterize sky condition in
intervals of 5 min using four categories of sun
exposition: apparent sun with cloud reflection
effects; apparent sun without cloud effects; sun
partially concealed by clouds; and sun totally
concealed by clouds, objectively, within an inter-
val of confidence of 95%, was developed and
tested using solar radiation data measured con-
tinuously between 1996 and 2001 in Botucatu,
Southeast of Brazil.

This algorithm is based on the observational
fact that short-term variation of frequency distri-
bution of clearness index is due to relative opti-
cal air mass variations. The algorithm is built on
observed frequency distributions of 5 minutes-
averaged values of clearness index, block-averaged
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in terms of relative optical air mass, that are used
to derive a set of logistic cumulative probability
functions for clear sky conditions and Weibull
cumulative probability function for cloudy sky
conditions.

The algorithm can be applied to estimate hourly
and daily sky condition in terms of the traditional
three categories: clear, partially cloudy and cloudy
day, minimizing local climate and measurement
methods effects. The new algorithm can also be
used to estimate relative sunshine.

The application of the new algorithm to Botu-
catu indicated that, in daily basis, clear sky con-
dition occurs with smallest frequency in January
and February and largest in July and August. Par-
tially cloudy condition occurs with relatively con-
stant frequency all year long. In Botucatu, clear
sky conditions (apparent sun categories) are more
frequent during winter and less in summer.

Correlation between daily values of relative
sunshine evaluated by the new algorithm and using
a Campbell-Stocks recorder show a determina-
tion coefficient equal to 0.9564, indicating a very
good agreement. Comparatively, the statistical
errors for daily values of relative sunshine are
6.4% for daily values and 4.3% for monthly val-
ues, indicating that new algorithm overestimate
the values of relative sunshine obtained with
Campbell-Stocks record.

Although several researchers have used dif-
ferent methods to characterize the sky conditions
for different places with promising results, the
new algorithm proposed here seems to be more
general, because it does not depend on climate
conditions and on the method of solar radiation
measurements. To be applied to other locations
is necessary to consider the following points: (a)
data set from radiometric stations should be
based on 5 minutes-averaged values; (b) the co-
efficients a, b and c of (7) have to be generated for
the new location considering time series of glob-
al solar radiation measurements carried out dur-
ing at least 5 years; (c) the new algorithm should
be compared with other methods (for instance,
Zangvil and Lamb, 1997; Skartveit and Olseth,
1992; Calbo et al., 2001) to evaluate its perfor-
mance. It is expected that the application of this
new method to other places will help to homog-
enize the information about sky condition, facil-
itating comparison at regional and larger spatial
scales.

List of symbols

Symbols Description

a, b, c Coefficients

Avg, X Mean value of the observed frequency
distribution

CI Confidence interval

Dy Effective sunshine duration time

j}d Effective relative sunshine for category j

o(my), 6 Scale parameter for logistic distribution

fi Observed frequency of k; in the ith class
interval

X; ith class interval of k;

f(keymyg), f(x)  Probability density function
F(k;,m,), F(x) Cumulative distribution function

g(my) Generic function representation

G Global solar irradiance at the surface
(Wm™?)

Gox Maximum global solar irradiance

expected for clear sky condition
(Wm~2) — boundary value

Ghin Minimum global solar irradiance
expected for clear sky condition
(Wm~2) — boundary value

Grox Maximum global solar irradiance
expected for cloudy condition
(Wm~2) — boundary value

G, Direct solar irradiance at the surface
(Wm™?)

Gy Extraterrestrial solar irradiance (W m~2)

ks, x Clearness index

ko Maximum clearness index value for
cloudy condition — boundary value

k) ax Maximum clearness index value for
clear sky condition — boundary value

k Minimum clearness index value for

clear sky condition — boundary value
my Relative optical air mass

u(mg), p Position parameter of the logistic
distribution of probability

N Sunshine duration (hour)

n Number of events between sun rise and
sun set

No Daytime duration (hour)

Pk <kSin) Probability to find values of k, smaller
than and equal to k..

R Linear correlation coefficient

R? Determination coefficient

RMSE Root Means Square Error

S Relative sunshine

SKY Matrix of daily mean sky condition

sky;; Element of SKY

sd, s Standard deviation of observed frequency
distribution of

z Height above the surface (m)

a(mg), a Shape parameter for the Weibull
distribution of probability

B(my,), B Scale parameter for the Weibull

distribution of probability
0 Sun zenith angle (degree)
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ol Generic variable of gamma function
0 3.1415

T'(v) Gamma function
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Appendix A

The frequency distribution of clearness index for clear sky
condition (Fig. 1a) can be fitted by a logistic probability
density function:

e~ x—m)/6 Al
fx) = o[ 1 e i (A1)
The associated probability function is given by:
1

F(x) = 7] T e*(xfll/)/ﬁ (AZ)
and its inverse by:

1

=p—06In|—<-1 A3

rmumt |- )

The logistic probability density function yields a symmetric
curve around the average value, u, where the frequency f(x)
is a maximum, calculated as it follows:
- Zi‘llfixi
p=x =5 (A4)
> i1 fi
where f; is the observed frequency of k, in the ith class
interval x;.
The parameter § is the scale parameter of the logistic
distribution. It establishes the variation rate of the logistic
probability density function and can be calculated by:

5:%\@ (A5)

where s is the standard deviation of the observed frequency
distribution, evaluated as:

oo Ffz l—ﬁiiili?lﬁ x6)

where X is the average clearness index considering the entire
observed frequency distribution.

Appendix B

The frequency distribution of clearness index for cloudy
conditions (Fig. 1b) can be adjusted by a Weibull probability
density function:

flx)= aﬁ_ax“_le_("/ﬁ)“ x€[0,00) (B1)

Expression (B1) can be analytically integrated, so that the
associated probability function is given by:

F(x)=1—e /8" (B2)

and its inverse by:

x=Bln (I;F(x))% (B3)

The parameters o and (3 indicate, respectively the shape and
scale of the frequency distribution of clearness index. They
can be estimated by an iterative numerical method based on
mean (x) and standard deviation (s) values, both derived from
the observed frequency distribution of clearness index and by
considering the following relations:

x=pr(1+a") (B4)
and
s=0yT(1+2a7 1) —T2(1 4+ a ) (BS)

where I'(y) is a gamma function, calculated by:

L(y) = ‘ I%Tgw[ln(ﬁ")* (17#+W7$)] (B6)

where +y is a generic variable and 7 is set equal to 3.1415.
The values of X and s are estimated according to A4 and
A6 in the Appendix A.
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