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In this analysis, using available hourly and daily radiometric data performed at Botucatu, Brazil, several
empirical models relating ultraviolet (UV), photosynthetically active (PAR) and near infrared (NIR) solar
global components with solar global radiation (G) are established. These models are developed and dis-
cussed through clearness index KT (ratio of the global-to-extraterrestrial solar radiation). Results
obtained reveal that the proposed empirical models predict hourly and daily values accurately. Finally,
the overall analysis carried out demonstrates that the sky conditions are more important in developing
correlation models between the UV component and the global solar radiation. The linear regression mod-
els derived to estimate PAR and NIR components may be obtained without sky condition considerations
within a maximum variation of 8%. In the case of UV, not taking into consideration the sky condition may
cause a discrepancy of up to 18% for hourly values and 15% for daily values.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The knowledge of ultraviolet (0.29–0.385 lm), photosyntheti-
cally active (0.385–0.7 lm) and near infrared (0.7–3.0 lm) spectral
components of global solar radiation (G) at the surface becomes an
imperative requirement in different technological and scientific
applications of solar radiation information.

Ultraviolet radiation has been used in cleaning processes of
photodecomposition of organic residues present in contaminated
industrial waters [1]; photo degradation of plastics; dye, natural
and synthetic fibers [2]. UV exposition is strongly correlated to cat-
aract and skin cancer [3]. Knowing how UV component of solar
radiation behaves at the surface is also important to estimate tro-
pospheric trace gas reactions in polluted areas [4] and to reduce
the uncertainty in the in- and out-door chamber reactions of atmo-
spheric pollutants [5].

The resultant effects of sky conditions, water vapour, aerosol
load and ozone amount on the UV radiant flux has been extensively
investigated through ground observations [6–22] that in turn re-
veal that the linear correlation between UV versus global solar
radiation (G). Ground UV and G measurements grouping into
ll rights reserved.
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hourly, daily monthly and annual data sets revealed that the frac-
tion of UV radiant flux to global solar radiation ranges between 2%
and 9.4% over several localities worldwide.

The smallest values of UV fractions can be attributed to the
scattering effect aerosol and gases presents in the atmosphere.
According to the Rayleigh theory, the intensity of scattered en-
ergy is directly proportional to the inverse fourth power of the
wavelength. Therefore, UV is more affected by scattering than
G. Besides, absorption of UV by particulate matter produced by
dust, air pollution events and episodic tropospheric ozone high
concentrations in urban areas may also further deplete more UV
than G. Indeed, observations indicated that atmospheric dust al-
ways reduces more UV than G. Elhadidy et al. [7] reported UV/
G values ranging from 2.1% to 4.5% in Dhahran (Saudi Arabia);
Khogali and Al-Bar [8] found values ranging from 2.8% to 4.3%
in Makkah (Saudi Arabia); Robaa [9] reported fractions ranging
from 2.2% to 2.7% for polluted air and between 3.2% and 3.5%
for unpolluted areas of Cairo (Egypt). The observations carried
out in Kuwait by Al-Aruri et al. [10] yields UV/G ranging from
4.3% to 5.2%. In this case, there is no apparent reason for the high
UV/G values in Kuwait since dust is the major source of particu-
late matter and the climate is very similar (low relative humidity
and predominance of cloudless days) to the previously mentioned
studies.
nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ

mailto:apdolive@usp.br
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy


Nomenclature

G global solar radiation
UV ultraviolet solar radiation
PAR photosynthetically active solar radiation
NIR near infrared solar radiation
IG global solar irradiance at the surface (W m�2)
IUV ultraviolet solar irradiance at the surface solar at the

surface (W m�2)
IPAR photosynthetically active solar irradiance at the surface

(W m�2)
INIR near infrared solar irradiance at the surface (W m�2)
KT clearness index

Kh
T hourly value of clearness index

Kd
T daily value of clearness index

Hh
G hourly value of global solar irradiance at the surface

(MJ m�2)
Hh

UV hourly value of UV component of solar irradiance at the
surface (MJ m�2)

Hh
PAR hourly value of PAR component of solar irradiance at the

surface (MJ m�2)
Hh

NIR hourly value of NIR component of solar irradiance at the
surface (MJ m�2)

Hd
G daily value of global solar irradiance at the surface

(MJ m�2)
Hd

UV daily value of UV component of solar irradiance at the
surface (MJ m�2)

Hd
PAR daily value of PAR component of solar irradiance at the

surface (MJ m�2)
Hd

NIR daily value of NIR component of solar irradiance at the
surface (MJ m�2)

bh
UV slope of the best-fit straight line for hourly UV data

bh
PAR slope of the best-fit straight line for hourly PAR data

bh
NIR slope of the best-fit straight line for hourly NIR data

bd
UV slope of the best-fit straight line for daily UV data

bd
PAR slope of the best-fit straight line for daily PAR data

bd
NIR slope of the best-fit straight line for daily NIR data

MBE mean bias error
RMSE root mean square error
d index of agreement
R2 coefficient of determination
Gtop extraterrestrial solar radiation
I0 solar flux at the top of the atmosphere
D actual Sun–Earth distance
D average distance between the Sun and the Earth
S0 average solar constant
Z solar zenith angle
bsky slope of the best-fit straight line considering sky condi-

tions
bwithout slope of the best-fit straight line without sky condition

consideration
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On the other hand, the largest values of UV/G occur in the pres-
ence of clouds. The main reason for this is that clouds are associ-
ated with high contents of water vapour in the atmosphere that,
in turn absorbs more G than UV increasing UV/G. For instance, it
was observed in Kwangju, South Korea, UV/G fractions between
7.0% and 9.4%, reflecting the large content of water vapour of the
Kwanju (Ogunjobi and Kim [11]). Comparatively, the UV/G frac-
tions found in the Mediterranean region by Cañada et al. [12]
and Foyo-Moreno et al. [13] are smaller. The UV/G fraction values
observed in Spanish cities – between 4.4% and 5.6% (Valencia), 3.9%
and 4.4% (Córdoba) and 3.0% to 5.0% (Granada) – were closed
linked to the relative humidity variations.

Photosynthetically active radiation plays an essential role in the
photosynthesis, being fundamental for physiological processes in
the agronomic and forest areas, related mainly to the characteriza-
tion and morphology of plants [23], estimating of plant interaction
and competition [24] and documenting temporal variations in the
canopy structure [25] and in the assessment of crop productivity.

In the case of the PAR component, most of these works indi-
cated that the presence of cloud increases PAR fraction of the glo-
bal radiation (PAR/G) [26–43]. As in UV band, higher fraction (PAR/
G) values are likely to be associated with water vapour absorption
process that in turn alters significantly more the global solar radi-
ation leaving unaltered the PAR portion of the spectrum. Scattering
caused by aerosol is a secondary effect in PAR [44].

Despite the important interaction with water vapour, near infra-
red solar radiation at the surface is less investigated compared with
UV and PAR. The NIR properties at the top of the atmosphere are
well known due to the application in remote sensing technique to
retrieve the total column water vapour amount [45]. The NIR radi-
ation represents a large amount of the total energy of the solar spec-
trum, around 46.5% in Brazil [46] and 51.8% in Tibet Plateau [47].

The near infrared radiation is strongly absorbed by water va-
pour and its interaction with cloud is not very well documented
observationally [48]. Most of the work related to the NIR is based
on modeling [49,50].
Please cite this article in press as: Escobedo JF et al., Modeling hourly a
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The objective of this work is to develop and validate empirical
expressions to estimate hourly and daily values of UV, PAR and
NIR in terms of G measured at surface considering only the effect
of clouds. This could be particularly relevant in tropical and sub-
tropical regions, like Brazil, where cloud plays an important role
in the climate.

Here, cloud effect on solar radiation will be taking into consid-
eration assuming sky conditions objectively specified in terms of
four intervals of clearness index (KT): (i) cloudy (KT 6 0:35Þ; (ii)
partially cloudy with predominance of diffuse component of the
solar radiation (0:35 < KT 6 0:55); (iii) partially cloudy with pre-
dominance of direct component of the solar radiation
(0:55 < KT 6 0:65) and (iv) clear sky (KT 6 0:65).

The methodology developed here to classify sky condition –
based on the use of simultaneous measurements of global, diffuse
and direct solar radiation – is a new method that combines all the
available methodology and yields a classification procedure more
objective than the other methods available in the literature. For in-
stance, Iqbal [51] used the clearness index to classify the sky con-
dition; Rao [6] categorized the sky in terms of fractional sunshine,
whereas Perez et al. [52], Alados et al. [36] and Jacovides et al.
[42,43], employed the sky clearness and brightness.

A second novelty in this work is that for the first time 5-year
long series of simultaneous measurement of G, UV and NIR is used
to determine UV, PAR and NIR fractions of global solar radiation
and to develop regression models considering the four sky classifi-
cation mentioned above.

2. Site and measurements

The data used in this work was measured at the radiometric sta-
tion, at 22�530S of latitude and 48�260W of longitude, located in the
rural area of Botucatu city, in the country side of State of São Paulo,
Brazil (Fig. 1a). Botucatu, a city with 119.3 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 (Fig.
nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ



Fig. 1. Geographic position of the (a) State of São Paulo; (b) Botucatu and (c) view of the NW quadrant of the Radiometric Station in Botucatu, State of São Paulo, Brazil.
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1b). It is characterized by mild cold and dry winter (June–August)
and by warm and wet summer (December–February). The aver-
aged air temperature varies from a minimum of 16.5 �C in the win-
ter to a maximum of 23.9 �C in the summer. The minimum
precipitation occurs in August and the maximum in January [53].

The radiometric station of Botucatu (Fig. 1c) belongs to the
School of Agronomic Sciences, State University of São Paulo, and
it has been monitoring since 2001, continuously and simulta-
neously global solar radiation, ultraviolet solar radiation and near
infrared solar radiation at the surface.

The global solar irradiance (IG) was measured by an Eppley pyr-
anometer, model PSP (0.3–3 lm). The ultraviolet portion of solar
irradiance (IUV) was measured by Kipp-Zonen pyranometer, model
CUV-3 (0.29–0.39 lm). The near infrared portion of solar irradiance
(INIR) was measured by an Eppley pyranometer, model PSP, with a
filter that allows transmission of solar radiation only between 0.7
and 3.0m. Following the manufacture recommendation the calibra-
tion factor used in the filtered pyranometer was multiplied by 0.92
to correct effects of filter transmission on the sensor. Calibration of
solar radiation sensors were performed every two years using pro-
cedure recommended by OMM [54].

Photosynthetically active radiation (IPAR) values used in this
analysis were determined indirectly through the following equa-
tion: IPAR ¼ IG � ðIUV þ INIRÞ Here, the PAR unit is the same as the
UV, NIR and G, in W m�2 for irradiance, and in MJ m�2 for daily
and hourly irradiances. Most published PAR values are expressed
in photo-biological units (lE m�2 or lmol m�2 s) giving the num-
ber of photons that fall in the spectral interval 0.4–0.7 lm. To com-
paring PAR values obtained here against those reported in the
literature, when necessary, McCree’s [55] conversion factor of
4.57 lE J�1 was used.

From 2001 to 2005, three pyranometers were operating con-
tinuously using a data acquisition system Datalogger Campbell,
model CR23X. The measurements were sampled with frequency
of 1 Hz and 5-min averaged values were performed of all three
irradiances.
Please cite this article in press as: Escobedo JF et al., Modeling hourly a
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Data was inspected and suspicious values were removed from
the series. Due to the sensor or the data acquisition system mal-
functions, it was removed 1 day in 2001, 15 days in 2002, 6 days
in 2003, 80 days in 2004 and 37 days in 2005. Observations carried
out between 0530 local time (LT) and 0730 LT and between 1730
LT and 1930 LT were also removed from the data set due to block-
ing effects caused by obstacles near to the horizon (Fig. 1c). It was
removed 1431 h of observations carried out in 2001, 1441 h in
2002, 1420 h in 2003, 1771 h in 2004 and 1459 h in 2005.

Hourly and daily values of solar radiant fluxes used in this anal-
ysis are indicated as Hy

x ; here, subscript implies respective spectral
solar component, whereas superscript gives integrated time inter-
val. For example, Hh

G, Hh
UV, Hh

PAR and Hh
NIR denote hourly values and

Hd
G, Hd

UV, Hd
PAR and Hd

NIR denote daily values of solar radiant fluxes,
respectively.

Hourly and daily values were estimated for the entire period of
5 years (2001–2005). To develop the empirical expressions to esti-
mate UV, PAR and NIR components of solar radiation it was used
data from 2001 to 2004. Validation of all expressions was carried
out using data from 2005.

The extraterrestrial solar radiation used in the evaluation of the
clearness index was estimated by Gtop ¼ �I0 cos Z, with I0 being the
solar flux at the top of the atmosphere given by I0 ¼ ð�D=DÞ2S0,
where D is the average distance between the Sun and the Earth,
D is the actual Sun–Earth distance, S0 is the average solar constant
assumed equal to 1366 W m�2 [56] and Z is the solar zenith angle
calculated according to Iqbal [51].
3. Results and discussion

3.1. Sky condition classification

Prior to the analysis of the correlation results between the spec-
tral UV, PAR and NIR bands and the global solar radiation, it is con-
structive to categorize the sky conditions at the Botucatu site. For
nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ



Fig. 3. Frequency distribution of (a) hourly and (b) daily values of clearness index
for Botucatu. It was considered 1359 days (12,565 h) of observations between Ja-
nuary 1, 2001 and December 31, 2004. Vertical dashed lines define regions of KT

values associated to the sky conditions.
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that purpose, as in [57–58], the hourly clearness index Kh
T is evalu-

ated, based on the continuous observations (1995–2003) of global,
diffuse [59] and direct solar beam components. Keeping in mind
the above, four sky categories have been considered here:

Interval i: Kh
T 6 0.35 and direct component of the global solar

radiation at the surface is practically zero. Therefore, global and
diffuse solar radiations are equal and the sky condition is defined
as totally covered cloud or cloudy sky;

Interval ii: 0:35 < Kh
T 6 0:55. The global solar radiation at the

surface is composed by a fraction of diffuse component that is lar-
ger than the fraction of direct component, and the diffuse fraction
is decreasing with Kh

T. The upper limit of this interval is set where
diffuse equals direct component of the solar radiation (approxi-
mately at 200 W m�2 and at Kh

T ¼ 0:55). In this case, the sky condi-
tion is defined as partially cloudy with predominance of diffuse
component of the solar radiation because the radiation field is pre-
dominantly composed by diffuse radiation;

Interval iii: 0:55 < KT P 0:65. The global solar radiation at the
surface is composed by a fraction of diffuse component that is
smaller than the fraction of direct component and the diffuse frac-
tion is decreasing with KT until 0.65, considered as the end of the
partially cloudy interval [51]. In this case, the sky condition is par-
tially cloudy with predominance of direct component of the solar
radiation because the direct beam predominantly composes the
radiation field;

Interval iv: Kh
T > 0:65. The global solar radiation at the surface is

composite by direct component of solar radiation and the diffuse
contribution is very small, indicating that there is no significant
cloud cover. In this case the sky condition is clear sky.

Fig. 2 indicates the block-averaged curves for global, direct and
diffuse solar radiation in terms of Kh

T. These curves were obtained
by dividing the variation interval of Kh

T (0–1) into 100 sub-intervals
and block-averaging values of global, direct and diffuse solar radia-
tions for each sub-interval of Kh

Ti
. The choice of the subinterval size

of 0.01 was obtained by trail-and-error, compromising the smooth-
est curve and the statistical significance associated to the number of
values in each sample for all three solar radiation components.

Considering the frequency distribution diagram of hourly val-
ues of Kh

T (Fig. 3a), from 12,569 hourly values of G, about 2566 val-
ues were located within i interval, 2525 values within ii interval;
Fig. 2. Block-average values of global, diffuse and direct components of solar rad-
iation, at the surface, in terms of clearness index intervals. Vertical dashed lines
define regions of KT values associated to sky condition and identified by i (cloudy
sky), ii (partially cloudy with predominance of diffuse component of the solar ra-
diation), iii (partially cloudy with predominance of direct component of the solar
radiation) and iv (clear sky). Based on hourly values observed continuously in Bo-
tucatu from 1995 to 2003.

Please cite this article in press as: Escobedo JF et al., Modeling hourly a
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2128 within iii interval and 5350 values within iv interval. Simi-
larly, the frequency distribution diagram of daily values of Kd

T

(Fig. 3b) from a total of 1359 days shows that 217 days is within
i interval; 215 days in ii interval; 271 days in iii interval and 490
days in iv interval.

The models developed in this work are based on the correlation
between hourly and daily values of HUV, HPAR and HNIR and hourly
and daily values of HG. They were developed by linear regression,
passing through the origin, considering the sky condition given
by the different intervals of KT .

Tables 1 and 2 indicate the statistical properties of UV, PAR and
NIR considering hourly and daily values, respectively, for the four
sky conditions given by the four intervals of KT. There, the number
of hours and days refers to the total period of time when simulta-
neous measurements of global solar radiation and its three compo-
nents were available in Botucatu. For reference, it was included in
Tables 1 and 2 the linear expressions and determination coeffi-
cients for hourly and daily values estimated not considering sky
conditions. These expressions are valid for Botucatu for
0 6 KT 6 1. All the statistics shown here were performed using
data from 2001 to 2004.

3.2. Hourly values

In general, the hourly fractions of UV and PAR components to
global solar radiation, namely (UV/G) and (PAR/G), increase as
sky conditions changed from clear to overcast; by contrast, the
nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ



Table 1
Statistical properties of hourly values of G, UV, PAR and NIR considering the four sky conditions in terms of hourly values of clearness index

Clearness index interval Radiation component Fraction of G (%) Maximum (MJ m�2) Number of hours

Kh
r 6 0:35 G – 1.92 2566

UV 5.03 0.09 2566
PAR 51.74 1.03 2566
NIR 43.23 0.81 2566

0:35 < Kh
T 6 0:55 G – 2.76 2525

UV 4.43 0.13 2525
PAR 49.29 1.57 2525
NIR 46.28 1.29 2525

0:55 < Kh
T 6 0:65 G – 3.27 2128

UV 4.11 0.15 2128
PAR 48.82 1.78 2128
IV 47.07 1.53 2128

Kh
T > 0:65 G – 4.14 5350

UV 4.04 0.18 5350
PAR 49.00 2.18 5350
NIR 46.96 1.97 5350

0 6 Kh
T 6 1 G – 4.14 12,569

UV 4.190 0.18 12,569
PAR 49.24 2.18 12,569
NIR 46.65 1.97 12,569

Values observed in Botucatu between 2001 and 2005.

Table 2
Statistical properties of daily values of G, UV, PAR and NIR considering the four sky conditions in terms of daily values of clearness index

Clearness index
interval

Radiation
component

Fraction of G
(%)

Mean
(MJ m�2)

Standard deviation
(%)

Minimum
(MJ m�2)

Maximum
(MJ m�2)

Number of days

Kd
T 6 0:35 G – 8.06 40.98 1.05 14.73 217

UV 4.86 0.39 39.41 0.06 0.72 217
PAR 51.48 4.15 39.80 0.63 7.42 217
NIR 43.66 3.52 42.97 0.35 6.69 217

0:35 < Kd
T 6 0:55 G – 16.37 24.33 1.10 33.08 315

UV 4.41 0.72 25.49 0.04 1.39 315
PAR 49.57 8.11 24.75 0.52 16.00 315
NIR 46.02 7.53 23.97 0.54 15.69 315

0:55 < Kd
T 6 0:65 G – 20.34 22.19 12.53 41.90 337

UV 4.12 0.84 25.38 0.48 1.46 337
PAR 48.90 9.95 23.04 6.03 19.78 337
NIR 46.98 9.56 21.31 5.87 20.65 337

Kd
T > 0:65 G – 21.14 23.03 10.11 32.49 490

UV 3.95 0.84 26.87 0.12 1.29 490
PAR 48.49 10.25 23.84 5.04 15.73 490
NIR 47.56 10.05 22.14 4.69 15.55 490

0 6 Kd
T 6 1 G – 17.70 35.69 1.05 41.90 1359

UV 4.17 0.74 34.70 0.04 1.29 1359
PAR 49.06 8.68 35.29 0.52 19.78 1359
NIR 46.77 8.28 36.52 0.35 20.65 1359

Values observed in Botucatu between 2001 and 2005.

Fig. 4. Daily values of G, UV, PAR and NIR observed, at the surface, in Botucatu from
2001 to 2005. Vertical dashed lines define regions of KT values associated to the sky
conditions.
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fraction (NIR/G) decreases with sky conditions changing from clear
to overcast.

The maximum hourly values of G, UV, PAR and NIR can be inter-
preted as the amplitude of the diurnal evolution and they increase
as the cloudy cover decreases (Table 1).

The statistical properties of hourly values of PAR and NIR
regardless the sky conditions are similar to the ones observed for
sky condition partially cloudy with predominance of diffuse com-
ponent of the solar radiation (Table 1).

3.3. Daily values

In general, as the cloud cover increases, the UV and PAR frac-
tions of G, based on daily values, increase and the NIR fraction of
G decreases (Table 2).

The variation of the daily amplitude, given by the difference be-
tween maximum and minimum daily values of UV, PAR and NIR,
follows the pattern presented by the hourly values (Section 3.2).
Please cite this article in press as: Escobedo JF et al., Modeling hourly and daily fractions of UV, PAR and NIR to global solar ..., Appl Energ
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Fig. 5. Dispersion diagram of (a)–(c) hourly and (d)–(f) daily values of UV, PAR and NIR components of solar radiation at the surface in terms of global solar radiation,
considering the four categories of clearness index.

Table 3
Expressions to estimate hourly and daily values of UV, PAR and NIR in terms of G and the respective determination coefficient considering the four sky intervals of KT

Clearness index interval Hourly values Daily values

Expression R2 Expression R2

KT 6 0:35 Hh
UV ¼ 0:049Hh

G 0.9855 Hd
UV ¼ 0:048Hd

G 0.9699
Hh

PAR ¼ 0:510Hh
G 0.9947 Hd

PAR ¼ 0:512Hd
G 0.9925

Hh
NIR ¼ 0:041Hh

G 0.9967 Hd
NIR ¼ 0:440Hd

G 0.9899

0:35 < KT 6 0:55 Hh
UV ¼ 0:045Hh

G 0.9622 Hd
UV ¼ 0:0044Hd

G 0.9622
Hh

PAR ¼ 0:495Hh
G 0.9978 Hd

PAR ¼ 0:496Hd
G 0.9938

Hh
NIR ¼ 0:461Hh

G 0.9965 Hd
IR ¼ 0:460Hd

G 0.9907

0:55 < KT 6 0:65 Hh
UV ¼ 0:042Hh

G 0.9839 Hd
UV ¼ 0:042Hd

G 0.9731
Hh

PAR ¼ 0:490Hh
G 0.9966 Hd

PAR ¼ 0:490Hd
G 0.9923

Hh
IR ¼ 0:469Hh

G 0.9945 Hd
IR ¼ 0:469Hd

G 0.9882

KT > 0:65 Hh
UV ¼ 0:041Hh

G 0.9792 Hd
UV ¼ 0:040Hd

G 0.9846
Hh

PAR ¼ 0:489Hh
G 0.9922 Hd

PAR ¼ 0:485Hd
G 0.9942

Hh
NIR ¼ 0:470Hh

G 0.9894 Hd
NIR ¼ 0:475Hd

G 0.9931

0 6 KT 6 1 Hh
UV ¼ 0:042Hh

G 0.9794 Hd
UV ¼ 0:042Hd

G 0.9204
Hh

PAR ¼ 0:491Hh
G 0.9978 Hd

PAR ¼ 0:489Hd
G 0.9904

Hh
NIR ¼ 0:468Hh

G 0.9968 Hd
NIR ¼ 0:469Hd

G 0.9870
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Table 4
Hourly values of ultraviolet radiation fraction of global radiation

Location Hh
UV=Hh

G (%) Land use Lat, long (�) Altitude (m)

Valencia (Spain) [17] 2.7 (August) Urban (near to the ocean) (39�280N, 00�220W) 40
3.1 (March)

Valencia (Spain) [18] 2.9 (January) Urban (near to the ocean) (39�280N, 00�220W) 40
3.5 (October)

Athalassa (Cyprus) [22] 2.96 (January) Semi-urban (35�150N, 33�400E) 165
4.12 (September)

Granada (Spain) [14] 3.0 (cloudless sky) Rural (37�100N, 3�360E) 660
5.0 (cloudy sky)

Potsdam (Germany) [16] 3–4 (typical values) Rural (55�220N, 13�50E) 107
5–6 (cloudy sky)

Botucatu (Brazil) 4.0 (clear sky) Rural (22�530S, 48�260W) 786
4.9 (cloudy sky)

Córdoba (Spain) [12] 3.9(clear sky) Urban (37�530N, 4�460W) 125
4.5(cloudy sky)

Valencia (Spain) [12] 4.4 (clear sky) Urban (near to the ocean) (39�280N, 00�220W) 20
5.6 (cloudy sky)

Kwangju (South Korea) [11] 6.9 (November) Urban (35�100N, 126�550E) 90
8.5 (September)

Table 5
Daily values of ultraviolet radiation fraction of global radiation

Location Hd
UV=Hd

G(%) Land use Lat, long (�) Altitude (m)

Dhahran (Saudi Arabia) [7] 2.1 (dust) Desert (26�160N, 50�090E) –
4.5 (rainy)

Valencia (Spain) [17] 2.2 (August) Urban (near to the ocean) (39�280N, 00�220W) 40
2.8 (March)

Athalassa (Cyprus) [22] 2.59 (January) Semi-urban (35� 150N, 33� 400E) 165
3.69 (September)

Valencia (Spain) [18] 2.8 (January) Urban (near to the ocean) (39�280N, 00�220W) 40
3.4 (October)

Makkah (Saudi Arabia) [8] 2.8–4.3 Urban (21�300N, 41�00E) –

Cairo (Egypt) [9] 3.3–3.4 (dusty) Urban (30�050N, 31�170E) –

Bahtim (Egypt) [9] 2.5–3.2 (clear sky) Rural (30�080N, 31�150E) –

Botucatu, Brazil 4.0–4.8 Rural (22�530S, 48�260W) 786

Kuwait (Saudi Arabia) [10] 4.2 (December) Urban (29�220N, 47�580E) –
5.2 (August)

Table 6
Hourly values of photosynthetically active radiation fraction of global radiation

Location Hh
PAR=Hh

G (%) Land use Lat, long (�) Altitude (m)

Athalassa (Cyprus) [42] 41.1 (clear sky) Semi-rural (35�150N, 33�400E) 165
44.0 (cloudy sky)

Athens (Greece) [43] 43.4 (clear sky) Urban (37�580N, 23�430E) 205
44.2 (intermediate sky)
46.1 (cloudy sky)

Guelph, Ontario (Canada) [31] 45.1 (clear sky) Rural 43�330N, 80�150W) 334
54.0 (cloudy sky)

Ilorim (Niger) [37] 45.3 (clear sky) Rural (8�320N, 4�340E) 375
47.0 (cloudy sky)

Athens (Greece) [34] 48.0 (clear sky) Urban (37�580N, 23�430E) 107
49.0 (cloudy sky)

Botucatu (Brazil) 48.9 (clear sky) Rural (22�530S, 48�260W) 786
51.0 (cloudy sky)

Dar es Salaam (Tanzania) [29] 51.0 (clear sky) Urban (6�480S, 39�170E) 0
63.0 (cloudy sky)
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For the standard deviation daily values of G, UV, PAR and NIR
the variation in terms of the sky condition oscillated between
20% and 40% (Table 2). Considering all the solar radiation compo-
Please cite this article in press as: Escobedo JF et al., Modeling hourly a
(2008), doi:10.1016/j.apenergy.2008.04.013
nents, the largest standard deviation (about 40%) occurs for cloudy
sky (KT 6 0:35). Sky conditions with KT > 0:35 present standard
deviations varying between 21% and 27% (Table 2).
nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ



Table 7
Daily values of photosynthetically active radiation fraction of global radiation

Location Hd
PAR=Hd

G (%) Land use Lat, long (�) Altitude (m)

Athalassa (Cyprus) [42] 40.8 (clear sky) Semi-rural (35�150N, 33�400E) 165
42.1 (intermediate sky)
44.0 (overcast)

Lusaka (Zâmbia) [41] 41.9 (clear sky) Biomass burning (15�240S, 28�180E) 1154
46.2 (cloudy sky)

Llorim (Niger) [37] 44.2 (dry weather) Rural (8�320N, 04�340E) 375
46.4 (wet weather)

Corvallis, Oregon (USA) [33] 44.3 (clear sky) Semi-urban (44�340N, 123�140W) 65.5
44.7 (partially cloudy sky)
48.3 (cloudy sky)

Athens (Greece) [34] 46.8 (clear sky) Urban (37�580N, 23�430E) 107
47.2 (cloudy sky)

Botucatu (Brazil) 48.5 (clear sky) Rural (22�530S, 48�260W) 786
51.2 (cloudy sky)
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In the case of the amplitude – difference between maximum
and minimum daily values – the variation in terms of the sky con-
ditions is controlled basically by astronomical effects (Table 2). In
the case of Botucatu, the amplitude of all four solar radiation com-
ponents for clear sky condition is larger than for cloudy condition.
However, the largest frequency of clear skies occurs during winter
period, when the amplitude of G is smaller, Botucatu has a large
frequency of clear sky conditions also during summer [53,60].

The statistical properties of daily values of G, UV, PAR and NIR
regardless the sky conditions are close to the ones observed for
Fig. 6. (a) Fraction of global solar radiation represented by UV, PAR and NIR com-
ponents and (b) slope of the best-fit straight line interpolated linear regression
passing by the origin. Hourly and daily values observed in Botucatu considering the
four sky conditions.

Please cite this article in press as: Escobedo JF et al., Modeling hourly a
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sky condition partially cloudy with predominance of diffuse com-
ponent of the solar radiation (Table 2).

Fig. 4 shows the daily values of G, UV, PAR and NIR averaged in
terms of the sky condition. The largest difference occurs between
sky conditions i (cloudy) and ii (partially cloudy with predomi-
nance of diffuse component of solar radiation). In this case, daily
values of G, UV, PAR and NIR varied around 100%. The smallest dif-
ference occurs between conditions iii (partially cloudy with pre-
Fig. 7. Comparison between the slope obtained from observed values of UV, PAR
and NIR components considering the 4 sky condition categories (bsky) and without
sky condition consideration (bwithout). Db/b = 100% (bsky � bwithout)/bwithout.

Fig. 8. Coefficient of determination (R2) of modeled values of UV, PAR and NIR
components considering the 4 sky conditions. Hourly and daily values observed in
Botucatu during 2005.
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dominance of direct component of solar radiation) and iv (clear
sky), varying from 0% (UV) to about 5% (NIR).

3.4. Linear regression modeling

Fig. 5 indicates the correlation between the solar component
radiations and G for hourly and daily values, considering sky con-
ditions defined by the four clearness index intervals described in
Section 4. Table 3 shows the linear expressions and their respective
determination coefficients for hourly and daily values. For refer-
ence, it was included in Table 3 the linear expressions and determi-
nation coefficients for hourly and daily values estimated not
considering sky conditions. These expressions are valid for Botuc-
atu for 0 6 KT 6 1.

The slope of the best-fit straight line interpolated by linear
regression varied as a function of the sky cover. The slopes bh

UV
Table 8
Means bias error (MBE), root mean square error (RMSE) and index of agreement (d) estima
of G considering the four sky intervals of KT. Values observed in Botucatu during 2005

Clearness index interval Radiation component Hourly values

MBE (%) R

KT 6 0:35 UV �3.18 1
PAR �1.72
NIR 2.45

0:35 < KT 6 0:55 UV 0.15
PAR �0.36
NIR 0.38

0:55 < KT 6 0:65 UV 1.15
PAR �0.23
NIR 0.14

KT > 0:65 UV 0.95
PAR �0.08
NIR 0.00

Fig. 9. (a) MBE, (b) RMSE and (c) index of agreement as a function of

Please cite this article in press as: Escobedo JF et al., Modeling hourly a
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and bh
PAR decrease with KT, while bh

NIR increases with KT. Similar
behavior is observed for daily values (Table 3).

The slopes bh
UV (=0.049), bd

UV (=0.048), bh
PAR (=0.510) and bd

PAR

(=0.512) are larger in the interval KT 6 0:35 and they decrease as
KT increases. By the other hand, the slopes bh

NIR (=0.441) and bd
NIR

(=0.440) are smaller in the interval KT 6 0:35 and they increase
as KT increases.

Considering that bUV is an indicative of the G fraction repre-
sented by the UV component, the linear regression indicates that
for hourly values Hh

UV under cloudy sky and clear sky represent,
respectively, 4.9% and 4.1% of G in Botucatu. These values are in
agreement with the literature (Table 4). Similarly, daily values of
Hd

UV under cloudy sky and clear sky conditions represent, respec-
tively 4.8% and 4.0% of G in Botucatu. Theses values are higher than
the values found in most of the literature (Table 5).
ted from empirical expressions of hourly and daily values of UV, PAR and NIR in terms

Daily values

MSE (%) d MBE (%) RMSE (%) d

0.36 0.9942 �1.89 7.36 0.9897
5.21 0.9986 �1.62 2.95 0.9985
7.15 0.9975 1.93 3.68 0.9979

8.22 0.9916 �4.80 6.82 0.9929
3.30 0.9986 �1.19 2.27 0.9993
4.09 0.9977 1.80 3.00 0.9989

8.74 0.9848 �2.12 6.87 0.9872
3.35 0.9974 0.05 2.20 0.9989
4.02 0.9958 0.13 2.68 0.9985

6.27 0.9878 0.09 4.03 0.9942
3.97 0.9944 0.20 2.01 0.9986
4.38 0.9925 �0.21 2.20 0.9985

the sky conditions for hourly and daily values of solar radiation.

nd daily fractions of UV, PAR and NIR to global solar ..., Appl Energ



10 J.F. Escobedo et al. / Applied Energy xxx (2008) xxx–xxx

ARTICLE IN PRESS
In the case of the bPAR, for Botucatu, the linear regression indi-
cates that under cloudy sky and clear sky the hourly values of
Hh

PAR represent, respectively, 51% and 48.9% of Hd
G and the daily val-

ues of Hd
PAR represent, respectively, 51.2% and 48.5% of Hd

G. The Bot-
ucatu values are higher than the values found in most of the
literature (Tables 6 and 7).

Fig. 6 shows the matching between the fraction (Fig. 6a) and the
slope (Fig. 6b) in the case of hourly and daily values, considering
the four intervals of sky conditions.

Comparing the slopes for hourly and daily values considering
sky conditions (Fig. 7 and Table 3) and regardless sky conditions
(Tables 4 and 6), it is possible to infer that the best agreement is
between the expression for cloudy sky condition iii (0:55 < KT

6 0:65). This result confirmed the predominance of cloudy sky
condition iii on the local climate of Botucatu indicated by the sim-
ilarity of the statistical properties of G, UV, PAR and NIR (Sections
3.2 and 3.3).

According to Fig. 7, the largest discrepancy is observed for the
hourly UV component in cloudy sky condition (condition i). In this
case, the UV radiation difference is 18% (Fig. 7).

The model developed without considering sky conditions per-
form better for PAR and NIR with the difference within |8%|.

The coefficient of determination (R2) for the hourly (daily) value
expressions of UV, PAR and NIR components in terms of hourly
(daily) values of G are indicated in Table 3 and Fig. 8. Similarly,
to the hourly values, the expressions for PAR show the largest coef-
ficient of determination and for UV the smallest. Usually they are
equal or greater than 0.96 for hourly and daily values. The model
performed better for clear sky conditions (Fig. 8).

The R2 obtained for UV component in function of G are of the
same order of those obtained by Martinez-Lozano and Casanovas
[17], Martinez-Lozano et al. [18], Cañada et al. [12], Ogunjobi and
Kim [11] and Jacovides et al. [22].

For PAR component, the R2 values obtained for Botucatu were
also similar to the literature [27,30–31,34–36,39,43].

3.5. Validation results

The accuracy of the model’s predictions is evaluated through
mean bias error (MBE) and root mean square error (RMSE). These
statistical indicators are given here as the percentage of the respec-
tive mean measured radiant flux component.

The MBE, RMSE and d for the hourly and daily values of UV, PAR
and NIR component radiations are indicated in Table 8 and Fig. 9.

In general, the MBE for hourly and daily values were situated
between ±5.0% interval, indicating a good performance of hourly
and daily models for UV, PAR and NIR. The values of RMSE for
hourly and daily values were below 10.4%.

The best performances were obtained using the expressions for
daily values of PAR, with RMSE varying from 2.01% for clear sky
(Kd

T > 0:65) to 2.95% for cloudy condition (Kd
T 6 0:35) and for

hourly values of PAR, with 3.3% for partially cloudy with predom-
inance of diffuse solar radiation (0:35 < Kh

T 6 0:55) to 5.21% for
cloudy condition (Kh

T 6 0:35).
The modeled daily values of NIR presented values of RMSE vary-

ing from 2.2% under clear sky conditions to 3.68% under cloudy
conditions. The RMSE for hourly values of NIR varied from 4.02%
for partially cloudy with predominance of direct component of
the solar radiation to 7.15% for cloudy conditions.

The largest values of RMSE were obtained for the modeled daily
and hourly values of UV.

The index of agreement were systematically superior to 0.98
(Fig. 9c) indicating the good agreement between modeled and ob-
served daily and hourly values of UV, PAR and NIR.

In general, the indexes of agreement for daily values were larger
than for hourly values. The hourly values performed better than
Please cite this article in press as: Escobedo JF et al., Modeling hourly a
(2008), doi:10.1016/j.apenergy.2008.04.013
daily values only under cloudy conditions. The PAR showed slightly
larger indexes of agreement for hourly and daily values than the
NIR and UV components in the four sky conditions intervals.
4. Conclusions

In this work, expressions to predict daily and hourly values of
UV, PAR and NIR components of solar radiation at the surface in
terms of global solar radiation also measured at the surface were
developed for four classes of sky conditions defined objectively in
terms of the clearness index.

The sky condition classes were developed using hourly values of
global, diffuse and direct solar radiation, at the surface, block-aver-
aged in terms of clearness index (KT). It was considered continuous
measurement of these parameters in Botucatu between 1995 and
2003.

Hourly and daily values of UV, PAR and NIR are linearly corre-
lated with hourly and daily values of global solar radiation mea-
sured at the surface using observations carried out between 2001
and 2004. A set of linear regression expressions, with zero inter-
cept, were derived in terms of four classes of sky conditions.

The set of equations derived for Botucatu indicate that sky con-
ditions, cloudy cover, it is only important for UV component. PAR
and NIR components of solar radiation at the surface are less
dependent of the cloudy cover.

Using hourly and daily values observed in 2005, the linear
regression model performances were analyzed in terms of deter-
mination coefficient. In general, all linear regression expressions
performed well, with R2 close to 1. Expressions for hourly values
performed better than for daily values of UV, PAR and NIR.

The slopes of the best-fit straight line interpolated by linear
regression – equivalent to the global fraction of UV, PAR and NIR
– varied as a function of KT for hourly and daily values.

The validation tests, carried out in terms of index of agreement,
MBE and RMSE indicated that the linear regression models have a
good performance for both hourly and daily values.

The expressions obtained for condition iii (partially cloudy with
predominance of direct component of the solar radiation) match
the expressions proposed for all sky conditions. The linear regres-
sion models derived to estimate PAR and NIR components may be
obtained without sky condition considerations, within a maximum
variation of 8%. However, in the case of UV, not taking into consid-
eration the sky condition may cause a discrepancy of up to 18% for
hourly values and 15% for daily values.

Considering the sky condition is important for developing linear
regression models to estimate UV radiation in terms of G because
in the presence of clouds the associated high content of water va-
pour in the atmosphere alters G more than UV. How the other min-
or atmospheric constituents, such as aerosol and ozone affect UV,
PAR and NIR components at the surface will be investigated in fu-
ture work.
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