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ABSTRACT.- The objective of this paper is to apply and vetifig performance of the anisotropic correction model
developed for the MEO diffuse solar irradiance hie integrated values of the hourly and daily défiselar irradiations.
Global, diffuse and direct irradiations from 19962005 were provided by the Laboratory of Solar Bawitry of Botucatu-
UNESP. The anisotropic correction was developedristantaneous values (5-minute-mean partition imiand applied
to the integrated values on hourly and daily ert@rdene partitions. The validation was performedthe MBE and RMSE
statistical indicators and slope of the correlati@tween the shadowring and reference diffuseiatiaths. It was found that
only the application of the geometrical correctivas not sufficient to adjust the values of the MB@adowring diffuse
irradiations. The joint application of geometricrietion and the anisotropic correction as a fumctof atmospheric
transmissivity Kt significantly reduced the difface between the hourly and daily reference and csiwdiglg diffuse
irradiations, with a difference less than 0.8% lestwhourly values and less than 1.3% between dalibes. The use of the
geometric correction and the anisotropic correcsamificantly improves the precision of MEO shadimg method for
measurement the diffuse solar radiation, represgrdi viable alternative for radiometric stationghwiimited financial
resources that monitor hourly and daily diffuseatidn.

Keywords: Diffuse solar irradiation, Measuring methods, Shatiog, Anisotropy.

RENDIMIENTO DE CORRECCIONES ANISOTROPICASDE LA IRRADIANCIA
DIFUSA MEDIDA POR ANILLO DE SOMBRA MEO APLICADASEN
PARTICIONESDE TIEMPO HORA Y DIA

RESUMEN.- EIl objetivo de este trabajo es aplicar y verifighrdesempefio del modelo de correccién anisotropico
desarrollado para el MEO radiacion solar difusal@n valores integrados de las irradiaciones em homia. Las
irradiaciones global, difusa y directa fueron pnajmnadas por el Laboratorio de Radiometria SoladBateicatu-UNESP el
periodo 1996-2005. La correccién anisotropica fasadollada para valores instantaneos de partigiée aplica a los
valores integrados en cada hora y dia. La valides#realiz6 mediante los indicadores estadiskt®8 y RMSE entre los
valores del anillo y referencia. Se encontré que Edaplicacion de la correccién geométrica noificiente para ajustar
los valores de irradiaciones difusas MEO. La aplima conjunta de correccion geométrica y la coitetanisotropica en
funcién de la transmissividade atmosférica Kt redsignificativamente la diferencia entre las y dieiones difusas
referencia y anillo, con una diferencia de meno8,8&6 entre los valores horarios y menos de 1,3% évs valores diarios.
El uso de la correccion geométrica y la correcedisotropico mejora significativamente la precisétiah método de anillo
de sombra MEO para la medicion de la radiaciéonrdtifasa, que representa una alternativa viabla s estaciones
radiométricas con recursos financieros limitadas monitorean cada hora y dia la radiacion difusa.

Palabras claves: irradiacion solar difusa, métodos medicion, anglombra, anisotropia.

1. INTRODUCTION 1987; De Miguel et al, 2001), in plasticulture ¢€@m,
1987;Cabrera et al, 2009) and in studies of lumiaanc
Diffuse solar irradiance is an important meteorala environments (Muneeret al, 1998). In the area efrital
parameter for many areas of knowledge, with apfitina in  engineering, the diffuse solar irradiance is useédgtimate
weather prediction models (Hawlader, 1984;akakt al, the direct solar irradiance for financial reasons.

1. Prof. Dr. da FATEC - BT The direct solar irradiance, used to validate modef
2. Prof. Dr. da UNESP-FCA Botucatu energy efficiency of solar collectors and photoaialt
3. Prof.Ms da UNESP-FCA Botucatu modules, requires a high financial investment ire th

45



Energias Renovables y Medio Ambiente Vol. 32, pp.54, 2013 / Impreso en la Argentina / ISSN 0323X

acquisition of the measuring apparatus and the saleking
system. This fact complicates the routine monitpiirf this
component in many meteorological stations. As thiect
irradiance is calculated by the difference betwglebal and
diffuse irradiances, a solution, then, is to meashe global
and diffuse solar irradiances, which do not requaee
financial investments, and estimate
irradiance by difference. However, errors of 5% tire
measurement of diffuse solar irradiance may leadrtors
of the order of 20% in the estimate of direct sal@diance,
depending on solar elevation (Lebaron et al, 1990).

A well accepted method for
irradiance due to ease of maintenance, optimaladperand

bands center point from sunrise to sunset. Anunstnt is
placed at this point and it permits the measurenwdnt
diffuse radiation for extended periods of time. fEfere, to
keep the sensor in the shadow, periodical mechanica
adjustments are necessary.

the direct rsoldn this paper we use tHdEOshadowring method (Melo&

Escobedo, 1994, Oliveira et al, 2002) to measwezaiffuse
solar irradiance. In this method, the shadowrinfixesd and
the pyranometer is translated parallelly to thealdwrizon
plan in a mobile base to compensate the solar ragidn.
As operational advantages of this configurationg th

monitoring the diffusemovement of the sensor can be automated by means of

motors driven by dataloggers. The Figure 1 showsviBO

relatively low cost is the shadowring method. Insth shading setup.

method, the ring is oriented perpendicularly topbé&ar axis
and at an angle equal to the local latitude. Itdskathe

MEO's Setup
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Fig. 1: MEO Shadowring setup

A drawback of the shadowring method is the use dfisually are developed for instantaneous time pamtithat

correction factors to compensate the diffuse iaade
blocked by the shadowring (Drummond, 1956; Kastehet
1983; Dehne, 1984; Ineichenet al, 1984; Stantii§5). The
correction most commonly used is based on theopyptof
the radiation, which depends on geometrical (thg kength
and width) and geographical (latitude and solatidaton)
factors.

However, the isotropic correction does not takiaccount
the circum solar radiation. This radiation is dwe the
scattering of direct radiation through small angbssthe
atmospheric particles (aerosols, water vapor, skieiage)
and is a result of the anisotropy of the radiatiBeveral
works in the literature propose additional cormusi that
take in to account the anisotropic effects of raolna
(Painter, 1981; Pollard&Langevine,
1999). These additional corrections may presenptzat
(Stanhill, 1985) and spatial (Dehne, 1984) depecelatue
to the different sizes and concentrations of paldie matter
in the atmosphere, with the atmospheric transmitgskt

(ratio of global to extraterrestrial radiation) bgithe best
representative parameter of anisotropic sky caoomiti
(Lebaronet al, 1990; Battles et al, 1995).

As the anisotropic corrections are related to
concentration and distribution of atmospheric cibumsits,
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responds more rapidly to atmospheric dynamics (®kel
McCormick, 1988; Dal Pai et al, 2011). However, ianp
weather stations, the database is available ontegréiane
partitions, as the case of the hourly and dailyetartitions.
Therefore, the objective of this paper is to aptyg verify
the performance of the anisotropic correction model
developed for theMEO diffuse solar irradiance in the
integrated values of the hourly and daily diffuselas
irradiations.

2. METHODOLOGY
The present study is based upon measurements eecbyd

the Solar Radiometric Station during the years 199805.
The Solar Radiometric Station is located on the Satiu

1988; VartiainenCampus of the Sao Paulo State University (22 548, 4

27'W, 716 m). Botucatu (Fig. 2) is a semi-rural town
surrounded by sugar cane and eucalyptus crops with
127,328 inhabitants, few industries and the econbased
upon services.

According to Képpen climate classification the loclimate
is classified as Cwa (humid subtropical climate -
mesothermal) with hot and humid summers and dryerin

th@he air temperature and relative humid values Volthe

solar astronomical variations and the maximum and
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minimum values are 23,12 °C (February) and 17,10 °Gccurs in this period due to lack of rainy daysusth
(July) for air temperature and 78,25% (Februaryy anpreventing the deposition of particulate matter (&ockt al,
63,97% (August) for relative humid, respectiveljheTrainy 2008).

season occurs in the summer and spring, with high

cloudiness, when there are more than80% of théaataual The global solar irradiance Was measured by an Eppley -
rain falls with maximum value in January (246,2 miim) PSP pyranometer (K = 7,45 V/\\A&)y) the direct normal
the dry season (winter and autumn), the monthlyrmeasolar irradiance ,l by an Eppley-NIP pyrheliometer (K =
precipitation is less than 100 mm with minimum alm 7,59 V/Wn) fitted to a ST-3 sun tracking device; and the
August (36.10 mm). With regard to aerosols emitted the  diffuse solar irradiancey), by an Eppley-PSP pyranometer
atmosphere, industries and motor vehicles are thén m (K = 7,47 V/Wm?) fitted to a MEO Shadowring (radius of
emitters of particulate matter. However, the stadga is 0,40m and width of 0,10m). Figure 3 shows the meagu
surrounded by70cities that release large amounts dévices while Table 1 shows their operating feature
particulate matter as a result of burning of sugane,

especially in the winter. The highest aerosol catre¢ion

BOTUCATU

Fig.3: Global, diffuse and direct solar measuringvites.

Table 1:. Operating features of the global, dirant diffuse solar irradiances measuring devicesu(6&a The Eppley
Laboratory fttp://www.eppleylab.coh

Irradiance Global Direct Diffuse
Sensor-mar ca EppleyPrecisionSpectralPyranome Eppley Normal EppleyPrecisionSpectralPyranome
ter IncidencePyrheliomet ter
er
Sensivity 17,45 pVvV/IWmz 7,59 puVv/Wm2 +7,47 pV/IWm2
SpectralRange 295 - 2800 nm 295 - 2800 nm 295 - 2800 nm
Response Time 1s 1s 1s
Linearity +0,5% (from O to 2800 W/m?) +0,5% (from0to  +0,5% (from O to 2800 W/m?)
1400 W/m?)

Cosine +1% (0°<Z<70Q°) B +1% (0°<Z<70Q°)

*+3% (70%Z<80°) *+3% (70%Z<80°)
TemperatureDependen +1% (from -20°C to +40°C) +1% (from-20°Cto  +1% (from -20°C to +40°C)
ce +40°C)
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The solar irradiance data were submitted to a tyuadintrol  wires, lack of electricity and shadowring interneflections
to ensure the reliability of the measures. The mmems due to low solar altitude. Table 2 shows the bounda
values that did not fit the boundary conditions ever conditions (Kudish&Evseev, 2008).

discarded. The cut values are due to misalignnalemhaged

Table 2: Quality control filters.skis the solar constant (1367 WArand b is the extraterrestrial solar irradiance

(IO:| Sc.COSZ)

Solar IrradianceType Filter

Global k<lo

Normal IncidentBeam pl< Isc
Shadowring Diffuse 0,16I< Igu< Ig
Reference Diffuse 8 lgrers < lsc

o . 1
The MEOShadowring diffuse irradiance was corrected usindC .y = ——— (1)

the geometric factors proposed by Oliveira et 0@ (eq. 1- FLOSS

1 and eq.2).

Floss = (%).cos(& ).{%(;)J)T .v_vfcos,(é’Z )dw

)

whereb is the ring widthR the radius of the ring)the solar The atmospheric transmissivity (ratio of global to
declination, ¢ the latitude,w the hourly angle an@®, the extraterrestrial irradiance) expresses the totatliance that
zenital angle. Additional corrections were also lgpthat  reaches the surface from the total available ortaheof the
took into account the anisotropic behavior of thetgring atmosphere and is used to classify the sky coverage
caused by the interaction of radiation with the egphere. (Escobedo et al, 2009). Table 3 shows the anisatrop
These anisotropic corrections were proposed byPRakt al ~ corrections for specific Kintervals.

(2011) and depend on the atmospheric transmisskity.

Table 3: Anisotropic correction factors for the MBbadowring diffuse irradiance

Kt Interval Sky Coverage Correction Factors

0<K¢<0,35 overcastsky 0.975
0,35< K< 0,55 partiallycloudysky 1.034
0,55< K< 0,65 partiallyclearsky 1.083

0,65<Ks<1 clearsky 1.108

These anisotropic corrections were developed fowere transmitted to a computer via a storage mochaleel
instantaneous values (W/nHowever, in this paper, they SM-192.
will be applied in the energy values (MJjnof the hourly
and daily partitions, obtained from integrating theThe evaluation of the numerical corrections wasebasn
instantaneous values (Chaves & Escobedo, 2000). mean bias error MBE, root mean square error RMSEtand
test statistical indicators (Stone, 1993) giventtoy (eq. 4)
The true diffuse irradiation henceforth called refeee and (eq. 5) respectively.
diffuse irradiation Hrgrrwas calculated by the difference
between the global and horizontal direct irradiasi given N
by (eq. 3): MBEz(Z(yi_)ﬁ)/Nj
I
| o @
H'swrerr =H'c _HIDi:h,d

3
() . ) Y
whereHgrerr is the integrated value of the reference diffuse RMSE= Z(y, - >§) /N
irradiation, Hg is the integrated value of the global i
irradiation andHp is the integrated value of the direct (5)
irradiation. Thei index represents the hourly and daily
partitions. Where yis the estimated values,tke measured values and

o N the number of observations. The MBE provide
A Campbell Scientific datalogger model Cr23X wasd#ge  information on the long-term performance of a model

monitor and to store the solar irradiance data. Vélees positive value means an over estimation whereregative
were scanned at 5 s intervals and average valubsiih  one means an under estimation. A drawback of this

intervals were calculated and stored. Every mornvalgles indicator is that over estimation of an individafiservation

48



Energias Renovables y Medio Ambiente Vol. 32, pp.54, 2013 / Impreso en la Argentina / ISSN 0328X

will cancel underestimation in a separate obsesmatThe The Solar Radiometry Station of Botucatu operatesesin
RMSE provide information on the short-term perforeamn 1996 performing measures of many solar componsuts
of a model by allowing a term by term comparisontted as global and diffuse irradiances on horizontalfes@s,
actual difference between the estimated value dml tdirect incidence, global and diffuse on inclinedfaces,
measured value. While a high value means a larggectral components as ultra-violet, photo synth#yi

scattering, a low one means small scattering. Avbagk of
this indicator is that a few large errors in themsgan
produce a significant increase in RMSE.

3. RESULTSAND DISCUSSIONS
In this section is presented the flowchart of operaof a
typical solar

Radiometric Station of Botucatu) in

active and near infra-red, as well as measuresraf Wave
irradiances, such as atmospheric and terrestriads.on
Specifically for the diffuse solar irradiance, tiolar
Radiometry Station of Botucatu employs three differen
methods for monitoringMEO shadowring method; disc
shadowring method; and difference method (diffeeenc
between global and direct solar irradiances). Tifferdnce

radiometric station (in case the 8olamethod is considered the reference method by mpiineg
relation to theadditional corrections (Battles et al, 1995). Figdrehows

measurement oMEO diffuse solar irradiance. Knowledge the flowchart representing the routine for measyrin

of the operation flow will better understand hovdat what
time the geometric and the anisotropic correctshsuld be
applied. So once understood the routine monitoringll
be presented and tested an alternative routinerreat the
diffuse solar radiation for stations that use gedime
partitions, as the case of hourly and daily parisi

Global and Diffuse

processing and storage BfEO diffuse solar radiation for
the Solar Radiometry Station of Botucatu.

Measurement (5s)

5 Minute?
NO

Geometric
Correction

Extraterrestrial
Calculation

Kt Calculation

[0<Kt<0.30J [0.30<Kt<0.55J [o.ss««o.es} [0‘65<Kt<1J
Ac=0.975 Ac=1.034

[Ac=1.083 ) (Ac = 1.108]

l NO NO
e . .
Q HOUR? Integration DAYZA\ Integration
[ A" "/ YES ‘@\ z _YES ®—>O
Rg b g &
= o ' —— END
~=—xHA f=—oxsHA !,,_,_;:]
5-Minute-mean Hourly Partition Daily Partition
Partition (Storage) (Storage) (Storage)

Fig. 4: Flowchart of measurement, processing andegfe of diffuse solar irradiance monitored by th&® shadowring
method.
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Global and diffuse measuring sensors are couplednto completing one hour, the values of the irradianaes

automatic data acquisition (Campbell Datalogger rhodéntegrated

in

time (summed),

generating values of

23X) that makes all the measurement, processing afmadiation, in MJ/M, which are stored in the hourly
storage routine. The scanning sensor takes play évsec partition database. Later, at the end of the dag,hourly

(frequency of 0.2 Hz) and at the end of 5 minutes
extracted an average value (5-minute-mean parfitibmen
we calculate the geometric correction due to shiatinthe
ring and it is applied on the values of diffuseadiance.

Geometric correction is calculated for daily paotit

however, as its variation is minimal throughout they, it
can be used in smaller partitions of time (DrummalRb6;
Robinson & Stoch, 1964; Melo & Escobedo, 1994; Otave

et al, 2002).

Continuing the flowchart, we calculate the cosinetlué
the extraterrestrial
atmospheric transmissivity Kt. Known the value df e
apply a second correction to the values of diffeséar
irradiance (anisotropic correction due to Kt (TaB)e and
the values are then stored in the 5-minute-meatitipar
database. Thus, at the end of this process, weawaible
in the database the global irradiance and diffusaliance

zenith angle,

solar

irradianared

an isotropically and geometrically corrected in \R/rBy

iirradiations are summed and the values are starethd
daily partition database. The hourly and daily itiaris are
said energetic partitions because of their valuestored in
MJ/n?.

This is the operating procedure of an automatetbmnaetric
station. However, at many stations, the measuresmarg
stored in hourly and daily partitions. Diffuse raiibn is
corrected only with

the geometric correction since
anisotropic corrections were developed for 5-mimtan

irradiation and

partition (Dal Pai et al, 2011). In that sensegtsure the
quality of the values of diffuse radiation in hgudnd daily
partitions, the anisotropic correction model wagpliga in
these time partitions and the results were compavighd
those obtained by the reference method. Table 4Fande
5 show the results of the comparison between thelhand
daily MEO diffuse
irradiation, respectively.

reference diffuse

Table 4: Statistical indicators from the comparibetween thehourly and daily reference and MEOshadgdiffuse

Hourly Reference Diffuse Irradiation (MJ/m2

)

Hourly Reference Diffuse Irradiation (MJ/m

2

~

irradiations.
STATISTICAL INDICATORS
CORRECTION MODELS MBE MBE RM SE RM SE Slope
(MJ/m?) (%) (MJ/m?) (%) P
Geometric Correction -0,028 -5,27 0,078 14,94 0,945
i ion +
Hourly Geometric Correction 0,004 0,79 0,063 12,06 0,990
Anisotropic Correction
Geometric Correction -0,382 -5,59 0,680 9,96 0,951
. - ——
Daily Geometric Correction 0,086 1,26 0,527 7,72 0,989
Anisotropic Correction
N—g: £ ‘Ssomsti Conecton 25 —§> /g 2,51| Geometric Correction + Y 2
s =l A ég Anisotropic Correction R
S o] w D =g " - 820 e
g =7 Linear Regression - . o) g ' % Défa .;..,- "
-(,—E g Ideal Slope 45° ..'.(‘ % 8 Linear Regression ” 3
5@ 19 Ry S o 1,51 — wdeasiopess’ , sz
@ £ vt ol
Eg i =0
8; 1,01 i %,g 1,04 -
25 (@) =2 (b)
5 £ 051 HOURLY 1 s § 0,51 HOURLY
o3 = 9 -
T T T T T T E T T T T T T
? 00 05 10 15 20 25 =3 00 05 10 15 20 25
£ 3o
= 5
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(geometric correction)

[
o
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Fig. 5: Thediffuseirradiation validations for thewection methods. a) Isotropic Correction (Hourlgrgition). b) Isotropic
+ Anisotropic corrections (Hourly partition). ¢) dsropic Correction (Daily partition). d) Isotropi¢ Anisotropic
corrections (Daily partition).
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For hourly partition, the MBE statistical indicatehowed properties on the components of greenhouse solar
that the use of geometric correction in measuresnefit radiation. Biosystems Engineering, V. 103, Issue 3, p.
MEO diffuse radiation provided an underestimation of 344-356.

5.27% compared with the reference values. With th€haves M., Escobedo,J.F. (2000). A software to m®ce
integrated use of geometric and anisotropic caoest this daily solar radiation dat&®enewable Energyt9, 1, 339-
underestimation was reduced to 0.79%. Regarding the 344.

RMSE indicator, the scattering was reduced appraeitya Codato, G, Oliveira, A P, Soares, J, Escobedo, Gdmes,
15% to 12%. For daily partition, the MBE and RMSE E N, DalPai, A., (2008). Global and diffuse solar

statistical indicators showed the same trend oficgdn by irradiances in urban and rural areas in southeastilBr
introducing the anisotropic correction in the pxeof Theor Appl Climatql93, 57-73.
correction of MEO diffuse solar radiation. For MBE, Critten, D. L. 1987.Light transmission losses due to
reduction of -5.59% to -1.26% and for RMSE, reductid structural members in _multispan greenhouses under
9.96% to 7.72%. As for the slope obtained from the diffuse skylight conditions Journal of Agricultural
comparison between the two methods of measurerfamnt, Engineering Researc¢i38, 3, 193-207.
both hourly and daily partitions, the introductioof Dal Pai, A., Escobedo, J. F., Correa, F. H. P. (2011
anisotropic correction in the measurementMEO diffuse Numerical correction for the diffuse solar irradianby
irradiation generated slope values closer to thealidine the Melo-Escobedo shadowring measuring method In:
(slope=1). ISES SOLAR WORLD CONGRESS 2011, Kassel.

De Miguel, A., Bilbao, J., Aguiar, R., Kambezidis,,H.
Therefore, based on the results presented by titatis Negro, E. (2001). Diffuse solar irradiation model
indicators, the anisotropic model of correction duoethe evaluation in north Mediterranean belt aredolar
atmospheric transmissivity Kt, developed for insaaeous Energy 70, 2, 143-153.

values of irradiance (5-minute-mean partition), isDehne, K., (1984). Diffuse solar radiation measungdhe
recommended to correct the diffuse solar irradmtio shade ring method improved by a correction formula.
measured by th®IEOshadowring method in the hourly and Instruments and observing methods, Report n. 15,

daily energetic time partitions. World Meteorological Organizatign263-267.
Drummond, A. J., (1956). On the measurements gf sk
4. CONCLUSION radiation. Archiv. Fur Meteorologie. Geophysik

Bioklimatologie 7, 413-436.
The joint application of the geometric correctiondathe Escobedo, J F, Gomes, E N, Oliveira, A P, Soares, J

anisotropic correction due to the atmospheric trassivity (2009). Modeling hourly and daily fractions of UV,
Kt in the hourly and daily partitions significanttgduce the PAR and NIR to global solar radiation under variokys s
difference between diffuse irradiation obtained the conditions at Botucatu, BrazilApplied Energy 86,
reference method and diffuse irradiation measurgdhie 299-309.

MEOshadowring method. Therefore, the anisotropic modéfawlader, M. N. A. (1984). Diffuse, global and
of correction due to the atmospheric transmissiiiy extraterrestrial  solar  radiation for  Singapore.
developed for diffuse irradiance values (5-minugam International Journal of Ambient Energy, 31-38.
partition), is recommended for correction of houdpd Ineichen, P, Gremaud, J M, Guisan, O, Mermoud, A,
daily values of diffuse solar irradiation measuiegd the (1984). Study of the corrective factor involved whe
MEGOshadowring method. measuring the difuse solar radiation by use ofrthg

method.Solar Energy32, 585-590.
The integrated use of the geometric correction #mel Kasten, F., Dehne, K., Brettschneider, W., (1983).
anisotropic correction due to the atmospheric rassivity Improvement of measurement of diffuse solar ragimti
Kt significantly improves the precision MEOshadowring Solar radiation data, série F, n.2, p.221-225, DdeRe
method for measurement the diffuse solar radiation, Dordrecht.
representing a viable alternative for radiometriatisns Kudish, A |, Evseev, E G., (2008). The assessméffiour

with limited financial resources that monitor hgumnd different correction models applied to theffidie
daily diffuse radiation. radiation measured with a shadow ring using glaival
normal beam radiation measurements for Beer Sheva,
REFERENCES Israel. Solar Energy82, 144-156.
Lalas, D. P., Petrakis, M., Papadopoulos, C. (1987)
Battles, F. J., Olmo, F. J., Alados-Arboledas, 1995). On Correlations for the estimation of the diffuse réidia

shadowband correction methods for diffuse irraddanc ~ component in Greec&olar Energy39, 5, 455-458.
measurement$olar Energy54, 2, 105-114.

Cabrera, F.J, Baille, A., Lopez, J.C., Gonzalez-ReaM.M
Pérez-Parra, J. (2009)Effects of cover diffusive

51



