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Ibrahim Reda The Measurements and Instrumentation Team within the Distributed Energy Resources
S h M. Wil Center at th(_a National Renewable Energy Laboratory, NREL, calibrates pyranometers for
teP en . Wiicox outdoor testing solar energy conversion systems. The team also supports climate change
. research programs. These activities led NREL to improve pyranometer calibrations. Low
Afshin M. Andreas thermal-offset radiometers measuring the sky diffuse component of the reference solar
irradiance removes bias errors on the order of 20 Watts per square meter?Wrthe
National Renewable Energy Laboratory, calibration reference irradiance. Zenith angle dependent corrections to responsivities of
Distributed Energy Resources Genter, pyranometers removes 15 to 30 \¥/bias errors from field measurements. Detailed
1617 Cole Blvd., uncertainty analysis of our outdoor calibration process shows a 20% reduction in the
Golden, CO 80401 uncertainty in the responsivity of pyranometers. These improvements affect photovoltaic

module and array performance characterization, assessment of solar resources for de-
sign, sizing, and deployment of solar renewable energy systems, and ground-based vali-
dation of satellite-derived solar radiation fluxelDOI: 10.1115/1.1434262

Introduction 1 Broadband Outdoor Radiometer Calibrations

A . . (\%ORCAL).

ssessing solar resources for design and deployment of renew-

able energy systems; evaluating photovolt@¥) cell, module, 1.1 The BORCAL Reference IrradianceThe WMO World
and array performance; ground-based validation of satellitRadiometric Referenc@VRR) is the foundation of NREL's BOR-
derived solar radiation fluxes; and climate change issues all réDAL procedures. The WRR is the international reference for mea-
on the accurate radiometer calibrations. Pyrheliometeis. 1)
measure shortwav800 nanometemm] to 2500 nm wavelengih
solar radiation direct-beam radiation witha 5 deg field of view
around the solar disk.

PyranometergFig. 2) measure the total shortwave global o
hemispherical solar radiation, to characterize performance of fl
plate PV technologies. Pyrheliometer measurements are import
for concentrating solar collector technologies.

Solar Radiometer Calibrations

The ratio between the radiometer output sigfmicrovolty
and solar power flux, or irradiancéW/m?) is the radiometer
calibration factor. NREL's Broadband Outdoor Radiometer Cal
bration(BORCAL) procedures characterize and calibrate pyrheli-
ometers and pyranometers. Our new procedures improve @@. 1 Pyrheliometers measuring direct-normal solar radiation
Radiometric CalibratiotRADCAL) techniqueg1—4]. Our Radi-
ometer Calibration and CharacterizatiofRCC) software
implements BORCAL data collection, reporting, and data ar-
chiving [5].

The NREL team has worked with the U.S. Department of En-
ergy (DOE) Atmospheric Radiation Measurement Program
(ARM), National Aeronautics and Space AdministratidASA)
Earth Observing SystefEOS Validation Program, World Me-
teorological OrganizatioWMO) Baseline Surface Measurement
Network (BSRN), and National Oceanic and Atmospheric Admin-
istration(NOAA) Climate Monitoring and Diagnostics Laboratory
(CMDL) to identify, characterize, and reduce sources of error and
uncertainty in broadband shortwave radiation calibrations and
measurement6—10].

Contributed by the Solar Energy Division of the American Society of Mechanical
Engineers for publication in the ASMEOWRNAL OF SOLAR ENERGY ENGINEER- . . . .
ING. Manuscript received by the ASME Solar Energy Division, October 2001; findfig. 2 Pyranometer measuring total global hemispherical
revision April 2001. Associate Editor: S. Kleis. radiation
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Fig. 3 Shade/Unshade and component summation calibrations

suring the direct-beam solar irradiance using absolute-cavitglues for the instrument response. Period C is 60 time constants
pyrheliometerd11-14. Transfer of a WRR-traceable calibrationfor the instrument response. These periods were chosen to reduce
to field pyrheliometers is by direct comparison between ahe influence of possible multiple time constants known to exist
absolute-cavity pyrheliometer and the pyrheliomef@&B—15. [19]. During period M at least three readings of instrument re-
Transfer of a WRR traceable calibration to field pyranometers caponse,Vs or Vu, and the direct-beam irradiance, are recorded.
be done using an absolute-cavity pyrheliometer and a shadé&e mean zenith angle and cavity pyrheliometer data during the
unshade procedure for the test pyranomefdi15. Alterna- measurement periodsl are used in computing thk;,X cosg)
tively, a reference irradiance from an absolute-cavity pyrhelionterms. A sufficient number dRsversusZ are required to map out
eter direct-beam measurement and a diffuse-sky radiatitite cosine response of the radiometer. Fordbmponent summa-
measurement can be comput@bmponent summatiomethod. tion technique, a pyranometer is continuously shaded by a track-
Here, the diffuse-sky radiation must be measured with a pyranoing shading disk to measure the diffuse-sky irradiance, as shown
eter under a sun-tracking shading disk that blocks the same sotidFig. 5. The pyranometé&s) used under the tracking shading
angle as the field of view of the cavity pyrheliometer. disk must first be calibrated using the shade/unshade technique.
Whether ventilatedwhich may reduce, but not eliminate ther-

mal offsets, described belgvor unventilated, the calibration is

shade/unshade and component summation techniques, respeg- f PR ot
tively. For the shade/unshade protocol, the responsiRityis the ?nssfi(rjurc:]rélxt.for the same configuration in the application of the

ratio of the pyranometer signal to the input signal induced by the

vertical component of the direct beaiy, X cosg), wherez is the 1.3 Diffuse Radiometer Calibration.The first improvement
zenith angle. Shading the pyranometer with a disk subtending tingplemented in the our procedures is to determine the responsiv-
same solid angle as the field of view of a cavity pyrheliometéty of the diffuse reference pyranometer as the mean of the respon-
produces a signaVs The unshaded signal V&, and the respon-

sivity is computed as:

Rs=(Vu—Vs)/(l4,* coqz)) (2)

Procedures for acquiring shade/unshade calibration data are de-
scribed in the American Society for Testing and Materials Stan-
dard E-913[18]. The measurement and timing sequence for the
shade/unshade approach is shown in Fig. 4.

Time period A is a 30-minute stabilization period. Time period
B is 20 to 30 time constant&l/e, or 63% of final steady-state

1.2 Calibration Techniques.Figure 3 is a schematic of the

Series for positon 7 44
O, 120, o 2407 s

Elapsad Time, min (sac)

Fig. 4 ASTM sequence for shade /unshade calibration Fig. 5 Tracking shading disks for pyranometer measurement
procedures of diffuse-sky radiation
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sivities in three azimuthal directior{® deg[soutH, 120 deg, and Solar Radiation Rescarch Laboratory (BHS)
240 deg at Z=45 deg, representing average zenith angléor %0 !

clear sky diffuse radiation. Azimuthal variations in responsivity o mmfmm\
1.5% are smoothed using the mean. Our analysis results in a tc el

uncertainty of 2.5%of readingin the clear sky diffuse-sky irradi- = e Ve AR el B
ance (4¢), and 6.5% of reading under variable sky conditions, i Faam A,J\,Wf“’ﬂ Nl "

all other sources of uncertaintgata loggers, environmental con- / ,JJﬁ i W

ditions, etc) are accounted fdi8,20]. 50 )

N

-
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adiance
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1.4 Component Summation and Diffuse Thermal Offset « A : b, \
Our next improvement was to recognize the negative bias er \
introduced by all-black sensor pyranometers measuring diffu
sky radiation, and replace them with black-and-white sensoi 2
In the component summation approach, the global referen \\
irradiance is the sumy,Xcosg) and the diffuse-sky radia-
tion, I 4¢. Individual pyranometer signal§/u, are divided by the o
reference irradiance to produce the individual pyranomet
respons|v|ty Mountain Standard Time

Diffuse SD PSP [W/m™2] —— Diffuse SD 8-48 [W/m"2] ——
Rs=Vu/(l4,* cogz)+14) (2)

. .. Fig. 7 Black-and-White (top line ) and all-black sensor clear
. Research within the DOE ARM program, NASA EOS Validas ky diffuse irradiance demonstrating 20 W /m? thermal offset in

tion Program, WMO BSRN, and NOAA CMDL revealed thermaly " ack pyranometer
offset, W, (W/m?), bias errors in both calibration techniques not
accounted for in the previous analysis. This offset appears in all-
black thermopile pyranometers without compensating therm
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. . 9éry little shortwave solar radiation. The bottom instrument in
pllesl, SU.Ch as the Eppley Precision Spectral Pyranqrr(étéf;), . Fig. 6 is an example of the latter, an Eppley Laboratory Model
and is site dependef®,21]. The offset is a negative bias error iNg =48 black-and-whiteunit

addition to the 2'5% uncertainty in the responsivity. Clear sky Pyranometers with all-black receivers are rarely in thermal
Wy for the NREL site has been characterized to be 15 #in® quilibrium when deployed outdoors. Thermal infrar¢d) en-

2 . . . o
W/m#, 2 standard deviationghroughout the year; as descrlbedgrgy is exchanged among the absorbing sensor, dome, and sky.

below. . . :
. ... These exchanges result in a net negative thermal offggt,, in

Thermoplle-k_)asec_i pyranometers rely on the temperature d'ﬁ?ﬁ'e thermopile voltage signal. Black-and-white pyranometer ther-
YHal offsets are smaller as all junctions see the same thermal ra-

face that absorbs solar radiati@mot junctions and reference, or fgiation. Figure 7 is an example plot of all-blacRSP detector
|

cold junctions, that do not receive any solar radiation. In Fig.
the top unit, an Eppley Laboratory Model PSP is an example
theseall-black sensor pyranometers. Another type of thermopilﬁ1
has the hot junctions in contact with a black absorbing surface
the reference cold junctions under a white surface that abso

wer line) and a black-and-white detect@rpper ling clear-sky
ffuse irradiance at NREL. Both radiometers were calibrated in
same RCC event, using the new procedures. We computed the
an difference in clear sky shading disk diffuse data from both
diometers over a 6-month periédanuary to July, over 70,000
1-minute samplesto be 15 W/mM+5 W/n?, (expanded uncer-
tainty, 2 standard deviationsThe W,;; for the black-and-white
units has been experimentally determingy repeated shading
outdoors to be about 2 W/

Radiometer Characterization and Calibration (RCC)

In 2000, we revised the RCC software and hardware to address
diffuse pyranometer azimuthal response, thermal offsets in all-
black pyranometer detectors, and improvements in computation of
zenith angles. Uncertainty analysis of our revised procedures
shows reduced uncertainty in our BORCAL process. This section
describes the technical improvements in determining pyranometer
responsivities.

1 RCC Configuration and Operation. RCC software re-
quires rigorous configuration and setup session all equipment. In
addition to the referencédirect and diffusg and test(pyranom-
eter, pyrheliometgrsensors, RCC requiresntrol instruments in-
cluded in every calibration to monitor the process stability. Silicon
photodiode atmospheric stability radiometASR) units measure
irradiance stability. Instability is reported by flagging the data and
alerting the operator. Meteorological data for temperature and
relative humidity are recorded. Rather than require the additional
expense of calibrating a sunphotometer and measuring turbidity,
the software estimates aguivalent broadband turbidity22] us-
ing the direct normal irradiance and algorithms derived at NREL
[23,24]. Various conditions set alarms and flag suspect data. These

include:
Fig. 6 All-black (top unit) and black-and-white thermopile * Mismatch of more than 18% between ASR and Reference
pyranometers under tracking shading disks irradiances.
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BORCAL 2000-01 Meteorological Observations

{\/Ilsmatch l?eltween.tmu't('jple r?ferenceé;sgutrcvem%wse_d.f_Fig. 9 Typical meteorological data for RCC data collection.
ween mulliple cavity radiometers, or 67 between tWo difagrqgq) optical depth or turbidity (top), relative humidity
fuse pyranometeys ) o (middle ), and ambient temperature  (bottom )

« Difference >0.5% between adjacent responsivities for a
single instrument.

Mismatch>6% between the reference irradiance and a con- . . . . .
trol instrument global irradiance by a pyranometer is accomplished by using the

- A difference between adjacent readings of meteorologic?smns'v'w as a function of zeniticidence angle of the direct
instruments >3°C for temperature, or>7% in relative P®3M-
humidity.

2 RCC Reporting. In addition to the individual calibration RCC_ Uncertainty ) )
results discussed below, RCC generates a time-series plot of th&/sing a more accurate computation of solar zenith angles
direct-normal, diffuse-sky irradiance, and computed reference gi@5,26 and measurement of diffuse-sky irradiari@, required
bal irradiance, shown in Fig. 8. Time-series plotsvteorologi- revision of our estimates of uncertainty for earlier BORCAL pro-
cal observationgestimated atmospheric turbidity, relative humidcedures and instrumentation. Opaise uncertaintyf 1.3% used
ity, and ambient temperaturare reported. Figure 9 is showspreviously for the reference irradiance calculatlon for pyranom-
typical parameters in the top, middle, and bottom panels, resp&éers is now reduced by a factor of about 2. A detailed uncertainty
tively. RCC reports individual pyranometer zenith angle respons@halysis and new prescription for computing the uncertainty for
Figure 10 is a plot of the zenith angle response for an Eppley PSpbsequent BORCAL events are described below.
There is not aypical response curve for various makes and mod- 1 DataAcquisition. The RCC data logger is a Fluke Helios
els of pyranometers. Plus 2287A, with a high-performance analog-to-digi{&/D)

Our previous version of RCC computes the_ mean response Wgéhverter, and isothermal voltage input cards. One-year accuracy
each of ten zenith angle bins, each 9 deg wide, from 0 deg to the DC voltage range usdd-64 mV) is 0.03% of reading

deg and reports the results, as shown in Table 1. In the new VEly microvolts (wV) [27]. For a nominal 10 m\&=10,000 V)
sion, we will use 2 deg bins, with separate morning and afterno rmopile pyranometer. signal, this amounts tﬁaS&llZ VI

bins, for a total of 45 bins. This will reduce the uncertaintyR8 14400,/ or 0.12% for data logger contributions to measurement
as a function oz when morning and afternoon responsivities d?mcertainty.

not overlap.
The mean responsivity in eadhbin is plotted as a horizontal 2 Transfer of World Radiometric Reference (WRR). Ev-
bar, as shown in Fig. 10. The 45 deg—55 deg and cosine weightsgt five years(since 1980 WRR is transferred with an uncer-
composite responsivities are plotted as horizontal lines spanni@inty of 0.3% from the World Standard Gro(y¢SG) of absolute
the total zenith angle range. The 45 deg—-55 deg bin representscanity radiometers to an NREL reference group of cavity radiom-
average responsivity for isotropic sky conditions. T¢mmpos- eters at the World Radiation Cent&RC) at Davos, Switzerland.
iteresult is computed as the average of all responsivities weighteREL has documented the transfer procesgli4]. NREL trans-
by cosg). Data can be collected using any of these responsivers the WRR to working reference cavity radiometers during
ties; however, the most accurate determination of the totdREL Pyrheliometer Comparisoi28]. Root-sum-squaring the
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31548F3 Table 1 RCC report of mean pyranometer responsivity within
zenith angle bins

* -+t Mornin
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ity ;;“,;g";'.’,‘,,,.,. Bin Rs Unc Pct
. TR G
o5 ] 45-55 8.262 0.18 2.2
R inhhishbiohisisb i bl P i Composite 8.328 0.45 5.4
& 7 Zen 00-09 8.406 0.18 2.1
N s00 Zen 09-18 8.408 0.17 2.0
> Zen 18-27 8.387 0.18 2.1
< Zen 27-36 8.353 0.19 2.2
£ B Zen 36-45 8.314 0.20 2.4
a 780 7 ¢ Zen 45-54 8.265 0.18 2.2
3 1 Zen 54-63 8.214 0.18 2.2
& E Zen 63-72 8.208 0.25 3.0
700 7 Zen 72-81 8.118 0.28 3.4
] 4 Zen 81-90 7.972 0.27 3.3
6.50 1 1T I T [ 1 T T T T T T T . L
0 5 10 15 2) 25 30 35 40 45 50 S5 60 65 70 75 8C 85 90 Bin=Zenith angle bin identifier
Zenith Angle Rs=Mean responsivity within biriboth morning and afternoon dataV/W/m?
Unc=Uncertainty in units oRs (xV/W/m?)
Fig. 10 Pyranometer cosine response curve generated by Pct=Uncertainty as a percent of mean responsivitgrcent
RCC. Morning data is top leg, afternoon data the bottom leg. ~ 45-55=Bin for computing responsivity under isotropic conditions
Horizontal bars are mean responsivity in zenith angle ranges Composite=cog2) weighted mean responsivity
spanned by the bars.
0.3% uncertainty in WRR from the reference cavity and 0.2% Ugr= (2.0+0.02514) 0 (5)

O . : 0 ———
random variation in the transfer of WRR to the working cavity (Ign cOg2) +145) 0
results in the overall uncertainty in direct-beam irradiance of

0.35%. The correction factor to reduce the working cavity irradi- Uj=Ug,+ U+ UG % (6)
ance to WWR is 1.00020.35%. U, is the percent uncertainty in the casterm forz>75°, U g

3 Zenith Angle Computation. There is uncertainty in the iS the uncertainty in the diffuse sky irradiance.
solar zenith angle and cay( This computation depends on After each of the ten zenith-angle bins is completed, the mean
knowledge of the latitude, longitude, local standard time, sol&@SPOnsivity,Rs, for the ten(9° wide) zenith-angle bins is com-
equation of time and solar declinati¢#9]. Our BORCAL cali- Puted. The total uncertainty for the mean responsivitys, in
bration platform location is known to within 0.0001°, using Glo£ach bin is the root-sum-square of the mean ofuhe and one-
bal Positioning SysteriGPS measurements. RCC software use8alf of the rangeR= (maximum-minimum), as a percentage of
GPS time codes to set the time tol second. The Michalsky the mearR; for the bin, as shown in Edz7).

algorithm [25,26] is used to compute within 0.01°. Forz less 7
than 75°, the uncertainty in ca(s less than 0.06%. Fargreater _ 2 E
A . . . ! Ugrs Ui+| 1000.5 — @)
than 75°, an atmospheric refraction correct{@0] is applied to R
S

compute an effective zenith angle to an accuracy of 0.02°. The
resulting 0.03° uncertainty in=85° produces a 0.6% uncertaintyThe range term reflects the fact that morning and afternoon re-
in cos@), growing to 3% atz=89°. sponsivities may not overlap, as shown in Fig. 10.
) ) For the uncertainty in the determination of the responsivities of

4 Reference Diffuse-sky Irradiance. The RCC reference nyrheliometers, the sum of data-logger and absolute-cavity radi-
diffuse irradiance is the mean of two pyranometers shaded Ebﬁeter uncertainty is 0.47%no zenith-angle or diffuse tefm
tracking disks. Whether black-and-whit8-48 or all-black after the mean responsivityR;, and the rangeR, (maximum
(PSP detectors are used, uncertainty in the reference diffuse iSyinimum) as a percentage of the mean are computed, the un-
+2.5% of readinddue to uncertainty in thRS plus W, Where  certainty inRs U, is computed as
W,: is a thermal offset in watts per square meWy,;; for PSPs

at the NREL site has been characterized to b5 W/n? ) R\?Z
+=5W/nm?. Thermal offset in a black-and-whiténodel 8—48 Urs= 1/ (0.47)°+| 100 — (8)
pyranometer is no more tharn2 W/n?, but the uncertainty in Rs

determining the mean of the 3 azimuthal responsivities at 45° is . .

still on the order of 2.5% for both types of pyranometer. NRECOITecting Zenith Angle Response

uses the mean of two shade/unshade, calibrated black-and-whitghe most accurate determination of the total global irradiance is
(model 8~ 48 pyranometers for RCC diffuse reference irradianceomputed from pyrheliometer direct beam and a well calibrated
measurements. shaded black-and-white pyranometer diffuse measurements. RCC

: . : .. derived Pyranometer zenith angle response correctionsz for
fro?n Iﬁéal szJart]acelrgggg(gallg%am\)/\rl]hngrr?dmltr:gr:rs]f?; ngfer\t/?/gg <70° are less than 3% of reading; and they increase to about 15%
(0.3599, and cosf) (0.06% forz<75°), uncertainty in the com- of “?ad'”g forz>80°. . . . .
putation of the direct beam vertical componedy,,, is 0.53%. Figure 11 shows applyln_g RCC zenith angle t."n corrections
Since the uncertainty for each individual responsivi is a reduces pyranometer error in the clear sky global irradiance from

function of the zenith angle and the magnitude of thlack-and- 40 W/ to less than 15 W/fy or 37%.

white, 8-48 detecto} diffuse irradiance, RCC computes the un- Irradlandce |e|V9|S Un?ﬁr cIouSy jk'es atrle I(l)wedr thandt.?e |rratdk:-
certainty,U; , for each individuaRs using: ances under clear conditions. Under partly cloudy conditions, the

direct beam is either blocked or unblocked. Zenith-angle correc-
Ug4n=0.53% (3) tions results in much smaller absolute \W/worrections under

. cloudy conditions. We have applied corrections uniformly under

(cogz) —cogz+0.039 % @) cloudy, clear, and partly cloudy conditions when the direct beam
cogz) is both absent and present and noted very small correctiess

U,=100
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Fig. 11 Top curve (GLO PSP) is measured global irradiance using a single
responsivity. The next curve down (thick black line, Gcor [Z]) is the cor-
rected data using responsivity for the appropriate zenith-angle bin. The
third line down (thin gray line, B&W +DN GLO) is the computed irradiance
from beam and diffuse.

than 5 W/n%) when the direct beam is absent, and 30 Wim40 [4] Myers, D. R., and Stoffel, T. L., 1990, “A Description of the Solar Radiometer

W/mz corrections in gIobaI irradiance measurements when the Calibration(RADCAL) Process at SERI,Proc. of 1990 Annual ConfAmeri-
can Solar Energy Society, pp. 171-177.

direct beam is present. [5] NREL, 1997,RCC Radiometer Calibration and CharacterizatjdéREL Me-
. trology Manual.
Conclusions [6] Dutton, E. G., Michalsky, J. J., Stoffel, T. L., Forgan, B. W., Hickey, J., Nel-

. . - son, D. W,, Alberta, T. L., and Reda, |., “Measurement of Broadband Diffuse

The components of uncertainty in responsivity for an all-black  gqjar irradiance Using Current Commercial Instrumentation with a Correction
pyranometer and black-and-white pyranometer clear sky diffuse for Thermal Offset Errors,” J. Atmos. Ocean. Technol., in press.

reference irradiance are 2.25% and 0.45%, respectively. The imi7] Stoffel, T. L., Reda, I, Myers, D. R., Renne, D., Wilcox, S., and Treadwell, J.,

proved diffuse measurement, using two black-and-white pyranom- 2000, “Current Issues in Terrestrial Solar Radiation Instrumentation for En-

. X P .« ergy, Climate, and Space Applications,” Metrolog&, pp. 399—-402.
eters with azimuth averaged responsivities for the reference dlf[S] Reda, I., and Myers, D., 1999, “Calculating the Diffuse Responsivity of Solar

fuse irradiance is a factor of 5 smaller. ) Pyranometers,” NREL Technical Report/TP-560-26483, National Renewable
Improvements in RCC/BORCAL operations and procedures Energy Laboratory.
have the following specific impacts: [9] Wilcox, S. M., Reda, I., Nelson, D. A., and Webb, C., 1999, “Traceability and

Verification of Radiometer Calibrations at the Southern Great Plains Radiom-
1. Clear-sky total global solar radiation data from pyranom- eter Calibration Facility,Proc. of Ninth Annual ARM Science Team Meeting
eters calibrated at NREL before March 2000 are about 2.5% N Burleigh and D. Carrother&ds), U.S. Department of Energy, Richland,
WA

to 3% (Of reading’ 25 W/rﬁ to 30 W/rr12 at 1-sunof 1000 [10] Wilc.:ox, S. M., and Stoffel, T. L., 1998, “Radiometer Calibrations at the ARM

2
W/mr) too low. . . o Southern Great Plains Radiometer Calibration Facility,”Rroc. of Eighth

2. Absolute uncertainty in responsivities of pyranometers and  Annual ARM Science Team Meetirld. Burleigh and D. Carrothereds),
pyrheliometers has been reduced by more than 15%. U.S. Department of Energy, Richland, WA.

3. Using black-and-white pyranometers for diffuse referencélll Kendall, J. M., and Berhdahl, C. M., 1970, “Two Blackbody Radiometers of

irradiance improves the absolute accuracy of total globgl,, High Accuracy,” Appl. Opt.,12 pp. 10891091
L

Willson, R. C., 1973, “Active Cavity Radiometer,” Appl. OptL2, pp. 810—
pyranometer measurements by 15 \R420 W/nt at NREL. 817, Y PR DPES PP

4. Total global pyranometer measurements based on compjas] WMO 1983, Guide to Meteorological Instruments and Methods of Observa-
nent summation technique with an all-black pyranometer for ~ tion WMO No. 8 Secretariat of the World Meteorological Organization,

: f : : Geneva, Switzerland. 9.8, Sec. 9.3.1.1.
diffuse 5ky measurements have an inherent negative bl?ﬁ] Reda, I., 1996. “Calibration of a Solar Absolute Cavity Radiometer with

_(abOUt 15 W/ _at NREL built into the derived responsiv- Traceability to the World Radiometric Reference,” 79 pp., NREL Technical
ity, and hence, in the measured data. Report/TP-463-20619, National Renewable Energy Laboratory.

5. All-black pyranometers calibrated with component summak15] ASTM 1997a, “Standard Test Method for Calibration of Pyrheliometers by
tion (using black-and-white diffuse referencand used to Comparison to Reference Pyrheliometers,” ASTM E-816-2897 Annual

. P X . . Book of ASTM Standards, Vol. . Jmerican Society for Testing and Materials,
measure diffuse-sky radiation, will still have inherent nega- Conshohocken. MA.

t!Ve site dependentl5 W/n? at NREL bias error in the [16] Zerlaut, G. A., 1986, “Solar Radiometry Instrumentation, Calibration, Tech-
field. niques and Standards,” Sol. Cells3, pp. 189—203.
[17] Zerlaut, G. A., 1989, “Solar Radiation Instrumentation,” 8olar Resources
R. Hulstrom(ed), MIT Press, Cambridge, MA, pp. 203—208.
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