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Recent Progress in Reducing
the Uncertainty in and Improving
Pyranometer Calibrations
The Measurements and Instrumentation Team within the Distributed Energy Reso
Center at the National Renewable Energy Laboratory, NREL, calibrates pyranomete
outdoor testing solar energy conversion systems. The team also supports climate c
research programs. These activities led NREL to improve pyranometer calibrations.
thermal-offset radiometers measuring the sky diffuse component of the reference
irradiance removes bias errors on the order of 20 Watts per square meter (W/m2) in the
calibration reference irradiance. Zenith angle dependent corrections to responsivitie
pyranometers removes 15 to 30 W/m2 bias errors from field measurements. Detaile
uncertainty analysis of our outdoor calibration process shows a 20% reduction in
uncertainty in the responsivity of pyranometers. These improvements affect photov
module and array performance characterization, assessment of solar resources fo
sign, sizing, and deployment of solar renewable energy systems, and ground-base
dation of satellite-derived solar radiation fluxes.@DOI: 10.1115/1.1434262#
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Introduction
Assessing solar resources for design and deployment of ren

able energy systems; evaluating photovoltaic~PV! cell, module,
and array performance; ground-based validation of satel
derived solar radiation fluxes; and climate change issues all
on the accurate radiometer calibrations. Pyrheliometers~Fig. 1!
measure shortwave~300 nanometer@nm# to 2500 nm wavelength!
solar radiation direct-beam radiation within a 5 deg field of view
around the solar disk.

Pyranometers~Fig. 2! measure the total shortwave global
hemispherical solar radiation, to characterize performance of
plate PV technologies. Pyrheliometer measurements are impo
for concentrating solar collector technologies.

Solar Radiometer Calibrations
The ratio between the radiometer output signal~microvolts!

and solar power flux, or irradiance,~W/m2! is the radiometer
calibration factor. NREL’s Broadband Outdoor Radiometer Ca
bration~BORCAL! procedures characterize and calibrate pyrh
ometers and pyranometers. Our new procedures improve
Radiometric Calibration~RADCAL! techniques@1–4#. Our Radi-
ometer Calibration and Characterization~RCC! software
implements BORCAL data collection, reporting, and data
chiving @5#.

The NREL team has worked with the U.S. Department of E
ergy ~DOE! Atmospheric Radiation Measurement Progra
~ARM!, National Aeronautics and Space Administration~NASA!
Earth Observing System~EOS! Validation Program, World Me-
teorological Organization~WMO! Baseline Surface Measureme
Network~BSRN!, and National Oceanic and Atmospheric Admi
istration~NOAA! Climate Monitoring and Diagnostics Laborator
~CMDL! to identify, characterize, and reduce sources of error
uncertainty in broadband shortwave radiation calibrations
measurements@6–10#.

Contributed by the Solar Energy Division of the American Society of Mechan
Engineers for publication in the ASME JOURNAL OF SOLAR ENERGY ENGINEER-
ING. Manuscript received by the ASME Solar Energy Division, October 2001; fi
revision April 2001. Associate Editor: S. Kleis.
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1 Broadband Outdoor Radiometer Calibrations
„BORCAL ….

1.1 The BORCAL Reference Irradiance.The WMO World
Radiometric Reference~WRR! is the foundation of NREL’s BOR-
CAL procedures. The WRR is the international reference for m

cal

al

Fig. 1 Pyrheliometers measuring direct-normal solar radiation

Fig. 2 Pyranometer measuring total global hemispherical
radiation
2002 by ASME Transactions of the ASME
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Fig. 3 Shade ÕUnshade and component summation calibrations
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suring the direct-beam solar irradiance using absolute-ca
pyrheliometers@11–14#. Transfer of a WRR-traceable calibratio
to field pyrheliometers is by direct comparison between
absolute-cavity pyrheliometer and the pyrheliometer@13–15#.
Transfer of a WRR traceable calibration to field pyranometers
be done using an absolute-cavity pyrheliometer and a sh
unshade procedure for the test pyranometers@13,15#. Alterna-
tively, a reference irradiance from an absolute-cavity pyrhelio
eter direct-beam measurement and a diffuse-sky radia
measurement can be computed~component summationmethod!.
Here, the diffuse-sky radiation must be measured with a pyran
eter under a sun-tracking shading disk that blocks the same s
angle as the field of view of the cavity pyrheliometer.

1.2 Calibration Techniques.Figure 3 is a schematic of the
shade/unshade and component summation techniques, re
tively. For the shade/unshade protocol, the responsivity,Rs, is the
ratio of the pyranometer signal to the input signal induced by
vertical component of the direct beam,I dn3cos(z), wherez is the
zenith angle. Shading the pyranometer with a disk subtending
same solid angle as the field of view of a cavity pyrheliome
produces a signal,Vs. The unshaded signal isVu, and the respon-
sivity is computed as:

Rs5~Vu2Vs!/~ I dn * cos~z!! (1)

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

Time period A is a 30-minute stabilization period. Time perio
B is 20 to 30 time constants~1/e, or 63% of final steady-state

Fig. 4 ASTM sequence for shade Õunshade calibration
procedures
Energy Engineering
vity
n
an

an
de/

m-
tion

m-
olid

pec-

the

the
ter

de-
n-
he

d

values! for the instrument response. Period C is 60 time consta
for the instrument response. These periods were chosen to re
the influence of possible multiple time constants known to ex
@19#. During period M at least three readings of instrument
sponse,Vs or Vu, and the direct-beam irradiance, are record
The mean zenith angle and cavity pyrheliometer data during
measurement periodsM are used in computing theI dn3cos(z)
terms. A sufficient number ofRsversusZ are required to map ou
the cosine response of the radiometer. For thecomponent summa
tion technique, a pyranometer is continuously shaded by a tra
ing shading disk to measure the diffuse-sky irradiance, as sh
in Fig. 5. The pyranometer~s! used under the tracking shadin
disk must first be calibrated using the shade/unshade techn
Whether ventilated~which may reduce, but not eliminate the
mal offsets, described below! or unventilated, the calibration is
valid only for the same configuration in the application of t
instrument.

1.3 Diffuse Radiometer Calibration.The first improvement
implemented in the our procedures is to determine the respon
ity of the diffuse reference pyranometer as the mean of the res

Fig. 5 Tracking shading disks for pyranometer measurement
of diffuse-sky radiation
FEBRUARY 2002, Vol. 124 Õ 45
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sivities in three azimuthal directions~0 deg@south#, 120 deg, and
240 deg! at Z545 deg, representing anaverage zenith anglefor
clear sky diffuse radiation. Azimuthal variations in responsivity
1.5% are smoothed using the mean. Our analysis results in a
uncertainty of 2.5%of readingin the clear sky diffuse-sky irradi-
ance (I d f), and 6.5% of reading under variable sky conditions
all other sources of uncertainty~data loggers, environmental con
ditions, etc.! are accounted for@8,20#.

1.4 Component Summation and Diffuse Thermal Offs
Our next improvement was to recognize the negative bias e
introduced by all-black sensor pyranometers measuring diff
sky radiation, and replace them with black-and-white sens
In the component summation approach, the global refere
irradiance is the sumI dn3cos(z) and the diffuse-sky radia
tion, I d f . Individual pyranometer signals,Vu, are divided by the
reference irradiance to produce the individual pyranome
responsivity:

Rs5Vu/~ I dn * cos~z!1I d f! (2)

Research within the DOE ARM program, NASA EOS Valid
tion Program, WMO BSRN, and NOAA CMDL revealed therm
offset,Wo f f ~W/m2!, bias errors in both calibration techniques n
accounted for in the previous analysis. This offset appears in
black thermopile pyranometers without compensating therm
piles, such as the Eppley Precision Spectral Pyranometer,~PSP!,
and is site dependent@6,21#. The offset is a negative bias error i
addition to the 2.5% uncertainty in the responsivity. Clear s
Wo f f for the NREL site has been characterized to be 15 W/m2 ~65
W/m2, 2 standard deviations! throughout the year; as describe
below.

Thermopile-based pyranometers rely on the temperature di
ence between junctions of dissimilar metals in contact with a s
face that absorbs solar radiation~hot junctions! and reference, or
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 thermop
has the hot junctions in contact with a black absorbing surface
the reference cold junctions under a white surface that abs

Fig. 6 All-black „top unit … and black-and-white thermopile
pyranometers under tracking shading disks
46 Õ Vol. 124, FEBRUARY 2002
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very little shortwave solar radiation. The bottom instrument
Fig. 6 is an example of the latter, an Eppley Laboratory Mod
8–48black-and-whiteunit.

Pyranometers with all-black receivers are rarely in therm
equilibrium when deployed outdoors. Thermal infrared~IR! en-
ergy is exchanged among the absorbing sensor, dome, and
These exchanges result in a net negative thermal offset,Wo f f , in
the thermopile voltage signal. Black-and-white pyranometer th
mal offsets are smaller as all junctions see the same therma
diation. Figure 7 is an example plot of all-black~PSP! detector
~lower line! and a black-and-white detector~upper line! clear-sky
diffuse irradiance at NREL. Both radiometers were calibrated
the same RCC event, using the new procedures. We compute
mean difference in clear sky shading disk diffuse data from b
radiometers over a 6-month period~January to July, over 70,000
1-minute samples! to be 15 W/m265 W/m2, ~expanded uncer-
tainty, 2 standard deviations!. The Wo f f for the black-and-white
units has been experimentally determined~by repeated shading
outdoors! to be about 2 W/m2.

Radiometer Characterization and Calibration „RCC…

In 2000, we revised the RCC software and hardware to add
diffuse pyranometer azimuthal response, thermal offsets in
black pyranometer detectors, and improvements in computatio
zenith angles. Uncertainty analysis of our revised procedu
shows reduced uncertainty in our BORCAL process. This sect
describes the technical improvements in determining pyranom
responsivities.

1 RCC Configuration and Operation. RCC software re-
quires rigorous configuration and setup session all equipmen
addition to the reference~direct and diffuse! and test~pyranom-
eter, pyrheliometer! sensors, RCC requirescontrol instruments in-
cluded in every calibration to monitor the process stability. Silic
photodiode atmospheric stability radiometer~ASR! units measure
irradiance stability. Instability is reported by flagging the data a
alerting the operator. Meteorological data for temperature a
relative humidity are recorded. Rather than require the additio
expense of calibrating a sunphotometer and measuring turbi
the software estimates anequivalent broadband turbidity@22# us-
ing the direct normal irradiance and algorithms derived at NR
@23,24#. Various conditions set alarms and flag suspect data. Th
include:

• Mismatch of more than 18% between ASR and Referen
irradiances.

Fig. 7 Black-and-White „top line … and all-black sensor clear
sky diffuse irradiance demonstrating 20 W Õm2 thermal offset in
all-black pyranometer
Transactions of the ASME
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• Mismatch between multiple reference instruments~1% be-
tween multiple cavity radiometers, or 6% between two d
fuse pyranometers!.

• Difference .0.5% between adjacent responsivities for
single instrument.

• Mismatch.6% between the reference irradiance and a c
trol instrument

• A difference between adjacent readings of meteorologi
instruments .3°C for temperature, or.7% in relative
humidity.

2 RCC Reporting. In addition to the individual calibration
results discussed below, RCC generates a time-series plot o
direct-normal, diffuse-sky irradiance, and computed reference
bal irradiance, shown in Fig. 8. Time-series plots ofmeteorologi-
cal observations~estimated atmospheric turbidity, relative humid
ity, and ambient temperature! are reported. Figure 9 is show
typical parameters in the top, middle, and bottom panels, resp
tively. RCC reports individual pyranometer zenith angle respon
Figure 10 is a plot of the zenith angle response for an Eppley P
There is not atypical response curve for various makes and mo
els of pyranometers.

Our previous version of RCC computes the mean response
each of ten zenith angle bins, each 9 deg wide, from 0 deg to
deg and reports the results, as shown in Table 1. In the new
sion, we will use 2 deg bins, with separate morning and aftern
bins, for a total of 45 bins. This will reduce the uncertainty inRs
as a function ofz when morning and afternoon responsivities d
not overlap.

The mean responsivity in eachz-bin is plotted as a horizonta
bar, as shown in Fig. 10. The 45 deg–55 deg and cosine weig
composite responsivities are plotted as horizontal lines span
the total zenith angle range. The 45 deg–55 deg bin represen
average responsivity for isotropic sky conditions. Thecompos-
iteresult is computed as the average of all responsivities weigh
by cos(z). Data can be collected using any of these respons
ties; however, the most accurate determination of the to

Fig. 8 Reference global, direct, and diffuse components „top …;
Ratio of diffuse-sky irradiance to total global reference irradi-
ance „bottom …
Journal of Solar Energy Engineering
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global irradiance by a pyranometer is accomplished by using
responsivity as a function of zenith~incidence! angle of the direct
beam.

RCC Uncertainty
Using a more accurate computation of solar zenith ang

@25,26# and measurement of diffuse-sky irradiance@8#, required
revision of our estimates of uncertainty for earlier BORCAL pr
cedures and instrumentation. Ourbase uncertaintyof 1.3% used
previously for the reference irradiance calculation for pyrano
eters is now reduced by a factor of about 2. A detailed uncerta
analysis and new prescription for computing the uncertainty
subsequent BORCAL events are described below.

1 Data Acquisition. The RCC data logger is a Fluke Helio
Plus 2287A, with a high-performance analog-to-digital~A/D!
converter, and isothermal voltage input cards. One-year accu
on the DC voltage range used~664 mV! is 0.03% of reading
19 microvolts ~mV! @27#. For a nominal 10 mV~510,000mV!
thermopile pyranometer signal, this amounts to 913512 mV/
10000mV, or 0.12% for data logger contributions to measurem
uncertainty.

2 Transfer of World Radiometric Reference „WRR…. Ev-
ery five years~since 1980!, WRR is transferred with an uncer
tainty of 0.3% from the World Standard Group~WSG! of absolute
cavity radiometers to an NREL reference group of cavity radio
eters at the World Radiation Center~WRC! at Davos, Switzerland.
NREL has documented the transfer process in@14#. NREL trans-
fers the WRR to working reference cavity radiometers dur
NREL Pyrheliometer Comparisons@28#. Root-sum-squaring the

Fig. 9 Typical meteorological data for RCC data collection.
Aerosol optical depth or turbidity „top …, relative humidity
„middle …, and ambient temperature „bottom …
FEBRUARY 2002, Vol. 124 Õ 47
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0.3% uncertainty in WRR from the reference cavity and 0.2
random variation in the transfer of WRR to the working cav
results in the overall uncertainty in direct-beam irradiance
0.35%. The correction factor to reduce the working cavity irra
ance to WWR is 1.000260.35%.

3 Zenith Angle Computation. There is uncertainty in the
solar zenith angle and cos(z). This computation depends o
knowledge of the latitude, longitude, local standard time, so
equation of time and solar declination@29#. Our BORCAL cali-
bration platform location is known to within 0.0001°, using Gl
bal Positioning System~GPS! measurements. RCC software us
GPS time codes to set the time to61 second. The Michalsky
algorithm @25,26# is used to computez within 0.01°. Forz less
than 75°, the uncertainty in cos(z) is less than 0.06%. Forz greater
than 75°, an atmospheric refraction correction@30# is applied to
compute an effective zenith angle to an accuracy of 0.02°.
resulting 0.03° uncertainty inz585° produces a 0.6% uncertaint
in cos(z), growing to 3% atz589°.

4 Reference Diffuse-sky Irradiance. The RCC reference
diffuse irradiance is the mean of two pyranometers shaded
tracking disks. Whether black-and-white~8–48! or all-black
~PSP! detectors are used, uncertainty in the reference diffus
62.5% of reading~due to uncertainty in theRs! plusWo f f , where
Wo f f is a thermal offset in watts per square meter.Wo f f for PSPs
at the NREL site has been characterized to be215 W/m2

65 W/m2. Thermal offset in a black-and-white~model 8–48!
pyranometer is no more than22 W/m2, but the uncertainty in
determining the mean of the 3 azimuthal responsivities at 45
still on the order of 2.5% for both types of pyranometer. NR
uses the mean of two shade/unshade, calibrated black-and-
~model 8– 48! pyranometers for RCC diffuse reference irradian
measurements.

5 Total Uncertainty Calculation. Summing the uncertainty
from the data logger~0.12%!, WRR and transfer of WRR
~0.35%!, and cos(z) ~0.06% forz,75°!, uncertainty in the com-
putation of the direct beam vertical component,Udn , is 0.53%.
Since the uncertainty for each individual responsivity,Rs, is a
function of the zenith angle and the magnitude of the@black-and-
white, 8–48 detector# diffuse irradiance, RCC computes the u
certainty,Ui , for each individualRsusing:

Udn50.53% (3)

Uz5100"
~cos~z!2cos~z10.03°!

cos~z!
% (4)

Fig. 10 Pyranometer cosine response curve generated by
RCC. Morning data is top leg, afternoon data the bottom leg.
Horizontal bars are mean responsivity in zenith angle ranges
spanned by the bars.
48 Õ Vol. 124, FEBRUARY 2002
%
ty
of
i-

lar

-
s

he
y

by

is

° is
L
hite

ce

-

Ud f5100"
~2.010.025"I d f!

~ I dn" cos~z!1I d f!
% (5)

Ui5AUdn
2 1Uz

21Ud f
2 % (6)

Uz is the percent uncertainty in the cos(z) term forz.75°, Ud f
is the uncertainty in the diffuse sky irradiance.

After each of the ten zenith-angle bins is completed, the m
responsivity,Rs , for the ten~9° wide! zenith-angle bins is com-
puted. The total uncertainty for the mean responsivity,URs, in
each bin is the root-sum-square of the mean of theUi , and one-
half of the rangeR5(maximum2minimum), as a percentage o
the meanRs for the bin, as shown in Eq.~7!.

URs5AŪ i
21S 100"0.5"

R

R̄s
D 2

(7)

The range term reflects the fact that morning and afternoon
sponsivities may not overlap, as shown in Fig. 10.

For the uncertainty in the determination of the responsivities
pyrheliometers, the sum of data-logger and absolute-cavity r
ometer uncertainty is 0.47%~no zenith-angle or diffuse term!.
After the mean responsivity,Rs , and the range,R, (maximum
2minimum) as a percentage of the mean are computed, the
certainty inRs, URs is computed as

URs5A~0.47!21S 100"
R

R̄s
D 2

(8)

Correcting Zenith Angle Response
The most accurate determination of the total global irradianc

computed from pyrheliometer direct beam and a well calibra
shaded black-and-white pyranometer diffuse measurements.
derived Pyranometer zenith angle response corrections foz
,70° are less than 3% of reading; and they increase to about
of reading forz.80°.

Figure 11 shows applying RCC zenith angle bin correctio
reduces pyranometer error in the clear sky global irradiance f
40 W/m2 to less than 15 W/m2, or 37%.

Irradiance levels under cloudy skies are lower than the irra
ances under clear conditions. Under partly cloudy conditions,
direct beam is either blocked or unblocked. Zenith-angle corr
tions results in much smaller absolute W/m2 correctionsunder
cloudy conditions. We have applied corrections uniformly und
cloudy, clear, and partly cloudy conditions when the direct be
is both absent and present and noted very small corrections~less

Table 1 RCC report of mean pyranometer responsivity within
zenith angle bins

Bin Rs Unc Pct

45–55 8.262 0.18 2.2
Composite 8.328 0.45 5.4
Zen 00–09 8.406 0.18 2.1
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
Zen 36–45 8.314 0.20 2.4
Zen 45–54 8.265 0.18 2.2
Zen 54–63 8.214 0.18 2.2
Zen 63–72 8.208 0.25 3.0
Zen 72–81 8.118 0.28 3.4
Zen 81–90 7.972 0.27 3.3

Bin5Zenith angle bin identifier
Rs5Mean responsivity within bin~both morning and afternoon data! mV/W/m2

Unc5Uncertainty in units ofRs ~mV/W/m2!
Pct5Uncertainty as a percent of mean responsivity~percent!
45–555Bin for computing responsivity under isotropic conditions
Composite5cos~z! weighted mean responsivity
Transactions of the ASME
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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.
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than 5 W/m2! when the direct beam is absent, and 30 W/m2 to 40
W/m2 corrections in global irradiance measurements when
direct beam is present.

Conclusions
The components of uncertainty in responsivity for an all-bla

pyranometer and black-and-white pyranometer clear sky diff
reference irradiance are 2.25% and 0.45%, respectively. The
proved diffuse measurement, using two black-and-white pyran
eters with azimuth averaged responsivities for the reference
fuse irradiance is a factor of 5 smaller.

Improvements in RCC/BORCAL operations and procedu
have the following specific impacts:

1. Clear-sky total global solar radiation data from pyrano
eters calibrated at NREL before March 2000 are about 2.
to 3% ~of reading, 25 W/m2 to 30 W/m2 at 1-sunof 1000
W/m2! too low.

2. Absolute uncertainty in responsivities of pyranometers a
pyrheliometers has been reduced by more than 15%.

3. Using black-and-white pyranometers for diffuse referen
irradiance improves the absolute accuracy of total glo
pyranometer measurements by 15 W/m2–20 W/m2 at NREL.

4. Total global pyranometer measurements based on com
nent summation technique with an all-black pyranometer
diffuse-sky measurements have an inherent negative
~about 15 W/m2 at NREL! built into the derived responsiv
ity, and hence, in the measured data.

5. All-black pyranometers calibrated with component summ
tion ~using black-and-white diffuse reference! and used to
measure diffuse-sky radiation, will still have inherent neg
tive site dependent~15 W/m2 at NREL! bias error in the
field.
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