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PREFACE

A conference of pyranometry measurement experts from seven nations
was held 16-20 March 1981 in Boulder, Colorado, USA, under the
auspices of the International Energy Agency, the United States
Department of Energy, and the Solar Energy Research Institute.
This report documents the technical presentations, background, and
the results and recommendations of the conference.

The facilities of the National Center for Atmospherilc Research in
Boulder, Colorado, were kindly made available for the con-
ference. The surroundings and arrangements were greatly
appreciated and contributed to the success of the conference.
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T ' SUMMARY

A conference of pyranometry experts from seven nations was held in Boulder,
Colorado, from 16-20 March 1981 for the purpose of formulating a statement of
work for joint pyranometer experiments and calibrations. Recent round robin
testing of solar collectors conducted by the IEA Solar Heating and Cooling
Program Task IIT had demonstrated a need for better understanding of
pyranometry measurements.

The conference was successful in the exchange of technical results, discus-
slons, recommendations, setting of goals, and a statement of work for further
actlvities. The goals established as a result of the conference were:

] Goal 1 - Establish the state of the art in pyranometry measurements,
egpecially as it pertains to collector performance testing.

® Goal II - Determine ways to Improve the measurement accuracies of
pyranometers currently available by developing a more complete
understanding of the Instruments' performance characteristics.

A Statement of Work was prepared on the basis of the technical information and
discussions. The Statement of Work defines the nature and level of effort
required to satisfy the needs of the nonmeteorological uses of pyranometers,
especially the use of pyranometers in solar collector testing. A summary of
the steps involved in the implementation of the Statement of Work is found in
the accompanying milestone log.

Among the key recommendations of the attendees was the recognition that the
proposed work would have a significantly broader and longer term importance if
the World Meteorological Organization (WMO) could become involved. This
involvement would concentrate specifically on improvement of the state of the
art in pyranometry.

A wealth of technical results and information on pyranometry was presented
during the course of the conference. This information 1s intended Ffor both
the expert and the novice in pyranometer measurements because of the intended
wide distribution. The material was kindly supplied by various authors and it
has generally been presented verbatim and in the form received by SERI in the
appendices of this report.

A complete list of names and affiliations of those in attendance is included
in Appendix A.
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SECTION 1.0

BACKGROUND AND OPENING REMARKS

This section comprises two parts: background information on the reasons Ffor
calling the meeting and the opening remarks by Michael R. Riches, who chaired
the conference.

1.1 BACKGROUND

Based on a demonstrated need for a coordinated approach to solving energy
problems, certaln members of the Organization for Economic Cooperation and
Development (OECD) agreed to develop an energy program. The International
Energy Agency (IEA) was established within the OECD to administer, monitor,
and execute the program.

In July 1975, solar heating and ‘cooling was selected as one of several tech-
nology fields for multilateral cooperation. The program to develop and test
solar heating and cooling systems was divided into project aveas (or tasks).
Two of the tasks were designated meteorological support tasks for solar heat-
ing and cooling research and application. The project areas are

Task 1I: Investigation of the performance of solar heating and cooling
systems—=Denmark

Task IL: Coordination of R&D on solar heating and cooling components——
o Japan :

Task IIT: _Performance testing of solar collectors—-—-Germany

Task IV: -Development of an insolation handbook and instrument package-—
United States :

Task V: Use of existing meteorological information for solar energy
application—--Sweden

Task VI: Performance of solar heating, cooling, and hot water systems
using evacuated collectors——United States

Task VIT: Central solar heating plants with seasonal storage——Sweden.

As part of IFA Solar Heating and Cooling Program's Task [II: Performance
Testing of Solar Collectors, participants undertook a round robin test program
involving several selected collectors in orvder to compare and evaluate their
various collector test procedures. The widely varying results have been
reported in IEA Task ITI reports [1]. Analysis has shown that some of the
data scatter resulted from sample variability and variations In test condi-
tions that are allowed under current test procedures. As a result, specifi-
cations in the procedures will bhe tightened. The consensus of the Task TIII
participaats was, however, that a significant portion of the remaining scatter
was due, mnot to procedure, but to the instrumentation——most notahly the
pyrandmeters used. From the evidence Lt appeared the pyranometers were intro-—
ducing inaccuracies two or three times the *1%Z levels anticipated from the
manufacturers' specifications.




In solar collector testing, pyranometers are employed in circumstances quite
different from those in meteorological service. Instantaneous measurements of
global Irradiance are made at angles of incidence from 0° to about 70° off
normal at varying azimuthal angles, with the pyranometer tilted from the hori-
zontal plane by angles up to nearly 90°. Ambient temperature may range from
-10°C to +45°C. In currently:?roposed test procedures, the levels of irradi-
ance must exceed about 650 Wm “, with the level of diffuse radiation typically
between 5% and 20Z of the total. The solar collector tester needs to be sure
that the pyranometer employed will indicate the global dirradiance to an
acceptable level of accuracy (approaching +1%7) despite the variations In cir-
cumstances. In almost every case, collector test laboratories now employ the
pyranometer calibration constants determined for the instruments by their man—
ufacturers (using procedures developed for meteorological instruments), and
accept the manufacturers' specifications and statements of accuracy. - Thus,
the pyranometers commonly used would introduce an inaccuracy of several per-
cent when used by collector test englneers in modes differing from standard
meteorological practices.

In the IEA Report, “Results and Analysis of IEA Round Robin Testing;" December
1979 [1], these measurement inaccuracies were dssumed for the analysis:

e Solar irradiance, +37.
e Mass flow rate, +17%
e Absolute temperature, +0.5°C

e Temperature differences, %0.1°C.
In that same document, these conclusions and recommendations were stated:

"The analysis has given an indlcation that systematic test uncer-
tainties of the testing facllities are a key reason for the
scatter of measured collector efficliencies.”

"Apart from the analysis conducted, participants have expressed
their concern about the uncertainty associlated with the accuracy
of the pyranometers. The participants had difficulties to ascer-
tain the nominal accuracy of +3% for their pyranometers."

“International pyranometer standards and calibration methods are
needed to provide the individual test facilities with an instru-
ment of known accuracy and precision for collector test purposes.™

"The calibration procedure for pyranometers should include perfor-
mance under tilted position.”

The IEA Report [l] contains summaries of the data from testing two types of -
collectors at 16 laboratories in 12 countries. Figure 1-1 displays the data
from testing one of the collector types, showing collector performance data
enclosed by the theoretlical efficiency curves vtesulting from meteorological
extremes allowed by ASHRAE Standard 93-77 [2]. Figure 1-2 shows the same data
with the measurement uncertainty of systematic errors added {approximately
+37).
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If the total uncertainty (limit of error—-—sum of the errors rather than the
RMS of the errors) 1s to be kept within +3%, then the uncertainty in the solar
global irradiance measurements must be brought down to about *1%. Setting a
goal of £1%Z for the solar global irradiance is proper and reasonable for use
in solar collector testing when the sources of error in the other measurements
(mass flow rate, temperature and temperature difference, heat capacity of the
fluid, reference or aperture area) and the problems of achieving steady-state
conditions and working with environmental parameters like wind velocity on the
collector are considered.

As a result, the experts involved in collector testing felt very much in need
of assistance from the meteorological community. The World Radiation Center
(WRC), Davos, Switzerland, readily agreed to host a meeting for the purposes
of

e Making the collector test experts more knowledgeable about pyranometry

e Conducting a comparlson among the pyranometers they use iIn collector
testing

e Holding face-to—-face iInterdisciplinary discusslons concerning fhe new
requirements and implications introduced by seclar energy applications.

The results of the Davos meeting are documented In a report distributed
shortly afterwards, reproduced as Appendix D iIn this report. The report
stated (p. 12):

"All calibration factors given by the manufacturers yield readings
which are 6% to 7% lower than those referred to the World Radio-
metric Reference (WRR).* Only about 2% can be explained by the
difference between IPS and WRR. The remaining 5% seem to be due
either to the method of calibration or to the reference instrument
used."”

This result was considered to be unacceptable and the following actions were
recommended (p. 13):

(1) "Continue such comparisons over extended periods of time and supplement
the outdoor comparisons with laboratory measurements of cosine response,
temperature coefficlents, linearity tests, ete.”

(2) "Urge the manufacturers to review their method of calibration in order to
find the reason for the 5% difference.”

Though such findings required actions slightly outside of the scope of
Task III, the experts from the field of collector testing unanimously agreed
to find a solution to the problem. The Executive Committee approved the
general approach 1in October 1980 during the meeting in Ottawa but required

#*This statement was later modified by the experimenter to read: "A11
calibration factore given by the manufacturers yield readings which are 6% to
7% lower than those referred to the Daveos Standard Reference Pyranometer.” (see
also Appendix E)




closer cooperation on the subject between Task [IT and Task V. Mcanwhile the
support was confirmed by the Swiss authorities and the manufacturers for an
investigation in Davos of the most widely used pyranometers.

The request for stronger asslstance of the Task V group by the Execcutive Com—
mittee was answered by the 1nitiation of an Ad Hoc Round Rohin (AHRR) test of
the Navos Instruments. These calibrations were conducted by the Atmoapheric
Environment Service's Natlonal Atmospheric Radiation Centre (AES/NARC) at
Toronto, Canada, and by the Natlonal Qceanic and Atmospheric Administration's
Solar Radiation Facility (NOAA/SRF) at Boulder, Colo., U.S.A., during Winter
1980-81 (Round Robin IT).

In addition, a cooperative effort by three lahboratories {n the United States
to compare the calibration constants of these instruments wasg started Imme-
diately after the Davos Meeting (Round Rohin I).

The results from these Investigations were to be discussed during the Boulder
Conference to atd in writing a work statement for comparison tasks and to help
Task ITT in planning for the 1981 test campalgn of pyranometers 1in Davos.

The reader 1s referred to Appendix B, "Characteristlics of Pyranometers,” which
highlights characteristics which must he considered when working to improve
the state of the art of pyranometry. (For other sources of information, sec

Refs. 3 and 4.)

1.2 OPENING REMARKS (Michael R. Riches, U.S. Department of Energy)

Our meeting has as its primary objective the definition of a statement of work
for pyranometer calibration. This simple objective will not be as easy to
achleve as to say. That 1ls why we have asked you, the international experts,
to participate in the experimental design and the experiment. Turing the next
several days we will hear about two recent pyranometer comparisons and thelr
results, and about the pyranometer comparison experiences of those of you from
Industry, national, and international calibration labaratories.

From this data base, those of us who must write the statement of wnrk hope to
gain insight to design an experiment that accomplishes the follawing
objectives:

(1) Characterizes the 1instruments with particular emphasis on solar energy
applications

(2) Compares characteristics such that the solar energy user knows the limits
of hls sensor and can thus accomplish his overall task mnre precisely

(3) Compares and characterizes the calibration methndologies such that solar
energy applications are accounted for, and educates the snlar energy
specialist on these techniques

(4) Adids communication between the solar energy specialist and the meteor-

ological community.

A key factor for the entire project is time. As the agenda indicates, we must
write the Statement of Work here and supply it In Tate April to the Fxecutive

|




Committee of the International Energy Agency (IEA). Further, we need to pub-
lish our report of this workshop and the results of the experiment in a timely
manner. The experiment cannot take years to complete and years to publish.
The full schedule cannot exceed two years and, ideally should be completed
(including the final report) in 18 months. Such a schedule is possible only
if we design a good experiment.

I anticipate that our statement of work will consist of a matrix of instrument
characteristics against calibration technique (i.e., measurement procedure,
comparison, etc.) and a description (definition) of each parameter
specified. (Of course, each participating laboratory would not necessarily
take each measurement, e.g., only Canada-—of the four proposed labs--has an
integrating sphere for calibration.)

As T am one of those responsible for the writing and, therefore, must listen
and learn, I suggest we begin our program.




SECTION 2.0

CONFERENCE INSIGHTS, SUGGESTIONS, AND RECOMMENDATIONS

The characterization and calibratlon of pyranometers 1g performed in
laboratories around the world using a variety of methods and apparatus [5]
(also see Appendix R, especially section R.1). The March 1980 Davos com—
parison of pyranometers (reported in Appendix D) and the subsequent Ad Hoe
Round Robing (Appendix C) showed that these different methods do not give
exactly the same calibration results. This confirmed the feeling expressed by
many solar collector test engineers (and others) privately and in official
reports that pyranometry was not performing up to the #3% nominal accuracy
assumed from the manufacturers' literature. This level of acecuracy was not
adequate for the collector testing programs [1].

This conference gathered some of the leading experts from around the world to
focus on the single problem of bringing the pyranometry measurement community
into measurement agreement and up to the needed measurement accuracy. There
were many insights and suggestions shared, and many recommendations were
made. Some of these are gathered and listed here to aid in the reduction of
the uncertainties in the absolute value of the measurement and to improve the
measurement agreement between laboratories.

2.1 INSIGHTS

The meteorologist and the solar collector test engineer come to pyranometry
from different settings, with significantly different needs. The meteor-
ologist, who has for decades been the principal user of pyranometers, desires
to measure global radiation on a horizontal plane, for long-term averages and
totals (over days, weeks, or years).

The speclifications for the instrument have been established for the meteor-
ologist, who generally does not require extreme accuracy {generally 5% dis-
satisfactory}. The solar collector test engineer, however, is most interested
in lastantaneous measurements of global solar radiation on a plane surface
that is generally not horizontal.

Since the pyranometer has been utilized principally for the meteorologist's
work, the calibration methodology employed was developed to meet thils need,
and the measurement accuracy was generally satisfactory for meteorological
purposes. When the solar collector test engineer utilizes a pyranometer on a
tilt, the calibration factor is somewhat .in error and inappropriate for the
application. In addition, tungsten lamps used for testing often yield dif-
ferent results than testing in sunlight for characterization.

The spectral response of a pyranometer is degraded by exposure to the UV
levels present at high altitudes or in the desert, such as at DSET Lahor-—
atories near Phoenix, Arizona. Pyranometers which are left continuously in
the desert sun show signs of significant degradation in sensitivity after less
than one yesr.




2.2 PYRANOMETER INTERACTTON CHARACTERISTICS AND SEQUENCE OF TESTS

Because the various design parameters or operating characteristlcs of the
pyranometer really interact to yleld an irradiance measurement, the character-
ization tests should be performed in a sequence that minimizes the interaction
and resulting uncertainties {6]. The results from an earlier characterizatton
test will be needed to improve the accuracy by correcting gources of error
later in the characterizatlon process.

Therefore, several individuals felt the following sequence of tests 13 one
possihle order which could be followed. The actual sequence selected will be
dependent upon the procedure and apparatus utilized for the tests at a given
laboratory. Complete documentation of procedures, apparatus, and methods of
applying corrections will be a vital part of the process to timprove

pyranometry. This is the suggested sequence: '

1. Response with time
2. Sensitivity
" 3. Temperature coefficlent of senéitivity
4. Thérﬁal transient response o
5. Nonlinearity
6. Tilt effect :
7. Angular dependence of sens[ti;iéyrand Lleveling
8. Spectral response 7

9. Stability.

It is highly advantageous to complete 4all indoor labhoratory characterizatfon
work before beginning the outdoor wnrk. Again, complete documentation cannot
be overemphasized as belng cruclal to the success of improving the designs and
applications of pyranometry. In additlion, a detailed investigation of pos-
slble interactions of the different characteristiecs has to he a part oF the
planning of the experiments. '

To illustrate the problem and possible solutions, some obvious examples of
interaction are listed below Ffor which some corrections are possible. Many
other iateractions are known and should be carefully documented. Methods need
to be developed to reduce their contribution to errors (see Appendix B).

e Adequate time must be allowed for the instrument to respond fully to each
‘change during the characterlzation tests. Therefore, the time constant
should be determined flrst to avold errors inveolving time In all sub-
sequent Leslts. ' '

e The temperature coefficient of the sensltivity must be determined early i{n .
the procedures so that the Inevitable changes In the temperature of the
instrument and its environment may hbe taken into accounl when such tests
as nonlinearlty, tilt effect, or angular dependence are performed.

e The interdependence of the cosine and azimuth eorrections with level and
tilt is known to exist. UnFortunately, cosine and/or azimuth corrections




have often been determined on a vertical tilt, because of the apparatus
available, so both the tilt effect and its variation with irradiance
level may be encounteved. Measuring cosine and azimuth corrections on
the vertical can be accomplished at low irradiance levels to reduce the
tilt effect.

2.3 RECOMMENDATIONS

2.3.1 PFor a Post—Experiment Round Robin

Following the completion of the data analysis of the March 1980 pyranometer
comparison and the subsequent ad hoc round robin tests and of the June-August
1981 Davos experiment, a new post—experiment round robin is recommended. The
object would be to establish comparability of pyranometry characterization
techniques (by instrument type) used by the national and independent radio-
metric laboratories that support solar energy and meteorology. National solar
energy experts should be encouraged to participate to ensure that solar energy-
as well as meteorological uses of pyranometers are considered. Specific
tests, such as the bench mark tests listed in Table 3-1, can be defined after
the efforts defined in Section 3.0 are completed.

2.3.2 For an Education and Dissemination Program

Many individuals commented during the. conference on the need for an  educa-
tional program to better disseminate information on solar radiation measure-
ment techniques and apparatus. The results reported at this Conference and,
more importantly, the results from the performance of the Statement of Work
and round robins discussed in this report must be brought to the attention of
all who make pyranometry measurements. "

2.3.3 vorking Document by W. B. Gillett

W. B. Gillett of the Solar Fnergy Unit at University College, Cardiff, Wales,
. X., sent a "Working Document” to the conference via James McGregor.
Because the group was in general agreement with Gillett's information and .com-
ments, that document iIs reproduced as Appendix P of this report, together with
one correction supplied by John Hickey. :

2.3.4 Concerning a Work Statement

The following are some of the recommendations voiced by the conferees hefore
the actual ‘work bhegan on the writing the 3tatement of Work:

Klaus DNehne—-Use Ffour of each type of pyranometer; the Davos Refaerence
Pyranometer should be calibrated again; one must prove the characterization
methods by using at least four lahoratories.




Otto Motschka—-Do not use a reference pyranometer, but use a pyrheliometer for
calibrations; send one of each type of pyranometer as part of the round rohin-—
—this will also test each meteorological office. Schenk (Ges.m.b.H. Wien &
Co. K. G.) can perform polar diagram tests, tilt, temperature coefficient,
and linearity tests (the cosine test is done by tilting the instrument).

Bert Peterson——Kipp & Zonen (manufacturer of the CM~-2, =6, and -10
pyranometers) can do the polar diagram test as well as tilt, temperature .
coefficlent, and linearity tests.

David Wardle—--There should be five types of instruments tested: Schenk,

Eppley, K&Z CM~6 and CM-10, EKQ; and one or two of each type; test above 30°
and at 45° on the normal; do more than one determination of the cosine effect.

Edwin Flowers—-—Each lab should have 1 to 2 months to test pyranomelbers; use
other labs, particularly the United Kingdom and Sweden; measure and correct
for temperature effects; look at both eclear and cloudy days; agree ahead of
time on modifications, such as changing level and use of ventilation.

Hans Andersson—-Fully characterize each type of pyranometer; gain experience
. from several labs by comparing the methods of characterization.

James McGregor—-—Round robins are worth doing because they test the differences

in procedures used in each individual lab and how these differences represent
themselves In final results. We need closer cooperation between those par-
ticipating in round robins—-—they need to meet and discuss what they have
learned and compare results before going to a larger general meeting. Define
the goals. of -the.next round robhins. The importance of characterization has
been clearly recognized at this meeting and must be a part of any future pro-
gram. The polar -diagram is a mnecessity because the standard cosine and
azimuthal tests are not adequate. '

Roger Estey—The reported characterizations are good only in the ecircumstances
tested.

Claus Fréhlich—-All involved in comparison should meet rtogether to write draft

of report.

Kent Reed-——Recommendations for use of pyranometers in collector testing should
bhe made in such a way that we are assured of some delta accuracy, where delta
1s yet to be defined. Support the hypothesis that a transfer function can he
wriltten to correct pyranometer measurements. This can he accomplished with
indoor characterizations and outdoor calibrations usiang well defined standard
test methods to caleculate an irradiance from the pyranometer output. Don't
give up on the ad hoc round robin data——complete the necessary tests to he
ahle to use those results. Send at least six instruments around {1 Schenk, 1
TKO, and three that are at least partially characterized: KFA K&7Z, DSET PSP,
and NBS PSP); use the test results to resolve the differences from the ad hoc
round robins. Tf it doesn't resolve .the differences, we can use the infor-—
mation to improve the characterization process. For complete character-
izations Include rthese people and their labs—-Dehue, Andersson, McGregor; Lhen
calihrate outdoors against pyrheliometer at standard conditions agreed upon.
Then place iustruments on tilt bar (like SER['s) where they are exposed under
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- various conditions and see 1f you get reasonable agreement and see .whether,
with the information at hand, we can come up with agreement in the results for
the irradiance on those instruments at the tilts and various directional
exposures. We are just going to have to absorb the discrepancies or the delta
number in the goal in collector testing. Careful and very explicit docu-
mentation will be needed.

John ilickey-—All labs that have the capability to characterize an instrument
should be involved; characterization at more than one location Is essential
because there are site-specific differences which will show up. Arrange at
least two duplications of calibrations and performance tests; this may show 1%
differences as a function of site, even when using same pyrheliometer and
pyranometer. Eppley will do polar diagram test in sunlight--using artificial
light gives a different result.

Chester Wells-—-Do a complete characterization of the ad hoe round vobin
instruments both before and after this new round robin to settle questions
left unanswered in first series of tests, and complete the work started at
Davos March 80. Do complete characterizations before and after new round
robin with minimum of four new instruments of four types (PSP, CM-10, Schenk,
ERO). The manufacturers should characterize the instruments as completely as
possible, and then each lab should do the same. The ad hoc round robin docu—
mentation should be completed after the characterizations of the instruments
are available. A new round robin should involve at least four labs: Davos,
Canada, NOAA, and Dehne, with at least one instrument of each type; then the
lab people participating should meet togethet to evaluate the results and
develop recommendations for future work. The round robins should tell us what
we can expect from using characterizations in the best possible ways by show-
ing characterizations of instruments as families with uncertainties attainable
for uncorrected instruments, generic corrections by instrument model, and
individual instrument corrections. The final report should contain complete
documentation and comparison of characterization techniques. Produce an out-
line and materials for education program to tell the world what we know about
pyranometry.

2.3.5 General Recommendations

The conferees make the following recommendations to the IRA Executive
Committee:

e The group.as a body of experts recommended that the experiment be of a
broader scope than a single-lab experiment-—it should be a multi-lab
experiment and effort.

e There are national and reglonal centers (Laborataries) associated with
WMO and with other organizations which can be used in multi-lab experi-
ments.

o The question and options before the IEA Executive Committee concern
whether the sponsorship of the efforts outlined in the Statement of Work
{contained in Section 3.0) shall he:

~ By IFA directly

11




- By IEA co-sponsoring the efforts throegh nationmal 1laboratories or
through WMO

= By IEA making direct recommendatiouns to the WMO to sponsor the efforts
- By some other option or combination of options

The national solar energy test experts and meteorological experts
advising the IFEA Executive Committee members need to choose the recom—
mendations for their representatives to support.
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SECTION 3.0

STATEMENT OF WORK

3.1 TINTRODUCTION

Solar collector performance testing requires solar irradiance measurements
approaching a total uncertainty of *l%. From the information presented at the
Boulder Conference and the subsequent discussions, pyranometry measurements
were clearly not within this 1limit. This is not to say the commercially
available pyranometers were incapable of producing this level of measurement
aceuracy.

Historically, pyranometers have been used for meteorological monitoring pur—
poses, measuring the solar resource over time scales ranging from hours to
years. More rigorous demands are made of pyranometry by collector test appli-
cations which, among other things, require nearly instantaceous absolute
measures of lrradiance. The following issues reflect the differences between
these two applications of pyranometers and -the manmer in which they are
calibrated: : '

e establishing a single wvalue for an instrument calibration factor (a
meteorological requirement) which 1Is really the average of a range of
calibration factors determined from a variety of test conditions (includ--
ing those found in collector. testing); oo

¢ then applying that single facktor over a variety of application conditions
which are usually different from those of the instrument calibration; and

e finally, using a variety of methods to characterize the nonideal behavior
of a pyranometer. Depending upon the method, a differeat correction
value may result for a specific application of the same instrument.

From the data presented at the Conference, it was clear that a more complete
and detailed characterization study of each pyranometer used for. solar col-
lector performance testing was necessary to achieve the desired %17 uncer-
tainty in the irradiance measurements. From characterization studies, it may
be possible to write an equation for a transfer function that accounts for the.
nonideal response of a pyranometer to a set of known effects. The transfer
function would be used with each instrument, replacing the single calibration
factor in the conversion of the pyranometer output signal (typically an
electrical potential) to an accurate measure of the radiant power density,
i.e., watts per square meter. The characteristics of pyranometers, the con-—
cept of the equation for the transfer function, and definitions are discussed
in Appendix B.

This section preseats the purpose, goals, objectives, and approaches for the -
Statement of Work developed during the meeting, together with the final
products (deliverables) that result from performing the work.
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3.2 DEFINITIONS

For the remainder of this discussion, the following definitions are used
which, In some instances, have been used interchangeably by other writers.

e Purpose - The general, cowprehensive long-range reasons why this
project should be considered.

e Goal ~ A statement expressing a condition or "end-state" to be
attained; the long-range result of the work associated with
that goal.

e Objective - A clear, simple statement of a target to be reached, which is
derived from a goal statement. It 1s stated in such a way
that progress in achieving the goal can be measured.

e Approach -~ The general method and details (insofar as stated) to be used
' in achieving the particular objective.

e Products ~ The final documents and/or other deliverables which result
: from reaching the stated goals by completing the objectives.

3.3 PURPOSE

The purpose of this effort is to accurately define the present state of the
art of pyranometry and then propose improvements to pyranometry methodologies
that meet the needs of the solar collector performance test engineers. The
necessary Iimprovements to meet these needs are made by applying our present
knowledge plus new understanding gained through additional experiments and
analyses.

3.4 BRIEF STATEMENT OF GOALS
The following goals were identified during the Conference as aspects of a

development program that were necessary to meet the needs of the solar col-
lector performance tester. 1In brief, the goals are:

¢ Goal I. - The present state of the art of pyranometry will be clearly -
defined.
e Goal If — Pyranomeflry measurements will be improved to produce a total

uncertainty acceptable for use in solar collector testing
based wupon proposed methods of calibration and applied
results of detailed iunstrument characterizations.

3.5 FULL STATEMENT OF GOAL I

The state of the art of pyranometry will be clearly assessed and defined as it
existed 16 March 1981 using pyranometers involved in the Davos March 1980
comparisons and subsequent Round Robin tests, with calibration methods aund

apparatus in use at the time.

14



- The following efforts were proposed to accomplish this goal.

3.5.1 Objectives of Goal I

Three identifiable objectives for Goal I are:

¢ Objective 1.1: Complete the ad hoc Round Robin II comparisons in
progress at NOAA/SRF and at AES/NARC.

® Objective 1.2: Provide an interim analysis of the pyranometer char-
acterizations of those instruments Involved in the Davos 1980 comparisons
and Round Robins I and II as the basis for the design of further

experiments.

o Objective 1.3: Summarize the state of the art of pyranometry at the time
of the Boulder Conference using available data on those select instru-
ments which participated in the Daves 1980 comparisons and Round Robins I
and IT.

3.5.2 Approach to Goal T

(A summary of the following information is presented in Figu}e 3-1.)

3.5.2.1 Complete Round Robin II Testing

To complete the Round Robin IT comparisons, NOAA/SRF shall plan the following
tests for the months of March and April 1981:

® Determine of the instrument cosine response by means of outdoor shading
disk measurement. This will be restricted to the solar elevation angles
available at this time of year. ‘

e Determine azimuthal response as tested with a rotating table ocutdoors.

e Perform temperature response tests in a laboratory chamber over the range
Of -400 to +40°C.

e Perform continuous side—by—siae comparisons outdoors to provide cali-
bration factors according to the established SRF methodology described in

Appendix H.

NOAA/SRF is testing seven pyranometers that were in the Davos 1980 and RRI
comparisons. Additionally, three EKO pyranometers are also being tested.
Data collection shall cease and AES/NARC will receive the instruments on or

before 1 May 1981.

Depending upon available equipment, all 10 pyranometers will be subjected Eo
the following tests at AES/NARC according to the usual practices:

e Cosine response variations
o Temperature response

¢ Sphere calibration.
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3.5.2.2 Provide an Interim Analysis

NOAA/SRF and AES/NARC shall provide WRC/PMOD and others with preliminary
analyses of Round Robin II data for the design of future experiments. Draft
forms of separate analyses will be produced as they become available.

The principal investigators will assemble the analyses from the Davos 1980
comparisons and Round Robins I and II into a final document during a meeting
tentatively scheduled for October 1981 at NOAA/SRF, Boulder, Colo., USA.

3.5.2.3 Disposition of Pyranometers

The chairman of the IEA Solar Heating and Cooling Program Task TII shall
arrange for the following instrument logistics:

Write the owners of the eight pyranomefefs in Table 3-1 requesting that

°
their Instruments continue to be made available for further testing at
the NOAA/SRF Boulder, Colo., USA and ‘the AES/NARC Downsview, Ontario,
Canada laboratories, and then at the WRC/PMOD facility at Davos, Switzer-—
land. The instruments should be returned to their owners between January
and March 1982.

e Write to EKO requesting that their three pyranometers (serial numbers
AB81901, A81902, A81903) be made available for further testing at Davos
following the work performed at NOAA/SRF. An additional unit may also be
necessary to perform work under Goal IT.

Table 3-1. Round Robin I Instruments
Owner ' Manufacturer 'S/N_

1. NBS (U.S.A) Eppley 1480673

2. NRC (Canada) Eppley 17750F3

3. Meteorological (United Kingdom) Kipp & Zonen 77-3656
Office ‘ iy

4. DFVLR (Federal Republic Kipp & Zonen 77-3992
‘ of Germanvy) :

5. KFA Jilich (Federal Republic  Kipp & Zomen 77-4120

of Germany)

6. Switzerland Kipp & Zonen 78-5047

. Met. Observatory (Federal Republic Kipp & Zonen 79-0059
Hamburg of Germany)
8. Vienna {Austria) Schenk 1626




Opon receiving notice from the chalrman of Task III, the units will be sent to
WRC/PMOD.

e Write the owner of the remaining sensors in Table 3-2 requesting dis-

position.  After receiving notice of the required disposition, the
appropriate shipping arrangements shall be made.

3.5.3 Products of Goal L

3.5.3.1 Documentation

Two reports shall be issued as the result of Goal I objectives. Interim
analyses for RRII shall be summarized individually by AES/NARC and NOAA/SRF;
and final analyses of the Davos 1980 comparisons, Round Robins I and IT test-
ing, shall be combined into a single report that documents the state of the
art of pyranometry measurement and calibration methods.

3.5.3.2 Characterized Pyranometers
A unique set of instruments will be established as the result of the work done

to achieve Goal I. These pyranometers will provide a wealth of information
for future investigatioms.

Table 3-2. Round Robin II Imstruments

Owner Manufacturer S/N

1. Sweden Eppley 15834F3

2. Denmark Eppley 16692F3

3. KFA Jiilich (Federal Republic Eppley 17823F3
of Germany)

4. DFVLR {Federal Republic Eppley 13978F3
_ of Germany)

5. DSET Labsz, Inc. (U.5.4) Eppley 1912973

6. Stuttgart (Federal Republic Kipp & Zonen 75-2438
of Germany)

7. Switzerland Kipp & Zonen 763000

8. Belgium Kipp & Zonen 78-4750

%, Unlversity College (United Kingdom) Kipp & Zonen 80~-7177

Cardiff
10. Netherlands Kipp & Zonen 80-0077
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"3.6 TFULL STATEMENT OF GOAL IT

GOAL II - The state of the art of pyranometry will be improved to produce
measurements of global solar radiation on any defined plane surface, oriented
from the horizontal to the vertical with a total uncertainty acceptable for
use in solar collector testing and other solar engineering applications.

3.6.1 Objectives of Goal II

The following objectives have been selected to achlieve Goal ITI. At least
three inputs will have a significant role in the design of the experiment:
the Interim working definition of the state of the art of pyranometry; the
concept of testing an hypothesis; and a set of measurement goals for
pyranometry. :

If the experiment is to be successful and is to provide maximum future
benefit, very complete documentation and reporting is essential. Pyranometry
will be improved through these dissemination efforts and application of the
new knowledge. '

3.6.1.1" Objective 2.1

The detailed design of a comprehensive experiment will be completed. The
experiment will be conducted at WRC/PMOD (Davos, Switzerland) and other labor-
atories as necessary and practical. The design of the experiment shall
incorporater

e the knowledge and information expressed in the interim working definition
of the state of the art of pyranometry (from Goal I, Objective 1.2);

e the concept of testing an hypothesis (that an equation for a transfer
. function can be formed and be applied to improve pyranometry); and

e the design for the experiment shall start from the end result desired
(the stated measurement goals) and be adequate to meet those goals.

The experiment design shall provide for the test of an hypothesis that can
produce a useable equation for the transfer function, and that has adequate
methods (or methods can he easily developed) to determine the coefficients
sufficiently well to produce uncertainties, preecision, and measurement agree-
ment within experimental Timits.

The design shall provide criteria to test a methodology and criteria to select
and apply widely available pyranometers based on required accuracy under three
levels of correction. The correction techniques will be evaluated using
- bench-mark tests.

The final experiment design shall be adequate to test the ability of
pyranomeiers to produce meagurements of global solar radiation (on any defined
plane surface oriented from the horizontal to the vertical) with a total
uncertainty not exceeding +1%, a precision (repeatability) of at least +0.1%,
and measurement agreement hetween different laboratories of #0.5%. All char-
acterization tests (and cross—design) necessary to reach these measurement
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goals shall be considered in the design. The design shall also provide for
all of the information necessary to produce the features specificd under the
Products of Goal II (see Sec. 3.6.3).

3.6.1.2 Objective 2.2

Each manufacturer shall characterize (as completely as facilitles permit) each
new pyranometer supplied to this program, and shall supply the calibration
factor routinely provided for hls customers.

3.6.1.3 Objective 2.3

The experiment will be conducted at the World Radiation Center (WRC/PMOD),
Davos, Switzerland and other laboratories as required to accomplish the work
designed in Objective 2.1. The experiment shall test the hypothesis that an
equation for the transfer function can achieve the measurement goals stated
earlier by utilizing pyranometer characterizatfions performed by the manu-
facturers, in the round robin testing, and at WRC/PMOD and other European
laboratories. : :

Bench mark and other tests shall be performed to test the methodology and
criteria proposed for the selection and application of pyranometers on the
basls of required accuracy and three levels of.correction.

A1l characterizations, tests, and measurements shall be performed adequateiy
to achieve the total uncertalnty not exceeding *1%, a preclsion of +0.1%, and
measurement agreement between laboratories of +0.5%.

3.6.1.4 Objective 2.4

Develop an interim procedure, a methodology (specifically to ald pyranometer
users in the selection and application of pyranometers), the determination and
application of corrections for widely avallable pyranometers, aad the extent
to which corrections need to he applied on the basis of the degree of uncer-
tainty needed for the intended application (up to the limits of the state of
the art).

3.6.2 Approach to Goal 1Y

A timetable for accomplishing Goal II is presented in Figure 3-2. The tests
will be performed at WRC/PMOD (Davos, Switzerland) and at other laboratories
in Europe as required and as time permits Ffurther testing.

3.6.2.1 0ld Imstruments to be Tested

The following instruments took part In the March 1980 Davos Comparison and
will he used in Round Robins I and II:

e Eppley PSP, Serial Numbers 14806, 17750;
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e Kipp & Zonen CM—6, Serial Numbers 773656, 773992, 774120, 785047;
e Kipp & Zonen CM-10, Serial Number 790059; and
e Schenk Star, Serial Number 1626.

The instruments which are now at NOAA and SERI will be tested at NOAA in April
1981 and at AES/NARC in May 1981 before being returned to Davos for ineclusion
with the new imstruments.

The 1Instruments at NOAA will be characterized and calibrated for cosine,
azimuth, and temperature corrections, and in outdoor calibrations. The
instruments at AES/NASRC, will be characterized for cosine and temperature
errors and given a sphere calibration. This work will be accomplished within
the limitations set by time of year, time, and weather.

3.6.2.2 New Instruments to be Tested

The manufacturers will supply 16 new instruments. Each manufacturer will test
the new Iinstruments for angular response (cosine, azimuth), temperature coef-
ficient and response, linearity, effects of tilt, and other tests for which he
has the capability. He will also perform a calibration in the manner normally
employed for his usual customer. :

The new instruments will consist of four models of the Eppley PSP, Kipp &
Zonen CM-10, Schenk Star, and EKO Star.

3.6.2.3 Tests at Davos

A1l instruments, those planned for the new experiment and those involved in
previous tests, will be completely characterized at WRC/PMOD and in other
laboratories as necessary and as time permits. These characterizations shall
include, but are not limited to:

e Temperature coefficient of sensitivity as a function of amblent temper-
ature over at least the range from -30°C to +50°C;

¢ Time response and thermal transient response behavior;

e Departure from linear response of output to Input over the irradiance
range from 50 to 1500 W/m“;

e Angular dependence of sensitivity (cosine and azimuth). The beam shall
he composed of parallel rays and of spectral quality approximating that
of the sun. Special tests shall be performed to ensure that the results
are not biased because of the spectral content of the light source(s)
used.

# Response as a funetion of angle of tilt from the horizontal at
orlientations from the horizontal to the vertical.

# Sensitivity, using shading disc and other techniques as appropriate.
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Table 3-3. Bench mark Conditions for Classical Calibration of Pyranometers:
Control Conditions for Pyranometer Semsitivity Specification

Parameter Standard 1 . Standard 2
Tilt Horizontal 50° from horizontal, towards
the sun
Rotation *Reference direction in #*Reference direction in
the solar azimuth plane the solar azimuth plane
pointing toward the pointing towards the sun
sun (i.e., downward) (i.e., downward)
Solar 35° . 40°
Elevation ) (i.e., pyranometer at normal
incidence)
Direct ' ~
Intensity 300 -W/m2 900 W/m2
{(pyrheliometer
reading)
Temperature 15°C 15°C
Ventilation As described by tester As described by tester

*Instrument orientation can be defined by the position of the signal cable
connector. Complete documentation must be provided for all tests, including
instrument orientation.

The selected temperature is predicated by the climatic limitations anticipated
during these outdoor tests at the participating labs.

The instruments are to. be tilted with the cable toward the sun to avoid water:
accumulating in the connectors. :

The emphasis of the work is to be placed on instantaneous irradiance measure-
ments as needed by solar collector test engineers, not on long-term integrated
averages. However, all instrument data will be compared for extended periods
(days) as time permits to include cloudless, partly cloudy, and overcast (both
low and high overcast) sky conditions. Specific bench mark standard condi-
tions are presented in Table 3-3 for comparison purposes; additional standard
conditions may he added as deemed appropriate.

Reference irradiance measurements of documented accuracy will form the basis
for all comparisons. The reference measurements shall come from the corrected
readings from the WRC/PMOD Reference Standard Pyranometer or other highly
characterized pyranometer; and the combined measurements of aa ahbsolute
pyrheliometer (direct component) and a corrected, shading disc pyranometer
(diffuse component).
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The measurement periods, in addition to the instantaneous measurements, will
be for complete days (sunrise to sunset) and for different times of the year
to cover a wide range of temperatures and combinations of elevations/azimuths
of the sun. The outdoor measurements will also include periods of whole days
at various tilt angles and for various times of the year to include a variety
of ground surfaces from grass to snow. (The latter are important to verify
corrections for the different types of detectors, i.e., black and white or all
black.)

3.6.2.4 Data Analysis

The data analysis should compare results from uncorrected with corrected
measurements. The uncorrected measurements would be obtained by using only
the factory supplied single value calibration factor. The corrected measure-—

ments shall be presented as the results of single errors (e.g., temperature
alone, cosine alone, other) and combined errors so as to present the range of
accuracies that can be obtained and the relative importance of the varlous
sources of error. These corrections to single value calibration factors shall
be compared to the errors which are corrected by the transfer function method.

Different cloudiness conditions shall be considered separately to 1llustrate
the efficacy of the correction procedures for various cloud conditions. -

The results of the analysis shall clearly show the accuracies that may be
obtained when considering instrument errors separately and combined for each
of the measurement data sets and for each type of pyranometer. This would
allow the user to choose how much correction he wishes to apply on the basis
of the desired accuracy and according to the conditions and type of instrument
to be employed in the particular appllcation. ... .

3.6.3 Products of Goal II

At least four products will result from the effort to achieve Goal II: A
final report; a special stand-alone section of the final report that can serve
as a handbook on pyranometry measurements; a group of pyranometers with the
best possible characterization and correction information; and an experiment
test plan. S

3.6.3.1 Final Report
A detailed final report shall be prepared containing these features:

e the data from the tests and experiments;
e rChe analysis of the data;
¢ the results of the benchmark tests;

e a discussion of the metﬁodology and criteria for the selection and appli-
cation of pyranometers on the basis of the required accuracy and specific
applications; and

e the results of testing the transfer function hypothesis.
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3.6.3.2 Handbook

A special feature of the final report shall be a stand-alone section of the
report which could serve as a handbook on pyranometry measurements. This
handhook shall contain a detailed discussion of a methodology and criteria for
selecting and applying widely available pyranometers on the basis of the
required accuracy and specific intended applications. The methodology shall
be appropriate for three measurement correction levels:

e Tuncorrected”, using the normal factory supplied or local laboratory
determined, single—-value calibration factor;

e ‘"generic corrections”, that can be applied to all instruments of a
particular model, where the degree of correction and uncertainty in its
application have been ascertained from testing a large number of instru-
ments of the model; and

e "individual corrections"” at two levels:

- correcting the single-value calibration factor for such errors as
temperature coefficient, cosine, azimuth, or tilt response, applied
singularly or in various combinatioms; .and : -

- using an equation for the transfer function that accounts for all the
parameters significantly affecting the output of the pyranometers.

Thig section shall specifically  address theseuitems:
e all characteristics which have any significant (measureable) effect on
the pyranometer output and‘performance;

e definitions of those chracteristics;

e the methods available to measure these characterlstics, a discussion of
the recommended procedures with accuracles achievable, and the resultant
improvements possible in affecting pyrancmetry;

e the actual equation for the transfer function which was tested, and how
to determine and apply the coefficients;

] 'the results achleved for the three levels of corrections when applled to
these pyranometers: Hppley PSP, Kipp & Zonen CM=~5/6 and CM-10/11, Schenk
Star, and EX0O Star; and

e an error bhudget for each of the above pyranometers, and how the total
error figure was derived. : :

If the +1% absolute uncertainty is not reached, a complete analysis shall be
presented to explain why that uncertainty was not possible with the techniques
used. Recommendations shall be given Ffor achieving the desired +1%
uncertainty. ' :

3.6.3.3 Characterized Pyranometers

The pyranometers which have been used in these extensive tests and round robin
tests will he the best characterized instruments in existence. They are an
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important resource to the field of pyranometry, especlally for determining the
measurement agreement between laboratories.

3.6.3.4 Experimental Test Plan

The test plan will serve as an excellent guide for future efforts to further
improve pyranometry if necessary, or for other related experimental work.

3.7 BENEFITS FROM ACHIEVING GOALS I AND II
The henefits which will result from achieving Goals I and II are:

e the true state of the art of pyranometry will be known; -

¢ the merhodology to achileve state-of-the-art pyranometry measurements will
be well documented and tested;

e recommendations will be avallable to show how to further Iamprove
pyranometry, to obtain a *1% uncertainty if not achieved initially by
this work, or how to achieve further improvements if required in the
future; and

e pyranometers will be available that are very well characterized and are
most suitable for further round robin testing, especially for the need to
assure continued measurement agreement between various laboratories.

3.7.1 FKnowledge of the State of the Art of Pyranometry

- The solar collector test engineer will be able to assign realistic uncer-
tainties to the global radiation measurements with the wunderstanding of
pyranometry principles and practices relevant to his needs. This will free
their attention for solving the next level of test and measurement problems.

3.7.2 A Methodology for Achieving State—of-the—-Art Pyranometry Measurements

A proven methodology for achieving the best possible measurements with cur-
rently available pyranometers will save considerable time and effort in
laboratories. These new methods, once implemented in wvarious laboratories,
will allow solar. collector test engineers to quickly and accurately compare
collector performance. '

Better methodology for pyranometry measurements will make it possible to:

e assign truly realistic and known values of uncertainty to the collector
taest data;

¢ compare mich more adequately the measurements made today with those nade
in the past and those to he made In the future. It is particularly
important to he able to confidently measure small changes when engaged in
development efforts to improve a product or compare two products, or when
studying the degradation of a product with time or other influences; aand
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e compare measurements from different laboratories and know the actual
uncertainties in that comparison. ‘

3.7.3 Recommendations to Achieve Improvements in Pyranometry

If the 17 total uncertainty goal for pyranometry is not achieved, or if fur-
ther improvements become necessary in the future, the insights gained and doc-
umented will be useful for procuring those improvements.

3.7.4 wWell-Characterized Pyranometers

This work should produce a set of the best characterized pyranometers known to
exist. These pyranometers will be a valuable resource for naking periodic
checks on the measurement agreement between laboratories. The advances in
pyrancmetry through this effort will be conserved and affirmed only with con-
tinued checks with such pyranometers.

3.7.5 Summary

These recommendations are offered to conserve the progress made in pyranometry
through the efforts outlined in the Statement of Work.

e The procedures and methodology developed should be recommended to all
instrument manvefacturers, and meteorological instrument calibration
laboratories.

e The concepts proven here should be incorporated into new, uniform
procedures and standards.

¢ Pound robins in pyranometry should be conducted periodically as Mea-—
surement Agreement or Measurement Assurance Programs (MAPs).

¢ An education and dissemination program must begln immediately to make
these advances in pyranometry measurements known.
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10:30

10:45

12:00

AGENDA

IEA Solar Heating & Cooling Program

Tasks IIL & V

Pyranometer Comparison Planning Meeting

16-20 March 1981

Introductory Remarks
Welconme
Problem Overview and Statement of Goals

" Final Report of Davos Comparison Held

March 1980

Break
The next three reports are summaries of the
DSET/NOAA/Eppley comparisons of three
pyranometers involved in the Davos
measurements of March 1980

DSET Labs Report

Lunch

NOAA Report

Eppley Report

Discussion

Break

Tour of NOAA Solar Radiation Facility

Adjournment

Background to Second Conparison of TEA
Pyranometers

Results of Tests Performed hy ARS
Break
Results of Tests Performed by NOAA

Tunch
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Tuesday (continued)

13:30

14:30

15:00

15:30

17:00

Results of Tests Performed by SERI : T.
Discussion
Break

Summary of Combined Results of the Three Experi-
ments: Implications for Future Comparison Document

Ad journment

(A group dinner, "dutch~treat", is planned for 19:30 at
the Flagstaff Inn) -

Wednesday

08:30

09:30

11:00

12:30

13:30

15:00

Discussions of Future Pyranometer Comparison
Efforts: Why Must the Process Continue and

What Must be Accomplished to Satisfy Task TII M.
Needs? ; : _ : H.

What Should be in the Detailed Work Statement?
(number of instruments, test period(s),
data analysls, ete.)

Informal Presentations by (but not restricted to)

C. Frohlich E. Flowers - J. Hickey D. Wardle
H. Talarek G. Zerlaut L. Dahlgren {others)

Scheduling the Round\?obin Comparisons at AES,
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the bhasic content of the work statemeat will
be decided. Using some materials prepared
before the meeting (i.e., previous comparison
report summaries and Data Sheet information),
the document should contain an introduction,
discussions pertaining to the Data Sheet,
details of the comparisoa/characterization,

Stoffel

Riches
Talarek

Talarek

Talarek,
Dahlgren,
Riches

and appendices containing supporting documentation.
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10:30

Friday

08:30
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12:00

13:30

14:30

16:00

Review Draft Document as Prepared

Prepare Final Draft Document to he Presented to
the Executive Committee (28-29 April 1981)

Note: M. Riches and T. Stoffel will prepare
this draft.

Assemble at NOAA in Boulder for Travel to SERI
(Golden is about 40km distant.)

Tour of SERI Lahoratories
Tour of SERI Field Test Site
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Visit South Table Mountain Remote Monitoring
Station

Visit Area Demonstration Project (to be determined)

Return to NOAA (Boulder) i
Receive Copy of Final Draft of the Work Statement

Note: Any changes to the document after this time
must be made by Telex on or before 27 March,
to be included in the 28-29 April Executive
Committee Meeting. :

The Telex Numher for SERI is: 910 937-0738.
Please ask for Tom Stoffel, 642, 16/3
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B.1 DEFINITION AND BACKGROUND

Pyranometers are instruments used to measure global solar radiation [B-1].
The intensity of this radiation combines the components of the incoming direct
beam and the diffuse sky solar radiation as received from a2 2 7 sr solid angle
above the plane of the iustrument's sensing surface. The Instrument is gener-
ally used to measure radiation over the solar spectrum wavelength range of
about 0.3 to 3.0 micrometers.

Webster [B-2] defines this instrument as:

PYRA'NOM'E'TER|, pira'mam d° a(r), pir-|n [ISV pyr- -+anot
-meter]: an instrument for measuring radiatiom from the sky
by comparing the heating effect of such radiation upon two
blackened metallic strips with that produced in the same
strips when heated by means of an electric current.

HMerriam—-Webster Pronunciation Symbols:
i...tip one pronunciation of banish...habit...
... site, side, buy...

This description of operation fits only one of several possible designs, in
this case the Robitzch bimetallic pyranometer or actinograph [B-3], but does
illustrate the concept of equating electrical energy, which can be measured
directly, with solar radiation intensity.

The ideal pyranometer would be characterized as having an output signal S
which is directly proportiondal to the sum of the vertical component of direct
normal radiation (the beam intensity I multiplied by the cosine of the inci-
dence angle @ or zenith angle for horizontally mounted instruments) and the
diffuse sky radiation D: '

S IXcos{(@)+D . : (B-1)

Pyranometers available today are simple instruments in fundamental concept,
though complex in their true microscopic behavior. They are adequate for most
meteorological measurement applications with the use of a single calibration
factor Cg, to convert the output signal into units of irradiance, i.e., watts
per square meter, for global solar radiation K¥:

Ky = Cf x 8 . (B-2)
A more recent application of pyranometry has been for solar collector perfor-
mance testing. - Here, the pyranometer measurements obtained with a single
calibration factor are not sufficlently accurate to meet the needs of the
solar test engineer in determining the precise amounts of solar energy
incident to the collector. In fact, it remains to be proven that sufficient
accuracy can be achieved for these purposes using the best of present methods
for determining and applying corrections to the measurements.
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The following information is placed in this report to aid the reader in under=-
standing pyranometry, specifically those concepts discussed at the conference,
and the principles underlying the experimental work embodied in the Statement
of Work which was outlined during the meeting.

B.2 GENERAL FEATURES OF A PYRANOMETER

A pyranometer consists of the following basic components:

l. A detector or sensing element protected by glass dome(s), teflon
envelopes, or a solid acrylic diffuser,

2, An instrument case (body) with a spirit level, adjustable leveling
screws, and a desiccant chamber,

3. Some type of radiation shield which protects the case of the instru-
ment from direct sunlight (a requirement for thermopile designs using
the case as the reference junction),

4. An electrical counnector or attached cable for the output signal.

The physical design of the detecting surface or sensing element can be based
upon the principles of either a thermocouple or photoelectric effect. This
results in the commercial availability of multijunction thermocouples
(thermopile) and silicon cell or photodiode pyranometers (see Fig. B-1).

Figure B-1. Examples of Thermopile (Eppley PSP), Photodiode
(Li—Cor LI-2005), and Silicon Cell (Matrix MK-1G)
Pyranometer (Photo by Tom Stoffel)
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A thermopile type pyranometer is typically 15 to 30 em in diameter overall, is
about 15 em high, and weighs 0.5 to 3 kg. The sensitive area is, in general,
less than 6 cm in diameter with some surface coating or treatment {(e.g.,
Parsons Optical Black lacquer or 3M Black Velvet paint). The shape of the
sensor surface varies, as does the shape of the thermopile. The Eppley
Precision Spectral Pyranometer (PSP), for example, utilizes a wire-wound
rectangular thermopile wunder a circular film covering which 1is painted
hlack. The spirit level used to set the sensor surface (actually the
attachment point on the case) to a horizontal plane usually has an accuracy
better than +0.3° (see Sec. B.3.8).

The silicon-based pyranometer is typlcally 1 to 10 cm in diameter, stands 2 to
10 cm high, and weighs 0.1 to 0.5 kg. The detecting surface is generally less
than 1.0 cm in diameter for photodiodes and 2.5 cm on a side for exposed solar
cells.

B.3 PYRANOMETER CHARACTERISTICS

B.3.1 TInstrument Sensitivity

In the case of an ideal pyranometer, mounted in a horizontal plane, the output
signal 1s proportional to the vertical component of the direct normal radi-
ation (i.e., direct beam radiation as measured with a pyrheliometer multiplied
by the cosine of the zenith angle) plus the diffuse sky radiation, without
interference by any other parameters (see Equation B-1).

In practice, however, all pyranometers show deviations from the ideal due to
the manner in which complicating influences affect the measurement and are
accounted for in the final analysis. A pyranometer's "sensitivity” is defined
as the ratio of the output signal to the received irradiance. It can be a
function of several factors, including the magnitude and direction of the:
irradiance vector(s), position of the sensor, environmental conditions, time,
etc.. . The text which follows describes those factors that influence
pyranometer measurements. The order of their appearance coiancides with the
suggested characterization procedure, which avoids compounding effects.

B.3.2 Response with Time

The time response of an instrument can be defined in terms of its response to
a step input. The “response time"” of a pyranometer is the time for the output
signal to fall (rise) to 10%Z (90%) of the final steady-state value change
following an abrupt decrease (Increase) in irradiance. The so~called "rise"
and "fall” times for the instrument are often not equal. The "time constant”
is defined as the time in seconds for the transient signal to decay (rise) to
1/e (1-1/e) of the total change.

B.3.3 Sensitivity

Sensitivity R is simply the ratio of the output signal of the pyranometer 5 to
received irradiance E_:

=
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R = S/Eg . (B-3)

In general, a single sensitivity number represents the mean value derived from
a range of test conditions, i.e., from integrated output signals over varying
time scales--typlcally ranging from minutes to weeks. A single number may
also represent a value generated under a specified set of test conditions.
The single sensitivity number is often referred to as the calibration factor

Cfo

The conditions under which the pyranometer sensitivity was measured must be
reported to the user in order to correctly apply the value to the measured
output signal and convert it into units of irradiation. This concept forms
the basis of the sensitivity function hypothesis, which proposes that the
sensitivity of a pyranometer is a variable -quantity, depending upon the indi-
vidual or combined effects of the aforementioned outside influences (see
Sec. B.4).

B.3.4 Responsivity

Responsivity, a term closely related to sensiﬁivity, 1s usually defined as the
ratio of the output signal S to the radiant power P; incident upon the
detector: ' ‘ ) ‘

Responsivity = S/P;. , ' (B=4)
typlcally expressed in terms of volts/watt. - For pyranometry, the radiant
power per unit area, or irradiance (watts/square meter), is desired.
Responsivity is a widely used term in the field of radiometry and photometry
[3-4,5,610 E
B.3.5 Temperature Coefficient of Sensitivity -

Radiometers exhibit a change of sensitivity with variations of instrument
temperature. This temperature dependence is usually specified as the ratio

_ AR/R
where
Cp = temperaturg coefficient,
AR/R = relative change in sensitivity,

AT

change in case temperature.

Cr is often given by the manufacturer in rA'@ Some pyranometers have Dbeen
dasigned with rvresistive networks which compensate for nearly all of the
instrument's temperature dependence. Some models, especially earlier designs,
have heen tested by the manufacturers, who then provide a value for Cp, usu-—
ally in terms of percentage change ia sensitivity per degree of temperature
departure from a reference or calibration value.

46




Figure B-2 shows data from three different tests for both compensated and
uncompensated instrumnents. Table B-1l summarizes the manufacturers' speci-
fications for this and other characteristics.

B.3.6 Thermal Transient Response

The time rate of change in the temperature coefficient is a function of the
magnitude and nature of the forcing function (the temperature differences and
their time rate of change), and of the instrument's physical properties.

B.3.7 Linearity

The ideal pyranometer should provide an output signal that is directly propor-
tional to the radiation received over a normal range of irradiance levels. As
shown in Table B-1, most instruments have a sensitivity which varies within
427 up to an irradiance of one solar constant (1377 W/m2 [B-13]).

B.3.8 Angular Dependence of Sensitivity

Global radiation, as measured by a pyranometer, requires an integration of
diffuse radiance over the entire hemisphere above the plane of the sensor.
This angular integration imposes stringent requirements on both materials and
basic design of the instrument 1f its sensitivity is to be independent of the
angle of incidence of the radiation [B-3]. Three angular dependence errors
are common to pyranometer measurements:
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+20-

+15—

+
=)

N.B.5. =2insl.
W.B. -% iml]"""“mp'ma"d

-
-
kY

0 ————
Drummond —10instrumants, compensated \

-5 . ~

AVERAGE ERROR (%)
+
1)
T

—i5 | 3 | L | : | ! | 1
-40 —20 o} +20 +40

TEMPERATURE (°C)
© 1975, Academic Press, Inc,
Figure B-2. Average Error as a Function of Temperature for Eppley

Pyranometers Which Are Compensated and Uncompensated
for Temperature Effects (From Ref. B-3)
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R: RADIOMETER RESPONSE / IDEAL RESPONSE

Cosine error is the result of directional dependence of the pyranometer

sensitivity to solar elevation (for horizontally mounted instruments) or,
more generally, the incidence angle defined by the radiation vector and
the unit vector normal to the sensing surface. Ideally, the vertical
component of the radiation is accepted by the detector according to the
Lambert cosine law. In fact, the reflectance/absorptance of any surface
is dependent on the angle at which the radiation strikes the surface.
Additionally, striations or optical defects in the glass hemispherical
envelope(s), curvature of the receiver surface, or internal reflections
inside the pyranometer may contribute to this error. By ecalibrating
instrument sensitivity versus angle of incidence of the (direct beam)
radiation, it is possible to correct the data in some cases (see
Tig. B-3).

Azimuthal error is the result of directional dependence of the pyrano—

meter sensitivity to solar azimuth or the azimuthal orientation of the
detector with respect to the radiation vector. This error is due to the
surface irregularities, misleveling, or asymmetrical design of the sens-
ing element. Common practice is to position the pyranometer signal cable
to the north or other reference direction to reduce the possible discrep-
anciles between the instruments under test.

Tilt effects are known to exist in some pyranometers. The sensitivity of

the instrument can change depending on the orientation of the detector
with respect to the horizontal. Figure B-4 1llustrates this effect as
determined by two laboratories [B-~7]. Convective ailr currents above the
sensing surface of the dome-design pyranometers contribute to this error
which is a function of tilt angle and irradiance level. Obviously, mea-
surements of global radiation on inclined surfaces would have errors
introduced due to a combination of tilt effects and cosine errors associ-
ated with. the changing incidence angles of the radiation. Different
regults are reported by various authors.
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B.3.8 leveling

The detector surface and the reference surface of the spirit level are gener-
ally assumed to be coplanar. Production tolerances must allow for some depar-
ture from this ideal condition. The accuracy of a typical spirit level com
mercially available instruments is generally better than +0.3%. The level can
be adjusted to coinclide with the true optical level of the detector by illum—
inating the pyranometer at some angle from the normal to the sensing element,
usually 70° to 80°, rotating the instrument in azimuth, and adjusting the
attitude until the output signal 1s constant with azimuthal position with
respect to the light source. Azimuthal dependencies of the sensitivity must
also be accounted for inm this test (see Sec. B.3.7).

B.3.9 Spectral Response

The ideal instrument for measuring solar radiation would have a uniform sensi-
tivity or "flat" response to radiation in the wavelength range of about 0.3 to
3,0 micrometers and not detect radiation outside this spectral region (see
' Fig. B-5). In practice, this is not the case with commercially available
pyranometers. '

Differences between pyranometers are caused by many factors, including:

e variations in the spectral charvacteristics of the transmission and
reflectlon coefficients of cover glass dome(s), windows, and radiation
shields and differences in the absorption characteristics of seasor sur-
faces; and

e variations in the electrical nature of the detectlon mechanism (particu-
larly in photovoltaic detectors).

Photovoltalc detectors have distinct spectral response characteristics result-
ing from the photoelectric effect displayed by silicon (see Fig. B-5).

A mumber of conclusions are worth drawing at this point:

¢ If a pyranometer does not have the desired flat spectral response from
0.3 to 3.0 micrometers, its sensitivity will vary with atmospheric coundi-
tions which alter the spectral distribution of the solar radiation.

e Under changing atmospheric conditions, two pyranometers with the same
spectral response would produce meagurement agreement, even if their
response was not flat, hut they would not agree with a unit that did have
a flat response or a different spectral response.

e Two different models of radiation detectors which might agree in sunlight
may differ by several percent under artificial light (or vice versa),
because of the differences between the spectra of the two radiation
sources [B-8].

Results of comparisons between thermopile and photodiode pyranometers are
presented in Appendix R.
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Pyranometer sensitivity changes with time and with exposure to radiation.
Periodic calibrations are suggested by most manufacturers and are required for
accurate measurement capability. Pyranometers in continuous use should be
calibrated as necessary on the basis of accuracy requirements and drift trends
(likely, at least annually).

B.4 TPYRANOMETER SENSITIVITY FUNCTION
The "characterizing" of pyranometers is defined as the quantifying of the

responses of the instrument to the various parameters mentioned above which
produce the "sensitivity function”:

R = f(Eg: Eg, B, 9, 2, T, T, ATn’ Ay Pyved) (B-6)
where

R = gensitivity (typically, volts/watt/square meter)

Eg = global irradiance at receiver (effects of non-linearity)

ﬁg = time rate of change of global irradiance (effects of time constant)

B = angle between the normal to the instrument and the horizontal
(effects of tilt)

0 = angle between the incident beam and the receiver normal (effects of
cosine error)

a = angle to the incident beam measured about the receiver normal with
respect to a reference direction, typically the center line of the
connector {effects of azimuthal dependence)

T = temperature of the instrument body, usually intended to indicate the
thermopile heat sink or cold thermojunction temperature, Wit often
approximated by measuring ambient air temperature surrounding the
instrument

T = thermal transients or time rate of change in temperature

ATn = gradients and temperature differences between parts within the
instrument (e.g., glass dome(s) and body, or hody and thermopile cold
junctions)

A = wavelength of incident radiation (effects of spectral response)

P = pressure (pressure dependence of thermal convection of air).

Note that this analysis of the response of the pyranometer is to be contrasted
with the classical view of the instrument calibration in which a single value
of sensitivity (calibration factor Cf) is determined by averaging the ratios
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of output signals to received irradiances (equation B-3) from a specified test
or tests performed in the laboratory or outdoors. Such techniques do not iso-—
late the individual effects described ahove and limit the application of any
detailed characterization information. It has been shown that C¢ does vary:
measurably with respect to some of the above parameters (see Appendices D, F,
H, X, M, N, 0, and P). For increased accuracy in pyrancmetry, it is apparent
that the documentation (characterization) of the effects of the variables in
the sensitivity function is necessary. When these factors are measured, we
can coastruct a transfer functionm,

~

f

1
=]
h

(B—??

or

A

g (B-8)

Il
[
0g
A~

which applies these effects as corrections to-a basic sensitivity Ry, thus
yielding more accurate pyranometer measurements.

If a single sensitivity Ry can be defined based on proper testing procedure
which quantifies the individual characteristics of a pyranometer, then

R ='R0 x £ (E, fag, B, 0, a, T, %,,ATn, Ay Pons) o (B-9)
It may not be possible to separate the effects of gsome individual variables.
This means that it is not possible in every case to produce a set of indepen-

dent functions which can be combined to form equations B-7 or B-8. More
explicitly, with

S/Ry = Eg S (B=10)

n
i

instrument output signal
Ry = basic sensitivity
By = first estimate of glohal irradiance,

the applications of the transfer function may result in the computatiou of the
corrected irradiance value E according to some functlon of the form

core _
Ecorr - E0 8 fl(EO’ T * fZ(EO’ &) x_f3(EO’ ). g (B—ll)

or
Eore = Bp ¥ 8B T) + g,(Ey, B) + 83(Egs O)eee (B-12)

or combinations of products and sums of correction functions. The structure
of the transfer function will depend upon the order, manner, and form in which
the correction functions are derived.
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Generalized discussions of the mathematical and engineering implications of
the transfer functlon concept, sensitivity (responsivity), linearity analysis
(including nonlinear systems), detector calibration, and sources of uncer—
tainty are covered in detail by Wyatt [B4]. Additional iasight into this
topic may also be gained from discussions in Wolfe and Zissis [B5] and the
National Bureau of Standards tutorials on optical radiation [B6], especially
Chapter 5.

In the final applications of this transfer function to solar collector tests,
more detailed measurements of environmental and other parameters influencing
the output of the pyranometer will he required to achieve enhanced accuracy
over the more common applications of this lastrument in meteorology.

An overview of current lahorvatory testing practices is given in Appendix Q.
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STATUS OF THE AD HOC ROUND ROBIN TESTS SUBSEQUENT TO THE IEA DAVOS
PYRANOMETER COMPARISONS OF MARCH 1980

by
E. Flowers, C. ¥Fr8hlich, J. Hickey, T. Stoffel,
and D. Wardle

C.1 TINTRODUCTION

The World Radiation Center, Physico-Meteorological Observatory, Davos {(WRC/
PMOD) was asked by members of the IEA Solar Heating and Cooling Program,
Task TII to evaluate the performance of production-class pyranometers under
outdoor conditions. One conclusion from the analysis of this March 1980 data
was that differences in irradiance measurements from the various pyranometers
(Eppley, Kipp & Zonen, Schenk, and the PMOD reference) were typically 7%, well
above a level acceptable to members of the IEA Task III. These differences
were Interpreted to be the result of calibration uncertainties and
unidentified differences in instrument characteristies.

At the recommendation of DSET Labs (New River, Arizona, U.S.A.) and the
Kernforschungsanlage (KFA, Germany), three instruments were circulated among
three laboratories (SRF, DSET, Eppley) in the United States. This first
Round Robin experiment (RRI) was designed to reveal the differeances
experienced at Davos. '

Following the suggestions made during the October 1980 Task V meeting in
Toronto, Canada, 22 instruments are in the process of more extensive investi-
gations as part of Round Robin II {RRII). In order of participation, the
instruments are being tested by the Atmospheric Environment Service's National
Atmospheric Radiation Center (AES/NARC), the National Oceanic and Atmospheriec
Administration‘s Solar Radiation Facility (NOAA/SRF), and the U.S. Department
of Energy's Solar Energy Research Institute (DOE/SERI).

The purpose of RRII is to investigate the differences in calibration constants
supplied by different laboratories. Specifically, if we use our knowledge of
the corrections for temperature effects on sensitivity and the departure from
ideal cosine response to normalize the above results {say, to the conditions
defined in the Canadian method), - the question to be answered becomes, "How
large are the remaining discrepancies?”

C.2 RESULTS

The results of the Davos comparisons, Round Robin I and part of Round Robin IT
{(avallable to date) are summarized 1In Table C-1. The reference to the NARC
values is made because the technique has been unchanged for ten years, shows
long-term stability, and has been employed for large numbers of Eppley and
Kipp & Zonen Instruments. However, the claim for accuracy 1s considered to be
3%Z or less (Appendix L). The details of these original investigations are
available in Appendices D through M. '
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Since the original analysis of the March 1980 Davis comparlasons, a more pre-—
ferred callbration factor for the Davos reference Instrument has bheen deter—
mined (Appendix E). The appropriate values can be found in eolumns labeled
"Original PMOD” and "Pref PMOD"™ in Table C-1 which show the ratios of the
WRC/PMOD calibrations to those at AES/NARC.

The results of RRI testing were summarized in Appendix F by Zerlaut and are
presented in Table C-1 as "DSET Best,” "Eppley 25," “Eppley Heml,"™ and "SRFL."

Avallable results for RRII are shown in columns “NARC K" (calibration factors
by NARC), "Ratios to the NARC wvalues for," (1) "Modified Sticker™ values, and
(2) TSRF2" in Table C-1. As the result of the recalibration of the Eppley
Laboratory's sphere calibration (Dome) reference pyranometer 13055F3, the
original "Sticker" callbratlion factor assigned by the manufacturer has been
updated for select instruments. A summary of this information is presented in
Table C-2.

The temperatures during the various calibrations were as follows:

Laboratory Calibration Temperature

NARC 259¢C
PMOD ~59C to +10°C (Mean of about +5°C)
SRF1 24°¢
SRF2a 5%¢
SRF2b ’ 11%c

We will disregard the small-temperature effect of the PSP and we will use
-0.125%/°C as a typical temperature coefficient for the Kipp Instruments. The
results of this reduction are shown in Table C-1.

The solar elevation angles relevant to the calibrations are different for the
reference pyranometer maintalned by each laboratory:

Reference Pyranometer Measurements
Laboratory Normallzed To: Performed At:
PMOD 500 15° to 37°
SRF 68° 0° to 56°
NARC 50° all sphere
Eppley 450 all hemisphere

€C.3 DISCUSSION OF THE RESULTS

A notable result from the informaticn found in Table C-1 is the close
agreement between "PMOD Preferred” (original PMOD calibration increased by
2.6%) and "NARC K." This appears to be somewhat fortuitous considering the
different calibration methods used by the two laboratories, i.e., indoor and
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Table C~2. Table Relating Hemisphere Calibrations at Eppley
of IEA Pyranometers: 45° Solar Elevation and

25°C.

Original Sticker Recalibration Most Probable

Serial No, Value Value* WRR Valuye#®#*
14806 10.02 10,07 9.81
15834 3.99 N/A 8.88
16692 9.88 N/A 9.76
17750 ' 9.26 N/A 9.15
17823 8.97 N/ A 8.86
18376 9.39 N/A 9.15
18978 11.30 N/ A 11.01
19129 10.76 10 .64 10,37

19222 10,17, . /A 9.91

* Only two instruments from IEA Round Robin #1.

%% Based on recalibration of Dome Reference 13055F3 estimated at
9.2 V/Wm “ at 25°C.
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outdoor. The SRF values are slightly higher (2.6%) than NARC and PMOD. The
difference between NARC and SRF 1is explainable, 1in part, by normalizing to
different solar elevations for the reference instruments. (See Appendix L for
NARC and AppendixH for SRF.) This accounts for 1.2% of the difference.

The mean ratlo of sensitivities determined by the manufacturers to the NARC
value (refer also to Table C-3) amounts to:

Ratio of Responsivities

Manufacturer (Manufacturer/NARC)
Eppley 1.016

Kipp & Zonen 1.051 (CM=-6)

Schenk 0.987 (one sensor)

Some of this discrepancy 1is due to the difference in methods used by the
manufacturers.

The differences between individual instruments of like manufacturer are typi-
cally 1% or more. It is clear these are caused by individual instrument char-
acteristics as summarized in Table C~4. A summary of results for three
pyranometers which have been available to all four laboratories is presented
in Table C-5. Although based on a very limited data collection, the
information -shows the range of calibration factors in comparison to the
original manufacturer’s value which is possible from laboratory testing. The
user, however, generally 1s aware of only the slngle wvalue assigned to his
instrument by the supplier. As seen from the table, instrument-to-instrument
variations do exist in addition to differences in calibration values according
to the laboratory and the technique.

More accurate results can be obtained only with more detalled knowledge of the

individual characteristics of each instrument which are then used iIn the
evaluation of the comparisons.
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TAPLE €-3  Suymmary and comparison of manufacturer's calibration
factors with those determined by NARC early in 1981
and with those inferred from the comparison exercise
at PMOD during March 1980.

MANUFAC ###### MANU.K MANU.K NARC K
TURER'S #NARC# -—----m mmmmmm wem2eo

SERIAL NO (WNER K # K # NARC X PMOD K PMOD K
. FHHE

14806 NBS USA 10.32 # 9.66¢ 1.037 1.066 1.028
15834 SWEDEN  8.99 # 8.74# 1.029 1.065 1.035
16692 DENMARK ~ 9.88 # 9.55# 1.035 1.070 1.034
17750 NRC CAMADA  9.26 # 9.24% 1.002 1.021 1.019
17823 JULTICH F.R.G. 8.97 # 8.67# 1.035 1.060 1.024
18978 DFVLR F.R.G. 11.30 #10.61# 1.065 1.088 1.022
191249 DSET USA 10.76 #10.32# 1.043 1.056 1.012

MEANS OF EPPLEY'S 1.035 1.061 1.024

5.D. ~ 019 .020  .008

75-2438  STUTTGART F.R.G. 11.3 #10.45¢ 1.081 1.082 1.001
76-3000 SWITZERLAND 11.9 #11.34# 1.049 1.068 1.018
77-3656  MET. OFFICE U.K. 12.2 #11.48# 1.063 1.064 1.001
77-3982 . DFVLR F.R.G. 12.9 #11.97# 1.078 1.068 0.991
77-4120  JULICH F.R.G. 13.7 #12.56% 1.091 1.092 1.001
78-4750 " BELGIUM 11.7 #10.81% 1.082 1.109  1.025
- 78-5047 ' SWITZERLAND 12.5 #11.68% 1.070 1.087 ~ 1.016
80-7177  CARDIFF U.K. (1) #10.13¢# - - -

MEANS OF CM-6'S 1.073 1.081 1.008

S.D. 0.014 ©¢.016 0.012
(IT) o

CM10 790059 HAMBURG F.R.G 5.8 # 5.65# 1.027 1.045  1.018{N)
£M10 800077 NETHERLANDS 5.99%# 5.83% 1.027 - - (M)

STAR 1626  VIEMNA AUSTRIA  14.32 #14.51# 0.987 1.016  1.029(N)

OVERALL MEAN 1.017
5.0, 0.013

10.9 (17/3/81)
5.35

) Manufacturer's K
) IPS : Dehne (IPS)
&
)

won

YRR
Not tested against acceptable standard
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Table C-4. Pyranometer Characterization Parameters

Characteristic

Remarks

1.

10.

11.

Sensitivity: MHorizontal

Sensitivity: Tilted

Sensitivity: Tracking

Temperature Response

Cosine Response

Azimuth Response

Spectral Response

Linearity

Time Counstant

Tilt Effects

Stability

The calibration factor determined by inte-
grating sphere, shading disk, or outdoor
comparison with a standard instrument. The
classical conversion of the horizontally
mounted pyranometer voltage output iInto
power density (Volts/Watts/sq meter).

Same as above, hut for the pyranometer
mounted on an inclined surface.

Same as above, but for the pyranometer
oriented normal to the sun.

The change in pyranometer sensitivity as a
function of ambilent air temperature.

A measure .of. the instrument's divergence
from ideal Lambertlan cosine law.

The changé in pyranometer seunsitivity as a
function of azimuthal orilentation.

A pyranometer should have uniform sensitiv-
ity to radlation over the spectral region
(0.28 to 3000 nm).

Uniform sensitivity over ..a range of
intensity.

Time rate. for change in senéitivity should
accurately rveflect time rate of change in
irradiance levels.

The orientation of the pyranometer from the
horizontal should not affect sensitivity.

The sensitivity should not change with
time.
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Table C-5. Inter-Laboratory Comparison of Calibra-
tion Pactor Assignments .

Test Instrument

Laboratory K&Z 774120 EP 14608 EP 19129

Method 1: Shading Disk-—Reference Pyrheliometer +0.5%

DSET - 9.843 10.427
NOAA
(609)8 12.61 9.84 10.500
(40°) 12.73 9.52 10.455
(20°) 12.965 9.26 10.410
Eppley .

(30%) 12.15 9.16 10.05
(25%) 12.35 9.29 10.29
Method 2: Pyranometer Comparison——Reference Eppley

PSP or PMOD

' WRC/PMOD12.87 12.87 9.644 10.46
NOAA , 12.82 9.889 10.588
Eppley (Sphere) 13.09 10.07 10.54
Hanufacturer _ 13.70 10.02 10.76
Range (max-min) 0.94 0.91 0.59
Range/Manufacturer 6.97% 9.1% 5.3%
Mean 12.698 9.642 10.436
Std. Deviation £0.320 £0.337 +0.180

3g0lar elevation angles for shade calibrations.
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APPENDIX D .

Results of a Pyranometexr Comparison, Task IXI1:
Performance Testing of Solar Collectors,
A BReport by the International Energy Agency
Solar Heating and Cooling Program
Bavos, March 5 and 6, 1980

by

Horst Talarek, Editor
Kernforschuangsanlage Jilich GmbH
Institut flir Kernphysick/Solar Branch
Post Office Box 1913
D-5170 Jiilich
Federal Republic of Germany
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- INTERNATIONAL ENERGY AGENC‘)

program
to develop and test
solar heating

and cooling systems

IEA

SOLAR R&D

task 1l
performance testing
of solar collectors

| results of a|
pyranometer comparison |

Davos, March 5 and 6 1980 |

Physikalisch-Meteorofogisches Observatorium Davos June 1380

.’Wr co ' Welstrahlungszentrum Centre Mondial de Rayonnement World Radiation Center
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An Ixiraordinary txperts Meeting of the Task III group on Radiation Measure-
ments fn Solar ctnergy Application was held in Davos at the %World Radiation

Center. During the two days meeting a pyranometer comparison was conducted.

This report is to document the results and the evaluation of the comparison.
While the conc¢lusions are necessarily preliminary in character, the results
~definitely describe the present situation in radiation measurement with

pyranometers,

it is the hope of the participants and it is well within the spirit of this
interdisciplinary meeting that the results serve as a reference and guidance

Tor future actions.

The participants and in particular the Task III group are greatly indebiad

to Mr. Frghlich and his colleaques for their support.

This report was edited by H.D. Talarek
Kernforscnungsanlage Jllich GmbH Operating Agent for the IEA
Institut fur Kernphysik/Solar Branch Program to Deveiop and Test
P.0.Box 1913 Solar Heating and Lcoling
8-C170 Juiich, Fed. Rep. of Germany Systems, Task III: Performance

Testing of Solar Collectors
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Kernforschungsanlage Jiiiich GmoH Jilich, den 31.03.1980

Minutes of the sxtraordinary £xperts Mesting, TASK III

IEA-Program to Develop and Test Solar Heating and Cooling Sysfems

Time: March 5/6, 1980
Lecation: Davos/Switzeriand
Host: World Radiation Center,

Dr. C. Frohlich and his staff

Participants:

The meeting was attended by 26 experts from 10 different IEA-couniries.
Participants had either a background in meteorology or in collector testing
{see 1list of participants). This was in full accordancs with the intention
of the IEA-Task III group who considered an interdisciplinary mesting as the
most promising action.

~In support of this idea participating IEA-countries readily “"sent" invited
speakers: Klaus Dehne (Germany), Otto Motschkd {Austria) and Gene Zsrlaut {USA},
who additionally presented a paper by Edwin Flowers (USA).

Basic support and some aducational talks were given by the staff members of

the World Radiation Centar.




Opening

Dr. Claus Frdhlich, director of the WRC, welcomed the participants of the
meeting. During the preparaticn of this meeting the idez o7 having 2 comparison
of participants' pyranometers was brought Torward. Due to the kind assistance
of the WRC staff it was possible to conduct a comparative tasting of pyranometar
performance during the two-days meeting. Participants, therefore, had brought
along their instruments one day prior to the meeting which made it possible to
monitor the performance for a complete day (March 5) and a subsequent half

day (March 6).

A total of 21 1nstruments manufactured by Eppley, Kipp and Zonen and Schenk
were compared.

In reviewing the incentives of the meeting, the Operating Agent stressed the
difficulties encountered by experimentalists us1ng pyranometers to ascer+a1n
the specified accuracy of their instruments. |

The scheduled programme was accsptad by the participants.

Morning Session

In a first talk on radiometry and collector testing, Mr. Frohlich pointed out
that the pyranometer was originally developed for climatological measursments
(horizontal position). Moreover, the radiation seen by a collector is not
necessarily identical with the radiation detected by the pyranometers. A rigorous
approach therefore would imply alternative radiation standards for collector
testing. o ,

The history of the development of radiation instruments was covered in a
second talk, ‘ : ‘
It became clear that the struggle for a radiometric reference with an inter-
mediate historic compromize (IPS, Internaticnal Pyrheliometer Scale, of 1936)
has lasted up to very recant times. According to the WMO regulations the Yorld
Radiometric Reference (WRR) will become the official standard by 01.01.1981.

77




It was, however, hard to define at what time the different manufacturaers had
referencad their calibration to a particular radiometric standard.

Mr. Byuso's talk illustrated the contribution of the WRC in the development
of absolute radicmeters. The absolute accuracy of the PMOD instrument is Jless
than 0.2%. This was considered close to the theoretical limit of accuracy for
the compensation tachnique applied at Davos.

Afternoon Session

The invited speakers reported about their experience with pyranometars of a
specific manufacturer: ‘

Eppley (PSP): by G. Zerlaut {Ed. Flowers)
. Kipp-Zonen (CM 2-5-10): by G. Dehne
Schenk (Star, black and white): by O-Motschka ..

The authors promised to provide a summary of their talks which are to be
distributed with the documentation of the Davos pyranometef camparison. The
investigations reported of, illustrated the physical dependencies of the
over-all response of the pyranometars. The deviations caused by varying en-
vironmental and operational conditions were investigated by specific experiments.
The results indicate that the instrument reading is effected up to several
per cent by the following items: ' '

1) Spectrail sensitiv{ty

2) deviations from 1inear intensity response
3) varying ambient temperatures (and wind)

4) tiit (deviations from horizontal position)
) incident angle (cosine-response) '

The calibration constant of an instrument has to be considered as a function of
several parameters. It was felt that results from laboratory experiments showed
consistent instrument performance while outdoor experiments with a number of
competing affects were less consistently intaerpretable.
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[t was not clear, however, to wnat extasnt the deviations found werz peculiar

to the individual instruments or to a specific design {brand).

The closing discussion gave evidence that there is no established procadure
useful for the experimentalist to gain confidence of the accuracy of irradianca

measurements.

Morning Session (March 6)

The session was started by a talk by Mr. Wehrli about spectral measurements.
The results from the comperative testing of the participants' pyranometers
were presented by Mr, Frohlich: _ g g

The instruments readings were recordad from 10. 40 a.m. to 15. 30 p.m.

Data were sampled at a rate of 10 seconds to produca 10 minutes mean- values.
These mean values were compared with the WRC-reference pyranometer.

Mean deviations ~ extended over the perjod of measurements - were eyalﬁatedﬂ
as percentage deviation of the nom1na1 ca11brat10n consgant (seé attached
data sheet). ' E
The large deviations found. were considered as alarming and disappointing by
the participants:. '

The arithmetic mean of the mean ratios for the group of Eppley (PSP)
instruments was roughly 6 %.

The arithmetic mean of the mean ratios for the -group of Kipp and 7gnen
instruments was roughly 7. % o

Most of these instruments are used as secondary standards by the participants:. -
This fact clearly underlines the importance of the results.

Discussing the resu1ts; the participantﬁ poihted out that the manufacturers'
calibration procadure might have introduced systematic errors. Additionally,
there is reason to suspect a climatic dependency of the calibration constant.

A comprehensive evaluation based on that one-day intarcomparisons was not
attempted by the participants. Mr. Frihlich clearly expressed the participants
view when he said: "The results are definitely not conclusive but they are

definitive.”

79




Afternoon Session

Appropriate steps to be taken to ease and improve the situation for the
experimentalist were discussed.

Basad on.the common view that the accuracy of irradiancs measurements with
pyranometers is considered to be unsatisfactory, the participants agreed that
a scientific project on comparative pyranometer testing should be initiated.

The realisation of such a programme should comprize:

1. Specification of specimens for the test:
Selection of a relevant number of instruments from three different
manufacturers:
e.g. 12 pyranometers Eppley, PSP
12 pyranometers Kipp and Zonen, CM-10
12 paranometers Schenk, Star-Black + White

2. Longterm simultanecus performance monitoring.
Possibly at the WRC in Davos.
A testing period of half a year with case study monitoring.

3. A detailed working programme - set up by the Task III participants and
the WRC.

This comparative testing is not to be understood as a competition among pyranc-
meters but as a mean to provide conclusive results on their performance which
might have an impact on manufacturer's policy (quality control, additional data
sheets). '

Another possibie result of the envisaged project could be an amendment of the
pyranometer‘ca11bration procedure. | |

There is good hope that the project will clarify the protedure, the steps and
the precautions that have to be taken by the experimentalist to ascertain a

/

required accuracy of the pyrancmeter used in measurements of solar irradiance!
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The WRC staff offered their assistance to document the results from the Davos-
Pyranometer-Intercomparison. The Operating Agent will compile and 2dit the

document.
Again, the Operating Agent will expiore the situation for funding of the

envisaged test programme.

Closure

On behalf of the participants the Operating Agent expressed his thankfulness
to the WRC staff for hosting and promoting the meeting.
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DYRANOMETER COMPARISCON, DAVOS MARCH 5/6, 1980

During the 1580 meeting of zhe IEA Task III working group, held at Davos,
comparison of pyranometers has been organized. A total of 22 instruments

from 9 countries have parti¢ipated (Table 1).

For the comparison, the instruments were placed horizontally side by
side on the wall in front of the Institute and were connected to the
computer‘COntrolled WRC data acquisition system. As reference, the

WRC standard pyrancmeter PD 6703A was used. Further, the direct solar
radiation was mgasuzed_with_the WRC absolute radiometer PMO2. The re-
ported instrument's“tempe;ature was measu;ed with a Pt-thermometer,
mounted in the case of PD &703A. The outputs of all instruments were
read every 20 seconds, the ratio teo the reference calculateé and these
values integrated over 10 minutes in order to‘calculate the mean and
stgndard‘deviation.In the graphical representation, these ;0 minutes

values are plotted.

The results of the comparison are summarized in Table 2 and for each
instrument in the Figures 1 to 6. During the first day, the sky was
most of the time clear, during the second day, it was cloudy to over-

cast.
From the results, the following conclusions can be drawn:

(1} All calibration factors given by the manufacturers yield readings
with are 6-7 % lower than those referred to the World Radiometre
Refarence (WRR). Only about 2 % can be explained by the difference
metween IPS and WRR. The remaining 5 % seem to be due either to

the method of calibraticn or to the refarsnce instrument used.




The mean ratioces oI the Kipp+Zonen and the Eppley instruments are as
follows:

X+ +

TRR 0.9308 0.0214 (ll instruments)

il

Eppley
WRR

[}

0.9390 £ 0.0183 (9 instruments)

(2) The performance of indi?idual XKipp+Zonen instruments as a funcfion
of intensity and type of radiation(predeominantly direct or diffuse)
can vary significantiy from one inst;uméﬁ£ to another. The perfor-
mance of the Eppley instruments on the o;her hand are very similar
for all instruments. It seems that the éégtrol of manufacturing
processes are gocd at Eppley Laboratory and not sufficient at Xipp+

Zonen.

(3) At the low intensity end of the working range (below about 200 Wm~2),
there is a difference in the readings for the two days due to diffe-
rent prevailing types of radiation. Again, this difference is varying
from instrument to instrument for the Kipp+Zonen. From the results
of the Eppley instruments, one coﬁld-also'érgue'that the WRC standafd
instrument has some problems at low intensities {e.g. cosine error at
high angles of incidence }. Further investigaticns are needéd to -

clarify this gquestion.

As a result of the above conclusions, the following actions are recommended:

(1) Coentinue such comparisons over extended periods of time and supplement
the outdoor comparisons with laboratory measurements of cosine response,
temperature coefficients, linearity tests, etc.

(2} Urge the manufacturers to review their method of calibraticn in order

to find the »eason for the 5 % 4i
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Instrument Mean dset‘faf:tafodn mezl;zi:;eiis
Kipp + 742 276 0.9764 0.0110 1956
Zonen 752 438 1 0.9238 0.0076 1956
763 000 0.9365 0.0119 1956
773 656 0.%400 - Q0.0090 1956
773 992 0.9362 0.0098 1956
774 120 0.9159 0.0110 978
784 750 0.9019 0.0065 1620
785 Q17 0.9164 3.0100 1356
785 047 0.%200 0.0072 978
795 967 0.9147 0.0060 978
MOH 154 0.9568 0.0162 1956
12508 1.0042 0.0219 - 978
Eppley 14 806F 0.9378 0.0131 1956
l 15 834F 0.93380 0.01236 1956
16. 692F 0.9342 0.0114 16290
17 75QF 0.9785 0.0152 13856
.17 823F 0.3435 0.0179 1956
18 376F 0.9352 ¢.0099 1556
iB 978F 0.9187 0.0158 1958
19 129F% 0.9468 0.0163 139586
19 222F 0.9166 0.0120 19856
Schenk 1626 0.9847 0.0207 1956
Table 2: Results of the pyrancmeter compariscn

Mean ratices of the readings of each individual instrument to
the WRC standard for intensities higher than 130 Wa~2,
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Contribution of the U.K. Participants

The cosine responses of Kipp solarimeters have been measured indoors
under artificial illumination by the U.K. Meteorological Office. The
results shown in Figs. X and Y indicate significant differences between
the CM2 and CM5 models. Errors of up to 14 % are evident at low solar
altitude angles and azimuthal symmetry is poor.

Copyright held by the U.K., Meteorological Office
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APPENDIX E

Report on Calibration Techniques for Pyranometers:
World Radiation Center, Davos, Switzerland, 1981

by

Claus Fr8hlich
Physico~Meteorological Observatory
Post Office Box 173
CH-7260
Davos Dorf
Switzerland
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SEWVWIC

mo Weltstrahlungszentrum Centre Mondial de Hé yonnement 'World Radiation Center
Physikalisch-Meteorologisches Observatorium Davos

REPORT ON CALIBRATION TECHNIQUES FOR PYRANOMETERS

The discussions of the results of the ad hoc comparison of pyrano-
meters in March 1980 at Davos concentrated mainly on the search for
explanations of the systematic differences found. Part of the discre-
pgncies_have heen explained in the mean time, however, the problems
are not yét solved completely.

The status is now the following:

- Differences between the shading technique at low angles and the

dome calibrations have been found by Eppley Laboratory;
- The use of IPS and WRR respectively yield a difference of 2.2%;

- Further comparison of Kin+Zonen instruments calibrated by tﬁe
French and .the British Meteorological Services have been con-
ducted during and after the International Pyrheliometer Compari-r
sons at Davos and have confirmed the systematic differénCe between
the Davos standard and instruments calibrated by other institutes

or manufacturers;

- Tests of different calibration methods indicate that the classical
shading technique is not always éhe most reliable method: for the
Davos standard for instance, it seems that this technique results
in a calibration yvielding readings whicﬁ are about 2.5% higher

than one would get with other methods.

In the following, this last item will be described in some detail.
- For the calibration of a pyranometer under natural conditions, i.e. with
the radiation from the sun and sky as source, this radiation input has to

be determined accurately. The vertical component of the direct solar

CHM-7260 Davos Dort Schweiz Postfach 173 Dorfstrasse 33 Telephon 083752131  Telex 74732 pmod ch  Telear. omod davosdarf
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radiation can be deduced from pyrheliometric measurements and the solar
elevation either calculated from the ephemeris or measured. The diffuse
part of the radiation is normally determined with the classical shading
technique by the instrument to be calibrated itself. A second, continuously
shaded instrument, however, could alsc be used. The advantage of this
technique is obvious: the operating condition of the instrument to be
calibrated remains constant and the accuracy of the calibration factor
of the shaded instrument is not very critical, as on a clear day, the
diffuse part is at maximum only 10% of the global radiation. Further,
variations in time are not very critical as the diffuse and direct com-
ponents are determined simultaneously with the measurement of the instru-
ment to be calibrated and not one after the.cther. The results of such

a test for the Davos standard and the Kipp+26;en instrument from Carpen-
tras are summarized in table 1. The résults éonfirm the general findings
of the ad hoc comparison in March, especially the dependence of the ratio
Kiprc+Zonen/Davos standard on the intensity:;fﬁe influence of the classical
calibration technique on the factor determinéd is at reasconable solar
elevations about +2.5 % for the Davos standard and about -0.3% for the
KipptZonen instrument. At low intensitiés thg effect is much more pro-
nounced: +4.8% and —3.8% respectively. However, as calibrations at cur
institute are only made at solar elevations higher than about 30°, the
systematic error seems to be limited to a maximum of 2,5 %, More investi-
gations in this field are needed and ﬁaﬁe to be extended to other types

of pyranometers.

-

Together with the findings of the Eppley Laboratory, it seems that
most of the differences cén'be explainel consistently but it means, that
the different calibration procedures used have to be réviewed critically

"and tested in detail experimentally. Therefore, this shoﬁid be one cof the
most ilmportant objectives of the planned pyranometer tests organized by

IEA Task III and V in cooperation with the WRC Daves during summer 1981.

C. Fr&hlich

Davos Dorf, 5. March 1981 104
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APPENDIX F

Final Summary Report:
Round Robin I Calibration of Selected Pyranometers
from 1980 Davos Comparison

by

Gene Zerlaut
DSET Laboratories, Inc.
Post Office Box 1850
Black Canyon Stage
Phoenix, Arizona 85029
U.8.A.
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FINAL SUMMARY REPORT

ROUND ROBIN I CALIBRATION OF SELECTED
 PYRANOMETERS FROM 1980 DAVOS COMPARISON

by

G. A. Zerlaut
DSET Laboratories, Inc.
Phoenix, Arizona 85029

Submitted to: Dr. Kent A. Reed
National Bureau of Standards

For: ' Operating Agent, TEA Task IIIVPerformance
: Testing of Solar Collectors

INTRODUCTION

As a result of the radiation méasurement§”workshop held at PMOD in Davos,
Switzerland on March 5, 6, 1980 (Ref. 1), and the author's .trip report of that
meeting (Ref. 2), a Round Robin Calibration Experiment was conducted employing
the following three instruments that were in the Davos. comparisons:

1. Kipp and Zonen SN 774120, furnished by Dr. H. D. Talarek of

Kernforschungsanlage Ju11ch (D) .

2. Eppley PSP SN 14806, furnished by Mr.  Elmer Streed of the
National Bureau of Standards (US)

3. Eppley PSP SN 19129, furnlshed by. Mr. G A, Zerlaut of
DSET Laboratories, Inc (US)

The Round Robin calibratibns were performed in order by DSET'Laboratqries,'
then by E. Flowers, Solar Radiation Facility (NOAA, Boﬁider),.and fihaiiy by
J. Hickey of The Eppley Laboratories. These calibrations will henceforth be
referred to as Round R0b1n I, since a second more comprehen51ve Round Robwn of
the ''Davos 1nstruments” is now underway

It was agreed that cach of the three laboratories uould utilize its must
Conmmon practlce in calibrating the three pyranometers, and that the callbratlonq -
would, insofar as practical, be referenced to instruments whose calibrations
were traceable to previously compared absolute cavity p}lhOllQMOtCl_, or would

be directly calibrated by such absolute cavities by the shading disk method.
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" In DSET's case, field instruments are calibrated by the shade method directly

to the Eppley Model HF cavity at a tilt defined by nommal incidence for the
particular season. This is done to conform to the need to calibrate under

the end-use conditions of solar collector testing on altazimuth, follow-the-sun
mounts. We learned as early as 1976 that transfer of calibrations from a working
standard calibrated at 0° Horizontal (especially on the basis of a weighted
integral) to a pyranometer at a 45° tilt, for example, could cause the propaga-
tion of errors as great as 3%. '

DISCUSSION
DSET/NOAA Results

) Although the techniques were slightly different, and the time of year was
different, the instrument constants derived by DSET and SRF/NOAA are in good
agreement with each other for the Eppley PSP pyranometers in three test modes

and for the Kipp and Zonen in cne test mode. The summary data furnished by 
Flowers (from Table 1, Ref. 4) and corresponding data submitted by the author
(from Tables 2 and 5, Ref. 3) are presented together in Table 1.

.Excellent agreement between labs was obtained for the PSP's when calibrated
against absolute cavity pyrheliometers by the shading disk method, even though
DSET utilizes a 30 sec/30 sec and NOAA a 5 min/6 min for a shaded/unshaded
-- sequence. The DSET shading calibrations were perfdrmed at an average solar

~elevation of 64° (as opposed to 60° for the NOAA measurements).

The agreement between laboratories at tilt (the DSET data are taken from
Table 2 of Reference 3) was surprisingly gdod insofar as the DSET results were
obtained at 30° from the horizontal by the shading disk method and the NOAA
results were at a tilt of 40° with the instrument constant transferred from a
reference pyranometer.

The most interesting results are the wnusually good agreement between
DSET and NOAA obtained at horizontal for all three instruments referenced
against pyranometers at both labs. The DSET data are taken from Table 5 of
Reference 3. 1In this analysis, the NBS instrument (14806) is referenced
against the "horizontal shading disk' calibration of the DSET instrument (19129),
the DSET instrument (19129) is referenced against the "horizontal shading disk"
calibration of the NBS instrument (14806) and the value for the KFA/XZ instrument
(774120) is the average obtained when referenced against 19129 and 14806. ‘The
average algebraic deviation was 0.25%, and the standard deviation of the

population n=7 was *0.Z86%.
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DSET/EPPLEY Results

The agreement between DSET and Eppley results is presented in Table 2.
The disparity between the horizontal shading disk measurements may be due in
part to the large differences in solar elevation -- dictated by the time of
year the instruments were available at the respective laboratories. It is
difficult to assess the differences between the horizontal calibrations at
DSET (versus the shading disk calibration of the NBS PSP) and the Eppley
integrating hemisphere calibrations (versus their reference SN 13055). We
believe it to be due in part to sensitivity deterioration of DSET's PSP SN 19129
(see Figure 2). From Table 3, it is noted that only 1.8% separates the average
value of 9.84 obtained by DSET and NOAA and the nameplate calibration of 10.02
furnished by Eppley for the NBS instrument SN 14806. It is intefesting to note
that the original calibration of SN 14806 was to the IPS scale, which is about
~ 2.1% higher than the values now utilized by referencing‘to the absolute scale (WRR).
Better agreement was obtained by Eppley and DSET in normal incidence calibra-
tions of SN 18129 by the shading disk method (Table 2). The DSET data were
obtained at a tilt of 30° (summer months) and the Eppley data were obtained at
a tilt of 60° (early winter). On return to DSET, PSP SN 19129 was recalibrated
by the shade method at normal iﬁcidence, and a value of 10.33 uV/Wm™? was obtained.
The average deviation between DSET and Eppley calibrations was 1.23% and
the standard deviation o for a population of n=6 was *2.30%.

Tilt and Cosine Effects

All shading disk calibrations performed on the DSET PSP SN 19129 were
normalized to 25°C and 0° Horizontal. The data are presented in Table 4 and
are plotted in Figure 1. These data represent an aggregate of the tilt effects
and deviation from the cosine law. In any case, it is observed that the maximum
deviation can be approximately 1.7% between a tilt of 30° and 60°. This is the
exact range of tilt experienced when testing solar collectors on an altazimuth
mount throughout the year -- winter to summer months. The greatest portion is
attributed to deviations from cosine law on the basis that tilt effects arc
quite small for Eppley Model PSP pyranometers (Ref. 4, 6), being on the order of

0.5% or less.

Aging Experience

The deterioration in instrument sensitivity of Eppley Model PSP's is

observed in pyranometers continuously exposed outdoors in the desert at DSET's

i1l




Table 1

SUMMARY OF DSET/NOAA CALIBRATION RESULTS

Eppley PSP

Test Reference (DSET) (NBS)
Mode Lab ‘Mode SN 19129 SN 14806
Horizontal DSET (Shade) 10.427 9.843 uv/wm 2
Shade Disk NOAA (Shade) 10.500 9.840
60° Sun El. % -0.70 +0.03
Horizontal DSET (PSP) 10.570 9,910
(Ref.Pyra.) NOAA  (PSP) 10.588 9.889
- &V -0.17 +0.21
Tilt - 30° DSET (Shade) 10.470 * 9.837
40° NOAA (PSP) 10.496 9.884
%V -0.25 -0.47

* Normalized to 25°C
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Kipp & Zonen
(KFA)
SN 774120

12.820
12.873
-0.41




Test Mode

Horizontal
(Shade Disk)

Horizontal

Tilt (Normal
Incidence)

% uV/Wm 2

Table 2

SUMMARY OF DSET/EPPLEY CALIBRATION RESULTS

Lab

DSET
EPPLEY

DSET

EPPLEY

DSET
EPPLEY

Ref.

60° E1
25° El1

PSP

Hemisphere

30° Tilt
60° Tilt

DSET

SN 19129

10.427 ¥
10.290

+1.31%

10.570

10.640

-0.66%

10.41

10.34

+0.67

113

NBS

SN 14806

- 9,843
9.290
+5.62%

9.910
10.070
-1.59%

9.843

Kipp § Zonen
SN 774120

12.820
13.090
+2.06%




Table 3

NAMEPLATE VS. MOST CORRECT CALIBRATION

Eppley PSPs Kipp & Zonen
DSET NBS (KFA)

SN 19129 SN 14806 SM 774120
Nameplate 10.76 WV/Wm™*  10.02 13.70
Horiz. Shade 10.46% 9.84 12.84
2.8% 1.8% 6.3%

* This pyranometer has degraded to an IC of 10.33 in 6 additional
months (now 4% degradation).
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Normal Incidence

Horizontal

Tilt

Tilt

35°
32°

28° .

32°
32°

0°H
0°H
0°H

©10°

10°

10°°

15°
15°

30°
30°
30°

45°
60°

Table 4

Original Values  Normalized
ic oc ic
10.402 27.8 10.412
10.432 27.8 10.442
10. 396 28.3 10.406
10.405 28.9 10.419

% 10.420
10.428 21.1 10.415
10.415 23.3 10.410
10.429 23.3 10,424
X 10.416
10.370 40.0 10.422
10. 388 44 4 10.456
10.456 26.0 10.458
3 10.445
10.409 38.9 10.457
10.408 41.0 10.464
X 10.461
10.389 37.8 10.433
10.432 33.3 10.451
10.458 44,0 10.525
X 10.470
10.348 - 26.1  10.351
10.291 27.2 10.297
X 10.426
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INSTRUMENT CONSTANT FOR DSET/PSP SN 19129F3
NORMALIZED TO 25°C AND 0°H

Variance
F

1.0004

1.000
0.999
1.001

1.0000

1.0027

1.0043

1.0052Z -
0.9937

0.9886
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New River facility. The loss in responsivity of SN 19129 (along with four
other continuously exposed pyranometers)is shown in Figure 2 as a fumction of
months of exposure. Except for SN 14391, the zero exposure condition represents
the Eppley nameplate calibration and all other instriment constants are deter-
mined by the shading disc calibration against the HF cavity. After an initial
rapid change, the typical PSP appears to suffer a decrease 1n sensitivity of
about 1% per year (with the range being about 0.75 to 1. 5°) It should be noted
that the temperature response curve is employved to normalize the instrument
constant for the temperature at which solar collector performance data are being
taken, thus eliminating as much as an additional 1/2% error (the temperature

correction curve for SN 19129 is presented in Figure 3).

ANALYSIS OF DAVOS RESULTS .

The ratio between the radiation measured by each of the three Round Robin
instruments to that measured by the Davos comparisons reference instrument
PMOD SN 6703A (Ref. 1) are given in Table 5 along with the new, recalculated
ratios derived from the Table 4 values. Even after recalculation based on
the best available instrument constants for those three instruments at the time
of the Davos comparisons the average deviation from the reference instrument
was 3.1%. While this certainly brings into question the calibration constant
of the reference instrument employed at the Davos comparisons, other factors
such as disparate fields of view for the arrayed instruments (the instruments
were mounted more or less against a North snowbank) , disparate temperature
compensation curves, and low sun angles for that time of year, could affect the
results as well. However, using the temperature compensation curve presented in
Figure 3, the corrected recalculated instrument constant for SN 19129 glves a

ratio still no higher than 0.9799 compared to PMOD 6703A.
It is additionally instructive to employ the cosine and temperature compen-

sation corrections for the Davos data as defined by'the declination § of -6.37°
and the solar noon sun elevation of 37.1° for Davos (L=46.5°N) on the 65th

Julian Day (March 5, 1980), and an assumed temperature of 0°C. These corrcctions
are taken from DSET data and the report by E. Flowers (Ref. 4); they are presented
in Table 6. The temperature correction for PSP SN 14806 is unity based on the
difference between 26°C (the nameplate tecmperature) and 0°C (the assumed temper-
ature at the Davos intercomparisons) as determined by its compensation curve,

No correction was made for the Kipp § Zonen instrument since we have no knowledge

of the temperature at which the "original' instrument constant was determined.
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Instrument Constant (uV/Wm 2)
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Figure 2. LOSS OF SENSITIVITY OF PSP
PYRANOMETERS AS A FUNCTION
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Table 5
RATIO OF ROUND ROBIN INSTRUMENTS TCQ PMOD 6703A

Davos Comp. Recalculation

Instrument I.C. Ratio I.C. Ratio
KZ 774120 13.70 0.9159 12.84 0.9772
EP SN 14806 10.02 0.9378 - 9.84 0.9550
EP SN 19129 10.76 0.9468 . 10.46 0.9740
0.9335 | 0.9687

g = 0.0130 g = 0.0098

Table 6

COSINE AND TEMPERATURE CORRECTIONS
TO THE DAVOS RATIOS

Original Cosine Cosine and Temp.

Instrumenf Davos Corrected Corrected
KZ 774120 0.915% 0.9834 0.9834 *
EP SN 14806 0.9378 0.9871 0.9871
EP SN 19129 , 0.9468 0.9768 0.9827
0.9335 ‘ 0.9824 0.9844
o= 0.0130 9.0043 0.0019

® Temperature correction not applied

We have thus shown that the agreemenf between the three instruments com-
pared to PMOD 6703A can be significantly improved by utilizing carefully determined.
instrument constants, and can be further improved by emploving cosine and
temperature correction. As will be seen from colum 4 in Table 6, the three
"corrected" instruments agree to within 0.2% with each other, although they
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still differ from PMOD 6703 by about 1.6%. Not knowing the temperature and
cosine response relationships of PMOD 6703, we camnot perform further analyses

at this time.
CONCLUSIONS

1. Excellent agreemént between calibration results of NOAA and DSET
for the two Eppley PSP instruments, and for the pyranometer transfer calibrations
of the Kipp and Zonen instrument, indicates that the discrepancies observed
between the Eppley instruments 14806 and 18129 and the PMOD reference pyra-
nometer can be explained only in part by the fact that incorrect instrument
constants were empldyed at Davos (the instruments presumably having lost
sensitivity since manﬁfactured).' The new instrument constants are approximately
2 and 3% lower for 14806 and 19129, respectively, and about 6.5% lower for the
Kipp and Zonen 774120 than the value employed in the Davos comparlsons

2. Ana1y51s of the DSET and NOAA results 1nd1cates the sensitivity of
transferrlng callbratlons from one pyranometer to another under conditions where
small errors due to deviations from cosine response, failures to account for
the temperature dependence of instrumeht constants, small tilt effects and
disparities in hemispherical enclosures, can all conspire to cause significant
errors when employing even the best pyranometers available for precision
instantaneous measurements of solar irradiance. Analysis of these uncertainties
has shown that the probable error can exceed +2% and the possible error can
exceed $4%. Indeed, we believe that such uncertainties and errors in pyranometer
instrument constants account for a large proportion of the laboratory-to-laboratory
disagreements,in*testing the same, or identical, solar collectors -- differences
that are not uncbmmonly between 4 and 8% (or, double the probable and possible

errors).

3. Employing shading disk calibrations of pyranometers directly against the
Model HF cavity pyrheliometers every 3 to 5 months, at the tilt defined by the
season (in consonance with the conditions employed in collector testing), we have
been able to maintain a precision of approximately 0.995 and an accuracy of from
0.985 to 0.99 in the global measurement of solar flux incident on a collector

surface.

4. Because of the synergistic accum:ilation of errors that is possible,
pyranometer instrument constants derived for meteorological purposes, that is,

for resource assessment (when weighted for diurnal and seasonal angles of
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incidence) should not be employed in the precision measurement of solar
radiation for the purposes of performing thermal performance tests of sclar
collectors -- unless we are willing to accept uncertainties of +3% in the
optical efficiency values due solely to the measurement of solar irradiance.
Pyranometefs destined for solar collector testing should be calibrated not less
often than every 6 months either directly by the shading disk method, or by
transfer from a working standard that has been thoroughly characterized at the
tilt, seasonal sun elevation, and the range of incident angles of test, that
will be employed. The'temperature dependence of the incident calibration must be
accounted for at all steps in the process from calibration of the transfer standard
to the actual field measurement of instantaneous solar irradiance.

5.  For incident angle modifier testing (such as required by ASHRAE
Standard 93-77), the pyranometers should be thoroughly characterized as to azimuth
and cosine response at tilt for the season of récord. In this fespect, the
American Society for Testing and Materials, thfough the auSpicés of ASTM Committee
E44 on Solar Energy Conversion, has prepared five draft standards pertalnlng to
calibration of pyranometers and pyrheliometers, two of which will become
published standards before Summer of 1981. They are listed in Exhibit 1.
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REPORT ON TESTS BY SRF/NOAA OM PYRAMOMETERS FROM THE IEA
COMPARISONS IN DAVOS, MARCH 1980
Edwin Flowers & Rudy Haas, Solar Radiation Facility
Boulder, Colorado

PART I: Tests on 3 pyranometeré, August-September 1980

The three pyranometers (Eppley PSP 19129F3-DSETL, Eppley PSP 14836F3-
NBRS, and Kipp 774120-FRG) were received from DSETL on August 14, 1930 and
sent on to Eppley Laboratories on September 24. Four basic tests were per-
formed on the instruments at Boulder:
1. Calibration on the horizontal by comparison with the MJAA reference
pyranometer.
2. Calibration at 40° tilt, south facing by comparison with a NOAA
secondary reference pyranometer.
3. Calibration on the horizontal by the shade method with the NOAA
cavity radiometer {pyrheliometer) as reference.
4. Determination of relative response at 207,30 400 50° 60 , and 70°
tilt, south facing.
In addition, a temperature response test was run on the Kipp pyranometer.
Table I summarizes the results of the tests.

TABLE I -
TEST ~ PERIOD EP19129 EP14806 KIPP774120
1980 :
1. Horizontal Aug.15-Sep.3 M 17/1382. .-  17/1393 17/1367
C*  10.588 9.889 12.886
R 0.98¢ 0.987 0.94]
2. 40° Tilt-S Sep. 4-22 N 1771301 17/1334 1671254
. C*  10.496 9.884 12.701
R 0.975. 0.986 0.927
3. Shade ‘ Sun - C c : ~C
E1eg. ) ‘
60, 10.50 9.84 12.61
400 10.455 9.52 12.73
20°  10.41 9.25 12.965

N= Number of days/Number of 10-minute periods
R= Response, ratio of current calibration to factory ca11brat1on

Figures 1-4 are plots of 10-minute average calibration values for August
21, a cloudless day. The calibration values are obtained by ratioing the 10-
minute average millivolt values for the test and reference instruments and
multiplying the ratio by the calibration value for the reference pyranometer.
In addition to plots for the three IEA pyranometers, plots are included for
three of the SRF control pyranometers and a Schenk (identified on the plot
as Kahl 1292) pyranometer. On all of the plots, some 10-minute values have
been deleted before 0700 and after 1700 because of differential shading of the
test and reference instrument either during cieaning (in the morning) or by
building obstructions (both morning and evening). The SRF control pyranometers
are a group of 4 or more Eppley PSP and Spectrolab instruments which are kept
in the array for long periods of time and used to keep track of the reference
instrument. The plots of EP19129 and Kipp 774120 indicate that either the
instruments$ were not levelled properly on the bench or (more 1ikely) that the
spirit level on the instrument did ng% coincide with the optical level of the
instrument's sensing surface. This lack of levellness does not seriously
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affect the accuracy of the calibrations determined by the regression method
although it does distort the statistics on the quality of the comparison of
the test with the reference instrument. The lack of levelness will affect

the accuracy of shade calibrations and other comparisons which use only por-
tions of days rather than the entire day. Dashed horizontal lines on the
plots are +1% 1imits based on the regression calibration value C*. c', also
shown on the plots is the ratio calibration value; its use would give identi-
cal daily radiation totals for both the test and reference instrument. The
values for C* and C' are given in the lower right corner of the diagram.

Figures 5 and 6 give plots for another cloudless day, September 14,
when the instruments were operated at a 40° tilt south facing. For these
comparisons Eppley PSP 14889 was used as the reference. At horizontal ex-
posure, EP14889 agress within +0.5% with the primary reference pyranometer
EP14860. In figure 5 EP19129 shows less of the apparent levelling error
whereas EP14806 now shows a large levelling error. Subsequent testing of
EP14806 confirmed this problem and left 1ittle doubt that it is due to a
Tack of coincidence between the spirit and optical levels. Figure 6 contains
a plot for a silcon cell pyranometer, Lambda (now LiCor) 1008, and its re-
sponse as a function of time of day is not much different than for the Kipp
pyrancmeter.

Figures 7-9 are plots of the shade calibrations with the derived cali-
bration value plotted as a function of the solar elevation angle, In a
blocked area within  each plot, the data are replotted as cosine curves,
normalized to 60Ysolar elevation. Comparing these plots and the data given
in table I, it is apparent that the calibration value for the SRF primary
reference transferred to EP19129 and EP14806 through direct comparisons at
horizontal gives calibration va&ues for the test instruments which apply to sun
elevation angles higher than 60°. This confirms the shade calibration
values obtained for the primary reference pyranometer 14860 and several other
SRF pyranometers during the summer of 1980. That is, the currentocalibration
level of the SRF is strictly applicable to sun elevations near 70°. The
shaze calibration of the Kipp774120 is less amenable to analysis. Its in-
dicated decrease in sensitivity with increasing sun elevation is in agree-
ment with the Table I values for tests 1 and 2 but the numerical values do
not agree. :

Figure 10 is a plot of the relative response of the IEA pyranometers
at various tilt angles based on the SRF pyranometer EP14889. Also shown on
the diagram are curves for the silicon pyranometer (here identified as LiCor
1008) mentioned earlier and for an Eppley star pyranometer (model §-48)
EP15896, The response value is defined as the output of the test instrument
divided by the output of the reference instrument.

Figure 11 is a plot of the temperature test performed on the Kipp774120.
The data are normalized to +30°C,in common practice with historical NOAA
practice. Between +30°C and +10°C the temperature coefficient js -.0012%/°C;
between +10°C and -30°C it is -.00075%/°C. '
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PART II: Description of test methods

Briefly, the tests were done as follows: ‘

1. Calibration on the horizontal by comparison with the SRF reference
pyranometer - This calibration is identical with that used for nearly all of
the calibrations our Facilty does for the NOAA network and all other customers.
[t involves continuous, side by side, outdoor comparison of the test and refer-
ence instrument. Instantaneous outputs in millivolts for all instruments are
obtained for each minute. Since the sampling is sequential, the reference out-
put is obtained at regular intervals through the minute and a value for the
reference coincident in time with each test instrument sample is obtained by
Tinear interpolation between the successive reference samples. Ten-minute
averages of the outputs of the test and reference instruments are formed and
used to calculate a linear equation by the method of Teast squares. The initial
calculation uses all of the ten minute values in the daylight period. A second
pass of the data is then made in which paired values are discarded where the
test value is greater than 1.5 times the standard error determined from the first
fit. In this screening, the standard error is used as an absolute value rather
than as a percent of the mean. The purpose of this screening is to eliminate
in an objective way any outliers in the scatter diagram. The outliers are usu-
ally caused by differential shading of the test and reference instrument either
by building obstructions or by people working around the instruments. The
linear equation: C*(test)= a + b{C-reference), where a is the y-intercept and
b the slope, is solved for C* by inserting the calibration valug for the refer-
ence instrument. Since C(reFerence% has units mv/1000 watts-m ~, the calibra-
tion is effectively at 1000 watts/m~. Although regression analyses are performed
on each day's data, the final calculation of the calibration value for a test
instrument is based on a regression analysis performed on all of the 1G-minute
values for the entire period of exposure. These are the values given in Table I
for both tests 1 and 2. Table Il gives daily values from the regression anal-
yses for the IEA instruments, 3 of the SRF control instruments (EP14886, EP15953
and SP 73-1), and an SRF Kipp and Schenk, (Kipp 752683, Schenk 1292). In Table II,
3 days were eliminated from the summary because of appreciable rain during that
day or because of persistent low cloudiness (and low irradiance). For the re-
gression performed on the entire period of record, these days with Tow clouds
are included. The calibration values given in the summary for Table II are

- mostly within 0.1% of the values in Table I test 1. :

2. Calibration’at 40° tilt, south facing - These calibrations were per-
formed in exactly the same manner as test 1 with the exception that a differ-
ent reference instrument (EP14889) was used.

3. Calibration on the horizontal by the shade method - This is the tra- i
ditional method of transferring calibration from a pyrheliometer to a pyrano- 1
meter. It involves shading the direct solar radiation from the pyranometer |
so that the difference between the unshaded and shaded pyranometer output is ‘
equal to the vertical component of the direct radiation. Care must be taken
that the shading device subtends about the same solid angle as the view angle
of the pyrheliometer. In our tests, the direct irradiance is measured with
our cavity radiometer (TMI 67502). The method uses 5 minutes of shade and 6
minutes without shade and all instruments are sampled each 30 seconds. Only
the last shade value is used in the analysis. A second pyranometer which is
not shaded is also part of the test and the test pyranometer is continuously
ratioed to the second pyranometer for the purpose of determining equilibrium
conditions and for calculating what the test pyranometer unshaded value would
be at the instant of the final shade sample. The derived calibration values
for the test instrument are plotted as a function of the sun's elevation in
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order to obtain a measure of the instrument's cosine response.

4. Relative response at various tilt angles - These tests were carried
out on cloudless days in the period + 2 hours of solar noon. The test procedure
consisted of 5 minutes exposure at horizontal, 5 minutes at tilt, 5 minutes at
horizontal, 5 minutes at the next tilt, etc. Two runs through each of the tilt
angles is usually made providing the skies remain cloudless. Readings of the
voltage ‘outputs of each instrument are made each 30 seconds but only the last
2-1/2 minutes of data at each position are used in the analysis. The relative
response for each test instrument at each tilt angle was determined by the
measured change from horizontal to tilt for the reference instrument EP14889,
Tests were run on 3 different days but only the data for September 17 are
presented here. 1t was by far the best day in terms of clouds although the
results are essentially the same for all days. Since the tests were 1imited
to + 2 hours of solar noon, the effects of different cosine responses between
instruments is minimized. The number of runs at each tilt angle, the sun's
elevation angle and the sun's angle of incidence at the sensor surface (sum
of the elevation angle and tiit angle) are given below:

TILT NR SOLAR.
ELEV. INCID.
20° 3 50.3 70.3
30° 3 50.4 80.4
40° 5 48.7 88.7
50° 3 50.2 100.2
60° 3 49.9 109.9
70° 3 49.5 119.5

The angles given above are averages for each tilt angle and for the incidence
angle it is measured from south to north, i.e., 109.9° incidence means the sun
was 19.9° north of normal incidence. :
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TABLE 11
DAILY CALIBRATION VALUES DETERMINED BY THE REGRESSION METHOD
HORIZONTAL EXPOSURE

REFERENCE: EPPLEY PSP, S.N. 14806F3, C-8.798 x 10™° v/u-m2

DATE EP EP KIPP  EP EP SP KIPP  SCHENK TEMP IRRAD,,
1980 14806 19129 774120 14886 15953 73-1 752683 1292 (°C)  M-Hr/m
AUG.
15 9.96 10.57  12.77 9.48 1C.27 &.10 11.91 14.35 21 5580
16 9.87 10.58 12.83 .9.46 10.20 8.13 11.89 14.27 23 6600
17 9.89 10.57 12,91 9.51 10.26 8.14 11.98 14.46 24 6360
18 9.89 10.57 12.82 9.52 10.22 8.16 11.87 14.35 27 5877
19 9.89 10.59 12.80 9.51 10.22 8.15 11.85 14.39 27 4758
20 9.91 10.57 12.87 9.50. 10.25 8.11 11.94 14.39 22 7374
21 9.92 10.58 12.93 9.50 10.28 8.12  11.96 14.47 22 7085 .
22 9.90 10.57 12.85 9.50 16.26 8.15 11.90 14.33 27 6674
23 9.91 10.62 12.87 9.49 10.22 8.17 - 11.88 14.44 27 3706
24 (9.86) (10.66) (12.97) (9.52) (10.24)(8.17) 11.96)(14.55) (24)  (4694)
25 9.93 10.58 12.93 9.52 10.27 8.1 11.93 14.52 22 4309
26 9.94 10.59 12.95 9.52 10.32 8.11  12.01 14.57 18 _ 5366
27 9.84 10.56  12.92 9.53 10.26 8.15 ~ 11.95 14.48 23 5832
28 9.86 10.62 12.84 9.43 10.21 8.14 © 11.87 14.39 27 6195
29 9.88 10.59 12.86 9.46 10.18 8.15 11.90 14.43 26 4630
30 (10.05) (10.73) (13.21) (9.59) (10.27)(7.90)  (12.10)(14.63) (14)  (1469)
31 (9.75) (10.64) (13.04) (9.39) (10.26)(8.15F ~(12.05)(14.81) (19)  (4850)
SEP. _ |
1 9.88 10.62 12,95 9.45 10.28 8.15 11.99 14.57 19 - 6727
2 9.87 - 12.88 9.45 10.23 B8.12 11.91 14.45 25 5068
SUMMAR

N 16 15 16 16 16 16 16 16 16 16

C  9.899 10.585 12.873 9.489 10.245 8.134 11.921 14.429  23.7 5821

¢ .0371 .0195  .0536 .0304 .0359 .0196 .0476 .0832 3.0 1040

o/C +.37%  +.18%  +.42% +.32%  +.35% +.24% +.40%  +.58% +.18%
R 70.938 0.984  0.940 0.999 10.997 T.017 T7.003 0.98

R=Response, for I.E.A. instruments the ratio of C to the factory calibration;
for SRF instruments the ratio of ¢ to the SRF determined calibration.
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TABLE III
DAILY CALIBRATION VALgES DETERMINED BY THE REGRESSION METHOD
40~ TILT-SOUTH FACING 6 -2
REFERENCE: EPPLEY PSP, S.N. 14889F3, (=9.255 x 10 =~ V/w-m

DATE EP EP KIPP LICOR TEMP IRRAD,
1980 14806 19129 774120 1008 (°c)  W-Hr/m
SEP.
4 9.91 10.51 12.72 6.99 21 6085
5 9.89 10.50 12.69 7.00 - 26 6110
6 9.90 10.48 12.66 7.02 26 7214
7 9.86 10.50 12.65 7.00 25 5880
8 9.86 10.53 12.72 7.00 22 3384
9 (9.89) (10.65) (12.98) (7.22) (10)  { 839)
10 (9.93) (10.56) - (6.99} (14) (2207)
11 9.89 10.49 12.74 6.89 23 7691
12 9.82 10.53 12.68 6.96 20 3979
13 9.88 10.49 12.81 6.99 15 4204
14 9.90 10.49 12.71 5.99 20 7478
15 9.87  10.50 12.66 6.92 26 6140
16 9.91 10.50 12.75  5.91 13 6917
17 9.87 10.49 12.79 6.94" 25 7355
18 9.88 10.46 12.65 6.90 . - 26 7579
19 9.87 10.46 12.50 6.92 30 7763
20 9.88 10.49 12.63 6.93 19 7478
21 9.89 10.49 12.70 5.96 . 21 7402
SUMMARY
N 16 16 16 16 16 16
C 9.880 10.493  12.685  6.958 22.4 6416
o .0224 .0188 .0659  .0436 4.3 1423
6/C +.23% +.18% +.52%  +.63% +.229

R D.986 0.975 0.926

R=Response, the ratio of theC value to the factory calibration.
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PART III: Tests on IEA pyranometer, January—March‘1981

This section is incomplete since testing has been completed an 9
instruments and is continuing on an additional 12 instruments including
3 pyranometers from EKQ Company, Japan, which were not part of the March
1980 Davos comparisons. Table IV summarizes the results of the horizontal
exposure calibrations of the first group of instruments.

TABLE IV

PERIOD JAN 30-FEB 25 FEB 13-25
INSTR. EP14806 EP15834 EP17750 EP17823 K774120 K784750 EP16692 K752438 K807177
N 27/1496 27/1519 27/1518 27/1511 27/1484 27/14%0 13/739 13/718 13/697
c* 2.909 8.966 9.552 B.991 13.325 11.230 9.716 10.962 10.483
R:EP 0.984 0.997 1.032 1.002 - - 0.983 - -

K - - - - 0.973  0.950 - 0.970 -

SRF 1.001 - 1.035 - -

AES 1.026 1.026 1.034 1.037 1.061 1.039 1.017 1.049 1.035
WRC 1.054 1.062 1.053- 1.063 1.062 1.064 1.053 1.050 -

R=Response, ratio of SRF caiibration to calibrations of:
EP= Eppley lLabs
K = Kipp & Zonen
SRF= NDAA/Solar Radiation Facility
AES= Atmsopheric Environment Service, Canada
WRC= World Radiation Center, Pavos, Switzerland

Table ¥ presents daily calibration values obtained from regression
analyses focr the IEA instruments. Table VI includes daily values for the
same period for a group of SRF control pyranometers and several SRF Kipp
and Schenk oyranometers. Daytime average temperatures and total daily radiation
values are included in Table VI.

Figures 12-36 are plots of 10-minute calibration values for the IEA and
SRF instruments for 3 cloudless days, February 8, 13 and 24, 1981, The
tevelling problem with EP14306 is evident particularly on Feb. 13 and 24.
The spirit levels were specially checked on those two days and did indicate
they were level; however, it is obvious that the spirit level is not the
optical level for this instrument. Other instruments show various degrees
of asymmetry due to this problem.

144




TABLE V

DAILY CALIBRATION VALUES DETERMINED BY' THE REGRESSION METHOD

HORIZONTAL EXPOSURE
REFERENCE: EPPLEY PSP, S.N. 14880F3, (=8.798 x 10—6 V/w-m

2

DATE P14806 EP15834 EP16692 EP17750 EP17823 K752438 K774120 K784750 K807177
1981 -
JAN 30 9.94 9.03 9.66 9.04 13.57 11.38
31 9.97 9.01 9.55 9.00 13.38 11.52
FEB 1 9.94 9.01 9.65 9.01 13.45 11.42
2 9.90 8.97 9.58 8.99 13.38 11.22
3 9.88 9.02 9.67 9.08 13.50 71.50
4 9.92 2.01 9.64 9.05 13.54 11.38
5 9.9] 8.97 9.59 9.02 13.41 11.27
6 9.9] 8.93 9.52 8.94 13.21 12.84
7 (9.92) 9.12) 9.77}  (9.18) (13.72) (11.66)
8 9.88 8.97 9.57 8.99 13.41 11.19
9 . 9.96 9.00 . 9.61 9,03 13.43 11.36
10 (10.04 9.04) 9.74) (9.06) (13.75) {(11.78)
11 9,98 9.00 9.64 9.00 13.54 11.42
12 9,93 . 9.01 9.56 9.07 13.29 11.23
13 . 9.90 8.97 g.70 9. 51 8.98 10.96 13.26 11.14 10.52
14 9.93 3.95 . 9.70 9.48 8.93 10.89 13.11 11.08 10.47
15 9.86 3.94 9.71 g.50 8.96 11.00 13.34 11.18 10.49
16 9.92 9.90 9.74 9.53 8.99 17.03 13.36 11.23 10.54
17 9.94 8.94 9.70 9.50 3.94 10.90 13.09 11.01 10.46
18 9.91 9.01 9.75 9.55 9.92 11.01 13.33 11.36 10.51
19 9.86 8.96 9.68 9.48 8.96 10.92 13.20 11.15 10.44
20. 9.97 8.97 9.74 9.54 9.02 10.95 13.29 11.20 10.44
21 3.91 3.93 9.74 9,52 8.97 11.05 13.31 11.24 10.57
22 1 9.92 8.90 9.59 9,51 8.97 11.00 13.28 11.23 19.51
23 9.88 8.97 9.69 9.59 8.94 10.94 13.22 11.31 10.55
24 9.92 8.90 9.68 9.48 8.97 10.90  13.17 11.15 10.42
25 9.92 8.90 9.59 9.47 8.93 10.89 13.14 11.19 10.42
SUMMARY
Jan 30- N 25 25 25 25 25 25
Feb 25 (C*9.916 8.971 9.556 8.990 13.328 11.265
o .0303 ,0393 .0653 .0394 . 1354 1267
o/C*+.31% +.449, +.68% +.44% +1.02%  +1.12%
R 0.990 0.993 1.032 1.002 0.973 0.963
Feb 13- N 13 13 13 - 13 13 13 13 13 13
25 (C*9.905 8.949 9.707 9.505 8.967 10.955 13.238 11.190 10.488
g .0267 .0358 .0261 .0255 .0301 .0556 .0919 0906 .0487
o/C*+.27% +.40% +.27% +.27% +.34% +.517 +.69% +.81% +.46%
R 0.989 0.995 0.982 1.026 T.000 §.959 0.966 0.956

R=Response, ratio of C* to factory calibration
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TABLE VI
DAILY CALIBRATION VALUES DETERMINED BY THE REGRESSIOM METHOD

HORIZONTAL EXPOSURE

REFERENCE: EPPLEY PSP, S.N. 14860F3, (=8.798 x 1078 V/w-m'2
DATE EP14886 EP15953 SP 73-1 K752683 SCH1292 SCH1676 SCH1681 TEMP IRRADZ'
1981 {(°C)  WHr/m
JAN 30 9.57 10.36 8.14 12.51 15.55 14,81 15.99 -3 1966
31 .50 10.33 8.01 12.39 15.45 14.27 15.96 -3 2438
FEB 1 9.52 10.34 8.06 12.44 15.42 14.46 15.97 -7 2628
2 9.50 10.32 8.08  12.34 15.22 14,37 15.65 -1 3332
3 9.49 10.30 8.10 12.50 15.63 14.56 16.10 0 2031
4 9.52 10.35 8.10 12.45 15.43  14.61 15.96 -4 - 3156
5 9.50 10.37 8.11 12.34 15.32  14.46 15.79 1 3329
6 9.46 10.26 8.04 12.27 15,11 13.99 15.56 5 2054
7 (9.53) (10.32) (8.17) (12.e1) (15.75) (15.00) (156.11) (-6) (1622)
8 9.51 10.31 8.11 12.31 15.18  14.34 15.62 3 3715
9 9.53 10.34 8.08 12.34 15.30 . 14.40 15.84 -6 2457
10 (9.51) (10.40) (7.95) (12.73) (15.78)-(14.57) (16.27) (-21) (2008)
11 9.54 10.33 7.9 12.43 15.50 - 14.57 15.98 -12 3028
12 9.44 10.32 8.13 12.24 15.18 14.15 15.80 8 4028
13 9.44 10.2% 8.13 12.17 15.02  14.07 15.67 11 4037
14 9.43 10.23 8.13 12.08 14.99 = 14.05 15.63 15 2961
15 9.45 10.24 8.16 12.23 15.08- '14.18 15.62 11 3444
16 9.48 10.26 8.16 12.22 15.18  14.33 15.84 10 3808
17 9.44 10,23 8.07 12.05 14,96 14.11 15.53 12 3105
18 9.44 10.30 8.16 12.23 15.12° 14.18 15.70 11 3443
19 9.43 10.22 8.16 12.14 14.99 13.98 15.54 16 2878
20 9.46 10.28 8.19 12.16 15.02 14.1 15.64 12 3396
21 9.44 10.32 8.08 12.30 15.28 = 14.20 15.74 3 3040
22 . 9.44 10.28 8.12 12.22 15.03  14.12 15.73 7 4352
23 9.37 10.19 8.06 12.17 15.06 ~ 14.02 15.64 11 2621
24 9.50 10.27 8.15 12.12 14,91 13.98 15.70 12 4575
25 9.48 10.25 8.15 12.13 14.92 14,06 15.62 14 - 4167
SUMMARY : ‘ :
JAN 30- N 25 25 25 25 25 25 25 25 25
FEB 25 C* 9.475 10.290 8.107 12.271 15.194 14.255 15.753 5.0 3200
o .0446 . 0486 . 0501 1313 .2085  .2268 .1620 7.8 724
g/C* +.47% +.47% +.62%  +1.07%  +1.37% +1.59%  +1.07% . +23%
R 0.998 1.001 1.014 1.033 1.034
FEB 13- N 13 13 13 13 13 13 13 13 13
25 C* 9.445 10.255 8.132 12.170 15.043 14.108 15.661 11.2 3525
o .0307 .0350 .0395 .0690 L1035 .0983 .0834 3.3 615
o/C* +.30% +.34% +.49% +.57% . +.69%  +.70% +.53% +17%
R 0.995 1.017 1.024 1.023

0.998

R=Response, ratio of C* to SRF determined calibration
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Rotio Cal as o function of Time of Doy
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Ratio Cal as o Function of Time of Day
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Raotio Cal os o Function of Time of Doy
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Rotio Cal as a Function of Time of Doy
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Rotio Col os o Function of Time of Doy
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Rotio Cal os o Function of Time of Day
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Rotio Col os o Function of Time of Doy
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Rotio Col os o Function of Time of Day
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Rotio Col os o Function of Time of Doy
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Rotio Col os o Function of Time of Day
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Rotio Col os o Function of Time of Doy
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Ratio fol os o Function of Time of Day
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Ratio Col as o Function of Time of Day
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Rotio Col os a Function of Time of Doy
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Rotio Col as o Funciion of Time of Doy
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Ratio Col as o Function of Time of Day
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Rotio Cal os a Function of Time of Day
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Rotio Col os o Function of Time of Day
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Ratio Cal as o Function of Time of Doy
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REPORT OF TESTS BY SRF/NOAA ON PYRANOMETERS FROM THE IEA
COMPARTSONS IN DAVOS, MARCH 1980

by

Edwin Flowers and Rudy Haas, Solar Radiation Facility
Boulder, Colorado

PART IV: Revised Analyses (25 June 1982)

This report contalns corrections to callbration wvalues reported in a
preliminary paper which was presented at the IEA Pyranometer Conference held
in Boulder in March 1981l. Results from additional calibrations and tests for
temperature, cosine,and azimuth are also reported. The results presented here
are regarded as final; the format for the final report of this work, however,
will be different. . .

The corrections to the March 1981 calibration values are to Tables II and IV;
items 1 and 2 of Table I and all values in Table III also require correction,
but these have not yet been. made.

The bases for the corrections to the calibration values are:
l. adoptions of a new reference pyranometer,
2. application of temperature response corrections.

The new reference pyranometer, Eppley PSP 19917F3, was involved in all of the
IEA intercomparisons made during the period reported here (January-April
1981}, so that the values reported are from dirvect comparison with the new
reference pyranometer. The new reference instrument has excellent
characteristics, and tests for cosine, aziwmuth, and temperature are preseanted in
Figures 1 through 3,

Table I summarizes the new results from the three calibration periods and the
limited data from the shade calibrations. The response values are with
respect to the calibrations of these instruments done by the AES Canada
excepting for the EK0 pyranoumeters which Canada did not calibrate. The
response values for EKO are with respect to the original EKC factory
calibrations. The new values range from +1.4%Z to —-1.0%Z with respect to AES
Canada. Tables II through V present daily calibration wvalue designated C*
which is derived from a regression calculation for the entire period. These
two estimates of the calibration value agree closely.

Flgures 4 through 12 present results from shade calibrations of selected
instruments. The derived calibration values are presented as a function of
the solar elevation angle. Some of the plots are incomplete In the sense that
they do not cover a sufficiently large range of sun angles. Also indicated on
the diagrams are the results of the side by side calibratlions with Eppley
19917 as reference {(values from Table 1) and the AES Canada calibration
values. As can be seen these values fit well on the diagrams lending
confidence to the side by side derived values. The anomalous behavior of
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Eppley 14806 originally reported in my March 1981 paper, is clearly evident in
the diagram for the shade calibration where the AM and PM data points follow
separate pathe. The azimuth response test for this instrument (Figure 18)
verifies these results. The cause for this behavior would appear to be a
levelling problem but in addition the black receiving surface is badly off
center with respect to the inner dome and this could also possibly countribute
to the observed behavior.

Figures 13-18 present azimuth response curves for some of the instruments
which were obtained from outdoor experiments. Time restrictions prevented a
more complete mapping of this characteristic over a range of solar elevation
angles as was carried out by McGregor and reported at the March 1981 meeting.

Figures 19-39 give temperature response curves for all the pyrancmeters,
normalized to 25°C.
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TARLF 1
SUMMARY - CALIBRATION OF IEA PYRANOMETERS BY SRF, BOULDER, CO.

~A. HOPIZONTAL EXPOSURE, REFERENCE: Eppley PSP 19917F3, C=10.105

. 1981 SHADE CALIBRATION
JAN 30-FEB 25 MAR 9-31 APR 1-28 REF: TMI 67502
SENSORS cx R C* R c* R STN ELEV.=50
EPPLEY PSP _
14806 "9,70 1.004 9.76 1.010 9,65AM/9.86PM
16692 9.46 0.990
17750 9.25 1.001 9.27 1.003 9.26
17823 8.76 1.010 5 5
18978 , 10.61°1.000
19129 10.46 1.013 10.48
KIPP CM-6 5
752438 10.59° 1.014
763000 11.40 1.005
773656 _ 11.57 1.008 - 11.64 1,014 11.70
773992 12.11 1.012 12.09 1,010 12.15
774120 12.72 1.013 12.70 1.011 12.66
784750 10.76 0.995 “- 10.84 1.002
785047 11.64 0.997 - 11.68 1.000 11.74
807177 10.13 1.000
KIPP CM-10 -
790059 5.7091.010 5.7051.010 5.70
800077 5.82 0.998
SCHENK
1626 14.40 0,992  14.37 0.990 14.44
FKO MS-42 5
AR1901 8.28 1.0047% §.21 0.997%
AB81902 7.24,1.021 * 7.19 1,0L4% 7.15
A81903 8.00°1.020 * 7.97 1,009%

B. 40° TILT - SOUTH FACING, REFERENCE: Eppley 1488973, €=9.187

EPPLFY PSP 5
17750 ' 9.2871.005
FKO MS-42 <
A81903 7.87 1.0027%
SCHENK
1626 14.05 0.968

NOTE: RESPONSE VALUES ARE WITH RWSPECT TO AFS CANADA EXCEPTING *VALUES ARE
WITH RESPECT TO ERO.
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400 TILT - SOUTH FACING

TABLE V
DAILY CALIBRATION VALUES/REGRESSION METHOD, TEMPERATTRE CORRECTED, SRF¥, BOULDER, CO.

REFERENCE: Eppley PSP 14889F3, C=9.187

DATE EP17750 SCH1626 EKO 903 (£(0C) TSN SOLAR
1981 ELEVATION
APR 8 7.88 8
9 7.87 16
10 7.86 14
11 7.85 16
12 7.84 17
13 7.89 13
14 7.86 12 58.6
15 7.88 13
16 7.87 19
17 7.88- 21
18 7.91 16
19 RATN THRU DAY
20 '
21 9.26 14.02 18
22 9.29 14.13 11
23 9.29 : 15
24 9.29 21
25 9.29 22
26 9.28 23
27 9.28 22
N 7 2 11
AVG 9.282 14.076 7.871
o . 0103 .0201
o/ AVG +.11% +.26%
REGRESSION FOR THE ENTIFE PERIOD
N 7/570 2/164 ' 14/1065
c* 9.285 14.049 7.870
TILT/HOR  1.002 0.978 0.985
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Figure 3:

AZIMUTH .

300 360

ROAA/ERL-ARL, R32x2
SOLAR RADIATION FACILI
EDULDER, COLORADO B30

Results of outdoor tests of azimuth response for the
new NOAA/SRF primary reference pyranometer, Eppley

s/n 19917F3.
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KIPP (CM-10) 79-0059.
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