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GENERAL INFORMATION ABOUT THE |IEA

INTERNATIONAL ENERGY AGENCY

The International Energy Agency, founded in November 1974, is an autonomous body within the framework of the
Organization for Economic Cooperation and Development (OECD} which aims to coordinate the energy policies of
its members. The twenty-three member countries seek to create the conditions in which the energy sectors of their
economies can make the fullest possible contribution fo sustainable economic development and to the well-being
of their people and the environment. The European Commission also pardicipates in the work of the Agency.

The policy goals of the IEA include diversity, efficiency and flexibility within the energy sector, the ability to respond
promptly and flexibly to energy emergencies, the environmentally sustainable provision and use of energy, more
environmentally-acceptable energy sources, improved energy efficiency, research, development and market
deployment of new and improved energy technelogies, and cooperation among all energy market participants.

»

These goals are addressed in part through a program of coltaboration in the research, development and
demonstration of new energy technologies consisting of about 40 Implementing Agreements. The |EA's R&D
activities are headed by the Committee on Energy Research and Technology (CERT) which is supported by a small
Secretariat staff in Paris. In addition, four Working Parties (in Conservation, Fossil Fuels, Renewable Energy and
Fusion}) are charged with monitoring the various collaborative agreements, identifying new areas for cooperation and
advising the CERT on policy matters.

IEA SOLAR HEATING AND COOLING PROGRAM

The Solar Heating and Cooling Program was one of the first collaborative R&D agreements to be established within
the IEA, and, since 1977, its Paricipants have been conducting a variety of joint projects in active solar, passive
solar and photavoltaic technalogies, primarily for building applications. The twenty members are:

Australia France Spain

Austria Germany Sweden
Belgium Italy Switzerland
Canada Japan Turkey
Denmark Netherlands United Kingdom
European Commission New Zealand United States
Finland Norway

A total of twenty projects or "Tasks" have been undertaken since the beginning of the Solar Heating and Cooling
Program. The overall program is monitored by an Executive Commitlee consisting of one representative from each
of the member countries. The leadership and management of the individual Tasks are the responsibility of Operating
Agents. These Tasks and their respective Operating Agents are:

*Task 1: Investigation of the Performance of Solar Heating and Cooling Systems - Denmark
*Task 2: Coordination of Research and Development an Solar Heating and Cooling - Japan
*Task 3: Performance Testing of Solar Collectors - Germany/United Kingdom
*Task 4: Development of an Insulation Handbook and Instrument Package - United States
*Task 5: Use of Existing Meteorological Information for Solar Energy Application - Sweden
*Task 6: Solar Systems Using Evacuated Collectors - United States
*Task 7: Central Solar Heating Plants with Seasonal Storage - Sweden
*Task 8: Passive and Hybrid Solar Low Energy Buildings - United States
*Task 9: Solar Radiation and Pyranometry Studies - Canada/Germany
*Task 10: Material Research and Testing - Japan
*Task 11: Passive and Hybrid Solar Commercial Buildings - Switzerland
Task 12: Building Energy Analysis and Design Tools for Solar Applications - United States
Task 13: Advanced Solar Low Energy Buildings - Norway
Task 14: Advanced Actlive Solar Systems - Canada
Task 15: Mot initiated
Task 16: Photovoltaics in Buildings - Germany
Task 17: Measuring and Modelling Spectral Radiation - Germany
Task 18: Advanced Glazing Materials - United Kingdom
Task 19: Seolar Air Systems - Switzerland
Task 20: Solar Energy in Building Renovation - Sweden
Task 21: Daylighting in Buildings - Denmark
- *Completed
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ABSTRACT

The work of Subtask 9C-Pyranometry of Task 9-Solar Radiation and Pyranometry Studies
of the IEA Solar Heating and Cooling Program is the subject of this report. Discrepancies
in pyranometer calibration and characterization had been found by the participants in
Task 3-Performance Testing of Solar Collectors and the resulting level of uncertainty in
radiation measurement limited the achievement of their task. Subtask 9C was constituted
to resolve these discrepancies and to demonstrate improved measurement of radiation.

The focus of the work is on determining the effects of factors other than irradiance on the
signals from pyranometers, which is the meaning of characterisation in the context of
pyranometry. If the charcterisation is accurate and if the interfering factors are known,
then the pyranometer signal can, in principle, be corrected to give a more accurate
measurement of irradiance. The report addresses non-linearity in response and the
influences of the direction and spectrum of the radiation, the instrument temperature and
its rate of change, the tilt of the instrument, the thermal radiation environment and the
ventilation of the instrument. The physical basis and a suitable formulation of these
unwanted influences are given as is a new expression of the directional response that is
now adopted in the International Standards Organization document ISO 9060. Also three
sets of conditions for Benchmark calibrations are defined in order to facilitate comparison
of calibration techniques. Methods of characterisation that are used by the participating
laboratories are examined with the purpose of assessing the accuracy of their respective
results. As well, the results from different laboratories of several types of
characterization on identical instruments are compared. Altogether, results from eleven
laboratories on nearly thirty pyranometers of seven types have heen examined.

The characterisation results and many types of comparison are presented. In some cases
the agreement between laboratories is satisfactory in the sense that it is explicable in
terms of the assessed accuracy of techniques used at the laboratories; in other cases the
discrepancies are larger than expected. A significant conclusion is that 10-minute average
measurements with an rms uncertainty of less than 20Wm? at 1000Wm™ are possible but
often not achieved even by the best efforts of leading radiation laboratories. This is based
in part on comparisons of Benchmark calibrations on identical instruments by different
laboratories. New findings from this work on offset or zero signals can significantly
improve measurements of low intensity solar radiation by some of the types of
pyranometer. The report includes a chapter which lists different procedures for
measuring solar radiation and estimates of the associated uncertainties.







Executive Summary

This report is the outcome of Subtask C of Task 9 of the IEA Solar Heating and Cooling
Program (SHCP). IEA-SHCP Task .9 -Solar Radiation and Pyranometry Studies was initiated
in 1982 to address the continuing need for better data on solar radiation and meteorclogy
in the assessment of the solar energy resource and for better measurements in the testing
of solar converters. There were initiatially three subtasks, each coordinated by a lead
country:

9A Small-Scale Time and Space Variability of Solar Radiation (Austria).

9B Validation of Solar Irradiance Simulation Models (Canada)

acC Pyranometry (Canada)

Three more subtasks were added in 1987:

9D Techniques for Supplementing Network Data for Solar Energy
Applications (Switzerland)

SE Representative Design Years for Solar Energy Applications (Denmark)

9F Irradiance Measurements for Solar Collector Testing (Canada)

The origin of Subtask 9C is in IEA-SHCP Task 3 -Performance Testing of Solar Collectors.
The particants in Task 3 found that uncertainties in radiation measurments were limiting
the accuracy with which the conversion efficiency of collectors could be determined.
Their investigation into the characterisation of pyranometers then revealed surprisingly
large discrepancies between results from different laboratories. The goal of Subtask 8C
was to resolve these discrepancies and to demonstrate the extent to which
characterisation could be used to reduce the uncertainities in radiation measurement. The
participating countries were Austria, Canada, Germany, Japan, the Netherlands, Sweden
and the United States. Experiments were conducted on nearly all aspects of
characterisation. These expe.timents and much of the analysis were completed prior to
1990. The conclusions are currenlty valid, not superceded by any other analysis. The
recently developed Kipp and Zonen CM21 pyranometer might have been included in the
study had the experiments been performed later. Due to the wide range of the work, the
report is written as a general account of pyranometer characterisation. It is intended for

researchers involved in radiation measurement or in solar conversion technology.

The concept of an ideal pyranometer and the departures of real pyranometers from this
ideal model provide the basis for formulating the work and analysing the results. An
ideal pyranometer is one that would generate an output voltage or signal V exactly




proportional to the irradiance £ , with the constant of proportionality being the

responsivity, R,. Thus:

V=R_E [i]
The behaviour of even the best availahle (them;loelectric) pyranometers could depart
sufficiently from this ideal to generate differences of up to 10% between simultaneous
measurements made with colocated pyranometers calibrated for different applications by
different established meteorological institutes as reported, for example, bjz Task 3in
“Results of a Pyranometer Comparison”, 1380.

Because the pyranometer output signal is influenced by the specific conditions under
which the measurements are made (for example, ambient temperature and direction of the
radiation) errors may be introduced by the simple and generally used assumption that the
responsivity is the same in the application as during the calibration.

The rationale for this work, and for the earlier Task 3 project “Results of an Qutdoor and
Indoor Pyranometer Comparison,” 1984, is that these errors can be corrected if the
behaviour of the pyranometer under different conditions can be determined and if the
conditions at the time of the measurement are known. For example, if it is known that the
responsivity of a particular pyranometer decreases by 1% for every 6°C rise in
temperature, the measurements with that pyranometer can be corrected provided the
instrument temperature at the time of measurement is known.

Characterisation in this report means the determination of how the output signal depends
on the conditions to which the instrument is subjected. The discrepancies in the extensive
characterization data obtained from this work (as well as from the Task 3 1984 project)
caused the main emphasis to be on techniques for characterisation and their accuracies
rather than the demonstration of improved measurements. Parts of the original work plan
of Subtask 9C were therefore postponed, being transferred into Subtask 9F. These include
IEA-SHCP-QF-1 -Using Pyranometers in Tests of Solar Energy Converters , step-by-step
instructions completed in 1995 and IEA-SHCP-9F-5 -Improvement of Pyranometer Data by

Cosine Error Corrections completed in 1993.

The work reported here is based on a multi-laboratory approach in which results obtained
at many different institutes from many different instruments are compared. In addition



to the nine authors representing eight separate organisations, workers from six other
organisations, including two manufacturers, have participated. Pyranometers were lent to
the co-ordinating labaratory (the National Atmospheric Radiation Laboratory(NARC) of
Canada) by four manufacturers and by three of the institutions which had participated in
Task 3. Nearly thirty pyra:tiometers have been tested by more than one laboratory;
seventeen have been tested by at least four laboratories. This has enabled discrepancies
to be evaluated and estinates to be made of the accuracy of different characterisation
techniques. Characterisation assessments have been made on the same group of
pyranometers by different organisations whenever possible and the expert participants
have used their own methods of choice with no attempt being made to force them to

adopt the same protocols.

The pyranometer response function {(defined as the expression of the output signal of a
pyranometer subjected to various conditions as a function of variables that describe those
conditions) is fundamental in this study. Characterisation of a pyranometer provides the
data from which its response function can be specified. The response function of a real
pyranometer is inevitably more complex than Equation i, on page ii, which is the response

function of an ideal pyranometer.

This study has considered the influence of the following variables on pyranometer output:

direction of the incident radiation

Cn

temperature of the pyranometer
tilt of the pyranometer from the horizontal
level of irradiance (this allows non-linearity to he specified),

wavelength of the radiation

TS © I~ R

net thermal radiation (i.e., the difference between the downward long-wave radiation
and black-body radiation at the temperature of the instrument

T rate of change of temperature

Ventilation — the air flow regime around the pyranometer.




The following response function has been used to accommodate these variables:

V=Ry-F,-F, Fg-F,- (E+2) i

in which the symbols represent:

R, responsivity in some specified (possibly benchmark) conditions.

F  correction factors which are each functions of the subscript variables. They are equal
to unity in the conditions for which R is specified and would be equal to unity in
all conditions if the pyranometer were ideal.

Z  an offset equivalent irradiance - the error that would be caused by assuming that a
pyranometer gives a zero signal when the irradiance is zero (the dependence of this
offset on long-wave irradiance and rate of change of ambient temperature has been
studied together with the influence of ventilation on the dependence).

The rigorous definitions in this response function, and a brief physical explanation of why
the variables can be separated in this way, are given. The characterisation measurements
in this work can be accommodated by this formulation down to the noise level which is

usually in the range 1-2 Wm™.

The independent variables are not all of the same type, for example:

Instrument Tilt
Instrument Tilt is well-understood and usually chosen specifically by the experimenter
so that, if the correction factor for pyranometer tilt has been accurately measured, the
correction to the measurement is immediately available.

frradiance Level
Irradiance Level {£) is similar to instrument tilt, being a variable that is always known
to an accuracy that permits a correction for non-lmeanty to be made,

Temperature
Temperature differs from instrument tilt because there may be significant uncertainty
in its value, either because of inaccurate measurement or because no measurements
are taken. Correction to the irradiance measurement for the effect of temperature has
two components of uncertainty: that deriving from the uncertainty in method of
characterisation and that which results from uncertainty in the actual temperature.
This is not a trivial consideration. For example, a type of pyranometer which (from
most viewpoints) performs extremely well in normal temperatures has a very high
coefficient of responsivity change with temperature at low temperatures so that an
uncertainty of 5°C in the instrument temperature at -30°C ovemdes all other sources
of error.

iv




Direction of the Incident Radiation

Direction of the Incident Radiation differs in nature from the preceding types of
variable. Under laboratory conditions, an illuminating beam of radiation may be
established from only one direction but, in the field, radiation comes from all
directions. This multi-directionality is handled properly in the formal definitions
given in this report and, if the radiance distribution at the time of measurement is
known precisely, the appropriate correction can be derived from the directional
characterisation. It is important to note that under field conditions the operator does
not usually know much about the radiance distribution. The accuracy of a particular
irradiance measurement, therefore, depends on both the accuracy in directional
characterisation and the extent to which the radiance distribution (which may be
expressed statistically) is known. It is important to note that a pyranometer which has
a good directional response will generate smaller irradiance measurement errors than
an instrument which does not have uniform directional response, no matter how well
characterised the latter may be.

Spectral Distribution of the Radiation

Spectral Distribution of the Radiation, like radiance distribution, cannot usually be
described by a single variable but does not lead to significant uncertaintiesin
measurements by thermoelectric pyranometers. This is due to the combination of the
relatively mild spectral non-uniformity in response and the small variability in spectra
of natural short-wave radiation.

Concerning the response equation (Equation ii), the subtask work can be summarised in

relation to each term as follows:

R,

Benchmark conditions have been defined in the report to represent a "standard”
solar testing configuration and a "standard" meteorological configuration and one
other configuration. Extensive comparisons on the determination of responsivity
(R,) for these conditions on identical instruments have been made between
different institutions. The results generally show standard deviations of ~1.0%
indicating that the inter-laboratory discrepancies do not originate solely because
calibrations were undertaken under different environmental conditions. However,
the large discrepancies noted during the early 1980s can be ascribed to
differences, for different types of pyranometer, between these two "standard"
benchmarks.

In addition to comparing benchmark calibrations, the report contains an extensive
matrix of calibration results undertaken by about twelve institutes, sometimes
using several methods, on identical instruments. The matrix identifies systemath
differences between cahbranons by different institutions.

Directionality is usually the main source of measurement errors. A new
specification of directional errors has been formulated called the "1000 Wm™=
absolute directionality error" which has several advantages over the traditional
cosine error. For example, it directly expresses the maximum irradiance
measurement error that could occur in outdoor conditions if directionality were
ignored. Some of the authors would like to see the cosine error expression replaced
but there is not a consensus on this.

Laboratory characterisation techniques have been documented and results
compared showing that, particularly with the better pyranometers, discrepancies




between results from three or four laboratories amounted to only 3-4 Wm™ in the
1000 Wm™2 directionality error.

Field measurements of directionality usually apply to global radiation and have to
be converted, using assumptions about the sky radiance distribution, to enable
comparison with laboratory measurements. The field measurements were
principally made at two institutes and the results show more variability than those
from laboratories. The agreement between field and laboratory characterisation is
satisfactory in many cases. There are however some clear differences which may
be caused by non-linearity and other effects but these cases have not been
analysed in detail.

F, Large, unanticipated discrepancies of 2-3% were found between some laboratories
although in the limited temperature range of 0-30°C these were smaller. The
mandate for Subtask 9F includes provisions for improving the techniques for
temperature characterisation.

P"ﬁ z Laboratory measurements of both non-linearity and tilt are generally satlsfactory
with. a discrepancy of less than 3 Wm™.
}7:1 Laboratory tests were made on responsivity as a function of lamp spectrum.

Definitive results were obtained which are atiributed to the known spectral
properties of the glass and of the black or black and white surfaces in the
pyranometers. The spectral non-uniformity of thermoelectric pyranometers used
in natural radiation is not a significant source of error.

Z The offset signal in pyranometers exposed to the night sky was studied
statistically and related to long-wave radiation and ambient temperature change.
Specific field experiments were also undertaken to examine the effect of changing
the long-wave radiation, and both the long-wave radiation and temperature change

. {thermal shock) were studied in the laboratory.

P Results on long-wave radiation cbtained using different techniques and from
different laboratories agree quite well. The agreement is best, and the infiuence
least, when pyranometers are enclosed in ventilated housings where the effect is
about the same for most double-dome pyranometers (i.e., circa 2.0-2.5% of the net
thermal radiation). The offset signal recorded under natural observing conditions
will then vary between zero and 4 Wm™2, depending on the infrared condition of
the sky.

T Results for temperature change and thermal shock are rather variable which may
reflect the difficulties of establishing identical thermal conditions in different
laboratories and/or in the field. Some types of pyranometer are significantly worse
than others with respect to this characteristic. Generally, a change of 10°C during
one hour induces an offset signal of less than 4 Wm™.

Ventilation It is strongly recommended that pyranocmeters be enclosed in a ventilated
housing which reduces variability in the offset signals caused by long-wave
radiation and changes in temperature.




Although the complete treatment of measurement errors arising from directionality and
sky radiance distributions has been left to Subtask 9F, some approximate estimates
suggest that overall uncertainties in the range 20-40 Wm™ (2¢) can be achieved with
several of the better pyranometers. (These values refer to ten-minute averages when the
irradiance is high. e.g. 10-20 Wm™2rms at 1000 Wm™=2.)

The potential levels of accuracy attainable using instruments of different levels of guality
and complexity are estimated. These estimates should be useful for determining
strategies and instrumental requirements needed to achieve a given level of performance.

The findings of the report do not contradict the conventional and established wisdom that
the most accurate method of measuring global irradiance requires two instruments: a
cavity radiometer (measuring direct irradiance) and a good pyranometer equipped with a
tracking, shading disc (measuring diffuse irradiance). The global itradiance can then be
derived from the sum of the direct and diffuse components.

Some have expressed concern that pyranometer ageing (the change in responsivity with
time) is a serious problem introducing errors that may reach ~4% annually. The authors
believe that this assessment is not realistic and that changes in responsivity greater than
one percent per year are unusual. However, it is probable that some small instabilities in
responsivity will have occurred during the work and contributed to the inter-laboratory
discrepancies.




Roof of the Swedish Meterological and Hydrological
Institute, Norrkdping, Sweden.

Pyranometers at the National Technology Institute (TNO),
Delft, Netherlands.
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Abbreviations of Institutes, Instruments and Others

Abbreviation

AFES

“Austria”
“Boras”; “BO”
“Davos™; “DA"

DFVLR

DWD
“Delft”
DSET
“Eppley”

“Hamburg”; HA”
“Kipp”; “KI”;
K&Z

KNMI

MOH

NARC
“Norrk”

NREL

RNMI

SERI

SP

SRF

SMHI
TPD/TNO

“Toronto™; “TO”
“Vienna"; “vI”
WRC

- ZFMG

Institute, Laboratory, Centre etc,

Atmospheric Environment Service, Government of Canada

see ZFMG

see SP

see WRC

Deutsche Forschungs- und Versuchsanstalt fiir Luft- und Raumfahrt.,
Stuttgart, Germany

Deutsch Wetterdienst: German Weather Office, see MOH

Kipp & Zonen

Desert Sands Environmental Testing Laboratory, New River,Arizona, USA
The Eppley Radiation Laboratories, Rhode Island, USA. (included here
because it participated as a testing laboratory)

MOH |

Kipp & Zonen, Delft, Netherlands. (included heré because it participated as
a testing laboratory)

Koninklijk Nederlands Meteorologisch Instituut, see RNMI
Meteorologisches Observatorium Hamburg; DWD (Meteorogical Observatory
at Hamburg, now located in Potsdam)

National Atmospheric Radiation Centre of AES

see SMHI _ _

National Renewable Energy Laboratory, Golden, Colorado, USA

Royal Netherlands Meteorological Institute, de Bilt. (KNMI)

Solar Energy Research Institute, now NREL

Statens Provningsanstalt, Boras, Sweden. ( National Testing Institute)

Solar Research Facility, National Oceanic and Atmospheric Agency,

. Boulder, Colorado, USA

Swedish Meteorological and Hydrological Institute, Norrkoping
Technical Physics Office of the National Technology Institute, Delft,
Netherlands.

see NARC

see ZFMG

World Radiation Centre, Davos, Switzerland

Zentralanstalt fiir Meteorology und Geodynamik, Vienna, Austria




Abbreviation
CM5
CM10

CSIRO

Eko
“Eppley”
| ¥PO7
“Kipp”
“Middleton”

MS-42

MS-801

NIP

pPsp

PT

“Schenk”
Star
§5-25

“Swissteco”

Abbreviation

ASM
CSM
SDGM
rms
WRR

Pyranometer

Kipp & Zonen CM 5, black two-dome instrument, identical to CM 6 except
for sun-shield for body

Kipp & Zonen CM 10, black two-dome instrument, identical to CM 11
except for sun-shield for body

see PT

see MS-42

see PSP

Middleton EP 07, black two-dome instrument.

see CM5, CM10

see EPO7

Eko black and White instrument (single dome)

Eko, Prototype pyranometer, not generally tested in this study
Normal Incidence Pyrheliometer

Eppley “Precision spectral pyranometer”, black two-dome instrument.
Proctor- Trickett developmental black pyranometer lent by

Dr David Proctor of CSIRO, Australia. |

see Star ‘

Schenk Star black and white one-dome pyranometer

Swissteco 55-25

see $5-25

Miscellaneous

Alternating shade method of pyranometer calibration
Component summation method of calibration
Simultaneous diffuse and global method of calibration
Root mean square

World Radiometric Reference (maintained at Davos by WRC)
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Definition

coefficient in regression of Z
coefficient in regression of Z
coefficient in regression of Z

coefficient in expression of heat balance
coefficient in expression of heat balance

coefficient in expression of heat balance

Calibration factor— reciprocal of responsivity

Calibration factors for global radiation at solar
elevation 35® and for diffuse radiation.

Diffuse imadiance

range of variation of cosine emor with azimuth

Iradiance
Downward long-wave iradiance

Spectral iradiance

Corrections to standard responsivity K, for :
—for the direction of incident radiation

~-for the temperature of the pyranometer

—for instrument tilt and non-linearity

—for wavelength of incident light

Global radiation

absorbed power per unit area of receiver surface

solar elevation
Direct beam norma! incidence iradiance

A heat conductivity factor in a pyranometer
Disfribution of radiance

Signal during a laboratory test of directionality

Unit

Wi

Whm?K™?

Wm?K™!
WmK™
Wm K™+

Wm2my
W imp !

WnrtK!
W s
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Section Equ’'n

1.5 1.5
1.5 1.5
1.5 1.5
2.3 2.6
2.3 2.6
2.3 2.6
4.2.1
421 4.11
42.1 4.11
411 4.7
1.2 1.1
6.1
7.2 7.8
1.5
1.5 1.3
1.5 1.3
1.5 1.3
1.5 1.3
4_1.2.2 4,14
2.3 2.5
421 411
421 411
2.3 2.4
7.2 7.9
-4,1.1 4.3
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leng-wave effective irradiance

errorferm =}— F;(x) , where x is any of
the standard input variables

coefficient of thermoelectric potential
coefficient of thermoelectric potential

Responsivity of a pyranometer

Responsivity at defined condifions
Responsivity, a single (constant value).

Respensivity for beam radiation from

a specified direction

Responsivity of a pyranometer measuring diffuse
radiation and.global radiation

Responsivity of a pyrheliometer

Direction of radiation
Symbol for a radiance distribution

fime, small increment in time

Temperature

A standard temperature

Ambient temperature, instrument temperature
Pyrgeometer temperature

Rate of change of temperature

Temperature above a standard temperature
Temperature across a thermopile

Output voltage (from a pyranometer)

Percentage of total signal change achieved tseconds
after an imadiance change :

Output voltage from a pyranometer measuring diffuse
radiation, global radiation

Output voliage from a pyrheliometer

Output voltage with no iradiance
Zero-offsetimadiance Z =V, /R

WK™
WEK?

MWWt

Wt
WW'mt
W

WWini
WwW'm

yi4
yn4
M
Wm™

Section Equ'n

1.5,6.1
7.3

24
2.4

1.4

1.5
1.2
4.1

4.2.2
4.2.2

1.5
7.2

6.1

1.5
2.3
6.1
6.1
1.5
2.3
2.3

1.2

5.2
4.2.2

4.2.2
14
14

14
7.11

2.8
2.9

1.2

1.3
11
4.1

4.13
4.13

1.3
7.9

1.3
2.1

1.3
2.1
2.1
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Definition

Tilt of a pyranometer, nomal horizontal is 2 =0

Equivalent out-of-level angle from variation of responsivity
with azimuth

difference between resulfs from two laboratories

maximum difference between resuits from two
laboratories of the 1000 walf absolute emor.

directional efror, cosine error

azimuth averaged cosine error

absolute directional emor with imadiance &

1000 watt absolute directioal error

azimuth-averaged O ,(9, ¢)

difference between values from two laboratories of the
azimuth-averaged 1000 watt absolute emor

cosine response for global radiation. {responsivity compared
with responsivity at solar altitude, h=35, for global radiation.)

as above for direct beam radiation

Thermoelectric potential
azimuth of radiafion on a pyranometer

wavelength
indicating a spectrum

incidence angle of radiation on a pyranometer

solar zenith distance (same as above if the pyranometer is
in the usual horizontal orientation).

Stefan's constant { 5.6697 102 )
Standard deviation

fractional inear temperature coefficient of responsivity
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Foreword: Subtask 9C and this report

IEA SHCP Subtask 9C -Pyranometry was initiated because work in IEA SHCP Task3
-Performance Testing of Solar Collectors had shown that the quality of radiation

measurements was generally inadequate for testing solar collectors.

The plan for Subtask 9C was to demonstrate the use of characterisation to improve
measurements made with pyranometers. The central problem is the unwanted response
of pyranometers to factors other than irradiance. In the context of this report, therefore,
the word characterise means to determine the quantitative effect of these factors on the
output voltage from the pyranometer.

The methodology of Subtask 9C relies heavily on comparing calibrations and
measurements of characteristics made on the same group of pyranometers by many
radiation laboratories, including those of five national radiation centres. Discrepancies
between instruments and laboratories are analysed to indicate the nature of
uncertainties in the measurement of radiation. A similar approach had been used in the
earlier Task 3 project “Results of an Outdoor and Iﬁdoor Pyranometer Comparison,”
reported in 1984.

Chapter 1 describes the background to the work and also introduces the transfer
function, which assimilates the results of characterisation measurements. The physical
origins of the unwanted pyranometer responses are examined in Chapter 2, which
completes the introductory material. The activities of the main participants are
described in Chapter 3. '

Characterisation methods and their accuraty are addressed in Chapters 4, 5 & 6. These
comprise more than half of the main report. Additional information, particularly on the

influence of the direction of the radiation, is given in four appendices.

The transfer function is revisited in Chapter 7, which includes a formal derivation and a

simple example of using the transfer function to evaluate measurement uncertainty.
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Calibration results are compared and analysed in Chapter 8. These include 150
comparisons of results from established calibration routines and 33 comparisons of
benchmark calibrations that were specifically designed for this study.

Different ways of measuring irradiance with pyranometers are listed in Chapter 9,
together with potential accuracies. This may be useful to those who have to make the
best choice of equipment subject to limited resources.

Chapter 10 identifies what has, and has not, been achieved with regard to
characterisation, calibration and the original objective

The Bibliography at the end of the report lists several IEA SHCP documents from Task 3
and Task 9 that are related to this study. '




Chapter 1. Introduction

1.1 Background, thermoelectric pyranometers

Pyranometers are instruments designed to measure solar radiation in the atmosphere, Their
most common application is to measure the downward solar irradiance (global radiation} for
which they are mounted in the standard horizontal orientation. Pyranometers are often
inverted so as to measure the upward horizontal irradiance which is the solar radiation
reflected by the ground. Solar energy applications of pyranometry include these as well as
measurements that require the instrument to be tilted so as to study the efficiency of tilted
flat plate collectors. Another application in solar energy is the measurement of radiation
from solar simulators. These applications are all limited, in some aspects, by the |

uncertainty of pyranometer measurements.

Thermoelectric pyranometers are generally more accurate than the other main class which is
photoelectric and are the subject of this report. In thermoelectric pyranometers the
measurement is based on the rise in temperature of a some black-painted surface that is
exposed to the radiation. The output signal is a veltage generated by a thermopile from the
temperature difference between this black surface and some other part of the instrument
that is either not exposed to the sun or is a similar surface painted white so as not to absorb
radiation from the sun. The latter arrangement results in a black-and-white pyranometer;
the surfaces are usually divided into several segments and interspersed. The others are
called black pyranometers. Both types are equipped with at least one transparent dome so
as to isolate the black surface from the effects of the local environment, especially the wind.

This report focuses on two black-and-white and five black pyranometer models.

1.2 Response function, characterisation and measurement uncertainty
The title The Improved Measurement of Solar Irradiance by Detailed Characterisation of

Pyranometers implies that the simple function

V=R.E (1.1
output [pV] = responsivity [pV-W'm?]. irradiance [Wm™]

with a constant value (R ;) for the responsivity, does not describe the response of

pyranometers to the required accuracy. An accuracy of 20 Wm™ (2c), equivalent to being




95% confident that a measured value is within +20 Wm™ of the true value, is widely
considered to be adequate for testing collectors and exceeds that which has been generally
achievable to date. This task group therefore adopted a value of 20 Wm™ (20) as its target
and shows that this is achievable in some limited circumstances.

A response function of a pyranometer is an expression of its output signal in terms of the
radiation to which it is exposed and of any other factors that affect the signal.

Clearly Equation 1.1 is a response function. It is very simple and it states that the signal is
proportional to the irradiance which is what a pyranometer is intended to measure. It also
implies, by the absence of any other variables, that the signal depends on the irradiance
alone. Equation 1.1 therefore represents the behaviour of an ideal pyranometer. In order to
compute the irradiance from the signal of such an instmnient,' one would merely divide the
signal by the responsivity.

Irradiance measurements are almost invariably computed by dividing pyranometer signals
by constant responsivities. This can generate significant errors because Equation 1.1 does
not, as already stated, accurately represent the signals from real pyranometers. With some
pyranometers now in use these errors can be as large as 50 Wm™?, or 5% of the maximum

irradiance.

The essential work of Subtask 9C has been to investigate the development of response
functions which more accurately represent pyranometer signals and the extent to which
measurement uncertainty can be quantified and, more importantly, reduced by using these.

A response function characterises a pyranometer in the sense that it describes the behaviour
of the instrument. However, in the context of this report, characterisation more often means
the investigation and measurement of the effects different factors have on the output signal.

In this sense, the response function is built on the results of characterisation experiments.

It is important to note at this early stage that even a complete characterisation and a
corresponding absolutely accurate response function will not eliminate error unless the
conditions under which the measurements are taken are completely specified. In practice,
when the best available response function is used, the remaining overall uncertainty
includes contributions from both the uncertainty in the response function and also the input
variables to the function. These components will be called the "Characterisation




Uncertainty" which comes from not knowing the properties of the insttument and the
"Specification Uncertainty” which comes from not knowing the conditions in which the
instrument is used. The latter is often the dominant component.

1.3 Work plan

The work was based on a multi-laboratory study of the response function and its inversion
to derive irradiance from the pyranometer signal. It depended upon the ability to measure
key influences on the response of pyranometers (i.e., in order of importance: directionality;
temperature; tilt; linearity; colour, etc.) and on inter-laboratory comparisons of Benchmark

Calibrations made under field and laboratory conditions.

As work progressed a number of considerations necessitated departures from the original

plan.

¢ Preliminary results showed that there were greater discrepancies in the response
functions than had been expected (not only between those obtained under field and
laboratory conditions, but also within each category) and, as a consequence of this, the
group assigned priority to evaluating the errors in pyranometer characterisation.

¢ Although the errors that derive from the inversion of the response function did not
receive the attention that they deserve, the modelling exercises, reported in 7.3, form a
sound basis for further work. IEA-SHCP-9F-5 -Improvement of Pyranometer Data by
Cosine Error Corrections (1994) is a good example.

e The exchange of pyranometers between institutes was limited by logistic considerations
so that whilst adequate it was less than optimal and the inter-laboratory comparison was
not therefore as comprehensive as intended.

.« Although the report shows that there has been a substantial improvement in calibration
uniformity since the late 1970s, the intention was to have a clearer demonstration of the
standards now achievable by having leading research groups test the methods developed
here. This is scheduled in further task studies and is beyond the current scope.

e _The problem of instrumental ageing was not subject to a dedicated experiment as
planned and is also scheduled for future programs.




1.4 The form of the response function

Derivations with more detail are given later. In particular, Chapter 7 covers the general
definition, Chapter 6 deals with the offset more thoroughly and details of the description are
given in Chapter 4. Equation 1.1 does not accommodate the following aspects of the

behaviour of real pyranometers:

1. There is an offset between the zero of the signal and the zero of the irradiance such
that in the absence of radiation there is a signal output (V,) which is known as the
dark signal. A definite radiation input (—Z) is therefore needed to generate a zero
output signal.

2.  The output is influenced by the pyranometer's environment (i.e., temperature,
long-wave radiation, wind, etc.) and by the nature of the radiation (i.e., direction,
wavelength, etc.).

3.  Even when all other factors are held constant, the relationship between the output
signal and the input irradiance is not usually linear as indicated by Equation 1.1.

The zero offset is accommodated by writing either:

V = RE+V, [1.2a)
or:

V = R-(E+Z) [1.2b]
which are equivalent and in which

V, = R-Z [1.2¢]

The dependence on other variables (2) and the non-linearity (3) are also accommodated by
Equation 1.2 if the responsivity R is regarded as a function of those variables and of the
irradiance. In effect, the equation defines both the responsivity and the zero offset and both

are functions of several variables.

In this work there are about eight variables which have been identified as influencing R or
Z . Fortunately their effects are largely independent and this allows R to be expressed as a
product of a number of simple functions and Z as the sum of a few terms. The separation

will be given in the next paragraph after listing the variables.




1.5 The independent (input) variables
The following influences on the responsivity have been identified in this work:

sor@ and ¢ which describe the direction of the radiation

T temperature of the instrument

B tilt of the instrument

E frradiance (which allows non-linearity to be specified)
A wavelength of the radiation.

In addition, effects on the offset by the following have been measured:

P net thermal radiation (defined in Chapter 6)
T rate of change in ambient temperature
also the ventilation imposed on the pyranometer (i.e., whether or

not the instrument is mounted in a ventilated housing)

The following separation has been found to be sufficiently accurate:

R(T.AE) = ReFfSF(T)-Ex(AE) -F, (3 1.3

where R, is the responsivity under a specific standard set of conditions, and the remaining
terms in the product are correction factors expressing the requisite modification to R,
because the specific conditions differ from standard. ‘The correction factors equal unity
when the variables represent standard conditions and approximate unity (i.e. between 0.9 .
and 1.]1) in most other cases. Substitution of Equation 1.3 into Equation 1.2 gives

V = R-Fs)-E(T) Fg(B.E)-F,(A)-[E+ Z (P,T,ventilation)]  [14]

which is the general form of the response functions used in this report. Further, the offset

has been parameterised by:

Z(P,Tventy = A+ B-P+C-T [1.5]

where 4, B and C are constants for given ventilation.




1.6 Uncertainties of characterisation and specification

Figure 1.6 shows a hypothetical characterisation of responsivity versus temperature — the
two curves being R(T ) * AR where AR is the uncertainty in the measured responsivity
R(T ) The temperature range of the characterisation and potential use of the pyranometer
is Tw< T < Tyigr . When the instrument is in use, the irradiance £ is derived from the
signal V accordingto ¥V — V,= R-E and clearly the signal, the dark signal V', and the
responsivity all have uncertainties that affect irradiance measurements. However, in most
circumstances the error in the signal measurement (voltage) is negligible and, in what
follows in this section, the uncertainty in the dark signal will be disregarded.

The uncertainty in responsivity has two componeﬁts: AR caused by imperfect
characterisation and AT-dR/dT which may arise because the temperature is known only
with arange +AZ7. These two components can be called uncertainty of characterisation
and uncertainty of specification. There is no a priori reason for one to be larger or sraller
than the other. They are most likely independent and the equation in Figure 1.6 shows their

combined effect on the measurement uncertainty in this case.

Figure 1.6 also shows the uncertainty if the temperature were known only to the extent of
being within the operating range 7, < T < Ty, . It is represented by the full range of
plotted responsivity values. This would also be the range or error that would be in effect
without characterisation. Thus the figure shows the overall improvement from using

temperature characterisation.

Similar considerations apply for the other input variables, although the specification
uncertainties for instrument tilt and linearity are negligible. For temperature it is advisable
to use the instrument temperature rather than the air temperature. In the special case of the
CM 10 at temperatures lower than -30°C, it is important to measure the instrument
temperature wifh an accuracy better than 1°C because the responsivity is very sensitive to

temperature.

Describing the directional properties of the incident radiation is itself a problem, one which
is addressed, and formally solved, in Chapter 7 by defining the variable s . However, the
information implicit in the definition is most unlikely to be available. In the absence of that
information, it is often assumed that diffuse radiation is isotropic. The radiance
distribution from the sky is then specified as just two scalar variables, the direct beam




radiation and the diffuse (isotropic) radiation. In any event, it is clear the uncertainty of

specification of directionality can be, and often is, a significant source of error.

Responsivity

If independent:
[AE/EP = [AR/R]? + [AT.(dR/T)]° .

SV
L R e +AT. R
pd ! dT
« AT Temperature
| | : ]
Tiow T Thigh

Figure 1.6: Hlustrating Uncertainties of Specification and Characterization.







Chapter 2. The Physical Origins Of Non-ldeal
Behaviour in Pyranometers

2.1 Introduction

Characterising the extraneous dependencies of the pyranometer output signal - which
should be a linear function of incident irradfance alone - and correcting measurements for
their effect, is the central subject of this report. If the causes of these unwanted
dependencies, or aberrations, can be understood it will facilitate the development of
characterisation techniques. Tile two together - understanding, and good

characterisation - are both essential if improved pyranometers are to be developed.

This section addresses the causes of the aberrations in terms of four processes which occur
in the pyranometer and which comprise a staged development of the output signal
generated from the incident radiation. There are gaps in our knowledge of pyranometer
behaviour and this account is of necessity incomplete but, to the writers' belief, there is no
other which offers a treatment of this wide range of aberrations. Those under consideration

are essentially as introduced in Chapter 1, namely:

s directionality

T temperature dependence

i) tilt dependence

E non-linearity
spectral dependence

zero-offset signal and its dependence on both long-wave radiation £, and
temperature change 7

signal delay i.e., the time lag between a change in irradiance and the

corresponding change in output voltage

where the symbols refer to the appropriate independent variables. The four processes

occurring on the pyranometer are:




1. transmission of the radiation through the dome(s)
II. absorption of the radiation (usuaily by black paint)

III. generation of the temperature difference between the hot and cold
junctions of the thermonpile

IV. generation of the output voltage by the thermopile.

These operate in a cause-and-effect progression in the sense that the input for each process
is the output from the preceding one. Thus, the output voltage occurs‘because of a
temperature difference across the thermopile which is caused by absorption of radiation
which has passed through the glass domes of the pyranometer. Also, the input to the first
process is the incident irradiance which is to be measured. Each process can contribute to
various aberrations and it is unlikely that those arising in one process will be cancelled by

opposite effects in another process.

The potential contributions of each process to the aberrations are indicated in Table 2.1.
From this it is evident that directional and spectral aberrations can be attributed uniquely to
processes I and II; Process III may contribute to all other listed aberrations; and Process IV
may contribute only to the temperature aberration and non-linearity. The nature of these
effects will be considered in the following sections where it is demonstrated that special
linkages exist between non-linearity and both temperature and tilt dependence,

Table 2.1
Process I 1. (K V.
Short Name / Aberration Radiation Radiation Temperature Electrical
Dependence On Transmission  Absorplion Divergence Conversion

Direction ' yes yes no no
Temperature no no yes yes
Tilt no no yes no
Non-Linearity no no yes yes
Spectral yes yes . no no
Offset no no yes no
Signal Delay no no yes no
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2.2 Processes | and II: the transmission of radiation through
pyranometer domes and its absorption by the receiver surface

The glass and paint used in pyranometers are essentially linear and instantaneous in their
responses Over the temperature range in which pyranometers operate, the glass
transmittance and paint absorbance do not change significantly. Therefore the first two
processes contribute to none of the listed aberrations except directionality and spectral

sensitivity.

Domes contribute to directionality because of their finite thickness which allows multiple
reflections to concentrate radiation in small, discrete areas for particular directions of the
incident beam. These concentrations are called caustics. They may fall on parts of the
receiver which are particularly sensitive and, for example, cause the slightly enhanced
response of the Eppley PSP near 70° incidence. Domeé with surface blemishes, or those

which are non-spherical, also cause directional aberrations.

Spectral aberrations arise pringipally because of the lack of transmission of some domes in
the near infrared and in the UV-B and because of reduced absorption by some black paints in
the near infrared. ‘

The incorrect orientation of the receiver surface can contribute seriously to directionality.
However, orientation in most pyranometers is carefully controlled in the manufacture, and
part of the routine characterisation should be to locate the radiometric axis of the

pyranometer and to mount the pyranometer according to this axis.

Similarly, directional aberration will arise if the surface is not planar. The black paint may
be less absorptive at high (near grazing) incidence than for normal incidence and this effect
is a departure from Lambertian absorption. It is unusual for the departure from the ideal to
be in the opposite direction (i.e., an increase in absorption). For example, the enhanced
responsivity of the Kipp and Zonen CM 11, at incidence angle greater than 80° is caused by
the optics of the domes rather than by the paint.

It is important to note that when a pyranometer is subject to very high temperature, or to

. high internal humidity for prolonged periods, the properties of the black paint can change. .
It may then look either dark grey or very dark green and there may be noticeable reflection
from the receiver at high incidence. The spectral and directional characteristics are then
changed as well as the responsivity.
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2.3 Process Ill: the generation of the temperature difference
across the thermopile

The temperature across the thermopile is determined by the energy balance of the black
surface. Energy is gained by the absorption of short-wave radiation and lost by emission of
thermal radiation, conduction of heat through the air within the domes, convection through
the air and by conduction through solid materials to 'the body of the pyranometer. In terms
of power per unit area H the balance can be expressed as:

absorbed power = exchange of thermal radiation )
(Hin Wm2) + conduction through the air (ii)

+ convection through the air {iii)

+ conduction through solid material (iv)

The terms in this equation are addressed using a simple model which allows a rough
estimmation of their contributions to non-linearity and to the dependencies of responsivity on
tilt and temperature, There are only two temperatures describing the pyranometer in the
model: the hot junctions of the thermopile and the receiver surface are at (1; +AT+6T )
while every other part of the instrument is at (T{) +AT) . T,=300K is a standard
temperature so that the ambient temperature is therefore (1; +AT ) and the temperature
difference across the thermopile is &7 .

i} The net loss of energy by thermal radiation per unit area is
o (T, + AT +6T)" - (T, + AT)*)

where ¢ is the Stefan-Boltzmann constant. Expanding this up te second order terms
in 67 and ATand using 7, =300 K ,aswellas 40T, =6.1, gives:

1 b’th al radiati oT-61 [1+£+—§J—vj Wm2 2
oss by therm ;‘a ation = . 100 200 T [2.1]

ii) Cénduction through the air to the domes has been estimated for the Eppley PSP by
Berdahl and Frohm (1982) as 12 Wm™°K'!. This value is used here to approximate air
conduction in all similar thermal pyranometers, Air conductivity is proportional to the
square root of absolute temperature. Including this temperature dependence gives:

12




AT oT

o« ar2 (1AL OTY
loss by air conduction | 600 " 1200 Wm< [2.2]

iii} A square-law dependence of the convective heat transfer on temperature difference is

iv)

proposed. It should be noted that M.C. Anderson (1972) determined a 57"
dependence of the total heat transfer (conduction plus convection) from her
measurements on an MG pyranometer which is very similar to the CM-5. However her
formula gives large non-linearities which are not consistent with the CM-5
measurements in this work. Also there is no indication in pYranometer non-linearity
measurements of any sharp onset of convection at a critical Reynolds number such as
occurs with a large horizontal surface in free air. While the measurements do not rule
out a threshold at very low irradiance, they are consistent with the proposed square-
law dependence which is therefore adopted as a simple approximation suitable for the
consideration of pyranometer Iion-linearity. The square law is physically reasonable,
given laminar flow, in that it follows from the heat transfer being proportional to the
product of the temperature difference and the air velocity and from the air velocity
being proportional to the temperature difference. The following form is suggested:

loss by coﬁvec;tive transfer = 0.06- (5T )2 W2 [2.3]

The proportionality constant 0.06 has been chosen to fit the observed behaviour of the
CM-5 pyranometer in the usual horizontal orientation. Whether convection is
enhanced or decreased with increasing temperature is not known.

Convection is the only process which is dependent on gravity and which can account
for changes in responsivity with the tilt of the instrument. When the pyranometer is
horizontal the air moves up in the centre above the receiver and down near the domes
but when the instrument is tilted at ninety degrees, the air flows up in contact with the
hot receiver and down near the cool domes. This convective pattern involves more
flow over the hot surface and must be more effective at transporting the heat. As the
pyranometer is tilted, the convective transfer is therefore enhanced progressively and
we suggest that convective transfer is doubled at 90 degrees of tlt.

Conduction of heat through solid material is linear with temperature gradient. The
temperature dependence of the conductivity is disregarded because values for metals
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and semi-conductors are usually much smaller than 0.1% K. The following
expression can therefore be used:

loss by solid conduction = K-8T Wm=2 [2.4]

The conduction factor K depends on the construction of the pyranometer . In what
follows, two values K=32 (Case C) and K=182 (Case P) are considered. These values
roughly simulate the Kipp and Zonen CM-5 and Eppley PSP pyranometers to the extent
that the temperature difference across the thermopile is approximately 5K or 20K,
respectively, when the irradiance is 1000 Wm.

Expressing the above heat balance algebraically:

H=5T-61- [1+1%T6+%] + 8T 12'[1+%+1—§%) +006(6T)" +K-6T Win2
' [2.5]
Rearranging this yields:
H=(a+5AT)- 6T +c- (1) | | Wm?2  [2.6]
where

a=K+61+12 (=K+18)
b =0061+0020 = 0081
¢ =003+001+0.06 =010

-1
Equation 2.6 can be written as OT = (1 + é AT+ 351'] —I:I- Since the second and
a a a -

third terms in the bracket are much smaller than unity it follows that §7 = H/a is an
approximate solution for 67 and further that:

NG
5T=(§—J(1—- _Z ?] [2.7]

a a

is accurate to the first order in »AZ/a and cH/a2 . This expression identifies that, given
the assumptions described above, the temperature difference caused by the absorption of
radiation is not exactly linear and depends on the temperature of the instrument. The
contribution of the heat balance to the temperature coefficient of responsivity is —b/a.
Defining the non-linearity as the fractional difference between responsivity at 1000 Wm'®
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and at zero incident radiation gives —1000-c/a” for the non-linearity. Table 2.3 shows
these expressions evaluated specifically for the two cases.

It is well known that convection is the source of the tilt effect. The assumption made here,
that convection is pure quadratic in 47, leads to the conclusion that the tilt effect is
proportional to irradiance and therefore small when irradiance is low and is confirmed by
measurement. By making the assumption (see above) that convection is twice as effective
when the pyranometer is mounted on a vertical surface as that which occurs with the
conventional horizontal orientation, the tilt effect can be estimated by changing the factor
0.06 to 0.12 in Equatioﬂs 2.3 and 2.5 and deriving the right-hand column in Table 2.3.

Comment on these examples is made in Section 2.5 and the definitions of non-linearity and
tilt used in this chapter are shown in Figure 2.3

A Responsivity, R _ V(E) - V(0)

horizontal

R(E=0) i
non-linearity = x / R(E=0)
iilt = y / RE=0) ;
| — >
0 Wm -2 Irradiance, E 1000 Wrn-2

Figure 2.3 Showing the definitions of non-linearity and tilt as well as the linear dependence

of responsivity on irradiance predicted in the simple analysis used here.
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Table 2.3

THERMAL BALANCE § Temperafure- { Temperature Non-linearity | Tilt at 1000 W™
EFFECTS Rise at Coefficient of 1000 W.m" Vertical vs
1000 Wm™ Responsivity vs Zero Horizontal
Case P ~5 K 0.04% k! 0.25% 0.15%
Case C ~20 K 0.16% K 4.0% 2.4%

Before leaving Process III it should be idenﬁfied as the source both of zero-offsets and of
signal delay. Up to this point, the temperature difference across the thermopile has been
explained as the result of an energy balance. How quickly the balance is attained depends
primarily on the thermal mass of the receiver surface and to some extent on the thermal
mass and conductivities of the cold junctions of the thermopile. The latter usually have a
larger time constant. Chapter 5 includes specification of the signal delay. The zero-offset is
due to a temperature difference occurring across the thermopile when there is no incident
short-wave radiation. Chapter 6 shows that the main causes of zero-offset are changes in
ambient temperature and long-wave radiation.

2.4 Process IV: generation of the output voltage by the thermopile

The output from the thermopile is the final stage in the generation of the output signal from
the pyranometer. The behaviour of thermocouples has been well understood for more than
a century, their output being temperature dependent and not perfectly linear. Their output
is the difference in thermoelectric potential‘ ® at the two temperatures between the two

metals i.e.,

V = (T, +AT+5T)- (T, + AT) [2.8]
and, to the accuracy required here, @ can be expressed as a quadratic in 7— 7 with
coefficients p, ¢ in the second and third terms. Then:

V= p-(AT+6T)+q-(AT+3T) - p-AT—q-(AT) [2.9]
.2 .
V= p.5T(1+AT "—’+5§q] [2.10]
P
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in which the two expressions in parentheses show the contribution of the thermocouple to
temperature 'dependence and non-linearity. Specifically, the temperature coefficient of
responsivity is 2q/p and the non-linearity is (1 000/a)q/ p where a is defined in the
previous section (i.e., 200 Wm2K"! for P, 50 Wm2K"1 for C). .

The thermoelectric constants both for copper-constantan and manganin-constantan, the
materials often used for pyranometer thermopiles, are 'approximately 40 ].LV.K“1 for p, and
0.045 ;LV.K'2 for g¢. Using these values gives the following contributions (Table 2.4):

Table 2.4
Themopile Temperature Coefficient of Nonineari
Effects Responsivity 1000 W.m" Tilt
v§ Zero
Case P +0.225% k! +0.56% zero
Case C +0.225% K'* +2.25% zero

2.5 Discussion of the effects of processes'lll and IV
Table 2.5 shows the combined contributions from the thermopile and the thermal transfer

effects to the pyranometer aberrations. It's elements are formed by adding the
corresponding ones in Tables 2.3&2.4.
Table 2.5

Combined mode! {theoretical} effects of thermal balance
and thermocouple femperature

Temperature Non—Lineari%y Tittat )
Case Temp.Rise Coefficient of 1000 Wm" 1000 Wm'™
Respaonsivity Vs 2efo

P ~5K +0.18% K +0.31% 0.15%

c ~20K +0.06%K"! -1.75% 2.4%
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Case P was chosen to represent an Eppley PSP which has a 50-junction copper-constantan
thermopile and the relatively low temperature rise of 5K at 1000W m™. The predicted
overall non-linearity is +0.31% is very small and this is confirmed by measurements. The
same situation applies to the tilt effect, predicted at -0.15%. The predicted temperature
effect +0.18% K'! is unfortunately not easily validated because the PSP has an internal

temperature compensation thermistor.

Case C represents the Kipp CM-5 instrument with a 14-junction manganin-constantan
thermopile and a temperature rise of about 20K at 1000 Wm™ (Later model CM-5s have been
fitted with different thermopiles). The predicted values for non-linearity -1.75%

and tilt effect -2.4% are realistic. Measured values for the CM-5 are -2.0% for non-linearity
and -2.1% for tilt (see Chapter 5, MOH, Hamburg). Also the linear change of responsivity
with irradiance level, which is indicated from all the processes considered here, is generally
consistent with measurements of non-linearity on the CM-5 and other instruments.

Case C does not give the right value for the overall temperature coefficient. The predicted
value is +0.06% K while the measured value is about -0.12% K. Perhaps the air-
conductivity term should be increased due to air conduction happening at the back of the
thermopile through a thinner layer of air to the instrument body. If the term were indeed
three times larger, the predicted temperature coefficient would be negative and the tilt and
non-linearity corrections would not be greatly changed. However, there are other
possibilities, for example a temperature dependence in the solid conductivity which, a priori,
are equally possible.

The two cases illustrate that, when the pyranometer design provides enough thermal
conductivity between the hot and cold junctions to limit the temperature rise to less than
about 5K, the tilt effect and the non-linearity can be negligible.

Non-linearity and tilt dependence can be easily corrected through characterisation because
the signal level and tilt are inevitably known but it is much easier if there are no aberrations.
In at least one laboratory {NARC), the directional response of pyranometers was for many
years measured with the instruments mounted vertically and at significant power. It was
not realised that the results for some instruments, like the CM-5, should be corrected for
vertical rather than horizontal non-linearity. Once this requirement is understood, it is still
possible that the correction might be made improperly because it is complicated. Obviously,

it is preferable not to have to make such corrections.
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The CM-10 is interesting in that it has no tilt dependence but it does have a smal! and
positive temperature coefficient of responsivity. One can therefore see that the temperature

rise is not large but large enough to produce non-linearity in the special thermopile of the

CM-10. Itis also sensitive to temperature but there is a compensating circuit that masks the

nature of the temperature dependence.

2.6 Conclusions

@

(i)

(iii)

(iv)

(v)

The aberrations predicted from this simple examination of the physical processes are
similar to those commonly observed in pyranometers.

The thermoelectric effects are of opposite sigh to those of air conduction, convection
and thermal radiation.

Most of the observed dependence of responsivity on tilt and level of irradiance
(see §5.6) is well simulated by a simple approximation in which the heat transfer by

convection has square-law dependence on temperature difference.
If there is significant dependence on tilt, non-linearity will likely be present and will
itself also be dependent on tilt. This requires correction for tilt and non-linearity to be

expressed as F (ﬂ,E) rather than separately as Fﬂ(ﬂ) F (E), as in Chapter 1.

Pyranometers designed to have small temperature gradients across the thermopile can
show negligible non-linearity and negligible susceptibility to tilt.
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Chapter 3. Inventory of Participants’ Work and of Assistance From
Various Agencies

3.1 Introduction
Seven countries participated in Subtask 9C and in several of the countries more than one

agency was involved. This chapter attempts to list where different elements of the work
were undertaken and identify the contributions made by non-participating institutions,
including the loan of many pyranometers by the manufacturers.

3.2 Contributions From Participating Countries
3.2.1 Austria

The Zentralanstalt fiir Meteorlogie und Geodynamik was the Task participant undertaking a
large number of characterisation experiments both in the laboratory and in the field.
Laboratory experiments included measurement of the directionality and non-linearity and -
important experiments on the effects of changing ambient ternperature on pyranometers.

" Field calibrations were done on the main group of pyranometers. The Schenk company of

Vienna genercusly loaned three instruments for three years to the IEA for this Sub-Task.

3.2.2 Canada
The National Atmospheric Radiation Centre (NARC) at the Atmospheric Fnvironment Service

(AES) of Canada provided the Sub-Task leadership, including arranging for the movement of
pyranometers between laboratories. Field calibrations on the main group of instruments
were done on the roof of the AES building in Toronto. In addition, all the pyranometers
were calibrated at the beginning and at the end of the experiments (1984-1987) in the NARC
sphere. The three Benchmark Calibrations were also done on the main group and data on
temperature and directionality were supplied for the relevant chapters. Chapter 6, on offset
signal, was contributed by NARC. The writing of this report was co-ordinated and edited by
the AES.

3.2.3 Germany
The Deutscher Wetterdienst (DWD) of Hamburg was the German participating agency. Very

thorough characterisation of directionality, linearity and tilt susceptibility were made on the
main group of pyranometers at the Hamburg laboratory. In addition, some key experiments,
including that which demonstrated that linearity was absent for very low irradiances, were
done by the DWD. Chapter 4 on directionality was written by the DWD participant.
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3.2.4 Japan

The Eko Trading Company was the participating agency. The company also supplied five
pyranometers for the task and a variety of test results. The participant contributed
extensively to the organisation of the work and made an evaluation of measurement errors
resulting from pyranometer aberrations. To do this a radiation model was developed to
simulate the angular distribution of radiance in a variety of circumstances.

3.2.5 Netherlands

The Royal Netherlands Meteorological Institute (KNMI) was the leading participating agency.
A large amount of meticulous indoor characterisation, including directional response,
linearity, tilt, experiments on wavelength sensitivity and thermal shock as well as some

- outdoor calibration was done by the Technische Physische Dienst of Delft (TNO-TP). The
Kipp and Zonen company loaned several pyranometers of two types, performed laboratory
measurements of directionality, made the results available fo the Subtask and participated
in some of the meetings. As well as co-ordinating this multi-agency contribution, the KXNMI,
wrote the important Chapter 8 on the comparison of benchmark responsivities.

3.2.6 Sweden
Two Swedish agencies participated in the Task: the Statens Provningsanstalt (SP) at Boras

and the Swedish Meteorological and Hydrological Institute (SMHI) at Norrrkoping. The SP
primarily contributed to laboratory work, including an investigation of spectral sensitivity.
Field characterisation and determination of Benchmark calibration factors and the writing of
part of the chapter on directionality was done at SMHI. The extensive results on
directionality, linearity and temperature response generated by the SP for Task 3 were made .
available for Task 9.

3.2.7 USA
The Solar Energy Research Institute (SERI) at Golden, Colorado was the lead US agency and

co-ordinated the extensive contributions from three other institutions: the NOAA Solar
Radiation Facility, Boulder Colorado, the Eppley Laboratory, Newport, Rhode Island and the
Desert Sand Environmental Testing Laboratories (DSET), New River, Arizona. Eppley
provided three pyranometers for characterisation both in Task 3 and Task 9. All four US
agencies performed outdoor calibration in tilted and horizontal orientation and Benchmark
calibration factors were derived from this work and used in Chapter 7, Experiments on the
transient response of pyranometers to radiation were performed at two l_aborator_ies (DSET
and Eppley). The temperature coefficient of responsivity and the effects of changing
temperature were studied at three laboratories (SERI, NOAA, Eppley). Chapter 5 was
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written by the participant from SERI and the US contribution is summarised in the report
SERI/TR-215-2925.

3.3 Assistance and Informal Participation
An earlier project, Task 3 of the Solar Heating and Cooling Program, was led by the German

Kernforschungsanlage at Jiilich. The leader and several of the participants of this Task
participated informally and construcpively in a significant fraction of the work and the
discussions leading from it. In addition, all results from Task 3 were made available for
Task 9. ‘

The World Radiation Centre at Davos in Switzerland, which was a major participant in
Task 3 but not formally in Task 9, made a similarly valuable contribution to this Task.

Two helpful contributions were made from Australia, although Australia was not a
participant either in Task 3 or in Task 9. The Middleton Company loaned two production
pyranometers and Dr. David Proctor loaned a novel developmental pyranometer. All three
of these instruments were part of the main group, tested at several laboratories, Their
inclusion increased the number of types from five to seven allowing generic pyranometer

behaviour to be more easily identified.
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Chapter 4. The Dependence of Pyranometer Responsivities on the
Direction of the Incident Radiation

Directional response can be measured both in the laboratory and in the field.

Laboratory measurements are usually made by changing the orientation of a pyranometer
relative to a steady, unidirectional beam of radiation from a lamp. These measurements
generally have the advantage of reproducibility because the environment is controlled and
they can also be made at irradiance levels that are sufficiently low to exclude the effects of
non-linearity and tilt.

Field measurements are always the basis for the absolute calibration of pyranometers. The
methods involve measuring the direct beam radiation with a reference pyrheliometer while
exposing the pyranometer to the global radiation and may also involve shading the
pyranometer intermittently from the direct beam. These calibrations can constitute a
directional characterisation of the instrument if done at different solar elevations. Results
from field measurements are inevitably affected by changing atmospheric conditions and
the resulting variability may make assigning a calibration, or determining a directionally
factor, more difficult. It is usually necessary to take measurements over a wide range of
conditions and to make suitable averages. However, the variability over the ensemble is an
indicator of the accuracy of the measurement in realistic (outdoor) conditions.

Comparing field and laboratory results is necessary but problematic. Only one of the field
methods, the alternating shade method (ASM), can evaluate the directional response
immediately but it is extremely time consuming and cannot be done on many instruments.
The other field techniques expose the pyranometer to global radiation (diffuse and direct
beam) continuously. Some pyranometers exhibit tilt and non-linearity errors when exposed

to normal solar irradiance levels, which complicates the analysis.

Chapter 4 examines the laboratory techniques from several institutes and compares their
results. Two field experiments are also described and their results examined for
implications regarding measurement uncertainty. Data from both field experiments are
analysed to Yield responsivities to unidirectional radiation and are therefore suitable for

comparison with léboratory results.
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4.1 Laboratory measurements
‘ Section 4.1 examines the techniques for laboratory determination of directionality used by
six institutes. The results from characterising identical pyranometers at different
laboratories are analysed in detail.

4.1.1 Definitions and géneral remarks

a) The function R (9, ¢) describes the responsivity of a pyranometer when it is illuminated
by radiation from a single direction. The incidence angle @ is the angle between the
radiation direction and the pyranometer axis. The azimuth aligle @, in this report, is
referenced to the cable. Thus §=0 specifies normal incidence while §=90,¢ =0
specifies the direction of the cable. The ideal pyranometer would have a responsivity
independent of direction. The non-ideal directional behaviour is traditionally described
by the percentage departure (6, ¢) of the responsivity from its value at normal

incidence. Thus

560.4) - [%%_%-1}-100 [4.1]

It is related to the direction correcting factor, F,(s), provided the standard condition for
F,(s) is normal incidence, by :

56,9 = (F(9-1)100 T K2]

Because laboratory measurements of directionality are usually made by recording the
pyranometer signal M (9, ¢) different incidence directions using a beam of constant

intensity, an altermative expression is

5(6.¢) = [Eg—z(g;?m— ] -100 [4.3)

This shows that 5(6, ) is the relative deviation of M(#, ¢) / M, (9 = 0") from the
ideal cos@, which is the rationale for it being called the cosine error. It is usually
expressed as a percentage, which is done here, although it is given per mil (0.1%) in the
Tables 4.1.3.1b-n in Appendix AA,
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It can be useful to express directionality as the absolute error that would occur if
Tesponsivity variation were ignored and the normal incidence responsivity were used in
place of the correct value for the actual direction. This absolute error, §; in W™,
when measuring a beam of defined normal incidence intensity, L, is related to the

cosine error, in percent, by
5:(6.9) = 001.E(0=0°)-5(6,¢) cosé 4]

Generally, 8 5 (19, ¢) has the advantage that it varies much less rapidly with direction
than does 5(6’, ¢) . Setting E(O") =1000Wm™? is appropriate for solar energy
applications and this 1000#m™ absolute directionality error, 6,(9, ¢), as described in
IS0O9060, is related to the cosine error by '

3,(6,4) = 10-5(8,4) cosé [4.5]

Azimuth averaged versions 3(9) and 3,(9) of & (9, ¢) and &, (19, ¢) are convenient and
are used in the following analysis. These averages are usually based on measurement at
12 azimut_hs {30° increments). They are related similarly to [4.5) above by

3(6) = 10-5(6)-cosd [4.6)

The percentage range of variation of responsivity at various azimuth angles and at a

given incidence angle is represented in what follows by
DM(G) = 5(9, ¢1) - 5(9, ¢2) [4.71

where ¢hand ¢ are the azimuth angles at which maximum and minimum values of

responsivity occur at constant incidence angle §. Finally, an equivalent angle of tilt
ﬂ(ﬁ) is defined such that an ideal pyranometer misaligned by £ would give the same
D asis actually observed. These quantities are related by

A6) = 0285-cotand-D,,.(6) [4.8]

where § isin degrees and D,_,, is in percent.
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b) Pyranometers that show small cosine error in the laboratory usually have relatively small

c)

errors under field conditions. However, laboratory studies usually enable the physical
behaviour of the instruments to be determined more precisely than is possible in the
field because the influence of a number of unknown factors and variables present under

field conditions is avoided.

Each participating IEA institute and their facilities (indicated in parentheses) are used to
identify their results and data in later sections of the report.

The Statens Provningsanstalt (National Testing Institute) of Sweden, Boras, Sweden
(BORAS or BO). The institute installed a computer-controlled testing system
(goniometric turntables) primarily for work closely related to IEA Task 3.

Kipp & Zonen, Delft, Netherlands (DELFT or Ki). The optical laboratory was
established for the development and control of CM11 pyranometers.

Zentralanstalt fir Meteorologie und Geodynamik (Central institution for Meteorology
and Geodynamics), Vienna, Austria (VIENNA or Vi). The test laboratory of this
institution was established to control the production of Schenk Star pyranometers.

Meteorologisches Observatorium Hamburg (Meteorological Observatory Hamburg)
of Deutscher Wetterdienst (German Weather Service), Hamburg, FRG (HAMBURG or
HA). The test laboratory was established to control the quality of pyranometers used
in climatological networks and was improved for the IFA test activities.

The Physical Meteorologicél Observatory Davos, Davos, Switzeriand (DAVOS or DA).

' The observatory is the WMO World Radiation Centre. A laboratory test device with a

computer controlled goniometer was installed for co-operative workin the IEA Task 3
pyranometer testing programme. This observatory did not participate in IEA Task 9
activities. '

The National Atmospheric Radiation Centre (NARC), Canadian Atmospheric
Environment Service, Downsview, Canada (TORONTO or TQO). The apparatus used
for this work was constructed in the early 1970s by J.R. Latimer for the evaluation of
instruments (Eppley model 2, PSP, Kipp CM2, CM6) being installed in the Canadian
network. The measurement sequence adopted for these JEA measurements (Table
4.1.2a) was slightly different from the Latimer sequence and provides for better
checks against stray light and zero signal drifts. The NARC technique retains a
number of other limitations, for example, the homogeneity and divergence of the
beam are not adequately controlled.

d) The following subchapters compile and compare results obtained in an inter-laboratory

test comparison in which selected pyranometers were circulated between sites. The

deviations are discussed with regard to specific differences in the protocol and are
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compiled in tabular form; conclusions are drawn concerning the status of the laboratory

test techniques; and improved protocols are recommended.

4.1.2 Survey of the applied test procedures and apparatus
The principal methods used for indoor testing by the six laboratories are compiled in

Table 4.1.2a and may be helpful for explaining potential discrepancies. One laboratory uses
a polar orbiting lamp to adjust the angle of incidence, the remainder are equipped with
goniometric tables to turn the pyranometer in the stationary beam of a fixed lamp. Five of
the laboratories measure the azimuthal response directly by variation of the azimuth angle
at fixed incidence angles.

One laboratory measures the zero-offset by shading for each angle. The others take fewer
zero readings. The reading time varies between 30 seconds and 2 minutes and, in one case,
it is defined in real time by a criterion based on the rate of change of the measurements.

Experimental design factors that may influence accuracy are specified for the six
laboratories in Table 4.1.2b. The lamps and filters that are used have three types of spectral
distributions:

1. typical tungsten iamp spectrum limited by a filter to approximately the visible
wavelengths

2. total tungsten or xenon spectrum with a condenser lens

3. tungsten lamp used without an optical condenser with the pyranometer deployed in
the horizontal (not vertical) position.

Normal incident irradiances are relatively low, in the range 50-250 Wm™ , with the exception
of two laboratories which have tested with normal incident irradiances of 500 Wm™ or
more. The high radiant fluxes are obtained with the pyranometer as close as 25 ¢m from
the condenser of the lamp, while in the other cases the distance is 1 m or more. Low values
are preferred to avoid interferences or confusion with non-linearity effects. Beam
divergences are in the range 0.5-3.0°. The inhomogeneities of the beam irradiance are
specified for receiver surfaces of different diameters (one laboratory has an extremely high
value of 10% within a circle of 70 mm diameter).
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The white sun screen of the pyranometer is replaced by a black screen to avoid disturbing
reflections at one laboratory. The pyranometers are ventilated in two cases to minimise
potential thermal offsets.

Many procedures are used to find the correct position of &= 0° In one case the final

adjustment is obtained by the mathematical treatment of the data assuming an ideal
symmetry for the values at incidence angles of +70°.

The number of axes for the goniometric movement of the pyranometers varies between
1 (for azimuth angles) and 3 (inclusive tilt variation) and the accuracy of angle readings is
generally +0.1° («1° in the case of the polar orbiting lamp).

The resolution of the data acquisition systems used at different laboratories varies between.
10 nV and 1.0 pV.
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Table 4.1.2a Compilation of important items of the
test methods of participating laboratories

ltem Boras Delft Vienna Hamburg Davos Toronto
; goniomelric as for Bords rotation of as for Bards as for Bords single goniometric
Adjustment rotation of lamp in polar but with 3 rolation of the
of the Angles pyrancmeter, orbit; rotation tumtables pyranometer
of Incidence 2 tumtables of pyranometer about a veriical
and Azimuth in azimuthal axis
orbit
Measured as vanation of directly, at fixed as for Delft as for Delft as for Delft as for Boras but
! cosine erforinG | angles of but combined with only in3
Azimuthal - azimuthal planes | incidence ilt angle variations | azimuthat
Response {comb. planes
measurements}
Zero Offset zero reading as for Bords but only DVM — as for Bords with 2 sequence of | 1 zero reading
after shading hefore and after zero automalic | for cosine 154 readings: 9 after lamp shading
Measurement (| each angle for | an azimuth run: respanse addiicnal zero within the 20
Protocol caleulation use of the mean readings for readings for 1
of measure- zero value for mv calculation of mV azimuth plane
ment values calcutation
Reading 30-60s 1 min (incidence atleast30s 2 min (angle given by acriterion | 2 minules
dependent angle): 30s and after the of incidence) of stabilised signal:
Time on type of {azimuth 10V digitis | 30's {azimuth | the first and last
pyranometer variation) stable variation) readings of the 5
samples within 15
must be within 4%
of the mean signal
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Table 4.1.2b Compilation of important items of the test equipment

of participating laboratories
Item Boras Delft Vienna Hamburg Davos Toronto
spectral type fungsten-habgen xenon-high tungsten xenon-high pressure xenon-high . quartz-
R fiker 5800 nm pressure pressure halbgen
optics condenser condenser, flat & — quartz condenser  |condenser, beam no
Source concave mimors spitter, nevtral fiker
movement no no 2enith o no no na
angle (error) —_ — izon <12 — — —
normal incident 2 2 3
iadiance 50 W 250 Wi 85 Wi’ 180 W2 S00-1000Wm2 | 700 Win'2
(instabiity) (= 0.1%) {2 0.2%) (<0.5%) {£0.2%) {<1%) {<0.2%)
Beam divergence 1.9° 05° - 0w 26
ot recelver inhomogeneity 0,1% within 2% within 1% within 0.5% within 10% within not
s o mmd 40mm ¢ 70mm ¢ 25mm ¢ 0 mm ¢ measured
polerisation <5% <1%?
stray light 3 diaphragms black waks 3 3 disphragms , black 3
efmination (2000 meas.) (zero) diaphragms | wells (zero reading) diaphregms
distance to source 08m 2m im Sm 0.25m 06m
condenser
pyran, it 907 (vertical 90° (vertical)  § O° (horizontal) 90° {vertical) 907 (or other tits) | 90° (vertical)
pyren. sun screen used used bleck screen used used not used
pyran. vent - - - from top from top -
Y nometer adustment fo relbeted beam & phatometric spinit reflector cap over spirit level + 90°
Mount  [52 9 rormal || mathematical ot =0 vl |receiver machine blbck
incidence) treatment at +70°
goniometric table: (|1, vertical diameter asforBords  |1. normalic 1, vertical asin Boras and 1. vertical
ds of tumtables of RS “centreof RS | diameflerof RS |3, horizontal diameter of RS
2. normal to centre (for azimuth {2, normalto diameter of RS
of RS adiustments) | centre of RS (it adjust.}
angle (aior) £0.1° +0.1° <f° #0.1° <.
DVM resolstion 100V 1000 nv 1000 nv 1000V 1000 nv

Abbreviations: RS = receiver surface; Cond. = condenser; Pyran. = pyranometer; Vent = ventifation
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Table 4.1.3.1a Round robin pyranometers for which indoor directional response
was tested by different laboratories (indicated by site)

Pyranometers Sites Ref. Tables & Figures
413107

Make Type Serial No. || Bords | Delft | Vienna | Hamburg { Davos | Totonto || Thls Figures
EPP PSP 20523 X X X b c h I
EPP PSP 20524 X X X c [ h 1
EPP PSP 18135 X
EPP PSP 17750 X X X X X m c h i
K&Z CMD 773992 X X X X X k b g k
K&Z CMS 785047 X X X X h b g k
K&Z CMb 74120 X X X
K&Z CM5 773656 X X X X d b q k
K&Z CM10 810120 X X X X | a i i
K&z CM10 10122 X X
K&Z CM10 810119 X X X X X n a f i
K&z CM10 810121 X X X b a f ]
SCH Star 1626 X X X
SCH Star 2186 X X
SCH Star 2209 X X X e e i m
SCH Sar 217 X X
EKO MS42 81901 X X X
EKO MS42 81907 X X
EKO MS42 81908 X X X f d i m
EKO | MS42 81909 X X
SWT | 8525 13 X X
SWT | 8825 114 X X A g d i m
MID EPO7 123 X X i e i m
MID EPO7 124
CSR PT 115 X
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4.1.3 Comparison of test results on directional response of pyranometers

Results on thirteen pyranometers each tested by three or more laboratories have been
intercompared. Table 4.1.3.1a indicates where each pyranometer was tested, which of the
Tables 4.1.3.1b-n, in Appendix AA that contains the comprehensive data from the tests
made on it and the figures at the end of §4.1.4 in which its characteristics are plotted.

4.1.3.1 Presentation of test results

The basic data are indoor measurements of & (9, ¢) defined by Equation 4.1. The data were
excerpted from the individual laboratories' final reports or from the IEA Task 3 Report
Results of an Outdoor and Indoor Pyranometer Comparison (1984) and the IEA Task 9
Symposium Proceedings Recent Advances in Pyranometry (Norrkoping, January 1984).. The
Davos' values in the tables are interpolated relative to the angle of incidence and represent
only a small part of the data. The Toronto values are taken from an internal NARC report.

1. The values for & (9, ¢) are presented in Tables 4.1.3.1b-n, in Appendix AA, where each
table contains the results for one pyranometer. The azimuth is in 30° increments; the
principal #- values are 20°, 40°, 60°, 70° and 80°. Azimuth-averaged results 5(9) and
51(9) are given for each incidence angle as are values for the maximum azimuthal

. variation. Dmx(ﬁ) and the corresponding inclination angle ﬂ(ﬁ) (Equations 4.7&8). The
prefix A isused to indicate inter-laboratory differences in results. The differences AS
between the corresponding & —values of laboratory XY and a reference laboratory
(usually Boras)

A5(6,4) =05(6,4,XY) - 5(6,4,REF) or AS
AS(6) 5(6,XY) - 5(8,REF)  or AS
A6 (6) 5,(6,XY) - 6,(8,REF) or AS,

6(XY) - §(REF)  [4.92]
&(XY) - 6(REF)  [4.9b]
3, (x7) - 5,(REF) 14.9d

are also listed in the tables. Another quantity indicative of reproducibility between
laboratories is the maximum A difference in 5,(6,4) to be found at a given incidence
angle, defined by

A, (0)=465,(6,4,)2A6,(6,4) forallg [4.10]
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The main intention here is to investigate the inter-laboratory differences to determine the
most reliable test methods. The comparison is based mainly on the following three

quantities
1. the azimuth averaged 1000 W absolute error d; (6)
2. Amx(ﬁ) according to Equation 4.10, mostly for 8 > 60°, and

3. £ the out-of-level angle corresponding to the azimuth variation, according to
Equations 4.7&8.

The agreement of the directional test results for two Jaboratories is considered good if their
differences A—S(B) are within the range that can be calculated from the essential limits of
experimental accuracy — an irradiance instability in the lamp of +0.2% and an incidence

angle inaccuracy of £0.1° — given in Table 4.1.3.2a.

Table 4.1.3.2a

e | 30° 40° 50° 60° 7O 80°

Ad(F)+% |03 035 04 05 07 12
AS()+Wm® |26 29 26 25 23 21

The corresponding absolute error AS, (9) ‘approximates to £2.5 Wm™ for all incidence
angles and is therefore a practical measure of consistency. Two laboratories subject to the
same essential limits should produce results that agree within this range. Based on this
and in order to simplify the comparison, three classes of agreement between laboratories

have been defined
good agreement (absolute deviations IAg} (9) | <2.5Wm™=forall &),
moderately good agreement (when, for all &, IAE: | <5 Wm™)and,

moderate agreement (when, for all &, IAE', | <10 Wm™).

Because the largest number of Task 9 pyranometers were tested in the BORAS series, these
results are generally used as the reference for AS and A8, The results available from
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DAVOS and TORONTO have poorer azimuth resolution than the others which limits the

scope of the comparison..

Appendix AA contains summary paragraphs on the results from each of the thirteen
pyranometers and similar summaries for each of the seven types of pyranometer. The
detailed results of the comparison can be read in these paragraphs.

The results are presented graphically as follows

Figures 4.1.3.1a-e; values of 3:(6) for groups of pyranometers

Figures 4.1.3.1f-i; the differences AE;(B) between laboratories
Figures 4.1.3.1j-m; Amx(ﬂ) between laboratories as defined by Equation 4.10

It will be noted that, while good agreement is evident in several cases, nearly all the plots
require a range of 40 Wm™ or more which indicates poor procedures in other cases.

Table 4.1.3.2 shows the largest inter-laboratory (BO-XY) differences A__ (9) in
measurements of the 1000 W2 absolute directionality ervor 5,(6, §) on the thirteen
pyranometers that were tested. In a few cases Hamburg data were the reference. The extent
of the agreement to the reference values is indicated by the three defined classes.
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Toronte and Davos laboratories with reference values from Boras

Table 4.1.3.2 Results of the comparisbn of IAE} (9)| values of the Delft, Hamburg, Vienna,

Fyranometer Laboratory
Type & No. Delft Hamburg Vienna Toronto Daves
CM10#810121 good agreement —_ - — —
CM10#810120 good agreement good agreement — - 1.0Wm2 {11.0)
CM10#810119 good agreement good agreement | 260 Wm'2 [20.0) — -
CM5 #773656 good agreement - — 17.0Wm(17.0) -
CM5 #785047 - 13.0Wm2 (95) - 18.0Wm™(18.0) 70Wm? (15.0)
CM5 #773942 — 85wWm? (0.5) 170Wm2(13.0) | 160Wm2 (150) | 69Wm2{100)
moder. agreement . moder. agreement
34Wm2(3.0)
PSP #20524F3 moderately good - — - -
agreement
PSP #20523F3 — 6.8Wm? (50) - - -
moder. agreement
PSP #17750F3 - 200Wm2 (17.0) | 230Wm? (210" | goodagreement* -
Schenk Star 32Wm?2 (2.0)
#2209 moderately good - - - —
agreement
Eko MS42 B2Wm? (8.0) - - - -
#31908 moder.. agreement
Swi. 5525#114 18.0 Wm2 (10.0) — - — -
Mid. EPQ7 #123 7.4Wm?2 (0.0
- — moder.. agreement - -

The degree of consistency between laboratories is indicated by "good agreement”, "moderately

good agreement” and "moderate agreement” if the absolute deviations IA5¢(9)| are within 2.5, 5.0
and 10.0 Wm™2 respectively. The figures outside and inside the parentheses indicate the maximum
IAS’:Iand IA&}(GO")] respectively. Figures marked by an asterisk indicate reference values from the

Hamburg dataset.
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4.1.3.2 Comparison of the results by laboratory

SP Boras
A low irradiance is used to give good beam homogeneity and also to minimise the
effects of tilt on non-linear effects. A 10 nV digital voltimeter is used to measure the
small signal and the offset is determined for each measurement value. The
pyranometers are not ventilated, but the infra-red component of the beam is removed by
a threshold filter. The mathematical Ieveﬂjng at @ = 70" should produce small values

- for . Thereading time is very short. Because the Boras data are taken as reference for
the comparative tests, it should be noted that:

o the values for 4, from BO are generally higher than those of the other laboratories

o the values for S at 70" or 60° are generally the lowest compared with those of the
other laboratories and

e in the case of PSP #17750 (see Table 4.1.3.1m or Figure 4.1.3.1¢) the values for &,

are exceptionally high, which suggests the reference values may be doubted; the
discrepancy could be related to the spectral properties of this instrument;
the &, (20°, ¢) values for CM5 #773992 (Figure 4.1.3.1b) are exceptionally low.

Kipp & Zonan, Delft
The beam irradiance of 250 W™ is at the border of the low irradiance test-level. The
homogeneity of the beam is only specified for 40 mm diameter, but for most of the
receivers the homogeneity within 25 mm is essential. The levelling is established
photométrica]ly at 60°. The reading time is short. The pyranometer is not ventilated.
The zero offset is only measured twice during each azimuth run. The &, -comparison
with the reference data yields:

¢ good agreement for CM10 and CM5

¢ moderately good agreement for the Schenk Star #2209

¢ moderate agreement for Eko MS42 #81908
In general the Kl-values are relatively lower than BO & HA. The value of £ varies with

@ much less in the KI-result than in the reference result, but the means are similar in
magnitude.
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MOH, Hamburg
The beam configuration has no critical specification, but does not allow pyranometers
with receiver diameters larger than 50 mm to be tested. The 100 nV resolution of the
digital voltmeter is helpful in making accurate measurements at large values of @. '
because of the low normal incidence irradiance of 180 Wm™. The pyranometer
ventilation improves the stability during the cosine error tests. The 2-minute cycle of
reading represents the longest reading time (as for Toronto) and corresponds to that
used in the outdoor calibration routine at MOH. The simple levelling procedure
supposes that the receiver plane is parallel to the top surface of the casing. The 9,
comparison with the reference data yields:

¢ good agreement for the two CM10 pyranometers tested
» moderately good agreement for one of the two PSP pyranometers tested

¢ moderate agreement for one of the two CM5 pyranometers tested {(good agreement if
0 = 409

Large deviations occur for the PSP #17750 but, in this case, the reference data of Boris
are of doubtful quality. In general, the §, values follow: BO > HA > KI > VI. For £, the
HA values usually exceed the reference values but no significant difference has been

found in testing CM10 pyranometers.

ZFMG, Vienna
The test technique is important because of the horizontal positioning of the
pyranometers and because the routine control requirements for Schenk Star
pyranometers allow large receivers to be tested. The beam configuration gives a
relatively high homogeneity over a diameter of 70 mm but there is a low irradiance
value (85 Wm )and relatively high divergence. The low signal strength necessitates
frequent measurement of the offset. The limited resclution of the digital voltmeter
inevitably contributes to a loss of precision in testing at larger angles of incidence,
especially if the pyranometer signal is small (e.g., for the CM10Q).

In the case of the EPO7 pyranometer, the J, values deviate from those of the HA by less

than 7.5 Wm™ (moderate agreement). The results for the other three tested

pyranometers are
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Ad, > 10 Wm™ for CM5 pyranometers, using BO values as reference
A, > 12 Wm™ for CM10 pyranometers, using BO values as reference
Ad, > 16 Wm™ for PSP #17750, using HA values as reference.

The fvalues are higher than the corresponding BO values and lower than the HA values.

NARC, Toronto ,
The applied test irradiance of 700 Wm™ approaches typical outdoor conditions but does
not yield an ideal cosine response because at high irradiances, the signal is influenced to
some extent by the effects of non-linearity and tilt (see § 2.4). The lack of homogeneity
(which is not quantified but probably significant at high irradiances) probably also
contributes to the uncertainty.

The results are only given for two or three azimuthal planes so values of §,have been
evaluated as a mean of only four or six single values. The values of 3(9) for the three
CMS5S pyranometers deviate greatly from the reference (TO<<BQ); the maximum values of
AJ, (approximately 17 Wim™) are nearly identical with the Ad,(60°). The similar
dependence on 6 of A4, (9) for all CM5 instruments (see Figure 4.1.3.1g) is remarkable
and suggests the existence of systematic errors. The Davos test results for instrument

~ CMS #785047 are within the same order of magnitude. In the case of the &, results for
PSP #17750 F3, the differences from the Hamburg values are quite small when 0 > 40°
meeting the good agreement criterion(see Figure 4.1.3.1h).

The values for £ are taken from the NARC table of data and are mostly higher than
those calculated by other laboratories. The small number of azimuth angles precludes a
detailed comparison.

WRC, Davos
High irradiance values which are greater than 500 Wim? (see remarks on NARC, Toronto,
above) are obtained by putting the pyranometers close to the xenon lamp. The
pyranometers are ventilated to minirmise warming. The inhomogeneity of the beam is
only specified for a diameter of 70 mm. The effect for pyranometers with much smaller
receiver surfaces cannot be estimated. Another source of uncertainty may be the
algorithm that determines the reading time from the stability of five samples within a
period of only one second (the resulting times are relatively short, see Table4.1.2a).
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According to the sets of single values for ¢ given in the IEA Task 3 report, the mean
values of 5(6') are only calculated from the data obtained from the "north” and "east"
azimuthal directions which limits the accuracy of the mean values.

In the case of two CM5 instruments, the deviations from the reference are, for one

pyranometer, comparable to those of the TO results. For the other instrument, the
AS,(6) are lower than 7 Wm'2 (see Figure 4.1.3.1g) and fulfil the moderate agreement
~conditions. In the case of one CM10 pyranometer, the deviations are about 10 Wm™?2.

4.1.4 Conclusions
a) Generally, the percentage mean cosine errors & of the different test laboratories deviate

absolutely from each other by less than 1.0% for incidence angles & up to 40°.

b) With regard to the agreement achieved in the values of the 1000 Wm™ absolute
directionality error 8, compared with the results of BORAS):

For all CM10 pyranometers tested, two laboratories (KI and HA) with low irradiance
test conditions, achieved &, results of good agreement. Consequently, the
differences in the test procedures of BO, KI, and HA (beam guality and spectrum;
reading time; ventilation; etc.) are not critical in the case of CM10 pyranometers, or
possibly are not revealed because of compensation effects. In the case of CM10
instruments, the cosine error is relatively small (see Figure 4.1.3.1a}.

The KI Laboratory also achieves good agreement for the CM5 and Schenk Star
pyranometers and a moderate agreement for the PSP and the Eko MS42 instruments.
Larger deviations have been observed in the results for the Swissteco pyranometer,
Apart from the latter, the &, results of the KI and BO test method are in good general
agreement.

The HA laboratory achieved moderate agreement for only one of the two CM5
pyranometers and moderately good agreement for one of the PSP instruments. A
comparison with the Kl results is not possible because only one CM10 pyranometer
has been tested by both laboratories.

Good agreement does not imply that the data are necessarily correct.

¢) The maximum deviations A_,_ between single values of &, (6, §) obtained from

different laboratories (determined at the same azimuth ¢ and incidence @ ) are less
than 5 Wm™? for the CM10 instruments. In the other cases of good agreement, A_, can
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d)

e)

be as much as 10 Wm™. The value A_, may be interpreted as the maximum of the

procedural and operational uncertainty if single values of cosine errors are considered.

The inter-laboratory differences in the measurement of the out-of-level angle £ arein
the order of 0.1°. For CM10 pyranometers, the smallest values are in the mathematically
-levelled BO data. The values of 8 (9) generally vary up to 0.5° and are sometimes
higher but not less stable.

The number of instruments calibrated indoors is too small to draw reliable statistical

conchusions from the indoor tests,

The following investigations should be undertaken to identify the causes of the
discrepancies in the directionality measurements:

e comparison of the laboratory results (especially the reference values) with the
corresponding outdoor test results from Norrkoéping and Toronto,

¢ further cosine error tests of PSP and CM5 pyranometers to complete the content of
Table 4.1.4 and re-testing of PSP #17750 F3 from Boras

» laboratory investigation of how the measurement of directionality is influenced by:
polarisation, homogeneity and the spectrum of the beam; sampling procedures and
the ventilation of the pyranometer

e cosine error tests under the best conditions (e.g., with ventilated pyranometer and
longer reading time in Boras; by use of better digital voltmeter and zero reading
after each angle adjustment, or by improvement of lamp stability, in other
laboratories. It may be noted that later tests done at Boras indicated that the voltage
resolution rather than reading time or ventilation was the limiting factor in the
earlier Boras measurements).
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4.2 Field Measurements

Several field investigations were performed by Subtask 9C or in association with it. Their
calibration results are contained in §8 where discrepancies between different institutions are
examined. Two field experiments are described in detail here and results are given either in

the main text or appendices.

4.2.1 Norrkoping experiment - directional response determined by field measurement
The field experiment at Norrképping (58.6°N, 16.1°E) to measure directicnal response began
in April 1984 and continued until the end of 1985. Pyranometers were tested in the
horizontal and 45° tilted orientation. The six IEA instruments were:

Swissteco S525 #113A,
Schenk-1626,

Kipp and Zonen CM10 #810120,
Kipp and Zonen CM5 #785047,
Eppley PSP #20523,

Eko MS42 #A81901.

4.2.1.1 Instrumentation

As reference for horizontal measurements, the sum of the direct and diffuse components
was used [-sink +.) measured with the Eppley NIP #17007 and Kipp and Zonen

CM10 #810132, respectively. The latter instrument was shaded with a sun-following disc.
To check the reliability of the reference system, the standard pyranometer CM10 #800080,
belonging to SMHI and characterised by frequent calibrations against Angstrém
pyrheliometer #171, was included in the group to be investigated. Instrument

CM10 #800080 has also been used as an ultimate reference when determining the
responsivities of pyranometers at the solar elevation 35° the angle of incidence 55° and at

normal incidence.

Measurements were made with the pyranometers at an inclination of 45° between August
and November 1985. The diffuse radiation was measured with a tilted pyranometer shaded
with a sun-following disc. First the pyranometers were oriented towards the south (azimuth
180°), but in mid-September the orientation was changed to south-west (azimuth 230.5°).
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During the period when the pyranometers faced south, the reference consisted of Eppley
NIP #20918 and Kipp and Zonen CM10 #820133. During the last period NIP #17007 was

again used.

The test pyranometers were not radiometrically levelled. The resolution of the HP3455A
digital voltmeter of the data acquisition system is 1.0 uV.

4.2.1.2 The Reference Instruments

The calibration factor, which is the reciprocal of responsivity, of NIP #17007 was determined
as 122.28 Wm™ mV-1 based on 124 calibrations against A 171. The pyrheliometer,

NIP #20918, which was used temporarily during the first half of the tilt measurement, was
calibrated against A 171 with a calibration factor determined as 119.49 Wm™= mV-!,

Measurements of diffuse radiation were all referenced to CM10 800080, the standard
pyranometer at SMHI, A calibration factor for CM10 #800080, valid for diffuse radiation,
was calculated as the weighted mean of all calibrations done against A 171 with solar
elevations above 20°, the weights being derived from the assumption that diffuse radiation
is isotropic. The value so obtained for diffuse radiation, 164.12 Wm™ mV-! deviates very
little from that in regular use, 164.35 Wm™= mV-1,

The pyranometer used for measuring diffuse radiation on a horizontal surface,

CM10 #810132, was compared with the reference instrument, CM10 #800080, for 803 hours
with completely overcast sky. Correction was made for the offset signals, the diffuse
calibration for the reference was used and it was assumed that the influence of the shading
disc was negligible. The comparison resulted in the calibration factor 218.58 Wm™2 mV-1 for
CM10 #810132.

The reference pyranometer for measuring diffuse radiation on tilted surfaces,

CM10 #820133, was calibrated by comparison with CM10 #800080 using hourly mean
values with solar elevation approximately 35° during a 35-day period in April and May,
1985. The result for CM10 #820133 was determined as 211.37 Wm™2 mV-1.

4.2.1.3 Evaluation

Raw data from instruments tested in the horizontal position were evaluated using offset
corrections and preliminary calibrations for the IEA pyranometers at a solar elevation of 35°.
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The latter were derived from the early results of the comparison and are listed in
Table 4.2.1.4e. No temperature corrections were made.

The evaluation has been extended to give the cosine response for the direct component so as
to be more easily compared with results from laboratory investigaticns and outdoor
calibrations with the alternating shade method. Fdr this purpose, the calibration factors
valid for diffuse radiation were determined by comparison with the standard pyranometer,
CM10 #800080, for 507 hours under overcast conditions in the period from March to
November, 1984. The mean temperature during the comparison was 10.3 C. The
respdnsivities are listed in Table 4.2.1.4e.

The cosine response & which is defined here as the responsivity at a given solar elevation

divided by the value at 35°, is computed fron:

e V b C3 52
Og = m for the global radiation [4.11]
- V-D/C,)C,m
o, = ( 7 /Si::]z 3 for the direct component [4.12]
where
V = signal from the pyranometer in millivolts,
D = diffuse radiation measured with the reference pyranometer
h = solar elevation
Co = calibration constant for diffuse radiation,
Cis = calibration constant for global radiation at /#=35°,
I.sinh = vertical component of direct radiation measured by

the reference pyrheliometer.

Several approximations and simplifications have been made when trying to separate the
cosine response from the direct component. No temperature corrections have been applied
which may lead to large errors in the difference V—D/C, at low solar elevations when the
diffuse radiation constitutes the major part of the global radiation. The assumption of
isotropy may have the same effect. The offset corrections have been determined from the
offset values found during night hours using the assumption that the cooling of the glass
domes of the pyranometers by radiation loss to the clear sky is the same as during the
daytime and can be added or subtracted from the output of the instruments (see §6.7).
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Also, the normalisation in equation 4.12 should be against the responsivity at 2 =35° for
direct not global radiation.

4.2.1.4 Presentation of results
Tables 4.2.1.4a&b show the cosine response of pyranometers in the horizontal position for
global and direct radiation, respectively.

Table 4.2.1.4¢c shows the cosine response of pyranometers inclined at 45°. Cases with

increasing and decreasing angle of incidence are separated. The mean temperatures at angle
of incidence 55° and for all incidence angles are given in Table 4.2.1.4d.

Benchmark responsivities for horizontal measurements at h = 35°, BMHO, for tilted
measurements at i = 55° BMTO, and at near normal incidence, BMTN, have been calculated
from Tables 4.2.1.4a-d. The BMHO values are in Table 4.2.1.4e and BMTO and BMTN values
in Table 4.2.1.4f. A correction of 0.2%, which arises from the normalisation of the cosine
response of the reference instrument CM10 #800080, is included in these values.

Figures 4.2.1.4a-g show the cosine response for individual instruments which are

summarised belbw.

4.2.1.5 Review of results for each instrument.

5525 #113A
Responsivity decreases strongly with decreasing solar elevation and increasing incidence
angle with the pyranometer in horizontal and tilted position respectively. The reason for
the difference between forenoon and afternoon values is not clear (Figure 4.2.1.4a].

CM5 #785047
Responsivity is approximately independent of solar elevation and incidence angle in the
interval h = 10°-50° and i = 5°-80° respectively. At lower solar elevations and larger

incidence angles the responsivity increases strongly (Figure 4.2.1.4b),
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Table 4.2.1.4a Cosine response: global radiation on horizontal surface.

Soler Evation — Degrees

Pyranometet 25 5 10 18 20 ® 30 3 40 45 50
SS25#113A am m | 0812 0857 0929 0545 0858 0971 0580 0388 0884 1003 099
s f 0072 0045 0024 0018 0015 0011 0008  0.009 001f 0008 0.006
n 7 10 2 21 19 18 7 14 14 12 3
pm m | 0884 0943 097 0586 09% 1008 1010 1043 1017 1018 1013
s | 0065 0048 002 0015 0013 0012 0010 0.009 0008 0007 0010
n 9 10 20 20 i} 18 7 7 6 15 4
CMG #785047 am m | 1086 1035  £013 1007 1008 1007 1004 1003 1001 1003 1.000
s | 0047 004t 0018 0016 0012 0007 0006 0006 0007 0003 0004
n 7 10 19 2 19 18 7 14 14 H 3
pm m | 1065 1047 1017 1017 1009 4008 1005 1004 - 1005 {004 1003
s | 0035 0042 0022 0014 0012 0008 0008 0007 0006 0005 0007
n 6 -8 19 20 i) 18 17 17 ® - 15 4
EKO #AB1801 em m | 1057 0988 0982 0882 (0883 0986 0989  0.89% 1001 1008 1016
s | 0093 0045 00m 0023 0020 0017 0018 0015 0014 0012 0004
n 7 1" 0 b4l 19 18 17 14 14 12 2
pm m | 0972 0890 1009 1017 1015 1012 1011 1.014 1016 15 1019
s | 004 003 0012 0010 0012 0011 Q012 0014 0012 001 0010
n 10 1" 20 2 2 18 17 17 16 15 4
CM10#810120 am m | 1034 1013 0896 0885 09594 0598 1.00 1.003 1006 1008 1005
s | 0044 003 0015 0013 001 0008 0007 0007 0008 0006 0007
n 7 10 20 2 19 18 7 14 14 11 3
pm m | 0999 088% 0987 0995 0998 1002 1005 1.009 1013 1015 1013
s | 0050 0051 o00i7 0012 0D 0008 0008 0007 0007 0007 0007
n 6 7 20 20 2 18 17 17 16 15 4
CM10 #800080 am. m | 1038 - 1020 098 05979 0581 0986 058 0994 099 1001  1.000
s | 0063 003 003 0060 0010 0008 0006 0006 0006 0006 0.000
n 7 10 ! 2 19 18 16 13 14 12 2
pn  m | 1019 1008 0938 0985 0957 0593 0887 1.001 1004 1004 1.005
s | 0037 0018 0014 0008 0006 0006 0006 0005 0005 0008 0.006
n 7 9 A pa o 18 17 17 14 15 4
SCH #1626 sm m | 1038 1008 1010 1006 1000 1001 0998 0886 09% 08M 0986
s | 0055 0047 0019 0013 0009 0008 0006 0006 0008 00M 0003
n 7 10 2 2 18 1] 17 14 14 1 3
pm m | 0884 0981 1006 1011 1009 1009 1006 1.000 09%6 0992 0987
s | 005 0043 0021 0012 0009 0006 0005  0.005 0004 0004 0003
n € 8 20 2 20 18 7 17 1% 1% 4
PSP #20523 an m | 0397 0§70 0%83 0387 1006 100 1001 1.006 1011 1016 1.019
s 0055 0036 0018 . 0015 0014 0010 0008 0007 0007 0008 0.005
n 7 13 20 2 19 18 17 % 14 12 3
pm m | 0831 0916 095 0973 087 0997 0998 1005 1011 1016 1.018
E 0023 0054 002 0014 0010 0009 0008 0007 0006 0005 0008
‘n 4 8 20 2 A 18 7 7 16 15 4
Temp. C am +94 +.8 1.7 +85 +06 10 #4120 #4132 42  +48 81
pm 38 #1337 #56  +i62  #6E  +172  +75 H76 H74 H74 0 4202
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Table 4.2.1.4b Cosine response: direct component on horizontal surface,

Solar Elevation — Degrees

Pyranometer 25 5 10 15 2 - 30 35 40 45 50
S5S25 #1134 am m | 0661 0720 0841 088 0923 0947 0962 0.974 0984 0885  05%0
s ] 028 0034 0048 0038 0027, 0015 0018 0.012 0014 0010 0002
n 7 10 20 2 18 18 17 14 14 12 o2
pm m | 0585 Q681 0836 0849 0973 08587 1000 1.008 1.012 1.013 1.008
s | 0283 0164 0057 0028  0.021 0018 0.014 0.012 0010 0009 0010
n 7 9 20 2 20 8 17 17 16 15 4
CMS5 #785047 am m | 1176 1022 0995 053 0995 0934 09 0.995 0832 0835 0994
s [ 0205 0034 003t 0023 0018 0015 0010 0.006 0008 0006 0.004
n & 9 19 ral 19 19 17 1 4 12 3
pn m | 1241 1048 0999 4005 0597 0997 0944 0.985 09897  0.5%  0.9%
s | 020 0128 0045 0023 0015 0012 0010 0.008 0007 0006 Q.00
R & 7 19 2 20 18 17 7 6 15 4
EKO #AB1904 am m | 1184 0506 0818 0844 0852  0.961 0.970 0.981 0587 0998 1.012
s | 0384 0121 0064 0039 0033 0028 0024 0.020 0018 0016 0.003
n 7 i 2 2t 19 18 t 14 14 12 3
pm m | 0546 D82% 0962 0994 0897 099% 0998 1.001 1005 1.006 1.012
s | 027 0453 0040 0018 0016 0013  0.014 0.013 0015 0012 0010
n 10 1 20 2 20 18 17 17 16 15 4
CMI0#810120 an m | 1081 1002 0977 0982 0984  09% 0995 0.999 1.003 1.008 1.003
s | 0119 0073 0029 002 0016 OG0 0010 0.008 0010 0006 0008
n 7 10 20 20 19 7 17 14 14 12 3
pm m | 0932 082r 0854 0980 09590 0596  1.002 1.007 1.012 105 1013
s | 0.306 0181 0042 002t 0016 0041 0.010 0.008 0008 0008  0.008
n 5 & 2 20 20 18 17 17 16 15 4
CMI0#800050 am m | 1106 1034 0875 0967 0971 0.981 0.887 0.932 0997  1.001 1.000
s | 0183 0066 0023 07 0014 0012 0.008 0.007 0008 0007 0001
n 7 1 20 2 18 18 16 13 14 12 2
pm-m | 1001 1031 0973 0974 0980 0888 0895 1.000 1.006 1005 1.005
s| 0329 0073 0033 0014 0008 0008 0008 0.007 0006 0010 0007
n 7 9 20 2 20 18 17 17 14 15 4
SCH #1626 em m | 147 0889 0995 09% 0989 0992 058 0.989 0988 098 0980
s | 031 0125 002 0020 003 0010 0009 0.007 0003 4004 0003
n 7 10 20 21 19 18 7 4 14 12 3
pm m | 081 0856 0384 1,001 1.001 1002 0999 0.593 0883 0834 0978
s | 0218 0140 0042 0021 0015 0010 0.008 0.007 6006 0006 0003
n 7 8 2 20 2 - 18 17 7 16 15 4
PSP #20523 am m | 0837 0807 0840 0960 084 0889 0.991 0.999 1.008 1012 1.017
s | 0147 0078 0037 0028 002 0015 0043 0010 0009 0008 0005 .
n 7 1 2 2 19 18 17 14 14 12 3
pm m | 0465 0584  0B60 0931 0979 0882 0987 0.997 1.006 1.2 1.015
s | 018 0272 0057 0027 0018 0.013 0.o1 0.008 0007 0006 0008
n 4 8 2 2 20 18 17 17 16 15 4
Temp. C am +9.4 +1.8 .7 +85 455 +H10  +20 +32 +142  +i48 +18.1
pm +39 +#37 #1585  +16. 2 +166  +72  H7S +7.6 +17.4  +7T4 4202
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Table 4.2.1.4.e Horizontal surface. Responsivities (uV-W-1 m?) referred to
CM10-800080 at solar elevation 35° and for diffuse radiation.

Responsivity Preliminary Responsivity  Responsivity

Pyranometer Responsivity ' Global

Make & No Diffuse Global Direct BMHC
SS25#113A 15.85 15.27 15.17 15.33
CMS #785047 12.19 11.77 11.74 11.84
Eko #A81901 8.35 7.95 7.90 8.00
CM10#810120 458 451 436 455
CM10 # 800080 6.09 6.08 6.07 6.08
SCH# 1626 15.00 14.63 1453 14.63
PSP #20523 10.05 9.73 9.73 9.81

Eko #A81901

There is a large difference between forencon and afternoon values of the responsivity
for the pyranometer in the horizontal position while the difference between the
corresponding values for the tilted pyranometer is negligible. The responsivity of the
horizontal pyranometer decreases with decreasing solar elevation to about 10°. At
lower elevations the values are uncertain. For the tilted pyranometer, the responsivity
decreases with increasing incidence angle to about 70° and increases at greater angles

Table 4.2.1.4f Inclination 45°. Responsivities (uV-W-1 m?2)

at 55° incidence angle and at normal incidence.

Responsivity ~ Responsivity ~ Responsivity
Pyranometer || i=55°, Direct i=55° Global  Nomal incidence

Make & No BMTO BMTN
8S25#113A 15,25 15.13 15.41
CMS #785047 11.87 11.80 1173
Eko #A81901 7.79 7.70 7.93
CM10 #310120 454 452 457
CM10 #300080 6.09 6.09 6.11
SCH #1626 14.27 14.14 13.94
PSP #20523 9.68 9.68 995

(Figure 4.2.1.4c¢).
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CM10 #800080
Responsivity decreases with decreasing solar elevation and increasing incidence angle
for the horizontal and tilted pyranometers, respectively. A minimum is reached at
h=15°20° and i = 75°-80°. At lower solar elevations and larger incidence angles, the

responsivity increases markedly (Figure 4.2.1.4d).

Schenk #1626
This is the only insttument in the test that shows increasing responsivity with
decreasing solar elevation and increasing incidence angle, respectively. At solar
elevations less than 5-10°, and incidence angles greafer than 80-85°, the uncertainty of
the values does not aliow any conclusions concerning the reasons for this anomalous

response (Figure 4.2.1.4e).

PSP #20523
A pronounced decrease in the responsivity with decreasing solar elevation and
increasing incidence angle is evident. The difference between responsivities associated
with decreasing and increasing incidence angles may be caused by an error in the
orientation of the tilted pyranometer (Figure 4.2.1.4f).

CM10 #810120 _
Responsivity of the horizontal pyfanometer decreases slightly with decreasing solar
elevation for global radiation. The decrease for direct radiation is more pronounced
and has a minimum at 15°-20° (disregarding the afternoon values for low solar
elevations). The large difference between decreasing and increasing incidence angle
for the tilted pyranometer may be due to an error in the orientation (Figure 4.2.1.4g).

4.2.1.6 Estimation Of Errors

Errors from the offset signals, from misalignment of the pyranometers and from incorrect
responsivities in the reference instruments contribute to the uncertainty of field
directionality measurements. The effects of a 1.0 Wm2 offset error, misalignments of
0.2°, 0.5° and 1.0° and 1.0% and 2.0% errors in the reference measurements have been
calculated and are shown in Tables 4.2.1.5a,b&c. These calculations used mean values of
the global, diffuse and direct radiation from the duration of the experiment.
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Table 4.2.1.5a percentage errors from a 1.0 Wm2 error in offset correction

Global on Directon  Globaton Directon
Horizontal  Horizontal Tilted Tilted
an pm am pm am pm am pm
% % % % % % % %

h=25° i=g76° || 33 56 91 333 14 4.2
h=5.0° i=850¢ || 1.6 23 34 67 15 12 27 29
h=10.0° i=800° )| 07 09 13 8 07 08 10 14
h=350° i=550° |} 02 02 02 02 02 02 02 02

Table 4.2.1.5b percentage errors from misaligning the tested pyranometers

~ Emorg.2° Ermror 0.5° Error 1.0°
Global  Direct Global Direct  Global  Direct
% % % % % %

h=25° i=875°| f4-22 80 3457 20 69115 400
h=50° i=850°] 1523 40 36568 .100 73116 200
h=100° i=800° 1114 20 2634 49 5369 9.9
h=350° i=550° 04 05 1014 12 19-2.2 25

Table 4.2.1.5¢ percentage errors from incorrect calibration of the reference instruments

2% Emorin D 1% Emorin |

Global Direct Globa!  Direct
% % % %
h=25° 8=875| 1317 35107 0.204 1
h=5.0° g=85 | 0813 1939 0.305 1
h=10.0° 6=80° [ 06-1.0 0819 0507 1
h=35.0° @=55 0304 0.30.7 0.8-0.9 1
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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SS25-13A Global on tilted Az 180°
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations.
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CM5-785047 Global on tilted Az 180"
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Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4c: Cosine response.
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EKO-A 8901 Global on tilted Az 180°
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Figure 4.2.1.4c: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4c: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4d: Cosine response. The vertical bars are standard deviations.
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CM10-810120 Directon tilted Az 180"
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Figure 4.2.1.4d+g Cosineresponse. The vertical bars are standard deviations.
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Figure 4.2.1.4g: Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4¢; Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4e: Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4f: Cosine response. The vertical bars-are standard deviations.
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Figure 4.2.1.4f: Cosine response. The vertical bars are standard deviations.
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PSP - 20523 Direct on tilted Az 180°
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Figure 4.2.1.4f: Cosine response. The vertical bars are standard deviations,
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4.2.2 Toronto experiment: directional response determined by field measurement
Twenty six of the IEA pyranometers were subjected to field tests in Toronto. These
pyranometers with some others belonging to NARC and some pyrgeometers were exposed
on the AES facility during period of about twenty months in 1983-84, not all of them for
the whole duration. All the field calibrations are based on the Canadian reference Hickey-
Frieden cavity radiometer HF#18747. The data from all the pyranometers have been
analysed to provide a variety of calibrations and characterisations. These include
benchmark calibrations, which are examined in Chapter 8. The main subject of this
section is the determination of the directional response of pyranometers both in the
horizontal and 45°-tilted orientations. In addition, the data obtained at night have been
used to study the behaviour of the offset signals as reported in Chapter 6.

4.2.2.1 Deployment of radiometers.

Four computer contrelled solar trackers were operated at the AES roof during the IEA test.
Three of these were mounted in the usual manner with the main axis vertical. The first
tracker was used for Normal Incidence Pyrheliometers(NIPs) and for the cavity radiometer.
The NIPs were present at all times; the cavity radiometer was deployed only on days when
rain was not anticipated. The second tracker carried a CM10 pyranometer and an Eppley
PIR pyrgeometer each with an 11 am shading disc at a distance of approximately 1.1 m.
The discs shaded the pyranometer and pyrgeometer from the sun for most of the
experiment; on a few days they were operated in a 10-minute on, 10-minute off
alternating shade sequence. The third tracker carried up to three pyranometers so that
they were permanently normal to the solar beam. One of these was usually shaded by a
disc which was sometimes operated in the alternating on/off manner. The fourth tracker
was installed tilted 45° in a direction 22° east of south. A CM10 pyranometer was
mounted on this tracker with a similar shading disc so that it measured the diffuse
component of the 45°-slope irradiance. Like the horizontally mounted shaded
pyranometer and the shaded normal incidence one, this pyranometer was also subjected
to the intermittent shading sequence for several sh_ort periods each lasting for a few days.

Most of the pyranometers were mounted on two tables at the southern edge of the roof.
These tables were constructed so that they could be tilted by precisely 45°. When, the
tables were tilted, which was for about 40% of the experiment, théir field of view
comprised only the sky and part of the ground that was at least 50 m away and fairly
uniform. The furthest pyranometers were about 5 m apart and it is believed that the
incident radiation was identical for all of them.
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The pyranometer mounted on the tilted tracker was between the two tables and had the

same field of view.

Most of the pyranometers and the pyrgeometers were enclosed in the NARC ventilated
housing which is described in Chapter 6.

4.2,.2.2 Data acquisition and control

The data acquisition system comprised a 60-channel reed-relay multiplexer and a 6% digit
voltmeter. These were cont'rolled'by a desktop computer. The sampling rate was once per
12 seconds; 1-minute averages were computed and stored on 9-track tape. Each tape
contajnqd about two months of data. Forty five of the sixty channels were used for
voltage measurements; the remaining fifteen were used for measuring the resistance of
various thermisters, including one which measured air temperature. The cavity
radiometer was controlled by the same computer. It was self-calibrated and zeroed
during a seven-minute period every 30 minutes.

" 4.2.2.3 Preparatory Analysis

A number of procedures were done prior to the investigation of directionality.

The first task was to calibrate the pyrheliometers against the cavity radiometer and to
examine their stability. This work is described in the report of the Norrkoping

- Symposium. It was established that the root mean square difference between NIP and
cavity radiometer values was 3-5Wm™. This was considered good enough to use the NIPs
for the reference for the pyranometer calibrations. However, in some cases it was decided
as well to use the cavity radiometer directly; unfortunately, the amount of data available
with the cavity radiometer is much less because of its limited deployment.

The three CM10 pyranometers that measured horizontal diffuse, tilted diffuse and the
diffuse centred in the solar direction were first calibrated. This was done both by the
Alternating Shade Method(ASM), which is described in detail in Appendix BB, and by the
Simuitaneous Diffuse and Global Method (SDGM). On the basis of the results of these
methods, a responsivity for diffuse radiation was chosen for each of these three

pyranometers.
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Figure 4.2.2.3a illustrates results from the ASM obtained during a two-month period on
the tilted diffuse pyranometer. There are 280 points each obtained from one 20-minute
cycle. Three outlying points may be the result of tracking malfunction. Nearly all the
other points (259) are within a two percent range. Because of the 45'-tilt, there is some
data quite close to normal incidence, and in the whole range & <80° , there is little

evidence of directional error on this CM10.

Figure 4.2.2.3b illustrates a calibration by the SDGM. These data are ten-minute averages

accumulated over a two-month period. Three instruments are involved, the reference NIP
measuring the normal incidence radiation (I ) , the shaded pyranometer measuring the

diffuse radiation (D) and another pyranometer measuring the global radiation (G) .

Defining the pyrheliometer and pyranometer responsivities as R,, , R, and R; respectively

and the signals from the three as JV},, ¥, and V5 , the ordinate of the plotis ¥ /J, and

the abscissais ¥, -cosf/¥, . On the assumption the three instruments are perfect in the

sense that I, = R; -G etc., and because G=D+1-cos#, it follows that there is a linear |

relation between the two variables and that its gradient is —~R;,/ R, ; also that the two

intercepts are R, /R; and R, /R;. |
w _ R + R, Vy-cosé

4.
Vs R, R, (4.13]

The SDGM was used only to derive the responsivity of the diffuse instruments from the
NIP via the gradient. The respbnsivity of the global pyranometer is better evaluated from
the same data by the more obvious Component Summation Method, described later, which
was the basic method used in the Norrkoping experiment (§4.2.1).

The tightness of the plot and the straightness of the line in Figure 4.2.2,3b give at least a
qualitative justification of the assumptions for these two pyranometers and the SDGM.
The points which are far away from the line arise from tracking errors either of the NIP or
the shading disc, and have to be rejected in the analysis. The eight values obtained for
this and seven other two-month periods over the 20-month duration have an estimated
standard deviation of about 0.8% and agree with the values obtained by the ASM. The
method therefore, for these instruments at least, is a valid alternative to the ASM. Itis
particularly useful since, unlike the ASM, it does not interrupt the measurements and does
not require the extra mechanism of alternating shading. It probably does not work so well
with pyranometers that have larger directionality errors than these CM10s.
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With the calibrations for the NiPs and the diffuse instruments established, an accurate
reference measurement of global radiation becomes available throughout most of the
dataset. Using such a reference measurement to evaluate the responsivity of another
pyranometer to global radiation is often called the Component Summation Method (CSM).
In principle this could have been used to evaluate the responsivities for global radiation
for all the other instruments; in practice it was done only for three, two of which were
chosen because they appeared to have very little directionality error. These were two
CM10s, one mounted on each of the tiltable tables. Figures 4.2.2.3c shows the calibration
data for one of these when it was in the horizontal orientation. Figure 4.2.2.3d shows the
calibration of the same pyranometer in the tilted orientation. The ordinate is the
responsivity evaluated as the output voltage divided by the global radiation measured as
the sum of the direct and diffuse components. These pyranometers were designated as
reference instruments for both global and tilted global radiation.

The responsivities for global radiation for the remaining pyranometers were calculated
from their output voltages divided by the voltage from one of the reference global
instruments. Benchmark responsivities were calculated by restricting the data to
conditions that approximated the defined benchmark conditions, and extrapolating as
required (Chapter 8). A condensed description of the derivation of these results and the
results themselves are in Appendix BB.

4.2.2.4 Directionality analysis
A large amount of data on the directionality of response to global radiation could be
presented but it would be of little value because global radiation can be anything from

isotropic to 90% direct beam radiation. Such data would not be comparable with
laboratory measurements of & (9, ¢) which refer to unidirectional incident radiation.

Therefore an analysis was devised, similar to that used on the Norrképing data, to
calculate the response to direct beam radiation. It is described here and has been used for

most of the pyranometers.

The method is based on the assumption that the responsivity of the tested pyranometer to
diffuse radiation R, , is constant. Also it requires measurements of both global and

diffuse radiation from other instruments. With this assumption, the signal from the
tested pyranometer can be written as:
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v = R,-D+R(6)-(G-D) _ [4.14]

so that directional response of the tested pyranometer is

V-R,-D
G-D [4.15]

R(6) =
The data for D and G come from one of the diffuse shaded pyranometers and one of the
reference global instruments. They are assumed to have negligible directional error.

The result of using this algorithm depends on the value chosen for K, which should itself
‘be a weighted mean R(G) over the hemisphere. In this application, the data is not

available over the whole range of 0<6<90° so an exact solution cannot be found. However,
about half of the diffuse radiation originates in the range 30°<6<60° over which data is
usually available. With this in mind, R, values were chosen, by successive
approximations, so that they were the mean of the computed R(&) in the 30-60° range. It

is important to note that a change in R, produces a much smaller change in R(B) than in
the difference between R, and the mean of R(G) which is the quantity by which &, is

chosen. The ratio of these changes is D/ G . The data are selected for high direct to

global ratios according to the criterion shown in Figure 4.2.2.4a. This resultsintheD/G
ratio always being less than 0.5 within 30°<6<60°. Consequently, the selection of R, is
not a major source of error in R(G) .

Results of this analysis for two pyranometers are shown in the top panels of

Figures 4.2.2.4a,b. As shown in the legends, corrections to the two pyranometer voltages
have been made for the dark (offset) signals. The ordinate is chosen to show the
fractional departure of the responsivity from some arbitrary value, which can be deduced
from the term *-In(1.480)” in the ordinate legend of Figure 4.2.2.4a. The centre line
represents 1.48 times the responsivity of the reference (CM10 #810166, R=4.68). The
graph is comparable to the usual plot of direction errors (cosine plots), but it is not
-normalised. Results like Figure 4.2.2.4 from most of the other pyranometers are in
Appendix CC.
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4.2.2.5 1000 Wm2 directional errors

The 1000 Wm'? absolute directional error has been introduced in section 4.1.1,as & r(6’) ,
defined by equation 4.5. The verbal definition is: the error, when measuring a 1000 Wm?
irradiance from a single direction, caused by using the normal incidence responsivity

instead of the responsivity specific to that direction.

Because the direct solar beam is never much more than 1000 Wm?, the range of & , values

gives an approximate upper limit to the error that might occur in outdoor usage owing to
the directionality of the pyranometer response. For this reason, and others, it may be
preferred to the traditional percentage or fractional variation of responsivity 5(9,¢) used

in the previous section. The full mathematical deﬁx_ﬂﬁon. following ISO 9060 (1990E), is:

5(6.4) = 1ooo-cos(9)-R(9’¢)“R(9=°)

R(6=0)

[4.16]

Since azimuth variation is ignored in the NARC field analysis, the definition that will be

used here is:

R(6)- R(6=0)

R( 9=0) [4.17]

g':(‘9) = 1000-cos(8)-

A value for R( 9=0) is required to calculate &, . This presents no problem for laboratory
data, but here there are no data near normal incidence in the horizontal orientation and
not many for the tilted orientation. The values used for this analysis are estimates based
on the R(G) data available for the lowest §. This is essentially filling in the gap in the
4.2.2.4 Figures. The results are shown in the lower panels of the Figures and in

Appendix CC. In the legend on each plot the R(G:O) value that has been used is specified
by the "normal incidence adjustment”. It means, in the case of Figure 4.2.2.4b, that:

R(6=0) = Ry 1480- exp (n.i.adj) [4.18]

These adjustments range from -2.0% to + 3.5%.

92




4.2.2.6. Discussion of results -

~ The potential accuracy of these field results is the first subject that needs to be addressed.
It is well-known that two good pyranometers of the same type, mounted side-by-side and
using the same data acquisition system can give impressive agreement. When the NARC
field measurements are compared against each other in this manner the rms scatter for
the ten-minute averages is often as low as 3 Wm2 for several thousand observations over
a two-month period. This 3 Wm value can be regarded as noise in the basic signal. The

. measurement uncertainty cannot be less than this.

Of greater relevance to measurement uncertainty are the determinations of Benchmark
Responsivities in the NARC experiment. These were done over a total two-year period in
several two-month intervals (described in Appendix AA with the results listed in the first
four tables of Appendix BB).

The temporal stability of a Benchmark calibration is an important statistic. For example,
the calibration from the first two months could be used to calculate the irradiance during
the remaining months and the measurements assessed to determine how closely they fit
the reference. The reference used for the NARC Benchmarks were the measurements

made with the NIP and the shaded pyranometers and the first calibration was done on an
Eppley PSP. Eight respdnsivities for BMHO were obtained in this manner, called the "direct
method" (also CSM). About 1000 data points throughout the two-year period were used,
corresponding to conditions similar to BMHO (i.e. solar elevation around 35 degrees and
irradiance around 600 Wm2). The spread was 1.1% in the sample of eight with a standard
deviation of 0.4%, equivalent to 2.4 Wm2. The typical scatter of the individual ten-minute
readings in each two-month period was, as above, about 3 Wm2. Disregarding the
contribution from the reference, the single pyranometer measurements therefore appear
to have an rms uncertainty of about 5 Wm2. All the other pyranometers were assigned
Benchmarks by using the calibrated PSP as the reference in place of the direct and diffuse
combination. The results of this method are called "Relative Benchmarks” in

Appendix AA. The reproducibility for some of the tested instruments was as good as
those given by the direct method. '

In summary, the internal reproducibility of the measurements in the NARC experiments
appears to be below the 10 Wm2 rms level for the ten-minute averages throughout the
two-year period. In view of this, the level of discrepancy between institutes' Benchmarks,
analysed in Chapter §, is surprisingly large in most cases.
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The results for the directionality in general show the same features as those of laboratory
measurements. A good example can be seen for the Eppley PSP on page 3, Appendix CC.
The scatter of the points in these curves is generally less for the instruments with lower
directional errors. Some of the curves show evidence of misalignment.

The NARC field results on three CM5s, like the Norrkoping field data on CM5 #775047,
are different from the laboratory data on the same instruments. The field data do not
generally show the decline in respbnsivity from € = 30° to &=60" that is shown in most
of the laboratory data (Figure 4.1.3.1b versus pp15-21 &58-61 in Appendix CC and
Figure 4.2.1.4b). The difference may be caused by the non-linearity and azimuth
dependence of the CM5 fortuitously compensating for the effects of the mean directional
€rTor 3‘((9) . However, this interpretation has not been tested by detailed analysis. _

The 1000 Wm2 directional error plots indicate that several of the CM10s are within the
10 Wm—21S0O 9060 criterion for a secondary standard reference pyranometer. In general,
the PSPs are at 15 Wm2, as are some CM5s. There are very few measurements with the
error exceeding 40 Wm2.
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Chapter 5. Signal Delay, Temperature, Non-Linearity,
Instrument Tilt and Spectral Effects

5.1 Introduction

Pyranometers are simple insouments. Nevertheless, in actual use, they respond to many
facets of their environment in ways, not necessarily simple, that modify the output signals.
These changes are not readily distinguished from the desired output from solar irradiance

alone.

This chapter addresses the speed with which pyranometers respond to radiation and their
responses to a number of influences, specifically: temperature and its rate of change, non-
linearity, tilt, spectral response and other interfering phenomena. The effects of
temperature, non-linearity and spectral response are described as changes in responsivity.
Subjecting a pyranometer to continually increasing or continually decreasing ambient
temperature induces an offset signal. This effect is described in section 5.4 and offsets are
examined more generally in chapter 6. The delay between a change in the incident
frradiance and the corresponding signal is addressed first.

5.2 Signal delay -
An adequate knowledge of the signal delay of the instrument is necessary both for
characterising the pyranometer and for a correct interpretation of a measurement.

Signal delays are normally expressed in terms of time constants which are defined as the
time required to come to within 36.8% (1/e) of the final, steady-state or equilibrium signal in
response to a step change in irradiance input. The output from an instrument with a single
time constant would approach the steady-state signal according to a single exponential
decline. Thermoelectric pyranometers do not correspond to this model. Their signals

~ clearly exhibit two components with distinct magnitudes and time constants. There may
even be a third component of longer duration but smaller magnitude.

The first and major component of signal delay is the quite fast response of the black
thermal sensing surface with its attached thermopile. Seven of the eight pyranometer
models tested had principal time constants in the range 1-7 seconds. This component
accounts for from 96% to 99.7% percent of the pyranometer output and is not significantly
affected by ventilating the instrument. A system with data sampling faster than once per
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second is required to get a reasonably accurate measurement of the time constant but that
may not be required, as discussed later. The time constant may be different, depending on
whether the irradiance is increasing or decreasing, but the experimental evidence for this is

inconclusive.

The second component is believed to be due to the heating of the domes and re-radiation to
the thermal sensor; its time constant was measured on four models giving resuits in the
range 80-240 seconds. It can be different depending on whether the irradiance is increased
or decreased and it is strongly dependent on ventilation.. The effect of this long time
constant source must be evaluated, because it may contribute as much as about 4% of the
total output signal in sunlight (and possibly more under artificial light illumination). This
time constant must be taken into consideration when establishing the timing cycle for in the
alternating sun/shade method (ASSM) of calibration for different models of pyranometers.

The time to reach a point within 0.1% of the final steady-state signal becomes important if a
1% accuracy in establishing the responsivity of a pyranometer is being attempted. '
Obviously, this requires careful measurements and a good knowledge of the time constants
for the specific pyranometer. For example, if the second component contributes 2% of the
total output of the pyranometer, it must be given time to decay to 1/20th of its output,
which requires three time constants or 9 minutes for an instrument with a second time
constant of 180 seconds. This can be significantly reduced by ventilation and the result
would be valid in an application provided the pyranometer were ventilated in the same

manner.

A third component may be associated with the heating or cooling of the body of the
instrument (this structure serves as fhe heat sink and reference point for the cold junctions
of "black” pyranometers). No effective measure of this component was apparent in results
available from the IFA tests. Ventilated housihgs, such as the NARC model, protect the
pyranometer body from direct sunlight and therefore greatly reduce the change in body
temperature from changes in incident irradiance. Radiation shields supplied with most of
the IEA pyranometers provide the same protection when instruments are not in ventilated
housings. Given either of these mounting configurations, one may conclude that the third

component is negligible.

A variety of technigues and measurement apparatus was used by the different laboratories
to measure the time constants of pyranometers. Although the final results do not
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necessarily agree closely, sufficient information has been obtained to generate some useful
conclusions. The most important conclusion is that the second time constant influences the
pyranometer calibration more than is usually stated, and must be taken into account in the
alternating sun/shade method.

Table 5.2a contains the values of the time constants as measured by the various laboratories
using a variety of techniques. They are plotted in Figure 5.1. The values from columns 2
and 3 were scaled from strip-chart recordings made at Kipp and Zonen, Delft, Holland.
Columns 4 and 5 were scaled at the 90% points on graphs determined from strip-chart
recordings made at the Zentralanstalt fur Meteorologie und Geodynamik, Vienna. Columns
6 and 7 are taken from notes on the ZFMG charts.

The Eppley Laboratory (column 8) used a special system originally designed to determine the
time constants of detectors used in the ERB satellite expenment This system used a
computer-controlled digital voltmeter which rapidly measured the pyranometer output while
intermittently shading and unshading the pyranometer from direct sunlight. The 1/e time
constant was calculated by optimising the fit of an exponential to all the data.

DSET (column 9) determined the time constants using their data logger which took
measurements every 2 seconds. Time constants were determined for each instrument by
the average between two experiments — one comprising shading and the other unshading.
The time constant was taken as the average time(s) to reach 63.2% of the full scale change in
readings (taking into account any zero offsets).

The values determined by Kipp and Zonen in 1984 and published in the TPD report are
given in column 10. Data from Table 1.2 in that report are plotted in Figure 5.2 where the
"100% recovered” point (taken at 180 s by definition, if not arrived at sooner) is arbitrarily
plotted on the 0.01% line of the semi-log plot.

MOH, Hamburg used a shuttered artificial light source (a stabilised xenon arc lamp). The
pyranometer output was measured with a strip chart recorder to get the initial response
‘(column 11) and a digital voltmeter to obtain measurements of the second time constant.
Tests were performed without and with ventilation of the pyranometer (columns 12 and 13).

These measurements can be compared with those of Nast (1985) who undertook outdoor
shading and unshading experiments using the difference between the irradiances
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determined by two PSPs, where one was to be shaded {or unshaded) and the second was
used to compensate for the changing final value of the diffuse or total global irradiance.
These outdoor results are given in colurnns 14 through 17 of Table 5.2a. Data were taken
from his linear plots given on pp. 331 and 332 in the Norrképing proceedings, and plotted in
semi-log form. Three-term exponential equations were fitted to these data. Figures 5.3 &
5.4 show the results of the curve fit on both the full time span measured (540 s) and on the
first 60 s of the shading experiment. The experiment was repeated twice, and the data were
handled as one set for these plots and analyses. No recognisable third time constant was

found.

The third term obtained through the curve-fitting is a constant which Nast ascribed to the
small final differences in irradiance values as calculated from the two pyranometers in the
test, using their own, presumably slightly mismatched, calibration factors. If this constant
portion is removed, the equation becomes:

V.

out

= 9842¢7A7 11587/ [5.1]

where Vo is the percentage of the full scale reading # seconds after shading the

pyranometer.

Equation 5.1 shows that, initially, 1.58% of the output is due to a component with a time
constant of 126.8 s and the major (initial) response has a time constant of 2.75 seconds.
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The two unshading experiments by Nast were analysed similarly and are plotted in

Figures 5.5 & 5.6. The "3 Term Fit" curves present the results of determining the amplitudes
and time constants for three terms . As above, the third term is a constant due to the offset
between the two pyranometers. The "2 Term ‘Fit" was made by fixing the first time constant
at 1.1 s (Eppley's value) and its amplitude at 98.1% , and then analysing the residual for two
terms. This was done to see how well the 1.1 s time constant-based curve would fit the first
recorded data points at 10 seconds. Figure 5.6 shows that the “3 Term Fit” is preferable.
Disregarding the constant term it becomes:

V. = 100-9826¢7 M0 17174 [5.2]

out
The second component has a magnitude of 1.71% and a time constant of 174 s.

The time required to get within 0.1% of the full signal value is 8.25 minutes, according to
equation 2. At 5 minutes, the signal is 0.3% away from its final value and at 30 seconds it is
1.4% away. Therefore, using 30-second shade/unshade cycles in the ASSM calibration would

result in responsivities that were 1.4% to low.

Ventilation, as Nast and Dehne have demonstrated, has a significant impact on the second
time constant. These outdoor tests may have been influenced by sufficiently different wind
conditions to have caused the observed difference between the shading and unshading
second time constants (126 s and 174 s respectively).

The second time constant for a CM10 of 136 s was measured by Nast by an indoor
experiment and the corresponding magnitude was 0.5%. These figures dictate a 220 s
period for the shade/unshade calibrations of CM10s again using the rather stringent 0.1%

- criterion. The results of his indoor determinations for the CM10, CM5, and PSP are given in
colummn 18 of Table 5.2a.

It appears that the first (major) time constant of the pyranometer is cften not the time
constant which will determine when the signal has completed 99% or more of its total
change. It is therefore not the important factor setting the timing of the shade/unshade

cycles and may not have to be measured very accurately depending on the application.
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The first time constant is relevant in studies of rapid changes of irradiance. It expresses the
limit to the pyranometer’s ability to detect fast changes and the maximum useful sampling
frequency, which is 2.2 /#1 Hz. Taking data faster than this rate increaseé the data volume
without providing any additional information on the irradiance.

The ASM calibration could be operated slightly faster than determined by the 0.1% approach
criterion but there would have to be a correction that was well measured and known to be
stable. Ventilation is abviously extremely advantageous in that it reduces the time constant
and makes it much less dependent on ambient winds thus permitting faster and more
accurate calibration. '
From the information presented, more investigation appears necessai'y. Particular attention
should be given to confirming the sources of the multiple time constants (including a
possible third one) and the methods used to measure them adequately. The calibration
procedures, especially the timing presently used for shade/unshade calibrations should be

re-examined and corrected as necessary.

5.3 Temperature
Unfortunately, all thermocouple materials in present use are slightly non-linear and
temperature dependent. For this reason and others mentioned in chapter 2, the ouput from

the thermopile of a byranometer inevitably has a temperature dependence.

Several models of pyranometers incorporate internal temperature compensation. This is
usually accomplished by adding a temperature-dependent attenuater circuit between the
thermopile output and the pyranometer output connections. Typically, a thermistor is used
as the temperature-sensitive element in this attenuating network. The variation of the
thermistor's resistance with temperature is used in the attenuator to compensate for the
variation in output of the thermopile with temperature. However, this compensation is not
perfect and varies from instrument to instrument of the same model. Therefore, if
measurements of high quality are required, it is important to know the temperature
characteristics of the individual pyranometer that is being used rather than statistics that

apply to its type.

Tests were performed at several laboratories to measure the change in responsivity as a
function of temperature, also called the temperature coefficient of responsivity. Different
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techniques and apparatus were employed in the measurement of temperature coefficient,
including the methods for determining and correcting for zero drift and in regard to what
temperature was measured (test chamber or ambient air temperature versus pyranometer

body temperature).

The data displayed here have been normalised to +25 C, causing the curves to be tightly
grouped in that region. The method used to perform the normalisation was to fit a
polynomial to the data for the curve, solve for the value of the equation at 25 C, then divide
all the ordinate-values of the data points by that value, and then plot the curve from
normalised data.

Two pyranometers incorporating temperature compensation networks are the Eppley PSP
and the Kipp and Zonen CM10. The next two figures give some idea of how well
laboratories have done in duplicating results over the long- and short term. Figure 5.7
displays the results from four determinations of the temperature coefficient of one
instrument (PSP #12617) performed in one laboratory (the Solar Radiation Facility of the
National Oceanic and Atmospheric Administration) during a 22 month interval. These data
were obtained from NOAA, courtesy of Mr. E. Flowers, to determine the repeatability of their
measurement process. There is no apparent drift evidenced, in that the November 1983 and
the March 1984 determinations were the closest together in time and the farthest apart in
results. The largest spread in Figure' 3.7 is a 1.5% range near -30 C. A third order curve fit
was made to these data, which is plotted in Figure 5.8, along with the residuals from the
curve-fitting process. The residuals range from about +0.8% to -0.4% over a nearly 100 C

temperature range.

Figure 5.9 shows data taken over a range of about 60 C on CM10 #810122 by Kipp and
Zonen at the time of manufacture. The curve fit shows residuals not exceeding about +0.3%.
Pyranometers are often used outside this temperature range (for which the compensation of
#810122 was designed). Figure 5.10 displays the results of five determinations of the
temperature coefficient of the same instrument by four laboratories over three and a half
years. The solid black circles plot the data taken in 1982 at the Statensprovningsanstalt (SP),
Boras, Sweden with zero offset correctidns that SP determined when they re-ran another
CM10 using a new zero correction scheme. Figures 5.10 & 5.11 show the steep slope of the
temperature coefficient at low temperature, which appears to be typical of CM10s.
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This difference in slope of the responsivity versus temperature becomes quite apparent
when the derivatives of the curves are taken ( Figure 5.12). The implication is that in
determining and applying the temperature coefficients, the temperature must be determined
quite accurately for CM10s at low temperatures. For example an error of 1 C in measuring
the temperature at -30 C can result in an exror of 0.43% for the CM10 and an error of 0.08%
for the PSP. Of course, these factors are characteristics for these individual instruments,
and should be evaluated for a specific instrument at a specific temperature when assessing
the errors in irradiance measurement due to errors in temperature 111easi1rmru‘:tnt7 The best
strategy is to use the body temperature of the instrument both when measuring the
temperature coefficient and when using the instrument. For best results, this approach
should be used for all instruments.

The effect of zero offset correction schemes applied to temperature coefficient
determinations was demonstrated by SP, Bords when their technique was improved in 1985.
Several pyranometers that had been tested in 1982 were re-tested in 1985 using the
improved zero offset subtraction method. Two new model Eko units were also tested with
and without the improved zero correction. The differencés are large (Figure 5.13) and cause
changes in temperature coefficients from -1.5% to +2.8% depending upon the model and the
temperature. '

The results of tests on two Kipp & Zonen CMS5 instruments were analysed to show not only
the influence of temperature on responsivity, but also to show the differences in the results
between the various laboratories and between repeated measurements in the same
laboratory. These are shown in Figure 5.14.

For CM5 #773656, there is a maximum difference in the measured response of just over 2%
between NARC and NOAA (at about -25 C). The 1% difference between the 1982 and 1985
tests performed at SP contains both the repeatability factor and the change in the offset

correction method at that laboratory.
For CM5 #774120, there is a larger spread in temperature response data, antounting to
about 4.5% at the -25 C region. Eppley made two determinations of temperature coefficient,

with a difference of just over 2% near -20 C.

Differences between test results of greater than 4% at about -20 C and 2.5% at temperatures
as high as -5 C are shown for the Eppley PSP #17880 in Figure 5.15
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Plots of the families of curves for the various models are shown in Figure 5.11 & Figure 5.17
through Figure 5.21 '

Calibration of pyranometers for the season of the year in which they are to be used can also
reduce the errors caused by difficulties in obtaining and applving adequate temperature
coefficient data. It seems proper that the technigue for measuring the pyranometer
temperature during field use should be similar to the technique used for making that
measurement during the characterisation of the pyranometer's temperature coefficient.
Measuring the instrument hody temperature in both cases is expected to vield the best
results, although this is rarely done by any laboratory.

It can be seen that to achieve irradiance measurements with accuracies approaching +1%
over a useful range of temperature (the goal for collector testing and engineering
measurements), the methods of determining the temperature coefficient of responsivity
require further investigation, refinement, and continued inter-laboratory comparisons to
confirm the improvements. From this should come the ability to design better
pyranometers.

5.4 Rate of change of temperature

If the construction of the pyranometer is such that forcing a temperature change on the
instrument from an external source (such as a change in ambient air temperature) causes a
change in the difference in temperature between the hot and the cold junctions in the
thermopile, then there will be a spurious voltage developed as long as that difference in
temperature exists. XKipp and Zonen conducted a test in which a nearly constant rate of
change of temperature was forced upon six models of pyranometers in a dark test chamber.
According to the plot shown in the report, the first 40 minutes gave a rise at a rate of

10 K h1, followed by an additional 50 minute period at a rate of 6 K h'? (Figure 5.22). The
chamber ventilator created a wind speed of about 1 ms-l. The error signals from the
I)yranometers peaked at about the 40-minute mark. Figure 5.23 reproduces the curves
from the Kipp and Zonen work published in the TPD report.

The Schenk acts as an ideal black and white instrument with nearly perfect balance, having

an error signal equivalent to about 0.1 Wm™. The Eppley PSP generated the largest error
signal, equivalent to +5.5 Wm™. The CM10 generated a signal equivalent to approximately
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+3.0 Wm™ - The Eko, the Swissteco and the CcM5 generated signals equivalent to about
+1.9 Wm2, +0.9 Wm™ and -0.9 Wm2, respectively. Dividing the error signals by the rate of
change of temperature gives approximately +0.65 Whm™= K1 for the PSP and about '
+0.33 Whm= K for the CM10. These estimates are examined in more detail in section 6.5.

The negative result for the CMS5 is interesting. It indicates that the hot junctions of the
thermopile which are in thermal contact with the receiver surface are, in this instrument,
more closely connected thermally to the main body than are the cold junctions.

Thermal shock tests were also performed at Kipp and Zonen, by subjecting the
pyranometers to an abrupt -5 C temperature change when moved from a well-ventilated
temperature chamber at 25 C to a dark room at 20 C with a fan blowing directly across the
pyranometers to establish a similar ventilation. Figure 5.24 portrays the result of this test,
as copied directly from the Norrkoping report. The PSP and the CM10 results were
reproducible to 10%. These results may not be sufficiently well-quantified to determine
factors for transfer functions but they are a good beginning in determining the order of
magnitude of the corrections and a possible technique for determining them.

A thermal test was also performed at ZFMG in Vienna. The temperature in a darkened
chamber was changed from 30 C to 39 C in about 30 min, and then back to 30 C again after
a delay. During the transition, the temperature changed at the rate of approximately

27.6 Kh1 for about 10 min. The results indicate similar trends.

Qualitatively, the results from the thermal shock tests and the constant rate of change of
temperature agree. Two notable exceptions occurred during the shock tests that were not
apparent during the tests with continuous increase or decrease of temperature. These were
the very large and abrupt outputs from the Eko and the CSIRQ instruments and the
Swissteco's small negative output followed by a larger and longer positive swing when

subjected to the negative thermal shock.
Correcting for these errors during outdoor testing using the rate of change in ambient

temperature or the difference between the ambient and instrument temperature is examined
in Chapter 6.
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It should be recognised that stray thermal voltages generated in the connectors, temperature
compensation circuits, and in wiring (both internal and external to the instruments) may
cause additional error signals which add to those generated by the thermopiles under
conditions of changing temperature. Placing insulation around the connector may be the
most effective preventative technique to be applied. Ventilation also improves the
performance of pyranometers under conditions of changing ambient temperature.

5.5 Non-linearity

Participating laboratories made ]jnea_rity tests at least up to the level of 1,000 Wm™ and in
some cases up to 1,250 Wm™. DIrradiances encountered in practice sometimes exceed eﬁen
this value.

Figure 5-25 _
Figure 5-25 shows the results of testing three different models of pyranometers at Kipp
and Zonen, with the data normalised to 500 Wm™. The Kipp apparatus measured non-
linearity with the pyranometer horizontal. The CM5 was measured in two different
azimuthal orientations, as indicated by the cable "up” and the cable to the "side”, when .
the instrument was later to be tilted for the tilt error measurements made in the same
apparatus. These two results show a spread of about 0.4% at the 250.and 1,000 Wm™
levels giving an indication of repeatability for one instrument in one laboratory.

Figure 5-26
Figure 5-26 displays the results from MOH, Hamburg running four different models
referenced to both 500 and 1,000 Wm™.

Figures 5-27
Figure 5-27 shows a family of PSP linearity curves based on data from SP, Boras and
MOH, Hamburg. These show the non-linearity of the six PSPs within +0.1% to -0.2% over

irradiances up to 1,000 Wm™.

Figure 5-28
Figure 5-28 presents a family of CM10 linearity curves, based on data for five
instruments as measured at SP and MOH. Normalisation to both 500 and 1,000 Wm™2
was used by the laboratories. Non-linearity errors from 0.9% to 1.8% occurred over the

irradiance range of 30 to 1,000 Wm™,
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Figure 5-29
Figure 5-29 shows the results from linearity tests performed at three laboratories on five
different CM5s, normalised to both 500 Wm™ and 1,000 Wm™ and non-linearities
approaching 1.9%. l

Figures 5-30 and 5-31 '
Figures 5-30 and 5-31 show wide spreads in linearity results from testing five different
Schenk Star pyranometers at SP, and for six Eko Model MS42 pyranometers, tested at
both SP and TPD. The results are normalised to 500 Wm™ and the spreads are 2.4% for
the Schenk Star and 2.5% for the Eko MS42.

Figure 5-32
Figure 5-32 shows that the new Eko Model MS801 is remarkably linear, according to test

results from SP, Boras.

These results from testing of linearitslz appear to have an interesting relationship to tilt
behaviour, as is discussed in the following section.

56 Tilt

Tilt error is used to describe the fact that the output voltage from a pyranometer (with a
fixed irradiance input) varies with orientation of the pyranometer from horizontal (tilt angle
£=0) to vertical { f=90°). Three laboratories made tests on tilting at irradiances up to

1,250 Wm™,

Figures 5-33 through 5-37
Figures 5-33 through 5-37 plot the data measured by SP, Boras for several instruments of
the same type. The PSP, CM10, CMS, Schenk, and Eko MS42 measured at an irradiance
level of 1 KWm™ are shown, with tilt errors as large as -3% for some instruments. These
results show the combined effects of variability between instruments and repeatahility
within one laboratory. Second order curves were fitted to the data to provide some
indication of the general behaviour for the CM5, Schenk, and Eko MS42 families of
instruments. No data were available showing the repeatability of measuring the tilt effect

at any of the laboratories.
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Figures 5-38 through- 5-40

Figures 5-41 through 5-40 show the relative response of a PSP, CM10, and CM5 measured
at three different laboratories at different irradiance values.

Figures 5-41 through 5-46
Figures 5-41 and 5-42 show graphs of tilt error plotted against tilt angle at four
irradiance levels and plotted against irradiance at tilt angles from 0° to 90° for
CMS5 #785047, measured at Boras, Similar plots are shown for the Schenk Star #2221 in
Figures 5.43 and 5.44, and for the Eko #81909 in Figures 5.45 and 5.46. the relative
response of a PSP, CM10, and CM5 measured at three different laboratories at different

irradiance values.

In summary, the tilt error is very small (less than 0.2%) for some models which also have low
non-linearity. For most instruments with a large non-linearity, tilt error is a function of both
dlt angle and iiradiance. In nearly all cases, tilt error increases with irradiance. In the CM3,
tilt error depends significantly on the azimuth of the tilting axis. Linearity and tilt on the
Eko instruments and linearity on the Schenk instruments are shown to be quite variable
from instrument to instrument. '

Most of the data from instruments with significant tilt effects are consistent with the model
behaviour in Figure 2.3. However, some Schenk and Eko instruments tested at Boras show
an increase in responsivity as irradiance is increased from zero to 500 Wm™2 which is not

consistent with the model.

5.7 Spectral response

Spectral response was investigated at Boras in September 1985 with the intention of
measuring the responsivity for irradiance (calibration factor) of pyranometers at several
equally spaced wavelengths in the range 300-2500 nm. This was not possible in practice
because pyranometers are not very sensitive detectors ahd radiant flux from mono-
- chromators is small, even with the largest bandwidth settings. It is also desirable to have a
very unif'orm irradiance distribution over the detector surface which adds to the difficulties
of using monochromators for this task

As an alternative, glass filters were used to select different wavelength distributions
(Liedquist, 1990). The set up for the measurement was very simple. A 24V, 250W tungsten
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halogen lamp was used with a condensing mirror and lenses within a Kodak Carousel slide
projector (Table 5.7a). A removéble infrared (IR) cut-off filter was placed between the lenses.
Different spectral filters were placed in the slide carrier. - Long-wave IR radiation was
blocked by a filter comprising 8 mm thick plexiglass and 2 mm thick ordinary glass
elements in combination, with the plexiglass facing the source. The cut-off wavelength of
this filter is 2000 nm. The filter was cooled to ambient temperature by a fan in order to

reduce long wave IR radiation emission from the filter itself.

A diaphragm tube reduced the influence from stray radiation and from changes in the long
wave IR radiation level from the surroundings.

Each pyranometer was vertically positioned (with a cable connection upwards) about one
meter from the condenser. At this distance the irradiance is very uniform. The variation is
less than 0.2% over a surface corresponding to that of the Kipp & Zonen CM10 detector
surface and less than 0.5% over the detector surface of the Schenk Star pyranometer.

A Laser Precision RS 3940 was used as a reference absolute radiometer, having a
pyroelectric detector with a gold coated black surface and an area of 0.5 cm?. The
pyranometer and the reference detector (including its chopper) were placed on a rotating
stage that could be positioned into the optical path quickly and conveniently to an accuracy |
of 1.0 mm or better in distance and translational position. The reference detector had no
window and was therefore very sensitive to long wave IR radiation. The temperature of the

surroundings seen by the detector must be kept constant during the measurement.

Eight different spectra (Tablé 5.7a) were used, of which one serves as a reference for the
measurements with the others. There were two basic spectra: one with 24V on the lamp and .
with the IR cut-off filter in position; the other with 8V on the lamp and with the IR cut-off
filter removed. The first of these was the reference. From this spectrum four other spectra
were selected using the following Schott filters: BG 28 (1 mm), BG 38 (2 mm), VG 9 (1 mm)
and RG 665 (1 mm). The other basic spectrum was also used, directly and also filtered by a
Schott filter RG 1000 (2 mm). The eighth spectrum was formed with 24V on the lamp
without the IR cut-off filter and with an interference filter having 1500 nm centre
wavelength and 60 nm half power bandwidth. This filter is placed outside the projector but
in front (nearer the source) of the long wave IR blocking filter. The effective wavelengths, i.e.
half integrated irradiance below and half above, are for the spectra in the mentioned order
595, 491, 548, 549, 699, 1210, 1317 and 1501 nm.
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This experiment was performed on nine pyranometers. Seven of these were IEA Task 9
pyranometers. The other two were Eko MS801 double dome type pyranometers owned by : |
Eko. Table 5.7a shows the result of the measurements. Most striking is that both the Kipp &
Zonen pyranometers have a flat response for all spectra while all the others have decreasing
responsivity for IR radiation. All pyranometers have a flat response in the visible
wavelength range except for the Schenk Star in the blue and the CSIRO in the red region.

The reproducibility of the measurements was typically 0.5% in the visible range; 1% for the
broadband IR spectra and 2% for the narrow band IR spectrum (1500 nm). The irradiance
levels on the pyranometers range from 1.5-22.0 W2 for the different spectra (Table 5.7a).
At these low levels it was necessary to use a symametrical procedure for the measurements
at each specific spectrum as there was, in spite of precautions, a remaining change in the
radiance of the surrounds seen by the reference detector. The pyranometer output voltage
also changed somewhat during the measuremeht. Each pyranometer was left for
stabilisation for at least a few hours after handling them for measurement. The procedure
was: RD, RDZ, RD, P, PZ, P, RD, RDZ, RD, where:

RD = reference detector reading,

RDZ = reference detector zero reading, -

P = pyranometer reading, .

PZ = pyranometer zero reading.

Table 5.7a Result of the measurements: relative responsivity
of pyranometers for irradiance in different wavelength bands
Ref. Spectrum BG28 BG38 VGY RG665 WG9 RGI000 IF1S00  Respons.
Pyranometer 24V 24V 24y 24y 24V 8V 8v 24V
no IR mIR  nolR nmlR - mIR IR IR IR VW im?

K&Z CMb #773656 1.00 0.89 100 1.00 1.01 1.02 1.02 1.02 11.70
K&Z CM10 #810121 1.00 099 100 1.00 1.00 1.01 1.01 1.01 458
Eppley PSP #20524 1.00 099 100 1.00 1.00 0.93 0.92 0.90 10.20
Schenk Star #2209 1.00 087 1.00 1.00 1.02 0.94 0.93 0.94 15.40
EKO MS42 #81908 1.00 1.00 1.00  1.00 0.99 0.86 0.83 0.80 10.10
EKO MS801 #85022 1.00 0.99 1.00 1.00 1.00 0.92 0.89 0.85 6.83
EKO MS801 #85023 1.00 0.9¢9 1.00 100 1.00 0.92 0.89 0.34 6.63
Swisteco #114 1.00 099 1.00 1.00 1.00 095 094 0.90 15.90
CSIROPT#115 . 1.00 1.01 1.01 .1.00 0.97 0.82 0.78 0.74 424
Iradiance Wir? 215 4.0 112 54 44 16.6 11.4 15
EffectiveWavelength nm 595 491 548 549 699 1210 1317 1501
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A 10 nV resolution Keithley 180 voltmeter was used to measure the pyranometer output.
The waiting time for the pyranometer readings was 1-2 minutes, depending on the
pyranometer type.

‘The result of the measurements concerning the PSP and CM10 relation in the IR response
" .confirmed similar measurements at Kipp & Zonen in a preliminary report by van Wely in
April 1985. He also repeated the measurements 1) putting CM10 domes on the PSP and
also 2) without the domes and got the same low response in the IR for the PSP. He
concluded that the mean absorptivity of the PSP black paint must be considerably lower in
the 1100-2700 nm range than between 300-1100 nm.

5.8 Variation of response with temperature under field conditions

The following results were calculated from the benchmark responsivities derived from the
NARC (1983-1984) field experiment. The data set is divided into ten (approximately)
two-month intervals identified by the number used to label the 9-track tape on which the
sub-set is recorded (e.g., Tape #1, Tape #2 etc.). Absolute benchmark calibrations for each
two-month period were first calculated for the instrument on channel O {(an Eppley PSP) by
the method .desc:ribéd elsewhere in §8.3.3. Benchmark calibrations for the other instruments

were determined relative to the performance of this instrument. Benchmark ratios relative
to channel O were used to compute the fractional linear temperature coefficients ¥ of

responsivity R defined by:
F = 1+¥(T-T) [5.3]
R(T) = R(E)[1+¥-(T-T)] [5.4]

Values of ¥ for each instrument were computed from pairs of consecutive benchmark

ratios of the same type where the mean temperature was different by 10 C or more. There
was one result (case) for each instrument when the difference in the mean temperature

between two consecutive data tapes was greater than 10 C.
Data from the same instrument types were combined except in the case of the two

Middleton EPO7 pyranometers which appear to be significantly different, The ' means and
standard errors of the means were calculated except for the Middleton #123 and
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Swissteco #113 where the errors were estimated because of the very small sample size. No
results are given for Swissteco #114 because of the poor data quality.

The results from this analysis of the benchmark ratios are relative to channel 0. The
absolute linear temperature coefficient for channel 0 Was' estimated from a similar analysis
of absolute benchmarks, so that the results for other channels could be transformed into
absolute results. The channel 0 result was 0.0£0.0002 making the transformation
fortuitously simpie — there being no change, except in the error estimate. These dafa cover
the temperature range -8 C to +27 C and the results are given in Table 5.8a.

Table 5.8a
Instrument Numberof  Numberof Temperature Standard Standard Error
Type Instruments Cases Coefficient Error Relative to Ch. 0
PSP Cho 1 10 +{3,0000 +0.0002 (—)
PSP Ch 17 1 7 +0.0001 +0.0002 (0.0001%)
Schenk 3 12 £.0008 +0.0003 (0.0002)
Kipp CMS 3 3 -0.0013 +0,0004 {0.00G63)
Kipp CM10 4 6 -0.0002 +0.0003 - {0.0002)
Eko M542 4 10 £0.0001 +0,0003 * {0.0002)
Middleton Ch 10 1 4 +0.0010 £0,0005 {0.0005)
Middleton Ch 9 1 2 -0.0000 +0.0005
Swissteco Ch12 1 1 -0.0008 +0.0005

It should be noted that the typical error of determination is about +0.0003 or 1% in the
range of 30 C. Field results are obviously limited in precision, being influenced by variables
other than changes in temperature. In particular, the azimuth range on any of the
benchmarks changes significantly from tape to tape. Nevertheless, uncertainties in these
field results on temperature coefficient are comparable to those obtained under laboratory

conditions.
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Temperature Response of 4 CM-10 Radiometers
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Temperature Response
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Temperature Response for
EKO Model MS801 Pyranometers
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Temperature Response of
Middleton SN 123 Pyranometer
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Linearity Data for 3 Pyranometers
Referenced to 500 Wm”*
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Linearity Data for
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Linearity Data for
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RESPONSE OF 6 EPPLEY
PYRANOMETER WITH RESPECT TO TILT (BORAS DATA)
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RESPONSE OF 6 EKO MS-42
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Relative Responsivity
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Chapter 6. Zero Offset

This chapter begins with an examination of the nature of zero-offsets, which are principally
generated by temperature change, long-wave radiation, and ventilation. A variety of
methods have been used to investigate the effects of these influences and the results from
these approaches are compared. A number of implications emerge concerning how

measurements should be made and these lead to specific recommendations (§ 6.8).

6.1 The physics of the offset

The signal in thermoelectric pyranometers is generated from the temperature gradient
across the junctions of a thermopile. The temperature gradient ideally should be a unique
function of the incident short-wave radiation, but, inevitably, it is also affected by the
thermal stress to which the pyranometer is subject. Consequently there is an extraneous
signal or offset added to the desired signal from the short-wave radiation and this
contributes to measurement uncertainty.

The offset can be observed as the night-time output from field pyranometers and, in the
laboratory, when pyranometers are subjected to heating or cooling. It can be accommodated
in the traditional pyranometer response function by defining an extra term Z as follows:

where,
V is the output voltage
E is the shortwave downward irradiance or globél radiation - the
quantity being measured by the pyranometer
R is the responsivity
Z is the offset irradiance, defined as the measured output voltage

divided by the responsivity when the incident shortwave irradiance
is zero, i.e. Z = V(E:O) /R

The offset is variable and clearly associated with the heat flow into the pyranometer. It
follows that it depends on the environmental variables, called thermal stresses here, which
determine the heat flow. It is assumed throughout this work that these thermal stresses
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have the same effect on V/R regardless of the shortwave irradiance. This impbrtant

assumption, based on considerations of linearity, is discussed later.

Apart from the absorption of short-wave radiation, whose effect is the desired response, the

heat flow into the pyranometer occurs in two forms, long-wave radiation exchange with the

electromagnetic field and local kinetic exchange. The latter comprises conduction and

convection of heat between the pyranometer and its swrroundings. Appropriate expressions

for the thermal stress in each case are as follows;

E,-oT?

1,

net thermal irradiance on the pyranometer, which is called long-wave
stress in what follows (the environmental variable which determines the
radiation exchange)

temperature difference between the pyranometer and the ambient

(together with the wind conditions, it determines the exchange of heat
by convection and conduction)

downward long-wave irradiance
Stefan-Boltzmann constant
pyranometer. temperature

air temperature

These are the preferred choices for expressing the thermal stress, but the following slightly
different terms have been used because it was impractical to record all the pyranometer

temperatures:

P=E,-oT,,

 T=6T /6t
where

T

Pocs

oT,

a

ot

long-wave stress; also net thermal irradiance, the quantity measured by
a pyrgeometer

an approximation of the rate of change of the ambient temperature and
which is proportional to 7] —7, when the temperature increase is steady

pyrgeometer temperature
rise in ambient temperature during a period spanning the measurement

duration of the above period.
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The foregoing is a rationale for anticipating that the offset irradiance (Z) can be determined

from the equations:

Z = A+BP [6.2]
or Z = A+B-P+C-T [6.3]

where the cbefficients ( A, B and C) may be determined by statistical analysis of the night

sky signals or other means.

The heat fluxes into the pyranometer are modulated by the ambient wind, but incorporating
the wind speed into the analysis is rather complicated and has not been attempted. The
observed residual variability in the above expression shows the maxirmum extent of the

effects of wind.

Separate experiments were done to obtain alternate determinations of the coefficients B and
C. Other values were calculated from measurements reported by van den Brink et al.

{1985). Results from the different methods are compared.

In the case of the long-wave dependence, the experiment consisted of putting out several
pyranometers and one pyrgeometer during clear nights. The view to the night sky was

interrupted periodically so as to modulate the long-wave radiation. The results of this
experiment are direct evaluations of the coefficient B in the above equations.

A direct evaluation of the coefficient C of the temperature derivative was not attempted

because a chamber in which the rate of change of temperature could be reliably controlled
was not available. Instead, the response of pyranometers to sudden changes of temperature
was measured. The results are summarised as peak excursions normalised against
temperature change (Wm™= K1) and as integrated area excursions also normalised
(Whm2K"?). The former have relevance to the practice of pyranometry in that they show the
magnitude of extraneous signals caused by thermal shocks, but they cannot be compared
with the coefficient C. However, the integrated excursion is comparable with C and indeed
would be equal if the physical processes involved in the laboratory and field were identical

~ and linear i.e.

if Z =C-[dT/df] 6.4]
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then [Z-dt=C [Th— Tuua [6.5]

6.2 Statistical analysis of the of dark signals

The gathering of IEA pyranometers at NARC was an ideal opportunity to study the night-
time signals. Pyrgeometer and temperature measurements were available throughout the
20-month experiment. As in daytime, the data comprised one-minute averages. Simple
linear regression was used and a few outlying data points were rejected. The experiment
produced results for pyranometers mounted in the NARC ventilators (McArthur & Wardle,
1987) and for a few instruments that were mounted as supplied by the manufacturers.

6.2.1 Method and error estimates

The method is described in detail in Appendix DD1. About 2% of the signals were greater
than 0.5 mV. These large isolated values are thought to be caused by recording
malfunctions and were rejected.

In the groups of PSP, CM5, CM10 and Schenk pyranometers, the results are not instrument
specific. In contrast, the results from the four Fko pyranometers indicate two distinct
subgroups, a) comprising #81908 & #81909, and b) comprising #82052 & #82053, which

are listed separately for this reason. In the case of the two Middleton instruments, the
results for the mean and_for the constant term ( A ) are noticeably different.

The standard errors {(Appendix DDl) for each instrument-data set combination are
calculated assuming independent data points. The standard errors for the group results
were calculated assuming no systematic differences between the pyranometers in the group
or between data sets. Where these assumptions are invalid, the estimates are too small.
However, alternative estimates based only on the spread between data sets can easily be
 calculated. With the exception of the Middleton pyranometers, the error estimates of either
type are smaller than:

0.4 Wm™ rms for A

0.004 r1ms for B
0.09 Whm2Klms forC

144




It is suggested that these values are realistic error estimates for the main group. The Schenk

error estimates are about 50% smaller. Variations for the Middleton pyranometer are
'1.9Wm™ for 4, 0.006 for Band 0.14 Wim=2 K for C.

| 6.2.2 Variability of the dark signals

Table 6.2.2a summarises the variability of the dark signals of horizontally mounted
pyranometers. The values, which ére precisely defined statistics of the dark signals, may be
interpreted as rough estimates of daytime measurement error under various strategies. The
first column would be the mean error incurred if dark signals were ignored. The second
column would be the rms error if a constant offset (i.e., the mean at night) were assumed.
The third column would give the error if the offset were parameterized as a function of the
pyrgeometer signal by Equation 6.2, and similarly for the fourth column with Equation 6.3.
These interpretations rely on the conditions which determine the offset during the day and
night being statistically identical, an assumption to be examined later.

A test signal from a 1000 Q resistor installed next to the pyranometers was also recorded.
The largest standard deviation of this signal in the three data sets was 1.0 nV. The figures
in the last column are the result of dividing 1.0 1V by the respective instrument
responsivities. They are included in the table to indicate the contribution of the voltage
measuring system to the ov_erall €ITor.

The following observations can be made on the data in Table 6.2.2a

e The Schenk and Eko pyranometers, which are both of the "black and white” type,
have the smallest dark signals, -0.4+0.2 Wm™ for the Schenk.

e Ventilation of the Eppley PSP and the Kipp CM10 and CM5 models reduces the offset
variahility by about 30% to 0.8 Wm™. -

- o The variability about the long-wave regression is typically 60% of the offset
variability. The Schenk is the only exception to this generalisation. With the
ventilated PSPs, CM10s and CM5s the residual is about 0.5 Wm™.

+ Inno case does the inclusion of the rate of change of temperature into the regression
produce any useful reduction of the variability. The largest reduction is only
0.04 Wm™,

Table 6.2.2a shows that the voltage measurement noise does not account for the residual
after bi-linear regression. For example the bi-linear residual for the ventilated PSP is

0.52 Wm™ while the measurement noise is only 0.10 Wm™. It could be concluded that the
expression C-T does not adequately parameterize the effect of thermal stress at this level
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of accuracy. However, no improvement was observed on using the more direct expression

(1: - 1;) where 7 is the temperature of the individual pyranometer. It was only possible

to make the comparison on three pyranometers because these were the only ones on which
the individual temperatures were measured. In another attempt to reduce the residual

variability, the term 7 was replaced by T, calculated for each of these three pyranometers.

There is a small improvement but not enough to modify any conclusions.

6.2.3 Results of statistical analysis

The following offset functions (Table 6.2.3a), expressed in Wm™2, are derived from data from

a total of 23 pyranometers mounted in ventilated }iousings with the normal horizontal
orientation to measure the downward irradiance. The term C-T from Equation 3 is

included for comparison with other determinations of C. The coefficients B , of the long-
wave stress P, are not significantly different from the values obtained by regression on

long-wave stress alone as expressed by Equation 2.

The constant terms are the offsets caused by the ventilator housing alone i.e., the offset
irradiance in the absence of environmental thermal stress.

The four instruments PSP, CM10, CM5 and S525, which all have two domes and a black
thermopile, have similar zero functions, except that the CM5 shows an extremely small
dependence on temperature change. The zero function for the Schenk instrument is
negligible, while the Eko results are intermediate.

The EP0Q7 and the CSIRO PT zero functions are significantly larger. The constant and the
temperature change terms for CSIRO PT are negligible.

6.2.4 Offset functions for unventilated horizontal installation

Results for the three instruments tested in the standard mounting configuration with
radiation shields are shown in Table 6.2.4a. It may be noted that the coefficients of P are

from 30% to 110% greater than without ventilation. The constant terms are small, indicating
that, in the absence of long-wave stress and temperature change, the offset is close to zero.
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Table 6.2.2 a. Dark signals. statistics

Pyranometer RMS Residuals After RMS Noise
in NARC Regression On in
ventilated housing || Mean (o) long-wave | long-wave | Volt. Meas.
unless otherwise anly & temp.
staled wm? | wm? Wim? Wm? wWm?
PT 43 1860 0.85 085 [0.26]
PSP unvent. 27 130 0.63 061 [0.10)
EPO7 74 1140 0.83 0.82 [0.10]
CM5 unvent. 28 1140 053 053 [0.09)
CM10 unvent. 25 1.00 058 055 [0.20]
8825 35 0@ 0.65 0.63 [0.07]
PSP 341 078 0.56 052 [0.10)
CM5 3.4 0.78 0.40 0.40 [0.09]
CM10 A4 074 0.43 0.40 [0.20)
MS42a 20 080 0.40 0.37 0.4
MS42 A4 031 0.20 0.20 [0.14}
Star 044 020 0.19 019 [0.07]
Table6.2.3 2
Pyranometers in NARC ventilated housing
Eppley PSP =-1.5+0.021-P+ 0.29.T
Kipp CM10 =-16+ 0.024-P+ 0.21.T
Kipp CM5 Z=-12+0.030-P+ 0.03-T
Swissteco 8825 §| Z=-1.5+ 0.028. P+ 0.22.7
Middleton EPO7 § Z =—4.1+ 0.036- P+ 0.22.T
CSIRO PT Z=-0.3+ 0.067-P+ 0.00-T
Eko MS42a Z=-0.6+ 0.018-P+ 0.19.T
Eko MS42b Z=-0.4+0.009-P+ 0.07-T
Schenk Star Z=-0.1+ 0.003- P+ 0.02.T

Table 6.2.4a

Eppley.PSP  unvent
Kipp CM10
Kipp CMS

unvent
unvent

Z=-0.5+0.046.-P+ 0.23-T
Z= 0.0+ 0.034.P+ 0.26-T
Z=-0.2+0039-P+ 010.T
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6.3 Direct outdoor determination of the effect of long-wave radiation

The pyranometer was alternately subjected first to the night-sky irradiance and then to
radiation from a sheet of plywood approximately at air temperature. This produced a
modulation of the long-wave stress in the order 50 to 100 Wm™ on clear nights. The main
item of equipmént was a large square plywood box with an open top and dimensions 1.9 x
1.9 x 0.5 m located on the roof of the AES building. This box, whose function was to
support the plywood sheet, clearly moderated the wind regime to which the pyranometers
were subjected. Up to six pyranometers under test and one pyrgeometer were put within the
central 1.0 m square, facing upwards. The domes were onily 20 cm below the rim of the box
which was high enough for all the instruments to receive the full long-wave irradiance.

The procedure was to cover and uncover the box with a 2.0 m square sheet of plywood for
periods of 20 minutes or more up to three times. The signals from the pyrgeometer and the
pyranometers are shown in Figures 6.3a&b. It can be seen that the response of the
pyranometers was delayed by a few minutes from that of the pyrgeometer. Values for the
ratio of change in pyranometer signal to the change in pyrgeometer signal have been
computed from these graphs. The changes were evaluated between the times just before
removing or replacing the cover and ten minutes later. The result quoted in Table 6.3.1a
and Appendix DD1 for each pyranometer is the mean, with its standard deviation, of three

evaluations of the ratio.

6.3.1 Summary of long-wave resuits

Table 6.3.1a lists all the results from the direct method and corresponding ones from the
bi-linear regression analysis. These show that the pyranometers can be divided into four

groups, as follows:
e The Schenk and Eko black-and-white models for which the effect is small (<1.1%).

¢ The four ventilated double-dome black models (CM5, CM10, PSP, $525) which all have
results in the range 2.1% to 3.0%.

e The three unventilated double-dome black pyranometers (CMS5, CM10, PSP) which all
have results in the range 3.6% to 4.6%.

e The EPQ7 and the PT which have the largest results.
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Figure 6.3a
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Figure 6.3b
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Tabie 6.3.1a Results for the influence of long-wave radiation

Mounting Standard NARC
unventilated ventilated housing
Method . Birect Statistical Direct Statistical
Extemnal Moderated Moderated
Venfilation Ambient Ambient Ambient Ambient
wind see text see fext
Star #2428 0.002 0.007 0.004*
MS42B #82052 0.00410.001 0.01140.001 0.010*
CM10 #820158 0.037+0.004 0.036 0.0270.001 0.024
CMS #784876 0.04140.003 0.039 0.029 0.030
PSP #18426 0.045+0.005 0.046 0.03040.001 0.021*
EPO7 #124 0.080+0.011 0.06010.001 0.034*
8825 #1413 0.028
CSIROPT 0.067
*The resufts on the ventilated Schenk, Eko, Middlefon and PSP are for identical
Instruments .

6.3.2 Discussion of long-wave results

Results from the two methods are very similar - they differ by 0.003 or less in seven of the
nine cases where a comparison can be made. The other two cases are for the ventilated
Middleton and ventilated PSP. The difference is 0.026 for the Middleton (which is about four
times the combined standard error) and 0.009 for the PSP (which is smaller but still
significant).

The cause of the discrepancies with these two instruments has not been identified. Some
difference between the two methods might be expected because, in the direct technique, the
removing and replacing of the plywood cover does not only cause the desired modulation of
the long-wave radiation it also modulates the air temperature by a few degrees. The result
is therefore the combination of long-wave influence and temperature change, while the
statistical analysis specifically separates these effects. It is notable that the Middleton
instrument is the most sensitive to temperature change.

The field statistical results are preferred for two reasons. First, they apply to the exact
mounting configuration of the pyranometers use. Second, the aim is to parameterize the
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offset as a function of environmental variables: this is true regardless of potential effects of

imprecision or correlation in the independent variables.

6.4 Temperature change effects on the offset (indoor)

The statistical analysis of dark signals, described in §6.2, is the only field technique that has
been used to study the temperature change offset. The effect has been studied in the
laboratory by subjecting pyranometers to either a sustained rate of temperature increase or
to thermal shock. A brief discussion of these investigations, undertaken in Vienna and the
Netherlands (Kipp, TNO), is given in §5.4. The NARC thermal shock study is described
below and its results are compared with the statistical technique and discussed. An
intercomparison is made between the results from NARC and TNO for both long-wave
radiation and temperature change in §6.5.

6.4.1 Measurement of the response to thermal shock _

The procedure was to move pyranometers from a dark room at ordinary temperature into a
dark cold room (typically at -25 C) and to record the signals. Four or five pyranometers were
tested at the same time. They were set on a moveable table with a clearance of at least 3 ¢m,
as if deployed for radiation measurement. The thin stainless steel surface of the‘table, with
its small thermal inertia, would reach ambient temperature within a few minutes. A thirty-
minute period was allowed for the pyranometers to equilibrate at room temperature and
during this time the room lights were switched on for one minute. The record of this pulse
unambiguously identified the polarity. The table was then wheeled into the cold room and
the signals were recorded for a further ninety minutes.

The measurements were done with four different regimes of ventilation. The cold room was
equipped with fans which circulate the enclosed air quite vigorously — the air velocity near
the pyranometers was estimated at 1 ms™l. The pyranometers were either enclosed in the
NARC ventilators or were equipped with the normal radiation shields. The cold room fans
were either on during the whole period or off during the whole period.

Figure 6.4.1a shows some typical results. They are all for the case with the pyranometers in
ventilated housings and with the cold room fans tuuned off. The two PSPs and the CM10
show responses of about 20 Wm™ in the same direction as the temperature change decaying
with time constants of about 15 min. The response of the CM5 is in the opposite direction.
The EPO7 response is, at first like the PSP but in the region of 50 Wm™, but followed by a
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smaller but longer excursion in the opposite direction. This type of response is also shown
by the CM5 in the standard mounting when the cold room fans are off.

6.4.2 Summary of temperature change results

Table 6.4.2 summarises all the cooling results, including those from the bi-linear regression
for comparison. The peak excursions with the overshoot where it exists, normalised for

1.0 X, are given in the first part. The area excursions, also normalised for 1.0 K, are given in
the second part. When there is an overshoot the net area excursion (which is small), is listed.

In the course of the experiments, it was found that the results in the totally unventilated
regime fi.e., standard mounting and no wind) depended very much on minor details of lay-
out. The first column should therefore be taken only as some typical values.

It can be seen that results for the NARC ventilated mounting are insensitive to the external
ventilation. Also, the peak excursion results for the standard mounting in the presence of
_external ventilation are close to those obtained for the ventilated mounting.

Table 6.4.2 contains several cases where the tests have been repeated on the same
instrument or on one of the same type. Except for one case, the corresponding results are
very close. The reason for the difference between the two PSP pyranometers is not known.

6.4.3 Discussion of temperature change results

It could be expected that the external ventilation in the laboratory would simulate the typical
ambient ventilation occurring throughout the field experiment. As discussed earlier, the
laboratory area excursions should then reproduce the statistically derived values for the
coefficient of temperature change. Table 6.4.2 shows that this is definitely not the case. All
the statistical results are higher than the corresponding laboratory values by amounts
varying from 0.05 - 0.29 Whm2 K1, The differences are of similar magnitude to the
measurements themselves while the error is 0.09 Whm=2 K1,
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Figure 6.4.1a
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Table 6.4.2 The effect of temperature change on
pyranometers: a summary of the NARC results

Excursion Areas From Themmal Shock

Compared With Field Statistical Results W hour m2 K-
Mounting Standard NARC Ventilator
Location Method Laboratory Field Laboratory Thermal Field
Therma! Shock | Stat. Shock Stat,
External Ventitation No Yes Ambient No Yes Ambient
CMS 4851* 0.04 [ -0.19 0.21
0.01 -0.03
CM6 #2428 006 | -0.18 0241 023 024
CM10 #820155 034 015] 026 013 016 016 021
PSP #18436 0401 017 0.09( 008 007
0.23 0.17 0.29
PSP #19851 052 0.19 0.16
EPO7 #124* 0.94 | 048 0.02 0.02
MS42B #82052* || 017 | 0.09 0.1 0.09
STAR #2428* 0.07 | 0.01 0.03 0.02
Peak Excursions From Thermal Shock W m=2K1
Mounting Standard NARC Ventilator
external ventilation No Yes No Yes
CM5 4851* 0.6/+0.2 06 -10.0
CM5 #2428 0.514+0.2 08 -1.1 121 -11
CM10 #820155 0.7 0.7 0.6 0.7 0.6
PSP #18436 0.6 0.6 0.4 04 0.4
PSP #19851 0.8 0.8 0.8 0.7
EPOT #124* 0.9 1.6 1.4/0.2
MS428 #82052" 0.2 0.3 0.5
STAR #2428* 0.1 0.0 0.2
Day/August 1985 07 16* 0t 12* || 08 09 | 02 06

* instruments tested on same dates
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Table 6.5a Results from the Technisch Physische Dienst (TNO-TH)
of the Netherlands on the influence of long-wave radiation on
pyranometers compared with results from the NARC

Mounting Standard NARC Ventilator
Location Laboratory Field Lab. Fisld
TNO TNO NARC TNO NARC
External No Yes Ambient No Ambient
Ventilation 3ms!
Serial # Used A B B1 B2 C C3 C4

at TNO

PSP #20524 0.104 0.056 0.045 0.046 0.032 | 0.030 | 0.021

CM10#810121 0.056 0.040 0.037 0.036 0.032 | 0.027 | 0.024

CMS #773656 0116 0.060 0.041 0.039

Star #2209 0.012 0.008 0.002

8825 #114 0.112 0.060

CSIROPT 0.148 0.100

MS42a #81908 0.040 0.024

All values are for the incremental effect 5Z/5P where §Z is the change in pyranometer
signal caused by a change 8P in the long-wave radiation.

A TNO - Standard mounting - 0.2 m below a hot plate at 75 C - no external ventilation.
Not comparable to any NARC measurements.

B TNO - Standard mounting - 0.2 m below a hot plate at 75 C - 3 m s°1 External
ventilation.

B1 NARC- Direct method - outdoors - ambient wind moderated by box as mentioned in
text. .

B2 NARC- Statistical method - outdoors - ambient wind.

C TNO - Mounted in NARC ventilator - no external ventilation.

C3 NARC- Direct method - outdoors - moderated ambient wind etc.

C4 NARC- Statistical method - outdoors - ambient wind.

Reference: van den Brink et al. (1985)
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Table 6.5b Results from Technisch Physische Dienst (TNO-TH) of the
Netherlands on the Effect of Temperature Change on Pyranometers

Compared With Results from the NARC

Mounting Standard

Location Lab. Field Laboratories

Extemal tms! | Ambient Yes? 1ms? Yes? 1 ms?

Ventilation
Units Whm2K-1 Wm-2K-1
Serial # Used Direct Stat Area Excursion Peak Excursion
at TNO TNO(1) | NARC(2) | TNO(3) | NARC{4) | TNO(3) | NARC (4)

PSP #20524 0.65 023 022 0.18 13 07
CM10# 810121 0.33 0.26 0.16 0.15 11 07
CMS5 #773656 0.09 0.10 0.21 0.19 18 08
Star #2209 0.00 0.02 .02 0.2 0.0
§525#114 0.09 -0.06 04
CSIRO PT 0.37 0.13 25
MS42a #81908 0.21 0.22 1.8

1  TNO. Pyranometers subjected to steady temperature rise of 6.7 Kh'l in an
environmental chamber.
2 NARC. from statistical analysis of night signals.

3 TNO. Response to thermal shock 25 C to 20 C. Ventilation conditions not quoted in

report - thought tobe 1 m sl
4 NARC. Response to thermal shock 25 C to -25 C.

Ref. van den Brink et al. (1985)
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A satisfactory explanation of the discrepancies cannot be given. The laboratory shock
expenment necessarily involves a change in long-wave radiation but it is in the wrong
direction to explain the observed differences. It may be surmised that the response to
steady temperature change is very sensitive to the mounting configuration. The metal table
on which the instruments are mounted in the field is quite thick (approximately 6 mm), and
therefore its temperature lags behind the air temperature much more than the thin table
used in the laboratory tests. This is tentatively suggested as the cause of the discrepancies.
The largest measured discrepancies are for the CM5 pyranometer which has been shown to
be particularly sensitive to thermal input to its base.

The field results on temperature change are preferred for the same reasons as mentioned
for the long-wave results.

6.5 Comparison with results from another laboratory

Laboratory investigation of the effects of long-wave radiation and temperature change have
been reported by the Netherlands' Technische Physische Dienst (TNQO). The TNO results
(Tables 6.5 a,b) have been computed from the graphical data given in the TNO report.
Comparable NARC results are listed in the same tables.

The TNO long-wave results are quite consistent with the NARC field results. The TNO
procedure was to place the pyranometers under a large metal plate heatgd to 75 C and then
to measure the dark signals. External ventilation of 3 m s was applied in some cases.

The results with the pyranometers in the NARC ventilated housing would he expected to
show the closest agreement. The NARC results are for the outdoor ambient ventilation while
the TNO measurements were done with no external ventilation. Table 6.5a shows a
sétisfactory agreement in columns C, C3 and C4, in view of the limited measurement
precision, the ventilation difference and the fact that the laboratory experiment involves a
radiation of the opposite sign, i.e. a hot sky. There is also a rough agreement between the
TNO results for the standard mounting {(column B) in the presence of external ventilation

" and the NARC field results (Bl and B2). The TNO results for the standard mounting in the

absence of external ventilation (column A) are the largest.

The TNO temperature change measurements were only made on pyranometers in the
standard mounting. Responses both to a steady increase of temperature and to thermal
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shock were measured. The results ére generally similar to those from the NARC set but

there are some obvious inconsistencies.

Table 6.5b shows an agreement between the two laboratories for the area excursions. this is
fortuitous because the TNO values are derived from only the first 15 minutes after the
sudden temperature change. No further data are given in the TNO report. The peak
excursion measurements of the TNO are about twice as large as the NARC results. The TNO
direct results on steady temperature change are significantly different from the NARC
statistical results in two out of three cases, the discrepancy for the PSP being particularly
large (0.4 Whm™2 K1), '

The discrepancies observed between the results from TNO and the NARC reinforce the
conclusion that details of the mounting configuration and ventilation determine the
temperature effect, particularly in the standard mounting. Unfortunately there are no TNO
temperature results for the NARC ventilated housing.

6.6 The relation of noise to the offset signal

It is proposed here that the dependence of pyranometer signals on long-wave radiation and
temperature change is independent of the short-wave radiation and that the interfering
effects are superimposed on the short-wave signal. This would be proven if it were shown
that all the heat transfer within the pyranometers was linear, as would be the case in the

absence of convection.

Direct validation of this linear superposition can be attempted by examination of the
discrepancy between daytime signals of two pyranometers of different types as a function of
long-wave radiation. The problem is that pyranometers of different types usually have
markedly different directionality errors which tend to mask the effects of long-wave
radiation. The problem should not be insuperable, but there is as yet no direct observation
of the daytime long-wave effect.

Support for the contention comes from the observed linearity of response and the deduced
linearity of the internal heat flow in the pyranometers. The pyranometers of the types in this
study have been tested for linearity of response by at least three laboratories. The largest
observed departure from linearity over the range 60-1000 W™ is about 4%, and was
obtained with the Swissteco. Results for the other types are considerably less. Itis
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concluded that linear heat transport processes dominate transport by convection in all these
pyranometers. Several of the pyranometers have a negligible dependence of responsivity on
orientation (<0.5% for the PSP, CM10 and Swissteco) which also suggests that convection 1s
not important. Further to the discussion in Ch. 2, non-]meanty is seen as a progressive,
linear change in responsivity as a function of irradiance. This accords with the simple
explanations of the nature of convection and the behaviour of thermopiles. Superposition is
generally accepted on account of the above indirect evidence but two caveats need to be

considered.

1. The discrepancies between laboratory measurements of the temperature change effect
and field statistical results show one case (CM5) where the assumption of an overall
linearity appears questionable.

2. There could be some convective transfer that, while having a negligible effect on the
responsivity, might have a significant effect on the long-wave sensitivity. For example,
the transfer between the receiver and the domes could be stimulated by convection
caused by an elevated temperature of the receiver when absorbing shert-wave radiation.
The long-wave effect would then be stronger in the daytime than at night.

Direct validation is therefore still needed.

Accepting that the offset functions during the day and night are identical, it remains to
compare day and night statistics of long-wave radiation and temperature change. A cursory
examination of the long-wave stress shows the daytime range about 30% more than in the
night. This is because the boundary layer is usually several degrees warmer during the day
than at night, while the altitudes where the pyrgeometer signal originates are colder and
vary to a smaller extent. Temperature changes are also greater during the day than at night
but the magnitude of the temperature change coefficients suggests that the contribution to
the offset variability remains smaller than that of the long-wave radiation.

In summary, it is expected that the daytime offset and the dai-k signals are given by the
same function of long-wave radiation and temperature change. It follows that the variability
of the daytime offset is about 30% larger because of the larger variability of long-wave stress
and temperature during the day. Similarly, the mean daytime offset for unventilated
instruments, which is proportional to long-wave stress, is expected to be about 30% greater
than the night value. These deductions require only minor revisions of the first two
columns of Tabhle 6.2.2a if those are to be taken as representing daytime measurement noise
as discussed earlier. It is also likely that the scatter of the true daytime offset about the
regression on long-wave stress will be slightly larger than the observed night value.
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6.7 Conclusions

Dark signals from seven types of pyranometers, equipped with their standard radiation
shields or mounted in NARC ventilators, have been investigated. The mean values and
standard deviations are in the ranges -0.4 to -7.1 Wm™2 and 0.2 to 1.6 Wm™ respectively.
The smallest values are observed for the "black & white" pyranometers, particularly the
Schenk Star type. Enclosure in a ventilated housing significantly reduces the standard
deviations for the "black” type pyranometers.

The dependence of the dark signals on long-wave radiation and on the rate of change of
ambient temperature has been established by statistical analysis of night data spanning
several months. The variability about the regression of the dark signal as a function of
long-wave radiation is typically 0.5 Wm™ for the ventilated instruments and significantly
less than the variability about the mean. Including the ambient temperature change into the
regression yields estimates of the effect of a steady rate of temperature increase on the dark

signals, but it does not usefully reduce the variability.

The statistical results on the long-wave effects are generally confirmed by field experiments
in which the pyranometer is periodically shielded from the long-wave radiation of the night
sky. The results also compare quite well with reported laboratory measurements.

The statistical results on the temperature change effect do not agree closely with results.
derived from laboratory measurements on the response to thermal shock. Direct laboratory
measurements of response to a steady increase in temperature are also in disagreement with
the statistical results. It is concluded that the temperature change effect is extremely

sensitive to the ambient ventilation and mounting configuration.

It is argued that the pyranometer response is linear to the extent that a daytime offset exists
and that it is determined by the same function of long-wave radiation and temperature
change as are the dark signals. There has been no direct validation of this proposition.

6.8 Offset signal: recommendations

Offsets are most important for measurements of low frradiances.

The simplest correction is to measure the mean dark signal and subtract it from the daytime

measurements. This is advisable, even with the Schenk instrument, because the data
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acquisition system may develop significant voltage offset. A procedure suitable for
continuous monitoring is to determine the mean dark signal every night and to use linear
interpolation between the preceding énd following night values to compute the offset
through the day. '

Ventilation is strongly recommended because it reduces the offset variability including the
expected 30% difference between the mean day and night offsets. In addition, it can
virtually eliminate the build-up of frost, snow or raindrops on the domes.

Further offset correction is not required when measuring large irradiances. For example,
with a signal of 1000 Wm™2, an uncertainty of 0.3% in calibration, which is characteristic of
the best pyranometers, contributes more to the measurement error than the offset
variability. '

Offset correction based on long-wave data is recommended for the most accurate
measurement of diffuse radiation as is required for a reference instrument against which
other pyranometers are calibrated. For this application, the pyranometer would be one of
the “black” types with the least directionality of response; it should be ventilated and
equipped with a tracking shade disc. The offset function should be determined from night
signals as in this work and offset correction based on real-time pyrgeometer measurements
should be applied. If the pyranometer is in a ventilated NARC housing, the following offset
function may be used: '

Z=(-15+0025-P) [Wm'2] [6.6]

Tlﬁs applies with sufficient accuracy to the PSP, CM10, CM5, and Swissteco pyranometers.
Correction based on temperature change is not recommended because the statistical
analysis shows an insignificant reduction in the residual variability when including
temperature change. Rapid changes in pyranometer temperature should be avoided if
possible.

Finally, because of the very small offset, the Schenk pyranometer, or one of similar
construction, is recommended for irradiances below about 50 Wm™=. Because of directional

errors it is not the best instrument for use at larger irradiances.
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Chapter 7. Transfer Functions

7.1 Introduction

The purpose of deriving transfer functions is to establish a uniform method for describing
the behaviour of pyranometers. This can help general family characteristics for each model
of pyranometer to be ascertained, together with typical errors and magnitudes that may or
may not be corrected for, depending upon the specific application of the pyranometer.

Much of the value in transfer functions comes from their use in uncertainty analysis. The
“transfer function allows a reasonably rigorous estimation of the measurement uncertainty
caused by variations in the environmental condition and in the nature of the radiation being

measured.

This chapter gives the rationale for the particular structure of the transfer function adopted
in this work. Some of this formulation is covered in §1 and the work in §4,5 & 6 addresses
the measurement of the most important terms in thé function. Section 7.3 is a simple
example of using the response function with knowledge of the variability of the environment

in order to determine uncertainty in measurement of irradiance.

7.2 Formulation of a transfer function
A convenient starting point is the following definition of responsivity R

R = (V"Vz)/E [7.1]

where E is the incident irradiance and V is the output signal and ¥, is the output when it
is in the dark. This is a useful definition because R is reascnably constant, probably varying
by less than 10% over the wide range of conditions that a pyranometer may be exposed to in
most applications. The responsivity of a pyranometer generally does depend upon the

e direction (6, ¢) of the incident radiation represented by s if there is a unique incidence

direction or by s° if there is a radiance distribution

s instrument temperature 7

¢ instrument tilt # and intensity of irradiance £
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o wavelength A of the incidence radiation if it is unique or the spectrum of the incident
radiation £, (}f.) represented by A”

so that
R = R(g',T, BEX) (7.2]

Further, the zero signal ¥, depends, as shown in §6, on long-wave radiation P, rate of
change of temperature 7" and mounting configuration (especially the ventilation conditions).
This behaviour is expressed by the term Z = V, ! R in the following

V = R(s\T.BEX) (E+2) [7.3]

Z

Z (P ,T, venﬁlation) [7.4]

Fortunately the effects of many of these variables are separable and can be accommodated
as correction factors ( F;, Fy, Fy, F; )to a standard responsivity R, as follows

4 Ry-Fy(s"y- Fr(T)- F,5(B.E)- F,(A")-(E + 2) [7.5a)

or, more succinctly,

V Ro'E_s'E'F}sE'Fz'(E+Z) [7.5b]

The inverse, for use in computing the irradiance from the signal, is

E 4 -Z
= R, -F-F-FyF [7.6]
The folowing definitions apply:
R(s,T.BE,X .
Fy(s) = (_, ’ 2 assumed independent of 7,8 E, A [7.7a]
) R(s;.T.B,E, %) .

R{sS,T.BEX
F}(T ) = (Q‘ a *) assumed independent of §’, BEX [7.7b]
R(s\T.5,E.X)
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R(g‘,T, ﬁ,E,)J)

Fe(B.E) = - assumed independent of s*,7, 4" [7.7¢]
R($', 7,50, Eo, X
R S', T: ’Eaﬂ'
F(%) (_. 5 ) assumed independent of 5°,7, 8, E [7.7d]
R(s.T,8E,)

Where s,,7,,8,.E,, A, arethe conditions that have been chosen for the standard
responsivity R,.

The effects of the distributed variables A"and s can be computed from the corresponding

simple variables by

F:;(/T-') _ J;El(ﬂ')’Ez(A)'dﬂ' (7.8]
rEi(}L)-d}L

and
[ Fy(s)- 1(6,9)-cos8 -aQ

Bl) = [L(6.4)-cos8-dQ2 o

‘With regard to this proposed response function:
« the authors believe that no measurements invalidate this general form,

o the effects described by all the terms in Equation 7.5 have been observed and measured
for various types of pyranometers,

« the residual rms noise is presumed to be about one watt per square meter for 10- mmute,
mean measurements, the magnitude varying with the type of instrument.
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Table 7.2 Legend to the response function

SYMBOL DEFINITION UNIT
Vv OUTPUT VOLTAGE FROM PYRANOMETER uv
v, OUTPUT VOLTAGE WITH ZERO RADIATION y7i4
R, RESPONSIVITY AT STANDARD CONDITIONS LE., Ty, B=0FETC. | V- W'n
E IRRADIANCE 1N THE MEASUREMENT DIRECTION (PYRANOMETER AXIS) Wi
E,(A) | SPECTRALIRRADIANCE Win2nm™
F ( S-) CORRECTION FACTOR FOR DIRECTICNALITY
si2
6,¢ ZENITH AND AZIMUTH ANGLES WITH RESPECT TO PYRANOMETER
AXIS AND REFERENCE DIRECTION (CABLE)
s THE DIRECTION &, ¢
s INDICATING A RADIANCE DISTRBUTION, L. (6, @)
B TILT (ANGLE BETWEEN PYRANOMETER AXIS AND LOCAL VERTICAL)
Fm8 CORRECTION FUNCTION FOR NON-LINEARITY AND/OR TILT
F, CORRECTION FUNCTION FOR TEMPERATURE
A WAVELENGTH nm
A INDICATING A SPECTRUM, E, ()
Z OFFSET IRRADIANCE, FUNCTION OF RATE OF CHANGE IN
TEMPERATURE, OF P AND OF VENTILATION. Win™?
P NET THERMAL IRRADIANCE
-2
= (El -oT ) AS MEASURED BY A PYRGEOMETER Wm
dQ = s§in@-d6-d¢ sr
I (9 ¢) RADIANCE FIELD Wi 2sr™!
2
f ( 9) 27 Wm-—Z 7 -1
AZIMUTH AVERAGED RADIANCE FIELD J; L(Q, ¢)~d¢/ 27,
27 prEf2 .
[-d@ | = [7[". . sin6do-dg
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7.3 A simple example of computing measurement uncertainties.

The subject of this section is the performance of three pyranometers under various
conditions and throughout a typical vear in Japan. The transfer functions of each
pyranometer are used to compute the response under clear skies with different optical
properties and solar elevations. The departures from the ideal response are examined. The
range of the departures indicates the uncertainty arising from the use of a standard
responsivity. The error contributions from the pyranometers' directionality, both in diffuse
and global measurements, and the spectral errors are illustrated.

7.3.1 Procedure -
The basis of this treatment is Equation [7.4] with the offset Z neglected so that

R= VI/E =R, F F-FuF [7.10]

The fractional change ) in responsivity compared to R, is
O(s.T.8,E,A) = (R-R)/R= Fs-Fp -Fp F,-1 [7.11]

Defining (J; = F;—1 functions etc., for each of the factors and assuming that these are
small gives: |

As,T.B.E,2) = 04(s)+ OulT) + Cpel B.E)+ 04(2) [7.12]

This identifies the O - functions as the fractional changes generated by the various
aberrations and that, when they are combined, their effects are additive. In this section at
least, they are called "error terms” because they describe the errors in assuming a constant
responsivity. Equation [7.12] is an alternative form containing the same information as the
response function when the changes are small. The following example includes further
simplifications in that azimuth variability is neglected, only horizontally mounted
pyranometers are considered and the temperature and non-linearity effects are linear in T

and E respectively.

The pyranometer data for the right hand side of Equation [7.12] are from Task 9 work. To

evaluate the responsivity under atmospheric conditions requires integration over direction-
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and wavelength because the sky radiates from all directions and has a continuum of
wavelengths. Therefore the task, using the above simplifications, is to evaluate

QO LEE) = OfF)+ (1) +0slE)+ 0u(7) (713
where, following Equations [7.8 & 7.9]]

[ 0,(6)L(6)sin(6) cos(6)a6 [7.14]
Lm L(6)sin(8) cos(6)d 8

and

or) - LOWE@M:
[ E@a

[7.15]
The spectrum of the irradiance E (}L) and the azimuth averaged radiance distribution Z(H)
are properties of the sky. In this exercise they are derived from a model and the radiance in
the model does not change with azimuth ¢, so that the expression o, (9) replaces Q§ (g) .

7.3.2 Pyranometer and mode! radiation data

The three pyranometer types were the PSP, the CM-11 and the Fko MS-801. The spectral
responsivities, Ql(ﬂ,) , are based on the work at Borids in §5.7. The directional responsivities
of the PSP and CM-11 are derived from measurements both at the MOH and the TNQ, which
are in close agreement with each other. For the PSP, the temperature dependence and the
non-linearity are from MOH; for the CM-11 they are from TNQ. For the MS-801, the
directional, temperature and non-linearity data come from the manufacturer. All these
pyranometer data are merely examples of particular determinations on particular
instruments. It is not suggested that they are generic. The reference conditions that
determine R, for this application have been chosen as normal incidence, 20 C and

500 Wm2

The radiance distributions are calculated using an azimuth averaged 12-stream, 20-layer

model with a spectral resolution of 50 nm in most parts of the spectrum (Miyake, 1989).

The model carries stratospheric and tropospheric aerosols, water vapour and ozone in
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addition to Rayleigh scattering. It was run, with a ground albedo of 0.2, at a range of
turbidities, at two water vapour contents and at several solar zenith distances 6.

Figure 7.3.2a shows the output global, diffuse and direct radiation for three different
turbidities as a function of airmass (= l/ cos(ﬁ)) Figure 7.3.2b shows the spectra of global,
diffuse and direct radiation at airmass 1.5 and Figure 7.3.2c shows the spectra of global

radiation over a range of airmass.

The distribution of sky radiance over a range of airmass is illustrated in Figure 7.3.2d. The
"Intensity” is equivalent to radiance, being 7 times the radiance in Wm'zsr'l; it is also the
value of the.global irradiance from an isotropic sky of that radiance. The irradiance points
plotted in Figure 7.3.2d are the contribution to the global radiétion from 10-degree wide
rings in the sky. The two quantities are related approximately according to:

" Irradiance (0)" = 118 sin26-"intensity(8)" [7.16]
where /18 is 10" expressed in radians.

Figure 7.3.2e compares winter and summer measurements of global radiation with model
output at 1.34 and 5 cm of precipitable water. Corresponding measurements of turbidity

are also shown.

7.3.3 Results

Figure 7.3.3a shows the changes in responsivity that are caused by shifts in the spectra as a
function of airmass, with turbidities of 0.1, 0.27 and 0.50. (The spectra for 0.27 are as
shown in. Figure 7.3.2b). The changes calculated for an Eko MS42 black-and-white
pyranometer are included with results for the other three instruments. The effects are
computed by taking each of the spectra £, in Figure 7.3.2b and performing the integration
according to Equation 7.15. Each spectrum results in one point in each of the panels in

Figure 7.3.3a.
All the plots show a slight decrease in responsivity with increasing airmass and turbidity.

This is a consequence of the small decrease of sensitivity to near infrared radiation
exhibited by all the pyranometers and of the shift towards the infrared in the global spectra.
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The significant feature of all the plots is the range of responsivities. It is 0.92% for the
black-éild-white example and less than 0.6% for the three others. These ranges which are
called "error bar” on the figure represent the full range of percentage error consequent on
neglecting the spectral variability. The small numbers, for the PSP and CM-11, justify
neglecting spectral variability when measuring global radiation with these instruments.
However, in the context of measuring other sources such as halogen or xenon lamps, clearly
the different types of pyranometers will show larger spectral effects.

Figure 7.3.3b shows the responsivity changes for global radiation induced by different
radiance distributions evaluated using Equation 7.14. The obvious feature here is the large,
5%, range exhibited by the PSP. It is caused by the decreasing responsivity of this PSP with
incidence angle.

The ranges in Figure 7.3.3b for the CM-11 and MS-801 are considerably smaller, both being
less than, 1.0%. However, it is important to note that the radiance distributions here are for
cloudless skies and are smooth compared with that occurring when there is uneven cloud
cover. Uneven distributions can be expected to extend the range of variability in
responsivity (the analogous effect in spectral variability is believed to be much smaller
because clouds do not cause discontinuities in the spectra).

In Figure 7.3.3c the effect for the PSP is separated in terms of the diffuse and direct
contributions to the global measurement. As one would expect, the main contributor is the
direct beam which accounts for approximately three quarters of the variability. This
illustrates the rationale for using the combination of a cavity radiometer and a shaded
pyranometer in order to measure global radiation as accurately as possible. In this
particular case the uncertainty in the diffuse measurement is indicated at about one quarter -

of that in the unshaded global measurement.

Figure 7.3.3d shows the full variability over typical summer and winter clear-sky conditions
calculated for Japan. The airmass range is about one to four in summer and two to four in
winter. Temperature and linearity effects are combined here with the spectral and
directional effects. The radiation conditions are those of Figure 7.3.2e. The overall ranges
are 6.6%, 3.05% and 2.0% respectively for the PSP, CM-11 and MS-801.

The spread in the PSP responsivity is more dependent on zenith angle than on turbidity.
This raises the possibility of expressing the responsivity (to global radiation) as a function of

172




solar zenith angle (which is always known). If this were done in Figure 7.3.3d , the
remaining spread would be 2-3%, like that of the other two pyranometers. This would be
useful if skies were indeed as simulated in the model but the extent to which it would work
with cloudy and partially cloudy skies is clearly limited — the radiance from a uniform

cloud cover is approximately isotropic regardless of the solar elevation.

7.3.4 Summary and conclusions _

This analysis is preliminary and simplified. Zero effects are ignored and the treatment does
not include tilted measurements. Also, the pyranometer characteristics used here may not
be representative of the specific types. The evaluation concentrates on the range of
percentage error: a more suitable measure of performance would be the root mean square
of the error in Wm™ arising from a realistic distribution of conditions. Most importantly, the
modelled radiance data do not reflect the detailed va:iabﬂity of real cloudy skies: a set of
real radiance data throughout at least a year should be used for a similar analysis. With
these caveats, and considering that the issue is being addressed in Task 9f, useful -
conclusions can be drawn from this preliminary work.

o The effects of different spectra of global radiation are negligible in the case of the CM-11
and PSP and small for the M5-801.

e The directionality effect for the PSP is large and is the main cause of the 6.6% spread of
PSP responsivity throughout the year. Expressing the responsivity as a function of solar
zenith distance reduces the uncertainty under clear skies but not under cloudy skies.
The uncertainty ranges calculated for the CM-11 and MS-801 are 3% and 2% respectively.

e The directionality effect on the measurement of diffuse radiation is much smaller than
that generated by the same pyranometer when measuring global radiation. Thus the
spread in the values for global radiation, when using the PSP to measure the diffuse
component and a cavity radiometer to measure the direct component, is shown to be
only one quarter of that when using the pyranometer alone. Again, the degree to which
this performance is maintained under real skies, particularly those with broken clouds, is
not established here. '
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Figure 7.3.2a Calculated horizontal global, direct and diffuse radiation for turbidities( 1 ) 0.1,
0.27, 0.50 and water(w) 5.0cm plo‘tted agéinst airmass (secant of the solar zenith angle).
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Figure 7.3.2b Calculated spectra of global, diffuse and direct radiation at w=5.0cm, T =

0.27 and airmass 1.5.
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Figure 7.3.2c Calculated horizontal global spectral radiation for aimass 1.0,1.5, 2.0, 3.0 and
4.0 at T=0.27 and w = 5.0cm. '
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Figure 7.3.2d Calculated diffuse intensity (=r x radiance) and contributions from 10 degree
rings of sky to diffuse irradiance, for aimass 1.0, 1.5, 2.0,3.0 and 4.0 at 1=0.27 and
w = 5.0cm plotted against zenith angle( @).
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Figure 7.3.2e Measured and calculated horizontal global radiation and measured turbidities
plotted against airmass. '

178




AIR MASS

- 2.0 1 L L L

-22f ERROR BAR

-24

-28F - ittt S 0.254 %

-.o......_.-o_ ........ )
-28+ 7=04 —o0o 7 -0_‘]{_

T=0.27 -—-0=~~-
T=0.50——g-mn

-3.0f

|
(g
«

ERROR TERAM Q(A)

—4.7
-4.9 F
=51 |
-53 |
. ~-55f

-56

Figure 7.3.3a The spectral "error term” QA(I)due to spectral response for three
pyranometers(PSP, CM-11, MS-801) at T= 0.1, 0.27, 0.50 as a function of airmass.
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Figure 7.3.3b The directional "error term" Q,,(Q') for three pyranometers at 1= 0.1, 0.27,
0.50 as a function of solar zenith angle 8.
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Figure 7.3.3¢ The directional "error term" -,QG(B') for the PSP for global, diffuse and direct’
radiation at T = 0.1, 0.27, 0.50 as a function of solar zenith angle 8.
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and non-linearity for three pyranometers through winter and summer conditions plotted
against solar zenith angle.
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Chapter 8. Matrices of Calibration Results

8.1 Overview
Calibrations were done on twenty six instruments which were circulated through several
laboratories and this chapter summarises the results in the form of matrices of responsivity

values.

Section 8.2 deals with the responsivities measured by the laboratories according to their
individual, routine protocols (some values, measured during previous IEA tasks, are given
for comparison). The differences in responsivities obtained by various laboratories on
instruments of the same make and model range from about 1.0% rms for the Eppley PSP up

to a maximum of 6.6%, or a maximum of 1.8% if a few data are rejected.

Section 8.3 considers responsivities measured under three well-defined benchmark

conditions:

1. BMHC instrument horizontal angle of incidence 55°
2. BMTN  instrument 45° tilted normal incidence
3. BMTO instrument 45° tilted angle of incidence 55°

Contrary to expectation, improvement in the scatter, compared with the results given in
§8.2, can only be demonstrated for two types of pyranometer and for only one benchmark in

each case.

In §8.3.6, differences bétween the three benchmark responsivities measured on the same
instruments are examined. Comparison between BMTO and BMHO shows changes in
-responsivity induced by tilting the pyranometers. The differences between BMIN and BMHO
indicate the possible errors caused by incorrectly using a calibration suitable for a
meteorological application when measuring tilt irradiance for tests of solar collectors.

8.2 Between institutes for routine calibration
The inter-laboratory discrepancies in pyranometer calibration have been a major concern to

researchers in solar conversion technology and meteorology.
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8.2.1 Presentation of results

In the responsivity matrix the various pyranometers are arranged in rows and the
laboratories, together with the manufacturers, in columns. The owner of an instrument with
a manufacturer's calibration could use this matrix to determine the approximate values for

other laborateries.

The matrix (Table 8.2a&b) has been compiled from calibrations performed by several labora-
tories each using in their own protocols on the same set of 25 IEA pyranometers. To ensure
better comparability between the four US laboratories during Task 9, SERI loaned a PSP
instrument (#17880) and the data from this pyranometer are included. Some values
measured during experiments in previous IEA tasks are also given for comparison.

A distinction has been made between the alternating sun/shade method (ASM} which is a
direct calibration method (Table 8.2a) and the indirect, or relative, methods. The latter
include field calibration by comparison to reference pyranometers and all the results of all
indoor methods (Table 8.2b).

The results are expressed as ratios to the values from the coordinating NARC/AES
laboratory. The original responsivity, assigned by the manufacturer, is given in the first
column and the second column shows the value on the updated WRR scale values for
selected instruments (see Riches et al., 1982). The calibrétions done by NARC/AES in
1985-1986 (Appendix BB) are given as responsivity values in the third column. The
remaining columns express the ratios to NARC/AES and when no NARC/AES value is
available the original laboratory responsivity is given in gV Wlm?. ‘

Mean values and standard deviations are also listed. Columns 11 and 12 in Table 8;2a and
columns 19 and 20 in Table 8.2b show the means and standard deviations for the direct
calibrations and the indirect calibrations, respectively, for each of 24 individual

pyranometers and 7 pyranometer types.
Overall means and standard deviations for all routine calibration methods, direct and

indirect, are given in Table 8.2a, columns 13 and 14, and in Table 8.2¢, which also shows
the statistics when six of the 154 ratios are rejected.
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Table 8.2a Manufacturers' and round-robin calibrations
shade/unshade method, ratios to NARC/AES data

Pyranameter 1 2 3 4 5 6 7 8 9 0 1 12 13 14
Serial No. Man. WRR NARC Man, WRR SRF Eppl. DSET KMMI Vien. { Mean SD | Mean $D
overall overall
Eppley PSP
17750 g2 915 913 1014 1002 1044 1.020 | 1017 0004 | 1.014 0010
17880 882 87718 8783
18135 878 887 0.9%0 1000 0009
20523 995 978 1.017 1009 0005
20524 1010 988 1.011 0.986 0986 . - 1001 0.007
mean : 1014 1005 1014 0886 1020 | 1.007 1.007
8D -~ 0012 - ' - - 0.018 0.010
Kipp CM5
773656 122 1194 1141 1069 1046 1025 1026 -~ 1016 0.011
773992 129 - 1262 1199 1076 1053 1.013 1051 | 1.032 0027 | 1.019 0019
74120 137 134 125 1082 1089 1008 089973 1.003 1003 0006 | 1.019 0010
785047 125 1223 1162 1076 1052 1.010 1010 - 1.011 0007
mean 1.078 1055 1014 0857 1.003 1.051 | 1.015 1.013
sD . 0010 0010 0007 -~ - - 0.018 0.013
Kipp CM10 )
810118 458 482 0.991 1048 | 1048 - 1003 002
810120 454 453 1.002 1001 0.003
810121 466 4865 1.002 . 0988 0998 -~ | 0993 0008
810122 424 47 0.933 0989 1.001 0995 0008 | 0985 0.008
mean 0.997 0989 1001 0898 1.048 | 1.009 0.807
$D 0.006 - - - - 0.026 ¢.013
Schenck Star .
1626 1432 1467 0976 0584 0.984 0922 0011
2186 1494 1530 0.976 0973 0873 0973 0000 | 0978 0028
2209 1536 1510 1.017 1017 0016
217 1416 1387 1.021 1014 0016
mean 0998 0984 0973 0873 0977 0.993
sD 0025 0.006 0.025
Eko MS42
81904 824 814 1012 0998 0018
81807 725 112 1.018 1.007  1.011 1008 0003 | 1.004 0037
81908 961 950 1.012 1016 0008
81909 742 138 1.004 1020 0.011
mean 1011 1007 1.011 1.009 1.007
sD 0.008 - - 0.003 0.027
Swissteco"
13 1051 0051
114 1.081 0.088
mean 1.057
sD 0.066
Middleton .
123 103 1049 0.982 1006 [ 1006 -~ | 0991 0019
124 107 1089 1.001 0997 -
mean ] 0892 1.006 | 1.006 0.992 .
8D 0013 0017
CSIRO PT
115
* ratio NARC/AES 1983 data. Legend on the following page.
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Legend to Table 8.2a

Column

1.

2.

Original manufacturer's values in pv W'm2.

Manufacturer's values in WRR scale
wwim2,

NARC/AES 1985-86, indoors, sphere
calibrations with reference pyzvranometers of
like manufacturer in pV Wm2.

(Appendix BB).

Ratio column T/column 3,

Ratio column 2/column 3.

SRF/NOAA 1981, outdoors, shade calibration
with cavity TMI #67502, p. 174 (Riches er
al., 1982).

Eppley, 1984, outdoors shade calibration
with cavity HF #14915 (p. 27, Griffin & Hickey,
1985).

DSET 1985, outdoors, shade calibration with
cavity SN #7142, Table 23 (Zerlaut & Maybee,
1985).
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10.

11.

12.

3.

14.

KNMI, De bilt 1984, outdoors, shade
calibration with Kipp Linke-Feussner
610037 and SMHI Angstrém 559 (Siob,
personal communication).

ZAMG Vienna 1985, outdoors, shade
calibration with Linke-Feussner, Tabte 1
(Motschka & Wessely, 1985).

Mean values from columns 6-10 for
individual pyranometers and
pyranometer type,

Standard deviations from columns 6-10
for individual pyranometers and
pyranometer type.

Mean values for all calibration methods
{Tables 8.2a&b together).

Standard deviations for all calibration
methods (Tables 8.2a&b together).
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Table 8.2¢ Results from 17 routine calibration methods used by 10 laboratories:
results relative to the NARC indoor sphere technique

instrument Mean x SD N
Eppley PSP 1.007 £0.010 21
Kipp CM5 1.013£0.013 45
Kipp CM10 0.997 £0.013 27
Schenk Star 0.993+0.0256 26
Eko MS -42 1.007 £0.027 24
Swissteco 5525 1.057 + 0.066 5
Middieton EPQ7 0.992 + 0.017 5
Schenk minus 2 0.998 £0.018 24
Eko minus 2 1.014 £0.014 22
Swissteco -2 1.014 £0.015 3
All 1.006 £ 0.024 154
All minus 6 1.006 £0.015 148

8.2.2 Discussion of results for routine calibrations .

A notable resuit, evident in Table 8.2¢, is the small standard deviation (<1.3%) for the Eppley
and Kipp pyranometers compared with the other makes. The closest agreement between the
calibration factors obtained by the different laboratories and NARC/AES values has been
found for the CM10 instruments. The Swissteco results show the largest average departure
from NARC, 5.7%, and the largest standard deviation, 6.6%.

Six of the one hundred and fifty four ratios are more than 6% away from the mean. These
comprise the Eppley calibrations of the Schenk (2) and Eko (2) instruments and the World
Radiation Centre calibrations of the Swissteco (2) instruments. It appears highly probable
that there have been mistakes or misunderstandings in generatihg these calibration ratios.
Exdudjlig them from the analysis reduces the overall standard deviation from 2.4% to 1.5%
and causes the standard deviations for each pyranometer type to be all less than, or equal
to, 1.8%. The rejected data are thus all more than four standard deviations from the mean.

It might be expected that responsivities obtained outside with the ASM calibration would be
less variable, because the method is direct, than those measured by indirect methods.
However, a comparison between column 12 (Table 8.2a) and Coliimn 20 (Table 8.2b) shows
that only the Schenk and Eko instruments have larger standard deviations for the indirect
calibration method.
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The alternating sun/shade method is a direct calibration delivering absolute responsivities.
The accuracy of the calibration result depends on the quality of the reference pyrheliometer
(Angstrom, Linke-Feussner, cavity type) and how well the angle by which the shaded disk
screens the pyranometer matches the angle of view of the pyrheliometer. There are also
differences between calibrations made on an instrument using a suntracker and those using
a horizontal platform, presumably because they give different diffuse/direct irradiance

ratios.

This direct calibration method can sometimes produce more scatter in the results,
depending on wind and dust, than those derived by the other methods where integrated
values from pyranometers of the same type are compared.

For the indirect methods, where the pyranometer under test is compared partly or totally
with a reference or standard pyranometer, it is important to know what type of pyranometer
has been used as the standard. The type of the reference pyranometer that was used is
included in the legend to Table 8.2b for this reason. Calibration of a CM10 pyranometer
against a standard CM10 gives slightly different results from those obtained in calibration
agajnst a standard PSP because CM10 and PSP instruments may have different infrared
responsivities, temperature responses, different materials in the hemispherical domes,
different zero offsets, et cetera. A reference pyranometer of the same type as that being
tested should give the best results

The legend to Table 8.2b shows that CM5, CM10 and PSP pyranometers were most often
used as the reference for the indirect methods. Only in Davos {column 5) and Vienna
(column 11) have other types been used as the reference for all the calibrations (a PD and
Schenk Star, respectively). If these observations are excluded, the standard deviation given
in column 20 decreases for the Eppley PSP (0.009 to 0.006) and Kipp CM5 (0.012 to 0.009)
but increases for the Schenk Star (0.026 to 0.027) and Middleton (0.017 to 0.020). Deleting
the results from Davos and Vienna has no influence on the standard deviation for the Kipp
CM10 which remains at 0.008.
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8.3 Benchmark calibrations

8.3.1 Benchmark rationale and definitions

The routine calibrations by the laboratories are designed either for their individual locations
and climate or for some individually chosen range of applications. These are different for
the various laboratories which inevitably accounts for some of the variation seen in

Tables 8.2a&b.

To simplify comparison between laboratories, three sets of standard benchmark conditions
were defined under Task 9. These should eliminate or greatly reduce the effects of different
or imprecise definitions so that the residual discrepancies can be assigned to experimental

€ITOorS.

The definitions given in Table 8.3.1a result from discussions at the November 1985 and
June 1986 meetings of Task 9 and differ slightly from earlier versjons, the first of which
was proposed in March 1981. They have been used in Task 9 and it is hoped that they will
be adopted more widely in the future.

All the participants in Task 9 were asked to supply benchmark calibrations for a group of
pyranometers by methods of their own choice (implicitly those which they believe to be the
most accurate), The method of choice could comprise any combination of indoor or
outdoor measurement procedures and need not, for example, include outdoor measurement
in the specified benchmark conditioﬁs. The wide range of techniques involved in this
arrangement should reduce the probability of undetected common systematic errors and it
is hoped that the comparison will yield a valid estimate of current laboratory accuracy.

8.3.2 Caveat on the benchmark definitions

In principle the definitions specify the environmental conditions so completely that the
responsivity value is unique. it would be cumbersome to do this in practice and
unnecessarily restrictive. Wind, type of ventilator housing, humidity and the distribution of
diffuse radiation are not specified and neither is the relative solar azimuth in the case of
BMTOQ. These factors (which sholuld be documented by the experimenter} will cause some
small variation in responsivity but, despite this, the benchmarks should permit a greater
degree of reproducibility between calibrations than has been achieved until now.
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Table 8.3.1a Benchmark definitions

Name Horizontal-Oblique Tilted-Nomal Tilted-Oblique
Abbraviation BMHO BMTN BMTO
instrument Tilt Zero 45° 45°
Direction of instrument cable ! toward sun & horizontal down at 45° filt down at 45° filt
Angle of Incidence 55° zero {nomal incidence) 550
Solar Elevation 2 350 450 <80°
Solar Azimuth Relative to not <45 6°
Pyranometer 2 {cable direction = 0) zero : definable or >45.6°
Direct Irradiance (reading on NIP) 900 W2 900 Wm2 900 Wm2
Diffuse Imadiance 100 Wm2 100 Wm2 100 Wm2
Global Irradiance 2 616 Wm2 1000 Wm-2 616 Wm-2
Temperature 15C 15C 15C

1. Chosen as the azimuth reference direction for the pyranometer. It is the direction, orthogonal to the
axis, going from the centre of the pyranometer outwards through the connector.
2. Given for clarification only {can be derived from the other specifications).

8.3.3 Uses of benchmark calibrations

The main purpose, as previously stated, is to facﬂltate the comparison of cahbratwn results
from different laboratories. However the three definitions were chosen to allow two other
uses. First, two of the benchmarks provide responsivities that can be useful for specific
applications. Second, the ratios between the three benchmark responsivities on individual
instruments indicate tilt, non-linearity and directional effects in those instruments. The

three uses are considered in more detail below.

8.3.3.1 Comparison of results from different laboratories
The accuracy of a benchmark calibration may not be significantly degraded by the
uncertainty of specification (§1.6) but, as with other calibrations, it is subject to:

e Technical errors for example, there may be a mistake in a computer algorithm
which corrects for temperature or there may be undetected malfunctions in the

shading or tracking equipment.

o Errors of judgment for example, if the calibration was by the ASM, the shaded
period might be too short, or the experimenter may have used averaged data at
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different azimuths/temperatures and may have thought wrongly that the variation
was insignificant in that particular pyranometer.

e Noise in the byran'ometer signal. from variability in thermal offsets, wind effects,
continuing variable cloudy conditions during outdoor calibrations.

o Inadequate data acquisition instability, poor resolution or a too-slow sampling
rate.

The distinction between the four types of error may not always be clear but this is less
important than their overall effect which is to limit the accuracy of the irradiance

measurement.

When results from the same instruments used at several laboratories are compared there
will be discrepancies resulting from combinations of these errors and the spread of the
results can be used as an approximate indication of the combihed error magnitude. Thus, -
provided there is no a priorireason to rej'ect results from any one laboratory, the spread in
calibration factors expresses a lower limit to the uncertainty of the irradiance measurement
by this group of laboratories in near-benchmark conditions. The comparison will not reveal
common systematic errors. Other factors, particularly directionality of response, may
degrade the overall accuracy for measurements that are not in conditions close to those of
the calibration (benchmark).

In practice, there may perhaps be one laboratory whose results are significantly outside the
range of the others. It should then be possible to idenﬁfy the pi'oblem and make the
appropriate corrections. In practice also, it has to be recognised that the benchmark
methods may not all have been developed independently from first principles. Some
laboratories may, for good reasons, have copied the techniques from others and may have
chosen references so as to be consistent with other laboratories. Inferences on accuracy
based on observed reproducibility of calibration values would be optimistic if this non-
independence were ignored (i.e. the systematic errors in common, mentioned above).

8.3.3.2 Use of benchmark calibrations to calculate irradiance

In the common situation when a single responsivity is required for an application, a suitable
average over the conditions of use should be selected. Benchmark calibrations are
specifically not such averages but BMHO and BMTN are in fact suitable for application. For
example, the BMHO calibration might be a reasonable choice for monitoring horizontal
irradiance in middle latitudes provided there is no significant azimuth variation in the
pyranometer response. The BMTN responsivity is suitable and can be recommended for
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collector testing where the narrow range of incidence angles (near normal incidence) and the
usual restriction to high irradiance are such that variation in responsivity is. small. The .
difference between BMHO and BMTN shows the error that could arise from using a
responsivity chosen for a meteorological application when measuring high irradiance values

on a sloping surface as required when testing solar collectors.

8.3.3.3 Use of benchmark calibrations to illustrate pyranometer characteristics

The definition of the benchmark conditions in Table 8.3.1 specify angle of incidence, tilt
angle and intensity of the radiation. Measuring and comparing the benchmark responsivities
therefore provides some degree of instrument characterization. For example, the
comparison of results from BMHO and BMTO should show the effect of tilting the
pyranometer because the intensity and angle of incidence are the same in each case,
although the relative azimuth angles are different. Similarly, the ratio BMIN/BMTO
indicates the combined effect of non-linearity and directionality.

8.3.4 Measurements of the benchmark responsivities

- There is a great variation in the way the benchmark responsivities, given in Tables 8.3.3a&b,
have been derived. Normally the measurements have not been made exactly at the
conditions specified by the benchmark definitions so that some interpolation or
extrapolation is necessary. This primarily concerns the functions for correcting non-linearity
to obtain the defined irradiance level and temperature to arrive at the defined temperature
of 15°C (see Table 8.3.1a). '

It is not clear whether all the laboratories made these corrections. Some laboratories give an
explanation of how the benchmark responsivities have been measured while others simply
report the benchmark data. Some of the results used here were obtained from graphs or by
interpolating values from tables. The legend to Table 8.3.3a and the following descriptions
give an indication on how well the benchmark responsivities from the various laboratories
satisfy the benchmark definitions.
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NARC
The NARC has used data with the following restrictions, to establish the benchmark

calibrations:

direct beam >700 Wm™

BMHO solar zenith angle between 50° and 60°

BMTN angle between sun and pyranometer axis less than 20°

BMTO angle between sun and pyranometer axis between 50° and 60°.

The data were normalised, using linear regression, to global radiation values of either
1000 W2 for BMTN or 600 Wm™ for BMHO and BMTO. Results for instruments which
are believed to have sigrﬁficant temperature coefficients of responsivity have been

corrected to 15°C.

SRF
The BMHO responsivities have been calculated from interpolating graphs of the
responsivity against solar elevation to 35°. No temperature corrections have been made.

Eppley
The BMHO responsivities have been calculated by interpolating from tables given in
Griffin and Hickey (1985) showing the shading calibrations as a function of solar
elevation to a solar elevation of 35°. No other corrections have been made.

DSET
The IFA benchmark test was performed by transfer of calibration from the reference
radiometer PSP 19129 during the 0° horizontal comparisons. This was done by simply
selecting the data that matched the required beam irradiance of approximately 900 Wm2
and a solar elevation of 35° during the horizontal, and 40° during the tracking, normal
incidence experiments. The BMHO benchmark tests were performed at a beam
irradiance of 832 Wm™ and a solar elevation of 35°. The derived instrument constants
were then normalised from the test temperature of 22°C to 15°C. The BMTN benchmark
tests were performed at a beam irradiance of 945 Wm™ and a solar elevation of 40°. The
instrument constants were then normalised to a temperature of 15°C.

SERI
The BMHO SERI data were provided by C.V. Wells (personal communication).
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Norrkoéping
The benchmark data were provided by L. Dahlgren and are described in § 4.2.1.4.

Hamburg
The responsivities at benchmark conditions were not measured directly but were derived
from the responsivities measured during the normal calibration and also from the tested
specifications of the round robin and reference pyranometers. The data given in Dehne
and Trapp (1986) were corrected by Dehne in a letter of the 2nd April, 1987.

TPD/TNO

The BMHO responsivities have been calculated by interpolation in a table comprising
responsivities as a function of solar altitude.
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8.3.5 Resuits comparing different laboratories

Table 8.3.5
Summary of ratios of Benchmark responsivities to corresponding
NARC Benchmark responsivities
mean ratio / standard deviation / number of pairs
Type or single ratio
BMHO BMTN BMTO
PSP 1.001/0.002/2
CM5 1.009/0.011/9 1.015/0.018/3 1.022/0.021/2
one rejected 1.007/0.010/8 1.006/0.011/2
CMi0 1.001/0.010/6 1.005/0.013/3 0.994
one rejected 0.967 /0.004/5 0.993/0.008/2
Eko - 0.892
Swissteco 1.016 1.005 1.003
Middleton 0.996 0.998 0.986
All 1.005/0.012/33
2 rejected 1.003/0.010/ 31

Corresponding benchmark responsivities were determined on the same pyranometer by
NARC, and another laboratory, in thirty-three cases. The results are expressed as ratios of
the responsivities obtained by the participating laboratories to those obtained by NARC
(Tables 8.3.3a&b, summarised in Table 8.3.5). There are only six of the twenty-one
instrument-type/benchmark-type categories with more than one ratio available and these
provide the main source for conclusions on reproducibility. Four of them are shown in
Table 8.3.5 with one ratio rejected. However, except for the CM10/BMHO category where the
rejected outlier is five standard deviations from the mean of the remaining five samples, the
rejections are not statistically justifiable.

The first point to address is whether these benchmark calibrations are more reproducible
than the routine calibrations. Judged by the overall standard deviations in the last rows of
Tables 8.2¢ & 8.3.5, the benchmarks are only marginally better. The benchmark standard
deviation is in the range 1.2-1.0% compared with 2.4-1.5% for the routine calibrations, the
lower values in each case being a function of data rejection.

The results for the instrument types with more than one ratio are as follows:
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PSP. There is a very high degree of consistency in the results for the BMTN category. The
two ratios that are derived from four measurements on two pyranometers by three
laboratories have a standard deviation of only 0.2%. Unfortunately, there are no data for the
PSP/BMTIN and PSP/BMHQ categories.

CM5. The combined standard deviation for the three benchmarks is about the same as the
1.3% obtained in the intercomparison of routine methods. The BMHO set of nine ratios is
distinctly bimodal and there is no statistical reason to reject any of them.

CM10. The standard deviation for BMHOQ, with one of the six samples rejected, is 0.4%.
However, the BMTN results are no more reproducible than those for the routine CM10
calibration methods {sd=1.3%). Itis not clear why the BMTN ratios are so much more
variable than those of BMHO.

The PSP/BMTN and CM10/BMHO results show calibration under defined conditions being
done with a reproducibility of 0.4% or less at some of the laboratories in this comparison. In
§4.2.2 it is stated that some NARC benchmark calibrations which are determined from two-
month blocks of data show standard deviations as small as 0.4%. Based on this, and the
scatter of 10-minute calibrations, it is argued that, within NARC, the reproducibility or
precision of 10-minute average measurements is below the 20W m? (2o} level. The
achievement of inter-laboratory benchmark consistency of 0.4% or better shows that this
reproducibility extends throughout this group of laboratories under these particular
conditions. The consistency can also be said to support the contention that a- 20 Wim*
accuracy has been achieved provided that there are no large systematic errors common to all
the laboratories. The sample sizes of 5 and 2 for the two categories are small for this
analysis and certainly too small to support more detailed error analysis.

Apart from the nine PSP/BMTN and CM10/BMHO ratios, the benchmark reproducibility is
worse than 1.0% rms which shows clearly that the 20 Wm™® target accuracy was not generally
being achieved throughout the participating laboratories.

8.3.6 Results comparing different benchmarks
The ratios of different benchmark responsivities on identical pyranometers (BMTO/BMHO,

BMTN/BMTO and BMTN/BMHO) and their averages by instrument type are given in
Table 8.3.3b. The BMTO/BMHO ratios, show the PSP, CM5, CM10, Swissteco and Middleton
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pyranometers all having tilt effects at 600Wm-2 that are less than 0.5%. The Schenk and Eko
pyranometers are shown with responsivities reduced by 3.0% and 1.6%, respectively.

The result for the CM5 is less than what is indicated by other tests. The discrepancy could
be caused by insufficient and scattered data. For example, the benchmark ratio results in
Appendix BB show a larger tilt effect for the CM5 (0.9% at 600Wm?, 2.6% at 1000Wm?).

Also, the different azimuth angles involved in BMTO and BMHO may influence the results on
this azimuth dependent pyranometer.

The difference between BMTN and BMTO is less than 1.0 per cent only for the Kipp and the
Swissteco instruments. This indicates the effects of tilting and incidence direction are either

small or compensating in these instruments.

The largest differences are found between BMTN and BMHO, their ratio varying between
0.951 and 1.021. The range of seven per cent is important and is shown more clearly in
Table 8.3.6 (a condensed version of the third column of Table 8.3.3¢c). This large spread
contributed to measurement uncertainties (if not confusion) in the early 1980s when
calibrations applicable for meteorological use were sometimes being used in the tilted,
normal incidence orientation for testing solar collectors.

Table 8.3.6
Mean Determinations of Benchmark
Responsivities
Type BMIN
BMHO
PSP 1.012
CM5 0,985
cM10 0.995
Schenk 0.951
Eko 0.863
Swissteco 1016
Middieton 1.021
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8.4 Conclusions on calibration comparisons
One hundred and fifty four routine calibrations were obtained and expressed as ratios to the

NARC indoor sphere values for the same instruments. Six of them are far outside the range
- of variability of all the others. The standard deviation of the remaining 148 is 1.5%.
Standard deviations for the individual pyranometer types range from 1.0% up to 1.8%.

A distinction was made between two kinds of calibration methods (see Tables 8.2a&b);

¢ by comparison with a standard pyrheliometer and a removable shading disk for the
pyranometer under test (the alternating sun/shade method) and

+« methods in which a standard pyranometer is involved. A
From the standard deviations that were obtained there is no reason to prefer one method to

the other.

In most routine calibration methods the pyranometer under test is compared with a
reference pyranometer, preferably of the same type, measuring the same irradiance.
Excluding data from such calibrations where the reference pyranometer is of a different type
improves the results for the PSP and CM5 pyranometers.

i}enchmark comparisons between laboratories show a high degree of consistency in only two
categories, that of the CM10 for BMHQ and that of the PSP for BMTN. The standard

deviations for these are 0.4% and 0.2%, respectively. These are small enough not to rule out
the achievement of the target accuracy of 20Wm™ (2¢) for 10-minute average measurements.
However the small sample size, seven ratios in total, requires that these statistics be viewed

with caution.

The overall variability, excluding the PSP/BMTN and CM10/BMHO categories, is greater than
1.0% which indicates that in most cases the target accuracy was not achieved.

The BMTO/BMHO ratios of benchmark responsivities on identical instruments indicate
responsivities being significantly reduced by tilting in the cases of the Schenk (3.0%) and
Eko (1.6%) instruments. The other types are shown with changes of 0.5% or less.

The BMTN/BMHO ratio of responsivities has been found to range from 0.951 for the Schenk

to 1.021 for the Middleton, which is a total of 7.0%. This large span contributed significant
errors to some measurements of slope irradiance in the early 1980’s.
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Chapter 9. Measurement Procedures

9.1 Introduction.

The results from the Sub-Task can be used to infer the potential level of accuracy that may
be realised when measuﬁng global radiation under circumstances that differ with respect to
the complexity of available instrumentation and levels of logistic and technical support. Itis
emphasised that these estimates are based on the Sub-Task work but not directly validated
in it. Choice of instrument is usually based on a number of considerations. Principal among
these is the degree of accuracy required for a specific task: some investigations requiring
greater accuracy than others. Additional considerations include the compromises that have
to be made when balancing the advantages of using complex equipment versus simple
equipment when assessed in the context of the available fiscal, technical and human
resources. In some circumstances simpler instruments and measurement protocols may
yield more reliable results thap more complicated approaches when resources are limited.

The various methods that can be used to measure horizontal and tilt global radiation are
discussed here in order of increasing measurement uncertainty. For consistency, the stated
uncertainties are 2o and apply when measuring approximately full-scale (1000 Wm'?) with a
" ten-minute averaging period. They apply both for tilted and horizontal measurements. The
absolute uncertainties at lower intensities are less usually following an approximately
square root dependence. For example, the uncertainty at one quarter of full-scale would be
approximately half its value at full-scale and, expressed as a percentage, it would be twice as
great. For hourly and minute data the values are approximately 75% and 150% of the stated

ten-minute values.

9.2 Care of instruments and data acquisition

Attention to the care and maintenance of the instruments is crucial to obtaining good
measurements. Valuable information on these and related subjects, that is not duplicated
here, can be found in manuals published by the IEA (9f), the World Meteorological
Organization and the International Standards Organization. These are listed in Appendixk 2.

Pyranometer signals are typically sarapled at least several times during one minute and the

average for each minute is recorded. A period longer than one minute is not recommended

because the minute-to-minute variability is a useful parameter for quality control even
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though, as with the ten-minute period here, a much Jonger averaging period may be used in
the application.

Data acquisition for pyranometer signals requires that the sampling frequency should
ideally be faster than about once per three seconds and the voltage accuracy should be
better than about 10 microvolts. Bearing in mind that most pyranometers have primary
time constants greater than five seconds and that 10 microvolts generally corresponds to
less than 2 Wm'?, no -signiﬁcant noise is contributed by systems that meet the above
specifications. They can be met with good-quality commercial equipment. Until quite
recently, it was commeon either to under-sample the signal (e.g. once in twenty seconds) or to
use devices with insufficient stability. It should be noted that the requirements for voltage
measurement in laboratory testing are quite different — much more stringent for accuracy
and less stringent for frequency (for example, see the discussion in §4.1). Inclusion of a
cavity radiometer in the system necessitates the use of a high-quality digital voltmeter with
a minimum required accuracy of one microvolt.

9.3 The measurement systems

The components that may be used are:

1.  Cavity radiometer (CR) of the type that allows operation in the continuous mode, with
only brief periods devoted to self-calibration. Measurements with these instruments
have an accuracy of better than 0.3% provided there are no under-sampling problems.

2.  Premijum pyranometer (PP) — meeting the ISO 9060 criteria for Secondary Standard (as
do some of the instruments tested in this work).

3. Good pyranometer (GP) — meeting the ISO 9060 criteria for First Class pyranometers
(as do some of the instruments tested in this work).

4. Normal incidence pyrheliometer (NIP).

5. Shaded (S) — the pyranometer measuring diffuse radiation being shaded by a solar
tracking disc.

6.  Ventilated (V) — the pyranometer being mounted in a ventilated housing.

7. A pyrgeometer (Pyg) — included so that variable offset corrections can be made. The

alternative is to determine the night signal on the pyranometer and to use that as the
zero correction for the day-time measurements.
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93.1CR+PP+S+V+Pyg 20 Wm' (20) estimated uncertainty, originating almost
entirely with the diffuse measurement ‘

The best system, in which the cavity radiometer measures the direct beam while a
pyranometer with minimal directionality measures the diffuse radiation. A correction for
long-wave radiation can be made from the pyrgeometer reading and Equation 6.6. This

correction is significant at irradiances below about 100 Wi '2.

The uncertainty estimate is consistent with the results of a Task 9f experiment in which
premium measuring systems from four institutes were compared.

This is an expensive system and one which needs substantial care to operate and maintain.
Unless mounted in a special housing, the cavity radiometer will be damaged by rain and
must be brought indoors when not measuring. This increases the requirement for human

resources and increases costs.

932 NIP+PP+S+V 25 Wm? (20) estimated uncertainty, with the NIP contributing
significantly

The second best option in which the NIP replaces the cavity radiometer. It is less expensive
than the cavity radiometer, but similarly complicated to operate. Both the tracking for the
NIP and the shading disc need to be maintained. However, unlike the cavity radiometer, the
NIP may be left outdoors.

9.3.3 NiP+ (PPorGP)+V 30 Wm'? (20} estimated uncertainty

The pyranometer measures global radiation. The diffuse radiation is assumed to be
isotropic and the pyranometer directionality errors are known. The global radiation is
calculated using a responsivity based on the measured direct beam. This was used by some
institutes during the early 1980s and is a good method for.correcting readings from a
pyranometer with significant directional errors.

9.2.4 PP+V 30 Wm? (20) estimated uncertainty

Using the pyranometer in the normal way. A major cause of uncertainty here is the
directional error but when using a secondary standard pyranometer these are less than
10 Wm™ by definition (1000 W2 directionality error). As already stated, the Sub-Task
found some of the tested pyranometers did meet the criteria. With these instrurnents it is
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unlikely that the use of the NIP, as described in §9.2.3 would improve the accuracy. When
measuring global radiation with low solar elevation relative to the pyranometer, the signal is
very sensitive to mounting orientation. This problem is avoided in §9.3.1&2 because the
diffuse measurements are not similarly sensitive.

93.5 GP+V 35 Wm™ (20) estimated uncertainty

Using this guality of pyranometer, an improvement can be made using the method described
i §9.2.3. This exemplifies the Sub-Task title and mandate for "improving radiation
measurement by detailed characterization®. Further improvement can be obtained by
following the requirements in §9.3.1&2 and shading the pyranometer.

Finally, there were some of the IEA pyranometers that would not meet the ISO First Class
criteria. For these, the uncertainties could be as much as 50 Wm™ (20).
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Chapter 10. Summary and Conclusions

10.1 The progress made

Nearly all the important aspects in calibration and characterization have been addressed in
this report. It describes a large number of field and laboratory tests undertaken by the main
participants and by others. Results and the techniques are documented and in some areas,
for example laboratory directional tests and the study of offsets, the methods are analyzed
in detail and compared with each other.

Because of the report's extensive nature, reflecting the active contribution of eight institutes
from seven countries, it provides a comprehensive account of the procedures used by each
institution and how effective those methods are. Consequently, the report is an organised
compendium and source of pyranometer data that can be used by other workers in the field
of radiation measurement. The detailed and thorough presentation of the results of the
numerous studies have been summarised by the individual experimenters to the extent that
they believe is appropriate and the editing of the report has deliberately attempted to
preserve this detail and the authors' particular points of view. '

The exploration of the physics of pyranometer aberrations given in Chapter 2 is based on.
results of the work and provides some tentative explanations of observed behavior of the
instruments, including their departures from the ideal response.

An important outcome from the work is the detailed evaluation, given in Chapter 4, of
results of laboratory studies on directionality and their reproducibility. Two
well-documented field experiments on directionality and their results are also given.

The information on response time, temperature dependence, non-linearity, tilt and spectral
response in Chapter 5 is more complete than can be found in any other single source known

to the authors.

The measurement of offset signals and their analysis given in Chapter 6 is new and
significant both for understanding pyranometers and for improving measurements at low

intensities.

What is believed to be a sound and practical formulation of the response function has been
developed. The 1000 Win2 directional error was conceived in this Sub-Task. In several
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aspects it is a better indicator of directional error than the traditional cosine error. A
preliminary example of using the response function and information on sky radiance is
calculated, ’

The comparison of resuits obtained both from different institutes and by using different
techniques is central to this study. The definition of three benchmark conditions for
responsijvities and their use has allowed more effective comparisons to be made. The
participants performed many benchmark as well as routine calibrations and the
inter-comparisons. are reported in Chapter 8. These results clearly show the discrepancies
that arise if calibration factors intended for meteorological application are ﬁsed in
measurements of radiation on tilted surfaces. Such discrepancies were responsible for
diminishing confidence in radiation measurements made in the eérly 1980s.

Excepting a few cases, there was a greater spread than expected when measurements of the
same benchmark, on identical instruments, were compared between laboratories. This ruled
out any general demonstration of a 20 Wm2 accuracy through inter-laboratory comparisons.

10.2 What was not achieved; what remains in doubt

Overall, the problems of developing good characterization techniques dominated the
subtask. Much effort was put into inter-comparisons but the results of comparisons
between field and laboratory studies on directionality require more study. Some
discrepancies may be difficult to resolve,.

Less effort than intended was put into using pyranometer characterizations and sky
radiance data to evaluate measurement uncertainties and indeed "to demonstrate improved
irradiance measurement” as mandated in the original title of Subtask 9C. However the
Subtask 9F-5 Improvement of Pyranometer Data by Cosine Error Correction, 1993,

compensates for the omission in Subtask g.

The numerous calibration data provided by the participants and others, on the many
circulating pyranometers, contributed to the validity of the benchmark comparisons.
Variability within the combined data set was larger than expected. This is probably a
combined consequence of the large number of people and institutions that took part in the
study and the problems of organization and control that inevitably arose. For example,
some institutes may have contributed benchmark calibrations not fully realizing the precise
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nature of the definitions. Under more optimal conditions, there would likely be a much
greater degree of reproducibility between the work of different institutes.

10.3 What may be done next

The activity generated by Subtask 9C, not just by the participants, has helped stimulate
research into radiation measurement (for example, in the World Meteorological Organization
Climate Program). However, the logistic problems of arranging access to the pyranometers
by the many participants suggests that a smaller Subtask would probably have been more
effective. Because of this, and the related issues of management mentioned above, it is not
recommended that a large inter-institute comparison of this nature be re-initiated in the
immediate future: small tasks, undertaken by groups comprising about three participants
would probably be optimal.

Questions arising from this work and related tasks are as follows:

1. Can benchmark reproducibility be improved? A meticulous effort by a few institutes to
produce benchmark calibrations and analyze the results could answer this question.
BMHO responsivities obtained at one laboratory over a two-year period had a standard
deviation of less than 0.5%. Based on this reproducibility at one institute, it should be
possible to repeat the few good inter-laboratory benchmark results that have been
achieved and to demonstrate a much better overall consistency between institutes.

2. How reproducible can measurements taken at the same location by different institutes
he?

3. The uncertainty analysis in Chapter 7 should be repeated over large measured data sets
of sky radiance. The effects of partial and intermittent cloud cover are not
well-understood and these studies are essential if our understanding of measurement
uncertainties is to improve.

4. The directional measurements on a few pyranometers were unusual, either because of
experimental error or because of some special characteristics that are not currently
understood. A small scale study repeating the experiments on these pyranometers
would provide interesting results.

5. The physics described in Chapter 2 is speculative but the insight provided emphasises
the value of detailed pyranometer modeling of the type that has been done for cavity
radiometers over the past twenty years. Pyranometer manufacturers have undertaken
some modeling studies and a group task study involving both manufacturers and
researchers could be valuable in addressing the aberrations of current types and in
developing improved instruments. ’

These topics have been evident for some time and some of them, notably numbers 2, 3 and
4, have already been addressed in the IEA SHCP. The others might be considered for future
work by the IEA.
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A. Haarto and M. Himilidinen. Available for Dept. of Applied Physics, University of Turku,
Vesilinnantie 5, FIN-20500, Turku, Finland.

Accounts of earlier IEA work can be found in the 1981 IFA Task 3-5 Boulder Conference
Report as well as the original Task 3 comparison:

Proceedings of the IEA Conference on Pyranometer Measurements, Boulder, 16-20 March
1981. editors. M.R. Riches, T.L. Stoffel and C.V. Wells. SERI/TR-642-1156R. Available
from National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, Colorado,
80401, USA, 1982.

Results of a pyranometer comparison, Davos, March 5 and 6, 1980. Available from
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The following are useful guides for measuring with pyranometers

ISO/TR 9901:1990(F) Solar Energy- Field Pyranometers, Recommended practice for use (15
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Methods of Observation, WMO, Geneva , 1983 (1995 edition to be issued) .
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ISO 9846 (1991) Solar Energy. Calibration of a Pyranometer using a Pyrheliometer.
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Appendix AA

Results on laboratory measurements on directionality

Supplement to §4.1.3.1.

Tables 4.1.3.1b-n
Tables containing results from measurements on

on thirteen pyranometers

Cosine errors 6 (9, ¢) with azimuthal mean cosine errors 3'-(6)

azimuthal maximum spread D, ., (6) all in units of 0.1% together with the

corresponding 1000 Wm™2 absolute directional error values 3,(9) in Wm™2
and equivalent misalignment f in degrees.
The symbol A indicates the difference between values from two laboratories.

For definitions of these terms see §4.1.3.1.

Thirteen paragraphs summarising each table (pyranometer).

Seven tables summarising results for each pyranometer type.
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Appendix AA ( supplement to 4.1.3.1) continued

Three quantities were evaluated for comparing the results:

1. the mean absolute error Ot (9) calculated from the mean cosine error & (9) by Equation 4.6
2. the maximum Amx (9) according to Equation 4.10 (mostly for 8 z 60° ) and

3. the maximum azimuth variation 'Dmax and its corresponding out-of-level angle ﬁ according to Equations 4.7&8.
Three classes of agreement between laboratories have been defined to simplify the comparison as follows:

good agreement (sbsolute deviations IAE}(B) | < 2.5 Wm™ for all @),
moderately good agreement (when for all @, |AS:] <5 Wm™) and,”
moderate agreement (when for all 8, IAgz | < 10 Wm™2).

Because the largest number of Task 9 pyranometers were tested in the B_ORAS series, these
results are generally used as the reference for AS and AS,

The data in Tables 4.13.1b-n are summarised in terms of' AcS_, y A and f I thé
following paragraphs, in which only the good agreement cases are identified. The compared
values are indicated by the letter symbols of the laboratories. The first six tables contain
only results of BORAS (BO) and DELFT (KI).

CM10 #810121, Summarised From Table 4.1.3.1b

A : good agreement:. where BO > KI
Aax : for 6 = 70° KI - BO = -3.4 Wm™
:for 8 =80°: KI-BO =-2.8 Wm™
B : BO = KI (£0.08°); for 6=80°BO=3-KI=0.12°

PSP #20524F3, Summavrised From Table 4.1.3.1¢
& : IKI - BO| < 3.4 Wm™2; BO > KI
A : for 8 = 60° : KI - BO = -10 Wm2
:for9=70"KI-BO=-12 Wm™
: for 0 = 80°: KI - BO = -9.7 Wm™
Ji] : BO: 0.40° —» 0.65% KL 0.12° —» 0.24% BO > 2 KI
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CMS5 #773656, Summarised From Table 4.1.3.1d°
3} 1 good agreement (for 8 >20°) mostly BO > KI
Apax : for 6 £ 60°: [KI - BOj £ 4 Wm™
: for 6 = 70°: KI- BO = -5.8 Wm2
: for 6 = 80° KI-BO =-7.3 Wm™2
B : BO: 0.20° — 0.49% KI: 0.20° — 0.43% BO ~ KI

Schenk STAR #2209, Summarised From Table 4.1.3.1e
& : good agreement; mostly BO < KI

A :for8<50%KI-BO <10 Wm™2
:for 8 =60 KI-BO =10 Wm=2
:for 6 = 70° KI - BO = 4+9.9 Wm™2
: for 6 =80% KI - BO =-9.7 Wm™
Jij :BO: 0.15° » 0.45% KI: 0.50° = 0.63°% KI >> BO; KI very stable

Eko MS42 #81908, Summarised From Table 4.1.3.1f

O :(BO-KD < 7.8 Wm™; BO >> KI for 6 > 20°
Aax :for0 <50°:KI-BO < +9 Wm™
' :for8>60°:KI-BO =-12.0 Wm™ A
B :BO: 0.11° —» 0.71°; KT 0.19° - 0.39° ; KI more stable -

5525 #114, Summarised From Table 4.1.3.1g
& :for 6 < 50° [KI- BO] < 7 Wm2, (KI > BO)
:for8=60°:KI-BO=-10.0 Wm™2
: for 8 = 70°: KI - BO = -14.7 Wm2
:for6=280°:KI-BO=-18.2 Wm™
max :in the same range asd, for 6 > 50°
B : BO: 0.07° — 0.45°; KI: 0.17° — 0.22°
:(8 > 20°; for K1, especially low and stable)
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CM5 #785047, Summarised From Table 4.1.3.1h

5 : for 6 = 40° : HA - BO = 6.2 Wm™2
: for 8 =60°: HA - BO =- 9.5 Wm™
: for 8 = 70°: HA - BO = -13.3 Wm™
: for 6 =80°: HA - BO = - 6.6 Wm™
: DA and TO > BO (relatively strong deviations)

A : BO > HA; approximately: 2A4,

B . BO: 0.17° — 0.49°; HA: 0.46° - 0.63°% TO: 0.5° —> 0.8°

PSP #20523F3, Summarised From Table 4.1.3.1i -
5 : JHA - BO| < 6.8 Wm2; HA > BO and HA ~ 2BO if 6 +70°
Apax : for 8 = 60°: HA - BO = - 8.5 Wm™
:for 8 = 70°: HA - BO =-12.3 Wm™?
:for©=80°:HA - BO =-10.2 Wm™
B : BO: 0.08° — 0.23°; HA: 0.17° - 0.31°; HA=2BO

EPO7 #123, Summarised From Table 4.1.3. U:
& :-3.8Wm2 <(VI-HA)< 7.4 Wm?
: for 6 = 60° (VI - HA) = 0.0 Wm™
: for 6 = 70°% (VI - HA) = +4.8 Wm™
: for 6 = 80° (VI - HA} = +7.4 Wm™
Apax : VI> HA; A (6) >> 6,(6)
B 1 VI: 0.27° > 0.68°% HA: 0.36° —» 0.89° HA > VI

CM5 #773992, Summarised From Table 4.1.3.1k
& : BO & HA: for 6 = 40°: good agreement
: BO & VI: -17.0 Wm™ < (VI - BO) £-10.7 Wm2 (for 8 = 40°)
(VI-BO)=-0.9 Wm™2 (for 6 = 20
: VI 8,(6) =254 Wm2 (2.3 Wm™) ~constant
: TO & DA: TO >> DA > VI

A : VI-BO = -21 Wm™ (fer 6 = 60°)
:[HA - VI < 11.4 Wm™
B : for 6 = 40°: BO: 0.24° — 0.36°

HA: 0.34° —» 0.48°
VI: 0.36° > 0.44°
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CMI10 #810120, Summarised From Table 4.1.3.11
& : [HA - BO| < 0.7 Wm™2: good agreement
: [KI - BO| < 2.1 Wm™: good agreement
:DA-BO ~-10 Wm?

Apax :for & = 80° HA - BO ~BO - KI ~ 5 Wm
: for 8 = 70° and 60° HA - BO ~ KI - BO ~ 3 Wm™2
- :BO: 0.07° —» 0.17° HA: 0.09° > 0.20% KI: 0.05° - 0.17°

PSP (#17750F3), Summarised From Table 4.1.3.1m
& :for6=60° :BO-HA ~ 19 W

:foro=260° :VI-HA=-19 Wm™
:for6=60° :|TO-HA{<3 Wm?2
:for6260° :BO-HA=23Wm?2
:foro=60° :VIi-HA=-27 Wm™2
:for6260° :BO-HA=0.5(BO-VD)
Jij :BO: 0.10° —» 0.24°

:HA: 0.15° - (0.28¢°

: VI 0.17° > 0.37% (TO: 0.8° > 1.09)

max

CM10 #810199, Summarised From Table 4.1.3.1n
S : [HA - BO| < 1.5 Wm™2; good agreement

: [KI- BO| < 2.4 Wm™: good agreement
:VI-BO »-26 Wm™, for 6 = 70°
:VI-BO =-20 Wm?, for 6 = 60%,,x
:[HA - BO| < 3.1 Wm2
:[KI-BO| <5.0 Wm™?
: (VI- BO) ~ -31 W2, for 6 = 80° and 70°
1 {VI-BO) = -22 Wm™2, for 8 = 60° and 50°
:(VI-BO) =-16.1 Wm™2, for 6 = 40°
B : BO: 0.03° - 0.14°

: HA: 0.05° — 0.07°

:KI: 0.07° » 0.2°

:VI: 0.15° - 0.24°
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Comparison of the test results according to type of pyranometer
The test results for each type of pyranometer are grouped according to the laboratories

tompared (abbreviéted by "XY & REF") and pyranometer (indicated by the number of the

table containing the data).

(a) CM10, Tables 4.1.3.1b,IL.n

KI & BO and ) : good agreement in all cases
HA & BO: A 5.2Wm?forals
. Yij 0.17°, mostly about 0.1°.
VI & BO S : BO >> VI AS,(6) decreases down to -27.4 Wm™,
' A : decreases with increasing 6 to -31 Wm™ for 6 = 80°

Jii :BO = VI-0.1°for 6 = 50°
Table 4.1.3.1n
DA &BO O : BO >> DA; DA ~ BO - 10 Wm™ for 6 = 60°
Table 4.1.3.11
(Figures 4.1.3.1f & j, respectively.)

(b) CMS, Tables 4.1.3.1d,h,k
BO &KI F

good agreement for 0 = 40°

A KI-BO)=-7.3 Wm™ for 6 = 80°, increasing

B

BO & HA St
Amax

P

BO & HA d:

BO&VI O

by 1.5 Wm™ per 10° decrease of &
BO =~ KI (0.20" - 0.45°
Table 4.1.3.1d
good agreement for 6 z 40°
(HA - BO) <11.4 Wm2, (irregular deviations)
HA > BO; HA = (.46° for 6 = 40°
Table 4.1.3.1k
-13.3 Wm < (HA - BO) < -6.2 Wm™
(HA - BO) =~ -16 Wm™2if 6 = 70°
BO: 0.17° —» 0.49° HA ~ 0.60°
Table 4.1.3.1h
(VI-BO) -11 — -17 Wm™ for 6 = 40°
(VI-BO)~-21 Wm™ for 8 = 60°
continued
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BO & DA

BO & TO
BO & DA

(c) PSP, Tables 4.1.3.1c,im
BO & KI S

BO & HA

BO & HA

BO & VI

BO & HA

B

o

S
S

20

VI: 0.36° - 44°, HA =~ VI
Table 4.1.3.1k

DA>BO .

Table 4.1.3.1h

TO >DA>BO

DA ~ BO for 6 = 60°
Table 4.1.3.1k

(Figures 4.1.3.1g&Kk respectively).

O:

A

max

(KI-BO)z-3.4 Wm™, BO>KI
(moderately good agreement)
(KI-BO)=~-11 Wm™ for 8 to 60°

BO > 2 .KI '

Table 4.1.3.1c

(HA - BO) = -6 Wm™, (-5 to -7 Wm™?)
(HA - BO) = -10 Wm™2, (-8 to -12 Wm™2)

HA > BO; for 6 < 60°% HA: 0.17° - 0.31°

Table 4.1.3.1j

(HA - BO) =~ -19 Wm™ for 6 > 60°

(HA - BO) ~ -23 Wm'2 for 6 > 60°

BO ~ HA: 0.10° - 0.30°

Table 4.1.3.1m

(VI - BO) ~ -38 Wm™ for 6 > 60°
(VI-BO) =~ -45 Wm™ for 0 > 60°

BO < VI, if 6 = 40°

Table 4.1.3.1m

(HA - BO) = (TO - BO) = 0.5 - (VI - BO) for 6 > 60"
(HA - BO) = 0.5 - (VI - BO}

TO: 0.8° - 1.0° (>> BO, HA, VI)

Table 4.1.3.1m :

(Figures 4.1.3.1h&], Tespectively).
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(d) Schenk Star, Table 4.1.3.1e

BO &KI EA good agreement (if 6 = 50°)
' ' A pax (KI - BO) 2 -9.7 Wm™2
B KI >> BO; KI: 0.50° —» 0.63°

(e) Eko MS42 # 81908, Table 4.1.3.1f o
BO & KI S5 (KI - BO) ~ -8 Wm"2 for 6 > 60°

Apax (KI - BO) ~ -12 Wm2 for 6 > 60°
B BO: 0.11° - 0.71°; KL 0.19" — 0.39

(f) Swissteco SS25 #114, Table 4.1.3.1g
BO&KI . & (KI - BO) = -18.2 Wm2 for 6 = 80° (increasing
' by about +4 Wm™ for each 10° decrease
of & if 8> 507
(KI - BO) approximately as for &,
B KI= 0.17° > 0.22° (very stable)
BO: 0.07° — 0.71° (very variable)

(g) Middleton EPO7 #123, Table 4.1.3.1h

HA & VI S -3.8 Wm™ < (VI - HA) < +7.4 Wm™
A max (VI-HA) ~ +14 Wm™ (12 to 16 Wm™?)
B HA: 0.36° - 0.89°

VI: 0.27° - 0.68°
(Figures 4.1.3.1 i&m).
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Description of and Summary of results from the
NARC field experiment of 1983-1984

Plan of the roof of the AES building and the disposition of
the pyranometers and pyrheliometers.

The alternating sun-shade method of calibrating
pyranometers for measuring diffuse radiation.

Notes on the presentation of results of the experiment as
given in Appendix BB4.

Results - Derivation of Benchmark calibrations (and NARC
indoor Sphere calibrations)

Appendix B.B page 1 of 29




Appendix BB1
Plan of the AES roof at Toronto, 1983-1985

" EDGE OF BUILDING

-

O NT
South
Safety barrier
T 1
TW 0 1 2m
Ois UHS
TE
Legend:
DB Direct

beam tracker for pyrheliometers

NT Normal incidence tracking table for pyranometers.

HS Horizontal shade tracker for a pyranometer measuring horizontal diffuse
radiation

IS Inclined shade tracker for a pyranometer measuring diffuse radiation on a 45°
slope. :

TW  Table west for pyranometers measuring global radiation

TE Table east for pyranometers measuring global radiation

TE and TW can be set either horizontaily or tilted at 45°.

Tables TE and TW were constructed to tilt by 45° with an accuracy of better than

+ 0.1°. Horizontal mounting of the pyranometers was done either by their own
bubble levels or by a bubble level that was temporarily mounted to some horizontal
surface of the pyranometer body. In either case and for both these tables, the
horizontal orientation and the 45° tilt are believed to be accurate to within = 0.3°,
The direction of the tilt was measured by observing when the sun could be seen
shining along the axis of rotation and through the axle. The result was 22.0 + 0.3°.

The orientation of the axis of the inclined tracker was intended to be the same as the
tiiting tables. It was measured by taking sights of the sun and determining the
offsets to the latitude and longitude required by the tracking software. The result
was a tilt of 44.7° along 21.2° east of south, both with an accuracy of +0.3°.
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Appendix BB2
The NARC automatic Alternating Sun-Shade Method
for calibration of pyranometers

This method was used at Toronto during 1983 and 1984 to calibrate the following
pyranometers mounted on Cosmos sun-trackers:

1. Cm10 #820158 (Ch#28) mounted horizontally, but rotating so that the
pyranometer cable was always in the same azimuth as the sun.

2. CM10 #810175 (Ch#29) mounted on a tracker whose axis was tilted 44.7°
along 21.2° east of south. The pyranometer axis was within 0.2° of the
tracker axis and, as the tracker rotated, the pyranometer axis, its cable
direction and the solar direction were always coplanar.

3. PSP #17750 (Ch34) and PSP #24011 (Ch5) mounted on a full solar tracking
table so that the pyranometer axis coincided with the solar direction at all
times, and the cable left the instrument in the downward direction.

An Eppley NIP #20202 on Channel 40 was used as the reference pyrheliometer. It
was checked many times during the measurement period against the NARC Hickey-
Frieden cavity radiometer #18747.

The pyranometer and pyrheliometer signals were sampled every 12 seconds and one-
minute mean values were recorded.

On most days, the three pyranometers were continuously shaded by a tracking discs
of 10cm diameter at a distance of 1.0 m. For roughly one quarter of the days the
pyranometers were subjected to a 10-minute on, 10-minute off alternating shading
routine. The data from these days are used to calibrate the pyranometers by the
Alternating Sun-Shade Method(ASM). :

The alternating shading routine is synchronized on the-hour as follows: the
pyranometers are shaded during minutes 0-9 inclusive, then during 10-19 unshaded,
then shaded again during 20-29, unshaded during 30-39, shaded during 40-49 and
unshaded during 50-59.

The algorithm yields a single responsivity value corresponding to the five minutes at
the end of each unshaded period. i.e. centred at minutes 17, 37 and 57. These
values are accepted and stored or rejected depending on the variability of the signals
during the five minutes.

In the algorithm, individual responsivities are calculated from the five one-minute
readings of the pyranometer unshaded signal, the five corresponding pyrheliometer
readings and estimates of the diffuse signal. The diffuse values are obtained by
interpolation between the mean of the four last minutes of the preceding shaded

Appendix BB  page 3 of 29




period and the mean of the last four readings in the following shaded period. The
mean of the five individual responsivities and its standard error are calculated. If the
standard error is less than a critical value, usually 0.01 4V.W™ m?, the mean is

accepted and stored. EXAMPLES:
54 S
53 -] oooo } : ° & °o i
B : < S q'.'»g R ';o ‘b% o 8&g°
I oLl SEL 2 Tl
ooo°:°°o°°° ¢ e ® °
- 51 — <
; CM10D 820158
’ horizontal
5.0 — at Toronto ®
Channel #28, 362 data points, o
830323-831028
49— S <0.01 uV.W' m2, o
lines at 5.21+1.0%
4.8 ! | I I | | |
0 10 20 30 40 50 60 70 80 90
Solar zenith distance
I f I [ I I |
4 4 | = Pl -1 1
o~ " <« a g < q
E S Mg ) I 8%, Livg
- < W@ s
s P e’ EE T
> q *4?% gﬂeﬁﬁﬁ« 8 < dﬁ"%"q o
:3.4_3__ 3 e da r: q, q« p ]
>
Ig B CM10 810175, tilted.
c q
g-,. 4.2 — tilted by 44.7° , along 21.2° east of south. —
& Channel #29, 280 data points, 830510 - 831220,
B 5 <0.01pVW'm?2 | lines at 4.36 = 1.0%
inclnrep.grf  fnsumm.dat
41— —
. <]
I I I I I | |
0 10 20 30 40 50 60 70 80 90

Solar Zenith Distance (relative to pyranometer)
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APPENDIX BB3

Notes on the presentation of the results of the NARC/IEA 83/84 field
expenment given in Appendix BB4

These notes refer to the Organiz draft of April 14 1986, which as Appendix BB4
follows this.

1. The data were gathered between 25/01/83 and 03/11/84.

2. The data were stored on ten tapes (T1 ... T10) each tape holding roughly two
months of data.

3. The NARC data system has 60 Channels of which those up to CH 41
sometimes or always carried pyranometers. The assignment of channels to
pyranometers is given repeatedly in Appendix BB4, starting on page 18.

4, The signals measured by the system are stored as one minute averages
computed from five readings taken at 12 second intervals. For the
pyranometers, the recorded signals are voltages. With the sole exceptions of
(a) calibrating the cavity radiometer and (b) evaluating intermittent occulting
calibration data, all the analysis is done on 10-minute average data, each
datum being computed from the recorded minute averages and synchronized
to start on the local solar hour.

5. All results are based on the NARC absolute cavity radiometer HFR 18747 via
the NIP 20202 whose calibration factor of 8.45 has been confirmed in the
NARC paper in the Norrképing Proceedings. That paper also gives the precise
dates for all the tapes.

6. The pyranometer on Channel 00 was chosen as a transfer standard. It was in
place throughout the whole experiment. Seven others were permanent and
various comparisons established that Channel 00 and five others were stable
{Ch 1, 2, 16, 17, 18). For some purposes Ch 1 and Ch 16 have also been
used as transfer standards.

7. Most of the pyranometers were mounted on "Table East - TE" or "Table West
- WE". These were tilted for some of the time at 45° towards azimuth 158
(roughly south) and were horizontal for the rest of the time.

B. At various times six pyranometers were mounted on "Normal Incidence
Tracking Table - NT" which followed the sun.

9. One pyranometer measured the horizontal diffuse irradiance. It was mounted
on a horizontal platform which tracked the sun in azimuth. For most of the
time, this pyranometer was continuously shaded by a 10 cm disc at a
distance of 100 cm. Far selected periods the disc was run on an alternating
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10.

11.

12.

13.

14.

15.

16.

17.

sun/shade schedule with 10 minute durations on each side.

Similarly, a pyranometer on Channel 29 measured the 45° slope diffuse
radiation.

Similarly pyranometers, at various times on Channel 34 and Channel 5 were
mounted on the normal tracking table equipped with a shading disc, measured
the normal tracking diffuse irradiance.

All three of the diffuse measuring pyranometers were calibrated extensively
by the intermittent shading method and by the Simultaneous Diffuse and
Global Method {page 17).

The responsivities used in Appendix BB4 for the horizontal and tilted diffuse
pyranometers were 5.21 and 4.36 respectively as determined by the ASM
calibration and checked by the SDGM. The results are not very sensitive to
their exact values.

Benchmark conditions that have been agreed on in Task IX are as follows:

NAME TILT SOLAR ELEVATION DIRECT BEAM TEMPERATURE DIFFUSE RADIATION

BMEO 0 35 %00 15 as specified
BMTR 45 normal incidence 500 15 as specified
BMTO 45 35 900 15 as specified

(55 from n.i.)

Te realize the Benchmarks, NARC has used the data with the following restrictions:

DIRECT BEAM > 700 W.m™2

BMHO 60 > Z > 50 HORT ZONTAL horizontal ablique

BMTN 20 > 2! 45 TILT tilted normal

BMTO 60 > Z'> 50 45 TILT tilted oblicque
and in addition

EBMHEA 3¢ > 2 > 20 HORIZONTAL horizental acute

BMTA 30 > 2> 20 45 TILT tilted aemte

where Z or Z' is the solar zenith distance or the angle between the sun and
pyranometer axis.

The data are fitted with linear regression and normalized to global radiation
values of either 1000 Wm2 for BMTN, BMTA and BMHA or 600 Wm™2 for BMHO
and BMTO. This is NARC's "Best Method" for getting the benchmarks.

The diffuse fraction in these data is always in the range 0.10 to 0.25.

Channel 00 was calibrated directly by analysis of the output voltage as a
function of the incident irradiance. The irradiance was computed from the
reference NIP and from the horizontal or tilted diffuse measuring pyranometer.
This was done a total of 22 times for various combinations of benchmarks
and tapes. The results are listed starting on page 15 (Resaa4). Graph-1
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18.

19.

20.

21.

22.

23.

shows one analysis - for bmho on tape 10. The graph covers 31 hours of data
and the result is 10.19 -0.44/6 =10.12. The scatter of the individual points
about the regression is 33 microvolts.

The results for each benchmarkrwere averaged over all tapes and these values
were taken as the final benchmark responsivities for Channel 00.

Most of the other pyranometers were evaluated with reference to Channel 00.
Graph-2 is the basis for computing bmho for Channel 1 on tape 4. The initial
resuit from graph-2 is a benchmark ratio namely 0.458 + .024/6 =0.462 with a
scatter of 11 microvolts (the responsivity of Channel 00 is approximately 6mV /
600 W.m?2 ). This benchmark ratio along with several hundred others is
entered into the first table {Resaal) on page 11. In this tabie an asterisk (*}
indicates that a result was calculated by hand from the relevant graph and a
colon (:) shows when a different pyranometer was connected on a particular
channel.

instruments which are believed (by NARC)} to have significant temperature
coefficients of responsivity appear twice in this table. Where the letters TC
precede the numbers, the responsivities have been “"temperature corrected” to
25C. ( It should perhaps have been 15C)

Representative average values for all the benchmark ratios are given in the
second table at page 18. Some results are not included in the averaging on
account of their either having large internal scatter or being distant from others
of the same type. The individual reasons are noted in the table.

The end results are benchmark calibrations of each type for every instrument,
and they are the products of the relevant benchmark ratios with the
corresponding benchmark calibrations of Channel 00. These results are given
on pages 22 and 23.

The data from the pyranometers of the normal incidence tracking table have
also been analyzed to yield standard calibration factors BMTR. These are
evaluated from data with:

direct beam >700 Wm?Z Z' =0 40 <tilt< 60

which are normalized to tracking global = 1000 Wm2

This benchmark is thought not to differ significantly from BMTM and, in the
remaining analysis and comparisons, is treated identically.

In the remainder of Appendix BB4, the benchmarks are compared with each
other, with manufacturers’ calibrations and with NARC sphere values.
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AFPENDIX BB3 cont.

Graph 1. "Absolute" benchmark calibration.,

TAPE 10
I > 700
50 < 6 < 60

5871 195 DATA POINTS

(A1l horizontal}
3 REJECTED [ .5863
?{B- -
m _'r:r )
® A
.. i
j - 6- @ T _;l' ol -
= am
X T
oy
Lo
-3 *
-1‘5-
5.8+ ‘;. -
[ESTIMATED SLOPE = 1.819 ( .eas )
ESTIMATED Y_INT = -.a44 ( .02¢ )
R.M.S. SCRTTER = 932
2ERO-INT.-SLOPE » 1,812 ( .@08 )
R.N.S. SCATTER = .@32
4.0+ : —— , :
4.9 .G £.8 r.8 2.8

—
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SCATTERGRAM OF PYRAMDMETER CALIERATIOHS

Graph 1. Shows the derivation the BMHO value for the
| pyranometer Channel O from separate measurements of
the diffuse and direct radiation from Tape 10 data.
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APPENDIX BB3 cont.

Graph 2. Relative benchmark calibration.

1 - (Millivolts)

CHHML.

TAPE 4
S-®1 139 DATA POINTS I > 700
(A1l horizontal) 50 < 8 < 60
4.5 -
4.6
3.5- o
39 R '
L
2.5+ . ._-.r’
2.8 -
1.51 . L " ESTINATED SLOPE = 4S8 ( .e02 )
ESTIMRTED Y_INT «  .924 ( .810 )
_ R.M.S, SCATTER = .01
1.8 : ' . " ZERO-INT. SLOPE *  .462 ( .88 )
* R.H.S. SCATTER =  .011
[] S ¥ T L) T ) T
2.8 4.0 6.8 2.6 id. iz.

C CHHL. @ (Millivolts)
SCATTERERAM OF RATIOS BETWEEHW.TWO RADICHETERS

Graph 2. Shows the deri\(.ation the BMHO value for the

pyranometer on Channel 1 from measurements of the
global radiation by the pyranometer on Channel O from
data on Tape 4. The result is a ratio of Benchmark -
responsivities.
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Appendix BB4

SUMMARY OF RESULTS FROM THE NARC FIELD EXPERIMENT

Contents
Resaal

Resaad
Resaab

Resaab

Resaa7
Resbb

Resccl |
Resdd1
Resdd2
Resdd3
Resee

Resee3

Reseed
Reseeb

Resff

Resff1

Resff2
Resff3

All benchmark ratios.

Direct benchmarks on CH#0 and CH#16.
Number of points, average temperatures, etc.

Results from normal incidence tracking table.

- Results from the SDGM ca[ibratiOn.for horizontal

and tilted diffuse.

Summary of all relative benchmark results including
average values for each instrument.

Short summary of relative benchmark ratios
All Benchmarks, with BMTR at end.
All benchmarks grouped by instrument type.

Sphere and manufacturers’ calibrations, short list.

Comparisons of Benchmark Calibrations:

versus mean ( or best available) NARC sphere.
versus Manufacturer,
versus BMTN

Comparison of Benchmark Calibrations by
instrument groups.

showing metecrclogy usage vs collector
testing, and possible effects of tilt, non-
linearity, etc., from comparisons between
HO-TN, TO-TN, HO-TO.

Benchmarks vs Manufacturer.
Benchmarks vs NARC sphere.
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Resaal 10/04/86 BENCHMARK RATIOS RELATIVE TO CEANNEL 00

o = scatter in pVolts of points in the regression of Ch#x wvs Ch0O.

ch tape BMHO © bmha < BMTO © bmta o BMTH o
1 t1 .470 16
t2 _.464 16
t3 .460 10 L461 12
t3 ha .456 11 ta .455 10
t4 .462 11 .463 9§ .454 21
t5 .462 26 ta .466 50
ts ta .465 26
t7 .465 18 .456 18
ts .461 16
t8 ha .457 20
£10 .461 19
2 t1i { .668 52 am .675 3% pm .662 30 )
t2 .6B2 24
t3 . .6B2 12 674 12
t3 ha .662 12 ta .653 18
t4 ' .679 20 .671 12 .648 19
t5 .679 18 ta .653 26
t6 ta .651 25
t7 .668 16 .647 18
t8 .681 18
t8 ha .661 27
t9 .649 06
t10 .676 18
4 t2 L9585 14
t3 .957 25 .949 32
t3 ha .937 03 ta .524 16
t4 .957 26 .942 13 .5920 24
t5 .957 23
5 t2 1.1B3% 24+
t3 1.156 47 1.124 44
t3 ha 1.150 50 - ta 1.111 34
t4 1.165 45 1.132 13 1.110 47
( 1.157 24 tc)
5 &2 TC 1.164% 24% . c
£3 TC 1.155 47 1.127 44 c
£3 TC ha 1.154 S0 ta 1.115 34 c
t4 TC 1.158 45 - 1.134 13 1.113 47 ¢
6 t4 1.128 30 1.128 14 1.108 68
6 t4 TC 1.132 30 1.130 14 1.111 68 C
6 7 :: .859 14 .965 22
ts .959 30
7 t4 1.247 S8 1.237 21 1.218 61
ts 1.257 35
7 t4 TC 1.240 58 1.239 21 1.221 61 ¢C
ts5 TC 1.234 35 c
£7 :: .974 54 .9%3 38
t8 .984 S0
8 t2 .421 12
t3 L4319 7 .419 8
t3 ha .414 08 - ta .415 o8
t4 .417 10 .418 5 .413 18
ts .420 8
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10

10

11

12

12

13

14

15

t1

tic TC

t4
t6s
t7
t8
ts
t10
t4
t4
t5

t4

t1

ta2
t2

t4
t4
t6
t8
te
t10

t1

t4
-1
t7
t8

t10

TC

(
(

(
(

1.002
1.003
1.00%

. 999
1.005
1.021
1.025
i1.01e
1.001
1.008
1.028
1.033
1.026
1.022
1.015
1.019

.880
.882
.B847
.881

1.481
1.493

1.476
1.476

1.470
1.495

.701
. 699
.680

.659

.705

.672
. 681
.508
. 909
.811
.908
.908
.896

.904

33
22
23
ha
44

1.011 25

46
=1
31
ha 1.038 35
44
34

ha
53

1.02% 96

1.035 35

1.030 §6

36
21
136
10

60
47

60
47

205
156

73 .711

66
56

.707
. 700

BB

ha .669 23

.704

32 .708

.675
55
.685

B

.652

B

.910 12

63
ha
18

.902 109

Appendix BB

1.500

1.015 33

1.007 &2

1.028 25

1.025 37

1.026 25

1.024 37

.881 7

.858

.878:

1.499

29

29

1.545%*%

35 Pm

1.015 26
1.010

ta

1.042 46

1.042
1.024 42
1.016%

ta

1.039 46
1.040

1.057 42

1.045 *

ta
ta

.878
.878 25
.878 20

.878

.878

1.500

1.502

1.542%*

.651 46 )

26

43

43

aaaanaQaana

27

24

38

38

( 14vs 2 1.035 45 bmho )
( 18vsl4 1.072 20 bmho )

14 pm
is pm
.67t 328

20 PR

671 14
23 pm

35
42 pm
.916 15

.91 22

.878 76é

.685 16 )
.681 11 )

ta .647 22
.691 21 )

.645
LT01 24 )
ta .651 22
ta .645 *

.623
.667 32 )

.677 29 )

ta .916 26
.916
ta

ta

.902 28
.895 61
.894
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16 t1 452 27

t2 .448 40

£3 .450 7 .454 8

t3 ha .444 09 ta .447 11

t4 .449 9 . .455 20 .445 18

t5 .452 12 ta .448 319

t6 ta .447 14

t7 .451 11 .445 14

t8 .451 15

t8 ha .445 15

ti10 .445 15
17 €1 .955 17

t2 .958 23

t3 .960 17 .969 20

t3 ha .962 13 ta .967 27

t4 .859 17 .96% 30 .567 25

£5 .860 27 ta .961 74

t6 ta .959 25

t7 .962 25 .965 17

t8 .956 76

-] ha .963 51

t10 .957 40
18 t2 ( 18vsla 1.072 20 bmho

€2 { .75 71 am .760 10 pm  .747 10 )

3 ( .750 60 am .760 14 pm .740 12 )

t3 738 34

t3 ha .729 26 ta .714 15

t4 .754 21 .751 56 .713 30

t5 .756 18

t8 ha .732 37

t10 .754 20
19 €2 (1.204 115 am 1.221 43 pm 1.188 €9 )

t3 {1.191 91 am 1.205 56 pm 1.179 29 }

t3 1.172 102

€3 ha 1.174 62 ta 1.155 41

t4 { 1.201 54 am 1.203 35 pm 1.194 40 )

t4 1.175 58 1.155 44
19 €2 TC { 1.185 115 am 1.202 43 pm 1.169 69 )

£3 TC { 1.150 981 am 1.204 56 pm 1.178 29 )

t3 TC 1.175 102

t3 TC ha 1.178 62 ta 1.159 41

t4 TIC { 1.194 54 am 1.156 35 pm 1.187 40 )

t4 TC 1.177 58 1.158 44
19 t9 :: 971 27 .974 27
20 t2 .458% 23

£3 .457 11 .459 9

t3 ha .453 13 ta .455 09

t4 .458 12 .459 11 .452 17

t5 .460 7

t6 :: . ta .906 25

t7 .905 49

t9 :: 1.008 16 1.010 25
21 t2 .455 37

t3 .455 189 .456 10

£3 ha .451 13 ta .451 12

t4 456 21 .459 15 .452 17

t5 . .458 16

t6 :: ta .861 35

£7 : .B70 42

t9 :: .956 14 -954 18

Appendix BB  page 13 of 29

anagaoaonaq



22

22

23

24

24

25

25

26
34

41

té6
t7

t1l0

td TC
t5 TC
6 TC
t7 TC
t8 TC
t8 TC
t10 TC

t9

t4
t4 TC

1.386
1.400
1.385
1.393
1.381
1.384
1.380
1.382
( .576
( .969

.965
1.422
1.444
1.420
1.450
1.417
1.428
1.415
1.438
1.440
1.459
1.442
1.466
1.435
1.442
1.437
1.454

.386

1.090
1.087

59
44

85
ha 1.352
42

59

85
ha 1.351

142
ha .984
17

5

40
61
63

82
ha 1.405
69

ha 1.404

ha 1.420

ha 1.419

31

73
73

83

a3

.985
31
.966

81

Bl

81

81

1.342

1.341

1.343

1.325

12

Y

.997

1.365

1.381

1.366

1.375

1.414

1.414

1.415

1.397

.993
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28

28

89

:

63

43

63

43

56

40

56

40

23
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ta 1.332
ta 1.329

ta 1.297
ta 1.254

.8950 7))

ta .5986 (03 (3 pointa))

.974 .41 )

ta 1.398
ta 1.382

ta 1.361
ta 1.346

ta 1.418

‘ta 1.404

ta 1.381
ta 1.367

1.305
78
71
1.317

1.307
78
71
1.287

.995

1.336

1.338
79
82
1.349

.97%

40

58

40

58

40

126

78

126

78

45

77

45

77

26
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Resaad
10/04/86

( to ta and tn evaluated with table slant = 22.2 deg -~ correct )

DIRECT BENCHMARKS ON CHANNEL 00

BMEO o© BMTO © BMTN ©
t1 10.07 53
2 10.11 25
t3 10.18 29 10.06 34
t3 ha 10.26 37 ta 10.16 35
t4 10.12 27 10.09 25 10.23 37
t5 10.17 ** (ta 10.45 46)
t6 ta 10.26 134
t7 10.16 73 10.21 85
te 10.13 53
t8 ha 10.20 73
t9 10.12 30 10.21 41 . 10.26 34
t10 10.12 32 10.20 65
£10 ta 10.22 66
AVERAGFE, 10.128 10.230 10.130 1¢.27 10.225
. { 10.213}
RANGE 1.1% 0.6% -1.5% 2.9% 0.6%
{ 1.0% )
(disregarding t5-bmta)
DIRECT BENCHMARKS ON CHANNEL 16
£3 4.58 16 4.56 16
t3 ha 4.55 14 ta 4.54 18
t4 4.55 10 4.59 14 4.55 12
{ data above has :- table slant = 22.2 deg -correct }

( o is the scatter in microveolts of the channel 00 or 16 signal.}
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Resaa5, 10/04/8B6

NUMBER OF POINTS IN CEANNEL 00 DIRECT BENCHMARKS

baho bmha bmto bmta bmtn
t1 203
£2 42
3 41 50 15 83
4 96 22 37
t5 29 25
t6 170
£7 26 152
€8 114 311
t9 10 38 78
+10 188 15 20

MAXIMUM NUMBER OF READINGS

bmho bmha boto bmta  bmtn all
1 235 2505
2 73 3536
3 73 233 17 88 3421
4 139 25 50 3530
t5 122 58 2524
t6 176 2863
7 84 294 6156
t8 165 400 6462
t9 73 38 84 6135
t10 205 15 23 6345

AVERAGE TEMPERATURES ( degrees celcius )

bamho bmha bmto bmta bmtn all
t1 1.7 1.4
t2 12.9 11.5
3 24.4 27.6 27.1 27.7 24.8
4 20.7 26.2 27.0 22.2
5 10.8 -7.9 3.2
t6 -7.9 -3.6
£7 10.4 6.4 5.1
t8 20.5 24.3 18.6
t9 22.7 24.4 24.3 22.0
t10 15.0 20.3 19.4 13.6

STANDARD DEVIATIONS OF TEMPERATURES

bmho bmha bEmto bmta bmtn all
1 4.8 5.6
t2 4.7 5.9
t3 5.8 5.2 5.7 3.6 5.9
t4 4.1 2.4 1.5 6.0
t5 2.7 6.7 9.1
ts 8.3 7.6
t7 B.2 7.2 7.9
ts 4.6 4.6 7.1
t9 3.2 4.7 2.4 5.0
£10 4.0 2.7 2.4 5.1

Appendix BB
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Resaat 10/04/8B6 RESULTS FROM THE TRACKING TABLE
i.e. normal incidence at varicus tilts.

pDefinition - Simultaneous Diffuse and Glocbal Method of Calibration . ( SDGM )
Given voltage data from a shaded pyranometer Vd
and from an unshaded pyranometer Vg
and given direct irradiance W
Plot vy = Vvd/Vg against x = W/Vg.
The reciprocal x intercept is Rg
and the y intercept is Rd / Rg .
where Rd and Rg are the two pyranometer responsivities.

tape 4 .
Alternating sun shade method(AsSM) of calibration en Ch34 done on a single day (Oct. 9, 83)
(average value with 80 > tilt = > 50) R(#34) = 9.26

SDG Plot . Ch34/Ch35 s Hip/Ch35
Intercepts (-931) and .849
with R(nip)=8.45 gives (R(#34) = 9.27) R(#35) = 9.56

= tilt angle range -

30<p<45 45<p<60 60<p<TE all R(all) aspread
Ch34/Ch35 .938 .535 .936 .935 §.31 0.3%
Ch36/Ch35 .451 19 .452 17 .452 17 .451 4.49 0.2%
Ch37/Ch25 1.482 50 1.480 51 1.475 52 1.482 14.76 0.5%

These ratios evaluated only with I > 700 Watt/sq m., (and with Ch34 unshaded).

tape? _
s DG Plot Ch5/Ch4 versus Nip/Ch4
gitres R(#4) = 4.861 +/- 011 (also R(#5) = 9.673)

Results from same method (SDG) and data, but divided in specific tilt ranges.

tilt range R(#4) - 4.861 +/-

30 <B< 40 -0.09% .23%

40 <p< 50 0.14% .23% :

50 <B«< 60 0.14% .23% overall range
60 <B< 70 0.03% .23% 0.23%

70 <p< 80 -0.09% .23%

80 «<B< 90 -0.03% .23% @

Resaa7 RESULTS OF THE SIMULTANEOUS DIFFUSE AND GLOBAL METHCOD {SDGM)
OF CALIBRATION FOR HORIZONTAL DIFFUSE AND TILTED DIFFUSE.

hoxrxrizontal tilted
points R(#01) R(#28) points R(#01) R(#29)
Tape 1 2130 4.71 5.19
Tape 2 3135 4.66 5.16
Tape 3 3743 4.65 5.17 258 4.60 4.28
Tape 4 . 3121 4.66 5.20 <400 4.61 4.34
Tape 5 1798 4.65 5.23 1152 4.77 4.38
Tape 6 all tilted 2156 4.71 4.36
Tape 7 all tilted 2802 4.67 4.28
Tape B 3469 4.66 5.15
Tape 9 2580 4.63 5.12
TapelO 2274 4.65 5.13
Mean SDGM 5.17 4.33
Sample st. dev [percent] 0.037 [0.72%] 0.046 [1.09%]
Alternating sun shade method 5.21 4.36
Adopted values 5.21 4.36
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Resbb 27/02/86

BENCHMARR RATIO AVERAGES (AND DIRECTLY MEASURED ON CEANNEL 00)

CH 00 PSP 18426
Directly measuread
max$-ming / samples

disregarded t5ta
CH 01 CMLO 81l0166

Relative to Ch 00
max$~ming / samples

BMHO EBMHA
10.128 10.230
1.1/8 0.6/2

-4617

0.9/6 0.2/2

.4565

- large deviation from 3 others.

disregarded tlho - large deviation from 6§ others.
note large range on bmta.

CH 02 EKO 82053
Relative toc Ch 00
max%-min% / samples

. 680
0.9/6

.662
0.3/2

Aisregarded tl - apparent misalignment.

CH 04 EKO 81908
Relative to Ch 00
max¥-min% / samples

CH 05 CM-5
Relative to
max$-ming /

CH 06 CM=-5
Relative to
max$-ming /

78-5047
Ch 00 TC

samoles

77-3656
Ch 00 TC

samples

CE+06 PSP 19260
Relative to Ch 00
max$-ming / samples

CHE 07 OM-5 77-4120
Relative to Ch 00 TC
max%-ning / samples

CH+07 PSP 15262
Relative to Ch 00

max$-min% /

CH 08 OM10
Relative to
max¥-ming /

CH 09 EPO7
Relative to
max%-ming /

CH 10 EPO7
Relative to
max$-miny /

samples

810122
Ch 00
samples

123
Ch 00

samples

124
Ch 00 TC

samples

CH 11 PSP 18135

Relative to
maxi-min% /

<h 00
samples

.956 .937
0.2/4 -

1.159 1.154
0.8/3 -

1.132

.859

1.237

. 584

-4183 414
1.0/4 -

1.002 1.011
Q.G/4 -

1.024
1.8/6

1.032
0.5/2

.88l
0.3/3

Appendix BB

BMTO BMTA BMTN
10.13 10.213 10.225
1.5/4 1.0/4 0.6/4
.463 (.460) .455
0.8/3 (2.5/3) 0.4/2
.671 .652 .648
0.9/3 0.32/3 0.3/3
.945 .924 .820
0.7/2 - -
1.131 1.115 1.110
0.6/2 - -
1.130 1.111
.959 .565
1.239 1.221
.574 .993
.4185 .415 .413
0.2/2 - -
1.011 1.015 1.010
0.8/2 - -
1.025 1.048 1.040
0.2/2 1.8/3 -
.880 .a78 .878
0.4/2 0/2 o0/3
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disregarded tfho - large deviation from 3 others and large scatter.
disregarded t7to - large deviation from 2 others and large scatter.

CH 12 SWISSTECO 113
Relative to Ch 00 TC 1.476 1.500 1.500
max%-ming / samples - - -

CH 13 SWISSTECO 114
Relative to Ch 00 - 1.545 1.542
maxi-min% / samples - - -

CH 14 EKO 82052

t1 - té

Relative to Ch 00 .659 .669 .671 .648 .645
maxs-ming / samples 2.1/5 - 0/2 0.8/3 -
£7 - t10

Relative to Ch 00 .678 . 652 .623
max$-ming / samples 1.3/2 - -

Bvidence of loss of 2.8% responsivity between tape6 and tape 7.

CH 15 PSP 18431
Relative te Ch 00 .50% .910 .916 916 916
max$-ming / samples 0.3/5 - o/2 - -

Disregarded tS5ta and all té - tl0 data. Large scatter and evidence
of responsivivity loss 1 - 3%.

CH 16 CM10 810131
Relative to Ch 00 .4503 .4445 L4533 .4473 .445
maxé-mind / samples 0.7/6 0.2/2 0.9/3 0.2/3 0/2

Disregarded tlChc - large deviation from § others.

CE 17 PSP 18435

Relative to Ch 00 " .gs8 .962 .967 .962 .966
max$-miné / samples 0.5/7 0.1/2 0.7/3 0.8/3 0.2/2
CH 18 EKO 81909 _
Relative to Ch 00 .753 .730 744 .714 713
maxs-min% / samples 0.8/5 0.4/3 1.7/3 - -

CH 19 CM5 77-3592
Relative to Ch 00 TC 1.180 1.178 1.176 1.159 1.158
maxt-mink / samples 0.8/3 - 0.2/2 - -

CH+18 PSP 159259
Relative to Ch 00 .971 .974
maxt-ming / samples - -

CH 20 CM10 810121.
Relative to Ch 00 .4585 .453 . 459 .455 452
max$~min% / samples 0.7/4 - a/2 - -

CH+20 PSP 23676
Relative to Ch 00 .906 . 905
max$-ming / samples - -

CH++20 PSP 19261

Relative to Ch 00 1.008 1.010
max%-min% / samples - -
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CH 21 cCM10
Relative to
max%-min% /

CH+21 PSP
Relative to
max$-ming /

CH++21 PSP
Relative to
max¥-ming /

810119
Ch 00
samples

23677
Ch 0¢
samples

20502
Ch 00

samples

CH 22 SCHENK 2217
Relative to Ch 00 TC
max%-min% / samples

CH 23 PSP 20524
Relative to Ch 00
max#-min% / samples

.456
0.7/4

1.382
0.3/4

.451

1.351

Evidence of significant misalignment.

CH 24 SCHEFK 2428
Relative to Ch 00 TC
max¥-ming / samples

CH 25 SCHENK 2418
Relative to Ch 00 TC
max$-min% / samples

CH 26 Proctor
Relative to Ch 00
max¥-min%$ / samples

CH 34 PSP 19814
Relative to Ch 00
max$-ming% / samples

CH 41 M5 784737
Relative to Ch 00 TC
max¥-min% / samples

1.425
1.8/4

1.442
1.2/4

.386

1.087
1.2/4

Appendix BB

1.404

1.419

.451

.4575
0.7/2 -
.B61
-956
1.334 1.295
1.4/2 0.3/2
1.371 1.354
0.7/2 l.2/2
1.406 1.374
1.4/2 1.1/2
.993
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.452

.870

.554

1.304
0.8/2

.895

1.344

0.8/2

1.375
0.8/2

.979




Resccl

SHORT SUMMARY OF AVERAGE BENCHMARK RATIOS

01/04/

REGRAAAR

41

CM10 810166
EKO 82053
EKO 81s08
CM-5 7B-5047
CHM-5 77-3656
PSP 19260
CM-5 77-4120
PSP 19262
CHM10 810122
EPO7 123
BPO7 124

PSP 18135
SWISSTECO 113
SWISSTECO 114
EKO B2052
EKO 82052
PSP 18431
CM10 810131
PSP 18435
EKO 81509

cMS 77-3882
PSP 15255
a0 810121
PSP 23676
PSP 19261
C410 810113
PSP 23677
PSP 20502
SCHENK 2217

- PSP 20524

SCHENRK 2428

SCHENK 2418
Proctor

PSP 19814

cME 784737

TC
TC

TC

TC

TC

TC

TC

ICc
Tc

TC

Appendix BB

BMHO

.4617
. 680
. 956
1.159
1.132
.959
1.237
.584
.4193
1.002
1.024
.88l
1.4%6
. 689
.676
.909
.4503
.958
.7583
1.190

. 4585

.456

l.382
1.425
1.442

.386
1.087

BMHO

BMER BMTO EMTA
L4565 .463 {.460)
.662 .671 .652
.937 .945 .924

1.154 1.131 1.115
1.130
.959
1.239
.974
.414 .4185 L4158
1.011 1.011 1.015
"1.032 1.025 1.048
.880 .878
1.500
1.545
.669 .671 .648
.652
.910 .916 .916
.4445 .4533 .4473
.562 .967 .962
. 730 .744 .714
1.178 1.176 1.159
.871
.453 .45 .455
.906
1.008
.451 .4575 .451
.861
.956
1.351 1.334 1.295
1.404 1.371 1.354
1.419 1.406 1.374
.953
BMHA BMTO BMTA
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BMTN

.455
.648
.920
1.110
1.111
.965
1.221
.965
.413
1.010
1.040
.878
1.500
1.542
.645
.623
.916
.445
.966
713
1.158
.974
.452
.905
1.010
.452
.870
.954
1.304
.99%
1.344
1.375

.973
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8 AQR 88 A7 AARAA 8A9A8AQ A48AQAR

01
08
16
20
21

o2
04
14

‘14

18

05
06
o7
i3
41

0s
10

12
i3

22
24
25

26

PSP
PSP
PSP
PSP
PSP
PSP
PSP
PSP
PS®
PsSp
PSP
PSP
PSP

CM10
CM10
CHl0
CHM10
cHl10

-5
CM-5
CM-5
-5
-5

EPO7
EFO7

SWISSTECO 113
SWISSTECO 114

Benchmarks from and including direct channel 00.

18426
19260
19262
18135
18431
18435
19259
23676
19261
23677
20502
20524
19814

810166
810122
810131
810121
810118

82053
81508
82052
82052
819508

768-5047
T77-3656
77-4120
77-3992
78-4737

123
124

SCHENK 2217
SCHENK 2428
SCHENK 2418

Proctor

TC
TC
TC
TC
Tc

TC

TC

TC

TC
™

Calibrations from normal

RRARAAR

4N
5N
34N
35N
36N
37N

CM10
PSP
PSP
PSP
CHM10
SCHE!

830178
24011
17750
20523

810120
NK 2209

T8
8
T4
T4
T4
T4

BMEO BMHA BMTOC EMTA BMTH

10.13 10.23 10.13 10.21 10.22

5.71 5.71 $.87
9.97 5.87 10.15
8.92 8.91 8.87 8.98
8.21 §5.31 9.28 9.36 9.37
9.70 9.84 9.80 5.82 5.88
9.84 5.96

95.25 5.25

10.21 10.32

B8.79 B8.50

9.68 9.75

10.17

10.05 10.01

4.68 4.67 4.68 4.65
4.25 4.24 4.24 4.24 4.22
4.56 4.55 4.59 4.57 4.55
4.64 4.63 4.65 4.65 - 4.62
4.62 4.61 4.63 4.61 4.62
6.889 6.77 6.80 6.66 6.63
9.68 9.59 5.57 5.44 9.41
7.08 6.84 §.80 6.62 6.60
6.85 6.67 6.37
7.63 7.47 7.54 7.29 7.29

11.73 11.80 11.45 11.38 11.34
11.46 11.44 11.35
12.52 ] 12.55 12.48
12.05 12.05 11.91 11.83 11.84

10.14 10.34 10.24 10.36 10.32
10.37 10.55 10.38 10.70 10.63

14.94 15.19 15.33
15.65 . 15.76

13.99 13.82 13.51 13.22 13.33
14.43 14.38 13.88 13.82 13.74
14.60 14.51 14.24 14.03 14.05

3.91

tracking BMTR { approximately BMTN ) BMTR
4.86

S.67

9.31

8.96

4.49

14.76
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CH 5 PSP
CH 34N PSP
CH 35N PSP
CH 00 PSP
CH+06 PSP
CH+07 PSP
CH 11 PSP
CH 15 PSP
CH 17 PSP
CH+153 PSP
CH+20 PSP
CH++20 PSP
CH+21 PSP
CH++21 PSP
CH 23 PSP
CH 34 PSP

4R QM10
368 QM10
01 10
o8 CMl10
16 CHM10
20 CM10
21 om0

02 EKO
04 EKO
14 EKO
14 EKO
18 EKO

05 CM-5
06 CM-5
07 M-85
19 CM-5
41 CM-5

09 EPO7
10 EPOY

g RARA A7 AR RARRA QARARA HAARAARA

All Benchmarks

24011
17750
20523
18426
19260
19262
18135
18431
18435
13259
23676
19261
23677
20502
20524
19814

830178
810120
810166
810122
810131
810121
810119

82053
81908
82052
82052
81505

78-5047
77-3656
77-4120
77-3892
78-4737

123
124

378 SCHENK 2209
22 SCHENK 2217
24 SCHENK 2428
25 SCHENK 2418

26 Proctor

T8
T4
T4

T8
T4

Tc
TC
TC
TC
TC

TC

12 SWISSTECO 113 TC
13 SWISSTECO 114

T4
TC
TC
TC

BMHO

10.13
5.71
9.97
8.92
9.21
5.70

11.73
11.46
12.52
12.08
11.00

10.14
10.37

14.94

13.5%9
14.43
14.60

3.91
BHHO

BMHA

10.23

12.05

10.34

-10.55

13.82
14.36
14.51

BMEA

Appendix BB

BMTO

10.13
9.71
$.87
8.91
9.28
9.80
95.84

7.54

11.45
11.44
12.55
11.91

10.24
10.38

15.19
15.65

13.51
13.88
14.24

BMTO

BMTA

10.21

11.83

10.36
10.70

13.22
13.82
14.03

BMTA
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10.22
9.87
10.15
B8.98
9.37
9.88
9.96
9.25
10.32
8.90
9.75
10.17
10.01

4.65
4.22
4.55
4.62
4.62

11.34
11.35
12.48
11.84

10.32
10.63

15.33
15.76

14.76
13.33
13.74
14.05
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Abstract of Spherae calibrations and Manufacturers' calibrations.
the instruments were calibribrated in the NARC sphere both before and after the

field experiment.

CH 5N
CH 34N
CH 35N
CH 00
CH+06
CH+G7
CH 11
CH 15
CH 17
CH+19
CH+20
CH++20

(2]
04
14
14
18

¢13
06
o7
19
41

os
10

i2
13

37N
22
24
25

ARAA 88 A8 AAARAA 2Q9RAR RARAQ4Q

PSP
PSP
PSP
PSP
PSP
P
PSP
PSP
PSP
PSP
PSP
PSP
PSP
PSP
PSP
PSP

CM10
CM10
10
CH10
10
cM10
a0

24011
17750
20523
18426
19260
18262
18135
18431
18435
19259
23676
19261
23677
20502
20524
19814

830178
810120
B1l0166
810122
810131
810121
810119

EXO 82053
EKO 81508
EKO 82052
EKQ B2052
EKO B150%

EPO7
EPO7

78-5047
77-3656
77-4120
77-3982
78-4737

123
124

SWISSTECO 113
SHISSTECO 114

SCHENK 2209
SCHENK 2217
SCHENK 2428
SCHENK 2418

SPHERE EEFORE

TC
TC
TC
TC
TC

TC

TC

TC
TC
TC

SPHERE BEFORE

Appendix BB

11.65
11.44
12.62
12.03
11.06

10.58
10.66

i3.82
14.26
14.32

SPHERE AFTER

8.57
5.19
9.91
10.15
8.70

.87
9.05
.73
5.74
5.17
10.15
8.72
§.51
10.01

4.90
4.53
4.70
4.27
4.56
4.65
4.62

11.64
11.43
12.58
12.00
i1.08

10.41
10.69

15.1

15.14
13.87
14.385
14.51

SPHERE AFTER
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MANUFACTURER

9.7¢
$.26
9.95
10.53
10.18
10.52
B8.78
9.51
10.13
10.25
9.15
10.78
8.71
5.82
10.10
i0.48

4.93
4.54
4.64
4.24
4.54
4.66
4.58

12.23
11.94
13.41
12.62
11.80

15.36
14.16
14.56
14.68

MANUFACTURER

Nearly all
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absolute benchmarks - mean or best¥* sphere

CH SN
CH 34N
CH 35N
CH 00
CH+06
CE+07
CE 11
CE 15
CE 17
CH+19
CH+20
CH++20
CH+21
CH++21
CH 23
CH 34

PSP
PSP
PSP

4N
36N
01
os
16
20
21

RARRRAAA

oM10
Q10
10

o2
04
14
14
18

AAAAA

EKO 8
EKO 8
BKO 8

05
06
07
1%
41

ARAAA

c-5
CM-5
-5

EPO7
EPC7
EPO7

CH 12
CH 13

SWISS
SWISS
SWISs

CH 37
CH 22
CH 24
CH 25

SCHEN
SCHEN
SCHEN

BMHO

PSP 24011

PSP 17750

PSP 20523

PSP 18426 -.54

PSP 19260 .15

PSP 198262 -.99

PSP 18135 .39

PSP 18431 * .21

PSP 18435 -.46

PSP 19259

PSP 23676

PSP 19261

PSP 23677

PSP 20502

PSP 20524

PSP 19814
mean -.21
sigma .53
numbrer [

CM10 830178

CM10 810120

CM10 810166 -.31

CMLID 810122 -.35

CMi0 810131 -. 21

10 810121 -.21

cM10 810119 [4]
mean -.22
sigma .14
nuzber 5

EKO B2053 2.9

EKO 81508 1.3

EKO 82052

EKO 82052 1.4

EXO 81509 1.9
mean 1.8
aigma .73
number £

CM-5 78-5047 .72

CM-5 77-3656 .21

cH-5 77-4120 -.63

cM-5 77-3992 .23

cM-5 78-4737 -.63
mean -.01
sigma .60
number 5

EPO7 123 -3.2

EP07 124 . -2.8
mean -3.0
sigma .27
nunbexr 2

SWISSTECO 113 -1.0

SWISSTECO 114

mean
sigma
number 1
SCHENK 2205
SCHENK 2217 1.0
SCHENK 2428 .87
SCHENK 2418 1.2
mean 1.0
sigma .18
number 3
BMHO

Appendix BB

BMHA EMTO

.44 -.54
.15
-1.9
.28
1.3 .97
.97 .56
1.0
.83
1.3
.70
.50 .34
.43 .94
3 10
-.53 -.11
~-.E58 -.58
-.42 .42
-.43 0
=-.21 .21
-.43 ~.01
.14 .38
5 5
1.1 1.6
.41 .20
-1.1
-.20 .73
.05 .84
.93 .70
4 3
1.3 -1.6
.04
-.39
.29 -.87
.81 -.72
.73 .73
2 4
-1.3 -2.2
-1i.1 -2.7
-1.2 -2.5
.11 .33
2 2
.59
.22
.45
.18
2
-.18 -2.4
.38 -2.9
.62 -1.2
.27 ~-2.2
.41 .87
3 3

BMHA EBMTO

in percentage
BMTA EMTN

1.0

1.4

.60

.24 .34

1.8

.79

.58 1.0
1.8 1.8

.76 1.3

2.3

.65 .65
1.9

.62 1.8

2.0

1.5

.30

.84 1.2

.53 .63

6 16
-1.1

-.88

~.95

-.58 -1.0
0 -.42

0 -.64
-.21 0
-.20 -.71

.27 .39
4 7
-.44 -.89
-1.1 -1.4
-5.6

~2.6 -2.6

-1.4 =2.6
1.1 2.1
3 4

-2.2 -2.6
-.74

-.55

-1.5 -1.4
-1.9 ~1.4

.52 .83
2 4
-1.1 -1.5

.23 ~-.42

-.45 -.87

.97 .78
2 2

1.5

1.0

1.2

.35

2

-2.5

-4.5 -3.7

-3.3 -3.9

-2.7 -2.5

-3.5 -3.1

.91 .75
3 4

BMTA BMTHN
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benchmarks - manufacturers' calibration in percentage
. BMHO BMHA BMTO BMTA BMTN
CH 5N PSP 24011 -.30
CH 34K PSP 17750 .53
CH 35N PSP 20523 .10
CH 00 PSP 18426 -3.7 -2.8 =-3.7 -3.0 -2.9
CH+06 PSP 19260 -4.7 -4.7 -3.1
CE+07 PSP 19262 -5.2 -6.1 -3.5
CH 21 PSP 18135 1.5 1.4 2.1 2.2
CH 15 PSP 18431 ~3.1 -2.1 -2.4 -1.5 -1.4
CH 17 PSP 18435 -4.2 -2.8 -3.2 -3.0 -2.4
CH+19% PSP 19259 ' -4 -2.8
CH+20 PSP 23676 1.0 1.0
CHE++20 PSP 19261 -5.2 -4.2
CH+21 PSP 23677 .91 2.1
CH++21 PSP 20502 -1.4 -.71 .
CH 23 PSP 20524 .69
CH 34 PSP 19814 -§.1 -4.4
PSP mear -3.2 -2.6 -3.3 -.58 -1.2
PSP sigma 2.4 .43 2.1 2.2 2.2
PSP number 6 3 10 6 16
CH 4N CM10 830178 -1.4
CH 36N CM10 810120 ~1.1
CE 01 OML(O 810166 .86 .54 1.0 .21
CH 08 OMI0 810122 .23 0 4] Q -.47
CH 16 CM10 810131 .44 .22 1.1 .66 .22
CH 20 CM10 810121 -.42 -.64 -.21 -.21 -.85
CH 21 CM10 810119 .87 .65 1.0 .65 .87
Mi0 mean .39 .17 .61 .27 -.36
CM10 sigma .53 .53 .66 .45 .82
CM10 number 5 5 5 4 7
CH 02 EKO B2053 -1.5 -3.2 -2.8 -4.8 -5.2
CH 04 EKO 81508 .72 -.20 ~-.41 -1.7 ~2.0
CH 14 EKO B2052 1.1 -2.2 -2.8 ~5.4 -5.7
CH 14 EKO 82052 responsivity change
CH 18 EKO 8150% 2.8 .67 1.6 «1.7 ~1.7
EKO B8 mean .78 -1.2 -1.1 -3.4 -3.7
EKO B sigma 1.8 1.8 2.1 1.9 2.1
BKO 8 nunber 4 4 4 4 4
CH 05 CM-5 78-5047 -4.0 -3.5 -6.3 -6.9 -7.2
CH 06 CHM-5 77-3656 -4.0 ~4.1 -4.9
CH 07 cCM-5 77-4120 -6.6 -6.4 -6.9
CH 19 CM-5 77-3892 -4.5 -4.5 -5.6 -6.2 -6.1
CH 41 OM-5 78-4737 -7.5
Q-5 mean -5.3 ~-4.0 -5.6 -6.6 -6.3
C~5 sigma 1.6 .70 1.0 .48 1.0
CM-5 numbexr 5 2 4 2 4
CE 09 EP0O7 123 -1.5 .38 -.58 .58 .19
CHE 10 EPOQ7 124 -3.0 -1.4 -2.9 [v] -.65
EF07 mean -2.3 -.50 -1.7 . .29 -.23
EFO07 sigma 1.0 1.2 1.7 .41 .59
EPO7 number 2 2 2 2 2
CH 12 SWISSTECO 113
CH 13 SWISSTECCO 114
SHISS mearn
SHISS sigma
SWISS number
. CH 37TH SCHENK 2209 . -3.9
CH 22 SCHEWK 2217 -1.2 -2.4 -4.5 -6.6 -5.8
CH 24 SCHEWK 2428 -.89 -1.3 -4.6 =-5.0 -5.6
CH 25 SCHENK 2418 ~-.54 ~1.1 -2.9 -4.4 -4.2
SCHER mean -.87 -1.6 -4.0 -5.3 -4.9
SCHEN sigma .32 .66 .54 1.1 .96
SCHEN number 3 3 3 2 4
BMHO BMHA BMTO EMTA BMTN
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benchmarks - tilted normal benchmark in percentage
: BMHO EMHA BMTO BMTA BMTN

CH 5N PSP 24011 r
CH 34N PSP 17750 . xr
CH 35N PSP 20523 r
CH 00 PSP 18426 -.88 .09 -.88 ~.09 r

. CE+06 PSP 15260 -1.6 -1.6 r
CH+07 PSP 195262 -1.7 -2.7 r
CH 11 PSP 18135 -.66 -.77 -.11 r
CH 15 PSP 18431 -1.7 -.64 -.96 -.10 r
CH 17 PSP 18435 -1.8 -.40 -.80 -.60 r
CH+1% PSP 19259 -1.2 r
CH+20 PSP 23676 0 r
CH++20 PSP 189261 -1.0 r
CH+21 PSP 23677 -1.2 r
CH++21 PSP 20802 -.71 r
CH 23 PSP 20524 r
CH 34 PSP 195814 .39 r

PSP mean -1.4 -.31 -1.0 -.35

PSP . sigma .50 .37 .79 .48

PSP number ] 3 10 6
CH 4N OM10 830178 T
CH 36N CM10 810120 r
CH 01 CMi0 B1lO1l66 .64 .43 .86 r
CH 08 CM10 BlO122 .71 47 .47 47 r
CH 16§ CM10 810131 .21 0 .87 .43 r
CH 20 M10 810121 .43 .21 .64 .64 r
CH 21 CM10 810119 ] -.21 .21 -.21 r

CcM10 mean .40 .18 .61 .33

CM10 sigma .25 .29 .27 .37

cM10 nuxber 5 5 5 4
CH D2 EXO 82053 3.9 2.1 2.5 .45 r
CH 04 EXO 81508 2.8 1.9 1.7 .31 r
CH 14 EXO B2052 da 7.2 3.6 3.0 .30 r
CH 14 EKO B2052 d 7.5 4.7 r
CH 18 'EKO B1509 4.6 2.3 3.4 0 r

EKO 8 AT 4.6 2.6 2.6 .26

EKO B8 sigma 1.9 1.0 .74 .18

EKO B8 number d 4 d 4 4 4
CH 05 CM-5 78-5047 3.4 4.0 .97 .35 r
CH 06 CM-5 77-3656 .96 .79 r
CH 07 CM-5 77-4120 .32 - .56 r
cH 19 CoM-5 77-39592 1.7 1.7 .59 -.08 r
CH 41 OM-5 78-4737 '

cM-5 mean 1.6 2.9 .72 .13

CHM-5 sigma 1.3 1.6 .19 .30

CcM-5 number 4 2 4 2
CH 0% EPO7 123 -1.7 .19 -.77 .38 r
CH 10 EP0O7 124 -2.4 -.75 -2.3 .65 r

EPQ7 mean -2.0 -.27 -1.5 .52

EPO7 sigma .45 .66 1.1 .19

EPO7 number 2 2 2 2
CH 12 SWISSTECO 113 -2.5 -.91 r
CH 13 SWISSTECO 114 -.69 r

SWISS mean -.80

SWISs sigma .15

SWISS nunber 1 2
CH 37N SCHENK 2203 r
CH 22 SCHENK 2217 4.9 3.6 1.3 -.82 x
CH 24 SCHENK 2428 5.0 4.5 2.0 .58 r
CH 25 SCHENK 2418 3.9 3.2 1.3 -.14 r

SCHEN mean 4.6 3.8 i.2 -.12

SCHEN sigma .61 .63 .19 .70

SCHEN numbexr 3 3 3 3

BMHO BMEA BMTO EBMTA BMTN
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Directional, tilt and linearity properties of groups of pYranometers,
derived from differences between outdoor benchmark calibratiens -~ all
expressed in percentages.

METEQOROLOGY DIRECTIONALITY TILT
USAGE AND LINEARITY Horizontal
varsus 600W at h'=35 deg. versus
COLLECTOR versus 45 degree tilt.
TESTING 1000W at h'=80 deg. at 600W or { 1O000W )}

{both at 45 deg tilt)

HO - TN TO - TN HO - TO ( HA - TA )
-1.4 -1.3 -0.1 { =0.0) PSP
0.4 0.6 -0.2 { -0.2) M10
i.6 2.6 1.8 { 2.2 EKO
1.6 0.7 0.9 vy { 2.6) cM-5
~2.0 -1.5 -0.5 ( -0.8 ) MID
-2.5 -0.8 -1.6 SWISS
4.6 1.2 3.3, ( 3.8) SCHEWK

Standard deviations (population) / number of instruments tested.

HO - TN TO - TN HO - TO { HA -T2 )
.5/ 86 .8/ 8 7/ 6 { .4/ 3) PSP
.3/ 58 .3/ 5 .3/ 5 { .3/ 4) CMLO
1.9 / 4 7/ 4 1.4/ ¢ { .8/ 4) EKO
1.3/ 4 2/ 4 1.1/ 4 (1.2 / 2 CM-5
5/ 2 1.1/ 2 .6 /2 { -9/ 3) MIDb
/1 2/ 2 /1 SWISS
.6 / 3 .2/ 3 .7/ 3 { .5/ 3) SCHENK

Y significantly different at 1000W compared with &00W.
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Mahufacturers’ calibrations calibrations versus Benchmarks for
pyranometer groups given as mean percentage discrepancy with the
standard deviation of the population and the number of samples.

-— mean % ({ s.d. / number } «-

BMHO - MANUF. BMTN - MANUF.
PSP -3.2 (2.4/6) -1.2 { 2.2/ 16 bsp
CM10 .4 ( .5/ 5} -4 ( .8/7 ) a0
EKO .8 (1.8 / 4 -3.7 (2.1/4 ) EKO
-5 -5.3 (1.6 / 5} -6.3 (1.0/ 4 ) -5
MID -2.3 (1.0/2) -.2 ( .6/2 ) MID
SWISS SWISST
SCHENK -.9 { -3/3) -4.9 (1.0 / 4 } SCHENK

Resff3.

NARC sphere calibrations versus Benchmarks for pyranometer groups
given as mean percentage discrepancy with the standard deviation of
the population and the number of samples.

~——mean & ( s.d4. / number )} --

EMHCG - SPHERE EMTN - SPHERE
PSP -.2 ( .4/ 6) 1.3 ( .6/ 16) PSP
M10 -2 { .2/5) -.7 ( .4/ 7 cMLO
EKO 1.9 (1.8/ 4) a -2.6 (2.1/4 ) EKO
cM-5 .0 { .6/ 5) -1.4 ( .8/ 4 ) oM-5
MID -3.0 ( .3/2) b -1.0 ( 4/2 ) MID
SWISS -1.0 ¢ /1) b 1.2 ( .4/ 2 ) SWISS'T
SCHENK 1.0 ( -2/ 3% -3.1 ( .8/ 4 ) SCHENK

a  Sphere reference Ekc unstable - as of februmary B6.
b Not established sphere calibrations. CML0 reference used for Swissteco and
uncharacterized Middleton 122 used as Middleton reference.
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Appendix CC:

Field Directionality Analysis from NARC.

Measurements on 18 pyranometers.

Corrected for diffuse radiation.
method described in 4.2.2.3

Horizonta! orientation and
45 degree tilted orientation.

Data from Tape 3 and Tape 4 periods.
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LN(Channel [ Bl/Channell 11) - LMN(2,175)

Hm-2

Channel{ 0]

(dtffuse eliminated)

127 398 DATA PDINTS H 2ero = =34, u¥ [ TAPE3
18 - CR11 tilted) DZerow -iE MY | o > 28.8 Um-2
IxCosersG 7 B.5+
-887 8.3¢Cos6-8.5)
.B6 7 r
. By 1 3
.82 —
-.B8 L = _\‘:_::' s -4,
i NN
-.82 -
- 1
~.856 7 I
~.B8 1 B
Eppley PSP 18426 # 0 L
-.181 Refer.CM10 810166 # 1
~-.12 T T T T T
98. E8. 38. 9.8 38. BB. 98. -
morning ZENITH ANGLE evening
NORMALIZED LHCRATIOS) versus ZENITH ANGLE
48.97 393 DATA POINTS Nzers » -3 wv | TAPE3
(ALl tilted) D Zero = 15 WY S 29.8 Um-2
38.8 7 IxCosersG > 8.5+
B.3(Cos9-8.5)
28.8 9 - REF ChL 11
LN(Ratio) = 2.175
n.i. adj. = B.815
18.8
a.a g T
N ARt P LT
1._:‘-‘ E LS
-18. ..:::-:. : -._-
-28. 1 -
-3B8. 7 Eppleu PSP 18426 i
Kipp CN1B Bi@dleh
-40. T T T T T
98, BA, 3. a.8 3. 6B. SH.
morning ZEMITH AMNGLE evening

1006 Hm-2 MEASURENMENT ERRDR UERSUS ZEHITH ANGLE
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LH(Channei[ B1/Channell 11> - LU(2.175)

Hm -2

Channeil 0)

(diffuse eliminated)

-127 4176 DATA POINTS nzerom =349 [ TRPE3
g (AIL horszental> pzere® W] 5y 20.B Mm-2
IxCoserG 3 @.5+
. B8 §.3(Cos0-8.5)
.86 1 3
.84 ¥
B2 -
-.e8
-.82
~.84 7 i
-.864 | )
_.ga -1 Jhe I
Epple PSP 18426 # O N
-.108 1 Refer.CM10 810166 # 1
__12 T [l T T ¥
CER 68. 3\, 8.8 3g. 8. 9g.
morning ZENITH RNGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.87 1179 DATA POINTS Hzeo s s34 wv [ TRPEQ
¢B11 horizontal) B Zero ® Tis. Wy Gy 28.8 Wn-2
39.8 - 1*Cose/G » 6.5+
8.3(Cose-8.5)
28.9 - REF Chi 1]
LM(Ratio) = 2.175
0.8 n.!. adj. - 8.815
9.0
-19.
e ':
-0, -
-30. 1 Eppley PSP 1842% r
Kipp CMi@ B1R166
_qa_ T T T T T
az. 6O. ap. 9.4 3@, 60. 8.
morning ZEHITH ANGLE evening

1886 Wm-2 MEASUREMENT ERROR UERSUS ZEMITH RNGLE
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LN(Channell B1/Channell 11} - LN(2.175>

Hm-2

Channel [ 8]

(diffuse eliminated)

127 286 DATA POINTS Waero = -3 w [ TRPEY
19 - (Ali ti1lted) B Zere m LS. ¥ . G 208.8 Um-Z
I=Cose/ 3 B.S+
.88 7 8.3¢Cose-B.5)
.85 | -
.BY r
.82 =
-.88 R ":- o -"-‘.n_“ ‘,"' .
- B2 i - _: ;
-84 tr
-BE1 [ i
-.e8 1 -
i Eppley PSP 18426 # O 2
-.18 Refer.CM10 810166 # ‘1
_.12 T T T T T
ap. 8. 38. 8.8 38. = 9g.
morning ZENITH RNGLE - evening
NORMALIZED LMCRATIODS) versus ZENITH ANGLE
"9.97 285 DATA POINTS Naere = -3 [ TpEY
CRIL tiltedd D 2ero = -ise v 63 20.8 Wm-2
36.8 - I#CosesG 3 B.5+
' 9.3¢Cose~8.5)
28.8 1 L REF ChL 1)
LN¢Ratio) ~ 2.175
18.8 n.i. adj. = B.828
Fy -
g.9 - -
-y . B
.. - ~l. 01
-10. T I o P T
P [ R "\ . 1
H e “_2:.
-28. - -
-31. 1 ‘Eppley PSP 18426 F
Kipp CHlB 8168156
-ufp. T T T T T
a8, &0. 30. 8.8 30, 8. 9g.
morn:ing ZENITH RNGLE evening

1888 Wm-Z MEARSUREMENT ERROR VERSUS ZENITH ANGLE
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LNCChannel [ Bl/Channell 131) - LN(Z2.175)

Wm -2

Channell 0}

127
.iB'-
.88 -
.86

LBy

1334 DATA PDINTS

(All horizontal)

H Zero = =34. ¥
D Zerc = :lS. Hy

[ TAPEY

L Gy 28.8 WUm-2

I*Coses/G 3 6.5+
8.3(Cos0-08.5)

.B2

.8@

.82

(diffuse ellminated)

.8 3

s+

.88

L1861 -

El
Refer.CM1Q 810166 # 1

ppley PSP 18426 # o]

.12
98.

morning

4a.
38.

28.

T T T T

68. 36. g.a 38.
ZENITH RANGLE

T

NORMALIZED LN(RATIOS) versus ZENITH RANGLE

1356 DATRA POINTS
(A1l hortzontal)

18.

Eppley PSP 1B4Y2%
CMig B1@1e66

Kipp

-48.
<0

morninng

69. ag. 8.4 3an.
ZENITH AHGLE

_ BB 98.
evening
W Zerow =34 0¥ | TAPEY
pees T 63 28.8 Un-2
- IxCose’/G » B.9+
@.3(Case-B.57
I REF Chi 13
LN¢Ratio) = 2.175
n.i. adj. = B.815
68. 98.
evening

1080 Wm-2 MBERASURENENT ERROR UERSUS ZEHITH ANGLE
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LN(Channel{ 21/Channell 11) - LNC1, 4B8@)

Wm -2

‘Channell 21

(dIffuse eliminated)

-127 1178 DATR POINTS Wazerow 2w [ TAPE3
- =15, u¥
o] (A1l horizontal) 7 gere s TS s G) 28.8 Um-2
I*CosersG 3 4.5+
.88 1. 8.3¢Cose~8.5)
861 ¢
eud’
.82
-.0B
[N~
-2 i
-. 94
~.86 7
-.98 1
Eko MS-42 82053 # 2
~.18 Refer.CHM10 B10166 & 1
_‘12 T T T T T
98. 6B. 3n. 8.8 3p. 58.
morning ZENITH ANGLE evening
HORMALIZED LNCRATIOSY versus ZENITH ANGLE
48.97 1178 DATA POINTS HZero = =7, uv TAPE3
(A1l hortzontal) D 2ero = oIS G 28.8 WUm-2
30.0 - IxCosesG 3 8.5+
*=oel. o B.3(Cose~B8.5)
"..F:c.
29.8 - 2 REF Cht 11 .
LH¢Rat1o) = 1,488
19.9 n.i. adj. » - 825
8.8
-18.
-28. 1
-30. Fko MNS-42 82853
Kips CMiB B10166
_q@ T T T 1 T
a0, 50. 3g. 8.0 3g. £8. 9@,
morning 2ENITH RNGLE evening

1896 U.-2 MEASUREMENT ERROR UERSUS ZENITH AHGLE
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LN¢Channel [ 2)/Channell 11) - LH{1.4&6)
‘(diffuse eliminated>

-2

T

Chsrrell 2]

-1271 338 DATR POINTS Nzerow 7., [ TAPE3
gl (AL tilted prere s | 5y 20.8 Um-2
' ' ) I*Cose/6 > 0.5+
8871 4 " | B.3(Cose-8.5)
BE1 4§ . ad T
N-C B P ' I
B b
E. . £
.BZ 1;: : _;‘:...
k) . s =
-.08 :
82 ::Gi‘-
— F-. o
~.BY . r
~.B86 ‘ i
-.B8 -
Eko MS-42 82053 # 2 |
-.18 7 Refer.CM10 8i0166 # 1
_.12 T T T T T A
ag. 6. 28. 8.8 38. 58. ag,
‘morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS? versus ZENITH ANGLE
48.87 399 partA POINTS ' M Zera s 7. TRPE3
D Zero = -1S, uv
(RIl tiltedd 63 20.8 Un-2
39.9 I*Cose /G 3 B.5+
B.3(Cuse-8.5)
28.8 1 L REF ChE 11
) : | LN¢Ratio) = 1.4GB
18.8 - seliz tb n.i. adj. = -.830
) o T
0.0
-10.
"ZEI. -1 b=
-38, 1 Eke NS-d2 82853 r
Kipp CHN1B B10166
-up. T T T — T
99. £8. 3@, 8.8 30. BB. ag.
morning ZENITH ANGLE evenIng

1828 Um-2 MEASUREMENT ERAOR UERSUS ZENITH ANGLE
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(1,488)>

(diffuse eliminated)

LN(Channel [ 21/Channell 113 - LN

Nm=-2

Channell 2)

127 1358 pATR POINTS wzere= 7. [ tRPEY
1g4 ¢RIl horizental> PReem W 6y opa Wi -2
IxCose~G 3 B.5+
68 [ B.3¢Cose-8.5)
857 ' : -
-.88 T -
. “:'-::‘ ¥
~.82 X . ‘::"\ ':-’-'?"i; ‘%::-‘EI::' ’.:. ‘ ..
-.84 - ‘ Y O O e
- .86 1 REN:
-.88 1 . L
EKo Ms-42 82053 # 2 ]
=.187 Refer.CMi0 810166 # 1 .
-.12 T T T T T -
ag. £8. 38. 8.8 38. 8. og,
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
“6-B7 1351 DATA POINTS Wzerow 7w [ rpppy
(A1l horizontaly Daere m -if. u¥ G 208.8 Un-2
38.8 7 " I*Cose/G 3 8.5+
¥ 8.3¢Cos0-8.5)
28.8 1 . " REF Chi 13
kel LNCRatio) = 1. 4g8
8.5 n.t. adj. = -.838
6.8 T
~-18. : D
N .-
~28. 1 - -
-30, Exo  MS-42 @2@53 i
Kipp CM1A B1B16E
~yg. + Yt - T T T
3g. 89. 38. o8 .. 68, 99,
mornng ZENITH ANGLE evening

1080 Um-2 MEASUREMEMT ERROR VERSUS ZENITH RNGLE
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LH{Channel[ 2}/Channelf 1]) - LN(1.458)
(diffuse eliminated)

Lhm +2

Lz

PR

Channe i

-127 285 DATA POINTS wzero = 7. [ TAPEY
181 (A1l tilted) D Eera = -i8. WY L G 3 28.8 Un-2
I*Coser/G 2 9.5+
-88 7 B.3(Cose-B.5)
.BE6 T : i
]
By 1 T
.8z * - z
-.88 - ein
-.82 T e R D
-.8Y 1 -
- .86 1 -
-.88 i
] Eko MS—-42 82053 # 2 5
-.18 Refer,.CM10 810166 # 1
—_12 T T T T T
9g. £6. 38. 8.6 3m. 9. 9g.
morntng ZENITH ANGLE evening
NORMRLIZED LMCRATIOS) versus ZENITH ANGLE
48.87  2gg DATR POINTS Nzero« -7 pv [ TRPEY
(Al tilted) P Zero s SIS G 20.0 Um-2
36.0 1 F I%CosesG » 8.5+
8.3(Cose-B.5)
28.0 1 ’ L REF ChL 1)
LNCRat1o) = 1.u58
10.0 :: - ‘ T n.i. adj. = -.828
6.0 3 Ci pos Xy
-18. ”
-28. 1 -
-39, 1 Eko MS-42 820853 -
Kipp CNMIB 818166
—qg T T T T T
°p. £8. 38. 9.9 g, 5B, 5@,
marnLng ZENITH RANGLE evening

1080 Wa -2 FMEASUREMEHT ERROR UERSUS ZENITH RNGLE
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LN(Channell d43l/Channell 113 - LN¢Z2.B8B)
(diffuse eliminated)

Wm =2

Channell 4]

427 1158 DATA POINTS Hzerow -9, 3v [ TAPE3
- D Zero = =15. uv
1p 1 f(ﬂll harizantal) e ¥ L G ) 2B.8 Wm-2
I*CosesG 3 B.5+
.88 1 3
B.3(Cos6-8.5)
.85 7 ¥
. B4 1 o
.82
-.88 -
SN
by g o i
-.B2 Sl
~. B4 7 -
__as - L
__QB =1 -
. Eko MS-42 81908 # 4
-.18 Refer.CHM10 810166 & 1 -
-.12 T T T T r—
98. 58. 38. a.8 30, =128 98.
marning ZENITH ANGLE evening
NORMALIZED LNCRRTIOS) versus ZENITH RANGLE
48.87 1176 DATR PDINTS Wa2erow -3¢ [ TRPE3
(All horizontal) P Eare s S 63 20.8 Wm-2
30.0 [ IxCasersG > B.5+
8.3(Cose-8.5)
28.8 7 - REF Chi 11
LN{(Ratia) = 2.6988
16.8 n.i. adj, = -.815
8.8
_la =
-28. 7 "
=-36. 7 Eko ns-42 81268 "
Kipp CMi@ 818166
-y, T T T T T
a1 . GO. 34, g.a 38. 6a, 96.
morning ZENITH RANGLE evening

1868 Um-2 RERSUREMENT ERROR UVERSUS ZENITH ANGLE
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LH¢(Ehannel [ 43/Channell 11) - LN(2.858)

Hm=2

Channell 4]

(diffuse eltminated)

+127 -z 389 DATA POINTS nzero= =t5.wv [ TAPE3
pd €A1 tilted preres M1 63 28.8 Wn-2
IxCosesG 3 B.S+
887 8.3(Cose-8.5) -
.85 ] b q4 F
84 e ). : -
.82 =
-.88 P P
lg,:é_'.’.:.-.:';{":' -
-.B2 4
__Bq" -
-.86 1 :
-.98 1 -
| Eko MS—-42 81908 % 4 B
-.18 Refer.CMIO 810166 # 1
-.12 . : . : .
98. 6@. 38. 9.8 a@. BA. 98.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZEMITH ANGLE.
48.27 393 DATA POINTS Wazero = =19 wv [ TRAPE3
(A1l tilted? D Zeres SIS G: 208.8 Um-2
3801 el - I¥Cose/G » 0.5+
R L 8. 3¢Coso-8.5)
2081 ek {ukesl | OREF ChD 1
Pt LT | wecRatiod = 2,858
g n.i. adj. - -.815
18.8 - F
8.8 5
-19.
-29. 1 -
-38. 1 Eko MS-42 81988 i
Kipp CNlG 810166
-ug T ; T T T
50, £0. 8. 8.8 0. 58. 38,
morntng ZENITH ANGLE sventing

1098 Um-2 MEASUREMENT ERRDR UERSUS ZEHITH ANGLE
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LHN{Channel{ 4l/Channell 1)) - LN¢2.878)
(diffuse eliminated)

Wm -2

Channel{ 4]

+123° 1351 DATA POINTS Waero = 19 [ TRPEY
g ¢RI horizental Peere s B 1 63 20.8 Wm-2
1%Cose/G ¥ 8.5+
8871 oy [ 8.3¢cose~8.5)
g5 i
B4 1 . i
.B2
-.68
-.82 ?
-.64 7 Yk
-.86 . N
-.B8 4 ] _‘-.: B
Eko MS-42 81908 # 4 ~ L
=-.18 1 Refer.CM10 310166 # 1
_.Iz T T T T T
9@, 6. 38. 8.8 38. 68, 98.
morning ZENITH RANGLE evening
NORMALIZED LNCRRTIOSY versus ZEMITH ANGLE
“8-27 1353 pATA POINTS Mzera = =190 [ TpEY
(ALl horizontal) P Zera = cisuv G? 28.8 Unm-2
!B " I*CosesG 3 B,5+
B_.3(Cose-B.5)
20.89 1 - REF Ch[ 1]
* | LMCRatio) = 2,678
18.8 . n.t. adj. = -.8615
g.a
-1B. 4
-26. 1 o
-30. 1 Eko MS-4Z @19@8 -
Kiep CM18 B1DIEE
...q,u' T T T T T
g, 60, 3\. 0.4 38. 68. 9g.
morning ZENITH ANGLE evening

1888 Um-2 MEASUREMENT ERROR VERSUS ZENITH ANGLE
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LN(Channel[ 4l-/Channell 131> - LN(2 858}

(diffuse eliminated)

Wm -2

Channell 4]

L1277

273 DATA POINTS Wzers = -9 wv - [ TAPEY
g AN tiltedd pEret T 53 20.8 um-2
' I%Cosest 3 8.5+
-08 7 " B.3(Cose-8.5)
861 " b, -
.8y A -
82 -
-.88 i e
[T i Lilas?
-.82 .
-.84 -
-.86 1 -
-.86 1 -
Exo MS-42 81908 # 4
-.18 1 Refer.CM10 810166 # 1 r
"'.12 : T T T T
ag. 8. 38. g.8 38. 58. 98.
morning ZENITH RNGLE eventing
NORMALIZED LMCRATIONS) versus ZENITH ANGLE
48.87 285 DATA POINTS ' Wzero = -9 v T TAPEY
(AL1 tilted) P Eere s S G> 20.8 Un-2
38.8 - I*CosersG 3 8.5+
B.3(Cose-9.5>
78.8 1 L I I L REF Chi 1}
O . .| LM¢(Rat1o) = 2.858
1 2l n.l. adj. = -.B15
18.8 TS o
--'-'.. N - ..: |.
= A . a'_:
- 3 O - “ir
8.8 -
-18. 3
-28. -
-38. 1 Eko MS-42 81388 -
Kipp CillB B1iB186
-4yB T T T T T
9. 50, 38, 8.8 38. 6. ag.
morfning ZENITH ANGLE eventng

1888 lm -2 MERSUREMENT ERRCR UERSUS ZENITH ANGLE

Appendix CC. page 13 of 60




LNC(Channel [ 5]1/Channell 11) - LH¢2.598)

(diffuse elininated)

Wm-2

Channel [ 51

1271 1175 OATA POINTS Nzers = 0. v T TAPE3
16 (R1l horizontal) P2ero= - w¥ G2 20.8 Um-2
I*Cosesh 3 B.5+
-887 "8.3¢Cos0-8.5)
.86 1 3
By I
.82 st nend '\:"'
- P A A
-.88 Tt 1
-.82 TR
-84 -
5|
-.8671 . 3
- ae - I L
Kipp CM-5 785047 % 5
=.18 1 Refer.CHLO 810166 # 1 i
—_12 T T T T T
8. &68. 3a. 8.8 3a. G60. 9@,
morning ZENITH BNGLE ‘guening
NORMALIZED LNCRRTIOS) versus ZENITH ANGLE
48.87 1177 pATA POINTS Mzero= -40. w0 | TAPE3
(All horizontal> D 2ere m o1& ¥ G 28.8 Um-2
38.8 I IxCosesG » B.5+
B.3(Cose-8.5)
20.5 - L REF Chi 1]
LM{(Ratia) =~ 2.5808
18.8 N . n.t. adl]. = B.BiB
B.8
-1,
_28 -
-39, 1 Kipp CHM-5 785847 -
Kipp CNM1B B81B1E66
~-ug T T T - T
Sa. 68. 38. B.8 38. 6. 9B.
merning ZENITH ANGLE evening

18498 WUm-2 MEASUREMENT ERROAR VERSUS ZENITH ANGLE
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LH¢{Channell S1/Channell 11) - LN(2.458)
(diffuse eliminated)

Hm -2

Channell 51

-127 339 DATR POINTS Wzers = -s0. v [ TAPE3
18 (ALl tilted) D Zere = -15. p¥ | 53 2B.8 Um-2
1*Cose/G 3 8.5+
- 8.3(Cos6-8.5)
.86 7 -
.Bu -
.82 T LT ‘.
I 0T Nt e 2 L
-.e8 = 4 i
A et *
-.82 = - = :
1
u-aq“ -
~.86 1 -
-.98 -
| Kipp CM-5 785047 #%# 5 3
-.181 . Refer.CM10 310166 # 1
-.12 T T T T T
9p. 68, 30. B.8 38. 60. 9g,
marning Z2ENITH RANGLE evening
MORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.87 393 DRTA POINTS Wzerow . pv [ TRPE3
(RI1 tilted) D 2ero s i 63 20.9 Wn-?
38.8 - - IxCose/G 3 8.5+
8.3(Cose~8.5)
5.0 - L REF Chi 1}
. LN(Rat1a) = 2.458
s n.i. ad)J. - -.B618
18.8 H ™ 3
2.8 T )
H
-19.
-20. 1 i
-3g. Kipp CM-S 785847 i
Kipp CNM1B 818166
-4, 1 T T ; T
98 BE. 38. 6.9 38. 89. 9.
" norning ZENITH RANGLE svening

1889 WUm-2 MEASUREMENT ERROR UERSUS ZENITH ANGLE
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LHCChannel [ S1/Channell 11) -~ LH(2.408)

(diffuse eliminated) -

Um-2

Channel [ 5)

-127 1358 DATA PoINTS Nzero = ~a.w [ TpPEY
- 1g4 ° €A1l horizantal) 'zf°' I | 53 20.8 Wm-2
IxCose/G 3 B.5+
.98 1 i
8.3(Cos9-0.5)
.86 1 - ’
_BY A
.8z -
r<
3
-.88
-.p2
-_au" .l 5
~.8B - 1.L
g RN
| Kipp CM-5 785047 & S -
-.18 Refer.CMI0 810166 # 1 _ ST
-.12 T T T T T
9g. €8. I, 8.9 3. 8. 98.
marning ZENITH ANGLE avening
HORMALIZED LNCAATIOS) versus ZENITH ANGLE
48.97 1355 DATR POINTS Nzero= -a ¢ [ TRPEY
(A1l hortzontal) D Zerom TiE. wY G> 20.8 Wm-2
38.8 1 [ IxCases/G 3 8.5+
; 8.3¢Cose-8.5)
28.0 1 L REF Ch 12
¥ g LH¢Ratta) = 2.483
o.q n.i. adJ. = B.815
B.g
-1o.
-20. I
30, 1 Kigp CM-S 785847 -
Kipp CPM18 B1B1GG
-4g. T r T r '
ag. 66. 38. 8.8 39, 68. 9@.
maraning ZENITH AMGLE evening

1988 Wa -2 NMERSUREMENT ERROA VERSUS ZENITH ANGLE
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LN¢Ehannell 51/Channell 113 - LN(2.45@)

{(diffuse eltminated)

Mm -2

Channell 51

-123 286 DRTA POINTS Nzero = ~40. »¢ [ TAPEY
g (Al tiltedd preres I8 | 53 20.8 Wm-2
IxCose/G » B.5+
.88 1 [ B.3¢Cos0-8.5)
.86 1 -
.64 i
.82 Ly e R - -
-.pp = ,._,.ﬂ'f::, LCEE RAL 2EPT PO KRN
-.82 - T
-.84 7 i
-.B6 1 i
-.88 1 -
Kipp CM-5 785047 # S |
-.18 7 Refer .CMLIO 810166 # 1
_._12 T T T T T
9g. &a. 38. 2.8 30. 68. 98.
morning ZENITH RNGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.87 8 DATA POINTS nzero = -0 wv [ TAPEY
0 Zero = 1S5, V¥
C(All tiltedd * G 20.0 Hm-2
30.0 1 IxCose/G » 8.5+
B8.3(Case-6.5)
28.8 1 L REF Chi 1]
) LNCRatio) = 2.450
100 . d n.1. adj. - 9.880
8.9 - = g s e ) T P T e
-18.
28 L
-36. 1 Kipp CM-5 785847 r
Kipp CMiB B1P16S
‘."I'B. ¥ T T T T
9@. 60. s, .8 am. &e. 98.
morning ZENITH RBNGLE eventing

1860 Um-2 MERSUREMENT

ERROR UERSUS Z2ENITH ANGLE
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-127  13u7 DATR POINTS Waerow 5. [ TAPEY

D Zero = ~—15. pY¥

161 ¢All horizontal) | G 3 28.6 Um-2
1xCosesG 3 8.5+
-88 ] | 8.3(Cose-B.5O
.86 ' i
.Bd T I
'...,._‘ N

3 NI

(diffuse eliminated’

-.g81 - ' ) F

LN¢Channel[ B1/Channell 112" - LH(2.46a)

. Kipp CM-5 773656_#% 6 :
-.187 Refer.CM10 810166 # 1 T
-.12 z Y T T T T
98. 68. 38. a.8 38. 66. Q8.
morning ZENITH RNGLE . evening
NORMALIZED LNCRATIONS) versus ZENITH RNGLE
48.87 1358 DATA POINTS Mzero~ -3s. % [ TRPEY
(All horizontal)d D Zere = IS WY 63 20.8 Mm-Z
38.87 I IxCoses/G 3 B8.5+
' @i, 3¢Cose~-8.5)
20.0 7 . . REF ChI 11
LN(Ratio) = 2.498
‘; 0.8 n.i. adi. = -.01@
o
— 0.8
e
£
5 -108
=208, r
-248. Kipp CN-5 773655 I
Kipp LMN1B 818166
—yg. T T : T T
Q4. EB. 38. 2.8 38. 8. 94.
marning ZENITH ANGLE evening

1889 Mm-2 MEASURENMENT ERROR UERSUS ZEHITH RAHGLE
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LNCChannell 6)/Channell 113 - LNCZ.4d48)
(djffuse eliminated}

MUm-?

Channell B)

-127  2gg DATA POINTS Wzero« 35 v [ TAPEY
4 AU t1lted) Dzero= -6 3% | oy 58 8 Wa-2
I*CososG # 6.5+
.88 1 g.3(Cose-B8.5)
.86 7 N
8 L
.8z
P AP s LA P .
o _ :: ) ITHE T : :T:.:;E-_‘,:?".'." “.‘"_:'a. ::; ]
R Sl N T i
-_B2 : = p
~. By T v T
-_B6 T ' F
-.B8 7 i
Kipp CM-5 773656 % 6 :
~.18 1 Refer.CM10 810166 & 1 -
—.12 T T T T T =
9@, EB. 8. B.a 30. 8. 98.
morning ZEMITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
003  zps DATA POINTS Hzere = -3 ¢ [ TAPEY
¢All ttlted) D 2ero = 15 W Gy 26.8 Un-2
38.8 - - IxCosesG » 8.5+
B.3{Cose-8.5)
20.P 1 . . REF Chl 11
- LNCRatio) = 2.44@
Ji. adj. = 9.889
10.8 - n-i. adi
B a . l“ - .::- M :‘—. . = -:f ::; 'I
-18.
-28. -
-30. 1 Kipp CM=5 773656 "
Kipp LCM18 018166
-ug. T T g r T
ag, £8. 38. 8.2 38. 6. 9@.
narning ZENITH ANGLE evening

1868 Wm-2 MEASURENENT ERROR UERSUS ZENITH RNGLE
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LN(Channell ?l/Channell 1)) - LN(2.688)
(diffuse eliminated)

k=<

-
1

Charneil

127 134s DATR PDINTS wzero = 30w [ TAPEY
18 (All horizaontal) P Zero = miG. p¥, L 53 28.8 WUm-2
IxCoso/G 3 8.5+
-88 8.3(Cose-a.5)
.88 7 3
.8y . X
.82
-.B8
-.82 T =
~_ 9y - -{ o T
-_ @5 {“ o
-.e87 -
< Kipp CM-5 774120 & 7 *
-.18 1 Refer.CM10 810166 # L -
-.12 T T T Y =
a8 . E8. 38. 8.8 39. 8. 98.
merning ZENITH ANGLE pvaning
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.97 1355 DATA POINTS Wzera = -38. wv- [ TAPEY
(R1l horizontal) P Zere = 1S wy §3: 20.8 Um-2
30.8 ] I*CosesG » B.5+
B.3¢{Cose-8.9)
26.8 1 I REF Ch[ 13
: LN¢Ratio) = 2.688
(0.8 m.1. adj. = 9.988
8.0
-1@. i
-28. 7 [
-38. 1 Kipp EM-5 774128 3
Kipp CM1B 818166
-ya. T T T T T
cq. eg. 3a. 8.8 30. BB, 8.
moratng ZENITH RHGLE evering

1808 WUm-? MEASUREMENT ERROR UERSUS ZEWITH ANGLE
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LH¢Channel [ 7)/Channell 11) - LN(2.688)

(diffuse elinminated)

Hm -2

Channell 731

127 284 DATA PDINTS Wzeon 30w [ TAPEY
18 - CAll tilted) L A 3 26.9 Un-2
I*Coses6G ¥ 8.5+
-887 8.3(Cose-8.5)
.86 1 3
.84 1 3
.82
.._.:_hrl-"{"-.- szl ke
~.B8 S " * b ) P W £ 157 O
: - SRR ED
. . Hoe
-8z i
-.84 1 3
=-.85 1 - F
-.8B 7 "
Kipp CM~5 774120 # 7 .
-.18 7 Refer.CM10 810166 # 1 T
_._12 T T T T T =
98. B8. 8. - B.6 Ja. 6a. Q8.
morning ZENITH ANGLE gvenmg
NORMALIZED LN(RATIOS) versus ZENITH ANGLE
48.97  2gg DATA POINTS wzero s 38w [ TRPEY
(ALl tilted) B dero s Ti 63 20.8 Un-2
38.8 7 F IxCoses/G 3 B.5+
f.3¢Coso—-B0.52
28.48 1 L REF Ch( 1]
LN¢Ratto} = 2.6B8
8.9 . n.i. =2dj. =~ 8.888
0.8 3 = 5 -
\‘ 1
-18. *
-28. T -
-38. 1 Kipp CNM=5 774128 r
Kipp Ci1B 810166
=-4g, T T T T T
g, M. Ja. B.8 38. BA. ag.
marning ZENITH ANGLE evening

1888 Um-2 NE

ASUREMENT ERROR VERSUS ZENITH ANGLE
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.2183

LN(Channel[ Bl/Channell 11) - LN(

M =2

Channel [ B]

(diffuse eliminated)

-127 1376 DATR PDINTS Nzero= =15, v | TRPE3
18 (All horizontal} b zare = -iS. WV L G 28.8-Um-2
IxCosersG 3} @.5+
-88 7 [ 8.3¢Cose-8.5)
.86 1 B
.8y 1 5
.82 -
7 3. }* e ) . L. OO PO ey
T i
-.B2 ~F "
h
-.BY -
-8 ¢ -
~.881 . 11
) Kipp  CM10 810122 # 8
-.18 7 Refer.CM10 8190166 # 1 "
-.12 T T T T T
9B8. 59. 30. B.8 3\. 68. 9.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus 2ENITH ANGLE
48.87 1178 DRTA POINTS nzero = -is. v [ TRPE3
erc = =15. gv
¢All hortzental) "2 ¥ G3 28.9 Um-2
38.9 1 [ IxCosesG 2z B.5+
B.3¢(Cose-8.5)
L REF Ch[ 11
20.0 1
LH¢Batia) - .91B
n.1. adj. = 8.980
10.0
8.9 B3
-18. T
-29. i
-38. Kipp CN1B B1B122 F
Kitpp CMN10 B1B165
-ug T T T T T
93 EB. 34. 6.8 36. £8. <B.
morning ZENITH RMGLE evening

1088 Wm-2 NEASUREMENT ERROR UEASUS ZENITH RNGLE
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.818)

¢(diffuse eliminated?

LN(Channel{ B)/Channell 113 - LH¢

Hm -2

Channel{ B}

-127 399 DATA POINTS wzero = -16.v [ TAPE3
(pd (Al trlted paeroc 16 | G 20.8 Un-2
I*Cose/G 3 B.5+
.88 7 [ @.3¢Cose-8.5)
.85 I
.94 -
.82
.":-, N 3o = i, s mrhe g dy .(“'I
-.08 et o o R
-2 T
-.04 . r
-.86 1 i
-.887 - |
Kipp CM10 810122 # 8 !
-.18 1 Refer.CM10 810166 # 1
- 12 T T T T T
9g. £9. I0. 9.8 3. . 6B. ag.
morning ZENITH ANGLE ) evening
NDRMALIZED LNCRATINS) versus ZENITH RANGLE
48.07 339 DATA POINTS ®Zero= -15. w | TRAPE3
D Z a =I5, pv
(A1l t1lted) e u 63 20.8 Un-Z
38.68 1 . - I*Coses/G 2 8.5+
B.3(Coss-0.5)
2¢.9 ' L REF Cht 13
. . LNCRat1o) = .918
16.8" n.t. adj. = B.8@5
g.a = S ’.
o PR AT L
- Il N l.
-10.
-28. 1 -
-30. 1 . Kipp CM1B 018122 -
Kipe CM18 818166
-uB. : . . : .
sa. 66. 38. 6.0 38. 5B. g@.
morming ZENITH RNGLE evening

1008 4m-2 MEASUREMENT ERROR VERSUS Z2ENITH ANGLE
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.918?

(diffuse eliminated) .

LN¢Channel [ Bl/Channell 11> - LNC

iim "2

~e
[+ 3]

Charnel !

-127 1335 DATA POINTS nzero = -15. v [ TAPEY
T (All horizontal) DRero TS W] 53 28.9 Wm-2
I*CosersG ? B.5+
-88 7 9.3(Cose-8.5)
.86 i
.8y -
.82 -
.__h_.'.E:“ :.i:'.? - - .
::E sl S
-.82 7T -
e -
_.35 -1 -
-.88 o
Kipp CM10 810122 # 8
-.18 1 Refer.CM10 810166 # 1 Ry B
-.12 . . r — .
38, 68. 38B. 8.8 38. 8. 9g.
morning ZENITH RANGLE evening
HORMALIZED LNCRATIOS) wversus ZEMITH ANGLE
48.87 1358 DATA POINTS wzera = -15.wy [ TAPEY
| <Al hortzontal) prereT e ol 6y 2.8 Ue-2
36.0 1 - IxCosesG ¥ 0.5+
{ @.3¢Cose-8.5)
28.0 I REF ChE 11
LMCRatio) - .91B
n.1. adj. = 6.088
18.48
g.a :. o
-10.
=20, 1 '4.“-: -
-30. 1 Kipp CNM18 818122 -
Kipp CHi8 BLB1ES
—ug. : : . . ;
99. Ba. 39, 8.2 30. €0. 98.
morning ZENITH. RNGLE evening

1080 U -2 MEASUREMENT ERROR VERSUS ZENITH ANGLE
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J919)

(diffuse eliminated)

LN¢Channel L 81/Channell 11 - LHC

Wm -2

{nynnell 8]

:127 283 DATA POINTS Wzero = 16w [ TAPEY
gl CRIL tilted Drero s SIS W1 oy 20.D Wm2
' IxCose/G 3 8.5+
-88 7 " B.3(Cose-8.5)
.66 -
.Bu 1 i
.82 -
vl A X,
-.808 T { o
1 " .‘t "l !;: O
-.@2 : =
: :
-.84 1 i
-.06 3 -
~.88 'l
Kipp CM10 810122 # 8 I
-.181 . Refer.CM10 810166 # 1
-.12 T T - T T T
98. 8. 3. 8.9 as. 60. ag.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.871 285 DATR POINTS wzero= ~15. 9% [ TAPEY
(Al] tiltedd D Zero ® CiS. WY G: 20.0 Wm-2
30.8 : . - I*CasesG 3 8.5+
8.3¢(Cose-8.5)
28.8 7 L REF Ch{ 13
' LNCRati1e) = .918
8. . . - n.t. adj. = 0.868
. 1
0.8 oY S e
' A4 R
-10. A 5
-20. -
-30. 1 Kipp CI1B 818122 i
Kipp CHMiB 818166
-uB. T T T T T
99. 68. 38. 2.8 38. 0. 9g.
morning ZENITH 8NGLE evening

1889 Wm-2 HEASUREMENT ERROR VERSUS ZENITH ANGLE
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LH¢Channel[ 91/Channell 11} - LNCZ.228)

{(diffuse eliminated)

Wm -2

Channetl 91}

-127 1162 pATA POINTS Hzero = -97. v [ TAPE3
191 (A1l horizontal) Dzeco = CESW ) & 3 20.8 Un-2
IxLogesG  B.S5+
-B8 7 B.3(Cose-8.5)
.B6 7 L
.ay 1 5
.8z
-.es RO
-.B2 T
- py - . ::; X "E: -
it g
T oL
o 3
-.887 ok
e Middleton EPD7 123 9 |
-.187 - Refer.CM10 810166 & 1
- Y : ; T T
98. £a. 38. B.g 38, 8. 9a.
morning 2ENITH ANGLE evening
NORMALIZED LMCRATIOS) versus ZENITH ANGLE
48.87 1178 DATR POINTS N Zers = -87. pv TAPE3
(A1 hortzontal) D Zere = IS, w¥ G 28.8 Wn-2
30.9 - IxCosesG 3 .5+
8.3(Cose-B.5>
28.8 . REF Ch[ 11l
LM¢{Rat1o) = 2.228
n.i. adj. = B.Bi8
18.0
8.0
-18.
-208. 1 -
-30, - Middleton EPBY 123 [
Kipp LCM1B 818165
-ug. - - T Y T
9p. £8. s, 8.8 38, 0. 98.
morning ZENITH ANGLE evening

1000 Ym-2 MEASUREMENT EAROR VERSUS ZEHITH ANGLE
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LH¢Channell 91/Channell 133 - LN(2.22B}

(diffuse elimtnated)

i -2

" Channell 91

1880 Wm-2 MEASUREMENT ERROR VERSUS ZENITH BNGLE

Appendix CC.

page 27 of 60

-127 391 DATA POINTS Wzero = -s7. »v [ TAPE3
el a1l tnited paere = S8 1 6y 2.8 Wn2
IxCosersG 3 B.5+
.88
B.3¢(Cos6-6.5)
.86 1 -
.64 -
.82 — e
- _}:. - .. e
- X 0 Y I
-.e@ oG .T = Nt R T
el * *
-.82 C S PR o
ead | -
B
esq |- 1 F
.es1 =& ) .
Middleton EPO7 123# 9 :
.18 7 Refer,cM10 810166 % 1 -
'.12 ¥ T T T T
ga. 6. 38. B.8 38. 69. 9g.
morning ZENITH RAMGLE evening
HORMALIZED LNCRRTIOS) wersus ZENITH ANGLE
48.87 335 DATA POINTS wzero= -87.wv [ TAPE3
(ALl tiited) D Zero = -iE. M Gy 20.0 Um-2
38.9 1 - I%CosesG } 8.5+
8.3(Cose-0.5)
28.8 L REF ChL 1]
) LNCRatio) = 2.220
n.l. adj. = B8.6189
10.0 -
8.8 e
[ .
-18. -
-28. 1 i
-35. 1 Middleton EPB? 123 i
Kipp (718 B1B1EB
-4g : T T T
ag. ga. 38. 8.8 an. 8. 9g.
morning ZENITH ANGLE avening




LN(Channel [ 91-/Channell 11) - LN(2.288)
{(diffuse eliminated)

Mo 2

Channel [ 91

-127 1275 DATA POINTS N zaro = =67, ¥ TAPEY
18 (All horizontall B Zero = MG L 6> 28.8 Um-2
I*CosesG ¥ 8.5+
.88 7 ’ 8.3(Cose-8.5)
.BB 7 I
.8y 1 i T
.ez -
-.08
-.B2
—. By i
-.B6 1 [
-.BB | s i
¥ Middleton EPO7 123% 9 i
-.187, 2% Refer.CM10 810166 # 1 .
- 172 Had T T T T -
ag. 68. 38. 8.9 38, 6a. ag,
morning _ ZENITH ANGLE eventing
NORMALIZED LNCRATIOS) wersus ZENITH ANGLE
48.87  13yg pata PoINTS W2ers = w07 v | TAPEY
(A1l horizontal) D Zere = -1 p¥ G 32 éB. WU -2
38.8 7 I I%CosesG ; B.5-
H.3(Cos6-B.5)
20.0 L REF Chi 1]
LNCRatia) = 2,288
10.8 n.t, adj. = 0.028
u.8
-18.
-20. 1 - b
-30. 1 ° . Mddleton EPD? 123 I
¥ Kipp CH18 810156 a
=30, T T T T T ‘
99. 58. 38. 8.0 38, £8. 98.
morning ZEMITH ANGLE ruening

1088 Um -2 MEASUREMENT ERROR VERSUS ZENITH BHGLE
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LN¢Channell 91/Channell 113 - LN(2.288)

Lm -2

Channell 9]

(diffuse eliminated)

127 278 DATA PDINTS Wzero = -87.wv [ TAPEY
19 (A1l tilted? Dzerem ~1E- 4V 1 sy 20.8 Wn-2
I*Cose/G 3 8.5+
.88 ] B.3(Coso-8.5)
.86 1 i
.8y I o
P Lenther
-82 L A YN ok Iy e .
-.ed 1 T
-t :
-.82 T -
-.84 o4 - . -
-1 {..1 bor
t: T
-.p81 * 3
) Middleton EPO7 123% . L
-.1871 . Refer.CM10 810166 # 1 :
...12 T T T T T -
8g. GB. 38. 8.8 38. £6. 9p.
morning ZENITH RNGLE evening
NORMALIZED LNCRATIOSY versus ZENITH ANGLE
48.87 295 DATA PDINTS Nzero = -s7. ¥ | TRAPEY
(ALl tilted) 8 Zere ® miE. ¥ 63 28.8 Ua-2
38.8 [ IxCoses/G » B.5+
@.3(Cos6-9.5>
28.8 1 | REF ChI 13
LH(Ratio) = 2.2B8
19.0 - : n.i. adj. = @.828
‘:-' Laef
0.8 - e
.. - :
-18. - S0
3 -1 1. .
B r " - 2I.
-za. 1 1 S
43
~38. ; Middleten EPE? 123 i
: Kipp CM18 B18166
-um, : : . : :
ag. 6a. 38, 8.8 38, 58. 9g.
morning ZENITH RNGLE evening

18808 Wm-2 MEASUREMENT ERROR UVERSUS ZEMITH RANGLE
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LN(Channel [16]/Channel[ 11) - LN(2.288)
(diffuse eliminated)

Lim -2

Channel[1B0]

-127  1gge DATA POINTS Hzero = -é4. v [ TAPE3
g (Rl horizontald prwes ME M 1 53 28.8 Ua-2
I*Cose/G 3 B.5+
-88 7 8.3¢Caz0-0.5)
.86 T I
.Y 1 -
.82
-.e8
~.B2
__84- -
-.B5 7 -
-.88 7 JoF
Middleton EP07 124410
-.18 7 Refer.CM10 BLO166 # 1 P
-.12 T T T T T
98. &a. 3. 8.8 3g. E8. 9a.
marning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZEMITH ANGLE
49.0 7 - e T
1156 DRTA POINTS N Zera . u TRPE3
(A1 horizontal) B Eero = IS G» 28.0 tm-2
36.9 1 I*CosesG 2 B.5+
)y B.3¢{Cose~B.5>
20.0 1 F REF Chi 13
LN(Rat1g) = 2.288
19.8 n.i. ad]. = B.088
9.9 e
-18@. -
...za_ - -
-39 1 Middleton EPB7 124 F
Kipp CHKlB 918166
~ug. T r T -
9@, 33. a.0 30, ED. 9B,
nasning ZENITH AKRGLE evening

1882 Wm-2 NMEASURENMENT ERRDR VERSUS

ZENITH RNGLE
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LN¢Channel £181/Channell 11) - LN(2.2887
{diffuse eliminated)

fm -2

Channel £10)

127 377 DATA POINTS Nzeras -6t pv | TRPE3

D Zero = =15. ¥

181 (A1l tilted) L G 3 26.8 Um2
I*CasesG 3 B.5+
.88 1 [ @.3¢Cose-8.5
.96 -
B -
.82 T ] s
-.88 L Bl EA IR
A __‘; .
(L)
-.82 —= -
'S F b 3}:‘ .
- gy S .:.,,.-.: -
.86 RS I
-.88 1 iy . T
: Middleton EPO7 124%10
-.18 Refer.CM10 810166 # 1 i
__12 T T T T T
98. 6. 38. 8.@ 3. 66. 9@.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOSY versus 2ENITH RANGLE
48.87 339 DATR POINTS Nzero = -6 v [ TRAPE3
¢AIl tilted) B Zero = 1S Y &3 208.8 Wm-2
30.98 7 - IxCosesG 3 B.5+
B.3(Cose~B.5>
28.8 , . REF ChL 11
LN¢Rat1o) = 2.288
16.9 n.i. adj. = 8.815
8.0 2
-18. =t
i B
-28. 1 e <1 F
3@, e Middleton EPB? 124 o
i Kipp CHM1B 8181E6
-yg, : T 7 T T
cg. BB. 3. 8.9 38, 68. 98,
morning ZEHITH RHGLE evening

1898 Um-2 MEASURENENT ERROR UVERSUS ZENITH RANGLE
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LN(Channel [18)/Channell 1) - LN(2.2?B).

(diffuse elimlnated)

Ll -2

Channel (101

-127 1228 DATA POINTS Hzero = -6t v [ TAPEY
g4 A1 hertzentald ' preces IR 1 63 28.8 Um-2
. IxCoso/G 3 8.5+
-887 8.3(Cose-8.5)
.86 7 T
.84 1 3
.82 R
I3 \;‘;‘
-.o8 or
3
-.82
-.BY i
=_86 1 3
-.BB- - + r
R Middleton EPO7_124#10
-.18 1 4; Refer.CM10 810166 # 1 . N
:‘,. * -.:.‘ -
-.12 = T T T T T
98. &68. 3a. 8.9 39. ea. 9a.
morning ZENITH ANGLE evening
HORMALIZED LMC(RATIOS) versus ZENITH RHGLE
4B, 8 7 -
1316 DATA POINTS N Zero = -64. u¥ TRPEY
(811 horizontal) D zere < 8. "‘i G 20.8 Wn-2
38.8 7 [ I*Coses/G 3 B.5+.
B.3¢(Cose-8.5)
28.8 1 . I REF Ch[ 11
LN(Ratio) ~ 2.2780
16.8 - n.i. asdj. = B8.818
.::‘ . .-.); :‘:.
8.0 s ]
-18.
_28_ - -
-38. 1 Middleton EPB? 124 i
Kipp CH1B B18166
-4p. : T . r .
98. 68. 38. a.8 38. 60. 98.
morning ZEMITH RHGLE evening

1888 HUm-2 MEASUREMENT ERROR VERSUS ZEHITH ANGLE
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LN¢Channei[1B1/Channell 11> - LN(2,2887
(diffuse eliminated)

Hm -2

. Channel (18]

127 251 DATA POINTS bzera = -t v [ TAPEY
g <A1l tilted Bzero® 16 | 53 28.8 Un-2
IxCoses/GC 3 8.5+
.98 1 8.3¢Cose-6.5)
.85 1 [
.84 3
.02 -
-_pg :l' ..' ':‘
C i
-.82 Y A
_.B'-‘ N i ..; .... e i
-.86 1 4. BRI
. . LN
-8B e v
) Middleton EPO7 124#10 "l
-.18 1 . Refer.CM10 810166 # 1 .
__12 -. T T T T
sa. 68. 38. 9.8 3B. E8. 98.
morning ZENITH ANGLE eventng
NORMALIZED LNCRATIBS) versus ZENITH ANGLE
48.B7 375 DATRA POINTS KZero m =64 v [ TOPEY
B Z w =lB. WV
(ALl ti1lted? ere ¥ G 26.8 Um-2
38.0 F IxCosesG 3 B.5+
B.3(Cose-B.5)
20.8 L REF ChI 1)
LNCRat10) = 2.298
18.8 - n.i. adj. ~ B.818
- ,‘.-
8.8 < -
- ’ .“ N -
-18. — = ~
) : . i,
. -, -‘.
-28. 1 . T el A
-3g. 1 ) fiddleton EPB? 124 -
E Kipp CNi@ 8108166
—ug. — . - . .
ag. BE. 0. 8.8 38. 66. ag.
morning ZENITH RNGLE evenling

1088 Wm-2 MERSUREMENT ERROR VERSUS ZENITH AHGLE
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LNC(Channel{i1l/Channell 11) -~ LH(1.928>
(diffuse eliminated)

Wm-2

Channel([11)

-127 1336 DATA POINTS WZero= -2a, ¢ [ TRPEY
18 - (All horizontal) D Zero = -iS. ¥ L 53 20.9 Um-2
. IxCosesl 3 B.5+
-88 1 8.3(Cose-8.5)
. BB 1 3
B M ) -
.62 -
-.88
-.B2
-1 e B TR B r
-.867 [ *_ -
-.e8q *-’ Sor
E Eppley PSP 18135 #11 .
-.187 - Refer.CM10 810166 # 1 i
-2+ T : T r T
98. E8. 38. e.g 30. Ba. ag.
morning ZENITH ANGLE evening
NORMALIZED LN{RATIOS) wersus ZENITH 8NGLE
4g. 81
1353 DATA POINTS N Zero = -2a. uv ( TaPey
(Al horizontal) 3 Zero 3 15, gy,
G? 28.8 Um-2
36.9 1
IxCosesG 2 8,5+
B8.3¢(Cese-0.5)
26.97 L REF Chi 13
) LN{Ratfa) = 1,928
18.8 = n.t. adj. = 8.810
B.g
-18.
-z8. 1 " N |
—38. 7 Eppley PSP 18135 s
Kipp CI18 B18185
-ug . : . i i
8. 6@. 32, 8.0 38. 60, 98,
morntng ZENITH RMGLE grvoning

1868 Um-2 MEASUREMENT ERROR UERSUS ZEMITH RNGLE
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LH{Channellil]l/Channell 11> - LN(1.938>
(diffuse elilminated)

Wm-2

Channel{11)

127 275 DATA POINTS Nzersw ~28. ¢ [ TAPEY
4 CRIL ttited Pawo s 6 o o inea
I*Cose/G 3 B.5+
.88 1 ’ 8.3(Cose-8.5)
. BB .
- I I -
.82
] -1 ey
- v o . )
-.88 - pRT o e N CE I B
I Co I Il L]
-.42 : TH T
- @y T s T
| -
-_B6 1 - T
-.e8 1 Lt
Eppley PSP 18135 #11 "
-.18 ] Refer.CM10 810166 % 1 F
-.12 T ¥ T T T
sg. 68. 38. 8.8 3e. 68. 98.
morning ZENITH ANGLE evening
NORMALIZED LNC(RATIOS) wersus ZENITH RNGLE
48.87 275 DATA POINTS Waere - 20w [ TRPEY
(All tilted? D 2ere = mi8. u¥ Gy 20.9 Um-2
38.8 ] " I=CosesG 3 8.5+
B.3¢Cos0-0.5>
28.8 * I} REF Chi 11
LNCRatfo) = 1.930
. . = B.6B8
18.8 g n-t. ad)
- u".:'.:- -#- ¢
6.2 * .“;‘. = 4+
LS i - .
) . | I - 1: :
B -F . . s
-108. P A AT '
-28. 3
-38. 7 Eppley PSP 18135 ]
Kipp CIt1B 818166
-4a. T T ; T r
8. 8. 30. 8.8 38. 58, 99.
norning ZENITH RANGLE evening

$B88 Wm-2 MEASUREMENT ERROR UERSUS ZENITH AHGLE
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LH(Channel {121/Channel[ 11) - LN(3.288)

(diffuse eliminated)

M -2

Channell[12]

127 1311 pATA POINTS wzero = -5 pv. [ TAPEY
10 (A!1 harizontal) prere® TS |l 63 20.8 um-2
IxCose/GC 3 B.5+
-88 7 [ B.3(Cose-8.5)
.BE T 3
.84 1 . 3
.8z
-.BB 3
-.B2
-.Baq |34 "
-esq [F Sk
& -1
-. B8 < . b
- SwisstecoSS-25 113#12 -
-8 O Refer.CM10 Bl0166 # 1 -
- 12 - T . r r T .
98. 5Q. 3a. a.8 34. B8, 98.
morning ZENITH ANGLE evening
NORMALIZED LNCRRTIOS? wersus ZENITH ANGLE
48.07 1357 PATR POINTS wazero s st [ TEpEY
(All horizontsi) B Zero = IS uY G: 2B.8 Um-2
30.8 1 I IxCosesGC » 8.5+
B.3(Cose-8.5)
28.8 I REF Chi 11
Li(Aatio) = 3.268
n.i, adj. = 8.828
18.8
8.4
~18.
-z28. 1: I
~39. 1 Suiss. §5-25 113 T
Kipp CM1B 818166
-4g. T T T — T
9g. 8. 38. 8.8 3d. EB. 9B,
merning ZEMITH RMGLE evening

1888 Um-2 NEASUREMENT ERROR UERSUS ZENITH RMGLE

Appendix CC.

page 36 of 60




.LM{Channel[12]1/Channell 11) - LN(3.288)
(diffuse eliminated)

Lim -2

Channel[12]

.12 7

.18 7

.88 1

.86 1

. By

281 DATA PDINTS W2ero = -51.w% [ TAPEY

(ALl tilted)

D Zere m =15. pv

l 6y 20.8 Wn2
I*xCoses/G 3 6.5+
B.3(Coss-B.5)

.B2

-.68

Fon”

n

- 3% T

-.\82

-.84 1

-.86 ]

-.88

~-.18 1

SwisstecossS—25 11312
Refer.CM10 810166 # 1

-.1z

a9,

morning

4g.8 7

38.8 7

28.8 7

6a. 38. 8.8 38.
ZENITH -RHGLE

HORMALIZED LNC(RATIOS) versus ZENITH ANGLE

286 DATR POINTS N Zero =

D Zero =

(ALl tilted)

9.

evening

-5 [ TRAPEY
=15. p¥

63 20.9 m-2

r IxCose/G ? ‘8.5~
8.3(Cose-8.5)

L REF ChL 1]
LNCRat10) = 3.280
n.i. adj. = 2.918

18.8

0.8

-18.

-28.

=308,

Swiss. S5-2S5 113
Kipe CHM18 8108166

-ug.

Q8.

T T T

B8, aa. 8.8 38.

morning ZENITH ANGLE
1068 Um-2 MERSUREMENT ERROR UERSUS ZENITH RHGLE

98.

evening
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.975%)

(diffuse eliminated)

LH(Channel [1B]l/Channell 1) - LN¢

Mm -2

Channel 161

123 1157 DATR POINTS Nzero= -i6. ¢ [ TRAPE3
o1 (All horizentald paren TSNl 53 28.8 Wm-2
. ‘ IxCose/G 3 8.5
-887 8.3(Cose-8.5)
.86 4 g
847 [ 1 r
82 T,
l.}u
"]
-8By T
-.82
-.B4 7 -
_.as - "
-.88 7 -
Kipp CMIO 810131 #16
=.18 1 Refer.CM10 810166 # 1 i
-.12 7 T T T T
98. 58. 38. 8.8 38, 6B. 9\,
morning *ZENITH ANGLE evening
NORMRLIZED LMCAATIOS) versus ZENITH ANGLE '
48.87 117 DATA POINTS Hzero = -t6. v [ TRPE3
(Al horizantal) D Zere = oiSo Wy G 28.d Um-2
38.8 1 " IxCos8sG 3 8.5+
8.3¢Cose-8.5)
28.9 7 t REF ChI 13
<. LM{Ratia) = 975
18.8 - M n.i. adj. = B.BBY
i
o4
8.8 i
-18.
-28. 1 r
-3B. 1 Kipp CM18 818131 -
Kitpp LCN18 B1B8166
-4yg. T T T T T
9@, 68. 28. 8.8 38, 68. 9g.
marning ZENITH ANGLE evening

1888 N -? MERSUREMEHT ERROR VERSYS ZEMITH ANGLE
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.985)

LN¢Channel [161/Channell 11) - LNC

e -2

Lhannel [16]

(diffuse eliminated?

.12 398 DATA POINTS Wzers = -16. % [ TRAPE3J
o] (Rl tilted Dzeron -1 M | 53 20.8 Um-2
1*Cose/G 3 B.5+
.B8 [ B8.3¢Cose-8.5
.86 1 i
a4 F
tls
a2+ =
-.98 -
-.82
-.BY ] i
-.86 1 i
~.88 1 i
-.18 Refer.CM10 810166 # 1
’.12 L] T T T T
aB. 5a. 38. 8.8 3. 68. 98.
morning ZEHNITH RAHGLE evening
NORWALIZED LNCRRTIOS? versus ZENITH ANGLE
48.97 339 DATA POINTS wzero = -16. v [ TAPE3
D Zero = =i5. uv
(RI1 tiltedd G 28.8lm-2
30.9 1 - I*Cose’/G 3 8.5+
9.3¢Cos0-0.9)
20.8 - REF ChL 1]
LNCRatio0) = .985
9.8 n.i. ad]. = G.888
:l: '
:l .'.. R T
.. b
8.8 T ;:-
:t =
-18.
-28. 7 -
-30. 1 Kipp CH18 B18131 i
Kipp CM1B 8108166
_qa T T T T T
99. 6. 8. 8.8 38. 8. 38.
morning ZENITH ANGLE eveoning

18680 WUm-2 NEASUREMENT ERAOR UERSUS ZENITH ANGLE
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.97@)

LNC(Channel [1B)/Channel{ 13} - LN(

Hin -2

Channel [16]

-127 1345 DATA POINTS wzers = =16 v [ TRPEY
. = =15, ¥
(g4 * (Rl horizontal) pEren MWl 5 20.8 ue-2
R [*Cose/C } 8.5+
.es1 * [ 6.3¢Cose-8.5)
861", T
3 .euq " 17
1] -
E a2 s
< . B A e v
= a2l
© —.88 IRl A N e AR
& e ~zi§i
® gk
2 -8z . L.
by F o Td :: -
3 -'.Bl-l b E M B
-.B5 1 LT
¥ +
-.B8 " et
Kipp CM10 810131 #16 2oL
-.18 Refer.CM10 810166 # 1 -
-.12 T i i ' j )
9g. 68. 8. 0.8 38, 8. 98.
merning ZENITH RANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
98.87 1352 DATA POINTS #2ero = w6 ' [ TopEy
D Zeroc = =15, uv
(All horizontal) G 28.8 Um-2
38.0 - -t IxCosesG » @5+
' B.3¢Cos0-B.5),
28.8 1 - REF Chi 13
LH(Ratio) = .978
10,4 n.t. adj. = 08.018
0.9
~18. - . . -
_'. v e, N -;-_--. r
-20. TL
-38. 1 Kipp Cil6 B1@8131 i
Kipp CM10 810166
-4, T T T T T
ag. 60. 3a. 8.9 38, 69. ag.
morning ZEHITH ANGLE evening

1882 Um-2 MEASUREMENT ERROR UERSUS ZEMITH AMGLE
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.988)

1[163/Channell 13) - LNC

LN¢Ehanne

Wm-2

Channel 161

127 283 DATA POINTS wzero = -1 v [ TRPEY
pd (RID tilted pzero= S | gy 28.8 Um2
1xCosesG 3 8.5+
-887 B.3(Cose-8.5)
.86 - "
S .84 j: -
& *a
- b 1
n . .
E .82 e XY X s =1
= : . I I 0 ) L £
- '::,- . ool olad et
T --69 B . e e = ¥ ¥e
@ " ::;.-'_.-:-’"‘- -
8 -.82 :
[
“
T - @] -
-.86 ] -
-.88 1 i
Kipp CM10 810131 #16 1
-.187 Refer.CMLO 8101866 # 1
- 12 T T ¥ T ¥
98. 68. 38. 6.9 38. 58. 9@,
morning ZENITH RNGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
4g. 8
284 DATA POINTS H 2ero s =16, p¥ 3 TAPEY
¢AlL tilted) B Zero = -1S. WY
G2 28.8 Um-2
8.0 1
[ I*CocorsG > A"
] 6.3¢Cos6-08.5)
26.6 - REF Ch 13
LM(Rattoy = .98@"
19.8 - . A 4rrl n.1. adi. - 6.080
g.8 _:' _ e
-18. .
-20. 1 i
=38. 7 Kipp CNM1B 819131 -
Kipp CH1R B81R1E66
-ug . . . -
38. 60, 39. a.8 3g. 6e. Q8.
marning ZENITH ANGLE evening

1BB0 Wm-? MERSUREMENT ERRDR UERSUS ZENITH RNGLE
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LH(Channel[14)/Channel [16]) - LN(1.528)
(diffuse eliminated)

Wm -2

Channel (141

127 1158 DATR POINTS Hazerow -5.0v [ TAPE3
Y#R11 horizontald DRerom W Gy 28.8 Um-2
JBT-1 iy
TR I*Coser/G } B.S5+
Sl I [ 8.3(Cos0-8.5)
S
.86 ] &1, I
(4
e
P B
-847 %]
i
.g2 k.
"3‘* :'|'
s
-.e8 e
':*%.‘:-‘.ﬂ
-'.,ﬁ'
-.82 >
-.BY - -
-.B6 1 i
-.88 1 -
EXo MS-42 82052 #14
~.181 Refer,CM10 810131 $16 2
- 12 T ] T T T
98. 8. 30. 8.8 38. 58. 88,
mormning ZENITH ANGLE evening
NORMALIZED LMN¢RATIOS) versus ZENITH RNGLE
“B.87 {5t DRTA POINTS N Zere = -9, uv TAPE3
oy St D Zero = =16. v :
e G? 2B.8 Um-2
38.8 7 ¢ " IxCosesG 2 B.5+
FS B.3¢Cose-B.5)
20.87 [ 3 L REF Ch[151
4 LNCRatio) = 1.528
1.8 +— n.i. adj. = -.820
8.8 =
-18. -
-28. 1 :
-38 Eko NhS-42 82852 i
Kipp CMIB 819131
-—.q_g_ T T T T T
ap, 60, g, 6.8 3. 6a. 9y,
morning ZEMITH ANGLE evening

1888 Um -2 MEASURENENT ERROR VERSUS ZENITH RHGLE
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LN¢Channel L14)/Channel (161) - LN(1.468)
(diffuse eliminated?

W -2

Channel £14]

-127 "gz@ DATA POINTS © wzerow ~%.w [ TAPE3
o] A tilted pawes & | 6> 28.8 Un-2
. I*Cosest » 8.5+
-887 '] | 8.3(Cose-8.5)
.86 1 | ST
. < H
. ;‘ - -
.BY - .- i
1
.82 5
R 1+
-.88 T
-.82
-.BY ] T L
-.86 1 L
-.89 1 T
Exo MS-42 82052 #14
-.18 Refer.CM10 810131 #16 -
-.12 T T T T T
58. 50. 3e. 2.0 8. 68. 5.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.87  .359°ATA POINTS wzera = - w [ TAPE3
WAL tabred) D Zero w a6 ¥ 63 28.8 Hn-2
@] - L .. | 1%Coso/G 3 8.5+
. . 8.3(Cose-8.57
20.8 7 15| F reF cnrisd
LN(Ratie) = 1.468
T : ¢ .i. adj. = -.820
5.8 2 ] n.i. adj B2
8.9 - :
-18.
-28. r
-30. 1 Eke NS-u2 82852 I
Kipp CM1@ 818131
-ug. T T T T T
3. 50. 3. 8.8 38. 68. aa.
marning ZENITH RNGLE evenlng

1880 Wm-2 MEASUREMENT ERROR VERSUS ZENITH ANGLE
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LN(Channei[iyl/Channel161) - LN(1.528}
(diffuse #liminated)

Wm -2

Channel{14]

-127 42 pATA POINTS Wzerow -5.w, [ TRPEY
19 ~EH1 horizontal) o Zere = -“'”F_ | £ 3 28.9 WUm-2
I%Cosos6 3 .5+
.68 -
8.3(Cose-A.5)
.86 1 : A
B 1 T - X
R
82 B9
-.Ba 5
¥
e,
-.82 i
:
—.B4 L
.._QE -1 L
-.B8 1 * . B
EXo MS-42 82052 #i4 -
- 15 Refer.CM10 810131 %16 L
'.12 T T T Y = T
9G. €. 3a. B.e 30. E8. 96.
morning. ZENITH ANGLE evening
NORMALIZED LN¢RATIDS) versus ZENITH ANGLE
ue. e q 1.'25{2&‘9":[9?01“]’5 ) M Zefo = =9, pv [ TAPEY
SRl zonta D) PR 1 6y 20.8 a2
. e e %L . 2
.01 4 Lo vi.n [ IsCosesG > B.5+
B s 8.3(Cose-B.5)
28.81 ) . 1 REF ChL16)
3 LNCRatie) = 1.520
18.8 .? n.i. adj. = -.828
g.9 "- Ha '.sa- =
-18. -
_28_ - L
-38, 1 . Eke  NMS-42 82@52 i
Kipp CR18 818131
=-4g. ] N T T T T T
98. 9. 38. B.g 3@, &0. 38.
marning ZENITH AMGLE evening

1808 Um-2 NEASUREMENT ERROR VERSUS ZENITH AHGLE
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LN¢Channel [141/Channel 1163 - LN¢1.4EB)

Wm -2

Channellld]

(diffuse eliminated)

127 271 DRTA POINTS Wzere = . wv) [ TRPEY
g Al talted pzere s 1 e |y 20.0 Wm2
I 2| 1xCosesG » B.5+
887 s 1 [ e.3¢Case-8.5)
.86 1 St O I
.8y - - - -
. '.._.. H
.8z o +
-_88 .. '.'.". e — :"
4y, el
-.82 - o
-_aq -1 -
-.B6 1 -
-.28 1 i
Exo MS-42 82052 #14
-.19 1 Refer.CM10 810131 #16 B
-.12 T T T T T
g, EA. I8. 8.9 18. 8. 9@.
morning ZENITH ANGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.97  -258.pATA FOINTS waeeo = -2 wv [ TRPEY
CHIr.tilzedd D 2are = ci6e ¥ G 20.8 Um-2
e.eq .- L . - IxCosesG : 8.5+
et 8.3¢Cose-0.5)
28.0 1 ’ . L REF Ch(16]
NE LNCRat1g) = 1.UEB
19.8 - n.1. ad). = -.B15
- =sf -
6.8 sl 12
. -, M
-18. <
-20. 1 -
-3m. 1 Exo MS-42 B2852 i
Kipp LCN1G 818131 '
-4g. r T T T T
90. &0, 1@. 8.9 38. 8. 98.
morning ZENITH ANGLE evening

1808 Uan-2 MEASUREMENT ERAGR VERSUS ZENITH AHGLE
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LH¢Channal[19)/Channel [161} - LN(Z.B835)
{diffuse eliminated)

Um -2

Channet[1%]

-127 1157 DATR POINTS ' Nzero= -28.w [ TAPE3
ypd (Al horizental) Paere= e | 63 20.8 Un-2
I*Coso/G 3 B.5+
-B8 7 [ @.3(Cose-8.5)
.86 "
gy - ¥
.62
-.88 T
-.B2 :;:’-::; :_‘
—.gY :_° - '.::-- |
-.86 T
-.88" : [
Eppley PSP 18431 #15
-.18 Refer.CM10 810131 #16 -
-.12 : T T 7 T
9a. Ba. 38. 8.8 3a. - B6B. 9a.
morning ZENITH RNGLE evening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE .
4g. 8 ) -
116d DATA POINTS N Zero = =28, w¥ TAPE3
(Al horizontal) D zaro = cie.wy G 20.0 WUe-2
38.87 I*sCosesG » B.5+
B.3(Cose-B8.5)
28.8  REF Chl181]
. LNCRat10) = 2,835
19.9 . n.t. ad). = B.883%
B8.48.
-18.
-28. 1 ' -
-38. 1 Eppley PSP 1B431 . i
Kipp CH18 818131
-up. T T T T T
9. 6a. 38. 8.8 38. BA. 99.
morning ZEHITH AMGLE evening

16688 Wm-2 MEASURENENT £RROR VERSUS ZEMITH ANGLE
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LN¢Channel{1531/Channel [16]1) ~ LH¢2.B35)
(d1ffuse eliminated)

lm-2

Channel C15)

-127 395 DATA POINTS Wzero= 20w [ TAPE3
(pd (AU tilted paerss e | £y 28.9 Ua2
IxCose/G 3 B.5+
-8 8.3(Cose-8.5)
.86 - -
B4 -
.82
it N
-.2e R =
-.B2 T
] . .
-ouq - S
-.86 1 . L
-.88 1 A Tt
Epple PSP 18431 #15
-.181 Refer.CHi0 810131 #16 s
-.12 T T : T T
9@. 68. 36. 8.8 3g. 68. 9g.
morning ZENITH ANGLE svening
NORMALIZED LNCRATIOS) versus ZENITH ANGLE
48.87 338 DATA POINTS N Zers x -28. WY TAPE3
¢AIT tilted) D Zere o <l MY G 20.8 lm-2
0.6 [ [*Cosos/G 3 A%
8.3(Cos0-8.5)
2.9 L REF Ch{16]
LN(Ratio) = 2.835
18.8 n.1. adj. = B.005
8.8 -
LA
-18. T
.1
-20. 1 L
-3g. - Eppley PSP 1BuY3% r
Kipp CM1B 818131
..qa. T T T T T
30. &0. 18, .0 20. 58. ..
macning ZEMITH RAHGLE eyeninNg

1008 Um -2 NEASURENENT ERROR UERSIS ZENTITH ANGLE
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LN¢{Channel [151/Channel[1B]1) -~ LN(2.83%)

Wm -2

Channel [15}

(diffuse eltiminated)

-127 1341 DATA PDINTS #zers= -20. v | TAPEW
19 - (All horizontal) D Zero -Aqs.pv L e 20.8 Um-=2
IxCose/GC 7 B.5+
-887 “ | B.3¢Cose-8.5>
.85 7 : -
.8y -
.82
-.88 ;
o
SR
—.guq HL : -
i
~.86 : r
-.eeq{ = ' Mor
- Eppley PSP 18431 $15
-.187 -, Refer.CM10 810131 #16 T
-.12 7 T Y T T -
98. BA. 38. a.e 38. E8. Q8.
morning ZENITH RNGLE evening
NORMABLIZED LNCRATINS? versus ZENITH RNGLE
48.87 1389 DATA POINTS Wzers = 26w | TAPEW
) = =16, pvY
_ ¢A11 horizontal} 3 zere g Gy 28.8 Wa-2
38.8 7 . " IxCose/G > 8.5+
f8.3(Coss-8.5)
28 9 1 - REF ChEikl
LNCRatio) = 2.835
) n.1. adj. =~ 8.088
18.4@ e
B.8
-18.
-28. 3 v [
-368. 1 Eppley PSP 18431 I
Kipp CH1B B18131
-40. T T : r —
S8. 68. 38. 6.9 38. BB. 98.
marning ZENITH RAHGLE evening

1080 Um -2 MERSUREMENT ERAOR VERSUS ZEMITH AHGLE
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LN¢Chasnnel [171/Channel [16]) - LHC2. 148D
(diffuse eliminated?

Wm =2

Channel {171

127 1155 DATA POINTS Nzero = -29. v [ TAPE3
. ¢All hortzontald Dzera -16.3¥ | Lo 25 8 WUm-2
I%Cose/G 3 8.5+
-887 " @.3(Cose-8.5)
.86 7 3
LBd T r
.a2 4 s ok : "
- Bp TS
s T
-.82 3 {“::_
i 31
-.84 7] _-..
X
.._ES- - * o
L
-.gaq = -
Y Eppley PSP 18435 #17
-.161 N Refer,CM10 810131 #16 ]
-.12 - v T T T T
g9g. EB. 3a. 8.8 3. BB. 98.
morning ZENMITH ANGLE evening
NORMALIZED LNC(RATIOS) versus ZENITH ANGLE
48.87. 117p DATA POINTS Wwzero = -29.w¢ | TRPE3
¢All horizental) D zero T T 63 28.@ Unm-2
38.87 . ‘ - IxCosesG 3 0.5-
B.3(Cos0e-8.5)
20.8 L REF Chl[16)
LHC(Rat10) = 2.1H0
10.0 - n,i. adj. = 8.018
gy ‘f . -
8.g T¥ s Ao 7
< ﬁ:‘_‘t o
-18.
-20.1 X I
-390. 7 Eppley PSP 18433 3
Kipe CM10 810131
-4 . T T T T T
98, £e. 38. 8.1 30. 80. 9a.
morning ZEMITH ANGLE pvenLng

1898 Um-2 MEASUREMENT ERRDR UERSUS ZENITH AMGLE
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LN¢Channel[171/Channel T163) - LH(2.14B8)

Mm-2

Ehannel [17)

127 a9 DATR POINTS Wzero = -2 v [ TRPED
ol CAIL tilted) prres U6 | 63 28.8 Um-2
IxCose/G 3 B.Se
-88 1 B.3(Cose~8.5)
.86 -
S .84 r
1]
[
- P 4
- ol ot I ~
E ). .,._.;i-:n’-% it
< -.8e N PO e =
% -+
3 -.82 14 .
et . .
: - ‘.I
D -.84 1 " -
-.86 . T
-.88 1 i
. Eppley PSP_18435 #17 i
-89 Refer.CHL0 810131 $16
.._12 . T T T T T
ag. 8. 38, 8.8 38. 68. 98.
morning 2ENITH ANGLE evening
HORMALIZED LNCRRTIOS) versus ZENITH ANMGLE
48.87% 393 DATR POINTS Nzere = -20.pv [ TAPE3
(Al tilted) D Zere = b wv C3 28.9 Um-2
38.8 1 - IxCoserG ? 0.5+
B.3(Cose-8.5)
2.8 L REF Chi1B]
LN(Rat1c) = 2.14@
18.8 n.i. adj. = B.813
5.9 -
-. i -\:;
. M 1344, .
-1B. I i N =
ces - ) : oy
-26, 1 i
-38. 1 Eppley PSP 18435 r
Kipp CMi8 818131
-ug. T T T T T
ag. 68, 38. 8.8 3|, 84. a9g.
morning ZENITH RNGLE evening

1988 Wm -2 HMEASUAEMENT ERROR VERSUS ZENITH RNGLE
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LNCChannel [17)Y/Channel [16]) - LH(2.148)

Wm -2

Channe17)

127 1341 DATR PDINTS w2ero e -25.wv [ TAPEM
g4 (P11 horizontald B 2ero sty G3 208.8 Um=2
I*Coser/h 3 8.5+
.88 7
9.3(Cos0-B.5)
.B6
T .4
o
TG . R
c .8z 7T T X
Z R giegid | 5
o - e t:' 2 e S
] s [ e
3 —-.B2 Ty v
b ¥ i
D - By ,s‘: ‘1‘.'
4.2 Y
i ¥
-~ 86 ? L
. )
2 4
-.BB- :; "
4 Eppley PSP 18435 $17
-.187 - RrRafer.CM10 810131 #16 .
. i
-.12 = T T T T Y -
Q8. 68. 38. a.e 3a. g88. 0.
morning ZENITH ANGLE evening
NORMALIZED LHCRATIOS) wersus ZENITH ANGLE
48.87 1352 DATA POINTS #ieco » -0 [ TAPEY
(A1l horizontal) preres M | 5 26.8 Un-2
38.8 1 - 1xCosesG » 8.5+
B.3¢(Cose-B.3)
29.8 7 L. REF ChiiBl
LN(Ratio) = 2.140
n.i. a2dj. = 6.0815
18.06
1:- -
B_a . T
-18.
~28. 1 b
-3B. _Eppley PSP 18435
Kipp CMle B18131
-40 T T T r T
9. BE. 38. 8.8 Jae. B8. 98.
morntng ZENITH ANGLE evening

1808 Wm+2 NERSUREMENT ERAOR VEASUS ZENITH ANGLE
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LH(Channel [17)/Channel [163) ~ LH(2.148>

Wm -2

Channel(17]

-127 276 DATA POINTS Nzero = -29. w [ TAPEY
pd A tilted preees e L6 20.8 un-2
I*CasesG » 8.5+
.88 X
B8.3(Cose-8.5)
.86 1 -
5 .8 i
]
" ylend Mk 1
£ .\e2 |« freerpoein vmidie
E wd Ll T 1771 =4, .
: -.B8 = -.':2.\. N —t : ,',_.. . "
o LI iH
[} .
g --82 g i
& K 1
T.mi | I
P i
-.96 1 -
~.pa{ !, T
Eppley PSP 18435 #17 .
-.18B 1 Refer.CM10 810131 #1l6 3
-.12 ~ T ¥ T T T
gg. 8. 38. 8.8 3s. 6. og,
morning ZENITH BNGLE evening
NORMALIZED LNCRATIOS) wersus ZENITH ANGLE
“8-97 285 DATA POINTS Hzere= -25.wv [ TRPEY
CALL tilted) D Zeve s Si6e v 63 28.8 Um-2
38.8 | IxCopsers/GC 2 B.5+
g.3{Ca=0-0.5>
20,8 L REF ChI163
LHCRat1o) = 2,14@
6.0 n.i. adj. = B.820
8.8 - e
-18. S AT
. .’:'_‘ |. . 1. e[ ;E:ws:
-268.. 1 i L
-39, 1 Eppley PSP 18435 -
Kipp CMiE 818131
-4p T T T T T
9g. 8. 3g. 8.g 3@. 8. 98.
morning ZENITH RNGLE eventing

1888 Um-2 MEASUREMENT ERROR VERSUS ZENITH ANGLE
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LN¢Channel (181/Channel [161) - LH¢1,B35)

M -2

Channel [181]

¢(diffuse eliminated?

-121 “1163 DATA POINTS wzers = -ts- ¢ [ TAPE3
10 ,'.i_ml horizontal) pzeve s Sie | g y 28.8 Um-2
I*Coses/G 3 B.5+
.88 7 8.3(Cose-8.5)
..B6 1 i
.8u 7 I
.82 1.
. Y
-.68 o -
‘ 5
-.82 - RN
-.BY - ot . . T
_._EE- o
-.88 7 i
* Eko MS—-42 81909 #1i8 |
-.181 Refer.CM10 810131 #16
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LEGEND TO THE NIGHT SKY REGRESSION ANALYSIS

Ta Tape number Tape 3 = dataset3 = 83/06/03/08/20 to 83/08/05/13/50
. Tape 4 = dataset4 = 83/08/05/13/50 to 83/10/07/08/00
) Tape 6 = dataseté = 83/12/30/18/30 to 84/03/07/14/00
mn = mean of above rows. :
ch Channel number on data system - identifies pyranometers.
N Number of data points= twice number of days. Each datum is a 10 minute mean

computed from 50 samples taken at 12 second intervals. These datasets comprise one
datum for each evening taken one hour after sunset and one for each morning taken
one hour before sunrise. :

zZm (W™ %)  mean of data.

zd  (Wm %) standard deviation of data.

A, (Wm™ 2y

B ¢nondimensional) - constants in the regression equation equation

z(i) = A + B * p(i)
. where z{i) is the i th reading in the dataset and
p{i) is the coincident reading of the pyrgeometer

- both in Wm 2.
As, (Wwm~ 2) is the standard error of the estimate of A.
Bs {nondimensional) is the standard error of the estimate of B.
R1 (im™ 23 is the residual rms scatter about the above regression. It is intended for

comparison with 2d to indicate whether applying the regression as a correction is
worthuhile. -

A2, (W
B2, ¢(nondimensional)
cz, (um~ 2) are all constants in the bilinear regression
2(i) = A2 + B2 * p{i} + €2 * DT(i)
where DT(i) is the temperature change from 10 minutes prior to the
_ time of z(i) to 10 minutes after the 2(i) time. .
R2 (Wm” 2) is the residial rms scatter about the hilinear regression (to be compared
with R1 and 2d).
A2s,B2s,C2s standard errors. of estimates.

Instrument #1 was always horizontal, #29 was always at 45 deg tilt and instruments #34,
#35, #36 and #37 were always tilted at 90 degrees during the night. The remaining .
instruments, including the pyrgeometer #3, were horizontal some of the time and tilted at
45 degrees at other times. During the period spanned by tape 6, they were all tilted.
During the tape#S/tape#s period they were horizontal most of the time and only horizontal
data has been analysed for this period. .

Data points were rejected prior to the analysis according to the following criteria:
i v(i}| > 0.5 v

2(i) - mean(z(i))| > 3 Wm ?
iii DT(i) | > 1.5 K
not including channel #3 which forms the dependent variable. v(i} is the recorded voltage
from which the signal z(i) is derived according to: z(i) = vw(i)/R where R is the
instrument reponsivity.

T
-

The overall data rejection was about 3%. On most pyranometers it was 1%. The following
four accounted for most of the rejection #3(Mid)10%, #10(Mid)10%, #26¢(PT)30%,
#36(CH10925%. Most of these rejections were due to |v(i)| > 0.5 mV.

mean values for groups [ ...]

{Ta Chl number of rows over which average is computed.
IN] sigma(N).
[Zm) mean weighted by number of data points (sigma(N.Zm))/ [N] - same
as result if all data were done together.
[2d/zd] 1.. Simple column average (sigma(Zd))/ [TaCh]-for comparison with R1 and R2.

2. sqr{(sigma(N.Zm.Zm)+ sigma(N.2d.zd))/[N] - [Zm].{Zmi)
same as result from analysing all data together.

[A] mean weighted according to error estimates -{sigma(A/As.As)/sigmal1/As.As)
[As] [As]™ % = sigma ( As™ %)

[B1, [A2], 821, [cz1 - similar to [Al

[Bs]l, [A2s], 1[B2s), IC2s] - similar to {As]

[R11 simple column average (sigma(R1))/ [TaChl

[R21 simple column average (sigma(R2))/ [TaChl
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APPENDIX DD2. RESULTS USING PYRANOMETER TEMPERATURES:

all from tape 4.

rms residuals Wm™ 1. 2 3 4 5 6
( 2d) (R1) (R2)

Ch.#08 cm10 vent. . .79 s .69 .62 .59 .57

Ch.#21 Cm10 unvent .98 .89 .84 64 .62 57

Ch.#23 PSP unvent 1.3 11 1.1 .63 .61 .56

1 standard deviation of data (Zd).

2 - &6 residuals after regressions on:

2 ambient témperature alone.

3 instrument temperature alone

4 long-wave stress alone (R1).

5 long-wave stress and ambient temperature (R2).

é long-wave stress and instrument temperature.

regression coefficients A2 B2 c2

Ch#08 ambient T 2.2(.19) .019¢0029) .85(.24) -

Ch#08 instrum T 2.2.19) -018(0028) 1.1¢.27) Ventilated CM10
Ch#21 ambient T -.11¢.20) .031¢0030) 68(.28) .

Ch#21 instrum T -.09¢.18) -029(0027) 1.2¢.z3) Unventilated CM10
Ch#23 ambient T L7(.20) -046(0037) .68(.25) -

Ch#23 instrum T 140¢.19) -043¢0029) 1.4¢.28) Unventilated psp

APPENDIX DD3. PYRANOMETER SERIAL NUMBERS AND DEPLOYMENT:

45°
horiz'!{

9¢°
horiztl

horiz!'l 45°
horiztl 45°

Pyranometer orientation
Pyrgeometer orientation

Maker Model

Eko
Eko
Eko
Eko
Eppley
Eppley
Eppley
Eppley
Eppley
Eppley
Eppley
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp
Kipp

Ms-42
MS-42
MS-42
MS-42
PSP
PSP
PSP
PSP
PSP
PSP
PSP
CH-5
CH-5
CM-5
CM-5
CM-5
cMI0
cM10
CM10
CM10
CM10
CM10
CM10

Ser'l# Chan'l# | | |

82053
81908
82052:
21909
18426
18135
18431
18435
20524
17750
20523

- 785047

773656
774120

773992 -

784737
810166
810122
810131
810121
810119
810175
810120

Middleton EPO7 123
Middleton EPO7 124
CSIRD Proctor

Swissteco §8-25 113

Schenk Star 2217
Schenk Star 2428
Schenk Star 2418
Schenk Star 2209

#2
#4
#14
#18
#0
#11
#15
#7
#23
#364
#35
#5
#6
#7
#19
#41
#1
#8
#16
#20
#21
#29
#36
#9
#10
#26
#12
#22
#24
#25
#37

[ u unventillated

+ +

+

+

+ +

+ +

+

+

+ +

u
+
+

+

+

+

+

u .

+ +

+

+ +

+

u

+ +
+

+

+

+

+

-+

+

+
+

+ ventilated ]
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APPENDIX DD4. NIGHT SKY OCCULTING RESULTS - 85 08 27

Change in pyranometer signal (Mm™2) as a percentage of the change in
the downward long-wave irradiance(Wm™). -

ventilated : unventilated
mean sd mean sd

0.7 0.2
SCHENK 0.6 .67 .03 0.2 0.2 1]
2428 0.7 0.2

1.0 0.5
EKO 0.8 .97 .08 0.3 0.4 07
82052 1.1 0.5
_ 2.9 4.0
CH-5 2.9 2.9 3.6 4.1 .29
TB4BTE 2.9 4.6

2.6 4.0
CM10 2.7 2.7 .08 2.8 3.7 A
820158 2.9 4.2

31 ) 4.6
PSP 2.9 3.0 .07 3.6 4.5 A
18426 3.1 5.2

5.8 8.0
MID é.6 6.0 .07 6.0 8.0 1.1
124 6.1 10.0
CHANGE IN ventililated unventillated
LONG~-WAVE
RADIATION 62 Wm= 49 Wm?
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