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PREFACE

In March 1981 a group of pyranometry experts met in Boulder, Co., USA
to address the problem of acecurate irradiance measurements required for the
performance testing of solar collectors. From that meeting it became clear
that a more complete and detailed characterization study of pyranometers
used for solar collector performance testing was necessary to achieve the
desired accuracy in the irradiance measurements.

To undertake this pyranometer characterization the IEA Solar Heating
and Cooling Program established in 1982 a new Task, Task IX, Solar Radiation
and Pyranometry Studies with one of its mandates to demonstrate improvements
in irradiance measurements for solar collector testing that can be achieved
with detailed characterization of pyranometer responsiveness.

In January 1984 twenty-three pyranometry experts representing govern-
ment, universities and manufacturers took part in a symposium in
Norrkdping, Sweden to review progress in the subject of pyranometry that
had been achieved since the USA meeting. The report presents papers given at
the symposium, the results of the various discussions and a list of the
major areas where further research is needed.

The coordinators would like to take this opportunity to thank all those
who took part in the symposium and made it a success. Special thanks are due
to Dr. L. Dahlgren and his organization, the Swedish Meteorological and
Hydrological Institute for hosting the symposium. Una Ellis and Krystyna
Czaja of the Atmospheric Environment Service meticulously maintained a high
quality in the text and diagrams of this volume. Their work is very
gratefully acknowledged.

DIWare_~

D.I. Wardle
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EXECUTIVE SUMMARY

From January 23 to 25, 1984 a pyranometry symposium sponsored by the
IEA Solar Heating and Cooling Programme Task IX was held in Norrkdping,
Sweden. The purpose of the symposium was to review progress in the subject
of pyranometry that had been achieved since the last IEA pyranometry meeting
held in the United States of America in 1981 and to plan for the future.

The objective set out to be addressed by the participants were:

to review current practices in pyranometry in the context of
requirements for solar energy development;

to consolidate recent work sponsored by the IEA and others;

to identify those areas of pyranometry most in need of further
research and development.

To meet these objectives the symposium was organized intoc six sessions
which covered the following topics:

Session 1 Operational Practices in National Networks

Session 2 Laboratory Characterization: methods and intercomparisons of
results

Seassion 3 Physics of Pyranometers

Session 4 Field Characterization

Session 5 Field Performance and Accuracy

Session 6 General Discussion’

In total twenty presentations were given within the first five

sessions.

At the end of the symposium the following major areas of need were

indicated:

a better understanding of the physics of pyranometers;
a mechanism for relating field tests to laboratory tests;

clear and precise documentation of calibration procedures and
results, including a common formatting for reportingj

a set of guidelines in the use of pyranometers which can be used
by the solar energy engineer.

All the above areas are being addressed by the Task IX experts and it
is the intent to have the needs fulfilled at the end of the Task.
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SESSION 1

Operational Practices in National Networks
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1.A THE SWISS AUTOMATIC NETWORK

A. Zelenka

Swiss Meteorological Institute, Zurich
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THE SWISS AUTOMATIC NETWORK

The Swiss Meteorological Institute operates a network (ANETZ) compris-
ing 61 automatic stations, most of which (59) record 15-25 elements includ-
ing global horizontal irradiation over 10 minute intervals.

The mean spatial coverage is one station per 680 km?, corresponding to
a mean grid of 26 km x 26 km. Altitudes range from 197 m to 3580 m above sea
level.

Each station is equipped with a ventilated Kipp and Zonen CMé pyrano-
meter. The interface, command and transmission unit (ASTA) operates with an
external power supply, but a NiCd battery can keep it operating one week
long (without heating power). The output voltage of the pyranometer is con-
tinuously integrated. The offset is determined between 0:00 and 2:40 U.T.,
the counter is reset at 0:00 U.T. The counter status is stored into local
memory every l0 minutes. The stored values are called for by a central sta-
tion (AZEN) operated in tandem. Conversion into physical units (according to
the individual characteristics of each instrument) is performed by the AZEN,
which also operates an initial quality control of the data and signal break-
downs.

For the pyranometers, the failure frequency per station lies around
once every 5 years. Six technical teams provide repairs within two days at
most. The cyelic maintenance includes characterization of the pyranometer
by calibration transferred once per year.

The calibration transfer procedure and the construction of the pertain-
ing apparatus follow from a compromise between the needs of simple handling,
low power demand, high stability, long life and versatility. The last condi-
tion allows for calibration of sunshine duration and daylight sensors. The
characterization encompasses the whole circuit, from sensor to central
station.

A self-stabilised (Si-diode) iodine quartz lamp, in conjunction with a
heat-filter, reproduces very roughly the spectral distribution of sunlight.
The optics provide a homogeneous illumination of the sensors. Heat is venti-
lated as far as possible away from the pyranometer.

The whole device is tuned to induce a response of 400 Wm—2? at a second-
ary standard (CM6, calibrated in Davos) mounted on a monitoring ANETZ sta-
tion. The set~up is reproduced at each site. The beginning, and end of the
calibration period are communicated via ASTA to the AZEN. There, the res-
ponse of the counter is compared toc the one which should hold for 400 Wm—2,
the correction factor, if necessary, is stored on the file of the character-
istics of the individual stations, and applied until the next calibration.
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1.B  THE AUSTRIAN RADIATION NETWORK

0. Motschka and E. Wessely

Zentralanstalt f. Met. u. Geod., Wien
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THE AUSTRIAN RADIATION NETWORK

The Austrian Radiation Network began in 1950. A greater expansion of
the Network was initiated within the scope of the IGY, 1957.

The Network

At the end of 1983, 34 stations over Austria were established. The dis-
tances between the different stations are not equal, see Figure 1. The
interesting radiation-climatological regions are well described: there are
stations between the sea levels of 200 m up to 3100 m near to each other;
and stations in the North and the South of the Alps; stations in the most
important valleys and basins. Petails can be seen in Table 1.

The Applied Measuring Techniques

All of the 34 station are instrumented uniformly with Starpyranometers.
Recording systems used are as follows:

a) at 3 stations strip chart recorders with moving coil systems are
in use; the scantimes are 20 seconds and the repetition times are
20, 40 and 60 seconds;

b) for 16 stations semi-automatic-climatic stations with digital
measuring systems are used. Every 2 seconds a reading will. be
taken. The readings are integrated over an hour and will be divid-
ed by the number of readings of the hour. The result is an hourly
mean of radiation in mV:

¢) integrators are used at 14 stations. The output of the pyrano-
meters is digitated by a voltage-frequency-converter: 10 mV over 1
hour are equal to 600 pulses per hour;

d) at the station in Vienna a Commodore computer provided with scan-
ner, ADC, printer and floppy disk is used; the scantime is 2
seconds, the repetition time is greater than 2 seconds and depends
on the nunber of radiation sensors connected to the system;

e) 3 stations are provided with data logger systems for a synoptic
‘meteorolegical network in a first network test. The 3 stations
have a Ffull radiation measurement program without direct solar
radiation sensors. The stations are not named in Table 1.

20 of the 34 global radiation stations are additionally provided with
shadow bands (uniformly) for the measuring of diffuse sky radiation. At 4
stations, in addition to the named radiation sensors, net radiation balance
meters and for the appointment of the short wave radiation-balance albedo-
meters are installed. Only from one station of the four stations are these
data published and sent to the world data center at Leningrad.

All measuring equipments have an accuracy of 0.1 mV or better. This
gives 0.25 J/em® (min), if the sensitivity of the starpyranometers is 2.5
mV/Jem™ 2 (min).
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The (Observation Time

The data loggers for radiation measurements are working with true solar
time. Some others use the mean local time, i.e. for climatological purposes.

It could be possible to provide software for the computer systems which
consider different observation times. But in most cases, people get trouble
with the capacity of the used microcomputers. On the other hand, it is
necessary to have the same observation times, for example, to correlate air
temperature with radiation. That means a discussion about the different
observation times in meteorology is necessary and to try and find a
solution.

The Elevation of the Horizon

To get maximum information about a station we measure the elevation
angles of the surrounding horizon at each of the radiation stations. Out of
this we get sunrise and sunset and we have the possibility to estimate the
part of energy coming down by the surrounding hills, etc. especially in
wintertime (see Figure 2).

Calibration Method

The global radiation pyranometers for each station are calibrated twice
per year against a substandard pyranometer {comparison). Pyranometers con-
nected to digital equipment are checked with respect to their EMF, connected
to the moving coil systems the whole system will be calibrated. The same
procedure is done for the albedometers. The calibration of the radiation
balance meters is only to be done outdoors using the direct solar radiation
(shading disk method). The calibration of the diffuse sky radiation is
divergent: if the dates are in the computer, then we will use all days with
global radiation sums below 40% of cloudless daily sums and the measured
sunshine duration as second parameter to estimate the calibration factors
for the diffuse sky radiation. This method will be advanced in a second
step to the hourly totals. Our assumption is, that it gives no case with sky
radiation greater than global radiation. The sky radiation only could be
equal to the global radiation in the overcast situation. Using this method,
you get the calibration. factors for the sky radiation with respect to the
errors due to the shadow band.

Data Checks

The mean hourly values of the global radiation (dimension mV) multi-
plied by the calibration factors estimated by the comparison quoted above
are the basic data for the following data checks.

From a semi-empirical curve for maximum daily global radiation for each
station of the network 3 intensity intervals are defined: 85-95%, 96-105%,
greater than 106%. Measured global radiation values falling into this inter-
val will be checked against sunshine duration, neighbouring stations and the
meteorological conditions.




Publications

The most radiation data are published annually in "Ergebnisse von
Strahlunhsmessungen in Osterreich”, Publikation Nr. 271 der Zentralanstalt
f. Met. u. Geod., Wien.

The content of this publication is: desecription of the stations, daily
totals of global radiation and sky radiation and daily values of sunshine
duration, the mean monthly diurnal variations, the maximum hourly totals of
each day over the year with time, frequency intervals, the daily hourly
totals for global, sky and net radiation.
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TABLE 1

Station in Radiation Network

MSL

190
784
555
291
665
804
249
439
1598
425
342
770
579
582
452
2050
543
670
570
791
998
150
a47
584
486
243
435
1973
185
3106
309
312
202
228

A

15.01
15.14
13.42
14.02
13,47
13.57
16.14

92.36
13.44
13.47
15.27
13.54
11.21
11.24
14.20
13.42
15.35
12.47
15.02
13.35
16.02
16.43
14.10
15.55
15.51
15.58
13.00
12.44
16.30
12.57
14.26
14.04
16.22
15.04

Short wave radiation reflected

Net radiation

Sunshine duration

$

48.23
47.33
46.33
48.23
47.37
47.33
48.01
47.16
47.49
47.55
46.59
47.27
47.16
47.16
46.39
47.31
47.05
46.49
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46.48
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47.48
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THE CANADIAN RADIATION NETWORK

SUMMARY

This paper briefly describes the instruments, deployment and data man-
agement used in the Canadian Network. Certain aspects of calibration and
possible long term drift are considered in more detail. It is shown that
Kipp and Zonen CM5/6 and Eppley PSP (and Model 2) pyranometers do not lose
or gain sensitivity when exposed horizontally as is usual in meteorological
monitoring. A steadily increasing and ultimately large error during the
1970's in the Kipp & Zonen manufacturer's calibration factors is identified.
Also a difference of about 3% between Eppley calibration factors and the
Canadian values is evident for most of the period.

EXTENT AND INSTRUMENTATION

The present network was built up during the 1960's under the direction
of J.R. Latimer. There are 49 stations where at least global irradiance is
measured. At 3 of these diffuse irradiance is measured using a pyranometer
with a shade ring, at 5 the reflected short-wave irradiance and at 23 the
total net radiation are measured. The net pyrradiometers are Middleton CN2's
(Funk type). The pyranometers are mostly Kipp & Zonen CMS's except for the
global instruments installed north of 60°N. These are Eppley PSP or its
prototype the Eppley Model 2. All instruments are calibrated at 2 year
intervals.

The global instruments are equipped with ventilators which enclose all
the instrument except the dome. Air is forced up from below then passes
around the instrument and exists at the base of the dome moving somewhat
inwards. These ventilators have all but eliminated problems with condensa-
tion and frost. Also they tend to keep the domes clean and free of snow and
rain.

DATA MANAGEMENT

Currently the data is recorded on site as hourly integrations based on |
local solar time using a printing ball and disc integrator; a chart record-
ing is also made and used for quality control. The chart recording and
printout from the integrator are sent to Downsview every month. The chart is
serutinized for timing errors, effects of dew, frost or snow on the sensor
domes or shadows of local objects. Appropriate corrections are made to the
hourly integrations. Some further quality control is done automatically by
comparison with computer clear sky values.

The diffuse irradiance is evaluated using a calibration factor which is
set for each month so that on fully overcast days in that month the diffuse
total is equal to the global. There is also a crude but small correction
made for the non-isotropic radiation distribution in clear conditions. An
amount f x 2% is added to all diffuse measurements on any particular day
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where f is the fraction of that day during which it was sunny. The measure-
ments have been published since 1960 in the "Monthly Radiation Summary".

The data management system will be replaced during 1986. The quality
control techniques in the new system will include the inspection of daily
data on a high resolution display (1 minute x 2 Wm—2) by qualified ob-
SEervers.

RADIATION STANDARDS AND CALIBRATION

Maintaining standard pyrheliometers, calibrating pyrheliometers and
calibrating pyranometers are all part of the function of the National Atmos-
pheric Research Centre (NARC) which is ealso a WMD regional radiation centre.
The pyranometer calibrations depend on the NARC pyrheliometers which are
often intercompared among themselves and have been taken to several inter-
national pyrheliometer comparison (IPC II (1964), IPC III (1970), IPC 1V
(1975), IPC V (1980) all in Switzerland and the Table Mountain Washington
comparisons in 1959 and 1960).

The following table lists the more important standard pyrheliometers
used by NARC during the past 25 years. It also shows during which periods,
if any, each instrument was the primary standard for NARC.

Manufacturer and Acquired by Origin of Used on NARC
Serial Number NARC Calibration Prime Standard
Hickey-Frieden 1979 Manufacturer's 1979 - present
No. 17750 : absolute
Eppley-Kendall 1972 Manufacturer's 1974 - 1979
No. 11399 absolute
Eppley-Angstrom 1968 Eppley -
EA9001
Abbot silver disc 1964 From SI14 1971 - 1974
T7 ' confirmed by
PACRAD* at IPC III
SMHI-Angstrom 1960 Manufacturer -
A210, A208 {Stockholm)
Lindbald-Angstrom 1954 Manufacturer -
Al49, Al50 (St ockholm)
Smithsonian silver 1937 From Table 1960 - 1965
disc 5114 Mountain SI5 No.
(repaired 1960) in 1960
* The primary absolute cavity radiometer of J.M. Kendall

No. Smithsonian Institution Silver-Disk No. 5




The relation of these standards to the current World Radiometric Refer-
ence (WRR) can be summarized as follows:

a) from the present back to 1970/06/01 the standards were within 0.3%
of the WRR;

b)  between 1970/06/01 and sometime early in 1965 (probably January)
the standard was 1.25% F0.3% lower than WRR;

c) prior to 1965 the standard was 0.25% F0.5% lower than WRR.

With the benefit of hindsight it has been possible to make this fairly
simple summary. However, one must recognize that in the past and especially
prior to 1970, the situation was very confusing. The Eppley-Angstrom EA9001,
for example, had a manufacturer's calibration 2.6% different from SIl4 and
the precision of comparison measurements was not so high as with today's
instruments. It is to the credit of J.R. Latimer, who was then in charge of
NARC, that the standards were kept so constantly; reference (1) is his
review of the situation in the early seventies.

PYRANOMETER CALIBRATIONS

Because pyranometers must respond to radiation from a wide range of
incidence angles (Fx/2) their calibration factors are less well defined
and are nearly always less precisely determined than those of pyrhelio-
meters. For example, a step change of 1.25% such as occurred in the NARC
pyrheliometer standard, would until recently be difficult to recognize in
pyranometer calibration.

Since 1970, the Canadian network pyranometers have been calibrated
against reference instruments of like manufacture every two years in the
NARC diffuse radiation sphere. The pyranometer to be calibrated together
with one or two reference pyranometers is put into the sphere where all are
subjected to the same irradiance. The calibration factor is determined as
the product of the calibration on the reference pyranometer with the ratio
of signals from microvolts per watt square meter (uV.W™'m?).

The sphere reference instruments (Kipp 2498, Eppley 10037 and 11671)
have assigned calibration factors based on many out-door occultation
measurements. The intention was to choose calibration factors suitable for
the Canadian Network. This is nominally achieved by taking an average of all

calibration measurements between 8 a.m. and 4 p.m. on clear July days from
the site at Mt. Kobau (50°N, 1870 m alt.).

The factor for the Kipp reference has been changed occasionally in
response either to changes in the pyrheliometer standard (June 1971) or to
better determination of the calibration factor (September 1974). In the case
of the Eppley reference, there was a purely clerical error of 2.3% which was
corrected in January 1974.
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STABILITY OF PYRANOMETER CALIBRATIONS

Figure 1 and Figure 5 show the relation of the original manufacturer's
calibration (KM) to the NARC calibration (KC) of the same pyranometer plot-
ted against the date of the NARC calibration. Most pyranometers are repre-—
sented by several points each corresponding to different NARC calibrations
over the period 1970-1983. These data are derived using today's (post 1974)
calibration factors for the reference instruments. The actual factors in use
prior to 1974 are indicated by the thin solid lines and have already been
discussed in relation to changes in the pyrheliometer standard, recalibra-
tion and the "clerical error”. No attempt has been made to modify the manu-
facturer's factors in relation to the change from IPS to WRR, or for any
other reason.

The data are remarkable for the wide spread of discrepancy between each
manufacturer and NARC. The Kipp discrepancies range from -10% to +7%, while
the Eppley ones ranges between -7% and 0%. It may be noticed that, prior to
the 1974, the NARC "clerical error” caused a fortuitous agreement between
NARC and Eppley.

Figure 2 and Figure 6 show the same data as 1 and 5 but rearranged
according to the date of manufacturer's calibration. Figure 2 demonstrates
an upward drift of 10% in the Kipp calibration between 1970 and 1980. Figure
7 shows a mean discrepancy of from 3% to 4% but no long term drift. The
writer has been informed by Dr. John Hickey that Eppley reference was chang-
ed in 1981 by about 3%; thus the Eppley NARC discrepancy will 1likely be
smaller in future. As well, the Kipp factory calibration was changed in
1980.

figure 3, 4, 7 and B have nothing to do with manufacturer's calibra-
tion. The ordinate in every case is a NARC calibration factor (KC) on a
particular instrument compared with the first NARC calibration (KCO) on that
instrument. There are two versions of the abcissa, either the date of the
first calibration, or date of any subsequent calibration. In the writer's
opinion these four graphs show conclusively that the NARC calibration fac-
tors are not drifting.

To investigate the possibility of drift numerically, the sphere cali-
bration data were analyzed to estimate a hypothesized linear drift between
the field instruments as a group and the reference instruments. The results
are as follows:




- 28 -

Drift of References vs. Field Instruments

1970 - 1983
KIPP CM5 EPPLEY PSP
682 No. Calibrations 289
219 No. Instruments 74
.059 Drift in -0.064
+/- .007 % per annum +/- 011
0.45% RMS Scatter of D.49%
each calibration
< 2 years

Thus the estimated drifts are in the region of only 1.0% during 13
years and in opposing directions for the CM5 and PSP. These are very small
and one must conclude that the Canadian network pyranometers are not subject
to ageing. Yet clear evidence of ageing has been presented by other workers
(Ref. 2). It seems likely to the writer that ageing only happens when some
threshold of temperature and/or irradiance is exceeded for a sustained
period. Perhaps these conditions are encountered more often when pyrano-
meters are mounted sloping towards the sun or on solar tracking tables.

The analysis also yields a value for the effective noise in sphere
calibrations - it is about 0.5% both for the Kipp and Eppley pyranometers. A
more obvious measure of the variability of sphere calibrations is given by
the discrepancies between each calibration and the previous one (KPO)} on
that pyranometer. Figures 9 end 10 show the distribution of discrepancies.
The histogram display takes no account of the time between successive cali-
brations which ranges from 2 to 10 years. The r.m.s. spreads are 0.7% for
Kipp pyranometers and 0.8% for Eppley pyranometers.

REFERENCES
1. Llatimer, 3.R., Tellus XXV (1973), 6. p. 586-592.

2. Zerlaut, G.A.: Proceedings of the IEA Conference on pyranometer
measurements, 16-20 March 1981, Boulder, Colorado, p. 104-123,
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CALIBRATION SCATTER PLOT FOR KIPP CM-3/6
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CALIBRATION SCATTER PLCT FOR EPPLEY PSP & MODEL 2
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CALIBRATION SCATVER PLOT FOR EPPLEY PSP & MODEL 2
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RECENT WORK IN THE UK RADIATION NETWORK

J.H. Seymour

Meteorological Office, Bracknell, UK
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RECENT WORK IN THE UK RADIATION NETWORK

The UK Network

The work within the radiation network is co-ordinated by the National
Radiation Centre (NRC) which is part of the National Meteorological Service
based at Bracknell. A total of 14 stations operated by the Met Office make
measurements of radiation - each one being equipped to measure global and
diffuse (shadow band) radiation on a horizontal surface. In addition 3 have
Eppley NIPs for direct beam monitoring, 2 have Eko sunphotometers for tur-
bidity measurements, 2 have pyranometers on vertical and inclined surface
and 3 have net radiometers. Kipp CM5 pyranometers are used almost exclusive-
ly although the NRC also makes some broadband spectral measurements using
Eppley PSPs. At all stations data are recorded every minute on magnetic tape
with a resolution of 1lOuV. In addition to the main data logger a strip chart
recorder is used in parallel to provide a backup system and to provide a
visual output for station staff. The magnetic tapes are returned to Brack-
nell every two weeks and processed on the IBM mainframe computer. Hourly
mean values are archived as the basic data set after quality control has
been performed, however more recently we have been archiving the minute data
as well.

In addition to these 14 stations there are 24 which belong to co-oper-
ating bodies such as universities, agricultural institutes and water author-
ities. Most of these supply daily global data using voltage integrators, 6
however, give hourly means and 2 also supply diffuse data. The distribution
of the stations is depicted in Figure 1 and is seen to be asymmetric with a
heavy bias toward the southeast of the country. We are planning further
extensions to the network using synoptic automatic weather stations to help
fill some of the gaps on the map.

Instrument Calibration

The reference pyrheliometer used at the NRC is a TMI cavity radiometer
and the calibration is transferred to a group of reference pyranometers
using the shading disc technique. The NRC also maintains a pair of short
tube Angstrom pyrheliometer which were the reference instruments before
the cavity radiometer was acquired. Transfer standard instruments for each
type of pyranometer used in the UK, by outside users as well as the network,
are calibrated against the reference instruments under a variety of sky
conditions outdoors. Network instruments, after undergoing physical checks,
are calibrated in an integrating sphere which gives an intensity of about
500 Wm—2 at the thermopile using 6 quartz-halogen lamps mounted below the
instrument horizon. The platform carrying one transfer standard and two test
pyranometers is rotated through 360° in 10 minutes once in each direction
with the instrument outputs being sampled every 10 seconds. The whole system
is under the control of a micro-computer and a calibration certificate is
produced at the end of each test. Whenever possible a check calibration is
also carried out outdoors as well and there is very often a difference of




the order of 1% between the two values, the outdoor one usually being the
higher. Whenever there is a consistent difference the final figure given is
biased towards that obtained outdoors as this should be more representative
of conditions of actual use.

Shade Ring Correction

In common with other meteorological services the diffuse pyranometer
measurements are corrected, for over-shading by the ring, during the pro-
cessing of the raw data by using the assumption of an isotropic distribution
for the diffuse radiation. For overcast conditions this assumption is close
to the truth but with other sky states the diffuse field can be strongly
anisotropic and errors of a few per cent can be achieved. Under these con-
ditions the best way of measuring the diffuse is by subtraction of the dir-
ect beem component from the global radiation, however tracking pyrheliometer
are expensive and most networks use the shade ring method for diffuse
measurements. Following the work of Dehne at Hamburg and McWilliams at
Valentia within the EEC Solar Energy programme it was decided to investigate
the additional corrections required using a second pyranometer alongside the
shade ring instrument but shaded by an occulting disc (7.9° x 5.4%). This
represents what we call the "true" diffuse measurement. Data were collected
during the period June to December 1983 and a preliminary analysis under-
taken on the lines followed by the other investigatiens, i.e. finding an
empirical relationship between the extra correction required and the ratio
of ring diffuse to global radiation and the solar declination. The results
of the first analysis produced the relationship (for hourly mean values).

D D
Do 1.008 - .127 M _gos(s)

o (correlation coefficient = .84)
where

Dp = Disc Diffuse radiation

Dp = Ring Diffuse radiation (with isotropic correction)

Dyp = Ring Diffuse radiation (without isotropic correction)

G = Ring Global Radiation

8§ = Solar declination

Further work is being undertaken to refine this relationship for
Bracknell and to test it on independent data during the coming year.

Zero Dffset Corrections

The pyranometer zero offset associated with clear sky conditicns is
treated in the operational (Met Office) network by taking the mean value for
the three hours at each end of the daylight period and assuming that this
applies throughout the day. This intuitive approach obviocusly has limita-
tions but it has always been felt that this was a better method than ignor-
ing the offset. During a recent trial of some voltage integrators an
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opportunity arose to check the value of making these corrections. A venti-
lated and an unventilated pyranometer were each connected to the operational
data logger and to a parallel integrator. The integrators do not respond te
negative inputs and therefore the recorded daily irradiations do not take
account of any offsets.

During the period October/November 1983 the night time correction for
the ventilated instrument was always 0 +1/2 Wm—? (the resolution is limited
by the data logger), we can therefore call this the truth against which to
reference the other measurements.

If: VL

Huuu

Daily irradiation recorded on the logger (ventilated)
Daily irradiation recorded on the integrator (ventilated)
Daily irradiation recorded on the logger (unventilated)
Daily irradiation recorded on the integrator (ventilated)

actual (mean) o

We would expect

v
G_L =1 .9998 .01 (56 days)
L

-

d_ .9995 .004
L

Gr

L .9823 .009
G

GI + Corrections
=1 .9933 .07

Gy

Tentative conclusicns are therefore:

a)

b)

c)

If zero offsets are not taken into account then errors of 1-2% in
daily sums can be expected during the winter half of the year at
Bracknell;

The correction method used at present seems to produce answers
that are realistics

Ventilating the pyranometer significantly improves the data
quality by removing the offset problem as well as preventing the
formation of dew and frost.

Again this work will continue through the Winter and Spring of 1984.
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1.E THE SOLAR RADIATION

MEASURING PROGRAM IN SWEDEN

W. Josefsson
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THE SOLAR RADIATION
MEASURING PROGRAM IN SWEDEN

In 1982 the Swedish Meteorological and Hydrological Institute (SMHI)
began the installation of a new solar radiation network. This network con-
sisting of twelve stations is using a fully automatic data acquisition sys-
tem developed and designed by the Swedish company ASEA and SMHI. The present
Swedish automatic station network consist of approximately 50 statlons, 12
of which are measuring solar radiation. Many stations are situated in remote
areas where other observing techniques are out of the question.

Another advantage with the automatic station is the possibility of
measuring many parameters very frequently and the ability of processing and
storing of data.

The solar radiation network is measuring the following parameters:

- wind direction DD
- wind speed FF
- air temperature TT
- relative humidity RH
- direct solar-radiation I

- global radiation G

- sunshine duration S5

in addition some station are measuring:

- atmospheric radiation L+
global radiation on
inclined surface

- 30? towards south G30S
- 609 towards south G60S
- 90° towards south $590S
- ultraviolet radiation uv

The data can be stored in the memory of the station for four hours.
Usually data are transferred via the telephone network twice an hour to the
control-centre at SMHI in Norrkdping. Direct access to real time data is
possible by calling the station. At stations situated at airports or at
university institutions this option is used to present real time data on a
screen or to get relevant data as an input to e.g. solar heating systems.

The radiation instruments are ultimately calibrated against the
Angstrdm pyrheliometer No. 171 and the values are referred to the
World Radiometric Reference. For each hour the diffuse solar radiation is
computed from the measured global and direct solar radiation. The global
radiation on vertical surfaces facing south, east, west and north together
with a south facing surface inclined 60° are computed in routine for each
station. As mentioned some stations also measure the global radiation on
three different sloped surfaces. In both cases the ground reflected
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component is not included. When measuring with tilted pyranometers the
ground reflected radiation is eliminated by a series of black slats.

SMHI
The Swedish solar radiation nefwork
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FIGIRE 11

Maasured and calcdlated daily values from the automtic stations

DAILY VALUES : SMHE
Sation: Stodtholm¥TH 02483 TAT: N 59.35 Degrees IONG: E 18.07 Deggrees
Decatber 1983

Day FF TT R SS I GO D GO60s* GI0S* GOOR* GION* GIOE* L

2.0 -8.0¢ 93.0¢ 123 903* 443¢ 339 1223 1221 326 154 354 3612+
4.8 -2.4 80.3 0 92 92 69 46 46 46 46 6757
5.3 2.6 913 0 82 82 61 41 41 41 41 8358
3.3 2.6 98.8 63 220 212 253 209 137 103 103 7379
5.5 6.3 88.8 0 a3 93 69 46 46 46 46 7777
2.7 0.5 95.1 1 184 255 242 384 346 232 118 118 7031
2,9 =29 879 113 253 244 376 337 156 115 148 6629
5.1 0.9 86.6 0 74 74 55 37 37 37 37 6977
3.8 =03 925 0 124 124 93 62 62 62 62 6599
2.7 =9.5 92.6 46 243 242 239 187 163 120 120 4900

O W00 SNV W
COQOUNODOO

11 34 -108 900 85 547 304 246 783 777 219 115 129 3124
12 3.1 -6.8 88.0 267 1768 405 222 1852 1947 366 102 358 3057+

13 40 -0.6 862 0 0 130 130 97 65 65 65 65 4671
14 5.2 0.3 69.0 0 0 167 167 125 83 83 83 83 5%9
15 44 -03 874 0 465 204 248 731 723 234 115 171 6030
16 3.4 -0.5 90.2 12 418 271 228 656 646 230 106 126 530
17 30 =-0.8 93.8 0 0 89 89 67 44 44 44 44 3533
18 1.9 -=3.7 97.3 0 0 165 165 124 82 82 82 82 2587
19 25 =07 99.3 0 0 65 65 49 33 33 33 33 2888
20 2.9 1.0 100.0 0 0 29 29 22 15 15 15 15 2788
21 1.8 0.9 100.0 0 0 46 46 35 23 23 23 23 2489
22 3.4 2.4 98.0 0 0 113 113 84 56 56 56 56 2602
23 3.9 3.1 95.8 0 0 51 51 38 25 25 25 25 2553

24 6.d* -0.2¢ T745% 135 895 243 238 1100 1130 226 110 282 1608+
25 2.7 - 3.5% 85.2% 0* 146% 237 225 397 366 154 105 141 1689+

26 4.6 0.7 92.0 0 0 66 66 49 33 33 33 33 1976
27 4.7% -0.7% 87.1% 0 0 82 82 61 41 41 41 41 1669+
28 6.3 4.2 76,00 244 1488 367 213 1604 1682 316 98 299 1926+
29 5.6 1.9  66.1% 241 1423 377 234 1563 1632 323 108 321 1822+
30 7.3 2.5 88.4 0 0 45 45 34 22 22 22 22 1446
31 6.0 0.8 6%.0 0 1346% 350 206 1460 1534 241 9 316 1401

s 40 -0 884 1124 9804 5854 4854 13760 13491 4134 2314 3738 126093
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FIGIRE II1

A routine compilation of statistical data based on measwred and calcidated values
from an automtic station

Sration: StocdkholarXTH 02483

Decanber 1983

Meary sum
Daily:
Max
Min
No. of Missing
Tays

Hourly:
Abs. Max,
Ave. Max.
Ave., Min.
MHs. Mn.

Nuber of thurs
Measured
Int/comp
Missed
Ttal

Frequency
Observed
No. of Hours

Trradiation
GO a
I :
*G6(8 :
*G908

Wind direction

725
19

744

00
743
708
702
702

<200
744
722
720
720

744

>=5
191

<00
744
733
730
729

55

88.4

100.0
66.1

100.0
97.1
79.1
30.0

726
18

744

>=£10

400
744
741
739
737

1124

267

60l
12

730
14

744

<500
744
744
T44
744

SE
28

9804

1768

435
95

724
20

744

<=20

©00
744
744
744
744

149

SMAL

TAT: N 59.35 Dxgrees IONG: E 1807 Degrees

5854

443
29

103
49

732
12

744

<+=-~10
31

J00
T4k
744
44
754

151

4854

339
29

77
39

744
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329

800
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214
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2.A METHODS FOR DETERMINATION OF SENSITIVITY

AND ANGLE DEPENDENCE AT DFVLR STUTTGART

P.M. Nast

DFVLR, Institute for Technical Physics
D 7000 Stuttgart 80, F.R.G.




METHODS FOR DETERMINATION OF SENSITIVITY
AND ANGLE DEPENDENCE AT DFVLR STUTTGART

The sensitivities of the pyranometers are determined outdoors. Partly
using a HF-cavity pyrheliometer as reference and partly by comparison to a
pyranometer (PSP 18376) used as working standard. The determination of cosg-
effect results from indoor measurements. Special attention is given to the
response time of the pyranometers.

The cosé-effect is determined by means of the apparatus shown in Figure
1. Its detailed description is found elsewhere*. The following measuring
sequence 1is used. Measurements start with the determination of the zero
point when the halogen lamp is shaded. Then readings are taken starting with
& = B85° and ending with- normal incidence. Then the sequence is repeated
starting with @ = -85°. The mean of both sequences is the result. The times
between the readings are decreasing during the sequence and were selected
according to the measured response times. For the PSPs the readings for
8 = 85° are taken after 90 seconds. This time is reduced till 30 s for
normal incidence. The selected sequence should give maximum accuracy despite
the relatively short intervals between the readings. The calibration of the
sensitivity of the working standard is done using the shading disk method.
The pyranometer is mounted on a tracking platform. So the sensitivity for
normal incidence is determined. Calibrations take only place on days with
clear skies. Readings of the diffuse or the global irradiance are taken at
least 5 minutes after the shading or the unshading. Changes of the diffuse
irradiance during the waiting times are monitored by a siliconcell pyrano-
meter. Most of the other pyranometers calibrated in Stuttgart have been
compared to the working standard.

Some alternative methods for calibration have been tested (Figure 2).
Shown are results of calibrations relative to the calibration factors
specified by the manufacturer. The different methods compared are:

- using a second pyranometer of known sensitivity to monitor the
diffuse radiationg

- change of attechment to the tracking device. The body of the
pyranometer was thermally isolated from the frame of the tracking
platform; ‘

- shading disk method in a horizontal position of the pyranometer.
Sensitivity for normal incidence is obtained by applying correc-
tions for the cose-effect (Elevations of the sun were between 35°¢
and 50°)

* P.M. Nast, Measurements on the accuracy of pyranometers, Solar Energy,
Vol. 31, No. 3, pp. 279-282, 1983
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- calibration by comparison with a working standard that has been
calibrated by the shading disc method;

- result of the pyranometer comparison in Davos, March 5/6, 1980;
- result of calibration at NARC, March 1981.

The data show that for Stuttgart the resulting sensitivities are fairly
independent of the method used. The error bars in Figure 2 suggest, that
methods using the tracking platform are to be preferred because they do not
need corrections for the cose-effects resulting in a better reproducibility.

The sensitivities measured in Stuttgart are markedly different from
that determined by other laboratories. Only the agreement with the results
of NARC is fairly good and the remaining differences might be caused by the
angle dependence of the pyranometer.

As primery standard a HF-cavity pyrheliometer from Eppley is used. In
1983 its accuracy has been checked against two pyrheliometers Kendall MKé.
All three gauges gave exactly the same readings.
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CALIBRATION AND COMPARISON OF PYRANOMETERS

INTRODUCTION

Pyranometers have been in use for quite a long time. The required
accuracy of the sensitivity of the instruments has increased in the last few
years. The irradiance should be known within about five percent for meteoro-
logical purposes, whereas a significant higher accuracy is regquired for
solar energy applications. Usually a constant calibration factor is used for
caleculation of the irradiance from the voltage output of the pyranometer.
The output of the instrument is however influenced by:

- time response;

- sudden temperature changes (thermal shocks);
- temperature (of instrument and ambient air);
- irradiance (linearity);

- tilts;

- cosine response;

- azimuth response;

- - wavelength responsitivity.

It is important for the user of a pyranometer to know the dependency of
the instruments output on the possible working conditions.

One should be able to make a good choice between different instruments
for particular applications. A possible tilt dependency for instance is not
important if the instrument is only used on a horizontal surface. A correc-
tion can be made on the calibration factor for an instrument used on a tilt-
ed surface, if the tilt dependency is known and not influenced by other
working conditions. ’

Furthermore the manufacturer of the pyranometer should know the sensi-
tivity dependency on the working conditions since this is indispensible for
improving the instrument.

CHARACTERIZATION

Actually each pyranometer should be completely cheracterized by the
manufacturer: the dependency on the different working conditions should be
known.

A complete characterization of each individual instrument is however
too time consuming and therefore too expensive. Nevertheless, it is not
necessary to do all tests for determination of the characteristics on each
individual pyranometer. The main parts of the characteristics are comparable
to each other for different instruments of one type.

Therefore, only one of the instruments of a certain type (the working
reference) has to be characterized completely in general, whereas for the
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other instruments only a part of the characteristics has to be measured,
supplemented by those of the working standard.

Especially the cosine response and azimuth response and the somewhat
less important temperature dependency are different for the individual
pyranometers. At least the first two should therefore be measured for each
instrument.

CALIBRATION

Calibration of a pyranometer involves in most cases at least two steps,
since it is practically impossible to calibrate each individual instrument
against a pyrheliometer:

a) calibration of a M"working standard" pyranometer against a
pyrheliometer as reference;

b) transfer of the working standard calibration to the pyranometer to
be used in the field.

A characterization is required of both the working standard and the
field instrument for this transfer.

It is essential to present apart from the sensitivity all working con-
ditions of the calibration procedure which might influence the sensitivity
as well as a complete characterization of the instrument. A general format
or calibration/characterization certificate should be developed for this
presentation.

It would be very useful to present the sensitivity of a pyranometer
under certain well defined conditions as well. The sensitivity can be given
for instance for normal incident irradiance and/or for a uniformly isotropic
illumination using a sphere. The intensity, light source, temperature level,
tilt etec. should be prescribed. A direct comparison of calibration factors
found by different institutes is then possible and changes of sensitivity in
time can be detected easily.

Special attention should be given to outdoor measurements, taken during
a whole day. It is usually not correct to calculate the sensitivity as a
mean value over the day, unless "working standard"” and "field instrument"
have the same characteristics, since the working conditions (sun elevation,
azimuth, temperature etec.) are not constant. Theoretically every incremental
measurement should be normalized before taking the mean value.

The calibration factor presented under normalized conditions can be
adjusted for an instrument used in the field by manufacturer or user for the
actual working conditions if a complete calibration/characterization has
been carried out. The adjustment of the calibration factor may be strongly
dependent on the climatic circumstances under which the instrument is used.
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CONCLUDING REMARKS

- Characterization of pyranometers is of the utmost importance for
manufacturers to improve the instruments and for the user in the
field.

- Presentation of the sensitivity of the pyranometer under uniformly
well defined conditions is useful.

- A general format or calibration/characterization certificsate
should be developed for the presentation of the calibration factor
of the pyranometer under well defined conditions, the characteris-
tics of the instrument under different working conditions and the
methods used for the determination.
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CONTRIBUTION TO TASK IX PYRANOMETRY SYMPOSIUM AT NORRKOPING 1984

Tilt Effect on Pyranometers: A Review

The dependence on tilt angle of pyranometer response may be caused by
the following effects:

a) The convective heat losses of the receiver surfaces depend on
their inclinations (1);

b) The infrared irradiance on the receiver of sky and ground is
different at different tilt angless;

c) The warming by direct solar radiation of the pyranometer body
depends on the orientation of the pyranometer with respect to the
direction to the sun.

The effect a) has been investigated in different laboratories. The
results for different types of pyranometers are compiled in Table 1 which
are not claimed to be complete. The sequence of the authors follows the year
of publication. Four different types of test devices has been used. The
results are given as relative change of sensitivity (in percentage) for the
worse case if the pyranometers are tilted from the horizontal to the verti-
cal position. The comparability of the results of different authors is res-
tricted since the applied irradiance and the orientation of the thermopiles
of the pyranometers are often not specified as indicated by the question
marks.

Nevertheless, looking for a preliminary summarizing result for the
above mentioned worse case of tilting the pyranometers (irradiated by 1000
wWm—2), the following relative changes of sensitivity may be extracted from
Table 1.

Pyranometer % Remarks
PSP <.5.
CM 11 <.5
CM 5 -2 Best case: Cable outlet parallel
to tilt axis
STAR (-2) orientation?
EKC (-2) "
8-48 (-7 _ "
HOLLIS (<.5)

While the results for the first three pyranometers have a high level of
confidence, the results for the four other pyranometers should be confirmed
by further tests.

The effect b) has been tested by the author in the laboratory using
hemispherical blackbody radiators. Accordingly the tilting from the horizon-




tal to the verticel position of field pyranometers of the type CM 5, CM 11
and PSP should deliver after 15-30 minutes irradiation outdoors an infrared
generated excess signal equivalent to 15-20 Wm—2 when the temperature dif-
ference between sky and ground is of the order of 30 K. Natural and artifi-
cial ventilation of the pyranometer dome may reduce this effect by more than
a factor 5. Therefore, for accurate measurements at calm the artifieial
ventilation will be necessary.

The effect c) has not yet been investigated thoroughly. It depends on
the heat conduction and the painting of the pyranometer body as well as on
the wind velocity. By special screens for tilted pyranometers this effect
can be prevented.

Field tests are more realistic than laboratory tests but are less well
defined and reproducible (see (2) for instance). The duration of a field
test is limited by the variation of the sun position and changing atmos-
pheric conditions. Nevertheless, field tests are considered to be necessary
for verifying the results of laboratory tests on realistic conditions, and
should be performed at selected sites. "Clean" results may be expected from
field experiments which can be described as "sun and shade" calibration of
sun-tracking pyranometers. Such experiments carried out by DSET Laboratories
(Phoenix) and by NARC (Toronto) for instance, should verify the results of
the indoor tests which lead. to the conclusion that a ventilated, well
screened pyranometer with a "cold" thermobattery has a tilt effect less than
0.5%.

REFERENCES

Dehne, K.: Dependency on tilt angle of pyranometer sensitivity. In: Proceed-
ings of the CIE-Symposium on Light and Radiation Measurement '81,
Ha jduszoboszlo, 27-28 May 198l. Hungarian National Committee of the
CIE, Budapest, 1981.

Stoffel, T.: Preliminary analysis of IEA Pyranometer performance compari-
sons: an outdoor tilt table study, in Appendix M. In: Proceedings of
the International Energy Agency Conference on Pyranometer Measurements.
16-20 March 1981, Boulder, Colorado. Solar Energy Research Institute,
October 1982.
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PYRANOMETER CHARACTERIZATION MEASUREMENT METHODS AT THE
STATENS PROVNINGSANSTALT, BORAS
AND RESULTS FROM THE IEA MEASUREMENTS IN BORAS 1982

GENERAL

At Statens provningsanstalt (National Testing Institute) in BorBs we
have methods for indoor measurements of four pyranometer characterization
parameters: cosine dependence, tilt effect, linearity and temperature depen-
dence. Measurement of azimuth dependence is included in the cosine measure-
ments. We have also facilities for outdoor calibration of pyranometers.

Our indoor methods are indeed very simple. Actually so simple that we
assemble and disassemble the measurement set-up before and after every
measurement period. As a solar simulator we use an ordinary small picture
slide projector, Kodak Carousel, which is slightly modified for DC power
operation of its lamp: a 250 W 24 V tungsten halogen lamp. We use this pro-
jector as a source for all indoor measurements except for the linearity
measurements where we use two identical projectors which are very similar to
the Kodak projector but are made by another manufacturer. Heat filter
{(infrared cut-off-filter) is used except for the temperature dependence
measurements where we had problems te get enough irradiance on the pyranc-
meter. With the filter we get a spectral irradiance wavelength distribution
as in Figure 1. The dotted curve in Figure 1 shows the solar irradiance at
ground level passing two airmasses. The irradiance center wavelength is 581
nm for the projector radiation and 711 nm for the solar radiation. As the
pyranometers we so far have measured with these methods are total ahsorbing
temperature sensing devices this should mean that the difference between the
two spectral distributions (and also other ground level solar distributions)
are not very significant for the measurement unaccuracy.

COSINE DEPENDENCE

For the cosine dependence measurements we mount the pyrancmeter on a
rotational stage. The stage and pyranometer we then mount on another rota-
tional stage (Figure 2) whose surface is horizontal (vertical axis). The tap
stage has an horizontal axis of rotation. We adjust the position of the top
stage so the sensitive surface of the pyranometer which is vertical will
have its vertical diameter coinciding with the rotational axis of the bottom
stage. '

We make this adjustment very carefully using a microscope. The projec-
tor source is placed about one meter from the pyranometer surface and posi-
tioned so the pyranometer is irradiated along an horizontal optical axis.
Three screens are used to reduce stray radiation to the surrounding which is
in black material. A shutter is also placed in the optical path. The pro-
jector is operated without the objective lens. This set-up gives a very
uniform irradiation aver the pyranometer surface also in cases where the
sensitive area is rather large. We measured the luminance distribution
across a surface corresponding to that of the Schenk Star pyranometer to be
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within +0.5% and within +0.1% for the Eppley PSP surface size. The irradi-
ance is rather low: about 50 W/m~2. The whole outer glass dome is irradiate
ed.

Before mounting the pyranometer it was carefully positioned "parallel"
to the upper rotational stage surface using its spirit level. This was done
to check the accuracy of the spirit level from the measured cosine depen-
dence angular distributions.

The bottom stage is rotated so the light reflex from the vertical stage
surface reentered the source. This angle of the stage defines the zero angle
of incidence.

Both rotational stages are computer controlled and so is the shutter.
The pyranometer output which is very small, just a few hundreds of micro-
volts, and is measured by a digital nanovolt meter, made by Keithley, is fed
into the computer.

The bottom stage is rotated +90° and measurements are taken every 2°.
Reference measurements are taken at 0° before, in the middle and after the
sweep for correction of source instabilities. Then the measurements are
repeated with the upper stage and pyranometer rotated in 30° steps until
cosine dependence has been measured in six different polar planes which
gives 12 azimuth directions. At each angular position the difference is
measured between the pyranometer output when irradiated and the output when
shaded by the shutter. But both voltages are recorded.

The whole measurement is automatic and takes different time depending
of the time constant of the pyranometer. A complete cosine measurement of a
Kipp & Zonen CM5 pyrancmeter takes about 18 hours while an Eppley PSP is
measured in about 8 hours.

The result is given in a table like Figure 3 for the 12 azimuth direc-
tions.

TILT EFFECT

For measuring the tilt effect we mount the projector and the pyrano-
meter on an optical bench like Figure 4. The bench is mounted on a tripod
with a tilting head. With the bench horizontal the pyranometer is mounted
vertical. The irradiance is adjusted to 1000 W/m2. The whole outer glass
dome is irradiated.

The irradiance change a 1little during the tilting and therefore a
reference detector is mounted into the radiation beam by means of a beam
splitter. The reference detector is adjusted so geometrically about the same
radiation falls on its surface as falls on the pyranometer sensing area. It
is a silicon detector with a radiometric filter.
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FIGURE 3
Cosine/azimuth table

Responsivity Deviation Per Mile from Cosinus Response
at Different Azimuth Planes

Pyranometer: CM11-810181

Azimuth:

Polar Angle 0 30 &0 90 120 150 180 210 240 270 300 330
1 0 0 1] 0 1] 0 0 0 0 0 0 |
2 0 =0 =0 -0 -1 -1 0 0 =0 1] -0 0
4 0 0 -0 -0 -0 -1 0 0 -0 =0 -0 -0
6 .0 -0 D =0 -0 -1 0 0 =0 0 -0 0
8 0 -0 =0 -0 -1 =1 1] 0 0 -0 -1 =0

10 1] -0 0 -0 -1 =1 0 1 -0 -0 -0 =0
12 -0. =0 0 0 -1 -1 1] 1 -0 =0 -1 -0
14 =0 -0 0 0 -0 -1 0 0 0 =1 -1 -0
1a6 0 0 1 0 -0 =0 1l 1 -0 -1 -1 -0
18 0 1] 1 0 -0 -1 1 1 0 -1 -1 =0
20 0 -1 l 1 -0 -0 1 1l ] -1 -1 =0
22 | 0 1 1 0 -0 1l 1l 0 =1 -0 0
24 0 1 1 1 =0 0 1 2 0 -1 -0 1]
26 1l 0 2 1 0 0 2 y 1 -0 -0 ]l
28 1 1 2 1 0 1 2 2 1 -1 -0 1
30 1 1 2 i 1 1l 2 3 1 -0 -0 1
32 1 1 2 1l 1 1 3 3 1 =1 | 1l
34 1 1 2 2 1l 1 3 3 1 =0 1] 1
36 2 1 2 2 1 1 3 4 1 -0 1 2
38 2 2 3 2 1 1 3 4 1 =0 1 2
40 2 2 3 2 1 1 3 4 1 o 1 2
42 2 2 3 3 1 2 4 4 1 0 2 2
44 2 2 3 3 1 2 4 5 2 1 2 2
46 2 2 3 2 1 2 4 5 2 1 2 2
48 3 2 3 2 1 1 4 5 2 1l 3 1
50 3 2 3 2 1l 2 4 6 3 2 3 1
52 4 2 3 3 1 1 4 é 3 2 3 2
54 4 3 3 2 1 2 4 6 3 2 3 1
56 5 4 4 3 2 2 4 6 3 2 3 1l
58 6 4 4 3 2 3 3 6 2 2 3 1
60 6 5 5 4 2 2 3 6 2 1 3 1
62 7 5 5 4 2 2 2 5 3 1 3 1
64 8 6 6 4 2 3 2 5 3 1 3 1
66 9 7 7 4 2 3 3 6 3 1 4 1
68 9 7 8 4 2 3 2 6 4 1 4 2
70 11 10 9 5 3 5 3 7 5 2 6 4
72 14 12 12 6 4 8 4 9 8 6 8 7
74 19 17 17 10 7 14 5 11 10 7 0 9
76 26 22 21 14 11 21 8 16 15 13 15 13
78 35 29 30 20 18 28 11 21 22 18 21 22
80 50 38 41 29 25 37 16 30 32 30 33 36
82 73 56 54 43 31 43 15 39 48 51 54 55
84 103 72 59 46 29 40 13 42 64 77 80 71
86 147 109 92 77 56 73 28 64 85 110 121 28
B8 305 239 214 197 161 194 119 118 214 246 261 224
20 ——— ——— e mme e e mme —mm e e — ————
Offset .10 .02 .03 .04 05 02 10 .02 .03 .04 .05 .02



The ratio of the pyranometer output voltage and the reference detector
short circuit current is taken every 10° tilting of the bench from 0° to 90°
and back again.

Before the measurements the pyranometer is stabilized at 1000 W/m?
irradiance for about 5 minutes. The stabilization time used at each tilt
position is 10-20 seconds.

The tilt position is set manually but the readings of the detector
outputs are taken directly into a computer in order to save time. The result
is got directly by taking the mean values of the two measured ratios at each
tilting position and then normalizing the mean values to one at 0° tilt
angle of the pyranometer.

LINEARITY

For measuring the linearity of a pyranometer the pyranometer is placed
horizontally and irradiated from two projectors as in Figure 5. This projec-
tor set-up was actually developed for measuring linearity of photodetectors
and radiometers vertically mounted on an 11 meter optical bench. But we want
to measure the pyranometers in horizontal position and therefore we place a
mirror on top of it. The mirror is conecave and focussing the radiation so we
can get 1000 W/m? irradiation (500 W/m? from each projector}. The projecter
outputs are adjusted to give approximately the same pyranometer output volt-
ages. The irradiance on the pyranometer surface is in this measurement not
very uniform.

The DC power to the projector lamps is controlled by a computer which
also controls the individual shutters in the projectors. The computer also
reads the detector output.

The following measurements are made of the pyranometer output: both
projectors closed, projector A open, both closed, both open, both closed, B
open and both closed. With the zero values subtracted from the readings the
ratio is taken of the detector outputs with both projectors open and the sum
of the two outputs with single projector. The ratio shall be equal to one if
the pyranometer is linear (by the principle of superposition).

These measurements are repeated three times and a mean value is calcu-
lated.

Then the DC voltage of the lamps is adjusted to give half of the previ-
ous irradiance level on the pyranometer. This of course gives a change in
the spectral distribution of the irradiance but we assume that the linearity
is independent of those changes in distributions we get, which may be true
or not.

The lamps must be stabilized at each new power level. Also a stabiliz-
ing period is needed before faking a pyranometer output reading after chang-
ing the irradiance. The latter time is different for different pyranometer
types.
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The measurement of the linearity is automatic, taking several hours to
complete mostly depending on the time constant of the pyranometer.

The result is normalized to one at 500 W/m? and is presented as the
responsivity R(E) as a Ffunction of the irradiance level E on the pyrano-
meter. With the measured ratios r(E) the responsivity is given by:

R(1000) = r(1000)

R(E)/e(E)

R(E/2)

TEMPERATURE DEPENDENCE

For measuring the temperature dependence the pyranometer is placed
inside a temperature chamber with a hole in its roof through which the radi-
ation is transferred from outside to the pyranometer (Figure 6). A reference
detector similar to that for the tilt measurements keeps track of the
irradiance level during the measurement period.

A thermocouple is carefully attached with aluminium tape to the base of
the pyranometer. We also use silicon grease to get good thermal contact
which is very important.

The temperature setting from -25°C to +35°C in 15°C step is controlled
by a computer which also reads the thermocouple output, the reference detec-
tor output and the pyranometer output. When the temperature is found stable
within a given degree measurements are taken of the detector outputs. 5°C is
taken to be reference temperature and the measurements at the different
temperatures are made in the following order: 5°, -10°, 5°, -35°, 5°, 20°,
59, 359, 50,

All these measurements are automatic. The measuring time depends to a
large extent on the heat capacity of the pyranometer body. Normally, it is
about 7 hours which means that we can measure two pyranometers per 24 hours.

The mean detector output at each temperature divided by the 5°C mean
output is calculated. No zero values of the pyranometers were taken.

QUTDCOR CALIBRATION

Finally, we also make outdoor calibration of pyranometers. I think this
is outside the theme of this lecture but I will mention it very briefly for
completeness. We can calibrate up to 25 pyranometers simultaneously on the
roof of one of our buildings. Readings of all 25 is taken simultaneously
each minute during daytime in a 4 second integration period with a veoltage
to frequency converter for each pyranometer. A mean value weighted with the
irradiance level is tsken for about 5 days measurements with the pyrano-
meters horizontally mounted and another 5 days with the pyranometers tilted
50° towards south. We also take readings from a reference pyranometer.
Correction (very small) for temperature variations and cosine dependence of
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the reference pyranometer as we use shading technique when we absolute cali-
brate it against a pyrheliometer. The voltage to frequency converters are
calibrated electrically before each 5 day period. The result of the measure-
ments looks like Figure 7 which shows diagrams for the radiation situation
during the period of measurement. Each point in the diagram represents a 10
minute mean value.

IEA MEASUREMENTS IN BORAS 1982

The indoor characterization parameters of 33 pyranometers was measured
in Bor8s 1982 within the IEA work. Cosine dependence, tilt effect, linear-
ity and temperature dependence was measured on 6 items EKO, 6 items Eppley
RSP, 5 items Kipp & Zonen CM5, 5 items Kipp & Zonen CMLO, 5 items Schenk
Star, 3 items Swissteco 55-25 and 3 of the World Radiation Center pyrano-
meters.

Figure 8-12 show the result of these measurements where each diagram
represent one type of instruments with the result from each individual
instrument of the type plotted.

Figure 8 shows the temperature dependence. The behaviour of the instru-
ments of each type are very close except for the EKO instruments. Also one
of the older PSP and the very oldest CMLO differs significantly.

Figure 9 shows the pyranometer responsivity with the irradiance level.
In general the instruments of each type are behaving the same. Eppley PSP
has negligible temperature dependence.

Figure 10 shows the tilt effect. Swissteco 55-25, Eppley PSP and Kipp &
Zonen has negligible tilt effect. EKQ has different tilt effect for differ-
ent orientations of the black and white fields. Smaller tilt effect was
measured for EKO No. 81901 and No. 81903 which have a black field upwards
while the other ones have a black/white field upwards. Cable connection to
the pyranometer defines the north (up) direction.

Figure 11 shows deviations from ideal cosine dependence in N-5 direc-
tion. Kipp & Zonen CMLO was found to have the best cosine dependence of the
measured types. The spread of the cosine characteristics of the other types
ars very large.

Figure 12 shows azimuth variations of responsivity calculated from the
cosine measurements with 70° incident angle of radiation. The behaviour of
the individual instruments are very random. Only the periodicity of respon-
sivity with the azimuth angle is consistant within each type of pyrano-
meters.

The measured values are also compared with corresponding indoor
measurements at WRC, NARC and Kipp & Zonen: -
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Figure 13-16 show a comparison of cosine measurements between
SP-NARC-WRC. Figure 13-14 in S-N direction and Figure 15-16 in W-£ direc-
tion. The agreement was very poor except for the CMl0 type where SP and NARC
agreed very well.

Figure 17-18 shows a comparison of cosine measurements between
SP-K&Z-WRC. Only on the CMLO type. The agreement between 5P and Kipp & Zonen
was very good.

Figure 19-20 show a comparison of temperature dependence measurements’
at SP and NARC. The same general shape of temperature characteristics was
achieved at both laboratories with good agreement on the PSP and CM10 types.

Finally, a calculation was performed using the measured data to see how
much the deviation from an ideal pyranometer would be for the individual
pyranometers on two specific sunny days in Davos 1981-07-30 7h-18h and
1982-01-13 11lh-15h measuring the time integrated irradiance (energy) and
taking account cosine dependence, non linearity and tilt effect. The cal-
culations were performed according to Appendix 1. The result is given in
Figure 21-22. CM1O type gives the bet result with about 0.5% deviation from
an ideal pyranometer.
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FIGURE 21
Integrated Irradiance 820113 11h-15h and 810730 7h-18h
Deviation from Ideal Pyranometer in Percent Covered by
Cosine Error, Nonlinearity and Tilt Effect

Tilt toward south (deg): 30

82-01-03 81-07-30
Ideal pyranometer 0.00 0.00
IEA EKO 81901 /4 -1.55 ~0.91
IEA EKO 81903 /5 -0.53 -0.16
IEA EKO 81906 /6 0.70 0.50
IEA EKO 81%07 /7 =-1.02 -0.54
IEA EKD 81908 /8 0.02 0.03
IEA EKO 81909 /9 1.39 0.88
IEA Eppley PSP 14806 /10:2 -1.00 -0.70
IEA Eppley PSP 17750F3 /11 -0.02 0.31
IEA Eppley PSP 181353 /12 =0.79 -0.22
IEA Eppley PSP 20523F3 /13 -0.96 -0.50
IEA Eppley PSP 20524F3 /14 ~1.26 {1, 93
IEA Eppley PSP 20655F3 /15 -1.04 -0.59
IEA Kipp & Zonen CM5-773656 /16 -1.74 -1.52
IEA Kipp & Zonen CM5-773992 /17 -1.60 =-1.44
1EA Kipp & Zonen CM5-774120 /18 =1.76 -1.66
IEA Kipp & Zonen CM5-785017 /19 -1.81 ~-1.61
IEA Kipp & Zonen CM5-785047 /20 -1.33 -1.18
IEA Kipp & Zonen CM10-790059 /21 0.05 0.42
IEA Kipp & Zonen CM10-810119 /22 0.42 0.59
IEA Kipp & Zonen CM1D-810120 /23 0.56 0.58
IEA Kipp & Zonen CMLQ-810121 /24 -0.31 0.12
IEA Kipp & Zonen CM10-810122 /25 0.60 0.68
IEA Schenk Star 1626 /26 -0.32 -0.53
IEA Schenk Stern 2186 /27 -1.18 =-1.24
IEA Schenk Stern 2209 /28 ~1.96 A ~].55
IEA Schenk Stern 2217 /29 -0.79 -0.55
TIEA Schenk Stern 2221 /30 -0.60 -0.73
IEA Swissteco 55-25 113 /31 3.20 1.93
IEA Swissteco 55-25 114 /32 1.70 0.95
LEA Swissteco S5-25 115 /33 2.09 1.04
IEA WRC AvV-1 /1 0.53 0.30
IEA WRC AvV-2 /2 -1.79 -0.73
~ IEA WRC 6703-A /3 -1.09 -0.85
{M11-810181 0.32 0.14
PSPE£35 -0.15 -0.02
Exposure on ideal pyran, Ws/m” 5637 16584
Mean irradiance, W/m’ 564 691

The instruments calibrated at 500 W/m”
and 45% {ilt angle.




FIGURE 22
Integrated Irradiance 820113 1lh-15h and 810730 7h-18h
Deviation from Ideal Pyranometer in Percent Covered by
Cosine Error, Nonlinearity and Tilt Effect

Tilt toward south (deg): 45

82-01-03 81-07-30
Ideal pyranometer 0.00 0.00
IEA EKO 81901 /4 -1.38 -1.21
IEA EX0 81903 /5 ~0.56 -0.41
IEA EKO 81906 /6 -0.17 0.29
IEA EKO 81507 /7 ~0.93 -0.91
IEA EKO 81908 /8 -0.64 -0.31
IFA EKO 81909 /9 0.26 0.83
IEA Eppley PSP 14806 /10:2 -0.34 -0.89
IEA Eppley PSP 17750F3 /11 -0.07 0.27
IEA Eppley PSP 18135F3 /12 -0.36 -0.33
IEA Eppley PSP 20523F3 /13 -0.53 -0.66
IEA Eppley PSP 20524F3 /14 -0.58 -1.14
IEA Eppley PSP 20655F3 /15 -0.50 -0.73
IEA Kipp & Zonen CM5-773656 /16 -1.41 -2.28
IEA Kipp & Zonmen CM5-773992 /17 -1.84 -2.20
TIEA Kipp & Zonen CM5-774120 /18 -1.58 -2.38
IEA Kipp & Zonen CM5-785017 /19 -1.54 -2.34
IEA Kipp & Zonen CM5-785047 /20 -1.22 -1.92
IEA Kipp & Zonen CM10-790059 /21 0.12 0.42
IEA Kipp & Zonen CML0-810119 /22 0.33 0. 56
IEA Kipp & Zonen CM10-810120 /23 0.72 0.61
1EA Kipp & Zonen CM10-810121 /24 -0.08 0.03
IEA Kipp & Zonen CM10-810122 /25 0.55 0.70
IEA Schenk Star 1626 /26. ~0.74 -1.00
IEA Schenk Stern 2186 /27 -1.01 -1.76
1EA Schenk Stern 2209 /28 -1.60 ~2.24
1EA Schenk Stern 2217 /29 -1.04 ~1.05
IEA Schenk Stern 2221 /30 -0.79 -1.13
IEA Swissteco S§S-25 113 /31 2.35 2.66
IEA Swissteco 5S5-25 114 /32 1.16 : 1.34
IEA Swissteco S$S5-25 115 /33 1.48 1.57
IEA WRC AV-1 /1 0.52 0.69
IEA WRC AV-2 /2 -0.59 -0.99
IEA WRC 6703-A /3 -0.55 -3.99
tM11-810181 0.17 0.20
PSPL35 g.08 0.03
Exposure on ideal pyran, Ws/m” ' 6523 15428
Mean irradiance, W/m’ 652 643

The instruments calibrated at 500 W/m’
and 45°% tilt angle.



APPENDIX 1

Integrated all day irradiation on a tilted surface

The deviation from ideal cosine response, the tilt effect, the nonlin-
earity and the temperature effect on the responsivity all course errors in
the measurement of all day irradiation. This effect has been calculated
using the following formalism.

The pyranometer is supposed to be mounted in a position tilted towards
south, the tilt angle being B8 degrees.

The sun is traversing the sky in a terrestrial coordinate system (x, vy,
z). The pyranometer is mounted in a coordinate system (x', y', z') which is
rotated the angle g8 in the (x, y, z)-system. The pyranometer is positioned
in the common origin of the two systems.

Let (r, 8, ¥) and (r', @', ¥') be spherical coordinates in the respec-
tive systems.

The coordinate axis have the following orientations:

x and x' are pointing west
y is pointing south
z is pointing towards zenith

The angles have the following meaning:

@ is the solar elevation

¥ = ¢-180°

¢ is the azimuth angle, 0° to the north and positive angle towards east
B is the tilt angle of the pyrancmeter

The following relationships are then valid in the respective system.
r cos @ * sin ¥

r cos 6 cos ¥ (1)
r sin ¥

e s,
N X
i n

x' = r cos &' * sin V'
y' = T cos &' * cos ¥’ (2)
z!' = r sin &'

The rotation of the (x', y', z')-systems around the x-axis gives the
following equations:

z' = y sinB+z cosB (3)
x! X

{y' y cosB-z sing




Equations (1), (2) end (3) give the solar elevation, 6', and solar
azimuth, ¢', in the pyranometer system.

cot{e'-1809)= cot ¥ cosg - =30 ging (4)
siny

sin @' = cos 6 cos ¥ som B + sin 6 cos 8

The total radiation has been divided in beam radiation and diffuse
radiation according to a formalism in ref. x,.

The extraterrestrial radiation, G,, is given by
Gy = Ggp(1+0.033 cos ( 269.0)) sin o (5)
365
where Ggpn is the solar constant and n is the day of the year.

The atmospheric transmittance for beam radiation at clear sky is

T, = 8g + 8 e -k/sin © (6)

where a, =r, a%t; a, =1, af; k =1y k*
and a® = 0.4237 - 0.00821 (6-A)?
a* = 0.5055 + 0.00595 (6.5-A)%

k*¥ = 0.2711 + 0.01858 {2.5-A)?2
where A is the altitude in kilometers.

r , v, and r are climatic correction factors given in Table y.

07’ 1

Table y. Correction factors for climate types

Climate type T, r, Ty

Tropical 0.95 0.98 1.02
Mid-Latitude Summer 0.97 0.99 1.02
Subarectic Summer 0.99 0.99 1.01
Mid-Latitude Winter 1.03 1.01 1.00

The transmittance for diffuse radiation at clear sky is given by

14 = 0.2710 - 0.2939 1y (7)




In the calculations the diffuse radiation is assumed to be isotropic.

The radiation as measured by the pyranometer can then be calculated as

G=Gb+Gd
or
T
& = Gg [Tb ee (0', 2') + Eﬁ-; e, (0", @') dﬂ] ey (Beg(ple (t) (8)
where € is an error function
and eo{8'; ¢') indicates cosine dependence
eg(G) indicates linearity dependence
eg(B) indicates tilt angle dependence
e (t) indicates temperature dependence

Fquation (8) has been used to integrate the all day irradiation by summing
each half hour over the day. The integral in Equation (8) has been replaced
by a sun over the 540 measured directions across the pyranometer hemisphere.

In the computations e¢{t) = 1 in lack of data.

LITERATURE

Duffie, J.A. and Beckman, W.A.
Solar engineering of thermal proecesses, John Wiley & Sons, New York,
1980.

X,
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PRESENTATION OF SOME OF THE IEA-INSTRUMENT CHARACTERISTICS

SUMMARY

The characterized pyranometers are part of a larger group of instru-
ments that are being tested at several laboratories in different countries.
The objective of the characterizations is to compare the techniques and
results of the manufacturers and the independent laboratories. In this paper
are presented the measurements of the time response, thermal shock response,
linearity and tilt dependency, as well as the influence of the radiation
source on calibrations.

TIME RESPONSE MEASUREMENTS
Test facility

The Xenon-lamp test facility is described in detail in the paper "Manu-
facturers indoor calibration procedure of Kipp & Zonen CM 11", which is
included in the proceedings as well.

The Xenon-lamp beam is reflected downwards on the horizontally placed
pyranometer with the mirror device which is mounted on the vertical table of
the goniometer.

The normal incident radiation on the pyranometer is approximately 500
W/m?, with a short term stability of +3.2%. The room temperature was between

16 and 20°9C.

A three channel Kipp & Zonen X~T recorder (type BD 100) is used for
registration of the signal.

Test Procedure

The recorder pen was set between 99 and 100% of the full scale with the
variable setting of the span after illuminating the pyranometer for several
minutes. The pyranometer was then shaded by turning the light part of the
rotating sector in the beam until the signal was below 0.25% of the full
scale. The pyranometer is illuminated for three minutes then shaded again.

Results

The response of the pyranometers for illumination during three minutes
and shading afterwards is shown in Figure 1 and in Table 1. Table 1 shows
the response relative to the response after three minutes illumination.
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Time Response

TABLE 1

Instrument Percentage of final value after:
Type Number 10 s. 30 s. 60 s. 120 s. 180 s.

Eppley PSP 20524 3 99.0 99.3 99.5 99.6

Kipp €M 1D 810121 95.3 100.0 100.0 100.0 100.0

Kipp CM 5 773656 93.0 99.0 99.8 100.0 by defin-
ition

Schenk 2209 77.0 96.0 99.2 99.9

Swissteco 114 A 50.0 99.4 99.5 99.9

CSIRO HBR 115 32.0 73.8 92.7 98.9

Eko A 81908 90.7 98.8 99.9 100.0

Pyranameters have multiple time constants as most thermal devices. The
time response is firstly influenced by the inertia of the sensor caused by
its thermal capacity, secondly by the net infra-red radiation between inner
dome and sensor and thirdly by a change in the temperature of the housing.
Each of these influences has its own time constant, the first has the small-
est. Further research on these responses is going on,

Table 2 shows the time constant (1/e) of the first response, which is
influenced by the thermal capacity of the sensor. Furtheron, the suggested
settling time (tg) is given. This is the time after which the voltage
output is read out in the characterization tests (linearity, tilt, etec.).
The first response is suspected to have its final value within 0.1 percent
after this settling time. This response will almost turn to zero by shading
of f for the same period.

A possible stable second and third response can be determined now, they
are together the remaining signal. Subtracting the rest signal after shading
for the settling time from the signal after illuminating for the settling
time will yield results close to the actual response to the irradiance.

THERMAL SHOCK RESPONSE
Test Facility

A climatic chamber (Vétsch 125 1) with built-in ventilator is used
for heating the pyranometers (Figure 2). The cooling is achieved in a normal
darkened room by using a ventilator, producing wind over a wooden table. The
output of the pyranometers is measured with a three-channel Kipp & Zonen
recorder (BD 100),
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TABLE 2
Time constant and settling time

Instrument
Time Constant | Settling Time

Type Number (s) (s)
Eppley PSP 20524 F3 1 60
Kipp CM 10 810121 4 60
Kipp CM 5 773656 3 60
Schenk 2209 6.5 120
Swissteco 114 A 4 20
CSIRO HBR 115 22 180
Eko A 81908 4 90

Test Proecedure

The pyranometers have been placed in groups of three instruments in the
climatic chamber. The temperature was 25°C. The built-in ventilator guaran-
tees a good heat transfer from the eir to the pyranometers. When their
signal had decreased below 1 W/m? the instruments were placed outside the
¢limatic chamber in front of a ventilator in triangular arrangement. The
room temperature was about 20°C. The signal of the instruments was recorded
for 20 minutes. In the mean time the next group of pyranometers was warmed

up.
This test has been carried out twice on the Eppley PSP and Kipp CM 10.

fesults

The responses of the pyranometers on a thermal shock are presented in
Figure 3. The curves are corrected for the zero offset which was still pre-
sent when the instruments were placed in front of the ventilator. The two
sources of the instrument outputs are the infrared radiation between the
inner dome and the sensor and the temperature change of the body. It is
obvious that the different pyranometer constructions yield very different
behaviours.

The reproducibility of the tests on the Eppley PSP and the Kipp CM 10
was within 10 percent.

LINEARITY AND TILT EFFECTS
Test Facility
The Xenon-lamp test facility is used for the measurement of linearity

and tilt effects. The mirror device is mounted on the vertical table of the
goniometer, allowing a horizontal operation of the pyranometer for the
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linearity tests. Tilt effects can be measured by rotating the mirror device
and pyranometer over its horizontal axis. A disadvantage of this method is
that by tilting the pyranometer, the light beam rotates around its axis in
relation to the pyranometer. Errors will be made if the beam is not homo-
geneous and if the sensor is not rotationally symmetric. Measurements have
shown that the homogeneity of the irradiance is within 2 percent over an
area with a diameter of 40 mm.

The maximum irradiance of the instrument is approximately 1000 W/ m2 .
Other irradiance levels are realized by using a rotating sector which trans-
mits 50.0 percent or 25.0 percent.

Using both rotating sector and mirror device, measurements can be made
on linearity, tilt and combined linearity and tilt effects. The voltage
output of the pyranometers is measured with a Keithley 177 digital volt
meter.

Test Procedure

The pyranometers are placed in the middle of the light bundle. They
were shifted or rotated a little until no tilt effects were found at the low
irradiance level of 100 W/m?. This procedure guarantees that no influence
shall be found which is caused by the small inhomogeneity of the Llight
bundle combined with a rotationally asymmetric sensor. Only the Schenk and
the Eko pyranometer showed a small tilt effect (maximum 0.3 percent) at this
low irradiance level.

Table 3 shows the measurement routine for the Schenk pyranometer. The
measurement routine for the other pyranometers was alike, only having dif-
ferent settling times.

The zero offset is measured before and after each series of tests at a
certain irradiance level. The measurements are compensated for this zero
offset. The effect of a linear lamp drift and zero offset drift is reduced
by taking the averages of the measured output of the first and the second
half of a series of tests.

The series of tests started and ended with a 500 W/m? period to obtain
a good definition of the 500 W/m* horizontal response. It appeared that the
250 W/m? series should precede the 1000 W/m? series to minimize the zero
offset drift.

Results

Figure 4 shows the measured irradiance on the pyranometers (calculated
using the constant calibration factor for 500 W/m?* on a horizontal sensor)
divided by the actual irradience on the instrument as a function of the
irradiance level for different tilt angles (the relative response).

The Kipp CM 5, Schenk and Eko pyranometers show an interaction between
linearity and tilt dependency. : :
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TABLE 3
Measurement routine for the Schenk pyranometer.

Test Time Irradiance level Tilt
Number (Min.) (W/m2) (degress)
1 0 shaded 0
2 2 500 0
3 3 500 30
4 4 500 60
5 5 500 20
6 [ 500 60
7 7 500 30
8 8 500 0
9 10 shaded 0
10 12 250 0
11 13 250 30
12 14 250 60
13 15 250 90

14 16 250 60
15 17 250 30
1s 18 250 0
17 20 shaded 0
18 22 1000 0
19 23 1000 30
20 24 1000 60
21 25 1000 90
22 26 1000 60
23 27 1000 30
24 28 10080 0
25 30 shaded 0
26 32 500 0
27 33 500 30
28 34 500 60
29 35 500 30
30 36 500 60
31 37 500 30
32 38 500 1]
33 40 shaded 0

INFLUENCE OF RADIATION SOURCE ON CALIBRATION

The wavelength responsitivity of the pyranometers is influenced by the
type of glass of the domes and the surface material of the sensor. The
influence of the radiation source will be small if two instruments of one
type are calibrated to each other. There is however, a strong influence of
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the radiation source if two different type of instruments with for example
different types of glass are calibrated to each other.

Test Facility

The Xenon-lamp facility and tungsten-halogen lamp test facility have
been described before.

The short term stability of the 500 W/m? irradiance was +#0.2 percent.
The room temperature was between 19 and 22°C.

The output of the pyranometers was measured with a Keithley 177 digital
voltmeter.

Test Procedure

Each pyranometer was compared with the Kipp & Zonen CM 11 working
standard (pr. 820078). Firstly, the IEA-pyranometer was illuminated for the
settling time (Table 2) and compensated for zero offset which was measured
after shading for the settling time.

Then the working standard was illuminated for one minute and compensat-
ed for 1 minute shading. Thirdly, the IEA-pyranometer was illuminsted for
another time and offset compensated. The reproducibility of the first and
last measurement was within 0.5 percent.

Results

Table 4 shows the calibration factors of the IEA-instruments using the
Kipp & Zonen CM 11 working standard for both the Xenon-lamp and Halogen-lamp
as the light source. The calibration factors are relative to the level which
is in use at Kipp & Zonen at this moment. The traceability with other levels
is shown in the paper "Manufactureres indoor calibration procedure of Kipp &
Zonen CM 11",

TABLE 4
Calibration Factor

Instrument Calibration factor
Sxenon
Manufacturer | Xenon-1lamp jHalogen-lamp ——

Type Number (W m2) | uv/Wm—2)|  (uWV/Wm=2) | Shalogen
Eppley PSP 20524 F3 10.10 10.16 9.79 1.038
Kipp CM 10 810121 4.68 4.69 4,69 1.000
Kipp CM 5 773656 11.74 11.87 11.77 1.008
Schenk 2209 - 15.55 15.03 1.034
Swissteco 55.25 | 114 A - 15.70 14.96 1.049
Csiro Mk.2 HBR 115 - 3.85 3.61 1.067
Ekao A 81908 - 2.69 8.84 1.096
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The difference between Xenon and Halogen calibration is probably caused
by a difference in spectrum. The spectrum of the Xenon-lamp test facility is
from 350 nm to 2700 nm. About 10 percent of the irradiance of Halogen-lamp
test facility has a wavelength of more than 2700 nm (infrared).

Comparison of an Eppley PSP and a Kipp CM 10 under outdoor conditions
showed a very close agreement to the Xenon-lamp calibration (within 1%).
Comparison of an Eppley PSP and a Kipp CM 10 with the halogen test facility
using a water filter (wavelength transmission up to 1100 nm) showed good
agreement with the Xenon-lamp calibration as well (within 1%).

It is shown clearly that special care has to be taken for intercompari-
son of different types of instruments.
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MANUFACTURERS INDOOR CALIBRATION PROCEDURE OF KIPP & ZONEN CM 11

INTRODUCTION

The electrical output of a pyranometer is dependent upon the character-
istics (linearity, tilt dependency, etc.) of the instrument. The total set
of characteristics is different for different pyranometers. Some of the
characteristics are however, almost the same for instruments of one series.
The time response, thermal shock response, linearity, tilt dependency, wave-
length responsitivity and zero offset (I.R. radiation) are almost indepen-
dent on the pyranometer taken from the series of instruments of the type
Kipp & Zonen €M 1ll. Some small differences can be found for the temperature
response. The most important characteristics of the Kipp & Zonen CM 11 are
the cosine response, azimuth response and of course the calibration factor.

The cosine error and azimuth error are mainly caused by imperfect
polishing of the domes, reflection at the inner side of the domes, reflec-
tions at the absorber, roughness of the absorber and wrong levelling of Ethe
absorber. Each Kipp & Zonen CM 11 pyranometer is checked for cosine and
azimuth error befare leaving the factory. The instrument is modified if too
large errors are encountered.

The calibration factor is found by comparison of the output with a
"working standard" of the same type of instruments, which has been celibrat-
ed externally.

DETERMINATION OF COSINE ERROR AND AZIMUTH ERROR
Test Facility

The Kipp & Zonen sun simulator is used for the determination of the
cosine and azimuth error. The test facility is shown in Figure la. The light
source is a Xenon-lamp which is fed by a 2500 Watt stabilized power supply.
A photo-cell feedback control is applied. The short term stability of the
lamp remains within 0.2%. The condensor forms an image of the Xenon-arc at a
small flat mirror (Figure 1lb). A concave mirror projects an image of this
circular flat mirror at infinity, being an almost true sun image. The angle
subtended by the artificial sun as seen from the pyranometer can be varied
by using different dimensions of the small mirror. The maximum irradiance on
the pyranometer is dependent on the size of the small mirror. A minimum
irradiance of 1000 W/m* is required on the pyrancmeter for linearity tests,
resulting in an angle subtended by the artificial sun of about 1 degree.
This angle has the realistic value of 0.5 degrees for the determination of
cosine error and azimuth error. The irradiance on the pyranometer is then
approximately 250 W/m? at normal incidence. The irradiance is now approxi-
mately 43 W/m? for an azimuth angle of 80 degrees. No linearity problems
occur for irradiance levels up to 500 W/m2.
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The output voltage of the pyranometer was measured with a Keithley
digital multimeter model 177.

Test Procedure

The horizontal and vertical turntables are used for the determination
of the cosine and azimuth error. The errors introduced by the turntables are
negligible. The wobble in the vertical turntable is within H).05 degrees
over a complete revolution. The horizontal turntable can be adjusted within
+0.1 degrees.

The pyranometer is mounted on the vertical turntable. The spirit level
is parallel to this table. No inaccuracies are introduced by measuring with
the pyranometer in the vertical position since the CM 11 does not have a
tilt dependency.

All possible combinations of azimuth and zenith angle can be made by
rotating the horizontal and vertical turntables.

TABLE 1
Measurements for determination of cosine and azimuth response
of Kipp CM 11

Illumination or
Number Azimuth Zenith Angle shading time
seconds
1 - ge 60
2 shaded 60
3 west 4go0 60
4 west 600 30
5 west 70¢° 30
6 north 708 30
7 north Boe° 30
8 south goe 60
9 south 700 30
10 east 700 30
11 east 60¢ 30
12 east 400 30
13 ‘ shaded 60
14 - | go 60

The measurement series starts with determining the output of the
pyranometer at normal incidence. The read-out is after one minute. The zero
offset is determined by shading for a minute. There is always some zero
offset, maybe caused by infrared radiation from the inner dome to the
SEensor.
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The horizontal turntable is rotated 40 degrees clockwise. The connec-
tion cable is pointing downwards, which is by definition north. Therefore,
the azimuth angle is now west.

The horizontal turntable is rotated another 20 resp. 10 degrees. The
read-out time is for both measurements half a minute. The vertical turntable
is rotated 90 degrees clockwise for the next measurement. The azimuth angle
changes from west towards north, the zenith angle does not change, etc.

After measurement 12 the zero offset is determined again after shading
for 60 seconds. Finally, the output of the pyranometer is measured a second
time as a check on changes in the irradiance level.

Calculation Procedure and Quality Control

The mean zero offset and mean irradiance at normal incidence are calcu-~
lated from measurements 2 & 13, respectively 1 & 14. The measurement data
are compensated for this zero offset.

The cosine errors are calculated from the averages of the outputs of
measurements 3 & 12, 4 & 11, 5 & 10, 6 & 9, and 7 & 8 by relating these
averages to the mean output from 1 & 14 at normal incidence. This calcula-
tion procedure reduces the effect of zero offset and lamp output drift. The
consequence is that the cosine errors are given with respect to the plane of
the sensor and are therefore only valid for a radio-metrically levelled
instrument.

A small azimuth error can exist for a normally levelled instrument,
since the spirit level is not perfectly coplanar with the sensor. The azi-
muth error for the north, west, south and east direction is detected from
the measurements 5, 6, 8 & 9 and 7 & 8. Differences of maximum 2 percent are
allowed for the measurements 5, 6, 8 & 9, and a maximum of 3 percent for the
measurements 7 & 8.

The alignment of the set-up is checked for larger discrepancies and the
procedure is repeated. The instrument is modified if there is still a too
large disecrepancy.

The quality of the instrument is guaranteed by this procedure.

The cosine errors are presented on the calibration certificate of each
individual pyranometer.

DETERMINATION OF CALIBRATION FACTOR
Test Facility
The artificial sun is a 1000 W tungstern~halogen film sun (Osram) with

compact filament, fed by an AC voltage stabilizer. The color temperature is
about 3300 K. The built-in ventilator allows a continuous operation
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-(Figure 2). A diffuse reflector with a diameter of 7.5 em is placed above
the lamp. The reflector is 1.2 m over the pyranometers, resulting in an
angle subtended by the sun of 3.5 degrees. The light on the working table is
limited to a small cone around the two pyranometers by using diaphragms, for
minimizing the stray light. The irradiance level is approximately 500 W/m?.

The pyranometers are to be placed on a small table which can rotate to
interchange the positions of the instruments. The lamp is centred on the
rotation axis of this table.

The pyranometers are placed on their base. The inaccuracy caused by
sensor and base not being parallel can be ignored at nearly normal inci-
dence.

Test Procedure

The pyranometer (A) which has to be calibrated is placed next to the
Kipp & Zonen CM 10 working reference (B) on the special table. The outputs
of the instruments are measured shortly after each other after illuminating
them for one minute. An accurate digital voltmeter with a sensitivity of
1 uV per digit is used.

The zero offset of both pyranometers is read-out after shading the
instrunents for one minute with an inside blackened hat. The zero offset
problem shall be described further on in this paper.

This zero offset has to be subtracted from the measured output voltages
by illumination to get the correct responses Rjy and Rg respectively.

The irradiance on both pyranometers might by slightly different from
each other due to the lamp optics etc. Therefore, the instruments are inter-

changed automatically and the whole procedure is repeated, resulting in
responses R'y and R'g.

Calculation Procedure

The sensitivity of pyranometer A is calculated from the known sensi-
tivity of the working reference B from:

Ry + R
SA='—'&#_‘AX SB
RB + R B

The irradiance during the calibration is calculated from:

. _PRg*R'p
ZXSB
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The error in the sensitivity of A caused by asymmetry of the lamp
optics (< 5%) and drift of the lamp output (< 0.5%) remains within 0.01%. A
special check is made for possible errors made in reading of the voltage
output. The calibration procedure is supposed to be correct if:

R, * R
0.995 < -A____B < 1.005
Rl » Rl

A B

Otherwise the calibration procedure is repeated.

Another inaccuracy is introduced by the temperature difference of the
pyranometer and the working standard. The temperature dependency of the
sensitivity is not known accurately for each individual instrument. The
determination of this dependency for each pyranometer is too time consuming
and therefore too expensive.

The temperature of the working reference increases somewhat during a
set of calibration. It can be up to 5°C warmer than the pyranometer which
has to be calibrated. No correction is applied for this temperature differ-
ence. A maximum error of half a percent is introduced.

Zero Offset

The glass domes of the pyranometers are heated by absorption of the
long wave infrared radiation emitted by the lamp house and diaphragms. A
small signal of 10-30uV remains after shading the pyrancmeters for one
minute, due to long wave infrared radiation from the domes to the sensor.
This zero offgset fades away with a time constant of about 4 minutes.

Such a zero offset is part of the read-out response after one minute
illumination as well. The zero offset after one minute shading is subtracted
to correct for this undesired response.

Secondly, the pyranometer body is heated a little during the illumina-
tion. A negative zero offset is produced by a small heat flow to the center
of the sensor. This heat flow stops when the instrument is shaded. The CM 11
pyranometers have a second non-illuminated sensor to compensate for this
zero effect. Measurements show a signal up to -30pV without the use of a
compensation element, which reduces to a few microvolts when the compensa-
tion element is used; it is therefore negligible.

Traceability to World Radiometric Reference

Several working standard pyranometers are maintained at Kipp & Zonen.
Up to September 1981 a Kipp & Zonen G-18 has been used as working standard.
The calibration factor of this instrument has undergone several changes. In
January 1981 the change of IPS 1956 scale to WRR scale resulted in a correc-
tion of 2.2%. In May 1981 the calibration factor has been changed another 2%
after comparison with Davos-measurements. A Kipp & Zonen CM 10 is in use as
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working standard since September 1, 1981. The sensitivity as given by the
manufacturer in the past years for the manufactured pyranometers is somewhat
different from the sensitivity as it should be given at this moment, due to
changes of the calibration factor of the working references which were not
caused by changes of the actual sensitivity.

The factor by which the sensitivity (given in uV/(W m~2)) has to be
multiplied is dependent on the actual date of calibration, it is given in
Table 1.

TABLE 1
Sensitivity Multiplication Factor 1

Period of Multiplication Working Standard

Calibration Factor Pyranometer
1977 - January 1981 0.962 Kipp & Zonen G-18 (nr. 938)
January 1981 - Kipp & Zonen G-18 (nr. 938)
May 11, 1981 0.984 (IPS 1956 scale WRR scale)
May 11, 1981 -
September 1, 1981 1.004 Kipp & Zonen G-18 (nr. 938)
September 1, 1981 -
September 1983 1.000 Kipp & Zonen CM 10 (nr. B800065)
September 1983 - now 1.000 Kipp & Zonen CM 10 (nr. 800074)

As an example, the sensitivity of an instrument calibrated in 1980 of
e.g. 10 pV/(W m~2} should be changed to 9.62 uV/(W m=2) to make it compar-
able to the calibrations of this moment.

The above described correction is only relative to the calibration of
this moment, which itself is not an absolute calibration. At this moment it
is not completely sure which correction should be applied to. come to an
absolute correct value. The calibration factor which is used as reference at
this moment was measured at the World Radiation Center (WRC) in Davos in
1981. A first telex from Davos shows a sensitivity of 4.50uV/(W m~2) of the
CM 10 (nr. 80D065). This value is at this moment in use as reference. How-
ever, a correction has been made by WRC shortly after, resulting in a sensi-
tivity of 4.40uV/(W m~2). Working standard reference pyrancmeters have been
calibrated as well by the Deutsche Wetterdienst (DWD) in Hamburg and by DSEY
laboratories in Phoenix Arizona (USA). The measurements gave different
results. Therefore, the calibration factors as given by Kipp & Zonen for its
pyranometers should be adjusted, dependent on which international calibra-
tion is seen as "Absolute".
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Table 2 shows the factor by which the present give sensitivity {in
uV/(Wm—?) should be multiplied to have a sensitivity related to the corres-
ponding calibration.

TABLE 2
Sensitivity Multiplication Factor 2

CM 10/11iMultiplication
Laboratory Date Number Factor Circumstances

WRC July 1981 800065 1.000 First telex

WRC July 1981 800065 0.978 Second telex

DWD February 1981 800074 0.989 Indoor calibration

DWD April 1981 800074 8.993 Outdoor measurements

DSET May 1982 820078 0.981 Outdoor, tilted,
normal incidence

DSET November 1983 800065 0.982 Qutdoor, tilted
normal incidence

As an example, the sensitivity of a recently calibrated instrument with
a sensitivity of e.g. 10wwW/(W m~%) should be changed in 9.93uV/(W m~2) to
make it comparable to the outdoor measurement at the Deutsche Wetterdienst
of April 1981.

fFrom Table 2 it seems reascnable to decrease the sensitivity (in
uV/(W m=2)) by about 1 to 2 percent. The calibration facter of the working
standard shall be adjusted as soon as a better international agreement is
made on which of the above mentioned multiplication factors should be used.
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INDOOR AND OUTDOOR PYRANOMETER COMPARISON

This project was organized and executed by the solar collector testing
experts of Task III of the IEA Solar Heating and Cooling Program.

A total of 30 pyranometers comprising six different models from five
different manufacturers were tested. During 1981 the pyranomefers were ex-
posed in various outdoor configurating on 26 days at the Davos World Radia-
tion Centre in Switzerland. The pyranometers were later characterized in the
laboratories of the Statens Provningsansalt in Boras, Sweden. Results from
other laboratories investigating these pyranometers are also referred to.

An aim of the project was to attempt validation of indoor characteriza-
tion with outdoor results. the following is a summary of the project find-
ings, recommendations and conclusions. The project is completely described
in Reference 1.

OUTDGBCR TESTING

. check of calibration constants
new Eppley PSP) ' agreement better than + 1%
K&ZcCcM1lo )
EKO star scatter of + 1.5% to £3%
Schenk star scatter of ¥ 1.5%
0Old K& ZCM5 bias of + 2% to + 3%

. day-long variability
consistent with findings about the calibration constants

. tilt effects (day-long variability)

Eppley PSP) not resolved
K & Z cM10) .
K & Z CM5 moderate effect (tilt: 30°
‘ sensitivity: -1-2%) »
Eko star )
Schenk star ) "natural" temperature coefficient
Swissteco )
Eppley PSP ) not detectable

K & Z CM10 )
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INDOOR TESTING

tilt
confirmation of outdoor findings

dependence on ambient air temperature
confirmation of outdeor findings .

deviation from a linear response
Eppley PSP: excellent linearity
others: less than 1% for 100 W/m? - 1000 W/m?

directional response

deviation from cosine response at all angles
measurements from different laboratories
do not compare at all (angles 60°)

RECOMMENDAT IONS

We would not recommend using pyranometers which show a tilt depen-
dence (calibration in an inclined position is no remedy because of
the cross-correlated dependence on the level of irradiance).

From those instruments that were tested only the Eppley PSP and
the K&Z CM10 can be accepted in solar energy applications for
testing and monitoring.

We would recommend a standardized certification by the manufac-
turer's laboratory for the individual instrument with respect to
thet

- galibration constant

- temperature coefficient
- tilt effects

~ linearity

Angular dependence should only be investigated for angles less
than 60°.

CONCLUSIONS

Remarkable correspondence between indoor and outdoor test qualita-
tively.

Measurements of directional response are not reliable (uncertainty
of cross correlation with level of irradiance).

Correction of outdoor performance based on indoor laboratory data
can improve measurement accuracy. However, if correction are small
they tend to be inconsistent within a small band of uncertainty.
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MEASUREMENTS OF TRANSIENTS:
IRRADIANCE, TEMPERATURE, AGEING

One condition for the classificaticon of a calibration method is the
knowledge of the transient behaviour of the pyranometers. Results of cali-
brations should apply for equilibrium conditions. Therefore prior to cali-
brations one should know when equilibrium is reached.

The most important transient is the response of the pyranometer to a
sudden change in irradiance. Figure 1 gives this response for four different
types of pyranometers. from the figure it is seen, that for accurate
measurements one has to take into account more time constants than the short
response time that is specified by the manufacturer. For example, calibra-
tions of a PSP with the shading disk method will be erroneous by more than
2% when readings are taken within one minute after shading or unshading of
the pyranometer.

Figure 2 gives the transient behaviour of four types of pyrenometers
with respect to temperature. The pyranometers were brought from a tempera-
ture of -14°C to a dark laboratory at 20°C where the output was monitored.
For all types the time constant (1/e) of the signal was about 45 minutes.
For the CM 11 and the PSP a maximum signal of about 34 W/m? was measured.
Assuming linear behbaviour this corresponds to a sensitivity of 1 W/m—2/°C
for sudden changes in temperature. This effect has to be taken into account
when changes between outdoor and indoor measurements are necessary.

The data available in Stuttgart, that reflect the ageing of two PSP are
shown in Figure 3. The PSP 18376 is the working standard in Stuttgart and
has been used indoors and outdoors. The PSP 20820 was in the field for 8
months in Baja California Sur, Mexico. For both pyranometers there is no
sign of ageing with reference to sensitivity.

For the CM 11 and the PSP the influence of the attached white sereen on
the sensitivity to normal irradiance has been investigated. For the PSP a
decrease of about .6% in sensitivity has been found without the screen. For
the €M 11 the corresponding figure is .2%.
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NEW THERMAL MODEL OF THE PYRANOMETER AND ITS CHARACTERISTICS

PREFACE

The reasons for the difficulties in the establishment of thermal design
of a pyranometer are as follows:

a) The characteristics of the pyranometer should not be influenced by
weather conditions such as wind, temperature, etc.;

b) The angular incidence of the global solar radiation is bidirec-
tional;

c) The spectral distribution of the solar radiation is very wide;
d) The phenomena mentioned in b) and ¢) change depending on time.

In addition to the above difficulties common instrumental quality such
as linearity, ageing, etc. are reguired for the purpose of measurement. In
this report advantage and disadvantage of various thermal models of a pyran-
ometer are described and further the characteristics of a new pyranometer
which is not yet made public is shown.

MODELS OF THERMAL DETECTION ON PYRANOMETER

Three models are considered as Figure 1 shows. Supposed that the incom-
ing solar radiation to a pyranometer is "I", absorptivity of the receiving
plate "a", its area "A", its temperature "o,", base plate temperature "s,"
regpectively, the thermal balance on the receiving plate at model 1 is as
follows:

IeA = K(8) - 85) + 4Q vee (1)

where, "K" is the thermal conductance between the receiving plate and the
base plate and "AQ"™ the heat loss amount transferred to other places then
the plate. The output of a pyranometer is actually detected as temperature
balance by the following equation:

Bl—enzr](‘-(aAI—AQ) eee (2)

An ideal pyranometer requires that nghn ang "8g" are constant and yet

c
AQ = OB. However, these conditions cannot be satisfied actually due to limi-
tations in the constitution, so that various methods are commonly consider-
ed. For example, "AQ" is minimized by making the pyranometer dome double
shield.
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The second model is to detect solar radiation by means of the differ-
ence of absorptivity in 2 receiving plates. The detection principle in this
case is given by following equation:

el - 92 ---Kl A(Gl-ﬂ-z):["(AQl“AQZ) . v (3)
where, the subscripts "1" and "2" show each receiving plate.

When comparing equation (3} and equation (2} it is known that AQ is
small as it is given as the balance. On the other hand, however, it is
reguired to make the balance of absorptivity "a,-a,” constant. Viewing this
from optical point its realization is very difficult.

Model 3 i1s the same as model Z in that the balance is taken out, but
this method takes out an output by means of areal difference instead of the
difference in absorptivity. Therefore, the solar radiation is determined by
the equation.

el - 92 = Ki G(Al - Az) - AQl - AQz) cae (4)

The equation is based upon the idea that making areal difference
"A,-A," constant is technically easier than making absorptivity difference
constant. Because the commonly used white paint has the disadvantages that
its spectral response is not homogenious in all wave-length range, that its
angular response slips out of cosine law and that it ages.

On the contrary the areal difference is effected not by optical condi-
tions but only by geometric form, therefore, Model 3 would be more constant
than Model 2 for various conditions mentioned as pos. 1. As we examined
iModel 3 from various aspects, the results are reported below.

IMPROVEMENTS OF PYRANOMETER AND EVALUATION OF ITS CHARACTERISTICS

There are two ways in the improvement of pyranometer. One is to pursue
an ideal model from the principle point and the other is to eliminate the
disadvantage of the principal model technically.

We have employed Model 3 for improvement of pyranometer and in additioen
have made the dome double. It goes without saying that the pyranometer manu-
factured in such away must be measured as precisely as possible in its
characteristics. The evaluation of the characteristics can of course be
carried at outdoor but the correct performance is difficult as various con-
ditions must be taken into consideration as referred at pos. 1.
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Under the circumstances we have used a special artificial light source*
for the evaluation. The features of the light are that the light intensity
is homogenious on an irradiated plane and that the inverted square law of
the light intensity is given as per Figure 2. In case of a common artificial
light source one of the above mentioned features is in short. We have
measured cosine error and azimuth error of our new pyranometer setting the
above light source on an optical bench. Also, we have measured the linearity
by adding a rotating attenuator to the device.

As for other characteristics such as temperature coefficient, tilt
error, etc. we evaluated them with by ordinary methods. The results are as
per Figure 3. The remarkable point in the data is the fact that the lineari-
ty and temperature coefficient have been improved to a large extent. The two
characteristics can further be improved if one of pyranometry constitution
problems is solved. Also our new pyranometer has no electric compensation
circuit to correct temperature coefficient.

In order to examine zero stability (drift) and influence of natural
wind we have recorded the output data of the pyranometer during clear night
time (Figure 4). As can be shown from Figure 4 the prementioned AQ is very
small in case of Model 3.

CONCLUSION

I have classified in this report constitution of pyranometer into three
models and referred respective advantages and disadvantages, and further
have introduced our new development of pyranometer of Model 3 (areal differ-
ence type) mainly inm its evaluation of characteristics. The remaining sub-
ject for us is to compare the characteristics between pyranometers of other
models.

* Supplied by Optronic Laboratories, Orland, FL 32809 USA
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SELF-CALIBRATING CAVITY RADIOMETERS AT THE EPPLEY LABORATCRY:
CAPABILITIES AND APPLICATIONS

ABSTRACT

Considerable effort at the Eppley Laboratory Inc., over the past decade
has been directed toward the accurate measurement of solar irradiance and
the design and development of low temperature blackbodies. Additionally, we
have been involved with the design and production of thermopile-type sensors
for special applications. The . implications of referring all relevant meas-
urements to a unified reference scale or radiation are always of concern. In
this paper, self-calibrating radiometers with cavitated receivers which can
be designed for a number of total irradiance measurement tasks will be des-
cribed. Among these tasks are the measurement of solar irradiance, both
direct beam and over larger fields-of-view, and the measurement of earth
emitted flux (generally from satellites), for which the low temperature
blackbodies act as simulators. The radiometer can also be adapted to a
nunber of laboratory measurements such as the output of lamp or laser sour-
ces. The basic type of sensor employed in the Eppley radiometers is a circu-
lar, wirewound and plated thermopile, sometimes called totidal thermopile.
Self-calibration is performed using a heater on the cavity receiver which is
employed in an electrical substitution mode. The difference in response
produced by the heater to that produced by the radiation source is called
the "noneguivalence". Determination and application of the correction fac-
tors including the components of the nonequivalence term will be discussed.
Results of intercomparisons with other self-calibrating radiometers will be
presented.

INTRODUCTION

One of the most elusive goals of absolute radiometry is the establish-
ment of a universal reference or standard. Such a device would have to oper-
ate over a large range of radiative flux and over the entire spectral range
of interest. The device must have a firm theoretical basis and yet be prac-
tical in its use. Possibly the biggest obstacle to the development of such a
device is the requirement to operate over a range of geometrical conditions.
The nature of radiometric detectors possessing cavitated receivers allows
for self-calibration by employing the electrical substitution method and
spectral flatness based on the enhanced absorptance of the cavity. There
remains the problem of non-equivalence of response to electrical, as opposed
to radiative, power dissipation which must be addressed by thermal transfer
analysis.

In this paper we wish to discuss some aspects of the design, construc-
tion and utilization of cavity radiometers at The Eppley Laboratory.




BASIC CONSIDERATIONS

There are a number of ways of categorizing cavity radiometers. They

ares
1. Self-calibration capability and technique;
1.1 Not self-calibrating
1.2 Self-calibrating
1.1.1 Active
1.2.2 Passive
2. Intended use
2.1 Source of radiation
2.1.1 Paint source or narrow field-of-view
2.1.2 Extended source or wide field-of-view
2.1.3 Intermediate size sources
2.2 Intensity range required
2.3 Envirorment of operation
3. Detection method (temperature difference)
3.1 Thermoelectric (Thermopile)
3.2 Resistance thermometry
3.3 Pyroelectric
3.4 Quartz crystal thermometers
4, Cavity geometry
4,1 Classical cone
4.2 Classical cone with trap
4.3 Inverted cone {(within a cylinder ("W")
4.4 Modified "W" geometries
4.5 Truncated double cone: base to base
PARAMETERIZATION

The important characteristics of any cavity radiometer device include:

a) Absorptivity of the cavity receiver;

b) Area of the precision aperture;

c) Knowledge of the absolute electrical power during calibration,
including the corrections for measurement leads;

d} Non-equivalence;

e) Linearity;

f)  Responsivity;




g) Speed of response (time constant);
h) Field-aof-view;
i) Spectral flatness.

Non-equivalence is the term employed to describe any of the design and/
or fabrication parameters which cause the same signal output to be obtained
for different levels of measured radiant power and self-calibrating electri-
cal power. This is related to the difference of the thermal transfer charac~
teristics of the instrument (radiative, conductive and convective) for two
sources of power input. The knowledge of the changes in this characteristic
for the various measurement conditions is critical to the question of unique
reference scale as will be appreciated from the following paragraphs.

APPLICATIONS

The intended applications of these devices usually dictate the design.
It follows that an instrument designed for one type of application may not
necessarily be useable for others, or that it may be used "absolutely" only
if changes are made in the data reduction equations. That is, the non-
equivalence may be different for a given device for different measurement
applications, even if all other parameters are unchanged. Generally speak-
ing, this will be the result of the geometry of the measurement situation,
although other factors such as induced temperature gradients by the environ-
ment or thermal transients may also cause errors.

At the Eppley Laboratory, the general areas of interest include solar
radiation measurement and measurement of earth emitted radiation, the geo-
" physical radiation parameters!. The simulation of these by various sources
is also addressed. A number of laboratory types of radiometric investigation
are also considered. The latter are coneerned with calibration of sources,
such as lamps of various types, and general source characteristics for other
emitters such as laser and solid state devices. Probably the most signifi-
cant area requiring a unified radiation reference or scale is the study of
earth radiation budget. The radiative elements include:

a) The incoming (extraterrestrial) solar irradiance;

b)  The outgoing radiation consisting of:
. reflected solar radiation (albedo)
. emitted infrared radiation

In order to determine the heat balance of the earth to a high preci-
sion, the measurements must be of comparable high accuracy. While the prob-
lems of sampling theory, both temporal and spatial, are significant in such
studies, we will address only the measurement equipment here.

THE SENSOR

The basic sensor? chosen for use by the Eppley Laboratory is a plated
thermopile. A continuous constantan wire is plated with copper to form the
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junctions. Since one of the most important characteristics of the completed
radiometer is uniformity of response over the receiving area and since a
circular cross section of the incident beam is generally sensed, the wire is
wound on a doughnut shaped support in the form of a toroid. Junctions are
plated on both sides of the device to create a balanced unit. The side fac-
ing the incoming beam is the "active junction" side while the side facing
into the housing is the "reference, junction" side. These sensors are usually
employed for net radiant input measurements, so the active side is generally
called the "hot junction". This does not eliminate the possibility of use
either as a Net radiation emitter or as a differential radiometer.

It is the mounting of the cavity receiver to this basic sensor that
creates the radiometer. Figure 1 shows how the cavity pieces fit to both
sides aof the thermopile. At Eppley the "W" shaped inverted-cone-within-a
cylinder type of cavity construction is employed. Both the inverted cone and
the cylinder have electrical heater wires wound on them. The interior cavity
surfaces are painted with a specularly reflecting black paint. The exterior
-surfaces are goldplated or left uncoated. The cylinder and cone are made of
silver foil. The precision aperture is placed in front of the opening of the
cylinder. Generally these are made of invar because of its low thermal ex-
pansion coefficient, which may be stated conversely as dimensional stability
of the opening area over a wide temperature range.

It should be notad that the selection of this type of construction was
also based on the ability to meet the stringent vibration specifications of
spacecraft and rocket missions. The responsivity can be varied over a range
of values by changing a number of parameters including the number of junc-
tions, the wire size, the dimensions of the body of the unit, the plating
parameters and the thermal impedance (conductance) to the base. While most
of these methods are considered proprietory, the special thermal conductor
is shown schematically in Figure 2. This is essentially a piece of the sup-
porting base which extends up beneath the wire at the point where the bottom
of the cavity receiver is affixed to the plated junctions which allows a
certain amount of the heat present at the ring of junctions to flow to the
base without flowing through the wires of the sensor. If all other para-
meters are held constant, the response can be varied by a factor of 10 by
adjusting this thermal conductor. The maximum response is obtained with the
conductor removed completely so the heat does flow through the wires.

In retrospect, we see that the output of the thermopile is a measure of
the temperature differential between the base of the cavity on the hot junc-
tions and that at the base of the cavity on the cold junctions. One of the
most significant reasons for the employment of the thermal conductor is to
keep this differential to a minimum for a given application which will pre-
vent the device from entering non-linear regions with respect to the Seebeck
coefficient and the differential radiation loss term. This may be restated
as a goal to obtain the lowest possible temperature rise in the sensor con-
sistent with the capability of the external electronics to process the sign-
al to a high accuracy. It should be noted here that for the sensor itself
this limit is set by the Johnson noise of the resistance of the windings.
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The sensor assembly is mounted into a goldplated copper case with a
precision aperture mounted to each side. This is called a sensor module. The
three legs of the basic sensor are sandwiched by the two sides of the copper
case to allow good heat flow to and from the sensor body to the module case
which acts as a massive heat sink. A 4 to 1 aspect ratic black body is
mounted behind the precision aperture as an ambient temperature radiation
reference for the reference receiver. :

The final external casing depends upon the intended use.

BASIC EQUATIONS

The nature of the self calibration is to equate electri