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ABSTRACT

Accurate spectral measurements of solar ultraviolet radiation are essential to an understanding
of the photochemical and biological effects of ozone depletion. The analysis of spatial and
temporal variations in ultraviolet fluxes will depend on the collation of spectra from many
independent laboratories. However, results from diverse instruments operated in isolation may
not be consistent with each other. To investigate the compatibility of different designs of
spectroradiometer, a blind trial of six distinct instrument types was carried out at a suburban site
in Greece. Comparisons were performed in daylight, and with tungsten lamps indoors. Excellent
agreement was obtained in the relative spectral response of the instruments, but their absolute
lamp calibrations varied, and did not generally agree with results from the daylight experiments.
Simultaneous spectral scans by all instruments revealed discrepancies attributable to stray
light, bandwidth, and cosine response, which would not otherwise have been apparent. The
relative merits of the instrument characteristics are discussed.
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INTRODUCTION spectroradiometers, but also an absolute
calibration standard to which each instrument

The possibility of serious ozone depletion can be related over an extended period of time,
over the populated regions of the globe, and the To further these aims, a spectroradiometer
consequent effect on ultraviolet radiation, has intercomparison was convened by the European
led to a need for reliable spectral measurements Commission in July 1991 under the auspices of
of the solar ultraviolet irradiance at the Earth's the Aristotelian University of Thessaloniki. The
surface. Such measurements are generally experiment took place on the roof of a school
performed by independent spectrometers at outside the village of Panorama, at latitude 40°
isolated locations (1,2,3). In order to ensure 36' N, longitude 23° 04' E, and an altitude of 385
comparability of results from different sites and metres above sea level.
epochs, it will be necessary to reconcile The purpose of the campaign was to assess
measurements made by different instruments. the status quo in instrument performance, to
This requires not only an understanding of the identify weaknesses and limitations, and to
charac te r i s t i c foibles of individual recommend future action. Particular attention
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was paid to the question of compatibility between GR
results from independent instruments. A
comprehensive account of the intercomparison N
will be found in (4).

TERMINOLOGY

The principal requirement during the
Panorama campaign was the measurement of the
global solar spectral irradiance, that is to say the
amount of energy arriving per second on unit
area of a horizontal surface, per unit of
wavelength interval, from all parts of the sky
above the horizontal, including the disc of the
Sun. We shall refer to these measurements as
sky scans, slcy spectra, measurements under the
sky, etc., to distinguish them from lamp scans,
but it is to be clearly understood that they include
the Sun itself. To measure global solar
irradiance the instruments are aligned with the
optical axis of the inlet window pointing towards
the zenith. Ideally, a point source at a fixed
distance from the spectrometer should produce a
signal proportional to the cosine of the zenith
angle of the source. This is accomplished either
by viewing the sky through a translucent diffuser
plate, manufactured from teflon or quartz, or by
accepting incident radiation into a hollow
integrating sphere. In practice it is difficult to
achieve a perfect cosine response, especially at
large zenith angles.

The wavelength resolution of these
spectrometers is of the order of 1 nm. If the slit
function (the instrumental response to a
monochromatic spectral line) is accurately
known, its full width at half maximum (PWHM)
is a useful indicator of the bandwidth (see Table
1). At any one moment, a scanning spectrometer
should record radiation in a wavelength range
covering no more than two or three times that
bandwidth. Radiation which reaches the detector
from outside this region is called stray light.

The participating teams and their
instruments will be referred to by the
abbreviations AI, AW, B, GB, GR, and N, as
follows:

AI Austria - Innsbruck
Institut für Medizinische Physik

AW Austria - Wien
Universität für Bodenkultur, Vienna

B Belgium
Institut d'Aéronomie Spatiale de
Belgique

GB Great Britain
University of Reading

Greece
University of Thessaloniki
Norway
University of Tromso

INSTRUMENTS

Six different types of spectroradiometer
took part in the campaign, ranging from
laboratory development inst ruments to
commercially available models. Their
characteristics are shown in Table 1. Of the two
single monochromators, GR operated in the
range 290 to 325 nm with a teflon diffuser under a
clear quartz dome, while N used a ground quartz
plate and scanned well into the visible region.
This extended wavelength range can be a valuable
tool in the interpretation of ultraviolet
irradiance spectra, particularly in the presence
of cloud. The GR instrument, a Brewer ozone
spectrometer, also provided rel iable
measurements of the atmospheric ozone column
by direct observation of the Sun's disk. The
remaining instruments were all double
monochromators: by passing the incident
radiation through two spectrometers in series,
this type of instrument should achieve a much
higher probability of rejecting stray visible light
which would otherwise contaminate the
ultraviolet signal. The double monochromators
covered a wide variety of input optics. The B
instrument, which was originally designed for
balloon work, viewed a cone which extended to
about 30° from the zenith, using double diffuser
plates of quartz. By contrast, the teflon cosine
diffusers of the GB and AI spectrometers
observed the whole hemisphere of the sky. The AI
spectrometer received radiation by means of an
optical fibre which could be connected either to
its diffuser, or to an open port directed towards
the zenith or the Sun. The AW instrument was the
only one to use an integrating sphere instead of a
diffuser. Incident radiation enters the sphere
through a circular hole at the top. The inner
surface is coated with a diffuse white pigment
which scatters the radiation before it can reach
the spectrometer via a second hole at the side.
This should produce a uniform cosine response
except for radiation shining directly on the exit
port of the sphere.

The six instrument types therefore exhibited
a wide variety of features, but they had some
important characteristics in common: all used
diffraction gratings, photomultipliers, and
mechanical scanning mechanisms. The GR and
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Table 1. Instrument specifications.

Spectrometer
type

Focal length/mm
Gratings

lines/mm
Bandwidth (FWHM)/nm
Sampling interval/nm
Spectral range/nm

from
to

Scan duration/s
Diffuser

Weatherproof
Automatic

AI

Bentham
DM150

150
two

2400
1.0
0.5

290
500
180

teflon

no
yes

AW

JY
DH10

100
two
1200
1.4
1.0

280
400
120

integ.
sphere

no
no

B

JY
DH10

100
two
1200
0.4

0.17

250
370
192

double
quartz

no
yes

GB

Optronics
742
100
two
1200
1.5
1.0

280
400
235

teflon

no
no

GR

Brewer
MKII

160
one
1800
0.6
0.5

290
325
185

teflon

yes
yes

N

JY
HR320

320
one
1200
0.04
0.1

290
600
390

quartz

yes
yes

N instruments were completely weatherproof
and automatic, but the others had to be covered
during precipitation. Further discussion and
details of the instrument specifications and
operational procedures will be found in (4).

OBSERVATION SCHEDULE

Two separate intercomparisons were
performed, one with calibrated lamps indoors,
and the other using daylight. In the daylight
schedule, which ran from July 4 to 11, global
solar spectral irradiance was recorded by all
available instruments. During this period, two
sessions were set aside for the lamp
inter comparison.

The lamp cal ibrat ion facility was
established in a room without windows. The
Belgian team set up a portable optical bench with
a 1000-watt tungsten-halogen standard lamp
aligned by means of a small laser. Each
instrument in turn made a spectral scan of the
irradiance of the lamp at a distance of 500 mm.
The lamp beam was horizontal, with the
instrument oriented so as to view the beam at
normal incidence. Two lamps were used,
numbered 102 and 104. Lamp 102 was used in the
first calibration session (July 6-7), and lamp 104
in the second session (July 10).

For the daylight intercomparison, all six
instruments were mounted on the flat roof of the
building, an area of over 50 square metres. The
roof had an uninterrupted view of the sky in all
directions, and the surrounding topography did
not provide any serious obstacles to global

irradiance measurements. The ground fell away
towards the sea and the city of Thessaloniki on
the one hand, while the Sun rose behind a low hill
on the other. During scheduled observing
periods, simultaneous measurements of the
global solar spectral irradiance were performed
by all available instruments every half hour.
These simultaneous scans covered a range of
sunny and cloudy conditions, and included
periods which began at sunrise, in order to
explore variations with solar zenith angle. From
time to time, the interval between scans was
reduced to 15 minutes or less. The B instrument
was set to run continuously, gathering a spectrum
every 3 minutes.

Observations of pressure, temperature,
humidity, and cloud cover were made during the
scheduled periods, a pyranometer was deployed
in order to monitor short-term cloud variations,
and occasional spectra were recorded by the AI
instrument on the direct Sun and on the zenith
sky. Column ozone and sulphur dioxide were
determined by the GR spectrometer. The ozone
amount did not change appreciably during the
campaign, remaining around 340 matm cm.
These ancillary data are tabulated in full in (4).

Throughout this report, observation times
will be given in UT. It may help the reader to
know that the Sun reached its maximum altitude at
about 1030 UT each day.

RESULTS

The most significant resul t of the
measurement programme was tha t the

27



instruments behaved differently in the lamp
room and on the roof. In particular, the ratio of
the spectra from two instruments exposed to the
same lamp did not generally agree with the
corresponding ratio derived from simultaneous
spectral scans of global solar irradiance. The
combination of lamp and sky comparisons was
one of the most informative aspects of the
campaign, and should not be neglected in future
experiments of this sort, despite the difficulty of
setting up a lamp calibration facility in the field.

Lamp intercomparisons

Each instrument was accompanied by its
own calibration, generally obtained by the use of
a 1000 W lamp traceable to a national standards
institute, either NIST in the United States or PTB
in Germany. All the results reported here have
been computed using these individual instrument
calibrations. The aim of the lamp
intercomparison was to determine whether the
instrument calibrations represented a
consistent standard.

There are two distinct aspects to the results
from the lamp tests. The first is the wavelength
dependence of the instrument calibration, and the
second is its relation to the absolute scale of
irradiance.

Spectral calibration

The main advantage of these instruments
over other radiometers is their ability to resolve

2.00

the measurements spectrally. It is therefore
most important that their calibrations faithfully
reflect any variations in sensitivity to different
wavelengths which result from the spectral
response of the photomultiplier and spectral
variations in the transmission of optical
components such as the diffuser, lenses, and
filters in the instrument.

In this respect, the results were very
encouraging. When exposed to the calibration
lamps, the instruments faithfully reproduced the
spectral dependence of the lamp output, showing a
remarkable uniformity and stability in their
calibration as a function of wavelength.

Figure 1 shows the ratio of two scans on
lamp 102, by instruments AI and GR. There is no
systematic spectral dependence in this ratio,
despite considerable differences in the design of
these instruments. AI is a Bentham double
monochromator fitted with a quartz fibre and
operating up to 500 nm, whereas GR is a Brewer
single monochromator restricted to the
ultraviolet by a cut-off filter.

An obvious anomaly in the spectral
calibration of the GB instrument can be seen in
Figure 2, which shows four scans on lamp 102.
The feature near 365 nm also appears on GB
scans on lamp 104, but does not appear on any
scans made by AI and AW. Other anomalies in
the spectral calibration of individual
instruments were readily identifiable from the
lamp results. The smooth variation of lamp
irradiance with wavelength provides an excellent
medium for revealing spectral variations in

Lamp 101

AI/GR

0.00

280 290 300 310 320 330
Wavelength (&m)

Figure 1. Ratio of the AI and GR determinations of the ultraviolet spectral irradiance from lamp
102.
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Figure 2. Four successive irradiance spectra recorded by the GB instrument at 500 mm from lamp
102.

sensitivity. If a feature of this sort repeats in a
subsequent lamp scan, it can be confidently
attributed to the instrument. Variations in the
absolute calibration are by no means so
straightforward.

Absolute calibration

Figures 3 and 4 show a series of spectra
obtained by the AI, AW, GB and GR instruments
on lamp 102. As the calibration of the B

instrument was based on the lamps used in the
calibration room, its spectra adhere closely to
the NIST lamp certificates. At 320 nm, the GB
team found that lamp 102 was about 18% fainter
than its NIST certificate, while the GR team
found that it was 17% brighter than the certificate.
The results of the AI and AW instruments lay in
between the others, and there were spurious
oscillations in the AW scan which did not occur
in subsequent lamp calibrations. It is clear from
this batch of lamp tests that the standards of the
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Lamp 10]
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GB

ooooo NIST

325

Figure 3.

300
Wavelength (am)

Spectral irradiance from lamp 102 determined by four instruments, together with the
original NIST lamp calibration.
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various instruments did not agree with that of
lamp 102, although they were all within 20% of
their mean.

As the calibration of each instrument
depends on the stability of its own standard lamp,
the simplest explanation is that the various
standard lamps have changed their brightness
since they were last calibrated by NIST or PTB.
If this were the only factor involved, the
instruments would retain their relative positions
in any lamp intercomparison. It is therefore
instructive to compare the results from lamp 102
with those obtained three days later on lamp 104
(Figures 5 and 6).

The GR team found that lamp 104 was also
brighter than its certificate at 320 nm, but by 34%,
rather more than was the case with the other
lamp. The GB team found it was fainter by about
18%. Once again the AI and AW scans lay
between these extremes. The GB scans on both
lamps suffered from a drift in calibration which
was traced to the effect of temperature and
humidity on a faulty connection in the
photomultiplier circuit. The individual scans in
each set demonstrated this progressive decline.
Nevertheless, the ratio of GB to the NIST
certificate was virtually the same for each lamp,
suggesting that conditions in the calibration
room followed the same pattern on the two days.
On the face of it, the GB instrument confirmed the
relative brightness of the two Belgian lamps.

For the AI, AW, and GR instruments,
however, the outcome was very different. All
recorded much higher irradiance on lamp 104

than on lamp 102, whereas the NIST certificates
suggested the opposite. The correspondence
between the AI, AW, and GR instruments in
Figures 3 to 6 is instructive. It suggests that these
instruments remained relatively stable over the
intervening days, and that the technique adopted
in the calibration room produced an encouraging
level of repeatability in their relative
calibration. However, the results from the two
lamps, which should represent the ratio of their
brightnesses, do not agree with the data in the
lamp certificates. It follows that if all the
instruments had adjusted their calibrations to
conform to the results from lamp 102, say, the AI,
AW, and GR instruments would have yielded
irradiances much higher than the rest when
exposed to lamp 104. It must be emphasised that
there is no way of knowing at this stage which
group of instruments was closer to the truth.

To resolve this question we examine the
ratio of the lamp 102 scan to the lamp 104 scan for
each of the instruments, together with the ratios
calculated from the NIST certificates. These are
shown in Figures 7 and 8. As the AW instrument
suffered from spurious oscillations during its
scan on lamp 102, its ratio is difficult to
interpret and will be left out of account. Taken in
isolation, the most plausible explanation for the
AI and GR ratios in Figures 7 and 8 would be that
lamp 102 had become dimmer since its NIST
calibration. However, the Belgian instrument
was calibrated on this lamp system before,
during, and after the intercomparison, without
showing any anomalous results. It may be that the
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Figure 6. As for Figure 5, but extended into the visible region.

stabilised power supply for the lamps
misbehaved, but at any rate it is clear that the
calibrations on lamps 102 and 104 at Panorama
cannot be regarded as the last word on the
individual calibrations of the participating
spectroradiometers. It is therefore all the more
important to study the simultaneous
measurements made under the sky.

Daylight intercomparisons

The side-by-side comparisons made under
the sky gave interesting and encouraging results,
but it should be remembered that no absolute
measurements are possible without recourse to at
least one lamp standard.

In order to assess the performance of the
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As for Figure 7, but extended into the visible region.

instruments under the sky, we must examine the
ratio of spectra recorded simultaneously by two
instruments; if the two instruments disagree,
there is no way of knowing for certain which is
further from the truth. The assessment can only
proceed by (a) a critical examination of the
variations in the ratios, and (b) any tendency of
one instrument to fall out of line with the rest.
Note, however, that an instrument may fall out of

line because it has an advantage over the others.
For example, an instrument with a perfect
integrating sphere might fall out of line with a
group of imperfect teflon diffusers, or vice
versa. In this respect the Panorama
intercomparison benefited from the wide range
of instruments present.

In the lamp room, the spectrometers had
shown a considerable degree of uniformity in
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their behaviour, but when they were exposed to the
sky, their individual characteristics became
much more apparent. We shall therefore discuss
the instruments one by one, drawing
comparisons on the way.

AI

Of the instruments which ran throughout the
campaign, AI had the widest wavelength range. It
is therefore possible to form the ratio of the AI
spectra to those from each of the other
instruments. It should be remembered that the
performance of the AI instrument will be
incorporated into all of these ratios. For
example, on July 5, the AI instrument showed a
temporary dip in its response between 377 and
400 nm when compared with the GB and AW
instruments, amounting to some 20% at 388 nm.
Figure 9 shows simultaneous scans on these three
instruments, from which it can be seen that the AI
scan dips anomalously at 388 nm. This feature
appears on all the AI spectra on July 5, but did not
recur on subsequent days, having been corrected
by the introduction of a more detailed calibration
function. Apart from minor anomalies of this
sort, the AI instrument performed steadily,
recording spectra up to 500 nm with no tendency
to drift in calibration. It therefore provided a
valuable benchmark for the detailed
comparisons which now follow.

GR

Having been designed primarily for the
measurement of ozone, the GR spectrometer was
confined to the wavelength range 290 to 325 nm.
Figure 10 shows spectra recorded by the AI and
GR instruments on July 8 at 0900 UT. The GR
spectra exceed those from AI, just as they did in
the calibration room. The finer resolution of the
GR instrument is reflected in the structure of the
spectra. The resultant fluctuations in the AI/GR
ratios can be seen in Figure 11; it is a measure of
the stability of these instruments, both in
wavelength and in sensitivity, that the structure
of the ratios is so repeatable.

At 320 nm, the AI/GR ratios shown in Figure
11 are stable at about 0.9, irrespective of the solar
zenith angle and the cloud cover. This ratio
agrees with the results of the intercomparisons
on lamps 102 and 104. Taken at face value, this
would mean that the lamp scans on AI and GR
were a faithful reflection of their relative
calibration under the sky at 320 nm. The low
AI/GR ratios at the shortest wavelengths suggest
either that the AI instrument fails to register
weak radiation, or that the GR instrument is
recording a spurious signal such as stray light.
This will be discussed below in the section on
weak radiation: we note here that the signal at the
shortest wavelengths in the GR instrument is
routinely attributed to stray light and subtracted
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Global solar spectral irradiance recorded simultaneously by the AI, GB, and AW
instruments on July 5 at 1000 UT under a cloudy sky. The solar zenith angle was 19°.
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Figure 11. Ratio of the AI and GR spectra on July 8 at the times and solar zenith angles shown, and the
corresponding ratio for each lamp.

from the spectrum before reporting. It should not AW
therefore contribute to the low AI/GR ratios. The
slope of the AI/GR ratio generally extends up to
310 nm or more, and it is a matter for some
concern that these instruments usually disagree
by 10% at 310 nm and 20% at 300 nm, relative to
their performance at 320 nm.

The AW instrument differed from all the
others in having an integrating sphere instead of
a diffuser. Spectra from the AI and AW
instruments are shown in Figure 12. The AI
scans are invariably below the AW scans, in
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contrast to the lamp calibrations. The ratio of AI
to AW under the sky is generally about 0.90 to
0.95, with rather lower values in the early
morning (Figure 13). When exposed to lamp 104,
this ratio was 1.10 to 1.15. The large fluctuations
between 390 and 400 nm, and some of the noise in
the ratios, are due to a small wavelength shift in
the AW spectra.

The AI/AW ratio therefore shows a
difference of some 20% between

intercomparisons in the calibration room and
those on the sky. If the AI and AW instrument
response curves were adjusted to make them
correspond to the NIST certificate when placed in
front of lamp 104, we would inevitably find a 20%
discrepancy between the spectra recorded
simultaneously under the sky. The explanation
may lie in the very different input geometry of
the two spectrometers. The AI instrument has a
bowl-shaped teflon diffuser plate, which will
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» I • ' ' • I W
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Jaly 9 - 0800 UT
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400325 350 375
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Figure 12. Spectra from the AI and AW instruments on July 9 at 0800 UT under a clear sky, with a
solar zenith angle of 37°.
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Figure 13. Ratio of the AI and AW spectra on July 9 at the times and solar zenith angles shown, and
the corresponding ratio for lamp 104.
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have quite different cosine and azimuth
responses from those of the AW integrating
sphere. There is no way of telling at present
whether the problem lies with the AI instrument
or the AW instrument, or both; nor is it possible
to say whether the root of the discrepancy lies in
the lamp room or on the roof, or both. The future
direction of this work will be strongly
influenced by the need to resolve these questions.

GB

Simultaneous spectra from the AI and GB
instruments are shown in Figure 14. The AI/GB
ratios on July 5 show a dip between 377 and 400
nm (Figure 15), attributable to the temporary
anomaly in the AI response on that day, discussed
above. The GB calibration anomaly at 366 nm can
also be seen in Figure 15, demonstrating the

n r.n
v « j w i i i I i i i i I i i i i I i I i i i i i i § i i

g
a 0.40 H
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| oio H

0.00- i ï i | i i i Ï ( r
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Figure 14. Spectra from the AI and GB instruments on July 5 at 1200 UT under a cloudy sky. The solar
zenith angle was 26°.

2.00

July 5 - Al/GB

Lamp 104

0700 UT

1200 UT
26'

0.00
300

Wavelength (nm)

Figure 15. Ratio of the AI and GB spectra on July 5 at the times and solar zenith angles shown, and the
corresponding ratio for lamp 104.
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Figure 16. Ratio of the AI and GB spectra on the afternoon of July 9, and the corresponding ratio for
lamp 104.

advantage of examining spectral ratios.
Confining our attention to the region below 377
nm, we find that the AI/GB ratio began on July 5 at
about 1.05 at 0700 UT, and increased gradually
throughout the morning to about 1.15 at 1200 UT.
On July 9, at wavelengths longer than 370 nm, the
AI/GB ratio fell with increasing wavelength in
parallel with the results from lamp 104 (Figure
16). At wavelengths shorter than 320 nm, the
AI/GB ratio again declined, following the pattern
already noted for AI/GR. This suggests that the AI
instrument was reading low at these
wavelengths.

Between 320 and 370 nm, the pattern seen on
July 5 was repeated on July 9: the AI/GB ratio
began at 1.02 shortly after sunrise and rose to
1.25 by 0900 UT. If this were a cosine response
problem, we would expect the ratio to fall again in
the afternoon, but it remained high until the end
of observations on July 9, as can be seen in
Figure 16. No systematic increase was seen in
the AI/AW or AI/GR ratios for these days. For
this reason, the increase in AI/GB ratio has been
attributed to a temperature-related fault in the GB
instrument. Although the spectrometer itself was
kept at a constant temperature by a refrigeration
system, the amplifier and other electronics
became progressively warmer during the day.
We shall therefore refrain from drawing any
firm conclusions about the absolute calibration
of the GB instrument on the basis of the sky

scans. However, the stability of the relative
calibration was excellent, as can be seen by
comparing simultaneous scans by the AI and GB
instruments on July 9. The logarithmic plot in
Figure 17 shows that an adequate signal was
available even at 295 nm for a solar zenith angle
of 54°, and at 294 nm for a solar zenith angle of
37°.

N

The extended wavelength range of the N
instrument, and its narrow sampling step, held
out the promise of detailed and interesting
spectra. After some technical difficulties had
been overcome, the signal remained rather
noisy, and could not be further improved in the
time available. The spectra showed an
unexpected dependence on solar zenith angle,
with AI/N ratios on July 9 varying from 2.1 at
0400 UT to 1.3 at 0645 UT. This range could be
explained by the cosine response of the quartz
diffuser plate, if it responded well to zenith
radiation but poorly to radiation from near the
horizon. However, the AI/N ratios on July 11
ranged from 2.1 at 0400 UT to 0.35 at 0700 UT.
The N instrument therefore reported nearly
three times as much irradiance as AI at 0700 UT,
which is difficult to account for. Nevertheless,
the spectral dependence of these ratios was quite
encouraging, being virtually flat on July 11 at
solar zenith angles less than 60°.
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B

The spectra recorded by the B instrument
are of particular interest on account of its
restricted field of view. This was some 60° wide
overall, although the outer parts of this field
would be visible only to a limited area of the
diffuser. In effect, the B instrument had a cosine
response which fell off rapidly at zenith angles
in the region of 30°. Direct comparison of the B

spectra with those of the other instruments is
therefore not appropriate, but it is instructive to
examine the relative spectral irradiances
obtained under different conditions of cloud
cover and solar zenith angle.

On July 5 at 1000 UT the Sun was visible at
times through breaks in the cloud and the solar
zenith angle was 19°. Figure 18 shows the spectra
from the B and AI instruments. The ratio AI/B is
about 1.2 and practically independent of
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Figure 17. Logarithmic plot of the spectra recorded by the GB instrument on July 9 at 0630 and 0800
UT under a clear sky. The signal near 290 nm is due to stray light.
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Figure 18. Spectra from the AI and B instruments on July 5 at 1000 UT.
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wavelength. On this occasion the Sun's disc was
within the field of view of the B instrument. At a
solar zenith angle of 37° the AI/B ratio rose to
2.5, as the B spectrometer could no longer see the
Sun. Ratios of about 1.2 were again achieved at
high solar zenith angles and short wavelengths,
for example 80° and 320 nm, when the direct solar
beam was no longer a significant contributor to
the global irradiance.

DISCUSSION

In assessing the results from this campaign
it is important to bear in mind the questions
which need to be resolved. Is it possible to make
spectral irradiance measurements with
different instruments to a single spectral
standard, and if so, what accuracy and
repeatability can currently be achieved? Under
what conditions do the instruments fail to give
adequate results, and what factors limit their
performance?

From this point of view, it was a great
advantage to have such a wide variety of
instruments and operating conditions available.
The combination of lamp calibrations and sky
scans turned out to be much more valuable than
either alone, and the ideal position of the viewing
platform made it possible to continue
measurements over the full range of solar zenith
angle on clear and cloudy days.

The most striking result from this
campaign was that intercomparisons in front of
the lamp did not agree with those made under the
sky, that is to say the ratio of the spectra from two
instruments was not the same in the two cases.
As the absolute calibration of each instrument is
derived from a lamp, while the required
measurement is under the sky, this matter must
be resolved before reliable absolute spectra can
be obtained. We shall first discuss the
comparisons made in front of the standard
lamps, and then those made under the sky.

The repeatability of the relative spectral
sensitivity is one of the strongest points in
favour of instruments based on photomultipliers.
On a single instrument, the ratio of successive
scans of the same lamp can be expected to be
spectrally flat to about one per cent throughout the
ultraviolet region above 290 nm, even if the
absolute level of the calibration has changed
(Figure 19). Two instruments in good working
order can show a consistency in spectral
calibration of about ±4% over the same spectral
range, while the ratio of scans by one instrument
on two lamps can be independent of wavelength to

within ±2% over the range 290 to 500 nm (Figure
8).

The absolute calibration, on the other hand,
is liable to vary considerably from one lamp to
another, even on the same instrument.
Discrepancies of 10 to 15% were found between
lamp scans on some of the instruments at
Panorama, while the instruments themselves
disagreed with each other by some ±20%.
Moreover, the calibration ratio of two
instruments was not maintained from lamp to
lamp (Figure 7). It is this last result which
causes most concern, as it cannot be explained by
any calibration discrepancies which existed
before the intercomparison began. The cause of
these variations is not known, and must be
determined before observations on the
atmosphere can be regarded as reliable on an
absolute scale. The explanation must be sought in
one of two areas: the tendency of instrument
sensitivity to drift with time and temperature,
and the control of systematic errors in the lamp
room.

In principle, every discrepancy between
successive lamp scans on the same instrument
could be attributed to temporal drift in the
absolute sensitivity of the spectrometer, but the
evidence from the present intercomparison
suggests that part of the explanation lies in the
stability of the lamp tests themselves. Only one
of the instruments showed a progressive drift in
its sensitivity during the course of the day, and it
was clearly detectable in the sky scans relative to
the other spectrometers. The results in Figures 7
and 8 are more easily accounted for by
systematic variations in the lamp tests than by
independent variations in individual
instruments.

Careful monitoring of the lamp current and
distance should ensure a constant irradiance, but
there are many other factors which can influence
the results. Stray light reflected from the walls
and parts of the calibration apparatus must be
eliminated, and the spectrometer must be placed
with its receiving surface perpendicular to the
beam from the lamp. For repeatable results it is
also necessary to position the entrance optics of
the spectrometer centrally on the axis of the
optical bench. Even if the irradiance field of the
lamp itself is fairly uniform, the presence of the
optical bench apparatus, and the spectrometer
under test, may give rise to significant lateral
variations. Hemispheric spectrometers are
particularly susceptible, whereas those with a
narrow field of view are to some extent protected
from scattered light.
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Figure 19. Ratio of successive scans of lamp 104 by the GB instrument.

Tungsten standard lamps of the type used in
the Panorama intercomparison are operated with
the filament vertical and the calibrated beam
horizontal . This means tha t the
spectroradiometer must be turned on its side in
order to view the beam. This is a common but
questionable practice. The instruments are
generally designed with a vertical viewing axis,
and it is impossible to be sure that the alignment
of the instrument optics remains fixed when the
spectrometer is turned on its side. A small
wavelength shift would resolve some of the
discrepancies in the lamp comparisons. The AI
instrument, with its optical fibre, had an
advantage in this respect, being able to point its
diffuser at the lamp without upsetting the
spectrometer itself.

Improvements in the laboratory
intercalibration system will be sought in the
construction of a purpose-built lamp unit
containing several identical lamps and a
reflector to enable spectroradiometers to be
operated in their normal orientation. Results
from this type of measurement will not be
regarded as satisfactory until successive scans
on a group of well-maintained instruments agree
to within a few per cent virtually every time.
Only then will it be obvious which of several
calibrations is to be regarded as suspect.

As the lamp tests show that the
spectrometers do not suffer unduly from
variations in relative spectral sensitivity, any
spectral discrepancies arising when the
instruments are exposed to daylight must result

from differences in the characteristics of the
radiation fields received from the lamp and the
sky.

The principal differences between the lamp
and the sky are to be found in the spectral
distribution and the angular distribution. The
lamp provides a much better ratio of ultraviolet to
visible irradiance, particularly at the shortest
wavelengths (250 to 300 nm, say), and practically
all the light arrives along the normal to the
receiving surface. We might expect, therefore,
that the results of the sky tests would reflect the
inability of the instruments to cope with low
intensities of short-wavelength ultraviolet
radiation, and with light incident at an angle to
the perpendicular. The radiation from the sky
also exhibits considerable spectral structure,
which is not present in the output of the lamps.

For these reasons, the sky comparisons
provide a much more sensitive guide to the
merits of the individual instrument
specifications. Several design features of the
spectrometers conspire to produce discrepancies
between the instruments. We now discuss these
features in turn.

Wavelength shifts

Small shifts in the wavelength setting are to
be expected in these spectrometers, and several
were observed during this campaign. These
shifts are easily identified and corrected by
referring to the Fraunhofer lines, provided that
the shift is constant across the spectrum. Such
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shifts were generally no more than 1 nm. A
typical example will be found in Figure 12. As the
correction of small wavelength shifts generally
presents no inherent difficulty, we can regard the
wavelength calibrations as satisfactory on all
instruments throughout the intercomparison.

Bandwidth

The oscillations which are generally
observed in ratio spectra such as those in Figure
11 arise from the interaction of solar Fraunhofer
structure with the slit functions of the
spectrometers. They merely reflect the different
bandwidths of the instruments, and can be seen as
a useful diagnostic artefact rather than a
discrepancy. In particular, they confirm the
stability and consistency of the wavelength
calibrations.

Weak irradiance limit

At the shortest wavelengths, all the
instruments reach a limit in their ability to
detect faint radiation. This is generally due to the
dark current or stray light, whichever is the
greater. In the case of the GR and AW
instruments, the signal recorded at the shortest
wavelengths, which is assumed to be spurious, is
averaged and subtracted from the spectrum as a
whole. The AW instrument was operated without
cooling, and appears to have reached its

wavelength limit as a result of a high dark
current under the heat of the Sun. The B
instrument subtracts the minimum value
recorded at the shortest wavelengths, which lie
below 200 nm. The N and GB instruments report
the signal as recorded, although the GB procedure
effectively removes the dark current before the
scan commences.

Stray light

Despite all attempts to exclude it, some
visible light will penetrate to the detector when
the spectrometer is scanning in the ultraviolet
region. This is not a problem in the lamp room,
where there is sufficient irradiance to overcome
any stray visible light, even at the shortest
wavelengths. But the attenuation of solar
radiation by atmospheric ozone is so severe at
wavelengths shorter than 300 nm that stray light
can be comparable with the ultraviolet signal
when the instruments are exposed to the sky.
Figure 20 illustrates the form of the recorded
spectra at the shortest wavelengths. In the AI
instrument, stray light was less than the dark
current when recording global solar irradiance.
At wavelengths shorter than 290 nm the GB
instrument gave a constant signal which was
clearly attributable to stray light. The B
instrument is extremely well baffled against
stray light, but its background signal (after
subtraction of the minimum) was sometimes

e
a8

an
ce

 (1
-r

ad
i

1

S
p

ed

10'-
-

101-

10"4-

-

1 0 ' -

J « l j 5 - 1 0 0 0 U T

A I

G B

G R

I I I I | I I I I I I I I I | I i I I [ I I I I |

280 290 300 310 320 330 340
Wavelength (mn)

Figure 20. Logarithmic plot of the AI, GB, and GR spectra for July 5 at 1000 UT.
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higher than that of the GB instrument, which is not
baffled at all and does not subtract stray light.
The B signal was presumably therefore limited
by de tec tor or amplif ier efficiency.
Spectrometers are also susceptible to stray light
from wavelengths close to the one being
measured. As this type of stray light would not be
eliminated by subtracting the signal at the
shortest wavelengths, it may account for the
anomalous behaviour of the AI/GR ratio in Figure
IL

Cosine response

Some of the variation in the ratios between
the instruments during the course of a day may be
due to deficiencies in the cosine response of the
spectrometer input optics. This is one of the most
intractable problems in the measurement of
global solar irradiance. The quartz or teflon
diffuser must be rather carefully shaped and
positioned if the spectrometer is to capture
photons from all angles with equal efficiency.
The AW instrument had the advantage of an
integrating sphere. In principle, this should
provide a perfect cosine response, but in practice
the finite size of the inlet and outlet apertures in
the sphere will introduce departures from the
ideal curve.

Linearity

Although we have dwelt throughout this report
on the discrepancies, it is important to recognise
that the instruments generally displayed a high
degree of consistency in their reporting of the
observed spectra. In particular, instruments of
widely differing specifications maintained
proportionality over a large dynamic range of
irradiance. It follows that the detectors achieved
a satisfactory degree of linearity throughout the
inter comparison.

CONCLUSIONS AND
RECOMMENDATIONS

It is quite clear from the global solar
i r radiance spectra recorded during this
campaign that well-maintained instruments of
this general type have no difficulty in recording
the form of the incident spectrum with a
satisfactory degree of accuracy, resolution, and
repeatability at all but the shortest wavelengths.
That is to say, the ratio of the recorded spectrum
to the true spectrum is largely independent of

wavelength, and consists of acceptable
fluctuations superimposed on an unknown
constant. The intercomparison has shown that
two major factors place a limit on the evaluation
of that constant. The first is the failure of lamp
calibration tests to t ransmit the absolute
standard to better than about 20% in general, and
the second is the failure of instruments to
reproduce under the sky the relative calibrations
they produced in the lamp room. The campaign
has yielded crucial information which highlights
the areas requiring attention: information which
could not have been obtained without the close
proximity of the instruments.

In assessing the results of this
intercomparison, it has become clear that all the
designs which took part have individual
advantages and future potential. The quartz-fibre
optics of the AI instrument, the AW integrating
sphere, and the ozone facility provided by the GR
spectrometer were particularly valuable, while
the GB, B, and N instruments showed the
importance of sensitivity, automation, and
spectral range. No one instrument combined the
best features of the set, and some comparative
information might have been lost if it had. Indeed
the broad spread of instruments was one of the
principal strengths of this experiment. It will be
important in future developments not to sacrifice
these advantages on the altar of uniformity.

Further work will therefore seek to
capitalise on these features, while studying and
eliminating the deficiencies, particularly with
regard to stray light, inadequate cosine response,
and absolute calibration. To this end, field
intercomparisons should continue to combine
lamp and sky tests. The smooth spectral output of
a tungsten lamp reveals the slightest flaw in the
spectral calibration, while the sky scans provide
information on stray light, cosine response and
resolution.

To maintain standards in between field
experiments, a travelling lamp unit will be
developed. In using this equipment,
consideration will be given to the injection of
sporadic light from a laser or discharge lamp
during part of each scan, to ensure wavelength
stability.

The presence of instruments with a wide
wavelength range was of considerable advantage
during the intercomparison, and will become
increasingly important. The interpretation of
anomalous behaviour at the shortest wavelengths
relies rather heavily on extended spectra.
Correlative information from the visible region
will also be required for the interpretation of
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ultraviolet irradiance data in relation to cloud
cover, and for studies of plant response to
photosynthetically-active radiation in the
presence of changing ultraviolet fluxes.

Finally, we recommend the deployment of a
calibrated pyranometer during spectral
measurements, in order to monitor from minute
to minute the effect on global solar irradiance of
variat ions in atmospheric conditions,
particularly the effect of passing clouds.
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