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A variety of instruments have been developed over the past 50 years to measure spectral radiance in
absolute units at UV and visible wavelengths with high spectral resolution. While there is considerable
experience in the measurement of spectral irradiance, less emphasis has been given to the reliable
measurement of spectral radiance from ground observations. We discuss the methodology and
calibration procedures for ﬁve instruments capable of making such measurements. Four of these
instruments are based on double monochromators that scan each wavelength in turn, and one is based
on a single monochromator with a charged coupled device (CCD) allowing the recording of all
wavelengths simultaneously. The measured spectral radiance deviates between 3% and about 35%
depending on the instruments. The results are compared with radiative transfer calculations when the
aerosol characteristics of the atmosphere are known.

Introduction
The energy for running dynamical processes within the atmosphere
and for life on Earth depends on the continual supply of the
sun’s radiation. This incoming energy can be described by a
combination of separate spectral direct-sun and sky radiance
measurements. In contrast to spectral global irradiance, which
refers to the incident power on a horizontal surface,1 spectral sky
radiance provides both spectral and spatial information about the
radiation ﬁeld. The additional spatial and spectral information
included in spectral sky radiance is essential for many applications.
Improving the knowledge of sky radiance is valuable in many
research areas, ranging from medical research on the impact of
ultraviolet radiation on various parts of the body, to solar lighting
predictions for architecture, and the development of radiation
models for predicting climate change and its biological effects.
C. Dorno was the ﬁrst scientist to publish radiance
measurements.2 In his publication he laid the foundation of
radiation climatology. He determined the cause of the healing
effect of the high mountain climate to be a combination of the
environment and complete physical rest. Later the intensity of diffuse short-wave radiation at Davos during overcast conditions and
its dependence on cloud type and solar altitude was investigated.3
He found out that for the summer period at a solar altitude of 50◦
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the mean intensities of diffuse radiation are 1.6 to 6.2 times greater
than the clear sky values, depending on the type of cloud form.
During the winter period, the intensities can be 1.15 to 1.92 times
greater than the summer values. More recent measurements of
spectral sky radiance have been made.4 Measurements at various
locations throughout Europe were used to investigate the sky
radiance under a selection of atmospheric conditions. These reveal
variations in the spatial distribution of sky radiance in the UV-B
of up to a factor of 2, and in the UV-A of up to a factor of 10
across the hemisphere. Furthermore, a distinct minimum of sky
radiance, which is dependent on the solar zenith angle (SZA), but
not on wavelength, was observed. Ref. 5 reports measured sky
radiance at a high-latitude, coastal site under clear and cloudy
conditions using an all-sky camera and a narrow ﬁeld-of-view
spectroradiometer. These observations were compared to results
from a 3D Monte-Carlo radiation model that explicitly includes
the interaction of radiation with heterogeneous surface features.
The observed sky radiance distribution showed good agreement
with modelled results and roughly mirrored the spatial distribution
of surface albedo. A recent study6 describes spectral sky radiance
measurements over a snow covered surface at an alpine site. A
comparison of the experimental data with model results from
a 1D radiative transfer model showed that for the case of
homogeneously snow-covered terrain, when the snow melted the
diffuse sky radiance was reduced by up to 40%, depending on solar
zenith angle. In addition, it was found that diffuse sky radiance
measurements in a low aerosol environment are especially useful
in the assessment and validation of radiative transfer models.
Spectral sky radiance measurements were made by the Institute
of Meteorology and Climatology of the Leibniz Universität
Hannover (DEH) in an Antarctic environment to investigate the
impact of high snow albedo on spectral sky radiance.7–8 The
measurements show that the radiance distribution over the sky
becomes less homogeneous with increasing wavelength. These
results were conﬁrmed by model results. For a SZA of 86◦ at
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Table 1 List of all instruments involved in this study
Optical part of the
instrument

Instrument type
spectral range/nm

Radiance
optics FOV/◦

FWHM/nm

Calibration method

University of
Hannover/DEH
Innsbruck/ATI
University of
Manchester/GBM

Bentham TMc 300

280 to 2500

4.5

0.5 to 10

Lamp + diffuser plate

Bentham DTM 300
Bentham DTM 300

280 to 600
280 to 600

1.4
1.0

0.52
0.6

Aristotle University of
Thessaloniki/GRT
NASA/Goddard Space
Flight Center/USB

Single monochromator
with CCD
Brewer MKIII

310 to 1000

3.6

1.8 (UV-B) to 2.65 (VIS)

Integrating sphere
Direct irradiance
calibration +
geometrical factor
Lamp + diffuser plate

283 to 364

0.5

0.47 to 0.67

Institute/Abbreviation

a wavelength of 305 nm, the sky radiance at the horizon was
only about 80% of the zenith sky radiance. But at 1000 nm, the
measured sky radiance at the antisolar point exceeded the zenith
sky radiance by a factor of 11. The difference in homogeneity at
shorter wavelengths is mainly due to Rayleigh scattering, which
increases at shorter wavelengths.
In this paper we describe the conﬁgurations and calibration
methods for 5 instruments (listed in Table 1) and how the
difference between the measurement results affects the measured
sky radiance distribution. The ﬁeld of view (FOV) of the radiance
input optics is deﬁned as the maximum area in degrees that can be
seen through the optics.

Instruments and methods
DEH (Institute of Meteorology and Climatology, Leibniz
Universität Hannover, Germany
The central element of the DEH spectroradiometer is a TMc300
double monochromator manufactured by Bentham Instruments
Ltd. The double monochromator consists of two identical single Czerny-Turner monochromators. The total focal length is
600 mm. The radiation enters the monochromator through a
motorised entrance slit, which is set to 0.74 mm for wavelengths
between 290 and 600 nm. This is also the width of the exit
slit. The middle slit is set to 1.85 mm. For the wavelength
range of 290 to 600 nm a holographic reﬂection grating with
2400 rules/mm is employed to disperse the radiation into its
spectral components in each monochromator, Stray light is
suppressed by a number of bafﬂes and the middle slit. The nominal
bandwidth of the spectroradiometer of the described setup is
0.5 nm.9
A photomultiplier (PMT), model DH-3(Bi), is employed as
a detector for the wavelength range from 290 to 600 nm. To
operate the spectroradiometer in a stable manner, it is placed
inside a temperature controlled box. The temperature inside
this weather-proof box is held at 20 ◦ C (±0.5 ◦ C) during the
measurements. Radiometric stability and wavelength accuracy are
frequently tested.7 Absolute calibrations of the instrument are
performed with a 1000 W FEL lamp at the DEH’s radiation
laboratory. The responsivity of the spectroradiometer in the ﬁeld is
determined by scanning a 100 W tungsten halogen lamp, which is
operated inside a portable ﬁeld calibrator.10 The spectral irradiance
measured by this instrument has been intercompared with other
spectroradiometers from New Zealand and the US.9

Lamp + diffuser plate,
integrating sphere

A skyscanner is used for pointing the radiance input optics at
selected points in the sky and is usually used to measure the sky
luminance at 145 standardised points. The mechanical control
of the skyscanner is based on three electric motors driving one
vertical and two horizontal axes. The vertical axis’ movement is
limited to 190◦ . This axis turns the whole body of the skyscanner.
The ﬁrst horizontal axis actuates the luminance detector. The
second horizontal axis drives the input optics for radiance. It
is limited to ±90◦ , if 0◦ is set to a SZA of 0◦ . The whole body
is mounted on a 50 cm high pedestal. An internal PC inside
the skyscanner controls the motors, heating, cooling, and the
luminance detector. An external PC connected via a serial port
to the skyscanner contains the user interface and control software.
To measure sky radiance, the input optics has to be mounted to the
secondary horizontal axis, which is located at the bottom of the
skyscanner body. At the rear end of the input optics an optical ﬁbre
has to be attached to direct the radiation to the spectroradiometer.
The input optics designed for spectral sky radiance measurements consists of a 130 mm long collimator tube that has an
internal black matt-ﬁnish to avoid reﬂections. A bafﬂe in the
middle of the tube is used to limit the FOV and to reject
stray light. The edges of the FOV cut off sharply and no local
maxima can be detected. The FOV is approximately 4.5◦ , giving a
solid angle for the input optics of 4.84 ¥ 10-3 sr. The radiance
calibration procedure is adapted from11 for use in the DEH
radiation laboratory facilities.
Fig. 1 shows the setup for the spectral radiance calibration. The
calibrated 1000 W FEL lamp is placed in the lamp room at a speciﬁed distance from the surface of the diffuser plate. The distance was
chosen to be the same as that used during the calibration procedure
at Physikalisch-Technische-Bundesanstalt (PTB), namely 67.7 cm.
This avoids the uncertainties introduced by applying the inverse
square law to recalculate the irradiance of the measured lamp.12 A
wall between the lamp room and the laboratory acts as a bafﬂe. The
diffuser plate is made of an optically diffuse material (OP.DI.MA.).
This material has a diffuse reﬂectance of >98% from 400 to
1600 nm and >95% from 250 to 2000 nm. OP.DI.MA. provides a
uniform reﬂectance across this spectral range and over a large area.
Other material features include long-term ultraviolet stability, high
maximum permissible radiation ﬂux densities, and the ability to be
cleaned and resurfaced. The DEH diffuser plate was calibrated by
Gigahertz-Optik GmbH. It is placed on an adjustable table, where
a He–Ne laser is used to align the plaque perpendicular to the
light beam. The radiance input optics is mounted on a rotational
table at a 45◦ angle to the diffuser plate at a distance of about
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D (l ) =

Fig. 1 Radiance calibration setup at the DEH radiation laboratory. The
radiation beam of a 1000 W FEL lamp perpendicularly illuminates the
diffuser plate. The plate serves as a uniform radiation source, which
illuminates the radiance input optics. The tube is placed 5 cm away in
a 45◦ angle from the plate.

5 cm. It is most important that the FOV of the collimator tube is
ﬁlled by reﬂection from the plaque. If the tube is too far away, the
input optic FOV is not uniformly illuminated by the plate and the
calibration procedure is invalid.
The diffuser plate presents a uniform radiance source to the
collimator tube. This arrangement avoids a partial shading of
the diffuser plate by the tube or the optical ﬁbre. To convert the
measured signal to spectral radiance the radiance L(l) is calculated
by applying the following equation.13

R (0∞/ 45∞, l ) Ê rref ˆ
ÁË r ˜¯ E ( l , rref )
p
2

L (l ) =

(1)

where R(0◦ /45◦ , l) is the directional/directional reﬂectance factor
of the diffuser plate, r is the measured distance between the
lamp and the plate in cm, and E is the spectral irradiance of
the calibrated lamp at the reference distance rref = 67.7 cm,
interpolated to the designated l. The interpolation is needed since
PTB provided the lamp certiﬁcate in 10 to 50 nm steps only. The
reﬂectance factor R(0◦ /45◦ , l) reﬂects the fact that the direct
beam perpendicularly illuminates the diffuser plate (0◦ ) and the
reﬂected radiation is measured at an angle of 45◦ to the plate.
For the values of the reﬂectance factor R the 8◦ /hemispherical
reﬂectance function, R(8◦ /h, l), has been used. The directionalhemispherical reﬂectance (here: 8◦ /hemispherical) is deﬁned as
reﬂectance, where the incident radiance is conﬁned (in a narrow
range) to a single direction (here: 8◦ ) and the reﬂected radiance is
collected over the complete hemisphere above the surface.14 The
values of the reﬂectance function have been provided by GigahertzOptik for the DEH plate at the time of purchase. The provided
reﬂectance values are not suitable for DEH’s setup R(0◦ /45◦ ,
l) since Gigahertz-Optik was not able to perform calibrations
in the R(0◦ /45◦ , l) direction. Johnson et al. give a possible
additional uncertainty of 2% between R(0◦ /45◦ , l) and R(8◦ /h,
l).13 At present there is no better information on how to estimate
this contribution. Previous experience12,15–16 in dealing with the
uncertainty analysis of absolute radiation measurements suggest
more work is needed before this can be put on a more rigorous
basis.
With L(l), and the measured signal S(l) of a known radiance
source, the spectral radiance responsivity D(l) can be calculated
with the following equation:
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S (l )
L (l )

(2)

Using the spectral radiance responsivity D(l) and eqn (2), the
spectral sky radiance L(l) can be calculated from the measured
signal S(l).
As soon as the radiance calibration is completed a measurement
of the output of a 100 W lamp within a portable calibrator is
performed. This procedure is needed order to check on potential
changes in the calibrations due to disassembly, moving and
reassembly of the spectrometer in the ﬁeld. The portable calibrator
consists of an interchangable 100 W lamp in an enclosed box with
ﬁttings that uniquely align each optical head such that the optics
always views the lamps in exactly the same way. The lamp in the
unit is measured immediately after calibration, and then again
after reassembly at a new location, where they can also be used to
track the stability of the instrument. If a full calibration is required
the instrument must be removed to a laboratory.
ATI (Division of Biomedical Physics, Innsbruck Medical
University, Austria)
The spectroradiometer used to measure global irradiance and
actinic ﬂux, as well as direct irradiance and radiance, consists
of a double monochromator DTM300 supplied by Bentham
Instruments. The focal length of each monochromator is 300 mm
and both monochromators are equipped with two holographic
gratings (1200 and 2400 rules/mm, respectively), that can be
chosen by software. With the 1200 rules/mm grating, which is
used for measurements of global irradiance and actinic ﬂux, the
slit width (FWHM) is 0.96 nm and the wavelength uncertainty is
less than 0.1 nm. The input optics for the measurement of direct
irradiance and radiance are connected to the second entrance slit
via a Y-shaped optical ﬁbre bundle. To obtain a better resolution
at short wavelengths a 2400 rules/mm grating is used, resulting in
a FWHM of about 0.52 nm and a wavelength uncertainty of less
than 0.05 nm, for this kind of measurement.
To enable the spectrometer to be stable whilst being used in
measurement campaigns all over Europe in a large range of
weather and temperature conditions, the instrument is placed
together with other sensitive hardware in an insulated box that
is temperature stabilized at 28.5 ◦ C by Peltier elements. Moreover
a second weather proof box protects the instrument against snow
and rain.
The sun tracking system with input optics for the measurement
of direct irradiance and radiance is custom-made. It consists of two
micro-stepping motors with a resolution of 0.025◦ . The accuracy
of the position of the optics in the sky has been determined
to 0.05◦ by using optical encoders in a feed-back loop. The
Y-shaped optical ﬁbre bundle that connects both input optics with
the spectroradiometer is split at a ratio of 1 : 9. By connecting the
small bundle to the direct input optics the high radiance of the
solar radiation coming directly from the sun is scaled down by a
factor of 9 to avoid saturation of the photomultiplier. In addition
a grounded quartz plate inside the optic also reduces the intensity.
Bafﬂes are used that give a ﬁeld of view of about 1.5◦ for these
input optics.
The input optics for the measurement of radiance consists of a
lens above an aperture, a linear polarizing ﬁlter and the shutter
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above the entrance of the thicker ﬁbre bundle. In addition a tube
with bafﬂes in front of the lens reduces stray light. The lens with
a focal length of 10 cm focuses the light from the sky onto the
aperture which gives a ﬁeld of view of 1.4◦ , so that the solid angle
is 4.69 ¥ 10-4 sr. The spectral transmittance of the polarizing ﬁlter
is shown in Fig. 2.

Fig. 2 Transmission of the linear polarizing ﬁlter inside the radiance
input optic.

It is usual for the polarizing ﬁlter to be mounted in the radiance
input optics. Especially during calibration, this allows the spectral
behaviour of the ﬁlter to be accounted for. Moreover the alignment
of the transmission axis of the polarizing ﬁlter can be chosen by
the software, when sky scans are performed and radiation from
selected positions in the sky is measured at a chosen wavelength.
At each position four measurements with different orientations
(0◦ , 45◦ , 90◦ and 135◦ ) of the transmission axis of the polarizing
ﬁlter are performed. This information is then used to calculate
the degree and angle of polarization by means of the Stokes
parameters at each position. The unpolarised radiance can be
obtained by adding the polarized radiances gained at crossed
orientations (0◦ and 90◦ , or alternatively 45◦ and 135◦ ) of the
transmission axis of the polarizing ﬁlter. The two possible results
for unpolarised radiance match at a 99% level. Moreover full
spectra of polarized radiance can be obtained with a predeﬁned
orientation of the transmission axis of the polarizing ﬁlter.
The calibration of the radiance input optic is based on an
integrating sphere, which is calibrated by Gigahertz Optik GmbH
and traceable to PTB. The uncertainty of the certiﬁcate of the
sphere in the wavelengths range 270 to 395 nm is given as ±6%
(k = 2) and from 400 to 780 nm it is determined to be ±5% (k =
2). The sphere with a diameter of 15 cm is laminated with totally
diffuse reﬂecting OP.DI.MA. A 100 W halogen lamp is mounted
at the input port of the sphere. At the 2.5 cm diameter output port
diffuse light exits the sphere, which is measured with the radiance
input optics for absolute calibration. Then the certiﬁcate of the
sphere is transferred to the portable ﬁeld calibrator, which is used
for routine calibration. Earlier a diffuser plate at a distance of
70 cm from the 1000 W lamp was used for calibration. This kind
of setup was found to be very sensitive to stray light and had very
low signal at wavelengths below 350 nm, therefore the diffuser
plate is no longer in use.
Measurements of global irradiance, actinic ﬂux and direct
irradiance accomplished with this spectroradiometer have already

been compared to other instruments at diverse European campaigns. See ref. 17–19 for more details.
GBM (School of Earth Atmospheric and Environmental Sciences,
University of Manchester, United Kingdom)
The radiance measurements of the University of Manchester were
made using a Bentham DTM300 spectroradiometer. This is similar
in design to the Bentham described above operated by ATI with a
FWHM of 0.6 nm. The instrument is calibrated and operated in
a temperature stabilised box at 25 ◦ C ± 0.5. The Bentham GBM
has two switchable inputs to allow a variety of measurements
depending on the input optics ﬁtted. For the only campaign in
this paper in which Manchester made radiance measurements
(at Izaña) a head to measure global irradiance was ﬁtted to one
entrance. Whilst for the second entrance aperture a 5 m quartz ﬁbre
is ﬁtted to a tubular input optic containing lenses and bafﬂes with
a 1◦ FOV. This input optic can be used for both direct (when ﬁtted
with a quartz ﬁlter to reduce the solar radiation) and radiance
measurements.
The Manchester sun-tracker is a custom designed system
contained within a weatherproof box, mounted atop a tripod.
Inside the weatherproof box, two stepper motors, via 1 : 50 gearing
mechanisms, control the azimuth and elevation rotations, with
a single step equating to 0.03◦ . Microswitches prevent rotation
beyond ~30◦ below the horizon, or past North in either direction.
Full access, however, is provided to all directions in the upper
hemisphere.
The setup for calibration was performed in a darkroom using a
NIST traceable 1000 W lamp. The global head was calibrated using
the standard methodology. The direct calibration was performed
at a distance of 4.5 m in the lab to keep signal levels from saturating
the Bentham PMT. The lamp was centred in the FOV of the
telescope used to make the direct and radiance measurements.
The calibration ﬁle obtained had to be corrected using the inverse
square law to allow for the non-standard calibration distance. The
calibration was performed for the spectral range of 290 to 600 nm.
Finally for radiance measurements the calibration was obtained
from the direct calibration by use of a geometrical factor to correct
for the FOV.
As soon as each calibration is completed a measurement is
made of the output from two 200 W lamps. These are then used
as a transfer standard to check on changes in the calibrations
due to disassembly, moving and reassembly of the spectrometer
in the ﬁeld. For further details about this approach see the DEH
subsection in the “Instruments and methods” section.
GRT (Laboratory of Atmospheric Physics, University of
Thessaloniki, Greece)
The GRT spectrograph measures direct solar irradiance and sky
radiance from 310 to 1000 nm in 1000 spectral bins. This results in
an average wavelength interval of 0.77 nm, ranging from 0.8 nm
in the UV to 0.74 nm in the near IR region. The detector of
the spectrograph is a solid state CCD (Charged Coupled Device)
type S7031 by Hamamatsu Photonics. Two telescopes are used
to collect the incoming radiation and are connected with the
spectrograph through a UV enhanced optical ﬁbre. The optical
telescopes consist of two parallel aluminium tubes which are ﬁlled
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with cylindrical bafﬂes of different apertures. The ﬁeld of view
(FOV) is set to 1.2◦ for the direct irradiance and to 3.6◦ for the sky
radiance optics. Depending on the application, both FOVs can be
adjusted by changing the bafﬂes inside the tubes. The radiation
passes through an entrance slit (20 mm width) and is dispersed by
a ﬂat ﬁeld diffraction grating (248 lines/mm), blazed at 400 nm.
The calibration of the sky radiance is performed with the use
of a 1000 W DXW calibration lamp and a standard diffuser plate
(OP.DI.MA) calibrated by Gigahertz-Optik GmbH. The diffuser
plate is set at a distance of 50 cm from the lamp and the telescope of
the radiance optics was aligned to viewing the plate at an angle of
about 5◦ from the normal on the centre of the plate. The telescope
was positioned behind the lamp, in such a way that the lamp
was completely outside of its ﬁeld of view. The reﬂectivity of a
diffuser plate can be described through the following quantities:20
the bidirectional reﬂectance distribution function (BRDF) f r , the
bidirectional reﬂectance factor (BRF) R and the hemispherical
reﬂection factor r. For a perfectly Lambertian surface, f r is 1/p
sr-1 while R and r are equal to unity. The calibration certiﬁcate
of the diffuser plate used in this study provides the hemispherical
reﬂection factor, r:

r (q i ,fi ;l ) =

1
p

Ú

f r = 2p

fr = 0

Ú

qr =

p
2

qr = 0

R (q i ,fi ;q r ,f r ;l )cos(q r )sin(q r )dq r df r
(3)

where q i and j i are the zenith and azimuth angles of incidence
irradiance, respectively, and q r and j r the corresponding zenith
and azimuth viewing angles of the diffuser surface, while R
is unknown. Assuming that the diffuser plate behaves as a
Lambertian surface, the radiance L(l) emitted by the diffuser
plate is given by eqn (1) where both r and rref equal 50 cm and
R(0◦ /45◦ , l) is substituted by R(0◦ /5◦ , l). The error introduced
by the assumption that R(0◦ /5◦ , l) equals R(8◦ /h, l) can be up to
5%.21 Finally, the distance of the telescope from the diffuser plate
is not essential, as long as the plate overﬁlls the ﬁeld of view of the
entrance optics. The response function for an integration time IT
and wavelength l is calculated from the following equation:

Ê IT ˆ L ( l )
R ( l , IT ) = Á
c
Ë ITref ˜¯ S ( l , ITref )

(4)

where Sc (l,ITref ) is the dark current and stray light corrected
measurement performed using integration time ITref . ITref is the
maximum integration time in order to avoid saturation of the
detector.

raw counts are corrected for dark count, dead time, neutral density
attenuation, temperature dependence and converted into count
rates.
The wavelength range of this Brewer is 282.6 to 363.6 nm and the
slit function is approximately triangular with FWHM from 0.47
to 0.67 nm that decreases with increasing wavelength.23 Internal
stray light is below 10-6 W m-2 nm-1 . The wavelength calibration of
the instrument is done in the laboratory.24 The positioning of the
gratings can be reset by scanning the output of an internal mercury
lamp. When applying this grating-reset-routine a few times (3 to
4) during the day, the 1-sigma wavelength uncertainty in ﬁeld
conditions is less than 0.01 nm.23
The ﬁeld of view is circular ~2.7◦ FWHM (1.7 ¥ 10-3 sr) for
direct sun measurements and rectangular ~0.5◦ ¥ 0.05◦ (1.9 ¥ 10-6
sr) for sky radiance measurements.25 The resolution of the sun
tracking system is 0.13◦ in zenith and 0.03◦ in azimuth. The correct
tracking is checked at every direct sun measurement by comparing
the calculated solar position with the actual solar position. The
actual solar position is determined by moving the instrument to
the position of maximum intensity.
Since the Brewer in its original design is sensitive to
polarization,26 a depolarizer was placed in the fore-optics and the
ﬂat quartz entrance window was replaced by a curved one.27 After
these modiﬁcations the residual polarization is less than 1.5% for
all wavelengths.
The absolute radiometric calibration of the Brewer MKIII is
done in the laboratory using 1000 W tungsten quartz-halogen
primary standard lamps from NIST.28 For radiance calibration
USB uses both a lamp-diffuser-plate technique and an integrating
sphere technique in a similar way to that described earlier in
this paper. For the diffuser-plate method a Spectralon diffuser
plate is placed at a distance of 50 cm from the lamp and the
instrument’s viewing optics point to the centre of the diffuser
plate at a distance of 80 cm at an angle of 30◦ . The bidirectional
reﬂectance distribution function of the diffuser plate for this angle
was measured as a function of wavelength using a scatterometer.29
The integrating sphere used for the other calibration method has
50 cm diameter, a 20 cm diameter port, is coated with barium
sulfate and illuminated by 4 internal tungsten quartz-halogen
lamps of 150 W each. Its absolute calibration is traceable to NIST
irradiance standards.30 The 1-sigma uncertainty above 305 nm is
about 3%.

Measurement sites
Izaña

USB (NASA/Goddard Space Flight Center, Greenbelt, Maryland,
USA)
Direct irradiance and sky radiance were measured with a modiﬁed
Brewer MKIII grating double spectrometer.22 The instrument
contains two modiﬁed Ebert f/6 spectrometers with focal length
16 cm, each utilizing 3600 lines per mm holographic diffraction
gratings operated in the ﬁrst order. The photosensitive element
is a photomultiplier tube operating in photon counting mode.
By means of a ﬁlterwheel with different neutral density ﬁlters,
the count rate can be adjusted to typically 5 to 15 ¥ 105 counts
per second. The instrument is heated to 20 ◦ C, so the operating
temperature range is from 20 ◦ C to more than 40 ◦ C. The measured
520 | Photochem. Photobiol. Sci., 2009, 8, 516–527

From 3 June to 13 June 2005 a spectral sky radiance intercomparison took place, alongside the better understood global spectral
irradiance, and direct spectral irradiance intercomparisons. To
our knowledge this was the ﬁrst intercomparison of this kind
worldwide. The location was the Observatorio Atmosférico de
Izaña (28.3◦ N, 16.5◦ W, 2367 m above sea level) on the Canary
island of Tenerife, Spain. This speciﬁc location was chosen for
two reasons: Firstly, its height—only natural aerosols in the free
troposphere and stratosphere or high clouds would inﬂuence the
measurements. At this location aerosols often originate as dust
transported from the Sahara desert in Africa which is about
300 km away in a westerly direction. The local wind ﬁeld is
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dominated by north-westerly winds. Secondly, the clean air—the
observatory is located in the middle of the island on a mountain
range, where almost no anthropogenic pollution can be observed.
Therefore, this site provides very good conditions for assessing the
quality of spectral measurements. A predominant meteorological
attribute of the Canary Islands region is the presence of the trade
wind inversion that persists throughout most of the year and is
well below the altitude of the station.19
Thessaloniki
The main aim of the campaign was to quantify the effects of
aerosols on surface UV radiation for different radiation quantities
such as global and direct irradiance, actinic ﬂux density, and
spectral radiance as a function of zenith and azimuth angle.
It was aimed at determining the optical properties of aerosols,
in particular the spectral aerosol optical depth and the aerosol
single scattering albedo by comparing the results with those from
radiative transfer modelling. The campaign site was the roof
of the Laboratory for Atmospheric Physics, Aristotle University
Thessaloniki (40.4◦ N, 22.57◦ E, 60 m asl), Greece from 12 July
2006 until 25 July 2006.

Table 3 Scanning schedule for the spectral radiance measurements. The
predeﬁned times and the SZA, the solar azimuth angle (SAA), the viewing
zenith angle (VZA), the viewing azimuth angle (VAA), and the difference
between VAA and SAA for the speciﬁed relative azimuth position to the
sun. The radiance input optics had to be pointed at the given VZA and VAA
with respect to time to perform synchronised sky radiance measurements
Starting
time [UTC]

SZA/◦

SAA/◦

VZA/◦

VAA/◦

VAA - SAA/◦

08:00
08:30
09:00
09:30
10:00
10:30
11:00
11:30
12:00
12:30
13:00
13:30

67
61
54
48
41
35
28
22
15
9
5
7

75
78
80
83
86
90
94
99
107
123
169
227

0
0
51
51
39
39
0
0
13
13
45
45

77
77
262
262
178
178
96
96
295
295
290
290

2
-1
182
179
92
88
2
-3
188
172
121
63

procedure also normalized the measured spectra to a common
wavelength scale.

Results
Innsbruck
During the measurement campaign in Thessaloniki discrepancies
between measurements of zenith radiance performed by ATI and
GRT of about 20% have been found. Therefore, both groups met
in the laboratory at Innsbruck (47.3◦ N, 11.4◦ E, 570 m asl) on 18
and 19 April 2007 to compare their calibration procedures.

Comparison procedure
During the campaigns the schedule was to measure spectral sky
radiance in the range of 290–450 nm or up to the maximum
wavelength of the particular instrument at intervals of 0.5 nm.
During the Izaña campaign radiance was measured for predeﬁned
directions of the sky (see Table 3) and in Thessaloniki radiance was
measured from the zenith. The measurement at each wavelength
setting was time-synchronised to minimize variability induced by
changes in SZA or variations in atmospheric conditions.
In Izaña and Thessaloniki the spectra measured by each
instrument were converted to 2 nm resolution by the SHICRivm
software package31 since the GRT instrument has a FWHM of 1.8
to 2.65 nm. The same SHICRivm software package was used to
align all measured spectra to Fraunhofer lines which are unique
absorption features of the sun’s photosphere. This methodology
reduced considerably the systematic wavelength structure that
is otherwise observed in spectral ratios of spectra measured
by spectroradiometers that have different resolutions. The same

Spectral sky radiance measurements from Izaña
Spectral sky radiance was measured between 08:00 and 13:30
UTC. Spectra were taken half-hourly in the directions listed in
Table 3, so measurements in the same sun relative direction were
taken half an hour apart before moving to the next sun relative
position. The directions were chosen to measure both forward
and backward scattered radiation and radiation scattered perpendicular to the sun. Fig. 3 illustrates those spectral sky radiance
measurement of DEH in Wm-2 sr-1 nm-1 versus wavelength in nm.
The colours represent measurements conducted at different SZA
and refer to the beginning of each spectral scan Spectra from 08:00
and 09:00 UTC are missing on this ﬁgure due to data acquisition
problems.

Table 2 Atmospheric parameters (mean values) from various sites where
outdoor instrument comparisons have been conducted
Site

Date

Pressure/mbar

O3 [DU]

AOD 340

Izaña
Thessaloniki
Thessaloniki
Thessaloniki

06.06.2005
14.07.2006
23.07.2006
24.07.2006

770
1014
1014
1015

290
318
297
306

0.132
0.62
0.47
0.66

Fig. 3 Spectral sky radiance spectra from DEH measured half-hourly in
Izaña on 6th of June, 2005. The spectra were taken in directional pairs half
an hour apart. The details are listed in Table 3.

The spectral sky radiance increases between 290 and 330 nm, as
a result of decreasing ozone absorption, remains constant until a
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wavelength of approximately 450 nm, and from there on it slowly
decreases. This pattern occurs in all measurements and therefore
it is independent of the viewing direction. The spectrum taken at
a SZA of 61◦ shows the lowest spectral sky radiance of all with
a maximum of 0.04 W m-2 sr-1 nm-1 at 400 nm. Considering this
high SZA, this is not surprising. The highest values of spectral
sky radiance, 0.1 W m-2 sr-1 nm-1 at both 400 and 450 nm, can be
found on the spectrum taken at a SZA of 9◦ .
In the case of the presented sky radiance measurements in
Fig. 3, only scattered radiation has been measured. Thus, the
measured values depend on the interplay between the amount of
incoming solar radiation, which is scattered, and the wavelength
depended Rayleigh function (l -4 with l being the wavelength),
which causes the scattering. For the wavelength range between
330 and 450 nm the extraterrestrial irradiance radiation to be
scattered increases with increasing wavelength. In contrast, the
scattering caused by Rayleigh scattering decreases with increasing
wavelength. The combined effect leads to the almost constant
values for sky radiance between 330 and 450 nm. For wavelengths
longer than 450 nm both the relative contribution of Rayleigh
scattering and the extraterrestrial irradiance decrease, resulting
in the drop-off of spectral radiance. Fig. 4 shows ratios of the
described radiance measurements to the extraterrestrial spectrum
in arbitrary units to better reﬂect this paragraph.

Fig. 4 Ratios of measured radiance to the extraterrestrial spectrum
in arbitrary units. The evidence of amplifying Rayleigh scattering with
decreased wavelength is proved by the increasing ratios.

Fig. 5 shows the ratio of spectral sky radiance measurements of
ATI, GBM, and GRT over DEH performed on 6 June 2005 at 3
selected wavelength bands. The last measurement was performed
at 13:30 UTC, and therefore results from the afternoon are
missing.
It can be recognized that the ratio of ATI to DEH remains
about 1.1 throughout the entire measurement period. It can be
concluded that a wider FOV of the input optics will not have a great
impact on the measurements if the direction of the measurements
is sufﬁciently far from the direction of the Sun. ATI has a much
narrower FOV (1.4◦ ) compared to 4.5◦ of DEH.
The comparison of GBM to DEH is very similar to the one
of ATI/DEH, but with slightly larger wavelength dependence.
The respective ratios are between 0.98 and 1.1 throughout the
measurement period.
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Fig. 5 Comparison of measured spectral sky radiance of ATI, GBM,
and GRT to DEH measurement results in Izaña. The ratios of ATI to
DEH and GBM to DEH are between unity and 1.1. The ratio of GRT
data to DEH data is more than 10% higher than unity, which indicates a
systematic measurement difference in one or all instruments.

In contrast, the spread of the ratios GRT to DEH during each
measurement is higher with up to 20% difference for +8◦ SZA.
Nonetheless, the wavelength dependence is similar to the other
two instruments, but the ratios GRT/DEH are about 10% higher.
The large deviation indicates a possible calibration problem with
the GRT instrument since the spectral sky radiance measured
by ATI and GBM is closer to DEH. However, it should be
noted that the other instruments are Bentham spectroradiometers,
whereas the GRT instrument is a CCD spectrograph. Therefore
the difference could be also due to another unexplained systematic
effect.
Fig. 6 presents spectral ratios of sky radiance measurements
conducted by DEH on 6 June 2005 to model calculations of
UVSPEC.32 The SZAs can be found in the legend with the
corresponding colours of the ratios. The aerosol input parameters (Ångström’s a and b) for the model were measured on

Fig. 6 Spectral ratios of DEH sky radiance measurements from day 6
June 2005 to UVSPEC modelled values. Numbers on the right denote the
different solar zenith angles.
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site by means of a Cimel sun photometer which is part of
Aeronet.33
The agreement between model calculations and measurements
ranges from 0.9 to 1.05 for wavelengths between 305 and 390 nm.
For wavelengths longer than 390 nm the ratio of the 61◦ SZA
comparison increases up to 1.15 whereas all other ratios remain
nearly constant or decrease with increasing wavelength down to
0.8. This decrease is independent of either measurement date or
VZA and VAA. A single outlier occurs between 440 and 460 nm
for the 41◦ SZA comparison. Since the intercomparison with other
instruments gave no indication of an instrumental problem, it is
likely that the atmospheric conditions changed rapidly (passage
of a small cloud or similar) during the measurement between 440
and 460 nm which could not be reﬂected in the model data.

Spectral sky radiance measurements from Thessaloniki
Spectral measurements of zenith sky radiance were conducted in
Thessaloniki during a partly cloudy day on 14 July 2006 and during
two cloud free days on 23 July 2006 and 24 July 2006. Results of
the GRT instrument are plotted in Fig. 8. All spectra were of
the zenith, therefore their shape remains similar compared to the
shapes of the spectra of Fig. 3 which were measured at different
directions (see Table 3).

Polarised spectral sky radiance from Izaña
The radiance at the zenith was measured by rotating the input
optics 360◦ in azimuth. This allows a check of the sensitivity
of the instruments to polarization, as radiation from the zenith
is polarized. Then using the ﬁlters in the ATI instrument an
additional measurement of the zenith radiance was made. This
was achieved using crossed orientations of the transmission axis
of the polarizing ﬁlter (see ATI subsection in the “Instruments and
methods” section for further details).
Fig. 7 shows the relative changes of the spectral radiance at
different azimuths for the mean of all measurements. To account
for slight changes in the zenith radiation during the scanning time
of about two minutes, the ﬁrst and the last point of the measurements was taken at the same azimuth and all measurements were
corrected by linear interpolation. All instruments were proved to
be almost insensitive to polarized zenith radiance with deviations
of less than ±2%, which is within the measurement uncertainty.

Fig. 7 Relative deviation of spectral zenith radiance at 340 nm and
at azimuth angles between 0◦ and 360◦ . The measurements of each
instrument are normalized to their average and corrected for changes in
radiance during the period of measurements. The deviations are within
the precision of the instruments and do not indicate any dependence on
polarization.

Due to hardware limitations of the tracking devices of DEH
(green line) and GBM (black line), it was not possible to measure
the polarization by turning the devices by 360◦ with these
instruments. Instead, polarization was measured for only 180◦
and it was assumed to be symmetrical.

Fig. 8 Spectral zenith sky radiance spectra measured by means of the
GRT instrument in Thessaloniki on different days. Compared to the
measurements in Izaña the spectral sky radiance measured in Thessaloniki
is almost twice as high at its maximum between 400–410 nm.

There are two major reasons why the spectral sky radiance
measured in Thessaloniki is for some days twice as high as in
Izaña. Firstly, Thessaloniki is located at sea level whereas the Izaña
observatory is positioned at an altitude of ~2.4 km. The mean
surface pressure at the Izaña station during the measurements was
770 hPa whereas it was 1014 hPa at Thessaloniki. This additional
mass of air leads to increased scattering. Secondly, the air above
Thessaloniki has larger aerosol loading compared to Izaña. The
difference in aerosol optical depth (AOD) at 340 nm between the
two locations is more than 0.34.
For the cloud free days (23 and 24 July) the results of successive
measurements are close to each other. But on the partly cloudy
day (14 July) measurements performed within two minutes differ
by about 35%. This is due to a cloud being partially in the ﬁeld of
view of the radiance input optics during the 11:30 UTC (black line)
measurement, and then being absent for the 11:32 UTC (blue line)
measurement. Due to reﬂections of the direct beam at the cloud
edges the radiance was enhanced due to Mie scattering within the
cloud. This scattering process causes a homogeneous wavelength
distribution of scattered radiation which is seen by taking the ratio
of the two spectra. The enhancement of radiation due to clouds
for irradiance has been already described.34
Fig. 9 shows the result of the comparison of zenith sky radiance
measurements performed on 14 July 2006 at 11:30 UTC (SZA
~23◦ ; upper panel) and 24 July 2006 at 10:00 UTC (SZA ~21◦ ;
lower panel) for ATI, GRT, and USB to DEH.
On 14 July the ratio of ATI to DEH is not constant over the
entire wavelength range. There are two wavelength ranges where
the increase of the ratio is sudden, 360 to 370 nm and 420 to
430 nm.
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Fig. 9 Comparison of the spectral zenith sky radiance measurements
during the campaign in Thessaloniki on 14th and 24th of July, 2006 at
11:30 UTC and 10:00 UTC, respectively, with the measurements of DEH.

For the GRT/DEH ratio the regions with steep increases remain
the same as for the ATI/DEH ratio but here the increase is
not as pronounced. Since the bounds of the ratio appear in
two independent ratios at the same wavelength positions the
measurement of DEH seems to be the cause.
The ratio USB/DEH shows an increase with increasing wavelength. But since the ratio stops at 364 nm as the USB-Brewer is not
able to measure radiation of longer wavelengths, it is not possible
to see if this ratio would also have exhibited steep increases.
The lower panel of Fig. 9 shows ratios of DEH measurement to
the measurements of other groups on 24 July at 10:00 UTC. The
ratio of ATI to DEH is relatively stable for the entire wavelength
range between 1.05 and 1.1.
In contrast, the ratio GRT to DEH is not constant for long
wavelength intervals. The best agreement with a deviation of 5%
can be found in the shortwave range up to 370 nm.
The pattern of USB to DEH comparison is very similar to the
ratio of ATI/DEH at the same wavelength range.
The sudden increases of the ratio as seen in the upper panel are
not visible for the ratios of measurements from 24 July.
Fig. 10 shows ratios of spectral zenith sky radiance measurements of ATI, DEH, GRT, and USB to the UVSPEC RT
model calculations on 14 July at 11:30 UTC (upper panel) and

on 24 July at 10:00 UTC (lower panel). The input parameters
for the RT model are listed in Table 2. To diminish the error
arising from choosing a constant SZA from the beginning of each
measurement, the SZA has been calculated for each wavelength
separately since the measurements were synchronized.
The SZA was around 23◦ during the measurements at 11:30
UTC on 14 July. The highest deviation to RT calculations is seen
for ATI. The ratio is always above 1.1 and especially in the UV
range the deviation from the RT calculation is higher than 20%.
The ratio DEH/UVSPEC decreases continuously from 1.1 to
0.97. A slight wavy structure for the entire wavelength range can be
seen which would explain similar behaviour of the ratios in Fig. 8
on 14 July because all measurements were normalised to the DEH
measurement.
The ratio of the measurement of GRT to the UVSPEC model
calculation also constantly decreases over the entire wavelength
range.
The best agreement to the RT calculations was from the
measurement performed by USB. Apart from the ﬁrst 10 nm the
deviation is ±5%.
At the beginning of all ratios a signiﬁcant increase can be seen
which leads to the assumption that the measured value for ozone
concentration might not be in accordance with the real ozone
concentration in the atmosphere. In contrast, the ratio of GRT
decreases between 300 and 310 nm which indicates a high level of
stray light within the single monochromator instrument.
The SZA was around 21◦ during the measurements at 10:00
UTC on 24 July. It can be seen that the most noticeable feature of
all the ratios is that they all decrease at longer wavelengths.
ATI decreases from 1.2 to 0.9, DEH from 1.1 to 0.77, and GRT
decreases from 1.1 to 0.7. The difference between all three ratios
remains almost constant from 360 to 500 nm.
Only the ratio USB/UVSPEC remains almost constant at 0.95
between 310 and 360 nm with a slight decrease for wavelength
longer than 340 nm.
The results show that with the AOD and single scattering albedo
(SSA) measured by both the Cimel sun photometer (at 440 nm)
and the shadowband radiometer (340 nm) the zenith radiances
agree very well with USB. However the measured SSA was rather
low. A higher SSA would bring the modelled radiances towards
the DEH-ATI measurements. So although the RT model cannot
be used to support the calibration of any individual instrument,
it provides further evidence that the actual values lie in the range
covered by the ground instruments.
Spectral radiance calibration comparison in Innsbruck

Fig. 10 Comparison of the spectral zenith sky radiance measurements
during the campaign in Thessaloniki on 14th and 24th of July, 2006 at
11:30 UTC and 10:00 UTC, respectively, with RT model calculations.
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The calibration setup of the GRT group consists of a calibrated
halogen lamp with an irradiance certiﬁcate EGRT that is mounted
at a distance of 50 cm to a reﬂectance plate (see paragraph GRT
for detailed description). The reﬂectance plate is perpendicularly
illuminated. The spectral reﬂectivity R of the plate, which is
referring to hemispherical reﬂectance, is between 97% and 99% for
wavelengths from 250 to 900 nm. The reﬂectance plate is assumed
to be a Lambertian reﬂector that is radiating the incident light in a
solid angle of p. Therefore the radiance certiﬁcate of the reﬂectance
plate LGRT is given by eqn (1).
Because the lamp is positioned perpendicularly to the reﬂectance plate it is difﬁcult to arrange the input optics likewise.
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So the radiance input optics is positioned near the lamp, thereby
looking at the illuminated reﬂectance plate at a small viewing angle
(VA).
By contrast the calibration setup of the ATI group is based on
measuring the output light of a calibrated integrating sphere (see
paragraph ATI for detailed description). Both calibration setups
are completely independent of each other.
First the lamp certiﬁcate EGRT measured in Greece with the
GRT instrument was checked for consistency by measuring global
irradiance EATI with the calibrated input optics of ATI at a distance
of 50 cm to the lamp LG . An offset of +2% for wavelengths
below 500 nm between both lamp certiﬁcates EGRT and EATI was
found, which is well within the uncertainties of the primary lamp
certiﬁcates of both groups. The same offset is found of course by
comparing LGRT and LATI (eqn (1)), see Fig. 11.

Fig. 11 Comparison of two independent radiance calibration setups
using on the one hand an integrating sphere and on the other hand an
illuminated reﬂectance plate (for details see text).

Then both calibration setups were used to calibrate the radiance
input optics of both groups. Great care was taken to avoid stray
light reﬂections while calibrating with the reﬂectance plate. The
calibration of the radiance input optics with the integrating sphere
is very insensitive to stray light but the whole FOV of the input
optics must be illuminated by the light exiting the sphere in order
to obtain reliable results. So the input optics has to be positioned
at a short distance (about 10 cm) to the output port of the
sphere.
In order to compare the two independent calibration methods
ﬁrst the radiance input optic of ATI was calibrated with the
integrating sphere. Then the radiance L of the illuminated
reﬂectance plate was measured with the ATI optic looking at
a viewing angle of 12.5◦ on the reﬂectance plate. In Fig. 11
the ratios of the radiance L of the plate to the certiﬁcates of
the plate LGRT and LATI are shown, thereby directly comparing
both calibration methods. The two curves show the effect of
changing the plate certiﬁcate due to the measurement of the GRT
primary calibration lamp by ATI (EGRT and EATI , see discussion
above).
In conclusion the maximum difference of 33% found between
measurements of both groups in Thessaloniki can not be explained
by the results obtained in Innsbruck where a general agreement of
the order of <7% was found.

Discussion
The major part of the uncertainty regarding spectral sky radiance
measurements originates from the calibration procedure, but
a signiﬁcant cause of deviations in the measurements is still
unknown. The difference between measurements performed by
different groups is as high as 33% and the deviation to model
results can also exceed 30% for some wavelengths. In contrast
the difference between measurements of spectral global irradiance
during the same Izaña campaign, where the presented spectral sky
radiance was measured, was at most 8%.
For global irradiance measurements there is a standardized
calibration method and the input optics are of comparable
quality. The calibration method implies the usage of a secondary
calibration standard (i.e. 1000 W FEL lamp) in front of the diffuser
used for global irradiance measurements.
For absolute radiometric calibration of spectral radiance three
different methods are used in this publication:
1. Calibrating the irradiance port and converting to a radiance
calibration using the instrument’s ﬁled of view;
2. Using a diffuser plate to diffuse the direct beam of a
calibration lamp;
3. Using an integrating sphere with a known spectral radiation
output.
Using method 1, the FOV of the input optics has to be
considered. A lamp needs to be a point source, for calibration,
an assumption that breaks down if the input optics are too close.
This means that the lamp does not illuminate the entire FOV of
the input optics which may lead to some errors because in case
of an inhomogeneous optical ﬁbre bundle the entrance slit of the
monochromator is not evenly illuminated. But the advantages of
this method are that it requires less laboratory equipment and the
noise level in the calibration is lower due to the high lamp output.
Diffuse reﬂected radiation from a reﬂectance plate (method 2)
or an integrating sphere (method 3) illuminates the entire FOV and
consequently the interior of the used input optics. A disadvantage
for method 2 is the potential error source of scattered light from
the lamp reaching the diffuser.
In general, the maximum deviation of absolute calibration
compared to the values of DEH seems higher for ATI (~8%) and
GBM (~5%), and lower for GRT (~15%) and USB (~14%) at
360 nm. Table 4 lists the maximum difference between DEH and
the other participant of both measurement campaigns at 360 nm.
In Izaña ATI was 3% higher than DEH. Between the campaigns
in Izaña and Thessaloniki ATI changed its calibration procedure
from a reﬂectance plate to an integrating sphere which could
explain the increase of the difference to DEH by 4 to 5%. If
one considers that the data of DEH should be 2% higher due to
the R(0◦ /45◦ , l) vs. R(8◦ /h, l) calibration setup (see calibration
Table 4 Difference in percentage of absolute radiance measurements of
ATI, GBM, GRT, and USB to measurements of DEH at 360nm

ATI
GBM
GRT
USB
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Izaña
(06.06.2005)

Thessaloniki
(14.07.2006)

Thessaloniki
(24.07.2006)

+3%
+5%
+15%
N/A

+8%
N/A
-8%
-12%

+7%
N/A
-5%
-14%
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description of DEH in the “Instruments and methods” section),
the deviation between ATI and DEH is below the measurement
uncertainty.
The reason for the discrepancy of GRT between the Izaña
(+15%) and Thessaloniki (-8% and -5%) campaigns compared
to the reference instrument of DEH is that the CCD instrument
was delivered in March 2005. Therefore at the Izaña campaign
it was not yet fully characterized and its operation had not been
optimized. Post processing of the data set revealed a difference
of 15% to the reference instrument which is a combined result
of errors arising from the calibration and measuring processes.
At the campaign in Thessaloniki a number of calibration and
measurement issues were resolved resulting in reduction of this
difference down to 5%. The 3% day-to-day variability is considered
to be within the measuring uncertainty of the instrument.35
During the Thessaloniki campaign the USB direct sun irradiance measurements agree very well (±3%) with those performed by
ATI. Furthermore, the USB direct sun irradiance measurements
agree very well with those from the Cimel Aeronet sun photometer,
both before and after the Thessaloniki campaign. The USB
direct irradiance is calibrated using methods 2 and 3, but then
using the FOV to go from radiance calibration to irradiance
calibration (basically the inverse of method 1). Since the USB
direct irradiance measurements agree well during the Thessaloniki
campign with ATI and Aeronet, this means that either both the
radiance calibration and the ﬁeld of view are correct or that the
radiance calibration and the ﬁeld of view have the same errors of
the opposite sign. So there is an unexplained discrepancy of at
least 10%.
The FOV of the entrance optic should not inﬂuence the
determination of spectral sky radiance for a cloudless sky. During
the comparisons in Izaña and Thessaloniki, spectral sky radiance
measurements performed with input optics with different FOV
did not show any common bias. For example, the measurements
of ATI and USB which both use a narrow FOV input optics
(1.4◦ and 0.5◦ , respectively) are higher for ATI and lower for USB
compared to DEH, which uses an input optics with a FOV of
4.5◦ . If there was an inﬂuence due to the FOV one would expect
that both measurements would have been either higher or lower
compared to DEH.
More works needs to be done on this topic to effectively explain
the uncertainties arising from different calibration procedures and
input optics with different FOV.

Conclusions
Spectral sky radiance measurements by ﬁve scientiﬁc groups have
been performed at three different locations. The deviation of measured spectral sky radiance varies between 3 and 35% depending on
wavelength, location and instrument. While such deviations may
be acceptable for some applications, especially if relative values
are needed, it is not satisfactory for other applications. Compared
to measurements of spectral irradiance the observed deviations
are relatively large. It should be emphasized, however, that it took
more than a decade of intensive intercomparisons and laboratory
characterization until estimated uncertainties and observed deviations of spectral irradiance came into a satisfactory agreement for
a larger number of instruments. A similar situation is now expected
for spectral radiance measurements. Therefore it is not surprising
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that it has not yet been possible to explain differences of up to
35% between ATI and GRT during the measurements conducted
in Thessaloniki. While calibration procedures seem to be a large
source of uncertainty, there are probably additional signiﬁcant
uncertainties caused by the instrument movement and setup. The
range of uncertainties presented by the groups for their calibration
setups are state-of-the-art, but need to be improved in future by
additional laboratory measurements. In clear sky conditions the
various FOVs of the radiance input optics do not seem to have
a large inﬂuence on the measured radiance. We conclude that
the accurate measurement of spectral sky radiance will remain a
challenge for a while and we believe that standardised, comparable
calibration methods need to be developed for reliable absolute
spectral radiance measurements.
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