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Preface 
 

The intercomparison of global UVI from multiband filter radiometers in Oslo May 2005 was 
initiated from a national project, Factors Affecting UV Radiation in Norway (FARIN), funded by the 
Norwegian Research Council. The project involves UV monitoring and quality assurance of 
multiband filter radiometers (MBFR) operating in the Norwegian network. Support from WMO and 
COST726 made it possible to extend the campaign with radiometers representing several UV 
networks in Europe, in addition to two networks in the United States. The spectroradiometer 
reference group could be extended to four spectroradiometers, with one instrument closely linked 
to the QASUME European reference instrument, used for the harmonization of spectral UV 
measurements in Europe. Scientific missions involved representatives from Greece and Poland.  
 

The present intercomparison of MBFRs was conducted as an international venture, co-
organized by the Norwegian Radiation Protection Authority (NRPA), the Norwegian University of 
Science and Technology (NTNU), the Norwegian Institute for Air Research (NILU), the World 
Meteorological Organization (WMO) and the EC COST-726 action. Groups from all around the 
world were invited to join the arrangement. Forty-three MBFRs took part, representing 
measurement sites and networks from Antarctica to the Arctic, North and South America, Africa, 
Europe and Nepal. The Austrian company CMS Ing. Dr Schreder GmbH was hired to bring and 
operate a high-resolution and well-characterized spectroradiometer. This radiometer provides a 
link to several earlier international intercomparisons of spectroradiometers and broadband meters. 
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Abstract 
 

Multiband filter radiometers (MBFRs) are extensively used in national networks for UV climate 
monitoring and information to the public about the potential risks of solar UV exposure. In order to 
provide an international, uniform expression of measurement results, harmonized calibration 
scales are needed. In this paper we present the results of the first large-scale international 
intercomparison of MBFRs held in Oslo in 2005. In total 43 MBFRs and four high-resolution 
spectroradiometers were assembled, representing UV monitoring stations from Antarctica to the 
Arctic, North and South America, Africa, Europe and Nepal (Kathmandu). The MBFRs were 
spectrally characterized in the laboratory and intercompared outdoors against a group of 
spectroradiometers. Based on the MBFR's individual characteristics retrieved during the calibration 
campaign, a set of harmonized data products were constructed for individual radiometers: Global 
UV index, spectral irradiance at standard wavelengths in the UVB and UVA corresponding to 1nm 
bandwidth (FWHM), UVA cloud optical depth and total ozone amount. This information was 
provided to all users. A blind intercomparison of the UV index provided by the participants was 
conducted against a set of reference data. For the 8 to 18 day core-period, the set of 26 data 
supplied by the users agreed within ±12% (2σ) for solar zenith angles (SZA) ≤ 80º. The set of 
harmonized UVI for 33 MBFRs operating in the same period agreed within ≤ ±5% (2σ) for SZAs ≤ 
90º. A group of six additional MBFRs operating shortly after the core-period agreed within ±7% 
(2σ) and a group of four MBFRs operating in the autumn, traceable to the same reference, agreed 
within ±5% (2σ). The results demonstrated that MBFRs of type GUV, NILU-UV and UV-MFRSR-7 
may provide highly accurate measurements of UV index for all realistic sky conditions and SZAs. 
The results are traceable to the European QASUME reference spectroradiometer. 
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1. INTRODUCTION 
Multiband filter radiometers (MBFRs) are presently operating as stand-alone radiometers or 

within UV-monitoring networks on almost all continents, though they are less numerous than 
broadband radiometers. A strong motivation behind the implementation of UV monitoring networks 
is to provide information to the public and scientific communities about the level of harmful UV 
radiation at the Earth’s surface. The Global Solar UV index (UVI) [WHO, 2002] is an important tool 
for raising public awareness and for alerting the people about the need to take protective measures 
when exposed to UV. The unit is based on the CIE erythema action spectrum [McKinlay and 
Diffey, 1987; ISO, 1999] and has been internationally adopted for reporting the measured and 
forecasted erythemally effective UV irradiance. The implementation of UVI in different monitoring 
networks requires a globally, harmonized calibration scale.   A paper on the harmonization of UVI 
measurements has recently been published [Johnsen et al. 2008]. 
 

Arrangements of radiometer intercomparisons have proved to be a practical way to 
establish a common reference scale and to validate and improve the worldwide agreement in 
measurement results. In these arrangements, a collection of radiometers representing national UV 
monitoring networks are synchronized and co-located with a group of high-quality reference 
spectroradiometers, traceable to international standards. For broadband meters, several 
international intercomparisons have been conducted [Leszczynski et al., 1995; Bais et al., 2001b], 
which have greatly improved the accuracy and comparability of measurements with these 
radiometers. For MBFRs there are still relatively few publications documenting the accuracy and 
performance in network applications. Up to 2005 there have been no international 
intercomparisons dedicated to this type of radiometers. 
 

The following report includes results from the first international intercomparison of MBFRs. 
Forty-three radiometers participated, representing measurement sites and networks from 
Antarctica to the Artic, North and South America, Africa, Nepal and Europe.  An overview of 
measurement sites interlinked with MBFRs participating in the intercomparison is given in Annex 
A2. The intercomparison had two major tasks: The first includes characterization of the 
radiometers’ spectral and angular response functions in order to convert the raw detector outputs 
to spectral irradiance at standard wavelengths in the UV, with accuracy comparable to high-
resolution spectroradiometers. The characterization work enabled the generation of look-up tables 
for total ozone and cloud optical depth, as well as irradiance calibration functions for alternative 
biological action spectra [Dahlback, 1996]. This information becomes available to the users. The 
second task includes a blind intercomparison of the UVI provided by the participants against the 
spectroradiometer reference, based on the participants' own data processing tools and their own or 
manufacturer's calibration. Finally, a set of new calibration functions is constructed, harmonizing 
UVI measurements from MBFRs with the spectroradiometer reference. The harmonized results are 
compared with the participants' own results. 
 

2. SETUP AND METHODS 
In order to ensure objectivity in measurement results, the campaign was accomplished 

according to established practices for blind intercomparisons [Kjeldstad et al., 1997]. Participants 
visiting the Norwegian Radiation Protection Authority (NRPA) during the core-period installed their 
own radiometers. Participants that were only shipping the radiometers had people from NRPA to 
do the set up. A spectroradiometer intercomparison of four instruments was run during the core-
week. The purpose of this spectroradiometer intercomparison was to investigate the agreement in 
spectral calibration scales and to establish a set of reference spectra for the MBFR 
intercomparison. The agreement in spectroradiometer scales were analyzed from blind 
measurements at the end of the core-period. This preliminary analysis was done by CMS. The raw 
data collected from the MBFRs was processed by their owners. Results of the UV index 
measurements were not made available before the deadline for data submission. 
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2.1 Location and conditions 
The intercomparison and laboratory work took place at Østerås, a semi-rural district 10 km 

north-west of Oslo. The campaign core-period, when most radiometers were operating (33 
MBFRs), lasted from late April to mid-June 2005. The first three weeks were allocated to laboratory 
work and the weeks thereafter to solar measurements. After the end of the core-period, most 
radiometers were shipped back to their home institutions. Six new MBFRs were operating in the 
period from 24'th to 29'th June and four new MBFRs were operating in the period 16'th September 
to 10'th October. One of the MBFRs participating in the core-period served as transfer standard in 
these periods, because the reference spectroradiometer was not operating after the core-period. 
All radiometers were mounted at a uniform height of 2.50 m above the platform's base and 
oriented with their reference markers pointing in the north direction. The platform is located on the 
roof of the building of NRPA (59.946°N, 10.598°E, 145 m asl). The photo in Figure 1 shows the 
collection of radiometers present during the core-period. A flattened fish-eye photo (Figure 2), 
taken at the centre of the platform’s reference plane revealed a sky view factor of 98.8% relative to 
a flat horizon. The photo shows that the sky view is uniform. For this period of year, the maximum 
solar elevation is 51.7° (SZA 38.3°). Observations during the core-period showed that there were 
no significant shadows from nearby trees or buildings along the sun’s trajectory. During the 
measurement campaign the daily mean total ozone amount measured at the University of Oslo  

 

 
Figure 1.  Solar platform at the roof of NRPA during the core period of the intercomparison. 

Front section: Eppley TUVR and Solar Light broadband meters flanked by two rotating 
shadowband MBFRs. Right section: NILU-UVs, GUVs and the front optics of 4 
Bentham spectroradiometers. In the background and to the far right: Davis automated 
weather stations. (Photo: G. Janson, USDA). 

 
 

 
Figure 2. Flattened fish-eye photo of the sky, as viewed in the radiometer’s reference plane. Sun 

elevation (y-axis), azimuthal direction (x-axis), with azimuth 0 corresponding to North. 
The quartz dome of the front optic of a spectroradiometer is seen in azimuth 110. 
Effective sky view 98.8 percent of an unobstructed horizon. 
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varied between 320 and 400 Dobson Units (DU). This is quite typical for the site and time of the 
year. The weather was highly unstable (Annex A1). Rainfall and fog frequently occurred, with 
periods of clear sky and broken cloud cover. All radiometer heads were cleaned at sunrise and 
immediately after the cessation of the rain in order to avoid impurities and droplets to interfere with 
the measurements. During the core-period, only May 27 (day of year 147) offered clear sky and 
stable conditions for most of the day. 

2.2 Instrumentation 
 Three kinds of UV radiometers took part in the intercomparison: High-resolution 

spectroradiometers with approximately 0.5 nm to 1.0 nm bandwidths at full width half maximum 
(FWHM), multiband filter radiometers with spectral bandwidths 2 to 10 nm and a limited number of 
erythemal broadband meters. The broadband meter comparison was not officially part of the 
campaign, and the results are thus not published here. 

2.2.1 Multiband filter radiometers 
MBFRs from three manufacturers were represented in the intercomparison: The GUV 

Ground-based UV radiometers (16 in total) from Biospherical Instruments Inc. 
[http://www.biospherical.com/], the NILU-UV radiometers (25 in total) from NILU Products AS 
[http://www.nilu.no] and the UVMFR-7 multifilter rotating shadowband radiometer (MFRSR, 2 in 
total) from Yankee Environmental Systems Inc. [http://www.yesinc.com/]. A brief presentation of 
models, number of detector channels, nominal centre wavelengths and bandwidths (FWHM) is 
provided in Table 1. The names of participants representing different instrument types are given in 
Annex A2. All models have temperature stabilized detector heads and simultaneously record 
global horizontal irradiance at five to seven wavelengths. The MFRSRs also measure diffuse 
irradiance, using a shadow band. This allows calculation of direct irradiance from consecutively 
measured global and diffuse sky irradiances. Accurate synchronization of measurements is crucial 
when the sky conditions are unstable and the averaging period is within a few seconds. In the 
present campaign we managed to keep almost all measurements synchronized within ±2 s. The 
NILU-UVs and GUVs were continually recording irradiances with respectively 1 s and 10 s 
averaging periods. The MFRSRs recorded global and diffuse sky irradiances every 20 s, with a few 
seconds averaging periods. More information on GUVs, NILU-UVs and MFRSRs operating in UV-
monitoring networks may be found in the works by Bernhard et al. [2005]; Johnsen et al. [2002]; 
Aalerud et al. [2005], Høiskar et al. [2003]; Lakkala et al. [2005]; Gelsior [2004], and Bigelow et al. 
[1998]; Min and Harrison [1998]; Davis and Slusser [2005]. 
 

Among the 39 MBFRs participating in May and June and the four additional MBFRs 
participating in late September, UVI data from 25 radiometers were submitted by the participants. 
One of the participants provided a second data set for his radiometer, based on an alternative set 
of calibration factors. Eleven of these 26 data sets have independent calibration scales (GUV 9273 
from Norway, GUV 9297 from UK, GUV 4121 from Sweden, GUV 4123V from USA, GUV 29233 
from Nepal, MFRSR 00286 from USA, NILU-UV 4102 from Finland, NILU-UV 4106 from Greece, 
NILU-UV 990304 from Belgium, NILU-UV 990310 from Spain and NILU-UV 990319 from Poland). 
  

The remaining 15 UVI series, representing two or more MBFRs from each networks, have 
interlinked calibration scales. Hence, one should keep in mind that these 15 data sets were not 
fully blind. Among them, 11 correspond to GUVs operating in the Norwegian UV monitoring 
network (GUV serial numbers 9222, 9270, 9271, 9272, 9274, 9275, 9276, 29222, 29229, 29237, 
29243), one correspond to a GUV from USA (GUV 4123S), one correspond to one of the MFRSRs 
from USDA (MFRSR 00292), and two correspond to NILU-UVs from Spain (NILU-UV 990339) and 
Finland (NILU-UV 990331).  
 

The remaining 18 radiometers (25-43), where no UVI results were provided by the 
participants, are NILU-UVs that operate or are planned to be operating in the Antarctic, Africa, 
Tibet and Nepal, or serve as transfer standards for other radiometers. 
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Table 1.  Types and number of MBFRs, for which the participants provided their own, 
processed UVI. Total number of MBFRs of each type is given in paranthesis in column 
5. The extra 305-channel in one of the GUV-2511's is indicated in paranthesis in 
column 3. 

Radiometer 
type 

Number of 
channels Nominal centre wavelengths, nm 

FWHM, 
nm 

Number of 
MBFRs 
submitting 
UVI 

 Manu-
facturer

NILU-UV Ia 6 305, 312, 320, 340, 380, PAR (400-700) 10 5 (12) NILUb 
NILU-UV IIc 6 305, 312, 320, 340, 380, PAR (400-700) 10 2 (14) NILUb 
GUV-511 5 305, 320, 340, 380, PAR (400-700) 10 1 (1) BSId 
GUV-541 5 305, 312, 320, 340, 380 10 13 (13) BSId 

GUV-2511 7 (8) 
305, (305), 313, 320, 340, 380, 395, PAR 

(400-700) 10 2 (2) BSId 

MFRSR 7 300, 305, 311, 317, 325, 332, 368 2 2 (2) YESe 
aWith large diffuser     
bNILU Products AS     
cWith small diffuser     
dBiospherical Instruments 
Inc.     
eYankee Environmental Systems Inc.    

 

2.2.2 Spectroradiometers 
  Three Bentham DM150 spectroradiometers and one Bentham DTM300 took part in the 

intercomparison. The Austrian company CMS Ing. Dr Schreder GmbH, with assistance from 
Innsbruck Medical University, operated the university’s DM150. This radiometer has demonstrated 
high accuracy in several earlier European intercomparisons on broadband meters and 
spectroradiometers [Leszczynski et al., 1995; Kjeldstad et al., 1997; Bais et al., 2001a, b]. One 
DM150 was operated by the Norwegian University of Science and Technology (NTNU) and NRPA 
operated a DM150 and a DTM300 spectroradiometer. All operators and the three DM150s have 
been participating in the EC project Quality Assurance of Spectral Ultraviolet Measurements in 
Europe [see, eg., Bais et al., 2001b, and http://lap.physics.auth.gr/qasume/]. The monochromators 
and electronics were operating within temperature stabilized boxes, applying fibre optic light guides 
for solar radiation input. Two of the spectroradiometers utilized temperature stabilized front optics, 
purged with a small flow of clean nitrogen gas to keep humidity away. All spectroradiometers 
applied input optics with very good angular response in the UV. Global sky cosine errors were in 
the order of a couple of percent in the UV. All spectroradiometers made scans from 290 nm to 410 
nm. The DTM300 additionally scanned up to 800 nm, in order to cover the photosynthetic active 
wavelength region (PAR). The cosine errors in the PAR are significant for the spectroradiometers 
from NRPA, thus numerical corrections were applied for both radiometers, assuming clear sky 
conditions for all scan moments. Errors in wavelength scales were corrected by the users and 
spectra deconvoluted to 1.00 nm bandwidths (FWHM), applying the shicRIVM software package 
[Slaper et al., 1995]. The DM150s were scheduled to make UV scans every 10 minutes after start 
at 04:00 UTC, with a fixed sampling rate of 2 s per 0.5 nm. The DTM300 was running with adaptive 
scan speed, independent on the scan schedule of the other spectroradiometers. Spectral 
measurements from the four spectroradiometers were converted to UVI according to the 
description given in WHO [2002].  

 
2.3 Selection of reference 
 A set of reference data may be selected on the basis of a single radiometer or the mean or 
median of spectra for selected radiometers. The use of a single instrument is easiest, as there will 
be the same reference for all the campaign period. The disadvantage is that systematic errors and 
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anomalies in a single reference will be transferred to other radiometers. A group reference will be 
less dominated by systematic errors than a single instrument. However, the calibration scale may 
not be consistent for the whole period, as there may not be the same group of radiometers in the 
reference all the time. The period all radiometers are operating concurrently may also be too short 
for the calibrations, or may not overlap for the period of most favourable conditions.  

 
  In order to decide which method is most suitable for the campaign we made a comparison 

of spectral scans and UVI for the four day period all spectroradiometers were operating (day of 
year 143-146). A comparison of UV spectra indicated agreement within ±4% for the NRPA and 
CMS150 spectroradiometers for the wavelength range 305 nm to 390 nm [Johnsen et al., 2006]. 
The agreement with NTN150 was within -10%, gradually improving to -5% at the end of the 
campaign period. However, unfavourable weather conditions and small synchronization errors 
resulted in spectral ratios that were too scattered to reveal any diurnal variability. Instead, we 
chose to compare the diurnal variability in UVI measured with the spectroradiometers and one of 
the MBFRs (GUV29222) on day of year 144. This day had periods with sunshine and cloudy 
conditions, which is evident from the upper panel in Figure 3, showing UVI recorded by five 
radiometers as a function of time. The graphs indicate that the four spectroradiometers closely 
matched the dynamic nature of rapid sampling with the GUV. The next two panels show the ratios 
in UVI versus time and SZA, relative to the UVI of spectroradiometer NRP150. NRP150 was 
selected as denominator for this illustration because it was operating throughout the full the core-
period, with the same scan schedule as NTN150 and CMS150. All ratios were within approximately 
±10% for most of the day. Selecting the spectroradiometers belonging to CMS and NRPA and the 
multiband filter radiometer GUV29222, the agreement in UVI scales were within ±5% for SZA less 
than 75°. Compared with the uncertainty range estimated for state of the art spectroradiometers 
[Bernhard and Seckmeyer, 1999] and the results from the latest successful spectroradiometer 
intercomparisons [Bais et al., 2001b; Paulsson and Wester, 2006], the results were consistent with 
what may be expected from first-class measurements. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. UV-index measured by four spectroradiometers (NRP150 (triangle), NRP300 (square), 

CMS150 (filled circle) and NTN150 (star) ), and continuous measurements with GUV 
29222 (opern circle and solid curve), as a function of time. Ratio of UV index relative to 
NRP150 as function of time and solar zenith angle on day of year 144 2005.  
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 The spectroradiometers NRP150 and NRP300 continued operating until day of year 160, 
when periods of more favourable weather conditions occurred than in the spectroradiometer 
comparison period. Clear sky conditions at noon on day of year 147 enabled comparison with a 
radiative transfer (RT) simulated UV spectrum, using total ozone (325DU) and surface albedo (5%) 
as input parameters. The RT-model applied was the LibRadtran version 1.1-beta software package 
for radiative transfer calculations [Mayer and Kylling, 2005]. Ratios of measured and modelled 
spectra, smoothed with a running average of ±2.5 nm, were within ±4% from unity for the 
wavelength range 295 nm to 400 nm, with a mean difference of 2 - 4% between the two 
spectroradiometers [Johnsen et al., 2006]. Diurnal discrepancies in spectra of the NRP150 
[Meinander et al., 2006], which were not evident for the DTM300, made the latter 
spectroradiometer be the natural choice. This spectroradiometer formed the basis for comparisons 
performed in the core-period. The comparisons of UVI performed in the second and third period 
were based on the GUV29222, which served as transfer standard. 

2.4 UVI from MBFRs 
The Global UV index [WHO, 2002] is defined as (Eq. 1) 

 

∫
λ

λλλ= d)(E)(W40UVI CIE       (1) 

WCIE is the CIE erythemal action spectrum for Caucasian skin type [McKinlay and Diffey, 
1987; ISO, 1999] and Eλ is the spectral horizontal irradiance in units of W/m2nm. According to 
Dahlback [1996], biologically effective irradiance from measurements with a MBFR may be 
approximated as a linear combination of outputs from UV channels (Eq. 2). 
 

∑∑ λΔ⋅λλ=⋅θΩε+
j

jjj
i

ii )(E)(WUa)],(1[     (2) 

 
Ui is the net current of detector channel i, ai is the coefficient of the linear combination, j is a 

wavelength index, ε is a residual correction function, with input parameters total ozone amount Ω 
and solar zenith angle θ. The participants processed UVI results from their own radiometers, 
applying their own implementation of the Dahlback-method and either their own calibration or that 
provided by the radiometers' manufacturer. Literature references for the methods applied by the 
participants and the radiometer serial numbers are given in Annex A3. 

2.5 Harmonization of UVI scales 
 The harmonized UVI scale is defined as a set of coefficients ai and correction function ε in 
Eq. 2 determined such that the difference with the campaign's reference is minimal. The set of 
linear equations may in principle be solved with an analytical or an empirical approach. The 
analytical approach is based on RT simulated clear sky spectra and spectral characterizations of 
the detector channels' responsivity functions [Dahlback, 1996]. In the present work, the 
harmonization of UVI is based on the empirical approach, regressing real sky spectral 
measurements with detector outputs for the whole period the MBFR and the reference radiometer 
were operating (Eq. 3) 
  

jjkj
j

CIE
i

0
i

0
ikikCIE,i )(E)(W)day,day(DF/)UU(a)( λΔ⋅λλ≈−⋅⋅θε ∑∑   (3) 

where ai,CIE  are coefficients for calculating erythemally weighed irradiance, (Uik - Uik
0 ) is the net 

detector output of channel i matching in time the k'th measured spectrum E, DFi(day,day0)  are 
correction factors accounting for drift in responsivity relative to day of year day0 = 147, and  ε is a 
correction function that is dependent on SZA. The correction ε(θ) is required because a linear 
combination of a limited number of detector channels does not sufficiently capture the SZA-
dependence of the UVI. There will be some uncertainty because ε(θ) is derived from data 
measured during clear and overcast skies without distinguishing of sky conditions. 
  



7 

 The different timing of samples Uik and Ejk were accounted for, using the method explained 
in section 2.8. The determination of drift DFi(day,day0) is determined by the regression of daily 
mean absolute spectral responsivity with the corresponding day number, where the absolute 
spectral responsivity is defined in section 2.6.1.  
 
 The system of equations (Eq. 3) was solved in two steps. In the first step, ε(θ) was initially 
set to unity and ai,CIE were determined by multi-linear regression. A subset of Uik and Ek was 
selected from the total period where MBFRs and the reference were overlapping in time, with 
additionally constrains of SZA ≤ 90°, total ozone amount between 250 DU and 500 DU, and UVA 
cloud optical depth (CLOD) either smaller than 5, 10 or 50, depending on signal-to-noise ratios for 
the actual MBFR. The use of a subset of data resulted in more robust sets of coefficients ai,CIE, 
compared to using all samples overlapping in time. The correction function ε(θ) was determined 
next, as a polynomial fit, using the ai,CIE from above. Conversion from CIE-effective irradiance to 
UVI is given in Eq. 4 
  

CIE,iUVI,i a40a ⋅=       (4) 

2.6 Laboratory characterizations 
 Laboratory characterizations of spectral and angular response functions are fundamental 

for most calibration purposes. Characterizations enable simulation of the detector output as 
function of e.g. SZA, the construction of calibration functions and the construction of a wide range 
of data products, including UVI. During the campaign period the relative spectral responsivity 
functions were measured for all detector channels. Angular response functions were measured for 
all GUVs, both MFRSRs and a selection of NILU-UVs. Absolute calibrations with 1000 W quartz 
tungsten halogen lamps (QTH) were made for Norwegian GUVs only, as part of the quality 
assurance procedures for the network operation. An overview of all laboratory characterisation 
work is shown in Annex A4. 

2.6.1 Spectral responsivity function 
The peak-normalized spectral responsivity ri of detector channel i at wavelength λk is 

implicitly given in Eq. 5 
 

∫
λ

λλλλΦ=−
j

d)(r),(KUU kijki
0

ikik     (5) 

 
The left side corresponds to the net detector output of detector channel i, and the right side 

to the integration of the vector product of ri and the flux distribution Φ of a narrow bandwidth 
excitation source, tuned for wavelength k and with a distribution across wavelengths ±λj. Ki is a 
constant equal to the absolute spectral responsivity at the wavelength of maximum response. Ki 
may be established from concurrent outdoor, global sky measurements with the MBFR and a 
reference spectroradiometer (Eq. 6), using the peak-normalized responsivity function ri determined 
from laboratory measurements 
 

∑ λΔ⋅λ⋅λ
λθϕ⋅−

=
j jjij

000
0

ii
i )(r)(E

),,(GCCF)UU(
K      (6)

  
 

where GCCF is the global sky cosine correction function at wavelength λ0, SZA θ0 and azimuth 
angle φ0, defined in section 2.7, and E(λj) is the spectral irradiance corresponding to wavelength j 
for a given scan. 
 
 The characterization of ri was based on a laboratory set-up, consisting of a wavelength-
tuneable and narrow bandwidth excitation source, optics for imaging the excitation beam onto the 
detectors, a calibrated reference photo detector, measuring the flux of the excitation beam, and 
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electronics for data acquisition and control. The source consisted of a 1000 W Xenon arc lamp, 
mounted in a lamp housing (Oriel model 66021), and double monochromators (Oriel MS-257, 
model 77700). The lamp output was stabilized, using a light-intensity controller system (Oriel 
model 68850) that provided optical feedback to the power supply.  A condenser lens, a focussing 
lens and heat absorbing water filter input radiation to the slit of the first monochromator. The 
wavelength scales of the monochromators were calibrated using a low pressure mercury lamp 
inserted in the pathway between the input slit and the Xenon lamp. 
 
 The beam passing the exit slit of the second monochromator was collected with a large 
concave mirror and distributed as uniformly as practicably achievable over the front optic of the 
reference detector and MBFR under test. The mirror was mounted on a computer controlled 
rotation stage, enabling alternating excitation of the reference detector and MBFR for each 
wavelength setting of the monochromators. The reference detector was a Si photodiode from 
United Detector Technology (model 222AUV), calibrated at the SP Technical Research Institute of 
Sweden in 2002. The detector dark signals were measured for each wavelength setting, using the 
internal shutter in the first monochromator, and subtracted from the total signals. In this way, 
possible drift in the net output of the test and reference radiometers could be accounted for. The 
spectral responsivities for NILU-UVs and GUVs were measured for the wavelength range 270-410 
nm, with 1.0 nm increments, using slit widths corresponding to bandwidths of respectively 1.6 nm 
and 4.0 nm (FWHM). Measurements were also made for the PAR region for some of the 
radiometers that have a detector channel in the visible. The spectral bandwidths of the detector 
channels in the MFRSRs were very small compared with the other MBFRs. In order to accomplish 
high resolution measurements for MFRSRs, the wavelength increment of the excitation source was 
set to 0.1nm, using slit widths corresponding to 0.5 nm, 0.8 nm, 1.6 nm and 4.0 nm band widths. 
The responsivity functions resulting from scans with different bandwidth settings were 
approximated as (Eq. 7) 

 

∑ λλΦλΔ
−

≈λ

j
jk

0
ikik

ki ),(
UU

)(r      (7) 

 
From this set of ri’s a trial solution was assembled, constructing the central region of ri from 

measurements with the smallest bandwidth and dynamic range, while the more distant parts and 
wings were obtained from measurements with wider bandwidths and dynamic range. The trial 
solution was next tested against clear sky spectroradiometer scans, and modified until the set of Ki 
in Eq. 6, corresponding to one value for each measured solar spectrum, were acceptable constant 
(±2%) for SZA less than 75°. See Annex A5 for a detailed description of the method.  

2.6.2 Angular response function 
 The relative angular response Ci of a detector channel i is defined as (Eq. 8) 
 
       (8) 
   
 
 
where Ui-Ui

0 is the net signal induced by a uniform, collimated beam of radiation at wavelength λk, 
striking the detector at θ0 angle of incidence and φ0 azimuth angle. The set-up for characterizing 
the angular response consisted of a 150 W Xe-lamp (Oriel 66002) with a collimating lens, a stack 
of WG305 cut-off filters to mimic a typical noon solar spectrum, a horizontal rotation stage and 
baffles between the source and rotation stage. The radiometer was positioned with the surface of 
the input optic at the axis of rotation. The angle between the optical axis of the set-up and the axis 
of the input optic corresponded to the SZA, and the azimuth angle φ0 was defined by the rotation 
about the axis of the input optic. A 3D mapping of the angular response was performed for azimuth 
intervals of 45° or 90° and zenith angles from 0° to 90°, with variable step intervals. Signals Ui

0 
induced by dark current and scattered radiation were measured for every angular setting, using a 
shutter to temporally block the input beam.  

)max()cos(
),,(),,( 0

0

0
00

00
ii
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ki UU
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−

=
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 The lens collimator was adjusted in order to obtain a visually uniform field, overfilling the 
surface of the radiometer input optic, and still have acceptable signal-to-noise ratio at very high 
high θ0. Due to the off-axis positioning of detector elements, any small inhomogeneities in the input 
beam may result in an apparent azimuthal cosine response. This pitfall was discovered at a later 
stage, when most cosine characterizations had been completed. By repeating the 
characterizations for a few radiometers, with the collimator adjusted to get a much more uniform 
field for the cost of reduced signal-to-noise ratio, the influence from inhomogeneities could be 
estimated. For radiometers with small diffusers (GUV 9273), the first inhomogenous beam 
measurements of cosine responses agreed within -4 % to 2 % for each azimuth orientation and θ0 
≤ 80°, which justified the first method of adjusting the collimator. However, this was not appropriate 
for the series of NILU-UV radiometers with the largest diffusers. Repeated characterizations for 
NILU-UV 990319 showed that the original, inhomogenous beam measurements differed by up to 
15 % for some azimuth directions and θ0 ≤ 80° for those detector channels that were off-axis 
mounted. The concentrically mounted 305-channel showed much more consistent results; within 0 
to 4 % for the same range of angles. Due to this finding, the homogenous beam results for the 
990319 were applied as template for all NILU-UVs with big diffusers. For the later version of NILU-
UVs with small diffusers, only 3 radiometers were characterized; two for inhomogenous beam and 
one (NILU-UV 4118) for homogenous beam. Assuming identical cosine response for all of them 
and comparing inhomogenous beam results with the results for 4118, differences by 0 to 13 % 
were seen for some azimuth orientations and θ0 ≤ 80°. By the same argumentation, cosine results 
for the NILU-UV 4118 were applied as template for all NILU-UVs with small diffusers. 
 
 Final results of cosine characterizations are shown as 3D polar plots in Figure 4 for one of 
the GUVs, measured with a homogenous beam (GUV 9273). In this example the angular 
responses drop continuously from 1.00 at SZA 0° to a minimum of 0.65 at 90°. Skew circles in the 
3D plots indicate some azimuthal variations in the angular responses, which were apparent for 
most MBFRs. Azimuthal variations is better seen when plotted as function of SZA (Figure 5). In this 
example the azimuthally mean responses are fairly similar for all detector channels. However, 
some azimuthal differences are seen: The 306 nm and 340 nm channels display smallest 
variations and the 315 nm and 320 nm channels the largest variations, with differences of ±1% and 
±4% at 80°, respectively. An implication of this is that global sky measurement results may not be 
consistent unless the radiometers are set up with a fixed azimuthal orientation.  
 
 

 
Figure 4. 3D polar plot of the relative cosine responsivity of instrument GUV 9273 for five UV 

channels, as function of solar zenith angle (30, 60 and 90 given as circles on the top) - 
and azimuth angle (given in intervals of 45 degrees).  Direction 0 defines sun in the 
azimuthal North direction. 
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Figure 5.  Relative cosine responsivity of instrument GUV 9273 for five UV channels as a 

function of solar zenith angle. The solid curve represents an average for all azimuthal 
directions and closed circles represent specific azimuth given in intervals of 45 
degree. 

 
 
2.7 Global sky cosine correction function, GCCF 
 Non-perfect angular responses lead to errors in measurements of global spectral 
irradiance. The errors may be corrected by multiplying raw irradiance measurements with the 
Global Sky Cosine Correction Function (GCCF). GCCF is the reciprocal of the Global Cosine Ratio 
(1/GCR) (Eq. 9), defined as the ratio of global spectral irradiance E*

actual, simulated for the actual 
sky radiance distribution and the angular response of the radiometer, and the global spectral 
irradiance Eideal resulting from substituting the actual angular response with the ideal cosine 
response [Seckmeyer and Bernhard, 1993]. 
 

actual,glob,i

ideal,glob,i
*

k00i
k00Clearsky,i E

E
),,(GCR

1),,(GCCF =
λθϕ

=λθϕ     (9) 

 
For diffuse sky conditions, the UV hemispherical sky radiance distribution may be approximated as 
isotropic. GCR simplifies to the diffuse sky cosine ratio CDi (Eq. 10) 
 

)(d)sin()cos(),(C2
E
E)(CDi)(GCR

2/

0
k0i

ideal,i
*

actual,i
*

kkDiffuse,i θθθ⋅λθ==λ=λ ∫
π

  (10) 

 
where iC  is the azimuthally averaged angular response for SZA θ. For clear sky conditions, GCR 
is approximated as a weighted sum of the direct horizontal irradiance Edir, diffuse irradiance Edif 
and global irradiance Eglob (Eq.11) 

 

),,(Ci
)(E
)(E

)(CD
)(E
)(E

),,(GCR k00
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kdir
ki

kglob

kdif
k00Clearsky,i λθϕ⋅

λ
λ

+λ⋅
λ
λ

=λθϕ    (11) 

 
The GCCFs calculated with Eq. 9 were applied only for the determination of the absolute 

spectral responsivity factors Ki. Other calibrations have been based on empirical fitting functions ε, 
that implicitly include the effects of cosine errors, errors in the determination of ri, non-linearity in 
detector responses etc. For the period day 142 to152, GCCFs for wavelengths up to 368 nm were 
based on measurements of the direct/diffuse and diffuse/global irradiance ratios from the rotating 
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shadow band radiometer MFRSR s/no 00286. For wavelengths above 368nm, spectral ratios were 
based on model simulations for clear sky and partly cloudy cases, flagging cloudy sky conditions 
from the diffuse/global ratio measurements of the 368 nm channel. For the rest of the campaign 
period, the ratios were based on clear sky model simulations only.  

2.8 Matching of different time bases 
The spectroradiometer chosen as reference utilized intensity-adapted scan speeds, with 

durations of scans lasting from 160 to 190s for the whole core-period and SZA less than 90 
degrees. MBFRs operating during the core-period utilized fixed sampling speeds, recording 
radiation at frequencies of 0.05 Hz to 3 Hz and averaging periods of 1 second for NILU-UVs, and 
10 or 60 seconds for GUVs. In order to compare measurements from MBFRs with the 
measurements from the scanning spectroradiometer, the time base of MBFR measurements 
needs to be matched with the spectroradiometer time base. Otherwise, perturbations resulting from 
variable sky conditions become unequally reflected in the two measurement series, resulting in 
excessive scatter in ratios of the two measurement series.  
 

In order to match different time bases, the following method was chosen: Scan periods 
overlapping with the time scale of MBFRs were first selected, before interpolating the detector 
outputs to the sampling times corresponding to the respective spectroradiometer scans E(λjk). The 
effective time stamps Teff,k of response-weighted or CIE-weighted spectrum k was calculated with 
Equation 12: 
 

∑
∑

Δλλ

Δλλ
=

j
jkjkjk

j
jkjkjkjk

k,eff T)(E)(W

T)(E)(Wt
T      (12) 

 
where tjk is the time when wavelength λj in spectrum k is measured, ΔTjk is the time step of each 
wavelength step and W correspond to respectively the CIE erythema action spectrum or relative 
spectral response of each detector channel. The effective detector outputs Uik, corresponding to 
each spectrum and detector channel i (Eq. 3) were calculated as a weighted mean of the 
interpolated detector outputs Uijk (Equation 13): 
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2.9 Conversion of raw data to units of spectral irradiance 
The detector output of MBFR channels represents a response-weighted average of 

irradiance over a wavelength region that is typically significantly wider than the bandwidth of a 
high-resolution spectroradiometer. During the course of a day, the variations in spectral shape in 
solar spectra induce shifts in the effective wavelength regions recorded by the MBFR. This results 
in SZA dependent mismatch between the raw output of MBFR channels and the spectral irradiance 
recorded at fixed wavelengths by a spectroradiometer. Hence, a correction function is needed in 
order to convert detector outputs from MBFRs to measurements representing spectral irradiance at 
fixed wavelengths. The radiometer erythemal calibration equation of a broadband meter [Webb et 
al., 2006] serves this purpose (Eq.14) 
 

)CLOD,(),,(F)UU(C]nmm/W)[(E
nomi,mat

0
iii

2
nomi θε⋅θΩλ⋅−⋅=λ   (14) 

 
where Ei is the spectral irradiance of the reference, corresponding to bandwidth 1.00 nm (FWHM), 
Ci is a calibration factor for detector channel i, (Ui-Ui

0) is the net detector output, Fmat is a 
conversion function depending on wavelength λ, total ozone Ω and SZA θ, and ε is one of two SZA 
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dependent correction functions, defined for small and high cloud optical depths (CLOD), 
respectively. The nominal wavelengths λi were selected from a set of centre wavelengths, typical 
for MBFRs (Table 2). 
 
 
Table 2.  Nominal wavelength of detector channels of GUV, NILU-UV and MFRSR, for which the 

spectral calibration functions have been established. 
 

GUV:  305 nm, 313 nm,  320 nm,  340 nm,  380 nm,  (395 nm, 560 nm) 
NILU-UV:  305 nm,  313 nm,  320 nm,  340 nm,  380 nm,  560 nm 
MFRSR:  300 nm,  305 nm,  311 nm,  317 nm,  325 nm,  332 nm, 368 nm 

 
 
The spectral conversion function Fmat,i is given as (Eq. 15) 
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where Ej is RT-modelled spectral irradiance at wavelength λj and given SZA and total ozone, ri,j is 
the relative spectral responsivity of radiometer detector channel i at λj. Wi,j is unity at the nominal 
wavelength of detector channel i and zero else. The function was normalized to SZA 40° and total 
ozone amount 300 DU. Eq. 14 was solved in two steps, initially solving Ci for SZA < 70° and ε set 
to unity. Total ozone amount was taken from daily observations with a Brewer spectroradiometer, 
located at the University of Oslo. In the second step, ε was determined as a polynomial fit between 
the left and right side of Eq. 14, selecting observations corresponding to CLOD < 1.5 and CLOD > 
1.5. CLOD was based on the detector channel corresponding to wavelengths between 360 nm and 
380 nm, using a look-up table for the conversion of detector output and corresponding SZA, and 
CLOD [Dahlback, 1996]. Finally, Ci was updated after the application of ε(CLOD<1.5) and 
ε(CLOD>1.5). 
  

3. RESULTS 

3.1 Comparison of UVI provided by the participants 
Comparison of UV Indexes processed by the participants, relative to the spectroradiometer 

reference, revealed distinct differences in total mean values and standard deviations for the core 
period and SZA ≤ 80° (Figure 6, red symbols). A group of 12 MBFRs showed remarkable close 
agreement (GUV serial numbers 9222 to 29243). These radiometers operate in the same UV 
network in Norway. Their calibration scales rely on the same transfer standard, in contrast to the 
results for most other participating MBFRs, which applied independent calibration scales and 
processing tools for calculating UVI. Hence, a larger variability is expected for data sets created 
independently from the other. Selecting independent data sets only, corresponding to one MBFR 
for each user group, 11 data sets are left. Out of these 11 sets, 8 (73%) were within ±5%, while 10 
(90%) were within ±10% from unity. Including all radiometers providing UVI (25 MBFRs and 26 
data sets), the mean values for 20 sets (75%) were within ±5% from unity and 23 data sets (88%) 
were within ±10%. Considering that the weather conditions were highly variable during the 
campaign period, the agreement within ±5% for more than 70% of the data sets is surprisingly 
good. The results were markedly better than those achieved in earlier intercomparisons of 
erythemal broadband meters, where deviations of ±20% or more were revealed [Leszczynski et al., 
1995; Bais et al., 2001b]. One of the latest successful international spectroradiometer 
intercomparisons [Bais et al., 2001a] showed that 11 out of 19 instruments (60%) from all around 
the world agreed within ±5% from the reference. The European intercomparison NOGIC2000 
[Paulsson and Wester, 2006] showed similar results; 7 out of 10 (70%) spectroradiometer-derived 
sets of UVI agreed within ±5%. Compared with this, the MBFR results exhibited a similar degree of 



13 

consistency, although spectroradiometers represent the currently most accurate instrumentation 
for measuring UVI. 
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Figure 6.  Mean ratios of participant's UVI and the reference (red circles) and harmonized UVI 

and the reference (black circles) for 25 MBFRs operating in the core period. X-axis: 
Instrument serial number. Y-axis: Relative units. Error bars indicate ±1σ, for SZA<80°. 
Reference in period is NRP300. 

 

3.2 Harmonized UVI results 
The harmonization of UVI obtained by regressing MBFR raw data against the reference 

spectra (Eq. 3) resulted in markedly closer agreement than any of the participants' data sets 
(Figure 6). The ratios for the entire core period are plotted as a function of SZA in Figure 7. Either 
group of collective data are centred around unity (zero deviation from reference), but the 
harmonized ratios display markedly less scatter (±4.6% (±2 σ) for SZA ≤ 80°) than the participants' 
ratios (±11.6%), as well as significantly smaller divergences from unity at high SZAs. Analysis of 
harmonized UVI results for all 33 MBFRs operating in the core period, showed similar good 
agreement for all types of MBFRs (Figure 8). The collective ratios are well within ±5% for all sky 
conditions, even for SZAs close to 90°. Comparing participants' data and harmonized data, the 
improved agreement for large SZAs (> 70°) is due to the fact that the harmonized results utilized 
the SZA dependent correction function epsilon ε in Eq. 3, whereas results from participants were 
based on ε set to unity for all SZAs. Results for individual MBFRs are shown in Annex A6. 
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Figure 7.  Ratio of participant's UVI from 25 MBFRs to the reference NRP300 (red circles) for the 

campaign period 142 -160 as a function of SZA.  2σ is 11.7% for SZA< 80 degree. 
Ratios of harmonized UVI for 26 MBFRs to the reference NRP300 (black circles) for the 
same period. 2σ is 4.6% for SZA< 80 degree. 
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Figure 8.  Ratio of harmonized UVI to the reference for 33 MBFRs participating in the core-period 

day 142-160 in 2005, as function of solar zenith angle.  2σ is 4.6% for SZA < 80°. 
Reference in the period is NRP300. 

 
Six additional NILU-UVs, arriving in June and four NILU-UVs arriving in September/October 

were compared to the transfer GUV 29222, which had been calibrated against the reference 
previously. Harmonized UVI ratios for the two groups of radiometers showed median ratios close to 
unity (Figure 9 and Figure 10). The double standard deviations were larger for the six radiometers 
participating in the summer period (±6.5%) than for the four radiometers participating in the autumn 
period (±4.6%), and show some azimuthal discrepancies, which are less evident in the last period. 
This might be related to differences in the angular response functions for the transfer standard 
GUV 29222 and NILU-UVs, and the dominating sky conditions for the two periods. The summer 
period had mostly clear sky conditions whereas the autumn period had mostly overcast conditions. 
Thus, any azimuthal discrepancies in angular responses would be more evident in the first period. 
The results were based on the transfer standard instead of the spectroradiometer reference, which 
implies that the uncertainties in harmonized UVI are expected to be larger than for the core period. 
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Figure 9. Ratio of harmonized UVI to the reference for six MBFRs participating in the period day 

170-180 in 2005, as function of solar zenith angle.  2σ is 6.5 % for SZA<80 degree. 
Reference in period 170-180 is GUV 29222. 
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Figure 10.  Ratio of harmonized UVI to the reference for four MBFRs participating in the period 

day 260-280 in 2005, as function of solar zenith angle.  2σ is 4.6 % for SZA<80 degree. 
Reference in period 260-280 is GUV29222. 

 
 
Cumulative distributions of participants' UVI ratios versus the absolute differences from 

unity for SZAs less than respectively 50°, 60°, 70°, 80° and 90° (Figure 11) show similar 
distribution patterns for all SZAs except 90°. More than 80% of the participants' ratios deviate less 
than ±10% from unity for SZA ≤ 80°, and 95% are within ±12% for SZAs ≤ 90°. Harmonized UVI 
ratios reveal identical distribution patterns for all SZA intervals. More than 95% of all samples 
deviate less than ±5%, which is almost a factor 3 closer to the reference than the participants' data. 
Histograms of the relative number of ratios deviating within a relative difference in ±x percent from 
the reference (inserted figure) display a sharply centred Gaussian-looking distribution of 
harmonized ratios, whereas ratios calculated from data provided by the participants have a 
relatively wide bimodal distribution. The bimodal distribution results from the fact that the majority 
of participants' UVI had slightly higher values than the reference, whereas a small group of MBFRs 
also displayed significantly lower values. 
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Figure 11.  Cumulative distribution of participant's UVI values (red curves) and harmonized UVI 

values (black curves) deviating up to ±20% from the reference UVI. Five curves 
represent SZAs < 50°, < 60°, < 70°, < 80° and < 90°. Same data shown as histogram in 
inserted figure. Red is participant's data and black is harmonized data. 
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3.3 Factors influencing the quality of UVI data  
 The intercomparison of UVI from participants (Figure 6, Figure 7 and Figure 11) indicated 
significant differences in the calibration scales and standard deviations for some radiometers. 
Deviations from the reference of up to 12% were seen, with standard deviations ranging from ±2% 
to ±8% for SZA < 80°. Deviations and uncertainties in measurement results may be related to 
differences in the methodology for retrieving UVI from raw measurements and influences from 
different environmental conditions, or instrument-related discrepancies and effects from differences 
in operational procedures at the home and the campaign location. The influence from these 
uncertainty sources is discussed in the next sections. 

3.3.1 Uncertainties related to the methods of UVI retrieval 
 The results of user-data and harmonized data were all based on linear combinations of 
detector outputs, with different choices of coefficients ai,CIE, and correction functions epsilon ε in 
Eq. 2 and Eq. 3. The values in ε were close to unity for SZA less than about 70°. Hence, 
differences in standard deviations of retrieved UVI values must be related to the method in 
choosing optimal coefficients ai,CIE. Uncertainties related to the retrieval method were identified for 
three sets of participants' data, representing UVI ratios for GUV 4123 (two data sets labelled GUV 
4123V and GUV 4123S) and NILU-UV 990330 (Figure 12). The first two data sets (left and middle 
panel) correspond to the same radiometer, but display different degrees of scatter, related to 
different choices of coefficients and combinations of detector channels. The scatter is most 
prominent for NILU-UV 990339 (right panel). This participant also submitted UVI for another 
radiometer (NILU-UV 990310), but with significantly less scatter. The participant informed that the 
two NILU-UVs were calibrated on different dates, locations and sky conditions. The influences from 
different sky conditions and locations will be discussed later in this section, but from what have 
been demonstrated above, the coefficient of linear combinations have a strong impact on the 
standard deviations.  
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Figure 12.  Ratio of UVI provided by owners of GUV 4123 and NILU-UV 990339 to the reference 

NRP300 for the campaign period 142-160, as a function of SZA. Left and mid panel 
show results for different choices of CIE coefficients and channels for GUV4123. 

 
 

Some participants apply an analytical approach to solve the set of linear equations, based 
on detailed characterizations of the radiometer, RT-modelling and a comparison with a 
spectroradiometer. This method has the advantage that RT-simulations may take site-specific input 
parameters into account, optimizing data products for a certain location in the world. RT-
simulations for realistic sky conditions other than clear sky are not trivial, which is neither the 
implementation of realistic corrections for radiometers displaying large cosine errors. During this 
campaign, a large set of measurements were acquired for almost all sky conditions. This facilitated 
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the use of an empirical approach to the harmonization of UVI. The method is solely based on 
observation data, i.e. responsivity functions and information on the cosine error are not required as 
they are inherent parts of the detector signals. Compared with the participants' ratios, the standard 
deviations for all groups of MBFRs are significantly smaller than any data sets provided by the 
participants (Figure 6 and Figure 7), and all ratios are close to unity. Differences in standard 
deviations may thus be related to the retrieval method, rather than indicating that one radiometer is 
performing well and another is not. Figure13 serves as illustration for this, showing remarkable less 
scatter in harmonized UVI after having reprocessed the raw data for the same radiometer. 
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Figure 13.  UVI provided by the owner of NILU-UV 990339 and harmonized UVI relative to the 

reference, as function of SZA for the campaign period 142-160.  
 

3.3.2 Uncertainties related to different site conditions 
Good agreement in harmonized results does not necessarily imply that the calibration 

functions are optimal for locations and conditions other than the campaign site. Among world wide 
locations, polar regions represent sky and surface conditions that are highly different from the 
semi-rural campaign site near Oslo. Surface albedo and SZA are very high for most of the year, 
with periods of extreme variations in the total ozone amount. In order to investigate the influences 
on UVI measurements from variable SZA, surface albedo, CLOD and total ozone, real sky and RT-
simulated UVI-ratios have been examined. 
 

RT-simulations for surface albedo 5% and 90% and SZA < 90° showed that the ratio of UVI 
from a typical MBFR and UVI from modelled spectra, applying (Eq. 3), differed only marginally 
(±0.1 % for SZA < 75° and ±0.3 % for SZA < 80°). . Hence, the calibrations are valid for all surface 
conditions from snowless to snow covered ground, as would also be the case for enhanced albedo 
from a dense cloud layer underneath the observation altitude. 
 

Next, the influence on UVI ratios as a function of CLOD was studied, using real sky data 
and RT simulations. From the measurement data, no significant influences from varying CLOD 
were found for the prevailing sky conditions. RT-simulations showed that the effect is less than 1% 
for CLOD < 100 at all SZA, relative to clear sky conditions. For moderate and high SZA, the largest 
effect is found for SZA > 80° and CLOD > 500. The error contribution on an absolute level is 
however negligible as the UVI for CLOD > 500 is less than 2.5% of the clear sky value at SZA 80, 
which is beyond the detection level for most MBFRs.  
 

Changes in total ozone affect the spectral shape of the solar spectrum. For the campaign 
period the daily mean total ozone varied between 320 DU and 400 DU. Analysis of UVI ratios did 
not indicate any systematic changes in ratios as function of total ozone for SZA 40° to 90°. 
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Dahlback [1996] has calculated that the deviations induced by variable ozone amounts are less 
than 5% for 200 - 500 DU and SZA < 80°. The largest deviations were found for combinations of 
small ozone amounts and small SZA and large ozone amounts and large SZA. UVI is very small 
for combinations of large SZA and ozone amounts. Dahlback included an ozone correction term 
(Eq. 2), whereas our empirical approach (Eq. 3) did not. With exception of very low ozone amounts 
combined with small SZA, the correction term is within a few percent from unity, which for most 
conditions is well within the uncertainty of the reference spectroradiometer. Recalling that the 
campaign results showed close agreement in harmonized UVI for a wide range of weather 
conditions, SZA and moderate ozone amounts, one might expect that the empirical, harmonized 
calibration functions are valid for most cases and sites, with exception of combinations of very 
small ozone amounts (< 200 DU) and small SZAs. Hence, good consistency in harmonized UVI 
may be expected for a wide range of SZA, CLOD and surface conditions. This makes MBFRs 
particularly useful for UV monitoring. 

3.3.3 Calibration and instrument related uncertainties 
In addition to the influences from different methodology in UVI retrieval, the scatter in the 

participants' UVI ratios could also be attributed to differences in calibration scales (Figure 6). One 
group provided UVI data that were significantly lower (-11 to -13%) than the mean of the collective 
data set. The group reported that this finding was consistent with preliminary results from an 
intercomparison arranged in 2003. The group had recently received new calibration coefficients 
from their calibration supplier, which effectively enhance the UVI reported for the clearest days by 
+12%. If the new calibration coefficients had been applied, the results would shown much closer 
agreement with those of the other participants.  
 

Most data sets showed consistent UVI ratios for the campaign period. However, a few data 
sets indicated daily increases by more than 0.5% in the mean UVI ratios for the period the 
radiometers were operating [Johnsen, et al., 2006]. This effect may not have been fully accounted 
for by the participants, as the quantification of drift in instrument responsivity functions would 
require comparison with a stable campaign reference prior to the data submission. This effect was 
accounted for in the processing of harmonized UVI (Figure 7). Two of the groups reported that they 
had noted a significant increase in the absolute responsivity for their MBFRs, while these 
radiometers otherwise performed stable at the home locations. A plausible explanation for this may 
be the use of different solvents and routine cleaning intervals for the operation at the campaign site 
and the home locations. During the intercomparison period, the front optics were cleaned every 
morning with Isopropanol Prima. This solvent is recommended by one of the MBFR manufacturers. 
MBFRs participating in the campaign had all flat diffusers without any protective quartz dome, 
which makes the front optic of MBFRs more exposed to impurities and dirt accumulation than 
broadband radiometers protected by quartz domes. This applies particularly to those radiometers 
that have diffusers made of granular Teflon-like material, where impurities may be trapped inside. 
Impurities that may have slowly accumulated in the front optic material during normal operation 
may have become diluted from the use of more efficient solvents during the campaign period, 
resulting in enhanced UV transmittance towards the end of the campaign. In order to avoid step 
responsivity changes, which severely limit the value of intercomparison and harmonization of 
measurement results, the front optics should be maintained clean at the home location. This could 
be done either by applying a more efficient solvent and frequent cleaning intervals or installing a 
protective quartz dome above the diffuser.  The installation of a protective quartz dome may, 
however, require re-characterization and re-calibration of the radiometer. 

3.4 Relative spectral responsivity functions for each class of MBFRs 
Spectral responsivity functions ri were established from laboratory characterizations, and 

modified with empirical corrections based on the solar comparison with the spectroradiometer. The 
results for one radiometer from each category of MBFRs are shown in Figure 14 (GUV model 541 
and 2511), Figure 15 (NILU-UV I and II, big and small diffuser) and Figure 16 (UV-MFRSR and 
NILU-UV II). As may be seen, the wavelengths at peak responsivity correspond fairly well with the 
nominal wavelengths (Table 2). The bandwidths (FWHM) are about the same (10 nm) and the 
slope of the cut-off towards higher wavelengths is fairly similar for the two GUV and the two NILU-
UV models. The latest models (GUV-2511 and NILU-UV II) display slightly higher responsivity 
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towards the short wavelength cut-off. This has, however, minor significance for solar 
measurements, as the short-wave part of the band pass region adds only a small contribution to 
the total signal. The UV-MFRSRs display much narrower bandwidths (2 nm) and steeper slopes 
towards higher wavelengths than any GUV and NILU-UV. The position of centre wavelengths is 
also different from the other radiometers. Shoulders towards the higher wavelengths vary 
significantly among individual radiometers. Outdoor solar comparisons have shown that UVB 
channels with shoulders of magnitude10-4 or more have significance at moderate and high SZAs. 
Small errors in the laboratory quantification of the shoulders become critical for these radiometers, 
which require the use of empirical corrections to the ri established from laboratory 
characterizations. 
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Figure 14.  Typical peak-normalized spectral responsivity of an early model GUV-541 (serial 
number 9273) and latest model GUV-2511 (serial number 4123) radiometer from 
Biospherical Instruments Inc. X-axis gives wavelength in nm. S/num 9273 (solid line) 
has five channels in the UV and serial number 4123 (circles) has seven channels in the 
UV. 
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Figure 15.  Typical peak-normalized spectral responsivity of an early model NILU-UV I (serial 

number 990319, with big diffuser) and the latest model NILU-UV II (serial number 4102, 
with small diffuser) from NILU Products AS. X-axis gives wavelength in nm. S/num 
990319 (solid line) and serial number 4102 (circles) have five channels in the UV and a 
PAR channel in the visible. 
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Figure 16.  Peak-normalized spectral responsivity of two UV-MFRSRs (solid lines) from Yankee 

Instruments Inc. and NILU-UV serial number 4102 (circles). X-axis gives wavelength in 
nm. The UV-MFRSRs have seven channels in the UV. 

 
 
3.5 Global cosine ratios (1/GCCF) for each class of MBFRs 
 Laboratory characterizations of the angular response functions and measurements of the 
global and diffuse sky irradiances enabled an evaluation of errors in global sky measurements for 
the different classes of MBFRs. Figures 17-21 show the global cosine ratio (GCR) for all detector 
channels (Eq. 11). The ratios are presented as a function of SZA, utilizing the 3D (red and green 
curves) and azimuthally mean (black line) angular response functions, respectively. Smooth 
irregularities indicate cloud effects, resulting from variations in the ratios of measured diffuse and 
global UV irradiances with the MFRSR. Step jumps, seen for channels above 368 nm, result from 
the use of the 368-channel of MFRSR as proxy for the sky conditions (clear, partly cloudy and fully 
overcast), combined with RT-simulated diffuse/global ratios for the three cases. GCR is equivalent 
to the reciprocal global cosine correction function (GCCF), and the cosine error in percent is 
equivalent with )1)(GCR(100 −θ⋅ . More specifically: 
 
• Figure 17 shows results as function of SZA for day of year 147 (mostly clear sky), for the 

five channels of GUV 9273, representing model GUV-541. GCR varies between 0.93 - 0.95 
for channel 1 (305 nm), and 0.91 - 0.95 for channel 5 (380 nm). The azimuthal variation in 
GCR for rising and setting sun is 2%. Uncertainties from predictions of cloud-free and 
overcast conditions are up to 4%, with a maximum at 70° to 80° for the UVA channels. 

• In Figure 18 the results are presented for GUV 4123, representing model GUV-2511. GCR 
is close to unity for channels 1 (305 nm) ) to five (340 nm), and between 1.00 and 1.03 for 
channels six (380 nm) and seven (395 nm). Overlapping curves indicate that GCR is 
independent on the azimuth orientation. The largest deviations are seen for the PAR 
channel (channel 8), with GCR increasing from 0.99 (40°) to 1.08 (80°). The influence from 
shifting cloud conditions is 1 to 3% for the UV channels and 6% for the PAR channel. 
Compared with the early model GUV-541, the GCR corresponding to the new front optics 
have greatly improved. 

• Figure 19 shows results for the NILU-UV model with the big diffuser (NILU-UV 990319). For 
small and moderate SZAs the GCR values are similar with GUV-541 (0.93), but drops to a 
deeper minimum of 0.90 to 0.85 at SZA 70° for the channel 1 and channel 5 (380 nm). The 
azimuthal effect is about the same as GUV-541 (2%), with slightly larger influences from 
shifting sky conditions (5% for channel 5). The largest SZA dependency is seen for the 
PAR channel (channel 6), with a minimum of 0.60 at SZA 80. The error resulting from 
uncertainties in the prediction of cloud-free and overcast conditions is up to 30% at SZA 80° 
for the PAR channel. 
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• Figure 20 applies to NILU-UV II with small diffuser (serial number 4102). GCR is 0.95-  0.97 
for the five UV channels, with only small variations in SZA and almost no dependency on 
the azimuthal orientation, apart from the PAR channel (channel 6). Compared with the early 
model NILU-UV, the GCR corresponding to the new front optics have greatly improved. 

• GCR corresponding to the UV-MFRSRs (Figure 21) is almost flat and close to unity for the 
seven UV channels. Compared with the other radiometer models, the angular responsivity 
is superior. The azimuthal dependency is in the order of 2%, similar with the GUV-541 and 
NILU-UV I. 
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Figure 17.  Predicted reciprocal of global cosine correction function for instrument GUV 9273 

(model GUV-541), as a function of solar zenith angle, for rising (green) and setting 
(red) sun. The correction function corresponding to azimuthally averaged cosine 
responsivity is indicated in black. Calculations are based on measurements of the 
horizontal direct and diffuse irradiance measured by a rotating shadow band MBFR on 
day of year 147 2005, and the angular responsivity functions established from 
laboratory characterizations.  
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Figure 18.  Same as Figure 17, for GUV 4123 (model GUV-2511). 
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Figure 19.  Same as Figure 17, for NILU-UV 990319 (model NILU-UV I, big diffuser). 
 

40 60 80
0.9

0.95

1

1.05

1.1
NILUV 4102, chan 1

SZA

G
C

R

 

 
Sunrise
Sunset
Azi-mean

40 60 80
0.9

0.95

1

1.05

1.1
NILUV 4102, chan 2

SZA

G
C

R

 

 
Sunrise
Sunset
Azi-mean

40 60 80
0.9

0.95

1

1.05

1.1
NILUV 4102, chan 3

SZA

G
C

R

 

 
Sunrise
Sunset
Azi-mean

40 60 80
0.9

0.95

1

1.05

1.1
NILUV 4102, chan 4

SZA

G
CR

 

 
Sunrise
Sunset
Azi-mean

40 60 80
0.9

0.95

1

1.05

1.1
NILUV 4102, chan 5

SZA

G
CR

 

 
Sunrise
Sunset
Azi-mean

40 60 80
0.8

0.85

0.9

0.95

1

1.05

1.1
NILUV 4102, chan 6

SZA

G
CR

 

 
Sunrise
Sunset
Azi-mean

 
 
Figure 20.  Same as Figure 17, for NILU-UV 4102 (model NILU-UV II, small diffuser). 
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Figure 21.  Same as Figure 17, for UV-MFRSR 00286. 
 
 

3.6 Validation and Harmonization of spectral information from MBFR channels 

3.6.1 Conversion of detector outputs to harmonized units of spectral irradiance 
The output from detector channels may be converted to harmonized units of spectral 

irradiance, corresponding to measurements at fixed wavelengths with a high-resolution 
spectroradiometer (Eq. 14). The success of this method is demonstrated in Figure 22, showing 
ratios of respectively uncorrected (black) and corrected (red and blue) detector outputs from GUV 
9273, relative to the spectroradiometer measurements. Each data point corresponds to scans 
performed during the core-period, plotted as function of SZA.  
 

The uncorrected results of UVB channels display significant discrepancies for increasing 
SZA (20% to 40%), whereas UVA channels do not. Application of conversion functions Fmat and 
fitting functions ε result in flat, corrected ratios (red and blue circles) also for the UVB channels, 
only limited by scatter from low signal-to-noise ratios at high SZA. Hence, the corrected 
measurement results are proportional to the spectral irradiance measurements of a 
spectroradiometer. Standardization of measurement units for reporting detector outputs is 
desirable, because MBFRs and high-resolution spectroradiometers operating world wide get 
interlinked, despite differences in operation principles and detector characteristics.  
 

The ratios, corresponding to the reciprocal calibration factor (1/C), vary between 80 and 
100 for the five channels. These are reasonable values, as the radiometer detector outputs were 
originally calibrated by the manufacturer in units of μW/cm2/nm instead of W/m2/nm, back in 1994 
(conversion factor 100). Response changes resulting from ten year operation in the network were 
not accounted for prior to this analysis. This may partly explain the up to 20% difference in C based 
on the manufacturer's original calibration and the harmonized results.  
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Figure 22.  Reciprocal calibration factor (1/C) for nominal centre wavelength of five channels of 

GUV 9273 as a function of SZA. Measurement unit is signal output/W/m2nm. Black 
dots correspond to the ratio of MBFR output to the spectral irradiance of the 
reference. Blue and red dots correspond to ratios for rising and setting sun, utilizing 
the matrix correction method in Eq. 14. Perfect match with spectroradiometer 
corresponds to flat ratios. 

 

3.6.2 Fitting functions ε(SZA,CLOD) vs GCCF 

The observed ratios )(E/),,(F)UU(C nomii,mat
0

iii nom
λθΩλ⋅−⋅ , using Ci determined in the 

previous subsection, form the reciprocal correction function 1/ε in Eq. 14. In Figure 23 the ratios 
are shown as a function of SZA for rising and setting sun (blue and red circles). The ratios form two 
distinct groups, corresponding to clear sky cases (CLOD < 1.5, thin black line) and cloudy sky 
cases (CLOD > 1.5, thick black line). Ideally the ratios should reflect the reciprocal global cosine 
correction functions (1/GCCF) for the corresponding SZA and sky conditions. RT-simulated results 
for 1/GCCF and clear sky conditions (violet curve) are included in the figure for comparison with 
empirically determined clear sky observations of 1/ε. As may be seen the agreement in theoretical 
and empirical fitting functions is good for the two UVA channels, but distinct discrepancies are 
seen for the three UVB channels. This indicates significant errors in the spectral responsivity 
functions for the UVB region. Stray light, centre wavelengths and steepness of slopes are 
inevitably difficult to estimate and would be most significant for those detector channels measuring 
in the ozone cut-off region. However, as have been shown here, the application of fitting functions 
ε effectively removes most of the errors originating from errors in the spectral responsivity functions 
and possible non-linear detector responses. 
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Figure 23.  Reciprocal fitting function (1 / ε(θ,CLOD) ) in Eq. 14, which is applied as residual 

correction function for the convertion of detector output of GUV 9273 to units of 
spectral irradiance at standard wavelengths. Blue and red circles correspond to rising 
and setting sun. Thin black line is a polynomial fit where CLOD<1.5 and thick black 
line a polynomial fit where CLOD >1.5. Violet curve corresponds to the global cosine 
ratio GCR simulated for clear sky conditions. 

 

4. SUMMARY AND CONCLUSIONS 
Scientific groups from all around the world were invited to take part in an intercomparison of 

multiband filter radiometers (MBFRs) in Oslo in 2005. Forty-three MBFRs joined the campaign, 
representing UV monitoring networks on most continents. Radiometers from three manufacturers 
were present; the GUV Ground-based UV radiometers from Biospherical Instruments Inc, the 
NILU-UV radiometers from NILU Products AS and the UVMFR-7 multifilter rotating shadowband 
radiometers from Yankee Environmental Systems Inc. The purpose was to assess and improve the 
comparability of measurements of Global UV Index (UVI) for all realistic sky conditions. The 
intercomparison was accomplished according to established practices for blind intercomparisons. 
A group of four high-accuracy spectroradiometers, three from Norway and one from Austria, 
served as basis for establishing a set of reference spectra for the comparison with UVI from 
participants. Twenty-six sets of UVI data were supplied by the participants. The mean ratios 
between participants' data and the reference were within ±5% for 20 data sets and ±10% for 23 
data sets obtained during the core period and SZAs less than 80°. Excluding radiometers that were 
traceable to the same national calibration standards, 8 out of the remaining 11 sets of radiometer 
data were within ±5% and 10 out of 11 sets within ±10%. Harmonization of UVI resulted in close 
agreements with the reference, and the standard deviation for the collective group of 33 MBFRs 
operating in the same period was within ±4.6% (2 σ) for SZA up to 80°.  Corresponding standard 
deviation for the collective group of 26 data sets from participants was ±11.7% (2 σ). The results 
show that the optimization of calibration coefficients and the use of a SZA-dependent correction 
function enable accurate measurements for a wide range of weather conditions, and likely also 
total ozone amounts and surface albedos. Hence, all types of MBFRs participating are highly 
useful for accurate measurements of UVI at high latitudes. Characterizations of spectral 
responsivity functions and angular responses enabled processing of total ozone amount and cloud 
optical depth for the radiometers. These input data were applied when each radiometers detector 
output were converted to units of spectral irradiance at standard, nominal wavelengths, 
corresponding to the bandwidth of a high resolution spectroradiometer (FWHM 1.00 nm). The 
harmonization of UVI and conversion of detector output to spectral irradiance at standard 
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wavelengths enable world-wide cross comparability of MBFRs operating in UV monitoring 
networks. 
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List of abbreviations 
 
 
CIE    International Commission on Illumination 

CMS    Calibration Measurement Software solutions 

CMS150  the DM150 spectroradiometer from CMS 

CLOD   UVA Cloud Optical Depth 

COST   European Co-operation in the Field of Scientific and Technical Research 

DM150  Spectroradiometer model DM150 from Bentham Instruments Ltd 

DTM300 Spectroradiometer model DTM300 from Bentham Instruments Ltd 

FARIN  Factors Controlling UV Radiation In Norway 

FWHM  Full Width at Half Maximum 

GCCF  Global Cosine Correction Function 

GCR   Global Cosine Ratio = 1/GCCF 

GUV   Ground based UV Radiometer 

MBFR  Multi Band Filter Radiometer 

MFRSR  Multi Filter Rotating Shadowband Radiometer 

NILU-UV  Norwegian Institute of Air Research - UV radiometer 

NRPA   Norwegian Radiation Protection Authority 

NRP150 the DM150 spectroradiometer from NRPA 

NRP300  the DTM300 spectroradiometer from NRPA 

NTNU  Norwegian University of Science and Technology 

NTN150  the DM150 spectroradiometer from NTNU 

PAR   Photosynthetic Active Radiation 

QASUME  Quality Assurance of Spectral Ultraviolet Measurements in Europe 

RT  Radiative Transfer 

SZA   Solar Zenith Angle 

USDA   United States Department of Agriculture 

UVA   Ultraviolet-A band, wavelengths 315-400 nm 

UVB   Ultraviolet-B band, wavelengths 280-315 nm  

UVI  Global UV Index 

WHO   World Health Organization (United Nations) 

WMO   World Meteorological Organization (United Nations) 
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ANNEX A1 
 

 
Air temperature (°C), relative humidity, total solar irradiance (W/m2 ) and daily total 

ozone amount (DU) recorded for the core period, day 142-162 
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ANNEX A2 
 

 
Participants representing different groups of radiometers 

 
 
Spectroradiometers: 
Bentham DM150 – Josef Schreder, CMS Ing. Dr Schreder GmbH, Austria, and Mario Blumthaler, 
Innsbruck Medical University, Austria. 
 
Bentham DM150 – Asadollah Bagheri, Norwegian University of Science and Technology (NTNU), 
Norway. 
 
Bentham DM150 & Bentham DTM300 – Bjørn Johnsen, Norwegian Radiation Protection Authority 
(NRPA), Norway. 
 
Brewer MK IV total ozone and UV spectroradiometer operating at the University of Oslo - Arne 
Dahlback, Dept. of Physics, University of Oslo (UiO), Norway. 
 
 
Multiband filter radiometers. 
GUV- Germar Bernhard, Biospherical Instruments Inc. (BSI), San Diego, USA. 
GUV – Tommy Nakken Aalerud, Norwegian Radiation Protection Authority (NRPA), Norway. 
GUV – Lars-Erik Paulsson, Swedish Radiation Protection Authority (SSI), Sweden. 
GUV – Andrew Smedley, SEAES, University of Manchester (UMIST), UK. 
 
NILU-UV – Britt Ann Høiskar, Norwegian Institute for Air Research (NILU), Norway. 
NILU-UV – Chrysanthi Topaloglou, Aristotle University of Thessaloniki (AUTH), Greece. 
NILU-UV – Outi Meinander, Finnish Meteorological Institute (FMI), Helsinki, Finland. 
NILU-UV – Kaisa Lakkala, Finnish Meteorological Institute (FMI), Sodankylä, Finland. 
NILU-UV – Grzegorz Zablocki, Institute of Meteorology and Water Management (IMWM), Poland. 
NILU-UV – David Bolsée, Belgian Institute for Space Aeronomy, Belgium. 
NILU-UV – Alberto Redondas Marrero, Atmoferico de Izaña, Instituto Nacional de Meteorologia 
(INM), Spain. 
 
UV-MFRSR (UV multifilter rotating shadowband radiometer) – John Davis, Colorado State 
University, USDA/UVB Monitoring Programme,USA. 
 
 
Measurement sites of MBFRs, interlinked with radiometers participating in the MBFR 
intercomparison: 
 
Europe: 
Norway: Oslo, Bergen, Grimstad, Gjøvik, Finse (mountain), Trondheim, Andøya and Ny-Ålesund. 
Sweden: Stockholm 
Finland: Jokioinen and Helsinki. Travelling standard for Spanish Antarctic UV network. 
Belgium. 
Spain: Tenerife 
Italy: Firenze 
Poland: Legionowo 
England: Manchester 
Greece: Thessaloniki, later implemented in a Greek monitoring network 
Germany: Two NILU-UVs, later moved to Russia (locations unknown to the authors). 
 
Antarctica: Belgrano, Marambia, South Pole, Palmer and Queen Maud Land. 
 
South America: Ushuaia in Argentina. 
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North America: San-Diego, Wallop Island and New-Jersey.  
 
The two MFRSR radiometers of the USDA UV-B monitoring network represent stations at Hawaii, 
New-Zealand, and USA from Texas to Alaska. 
 
Africa: Uganda, Tanzania and Gambia. 
 
Asia: Khatmandu in Nepal. 
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ANNEX A3 
 
 

Radiometer serial number and literature reference for the processing of  
UVI by the participants 

 

Radiometer type 
Serial 
number Literature reference 

NILU-UV I 990304 Dahlback, 1996; 
NILU-UV I 990310 Dahlback, 1996; 
NILU-UV I 990319 Dahlback, 1996; 
NILU-UV I 990331 Dahlback, 1996; 
NILU-UV I 990339 Dahlback, 1996; 
NILU-UV II 04102 Dahlback, 1996; 
NILU-UV II 04106 Dahlback, 1996; 
GUV-511 9222 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9297 Dahlback, 1996; 
GUV-541 9270 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9271 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9272 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9273 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9274 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 29222 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 29229 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 29237 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 29243 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9275 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 9276 Dahlback, 1996;Johnsen et al., 2002 
GUV-541 29233 Dahlback, 1996; 
GUV-2511 04123 Dahlback, 1996; Bernhard et al., 2005 
GUV-2511 04121 Dahlback, 1996; Bernhard et al., 2005 
UV-MFRSR 00286 Min and Harrison, 1998;Davis and Slusser, 2005
UV-MFRSR 00292 Min and Harrison, 1998;Davis and Slusser, 2005
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ANNEX A4 
 
 
Multiband filter radiometers participating in the campaign and the characterization 

work performed in the laboratory. X denotes that the work has been done 
 

Instrument type Instrument S/num C( θ, φ ) S( λ ) QTH lamps
MBFR NILU-UV 990331 x x -
MBFR NILU-UV 04102 - x -
MBFR NILU-UV 990304 - x -
MBFR NILU-UV 990310 - x -
MBFR NILU-UV 990339 x x -
MBFR NILU-UV 04106 x x -
MBFR NILU-UV 04108 - x -
MBFR NILU-UV 04109 - x -
MBFR NILU-UV 04110 - x -
MBFR NILU-UV 04111 - x -
MBFR NILU-UV 04114 - x -
MBFR NILU-UV 04115 - x -
MBFR NILU-UV 04116 - x -
MBFR NILU-UV 04117 - x -
MBFR NILU-UV 04118 x x -
MBFR NILU-UV 04120 - x -
MBFR NILU-UV 990319 x x -
MBFR NILU-UV 990306 - x -
MBFR NILU-UV 990313 - x -
MBFR NILU-UV 990325 - x -
MBFR NILU-UV 990327 - x -
MBFR NILU-UV 990329 - x -
MBFR NILU-UV 990338 - x -
MBFR NILU-UV 04112 - x -
MBFR NILU-UV 04113 x x -
MBFR GUV-541 9297 x x x
MBFR GUV-2511 04123 x x x
MBFR GUV-2511 04121 x x x
MBFR GUV-541 9270 x x x
MBFR GUV-541 9271 x x x
MBFR GUV-541 9272 x x x
MBFR GUV-541 9273 x x x  
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Instrument type Instrument S/num C( θ, φ ) S( λ ) QTH lamps

MBFR GUV-541 9274 x x x
MBFR GUV-541 29222 x x x
MBFR GUV-541 29229 x x x
MBFR GUV-541 29237 x x x
MBFR GUV-541 29243 x x x
MBFR GUV-541 9275 x x x
MBFR GUV-541 9276 x x x
MBFR GUV-511 9222 x x x
MBFR GUV-541 29233 x x x
MBFR UV-MFRSR 00286 x x -
MBFR UV-MFRSR 00292 x x -  
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ANNEX A5 
 
 

Empirical corrections of the relative spectral responsivity functions. A case study 
for GUV serial number 9270 

 
 

The peak-normalized spectral response function of each detector channel was assembled 
from series of measurements, with the excitation monochromators set to different bandwidths (ref. 
section 2.6.1). This first approximation of the true responsivity function ri

(0) was next tested against 
global sky measurements with the MBFR and spectroradiometer-based simulations of the detector 
output (Eq. 6). Modifications were made to ri

(0) until the response factors Ki (Eq. 6) were acceptable 
constant (±2%) for all SZAs. Prior to the calculations, the influences from cosine errors resulting 
from non-ideal angular responsivity functions were corrected, applying GCCF in section 2.7 (see 
eg. GCCF vs. SZA in Figure 17). The response factors Ki

(0) resulting from this first approximation 
are shown in Figure A5.1 for the five detector channels of GUV 9270, as a function of SZA. As may 
be seen, cosine corrections (open symbols) resulted in factors that were less SZA-dependent and 
less dependent on the solar azimuth (red and blue symbols) than without the use of cosine 
corrections (solid symbols). However, it may be seen that the Ki's for the first channel have a 
significant slope, indicating that ri

(0) poorly matches the true responsivity function of the radiometer. 
 

The SZA-dependency in Ki's results from errors in ri
(0) related to the laboratory set-up, and 

possibly also effects from differences in the spectral and directional distribution of the laboratory 
source and global sky. Candidate error sources are 1) errors in the wavelength scale of the 
monochromatic excitation source or wavelength shifts induced by the directional distribution of the 
source, 2) convolution effects resulting from finite bandwidths of the excitation source, 3) existence 
of secondary responsivity peaks and finite responses at high wavelengths that could not be 
resolved in the laboratory, due to limited dynamic response of the detector signals, and 4) non-
linear response to the intensity of the excitation source.  
 

Influence of small wavelength errors in ri: The introduction of a shift in the wavelength scale 
of ri may help to compensate the SZA-dependency in Ki for those channels overlapping the solar 
cut-off region (λ < 325 nm) In Figure A5.2 we added -0.2 nm to the wavelength scale of detector 
channel 1 (305 nm), whereas the scales of the other channels were unshifted. As may be seen, 
most of the SZA dependency of channel 1 was compensated (within ±2% up to SZA 70°). 
However, a shift by -0.2 nm is unlikely large in our case, as measurements of the slit functions at 
all wavelength settings from 270nm to 420 nm showed maximum errors less than ±0.1 nm. Hence, 
other error sources may have larger significance than errors in the wavelength scale. 
 

Effects from finite bandwidths of the excitation source: Bernhard et al. [2005] have shown 
that the broadening in ri resulting from finite bandwidths of the excitation monochromator may be 
partly corrected, using an approximated deconvolution algorithm:  
 

)(U)(U)(R conv
2
measureddeconv λλ=λ  

 
where Rdeconv is the deconvoluted responsivity function, Umeasured is the output signal measured for 
the actual slit function, and Uconv is the output signal convoluted with the slit function of the 
excitation monochromators. The Ki's resulting from deconvolution of ri's are shown in Figure A5.3. 
The enhanced steepness in flanges of ri resulted in significantly smaller SZA-dependency of Ki for 
the channel 1 (305 nm), as did also the addition of a negative wavelength shift in the previous case 
(Figure A5.2). The Ki's for the other channels were almost unaffected. In order to further reduce 
the SZA-dependency, the steepness of deconvoluted ri's were enhanced by multiplying the 
wavelength scale around the steepest region of ri with a factor γ smaller or larger than 1.00 and 
interpolating ri back to the original sampling wavelengths. Choosing γ equal to 0.90 for the first 3 
channels' response functions resulted in Ki's that were almost within ±2% for all SZA's, as may be 
seen in Figure A5.4. 
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Influences from finite responses at large wavelengths. Secondary peaks and finite 
responses at large wavelengths are manifested in Ki for moderate and high SZAs (60° or more). If 
Ki's increase with increasing SZA, the initially determined response factors are too small at large 
wavelengths compared with the true radiometer response. Inclusion of a response-tail that is too 
high in the UVA for channel 1 result in Ki's that fall off at high SZA, as shown in Figure A5.5.  
 

The final Ki's resulting from optimal modifications of ri is shown in Figure A5.6. Residual 
deviations may be due to uncertainties in the cosine corrections and effects from other response 
functions. The final spectral response functions are shown in Figure A5.7. The initial response 
functions ri

0 were first deconvoluted and further made steeper with the γ set to 0.9. A UVA tail equal 
to 10-6 was added to the channel 1, and the magnitude of the secondary peaks of channel 2 and 3 
reduced by a factor 1.05.  
 

 
 
Figure. A5.1.  Absolute responsivity factors Ki (Y-axis) as function of SZA (X-axis) for GUV 9273 for 

day of year 147 2005, applying the original peak-normalized responsivity functions 
from laboratory characterizations (ri

(0) ). Red and blue symbols correspond to rising 
and setting sun. Open and solid symbols correspond to Ki's obtained respectively 
with and without cosine corrections of the detector outputs. Horizontal lines represent 
to ±2% intervals in the mean Ki. The reference spectroradiometer is DTM300. 
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Figure A5.2.  Same as Figure A5.1, but wavelength scale of the spectral responsivity function of 

detector channel 1 shifted by -0.2 nm. 

 
 
Figure A5.3.  Same as Figure A5.1, but with the spectral responsivity function deconvoluted. 
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Figure A5.4. Same as Figure A5.3, but with steepness of deconvolved responsivity functions 

enhanced with a constant factor for channels 1 to 3. 
 

 
 
Figure A5.5.  Same as Figure A5.4, but for a response tail in the UVA of channel 1 set too high 

(equal to 10-5). 
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Figure A5.6.  Ki's resulting from deconvolution, sharpening of flanges and inclusion and 

modification of the magnitude of secondary response peaks in the initial spectral 
response function ri. 

 

 
 
Figure A5.7.  The initial spectral response functions from laboratory characterizations (circles) and 

the results after modifications (thick lines). 
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ANNEX A6 
 
 
UVI results provided by the participants and harmonized UVI results relative to the 

campaign spectral reference, for the period day 140 to 160 2005 
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