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(6)Summary   


The first Norwegian UV- and PAR intercomparison meeting was arranged at the University of 
 Oslo in the period June 5-9, 1995. Among the 24 participating instruments, representing 6 
 institutions in Norway were: 3 spectroradiometers (3 brands), 11 multiband filter radiometers 
 (2 brands), 11 singleband UV radiometers (4 brands) and 2 singleband PAR-meters (1 brand). 


For several of the filter radiometers, the original calibration factors had been used for years, 
 without recalibration checks. One instrument was also missing calibration data.   


All instruments measured solar radiation for at least two days. The weather conditions were 
 unstable for most of the time, offering only short periods with clear sky. Activities performed 
 were: 


•  Outdoor synchronous solar UV- and PAR measurements 


•  Outdoor measurements of a portable lamp unit from SSI in Sweden (all instruments) 


•  Darkroom measurments on two 1 kWatt FEL lamps (spectroradiometers only). 


The UV-network reference filter radiometer (GUV#9273) was chosen as a normalizer for the 
 campaign, providing a link between participating instruments, as well as establishing a link to 
 instruments in the United States NSF UV-monitoring program. The report is divided into 3 
 sections covering - spectroradiometers, multiband- and singleband filter radiometers (including 
 PAR). The sections are connected by relating results to the normalizer GUV. 


Measurements from the three spectroradiometers were subjected to the following 
 investigations: 


1. Irradiance scales for darkroom- and outdoor lamp measurements 
 2. Wavelength scales of two sets of sky scans 


3. Repeatability of wavelength scales for two sets of sky scans 


4. Irradiance scale for two sets of fullspecter noon- and an afternoon sky scans, including 
 spectra computed by radiative transfer theory 


5. Irradiance scale at discrete wavelengths (including GUV) 
 6. CIE-effective irradiances (including GUV) 


7. Bandwidth effects 


8. Straylight- and Noise Equivalent Irradiance 


The main results obtainedfor the spectroradiometers were: 


Lamp scans: 


•  Relative to the FEL FE52 data offered by Svenøe, the average differences were +9±3 % 
 (Optronic), +4±2 % (Brewer), +2±3 % (Macam) for the 290-325nm range, and +5±3 % 
 (Optronic) and +5±2 % (Macam) for the 325-400nm range. 


•  Relative to the Macam, the average differences for the FEL FE52 and FE50 lamps were 
 +7% and +8 % (Optronic) and +3 % and +2 % (Brewer) (shorter wavelengths), and +2 % 
 and +2 % (Optronic) for the higher wavelengths. 


•  For the 150 Watt portable lamp unit from SSI, the difference Brewer to Macam were 
consistent with FEL lamp results and equal to +2±2 %. Optronic measurements, corrected 
for offset in nominal distance to the lamp, differed by +2±3 % (290-325nm) and -3±4 % 
(325-400nm).  



(7)•  The anomalous shape of ratio curves for Optronic and FEL-lamp measurements indicates 
 an incorrect setting of the lamp current. The SSI-lamp results are therefore more reliable and  
 reflect the real differences in irradiance scales of the spectroradiometers. All in all, the 
 differences in irradiance scales of lamp measurements were +2±3 % for the shorter 
 wavelength range and -3±4 % for the higher wavelength range. 


•  For measurements of the SSI-lamp unit the spectroradiometers agreed within ±5 % to the 
 GUV#9273 filter radiometer. 


Wavelength scale of two sets of sky scans: 


•  Two sets of extraterrestrial scans (SpaceLab-2 mission 1985, Aircraft experiment 1969) 
 were evaluated with respect to their applicability as a reference for wavelength scales of 
 ground-based spectral measurements. Differences of up to 0.7nm were found. Compared to 
 the CRC Handbook Data on Fraunhofer lines, the SpaceLab spectrum differed by as much 
 as ±0.15nm, and it was therefore questioned whether it is appropriate as reference scale for 
 the groundbased measurements. 


•  Investigations of the spectral distortion by different bandwidths, or temporal variations in 
 irradiance levels during a scan, have shown that the wavelength scale in recorded spectra 
 may be shifted  by ±0.25nm. 


•  Over the wavelength range 300nm to 325nm, the wavelength  differences between the 
 Macam and the other instruments were 0.04nm to 0.18nm (Brewer) and 0.25nm to 0.50nm 
 (Optronic), respectively. For wavelengths above 325nm the difference was 0.0nm to 0.5nm 
 (Optronic versus Macam). 


•  The repeatability of wavelength scales of noon- and afternoon scans were within ±0.05nm 
 for the three instruments. 


Irradiance scale of two sets of sky spectra: 


•  Relative to one of the spectroradiometers (Macam), scans for an overcast noon period 
 differed -3±8 % (Brewer) and -4±4 (Optronic) for the lower range 300-325nm, and -10±5 % 
 (Optronic) for the upper range 325-400nm. 


•  Scans for an overcast afternoon period differed -2±8 % (Brewer) and -8±6 % (Optronic) for 
 the lower range, and -10±5 % (Optronic) for the upper range. 


•  Compared to the noon period, the afternoon scans were consistent and within 1 % for the 
 Brewer and the Macam, and 5 % lower for the Optronic. 


•  Relative to Brewer and Macam noon scans, a spectrum computed by radiative transfer 
 theory (NILU)   differed by -3±9 % (Macam) and -3±8 % (Brewer) for the shorter range, 
 and -5±6 % for the upper range. For the afternoon scan (NILU), the difference was 0±8 % 
 (Macam) and -2±8 % (Brewer) for the shorter range, and -6±8 %  for the upper range. 


Sky irradiance scales at nominal GUV wavelengths: 


•  Relative to the reference GUV and noon 11:00 UTC scans, differences in spectral 
 irradiances at 305nm, 313nm, 320nm, 340nm and 380nm  ranged from -12 to +2 % 


(Optronic), +1 to +10 % (Macam) and +4 to +8 % (Brewer, UVB only). For afternoon 15:00 
UTC scans the differences from GUV were -16 to -4 % (Optronic), -3 to +7 % (Macam) and 
0 to 4 % (Brewer, UVB only). The differences were systematically 3 to 4 % larger in the 



(8)afternoon than at noon, being consistent with the theory of convolution shifts by wider 
 bandwidths.  


•  When normalizing to one of the spectroradiometers (Macam), the differences were -3 to -18 


% (Optronic) and -2 to +8 % (Brewer). The differences remained stable for the Brewer, but 
 increased by 2 to 7 % for the Optronic. 


•  It has been shown that differences in wavelength scales, bandwidths and irradiance scales 
 were the most significant sources of errors for the three spectroradiometers. By attempting 
 to compensate for these differences, the residual differences from Macam became -3 to -4 % 
 (Optronic) and -3 to -6 % (Brewer) for the nominal UVB wavelengths , and -5 to -6 % 
 (Optronic) for the nominal UVA wavelengths.  


•  By including all available scans, the statistical spread of spectral irradiance ratios was about 
 the same order as the differences observed for the noon and the afternoon scans, indicating 
 no significant differences at these nominal wavelengths. 


•  A new method was deduced for reducing the disturbing effect of synchronization errors and 
 instable cloud conditions during scan periods. One-minute samples of CIE-effective 


irradiances of the normalizer GUV were combined into time-weighted averages representing 
 each scan period, significantly reducing the scatter between CIE-irradiances of 


spectroradiometers.  


•  The CIE-irradiances of the Macam and Optronic were compared to GUV-irradiances. For 
 the noon 11 UTC and afternoon 15 UTC scans, the differences were +3 % and +1 % 
 (Macam) and -2 % and -7 % (Optronic). For the period forenoon to afternoon, the average 
 differences from GUV were +3±2 % (Macam) and +2±5 % (Optronic). The agreement is 
 apparently within ±5 %, but a larger data set and more stable cloud conditions is required to 
 verify these results. 


  


Multiband filter radiometers. 


Measurements with the multiband filter radiometers have been compared with the GUV#9273 
 reference filter radiometer. The following aspects were examined: 


1. Convolution shifts of spectral irradiances at low and high solar zenith angle (SZA). 


2. Spectral sky measurements 
 3. Spectral lamp measurements 
 4. CIE-effective irradiances 


Major results of multiband instruments: 


•  The spectral response for the 305nm and 313nm channel of GUV#9273 were convolved 
 with a noon and an afternoon sky scan from the Brewer spectroradiometer. Spectral shifts by 
 +4 % (305 channel) and +3 % (313 channel) were predicted by convolution integrals. 


Computations corresponded within 0.2 % to sky measurements with the GUV. The 


agreement provides evidence that Brewer scans were consistent for these scan moments and 
 that the spectral response data for the GUV have high accuracy. 


•  Sky spectral irradiances for the 7 new UV-network GUV541 instruments agreed within ±2 


% for the 305-channels and within ±0.5 to 1 % for the 313-, 320-, 340- and 380 channels.  



(9)•  Sky spectral irradiances of lamp-calibrated radiometers (GUV511 s/no. GUV#9222, 
 PUV500 and PUV510) were systematically up to 60 % too low compared with the sun-
 calibrated reference GUV#9273. Correction factors for lamp-calibrated sky measurements 
 were derived. 


•  For SZA's below 70° the CIE-irradiances of sky measurements agreed within ±2 % for the 7 
 GUV541's and within ±3 % for the GUV511 model (GUV#9222). Averaged over 6 days the 
 agreement was better than ±1 % (GUV541's) and ±3 % (GUV511).  


•  The NILU UV-4S four channel radiometer developed by the Norwegian Institute for Air 
 Research and the reference GUV#9273 agreed within ±2 % in CIE-irradiances for SZA's 
 below 70°. Calibration factors were derived by radiative transfer theory and Ozone data 
 measured by the Dobson instrument in Oslo. 


Single band filter-radiometers: 


•  Eppley TUVR radiometers, measuring integrated irradiance over the wavelength region 
 290-385nm were compared to lamp- and sky measurements for the GUV#9273 and the 
 Macam spectroradiometer. The ratios were independent of the SZA for all TUVR's, but 
 differed from the Macam by ±10 % to +60±10 %. The results enabled corrected calibration 
 factors and a relation to the the network reference GUV to be found, but limited number of 
 scans and noisy data supports maintaining older calibration factors until verified by a new 
 campaign with stable weather conditions. 


•  Sky measurements of CIE-irradiances for two SL-501-, and one SL-500 Solar Light meter  
 were compared. One of the SL-501 meters were lacked calibration data, the other was newly 
 calibrated by the manufacturer and the third had not been calibrated since 1989. Agreements 
 within ±10 % and ±20 % were found for respectively a sunny day and an overcast day. 


Compared with noon CIE-irradiances of the reference GUV#9273, the non-calibrated SL-
 501 differed by +18±3 % and the calibrated SL-501 differed by +6±1 %. Both instruments 
 were relatively independent of the SZA, compared with the GUV#9273. The non-


temperature regulated SL-501 differed by +12 % to -18 %, depending on the irradiance 
 level. 


•  A Delta-T UV2/BP radiometer, measuring integrated irradiances for the wavelength region 
 313nm ±13nm was compared with the spectral irradiances for the 313-channel of the 
 GUV#9273 and sky scans for the Macam spectroradiometer. Differences of -30±12 % were 
 found and ratios were dependent on the SZA. The discrepancies may be due to calibration 
 factors based on lamp measurements instead of sun measurements. 


•  Kipp&Zonen CUVB1 radiometer, measuring integrated sky irradiances with peak 
 wavlength at 306nm and bandwidth 2.6nm, was compared to the 305-channel of the 


GUV#9273. Differences of -22±7 % were found. The ratios had a strong SZA dependency. 


•  Kipp&Zonen CUV3 radiometer, measuring integrated irradiances over the wavelength 
 interval 315nm to 378nm, was compared to spectral irradiances of the 340-channel of the 
 GUV#9273 and sky scans for the Macam spectroradiometer. The ratios were almost 
 independent on the SZA and corresponded well with both instruments (-5±4 % for Macam 
 and -3±11 % for the GUV). 


•  Five PAR-meteres, measuring photosynthetic active photon irradiances for the wavelength 
region 400nm to 700nm were intercompared for lamp- and sky measurements. Four 



(10)instruments agreed within limits of measurement errors. The fifth displayed unstable 
 behaviour. Good correspondence was found between three instruments, independent of the 
 light source. Values from the remaining two deviated by 5-8 % when lamps were used 
 instead of daylight. PAR-meters were also intercompared with sky scans from the Optronic. 


Differences of about 40 % were found, but the higly fluctuating weather conditions during 
 the long scan periods makes this comparison of limited value. 


Concluding remarks :


The spectroradiometers achieved fairly good agreement in sky and lamp 
 measurements. Major differences were due to differing irradiance scales, 


wavelength scales and bandwidths. Spectra computed by radiative transfer theory 
 agreed well with the spectroradiometers.The UV-network multiband filter 


radiometers proved excellent agreement to the reference filter radiometer and to 
 the the spectroradiometers. Combined with radiative transfer theory, 


measurements from the GUV radiometers provide important environmental and 
 health relevant data. The intercomparison establishes a link to a diverse group of 
 participating instruments, and via the GUV instruments the calibrations may be 
 linked to the National Sciences Foundation UV-network in America. In addition, 
 the campaign fulfilled important educational aspects on solar radiation 


measurements and calibration techniques. 
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Definitions 


Bandwidth: The difference λ1-λ2 between the wavelength λ1 and λ2 at which the amplitude 
 spectrum is 50% of its maximum value. 


Irradiance: The radiant power dP per unit area incident upon a plane surface from a 
 hemisphere, E = dP/dA, SI unit: W/m2


Spectral irradiance: The irradiance in an infinitesimal wavelength interval divided by the range 
 of that interval, Eλ = dE/dλ , SI unit: W/(m2*nm) 


CIE-effective irradiance: The convolution of spectral irradiance with the CIE erythema action 
 spectrum. 


MED: Minimal Erythemal Dose, here defined as 210 J/m2  CIE-effective dose rate. 


Cosine response: The ratio between the photon flux collected by a receiving aperture and the 
photon flux heading for the aperture. 



(11)PAR: Photosyntetic Active Radiation  


SZA: Solar Zenit Angle 
 Intentions 


As will shortly be reviewed in Section 1.1 History, solar UVR has been continuously or 
 sporadically measured in Norway since the mid 1960. The instrumentation is diverse, ranging 
 from filter radiometers, measuring in certain regions of the UV-spectrum, to spectroradiometers 
 providing high-resolution spectra. A classical problem in applying these UV-data has been the 
 lack of periodical calibration control, or the application of different calibration standards. 


Further, a coordination of measurement activities and collection of UV-data to a central 
 database has been missing.  


In late 1994, the Ministry of Health- and Social Affairs and the Ministry of Environment 
 decided to establish a Norwegian solar UV-monitoring network. Shortly after, seven 
 instruments of multiband filter radiometer type were ordered for the network (model GUV541 
 from Biospherical Instruments). The order of the new GUV-instruments  was the incentive for 
 arranging a solar intercomparison meeting during the spring of 1995, where the gamut of old 
 and new instruments operating at different locations were intercompared by running them side 
 by side, recording simultaneous measurements of solar radiation (intercomparison meeting). 


The aims of the intercomparison were: 


•  Establish a link between as many as possible of those instruments and types of instruments, 
 which are currently measuring solar UVR in different parts of Norway.  


•  Assess the agreement between instruments of the same type (eg. new network instruments). 


•  Assess the agreement between instruments of different types. 


•  Exchange experiences and knowledge in UV-measurements, thereby strengthening the links 
 between the UV-groups. 


A secondary objective was to establish an indirect link to Nordic UV-measurements by using a 
portable lamp unit from the Swedish Radiation Protection Authority (SSI), which has been 
circulating between laboratories in the Nordic countries. 



(12)1. Introduction   


1.1  History of solar UV measurements in Norway. 


Solar UV-measurements in Norway may be dated back to 1965. These measurements were 
 conducted by the Geophysical Institute at the University of Bergen (Schieldrup Paulsen 1966)  
 and were made using an Eppley TUVR filter radiometer, covering the spectral range 295-
 385nm. Measurements have continued since then. During the late 1970’s and early 1980’s 
 TUVR instruments were installed at the Agricultural University of Norway at Ås (near Oslo) 
 and at the Norwegian Polar Institute (NPI) Research Station in Ny-Ålesund, Svalbard. 


Originally, these measurements were initiated as part of a general climate study, mapping the 
 solar radiation from 295nm to 2800nm by broadband meters. 


The first reported spectral measurements in Norway are from 1966 in Ny-Ålesund, made by 
 Hisdal at the NPI (Hisdal 1969, 1986). Measurements included daylight and midnight spectra 
 of global, diffuse and sky radiation for different weather conditions. From the mid 1980’s the 
 main interest for solar UV-measurements shifted towards determining biologically effective 
 UVR. In 1985, the Auroral Observatory at the University of Tromsø started spectral 
 measurements in Tromsø and Longyearbyen, investigating daily variations in biologically 
 effective UVR.  


Since 1990, there has been a steady increase in Norwegian UV-measurement activities and 
 instrumentation (Johnsen 1996). This has to a great extent been due to reports of springtime 
 depletion of the stratospheric ozone layer over polar regions. Up to the spring of 1995, solar 
 UV-measurements were conducted at 8 locations in Norway. An overview of the locations, 
 type of instrumentation and measurement period  can be found in Table A1.1 in Appendix 1.  


2. Intercomparison at the University of Oslo. 


In the period June 5-9 of 1995, the first Norwegian UV intercomparison meeting was arranged 
 at the University of Oslo and hosted by the Physics Department at the university. The 
 university has been monitoring solar UVR since 1990, using a Brewer Mark IV 
 spectroradiometer. The site and facilities are ideal for intercomparsion meetings, offering a 
 large platform area with free horizon in all directions, darkroom facilities and usually good 
 weather conditions during the spring/summer months. 


2.1  Participating instruments and institutions. 


A list of participating instruments and institutions are given in Tables 2.1 and 2.2. With 
exception of the Norwegian Polar Institute (NPI) and the Auroral Observatory in Tromsø 
(UiTØ), all institutions currently conducting solar UV-measurements were represented with 
one or more instruments. During the last two days of the intercomparison, additional 
instruments measuring in the visible part of the spectrum, as well as filter radiometers for 
measuring direct sun in the UV, visible and near infrared parts (Soldata AS) were included. 



(13)Table 2.1: Names and abbreviations of participating institutions.


UIO  University of Oslo 


NLH  Agricultural University of Norway 


NTNU  Norwegian University of Science and Technology 
 UITØ  University of Tromsø 


UIB  University of Bergen 


NILU  Norwegian Institute for Air Research 
 NRPA  Norwegian Radiation Protection Authority 


Table 2.2: Types of instruments participating in the intercomparison meeting.  


For further details, see Appendix 4.


Instrument class  Instrument type  Number  Radiometric 
 units 


Spectroradiometers  Sci-Tec Brewer Mk IV (UIO) 
 Optronic OL-752 (NTNU) 


Macam Photmetrics SR991 (NRPA) 


1 
 1 
 1 


W/m2/nm 
 W/m2/nm 
 W/m2/nm 
 Singleband filter radiometers  Solar Light SL-500 (UIO) 


Solar Light SL-501 (UIB+NRPA) 
 Eppley TUVR (UIB+NLH) 
 Delta-T UV2/BP (NLH) 
 Kipp&Zonen CUVB1 (NLH) 
 Kipp&Zonen CUV3 (NLH) 


LiCor Li-189 SR Quantum sensor (NLH) 
 1 
 2 
 4 
 1 
 1 
 1 
 2 


MED/0.5 hour 
 MED/hour, MED/min  
 W/m2 


W/m2 
 W/m2 
 W/m2 
 mE/m2/s 
 Multiband filter radiometers  Biospherical Instruments GUV511 


Biospherical Instruments GUV541 
 Biospherical Instruments PUV500U 
 Biospherical Instruments PUV510S 
 NILU UV-4S multifilter radiometer 


1 
 7 
 1 
 1 
 1 


µW/cm2/nm 
 µW/cm2/nm 
 µW/cm2/nm 
 µW/cm2/nm 
 W/m2/nm 


Some of the institutions and instruments had previously participated in the Nordic 
 intercomparison meeting at SMHI in 1991 (Josefsson 1991) and at the nogic93 intercomparison 
 in Tenerife in 1993 (Koskela 1994), but most of the instruments relied on their original factory 
 calibrations and had not previously been intercompared with other instruments. The great 
 number and types of instruments (3 spectroradiometers and 23 filter instruments), each having 
 its own characteristics, the many new instruments which arrived from the manufacturer only a 
 few days before the start of the campaign, the practical arrangements needed for lamp and solar 
 measurements, and not at least the highly variable weather situation during this period made 
 the intercomparison an exciting and educational process in improvisations and co-operation.  


2.2  Facilities   


The platform area was the roof of the Department of Chemistry, measuring 44x55 metres. The 
 free horizon is shown in Fig. 2.2.1. and is measured 1 meter above the roof. Fig. 2.2.2. 


illustrates how the the instruments were located. 



(14)Zenith angle of free horizon,
  as seen from the solar platform at Blindern
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Fig 2.2.1 Polar diagram of free horizon, as seen from the solar platform.
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Fig.2.2.2 Location of instruments on the solar platform. B: Brewer, O: Optronic and M: Macam. 
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(15)The platform area towards west, from left the singleband radiometers, the Optronic and multiband sensors 
 mounted on a sun tracker.


2.3  Synchronization and measurement sequence. 


The solar radiation at the earth’s surface changes rapidly with fluctuating cloud cover. In order 
 to successfully intercompare measurements from different instruments, the clocks of the data 
 loggers must be synchronized to a common time standard and maintain the synchronisation for 
 all moments during the intercomparison. For this campaign, logger clocks were synchronized 
 every morning and mostly also every afternoon with the quite stable PC-clock of the Brewer 
 instrument, following the Universal Time Coordinate standard (UTC, formerly called GMT 
 time).  


The three spectroradiometers participating in this intercomparison were set for synchronous 
 starts of scans every 15 or 30 minutes. During the intercomparison, scans were synchronously 
 measured by sampling the spectral irradiance over the region 290-400nm (290-325nm for the 
 Brewer instrument) at a rate of 3.5 seconds per 0.5nm. In the periods between UV-scans, scans 
 were also made of the visible region with the Optronic instrument from  NTNU.  


For the rest of the instruments, i.e. the filter radiometers, continuous measurements were made 
 by recording one-minute integrated or averaged radiometric quantities (exception was the SL-
 500 instrument, having 30 minutes integration period). In the daily result files, the record times 
 were given as the time of completion of a measurement period. 


As will be seen from graphs in the result sections, most instruments experienced frequent 
interruptions in the time series during the campaign, resulting in few periods with overlapping 
measurements. There were also synchronisation problems (e.g. the Macam spectroradiometer 
of NRPA).  



(16)In the report, presentations are mainly made for the days 158 and 159 (June 7-8). This is due 
 to the fact that these were the days offering the least number of missing data as well as offering 
 most frequent glimpses of sunshine. 


2.4  Weather conditions.  


The weather during the intercomparison was highly variable and unfortunately dominated by 
 thick clouds and rainy periods. The effect of clouds on surface solar UV irradiance may be 
 described in terms of a cloud transmission factor (CT) and is here defined as the ratio (in %) of 
 the actual UV-irradiance to the anticipated clear sky value. For a clear sky situation the cloud 
 transmission factor will by definition be 100%, and a cloud transmission factor of  70% implies 
 the the cloud cover attenuates the UV-radiation by 30%. The derivation of cloud transmission 
 factors are further explained in Section 2.1. 


Fig. 2.4.1 shows the cloud transmission factor CT minute by minute for the time period June 5-
 9. The figure clearly demonstrates the very few episodes of clear sky conditions. Clear or near-
 clear-sky conditions were found 13:33-13:45 hr June 5, 14-16 hr June 6 and 12-14 hr June 7, 
 all with CT close to 100%. Extremely thick clouds and thus very low CT were observed on 
 many occasions, where the lowest was less than 2% around 10:20 hr June 9 (corresponds to UV 
 irradiance level less than a typical clear sky value at noon in December). 
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Fig. 2.4.1. Cloud transmission (CT) for all the days 156-160 ( June 5 - 9) during the intercomparison. 
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Fig. 2.4.2:Spectral irradiance at 340 nm for day 158 and 159 compared to clear sky situation.


Note that the CT exceeds the clear sky value on several occasions. This may happen in a 
 situation with broken clouds when clouds appear close to the sun, but the sun itself is not 
 obscured by clouds. In such a situation the direct radiation equals the clear sky situation, but 
 the diffuse radiation is enhanced due to increased scattering by the clouds near the solar disk. 


2.5  Derivation of cloud transmissions 



(18)Clouds have a strong influence on UV-radiation both in the UV-A and in the UV-B and the 
 wavelength dependence of the cloud scattering cross section is weak. Radiation in the UV-A is 
 insensitive to ozone and the measured irradiance in a UV-A channel can therefore be used to 
 derive the effect of clouds on UV-radiation. 


The cloud effect on UV-radiation can be characterized by a simple ratio (cloud transmission 
 factor CT), defined as the irradiance actually received on the ground divided by the irradiance 
 that would have existed under clear sky. Note that this definision of the cloud effect is 
 independent on solar elevation. 


The 340 and the 380 nm channels in the GUV instrument is insensitive to ozone absorption. 


Due to its high time resolution (1 minute) the instrument is well suited to show rapid variations 
 in cloud cover.  


We chose to use the 340 nm channel and the cloud transmission factor is defined as 
        CT = F340(measured,SZA)/F340(clear sky,SZA) 


where the measured and clear-sky value of the irradiance in the 340 nm 


channel are taken at the actual solar zenith angle (SZA).The clear-sky values are based on 
 calculations with a radiative transfer model (Stamnes et al., 1988, Dahlback and Stamnes 1991) 
 and scaled to clear sky measurements in Oslo, July 1995. The responsivity as a function of 
 wavelength is taken into account in the calculations. 


The cloud effects for June 7 and 8 are illustrated in another way in Fig. 2.4.2 where the 
 measured and the anticipated clear sky value of the 340 nm irradiance are plotted in the same 
 figure. 


3. High resolution spectral measurements.  


3.1  Introduction and intention. 


This chapter focuses on the three monochromator-based spectroradiometers that participated at 
 the intercomparison meeting. Contrary to filter radiometers which use relatively broadband  
 optical filters, fixed to certain nominal wavelengths, the conventional spectroradiometers 
 utilize grating-monochromators as dispersive devices, acting as a tunable filter with spectral 
 resolution usually better than a few nanometers. The spectroradiometers were all able to 
 resolve spectral features by 1.5nm or better. With only one photodetector for sensing radiation 
 at different wavelengths (as opposed to spectrographs), the recording of spectral distribution of  
 radiant fluxes had to be done stepwise, by chopping a region of the spectrum into thin slices 
 and measuring the radiant fluxes of each slice sequentially. Thus, the records of radiant flux of 
 slices (a spectral scan) will represent short intervals (seconds or milliseconds) of the total scan 
 period (minutes), being unique for each wavelength setting. In contrast to the filter radiometers 
 require no physically moving parts, and are able to present continuous time series of 
 measurements. As will be demonstrated, the principally different operation of conventional 
 spectroradiometers and filter radiometers have implications for the interpretation of 
 intercomparison results. 


Spectroradiometers are delicate instrument systems, capable of resolving fine spectral 
structures over a wide dynamic range of photon fluxes. But the overall performance is a 
function of numerous critical instrumental and operational parameters, ambient conditions, 



(19)characteristics for the radiant sources, maintenance of instrument calibrations, operational 
 skills etc. This has particular significance for outdoor measurements of solar UV-radiation.  


The intentions of the intercomparison of spectroradiometers have been, to evaluate: 


•  agreement in spectral- and spectrally integrated irradiances of solar UV, 


•  characteristics in individual scans (straylight, noise level, resolution, wavelength scale), 


•  agreement in irradiance calibrations, 


•  agreement during a range of solar zenith angles, 


•  intercomparison with a narrowband filter radiometer, which has been designated as   
 standard for the national network of UV-instruments.  


The weather situation and problems with synchronization and missing datasets have been 
 constraining factors for the achievement of these goals. However, the large data material made 
 it possible to derive some interesting results. During the following sections, methology and 
 results will be given, starting with a presentation of the instruments and the tests of irradiance 
 calibrations.  


3.2  Presentation of individual spectroradiometers. 


The institutions representing spectroradiometers were the University of Oslo (UiO), the 
 Norwegian University of Science and Technology (NTNU) and the Norwegian Radiation 
 Protection Authority (NRPA). In this section only a brief description of the instruments will be 
 given, focusing on characteristics. Further technical information may be found in Appendix A4.  


The Brewer Mark IV ozone spectroradiometer of UiO is primarily designed for accurate 
 measurements of ozone and some other atmospheric constituents, but is also capable of running 
 spectral scans of the direct and direct + diffuse components of global UV-radiation. The 
 spectral range is limited to the ozone absorption bands in the shorter UV region (<325(342)nm) 
 and the blue region, but only UV-scans were recorded during the intercomparison. The global 
 radiation input optics is fronted by a teflone diffusor. The Optics is mounted on an azimuth 
 tracker which follows the sun during a day. The heart of the system is a single-grating 
 monochromator, whereas the other spectroradiometers employ double-grating monochromators 
 for improved straylight rejection. Additional straylight rejection was for all instruments 
 achieved by UV-bandpass filters. For ultimate sensitivity and efficiency over the UV-region, 
 the detection unit of the Brewer is fitted with a bi-alkaline photomultiplier tube (PMT), running 
 in photon counting mode. This is superior to the detection systems of the other 
 spectroradiometers, which for achieving a wider spectral range employed multi-alkaline 
 photocathode PMT’s, running in current-measuring mode and having peak sensitivity in the 
 blue part of the spectrum. The spectral bandwidth is about 0.6nm (FWHM), which is a factor 
 two better than the two double grating spectroradiometers. Further, the spectral dispersion and 
 micrometric resolution of the drive mechanism is very high, achieving incremental wavelength 
 steps by about a factor 10 smaller than for the other instruments. Contrary to the other 
 spectroradiometers, the instrument has no thermostatting of temperature sensitive components. 


In order to accurately keep control of the wavelength scale, which is of utmost importance for 
 ozone measurements, every ozone and UV-scan is preceded by scans of an internal mercury 
 lamp, but control is made only for a single wavelength setting.  


The Optronic OL-752 of NTNU and the Macam SR991 of NRPA are equipped with double-
grating monochromators of basically the same configuration and type of gratings. The scan 
range extends up to 800nm for both systems, but due to the differences in front optics, the 
Optronic is expected to have the best photon collection efficiency in the visible region. Both 



(20)have a separate thermoelectrical cooler for the PMT for reducing the  dark current level and 
 stabilizing the spectral response.During the intercomparison the front optics of the Optronic 
 was an integrating sphere, generally believed as being the ultimate principle for achieving true 
 cosine response and excellent diffusing properties over a wide spectral range. Spectral 
 bandwidth is about 1.5nm (FWHM). The instrument applies heating elements for 
 thermostatting the optics and is housed in a weatherproof casing.  


The Macam SR991 from NRPA arrived just 11/2  week before the intercomparison after a major 
 redesign and upgrade by the manufacturer, leaving only the gratings, the lightguide and some 
 of the electronics original from its previous design. During the next days further upgrades were 
 made: implementation of a double-input telescope for reimaging lightguide exit to the entrance 
 slit of the monochromator, thermoelectric cooling of the envirobox,  software implementation 
 for the external synchronisation. The intention had been to make a prototype reference 
 spectroradiometer for the planned national UV-network. The major difference from the 
 Optronic is the front optics, applying a flexible lightguide, fitted with a teflone diffusor. The 
 bandwidth is 1.35 nm (FWHM), approximately the same as for the Optronic.  


All instruments have their own features and specialities. The purpose of the intercomparison is 
 not to evaluate which instrument is best. For many purposes, it is necessary to relate 
 measurements to some sort of reference or normalizer data, without implying that the 
 normalizer represents the correct value better than any other. In the following sections, the 
 Macam data frequently will be applied as normalizer. It could equally well have been the 
 Optronic and Brewer, but in the case of the Brewer one would have had to limit the comparison 
 to the shorter UV-region. 


In the UV-sky sections of Chapter 3, the results of the spectroradiometers will be 
 intercompared with one of the network multichannel filter radiometers; GUV 541, s/no. 9273. 


This has primarily been a tool for helping the interpretation of non-synchronous measurements, 
 and a separate handling of the GUV instruments will be given in Chapter 4. What at this stage 
 is to be noted is that the GUV-instruments have 5 detector channels, nominally at 305nm, 
 313nm, 320nm, 340nm and 380nm with about 10nm bandwidths (FWHM). The GUV 
 instruments have been sun-calibrated towards a reference spectroradiometer of an American 
 network of GUV-instruments (National Science Foundation Ultraviolet Monitoring Network). 


3.3  Irradiance calibrations. 


The three spectroradiometers were originally calibrated in their respective home laboratories 
 using their own quartz tungsten halogen lamps (QTH) traceable to 1NIST. The Brewer 
 instrument applied a set of  50 Watt portable lamp units for its irradiance calibration, calibrated 
 by the manufacturer Sci-Tec towards the company’s 1 kWatt QTH lamps. The Optronic and 
 Macam used their own 1 kWatt QTH lamps, calibrated at Eppley Lab. and the Swedish Testing 
 and Research Institute, respectively. Below, a presentation of two kinds of lamp measurements 
 will be given; measurements of two 1kWatt FEL-lamps in darkroom and outdoor 
 measurements of a portable lamp unit from the Swedish Radiation Protection Authority (SSI-
 lamp unit).  


3.3.1  Darkroom measurements. 


       


1  NIST - National Institute of  Standards and Technology, formerly NBS - National Bureau of Standards. 



(21)During the intercomparison, participants had access to a newly designed darkroom and 
 facilities for the calibration of the Brewer instrument. The darkroom provided a vertical-beam 
 setup for calibration lamps, where participants could check their home calibrations and do the 
 measurements on the intercomparison’s two ‘blind-lamps’. ‘Blind-lamps’ means that the 
 participants did not have the nominal lamp-data until after having delivering their results. A 
 vertical-beam configuration is usually not used for calibration, but as it genererally was 
 believed that the Brewer instrument could not be tilted on its side without changing the 
 calibration, the vertical-beam configuration was chosen for the common blind-lamp 
 measurements. Later, Opedal at the University of Oslo, chief designer of the dark-room, 
 demonstrated that a horisontal-beam configuration reduces the uncertainty in irradiance 
 calibration of the Brewer instrument (Opedal, 1996). 


The setup allowed flexibility in fine adjustments of the lamp. Double baffles with circular 
 apertures were installed between the lamp and instruments. A vertically oriented diode-laser 
 indicated the optical axis. For the alignment of the laser, the principle of retroreflection was 
 utilized, applying a mercury filled libelle. The nominal distance of 50.0cm from filament to the 
 entrance plane of the front optics was measured with a ruler made of steel. Black painted walls 
 and thick fabrics were used to minimize interference by stray light. 


The power regulation for the lamp was made with a Hewlett Packard HP6010A DC 
 powersupply, set for 7.900 Ampere. A Hewlett Packard HP 34401A digital multimeter 
 monitored the current to the lamp by measuring the voltage drop across a serially connected 
 10.000 mΩ Yokogawa 2792 shunt resistor.  


Two types of ‘blind-lamps’ were measured, both being of FEL-type. Originally the lamps, 
 labeled FE50 and FE52, were un-calibrated but seasoned by Eppley Lab, but Svenøe at the 
 University of Tromsø made prior to the intercomparison an ‘unofficial’ calibration certificate 
 for the FE50 lamp. The calibration was derived by measuring the lamp output in a vertical 
 beam configuration and then  calibrating the instrument towards the UiO’s EN75 calibration 
 lamp, burning in the normal horisontal beam configuration. As the instrument was fitted with a 
 flexible lightguide, measurements could be done without turning the monochromator, which 
 otherwise could have introduced excessive systematic error sources. The uncertainty of these 
 measurements were not specified and data is to be considered of equal weight as measurements 
 made by the other instruments. Unfortunately, the Tromsø spectroradiometer was not 
 represented in the intercomparison meeting in Oslo. 


Fig. 3.3.1.1 shows the results from measurements on the FE50-lamp for the wavelength range 
290nm to 325nm. As can be seen, there is about 10 % difference between the upper curve, 
representing the Optronic data, and the lower curve, representing the lamp data by Svenøe. It 
can also be seen that the Brewer data has less fluctuations than the other data sets, indicating a 
better signal to noise ratio. 
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Fig. 3.3.1.1: Scans on the ‘certified’ FE50 lamp.


In Fig.3.3.1.2 ratios for the wavelength range up to 400nm are shown, relative to the Svenøe 
 data of FE50. The ratio curve for the Optronic is relatively flat up to 330nm, but differs by 
 about 9 % from Svenøe-data. The Macam and Brewer ratio curves have for the same 
 wavelength region similar non-linear shape, but depart by respectively 1.5 and 3 % from the 
 Svenøe data. Further, all ratio curves have systematic peaks and dips which is due to systematic 
 fluctuations in the normalizer data. The Optronic spike at 355nm is anomaleous, due to the 
 action of filterwheel turning. 


For the wavelength range above 350nm, Optronic and Macam data agree within about 2 %, 
 differing by respectively 2 and 4 % from the Svenøe-data. 
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Fig. 3.3.1.2: Ratio of scans, relative to the FE50 lamp ‘certificate’. 


In Tables 3.3.1.1 and 3.3.1.2 ratios are given for measurement on the lamps FE50 and FE52, 
relative to respectively the Svenøe-, Optronic-, Macam- and Brewer data. As can be seen, 



(23)measurements on the two lamps are consistent within ±1 %. From the lamp 
 intercomparisons, the individual irradiance scales is expected to result in -2 % (Macam) and +6 


% (Optronic) differences in solar measurements, relative to the Brewer instrument. But, as will 
 be seen, the spectral and directional distribution of sunlight is quite different from a QTH lamp 
 and other and more significant error sources may be taken into account.  


Table 3.3.1.1: Ratios between scans on lamp FEL FE50 for the Optronic, Macam and Brewer instrument 
 (columns). Normalizer data and wavelength range are given in the first column.


Ratio, relative to:  Optronic  Macam  Brewer 


«Certificate» 


290-325nm: 


325-400nm:  1.09±0.03 


1.05±0.03  1.02±0.03 


1.05±0.02  1.04±0.02 
 - 
 Optronic 


290-325nm: 


325-400nm: 


- 


-  0.94±0.03 


0.99±0.04  0.96±0.03 
 - 
 Macam 


290-325nm: 


325-400nm: 


1.07±0.03 
 1.02±0.04 


- 
 - 


1.03±0.02 
 - 
 Brewer 


290-325nm:  1.05±0.03  0.97±0.02  - 


Table 3.3.1.2: Ratio between scans on lamp FEL FE52 for the Optronic, Macam and Brewer instrument 
 (columns). Normalizer data and wavelength range are given in the first column.


Ratio, relative to:  Optronic  Macam  Brewer 


Optronic 
 290-325nm: 


325-400nm:  - 


-  0.92±0.03 


0.98±0.04 


0.94±0.03 
 - 
 Macam 


290-325nm: 


325-400nm:  1.08±0.03 
 1.02±0.03 


- 


-  1.02±0.02 


- 
 Brewer 


290-325nm:  1.06±0.03  0.98±0.02  - 


3.3.2  SSI-lamp unit. 


The SSI-lamp is a portable lamp unit, where the 100 Watt or 150 Watt internal lamp is housed 
 inside an enclosure, blocking ambient light. Measurements may therefore be done outdoors, 
 without first having to move the instruments. The lamp has been measured by the Nordic 
 UV/ozone groups, during the Nogic’93 and Nogic’96 intercomparisons in Izaña (Tenerife). By 
 the spring and summer of 1995 the lamp unit was shipped among the Nordic home laboratories, 
 having its first stop for the intercomparison meeting in Oslo. Since then, there has been two 
 more  tests among the Nordic home laboratories. 


Outdoor measurements under partly very poor weather conditions were made by the Brewer, 
Optronic and Macam instruments. Positioning was made with individual adapter plates, but for 
the Optronic the enviro-box just in front of the integrating sphere made alignment and 
positioning difficult, causing an increase in nominal distance from lamp filament to the front 
optics by 1.5 % (2-3mm of 200 mm). 



(24)The lamp was operated with an Oltronix B32-20R DC power supply and the current was 
 monitored with a Fluke Y5020 current resistor and Fluke 8840A digital multimeter. 


The results of the lamp scans are shown in Table 3.3.2.1 below. As can be seen, the 
 measurements for the Macam and Brewer are consistent with the darkroom measurements. 


However, the Optronic measurements depart by -9 % from vertical beam results, giving 
 effectively -3 % and -2 % difference from the Brewer and Macam measurements. By applying 
 the inverse square law, assuming that the lamp is effectively a point source, the about 1.5 % 
 increase in nominal distance corresponds to 3 % flux reduction. Thus, a correction for the 
 Optronic data would bring about 0±3 % difference from Brewer measurements and +2±3 % 
 difference from Macam for the wavelength range 290-325nm (figures in round brackets in 
 Table 3.3.2.1). For the wavelength range 325-400nm, the Optronic would depart by +3±4 % 
 from Macam measurements. If the Optronic results of the SSI-lamp measurements and not the 
 darkroom results were representative for the campaign, the three spectroradiometers would 
 agree within 2 or 3 % in irradiance scales (0 to 2 % 290-325nm, -3 % 325-400nm), being very 
 promising for achieving good agreement in outdoor measurements. A closer examination 
 shows that the lamp spectra for the Optronic, Macam and Brewer have the same relative shape 
 for measurements on the SSI-lamp unit, whereas the Optronic spectra for the FEL-lamps are 
 shifted towards shorter wavelength range. It is therefore probable that the current of the FEL 
 lamps by some reasons was set too high while the Optronic was measuring and that the 
 darkroom results for the Optronic should be rejected, in favour of the results from the SSI-lamp 
 unit. 


Table 3.3.2.1: Ratio between scans on SSI-lamp unit, 150Watt no. #3 for the Optronic, Macam and Brewer 
 instrument (columns). Normalizer data and wavelength range is given in the first column. Figures in round 
 brackets after correction for offset in  nominal distance.


Ratio, relative to:  Optronic  Macam  Brewer 


Optronic 
 290-325nm: 


325-400nm:  - 


-  1.01±0.03 (0.98) 


1.06±0.04 (1.03)  1.03±0.04 (1.00) 
 - 
 Macam 


290-325nm: 


325-400nm:  0.99±0.03 (1.02) 
 0.94±0.04 (0.97) 


- 


-  1.02±0.02 


- 
 Brewer 


290-325nm:  0.97±0.03 (1.00)  0.98±0.03   - 


Measurements on the SSI-lamp unit also include filter radiometers, such as the normalizer filter 
 radiometer GUV#9273. By replacing the instruments sun calibration factors with its lamp 
 factors, the GUV measurements may be compared with lamp scans. In Table 3.3.2.2, the 
 spectral irradiances of spectroradiometers have been ratioed with GUV-data. As can be seen 
 the ratios agreed within ±5 percent to the GUV. 


Table 3.3.2.2: Ratio in spectral irradiance for the SSI-lamp unit, relative to GUV#9273. Figures in round 
 brackets after correction for offset in  nominal distance.


Ratio to GUV 305nm 313nm 320nm 340nm 380nm 


Optronic  0.97 (1.00)  1.02 (1.05)  1.00 (1.03)  0.93 (0.96)  0.93 (0.96) 


Macam  0.96 1.04 1.02 1.02 1.02 


Brewer 1.00 1.03 1.04 - - 



(25)3.4  Outdoor measurements. 


3.4.1  Wavelength scales and bandwidth effects. 


Spectral measurements of solar radiation exhibits a range of characteristic absorption lines 
 (Fraunhofer lines), whose structures may be useful for identification of systematic wavelength 
 shifts in recorded spectra. Examples of published extraterrestrial solar spectra are given in 
 Fig.3.4.1.1 (Andersen et al. 1969, VanHoosier et al. 1988). It is to be noted that the spectra 
 differ in resolution and that structures are displaced by up to 0.7nm relative to each other (seen 
 after convolving spectra to the same instrumental line profile). The differences in published 
 data demonstrate a general problem of maintaining accurate wavelength calibrations.  


C o m p a ris o n   o f  p u b lis h e d   e x tra te rre s tria l  s p e c tra


290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385 390 395 400


W a v e le n g th  [n m ]


arbitrary units


V a nH o o sie r  e t  a l.  1 9 8 5 ,  S U S IM   S p a ce -L a b   II  d a ta
 A rve s e n  e t  a l.  1 9 6 9 ,  a irflig ht  d a ta


Fig. 3.4.1.1 Extraterrestrial solar UV-spectrum, as published by Andersen et al. 1969 and VanHoosier et al. 


1988. Note: The irradiance scales have been displaced for better visualization of fine-structures.


Constituents in the atmosphere attenuate the solar radiation reaching the earth’s surface, 
 resulting in a cutoff by 5-6 orders of magnitude over the ozone absorption region 320nm to 
 290nm. UV-radiation below about 290nm is totally absorbed by photochemical reactions in the 
 upper and mid atmosphere. The sharply declining UV-irradiance makes even a small offset in 
 wavelength scale shift the recorded irradiances by several %. Secondly, the instrumental line 
 profile at each wavelength setting (slit-functions) has the effect of  adding shifts in the 
 wavelength scale of recorded spectra (in addition to the smoothening of sharp structures). Thus, 
 an evaluation of wavelength differences in recorded spectra should be accompanied by an 
 interpretation of the effect of individual instrumental line profiles. A usual way of 
 intercomparing different datasets is to apply a two-step spectral transformation to a common, 
 standard instrumental line profile (deconvolution and convolution). In the field of UV-
 measurements, scientists often apply an iterative deconvolution algorithm published by NBS 
 (Shumaker, 1979). However, for the evaluation of  wavelength differences in spectra recorded 
 with the Brewer, Optronic and Macam instruments the investigation will be limited to a 
 comparison with the 2SUSIM extraterrestrial spectrum from the Space Lab II mission in 1985 
        


2 SUSIM - Solar Ultraviolet Spectral Irradiance Monitor. 



(26)(VanHoosier et al. 1988) and secondly to an investigation of the wavelength scale 
 repeatability of scans measured at two solar zenith angles. 


A. Errors in wavelength scale: 


The spectroradiometers participating in the intercomparison used mercury lamps for calibration 
 of the wavelength scales. The Brewer made wavelength calibration tests prior to scans, while 
 the Optronic and Macam made only a couple of wavelength calibration checks during a day. 


In Figs.3.4.1.2 and 3.4.1.3 the spectral irradiance recorded at 11:00 UTC and 15:00 UTC have 
 been interpolated to 0.05nm steps (cubic spline fit). Two sets of SUSIM data have been added 
 in the same diagrams. The second set of SUSIM data is derived by convolution with the 1.3nm 
 FWHM instrumental line profile of the Macam instrument, as the convolution was believed  to 
 provide a better representation of the Optronic and Macam data sets. The line profile is shown 
 in Fig.A4.1 in Appendix 4. A comparison shows that structures in the SUSIM data correlates 
 well with the other measurements, but apparently the wavelengths scales are not the same. 


Before concluding that wavelength calibrations of one or more instruments are incorrect, a 
 discussion is needed about the spectral distortion by finite resolution (instrumental line 
 profiles):  


Any radiometric measurement represents a convolution of an inherent responsivity function of 
 the measuring device with the radiative field acting on it. The responsivity function may be 
 separated in several terms, e.g. impulse response (frequency of exerting force relative to time 
 constants), directional- and spatial response (field of view, imaging), spectral transmission 
 (reflection, refraction, diffraction, absorption), interaction of radiation with the photosensing 
 device (e.g. photoelectrics), etc. Any calibration attempts to relate the output with the force 
 acting on it, eg. the photon energy (wavelength) versus the number of photons entering the 
 collecting aperture from a certain direction and acceptance cone (radiance). Focusing on the 
 spectroradiometers, every setting of the wavelength drive corresponds to a finite wavelength 
 range (bandwidth) where the probability of a photon entering the input optics and causing a 
 detectable response is not equal to zero. The instrumental line profile may be quantified for 
 every wavelength setting by measuring the detector signal for a tunable, monochromatic and 
 monointensitive source (tunable laser). Alternatively, keep the wavelength of the 
 monochromatic source fixed and measure the signal when scanning across the line. The latter 
 represents a mirror image of the instrumental line profile. An example of the instrumental line 
 profile was shown in Fig. A4.1 for the Macam instrument at a wavelength setting of 253.7nm. 


Evidently, radiation at wavelengths 3.5nm away from the nominal wavelength setting will be 
 rejected by a factor 1000.  


Ideally, the convolution of spectral images of a rectangular entrance slit onto a rectangular exit 
 slit would make a triangular spectral line profile, having photon transmission probability equal 
 to zero outside the triangle. However,  imperfections in imaging optics and improper baffling 
 results in a finite probability over a wide band, generally called straylight potential or the wings 
 of the line profile. The line profiles of the Brewer and Optronic were unknown, but when 
 taking into account that the Brewer has a single grating-monchromator and the Optronic a 
 double-grating monochromator (as the Macam) it is to be expected that the Brewer has wider 
 and higher wings on the line profile. A discussion of the impact on wavelength scale for 
 different instrumental line profiles may be handled in two regimes; the central portion of the 
 line profile and the distant part of it (wings).  


Starting with the wings, the small, but finite probability in responding to radiation at 
wavelengths higher or lower than the nominal setting makes a spectral shift whenever the 
source distribution is non-linear across the line profile (or the instrumental line profile is non-
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