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                                                                                        3. HIGH RESOLUTION SPECTRAL MEASUREMENTS

                                                                                                3.4 O UTDOOR MEASUREMENTS 

                                                                3.4.2 Agreement in irradiance scales of sky scans

                                
                    The missing datasets and unstable weather situation left only a few occasions where all 
 spectroradiometers could be directly intercompared. One of the problems has been that the 
 Macam data sets lagged the others by 9 to 65 seconds. Among the more appropriate moments, 
 scans at 11:00 UTC and 15:00 UTC on day 158 have been selected, corresponding to solar 
 zenith angles of respectively 36.4° and 53.1°, and overcast conditions. Records of one-minute 
 averages of GUV-data shows that fluctuations in ambient fluxes corresponding to the period 
 taken to scan from 300nm to 350nm were within -1 to -4 % and 0 to -2 % for these scan 
 moments, but temporal and large fluctuations may still have occurred. In Fig.3.4.2.1 the spectra 
 resulting from noon time measurements as well as radiative transfer modelled spectrum (NILU) 
 is shown. The latter spectrum was computed with input parameters (ozone, cloud optical depth) 
 derived from the GUV#9273 multiband filterinstrument (Dahlback 1996).   


As may be seen the agreement is fairly good for the shorter wavelength region but depart 
roughly by 10 % above 330 nm. In the same figure, the spectral irradiance recorded by 5 
channels of a GUV-filter radiometer is indicated. GUV-measurements are represented by those 
one-minute periods corresponding to the traversal of discrete channel’s bandwidths. Although a 


wide-band filter radiometer like the GUV instrument inherently suffers larger convolution 
 shifts than a high resolution spectroradiometer, the noon-scan comparison gives evidence that 
 the irradiance scales for the shorter wavelength range are consistent with the irradiance scale of 
 the American network of GUV-instruments. 
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Fig.3.4.2.1 Spectral irradiance at 11:00 UTC, day 158, as measured with the Optronic-, Brewer- and  Macam 
spectroradiometer and as computed  by radiative transfer therory (NILU). The simultaneous spectral irradiance 
recorded for the five GUV-channels are denoted by square symbols (5 samples).  


Table 3.4.2.1 shows average ratios of spectral irradiances for the outdoor measured and the 
 radiative transfer simulated spectra at 11:00 UTC and 15:00 UTC, relative to the Macam 
 (normalizer arbitrarily selected). For scans at 11:00 UTC the differences from the Macam were 
 on average 3±3 % (Brewer) and 4±4 % (Optronic) for the shorter wavelength range, and 
 -10±5 % (Optronic) for the longer wavelength range. By reviewing the results for the SSI-lamp 
 unit (Table 3.3.2.1), where differences of +2±2 % (Brewer and Optronic) and -3±4 % 
 (Optronic) were found, the outdoor conditions at 11:00 have shifted the ratios by -5 % (Brewer 
 and Optronic) and -7 % (Optronic) for the shorter, respectively longer wavelength range. 


At 15:00 UTC, the differences in ratios were on average -2±8 % (Brewer) and -8±6 % 
 (Optronic) for the shorter- and -10±5 % (Optronic) for the longer wavelength range, indicating 
 a relative increase by 1 % (Brewer) and a relative drop by 4 % (Optronic), compared to noon 
 scans. For the higher wavelength range the difference between the Optronic and the Macam 
 were constantly 10 % for both scan moments. The relative changes may have been random, due 
 to imperfect synchronization, but a more plausible explanation is the effect of possible 
 differences in the cosine response. The assumption is supported by the stable wavelength scales 
 and fairly stable ambient light levels for the two scan moments. Any cosine effects become 
 more pronounced at larger solar zenith angles, as the deviations from a perfectly receiving 
 aperture, which is just the cosine of the angle of incidence, normally is greatest at large zenith 
 angles. Unfortunately, missing data for low zenith angles makes closer examinations of cosine 
 effects difficult.  


Comparing noon- and afternoon spectra computed by radiative transfer theory (input 
 parameters derived from the GUV#9273 filter radiometer), averaged differences from the 
 Macam are respectively -3±9 % and 0±8 % for the 300-325nm range and -5±6 %  and -6±8 % 
 for the 325-400nm range. Compared with Brewer scans, the simulated scans agree within 
 0±9% (noon) and +2±8 % (afternoon). For wavelengths below 300nm, the simulated spectra is 
 10 % to 30 % lower than the measured scans. 


In Table 3.4.2.1, data for the GUV-instrument have been included, as the GUV provides useful 
 means for mapping non-synchronous spectral measurements. From colomn 5 in the table, one 
 may find that the ratios of GUV-channels relative to the normalizer spectroradiometer are 
 higher in the afternoon than at noon, which is likely to be a combination of cosine- and 
 bandwidth/convolution effects. Cosine response measurements made by the manufacturer have 
 shown that the GUV instrument has a good response, and is probably better than any of the 
 spectroradiometers. However, bandwidth/convolution effects may be the most significant 
 factors, and will be considered in Chapter 4.1. 


Table 3.4.2.1: Ratio of measured and ( radiative transfer theory) simulated sky spectra, relative to the Macam. 


Overcast conditions at both scan moments.


Time  λ  Optronic/Macam Brewer/Macam Simulated/Mac GUV#9273/Macam 
11:00 UTC  300-325nm  ∼0.96±0.04  ∼0.97±0.08  ∼0.97±0.09  0.91-1.00 (3 channels) 
11:00 UTC  325-400nm  ∼0.90±0.05  -  ∼0.95±0.06  0.94-0.96 (2 channels) 
15:00 UTC  300-325nm  ∼0.92±0.06  ∼0.98±0.08  ∼1.00±0.08  0.94-1.04 (3 channels) 
15:00 UTC  325-400nm  ∼0.90±0.05  -  ∼0.94±0.08  0.972-0.973 (2 chanels) 


Cosine effects, straylight and noise equivalent irradiance (NEP). 


A useful way of investigating whether lack of synchronization was a more significant factor 
 than differences in cosine responses is to calculate the ratio of scans at 15:00 UTC relative to 
 11:00 UTC for each instrument, instead of ratioing scans to one single instrument, as was done 
 in Table 3.4.2.1 above. This has been shown in Fig.3.4.2.2 below. As the Brewer was running 
 on the master-clock PC and made the most regular scans of all instruments, it is natural to 
 relate the ratio curves of the Optronic and Macam to the Brewer. As may be seen the curvature 
 was about the same for all, meaning that the imperfect synchronization can not have been of 
 importance, otherwise the curves would have had deviating slopes.  


From the figure one finds the ratio curves progressively attenuated towards the shorter 
 wavelength range,  which is just due to an effectively longer pathway of rays through the 
 atmosphere for increasing zenith angles. As may be seen the Macam and Brewer curves 
 overlap until about 303 nm, but for wavelengths below 303 nm the ratio scan of Macam falls 
 more rapidly off. The ratio scan for the Optronic is about 5 % displaced from the other, 
 indicating a larger cosine effect, but similarly with the Macam the curve starts separating from 
 the Brewer for wavelengths below about 303 nm. As may also be seen, the Brewer ratio curves 
 upwards for wavelengths below 300 nm, whereas the Optronic ratio scan extends 6 nm further 
 down, demonstrating one of two things: the instrument extending further down has a better 
 lower level detection limit (noise equivalent irradiance, NEP), or has a greater straylight 
 rejection. As the NEP of the Brewer is as good as for the Optronic (about 1 µW/m2/nm), the 
 differences must be due to a better straylight rejection for a double-grating Optronic than a 
 single-grating Brewer. For the Macam instrument, the lowest detectable signal was about a 
 factor 50 higher (worse) than the other instruments, so measurements around 300 nm were 
 detection-limited instead of straylight-limited for this instrument.  


R a tio   o f  s c a n   a t  1 5 :0 0   U T C ,  re la tiv e   to   s c a n   a t  1 1 :0 0 U T C   fo r 
 th e   B re w e r,  O p tro n ic   a n d   M a c a m   in s tru m e n t,  re s p .


0
 0 .1
 0 .2
 0 .3
 0 .4
 0 .5
 0 .6


2 9 0 2 9 2 2 9 4 2 9 6 2 9 8 3 0 0 3 0 2 3 0 4 3 0 6 3 0 8 3 1 0 3 1 2 3 1 4 3 1 6 3 1 8 3 2 0 3 2 2 3 2 4


n m


Rel. units B re w e r


M a c a m
 O p tro n ic


Fig.3.4.2.2 Ratio of scans at 15:00UTC to scans at 11:00 UTC.


Spectral irradiance at nominal GUV-channels: 


As part of the strategy for maintaining calibration of the new national UV-network, one of the 
 GUV-instruments will circulate among the network stations. Four of these stations are  


equipped with spectroradiometers (Univ. of Oslo, NRPA (Oslo), Trondheim and Tromsø), 
 allowing indirect linking of spectroradiometric measurements via the reference 


GUV-instrument. In order to relate spectral irradiances at discrete wavelengths representing the UVB 


and UVA regions, measurements at scan time 11 and 15 UTC have first been related to the 
 GUV, representing a common normalizer (Table 3.4.2.2a).  


Table 3.4.2.2a: Ratio spectral irradiance, relative to GUV#9273. 


Time   Ratio/GUV 305nm 313nm 320nm 340nm  380nm 


11:00UTC Optronic  0.951 1.016 1.013 0.932  0.880 
 Macam  1.005 1.048 1.097 1.042  1.069 


 Brewer 1.081 1.041 1.071 -  - 


15:00UTC Optronic  0.840 0.938 0.958 0.899  0.848 
 Macam  0.966 0.993 1.067 1.027  1.029 


 Brewer 1.040 0.998 1.043 -  - 


By this means, differences in sampling times become less susceptible to fluctuations in ambient 
 light level. Scans from Optronic and Brewer were synchronized within 3 seconds, whereas 
 Macam lagged by up to 65 seconds at certain wavelengths (Table below). 


Scan time  305nm 313nm 320nm 340nm 380nm 


11 UTC  -9 sec  -11 sec  -9 sec  -7 sec  -7 sec 
 15 UTC  -25 sec  -65 sec  -25 sec  -24 sec  -24 sec 


From the above Table 3.4.2.2a, the ratios to GUV are seen to be systematically 3 to 4 % lower 
 at 15 UTC than at 11 UTC for most instruments and channels. In Section 4, convolution shifts 
 by the wider bandwidths of the GUV will be investigated, demonstrating consistency with the 
 observed increase in GUV signals for increasing SZA. 


 In the next step, these ratios have been normalized to the Macam, as shown in Table 
 3.4.2.2b.The divergence of Brewer and Macam were ostensible large, up to +8 %, but remained 
 fairly constant for the two scan moments. Differences between the Optronic and the Macam 
 were up to -18 %, and were not constant for the two scan moments. By taking bandwidth 
 effects and differences in wavelength scales into account, the differences seen in Table 3.4.2.2b 
 may be reduced by a factor of two. 


Table 3.4.2.2b: Ratios spectroradiometers to GUV, normalized to Macam (from Table 3.4.2.2a). Numbers in 
 brackets after shifting the wavelength scale of Optronic scans.  


Time Difference from 
 Macam 


305nm 
 [%] 


313nm 
 [%] 


320nm 
 [%] 


340nm 
 [%] 


380nm 
 [%] 


11:00 UTC  Optronic  -5.4 (+1.9)  -3.1 (-1.3)  -7.7 (-3.4)  -10.6 (-9.0)  -17.7 (-9.9) 


 Brewer +7.6 -0.7 -2.4 -  - 


15:00 UTC  Optronic  -13.0 (-1.6) -5.5 (-2.1)  -10.2 (-4.7)  -12.5 (-10.2)  -17.6 (-10.3) 


 Brewer +7.7 +0.5 -2.2 -  - 


Wavelength effects: 


In Section 3.4.1, the wavelengths of  recorded Fraunhofer lines differed by up to ±0.25 nm. 


Over the shorter wavelength region the agreement between Brewer and Macam scales was 
 better than 0.18 nm, whereas the Optronic scale apparently was shifted by 0.25 to 0.5 nm 
 relative to the other. In order to investigate what the effect of differences in wavelength scales 
 would be, the wavelength scale of noon and afternoon scans for the Optronic was corrected to 
 match the scale of the Macam. The resulting differences between the two instruments have 
 been added in Table 3.4.2.2b in round brackets. As may be seen, the divergences are now much 
 smaller and also become more consistent for the two scan moments. The small deviations for 
 the two scan moments indicates the existence of residual wavelength differences. 


Bandwidth effects: 


A simulation of the bandwidth effects can be done by computing the ratio between the 
 convolved and the unconvolved spectra for the high resolution Brewer instrument, applying the 
 instrumental line profile of the Macam to resemble Macam and Optronic measurements. The 
 results are shown in Fig.3.4.2.3. As can be seen, ratios of scans with differing bandwidths 
 oscillate around spectral structures in the source spectrum, although the wavelength calibration 
 is exactly the same. Further, the convolution effectively leads to a wavelength shift towards the 
 side of the line profile overlapping with the more intense side of the source spectrum, implying 
 that the recorded irradiances will be about 10 % percent higher at 290nm than at 320 nm. 


Ratio of convolved Brew er spectrum  (FWHM  1.3nm ), relative to the un-convolved 
 spectrum  (FWHM  0.7nm ), for m easurem ents at 11:00UT C and 15:00 UT C.
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Fig.3.4.2.3 Ratio of the convolved Brewer spectra to the unconvolved.


By reviewing the differences seen in irradiance calibrations (Section 3.3.2) and the effects of 
 differing bandwidths and different wavelength scales, a budget may be derived for assessing 
 the agreement relative to the Macam for nominal GUV-wavelengths, as shown in Table 3.4.2.3 
 below. The last row in the table is equal to the residual differences from the Macam, after 
 readjusting the wavelength scale of  the Optronic, compensating for the smaller bandwidth of 
 the Brewer and correcting for differences in irradiance calibrations.  


The corrected results at discrete wavelengths are quite remarkable: Whereas the Optronic and 
 the Macam deviated by maximum -3 % to -18 % (11 UTC) and -6 % to -18 % (15 UTC), the 
 compensation for differing wavelength- and irradiance scales reduced the differences to 
 maximum -0 % to -6 % (11 UTC) and -4 % to -7 % (15 UTC). Similarly, when Brewer 
 measurements were compensated for differing bandwidths and irradiance scales, the difference 
 of -2 % to +8 % (11 UTC and 15 UTC) were reduced to -3 % to -6 % (11 UTC and 15 UTC). 


On average, for the wavelengths at 305nm, 313nm and 320nm, the Optronic and Brewer 
 measurements became about 3 to 4 % lower than the Macam. For the wavelengths at 340nm 
 and 380nm, the Optronic measurements were about 5 % (11 UTC) and 6 % (15 UTC) lower 
 than the Macam.  


What could be the explanation for the systematic differences? Synchronization effects and 
possibly perturbation by personnal traffic are possible, but it is hard to believe that differences 
could be systematic at both scan moments. Cosine effects are also possible, but cannot be the 
most significant factor as there were relatively small changes from noon to afternoon scans. 


Differences in wavelength scale is also a factor, again unlikely to be the most significant 
 factor as there was good agreement in wavelength scales of Brewer and Macam, and the 
 wavelength scale of the Optronic was readjusted to fit the scale of the Macam. Nonlinearity in 
 PMT photon response for one or more instruments is another possibility, but this has not been 
 investigated. All in all, one has to conclude that more than two sets of data are required in order 
 to sorter out whether the 3 % to 6 % differences are statistically significant and reflect the real 
 agreement of spectral irradiance at selected wavelengths. In Sections 3.4.3, the analysis of 
 agreement at nominal wavelengths and agreement in CIE-irradiances will include all existing 
 measurements. 


Table 3.4.2.3 Budget of differences in spectral irradiances, relative to the Macam. Noon- (11:00) and afternoon 
 (15:00) scans.


  305nm 


[%]  313nm 


[%]  320nm 


[%]  340nm 


[%]  380nm 
 [%] 


Irradiance calibration, 
 due to  SSI-lamp 
 comparison 


Optronic 
 Brewer 


+2 
 +2  


+2 
 +2 


+1 
 +3 


-3 
 - 


-5 
 - 


Difference in 
 wavelength scale 


Optronic (11 UTC) 
 Brewer (11 UTC) 
 Optronic (15 UTC) 
 Brewer (15 UTC) 


-7.3 
 - 
 -11.4 
 - 


-1.8 
 - 
 -3.4 
 - 


-4.3 
 - 
 -5.5 
 - 


-1.6 
 - 
 -2.3 
 - 


-7.8 
 - 
 -7.3 
 - 
 Difference in 


bandwidth  Optronic (11 UTC) 
 Brewer (11 UTC) 
 Optronic (15 UTC) 
 Brewer (15 UTC) 


- 
 +9.6 
 - 
 +9.2 


- 
 +0.7 
 - 
 +1.1 


- 
 +0.5 
 - 
 -0.7 


- 
 - 
 - 
 - 


- 
 - 
 - 
 - 
 Observed differences 


(uncorrected) 


Optronic (11 UTC) 
 Brewer (11 UTC) 
 Optronic (15 UTC) 
 Brewer (15 UTC) 


-5.4 
 +7.6 
 -13.0 
 +7.7 


-3.1 
 -0.7 
 -5.5 
 +0.5 


-7.7 
 -2.4 
 -10.2 
 -2.2 


-10.6 
 - 
 -12.5 
 - 


-17.7 
 - 
 -17.6 
 - 
 Residual differences 


from Macam 
 (observed-expected) 


Optronic (11 UTC) 
 Brewer (11 UTC) 
 Optronic (15 UTC) 
 Brewer (15 UTC) 


-0.1 
 -4.0 
 -3.9 
 -3.5 


-3.3 
 -3.4 
 -4.1 
 -2.6 


-4.4 
 -5.9 
 -5.7 
 -4.5 


-6.0 
 - 
 -7.2 
 - 


-4.9 
- 
-5.3 
- 
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