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1.Introduction.

Several filter UV radiometers, with 4 to 7 channels, are now available; besides, many broad-band instruments measure integrated UV-A (320-400 nm), or UV-B (280-320 nm), generally weighted with the erythemal action spectrum. However a detailed spectrum is necessary, to compute the different doses required by users, which are integrated irradiances, weighted with specific action spectra, i.e. for DNA, for vegetation, or for photochemical effects.

On the other hand, it is well known that radiative transfer models can be used to precisely compute spectral UV irradiance (van Weele et al., 2000) , as long as the atmosphere characteristics are accurately measured and can be used as input to the radiative code. The underlying question in the problem of spectrum reconstruction from filter radiometers, is: "do the discrete measurements carry enough information to perform the reconstruction by modelling ?".

Definitively the answer depends on the quantity of interest, direct or global/diffuse irradiance; it also depends on the atmospheric conditions, cloudless sky, uniformly overcast sky, broken clouds, as well as the possible presence of snow on the ground. 

For direct solar irradiance, only two main parameters are needed, the ozone column amount and the aerosol total optical depth (AOD) at a mean UV wavelength. This can be obtained with two channels, one in the ozone absorption band, and one outside this band; the spectral variation of the AOD can be assumed from climatological data. Using two or three UV-A channels allows a retrieval of the AOD spectral variation, which can be extrapollated to UV-B, whereas several UV-B channels improve the ozone retrieval.

We will focus in this review on global (direct+diffuse) irradiance, which raises a much more difficult problem, and is also of more practical interest. The difficulty is of course related to the diffuse part of irradiance; for cloudless sky, not only ozone amount and spectral AOD are needed, but also the aerosol single scattering albedo and phase function, and the surface albedo, at least when it is large, as in the case of snow cover. For overcast sky, the cloud optical depth and phase function are needed, and also the cloud position (base and top altitude) in the molecular atmosphere. For broken cloudiness, the problem is even more difficult, and can be handled only with 3-D modelling, and only if the cloud distribution and characteristics are fully known, which is not generally the case.  

In section 2, we will summarize the state of the art, and the presently available filter radiometers.

Based on this information, two possible actions have been considered: i) try to improve the present spectrum retrieval, by adjusting at best the choice of filters (number, position in the spectrum, bandwidth) and by improving simultaneously radiometer designs and retrieval codes, ii) try to perform the best possible retrieval, using very simple instruments, i.e. two channel radiometers. The first approach seems of limited interest, if based only on simulation; at the beginning of EDUCE project, there was some hope for a cooperation with the Physikalisch-Meteorologisches Observatorium / World Radiation Center (PMOD/WRC) at Davos, using a modified version of their PFRs (see section 2) for irradiance measurements. Unfortunately, the Swiss group did not get the necessary funding for this activity, and we had to give up the project.

Therefore, we have chosen the second solution, and sought the retrieval of a reasonable spectral distribution of irradiance, simulating a very simple instrument with only two filters, one in UV-B and one in UV-A; the ratio of the two readings is mainly sensitive to ozone total amount. Comparing the measure in UV-A to a computed value for a pure Rayleigh atmosphere and a black surface, provides information on the reduction due to aerosols or clouds, or on the enhancement due to the multiple reflectance between the surface and the atmosphere. We have simulated a two filter instrument, by numerically integrating the measured spectral irradiance. Our method is detailed in section 3, with a particular focus on the quality of ozone retrieval. Section 4 contents the discussion and our recommendations.

2.State of the art. Available filter radiometers.

2.1. Instruments.

The Ground-based Ultraviolet radiometers (GUV), built by Biospherical Instruments, exist in two versions. GUV-511 has 4 channels at approximately 305, 320, 340, 380 nm, and  GUV-541 has a fifth channel at 313 nm.The standard bandwidth (FWHM) is about 10 nm; optional 20 nm. A broad channel (400-700 nm) is used for Photosynthetically Active Radiation (PAR). GUV instruments are being used to monitor UV variations in several countries, such as Argentina, Norway, and the USA.

Description of GUV radiometers is given in Dahlback (1996), Booth (1997) and on the site: www.biospherical.com.

NILU-UV irradiance meters were developped by the Norwegian Institute for Air Research (NILU) and commercialized by Geminali AS. The channels are similar to those of GUV; NILU-UV 5 (variants: 5, 5S, 5T) has 5 channels at approximately 305, 308, 320, 340, 380 nm, with a FWHM of about 10 nm; NILU-UV 6 includes a PAR channel. NILU instruments are used in various locations, including high altitude stations in South America and in Tibet. Information can be found on internet: www.geminali.com.

The Ultraviolet Multifilter Rotating Shadowband Radiometer (UV-MFRSR) is an extension of the MFRSR, built by Yankee Environmental Systems (YES). It provides both global and diffuse irradiance, and by difference direct solar irradiance. 

The visible MFRSR has 6 channels at 415, 500, 610, 665, 860, and 940 nm, with a bandwidth (FWHM) of 10 nm, and an unfiltered silicon diode. The UV instruments exist with 4 channels (UVMFR-4) at 300, 305.5, 311.4, 317.6 nm, and with 7 channels (UVMFR-7) at the same wavelengths, plus 325.4, 332.4, and 368 nm; the FWHM is about 2 nm. The UV-MFRSRs are used in the US Department of Agriculture's (USDA)  Ultraviolet Radiation Monitoring Program (Bidgelow, 1998). A description can also be found in Harrison et al. (1994), and on YES internet site: www.yesinc.com.

Precision Filter Radiometers (PFR)s and UV-PFRs, have been developped at PMOD/WRC (Davos), with the objective of very precise direct sun irradiance measurements. There were plans to extend their usage, first to zenith sky radiance, and possibly to global irradiance; this could be very promising, but up to now, no such extensions have been done. UV-PFRs have 4 channels at 305, 311, 318, 332 nm, with a narrow bandwidth of 1.25 nm. Visible PFRs have 4 filters (including one in UV-A), at 368, 412, 500, 862 nm, with a FWHM of 5 nm. They are presented in Schmucki (2001) and Inghold et al. (2001).

2.2.Retrieval of UV spectrum.

The first reconstruction of spectral irradiance from a GUV four-channel instrument, was performed by Dahlback (1996); it consists in retrieving the main parameters, which modulate the UV radiation, i.e. the total ozone column amount, and an effective cloud optical depth, and to introduce them into a radiative transfer code. The retrieval of ozone and cloud followed the approach of Lubin and Frederick (1990) and Stamnes et al. (1991). Ozone is retrieved from the ratio of the 305 channel to any of the UV-A channels. Irradiance at a UV-A wavelength, compared to irradiance computed for clear sky, provides an effective cloud optical depth, including aerosols, and the impact of surface reflectance. The author, who uses four channels, remarks that only two channels are actually necessary. Similar results are presented by Booth (1997) for GUV instruments. The same method is applied to NILU radiometers, and a software based on Dahlback's method is provided with the instrument. 

Fuenzalida (1998) proposed a more sophisticated approach, also for GUV instruments.The method is inspired by the retrieval of temperature vertical profile in remote sensing; it relies on a constrained inversion of the equation
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where E() is the spectral irradiance to be retrieved, and Ei the irradiance measured in channel i with the filter function Fi(). The results seem promising, but the author underlines the sentivity to instrument calibration.

Min and Harrison (1998) start with the same system of equations; they use a parameterized expression of the atmospheric transmittance, with 6 parameters, and search in the least square sense, the parameter values which minimize the difference between measured and computed Ei. The method is applied to UVMFR-7.

3. Our method for retrieving spectral global irradiance from a two filter radiometer.

As already said above, one wavelength has to be chosen in UV-B, with the compromise to be strongly absorbed in order to be very sensitive to ozone, but not to much in order to allow a measurable signal. We have used for our simulation a filter with a rectangular bandwidth of 5 nm between 305-310 nm; this is consistent with the filters used for most of the instruments.

The second wavelength is outside the ozone absorption band; it is preferably located in the midle of UV spectrum in order  to minimize the spectral variation of the reduction / enhancement measured, between this wavelength and both extremities of UV. The bandwidth is not of much importance; preferably it is not too narrow to smooth unwanted variations due to experimental wavelength shifts, in a region with strong Fraunhofer lines; we have chosen a filter with a rectangular bandwidth between 340-345 nm (same bandwidth as the short wavelength channel).

Section 3.1 is devoted to analysis of ozone retrieval from global irradiance measurements at the two considered wavelength ranges. Ozone is of major importance, because it impacts on the short wavelengths, that are the most efficient for biological and chemical effects. In section 3.2, we consider how to use the 340-345 nm channel, and in section 3.3, we compare the reconstructed spectra with measurements, for various cases, as cloudless sky with aerosols, clear sky with snow covered ground, and cloudy sky.

We have simulated the filter radiometer data, using the spectral irradiance measured at the CEMBREU (Centre Européen Médical et Bioclimatique de Recherche et d'Enseignement Universitaire) station, located in Briançon (44.90°N, 6.65°E, 1310 m.asl), in the French southern Alps. Two spectroradiometers, with similar characteristics, but of different design and manufacturer, Jobin Yvon (JY) and Bentham (BE), operate side by side (de la Casinière et al., 2001). The data are integrated over the band 305-310 nm and 340-345 nm, as indicated above. A further advantage of this integration over 5 nm bandwidth, is to reduce the influence of any possible misalignment of the wavelength scale between the measured and the reference spectra, as the UV solar spectrum presents strong Fraunhofer absorption lines. In what follows, the two channels will be simply refered to, as 305 and 340 nm.

3.1.Retrieval of ozone.

The ozone retrieval uses the ratio of irradiances integrated over the two wavelength intervals 305-310 nm and 340-345 nm. This ratio is mostly sensitive to the ozone total column amount, and only slightly affected by turbidity and cloudiness (Stamnes et al.,1991) Look up tables (LUT) of the ratio of global irradiances at these 2 wavelength ranges were pre-calculated with a pseudo-spherical radiative transfer code, based on  successive orders of scattering (SOS), for cloudless conditions, and without snow. The code has been successfully  intercompared with several other codes in van Weele et al. (2000).  The total ozone amount and solar zenith angle are the only dimensions of the LUT
.  Ozone amount is varied between 200 and 500 DU, with a step of 10 DU, and solar zenith angle between 20° and 85° with a step of 1°; otherwise, average conditions for Briançon are used, i.e. mid-latitude standard atmosphere profiles starting at the station altitude, low aerosol content with optical depth of 0.04 at 500 nm and Angström parameter of 2, surface albedo of 0.05. The ozone amount corresponding to the measured ratio is interpolated within the LUT, for each recorded spectrum (Masserot, 2001).

The ozone values obtained by this method have been checked in two ways:
- When the sun is not obstructed by clouds, the direct solar irradiance spectrum is retrieved as the difference between the global and the diffuse spectra. From the direct irradiance, the total optical depth (OD) of the atmosphere is easily obtained. After subtracting the Rayleigh OD, the remaining OD is fitted versus the ozone absorption cross section, approximately between 305 and 320 nm; assuming that the aerosol OD is independent of wavelength within this small interval, the slope of the fit gives the total ozone column amount. The result is also free of calibration errors, as long as they are wavelength independent in the considered interval.

- The TOMS instrument regularly observes the global distribution of total ozone. Because TOMS is in a polar sun synchronous orbit, for a given location it measures ozone once a day between 10:00 and 12:00 local time.  The TOMS pixel size varies from  40 km for nadir observations to around 200 km for the most inclined view angles. We have first used the operational TOMS daily gridded ozone products (level 3) available from the internet (at http://toms.gsfc.nasa.gov), which correspond to an average value of the pixels within a grid of 1° latitude × 1.25° longitude, i.e. about 110 × 100 km near Briançon; the center of the closest grid is at 44.5° N, and 6.87°E, to be compared to Briançon coordinates 44.9°N, 6.65°E. We are now using the TOMS overpass data, corresponding to the closest pixel to Briançon site, but this does not improve significantly our comparison. The uncertainty of TOMS ozone data is estimated around 2% or about 5 DU (McPeters et al.,1998). The uncertainty of our retieval is estimated around 5-7 DU for cloudless sky; it is somewhat larger, but difficult to evaluate for cloudy sky.

Figure 1 shows the results, as ratioed to TOMS values, for the year 2000; it includes results from the two instruments JY and BE, and from direct solar irradiance. Our values generally agree to within 4% or 12 DU with TOMS data. The impact of geographical and temporal differences between spatial and ground based observations have been analyzed. More details can be found in Masserot et al. (2002).

The influence of the choice of channels on ozone retrieval is being analyzed in details by Houët (2003). Figure 2 compares for two months in 2002, the values retrieved from the JY instrument with two different algorithms, and the values retrieved from the two instruments with the same algorithm.
3.2. Analysis of the 340 nm channel.

The analysis of this channel relies on the model data presented above (Briançon altitude, standard mid-latitude profiles, aerosol optical depth 0.04 at 500 nm, Angström coefficient 2, surface albedo 0.05, no cloud). For this channel outside the ozone absorption band, the only free parameter is the solar zenith angle (SZA); therefore, there is no need for LUTs, but the variation of the channel mean irradiance Emod (340) can be fitted by an analytical expression in function of SZA:

Emod(340)= 748.32 - 2.5077(SZA) - 0.036742(SZA)2 -       0.0019014(SZA)3+0.00001773(SZA)4      .

The measured irradiances, similarly averaged over the interval 340-345 nm, Emes(340), are therefore ratioed to Emod(340). Assuming that the aerosol and cloud reduction, as well as the snow amplification are wavelength independent, one can get an approximate spectral distribution of the retrieved irradiance, as

Eret()= Emod() x Emes(340) / Emod(340),

where Emod() is computed using the SOS code with the experimental SZA, the clear sky parameters defined above, and with the retrieved ozone amount (see section 3.1). The assumption of neutral reduction or amplification will be discussed in what follows.

3.3. Comparison of reconstructed and observed spectra.

Some typical results are presented in figures 3, 4 and 5, as the ratio of the reconstructed spectrum to the observed spectrum. We have used in these examples, the data provided by the JY spectroradiometer in Briançon, in year 2002, at 11:30 UT, which is close to solar noon; the SZA varies from 68° to 32° for the considered cases.

For short wavelengths, there are two causes of uncertainty: i) the poor quality of the measurements when the signal is very low, which is the case for large SZA, as in January; ii) the uncertainty on ozone retrieval, discussed above; changing the ozone amount by ± 10 DU around 300 DU, changes the global irradiance by -17% or +20% respectively for SZA=60°, and by ± 12% for SZA=30°.

The rather large oscillations observed on the ratios are due to the difference between the slit function used in the modelling, and the instrument slit function. They may also be partly due to some remaining wavelength misalignment for the JY instrument. This will be improved in the future. For our present purpose, it is more informative to consider the smoothed ratios (red curves in the figures).

Figure 3-a is for an absolutely cloudless case, on January 4, with a large SZA; although there is some snow on the summits around the station, it is still scarce; its amplification effect does not compensate the slight reduction due to a small amount of aerosols; on the whole the irradiance at 340 nm is reduced by 8% in reference to the clear standard case. Figure 3-b is for a cloudless day on August 15; the reduction at 340 nm is 5%. On August 21 (figure 3-c), there were very thin cirrus; their impact added to aerosol impact leads to a reduction of 5%. For these three cases, the reconstructed spectrum agrees to the measured one, within ± 4%, i.e. within the measurement uncertainty.

Figures 4 are for cloudless sky, with snow cover on the ground. Figure 4-a, for January 26, corresponds to the situation shortly after a snowfall at the station; however, it was almost the first snow of the season, and the surrounding are not completely snow covered; the enhancement of irradiance at 340 nm is about 10%; the reconstructed spectrum is somewhat too high (8%) near 400 nm. There was a strong snowfall on March 2 and early morning on March 3; on March 4 (figure 4-b), the sky was cloudless and the snow cover important (12 cm on the ground at the station); the enhancement was about 18% at 340 nm; the ratio of the reconstructed spectrum to the measured one, presents a rather strong increase with wavelength, reaching 1.13 at 400 nm. Figure 4-c, for April 15, corresponds to the same enhancement (10% at 340 nm) as January 26, but with a different situation, no more snow at the station, but still a lot of snow on the summits around; the reconstructed spectrum compares with the measured one, as on January 26. 

Figures 5 are for cloudy cases. Figures 5-a and 5-b, for August 20 and 25 respectively, correspond  to an overcast sky, with a reduction of irradiance of about 55% in comparison to clear sky; the agreement between the retrieved and the measured spectra is within ± 6%, almost as good as for cloudless sky. The situation is completely different on August 23 (figure 5-c), with a very variable cloudiness and rainfalls; although the cloud reduction is not large at the time of measurements (20% at 340 nm), the reconstruction is very poor. The measured spectrum is also of bad quality, because the irradiance is varying during the duration of the spectral scan.

3.4. Discussion.

We have assumed up to now that the reduction of irradiance by clouds and the enhancement by snow reflectance, are wavelength independent, which is definitively not exact.

The wavelength dependence of cloud reduction has been observed by Seckmeyer et al. (1996) and explained theoretically by Kylling at al. (1997). Figure 6 presents an example of this dependence from modelling (SUVDAMA, 1999). The cloud characteristics are assumed independent of wavelength, and the homogeneous plane-parallel cloud is located between 3 and 4 km; its geometric thickness is 1 km, and its optical depth OD=12. The main parameter driving the reduction is the cloud OD, but the reduction also depends on the cloud altitude and thickness, and on the SZA, as shown in the figure. The ratio cloudy/clear, first increases toward short wavelengths and reaches a maximum around 320 nm, then decreases in the ozone absorption range. This spectral variation is due to the clear atmosphere surrounding the cloud, and it strongly depends on its characteristics (aerosol OD and characteristics, Rayleigh OD related to the site altitude, and most important in UV-B, ozone amount and profile).

Figure 7 exhibits the spectral variation of the amplification due to a reflecting surface, as a snow covered ground; the surface is assumed uniform and lambertian. The modelling concerns a cloudless sky, standard winter mid-latitude profiles, and the altitude of Briançon station. The maximum occurs again around 320 nm, and the general behaviour is due to the atmosphere backscattering (Lenoble, 1998). The results are independent of SZA for a lambertian surface. As in the case of cloud reduction, the enhancement strongly depends on the atmosphere characteristics.

In both cases (cloud reduction and snow enhancement), one can observes that the intervals 305-310 nm and 340-345 nm, chosen for ozone retrieval, are located on both sides of the 320 nm maximum, and present similar, although not identical, values of reduction or enhancement. This fortunate effect certainly explains the reasonably good results obtained in ozone retrieval, as prooved by the good agreement with TOMS data.

For the snow cases (figures 4), the increase of the ratio reconstructed/measured irradiance toward long wavelengths is due to the corresponding decrease of enhancement in UV-A (figure 7). We can therefore try a rough correction; the amplification A() is approximately linear with wavelength in the UV-A range (figure 8-a) for each surface reflectance; this can be written as

A()=A(340) –  (-340) p  ,

where p is the slope, which is plotted on figure 8-b versus the amplification at 340 nm; a linear fit on figure 8-b leads to

p= 0.0083 (1- A(340)).

Combining these two equations, one can easily obtain A(), which replaces the constant value A(340) in the reconstruction of the spectrum above 340 nm. The result presented on figure 9 for March 4 shows a real improvement in comparison to figure 4-b. A similar correction cannot apply easily in UV-B, because the impact of the ozone amount and profile on amplification is too large.

For cloudy cases, such an improvement seems much more difficult to achieve, because of the many parameters that impact on the reduction.

4. Conclusion and recommendations.

We have tryed to reconstruct UV spectral irradiance, based on simulated measurements in two wavelength intervals at 305-310 nm and 340-345 nm, as they could be obtained from a two filter radiometer.

A first positive result is the rather good retrieval of total ozone column, from the two channel ratio; it generally agrees with the TOMS value, to within about 4% or 12 DU, compatible with the instrument uncertainties (around 5 DU for TOMS).   

Using this ozone value in a radiative transfer code for a clear atmosphere, and multiplying the computed spectrum by the reduction or enhancement observed on the measured irradiance at 340 nm, leads to a reconstructed spectrum. 

Comparisons between the reconstructed spectrum and the measured one, in most cloudless or overcast days shows an agreement within ± 8%; the comparison is bad for very variable cloudiness. In the case of clear sky with snow covered ground, a similar agreement is obtained only, when taking into account the spectral variation of enhancement in UV-A. A similar method to improve reconstruction in UV-B, is not so straightforward, but it will be worth to try it, taking into account the retrieved ozone amount. Further effort should also be placed on the simulation of spectral cloud reduction. At very short wavelengths and large solar zenith angle, the small uncertainty on retrieved ozone can lead to 15% uncertainty on irradiance. 

In case of measurements really made with a filter radiometer, a great care must be taken of its calibration, which has to be as good as the spectrometer calibration.

It seems that adding channels in UV-B would not improve much the ozone retrieval, as long as only global irradiance is measured. The best choice for a third channel is probably near 400 nm, in order to retrieve the spectral slope of the reduction or enhancement in UV-A.

A suggestion for future work, is to try an analysis for two broadband channels, similar to the analysis performed in this report for two narrow band channels. 
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Figure captions

Figure 1. Comparison of ozone retrieved from two channels with TOMS ozone.

Figure 2. Comparison of different ozone retrievals from two channels.

Figure 3. Comparison of reconstructed and measured spectra for cloudless sky, and no snow, in 2002: a) 01-04, b) 08-15, c) 08-21. Red curves are after smoothing.

Figure 4. As figure 3, for cloudless sky and snow covered ground: a) 01-26, b)03-04, c) 04-15.

Figure 5. As figure 3 for cloudy sky: a)08-20, b) 08-25, c) 08-23.

Figure 6. Cloud spectral reduction from modelling.

Figure 7. Snow spectral amplification from modelling. 

Figure 8. a) same as figure 7, limited to 330-400 nm; dotted lines are linear fit; b) slopes of fit on 8-a, versus amplification at 340 nm.

Figure 9. Comparison of reconstructed and measured spectra (smoothed) before and after correction on 03-04 (with snow).

Figure 1. Comparison of ozone retrieved from two channels with TOMS ozone.
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Figure 2. Comparison of different ozone retrievals from two channels.
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Figure 3. Comparison of reconstructed and measured spectra for cloudless sky, and no snow, in 2002: a) 01-04, b) 08-15, c) 08-21. Red curves are after smoothing.
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Figure 4. As figure 3, for cloudless sky and snow covered ground: 

a) 01-26, b)03-04, c) 04-15.
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Figure 5. As figure 3 for cloudy sky: a)08-20, b) 08-25, c) 08-23.
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Figure 6. Cloud spectral reduction from modelling.
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Figure 7. Snow spectral amplification from modelling. 
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Figure 8. a) same as figure 7, limited to 330-400 nm; dotted lines are linear fit; b) slopes of fit on 8-a, versus amplification at 340 nm.

Figure 9. Comparison of reconstructed and measured spectra (smoothed) before and after correction on 03-04 (with snow).

�PAGE \# "'Page: '#'�'"  �� This implies that there is very little dependence on the ozone profile shape.  This is mostly true of direct sun observations, but is it true of these observations ?  A reviewer might raise this point.
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