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Abstract. A blind intercomparison of ground-based ul- 1 Introduction

traviolet (UV) instruments has been organized for the first

time in Italy. The campaign was coordinated by the Envi- The last two decades have witnessed a worldwide diffusion
ronmental Protection Agency of Aosta Valley (ARPA Valle of ground-based instruments for measuring the solar ultra-
d’'Aosta) and took place in Saint-Christophe (45\8 7.4 E, violet (UV) radiation reaching the Earth surface. Many ra-
570ma.s.l.), in the Alpine region, from 8 to 23 June 2010. diometers have been employed to investigate the influence of
It involved 8 institutions, 10 broadband radiometers, 2 filter atmospheric composition changes on solar UV irradiance at
radiometers and 2 spectroradiometers. Synchronized medhe ground{WMO, 2011) as well as to assess the related risks
surements of downward global solar UV irradiance at thefor the human health and the environmddNEP, 2010.

ground were collected and the raw series were then individ- Well calibrated ground-based networks on a continental
ually processed by the respective operators on the base @nd national level are also essential in order to monitor the ef-
their own procedures and calibration data. A radiative transfective behaviour of the solar UV radiation in the next years
fer model was successfully applied as an interpretative toolon a small spatial scaldicKenzie et al. 2011). This will

The input parameters and output results are described in derelp to control whether the Montreal Protocol targets are ful-
tail. The comparison was performed in terms of global so-filled and the model predictions are correct. Moreover, qual-
lar UV Index and integrated UV-A irradiance against a well- ity ground-based instruments, traceable to a common refer-
calibrated double monochromator spectroradiometer as refence, allow to validate satellite data mainly over polluted lo-
erence. An improved algorithm for comparing broadbandcations [ee-Taylor et al.2010 or at sites with a complex
data and spectra has been developed and is discussed in d&ography.

tail. For some instruments, we found average deviations However, high quality UV measurements are still a com-
ranging from—16% up to 20 % relative to the reference plex task. Possible UV trends are expected to be small and
and diurnal variations as large as 15% even in clear daysmay be masked by natural cycleSeckmeyer et g12001,;
Remarkable deviations were found for the instruments cali-Glandorf et al. 2005 Seckmeyer et al2009. Moreover,
brated in the manufacturers’ facilities and never involved inmeasurements carried out within monitoring networks, in
field intercomparison. Finally, some recommendations to theparticular when made with different instruments, should re-
UV operators based on the campaign results are proposed. veal actual environmental patterns and should not be biased
by instrumental differences. Thus, a great effort must be ded-
icated to achieve the necessary accuracy, both in develop-

Correspondence td:. Diemoz ing and in maintaining the instruments. Therefore, data pro-
BY (h.diemoz@arpa.vda.it) cessing, calibration procedures, quality assurance and quality
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control (QA/QC) methods are of primary importan&e(n-
hard and Seckmeygt999 di Sarra et a].2002.
Special care has been dedicated to define useful guide-

lines for quality control of UV monitoring§eckmeyer et al. Acronym Agency full name
20083 Webb et al.2006. Travelling instruments have been
developed Grobner et al.2005 and several calibration fa-
cilities exist nowadaysGrobner et al. 2006§. Moreover,
some instrument comparisons have been organized all over

Table 1. List of participating agencies and their acronyms.

ARPA Valle d’Aosta  Regional Environmental Protection
Agency of Aosta Valley

ARPA Piemonte Regional Environmental Protection
Agency of Piedmont

the world (eszczynski et al1998 Bais et al, 200Q Hulsen ARPA Puglia Regional Environmental Protection

and Gbbner 2007, Lantz et al, 2008 and have proven to be Agency of Apulia

very successful in pointing out instrumental malfunctioning Sapienza Univ. Roma  Sapienza — University of Rome

or data processing inaccuracies. CNR-IBIMET Italian National Research Council —
Continuous monitoring of solar UV radiation in Italy be- Insitute of biometeorology

gan in the early 1990<0@sale et a].2000. The relatively LaMMa Laboratory for the environmental

monitoring and modeling
for a sustainable development
Italian National Research Council —

wide latitude range over which Italy extends and its large va-
riety of environments, which is representative of the Mediter- CNR-ISAC

ranean as well as the Alpine regiondgloni et al, 2000, Institute of Atmospheric Sciences and
make solar measurements in this country very valuable. Fur- Climate

thermore, sun exposure among hatives and tourists is very ENEA Italian National Agency for new
common in both work and leisure activitieSiéni et al, technologies, energy

2008 2009. Some ltalian institutions have been involved and sustainable economic development
in European projectsSeckmeyer et 8120085, COST Ac- ARPA Lazio Regional Environmental Protection

Agency of Latium
APPA Bolzano Provincial Environmental Protection
Agency of Bolzano

tions Hulsen and Gwbner 2007 and international cam-
paigns Grobner et al.2010 and several Regional Environ-
mental Protection Agencies (ARPAs, see Tabfer a list of
the agencies acronyms) started a monitoring programme in
the last few years. However, the existing Italian instrumenta-
&%?llsar;%t Zeclggnomp:rﬁfsegihr:np?gg?;ﬁﬂghhe; nnaglto;(;l l:g{t;?]pectral uv data,. that can imprqve. the theoretical basis of
planned. Only few and limited comparisons have been al- he methods previously reported in literature.

: : ) The paper is organized as follows: the participating in-
ready performed@di Menno et al, 2003, while a compre truments and the radiative transfer model are described in

hensive national intercomparison had never been organizeé {2 Section3 ai . fth . S
so far. Hence, the results of this first campaign are fundamen= ecl.c. >ections gives an overview of Ine campaign. Sec-

tal to assess the overall accuracy of the Italian instrumentaElon 4 present; the methods used to compare measuremfents
tion and to take measures to improve it if needed. Moreover,from dlfferent mstruments. The_ results are shqwn and dis-
the campaign gives also additional information about the ef—Cussed in Sec. Finally, conclusions are drawn in Seft.
fectiveness of different correction procedures and the accu-

racy of calibration coefficients.

Although this work involved instruments operated by Ital-

ian institutions, some results may be useful also for othera|| the instruments participating to the campaign provided
operators. First, the variety of the radiometers participatingmeasurements of global solar UV irradiance. A descrip-
to the campaign and the different calibration and processingjon of the Bentham reference spectroradiometer, the Brewer
procedures make the comparison representative of a widegpectrophotometer, broadband and narrowband radiometers
community than the ltalian one. Most radiometers (11 ofjs given in the following along with information about cal-
13) are commercialized worldwide. Thus, the comparisonjpration and processing procedures. TaBlsummarizes

can provide a contribution to the knowledge about the gen+ne participating instruments and agencies, the identification

eral performance of narrow- and broad-band UV radiome-nympers (id) used in the campaign, the traceability and the
ters, their characteristics, their operation and limits. Further-orections applied to the data.

more, some radiometers participating to the campaign were

calibrated few months before the comparison by their respec2.1  Bentham double monochromator

tive manufacturers. Thus, the results of the comparison may spectroradiometer

be useful to obtain some information about the effectiveness

and the consistency of the calibration procedures adopted b commercially available Bentham DTMc300F spectrora-
the manufacturers. Finally, the paper presents an in-deptdiometer belonging to ARPA Valle d’Aosta was used as the
analysis of the algorithm used to compare broadband andeference of the comparison (id 00). Similar instruments

2 Participating instruments
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Table 2. Instruments and agencies participating to the comparison campaign. The institute to which the measurements are traceable is state«
(in parentheses, the name of the reference instrument or facility through which the traceability is reached). The traceability was specified for

the model, too, since some parameters were fixed with reference to Bentham 5541.

ld  Agency Instrument Ser. Num. Type of Traceability Calib.  Corrections Temp.
meas. date stab.
00 ARPA Bentham 5541 Spectralirr.  PTB 2010 SHICrivm Y
Valle d’Aosta DTMc300F (QASUME)
01 ARPA Kipp&Zonen 000526 Broadband PTB 2010 Spectral, angular Y
Valle d’Aosta UV-S-AE-T irr. (UV-A, (Bentham 5541) (matrix)
UV-E)
02 ARPA Kipp&Zonen 040618 Broadband PTB 2010 Spectral, angular Y
Valle d’Aosta UV-S-AE-T irr. (UV-A, (Bentham 5541) (matrix)
UV-E)
03 ARPA Yankee Env. 020528 Broadband PTB 2010 Spectral, angular Y
Valle d’Aosta Syst. UVB-1 irr. (UV-E)  (Bentham 5541) (matrix)
04 ARPA Kipp&Zonen 080003 Broadband NIST 2009 Spectral, angular Y
Piemonte UV-S-AE-T irr. (UV-A,  (Kipp&Zonen) (matrix)
UV-E)
05 ARPA Puglia Kipp&Zonen 080005 Broadband NIST 2009 Spectral, angular Y
UV-S-AE-T irr. (UV-A,  (Kipp&Zonen) (matrix)
UV-E)
06 Sapienza Yankee Env. 970827 Broadband PTB 2006 Spectral, angular Y
Univ. Roma Syst. UVB-1 irr. (UV-E)  (QASUME) (matrix)
07 CNR-IBIMET/ Solar Light 5790 Broadband PTB 2008 None Y
LaMMa 501A irr. (UV-E)  (QASUME) (abs. factor)
08 ENEAand Solar Light 13126 Broadband NIST 2010 Spectral, angular; Y
ARPA Lazio 501A irr. (UV-E)  (Brewer #123) Bodhaine et al.
(1998
09 APPABolzano  Solar Light 3733 Broadband NIST 2010 Spectral Y
digital 501 irr. (UV-A)  (Solar Light) (fixed factor)
10 APPABolzano  Solar Light 2717 Broadband NIST 2010 Spectral Y
digital 501 irr. (UV-E)  (Solar Light) (fixed factor)
11 ARPA Kipp&Zonen 66 Total ozone PTB 2010 Angular, straylight, N
Valle d’Aosta Brewer MKIV and spec- (QASUME) temperature,
tral irr. SHICrivm
12 CNR-ISAC ISAC UV-RAD  N.A. Narrowband PTB 2006 None Y
filter rad. irr. (7 ch.) (Bentham 5541)
13 ENEAand ENEA F-RAD N.A. Narrowband NIST 2010 None Y
ARPA Lazio 02 filter rad. irr. (13ch.) (Brewer #123)
14 ARPA libRadtran 1.5 N.A. Spectralirr.  PTB 2008- N.A. N.A.
Valle d’Aosta (model) (Bentham 5541) 2010

were described in detail elsewher@rpbner et al. 2005.

The spectroradiometer calibration is regularly performed

The original optics were replaced with a PTFE specialby ARPA Valle d’Aosta using a triad of 200 W QHT lamps
shaped diffuser (CMS-Schreder, Model UV-J1002), which iscalibrated at the Physikalisch-Meteorologisches Observato-
temperature-stabilized and characterized by a nearly perfeagium Davos — World Radiation Center (PMOD-WRC) with

angular responses¢hreder et a1.1998, so that no angular

reference to the QASUME scale traceable to PTBdpner

correction is needed. A spectral scan from 290 to 400 nm evand Sperfeld2005. The lamps and the diffuser are fit-
ery 0.25 nm takes about 3 min and was repeated every 5 mited in a portable field calibrator. An active feedback loop

throughout the campaign.

www.atmos-meas-tech.net/4/1689/2011/

kit consisting in a calibrated shunt, a programmable power
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1 ‘ ‘ 12 Tun Table 3. Radiometric uncertainty (%) of the spectroradiometer. The
F R total radiometer uncertainty is calculated as the squared sum of the
different contributions. Coverage factor is marked with
S 1
% Contribution 300nm  310-400nm
5 Lamp certificate (PMOD-WRC) 2.3 2.3
S Instability 0.4 0.4
g Statistic noise 0.2 0.1
S Non-linearity 0.5 0.5
Current 0.1 0.1
5 1 - B Lamp aging 0.5 0.5
Wavelength misalignment 0.1 0.1
‘ ‘ ‘ ‘ Heating of the diffuser 1.0 1.0
300 350 400 450 500
am Total (K =1) 2.7 2.7
Expanded K =2) 5.4 5.4

Fig. 1. Percentage variations of the spectroradiometer spec-
tral responsivity relative to the first calibration in the campaign
(4 June 2010). Every calibration curve is obtained as an averag

of the responsivities measured with three lamps. 22 Brewer spectrophotometer

A detailed description of the Brewer spectrophotometer and

supply (Xantrex XPD 33-16) and a digital multimeter (Ag- its principles of operation ?s provided bserr et al.(1980.
ilent 34970A) controls the 6.300 A current feeding the cal- 1he Brewer MKIV #066 (id 11) has been measuring total
ibrator with an uncertainty lower than 1 mA. The spectro- column ozone (which is ngcessaryforthe speqtral corrections
radiometer was compared to QASUME in 2009 showing of several broadband radlometers f_:md as an input parameter
an average offset of 0% and diurnal variations below 2%_to the model)_for the campaign period. It was also included
on clear sky dayshttp://www.pmodwrc.ch/euvc/euve.php? N thg comparison as a tested instrument to measure solar UV
topic=qasumeudiy. Table3 summarizes the combined ra- irradiance.
diometric uncertainty calculated for different wavelengths ~Global irradiance spectra from 290 to 325nm in steps of
according taGrobner et al(2005; Bernhard and Seckmeyer 0.5 nm were recorded every 30 min. Even though it was pos-
(1999 and the Guide to the expression of Uncertainty in sible to SynChronize Brewer and Bentham SpeCtral measure-
MeasurementgIPM et al, 2008. ments wavelength by wavelength (as usually done during the
The spectroradiometer was calibrated at the beginning anéegular Brewer calibrations against the Bentham, see below),
at the end of the comparison. In addition, two intermedi- We decided to give priority to collect a large number of Ben-
ate calibrations were performed weekly during the campaigntham measurements and to compare the data recorded by
Figure1 presents the variations of the spectral responsivity,the two instruments as described in Sekt. The Brewer
which are not strictly a drift (the responsivity measured dur-Slit function is nearly triangular with a FWHM of about
ing the first calibration, used as a reference for the follow-0.63nm (measured with a He-Cd laser in 2009). The algo-
ing, is lower than the second and similar to the third). The'ithm developed bheymol and De Back¢R003, together
changes are to ascribe to the instrumental instability (0.4 9gvith data from an in-situ Langley Plot calibration, is regu-
uncertainty, calculated assuming a rectangular probabilityarly employed to retrieve the aerosol optical depth (AOD)
distribution) and to the heating of the diffuser during the cal- at 320 and 453 nm from clear-sky UV direct irradiance. The
ibration (1% uncertainty). The combined uncertainty origi- Angstm coefficients can then be estimated from measure-
nating from the two factors is higher than the observed vari-ments at these two wavelengths, accordingstébner and
ability. In order to reduce the errors caused by a wavelengtiVeleti (2004. The AOD and theAngstiom coefficients are
misalignment, the spectra were processed with the SHicCrivniater included in the radiative transfer calculations.
package \illiams et al, 2003 using the instrumental slit The global irradiance scale of the Brewer is calibrated
function (measured with a He-Cd laser in 2009), deconvo-monthly against the ARPA Valle d'Aosta Bentham spectro-
luted and then reconvoluted using a triangular slit functionradiometer by recording synchronous spectra during several

(FWHM 1 nm). clear days. Every two years, the Brewer is compared to the
The total combined uncertainty is reported in Tablr QASUME travelling standard. The spectra from the Brewer
different wavelengths and solar zenith angles. are corrected for its angular response, temperature, straylight

and wavelength shifts. The ozone scale is calibrated with
reference to the travelling standard #017 from International
Ozone Services every two years.

Atmos. Meas. Tech., 4, 1689403 2011 www.atmos-meas-tech.net/4/1689/2011/


http://www.pmodwrc.ch/euvc/euvc.php?topic=qasume_audit
http://www.pmodwrc.ch/euvc/euvc.php?topic=qasume_audit

H. Diémoz et al.: First intercomparison of UV radiometers in Italy 1693

Table 4. Total uncertainty (%) of the spectroradiometer. The total radiometer uncertainty is calculated as the squared sum of the different
contributions.

Contribution 300nm50 300nm 738 310-400nm5® 310-400nm 75
Radiometric uncertainty 2.7 2.7 2.7 2.7
Diffuser temperature 0.6 0.6 0.6 0.6
Angular response 0.4 0.4 0.8 0.8
Non-linearity 0.5 0.5 0.5 0.5
Instability 0.4 0.4 0.4 0.4
Statistic noise 0.8 4.6 0.3 0.9
Wavelength misalignment 21 2.4 0.9 0.9
Total (K =1) 3.6 5.9 3.0 3.2
Expanded K = 2) 7.2 12 6.0 6.4
2.3 Broadband radiometers solar zenith angle at the time of measuremé&melfb et al.

2006. In such a way, spectral and angular corrections could
Ten broadband filter radiometers (id 01-10) participated tope easily introduced. More precisely, data from radiometers
the comparison campaign. The output voltage of instrument$1-03 were processed with a matrix calculated by the owner
01-08, roughly proportional to the weighted irradiance to beagency: the spectral and angular characterization of those
measured (details are provided in the next paragraph), hagdiometers was performed by the PMOD-WRC, then the
been recorded with a digital programmable multimeter. A spectral and angular corrections were calculated by ARPA
sampling time of 10 s was chosen for analog measurements/alle d’Aosta using the libRadtran model. Finally, an abso-
Data were collected also at night-time for finding electrical |ute calibration factor was determined some weeks before the
instabilities and calculating a zero-offset for each instrument.comparison campaign with reference to the Bentham spec-
Two radiometers (id 09-10) were digital models equippedtroradiometer, following the procedure describedHiyisen
with their own acquisition systems, which recorded the (aver-and Gibner(2007). Data from radiometers 04 and 05 were
aged) data at a maximum frequency of one value every 5 mingrocessed with a matrix provided by the manufacturer. Data
Four double-band radiometers measured simultaneously UMrom the radiometer 06 were processed with a matrix calcu-
A and erythemally weighted irradiance in two distinct chan- |ated by the PMOD-WRC during the COST Action 726, in
nels. The remaining were single-band models (erythemabpope. A fixed correction factor was used with instruments
weighting). All broadband instruments were temperature-07 and 09-10. The former was calibrated with reference to
stabilized. the QASUME travelling standard during a spectroradiome-
ter comparison in 2008. Radiometers 09-10 were calibrated
by the manufacturer in 2010. Finally, instrument 08 used
the algorithm developed bBodhaine et al(1998 and was

Ideally, the output voltage of the broadband radiometersca“brated with reference to Brewer #123 (which is in turn

should be perfectly proportional to the convolution of the So_traceable o NIST). belonging to the 'ta"?” National Age_ncy
. ) . I for new technologies, energy and sustainable economic de-
lar spectral irradiance with a weighting curve, namely the

sensitivity of the human skin (erythemal action spectrum,VG|oloment (ENEA).

CIE, 1998 Webb et al. 2011 or the UV-A (315-400 nm)

unitary function CIE, 1999. In that case, an absolute cali- 2.5 Narrowband radiometers

bration factor could be assessed to convert the voltage to the

irradiance. However, the instrumental spectral sensitivity al-The narrow-band filter radiometer UV-RAD (id 12) has

ways differs from the action spectrum. Moreover, the angularheen designed and developed at the Institute of Atmospheric

response does not perfectly coincide with a cosine functionSciences and Climate (ISAC) of the Italian National Re-

The induced errors may be relatively high and many methodsearch Council (CNR), as part of a cooperative program with

can be applied to the recorded data to overcome the problenENEA. The UV-RAD is able to measure the solar UV ir-

Some of them are described in the following. radiance in seven channels centered at 300, 306, 310, 314,
Data obtained by some instruments (id 01-06) were re-325, 338 and 364 nm wavelengths with FWHM varying from

processed by their respective agencies with a multiplicatived.7 to 1 nm. The overall scan of the channels takes about

factor stored in a table (matrix) depending on the total 0ozone90 s. Further details about the instrument are giveRd&tkov

as measured by the Brewer throughout the campaign, and thet al. (200§. The UV-RAD radiometer was calibrated by

2.4 Calibration and processing of broadband
radiometers

www.atmos-meas-tech.net/4/1689/2011/ Atmos. Meas. Tech., 4, 18892011
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comparison against two Bentham spectroradiometers traceT'able 5. Input parameters to the radiative transfer model.
able to international standards: a first campaign was orga-
nized in Alomar (Norway) in 2004; a second comparison

. . . . Parameter Value

was performed in Saint-Christophe (Italy) in 2006. The - -
measurements recorded by UV-RAD allow the retrieval of i?r'nagsss’he;rté“m gti?ij- ;gﬂg{:ﬁgﬂﬁg‘;gﬁ;ii’r‘gms)
column ozone applying the method develope.dShy.mnes Aerosol properties Shetle profile,
et al. (1991). To reconstruct the UV spectral irradiance at rural type,
the ground, the atmospheric transmittance was assessed at background stratospheric
the measured wavelengths and the spectrum was evaluated SSA Default reduced by 10 %
through a radiative transfer model at the time of observation, Angstiom parameters  Brewer measurements
using the retrieved total ozone as an input. Sifn”beefgssirse‘ﬁq'zns l'\é'o"”a&Mo"”a 1986

The F-RAD radiometer (id 13) has been developed by  apitude 570mas..
ENEA. It operates on 13 wavelengths from about 281 to  Total ozone Brewer measurements
378 nm which are selected by as many filters characterized Effective ground 3%

by a FWHM from 0.5 to 1.3nm. Each filter is manu-  albedo

factured by the Optical Components Group of ENEA us-  -0cal pressure 950hPa .

. . . . . . Solver Pseudospherical disort (sdisort)

ing ion-assisted vapour-phase evaporation. This technique ~nvolution Triangular slit function (FWHM 1 nm)
ensures an excellent stability in time. The radiometer is
equipped with a GPS receiver for time synchronization and
is temperature-stabilized t80.5°C using a Peltier cell. The

overall scan of the channels takes about 1 min. The calibrag, pest reproduce several spectral measurements recorded
tion of F-RAD was performed in two steps. At first, a field i, gentham 5541 during clear-sky days in summers 2008
calibration system developed by NIST and NOABafly 15 5010 at Saint-Christophe (wintertime measurements were
et al, 199§ which uses several 1000 W FEL lamps trace- ot considered because of changes of effective ground albedo
able to NIST was used. Then, the F-RAD measurement§y a 1o the snow) as explained aongo et al(2010. There-

were compared with simultaneous co-located spectra ffom, e the single scattering albedo (SSA) was reduced by 10 %
Brewer #123 obtained during three months at the ENEA 0b+g|ative to the default model value (i.e. 0.90 to 0.95 de-

servatory in the Lampedusa island (Southern lItaly). Brewerpending on the wavelength). Similarly, the Molina&Molina
#123 is regularly calibrated with the field calibrator and was 4, e cross sections were chosen because of their agree-

characterized for its cosine responBai et al, 2009 and  ent with the Bentham spectral measurements in the range
slit function. The spectra used in the comparison were reconsgs- 330 nm.

structed from narrowband irradiances using the Tropospheric The Angsttt")m coefficients were retrieved from the Brewer
Ultraviolet and Visible (TUV) radiation modeMadronich 045 rements in the UV and visible range, as explained in

1993. Sect.2.2 Local atmospheric pressure was taken equal to a
constant value of 950 hPa, since the measured pressure dur-
ing the campaign was stable withitb hPa (the error intro-
duced by using a constant value is less than 0.4 % at 290 nm
and even lower at higher wavelengths). The diffuse irradi-
ance was scaled to 95 % accounting for the mountain hori-

. . zon under the hypothesis of isotropic diffuse radiation, as ex-
quality control. Tablés summarizes the data set entered asplained byDiémoz and Mayef2007. This cosine-weighted

input to the model. fraction was calculated from both theodolite measurements
The solar spectrum was set to the recommended valucgmd a digital elevation model

following the model documentation (Atlas-3, shifted to air
wavelengths). Default summer atmospheric profiles were
used. Pseudo-spherical discrete-ordinate method (DISOR
with double precision was chosen as the solver, since a sim-
ple plane-parallel DISORT solver showed relevant deviations
from the reference instrument even for low zenith angles.3  campaign overview

The effective ground albedo was set to 3Reinther et al.

1998. Rural aerosol properties, background stratospheric3.1 Campaign protocol

aerosols and the default Shettle aerosol profile were given

as inputs to the model. Since independent measurements &very participating agency was asked to send a calibrated ra-
the aerosol single scattering albedo (SSA) were not availableliometer to the organizers or, in case of complex instrumen-
during the campaign, the SSA value was chosen in ordetation, to assist with a specialized operator. The campaign

2.6 Radiative transfer calculations

A radiative transfer model, the libRadtran packalyayer
and Kylling, 2005, was used in the campaign for comparing
different kinds of data as explained in Setand as a further

The simulated spectra were then treated similarly to the in-
trumental data (id 14 was assigned to the model) and com-
ared to the reference.

Atmos. Meas. Tech., 4, 1689403 2011 www.atmos-meas-tech.net/4/1689/2011/
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began on 8 June (day of year 159) and ended on 24 June (day 7
of year 175), comprising days across the summer solstice,
thus allowing measurements at a large range of solar eleva- 60 [~
tions. Synchronous measurements of solar irradiance were
collected for the whole time period. Every instrument (or
computer connected to an instrument) was synchronized t
the same reference through the Internet Network Time Pro-
tocol or a GPS signal. The quartz domes of the radiometers: 30 - -
were cleaned and the horizontal leveling was checked every®
morning before sunrise.
At the end of the campaign, the raw series (e.g. the se-

ries of the recorded voltages, for the broadband radiometers)

50 — =

(dcgg)

40 - -

evation

20 -

10

were individually reprocessed by the respective operators us- ¢ E s w B

ing the same algorithm and calibration data usually employed -180 -90 0 90 180

by each agency. The data were then sent to ARPA Valle azimuth (deg)

d’'Aosta for the comparison in terms of the global solar UV

Index (Vanicek et al, 1999 or UV-A irradiance. Fig. 2. Horizon and sun elevation at Saint-Christophe. The sun
trajectory for 8 June is drawn from 05:00 UT to 17:45 UT. Circles

3.2 Site description are plotted every 15 min.

The site of Saint-Christophe (45.8, 7.4# E, 570ma.s.l.) . S C
is located in Northwestern Italy, in the Alpine region. It resolution among the participating instruments) which is in-

was chosen because of the presence of state-of-the-art yippropriate and can lead to ambiguous results. Indeed, the

struments necessary for the comparison: a spectroradiomet@IP\”m'Ons to the reference would increase due to the tempo-

traceable to international standards and a calibrated Breweﬂal interpolation, making arduous to discriminate the disper-

spectrophotometer. The site is also characterized by low pol-sr']on, 0“9'”?“T‘g f.romlfother factors and the dispersion from
lution levels. Even though Saint-Christophe lies in a vaIIeyt e interpolation itself.

bottom, the horizon is free enough to allow meaningful solar A reliable and rigorous analysis is essential to correfc.tly
measurements. Figug&shows the horizon at the intercom- compare the processing procedures used by each participat-

parison site, together with the daily course of the sun posi—'ng_ institution, which is one Of. the purposes of the cam-
aign. Therefore, an appropriate algorithm must be em-

tion for 8 June 2010. Anyway, data recorded when the sunoI 4 h ol £ ¢ ing the UV
was behind the mountains were removed from the analysisp oyed for each class of instruments for comparing the

The sunrise was at about 05:00 UT and the sunset at aboﬁ.{ata recorded by the various instruments against the refer-
18:00 UT during the campaign. The minimum solar zenith ence and reducing the dispersion originating from the tem-

angle was 22 3corresponding to the summer solstice. poral interpolation. The methods are described below.

3.3 Atmospheric conditions 4.1 Analog broadband radiometers

. . . The weighted and integrated irradiance measured with a
Cloudy sky accompanied the first part of the campalgn., 2 dband radiometer can be expressed in the following gen-
Some showers occurred in the period from 9 to 17 June. Data ) <P 9¢

) I eral form, provided that appropriate angular and spectral cor-
recorded under rainy conditions were removed from the anal—r ctions are aplied to the data:
ysis. The last four days (21-24 June) were almost clear an{® PP '
the maximum UV Index was about 8, which is a typical value

for the site of Saint-Christophe in summer. leie®) = / 10, DCIEG)dA @)

CIE()) being a standardized action spectrum (the erythe-

4 Methods mal spectrumCIE, 1998 or the UV-A unitary function be-

tween 315 and 400 nm and zero below 315 i@tE, 1999
Since the instruments to be compared against the referencdd! (1,1) the solar spectral irradiance at the ground at time
belong to very different classes (spectral, narrow- and broadt. Unfortunately, as already stated in the previous sections,
band radiometers), a common procedure of analysis to b#/e are not able to measure the instantaneous vallie.of),
applied to all instruments is not suitable. Most notably, sincesince a full scan of the spectroradiometer takes about 3 min.
the sampling frequencies of the instruments are considerablylence, it was decided to downscale the temporal resolution
different, a common approach for all instruments involved in of the broadband data to optimize the comparison with the
the campaign should be based on the adoption of an idenspectral measurements and an appropriate algorithm was de-
tical time resolution (i.e. downscaling all data to the lowest veloped.
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The downscaled irradiance from broadband radiometers
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Igp(x,t(k)) is the clear-sky irradiance simulated by the ra- Y
diative transfer code at the time at which the reference in- 159 161 163 165 167 169 171 173 175
strument is measuring the wavelength
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spectral transmittance of the cloud at all wavelengths can be . b |
approximated by the transmittance integrated over a wave-g el H §%
length band (e.g. UV-A or the erythemal range). Marking = iz RN §§*
the modeled clear-sky irradiance over the spectral band of = % g%
interest with/3g (1), i.e. 3 AR | B
5 111RR
0 n_ [0 CIE 3 , i I
IBB(t) - ISP()"at) ()")d)\' ( ) b) | | |
) 171 173 175

we obtain: day of year

Igg(r) _ Isp(r,1) (@)

IE(;JB(I) Igp()»,t) Fig. 3. Time series of Bentham measuremen(@a) global solar

UV Index and(b) UV-A irradiance. Data for rainy periods, before

As previously stated, a spectral scan of the reference insunrise, after sunset, during calibration of the reference and dome
strument takes about 3 min. During this time, the variation ofcleaning were not included in the graph.
IgB (t) depends uniquely on the change of the solar zenith an-
gle and can be considered negligible with respect to the fluc- o ]
tuations of the measured iradiandgg (), which is induced ~ 4-2 Digital broadband radiometers, narrowband and
by the transit of broken clouds. Based on radiative transfer ~ SPectral instruments
calculations, the error in consideriﬂéB (r) as a constant is

estimated to be lower than 1 %. Thus, we obtain: The previous algorithm was not applicable to digital broad-

band radiometers (id 09-10), narrowband (id 12-13) and
spectral instruments (id 11), since measurements were taken
at a too low frequency. Instead, a simple interpolation was
used to compare data at the right time. The spectra obtained

. . . by the reference, the Brewer and the narrowband radiome-
as measured by the reference instrument in a scan time.

Thus, the comparison for broadband radiometers consisteEfrs were weighted and integrated and a timestamp was as-

in analyzing the series of ratios between the downscaled 'gned to the obtained values following E6).(Timestamp

broadband irradiances in E@)(and the convoluted refer- of the digital radiometers was set to the middle of the sam-

; : ; : pling time. The user and the reference series were then ap-
ence spectra in Egs). The implementation of the algorithm ropriately interpolated (the series sampled at the highest fre-
used look-up tables (previously calculated with IibRadtran)p P y P P 9

. . . . : guency was interpolated to the other) and the ratios between
to quickly obtain the appropriate modeled irradiance. : .
. ; . ; the series were calculated. Care was taken to avoid interpola-
The timestamp relative to the downscaled irradiance wast. . A .
ion in case of too large time intervals (1 min for narrowband
calculated as . >
radiometers and 5 min for the Brewer).
i t()\)CIE(k)IgP(x,t(X))dA The spectral irradiances obtained with narrowband ra-
= fCIE(k)Igp(k,t(k))d)» (6) diometers and thg Brewer were also analyse_d in detail to
assess the behaviour of the instruments at different wave-
The results of the improved algorithm are presented inlengths. However, spectral ratios are not presented here,
Sect.5. since beyond the scope of this paper.

Iy, ~ / Isp(h,(A))CIE(L)dA (5)

The right-hand term is the CIE-weighted irradiance value

Ias
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Fig. 4. Comparison of several methods to downscale the broadrig 5. Boxplot of UV Index ratios between each instrument and
band data. The graph shows the ratio of the broadband irradiyhe reference, calculated under clear sky conditions. The top and
ance measured with instrument 01 and the reference during threg,e pottom of the boxes represent respectively the upper and the
cloudy days. Cubic spline interpolation is represented with greengyer quartiles. The line inside every box depicts the median. The
diamonds, simple linear interpolation with pink crosses, the COSTyhiskers show minimum and maximum values except the outliers,
Action 726 algorithm with red asterisks and the algorithm used in\ynich are drawn as cross (between 1.5 and 3 times the IQR) and
this study with blue circles. circles (beyond 3 times the IQR). Instrument id 09 does not measure
the UV Index.

5 Results and discussion

) ) ) 5.1 Relative deviations from the reference under clear
Figure3 shows the time series of the measurements recorded sky conditions

by the Bentham spectroradiometer, in terms of global solar

UV Index and UV-A irradiance. Cloudy days are clearly vis- e first analyze the median values of the ratios between
ible in the first part of the campaign (days of year 159 {0 ¢ radiometers and the reference (Flgand6). Remark-
172). . . able differences may be noticed among the instruments: the

The ratios between the measurements made by each instrigirerences relative to the reference spectroradiometer range
ment and.the reference were then analyzed. Figpresents .o\ _ 169 (instruments 12 and 13) up to 19 % (instrument
a comparison of several methods to downscale the data fromy for the UV Index series. It is interesting to observe that
broadband radiometers during three cloudy days. The aimyy.z data from double-band radiometers show similar pat-
is to draw attention to the risk of an indiscriminate use of (o s denoting an internal consistency in all instruments. It
time interpolations. First, the ratios derived by interpolating )55 to be noticed that even radiometers recently calibrated by
the broadband values to the most representative time of thg,e respective manufacturers present significant deviations
referen(;e spectra using a cu_blc sphne and a S|mpIe_I|near iNinstruments 04, 05, 09, 10). Some radiometers, along with
terpolation are shown. Cubic splines are chosen since thejye reference, share the same calibration standard (PMOD-
were applied to depict the results of the COST726 campaigRyrc/QASUME) and this is clearly depicted in the graphs:
(G. Hulsen, personal communication, 2010). As can be seefj,struments 01, 02, 03, 06, 07, 11 show median ratios of
from the figure, the results obtained in cloudy conditions aregpq,t 1. In particular, it must be emphasized that radiome-
not optimal and present some fictitious fluctuations. The lin-ios 01. 02 and 03 an('j the Brewer (id 11) were all calibrated
ear interpolation gives results similar to the cubic spline. Theagains'E the Bentham as described in S2et. Since the IQRs
new algorithm developed in this study is less influenced byt those radiometers are very low (ranging from 1.4 to 3 %),
clouds than the two interpolations and the COST Action 7265 exercise also provides information on the radiometers
algorithm. _ _ _ stability and the reliability of the angular corrections.

We decided _to use the ’T‘eP"a” e.md. thg interquartile rang€ The values obtained with radiometer 08 are consistent with
(IQR) to describe the statistical distributions of the ratios, \he results of previous comparison between the ENEA in-
which are not normally distributed and show many Ou“iers'strumentation and QASUME (the former overestimates QA-
The former is a measure of the central tendency of a Sampl%UME by about 5%)Grobner et al.2006. The large dis-
and the latter i_s a measure of d?spersion. Boxplots (FHgs. crepancies of the UV-RAD (id 12) may be ascribed to de-
andé) summarize the results during clear sky days (days 172terioration of the internal components (e.g. filters, O-ring)

t0 175). and drift in calibration. Narrowband radiometer 13 was
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are due to measurements at larger solar zenith angles. An
incorrect determination of Brewer #123 cosine response at
large incidence angles or of the spectral sensitivity of the
broadband radiometer could be responsible for the strange
behaviour. Further investigations are being carried out. The
daily variability of the Brewer spectrophotometer (id 11) is
within the uncertainty of the radiative model used for the cor-
rection and the instrumental uncertainty. The angular depen-
dence of the narrowband radiometer 13 is pronounced only
for zenith angles above 60This behaviour will be investi-
gated in detail by the owner agency.

The daily variability of the model is comparable to the un-
certainty of other instruments. This shows that both model
and reference instrument are consistent. The daily variabil-

id ity can arise from the hypothesis of isotropy. Actually, since
) o ] . the diffuse radiation is not perfectly isotropic, the factor ac-
Fig. 6. Boxplot of UV-A irradiance ratios between each instru- counting for the horizon may be different from 95 % and may

ment and the reference, calculated under clear sky conditions. Onl%ven vary depending on the solar zenith angle, cloud cover

instruments measuring UV-A irradiance can be shown in the graph. . T
9 9r3PN 5 erosol load, etc. However, the induced error is likely much

lower than the uncertainty resulting from the unknown input

thoroughly examined after the campaign and a sealing defModel parameters.
fect was discovered which let humidity and dust enter the )
instrument (thus decreasing its sensitivity). Finally, although®-3 Moming/afternoon asymmetry

the radiative model (id 14) was configured with few basic pa-

rameters, the results are rather satisfying: the difference rela>€veral instruments present an asymmetry between the

tive to the reference is-0.3 % for the UV Index and-1.2 % morning and the afternoon ratios. For some of them (id 01,
for the UV-A irradiance. 04, 06, 12) the difference between the morning and after-

noon ratios is very small (less than about 2 %) and may be
ascribable to the deterioration or misalignment of the level-
ing bubble (id 01), to a slight azimuthal dependence (already
Figuress and6 clearly show that the series of measurementsnoticed e.g. for radiometer 06 during the COST Action 726
of every instrument have a different IQR during clear sky campaign) as well as to the effect of the internal temperature
days. Even though the angular response of the radiometersr humidity.
was not measured during the campaign, most of the total vari- The morning/afternoon change is slightly higher for ra-
ability for clear sky conditions, as we will see later, is clearly diometer 05, about 3 %. The difference is clearly visible also
ascribable to the daily (not day-to-day) variability, since the in the unprocessed series of voltages, so that an error relating
ratios distinctly depend on the solar elevation. To investigateto the processing can be easily excluded. An asymmetry of
the angular dependence, the ratios were plotted against th&bout 4 % is also present in the Brewer ratios. However, the
solar zenith angle (Figs. and 8) for the morning and the variation is not explainable neither by an azimuthal depen-
afternoon separately for clear sky days. dency (the Brewer turns on its axis during the day and fol-
The ratios from the series processed with state-of-the-artows the solar azimuth) nor by a leveling problem (the spec-
algorithms (i.e. matrix of coefficients) are characterized bytral ratios, not presented here, reveal that the Brewer asym-
lower daily variability (id 01 to 06). On the contrary, ra- metry is higher for the lowest wavelengths). Unaccounted
diometer 07, whose median was close to unity, shows vergtemperature and humidity effects may be responsible for this
clear angular dependence and the largest IQR for clear skpehaviour.
(10%). Indeed, since a single constant factor has been used
for the conversion from the electric signal to the irradiance,5.4 Effect of clouds
angular and spectral errors are not considered. This is also
the case of radiometers 09 and 10, which, however, exhibifThe effect of clouds on the ratios can be examined taking into
a better cosine response than 07. Similarly, the ratios formaccount the series of measurements recorded in the whole
radiometer 08 show a particular shape. The corrections apeampaign period (days 159 to 175), in both cloudy and clear
plied to that radiometer use an empirical function obtaineddays (Figs9 and10). While median values do not change
by comparison with Brewer #123. It must be emphasizedappreciably, the scatter of the ratios for each instrument and,
that the ratio is reasonably constant at solar zenith angles particular, the difference between the maximum and min-
lower than 70 and most of the deviations appearing in Fig. imum values (i.e. the distance between the whiskers in the

5.2 Daily variability in clear sky conditions
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Fig. 7. Ratios between clear-sky UV Index measurements with user instruments and the reference (vertical axis) against the solar zenith
angle (horizontal axis). Morning (blue) and afternoon (green) measurements are plotted separately.
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Fig. 8. Ratios between clear-sky UV-A irradiance measurements with user instruments and the reference (vertical axis) against the solar
zenith angle (horizontal axis). Morning (blue) and afternoon (green) measurements are plotted separately.
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Fig. 9. Boxplot of UV Index ratios between each instrument and Fig. 10. Boxplot of UV-A irradiance ratios between each instru-
the reference, calculated under all sky conditions (both cloudy andnent and the reference, calculated under all sky conditions (both
clear days). The clear-sky simulations (id 14) were not considerectloudy and clear days).

in the analysis.

boxplots), increase noticeably and in many cases exceeds Finally, it is interesting to notice that the error is amplified

4+10%. This is to ascribe to many factors, depending on thé)y the processing algorithms applied on radiometers 07 and
instruments 08. In those cases, the full range of the ratios may exceed

0, 0,
First, the analysis procedure which was applied to the ana—jE20 Yo or event30%.

log broadband data allows to reduce the effect of time inter5 5 oyerall performances of the radiometers and

polations on the ratios. The dominant factor modulating the recommendations

ratios must therefore be the influence of clouds on the cosine

corrections, which were calculated under the hypothesis oEven within the uncertainty of the reference instrument,
clear sky conditions. This latter approach is, of course, sim-some inferences about the general performances of the ra-
plistic, but it is adopted by most of the broadband operatorsdiometers can be drawn and some recommendations may be
worldwide. Also, more rigorous corrections would require consequently formulated.

cloud cover data which are not always available. For in-  Figure11shows both the relative deviation from the refer-
stance, a complete spectral correction in cloudy cases woulénce during clear sky days and the IQR distance. Only results
strongly depend on both cloud cover and cloud optical thick-from the UV Index comparison are represented (UV-A irradi-
ness Mateos et al.2011). A simpler correction is possible ances have a similar behaviour and are omitted). Angular and
in the borderline case of overcast sky in presence of thickspectral corrections employed by the operators are also re-
clouds, taking into account only the fraction of scattered ra-ported in parentheses next to the instrument id. Some groups
diation while neglecting the direct beam. Nevertheless, thisof instruments, which show similar performances, can be
diffuse correction would require a complete radiometer char-identified.

acterization (angular and spectral responses), which was not One of the most striking features of the graph is the im-
available for all radiometers. However, the increase of theportance of the traceability. Indeed, most of the instruments
IQRs for analog broadband radiometers during cloudy contraceable to NTP (directly through QASUME or, with a fur-
ditions with respect to clear-sky conditions is a good esti-ther step, through Bentham 5541), with the only exception of
mate of the error on the cosine correction originating frominstrument 12, show very low deviations with respect to the
the clear-sky simplification. It is interesting to notice that ra- reference (blue markers). This points out the importance of
diometers with a good cosine response (i.e. with a smootty common and reliable reference scale and the effectiveness
matrix), for example id 01, 02, 04 and 05, show slightly bet- of a travelling standard such as QASUME. It is interesting to
ter performances compared to the others, e.g. id 03 and Ofotice that the relative deviations from the reference among
In the case of instruments with coarser time resolutions (e.gthis group do not appreciably depend on the age of the last
09 to 11 and, to a lesser degree, 12 and 13), time interpolacalibration. Broadband radiometers such as id 06 and 07 are
tions between measurements may produce large deviationstable, even after some years of operation after their last cal-
However, a more in-depth analysis of cloud effects on the coibration. However, sudden changes may occur and calibra-
sine corrections for these instruments is beyond the purposgons on a more frequent basis are recommended.

of this paper and may be studied in a future work.
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12 ‘ ‘ ‘ the contrary, other kinds of corrections, such that employed
‘ ‘ ‘ for radiometer 08, are not so effective. When a fixed calibra-
10 0T ] tion factor is used, the IQR may be even worse, as in the case

of radiometer 07. Even though low daily variations may be
obtained (as with instrument 10) with a fixed calibration fac-
tor, possibly because of a good cosine response, both spectral
and angular corrections should be always employed.
Generally speaking, performances of the radiometers, es-
080) : pecially of those with the highest deviations or IQRs, could

T e R

IQR (%)

! i ';(a) e be greatly improved by using state-of-the-art correction algo-
m 03(m : . . . . . .
ml4 050 )*z'” o rithm and planning frequent intercomparison for monitoring
m, om : ) m - T
2 e a6 o) the instrumental stability.
0 \ \ \
0 5 10 15 20

6 Summary and conclusions

abs. value of relative deviation from reference (%)

This study was stimulated by the need to assess the accuracy
: . of the Italian UV measurements in order to plan a future na-

during clear sky days. Only results relative to the UV Index are i | network which will be able t [t) liabl d

shown. The horizontal axis represents the absolute value of the reflonal network which will be able to guarantee reliable an

ative difference between the instruments and the reference (mediaiomogenized data. 14 instruments belonging to 8 different
of the ratios of previous graphs, minus unity). The vertical axis 2@gencies participated to the campaign. Most radiometers (11
represents the IQR distance.The shape of the markers refers to tf 13) are commercialized worldwide. The campaign also
traceability: NTP through QASUME or Bentham 5541 (squares), represented a chance of comparing several data processing
NIST through Kipp&Zonen facility (circles), NIST through Yankee algorithms employed by the participating institutions.
Env. Systems facility (asterisk), NIST through ENEA Brewer #123  The comparison lasted in total 17 days characterized by
(diamonds). The letters beside the id numbers mark the correctio%k)udy and clear skies. About 3000 irradiance spectra and
methods to the measurements: spectral-angular matrix (m), only an 40000 samples were collected respectively for each spec-
gular correction (a), other corrections (0) and fixed coefficient or N0\ o i/narrowband and broadband instrument. The data ob-
correction at all (no markers). Colours are used to identify instru-t ined by the tested inst ¢ ) dt Il-
ments with similar characteristics (see text). alr_le y the tested instruments were compared 1o a_we
calibrated Bentham double monochromator spectroradiome-
ter. The results were presented in terms of ratios between the
_ ) ) . user instruments and the reference. An optimized algorithm
Instruments which were calibrated by their respective,, - o specially developed to compare high-frequency broad-

manufapturers few months before the campaign may be "Nband measurements with reference spectra. Average devia-
cluded in a second group (red colour). This group is char;, o ranging from-16 % to +19 % and interquartile ranges

acterized by moderate to large deviations relative to the ref-up to 10% even for clear sky days were discovered and dis-

erence. Moreover, consistency among instruments calibrateg ;s Three radiometers, which had been calibrated few
by the same facility (e.g. id 05 and 04) is weirdly low. Fur- ,hins hefore the campaign by their respective manufactur-
thermore, instrument 04 was recalibrated at the same laborgs,g howed significant deviations to the reference. The aver-
tory after the comparison and is now only aF’OUt 4% _h'gherage deviations and daily variations were very large compared
tha_n the reference. Such large discrepancies remain UNeX5 the uncertainty of state-of-the-art instruments. Moreover,
plained. they were greater than the expectations of the respective op-
Finally, a third group including two radiometers designed erators. However, out of the 13 instruments which were com-
and built by ENEA and CNR-ISAC is highlighted (violet pared to the reference spectroradiometer, eight showed me-
colour). Large relative deviations with respect to the refer-dian and interquartile ratios which were withirl.0 % of the
ence are found. The intercomparison helped in identifyingreference; five were withint5%. The ratios from the li-
technical problems such as deterioration of internal compoRadtran radiative model, which was configured with few
nents and drifts in calibrations. Thus, particular attentionpasic parameters, were satisfying and within few percents of
should be taken when operating with home-made radiomethe reference under clear sky conditions. The intercompari-
ters and comparisons with reference instruments should bgon also allowed the identification of a sealing defect of one
scheduled very often. of the narrowband radiometers and possible problems in the
A further classification may be done according to the pro-cosine correction of some instruments.
cessing procedures and correction algorithms. Generally, ra- Consistent efforts to improve the calibration of the instru-
diometers processed using a matrix (which takes into accounments and the processing algorithms are essential and should
both spectral and angular corrections) show a lower IQR. Orbe made before deciding to set up a national network. The

Fig. 11. Summary of the overall performances of the radiometers
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results highlight the importance of intercomparisons, whichDi Menno, 1., L. Moriconi, M., Di Menno, M., R. Casale, G., and

could be repeated every few years, also to assess the effectsSiani, A. M.: Spectral Ultraviolet Measurements by a Multichan-
of the forthcoming corrective actions. nel Monitor and a Brewer Spectroradiometer: A Field Study, Ra-

All data from the intercomparison are freely downloadable _diat. Prot. Dosim., 102, 259-263, 2002.

; ; di Sarra, A., Disterhoft, P., and DeLuisi, J.: On the Importance of
.uv-index.itfor further r rch pur, . 1 e N : )
from www.u dex.itfor further research purposes Spectral Responsivity of Robertson-Berger type Ultraviolet Ra-

. . diometers for Long-term Observations, Photochem. Photobiol.,
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