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SUMMARY

This report compiles the main procedures and results of the El Arenosillo/INTA Cali-
bration and Intercomparison Campaign of UVER Broadband Radiometers held in the ob-
servatory “El Arenosillo” in Spain from 15 August to 21 September 2007. This campaign
was organized by the National Institute for Aerospace Technology (INTA) and the Uni-
versity of Extremadura, and was auspicied by the COST Action 726 “Long term changes
and climatology of the UV radiation over Europe”. Twenty-two UVER radiometers (9
Yankee-YES, 9 Kipp & Zonen, and 4 Solar Light) belonging to different institutions from
Spain, Portugal, Poland and The Netherlands participated in the calibration campaign. As
instruments of reference, the spectrophotometer Brewer #150 from the Spanish National
Institute of Aerospace Technology (INTA) and the QASUME unit from the Physikalisch-
Meteorologisches Observatorium Davos/World Radiation Center (PMOD/WRC) were
used. The methodology recommended by the Working Group 4 of the COST Action
726 was followed for the calibration of the broadband radiometers. It consisted of a char-
acterization at the laboratory of the relative spectral and angular response functions of the
radiometers, and an outdoors intercomparison with the reference instruments. The differ-
ent terms of the equation of calibration were calculated for each radiometer and the results
compared focussing mainly on the behaviour of different types of broadband radiometers.
Radiometers showed an important variability between families and also within the same
family. It is concluded the absolute need to individually characterize and calibrate each
broadband radiometer.
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1 Introduction

The depletion in stratospheric ozone occurred in the last decades and caused mainly by
the antropogenic emissions of chlorofluorocarbon has driven an increasing in the UV solar
radiation that reaches the earth surface. This fact followed by the detrimental effects of
UV radiation on the human health has brought into a high importance the monitoring of
UV radiation at surface.

The availability of reliable values of UV radiation data for their spatially comparison
and successful detection of trends requires highly reliable and precise measurements that
can only be achieved by means of periodic and sound calibrations of the instruments.
These precise calibrations require the laboratories to follow thorough protocols for cali-
bration. Compatibility has to be achieved also between different laboratories.

In this framework, a calibration campaign of erythemal broadband radiometers took
place at the calibration laboratory of “El Arenosillo”, Huelva, Spain, from 15 August
to 21 September 2007. This event was part of the COST Action 726 Working Group 4
activities as a continuation of a previous campaign held in Davos (Switzerland) in 2006 at
the Physikalisch-Meteorologisches Observatorium Davos of the World Radiation Center
(PMOD/WRO).

This publication is supported by COST.

2 Organisation

The calibration campaign was organized by the Atmospheric Sounding Station “El Areno-
sillo”, belonging to the National Institute of Aerospace Technology (El Arenosillo/INTA),
the University of Extremadura (UEX), the Physikalisch-Meteorologisches Observatorium
Davos of the World Radiation Center (PMOD/WRC), and the COST Action 726 “Long
term changes and Climatology of UV radiation over Europe”.

The El Arenosillo/INTA and UEXx jointly accomplished the calibration campaign. The
El Arenosillo/INTA laboratory has broad experience in being responsible for calibration
events. Thus, it is the host calibration centre for the Spanish Brewer network since 1999,
for European Brewer calibration campaigns in cooperation with the Regional Brewer Cal-
ibration Centre in Europe (RBCC-E), and for Dobson calibration campaigns in coopera-
tion with the Regional Dobson Calibration Centre for Europe (RDCC RA-VI). In addi-
tion, INTA funded the participation of the QASUME unit used, together with the Brewer
#150, as the reference instruments for the outdoors intercomparison. The COST Action
726 funded the publication of this report and the two short-term-scientific-missions of
Gregor Hulsen and Gregor Zablocky, who assisted INTA and UEx staff in the calibration
procedure. Finally, the Spanish State Meteorological Agency (AEMET) provided spe-
cific meteorological information of interest during the whole campaign, such as the short
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and very short term weather forecast elaborated by its Forecast and Monitoring Group in
Seville.

Figure 1: ”El Arenosillo” Station, in Huelva, south-western Spain.

3 Location

The calibration campaign took place at the Atmospheric Sounding Station “El Arenosillo”
of the National Institute for Aerospace Technology in South-Western Spain (37.10°N,
6.73°W, 50m a.s.l). This observatory is located at the Atlantic Coast, next to Huelva city,
in the region of Andalusia. It is at the border of the Dofiana National Park, within the
pre-park area, which guarantees its natural environment. The surroundings of the station
consist of pine trees which provide an uniform albedo spatially and temporally throughout
the whole year. This constant behaviour of the albedo allows the comparison of results
obtained in different times of the year.

The climate at “El Arenosillo” is characterized by very frequent sunny conditions,
around 280 clear sky days per year, providing suitable conditions for intercomparison
campaigns. Thus, this observatory has an extensive experience in radiometric studies and
it has hosted many calibration and intercomparison campaigns of several different UV
radiometers. It also offers interesting calibration facilitie, such as a big terrace with an
open horizon (Figure 1). Additionally, the sounding station accounts for a well equipped
laboratory where the spectral and angular characterizations of the erythemal radiometers
were performed.
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4 Participants

A total number of 22 UVER broadband radiometers participated in the calibration cam-
paign. They correspond to four different models: YES UV-1 manufactured by Yankee
Environmental Systems, UVS-E-T manufactured by Kipp & Zonen, and SL-501 and SL-
501D manufactured by Solar Light. Table 1 shows the identity code, manufacturer, in-
strument, and institution it belongs to for each radiometer participating in the calibration
campaign.

Table 1: Identity code, manufacturer, instrument, and institution it belongs to for each
radiometer participating in the calibration campaign.

Code | Manufacturer Instrument Institution
BB101 YES UVB-1 #030520 Instituto Nacional de Meteorologia, Madrid
BB103 YES UVB-1 #030526 Instituto Nacional de Meteorologia, Madrid
BB105 YES UVB-1 #941204 Instituto Nacional de Meteorologia, Madrid
BB107 YES UVB-1 #010906 Centro de Estudios Atmos. del Mediterraneo
BB109 YES UVB-1 #010908 Universidad de Valencia
BBI111 YES UVB-1 #970829 Universidad de Barcelona
BB113 YES UVB-1 #990608 Instituo Nacional de Técnica Aeroespacial
BB115 YES UVB-1 #030521 Universidad de Granada, CEAMA
BB117 YES UVB-1 #970839 Instituto Nacional de Meteorologia, Izafia
BB201 | Kipp & Zonen UVS-E-T #010540 Universidad de Girona
BB203 | Kipp & Zonen UVS-E-T #000532 EUI Vitoria (GV)
BB205 | Kipp & Zonen UVS-E-T #020599 Kipp & Zonen B.V., The Netherlands
BB207 | Kipp & Zonen UVS-E-T #000392 Universidad de Extremadura
BB209 | Kipp & Zonen UVS-E-T #000518 Universidad de Extremadura
BB211 | Kipp & Zonen UVS-E-T #060625 Universidad de Extremadura
BB213 | Kipp & Zonen UVS-E-T #060634 Universidad de Extremadura
BB215 | Kipp & Zonen UVS-E-T #070638 Universidad de Extremadura
BB217 | Kipp & Zonen UVS-E-T #000409 Universidad de Extremadura
BB301 Solar Light SL-501 (analog) #5806 Universidad de Barcelona
BB303 Solar Light SL-501 (analog) #5775 MeteoGalicia
BB307 Solar Light SL-501 (digital) #0935 IMWM, Poland
BB315 Solar Light SL-501 (digital) #4358 | Instituto Nacional de Meteo. e Geof. Portugal
BB317 | Kipp & Zonen CM11 #027771 Instituo Nacional de Técnica Aeroespacial
BB318 | Kipp & Zonen CM11 #060135 Universidad de Extremadura

Besides the UVER broadband radiometers, two pyranometers for measuring total so-
lar radiation were co-located. These two instruments correspond to the model CM11
manufactured by Kipp & Zonen and provide information regarding the attenuation of the
total solar radiation in the atmosphere. Since this attenuation is mainly due to absorption
and scattering by aerosols and clouds, they give relevant information about the clearness
of the atmosphere.
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Additionally, the QASUME unit belonging to the PMOD/WRC, and the spectropho-
tometer Brewer #150 belonging to the El Arenosillo/INTA were considered as the in-
struments of reference for the outdoor intercomparison. The spectrophotometer Brewer
#150 was compared to the QASUME unit during the campaign of the Regional Brewer
Calibration Centre in Europe (RBCC-E),

S Calibration methodology

This campaign followed a sound calibration procedure based on the methodology rec-
ommended by the Working Group 4 of the COST Action 726 (Webb, Grobner, and
Blumthaler 2006). Additionally, laboratory techniques and procedures have been con-
trasted with those used at the 2006 calibration campaign held at the PMOD/WRC (Grébner
et al. 2007).

5.1 Equation of calibration

The expression recommended by the COST Action 726 to convert raw signal of broad-
band radiometer into erythemal solar irradiance was used:

Ecre = (U = Usgyset) - C - fn(0,03) - €(T) - COSCOR(0), (1)
where:
e Ecrp is the erythemal UV irradiance (Wm™2),
e [/ is the measured voltage signal given by the broadband radiometer (V),
o U, yset 18 the voltage signal offset obtained for dark conditions (V),
o (' is the absolute calibration coefficient,

e f.(6,03) is the conversion function, which depends on the solar zenith angle (6)
and the total ozone column (O3). It is normalized to unity at a solar zenith angle of
40° and total ozone column of 300 DU,

e ¢(T) is a function which accounts for the effect of the temperature on the measure-
ments!,

o COSCOR(0) is the cosine correction function.

ISince all the radiometers were stabilized at their reference temperature, this term was not considered.
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5.2 Relative spectral response function

The relative spectral response functions of the radiometers were obtained at the labora-
tory, a dark room stabilised in temperature and humidity. The radiometers were previously
temperature stabilised for at least four hours before performing any calibration measure-
ment but not while measuring in order to prevent from electronic noise.

For the measuring process, a 450W Xe lamp was used as the light source. It was
assembled to a double monochromator (Gemini 180 from Jobin Yvon) (Figure 2) config-
ured to produce monochromatic light (2 nm FWHM). At the exit of the monochromator
an integrating sphere optimized for the UV wavelengths was mounted, providing isotropic
radiation coming out from the double monocromator. The radiometer to be characterized
and a photodiode used as reference, were placed together to receive radiation from the
integrating sphere.

Figure 2: Relative spectral response facility at El Arenosillo Station.

The measuring process runs completely automatically being controlled by a software
programmed in LabView code. The output signals from the broadband instrument and
from the photodiode are read by an Agilent multimeter with 6% digits resolution. First,
the dark signal (output voltage signal given by the radiometer under dark conditions, i.e,
for no incoming radiation) was measured and its mean value was calculated (Figure 3).
Subsequently, the double monocromator was used to scan the desired wavelength interval
from 285 to 400 nm in steps of 1 nm. The simultaneous values measured by the photo-
diode and the radiometer, together with the well-characterised relative spectral response
function of the photodiode allows to obtain the relative spectral response function of the
radiometer (Figure 3).

The obtained measurements were analysed by visual inspection in order to prevent
from undesired electronic noise. For some instruments the measurements at the labora-
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Figure 3: Dark signal and relative spectral response function of a Kipp & Zonen radiome-
ter.

tory didn’t cover the whole wavelength range 285-400 nm. In these cases the final relative
spectral response function was obtained by linearly extrapolating the measurements up to
the wavelength 400 nm, where a value of 10~ was considered. Although this extrapo-
lation is needed for subsequent calculations, the complete procedure is not significantly
sensitive to the methodology used to extrapolate, since it refers to wavelengths with a very
low weight in the integrated UVER value.

Finally, values at an increment of 0.5 nm were estimated by linearly interpolating the
obtained measurements.

5.3 Relative angular response function

The relative angular response function was obtained in the calibration laboratory by using
an automatic device designed by INTA (Figure 4) and controlled by a software developed
in Labview code.

A 1000W DXW halogen lamp ultra-stabilized was used as the radiation source. It
was mounted on the top of a vertical support and perfectly aligned with the center of
the radiometer input difusser by using a laser pointer. After setting up the instrument
and the lamp, the system was covered with a black cloth to block any possible reflected
radiation and, therefore, allowing only the pass of the direct radiation coming from the
lamp. The procedure started with the measurements of the instrument offset. Afterwards,
the radiometer was automatically rotated between —90° and +90° (North and South) by
steps of 2° while the instrument voltage signal was monitored and registered for each
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Figure 4: Device to measure angular response function.

position by an Agilent 6 % digits resolution multimeter. The final relative angular response
function was calculated as the average of both directions (Figure 5).
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Figure 5: Relative angular response function of a Kipp & Zonen radiometer.
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5.4 Cosine correction

The irradiance measured by the radiometer should follow the ideal angular response given
by the cosine law. Deviations from this angular response produce systematic errors which
depend not only on the solar zenith angle, but also on the partitioning of the solar radiation
into direct and diffuse. The cosine correction function used to correct these deviations is
based on the following expression:

1
RO 1O+ fa-(1—r(0)

where f,(0) and fy are the correction factors for the direct and diffuse solar radiation,

COSCOR(9)

(@)

respectively, and 7 is the ratio between the direct and the global effective irradiance. Thus,
r and 1 — r represent the proportions of direct and diffuse components that compose the
global irradiance.

5.4.1 Correction factor for direct irradiance

The correction factor for the direct irradiance, also known as cosine error, can be calcu-
lated from the measurements performed at the laboratory (Figure 6). It is defined as:

U
9 =
1o(6) U@ =0)-cost’
where U is the voltage signal measured for zenith angle 6.
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Figure 6: Correction factor for direct irradiance and cosine correction of a Kipp & Zonen
radiometer.
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5.4.2 Correction factor for diffuse irradiance

The correction factor for the diffuse irradiance can be calculated from the previously
calculated correction factor for direct irradiance by means of the following expression
(Bais et al. 1998):

w/2
fa= 2/ f»(0) sin 6 cos Od6. 4)
0

In order to apply this correction, it is necessary to assume an angular response error of
the instrument independent of the azimuth angle and an isotropic diffuse solar radiation
field.

The first requirement is acceptable for UV radiation since, for solar zenith angles
lower than 80°, changes in azimuth angle cause variations in angular response errors
within +1% (Feister, Grewe, and Gericke 1997).

The second assumption is not generally valid. In the UVB the assumption of isotropic
sky radiances was investigated by (Grobner, Blumthaler, and Ambach 1996) and was
found to be true within +2%. Similar results were also found by (Blumthaler et al. 1996).
It is really difficult to evaluate the deviation of that approximation for different conditions:
cloudy or partly cloudy skies, atmospheres with high aerosol load, etc., and, therefore, an
isotropic diffuse solar radiation field is generally assumed (Blumthaler et al. 1996; Feister,
Grewe, and Gericke 1997, Fioletov et al. 2002).

Therefore, both assumptions were taken into consideration in this calibration proce-
dure.

5.4.3 Ratio direct to global irradiance

The ratio direct to global effective irradiance was estimated by means of the following
expression:

400nm

() =

280nm

SRF(X)Ey(6,300DU, \)dA

) (5)
SRF(X)E,4(6,300DU, \)dA

where SRF()\) is the relative spectral response function of the radiometer, and
Ey(6,300DU, A) and E,(6,300DU, \) stand for the spectral direct and global irradiance,
respectively, as calculated by a radiative transfer model considering a constant total ozone
column of 300 DU. In this work, the UVSpec/LibRadtran version 2.2 atmosphere transfer
code (Mayer and Killing 2005) has been used in order to estimate values of spectral direct
and global UV irradiance. These spectral calculations were performed for wavelengths
varying from 280 to 400 nm by steps of 0.5 nm, and solar zenith angle from 0° to 90°
by steps of 5°. The total ozone column was considered constant with a value of 300 DU
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since the ratio direct to global irradiance shows only a slight dependence on total ozone
(Zeng et al. 1994).

It is important to note that the ratio direct to global effective irradiance had to be
computed for each broadband radiometer since its calculation involves the actual spectral
response of each instrument.

Once computed the correction factors for direct and diffuse irradiance and the ratio
direct to global, the cosine correction function was calculated (Figure 6).

5.5 Conversion function

Radiative measurements from broadband radiometers depend on the relationship between
its actual spectral response (SRF) and the nominal spectral response the radiometer was
designed to simulate (in our case, the erythemal action spectrum CIE (McKinlay and
Diffey 1987)). This ratio highly depends on the slant ozone amount, which is a function
of the solar zenith angle and the total ozone column. The conversion function accounts
for these dependences and is defined as follows:

400nm
fn(0703) — J280nm

400nm
280nm

CIE(\)E,(6, 03, \)dA
SRF(A\)E,(0, 03, \)d\’

(6)

where Ey(6, O3, ) is the global irradiance at the earth surface as estimated by means of
the UVSpec/LibRadtran version 2.2 atmosphere transfer code (Mayer and Killing 2005)
with the solar zenith angle ranging from 0° to 90° by steps of 5°, the total ozone column
from 200 to 500 DU by 20 DU, and the wavelength from 280 to 400 nm by 0.5 nm.
Standard conditions for surface albedo, atmospheric pressure and aerosols, and cloud-
free sky were considered for the calculations.

Once calculated, the conversion function (Figure 7) was normalized to unity at condi-
tions of zenith angle of 40° and total ozone column of 300 DU. The factor resulting from
this normalization was integrated in the absolute calibration coefficient.

5.6 Daily offset

The term U, ¢se¢ in Equation 1 is the raw voltage signal measured under dark conditions.
This value was calculated everyday as the average of the signal recorded during the period
when the solar zenith angle was higher than 100°.

5.7 Absolute calibration coefficient

The absolute calibration coefficient was obtained using the spectroradiometer Brewer
#150 as the instrument of reference. The intercomparison of broadband records against
the spectroradiometer measurements requires preprocessing its spectral measurements in
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Figure 7: Conversion function of a Kipp & Zonen radiometer.

order to obtain effective weighted UV irradiance simultaneous to the broadband mea-
surements. Firstly, the spectral range of the spectrophotometer measurements must be
expanded from 363 nm (actual limit of its measurements) up to 400 nm, which is the
upper limit of the wavelengths measured by the broadband radiometers. This calculation
was performed by using a software developed by Martin Stanek at the Solar and Ozone
Observatory of the Czech Hydrometeorological Institute (Stanek 2007). Secondly, the
Brewer spectral irradiance has to be weighted by the actual spectral response of each
broadband radiometer and integrated between 290 and 400 nm in order to obtain effec-
tive irradiance. In order to obtain simultaneous records of both type of instruments, the
broadband radiometer voltages (which measures every 10 sec) were averaged along the
one minute period corresponding to the Brewer scanning of wavelengths from 310 to 324
nm. This interval was chosen since it comprises the wavelengths where the UV spectral
irradiance weighted by the CIE response function reaches the highest values.

The calibration coefficient of each broadband radiometer was obtained as the averaged
ratio between the effective UV irradiance obtained by the Brewer spectroradiometer and
the output voltage of the radiometer (Figure 8):

[0 GRE(A)E;(A)dA

1
C== 280nm ]
n ; (Ui — Usfset\/COSCOR(H)

)

In order to avoid systematic errors attributed to deviations of the angular response of
broadband radiometers, only radiative and voltages values for SZA lower than 65° and
cloud-free conditions were considered (Figure 9).

Finally, as mentioned for the normalization of the conversion function, the calibration
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Figure 8: Effective UV irradiance as measured by Brewer versus voltage signal given by
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Figure 9: Calibration coefficient and its sensitivity with the solar zenith angle. Whole
data (green points) and selected data for the calibration (blue points).

coefficient must be multiplied by the original value of the conversion function at 40° and
300 DU, being this product the definitive absolute calibration coefficient.
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6 Campaign timetable and procedures

The radiometers arrived at El Arenosillo/INTA from 15 to 28 August, when they were
registered and prepared to be studied at the laboratory. From 20 to 30 August the instru-
ments were characterized at the laboratory obtaining their spectral and angular response
functions.

Figure 10: Broadband radiometers installed on the terrace of El Arenosillo Station.

On 31 August all the instruments were installed at the terrace of El Arenosillo Obser-
vatory building for the outdoors intercomparison (Figure 10), near the spectrophotometer
Brewer #150 which was to be used as the reference instrument. They were cleaned and
correctly levelled to ensure the radiometers were horizontal. Also, their desiccants were
checked to prevent from humidity inside the instruments. The radiometers were con-
nected to an Agilent data acquisition unit (model 34970-A) (Figure 11) controlled by a
computer with an appropriate software which provides real-time voltages data display.

The period of simultaneously measuring for the intercomparison extended from 1
to 11 September. During that period of time, radiometers were daily inspected and
cleaned in order to prevent from dew on their domes or bodies. Since UV radiometers
are temperature-stabilized at 25°C (Kipp & Zonen) or 40°C (YES, Solar Light), dew was
only detected on the pyranometers for total solar radiation.

On 20 and 21 September 2007, once finished the calibration of the instruments, a sem-
inar for operators of UV broadband radiometers was given. It consisted of several theo-
retical lessons and a final practical session focussed on examples and exercises developed
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Figure 11: Output signals of radiometers connected to the data acquisition system termi-
nal blocks.

using the real measurements and calibration parameters obtained for each radiometer.

7 Calibration report

For each broadband radiometer, a specific calibration report was elaborated and provided
to its operator. It briefly described the calibration procedure and gives the conditions
in spectral, angular and absolute calibrations, the relative spectral response function, the
conversion function, the cosine correction and the absolute calibration factor, along with
their uncertainties (Figure 12).

8 Main results and discussion

In this section, the results of calibration campaign are presented. These results are orga-
nized in two subsections: by families of instruments and individually for each broadband
radiometer participating.

8.1 General behaviour of the families of radiometers

Three types of broadband radiometers participated in this intercomparison: Kipp & Zonen
(model UVS-E-T), Solar Light (model SL-501) and Yankee Environment System (model
YES-UV-1). The behaviour of the three families of instruments is analyzed.
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Figure 12: Two pages of the calibration report for a Kipp & Zonen radiometer.

8.1.1 Spectral Response Function

Figure 13 shows the ranges of the relative spectral response function for the three types
of radiometers as a function of the wavelength. There are notable differences between
families, and even among the radiometers belonging to the same family. It is concluded
that, in order to obtain reliable results, the relative spectral response function of each ra-
diometer needs to be individually characterized. In order to suitably discuss the results the
logaritmic scale used in Figure 13. Also it has to be noted that the lower variability within
the Solar Light family is mainly due to the fact that it comprises only two instruments.

As it can be observed, for shorter wavelengths (from 300 to 330 nm), all radiometers
overestimate the desired CIE spectrum. This overestimation is more pronounced in the
case of the YES family. However, for larger wavelengths, YES and Solar Light families
sharply decrease while Kipp & Zonen radiometers maintain high values far away from
the desired behaviour.

These differences between the relative spectral response function and the CIE spec-
trum result in a conversion function f,, (6, O3). with values different from the unity.
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Figure 13: Ranges of the relative spectral response function for the different families of
radiometers.

8.1.2 Angular response function

Figure 14 shows the ranges of angular response functions of the different families of ra-
diometers obtained in the laboratory characterization. YES radiometers show a behaviour
which is under the ideal response curve in the whole interval of the zenith angle. Solar
Ligth instruments present a fairly good angular response up to 65°. Finally, the Kipp
& Zonen family of radiometers shows the best angular response in the whole interval of
the zenith angle. As mentioned before, the narrowest band of Solar Ligth instruments is
mainly due to the low number of instruments involved, only two, significantly lower than
the nine instruments in each of the other two families.

Similar behaviour can be observed in Figure 15 for the ranges of the cosine error for
the three families of radiometers. The cosine correction, calculated as explained in section
5.4, is shown in Figure 16. The values range between 1.05 and 1.25 for YES instruments,
between 0.93 and 1.02 for Kipp & Zonen, and between 1.00 and 1.07 for Solar Light.

8.1.3 Absolute calibration coefficient

It is essential to accurately know the absolute calibration coefficient of each instrument.
The results have shown that they can be very different even within the same family and,
frequently, they do not agree with those provided by manufacturers. The values obtained
in this campaign show that the Solar Light instruments have coefficients that differ up to
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Figure 16: Ranges of the cosine correction for the different families of radiometers.

6%, up to 19% for Yankee-YES and up to 54% for Kipp & Zonen. However, it was ob-
served that the temporal variability of the coefficient for a particular instrument was very
low along the eleven days of campaign. Thus, the resulting relative standard deviations
of absolute calibration coefficients ranged between 0.5% and 1.5%, pointing out the high
stability of the calibration coefficients obtained.

8.1.4 Calibration uncertainty

Regarding to the uncertainty in the calibration, it depends on several factors. On one hand,
it is conditioned by the uncertainty in the spectral irradiance measurements made by the
reference instrument, that in this case is about +5% for the Brewer spectroradiometer
#150 used (Vilaplana 2004). On the other hand, additional uncertainty results from all the
procedure steps that are required to obtain the final calibration function, including labora-
tory procedures (relative spectral response function and angular response measurements),
radiative transfer model used and outdoors intercomparison.

Following the procedure described by (Hiilsen and Grobner 2007), the uncertainty of
erythemally weighted irradiance obtained by a broadband radiometer can be calculated
combining the uncertainty associated to calibration (absolute calibration coefficient and
reference spectroradiometer uncertainties) and the uncertainty derived from the terms f,,
and COSCOR in conversion equation (1).

The calibration uncertainty can be calculated combining the variability of absolute
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calibration coefficient (between 0.5% an 1.5%, see section 8.1.3) with the reference spec-
troradiometer uncertainty (5%), resulting in a combined calibration uncertainty ranging
between 5.0% and 5.2%.

The uncertainty in f,, (6, O3) depends on: (A) the measured relative spectral response
function, (B) the radiative transfer model calculations and (C) the precision on [O3] esti-
mation. According to (Hiilsen and Grobner 2007), an upper limit for these uncertainties
can be considered as: 1% for (A), 1% for (B) and 1.2% for (C).

An important part of the total uncertainty depends on the accuracy of COSCO R func-
tion. Considering the uncertainty of the cosine correction function (D) as the variability
of its values, for this campaign, this variability ranged between 0.2% and 5.2%.

Combining the calibration uncertainty and those assigned to steps (A), (B), (C) and
(D), the total expanded uncertainty (k = 2) results between 10.6% and 15.2%.

8.2 Individual results

This next section collects the results for the whole set of broadband radiometers partici-
pating in the campaign. Eight graphics are included for each instrument presenting: the
individual relative spectral and angular response functions, the cosine error and cosine
correction, the conversion function, the comparison of UVER irradiance as measured by
Brewer #150 weighted by the SRF of the radiometer with the radiometer signal (needed
to obtain the absolute calibration), and its sensitivity to the solar zenith angle.
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Figure 17: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 23: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 24: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
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Figure 25: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 26: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
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Figure 27: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 28: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer

#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB113) YES UVB-1 #990608

—o— Average
- Ideal

T T T T T T
0T 80 90 %0 <¢0 00

uonouny asuodsal Jejnbuy

00+3T TO-9T ¢0-°T €0-3T ¥0-°T

uonouny asuodsal [enoads aneay

40 60 80

20

400

360

320

280

Zenith angle (°)

Wavelength (nm)

T T T T T T
8T'T VTt oT'T 90T

UON98.1102 8UISOD

I T T T T
0T 8'0 9'0 0 ¢0

10118 8UIS0D

80

60

40

20

80

60

40

20

Zenith angle (°)

Zenith angle (°)

Figure 29: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB113) YES UVB-1 #990608

Figure 30: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
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(BB115) YES UVB-1 #030521
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Figure 31: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 32: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
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(BB117) YES UVB-1 #970839
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Figure 33: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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00§ 0S¥ 00 0SE 00€ 0S¢ 00¢

(na) suozo

20 40 60 80

0

Solar zenith angle (°)

910 ¥T0 <10 O0TO0

((Azw)/M) puegpeoig™ A/1emalg 3

T T T T T
80 90 ¥0 <¢0 00

(zw/nn) SaueIpERL|

30 40 50 60 70 80 90

1.0 1.5

0.5

0.0

Solar zenith angle (°)

Voltage (V)

Figure 34: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer

#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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8.2.2 Kipp & Zonen broadband radiometers

(BB201) Kipp & Zonen UVS-E-T #010540
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Figure 35: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB201) Kipp & Zonen UVS-E-T #010540
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Figure 36: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB203) Kipp & Zonen UVS-E-T #000532
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Figure 37: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB203) Kipp & Zonen UVS-E-T #000532
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Figure 38: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB205) Kipp & Zonen UVS-E-T #020599
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Figure 39: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB205) Kipp & Zonen UVS-E-T #020599

Ozone (DU)
200 250 300 350 400 450 500

0 20 40 60 80

Solar zenith angle (°)

N
< ° = — .
S o 2
. .?'s“ g’ 2 1 .
< 2 ] e 'Oo, \;-/
£ . C‘J" % o
S ; g
g o o g o |
3 * }“ : & ©
il |
© o o >
E - K < _
o 4 g
7 5
m N K
o |/ o © Mb-m—
T T T T T T T T T T T T T
00 02 04 06 08 10 30 40 50 60 70 80 90
Voltage (V) Solar zenith angle (°)

Figure 40: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB207) Kipp & Zonen UVS-E-T #000392
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Figure 41: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB207) Kipp & Zonen UVS-E-T #000392
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Figure 42: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB209) Kipp & Zonen UVS-E-T #000518
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Figure 43: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 44: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
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(BB211) Kipp & Zonen UVS-E-T #060625
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Figure 45: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB211) Kipp & Zonen UVS-E-T #060625
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Figure 46: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB213) Kipp & Zonen UVS-E-T #060634
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Figure 47: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB213) Kipp & Zonen UVS-E-T #060634
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Figure 48: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB215) Kipp & Zonen UVS-E-T #070638
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Figure 49: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB215) Kipp & Zonen UVS-E-T #070638

X\
o
X
X

X
XX

'O
S5
<5
SSSSS
S5

%
X2

Ozone (DU)
200 250 300 350 400 450 500

0 20 40 60 80

Solar zenith angle (°)

1.0
|
»

0.8

(WI(m2V))
!

Irradiance (W/m2)
0.6
y,
L]

0.4
|
‘Q
LY
E_Brewer/V_Broadband
B
-
Voo
o o
[ °‘.

0.09
|

T T T T T T T
0.0 0.5 1.0 15 30 40 50 60 70 80 90

Voltage (V) Solar zenith angle (°)

Figure 50: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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(BB217) Kipp & Zonen UVS-E-T #000409
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Figure 51: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB217) Kipp & Zonen UVS-E-T #000409
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Figure 52: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.
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8.2.3 Solar Light broadband radiometers

(BB301) Solar Light SL-501 #5806
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Figure 53: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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(BB301) Solar Light SL-501 #5806
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Figure 54: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer
#150 versus radiometer signal, and its sensitivity to the solar zenith angle.



59

UVER Calibration Campaign Arenosillo’2007

(BB303) Solar Light SL-501 #5775
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Figure 55: Top: Relative spectral and angular response functions. Bottom: Cosine error

and correction.
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Figure 56: Top: Conversion function. Bottom: UVER irradiance as measured by Brewer

(BB303) Solar Light SL-501 #5775
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