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Abstract. The ultraviolet index (UVI) is the most commonly
used variable to inform about the level and potential harm-
ful effect of ultraviolet (UV) radiation reaching the Earth’s
surface. This variable is derived from the output signal of
UV radiometers applying conversion factors from calibration
methods. This paper focused on the influence of the use of
two of these methods (called one-step and two-steps meth-
ods) on the experimental UVI measured by a YES UVB-1 ra-
diometer located in a midlatitude station, Granada (Spain) for
the period 2006–2009. In addition, it also analyzes the devi-
ation from the UVI values obtained when the manufacturer’s
calibration factors are applied. For this goal, a detailed char-
acterization of the UVB-1 radiometer from the first Span-
ish calibration campaign of broadband UV radiometers at the
“El Arenosillo” INTA station in 2007 was used. In addition,
modeled UVI data derived from the LibRadtran/UVSPEC ra-
diative transfer code are compared with the experimental val-
ues recorded at Granada for cloud-free conditions.

Absolute mean differences between measured and mod-
eled UVI data at Granada were around 5% using the one-
step and two-steps calibration methods, indicating an excel-
lent performance of these two techniques for obtaining UVI
data from the UVB-1 radiometer. Conversely, the applica-
tion of the manufacture’s calibration factor produced a large
overestimation (∼14%) of the UVI values, generating unreli-
able alarming high UVI data in summer. Thus, the number of
days with an extreme erythemal risk (UVI higher than 10) in-
creased up to 46% between May and September at Granada.
This percentage reduced to a more reliable value of 3% when
the conversion factors obtained with the two-steps calibration
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method are used. These results evidence the need for a sound
calibration of the broadband UV instruments in order to ob-
tain reliable measurements.

1 Introduction

The well-known depletion of the stratospheric ozone layer in
the past decades causes concern about increasing ultraviolet
(UV) radiation at the surface (UNEP, 2006). This radiation
is key for several biological reactions in appropriate doses
(Webb and Holick, 1988), but the overexposure can be very
detrimental for humans, plants, animals and materials (Dif-
fey, 1991, 2004).

The UV index (UVI) is a dimensionless magnitude com-
monly used to quantify the UV radiation levels with the ob-
jective of warning against their harmful effects on human
health (Vanicek et al., 2000). The erythema or sunburn in hu-
man skin is the most usually adverse effect associated with
UV radiation overexposure, with increasing awareness in so-
ciety. This effect is generally quantified by weighing the so-
lar UV radiation (280–400 nm) with the erythemal spectral
response (McKinlay and Diffey, 1987), resulting in the so-
called UV erythemal radiation (UVER). The UVI is defined
as 40 times UVER (expressed in W m−2) according to the
joint recommendation of the World Meteorological Organi-
zation (WMO), the World Health Organization (WHO), the
United Nations Environmental Programme (UNEP), and the
International Commission on Non-Ionizing Radiation Pro-
tection (ICNIRP) (WMO, 1998; WHO, 2002).

It is well documented that the UVI at the Iberian Penin-
sula reaches very high values (Martı́nez-Lozano et al., 2002;
Maŕın et al., 2005; Ant́on et al., 2009a) due to the high solar
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elevations reached at these latitudes throughout the year.
This fact together with the changes in the population’s habit
associated with sun overexposure makes indispensable to ob-
tain high-quality UVI measurements in this region in order
to inform people and to reduce the risk of health damage. In
this sense, the study by López-Abente et al. (2002) revealed
an annually increase in melanoma (the most dangerous type
of skin cancer) of about 8% in Spain during the period 1952–
1996.

The broadband UV radiometer is the instrument most
widely used for measuring UVER due to its low cost and
easy maintenance (WMO, 1996). Nevertheless, the relation-
ship between the output signal (voltage) and the final product
(UVER or UVI) is highly complex. Thus, these UV radiome-
ters require an appropriate calibration procedure (Lantz et al.,
1999; Leszczynski et al., 1998; Hülsen and Gr̈obner, 2007).
Therefore, the intercomparison of broadband UV radiome-
ters with respect to a reference spectroradiometer (traceable
to international standards) provides a practical way for im-
proving the accuracy and comparability of the measurements
performed by different instruments (Leszczynski et al., 1995;
Bais et al., 1999; Gr̈obner et al., 2007; Vilaplana et al., 2009).

In this context, it is highly interesting to study different
calibration methods for measuring daily UVI in order to
improve the accuracy of these values. The WMO adopted
two methodologies for calibrating broadband UV radiome-
ters: one-step and two-steps methods (Bais et al., 1999). In
the one-step method, the calibration factor is directly de-
rived from the comparison between the raw signal of the
broadband UV radiometer and the erythemally integrated ir-
radiance measured by a reference spectroradiometer. The
two-steps method involves two stages; initially, the output
signal of the broadband UV radiometer is compared with
the effective irradiance from the reference spectroradiometer,
then, the effective response values are converted to erythemal
units.

In spite of its great interest, only a few studies have jointly
analyzed both methods (Vilaplana et al., 2006). Hence, this
paper focuses on the influence of using the manufacturer’s
calibration factor and the factors derived from the one-step
and two-steps calibration methods in order to obtain experi-
mental daily UVI at Granada (Southeastern Spain). For this
goal, experimental UVI values were compared to UVI data
derived from a multilayer radiative transfer model for cloud-
free conditions. In addition, the evolution of the measured
UVI values for all sky conditions was analyzed during the
four year period (2006–2009).

The instrumentation and the data used in this paper are
described in Sect. 2. Section 3 introduces the calibration
methods used in this work to obtain experimental UVI val-
ues. Section 4 presents and discusses different methods for
obtaining UVI and, finally, Sect. 5 summarizes the main con-
clusions.

2 Data

2.1 Ground-based measurements

The Atmospheric Physics Group (GFAT) of the University
of Granada operates the radiometric station located on the
rooftop of the Andalusian Center for Environmental Studies
(CEAMA, 37.17◦ N, 3.61◦ W, 680 m a.s.l.).

A broadband UV radiometer model UVB-1 (manufactured
by Yankee Environment System, YES) is installed at this sta-
tion. The radiometer has a spectral range between 280 and
400 nm, and a spectral sensitivity very close to the standard
erythemal spectrum (McKinlay and Diffey, 1987). At oper-
ation, output voltages were sampled every ten seconds and
recorded as 1-min average on a Campbell CR10X data ac-
quisition system. This UVB-1 instrument took part in the
first Spanish calibration campaign of ultraviolet broad-band
radiometers at the “El Arenosillo” INTA station in Huelva
(Spain), from 20 August to 15 September 2007. The cam-
paign included spectral and angular characterization of the
instruments, as well as the outdoor intercomparison to a well-
calibrated Brewer spectroradiometer (Vilaplana et al., 2009).
Voltages provided by the UVB-1 instrument during the study
period (2006–2009) were converted to UVER values apply-
ing calibration factors provided by the manufacturer and al-
ternatively calibration coefficients were also derived from
two calibration methods using data recorded during the El
Arenosillo’s campaign 2007. Several works have already
shown the high stability of the YES UVB-1 radiometers if
they are properly maintained, especially with regard to the
periodic replacement of the desiccant (Bigelow et al., 1998).

Cloud cover was characterized in oktas (eighths of sky) de-
rived from an All-Sky Imager developed by the GFAT team.
It provides images of the whole sky dome in daytime, and it
has been commonly used for atmospheric radiative transfer
studies (Cazorla et al., 2008, 2009). The All-Sky Imager is
a custom adaptation of a scientific CCD camera, using a dig-
ital color video camera mounted with a fish-eye lens (180◦

FOV) pointing to the zenith. Additionally, the camera is en-
vironmentally protected and a solar-shadow system is used
to avoid direct incidence of the Sun beam on the lens.

Aerosol information was retrieved from a CIMEL CE-
318 sun-photometer which is the standard instrument used
in the AERONET network (Holben et al., 1998). The di-
rect sun measurements at 340, 380, 440, 500, 670, 870, and
1020 nm were used to retrieve aerosol optical depth (AOD)
and Angstrom’s coefficients following the methodology pro-
posed by Alados-Arboledas et al. (2003a). Regularly,
Langley plots at a high location in Sierra Nevada Range
(2200 m a.s.l.) were performed for calibration purposes
(Alcántara-Ruiz et al., 2004).

A Brewer MK-III double monochromator spectropho-
tometer was used as the reference instrument for calibrating
the UVB-1 radiometer. This spectrophotometer was located
at El Arenosillo (Huelva, Spain) and it provides spectral
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global UV irradiance between 290 and 363 nm with spectral
resolution (FWHM)∼0.6 nm and wavelength accuracy of
0.05 nm. Besides the daily tests performed with the internal
lamps, the Brewer spectrophotometer was periodically cali-
brated by comparison with a quartz-halogen NIST-traceable
standard lamp (1000W DXW type) having an uncertainty of
1.56% at 250 nm and 1.12% at 350 nm. This particular cal-
ibration transfer produces systematic uncertainties of±5%
in the Brewer spectral irradiance measurements (Vilaplana,
2004). Moreover, data from the Brewer instrument used in
this work were also regularly validated with the transportable
Quality Assurance of Spectral Ultraviolet Measurements in
Europe (QASUME) spectroradiometer (European irradiance
reference) (Gr̈obner et al., 2006).

2.2 UV index estimations

The estimated values of UV index were derived from the Li-
bRadtran software package whose main tool is the UVSPEC
model, developed by Mayer and Kylling (2005).

The UVSPEC code consists of a multiple scattering radia-
tive transfer model which computes plane-parallel radiative
transfer in the Earth’s atmosphere under cloudless or cloudy
conditions. The pSeudospherical DIScreet Ordinate Ra-
diative Transfer (SDISORT) method numerically solves the
radiative-transfer equation in a vertically non-homogeneous
plane-parallel atmosphere, running in 16 stream mode.

We implemented the UVSPEC model using standard
profiles from the standard atmosphere midlatitude sum-
mer (afglms), and midlatitude winter (afglmw) which com-
prise 50 levels between 0 and 120 km (Anderson et al., 1986).
In all simulations, cloud-free conditions were assumed, with
a surface UV albedo of 0.035. For aerosols, the appropri-
ated spring-summer and fall-winter profiles given by Shet-
tle (1989) were used. We chose an urban aerosol type and the
impact of the aerosol loading in the boundary was expressed
by means of the Angstrom’s coefficients (β andα) retrieved
by the Cimel sun-photometer (see Sect. 2.1). In addition, we
set to constant values of 0.9 and 0.7 for the single scattering
albedo and the asymmetry factor, respectively. These val-
ues are set based on averages of the Cimel sun-photometer
measurements at 440 nm obtained during August 2003 at
Granada (Lyamani et al., 2006).

The model uses as input the daily total ozone column
(TOC) provided by the Ozone Monitoring Instrument (OMI)
(Levelt et al., 2006). The ozone profile was scaled ac-
cording to these daily TOC values. The OMI data used in
this work were retrieved from the OMI-TOMS algorithm
which is based on the long-standing NASA TOMS V8 re-
trieval algorithm (Bhartia and Wellemeyer, 2002). In gen-
eral, there is an excellent agreement between OMI-TOMS
and ground-based measurements. The work by Antón et
al. (2009b) reported that the OMI-TOMS data are on average
a mere 2.0% lower than Brewer TOC measurements in five
Spanish ground-based stations. Finally, the daily UV Index

 

 

 

 

23 

FIGURES 
 

 

 

20 30 40 50 60

0
.1

3
0

0
.1

3
5

0
.1

4
0

0
.1

4
5

0
.1

5
0

Solar Zenith Angle (º)

C
a
lib

ra
ti
o
n
 f
a
c
to

r 
(W

/m
²V

)

 
 

Figure 1 

 

 

 

 

Fig. 1. Dependence of the calibration factors provided by the manu-
facturer (in black) on the solar zenith angles below 65◦. The red line
corresponds to the polynomial function given by the expression 1.
The dashed line represents the fixed value of 0.141 W m−2 V−1

proposed by the manufacturer when the dependence on solar zenith
angle is not utilized.

corresponding to local solar noon (minimum solar zenith an-
gle, SZA) was estimated using all available information.

3 Calibration procedures

3.1 Manufacturer

The calibration factors supplied by Yankee E. S. for the
UVB-1 radiometer are a function of the SZA. Thus, it is pos-
sible to obtain a polynomial function by means of a linear
regression analysis from the ten values of the calibration fac-
tors provided by the manufacturer for SZA between 22◦ and
65◦. In this sense, we proposed the following polynomial
third-order dependence betweenCF values and the SZA:

CF (SZA) = 0.136 + 0.019 × SZA − 4.9 × 10−5 (1)

× SZA2
+ 5.1 × 10−7

× SZA3

whereCF is the calibration factor in W m−2 V−1 and SZA is
the solar zenith angle in degrees.

Figure 1 shows the dependence of the ten calibration fac-
tors (in black) provided by the manufacturer on the SZA val-
ues below 65◦. The red line corresponds to the polynomial
function given by the above expression. From this function,
the sensor output in volts can be multiplied byCF in order to
obtain the “manufacturer” UVER values. In this figure, the
dashed line represents the fixed value of 0.141 W m−2 V−1

proposed by the manufacturer when the dependence on SZA
is not utilized.
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Figure 2 
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Fig. 2. (a)The ratio between the erythemally integrated irradiance given by the Brewer spectroradiometer and the YES UVB-1 radiometer
output voltage as a function of the solar zenith angle during the Arenosillo’s campaign 2007. The horizontal line represents the mean ratio
(0.1275 W m−2 V−1). (b) relationship between the Brewer erythemally integrated irradiance and the UVB-1 output voltage for SZA smaller
than 65◦ together with the regression line corresponding to the first-order model.

3.2 One-step method

To our knowledge, only two versions of the one-step method
can be found in the literature. One of them is based on the ra-
tio between broadband radiometer’s measurements and inte-
grated spectrophotometer’s values (Leszczynski et al., 1998;
Bais et al., 1999). The another one consists of a first-order
linear dependence between the measurements given by the
two instruments (Bodhaine et al., 1998; Grainger et al., 1993;
Nunez et al., 1997). The work of Cancillo et al. (2005) com-
pared the performance of these two procedures and proposed
a second-order dependence in order to improve the calibra-
tion performance for high solar elevations.

This method needs simultaneously records of the UVB-1
radiometer and Brewer spectrophotometer. For this goal, the
UVB-1 voltages during the Arenosillo’s campaign 2007 (one
measurement every 10 s) were averaged along the one minute
period which takes each Brewer scan between 310 nm and
324 nm (range of wavelengths where the UV spectral irradi-
ance weighted by the CIE response function present higher
values). Figure 2a shows the ratio between the erythemally
integrated irradiance given by the Brewer spectroradiometer
and the UVB-1 radiometer output voltage as a function of the
SZA during the calibration campaign. The horizontal line
represents the mean ratio (0.1275± 0.0006 W m−2 V−1),
which is taken by the ratio method as the calibration factor.
For calculating this mean ratio, we have selected radiative
and voltage values for SZA less than 65◦ and cloud-free con-
ditions in order to minimize systematic errors attributed to
deviations of the angular response of the UVB-1 radiometer.

The relationship between the Brewer erythemally inte-
grated irradiance and the UVB-1 output voltage for SZA
smaller than 65◦ is shown in the Fig. 2b together with the
regression line corresponding to the first-order model. The

slope of this line (0.1260± 0.0005 W m−2 V−1) is the cali-
bration factor derived from the linear regression analysis.

The calibration factors calculated by this method are about
10% lower than the fixed value provided by the manufac-
turer. This result is in agreement with the calibration cam-
paign of broadband UV radiometers performed in Thessa-
lonica in 1999 (Bais et al., 1999) which showed differences
up to 20% between the manufacturer’s calibration factors for
UVB-1 instruments and the individual factors derived from
this campaign. These differences could be related to uncer-
tainties in the spectral UV measurements recorded by the ref-
erence spectrophotometer used by the manufacturer and/or
the method utilized to derived its calibration factor. This fact
shows evidence that each instrument needs a sound calibra-
tion in order to obtain reliable UV measurements.

3.3 Two-steps method

This method requires the laboratory characterization of the
spectral and angular responses of the broadband UV ra-
diometers. The whole description of the two-steps method
is beyond the scope of this paper, but it can be found in the
works of Webb et al. (2006), Ḧulsen and Gr̈obner (2007),
Vilaplana et al. (2009) and Antón et al. (2011). These ref-
erence works proposed the following expression to convert
the raw signal of broadband UV radiometer into erythematic
units (W m−2):

ECIE = (U − Uoffset) C fn (SZA, TOC) Coscor(SZA) (2)

where:
ECIE is eryhtemal UV irradiance in W m−2.
U is the measured electrical signal by the broadband ra-
diometer in V.
Uoffset is the electrical offset for dark conditions in V.

Atmos. Meas. Tech., 4, 499–507, 2011 www.atmos-meas-tech.net/4/499/2011/
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(b)

Fig. 3. (a) Variation of the normalized conversion function with respect to the solar zenith angle, for a constant total ozone column of
300 DU.(b Variation of the normalized conversion function with respect to the total ozone column, for a constant solar zenith angle of 40◦.

C is the absolute calibration coefficient in W m−2 V−1.
fn (SZA,TOC) is the conversion function (unitless).
Coscor (SZA) is the cosine correction function in depen-
dence of the SZA (unitless).

Here, we present the results obtained for our YES UVB-1
radiometer from El Arenosillo campaign 2007. The absolute
calibration coefficient is obtained as the averaged ratio be-
tween the output voltage of the UVB-1 radiometer and the
effective UV irradiance calculated by the integration of the
Brewer spectral irradiance weighted by the actual spectral
response of the broadband radiometer which is characterized
indoor, in the laboratory. Only values for SZA lower than
65◦ were considered for the calculation of this absolute cal-
ibration coefficient. The value obtained for our UVB-1 ra-
diometer was 0.1150± 0.0062 W m−2 V−1.

The conversion function transforms the effective irradi-
ance to erythemally weighted irradiance. Thus, this function
informs about the deviation between the actual spectral re-
sponse of the UVB-1 radiometer and the standard erythemal
action spectrum. It can be expressed as a look up table de-
rived from a radiative transfer model (Vilaplana et al., 2009).
This table depends on the parameters with major spectral in-
fluence in the UV range: the solar zenith angle and the total
ozone column. Figure 3a shows the variation of the normal-
ized conversion function with respect to SZA, for a constant
TOC value of 300 DU. When SZA changes from 0◦ to 80◦,
the relative differences in the conversion function are less
than 20%. In addition, Fig. 3b shows the variation of the
normalized conversion function with respect to TOC for a
constant SZA value of 40◦. The relative difference between
the value of the conversion function for 200 DU and the value
for 500 DU is around 14%.

Finally, the cosine correction function informs about the
cosine error; the deviation that the broadband UV instrument
experiences with respect to the ideal angular response. This

function is also derived from indoor measurements in the lab-
oratory. Figure 4 shows the variation of the cosine correction
function of the UVB-1 radiometer with respect to the SZA.
It is shown that the angular correction of this instrument is
around 5% for SZA values smaller than 20◦, and it is be-
tween 10% and 15% for SZA valued higher than 50◦.

4 Experimental UV index

The daily UV index obtained applying the manufacturer co-
efficients and the one-step and two-steps calibration meth-
ods are compared. To analyze the differences between the
experimental UVI obtained under different calibration meth-
ods, we use, as reference, the UVI derived from the LibRad-
tran/UVSPEC radiative transfer code (see Sect. 2.2). In gen-
eral, the daily UVI estimations provided by models are calcu-
lated for solar noon, thus in order to make a comparison with
experimental UVI values, these have to be also obtained at
solar noon. In addition, since cloud-free sky conditions are
especially interesting cases for the comparison with radiative
transfer model results, the relative differences between the
different calibration methods were obtained for those par-
ticular conditions. The selection of the cloud-free condi-
tions was performed by means of the All-Sky Imager (see
Sect. 2.1). Thus, days with zero oktas at solar noon were
classified as cloud-free cases. The percentage of days se-
lected with this restrictive threshold at Granada for period
2006–2007 was 45%, which indicates the high number of
cloud-free situations in South Spain.

In order to compare the UVSPEC estimations with ex-
perimental results, three linear regressions were performed
between UVI estimations and the experimental values ob-
tained applying the manufacture’s factor and the two cali-
bration procedures. The slopes and the statistical parameters

www.atmos-meas-tech.net/4/499/2011/ Atmos. Meas. Tech., 4, 499–507, 2011
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Fig. 4. Variation of the cosine correction function of the YES UVB-
1 radiometer with respect to the solar zenith angle.

obtained in the three regression analyses are shown in Ta-
ble 1. Correlation between the measured and modeled
UVI data sets are significantly high for the three datasets
(R2

∼ 0.98), with a significantly small spread (RMSE∼ 8%).
It can be seen that the slopes are very close to 1 for the ex-
perimental values derived from the one-step and two-steps
methods. Table 1 presents also the MBE (mean bias error)
and the MABE (mean absolute bias error) parameters ob-
tained for the three data sets. These statistics are obtained by
the following expressions:

MBE = 100 ×
1

N

N∑
i=1

UVImeasured− UVImodelled

UVImodelled
(3)

MABE = 100 ×
1

N

N∑
i=1

|UVImeasured− UVImodelled|

UVImodelled
(4)

The small positive value (∼1%) of the MBE for the one-
step and two-steps methods indicates that the experimental
UVI data obtained by these calibration techniques present a
slight overestimation of the UVI estimations. In addition,
the MABE parameters for these two calibration techniques
present values around 5% which indicates a good agreement
between measured and modeled UVI data at Granada. This
result agrees with other inter-comparison works using the Li-
bRadtran/UVSPEC code and experimental data (e.g., Mayer
et al., 1997; Kylling et al., 1998; de Backer et al., 2001). The
uncertainty of MBE and MABE parameters given by their
standard error is always lower than 0.7%, indicating the high
statistical significance of the reported values. The scatter plot
presented in Fig. 5 (the solid line is the zero bias line, unit
slope) confirms this high degree of proportionality. All these

Table 1. Parameters obtained in the correlation between mea-
sured and modeled UVI data. Experimental measurements are de-
rived from manufacturer factor, and one-step and two-steps meth-
ods, while modeled data are inferred from LibRadtran/UVSPEC
code. The parameters are as follows: the slope of the regres-
sion, the coefficients of correlation (R2), the root mean square er-
rors (RMSE), the mean bias error (MBE), and the mean absolute
bias error (MABE). The relative differences are calculated as mea-
sured minus modeled, divided by the modeled UVI data.

Slope R2 RMSE MBE MAB
(%) (%) (%)

Manufacturer 0.85± 0.01 0.98 7.9 +13.5± 0.8 14.2± 0.7
One-step method 0.99± 0.01 0.98 8.4 +1.3± 0.7 5.6± 0.6
Two-steps method 0.99± 0.01 0.99 7.8 +1.3± 0.6 5.1± 0.5
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Fig. 5. Relationship between UVI estimations derived from Li-
bRadtran/UVSPEC model and experimental UVI data obtained ap-
plying the manufacture’s factor and the two calibration procedures.
The solid line is the zero bias line, unit slope.

results show the excellent effectiveness of the two calibration
methods applied to obtain UVI information from YES UVB-
1 records.

On the other hand, Fig. 5 shows that the UVI data obtained
applying the calibration factors provided by the manufac-
turer clearly overestimate the UVI derived from the UVSPEC
model (the slope of the regression line is 0.85). This behav-
ior is corroborated by the high positive value (∼14%) of the
MBE parameter. Moreover, the MABE parameter presents a
similar absolute value which reveals the presence of a notable
bias with a small statistical spread. Figure 5 also shows that
this bias is lower for small UVI values than for high UVI
values. Thus, when the relative differences between mea-
sured and modeled UVI are plotted as function of SZA (not
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shown), it can be seen a clear dependence between these two
variables. We obtain a MBE value of 9% for SZA greater
than 50◦ (small UVI values), and a value of 16% for SZA
smaller than 30◦ (high UVI values). This behaviour is mainly
related to the calibration curve given by the manufacturer
(Fig. 1) which shows that for small SZA values the manufac-
turer’s factors (between 0.140 and 0.145) differs significantly
with respect to the calibration factors given by the first-step
method (0.1275) and the absolute calibration coefficient de-
rived from the two-step method (0.1150). All these results
show the unreliability of the calibration factors provide by
the manufacturer, revealing the great importance of the indi-
vidual calibration of the broadband UV radiometers. There-
fore, the general calibration factors supplied by the manufac-
turer should not be applied for broadband UV radiometers
corresponding to the same model and manufacturer.

The relative differences between the experimental UVI
values derived from the one-step and two steps calibration
methods are small (lower than 4%) for the YES UVB-1
broadband radiometer installed at Granada. This result is re-
lated to the high solar elevations recorded at solar noon in
South Spain (SZA lower than 65◦). Thus, it is expected that
the differences between UVI values obtained by the one-step
and two steps methods could increase for instruments located
at higher latitudes. When all information is available, the use
of the two-steps method is recommended by several orga-
nizations responsible for calibration protocols of broadband
UV radiometers because of its higher accuracy (Bais et al.,
1999; Webb et al., 2003).

Figure 6 shows the evolution of the daily UVI at Granada
during four years (2006–2009) under all sky conditions using
the two-steps calibration method and the manufacturer’s cal-
ibration factors. These daily values have been obtained ap-
plying the standard definition proposed by the WHO (2002).
According to this proposal, the daily UV Index corresponds
to the daily maximum 30 min averaged UVER measured at
the earth’s surface. It can be seen that the annual solar cy-
cle (driven by astronomical factors) and the total ozone an-
nual cycle explain the sinusoidal evolution of the UVI val-
ues. In addition, the figure shows significant day-to-day vari-
ability which is mainly associated with changes in the cloud
cover (Alados-Arboledas et al., 2003b). These short-term
UVI changes are also affected by the day-to-day fluctuations
of the aerosol load (di Sarra et al., 2002) and the total ozone
column (Ant́on et al., 2008).

Category labels associated with numerical interval of the
UVI are a practice tool to inform people about the erythe-
mal risk (sunburn of the human skin). In this sense, COST-
713 Action “Long term changes and climatology of UV ra-
diation over Europe” established a universal category with
intervals ranging from low erythemal risk (0–3), moderate
(4–6), high (7–9) and extreme (>10) (Vanicek et al., 2000).
Days classified as cases with high and extreme erythemal
risk correspond to 22.1% and 1.2% of all cases, respectively,
when the two-steps method is applied to the calibration of the
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Figure 6 Fig. 6. Temporal evolution of the daily UVI at Granada during four

years (2006–2009) using the two-steps calibration method and the
manufacturer’s calibration factors.

UVB-1 radiometer installed at Granada. This result agrees
with Maŕın et al. (2005) who found high erythemal risk be-
tween 18% and 25% of all days at nine ground-based sta-
tions located in East Spain. These cases are mainly recorded
between the late spring and the beginning of autumn (many
cloud-free days). Thus, if the analysis is limited between
May and September, then the 46.7% and 2.8% of all cases in
these months correspond to high and extreme erythemal risk
at Granada.

The UVI values obtained applying the manufacturer’s
factors clearly overestimate the real UVI data at Granada
(Fig. 6). Thus, using this calibration, days classified as ex-
treme erythemal risk correspond to 46% of all cases mea-
sured between May and September. Therefore, the use of
unsuitable calibration factors could generate alarming high
UVI values. These results enhance the interest of an appro-
priate characterization of the broadband UV radiometer in
order to report reliable UVI values.

5 Conclusions

Some important conclusions may be drawn from this work.
First of all, this study has shown that the actual conversion
factor corresponding to the YES UVB-1 instrument local-
ized at Granada is around 10% smaller than the calibration
factor supplied by the manufacturer. This result underlines
the importance of an accurate characterization of broadband
UV radiometers in order to obtain highly reliable UV irradi-
ance data.

Two calibration techniques (one-step and two-steps) have
been used in this work for determining the calibration factors
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of our broadband UV radiometer. From these conversion fac-
tors, the experimental daily UVI values at Granada have been
reported for the period 2006–2009. The comparison between
these experimental values and the estimations derived from
a radiative transfer model confirm that the UVI values de-
rived from the manufacturer’s calibration is inadequate, gen-
erating alarming high UVI values in summer. In contrast,
both one-step and two-steps methods provide reliable data
with mean values of the relative differences between mea-
sured and modeled UVI data around 5%. Finally, although
two-steps method is recommended by several organizations
because of its higher accuracy, the simpler one-step method
provide very similar experimental UVI data at Granada (rel-
ative differences lower than 4%) due to the high solar eleva-
tions reached in this location throughout the year.
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Alcántara-Ruiz, A., Olmo, F. J., and Alados-Arboledas, L.: Langley
calibrations of sunphotometer at Sierra Nevada, Granada, Spain,
Optica pura y Aplicada, 37, 3263–3269, 2004.

Anderson, G., Clough, S., Kneizys, F., Chetwynd, J., and Shettle,
E.: AFGL atmospheric constituent profiles (0–120 km), Tech.
Rep. AFGL-TR-86-0110, Air Force Geophys. Lab., Hanscom
Air Force Base, Bedford, Mass., 1986.

Antón, M., Serrano, A., Cancillo, M. L., and Garcı́a, J. A.: To-
tal ozone and solar erythemal irradiance in southwestern Spain:
Day-to-day variability and extreme episodes, Geophys. Res.
Lett., 35, L20804,doi:10.1029/2008GL035290, 2008.

Antón, M., Serrano, A., Cancillo, M. L., and Garcı́a, J.
A.: Experimental and forecasted values of the UV index
in South-Western Spain, J. Geophys. Res., 114, D05211,
doi:10.1029/2008JD011304, 2009a.
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Bañón, M., and Serrano, A: Validation of OMI-TOMS and OMI-
DOAS total ozone column using five Brewer spectroradiome-
ters at the Iberian Peninsula, J. Geophys. Res., 114, D14307,
doi:10.1029/2009JD012003, 2009b.

Antón, M., Serrano, A., Cancilllo, M. L., and Vilaplana, J. M.:
Quality assurance of broadband erythemal radiometers at the

Extremadura UV Monitoring Network (Southwestern Spain),
Atmos. Res., 100, 83–92,doi:10.1016/j.atmosres.2010.12.029,
2011.

Bais, A., Topaloglou, C., Kazadtzis, S., Blumthaler, M., Schreder,
J., Schmalwieser, A., Herniques, D., and Janouch, M.: Report
of the LAP/COST/WMO intercomparison of erythemal radiome-
ters, Technical Report TD 1051, WMO/GAW, 1999.

Bhartia, P. K. and Wellemeyer, C.: TOMS-V8 total O3 al-
gorithm, in: OMI Algorithm Theoretical Basis Document,
vol. II, OMI Ozone Products, edited by: Bhartia, P. K., avail-
able at:http://eospso.gsfc.nasa.gov/eoshomepage/forscientists/
atbd/index.php, last access: 1 June 2010, NASA Goddard Space
Flight Cent., Greenbelt, Md., 15–31, 2002.

Bigelow, D. S., Slusser, J. R., Beaubien, A. F., and Gibson, J. H.:
The USDA Ultraviolet Radiation Monitoring Program, B. Am.
Meteorol. Soc., 79, 601–615, 1998.

Bodhaine, B. A., Dutton, E. G., McKenzie, R. L., and Johnston,
P. V.: Calibrating broad-band UV instruments: Ozone and solar
zenith angle dependence, J. Atmos. Ocean. Tech., 15, 916–926,
1998.

Cancillo, M. L., Serrano, A., Ant́on, M., Garćıa, J. A., Vilaplana, J.
M., and de la Morena, B.: An improved outdoor calibration pro-
cedure for broadband ultraviolet radiometers, Photochem. Pho-
tobiol., 81, 860–865, 2005.

Cazorla, A., Olmo, F. J., and Alados-Arboledas, L.: Development
of a sky imager for cloud cover assessment, J. Opt. Soc. Am. A,
25(1), 29–39, 2008.

Cazorla, A., Shields, J. E., Karr, M. E., Olmo, F. J., Burden, A., and
Alados-Arboledas, L.: Technical Note: Determination of aerosol
optical properties by a calibrated sky imager, Atmos. Chem.
Phys., 9, 6417–6427,doi:10.5194/acp-9-6417-2009, 2009.

de Backer, H., Koepke, P., Bais, A., de Cabo, X., Frei, T., Gillotay,
D., Haite, C., Heikkil̈a, A., Kazantzidis, A., Koskela, T., Kyrö,
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P., Navas, A., Almaźan, J., Jiḿenez, M. T., and de Pedro, J.:
Tendencias de la mortalidad en España, 1952–1996, ISBN: 84-
688-0730-3,http://www2.uca.es/hospital/TM/portada.html, last
access: 1 June 2010, Ed. Centro Nacional de Epidemiologı́a,
Madrid, Spain, 2002.
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