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Abstract. Brewer instruments are robust, widely used instruments that have been monitoring global solar ul-
traviolet (UV) irradiance since the 1990s, playing a key role in UV research. Unfortunately, the uncertainties
of these measurements are rarely evaluated due to the difficulties involved in characterising the instruments.
This evaluation is essential to determine the quality of the measurements as well as their comparability to other
datasets. In this study, eight double- and two single-monochromator Brewers are characterised, and the un-
certainty of their global UV measurements is estimated using the Monte Carlo method. This methodology is
selected because it provides reliable uncertainty estimations and considers the nonlinearity of certain steps in
the UV processing algorithm. The combined standard uncertainty depends on the Brewer instrument, varying
between 2.5 % and 4 % between 310 and 350 nm. These uncertainties arise primarily from radiometric stability,
cosine correction, and the uncertainty of the lamp used during calibration. At shorter wavelengths, the differ-
ences between single- and double-monochromator Brewers increase. For example, at 296 nm and a solar zenith
angle (SZA) of 40°, the relative uncertainties of single Brewers range between 11 % and 23 %, whereas dou-
ble Brewers have uncertainties of 3 %—5 %. As the measured wavelength decreases, the correction of stray light
(for single Brewers), dark counts, and noise become the dominant sources of uncertainty. These results indicate
that the accuracy of fully characterised double Brewers is sufficient for biological studies and trend detection,
whereas single Brewers might be limited to wavelengths and SZAs below 305 nm and 70°, respectively.
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1 Introduction

Brewer spectrophotometers (Brewer, 1973; Kerr, 2010) were
initially developed in the 1970s for supplementing the ozone
measurements of the Dobson spectrophotometer (Dobson,
1931). These first Brewers were single-monochromator spec-
trometers and are usually referred to as single Brewers. To-
wards the 1980s, they were modified to also measure so-
lar ultraviolet (UV) irradiance (Bais et al., 1996). During
this time, double-monochromator Brewers (also known as
double Brewers) were developed to reduce the stray light
in UV measurements. Thanks to the robustness and stabil-
ity of Brewer spectrophotometers, the early instruments con-
tinue in operation, and the Brewer network has steadily in-
creased in number. Today, more than 200 Brewers are de-
ployed worldwide, providing measurements of total ozone
column (TOC), global UV irradiance, sulfur dioxide, aerosol
optical depth in the UV, and nitrogen dioxide. All these
measurements contribute to a better understanding of long-
term UV variations (Fountoulakis et al., 2016a; Simic et
al., 2008; Smedley et al., 2012; Zerefos et al., 2012) and
the dynamics of the Earth’s atmosphere (Arola et al., 2003;
Estupifidn et al., 1996; Fioletov et al., 1998). Furthermore,
Brewer spectral UV data have also been used to monitor the
increase in surface UV-B levels due to the depletion of strato-
spheric ozone (Fioletov et al., 2001; Kerr and McElroy, 1993;
Lakkala et al., 2003). Therefore, Brewer spectrophotometers
have greatly contributed to the study of solar UV for more
than 30 years.

To ensure the quality of Brewer UV measurements, qual-
ity assurance (QA) and quality control (QC) procedures must
be performed. QC evaluates the uncertainty of the measure-
ment provided by an instrument by (a) identifying the error
sources, (b) determining the model that relates these sources
with the output quantity (i.e. the UV irradiance), and (c)
propagating the uncertainty using a numeric or analytical
approach (e.g. Garane et al., 2006; Gonzdlez et al., 2023,
2024b; Webb et al., 1998). This is essential to determine the
quality of the measurement and ensure its comparability to
other measurements (BIPM et al., 2008a). On the other hand,
QA can be performed using two methods (Webb et al., 2003).
In the first one (inductive), the instrument’s performance is
assessed through intercomparison campaigns. As for the sec-
ond (deductive) method, the user deduces the instrument’s
quality through a meticulous description of the calibration
process as well as the instrumental characteristics, such as
its linearity and angular response. For QA purposes, the gen-
eral principles established by Webb et al. (1998) should be
followed, expanded, and refined so that the user can report
reliable uncertainties for any measurement, not limiting the
analysis for a typical measurement at the station (Webb et
al., 2003). Unfortunately, for Brewer measurements, there is
no consensus on how QA /QC should be performed, and as a
result, the data processing, uncertainty evaluation, and cali-
bration practices vary from station to station. In this context,

EuBrewNet (European Brewer Network), originally devel-
oped through COST Action 1207 and currently operational
thanks to AEMET (Spanish State Meteorological Agency), is
working on harmonising and developing coherent practices
for Brewer QA/QC (Redondas et al., 2018; Rimmer et al.,
2018). All Brewers used in this study are part of EuBrewNet,
and as a result, their UV measurements are obtained follow-
ing their processing algorithms.

The QA performed for the instruments used in this
work corresponds to the inductive method described
by Webb et al. (2003). It is carried out during the
campaigns performed by the Regional Brewer Calibra-
tion Center—Europe (RBCC-E), where Brewer spectropho-
tometers are compared to the European reference spec-
troradiometer, the QASUME unit (e.g. Grobner et al.,
2010; Lakkala et al., 2008). These intercomparison cam-
paigns meet the main requirements laid out by Webb et
al. (2003), i.e. transparency and objective comparison algo-
rithms (see the campaign reports at the PMOD/WRC web-
site, https://www.pmodwrc.ch/en/world-radiation-center-2/
wcc-uv/qasume-site-audits/, last access: 17 October 2025;
the report of the 18th intercomparison campaign, Hiilsen,
2023; and an overview of EuBrewNet’s algorithms, Lopez-
Solano et al., 2024). However, this QA procedure is not cur-
rently implemented in terms of uncertainty estimates. This
is not surprising, as QC is a pending task for the Brewer
network. In fact, it remains one of the main challenges for
Brewer sites measuring ozone (Fioletov et al., 2008) and UV
irradiance. Although the main errors and uncertainties affect-
ing spectral UV irradiance measurements are well-known
(Bais, 1997; Bernhard and Seckmeyer, 1999; Webb et al.,
1998), their proper characterisation is difficult and requires
specialised equipment (such as tuneable lasers, portable unit
systems, or devices to measure angular response) that is not
available to most UV site operators. Furthermore, the calcu-
lation of the uncertainty propagation is complicated due to
the nonlinearity of the UV irradiance model.

Brewer sites performing QC for UV measurements usually
approach the uncertainty propagation following the recom-
mendations of the Guide to the Expression of Uncertainty
in Measurement (GUM) (BIPM et al., 2008a). In particu-
lar, the GUM uncertainty framework (hereafter “GUF”) is
applied by assuming that the UV irradiance model is linear
(e.g. Garane et al., 2006). Although this assumption is gener-
ally valid for Brewer spectrophotometers, the GUF provides
less accurate estimations than other uncertainty propagation
techniques (Gonzdlez et al., 2024b), such as the Monte Carlo
method (hereafter “MCM”) and the Unscented transforma-
tion (hereafter “UT”). The UT is an efficient technique that
evaluates the uncertainty by applying the nonlinear model to
a reduced set of points, referred to as sigma points (Julier
et al., 1995; Julier and Uhlmann, 1997). These sigma points
are carefully chosen using several parameters to ensure their
statistics (first and second order) match those of the measur-
and. However, if these points are not selected properly, the
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UT fails to obtain a correct estimate and its corresponding
uncertainty. While recommended values usually work, they
may not be optimal in some cases (Straka et al., 2012; Turner
and Rasmussen, 2010; Wang and Ding, 2020). Although the
UT method provided accurate results for a specific double
Brewer (Gonzilez et al., 2024b), it is unclear whether those
results can be extended to single Brewers and other double
Brewers. Therefore, in this work, the MCM was selected, as
it has a broader range of validity than the UT and GUF, pro-
vided that a sufficient number of simulations are performed
(usually 10° iterations) (BIPM et al., 2008b).

The original contribution of this article is the character-
isation and uncertainty evaluation of 10 single and double
Brewer spectrophotometers (MKIV and MKIII type, respec-
tively) using the methodology set by Gonzélez et al. (2023)
and its subsequent comparison. In this way, the MCM is im-
plemented to evaluate the uncertainty of the Brewer UV net-
work. All the necessary uncertainty sources considered by
Webb et al. (1998) have been included in the uncertainty
evaluation presented in this work, plus some highly recom-
mended and additional sources such as stray light and wave-
length alignment. Moreover, a sensitivity analysis has also
been performed to examine the influence of every uncertainty
source on each Brewer spectrophotometer. The UV scans
used for the uncertainty analysis were recorded under clear
skies during the 18th RBCC-E intercomparison campaign at
the El Arenosillo Observatory (37.1°N, 6.7°W, 41 ma.s.l.,
Huelva, Spain).

The paper is organised as follows. First, the specifications
of single and double Brewer spectrophotometers as well as
an overview of the intercomparison campaign are given in
Sect. 2. Next, Sect. 3 describes the uncertainty evaluation,
i.e. the characterisation of the uncertainty sources, the UV ir-
radiance model, and the MCM approach. Then, in Sect. 4, the
results obtained from the sensitivity and uncertainty analysis
are discussed. Furthermore, Sect. 5 discusses several appli-
cations of the uncertainty evaluation of Brewer spectropho-
tometers. Finally, Sect. 6 summarises the main conclusions
of this study.

2 Instrumentation and data

2.1 Brewer spectrophotometers

In this study, the uncertainty of the spectral UV measure-
ments performed by 10 Brewer instruments is evaluated. Two
different types of Brewer spectrophotometers are included in
the study: MKkIV (single monochromator) and MKIII (double
monochromator). The serial number and information of each
instrument are shown in Table 1.

The optical path is similar for both Brewer types, i.e.
global UV irradiance enters through the entrance optics, con-
sisting of a Teflon diffuser covered by a quartz dome, and is
redirected into the fore-optics using two prisms (UV-B and
zenith prisms). The incoming radiation is then focused and

collimated by the Iris. Then, the intensity of the beam is ad-
justed before entering the spectrometer, using a set of filters
installed on two wheels. The first filter wheel has an open
hole (open position) for UV measurements, a ground-quartz
disc (pos. 1) for direct-Sun measurements, and an opaque
disc (pos. 2) for dark signal tests (Kipp & Zonen, 2007,
2015). The second filter wheel contains five neutral density
filters to adjust the intensity level of the incoming light. Af-
ter passing through the filters, the light is focused onto the
spectrometer’s entrance slit. This spectrometer is a modified
Ebert grating type that disperses the light into a spectrum us-
ing a diffraction grating. At the exit of the spectrometer, there
is a cylindrical slit mask. For ozone, dead time, and dark sig-
nal observations, the diffraction grating is fixed while the slit
mask rotates, selecting in this way the wavelength. On the
other hand, for the measuring of UV irradiance, the slit mask
remains fixed, and the diffraction grating rotates (using a mi-
crometre) to select the wavelength. In MKIV Brewers, the
emerging light passes through a third filter wheel, which has
several filters to block undesired radiation: (1) in the ozone
mode, a UG-11/NiSO4 filter combination is used, (2) in the
UV mode, the filter switches to a UG-11 filter, and (3) in
the NO; mode, a BG-12 filter is used to block UV radiation
(Kipp & Zonen, 2007). Finally, the photons are detected by
a photomultiplier tube (PMT). A diagram of the MkIV and
MKIII Brewers can be found in Kerr (2010) and Gonzalez et
al. (2023), respectively.

The difference between the two types of Brewers lies in
the number of monochromators and the type of diffraction
gratings. MKIV Brewers are single monochromators, and the
diffraction grating of the spectrometer is operated in the third
order and has a line density of 1200 lines mm™!. On the other
hand, the spectrometer system in MKIII Brewers consists of a
pair of monochromators and gratings to reduce the stray light
of the system. Both diffraction gratings have a line density of
3600 linesmm ™! and are operated in the first order.

The entrance optics for both types of Brewer spectropho-
tometer consists of a Teflon diffuser covered by a quartz
dome. Traditionally, the diffuser was flat, but the angular re-
sponse of such an entrance optic can deviate substantially
from the ideal cosine response (Bais et al., 2005; Lakkala
et al., 2018). Therefore, a correction is needed to mitigate
such deviation, as will be described later in Sect. 3.1.3. On
the other hand, new designs have been developed to improve
the Brewer angular response (Grobner, 2003). Brewer #150
has this novel entrance optic developed by CMS-Schreder
(model UV-J1015) with a shaped Teflon diffuser. On the
other hand, Brewers #185 and #256 have a flat diffuser
mounted on the CMS-Schreder optic. The remaining seven
Brewers have the standard flat diffuser originally mounted in
these spectrometers.

For spectral UV irradiance measurements, the operational
wavelength range of the Brewers under study is 290-363 nm
with a step of 0.5nm. The shape of the slit function is
trapezoidal, and the full width at half maximum (FWHM)
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Table 1. Information for each Brewer spectrophotometer used in this study.

Brewer Type (monochromator) Entrance optics (diffuser) Institute (Country)

#117 MKIV (single) Traditional (flat) State Meteorological Agency — AEMET (Spain)
#150 MEKIII (double) CMS-Schreder (shaped) National Institute of Aerospace Technology (Spain)
#151 MKIV (single) Traditional (flat) State Meteorological Agency — AEMET (Spain)
#158 MEKIII (double) Traditional (flat) OTT HydroMet (The Netherlands)

#172 MEKIII (double) Traditional (flat) University of Manchester (UK)

#185 MEKIII (double) CMS-Schreder (flat) Izafia Atmospheric Research Center, AEMET (Spain)
#186 MEKIII (double) Traditional (flat) State Meteorological Agency — AEMET (Spain)
#202 MEKIII (double) Traditional (flat) Danish Meteorological Institute (Denmark)

#228 MKIII (double) Traditional (flat) Danish Meteorological Institute (Denmark)

#256 MEKIII (double) CMS-Schreder (flat) Izafia Atmospheric Research Center, AEMET (Spain)

ranges from 0.55 to 0.65 nm, depending on the instrument.
Brewer spectrophotometers are operated within a weather-
proof housing and have electrical heaters to prevent opera-
tion at low temperatures. If the internal temperature of the
instrument falls below 10 or 20 °C (Kipp & Zonen, 2015),
these heaters are automatically switched on. Nevertheless,
the Brewer internal temperature is not fully stabilised and can
fluctuate throughout the day. As for their calibration, the in-
strument is calibrated using reference lamps (usually 1000 W
lamps) with the input optics positioned towards the UV-B
port. The calibration is performed during the RBCC-E cam-
paign, and the Brewer UV measurements are processed using
EuBrewNet’s algorithms. Both are described in the following
sections.

2.2 Intercomparison campaign at the El Arenosillo

Observatory

The data used are the UV scans performed during the 18th
Regional Brewer Calibration Center for Europe (RBCC-
E) intercomparison held at the El Arenosillo Observatory
(37.1°N, 6.7°W, 41 ma.s.l.) in Huelva, Spain, from 5 to 15
September 2023 (WMO, 2024). This campaign is organised
biennially as an essential activity to ensure the quality of
Brewer measurements, and the El Arenosillo Observatory,
belonging to the National Institute of Aerospace Technology
(INTA), is chosen due to its extremely good sky conditions.
During the campaign, all instruments were installed on the
roof of the station, where the horizon is free up to solar zenith
angles (SZAs) of 85°.

The first 5 days of the campaign, 6-10 September, were
dedicated to assessing the status of the participating Brewers
(by comparing their ozone measurements with those of the
reference, Brewer #185), to performing the necessary main-
tenance, and, finally, to gathering data for the instruments’
calibration. The angular characterisation and the UV com-
parison were carried out during the final 4 days of the cam-
paign, 11-14 September. It should be mentioned that the an-
gular response characterisation was available for five MkIII
Brewers (#150, #185, #186, #158, and #256). Four of them

(#150, #185, #186, and #256) were characterised using the
Brewer Angular Tester (BAT), described later in Sect. 3.1.3.
The remaining Brewer (#158) was characterised in the labo-
ratory of its operating site, using a lamp mounted on an arm
that turns by steps of 5°.

The protocol to measure global spectral UV irradiance
consisted of scanning one UV spectrum from sunrise to
sunset every 30 min. The wavelength increment and time
step were set to 0.5 nm and 3 s, respectively. This setting was
chosen to obtain simultaneous measurements between the 16
Brewer spectrophotometers (eight MKIII, six MkIV, and two
MKII) participating in the campaign and the travelling refer-
ence QASUME (Grobner et al., 2005; Hiilsen et al., 2016)
from the Physikalisch-Meteorologisches Observatorium
Davos/World Radiation Center (PMOD/WRC). The results
from this intercomparison, along with other QASUME site
audits, are published on the web page of PMOD/WRC
(https://www.pmodwrc.ch/en/world-radiation-center-2/
wce-uv/qasume-site-audits/, last access: 25 July 2025).

In this work, the UV irradiances and the corresponding
uncertainties of MKIII and MkIV Brewers (see Table 1) have
been calculated using their raw UV signal, calibration files,
slit functions, dead time, dark signal, reference lamp cer-
tificates, and angular response measurements. This informa-
tion is available at EuBrewNet (Rimmer et al., 2018), except
for the lamp certificates and some calibration records, which
were provided by the Brewer and QASUME operators. In the
following section, the UV processing algorithm and the un-
certainty propagation techniques implemented are described.

3 Methodology

The combined standard uncertainty of the global UV irradi-
ance measured by MKIII and MKIV Brewers has been cal-
culated following the guidelines established by the Guide to
the Expression of Uncertainty in Measurement (GUM). In
particular, the uncertainty analysis has been carried out us-
ing a numerical propagation technique: the MCM (BIPM
et al., 2008b). The UV measurements used for the uncer-
tainty evaluation were performed under cloud-free condi-
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tions during the 18th RBCC-E intercomparison campaign
(described in detail in Sect. 2.2). Furthermore, a sensi-
tivity analysis has been performed to identify the main
sources of uncertainty in the Brewer UV measurement pro-
cedure. To carry out the uncertainty evaluation, the uncer-
tainty sources and the model relating these sources to the
measured irradiance must first be characterised. Unfortu-
nately, there are no standard procedures for these tasks.
In the present work, the UV irradiance model used is the
one implemented in the RBCC-E campaigns. This process-
ing is performed by EuBrewNet (https://eubrewnet.aemet.es/
dokuwiki/doku.php?id=codes:uvaccess, last access: 20 May
2025). An overview of these processing algorithms can also
be found in Lépez-Solano et al. (2024). In the following sub-
sections, the irradiance model and the uncertainty sources are
described.

3.1 Characterisation of the uncertainty sources

The spectral irradiance measured by a Brewer spectropho-
tometer is affected by several error sources that need to
be corrected (e.g. Kerr, 2010; Lakkala et al., 2008). Error
sources are usually separated into random and systematic
components. Random errors produce variations in repeated
measurements and, as such, are usually reduced by increas-
ing the number of observations (BIPM et al., 2008a). On the
other hand, systematic errors can be compensated for by ap-
plying a correction factor to the irradiance measured. Even if
all errors are appropriately characterised and corrected, there
still remains doubt, an uncertainty, about the accuracy of the
reported result (BIPM et al., 2008b). In the following, the
term “‘error” will denote the imperfections in a measurement
result, while the term “uncertainty” will be used to reflect the
existing doubt regarding the value of the measured spectral
UV irradiance. In this way, it is important to differentiate be-
tween the source of error (for example, cosine error) and the
uncertainty associated with its correction.

In this study, the main uncertainty sources in solar radiom-
etry have been considered (Webb et al., 1998). They have
been characterised following the methodologies of Bernhard
and Seckmeyer (1999) and Gonzilez et al. (2023, 2024b). It
should be noted that some of the uncertainties (such as those
related to noise, stray light correction, or radiometric stabil-
ity) have not been determined thoroughly, as the data used for
their estimation are insufficient to obtain appropriate statis-
tics. Nevertheless, in all these cases, typical uncertainty es-
timates have been assumed and included in the Monte Carlo
simulation. The uncertainty sources affecting the Brewer UV
measurement procedure can be divided into three groups,
depending on whether they affect (1) the signal measured
by the instrument (see Sect. 3.1.1), (2) the radiometric cal-
ibration (see Sect. 3.1.2), or (3) the absolute irradiance (see
Sect. 3.1.3). All these sources and their corresponding cor-
rections have been applied to the Brewer UV measurements
during the 18th RBCC-E campaign, whenever possible. As

will be described in the following, some of the participating
Brewers were not fully characterised, lacking information re-
garding their temperature and cosine correction. The uncer-
tainty sources included in the uncertainty evaluation of each
Brewer are summarised in Table 2.

3.1.1 Uncertainty in Brewer raw signal (counts)

The signal measured by any Brewer spectrometer is affected
by stray light, noise, dark signals, and dead time.

Stray light is the radiation coming from wavelengths other
than the one being measured. This undesired light is able to
reach the detector due to scatter inside the instrument and
dust particles inside the spectrometer. The presence of stray
light is larger in single Brewers (such as MkIV Brewers)
and results in an overestimation of the measured global UV
irradiance at short wavelengths (Bais et al., 1996; Davies,
1996). Therefore, EuBrewNet applies a correction only for
single Brewers, as the stray light present in double Brewers
is very low (Bais et al., 1996; Karppinen et al., 2015; Savas-
tiouk et al., 2023). While this correction is implemented for
ozone measurements (Redondas et al., 2018), for UV mea-
surements, further characterisation is needed. It is usual to
estimate stray light as the average signal recorded below
292 nm (e.g. Arola and Koskela, 2004; Lakkala et al., 2008;
Mikeld et al., 2016), and the correction is carried out by sub-
tracting this average value from the signal measured at all
wavelengths. The uncertainty of this method was estimated
by comparing the corrected irradiance to the QASUME from
290 to 292 nm. This estimation also includes the effects of
temperature and cosine errors, as the single Brewers under
study are not corrected for these two sources of error. Never-
theless, because the effect of these two sources is expected to
be small below 292 nm, the uncertainty determined might be
only a slight overestimation. Furthermore, the standard devi-
ation from the measurements of the five wavelengths (from
290 to 292 nm) was also derived and combined with the un-
certainty obtained from the QASUME comparison.

Noise can be characterised by studying the signal-to-noise
ratio (SNR) (e.g. Bernhard and Seckmeyer, 1999; Cordero
et al., 2012). However, this ratio can be determined only if
all conditions, such as the incoming radiation, remain stable.
For CCD-array spectroradiometers, this is easy, as the instru-
ment can record several spectra in a few seconds. In contrast,
Brewer spectrophotometers take approximately 5—6 min to
measure a single UV spectrum. As a result, characterising the
noise in Brewer measurements is straightforward only during
the radiometric calibration, when the emitting lamp is stable.
During the RBCC-E campaign, the measurement of the irra-
diance of the reference lamp was acquired four times. With
this information, the SNR for the radiometric calibration is
calculated. Because it was proportional to the root of the raw
signal recorded, the methodology proposed by Bernhard and
Seckmeyer (1999) could be applied, and the SNR for the sig-
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Table 2. Summary of the uncertainty sources considered for each Brewer under study. Squares with a cross mark (x) represent the uncertainty
sources not included in the evaluation, while squares with a check mark (v') indicate those uncertainty sources considered.

Uncertainty sources considered Brewer ID
#117  #150 #151 #158 #172 #185 #186 #202 #228 #256
Noise v v v v v v v v v v
Dark signal v v v v v v v v v v
Stray light v X v X X X X X X X
Dead time v v v v v v v v v v
Distance adjustment v v v v v v v v v v
Uncertainty of the reference lamp v v v v v v v v v v
Radiometric stability v v v v v v v v v v
Wavelength shift v v v v v v v v v v
Temperature correction X v X X X X X X X X
Cosine correction X v X v X v v X X v
nal measured under the Sun was obtained as derived from the instrument constant files and the DT tests
carried out during the campaign. The dead time uncertainties
s R, [Co®) found using the previ thodol imilar to th
SNR” (A) = SNR™(4) , (1 g previous methodology are similar to those
C(I} (A) reported by Fountoulakis et al. (2016b). They determined

where Cg()») and Cg()\) are the raw signal measured under
the Sun and lamp (calibration), respectively, and SNRS 1)
and SNRR (1) are the signal-to-noise ratios of the outdoor and
calibration measurements, respectively.

A dark signal is the counts recorded when no light is en-
tering the instrument. Brewer spectrophotometers are pro-
grammed to measure the dark signal before every observation
10 (UV scan, direct-Sun measurement, etc.) by blocking the in-

coming radiation. The dark signal of the Brewers under study

increased as the internal temperature of the instrument rose.
To estimate the uncertainty of the dark signal, the dark signal
measured at each temperature reached by the instrument was
15 averaged, and the corresponding standard uncertainty was
calculated. The number of available measurements depended
on the instrument, but on average, more than 2500 dark sig-
nal measurements were recorded by each Brewer during the
intercomparison campaign.

20  Dead time is the time after a photon has been recorded dur-
ing which the photomultiplier tube (PMT) is unable to detect

a second one. This causes the nonlinearity in the Brewer re-

sponse, as any photons arriving during the dead time of the

PMT are not taken into account. Similarly to the dark sig-
»s nal, dead time determination is also included in the sched-

ule of Brewer spectrophotometers (DT test). Each instrument

records it daily by measuring and comparing high and low
intensities of an internal quartz-halogen 20 W lamp (stan-
dard lamp). Initially, the dead time of the instrument is stored
%0 in the B-files (instrument constants). Then, using the DT
tests, this constant is frequently checked and updated dur-
ing calibration audits. The dead time is characteristic of each

Brewer, as it depends on the type of PMT used. For the Brew-

ers under study, the dead time varied from 25 to 36 ns, and
ss the uncertainties ranged from 0.3 to 3 ns. These values were

3

standard deviations of 1-2ns for the Brewer dead time using
direct-Sun measurements. Moreover, the uncertainties esti-
mated for dead time also agree with the ones applied in other
uncertainty evaluation studies for Brewer spectrophotome-
ters (Diémoz et al., 2014).

3.1.2 Uncertainty in radiometric calibration

Brewer spectrophotometers were calibrated during the cam-
paign using one or two reference DXW-1000 W tungsten-
filament incandescent halogen lamps. These lamps had been
previously calibrated in the laboratories of PMOD/WRC
and the Finnish Metrology Research Institute, belonging to
Aalto University and MIKES. The calibrations performed by
PMOD/WRC are traceable to the primary standard of the
Physikalisch-Technische Bundesanstalt (PTB) (Grobner and
Sperfeld, 2005). On the other hand, the Metrology Research
Institute is the national standard laboratory for optical quan-
tities in Finland and is part of the CIPM Mutual Recognition
Arrangement (CIPM MRA), a framework in which metrol-
ogy institutes prove the international equivalence of their cal-
ibrations and certificates. These calibrations guarantee that
the spectral irradiances of the lamps are the ones stated in
their calibration certificate when operated at the specified
distance and electrical current. To ensure the latter, the ra-
diometric calibration was performed with a mobile system
that places the lamp on top of the Brewer diffuser at the
required distance. This setup also stabilised and monitored
the electrical current at its nominal value using a multime-
ter. Then, the signal under the lamp is recorded several times
and corrected for dark counts, dead time, and stray light (see
Sect. 3.1.1). The responsivity of the instrument is derived
by dividing the corrected signal by the irradiance of the ref-
erence lamp. However, this responsivity is also affected by
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other sources of uncertainty produced during the radiomet-
ric calibration, such as the distance adjustment between the
lamp and the diffuser, the radiometric stability, and the un-
certainty of the spectral irradiance emitted by the reference
lamp. Small fluctuations in the electrical current of the lamp
can also produce errors in the calibration. Based on the find-
ings of Webb et al. (1994), the standard practice is to assume
that a 1 % change in the current of the reference lamp leads
to a 10 % change in the spectral irradiance measured by the
10 instrument (e.g. Bernhard and Seckmeyer, 1999; Webb et al.,
1998). According to the previous rule, the expected change in
the irradiance of the Brewers under study would be 0.125 %,
as the electrical current was stabilised to within 0.0125 %
during their calibration. However, this source could not be
1s included in the Monte Carlo simulation, as it requires the de-
termination of the lamp’s operating temperature (Schinke et
al., 2020), and this could not be carried out during the cam-
paign.

In the RBCC-E campaigns hosted at the El Arenosillo,

20 the distance between the plane of the reference lamp and
the Brewer’s diffuser is adjusted using a ruler with a pre-
cision of 1 mm. According to the GUM, this precision er-
ror translates to an uncertainty of 0.58 mm (BIPM et al.,
2008a). Because 1000 W lamps are usually placed at 50 cm,

s for most Brewer spectrophotometers, the lamps were set
at (500.00 £0.58) mm. The exceptions are Brewers #158
and #150: their lamps were set at (412.540.58) mm and
(500.0 £0.59) mm, respectively. The reference lamp used
to calibrate Brewer #158 needed to be placed at 412.5 mm,

%0 as indicated in its calibration certificate. Brewer #150, on
the other hand, has an additional source of uncertainty be-
cause the position of its diffuser’s reference plane needs
to be determined as well (Gonzélez et al., 2023), result-
ing in an uncertainty of 0.59 mm. This plane determina-

a5 tion was carried out by placing an ultra-stabilised lamp at
several distances and measuring its emitted spectrum. The
data showed that the diffuser’s reference plane is placed
(0.234 +0.015) cm below the reference used for calibration,
i.e. the metal ring of the quartz dome covering the Brewer’s

40 diffuser (a schematic drawing of this reference can be found
in Gonzalez et al. (2023)).

Regarding the reference lamps, their emitted irradiances
and their corresponding expanded uncertainties (coverage
factor of k = 2) are specified in their calibration certificates.

s These uncertainties depend on the lamp and the wavelength,
slightly decreasing from 2 %-3 % at 290nm to 1 %-2 % at
360 nm.

Even if a Brewer spectrophotometer is regularly cali-
brated, the responsivity of the instrument varies with time.

so This drift is caused by several factors such as transportation,
storage, and ageing of the instrument, as well as the insta-
bility of the photomultiplier tube (PMT). For example, for
Brewers #150 and #1835, their responsivity at 320 £+ 5 nm de-
creased at a rate of 2.8 % and 2.2 % yr~!, respectively. To

ss characterise the radiometric stability of every Brewer, several

o

studies recommend studying the difference between consec-
utive calibration factors over a significant period (e.g. a year)
(Bernhard and Seckmeyer, 1999; Webb et al., 1998). These
methods require that the instrument is calibrated frequently
to derive reliable statistics. Unfortunately, not all Brewers
studied had enough calibration files. Some of them had been
operating for less than 2 years, others had undergone several
modifications that greatly affected their responsivity (such
as replacement of the PMT or change of the entrance op-
tics), and the rest were not calibrated frequently enough. As
a result, Brewers #150 and #185 were the only ones char-
acterised following the methodology of Bernhard and Seck-
meyer (1999), i.e. by deriving the standard deviation of the
difference between consecutive calibrations. For the remain-
ing instruments, a 3 % uncertainty was assumed, as several
Brewer spectrophotometers (both double and single) exhibit
uncertainties of that order (Garane et al., 2006; Lakkala et al.,
2008). It should be noted that this value, derived from long-
term monitoring, might not be a large overestimation for the
newly calibrated Brewer (#256), as this instrument showed
large instabilities during its first year of operation. On the
other hand, the uncertainty assumed (3 %) is also similar to
the average uncertainty found for Brewers #150 and #1835,
i.e. 2.9 % and 2.4 %, respectively. For Brewer #150, the ra-
diometric uncertainty was derived using the yearly calibra-
tion files from 2005 to 2023, while for Brewer #185, the un-
certainty was calculated using the monthly calibration files
recorded from 2021 to 2024. As mentioned earlier, no data
from prior years could be used, as the entrance optics of
Brewers #150 and #185 were replaced in 2005 and 2021, re-
spectively.

3.1.8 Uncertainty in absolute irradiance

Even if error sources affecting the Brewer signal and the ra-
diometric calibration are characterised (as indicated in the
sections above), there are still some uncertainty sources af-
fecting the UV irradiance, specifically wavelength misalign-
ment, temperature dependence, and cosine error.

Wavelength misalignment refers to a mismatch between
the wavelength desired and the one being measured. It is usu-
ally corrected by determining the wavelength shift for every
wavelength measured. Although this shift is small for Brewer
spectrophotometers, it still leads to important errors, espe-
cially in the UV-B (280-315 nm) due to the marked variabil-
ity in the solar irradiance in this region. For instance, a shift
of less than 0.05 nm can produce an uncertainty in the UV
irradiance of a few percent for wavelengths below 305 nm
(Bais, 1997; Gonzalez et al., 2024b).

Wavelength shifts can be determined using specific soft-
ware like SHICrivmm (Slaper et al., 1995) or MatSHIC
(Hiilsen et al., 2016). There are other options (as explained
by Bernhard and Seckmeyer (1999)), but these are the most
straightforward, and these detection algorithms also derive a
shift for every wavelength and irradiance level measured. In
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8 C. Gonzalez et al.: Uncertainty evaluation of double and single Brewers

this study, the wavelength shifts were obtained using SHI-
Crivm, as it is the algorithm implemented in EuBrewNet.
This software estimates the wavelength shift by comparing
the structure of the spectrum measured by the ground-based
instrument with the extraterrestrial spectrum. The latter is
simulated using the SUSIM extraterrestrial spectrum (Slaper
et al., 1995). Therefore, the shifts determined by SHICrivm
include the wavelength misalignment produced by the res-
olution of the micrometre, i.e. the system setting the wave-
lengths measured by a Brewer spectrophotometer. This res-
olution (smallest wavelength increment) is approximately
8 pm (Grobner et al., 1998). These shifts were also estimated
during the RBCC-E campaign and can be checked in the re-
port elaborated by the PMOD/WRC (Hiilsen, 2023).

Brewer spectrophotometers, no matter the type, have no
temperature stabilisation system. Thus, the internal tempera-
ture fluctuates throughout the day, resulting in a temperature
dependency in Brewer global UV measurements. This fact
is well-documented (Fountoulakis et al., 2017; Garane et al.,
2006; Lakkala et al., 2008; Weatherhead et al., 2001), but
there is no standard methodology for its characterisation in
global UV irradiance measurements. Therefore, EuBrewNet
lets the Brewer operators characterise this source in the way
they see fit. As a recommendation, the work of Lakkala et
al. (2008) is indicated.

No temperature characterisation was performed during the
campaign. As a result, this uncertainty source was included
only in the uncertainty evaluation of Brewer #150. This in-
strument was characterised on 3 separate days in 2022, us-
ing 100 and 1000 W lamps. The instrument temperature in-
creased gradually from 23 to 38 °C while it measured the irra-
diance emitted by the lamps. Then, the relationship between
the internal temperature of Brewer #150 and its change in
responsivity with respect to a reference value (31 °C) was
studied. The results showed that the instrument’s responsiv-
ity decreases linearly with temperature as

r(, T)=rQ, Trep) [T+ cr (T — Trer)] @)

where r (A, T) is the responsivity measured at wavelength
A and internal temperature 7', r(A, Tref) is the responsiv-
ity measured at the reference temperature 7o = 31 °C, and
cr is the slope of the linear fit. The latter is the tempera-
ture correction factor, and for Brewer #150, it has a value
of cr = (—0.0016 % 0.0002) °C~! (Gonzilez et al., 2023).
Therefore, the UV measurements of Brewer #150 were cor-
rected for temperature by considering this correction factor
and the difference between the temperature of the UV scan
and the reference temperature (31 °C), as indicated later in
Eq. (9).

The angular response of a Brewer spectrophotometer de-
viates considerably from the ideal angular behaviour. This
deviation is mainly caused by imperfections in the entrance
optics and is called cosine error, after the ideal behaviour.
For single Brewers, the cosine error varies between 8 % and
12 % (Bais et al., 2005; Garane et al., 2006), while for double

Brewers, it ranges between 4 % and 11 % (Antén et al., 2008;
Bais et al., 2005; Lakkala et al., 2018). Although cosine
correction is one of the most important uncertainty sources
(Garane et al., 2006; Gonzdlez et al., 2024b), it is rarely char-
acterised in RBCC-E campaigns (e.g. Lakkala et al., 2018).
During the 18th RBCC-E campaign, five MKIII Brewer spec-
trophotometers characterised their angular response error.
For this selection of Brewers, the cosine correction factor was
calculated as (Grobner et al., 1996)

_ . (,_DR DIR
fg—fd< —m>+f

fraro 3)

where f4 and f; are the diffuse and direct cosine errors, re-
spectively, fy is the cosine correction factor, and DIR and
GLO are the direct and global irradiances.

In Eq. 3), fr = Cr (g, 6, A)/cosf, where Cr (¢, 0, ) is
the angular response of the Brewer diffuser. For most Brew-
ers, this was measured using the Brewer Angular Tester
(BAT), which measures the north—south and west—east planes
using a 150 W Xe lamp placed at fixed angles (from —85
to 85° by steps of 5°). The standard uncertainty of the di-
rect cosine error was derived from repeated measurements of
Brewer #150, resulting in values varying from 0.002 at 5° to
0.006 at 85°.

The diffuse cosine error was estimated by assuming an
isotropic sky radiance and integrating numerically the an-
gular response fy = %fzzo 9”=/§CR (¢, 0, )sin@dAdg. This
factor is specific for each instrument; for the Brewers stud-
ied, it ranged from 0.908 (Brewer #186) to 0.986 (Brewer
#150). Its uncertainty was estimated as indicated by Bern-
hard and Seckmeyer (1999), based on the findings of Grob-
ner et al. (1996):

11— fdl

— JC ADS,
117

u(fa) = “)

where fdG is 0.883 (the diffuse error found by Grobner et
al. (1996)) and ADO is the difference found by Grobner et
al. (1996) between fdG and the diffuse error derived for an
inhomogeneous sky radiance distribution.

Finally, the ratio DIR / GLO was calculated using the ra-
diative transfer model libRadtran (Emde et al., 2016) for a
variety of SZAs. Other inputs to the model were the average
Angstrom’s turbidity coefficient (0.039) and Angstrém’s ex-
ponent (1.371) derived from the El Arenosillo CIMEL mea-
surements and mean TOC recorded by Brewer #150 during
the campaign (295 DU), as well as the surface albedo (0.05),
determined with a Li-Cor spectroradiometer. The uncertainty
of this quantity at every SZA was estimated from all ratios
measured within the desired SZA 1° (angular variability).
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Cloud optical thickness was not considered in the model, lim- 100

iting the study to cloud-free conditions.
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3.2 UV processing algorithm

Spectral UV irradiance measured at wavelength A was ob-
tained following the standard processing of EuBrewNet, ex-
cept for those Brewers with cosine correction. This uncer-
tainty source was estimated using a different methodology,
as the one currently implemented in EuBrewNet could not
be easily included in the Monte Carlo simulation. The pro-
cessing algorithm entails a series of corrections, as the UV
irradiance measured is affected by several error sources (see
Sect. 3.1). The first step is to correct the raw signal registered
Co(X) for stray light, the dark signal, and dead time (UV level
1 in EuBrewNet).

Stray light is calculated by averaging the signal recorded
below 292nm and is then subtracted from the raw signal
(only for single Brewers):

o

=)

o

Ci)=Co)—-SH), &)

where S is the stray light.
Then, the dark signal and dead time are corrected accord-
ing to the practices established by the manufacturer (Kipp &
20 Zonen, 2015). The dark signal is simply subtracted from the
UV signal as

M= -D, 6)

where C1 (1) denotes the counts corrected for stray light and
D is the dark signal.

s On the other hand, dead time is corrected iteratively (n =
1...10) by assuming Poisson statistics:

Ci(r,n+1)= C2(1)-exp(rC3(2,n)). @)

In Eq. (7), C2(A) is the observed count rate (corrected for
the dark signal and stray light) at wavelength A, 7 is the
s dead time, and C3(}) is the true count rate. As a first guess,
G, DH=C(M).
Then, the absolute irradiance E(’)"’ () is obtained by divid-
ing the corrected count rates by the response of the instru-
ment:

')

s EY () = R

®)

where C é"’ () is the corrected signal (stray light, dark signal,
and dead time) measured outdoors and 7(A) is the responsiv-
ity of the Brewer. The latter is determined by performing a
radiometric calibration (see Sect. 3.1.2).

s  The resulting UV irradiances need further processing to
correct the temperature dependence, wavelength shifts, and
cosine error.

First, they are corrected for temperature dependence by
assuming a linear relationship:

EM ()

6 EM ()= —
L4+ c7 (T — Trer)

©))

where E(’)V’ (%) is the irradiance measured at wavelength A,
E f” (A) is the irradiance corrected for temperature, cr is the
temperature correction factor, and T is the reference tem-
perature.

Second, the cosine correction is carried out using the
methodology set by Grobner et al. (1996). This derives a cor-
rection factor for each wavelength measured using Eq. (3)
and corrects the irradiance by
EY () =EY (W) / fo.0), (10)
where E {” (1) is the irradiance corrected for the tempera-
ture dependence, fy(A,0) is the cosine correction factor, and
Eﬁ” (A) is the corrected irradiance for the temperature and
cosine error.

Finally, the irradiance is further corrected for the wave-
length shifts using the SHICrivim software (Slaper et al.,
1995). Only spectra recorded at SZAs smaller than 90° were
used in this study. Larger SZA values have not been con-
sidered, as the UV irradiance recorded in these conditions is
small, close to the detection threshold of the Brewer spec-
trophotometers.

3.3 Monte Carlo method

The Monte Carlo method estimates the uncertainty of the
measurement by propagating the distribution of the input
quantities, i.e. the uncertainty sources. Following the GUM
guidelines, the uncertainties arising from random and sys-
tematic errors have been treated identically (BIPM et al.,
2008b). These are determined by drawing from the probabil-
ity density function (PDF) of the error sources. In this study,
two types of PDFs have been considered: Gaussian and rect-
angular. Following the recommendations of the GUM, Gaus-
sian distributions are assigned to those variables that can be
characterised by a best estimate and a standard uncertainty,
such as dead time, dark signal, or noise. On the other hand,
rectangular distributions are appropriate for those sources
that are best described by a lower and upper limit, i.e. the
probability that the true value of the variable lies within the
fixed interval is constant and is O outside this interval. This is
the case for the uncertainty in the distance adjustment or the
wavelength shift.

Once the distributions are known, the MCM can be imple-
mented. To carry out this task, the number of times the model
will be evaluated (Monte Carlo trials, M) must be first se-
lected. In this study, M = 10° because this value is expected
to deliver a 95 % coverage interval for the spectral irradiance
(BIPM et al., 2008b). Then, at every trial, the uncertainty
sources are varied according to their PDFs, forming an M-
sized vector for every source. For each of the M draws, the
irradiance model is evaluated, obtaining a M x A matrix of
the output irradiance. Then, the average and the standard de-
viation of these irradiances are taken as the best estimate and
its standard uncertainty, respectively.
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10 C. Gonzalez et al.: Uncertainty evaluation of double and single Brewers

The procedure described above is the one implemented to
calculate the combined standard uncertainty. However, the
MCM can also estimate the contribution of each uncertainty
source to the total uncertainty budget. This is performed
by running the M trials while varying only one uncertainty
source and fixing the rest at their best estimate (BIPM et al.,
2008Db). In this way, the dominant uncertainty sources can be
identified.

o

4 Results

10 The uncertainty evaluation was performed for all the UV
scans measured during the campaign under cloud-free con-
ditions, obtaining very similar results in all cases. There-
fore, only the estimations corresponding to 13 September
2023 are shown in this section. This day was selected be-

15 cause most Brewers measured uninterruptedly (no mainte-
nance or calibrations were performed) and under clear sky
scenarios. Under cloudy conditions, the methodology for cal-
culating the cosine correction and noise must be adapted ac-
cordingly. As the cosine correction depends on the cloudi-

20 ness, the cloud cover must be considered when modelling the
direct-to-global ratio. Furthermore, clouds strongly affect the
surface UV irradiance and can lead to short-time variations.
As a result, noise needs to be thoroughly characterised, e.g.
by studying the variability of groups of data measured very

25 close in time. For Brewer spectrophotometers, this can be

difficult, as the instrument does not have enough temporal

resolution to detect fast fluctuations of solar UV irradiance.
To present the results, the Brewers studied have been sep-
arated into two groups, depending on their degree of char-
acterisation. Ideally, all instruments would be fully charac-
terised. Unfortunately, this is not the case, as there are no
standard protocols for studying the cosine error and tem-
perature dependence of the global UV irradiance measured
by Brewer spectrophotometers. Consequently, most Brewers
ss worldwide lack both temperature and angular characterisa-
tion. This situation is expected to improve, as the Brewer
community has recognised the importance of temperature
and cosine errors and is making efforts to systematically cor-
rect these two sources (e.g. Lakkala et al., 2018).

w0  Within this framework, the first group used in this work

includes the five Brewers whose angular responses had been

measured (#150, #158, #185, #186, and #256). The re-
maining five Brewers were gathered into a second set, as
their characterisation is less complete. Therefore, the sec-
ond group has two single (#117 and #151) and three dou-
ble (#172, #202, and #228) Brewers. The uncertainty evalua-
tion of the Brewer spectrophotometers in this second group is
limited, as the cosine correction, which is one of the key un-
certainty sources in solar radiometry, is missing. As a result,
so the uncertainties determined are underestimated. Neverthe-

less, the inclusion of these Brewers is of interest, as it allows

both the comparison with fully corrected ones and the deter-

3

S

4

o

mination of uncertainties that, although underestimated, are
representative for most Brewers worldwide.

Figure 1 illustrates one of the UV spectra recorded on
13 September 2023. This will help explain the behaviour of
the combined standard uncertainty presented in the following
section. As can be seen from Fig. 1, the spectral UV irradi-
ance increases rapidly between 290 and 310 nm (due to the
decrease of the ozone absorption). Then, from 315 nm on-
wards, it levels off. For wavelengths shorter than 300 nm,
the single Brewers (#117 and #151) are unable to mea-
sure UV irradiance with the same accuracy as the double-
monochromator instruments.

4.1 Combined standard uncertainty

The absolute combined standard uncertainty (in
mWm~2nm~!) of all Brewer spectrophotometers de-
pends on the wavelength and the solar zenith angle (SZA),
in a similar way to the spectral UV irradiance (see Fig. 1).
That is, the absolute uncertainty increases as the wavelength
grows and SZA decreases. Below 300 nm, the differences
between double and single Brewers increase greatly, with
single Brewers (#117 and #151) having absolute uncertain-
ties that are at least triple those of double Brewers. This was
expected, as single Brewers are affected greatly by stray
light and the effect of its correction is more pronounced
in the UV-B region. On the other hand, there are slight
variations between the absolute uncertainties of double
Brewers, mostly caused by the correction of (a) the dark
signal and noise at short wavelengths and (b) the dead time
and cosine error at larger wavelengths. The influence of
these uncertainty sources will be studied in the following
section (sensitivity analysis).

To better understand the magnitude of the combined stan-
dard uncertainty, it is interesting to study its relative values
(in %). The relative combined standard uncertainty (the ab-
solute combined standard uncertainty divided by the UV ir-
radiance measured) is instrument-specific because it depends
on the Brewer individual components as well as on the fre-
quency of maintenance and calibration (wavelength and ra-
diometric) procedures. In this way, for the Brewers belong-
ing to the first group (cosine correction implemented), the
relative uncertainty ranges from 2.5 to 4 % for wavelengths
between 310 and 360 nm. On the other hand, the remain-
ing Brewers (whose cosine error could not be characterised)
show relative uncertainty values from 3 % to 5 % for wave-
lengths between 310 and 360 nm. Furthermore, the relative
combined standard uncertainty of all Brewers depends on
both the wavelength and the SZA.

To illustrate the wavelength dependency, the relative un-
certainties of the UV scan performed on 13 September 2023
at 14:00UTC (40° SZA) are shown in Fig. 2. It should
be noted that the relative uncertainties of all Brewers in-
crease significantly below 300nm, as the UV irradiances
measured are very small, close to OWm—2nm~!. Between
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Figure 1. Spectral UV irradiance recorded at 14:00 UTC on 13 September 2023 by all the Brewer spectrophotometers studied. (a) First
group formed by double Brewers with cosine correction (#150, #158, #1835, # 186, and #256). (b) Second group formed by two single (#117

and #151) and three double (#172, #202, and #228) Brewers with no cosine correction.
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Figure 2. Relative combined standard uncertainties of the UV irradiances shown in Fig. 1. (a) First group (double Brewers with cosine
correction). (b) Second group (two single and three double Brewers with no cosine correction implemented).

300 and 360 nm, the relative combined standard uncertainty
of some Brewer spectrophotometers (a) decreases slightly
with wavelength (#150 and #186), (b) increases gradually
with wavelength (#202), (c) fluctuates significantly (#158 at
s short wavelengths and #151 at large wavelengths), and (d) is
approximately constant (#117, #172, #185, #228, and #256).
The reason for these behaviours will be discussed later in
Section 4.3 (sensitivity analysis).
Regarding the angular dependency, Fig. 3 represents all
10 the relative uncertainty values derived on 13 September at
305 nm. This wavelength was selected because its analysis is
interesting for studying ozone variability and biological ef-
fects. Figure 3 shows that the relative combined standard un-
certainty of the Brewers studied increases with SZA at short
15 wavelengths. This increase is more marked for the Brewers
in the second group (no cosine correction), especially for the
single Brewers, due to the uncertainty in stray light correc-
tion.

4.2 Comparison against the QASUME

The corrections applied to the measured irradiance (de-
scribed in Sect. 3.2) are recommended by numerous stud-
ies to improve the quality of the measurements (e.g. Foun-
toulakis et al., 2016b; Garane et al., 2006; Kerr, 2010;
Lakkala et al., 2008, 2018). This was also verified during
the 18th RBCC-E campaign. The results reported by Lopez-
Solano et al. (2024) showed that including the cosine correc-
tion improves considerably the comparison to the QASUME,
in agreement with the findings of Hiilsen (2023). Although
the campaign report shows the ratio of each participating
Brewer to the QASUME (see Hiilsen, 2023), it is interest-
ing to represent the ratio of all studied Brewers together. In
this way, Fig. 4 displays the global irradiance ratio to the QA-
SUME obtained by dividing the irradiances shown in Fig. 1
by the irradiance recorded by the QASUME unit.

Figure 4 shows the effectiveness of the cosine correction,
as Brewers with such correction implemented (Fig. 4a) re-
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Figure 3. Relative combined standard uncertainties of all UV irradiances measured on 13 September 2023 at 305 nm. (a) First group (double
Brewers with cosine correction). (b) Second group (two single and three double Brewers with no cosine correction implemented).
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Figure 4. Global irradiance ratio to the QASUME recorded on 13 September at 14:00 UTC. (a) First group (double Brewers with cosine
correction). (b) Second group (two single and three double Brewers with no cosine correction implemented).

port irradiances more similar to the one measured by the
QASUME. Nevertheless, the agreement between all Brewer
spectrophotometers and the QASUME is within +10 % for
wavelengths above 310 nm. This target agreement (10 %) has
s been used in previous intercomparison campaigns to assess
the performance of the participating instruments (e.g. Bais et

al., 2001; Diémoz et al., 2011).

Furthermore, the irradiance uncertainty found for each
Brewer in the previous section can be used to derive the
10 uncertainty of their ratio to the QASUME. Table 3 sum-
marises the combined standard uncertainty of the average
Brewer/QASUME ratio measured on 13 September between
310 and 360 nm. These uncertainties were computed by com-
bining the irradiance uncertainty of each Brewer and the one

15 from the QASUME, provided by Hiilsen et al. (2016).
Table 3 shows that only those Brewer spectrophotometers
with a cosine correction implemented (#150, #158, #185,
#186, and #256) include the ideal value of the ratio (unity)

Table 3. Number of simultaneous scans (), mean ratio to the QA-
SUME, and its combined standard uncertainty (both absolute and
relative) determined between 310 and 360 nm on 13 September.

BrewerID N Ratio to the QASUME (310-360 nm)
Mean Combined standard  Relative standard
value uncertainty uncertainty (%)

#117 19  0.927 0.034 3.7

#150 20 1.035 0.035 34

#151 24 0914 0.033 3.6

#158 17 0972 0.036 3.7

#172 19  0.947 0.033 35

#185 18  0.978 0.030 3.1

#186 15 1.003 0.043 4.3

#202 19 0.928 0.033 3.6

#228 19  0.937 0.033 35

#256 19 1.003 0.037 3.7
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within their uncertainty interval. The remaining Brewers
(second group) underestimate the UV irradiance and deviate
from unity. This is likely caused by the cosine and tempera-
ture errors of the instruments, which could not be corrected
(there was no available information regarding their charac-
terisation). Therefore, to further improve the performance of
these uncorrected Brewers, these two sources must be char-
acterised and corrected.

4.3 Sensitivity analysis

To clarify which uncertainty sources are responsible for
the different behaviours found for each Brewer, a sensitiv-
ity analysis has been performed. Generally, for wavelengths
above 300 nm, the dominant uncertainty sources are radio-
metric stability, cosine correction (if implemented), and the
uncertainty of the reference lamp. As an example, the contri-
bution of each uncertainty source to the combined standard
uncertainty is shown in Fig. 5 for a single (#117) Brewer
and in Fig. 6 for a double (#185) Brewer spectrophotome-
ter. As the intensity of the incoming UV radiation decreases,
i.e. as the wavelength decreases and SZA rises, the uncer-
tainty associated with the correction of the dark signal, stray
light (if the Brewer is a single monochromator), and noise be-
gins to gain influence. In fact, for wavelengths below 295 nm,
they become the dominant sources (see Figs. 5 and 6). How-
ever, there were exceptions to this behaviour (mainly Brew-
ers #117, #151, #158, and #202), showing that the uncertain-
ties in noise and wavelength shift can also become dominant
uncertainty sources in the UV-A region (315-400nm). Re-
garding the calibration of the instrument (uncertainty sources
affecting the responsivity and the signal measured under the
reference lamp), it leads to irradiance uncertainties that range
from 2.3 % (Brewer #185) to 3.8 % (Brewer #150).

As a summary, Table 4 shows the relative individual and
combined standard uncertainties for each Brewer under study
at SZAs below 80° and wavelengths larger than 300 nm.
Larger SZAs and shorter wavelengths have not been included
in this table, as the relative uncertainties increase greatly be-
cause the UV irradiance measured approaches 0 (see Fig. 1).

In the following, the influence of each uncertainty source
on the total uncertainty budget will be described in greater
detail.

4.3.1 Noise

For most Brewers, the irradiance uncertainty produced by
noise was most dominant (second or third most influential
source of uncertainty) for wavelengths below 300nm. At
larger wavelengths, above 310nm, this source loses influ-
ence, resulting in an uncertainty of less than 0.6 % in the UV
irradiance measured, regardless of the intensity of the incom-
ing radiation. Brewer #117 was an exception: with an

SNR of 0.1, noise led to irradiance uncertainties of up to
0.9 %. In this case, noise was the third most dominant source

for wavelengths larger than 330 nm (see Fig. 5). This indi-
cates that more efforts should be made to thoroughly char-
acterise the measurement noise of the instruments during the
intercomparison campaigns.

4.3.2 Dark signal

The irradiance uncertainty caused by dark signal correc-
tion is important solely at wavelengths smaller than 295 nm.
For larger wavelengths, its impact can be disregarded, as
dark signal correction leads to irradiance uncertainties of
less than 0.06 % in double-monochromator Brewers. It is
interesting to note that single Brewer spectrophotometers
showed larger dark signal contributions. For example, for
wavelengths above 310 nm, the dark signal caused irradiance
uncertainties of 0.3 %. These two Brewers (Brewers #117
and #151) recorded during the campaign larger dark signals
than double Brewers. As a result, the standard deviation ob-
tained is greater as well (see Sect. 3.1.1), resulting in a larger
contribution.

4.3.3 Stray light

Stray light was considered only for the uncertainty evaluation
of single-monochromator Brewers, i.e. Brewers #117 and
#151. The sensitivity analysis shows that the irradiance un-
certainty produced by stray light correction increases rapidly
as wavelength decreases. Furthermore, it also increases with
SZA, as shown in Fig. 5. For single Brewers and at wave-
lengths below 300 nm, stray light is the dominant source, ac-
counting for more than 95 % of the total uncertainty budget.

4.3.4 Deadtime

The dead time contribution increases with the number of UV
photons recorded, i.e. as SZA declines and wavelength rises.
Most of the Brewers used in this study have an uncertainty
of 1ns in their dead time, which results in a maximum un-
certainty in the irradiance measured of 0.2 % at 68° SZA and
0.8 % at 33° SZA. Therefore, dead time is not a dominant un-
certainty source as long as the instrument is properly main-
tained and becomes significant only at small SZAs (fourth
or fifth most influential source). However, this is not true for
larger dead time uncertainties, as is the case of Brewer #202.
Because its dead time uncertainty is 3 ns, the maximum un-
certainty produced in the irradiance measured is 0.8 % at 57°
and 1.5 % at 33°. This larger uncertainty is likely caused by
the replacement and voltage adjustment of the standard lamp
during the RBCC-E campaign (WMO, 2024). Thus, for this
Brewer, the dead time correction is the second most influen-
tial uncertainty source for wavelengths larger than 320 nm.
This shows the importance of (a) monitoring the voltage of
the PMT, (b) maintaining the DT of the instrument within
2ns, and (c) the maintenance procedures performed during
the RBCC-E campaigns.
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Finally, the irradiance uncertainties previously estimated
can be compared to the ones reported by Fountoulakis et
al. (2016b). Their study shows that if the DT ranges from 15
to 45 s and has an error of 2ns, it leads to irradiance uncer-
tainties of 0.12-0.13, 0.25-0.28, and 0.69-1.13 % for signals
of 1, 2, and 5 million countss™!, respectively. These values
are similar to the ones found for all Brewers, except Brewer
#202, which has an uncertainty larger than 2 ns. For these
Brewers, the irradiance uncertainty is less than 0.15, 0.35,
and 0.9 % for signals of 1, 2, and 5 million counts s L re-
spectively.

4.3.5 Distance adjustment

An uncertainty of 0.58 mm when placing the reference lamp
at 500 mm results in a 0.23 % uncertainty in irradiance. On

the other hand, Brewers #150 and #158 display slightly dif-
ferent results, as their reference lamps were placed at 413 and
497.7 mm with uncertainties of 0.58 and 0.59 mm, respec-
tively (see Sect. 3.1.2). For these Brewers, the distance ad-
justment leads to uncertainties of 0.24 % (#150) and 0.28 %
(#158). According to Webb et al. (1998), if the nominal dis-
tance is d and its uncertainty is ug4, the percentage uncer-
tainty can be calculated using the inverse square law (1/r2,
where r is the distance between the lamp and instrument)
as [(d +uq)* — d*]-100 / d*. Therefore, the previous results
agree with the formula proposed by Webb et al. (1998). It
should be noted that all uncertainty sources involved in the
calibration of the instrument (distance, uncertainty of the ref-
erence lamp, and radiometric stability) have no angular de-
pendency. As they affect only the responsivity of the instru-
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Table 4. Range of the irradiance uncertainties produced by each uncertainty source individually and the combined standard uncertainty for

SZAs below 80° and wavelengths larger than 302 nm for each of the Brewers studied.

15

D Individual uncertainty (%) Combined
uncertainty (%)

Noise Dark  Stray Dead Dist. Unc.  Stab. A Temp. Cos.

signal  light time adjust. lamp shift COorT. COLT.
#117  0.070-5.3 0.060-8.6 <36 <0.17 0.23 1.2-1.3 3.0 0.004-1.6 - - 3.3-36
#150  0.029-3.1 0.0044-3.8 - <084 024 0.61-0.75 3.6 0.004-0.82 0.0091-0.037 0.43-0.51 2.9-5.1
#151  0.080-2.9 0.043-12 <33 <058 023 0.43-0.61 3.0 0.014-3.8 - - 3.1-34
#158  0.048-2.6 0.043-2.9 - <0.66 0.28 0.85-1.4 3.0 0.014-24 - 0.80-1.6 3.3-55
#172  0.026-1.3 0.0013-6.3 - <044 023 0.39-0.67 3.0  0.015-1.2 - - 3.0-7.8
#185 0.073-2.8 0.0034-9.1 - <0.28 0.23 0.60-1.1 2.8  0.003-0.63 - 084-1.6 2.4-1.7
#186  0.039-2.0 0.012-7.9 - <085 0.23 1.2-13 3.0  0.005-1.2 - 1.6-3.3 3.6-5.8
#202 0.19-6.7 0.0034-3.0 - <15 0.23 0.60-1.1 3.0 0.01-1.3 - - 3.1-8.0
#228  0.042-2.8 0.011-0.82 - <0.20 0.23 0.60-1.1 3.0  0.004-1.1 - - 3.144
#256  0.048-2.8  0.0021-0.50 - <0.60 0.23 0.60-1.1 3.0 0.005-0.68 - 092-1.8 32438

ment, they have the same influence on all UV measurements,
as shown in Eq. (8). Furthermore, the uncertainty produced
by the distance adjustment has no spectral dependency. Be-
cause the reference lamp can be regarded as a point source,
the UV irradiance follows the inverse square law. Therefore,
a change in distance has the same effect on all wavelengths
measured.

4.3.6 Uncertainty of the reference lamp

The uncertainty of the 1000 W lamps used during the cal-
ibration is the second most dominant uncertainty source
in the UV-A region. The irradiance uncertainty depends
on the lamp used and the wavelength measured, ranging
from 0.6 %—1.4 % at 290 nm to 0.4 %—1.2 % at 360 nm. The
Brewer spectrophotometers least affected by this uncertainty
source had been calibrated using two reference lamps dur-
ing the intercomparison campaign (such as Brewers #172
and #151). Therefore, a calibration protocol of Brewer spec-
trophotometers should be defined to include the usage of
more than one reference lamp so as to reduce the overall
uncertainty of the instrument. This agrees with the recom-
mendations of Webb et al. (1998), who suggest calibrating
the instruments using three reference lamps.

4.3.7 Radiometric stability

Radiometric instability is the dominant uncertainty source
for all Brewer spectrophotometers for wavelengths larger
than 300 nm (see Figs. 5 and 6). For most Brewers, this un-
certainty source leads to irradiance uncertainties of 3 %. This
was expected, as the UV irradiance is inversely proportional
to the responsivity (as shown in Eq. 8), and a 3 % uncertainty
in the responsivity was assumed for most Brewers, in agree-
ment with the findings of Garane et al. (2006) and Lakkala
et al. (2008) (see Sect. 3.1.2.). On the other hand, Brew-
ers #150 and #185 had their instability characterised using

their calibration records and reported irradiance uncertain-
ties of up to 3.6 % and 2.5 %, respectively. Brewer #150 is
calibrated yearly using 1000 W lamps, while Brewer #185
is calibrated approximately every 2-3 months using 200 W
lamps and yearly with 1000 W lamps. Therefore, strict cali-
bration protocols must be defined and followed, and the cur-
rent calibration frequency of most of the participating Brew-
ers should be increased (from annual to monthly) to reduce
the instrument’s combined standard uncertainty.

4.3.8  Wavelength shift

Wavelength shifts are responsible for the rapid fluctuations
of the relative uncertainties of Brewers #151 and #158 (see
Fig. 2). The spikes were larger for Brewer #151, as the
wavelength shifts of this instrument, for wavelengths above
350 nm, were 10 times larger than the ones of the other
Brewers. For Brewer #151, a wavelength shift of 0.12nm
at 355nm resulted in a relative irradiance uncertainty of
4 %, becoming the dominant uncertainty source in this re-
gion. This is interesting because it shows the influence wave-
length shifts can have on the UV-A irradiance measured. On
the other hand, Brewer #158 has shifts of 0.05 nm, resulting
in a 1 % uncertainty in the irradiance for wavelengths be-
tween 310 and 360 nm. Furthermore, these large wavelength
shifts indicate that the dispersion function of these instru-
ments might be outdated. Therefore, special attention should
be paid to the wavelength scale of the instrument by perform-
ing frequent and accurate wavelength calibrations.

For the remaining Brewers, the contribution of wavelength
shift is negligible for wavelengths above 300 nm (less than
0.3 %). At shorter wavelengths, shifts of 0.03 nm can produce
up to 20 % irradiance uncertainty. Nevertheless, they are not
a dominant uncertainty source regardless of the wavelength
and SZA measured (see Figs. 5 and 6).
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4.3.9 Temperature correction

Although temperature correction has an important effect on
the UV irradiance measured, its uncertainty has no signif-
icant impact on the overall uncertainty of Brewer #150. In
fact, it leads to an irradiance uncertainty of less than 0.2 %
for SZAs below 75°. However, because the dependency on
temperature is specific for each instrument (Fountoulakis et
al., 2017), different results may be found for other Brewers.

4.3.10 Cosine correction

As mentioned earlier, this uncertainty source could be stud-
ied only for Brewers #150, #158, #185, #186, and #256, as
they are the only ones with a characterised angular response.
Figure 7 shows that the uncertainty in cosine correction has
a great impact on the uncertainty budget of most Brewers,
leading to an average irradiance uncertainty that ranges from
0.4% (#150) to 1.9% (#186) at 33° SZA. Brewer spec-
trophotometers #158, #185, and #256 present an intermediate
situation, with uncertainties of around 1.4 % in the irradiance
measured. These differences are likely due to the entrance
optics. Brewers #185, #186, #256, and #158 have a flat dif-
fuser, whereas Brewer #150 has a shaped diffuser. Further-
more, the irradiance uncertainty caused by cosine correction
increases gradually with SZA for all Brewers except #150.
Consequently, this uncertainty source is responsible for the
increase in the relative combined uncertainty standard with
SZA observed in Fig. 3a.

The uncertainties shown in Fig. 7 are mostly produced by
the uncertainties of the diffuse (fy) and direct (f;) cosine
errors. In fact, these factors account for more than 98 % of
the total irradiance uncertainty caused by cosine correction.
As for the direct-to-global irradiance ratio, its impact on the
uncertainty budget is negligible, as only cloud-free condi-
tions have been considered in the analysis. This would likely
change if overcast or mixed sky conditions were to be in-
cluded in the uncertainty evaluation. Therefore, under cloud-
free conditions, the main sources of uncertainty in the cosine
correction are the errors committed in the angular charac-
terisation and in the assumption of isotropic sky radiance to
calculate the diffuse cosine error.

For Brewer spectrophotometers #158, #185, #186, and
#256, the correction of the cosine error is the second most
important source of uncertainty for wavelengths larger than
300 nm, regardless of the SZA. For Brewer #150, thanks to
its improved angular response, this source has less impact,
being the third most influential uncertainty source for SZAs
larger than 50°.

5 Applications of Brewer uncertainty evaluation

In the previous section, the combined standard uncertainty
and the main sources of uncertainty of single and double
so Brewer spectrophotometers have been determined. These as-

pects are of great interest for identifying the types of studies
for which Brewers are most suitable, given that the required
uncertainty in global UV irradiance measurements depends
on the intended use of the data.

One of the key applications of spectral UV measurements
is the computation of effective irradiance for various biologi-
cal effects, such as erythema, vitamin D synthesis, melanoma
risk, and DNA damage, through the integration of the spec-
tral irradiance weighted by different action spectra (Webb
et al., 2011). The findings benefit regulatory applications,
supporting evidence-based UV exposure limits for outdoors
workers (ICNIRP, 2010) and improving standards for Sun
protection products (Young et al., 2017). For these types of
studies, the standard procedure is to use instruments with
relative erythemal and UV irradiances of less than 7 % in
the UV-B region (e.g. Bilbao and de Migue, 2020; Cede et
al., 2002; McKenzie et al., 1991). Therefore, double Brewer
spectrophotometers are suitable for biological studies. How-
ever, single Brewers might be limited, as their relative un-
certainty rises rapidly with SZA (see Fig. 3), up to ~30 %
at 302 nm. This increase is mainly produced by the uncer-
tainty in stray light correction (see Fig. 5 and Table 4), which
indicates that the five-wavelength method implemented (de-
scribed in Sect. 3.1.1) might need improvement.

Furthermore, spectral UV measurements are also used for
the validation of satellite-based UV products from instru-
ments such as OMI, TROPOMI, and TEMPO. In these vali-
dation studies, the standard uncertainty of the ground-based
instruments used is on the order of 4 %—10 % (e.g. Klotz et
al., 2025; Weihs et al., 2008; Zempila et al., 2016). Conse-
quently, the UV data from both MkIV and MKIII Brewer
spectrophotometers are reliable for satellite validation for
wavelengths above 305 and 302 nm, respectively.

The more demanding application of spectral UV measure-
ments is trend detection. It requires high-quality and long-
term measurements (Bernhard, 2011; Glandorf et al., 2005;
Weatherhead et al., 1998), as the trends are expected to be
small. For example, between the 1990s and 2010s, long-term
trends in the UV index (UVI), global UV, and erythemal ir-
radiance have typically been a few percent per decade, gen-
erally from 2 % to 10 % per decade (Bernhard and Stierle,
2020; Bilbao et al., 2011; De Bock et al., 2014; Fitzka et
al., 2012; Fountoulakis et al., 2016a, 2018). This indicates
that double Brewers are able to detect the current changes
in UV irradiance above 305nm as long as they are prop-
erly maintained and their irradiances are corrected. On the
other hand, the single Brewers studied can also reliably de-
tect these changes at SZAs below 70° and wavelengths above
305 nm.

Finally, an even more ambitious goal is to detect the long-
term change in spectral UV irradiance caused by a 1%
change in ozone (Seckmeyer et al., 2001). Bernhard and
Seckmeyer (1999) calculated that a 1 % change in ozone re-
sults in a 4 % change in global UV irradiance at 300 nm (30°
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Figure 7. Relative standard uncertainty on 13 September 2023 caused by the cosine correction implemented. (a) Spectral dependency at

12:30 UTC. (b) SZA dependency at 305 nm.

the Brewers studied (single and double) ranges from 5.5 %
to 7.8 % at 33° and 300 nm, the detection of such a trend
might be beyond their capabilities. This holds even if the
Brewer spectrophotometer is fully corrected and properly

s maintained, indicating that a substantial reduction of its un-
certainty is required (the recommendations for this task are
outlined in Sect. 6). If the trend detection threshold were re-
laxed from a 1 % to a 3 % change in total ozone, then the in-
struments studied in the first group (cosine correction imple-

10 mented) would be able to reliably detect the resulting change
in spectral UV irradiance at 300 nm and SZAs below 70°.
The remaining Brewers would be able to detect such change
at 300 nm for SZAs below 60°.

6 Conclusions

15 The uncertainties of the UV spectra measured by eight
double- and two single-monochromator Brewer spectrome-
ters have been estimated using a Monte Carlo method. The
UV scans studied were performed under cloud-free condi-
tions during the 18th RBCC-E intercomparison campaign at

20 the El Arenosillo Observatory (Huelva, Spain).

Using the information provided by participating operators
and EuBrewNet, the uncertainty sources of the 10 Brewers
were characterised. This was difficult because the available
data for many uncertainty sources were either limited (such

25 as radiometric stability, stray light, and noise) or unavailable
(cosine error and temperature dependence). Therefore, fur-
ther work is needed to characterise the Brewer network thor-
oughly. Furthermore, this study also shows the necessity of
establishing coherent QC procedures. The results obtained in

a0 this work may vary from the QC performed by other Brewer
operators, as their instrument characterisation and processing
algorithms can differ.

Once characterised, the combined standard uncertainty
(absolute and relative values) was derived, and a sensitivity

analysis was performed to identify the most influential un-
certainty sources.

The absolute combined standard uncertainty (in
mWm~2nm~!) of single- and double-monochromator
Brewers increases with increasing wavelength and de-
creasing SZA. For single Brewers, the absolute values
are 3 times higher than those of double Brewers due to
the uncertainty in stray light correction. Small differences
between double Brewers are observed, due to the influence
of the correction of (a) the dark signal and noise below
300nm and (b) the dead time and cosine error at larger
wavelengths. Regarding the relative values (the absolute
combined standard uncertainty divided by the UV irradiance
measured) of all Brewers (single and double), they are
instrument-specific and depend on both the instrument’s
individual characteristics and its calibration and maintenance
protocols. Thus, a well-maintained Brewer can reach relative
uncertainties of 2 %-3 % for wavelengths above 310 nm. On
the other hand, instruments not following strict calibration
and maintenance protocols can have large fluctuations in
their uncertainties, due to operational issues. As a result,
they show larger uncertainties, 3 %—5 % for wavelengths
above 310nm, and higher deviations from the QASUME
(the European reference unit). For the Brewers studied,
the relative uncertainty (in %) increases with SZA at short
wavelengths. The increase is more marked for Brewers with
no cosine correction implemented, especially for single
Brewers. This behaviour is linked to wavelength shifts,
noise, and the correction of stray light, cosine error, and
dark counts. Furthermore, spikes in the relative combined
standard uncertainty are expected if the wavelength shift is
large enough. Thus, it is important to monitor the wavelength
calibration of the instrument to keep wavelength shifts below
0.1 nm, as this shift leads to uncertainties of 3 % in the UV-A
region.
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For the 10 Brewer spectrophotometers analysed in this
study, the average combined standard uncertainty in erythe-
mal spectral irradiance ranges between 2.7 % and 3.9 %, with
maximum values varying from 17 % for a single Brewer to
3.4 % for a double Brewer for wavelengths above 310 nm.
This variability indicates the need of characterising each
Brewer spectrophotometer individually rather than relying
on generic values, which may not fully represent the pre-
cision these instruments can achieve (Grobner et al., 2006).
When integrating erythemal spectral irradiance to compute
the UVI, the resulting uncertainty ranges from 2.7 % to
6.2%. The UVI, along with cumulative erythemal irradi-
ance doses, represents a fundamental metric for informing
the public about the potential adverse effects of UV radiation
(Lucas et al., 2019).

The sensitivity analysis performed shows that the sources
of uncertainty in the Brewer signal (noise, dark signal, stray
light, and dead time) are important for wavelengths below
300 nm and large SZAs. However, they can also become sig-
nificant above 310 nm and for SZAs below 50° if the uncer-
tainties of dead time and SNR are larger than 3 ns and 10 %,
respectively. For wavelengths above 300 nm, cosine correc-
tion (when implemented), radiometric stability, and the un-
certainty of the reference lamp are usually the most domi-
nant sources, regardless of the SZA. Radiometric stability is
the most influential out of these three uncertainty sources,
causing an irradiance uncertainty of 3 %. This shows the im-
portance of the maintenance of the instrument. Brewer spec-
trophotometers must be operated following stringent proce-
dures and calibration schedules.

Based on the findings of this sensitivity analysis, to re-
duce the overall uncertainty of a Brewer spectrophotometer,
it is recommended to (a) monitor the instrument’s stability by
calibrating it more than once a year, (b) calibrate the refer-
ence lamps periodically to ensure up-to-date calibration cer-
tificates, (c) monitor the dead time to ensure uncertainties of
less than 2 ns, (d) monitor wavelength shifts and reduce them
below 0.05 nm through frequent wavelength calibrations and
accurate determinations of the instrument wavelength scale,
and (e) calibrate the instrument using two or more reference
lamps. Regarding the angular response of the instrument, it
should be studied and the existing data reprocessed with the
corresponding cosine correction. This correction is necessary
to ensure the reliability of the Brewer UV data, as Brewer
spectrophotometers with no cosine correction underestimate
the spectral UV irradiance. Furthermore, this study is also es-
sential to accurately determine the overall measurement un-
certainty and to guarantee the instrument’s suitability for de-
tecting long-term UV trends.

The relative combined standard uncertainties of the Brew-
ers used in this study can be compared with the ones ob-
tained in previous studies. Garane et al. (2006) determined
a combined standard uncertainty of 5.3 % at 320 nm for a
single Brewer (MKII version). This value is slightly larger
than the one obtained in our work at 320nm (3.1 %-3.3 %).

This is likely produced by cosine correction. While Garane
et al. (2006) included this uncertainty source in their evalua-
tion, none of the single Brewers participating in the RBCC-
E campaign had their cosine error characterised. Regarding
the double Brewers studied, their UV irradiance uncertainty
ranges between 2.5 % and 5 % for wavelengths larger than
300 nm. These values are similar to the uncertainty found
by Garane et al. (2006). They reported a relative uncertainty
of 4.8 % for their double Brewer. Furthermore, the uncer-
tainty of the double Brewers studied is also comparable to
the European reference units, QASUME I and QASUME II.
Hiilsen et al. (2016) found relative uncertainties of 3.85 %
and 3.67 % at 300 nm for QASUME and QASUME II, re-
spectively. Moreover, the irradiance uncertainties determined
in this work are similar to the ones described in other publi-
cations (Bernhard and Seckmeyer, 1999; Fountoulakis et al.,
2020). Therefore, the relative combined standard uncertain-
ties determined in this study are comparable to those of other
UV spectroradiometers. This also applies to the uncertainties
of erythemal irradiance and the UV index, as the values esti-
mated are also similar to the ones found for other instruments
(Bernhard and Seckmeyer, 1999; Cordero et al., 2007).

Finally, it should be noted that further work is needed
to ensure that the uncertainty of all UV scans measured by
Brewer spectrophotometers is evaluated. The Monte Carlo
method used in this study is easy to implement, but it requires
a large number of trials to provide reliable results. Consider-
ing the number of uncertainty sources in the Brewer mea-
surement procedure, this results in a heavy calculation cost.
On a standard laptop, it took around 8 h per UV scan mea-
sured to calculate the combined standard uncertainty and the
sensitivity analysis (10° iterations). Although this execution
time could be reduced by optimising the code or using a com-
puter with better performance, the MCM can be impractical
to evaluate the uncertainty of Brewers’ long UV records.

Code and data availability. The data used for this
are available at EuBrewNet (http://eubrewnet.aemet.es/,
Agencia Estatal de Meteorologia, 2025), and the code
used was based on the algorithm available on Zenodo
(https://doi.org/10.5281/zenodo.10973560, Gonzdlez et al.,
2024a). The aerosol optical depth measured at INTA/El Arenosillo
station was used for the cosine correction and can be downloaded
from AERONET (Holben et al., 1998).
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