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Abstract. The Brewer ozone spectrophotometer (the
Brewer) is one of the World Meteorological Organiza-
tion (WMO) Global Atmosphere Watch (GAW)’s standard
ozone-monitoring instruments since the 1980s. The entire
global Brewer ozone-monitoring network is operated and
maintained via a hierarchical calibration chain, which started
from world reference instruments that are independently cal-
ibrated via the primary calibration method (PCM) at a pre-
mium site (National Oceanic and Atmospheric Adminis-
tration’s (NOAA) Mauna Loa Observatory, Hawaii). These
world reference instruments have been maintained by En-
vironment and Climate Change Canada (ECCC) in Toronto
for the last 4 decades. Their calibration is transferred to the
travelling standard instrument and then to network (field)
Brewer instruments at their monitoring sites (all via the cal-
ibration transfer method; CTM). Thus, the measurement ac-
curacy for the entire global network is dependent on the cal-
ibration of world reference instruments. In 2003, to coordi-
nate regional calibration needs, the Regional Brewer Cali-
bration Center for Europe (RBCC-E) was formed in Izaña,
Spain. From that point, RBCC-E began calibrating regional
references also via PCM instead of CTM. The equivalency
and consistency of world and regional references are then
assured during international calibration campaigns. In prac-

tice, these two calibration methods have different physical
requirements, e.g., the PCM requires a stable ozone field in
the short term (i.e., half-day), while the CTM would ben-
efit from larger changes in slant ozone conditions for the
calibration periods. This difference dictates that the PCM
can only be implemented on Brewer instruments at certain
sites and even in certain months of the year. This work is
the first effort to use long-term observation records from 11
Brewer instruments at four sites to reveal the challenges in
performing the PCM. By utilizing a new calibration simula-
tion model and reanalysis ozone data, this work also quanti-
fies uncertainties in the PCM due to short-term ozone vari-
ability. The results are validated by real-world observations
and used to provide scientific advice on where and when the
PCM can be performed and how many days of observations
are needed to achieve the calibration goal (i.e., ensure the
calibration uncertainty is within a determined criterion, i.e.,
≤ 5 R6 units; R6 is a measurement-derived double ratio in
the actual Brewer processing algorithm). This work also sug-
gests that even if the PCM cannot be used to deliver final
calibration results for mid- or high-latitude sites, the statis-
tics of the long-term PCM fitting results can still provide key
information for field Brewer instruments as stability indica-
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tors (which would provide performance monitoring and data
quality assurance).

1 Introduction

As the major absorber of solar ultraviolet radiation in the
200–330 nm spectral band, ozone (O3) is an important trace
gas that influences the stratospheric and tropospheric dynam-
ics and chemistry. Observations of atmospheric total col-
umn ozone (TCO) date back to the 1920s (Dobson, 1968),
while the real concerns about the stratospheric ozone layer
depletion were raised in the late 1970s to early 1980s. The
discovery of the Antarctic ozone hole in 1985, findings of
the vulnerability of stratospheric ozone to anthropogenic ac-
tivities, global ozone decrease, and the consequential in-
crease of ultraviolet-B (UV-B) radiation at the earth’s sur-
face resulted in stratospheric ozone research and monitor-
ing becoming urgent and important (Farman et al., 1985;
Solomon et al., 1986; Stolarski et al., 1986; Ramaswamy
et al., 1992). Since the late 1950s, Environment and Cli-
mate Change Canada (ECCC) has operated the Canadian
ozone-monitoring network that includes stations at Toronto,
Edmonton, Churchill, Resolute, and Goose Bay, originally
equipped with Dobson spectrophotometers (Dobson, 1931,
1968). To increase the quality and frequency and to automate
ozone observations, Alan Brewer proposed a replacement to
the Dobson instrument (Brewer, 1973), and the automated
version of the Brewer instrument was developed in the early
1980s at ECCC (Brewer, 1973; Kerr et al., 1981, 1985b).
Currently, with more than 240 Brewer instruments manufac-
tured and deployed worldwide within the World Meteorolog-
ical Organization (WMO) Global Atmosphere Watch (GAW)
Programme, the Brewer network is the backbone of global
ground-based ozone-monitoring networks and plays an im-
portant role in ozone monitoring and trend detection (e.g., Fi-
oletov et al., 1999; Staehelin et al., 2001; Weber et al., 2022),
in satellite and model validation (e.g., Fioletov et al., 2006;
Labow et al., 2013; Garane et al., 2019), as well as in assist-
ing in the development of new ozone-monitoring techniques
(e.g., Zhao et al., 2016; Egli et al., 2022).

At the beginning of the Canadian Brewer Spectrophotome-
ter Network, it was decided to follow a hierarchical cal-
ibration chain to maintain measurement stability and net-
work consistency. Three Brewer instruments were selected
to form the world Brewer reference triad in Toronto (Kerr et
al., 1985a) and receive their extraterrestrial calibration con-
stant (ETC) via the independent primary calibration method
(PCM; via Langley plot techniques) at the National Oceanic
and Atmospheric Administration’s Mauna Loa Observatory
(MLO), Hawaii, USA, every 3–8 years (Fioletov et al., 2005;
Zhao et al., 2021). In Toronto, these world reference instru-
ments were then used to transfer their calibration results to
a travelling standard instrument via the calibration transfer
method (CTM) (Kerr, 2010; Redondas et al., 2018a). Finally,

the travelling standard instrument visits individual field in-
struments at their observation sites (or during their participa-
tion in intercomparison campaigns) and transfers the calibra-
tion also via the CTM. Thus, the accuracy of the entire global
Brewer ozone-monitoring network depends on the calibra-
tion of the world reference instruments. The Brewer refer-
ence triad (BrT), consisting of three Mark II instruments, was
used instead of just one instrument to assure that any drifts
of one instrument could be detected from the other two (Fi-
oletov et al., 2005). Beginning in 2011, a double Brewer ref-
erence triad (BrT-D; consists of three Mark III instruments)
started their service in Toronto (Zhao et al., 2021).

Besides the world reference triads, there are two other
Brewer triads in operation in Europe: the Swiss triad and the
Regional Brewer Calibration Center for Europe (RBCC-E)
triad. The Swiss triad, formed in 1998, is operated in Davos,
Switzerland (relocated from Arosa between 2011 and 2021),
by the PMOD/WRC for the Swiss Federal Office of Me-
teorology and Climatology (MeteoSwiss) (Staehelin et al.,
1998; Stübi et al., 2017a). The RBCC-E triad, formed in
2003, is operated in Izaña, Spain, by the State Meteorolog-
ical Agency of Spain (AEMET) (León-Luis et al., 2018) to
facilitate the regional calibration needs. Using the same pro-
cedure as world reference instruments, these regional refer-
ence instruments (RBCC-E triad) are also calibrated via the
PCM but at their home site in Izaña. As a result, the con-
sistency between the world and regional references must be
assured during regular intercomparison campaigns (via com-
paring regional references with a travelling standard or world
reference) (Redondas et al., 2018a).

Theoretically, the world and regional references, both in-
dependently calibrated at different sites, should have negli-
gible differences in calibration results (e.g., accuracy). How-
ever, in practice, the AEMET and ECCC teams use different
software, fitting air mass factor ranges, and data quality fil-
ters in their calibration work. More importantly, Langley plot
techniques are based on an assumption that the ozone field
is stable during each calibration session (i.e., half-day) and
that the observations are of good quality (e.g., observed spec-
tral signals should not be “contaminated” by the presence of
clouds or heavy aerosol scattering). In reality, these condi-
tions at different locations may differ significantly in the cal-
ibration work. An alternate approach has been demonstrated
by Egli et al. (2022) by using the Quality Assurance of Spec-
tral Ultraviolet Measurements in Europe (QASUME) spec-
troradiometer calibrated in the laboratory with SI-traceable
radiation standards to retrieve the atmospheric TCO from di-
rect spectral solar irradiance measurements without requiring
an in situ-based Langley calibration and thereby being in-
sensitive to possible systematic ozone variations that poten-
tially affect the Langley-plot-based calibration. Co-located
measurements between QASUME and Brewer #156 have
shown good agreement in retrieved total column ozone with
less than 1 % difference. As a result of the Langley calibra-
tions, different calibration settings and site conditions could
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both have a clear impact on the final calibration results. For-
tunately, from our analysis, the different calibration proce-
dures (for Langley plot techniques) used by the AEMET and
ECCC teams would have a negligible impact (more details
will be published in an upcoming paper).

Meanwhile, the site conditions during the PCM cali-
brations, especially short-term ozone stability (i.e., TCO
changes in half-day), could have a significant impact on the
Langley plots and the PCM calibration results. It is worth
noting that Kerr (2010) discussed the reasons for selecting
MLO as the site to perform primary calibration, including
its stable short-term ozone field and high altitude (less sur-
face ozone pollution). The author also provided the number
of days needed to accomplish high-quality calibration work
(about 10 d in MLO) (Kerr, 2010). However, no indication of
these conditions for other sites is given nor any quantified
comparisons between different sites. To further the effort,
this study is focused on quantifying the site selection impact
on the PCM using long-term observations from four sites
(Arosa/Davos, Izaña, Toronto, and MLO) with 11 Brewer
instruments total and a novel ETC simulation model. This
work is aimed at obtaining answers to the following scien-
tific questions – (1) why Brewer primary calibration work
can only be performed at certain sites (e.g., Izaña and MLO),
and (2) what is needed to assure the equivalence of calibra-
tion quality from different sites (e.g., how many days of ob-
servations are needed from different sites to achieve expected
high-quality calibration results).

The paper is organized as follows. Section 2 introduces the
instruments, reanalysis data, and sites. In Sect. 3, the primary
calibration method, the ETC simulation model, and the val-
idation and application work are described. In Sect. 4, other
site-specific conditions, included to estimate the calibration
needs and reveal different requirements, are described. Sec-
tion 5 provides optimized primary calibration strategies that
were applied by the AEMET and ECCC teams and also ex-
plains how the findings in this work can assist in field Brewer
operations, monitoring, and data assurance work. Conclu-
sions are given in Sect. 6.

2 Instruments, reanalysis data, and sites

2.1 Brewer spectrometer

The Brewer spectrophotometer is a modified Ebert grating
spectrometer that was designed to measure almost simulta-
neously the intensity of radiation at six UV channels (nom-
inal wavelengths at 303.2, 306.3, 310.1, 313.5, 316.8, and
320.1 nm). The first channel is almost exclusively used for
wavelength calibration, and the second channel is used for
SO2 retrieval. The four longer wavelengths are used for the
TCO (�) retrieval via the following equation:

F −1β ·m= F0+1α ·� ·µ, (1)

where m and µ are the enhancement factors for the slant-
to-vertical path length of the direct radiation for air and the
ozone layer, respectively (also known as the air mass factors).
F ,1α , and1β are the linear combinations of the logarithms
of the measured intensity, the effective ozone absorption, and
the Rayleigh scattering coefficients, respectively. For exam-
ple,

F =− log10(I3)+ 0.5log10(I4)+ 2.2log10(I5)

− 1.7log10(I6), (2)

where I3 to I6 are the photon count rates at the four longest
wavelength channels (Kerr et al., 1985b). F0 is the instru-
ment response if there were no atmosphere between the in-
strument and the sun; it is also known as the ETC (pro-
portional; see Sect. 3 for more details). Here, 1β , m, and
µ are precalculated and are not instrument-dependent. F0
and 1α (calibration constants) are unique for each instru-
ment and depend on the exact wavelengths and passbands
of the slits of each instrument. The details of the standard
Brewer ozone retrieval algorithm can be found in Kerr (2010)
and the references therein. In practice, 1α is determined
via laboratory calibration (Gröbner et al., 1998; Redondas
et al., 2018b), and F0 can be determined via two differ-
ent field calibration approaches (i.e., PCM and CTM). Af-
ter receiving these calibration constants, � is then readily
calculated for each field observation (i.e., F ). Total column
ozone values in this study are given in Dobson units (DU;
1DU= 2.6870× 1016 molec.cm−2).

There are several model versions of the Brewer instrument.
Two Mark I prototype instruments were tested and operated
briefly in the late 1970s (Kerr et al., 1981). The first pro-
duction version (Mark II) was introduced in the early 1980s.
In the late 1980s, the double monochromator (Mark III) was
developed to reduce the internal instrumental stray light and
to improve the signal-to-noise ratio in large slant column
ozone conditions (e.g., to allow for high-quality TCO mea-
surements in low-sun-elevation conditions; to better meet
the observation conditions in high-latitude sites). There were
other versions of Brewer instruments developed (i.e., Mark
IV and V) to extend the measuring wavelengths and to mea-
sure other trace gases (Savastiouk, 2006). Today, only the
Mark III version of the Brewer is manufactured. More details
about Mark II and III measurements and other characteristics
can be found in Zhao et al. (2021).

The Brewer spectrophotometer provides data products that
include column ozone (e.g., Kerr et al., 1981; Kerr, 2002),
column sulfur dioxide (SO2; e.g., Fioletov et al., 1998; Zere-
fos et al., 2017), column nitrogen dioxide (NO2, by Mark
III and IV; e.g., Kerr et al., 1988; Cede et al., 2006; Dié-
moz et al., 2021), spectral UV radiation (e.g., Bais et al.,
1996; Fioletov et al., 2002), aerosol optical depth (AOD)
(e.g., Marenco et al., 2002; Kazadzis et al., 2005; Diémoz
et al., 2016; López-Solano et al., 2018), and effective ozone
layer temperature (Kerr, 2002). However, the main data prod-
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uct provided by the Brewer instrument is the TCO via direct-
sun (DS) observations using the method described above.
In this work, we focus on the Brewer direct-sun TCO data
product only, although TCO can also be retrieved using solar
zenith sky radiance, solar global spectral UV irradiance, lu-
nar direct irradiance, and “Focused Sun” method (e.g., Josef-
sson, 2003; Kerr, 2010; Fioletov et al., 2011), and ozone
profiles can be retrieved though the Umkehr method using
zenith sky measurements during sunrise and sunset (e.g.,
Petropavlovskikh et al., 2005).

In this work, Canadian Brewer data were processed by the
Brewer Processing Software (BPS) developed by ECCC (Fi-
oletov and Ogyu, 2008). Here we included one world refer-
ence triad (BrT-D; Brewer #145, #187, and #191) and one
MLO instrument (Brewer #119). European data were pro-
cessed by the European Brewer Network (EUBREWNET)
developed by AEMET (Redondas et al., 2018a; Rimmer et
al., 2018), including observations from the RBCC-E triad
(Brewer #157, #183, and #185), the Swiss triad (Brewer
#040, #072, #156), and Brewer #163 (PMOD/WRC instru-
ment). Both BPS and EUBREWNET software demonstrated
very similar results and good performance in a recent com-
parison of available processing software tools for Brewer to-
tal ozone retrievals (Siani et al., 2018).

2.2 Cimel sun photometer

Cimel sun photometers are conceptualized and initiated by
the National Aeronautics and Space Administration (NASA)
for measuring aerosol properties. The instruments formed a
global aerosol-monitoring network, known as the AErosol
RObotic NETwork (AERONET, https://aeronet.gsfc.nasa.
gov/, last access: 15 December 2022) in the early 1990s
(Holben et al., 1998, 2001). The sun photometer measures
AOD in direct-sun mode at eight wavelengths, typically 340,
380, 440, 500, 675, 870, 940, and 1020 nm. AOD is a unit-
less quantity representing the vertically integrated extinction
of radiation due to scattering and absorption. The measured
AOD values are used for filtering days with high aerosol
loading that could affect the Brewer primary calibration ac-
curacy due to scattering and absorption by aerosols. Ideally,
observations of AOD at the Brewer instrument’s operational
wavelengths should be used to screen out such days. How-
ever, the shortest wavelength of the Cimel sun photometer
is 340 nm, which also has larger uncertainty than all the
other channels (due to a stronger temperature sensitivity).
Thus, instead of using the measured Ångström exponent to
estimate AOD at 320 nm (Brewer instrument’s observation
wavelength), we used a second-order polynomial fit of mea-
sured AOD values (in logarithmic coordinates) from 380,
440, and 500 nm to extrapolate AOD values at 320 nm (per-
sonal communication, Thomas F. Eck from NASA Goddard
Space Flight Center, 25 June 2021).

2.3 MERRA-2

The second Modern-Era Retrospective analysis for Research
and Applications (MERRA-2) is an atmospheric reanaly-
sis from NASA’s Global Modeling and Assimilation Office
(GMAO). MERRA-2 assimilates partial total-column ozone
retrievals from the Solar Backscatter Ultraviolet (SBUV) se-
ries from 1980–2004 (Labow et al., 2013). From October
2004, MERRA-2 assimilates ozone profiles and total col-
umn data from the Microwave Limb Sounder (MLS) and
the Ozone Monitoring Instrument (OMI), respectively (War-
gan et al., 2017). MERRA-2 column ozone data have been
found to be of good quality when compared with satellite
and ground-based observations (e.g., Rienecker et al., 2011;
Wargan et al., 2017; Zhao et al., 2017, 2019). In this work,
the MERRA-2 TCO data (0.5◦ Lat.× 0.625◦ Long., version
5.12.4) with 1 h temporal resolution are used as an input in
the ETC simulation model (see Sect. 3 for more details).

In this study, the MERRA-2 data were compared with real
Brewer observations for all 11 instruments from the four
sites. In general, the overall percentage difference between
Brewer instruments and MERRA-2 is within ±5 % on the
1σ level. Small differences in seasonal and diurnal patterns
are expected to have only a limited impact on the modelled
daily ozone variation pattern or the ETC simulation model
(for 2009–2019). The data assimilation source change only
included a small shift in bias (1 %–2 %) (Zhao et al., 2021).
More details on the comparison results are shown in Ap-
pendix A.

2.4 Sites

Four long-term Brewer calibration and/or operation sites
are included in this work: Arosa/Davos, Switzerland; Izaña,
Spain; MLO, Hawaii, USA; and Toronto, Canada (see Ta-
ble 1 for details). MLO and Izaña are the calibration sites for
the world reference triads and the European regional triad, re-
spectively. Arosa/Davos, Izaña, and Toronto are the operation
sites for the Swiss triad, RBCC-E, and the world references,
respectively.

Most of these instruments were operated at their current
home site in the last decade but with some exceptions. One of
the Swiss Brewer triad instruments (Brewer #072) was first
moved from Arosa to Davos in November 2011 (Stübi et al.,
2017a). The last instrument (Brewer #040) was definitively
moved to Davos in February 2021. RBCC-E started primary
calibrations in 2003, and the triad has been in operation at
Izaña since 2005, organizing a yearly calibration campaign in
Europe (at El Arenosillo (Huelva, southwest Europe) in even
years and at Arosa/Davos in odd years). Please note that, as
the regional travelling reference, Brewer #185 visited many
other field sites over the past few decades (only its record
from Izaña is included in this work). The BrT and BrT-D
have been in operation in Toronto since 1984 and 2011, re-
spectively (BrT is not included in this work). The BrT-D in-
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Table 1. Observation sites and instrument history.

Site Latitude Longitude Altitude (a.s.l.) Instrument (operation periods) Instrument type

Arosaa 46.78◦ N 9.67◦ E 1840 m #040 (1988–2021) Mark II
#072 (1991–2011) Mark II
#156 (1998–2018) Mark III

Davos 46.80◦ N 9.83◦ E 1590 m #163 (2007–) Mark III
#040 (2021–) Mark II
#072 (2011–)b Mark II
#156 (2018–) Mark III

Izaña 28.31◦ N 16.50◦W 2370 m #157 (1997–) Mark III
#183 (2003–) Mark III
#185 (2005–) Mark III

MLO 19.5◦ N 155.6◦W 3400 m #119 (1997–) Mark III

Toronto 43.78◦ N 79.47◦W 187 m #145 (1998–)c Mark III
#187 (2007–)c Mark III
#191 (2009–)c Mark III

Egbertc 44.23◦ N 79.78◦W 253 m

a The Swiss triad (Brewer #040, #072, and #156) was relocated from Arosa to Davos. The Arosa site is 13 km southwest of the Davos site.
In this work, Brewer data from Arosa and Davos are merged as observations from one site (i.e., Davos). The official name of the
observation station is Arosa/Davos. b From 2011–2018, Brewer #072 sometimes moved back to Arosa and again to Davos to perform the
intercomparison study (Stübi et al., 2017a). The instrument was at Arosa for four periods (July–August 2012, February–March 2013, July
2014–July 2015, and July–September 2018). c World reference triad (Brewer #145, 187, and 191) was temporally relocated from Toronto to
Egbert (observations at Egbert from 6 September 2018–8 March 2021). The Egbert site is 55 km northwest of the Toronto site. In this work,
Brewer data from Egbert and Toronto are merged as observations from one site (i.e., Toronto).

struments were temporally relocated to Egbert in 2018–2021.
More details on the location and altitude of each site and a
brief instrument history are shown in Table 1. In short, the
relocation of the Swiss triad (Stübi et al., 2017a) and BrT-D
would not impact the goal and results of this research (e.g.,
the new and old sites are within one grid of the MERRA-2
model). Thus, in this work, we will refer to observations and
model results from the Swiss triad as being at the Davos site,
and we will refer to observations and model results from BrT-
D as being at the Toronto site; that is, we will not distinguish
Arosa and Egbert as separated sites from Davos and Toronto.

3 Primary calibration

3.1 Langley plot techniques

Primary calibrations are carried out for Brewer reference in-
struments independently using the Langley plot technique,
which is also called the zero air mass extrapolation technique
(Kerr et al., 1985b). With assumptions that TCO values (�)
are constant through the calibration session (half-day) and
aerosol has negligible impact, the instrument response Fi
(see Eq. 2) adjusted for instrumental (dead time, dark counts)
and some atmospheric (Rayleigh scattering) factors is a lin-
ear function of air mass (µi):

Fi = ETC+ 10�1αµi + ei, (3)

where i is the observation number, 1α is the effective ozone
absorption, 10 is a scaling factor used in the Brewer soft-
ware (this factor is to accommodate for the fact that the
measured intensities are stored in the 104log10(I ) scale and
to convert the ozone column unit from centimetres to Dob-
son units), and ETC is the extraterrestrial constant (here,
ETC= 104

×F0). Equation (3) is a linear regression equa-
tion with two unknown parameters, ETC and �. That can
be solved, for example, by the least squares method, i.e., by
minimizing the sum of e2

i . This can be represented by the
Langley plot: the linear fit of measurements made under a
range of µi (e.g., 1.2–3.2; for a short (half-day) period to as-
sure � is a constant) can yield a straight line on a Fi vs. µi
plot with the intercept as ETC. To find an optimal solution
of Eq. (3), a correlation matrix of ei is required. In practice,
however, it is typically assumed that ei values are uncorre-
lated and have the same variance. Each Brewer DS measure-
ment comprises five individual observations taken about 41 s
apart. The standard deviation of these five measurements,
SD(O3), is often used to filter out “bad” measurements (usu-
ally, measurements taken under cloudy conditions), and then
only the remaining measurements are used to derive ETC.
Uncertainties of individual Fi values as well as the depen-
dence of these uncertainties on air mass are not considered
as they have a relatively small impact on the final ETC val-
ues. Also, the exact time of each of the five individual ozone
observations can be used to calculate air mass, and the cor-
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responding F values can be used in Eq. (3) instead of the
standard F and air mass from Brewer DS. However, such
additional details have a minor impact on the overall ETC
uncertainty.

Meanwhile, there is one more factor that is important for
consideration. Since the final goal of the ETC estimation is
to retrieve the ozone values, it may be more appropriate to
minimize the impact of ETC errors on rederived ozone and
minimize the sum of e′i

2 in a modified equation:

Fi

µi
=

ETC
µi
+ 10�1α+ e′i, (4)

where the Langley fit will be done with F/µ versus 1/µ,
with the slope of the fit as ETC value. In addition, as the
Brewer instrument has a constant sampling frequency (about
5 min if measuring only DS ozone), the Langley fitting plot
will have sparse data during highµ conditions as the sun rises
quickly and abundant data while µ is lower. Thus, the fitting
results of Eq. (3) might be over-weighted by those sparse ob-
servations near the early morning or late afternoon periods,
whereas Eq. (4) does not have such a problem. Preference
of Eq. (4) over Eq. (3) is also to consider the important as-
sumption that ozone remains constant during the observation
period. However, if ozone should fluctuate, this is likely to
be the main source of errors (ei and e′i in Eqs. 3 and 4) in the
Langley fits. In Eq. (3), fluctuations in ozone are not uniform
over the fit, because they are enhanced by the factor µ. How-
ever, in Eq. (4), errors caused by fluctuations in ozone are
uniform over the entire fit. A particular form of the regression
model (Eqs. 3 or 4, or similar) may produce somewhat dif-
ferent values for the ETC; however, the differences are typi-
cally small as discussed below (e.g., Kiedron and Michalsky,
2016).

The Brewer instrument is able to utilize up to five neu-
tral density (ND) filters to attenuate the incoming light to be
within the dynamic range of its photomultiplier tube (PMT).
Although the filters are selected to have uniform responses
(i.e., they attenuate all wavelengths nearly equally), the ETCs
for different ND filters (i.e., fitting results of Langley plots
made with observations via different ND filters) still can have
offsets. Thus, observations via different ND filters can be
grouped and fitted with the “shared intercept” method:

Fi

µi
=

∑
Iij

ETCj
µi
+ 10�1α+ e′i, (5)

where Iij is the index matrix that selects observations made
with ND filter number j (i.e., if Fi is observation with NDj ,
Iij = 1; otherwise, Iij = 0). By using this adapted method,
ETC values for individual ND filters will be fitted, with a
shared intercept value (10�1α; as a constraint that observa-
tions via different ND filters should report the same constant
total ozone value for the observation period).

Note that the fitting method and the data selection crite-
ria are somewhat different between the AEMET and ECCC

teams. For example, the AEMET procedure uses the µ range
from 1.75 to 3.75 (which is to choose an air mass range that
covers all year round), while the ECCC procedure uses 1.2–
3.2. In practice, the AEMET procedure uses both Eqs. (3) and
(4) to fit ETC values, while the ECCC procedure uses Eq. (5).
Note that, for the AEMET procedure, the ND correction is
applied via a different approach (Redondas et al., 2018a).
The detailed summary of the difference between these pro-
cedures is a subject of a separate upcoming study, and it is
not included here. In this work, we only focus on the impact
of selections of fitting equations.

Figure 1a shows the individual ETC values fitted us-
ing Brewer #119 observations for a 7-month period (April–
October 2010) at MLO. Here Eqs. (4) and (5) were used in
the analysis (represented by different colours for each equa-
tion in the figure) but with other fitting factors set to common
values (e.g., using a common µ range; 1.2–3.2). For Eq. (5),
the individual ETC values are results from ND filter no. 4
(which is the most frequently used ND filter in MLO, given
its local sunlight conditions). The mean values of ETCs and
the standard deviations are shown in the legend. Figure 1b
shows the fitting results of the intercept term in Eqs. (4)
and (5). Figure 1c shows the Langley fitting residual, with
their mean residual values reported in the legend.

For a Brewer instrument, the goal of such a calibration
is to derive its unique ETC value (that can be used in TCO
calculation), with uncertainty within ±5 R6 units (Zhao et
al., 2021). Here R6 is a measurement-derived double ratio in
the actual Brewer processing algorithm, corresponding to the
measured slant column ozone (e.g., Savastiouk, 2006; Zhao
et al., 2021). Note that in typical conditions (e.g.,1α = 0.34
and µ= 2), 5 R6 units is equal to 0.74 DU or about 0.25 %
for a typical ozone value of 300 DU. Also, in this work, the
so-called SL (standard lamp) corrections are implemented
in the TCO calculation (Fioletov et al., 2005; Savastiouk,
2006; Redondas et al., 2018a). The SL corrections are based
on internal lamp tests, and they compensate for changes in
the instrument characteristics that lead to changes in the in-
strument’s ETC and the Langley fitting results (i.e., the in-
strument responses (F values) used in Langley fits have the
SL correction included). In general, Fig. 1 shows that the se-
lection of fitting equations will not impact the agreement of
the final averaged ETC, as long as an adequate number of
individual ETCs are included. In addition, when short-term
ozone variability is high (i.e., indicated by large day-to-day
variation of the 101α� term shown in Fig. 2b), the individ-
ual ETCs will have slightly larger variability (e.g., see results
from late April to early June). For example, Fig. 1 shows
that even for a selected fitting method described above, its
individual ETCs have up to 15 R6 unit standard deviations
(which correspond to 0.68 %–0.80 % of TCO changes, in
typical conditions; �= 280 DU, 1α = 0.34, and µ= 2).
This large day-to-day difference is mainly due to short-term
ozone variability. Note that, in all three Langley plot tech-
niques (Eqs. 3–5), the assumption was that the TCO (�) for
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Figure 1. Brewer #119 individual ETC fitting results from April–October 2010 at MLO, (a) individual ETC values, (b) the intercept term of
Langley fits (for Eqs. 4 and 5), (c) Langley fitting residual RMS. Each dot represents the results of one half-day estimate. The percentage value
in the legend of panel (a) is the 1σ value corresponding percentage (%) of TCO changes, in typical conditions (�= 280 DU, 1α = 0.34,
and µ= 2).

the measurement period is a constant value. Typically, if the
TCO changes’ amplitude is ≤ 1.5 DU for a calibration ses-
sion, the fitted individual ETC value can meet the calibration
goal (i.e., uncertainty within±5 R6 units). However, without
knowledge of true atmospheric TCO variation conditions, it
is difficult to accurately determine if such desired calibration
conditions were met.

3.2 ETC product

As illustrated in the previous section, in reality, TCO does
not remain constant during the calibration session (half-day,
i.e., short-term ozone variability) which will result in an un-
certainty in a single fitted ETC value using any equations
described above. Thus, to lower the ETC uncertainty, Lang-
ley calibrations (single fitted ETC values) are, therefore, av-
eraged over a certain period (e.g., 5–10 d for the MLO site)
to reduce the effects of short-term ozone variability (Kerr,
2010). We will refer to this final averaged ETC value as
the ETC product for O3 (ETCO3) and fitting results of in-
dividual calibration sessions (i.e., one morning or one after-
noon period) as individual ETC measurements. This ETCO3
will be used to calculate observed ozone columns via �=
(F −ETCO3)/101αµ. The instrument receiving its ETCO3
via this method is considered to be calibrated by the PCM. In
contrast, an instrument receiving its ETCO3 by comparing
its observations with another calibrated Brewer is considered
to be calibrated by the CTM (i.e., by using the same ozone
column equation but replacing the � with observations from

another calibrated Brewer, one can derive the ETCO3). In
this work, we will focus on the PCM only.

As the calibration site for world reference Brewer instru-
ments, MLO’s short-term ozone variability conditions have
been well studied and known (Gröbner and Kerr, 2001; Kerr,
2010). Kerr (2010) points out that TCO does not remain con-
stant at MLO, having a typical variation of about ±2 DU
during a day. This variation would contribute about 1.5 %
error in total ozone if using an individual ETC (without av-
eraging) to calculate the TCO. Gröbner and Kerr (2001) con-
cluded that for Brewer and Dobson instruments at MLO, the
PCM can be carried out at any time of the year. For other ob-
servation sites, this short-term ozone variability can be very
different from that for MLO and would introduce different
amounts of uncertainties to individual ETCs and ETCO3. We
do not have similar quantified numbers for other sites; how-
ever, it can be noted that, typically, the low-latitude sites will
have less short-term ozone variability. In addition to latitude
dependency, the short-term column ozone variability also has
a seasonal dependency, showing lower variability in the sum-
mertime. Thus, even for a given site, if the PCM is carried out
in different seasons, the derived individual ETCs and ETCO3
would also have different uncertainties. Therefore, a quan-
tification of the short-term ozone variability’s impact on the
Brewer’s primary calibration work is necessary.

For consistency, moving forward, all PCM calculations are
done using Eq. (3) and µ range from 1.2 to 3.2. The indi-
vidual fitting results are then filtered with the same crite-
ria (≥ 10 good quality ozone data points per each fit and
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Figure 2. Long-term Langley fits of Brewer instruments from Arosa/Davos (Brewer instruments #040, #072, #156), Davos (Brewer #163),
Izaña (#157, #183, #185), MLO (#119), and Toronto (#145, #187, #191). Gray dots are fitted ETCs for individual half-days, red lines are
yearly mean values of these individual ETCs (error bars are 1σ values), and blue lines are ETC values obtained from instrument calibration
files (ICFs; validation periods are indicated as vertical dashed black lines).

the least square fitting RMS≤ 3). The long-term ETC fit-
ting results from all 11 instruments are shown in Fig. 2. Gray
dots are the fitted individual ETCs, while the red lines repre-
sent the yearly normal fits of corresponding individual ETCs
(with error bars as 1 standard deviation of the individual
ETCs of the particular year). The documented ETC values
from the instrument calibration file (ICF) are shown as blue
lines with their validation period indicated by vertical dashed
black lines. Note that these ICF ETCs are the numbers used
in each Brewer’s ozone data production. Here, the world and
regional reference instruments’ ICF ETCs were acquired via
the PCM (e.g., Kerr, 1997), while the other instruments’ ICF
ETCs were acquired via the CTM during calibration cam-
paigns (e.g., Redondas et al., 2018a). The first column of the
figure (left to right) shows results from instruments at Arosa/-
Davos; the second column shows RBCC-E instruments; the
third column shows MLO instrument; and the last column
shows world reference instruments.

Even before any further detailed analysis, Fig. 2 already
shows the quality of individual ETCs from different sites
via their spread patterns. For low-latitude sites (Izaña and
MLO), the individual ETCs (gray dots) have less variability
and are more closely distributed around the yearly means (red
lines) and ICF ETC (blue lines) values. For mid-latitude sites
(Arosa/Davos and Toronto), the individual ETCs are more

scattered and even show seasonal patterns (i.e., higher scat-
tering in cold seasons).

3.3 ETC simulation model

The scattered individual ETCs as shown in Fig. 2 came from
several aspects, including short-term ozone stability, instru-
ment random uncertainty, meteorological impact (e.g., miss-
ing data due to cloudy or high aerosol conditions), and also
instrumental function changes in individual Brewer instru-
ments (e.g., changes in optics or other electronic parts). For
example, Brewer #187 has a clear change of ETCO3 from
1800 in 2013 to about 1600 in 2015. During this period, it
was discovered that the PMT quality was poor and had ex-
tremely high dark counts. Adjustments were made to try to
compensate for the deterioration and reduce the dark count
of the PMT. In September 2014, the PMT was replaced. It
was at this point that the instrument also had its electron-
ics converted (from single-board to multi-board electron-
ics), which also affected its ETCO3. More detailed exam-
ples of instrumental changes of RBCC-E instruments are
provided in the supplement of León-Luis et al. (2018). To
avoid such instrument-related issues and meteorological fac-
tors, MERRA-2 reanalysis ozone data are used in an ETC
simulation model developed to isolate the short-term ozone
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variability impacts (i.e., to exclude other instrumental and
natural factors that could affect ETC) and also to avoid data
gaps. We developed such a model to provide a uniform work-
bench to assess any observation locations that may be consid-
ered for Brewer’s primary calibration work and provide guid-
ance for Brewer’s long-term stability monitoring (addressed
in Sect. 5).

The ETC simulation model uses MERRA-2 TCO as in-
put. MERRA-2 data were found to have good consistency
with Brewer observations (e.g., Zhao et al., 2021). The data
used comprise 20 years of MERRA-2 reanalysis hourly data
(1999–2019) for Davos, Izaña, MLO, and Toronto (detailed
comparison and verification can be found in Appendix A).
For each day (local standard time from 06:00–18:00 LT),
MERRA-2 TCO data (�) are fitted by a simple second-
order polynomial function as was previously done in several
Brewer triad studies (Fioletov et al., 2005; Stübi et al., 2017b;
León-Luis et al., 2018; Zhao et al., 2021),

�= a+ b(t − t0)+ c(t − t0)
2, (6)

where t is the corresponding time of MERRA-2 ozone, and t0
is the time of local solar noon. The fitting results for each site
are summarized in Fig. 3 as histograms of the fitting param-
eters. The analysis shows that both MLO and Izaña have low
year-round ozone variations (a term; see Fig. 3a) with com-
parable mean and standard deviation values (268± 17 and
291± 20 DU, respectively). Arosa/Davos and Toronto have
much larger mean and standard deviation values (316± 38
and 328± 42 DU, respectively) when compared to MLO and
Izaña due to their higher latitude. The first-order and second-
order polynomial terms (b and c terms; see Fig. 3b and c)
show the linear and quadratic changes of the ozone field,
which represent two independent (orthogonal) TCO varia-
tion patterns. For example, on the 1σ level, MLO has only
0.48 DUh−1 linear ozone field changes, which is less than
one-third of the linear variation in Toronto. Simple TCO
variation amplitudes (i.e., maximum value subtract minimum
value for that given period) for whole daytime, a.m., and
p.m. sessions are reported in Fig. 3d–f, with the probabil-
ity of variation amplitudes less than 1.5 DU (suitable con-
ditions for Brewer Langley calibration work) shown in the
legends. For example, the results (Fig. 3e) show that Brewer
instruments at MLO and Izaña have a better chance (e.g.,
55 % and 45 % for morning sessions, respectively) to have
a good stable short-term ozone field to produce high-quality
individual ETCs via Langley plot techniques than the ones
at Davos (23 %) or Toronto (20 %). Statistics of MERRA-
2 and Brewer’s fitted daily ozone variations are provided in
Appendix A (see Figs. A4–A6).

In addition to quantifying the short-term ozone variability
at different sites, the benefit of fitting the ozone field using
Eq. (6) is that fitted ozone values can be used to assess and
quantify short-term ozone variability’s impact on the Brewer
individual ETC calculation. Using Eq. (6), if we assume the
fitted ozone values are the true ozone in the atmosphere (�)

and select a real ETC (ETCreal) and absorption (1α) for the
simulation (as a dummy Brewer instrument; see Eq. 7), the
instrument response (simulated F value; Fsim) can be derived
and then used in the Langley fitting (see Eq. 8) to derive a
simulated individual ETC (ETCsim).

Fsim =ETCreal

+
(
a+ b(t − t0)+ c(t − t0)

2)101αµ+ ei, (7)
Fsim

µ
=

ETCsim

µ
+ 10�1α+ e′i . (8)

This ETCsim can be directly compared with ETCreal, and
the impact of short-term ozone variability on Brewer’s pri-
mary calibration can then be quantified. In addition, by in-
cluding or removing the a, b, and c terms in Eq. (7), the
impact of linear and quadratic ozone variations can be in-
dependently assessed. For example, if the c term in Eq. (7)
is set to 0, one can assess the ETCsim that only has a linear
ozone variability contribution. It was found that the linear
ozone variability component contributed more to the indi-
vidual ETC’s variability than the quadratic term (depending
on the site, linear-term-induced ETC standard deviations are
1–5 R6 units higher than the ones that are induced by the
quadratic term).

To validate this ETC simulation model, ETCreal and 1α
were selected to be 1640 and 0.34, respectively (close to
Brewer #119’s values in 2010; see Fig. 1a). The simulation
results for the same period (April to October 2010) show
good agreement with Brewer #119’s individual ETC fitting
results using real observations (Fig. 4 versus Fig. 1a). In
Fig. 4, the simulated individual ETCs for morning and af-
ternoon sessions are reported separately. The results show
the simulated individual ETC values also have standard de-
viations of 9–12 R6 units (see Fig. 4a) simply due to this
short-term ozone variability. Within these calculations, Fsim
did not account for instrumental random noise; thus, the sim-
ulated individual ETC values have smaller standard devia-
tions compared to the real observations (standard deviations
of 13–15 R6 units; see Fig. 1a). If we include random noise
based on the reported precision of the Brewer reference triad
(Fioletov et al., 2005; Zhao et al., 2016, 2021), the simulated
ETC variation will be more comparable to the real observa-
tions (11–15 R6 units; see Fig. 4b). The calculations then
had the random noise added directly to the simulated instru-
ment responses (i.e., F ′sim = Fsim+ erandom) for each one of
the calibration periods independently (a whole morning or
afternoon session), where erandom has a normal distribution
with zero mean and standard deviation of 11 R6 units (cor-
responding to 0.5 % precision of final TCO data in typical
conditions). Note that here we used the same µ range (1.2–
3.2) and other filters as for the real Brewer instrument.

We applied the same analysis to the Davos, Izaña, MLO,
and Toronto sites, using 20 years of MERRA-2 data (1999–
2019). Figure 5a–d show the monthly mean of modelled indi-
vidual ETCs (blue and red error bars, represent a.m. and p.m.
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Figure 3. Short-term ozone variability for Davos, Izaña, MLO, and Toronto sites, as derived from MERRA-2 data. The distribution of the
three simple second-order polynomial fitting parameters is shown in panels (a–c). The distributions of TCO variation amplitudes are shown
in panels (d–f), with the probability of TCO variation amplitude less than 1.5 DU indicated in the legends.

Figure 4. ETC responses to short-term ozone variations for MLO site (from April–October) simulated from MERRA-2 data. Blue and red
dots are simulated individual ETCs (for morning and afternoon sessions, respectively) that would be obtained by a dummy Brewer (with
known ETCreal as 1640, indicated as the dashed black line), with TCO conditions provided by MERRA-2. Panel (a) is the model simulation
without instrumental random noise, and panel (b) is the simulation with random noise. The mean and 1σ values are shown in the legend. The
percentage values are the 1σ value corresponded % of TCO changes, in typical conditions (�= 280 DU, 1α = 0.34, and µ= 2).

simulation results), which have a clear seasonal variation in
terms of the individual ETC’s standard deviations (as shown
by the size of error bars). For example, due to stronger short-
term ozone variability in Toronto in wintertime, one can have
reasonably good monthly mean ETCs as 1640 and 1637 (for
morning and afternoon sessions, respectively; see blue and
red lines) by averaging all ETC values made in December,
but their standard deviations are very high (145 and 146 R6

units). In contrast, in August, the monthly mean ETCs are
1640± 28 and 1640± 30 (mean±1σ , for morning and after-
noon sessions, respectively). There are two implications from
these results. First, in practice, it will be very challenging
to calculate a high-quality ETCO3 from the primary calibra-
tion method at mid- and high-latitude sites (i.e., short-term
ozone conditions are more likely to be unstable; the num-
ber of days that meet the conditions is small, especially in
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winter). Second, even if one can derive an ETCO3 by using
such scattered individual ETC values, its uncertainty will be
much higher than what can be achieved in a low-latitude site
(with all other conditions being the same). The results from
Davos are similar to Toronto, mainly due to similar short-
term ozone variability which is largely a characteristic of the
site’s latitude. In comparison, MLO and Izaña have much
better short-term ozone stability, especially during the sum-
mer months. Since MLO is at a low latitude, it is an ideal site
for Brewer primary calibrations with an exceptionally stable
year-round ozone field.

In addition to modelled monthly ETCs, the observation-
derived individual ETCs from Brewer instruments (i.e., re-
sults from Fig. 2) are also used to calculate monthly ETC
standard deviations (i.e., individual ETCs subtracted from
their respected monthly mean value and then their standard
deviations calculated via the group of months). The calcu-
lated observation-derived standard deviations are then added
back to ETCreal and plotted as green lines in Fig. 5. Note
that the green lines in Fig. 5 are results from only one of the
Brewer instruments at a given site. For example, the results
for the Davos site are coming from Brewer #156. The results
of the other Brewer instruments at each site are provided in
Appendix B.

As described in Sect. 3.2, the ETCO3 product of the pri-
mary calibration work is a single derived ETC value that will
be used in the Brewer TCO calculation. This ETCO3 is the
result of averaging several individual ETCs that are obtained
in exceptional conditions (e.g., stable short-term ozone, low
AOD, good weather). Thus, the uncertainty of the ETCO3
can be calculated as the uncertainty of the mean, for which
we have a clear goal (i.e., ±5 R6 unit) (Zhao et al., 2021).
Based on this information, the number of sessions (i.e., half-
day; N ) that is needed to meet the calibration goal is de-
rived (see Fig. 5e–h; N ≥ σ 2/25, where σ is the standard
deviation of all individual ETCs used in the average). For
example, at MLO, without considering other aspects of the
calibration work, one would need about five good calibra-
tion sessions to derive a high-quality ETCO3 in October. In
contrast, this number will increase to 10–14 sessions if the
calibrations were performed in December. The results indi-
cate that (1) summertime with lower short-term ozone vari-
ability conditions is ideal for Brewer’s primary calibration
work, and (2) low-latitude sites (MLO and Izaña) have better
conditions over the mid-latitude sites (Davos and Toronto).
Note that, with a well-maintained Brewer reference instru-
ment, one good primary calibration would be good for its op-
erations for several years if no instrumental issues occurred
(e.g., changing of optics). In practice, a 2-year calibration pe-
riod is recommended by GAW.

In summary, Fig. 5e–h show that the ETC simulation
model successfully reproduced the general features seen
from observed data, in terms of the number of sessions
needed at different sites to derive high-quality ETCO3.
The minor difference between modelling results and real-

observation-derived results is the product of multiple influ-
ences, such as data gaps and other meteorological factors that
will be discussed in the next section. In short, the blue and
red lines (model results) in Fig. 5 represent the sole impact
from short-term ozone stability, while the green line (obser-
vations) represents a combination of many other factors (that
lead to higher standard deviations and resulting number of
sessions needed).

Another aspect of the results that should be highlighted is
these modelled individual ETCs are based on MERRA-2 re-
analysis data, which assimilated satellite observations. Note
that satellite data have limited sensitivity to low-altitude (sur-
face and lower-troposphere) variations of ozone, which also
contributed to about 10 % of TCO. Such variations could oc-
cur as a result of air pollution and are even impacted by cli-
mate changes (e.g., near populated sites such as Toronto).
Such influences could cause random variations or perhaps
systematic variations that depend on solar zenith angle (SZA)
and other factors.

4 Other site-specific calibration conditions

In addition to short-term ozone stability, several other site-
specific conditions could affect the primary calibration ac-
curacy and precision in the process determined. To quan-
tify their impacts, other factors, including AOD and cloudy
conditions, have also been evaluated for the four sites using
AERONET data and Brewer DS observations. For example,
on a yearly average, MLO has a 77 % and 99 % chance to
have good weather and AOD conditions for primary calibra-
tion work, respectively (see Fig. 6). However, the cloudy and
AOD conditions also might have seasonal patterns. Thus, un-
derstanding such cloudy and AOD conditions of a given site
can help us achieve the calibration goal.

4.1 Aerosol and cloudy conditions

As discussed in Sect. 3.2, there are several other site-
dependent factors that could affect Brewer’s primary calibra-
tion work. Although Brewer DS ozone retrievals have low
sensitivity to atmospheric aerosols (i.e., for AOD 320nm=
1, induced TCO uncertainty is typically within 1 DU), very
high aerosol loading conditions may affect the calibrations
and should be avoided. For example, to reduce the impact
of the dust storm on ozone measurements, the AEMET team
removed data collected when AOD was high (i.e., half-day
mean AOD via AERONET observations at 340nm≤ 0.5).

Figure 6a–d show the probability of good AOD condi-
tions (AOD 320nm< 1 as solid lines; AOD 320nm< 0.5
as dashed lines, for reference) at the four sites to perform
primary Brewer calibrations. MLO has very good (AOD<

0.5) conditions almost year-round, while the Izaña site has
slightly fewer good sessions for calibration work in July and
August due to the Saharan dust (Rodríguez et al., 2015). The
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Figure 5. Monthly mean ETC values (a–d) and the number of sessions needed to achieve desired precision of the final ETC product (e–h) for
four sites. In the top row, the imaginary Brewer’s true ETC (ETCtrue) is shown as black lines; blue and red lines show the modelled monthly
mean ETC with its standard deviations (SD); green lines show the ETCreal with observation-derived ETC SD.

Toronto site is in an area where AOD conditions are worse
in warm seasons but has > 95 % chance to have AOD condi-
tions < 1 for calibration work.

As mentioned, SD(O3) can be used to screen out cloudy
conditions. For a given half-day, if there are more than 10
successful DS ozone observations with SD(O3)≤ 2.5, the
period is considered to have acceptable weather conditions
(for Brewer calibration). Figure 6e–h show the probability
of such good weather conditions calculated as a fraction of
half-days with more than 10 successful DS observations to
the total number of half-days. At MLO, the west side of the
island is mainly sunny, and the east side of the island is often
cloudy due to the prevailing easterly wind. The MLO site has
more cloudy conditions in the afternoon (see Fig. 6g) since
daytime heating promotes warm moist air from the ocean
to progress up the mountain and form into clouds during
the afternoon. In contrast, Izaña has prevailing northeasterly
trade winds that bring more clear-sky conditions. Thus, Izaña
has more good sunny conditions for calibration work (see
Fig. 6f). Davos and Toronto have similar weather conditions
in warm seasons, while Toronto has more cloudy days in win-
ter. For these two sites, besides poor weather conditions, the
limited SZA range in the winter months makes them unsuit-
able for any Langley calibration work during that time.

4.2 Total number of days needed for primary
calibration work

Accounting for these site-dependent factors (site characteris-
tics; short-term ozone stability, AOD, and cloudy conditions)
that can affect Brewer’s primary calibration work, Fig. 7
shows the number of days that is required for MLO and other
sites to deliver high-quality ETCO3 estimated from model
simulation and real observations. Here, the number of ses-
sions is converted to the number of days (i.e., there are two
sessions for each day; morning and afternoon sessions). For
model results, the number of days needed is estimated as

Nday(m)≥
1

plow-AOD(m)
×

1
pnon-cloudy(m)

×
σ 2

model(m)

50
, (9)

where plow-AOD is the probability of good AOD conditions,
pnon-cloudy is the probability of good non-cloudy weather
conditions, and σmodel is the standard deviation of all mod-
elled individual ETCs for a month (m). For the observa-
tion results, the number of days needed is estimated as
Nday(m)≥ σobs(m)

2/50, where σobs is the standard deviation
of all measurement-derived individual ETCs for a month (m).
Note here that for the real observation-derived results, there
is no need to include the probabilities of good AOD and non-
cloudy conditions since the default data quality control filters
for Langley fits already have these included (e.g., for real ob-
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Figure 6. Probability of good AOD and weather conditions for Brewer’s primary calibration at four sites in 2005–2020. AOD conditions
were estimated via sun photometer observations, while weather conditions were estimated via Brewer direct-sun ozone observations. Note
that panel (d) used a different y axis scale than panels (a–c).

servation data, we only do Langley fits if there are ≥ 10 ob-
servations for a session).

For all four sites, the simulation lines (blue) have a U-
shape with an increased number of days in wintertime. The
observation lines (red) have a similar pattern as the simula-
tion lines but are noisier due to instrumental and other fac-
tors (e.g., observation gaps). Figure 7 shows that, typically,
the summer months have the best conditions for primary cal-
ibration work, when the TCO field is stable. The calibration
conditions at low- and mid-latitude sites are very different.
For the Davos and Toronto sites, the lines have sharper cur-
vature in cold seasons, which indicates the challenges of per-
forming primary calibration work at mid-latitude sites. For
these two sites, the variable TCO field and cloudy days, as
well as the limited SZA in winter months, make them unsuit-
able for any primary calibration work. The number of days
required is greater than the number of days available for most
months of the year. More importantly, this work confirms and
quantifies the conditions at both world and European regional
reference Brewer’s calibration sites (i.e., MLO and Izaña),
showing they have premium conditions to perform Brewer
primary calibration work.

Meanwhile, due to the different characteristics of each
site, different optimized strategies must be selected by the
AEMET and ECCC Brewer teams in practice. For exam-
ple, it was found the MLO site has more cloudy conditions
during afternoon sessions; thus, more observations must be
made to ensure a good balance of morning and afternoon ses-
sions. Another factor that might impact primary calibration
at the MLO site is the SO2 plume from the volcano. How-
ever, we must point out that the wavelengths of the Brewer

operational ozone algorithm were selected to be located at
wavelengths that eliminate differential absorption due to SO2
(Kerr, 2010). Previous work shows no evidence that SO2 will
affect Brewer ozone observations (e.g., Evans et al., 1981;
Kerr et al., 1985b). Examples of fitted ETC values with ob-
served SO2 are shown in Appendix B.

5 Applications for individual sites

Figure 7 demonstrates that successful calibrations at MLO
require less than 10 d in any month, but the best time for cal-
ibration is August–October. This result is in excellent agree-
ment with the findings of Gröbner and Kerr (2001) and Kerr
(2010). During these months, 4 d are typically enough to
achieve the required ETC uncertainty of 5 R6 units. This
is in line with the ECCC calibration strategies in the last
few decades. The ECCC world reference instruments were
regularly calibrated at MLO about every 2 years since the
beginning of the Canadian Brewer ozone-monitoring pro-
gram in the 1970s (Kerr, 1997; Kerr et al., 1998; Fioletov et
al., 2005). Details of dates and instruments for recent MLO
calibration trips were provided by Zhao et al. (2021). Typi-
cally, these calibration trips were carried out in October (no
later than November), when short-term ozone stability and
weather conditions were acceptable at the site. For each cali-
bration trip, one of the world reference instruments performs
about 2 weeks of observations at MLO (Kerr, 2010).

For the Izaña site, the AOD conditions in July would have
an impact on the primary calibration work. Also, Izaña’s
calibration conditions show a stronger seasonal dependence
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Figure 7. The number of days needed for primary calibration work at different sites in different months. Blue lines are the results from the
ETC simulation model based on MERRA-2 reanalysis, and red lines are the results using real Brewer observations. Both blue and red lines
use the same observation records from the Cimel sun photometer and Brewer DS ozone to infer aerosol and weather conditions.

than MLO (see Fig. 7). As a result, August–September is
the best time window to perform primary calibrations at
this site, which can guarantee a higher chance to obtain
good-quality ETCs that are less affected by short-term ozone
variability and dust events. Unlike the ECCC Brewer team,
who travels to MLO with world reference instruments, the
AEMET Brewer team has the regional reference instruments
perform year-round observations at Izaña (except for field
campaigns that require the relocation of the travelling instru-
ment). Thus, these regional reference instruments routinely
utilize the PCM to monitor their long-term stability at this
site.

Although the Brewer instruments at Davos or Toronto
could not easily obtain their ETCO3 via PCM, their long-
term individual ETCs still provide key information that can
assist in monitoring and assessing their performance. For ex-
ample, Brewer #163 is a good example to show that its long-
term individual ETCs follow very well with its ETCO3 re-
ceived via CTM (i.e., see the agreement of red and green
lines in Fig. 2). Such information can help the local Brewer
operation team to be aware of any potential system changes
to (1) call for investigations and services and (2) make nec-
essary corrections or calculate new ETCO3 for the field in-
struments. In practice, by averaging individual ETCs of a
field Brewer instrument, which are generated from warmer
months (e.g., for Davos or Toronto, from May to October),
one can generate its yearly “statistical ETCO3” for compari-
son with ETCO3 reported in ICF (i.e., via CTM) to verify the
stability of the Brewer. Thus, we recommend that data from

field Brewer instruments be periodically analyzed using the
PCM for long-term data quality assurance.

6 Conclusion

This work assessed the calibration conditions for four Brewer
observation sites, which include sites of the Brewer world
and European regional reference triads. The primary calibra-
tions performed at different sites are found to be affected by
many site-specific factors, including short-term ozone vari-
ability, aerosol, and cloud conditions. Among these factors,
the short-term ozone stability has the strongest impact on the
calibration uncertainty (i.e., 10–20 R6 units for MLO and
Izaña in summer months and increase to more than 200 R6
units for Davos or Toronto in winter months; without con-
sidering specific instrumental stability and characteristics).
This uncertainty is due to the fact that Langley plot tech-
niques used for Brewer primary calibrations are all based on
the same assumption – the TCO is not varying during a cal-
ibration session (i.e., half-day period). Although the cause
of the uncertainty is clear, in practice, it is difficult to iden-
tify and remove spurious low-quality ETCs (the ones derived
from observations with large short-term ozone variation con-
ditions, e.g., half-day TCO changes > 2 DU). This is sim-
ply due to the Brewer spectrophotometer taking the most
reliable TCO observations among ground-based instruments
(precision within 1 %, corresponding to about 3–4 DU in typ-
ical TCO conditions). That is, it is very challenging to pro-
vide independent high-quality TCO data that can prove the
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ozone field was or was not stable for a half-day period. Cur-
rently, other ground-based instruments, satellites, or reanal-
ysis models (such as MERRA-2 used here) do not have suf-
ficient accuracy and precision to support Brewer’s primary
calibration work. In general, MERRA-2 can capture the gen-
eral pattern of ozone daily changes. The median value of the
standard deviation of the difference between MERRA-2 and
Brewer ozone is only 3 DU (about 1 %). However, limited by
many factors (such as spatial and temporal model resolution,
instrument line of sight, etc.), currently the modelled ozone
could not perfectly reproduce the observations record.

To lower the uncertainty of the calibration product (to meet
the calibration goal; ETCO3 with an uncertainty of ±5 R6
units), a minimum number of individual ETCs needs to be
averaged, which depends on the season and location of the
calibration site. Utilizing short-term ozone stability condi-
tions estimated by using long-term real observations and the
new ETC simulation model, this work presented the site-
specific criteria for the Brewer primary calibration work. For
MLO and Izaña, when accounting for aerosol and weather
conditions, typically, around 10 d of observations are needed
from August–September. The primary calibration work still
can be performed in other months at these sites, particularly
at MLO; however, it will be at the cost of more observations
being needed and with a higher probability of encounter-
ing poor calibration conditions (mainly the days with higher
short-term ozone variability).

Using the findings of the site-specific calibration con-
ditions, the optimized primary calibration strategies of the
Brewer world and European regional reference triad are de-
scribed in this work. These unique strategies are designed to
ensure that primary calibration results from MLO and Izaña
can meet the same high-quality standard. Although the PCM
can not deliver high-quality ETCO3 from mid-latitude sites,
such as Davos and Toronto, this technique can be used as a
tool to assist local operations, long-term monitoring, and data
assurance work.

The ETC simulation model developed in this work is an-
other important tool that can be used to provide a quick guide
for the evaluation of any Brewer field site’s conditions. It is
worth noting that the model is not dependent on real Brewer
observations but can provide key information for any loca-
tion. In future, a similar model can be developed to improve
our understanding of Brewer calibration transfer work, e.g.,
at a given site, how many observations are needed to meet
the requirement of calibration transfer and which months are
best to perform such activities. This research can be carried
out in the future to further improve our knowledge of uncer-
tainties of Brewer TCO observations, calibration, and cali-
bration transfers.

Appendix A

As we are using MERRA-2 TCO to generate the “true” ozone
daily variation trend used in the ETC simulation model, it is
necessary to verify MERRA-2 TCO’s performance at those
selected Brewer observation sites. Note that if the reanalysis
TCO has a major difference compared to observations, then
the ETC simulation model’s results could have bias. For ex-
ample, if MERRA-2 TCO has a large difference compared
to Brewer observations in terms of seasonal or diurnal varia-
tions, our simulated individual ETCs would also be affected
and biased.

To evaluate MERRA-2 TCO, Brewer TCO observations
are averaged into hourly means to match MERRA-2 tem-
poral resolution. Note that we are directly using MERRA-2
TCO values from the model grids that cover those Brewer
sites. Figure A1 shows the time series of the coincident
Brewer and MERRA-2 TCO dataset, where the shaded areas
are individual hourly values (gray dots for Brewer, light or-
ange crosses for MERRA-2), and the red and blue lines
are the monthly mean of Brewer and MERRA-2 TCO, re-
spectively. Overall MERRA-2 TCO follows the observed
TCO seasonal variation very well with systematic bias within
±2.5 %. Figures A2 and A3 show the percentage differ-
ence of Brewer and MERRA-2 TCO data binned by months
and hours of local standard time. The error bars in the fig-
ures show 1σ values of the difference. These results con-
firm that MERRA-2 TCO data have a slightly higher positive
bias in Davos and Toronto, while a negative bias is found
in Izaña and MLO. However, the overall percentage differ-
ence is within±5 % on the 1σ level. These small differences
in seasonal and diurnal patterns should only have a limited
impact on the modelled daily ozone variation pattern or the
ETC simulation model. This is also confirmed by the accept-
able agreement found between the model and observation-
based calibration site condition results (e.g., see Fig. 7). We
also examined the agreement of MERRA-2 and Brewer ob-
servations in terms of their fitted daily second-order poly-
nomial lines (TCO= a+ b1t + c1t2). The histograms of
their fitted coefficients are shown in Figs. A4–A6. Statisti-
cally, MERRA-2 can follow the local daily ozone variation
pattern (the fitting terms by using MERRA-2 and Brewer ob-
servations are agreed on a 1σ level).
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Figure A1. Time series of Brewer and MERRA-2 TCO. The red and blue lines are the monthly mean of Brewer and MERRA-2 TCO,
respectively, and the shaded areas represent individual hourly values. The Brewer instrument numbers are given in the legend.

Figure A2. Brewer and MERRA-2 TCO percent difference binned by month. The percentage difference is calculated as (Brewer−
MERRA-2)/Brewer. Error bars are the 1σ of the monthly percentage difference. The site and data period are shown in the title of each
panel. The Brewer instrument numbers are given in the legend.

Atmos. Meas. Tech., 16, 2273–2295, 2023 https://doi.org/10.5194/amt-16-2273-2023



X. Zhao et al.: The site-specific primary calibration conditions for the Brewer spectrophotometer 2289

Figure A3. Brewer and MERRA-2 TCO percent difference binned by the hour of local standard time. The percentage difference is calculated
as (Brewer−MERRA-2)/Brewer. Error bars are the 1σ of the hourly-binned percentage difference. The site and data period are shown in
the title of each panel. The Brewer instrument numbers are given in the legend.

Figure A4. Histograms of second-order polynomial fitting coefficient (zero-order term; constant term) for daily ozone. The values indicated
in the legends are the mean ±1σ of the coefficients.
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Figure A5. Histograms of second-order polynomial fitting coefficient (first-order term; linear term) for daily ozone. The values indicated in
the legends are the mean ±1σ of the coefficients.

Figure A6. Histograms of second-order polynomial fitting coefficient (second-order term; quadratic term) for daily ozone. The values indi-
cated in the legends are the mean ±1σ of the coefficients.
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Appendix B

The monthly standard deviations of individual ETCs from all
11 instruments are shown in Fig. B1. Due to instrumental fac-
tors and data gaps, the standard deviations from the different
instruments at the given site are not identical. However, the
general seasonal pattern from all instruments at the four sites
is consistent with the results from the ETC simulation model.
Similarly to the modelled results, the observation-data-fitted
individual ETCs are less scattered in lower latitudes and in
summer seasons.

The MLO is 2000 m above the Kı̄lauea volcano, and thus
degassing SO2 from the volcano typically cannot reach the
observatory. In addition, with the world reference instru-
ments, we rarely detected any SO2 signal during previous
calibration trips, because typically prevailing winds (from
east to west) direct SO2 plumes away from the observa-
tory. Figure B2 is the histogram of SO2 column measured
by Brewer #119 at MLO. As Fig. B2 shows, SO2 at MLO is
typically within the noise level, and even 5 DU SO2 is very
rare for MLO. The example time series from 2016 and 2018
demonstrated that the fitted ETC values are not driven by the
variation of SO2, even when SO2 column values are greater
than 20 DU.

Figure B1. Monthly standard deviations of individual ETCs for all Brewer instruments included. Error bars represent the 1σ of individual
ETCs for the month. The instrument serial number and its observation period are shown on the title of each panel.
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Figure B2. Histogram (a) of column SO2 measured by Brewer #119 at MLO. Example time series (b and c) of fitted ETCs and observed
SO2.
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