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Abstract. Comparison of total ozone column (TOC) measurements from ground-based Dobson and Brewer
spectrophotometers and from various satellite instruments generally reveals seasonally varying differences of a few percent.
A large part of these differences has been attributed to the operationally used Bass & Paur ozone cross-sections and the lack
of accounting for varying stratospheric temperatures in the standard total ozone retrieval for Dobson. This paper demonstrates
how the use of new 0zone absorption cross sections from the University of Bremen (Weber et al., 2016), as recommended by
the committee on Absorption Cross-Sections of Ozone, the application of appropriate slit functions, especially for the Dobson
instrument (Bernhard et al. 2005), and the use of climatological values for the effective ozone layer temperature (Tef), €.9.
from TEMIS, essentially eliminate these seasonally varying differences between Dobson and Brewer total ozone data.
Applying this approach to the existing global network of Dobson spectrometers will reduce the uncertainty of their total ozone

data, from previously 3 to 4% to better than 2.0% at most locations.

1 Introduction

Ground based total ozone column (TOC) measurements can be obtained by a large number of methods, but within the
framework of the Global Atmosphere Watch program (GAW) of the World Meteorological Organization (WMO), Dobson
and Brewer spectrophotometer measurements are considered as reference observations. Worldwide, a large number of Dobson
and Brewer instruments are used, and TOC measurements are routinely reported to the World Ozone and Ultraviolet Radiation
Data Centre (WOUDC). Dobson spectrometers were developed in the 1920s and have been used for continuous measurements
for decades, e.g. since 1926 in Switzerland (Stubi et al., 2021). Brewer spectrometers have been widely used since the 1980s.
Both instruments have a good long-term stability and precision (Stubi et al., 2017, 2021), and many research groups at different
locations perform TOC measurements with Brewer and Dobson side by side. A seasonally varying systematic difference (or

bias) between the two instruments has long been recognized (Kerr et al., 1988; Scarnato et al., 2010; Vanicek, 2006; Vanicek
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et al., 2012). Seasonally varying differences (biases) have also been found in the comparison of Dobson and Brewer total
ozone with data from satellite instruments (Koukouli et al., 2015, 2016).

Much of these biases has been attributed to the operationally used ozone absorption cross sections at fixed effective ozone
temperature (Bass and Paur, 1985; Komhyr and Evans, 2008), which neglects the temperature sensitivity of these absorption
cross sections (Koukouli et al., 2016; Kohler et al., 2018).

From 2008 to 2015, the “Absorption Cross-Section of Ozone” (ACSO) committee evaluated a number of newly measured
ozone absorption cross-section data sets and recommended to use the data of Serdyuchenko et al. (2014) and Gorshelev et al.
(2014) (further on denoted as SG14) for ground-based TOC measurements (Orphal et al., 2016). However, in the operational
community, those recommendations are still not applied routinely.

Recently, Grobner et al. (2021) and Redondas et al. (2014) have retested different sets of ozone absorption cross sections and
also accounted for their temperature dependence using ozone effective temperatures (Ter) from modelled or measured data. In
both studies, using effective ozone temperature and the SG14 absorption cross section set reduced the difference between
Brewer and Dobson total ozone data significantly. For the comparison with various satellite instruments, Koukouli et al. (2016)
also showed substantial improvements when applying a linear Teff-dependent correction to the available Dobson data.

The purpose of this study is to check and further update the findings of Redondas et al. (2014), Orphal et al. (2015), and
Grobner et al. (2021). In addition, we address the following important points:

e We test the additional Weber et al. (2016) ozone absorption cross-section dataset, which is similar to Serdyuchenko
et al. (2014), but has better quantification of uncertainty and improved polynomial fitting coefficients for temperature
dependence.

e We test two new ozone absorption cross-section datasets (Gorshelev et al., 2017; linked to Serdyuchenko et al. 2014,
but with updated coefficients for temperature dependence) and Birk and Wagner (2021).

o We test different ways to account for the Dobson slit functions, which describe the instrument response to radiation
at wavelengths near the nominal central wavelengths.

e We check ways to obtain ozone effective temperature and investigate their impact on TOC retrieval, including the
comparison of daily effective temperature values with climatological values.

o We examine the effect of applying new temperature-dependent absorption cross-section datasets at different locations
of Dobson and Brewer instruments worldwide.

e We provide recommendations how to easily implement the new temperature-dependent 0zone absorption coefficients
in the operational Dobson TOC network.

The ultimate goal of this study is to pave the way for implementing the new temperature-dependent absorption cross sections

in historical and in operational retrievals for ground-based total ozone column (TOC) measurements.
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2  Total ozone column measurements and retrieval

2.1  Measurement principle

Atmospheric concentration measurements by both instrument types are based on Beer-Lambert’s law:
IA) = Iy(M)exp~* M (Eq. 1)

where lo and | are the wavelength dependent solar irradiance at the top of the atmosphere and at the surface, respectively, t is
the optical depth of the atmosphere, and [ is the relative air mass (slant path through the atmosphere).

In the wavelength region between 300 and 345 nm, where both instruments measure TOC, ozone molecules are the main
absorber of solar irradiation. SO, absorption in this wavelength region can occur, but is typically small at most locations, and
can only be quantified by the Brewer instrument. Thus, the results shown in this study are limited to unpolluted air, where SO;
values from Brewer instruments are low (< 1.0 DU).

Taking only into account the absorption of solar irradiance by the ozone molecules, and correcting for Rayleigh scattering
effects, Eq. (1) can be expressed as:

- bs

where TOC is the vertical total column of ozone, pos is the relative air mass for ozone, o represents the wavelength dependent

(Ea.2)

ozone absorption coefficient, B is the wavelength dependent Rayleigh extinction coefficient, ps and po are the atmospheric
pressure at the station and at sea level, respectively, and mg is the Rayleigh air mass.

Rearranging Eq 2. gives
TOC a(M)po, = In(Iy(D) — In(IQ) — BA) TEmy Ea.9

This equation is valid for any wavelength. If measurements are taken at e.g. two wavelengths A1 and A, the resulting two Eq.

(3) can be subtracted which gives

TOC (a(Ay) — a(Xy))po, = In(Iy(A1)) — In(Ip(2)) — (In(I(A4)) — In(I(A3)) —
(BOL) — B(A2) S mg €4

This approach can be expanded to more wavelengths, and to any linear combination of the resulting Eq. (3).

Consequently, TOC can be calculated from linear combinations of measurements at different wavelengths (A):

Ps
AFg—AF—-AB—
0 ﬁpomR

TOC = : (Eq. 5)
“ﬂ03
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Where AFq and AF are linear combinations of In(lo(Ai)) and In(I(Ai)), and Ao and AP are the corresponding linear combinations
of ozone absorption cross sections a();) and Rayleigh extinction cross sections B(Ai). It's worth noting that in our study, we
applied the nominal Rayleigh scattering coefficients for both instruments from the standard algorithm (Bates, 1984; Komhyr
and Evans, 2008).

AFy = Y ywiln(Ix(4;)) (Eq. 6)
AB =Y wiBi (Eq. 7)
Aa = Z?=1 W;q; (Ea. 8)

Potential aerosol influences are minimized by using multiple wavelengths, e.g. four single slit measurements with appropriate
weights in the case of the Brewer instrument (Redondas et al., 2014), or two-wavelength pairs (typically AD, or CD) in the
case of the Dobson instrument (Komhyr and Evans, 2008).The weighting coefficients w; for the sums in Equations 6-8, for

both Dobson and Brewer, are given in the last columns of Tables 1 and Table 2.

2.2 Brewer and Dobson spectrophotometers measurements at Hohenpeissenberg

The Brewer spectrometer is fully automated. In ozone mode it measures solar irradiance at six nominal wavelengths in the UV
range, from 303.2 to 320.1 nm, quasi-simultaneously. This is achieved by using a slit mask in combination with a holographic
grating and a photomultiplier tube. The calculation of TOC following Eq. (5) uses measurements only at the four longest
wavelengths of the six. A detailed description of the Brewer instrument can be found in Brewer ( 1973), Kerr et al. (1985),
and Redondas et al. (2018).

Two Brewer instruments are currently in operation at the Meteorological Observatory Hohenpeissenberg (MOHp). Brewer010
is a single-monochromator Brewer MKII that has continuously measured TOC since 1983. The MKIII double-monochromator
Brewer226 has been continuously measuring TOC since 2015. Both instruments are calibrated once a year by comparing them
with the reference travelling standard single-monochromator Brewer017, operated by International Ozone Service (10S).
The Dobson spectrometer measures TOC by comparing the relative intensities at two of three wavelength pairs in the UV
wavelength range from 305.5 to 339.9 nm. These wavelength pairs are referred to as A, C, or D (the B pair is normally not
used). Each pair compares solar irradiation in a “short” wavelength band that is highly absorbed by ozone, to solar irradiation
in a “long” wavelength band that is less affected by ozone. For each measurement, an optical attenuator (a.k.a. “wedge”), is
gradually adjusted to reduce the higher light intensity at the “long” wavelength, until it is equal to the lower light intensity at
the “short” wavelength. With the information on the exact ratio of the long-to-short wavelength intensities, TOC values are
then determined using the double-ratio of two pair measurements following Eq. (5). Typically, the A and D pairs are the most
widely used pairs.
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MOHp has been using Dobson104 operationally since 1968, with emphasis on direct sun AD measurements. For this study,
we will exclusively use AD measurements. Typically, these measurements are performed from Monday to Friday only,
resulting in approximately 1200 measurements per year. Dobson104 undergoes regular calibration by comparison with the
Dobson reference instrument Dobson064, maintained by the Regional Dobson Calibration Centre Europe and also located at
the MOHp. The most recent calibration of Dobson104 was in 2019.
Internal stray light can affect both Brewer and Dobson instruments, as noted by Karppinen et al. (2015), Moeini et al. (2019)
and Scarnato et al. (2009). Typically, the impact of stray light manifests as lower TOC values at high ozone slant pass values.
This means, at low sun elevation angles, and high TOC values, retrieved TOC by these instruments is underestimated as
indicated by Bais et al. (1996) and Redondas et al. (2014). However, double monochromator Brewers are much better equipped
to suppress stray light, resulting in minimal straylight effects.
As mentioned, both types of instruments are reference measurement systems for ground-based TOC measurements in the
GAW program. Thus, they should yield similar TOC values when measuring side by side. For comparison between the two
instrument types in this study, the following data processing filters were applied:

e Time period between Dobson and Brewer measurements < 15 min

e  Multiple Dobson measurements within a time interval of < 15 min were averaged

e Ozone airmass < 3.6

e SO; from Brewer < 1.0 DU

e Time period May 2008 — December 2021 for the comparison between Dobson104 and Brewer010

e Time period June 2018 — December 2021 for the comparison between Dobson104 and Brewer226
In total, we used 8135 measurements to compare Dobson104 with Brewer 010, around 1300 taken during the winter season
and 2300 taken during summer. For the comparison of Brewer226 with Dobson104, we used 2250 measurements, around 420
taken during winter and 760 taken during summer.
Figure 1 shows the typical distinct seasonal cycle in the difference of TOC values from Brewer and Dobson. Throughout the
summer months, both instruments give very similar total ozone columns. During the winter months notable differences arise,
and the Dobson typically reports 1 to 2% smaller TOC than Brewer010 (up to 3% for Brewer226, see Supplement). In the
annual average, this results in a difference of about 1% between Brewer010 and Dobson104 TOC, and about 1.4% between
Brewer226 and Dobson104. Very similar differences are reported for other locations and instruments (e.g. Grobner et al., 2021;
Redondas et al., 2014).
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Figure 1: Average monthly mean (1990 — 2020) differences between Brewer010 and Dobson104 (blue line), using the operationally
used standard Bass and Paur ozone absorption cross sections. The dashed grey line gives the average monthly means of effective
ozone temperature (Tef). The error bars represent the standard deviation (1c, 1990 - 2020).

2.3 Slit weighting functions

Since both Dobson and Brewer measure with limited spectral resolution, it is necessary to consider the spectral variation of
the ozone cross-section over the wavelength bands covered by the instrument. Typically, the varying sensitivity in each
wavelength band is called the slit-function. The high-resolution 0zone cross-section needs to be averaged over these slit

functions, yielding effective ozone cross-section for each measured wavelength or wavelength pair.

2.3.1 Dobson

The Dobson network uses two slightly different parametrizations for the typical slit functions. Both parametrizations are based
on the measured slits of Dobson083 (Komhyr et al., 1993), the world primary standard, which are quite similar to recently
measured slit functions of Dobsons using tuneable lasers (K&hler et al., 2018). The Dobson Operations Handbook (Komhyr
and Evans, 2008) assumes a triangular slit function for the three short wavelength slits. Bernhard et al. (2005) assume
trapezoids for the same short wavelength bands (Figure 2). The long wavelength slits are parametrized as trapezoids in both
approximations. In addition to these standard parametrizations, slit functions have also been measured directly using a tuneable
and portable radiation source (TuPS), developed in the joint research project EMRP ENV59 ATMOZ (Smid et al., 2021). The
slits of the Dobson104 were measured with TuPS in October 2017, and the resulting slit functions were also tested here. They

are shown in Fig. 2 (red lines). Especially for the short wavelength slits, e.g. slit Al in Fig. 2a, it is important to consider the

6
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relatively wide wings of the TuPS slit function (dotted red line in Fig. 2a). Especially at the short wavelengths, below 304 nm

in Fig. 2a, the large ozone cross sections bring a considerable contribution to the effective ozone cross section, which is

integrated over the entire slit function (see also Grobner et al., 2021).
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Figure 2: Parametrized and measured slit weighting functions. Grey line: Dobson Operations Handbook. Blue line: Bernhard et al.
(2005). Red line: measured slit functions (TuPS) for the Dobson104. TuPS measurements of Dobson104 were combined with TuPS
measurements from Dobson101 (red dotted line, only for slits A1 and D1) to extend the spectral range of the slit function. Left panel
(a) for the short wavelengths, and right panel (b) for the long wavelengths of the A wavelength pair. The black line gives the SG16
absorption cross section at a temperature of -55 °C.

The slit parameters (central wavelength, FWHM of each slit, base and top for Bernhard slit approximation) for Dobson104 are

shown in Table 1.

Table 1: Central wavelength (mean, nm), full width at half maximum (FWHM, nm), and base (nm) and top (hm) for the Bernhard
slit approximation, for the individual slit functions of Dobson104. The nominal values were obtained from the Dobson Operations
Handbook (Komhyr and Evans, 2008). The Bernhard values were obtained from table 1 in Bernhard et al. (2005). The weights wi
(in the last column) are required to calculate the final absorption coefficients as described in section 2.6.

Slit D104 Nominal D104 Bernhard D104 TuPS Wi W
Mean FWHM Base FWHM Top Mean FWHM AD CD
Al 3055 0.9 1.86 1.01 0.16 305.61 1.10 1 0
Cl1 3115 0.9 1.94 1.06 0.18 311.58 1.10 0 1
D1 3175 0.9 2.12 1.20 0.28 317.60 1.30 1 1
A2 325.0 2.9 5.00 3.56 1.06 325.13 3.72 -1 0
C2 3324 2.9 5.94 371 1.48 332.47 3.96 0o -1
D2 3399 2.9 6.88 4.20 1.52 339.95 4.32 101
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2.3.2 Brewer

Slit weighting functions for each Brewer instrument are derived from dispersion tests, which are typically part of the yearly
calibration. A detailed explanation of the calibration process, and the computation of the dispersion relation is given in Grébner
et al. (1998) and Redondas et al. (2018). In short, the scanning mode in combination with the emission lines of different
discharge lamps are used to determine the central wavelength and the FWHM of every slit by analysing the measured photon
counts as a consequence of the illumination. In the standard operating procedure, the resulting triangle function of each slit is
then truncated at 0.87 of the maximum height, and thus parametrized as trapezoids. The results of the calibration process are
typically given in a file (“If-file”), and are summarized in Table 2 for both Brewer instruments. Brewer slit functions are
instrument specific and can also vary over time. Redondas et al. (2018), using Brewer slit functions measured by a tuneable
laser system similar to Kéhler et al. (2018), report changes in the effective ozone absorption coefficients of the order of 0.8%.
This is similar to the magnitude of changes we find for different Dobson slit measurements or parametrizations (Kéhler et al.,
2018).

Table 2: Central wavelength (mean, nm) and full width at half maximum (FWHM, nm) of the individual slit functions for the Brewer
instruments

Slit B010 B226 Wi
Mean FWHM Mean FWHM

306.308  0.520  306.275  0.527 0
310.055  0.514  310.026  0.520 1
313505 0.538 313471  0.528 -0.5
316.809  0.528  316.778  0.522 -2.2
320.013 0520  319.963  0.512 1.7

D 01 WD

2.4 Ozone absorption cross sections

The operational TOC retrieval for Brewer and Dobson instruments relies on the 0zone absorption cross section measured by
Bass and Paur (1985, B&P). As mentioned, several studies (Fragkos et al., 2015; Grobner et al., 2021; Orphal et al., 2016;
Redondas et al., 2014) suggest using updated ozone absorption cross sections. This study focuses on four ozone absorption
cross sections, all of which cover the wavelength range of 300 nm to 345 nm for the Brewer and Dobson spectrometers.
Additionally, only datasets providing a quadratic polynomial approximation for the Tt dependency of the cross sections were

considered.
e SG14. This dataset (Gorshelev et al., 2014; Serdyuchenko et al., 2014) comes from the Institute of Environmental
Physics at the University of Bremen. It provides data in the spectral range of 213 — 1100 nm with a spectral resolution

of 0.02 — 0.24 nm. Temperature sensitivity was measured at 10 K intervals between 193 K and 293 K. Here, we use

8
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the dataset downloaded from https://www.iup.uni-

bremen.de/gruppen/molspec/databases/referencespectra/o3spectra2011/index.html. According to the authors, the

dataset's uncertainty is 2 to 3%, depending on the wavelength region. This is consistent with other broadband cross-
210 section measurements. Recent studies (Grobner et al., 2021; Orphal et al., 2016; Redondas et al., 2014) have
recommended this dataset, which minimizes the discrepancy between Dobson and Brewer measurements. Note that

these studies referred to the dataset as “IUP” or “SER”.
e SG16. This dataset (Weber et al., 2016) is very similar to the SG14 dataset, but additionally it provides detailed
wavelength dependent uncertainty information, based on Monte Carlo simulations, and including uncertainties from
215 the temperature parametrization as well as uncertainties from the laboratory measurements. The dataset was obtained

from https://www.iup.uni-bremen.de/UVSAT/datasets/uv-ozone-absorption-cross-sections. The authors estimated an

uncertainty of 1.1 to 3 %, depending on wavelength. In the Huggins band, for example, the overall uncertainty was
estimated to be 1.5 % (1 o).
e (17. This dataset (Gorshelev et al., 2017) is also linked to the above mentioned datasets. It was created as part of the
220 ATMOZ ("Traceability for Atmospheric Total Column Ozone") Joint Research Program (JRP) funded by EMRP. It
covers the wavelength range 295 — 350 nm, and is available for 11 temperatures between 193 and 293 K. The
polynomial quadratic equation is not publicly available, but was provided via personal communication (Mark Weber,
personal communication, 2023). Currently, no peer-reviewed publication with comprehensive details is available.
However, the authors mention (Gorshelev et al., 2017) that the combined uncertainties are below 1%, and only
225 increase near the spectral boundaries of the measurements. This dataset is similar to the dataset referred to as “IUP_A”
in Grébner et al. (2021), albeit has updated polynomial coefficients for the temperature dependency.

e BW. The dataset (Birk and Wagner, 2021) was measured in the framework of ESA project SEOM-1AS at the German
Aerospace Center, for the wavelength region 243 — 346 nm, and at 6 temperatures in the range 193 — 293 K. Their
polynomial ~ temperature  parametrization =~ was  downloaded from  the  Zenodo  repository

230 https://zenodo.org/record/4423918#.ZCFXQfbP1aT. Notably, we use the "version 2" dataset from the Zenodo

repository. Currently, no peer-reviewed publication containing all details is available. This dataset is similar to the

dataset referred to as “ACS” in Grobner et al. (2021), who, however, determined their own polynomial temperature

dependence.

235 Generally, the temperature dependence of all four new ozone cross sections uses a quadratic polynomial (see also Bass and
Paur, 1985; Weber et al., 2016):

Or = C0+ClT+CzT2 (Ea. 9)
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where Co, C1, and C; are the temperature coefficients (provided in the datasets). Fig. 3 illustrates the influence of various
temperatures on the ozone absorption cross-sections for the SG16 dataset (blue lines). Differences between the B&P and SG16
cross-sections are shown by the dashed red line in Fig. 3. Below 320 nm, these differences are quite small. Above 325 nm,
however, they become larger and often exceed several percent. Similarly, from the differences between the various blue lines,
one can see that temperature effects are generally much larger at wavelengths longer than about 330nm.

Looking also at the slit-weighting functions for Brewer (dark grey, below 320 nm) and Dobson (light grey, also above 320
nm) in Fig. 3, one can already expect that both the change from B&P to SG16 cross-sections, and the application of
temperature-dependent ozone cross-section, will have a much larger effect for the Dobson data, and only a small effect for the
Brewer data.

It is also worth noting that the vacuum wavelengths have to be converted to wavelengths in air. To do so, we utilized a python

script from Github (https://github.com/polyanskiy/refractiveindex.info-scripts/blob/master/scripts/Ciddor%201996%20-

%?20air.py), which employs the equation proposed by Ciddor (1996).
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(dark grey) slit functions are shown as well.

10



260

265

270

275

280

285

https://doi.org/10.5194/amt-2023-220 Atmospheric
Preprint. Discussion started: 24 November 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

2.5  Effective ozone temperature

We follow other studies (Grobner et al., 2021; Redondas et al., 2014; Scarnato et al., 2009; Vanicek, 2006) and use the effective
ozone temperature Tesr to describe the temperature effect of the ozone absorption cross sections. Tesr can be computed from

vertical profiles of temperature T(z) and ozone density O3(z) based on the following equation:

_ [T(®03(2)dz

Teff - ng(Z)dZ (Eqg. 10)

Generally, Tetr can be derived from modelled data, or from measurements. In our case, we compared two different Tes datasets
to check whether the two approaches have significant differences:

e The TEMIS dataset contains Te values produced by the European Centre for Medium-Range Weather Forecast

(ECMWF). We downloaded station overpass files for Hohenpeissenberg and other locations from the Tropospheric

Emission Monitoring Internet Service (TEMIS) website at https://www.temis.nl/climate/efftemp/overpass.php.

e OS_LIDAR dataset. This dataset combines ozone sonde measurements (altitude < 29 km) with LIDAR measurements
(altitude > 29 km) from Hohenpeissenberg.

Missing LIDAR or ozone sonde observations were filled using linear interpolation between available measurements. To ensure
correct Tes calculations, it is mandatory to use vertical profiles of T and O3 from the ground up to about 50 km altitude, where
the O3 density approaches zero. For the case of Hohenpeissenberg, using only ozone sonde data, which only reach burst heights
of approximately 30 - 35 km, would result in a low bias of about 2.2°C (green dotted lines in Fig. 4).
Figure 4 depicts the temporal evolution of Tet over a two-year period, along with the 30-year Tes climatology (1990-2020) for
both datasets (TEMIS and OS_LIDAR) at the Hohenpeissenberg site. The figure demonstrates the small differences between
the two datasets and the sometimes-larger differences between daily and climatological values. While the climatological
difference between TEMIS and OS_LIDAR is almost negligible, there can be differences up to +2.5 °C between daily Teff
data from the two sources (grey line in Fig. 4, bottom panel). However, in general, the two datasets are very similar, with a
mean difference of approximately 0.1 °C and a standard deviation of about 1.2 °C for daily values in the 1990-2020 timeframe.
Larger differences occur between daily and climatological values (orange line in the bottom panel of Fig. 4). Especially in
winter, the difference between daily and climatological values can reach £8K. Overall the differences are less than a few K,
and have a standard deviation of 2.2 °C for the TEMIS dataset. This is comparable to the size of differences between the
TEMIS and OS_LIDAR datasets.
In summary, Fig. 4 indicates that the use of climatological values for Teff already provides a very good representation of
temperature variations over the year. In summer, very little can be gained by using daily values. Even in winter, differences
between daily and climatological values are of similar magnitude as differences between the TEMIS and OS_LIDAR datasets.

These findings bear significant relevance for selecting an appropriate dataset for operational or reprocessing purposes.
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Figure 4: Timeseries of ozone effective temperature Tert based on TEMIS, on ozone sonde data (OS_only), or on combined ozone
sonde (OS) and LIDAR data (top panel). The climatological values (climate, orange dashed lines) are calculated from daily values
over the time period 1990 — 2020. Additionally, a 7-day rolling mean is applied. The bottom panel shows the daily difference between

the TEMIS and OS/OS_LIDAR derived datasets.

A look at the seasonal variation of Tes in other locations worldwide is presented in Fig. 5. Generally, stations at higher latitudes

have a higher amplitude of the seasonal Tesr cycle. In addition, higher latitudes also see much higher variability of Tes,

especially during winter and spring, as clearly shown by the shaded regions in Fig. 5.
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Figure 5: Timeseries of TEMIS-derived ozone effective temperature Test for 4 locations covering latitudes from -90° (Amundsen-

Scott) to +82.5° (Alert). The dashed lines indicate the long-term climatology (1990-2020), and the shaded areas indicate the year to
year variability (1 ¢).

2.6 Ozone absorption coefficients

We use the standard approach based on Komhyr et al. (1993) to calculate the differential ozone absorption coefficients Aa for
Brewer and Dobson instruments. The approach involves using the effective ozone temperature Tes, the polynomial temperature
approximation for the ozone absorption cross sections o(A, Tefr), and the slit weighing functions Si() for slit i, to calculate a;.
This approach was used and is discussed in detail in multiple studies (Bernhard et al., 2005; Grobner et al., 2021; Redondas et
al., 2014, 2018). It is defined by the following equation:

_ Jo@Tefpsiyar
T [sia (a. 1)

Applying the polynomial expression for the ozone cross sections (Eg. 9) and rearranging the equation provides a polynomial
equation for ai, using Tesr and a set of coefficients Aij:

ai(Terr) = Aig + Aig * Tepp + Aig % Tepy” (Eq. 12)

with
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[ GMSi)dA

Ay = [ $:()dA

(Eq. 13)

where the Cj()) are the coefficients for temperature dependence from Eq. (9), and the Si(A) are the slit functions. The resulting
A, coefficients for individual slits of the Dobson instrument, based on the SG16 ozone absorption cross section dataset are
listed in Table 3. The combined coefficients required for a Brewer or Dobson TOC measurement (see Eq. 5), e.g., for the AD-
wavelength pair (AD = A — D), are obtained by summing up the individual, slit-dependent coefficients, with their
corresponding weights following Eq. (8).

Note that the coefficients in Table 3 are very similar to those published by Redondas et al. (2014), which, to our knowledge,

is the only reviewed publication that directly reported the coefficients utilizing the new ozone cross sections.

Table 3: Coefficients for the temperature dependence (in °C) of the effective 0zone absorption cross section for the different Dobson
slits (A, C, D). Results are based on the SG16 / SG14 dataset, and the slit approximation from Bernhard et al. (2005). For values of
the ozone absorption coefficient at the currently fixed Tesr See Table 5.

Dobson slit [nm] Slit Coef. A0 Coef. Al Coef. A2
305.50 Al 2.0622 4.4327e-03 2.0565e-05
325.00 A2 1.3888e-01 7.0187e-04 3.5059¢-06
311.50 C1 9.5124e-01 2.6806e-03 1.3161e-05
332.40 Cc2 4.9357e-02 3.0492e-04 1.6500e-06
317.50 D1 4.2439e-01 1.4114e-03 7.3122¢-06
339.90 D2 1.4984e-02 1.2597e-04 6.6166e-07

AD 1.5139 2.4454e-3 1.0409e-5
CD 0.4925 1.0903e-3 4.8607e-6
AD* 1.5157 2.4502e-03 1.0518e-05
AD** 15133 2.4403e-3 1.0356e-5
CD** 0.4926 1.0924e-3 4.8841e-6

* data from Redondas et al. (2014)
** Independent evaluation of co-author Julian Grébner

Table 4 summarizes the resulting coefficients for temperature dependence of the combined differential ozone absorption
coefficients. Results are shown for different ozone cross section data sets and for Dobson104 and Brewer010. Due to their
potentially different instrument specific slit functions, other Brewers will have slightly different coefficients. Based on the
mean of 123 dispersion tests of 33 Brewer instruments, for example, Redondas et al. (2014) calculated coefficients using the
SG14 data set (A0=3.4591e%, A1=2.8781e"°, A2=-4.9188¢®), comparable to ours, and giving an instrument-specific Ao within
0.06 % from our Brewer010 value. Note also the much smaller temperature dependence for the Brewer where Al and A2 are
about two orders of magnitude smaller than for the Dobson.
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Table 4: Coefficients for the temperature-dependence of the combined 0zone absorption coefficient for the main Dobson wavelength
pairs (AD, CD), and for the Brewer010. For the Dobson instrument, the slit approximation from Bernhard et al. (2005) was applied.
Results are shown for the different ozone cross section datasets. SG14 and SG16 are combined because results are very similar.

Dobson104 Brewer010
AD wavelength pair CD wavelength pair
SG14/SG16  G17 BW SG14/SG16  G17 BW SG14/SG16  G17 BW
A0 1.5139 1.5182 1.6328 4.9247e-01 4.8846e-01 5.5360e-01 3.4555e-01 3.4685e-01 5.0591e-01
* 1.5157
wx 1.5133 4.9259e-01
Al 2.4453e-03  2.5650e-03  -3.5454e-03 | 1.0903e-03  9.6121e-04  -1.4113e-03 | 1.9485e-05  9.5578e-05  -1.2244e-03
* 2.4502¢-03
o 2.4403e-03 1.0924e-03
A2 1.0409e-05  1.0682e-05  1.1250e-05 | 4.8607e-06  3.7791e-06  4.2883e-06 | -1.7734e-07 1.3213e-06  2.4152e-06
* 1.0518e-05
wx 1.0356e-05 4.8841e-6
0L (op-Teff) 1.4230 1.4223 1.4074 0.4524 0.4521 0.4541 0.3443 0.3452 0.3523

* data from Redondas et al. (2014)
** Independent evaluation of co-author Julian Grébner

Finally, Table 5 gives a comparison of the effective differential ozone absorption coefficients at the currently used fixed
temperatures for Dobson and Brewer, for the different cross section data sets, and different slit functions. For the Dobson, all
new cross section data sets give 0.6% to 2.2% smaller effective ozone absorption coefficients than B&P. This would result in
correspondingly larger total ozone values. BW stands out with the smallest effective absorption coefficient. These results are
very similar to Grobner et al. (2021) and Redondas et al. (2014), which are also shown in the table. Note, however, the slightly
smaller effective cross sections, about 0.6% smaller, for Dobson104 for the handbook’s slit functions, compared to Bernhard
or TuPS.

For the Brewers, all new cross section data sets give 0.9% to 3.3% larger effective ozone absorption coefficients than B&P.
This would result in correspondingly smaller total ozone values. Again, the BW dataset stands out with the largest Aa. As
mentioned, Brewers have different slit functions for different instruments. Here this results in about 2% larger Aa for Brewer
226 compared to Brewer 10. Both are within the range of Aa reported by Redondas et al. (2014). Based on 33 Brewer
instruments and 123 dispersion tests, they report values between 0.335 cm™ and 0.350 cm™ for both the B&P and the SG14
dataset.
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Table 5: Effective differential ozone absorption coefficient (in atm cm™?) at the nominal fixed Tesr for the different ozone cross section
datasets, for Dobson and Brewer instruments. The Dobson results are given for three different slit functions. The fixed operational
Tefr is-46.3 °C for Dobsons, and -45 °C for Brewers.

Dobson 104, default Teff = -46.3 °C Brewer, default Teff = -45 °C

Slit definition / Ozone Handbook Bernhard TuPS Brewer010 Brewer226
absorption cross section 0D/ 0c OAD / Ocp 0AD / OlCD
B&P 1.432/0.459 0.3411 0.3484
SG14 1.4148/0.4491 1.4229 /0.4525 1.4232/0.4446 0.3445 0.3517
SG16 1.4149/0.4490 1.4230/0.4524 1.4231/0.4446 0.3443 0.3516
G17 1.4141/0.4487 1.4223/0.4521 1.4226 / 0.4440 0.3452 0.3524
BW 1.4012/0.4523 1.4074 / 0.4541 1.4050 / 0.4459 0.3523 0.3550
SG14* 1.4250 / ------- 0.333 to 0.350
SG14** 1.425/ ------- 1429/ ------
SG14*** 1.4225/0.4523

* data from Redondas et al. (2014), for Brewer based on 33 instruments and 123 dispersion tests.
** data from Grobner et al. (2021)

*** Independent evaluation of co-author Julian Grébner

When the new effective differential ozone cross sections are known, the relationship between TOC and Aa in Eq. (14) allows
for easy reprocessing of TOC values. Currently, the differential ozone absorption coefficient Aaop is based on the B&P cross
sections at a fixed temperature and the Komhyr parametrization. By applying the following equation, the corresponding old
operational TOC values can easily be recalculated to the new 0zone cross sections Aarers With varying Tes:

Aagp

TOCrs = TOCop—22-

(Eq. 14)
AaTeff

As mentioned, knowledge about the slit functions is necessary. This is easier for the Dobson instrument, as the slit functions
are wider and generally quite similar for all Dobson instruments (Kohler et al., 2018). However, for the Brewers, the slit
functions are narrower and are typically determined individually for each instrument from dispersion tests during calibration
campaigns. Therefore, for Brewers, the history of parameters that describe the instrument-dependent slit functions (e.qg., central
wavelength, FWHM) must be available for the most accurate recalculation. Nevertheless, Redondas et al., (2014) also
demonstrated that historical ozone measurements from Brewer instruments can be effectively corrected, with a TOC error of
less than 0.2%, by employing a linear relationship dependent only on the central wavelength of the respective Brewer

instrument, while disregarding the shape of the slits.
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3 Results and discussion

3.1  Temperature dependency of Aa

Figure 6 shows our results for the temperature-dependent effective absorption coefficients Aarers for the various instruments
and ozone cross section datasets. While the standard operating procedure for the Brewer and Dobson instruments uses fixed
effective ozone temperature (-45°C and -46.3°C, respectively), the real Aa varies strongly with Tes, as shown in Fig. 6. The
figure also shows the much larger impact of Ter on the effective absorption coefficient for the Dobson, ranging from -3% to
+3% in the top panel of Figure 6, compared to the smaller effect for the Brewer, ranging from -0.5% to +2%. While the
different ozone cross sections (G17, SG14, SG16, BW) have only a very minor impact on the temperature dependence of
Adpobson, they clearly result in very different temperature dependencies for Aagrewer, €specially for the lower range of Tes. In
addition, the instrument specific slit functions play a role for the Brewer, as can be seen in the slight differences between the
results for BR0O10 and BR226 in the bottom panel of Fig. 6.

Looking at the temperature dependence of the absorption coefficient Aa in Fig. 6, and at the variations of Te in Fig. 5, it
becomes quite obvious that implementation of temperature-dependent ozone-cross sections in the operational retrieval
algorithm is important, especially for the Dobson. It should reduce the uncertainty of Dobson TOC values by several percent,
while improvements for Brewers will generally be smaller (and limited e.g. by the knowledge of the slit functions of the

individual instruments).
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of the AD wavelength pair are shown.
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3.2 Updated Brewer and Dobson TOC values

The relative difference in TOC when using either the B&P operational ozone absorption coefficients, or the new T -dependent
absorption coefficients can be calculated using Eq. (14). Table 6 shows the resulting average TOC changes. Generally, the use
of the new ozone cross sections leads to increased Dobson TOC values (by 0.9 to 2.5%), and to decreased Brewer TOC values
(by -1 to -3%). The BW dataset provides by far the largest changes, both for Brewer and Dobson. It would increase the
differences between Dobson and Brewer, and appears not to be suitable. The three remaining datasets provide mean TOC
changes in the range of 0.9 — 1.6 % for the Dobson instrument, and -1.2 — -0.9 % for the Brewer instrument. Generally, the
SG14 and SG16 datasets, along with the Bernhard slit approximation or the TuPS measurement for the Dobson instrument,

exhibit the smallest differences compared to the B&P operational dataset.

Table 6: Mean [%] and standard deviation [16, %] of the relative difference in TOC between four Tes -dependent 0zone absorption
cross sections and the operational B&P dataset with a fixed Ter, for both the Brewer and Dobson instruments and at
Hohenpeissenberg. The differences were calculated using climatological TEMIS Tesr data (1990 — 2020), and the values show the
averaged results for a period of one year. The results also correspond to the dashed grey lines in Fig. 7 for the location of
Hohenpeissenberg.

Dobson 104 Brewer
Handbook Bernhard TuPS Brewer010 Brewer226
TOChew/TOCgep

mean + std mean + std mean + std mean + std mean = std

SG14 1.5+0.6 1.0£0.5 0.9£0.5 -0.9+0.1 -0.9+0.0

SG16 1.5+0.6 0.91£0.5 0.9£0.5 -0.9+0.1 -0.9+0.0

G17 1.6+0.6 1.0+£0.6 1.0£0.5 -1.2+0.1 -1.240.1

BW 2.5+0.6 2.1+0.6 2.240.5 -3.4+0.2 -2.1+0.2

Fig. 7 displays corresponding time series for the differences in TOC between the operational B&P derived values and the SG16
dataset over a period of two years, and for four different stations from -89.98° to 82.45°. Generally, the new temperature-
dependent ozone absorption coefficients lead to larger changes in TOC values at higher latitudes (due to the higher variability
in Terr). In contrast, TOC values close to the tropics vary by less than 1% when the new ozone cross sections are applied.
Similarly, the impact of using either climatological Tes values or daily values is much more pronounced for the Dobsons,
especially at higher latitudes. Nevertheless, as shown in Fig. 7, for the majority of TOC measurements world-wide, the
difference between Dobson TOC values obtained from climatological instead of daily Tes values will be less than 1% (20).
For the Brewers, temperature dependence is much smaller, and there is virtually no difference between using climatological
or daily Tes values.
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Figure 7: Relative difference in TOC between new Teff dependent ozone cross sections (SG16, TEMIS climate) and fixed
temperature B&P cross sections (grey dashed lines), and between daily and climatological values for Teff (colored shaded regions,
SG16 cross section, Teff daily and climatology from TEMIS). Results are given for four locations and Dobson (left panels) and
Brewer (right panels). The shaded areas show the potential difference in TOC (2 6) when using climatological Tesr (1990 — 2020)
instead of daily TEMIS values. Bernhard slit approximation was used for the Dobson instrument. For the Brewer, the slit functions
from Brewer010 as described in Table 2 were applied.

3.3 Comparison of Brewer and Dobson TOC retrievals

Consistency between TOC measurements from Dobson and Brewer instruments is crucial for evaluating whether a new ozone
cross section dataset is recommended in this study. Fig. 8 shows TOC measurements from Dobson104 compared to two Brewer
instruments, for the different ozone cross-section datasets.

As already shown in Fig. 1, a seasonal variation is quite prominent for the B&P dataset without T -correction (blue lines). In

contrast, the SG14/SG16 cross sections produce almost identical results (black lines) and reduce the seasonal variation to less
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than +0.5%. There is also little difference between the results for Brewer 010 and Brewer 226 (solid and dashed lines,
respectively). The overall Dobson to Brewer difference is close to zero. The G17 dataset results in a slightly negative Brewer-
Dobson average difference and also very small annual variation (red lines). Much larger mean differences are seen for the
B&P OP and BW datasets (blue and orange lines, respectively). While the annual variation is also small for the BW dataset, it
also shows a very large difference between the two Brewers. On the basis of Fig. 8, it is quite clear that the SG14 and SG16
datasets provide the best overall agreement between Dobson and Brewer measurements.

Grobner et al. (2021) also identified a large offset for the BW dataset, up to 2.1% using measured slit weighing functions for
their Dobson instrument. Generally, our findings are very similar to those of the previous studies by Grobner et al. (2021) and
Redondas et al. (2014) who, for their stations and instruments, found mean differences for the SG14 dataset in the range of 0
to 1 % and -0.4 to 0.2 %, respectively. Note that Grébner et al. (2021) found a larger difference, -1.0 to -1.5%, when using
their version of the G17 cross sections, whereas in our study the G17 dataset generally performed very well. Partly, this
difference can be attributed to different Rayleigh coefficients applied (see Eq. 5). Grobner et al. (2021) used Bodhaine’s
Rayleigh cross-section (Bodhaine et al., 1999), whereas we applied the Rayleigh cross sections from the standard Brewer and
Dobson algorithm (Bates, 1984; Komhyr and Evans, 2008). Grobner et al. (2021) states that applying Bodhaines’s values in
Davos decreases TOC from Dobson by about -0.5 DU, and TOC from Brewer by about -2.4 DU. This may contribute
approximately -0.6 to -0.7% to the -1.0 to -1.5% difference found in Grébner (2021). The rest seems to be due to an older
version of the G17 dataset used by Grobner et al. (2021) This ambiguity in the G17 dataset, and the lack of an official
publication, leads to the overall recommendation to use the SG16 dataset, and not G17.

The choice of slit approximation for the Dobson instrument also influences the comparison. Generally, the best comparison is
achieved with the Bernhard approximation or the TuPS measurements (see also Fig. S5 in the supplement). In our case both
outperform the Dobson operations handbook's slit approximation. This is generally consistent with the findings of Grébner et
al. (2021), who, however, obtained slightly better results when using the TuPS measurements. Based on our experience, and
many previous measurements, including a number of Dobson slit measurements world-wide (Grébner et al., 2021; Kéhler et
al., 2018), it seems that for a majority of Dobson instruments the Bernhard et al. (2005) slit approximation is indeed very good,
is simple and is suitable for the entire network. Due to its ease of implementation, and the good results in our study, we
recommend the Bernhard slit approximation for Dobson instruments in the operational network.

Where available, TuPS measurements of Dobson slit functions can result in small improvements (typically of the order of
0.5% or less), albeit at the cost of additional measurements, additional calculations and much more extensive housekeeping.
This may make sense for some specialized research groups, but for the wide network we feel that the Bernhard slit

approximation is adequate and simple to keep track of.
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Figure 8: Monthly mean difference between Dobson 104 and Brewers 010/226 (solid and dashed lines), at Hohenpeissenberg and
using the Bernhard slit approximation. The different colors represent the results for the different ozone absorption cross section
datasets.

3.4 Uncertainties

A comprehensive analysis of uncertainties for Dobson total ozone measurements is given by Basher (1982), for Brewers
information on uncertainty can be found in different publications (Fioletov et al., 2005; Kerr and McElroy, 1995; Redondas et
al., 2018; Zhao et al., 2021). A new assessment of these uncertainties is beyond the scope of this paper. It is the topic of two
separate papers in preparation by some of the co-authors. Nevertheless, it is important to consider the various sources of
uncertainty here, and to determine when further reductions of uncertainty from a single source will not improve the overall
uncertainty.

Basher (1982) separates in his analysis between typical good instruments or situations (with smaller uncertainties) and bad
instruments or situations (with large uncertainties). Here, we will consider only the good case. In a similar way to Basher we
separate between (1) instrumental sources of uncertainty (alignment, calibration, slit functions, instrumental noise, ...), (2)
uncertainty due to simplified radiative transport assumptions (aerosol and SO, interference, ozone layer height, airmass
calculation, ...), and (3) uncertainty due to the used ozone absorption cross-sections (3a) and their temperature dependence
(3b). All of these uncertainties contain random and systematic parts.

For a typical “good” Dobson, the instrumental relative standard uncertainties (1) are estimated to be less than 0.5% to 1.5%

by Basher (1982). This is consistent with the standard deviation / repeatability of individual Dobson TOC values observed at
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Hohenpeissenberg, which is about 0.7%, and the typical agreement reached in Dobson calibrations, which is also about 0.7 %.
It is also consistent with the magnitude of changes due to different wavelengths or slit functions found in this study, which are
about 0.5%, as can be seen in Fig. S5 in the Supplement, and Table 7. Similar uncertainties of this type apply also for Brewers.
The standard deviation / repeatability of individual Brewer TOC values observed at Hohenpeissenberg, for example, is about
0.9%.

Relative standard Uncertainties (2), due to the simplified radiative transfer assumptions, are also of the order of 0.2% to 0.5%
for a “good situation” Dobson or Brewer. This study does not address any of these sources of uncertainty, so their values
remain unchanged.

The largest improvement coming from this study is in the application of new ozone absorption cross-sections with reduced
uncertainty (3a), and particularly in now addressing the temperature dependence (Tet) of the ozone cross-sections (3b). Basher
quotes an absolute relative standard uncertainty due to the used ozone cross sections of about 3%, and a relative standard
uncertainty of about 1.5% due to neglecting the temperature dependence. The SG16 cross sections recommended here claim a
smaller absolute uncertainty (3a), about 1.5%, which would apply to both Dobson and Brewer TOC values. The major
improvement comes from addressing the temperature dependence (3b, Terr), which reduces the associated uncertainty for
Dobson TOCs from about 1.5% (compare also the dashed lines in Fig. 7) to less than 0.5% (compare also the shaded regions
in Fig. 7). For Brewers, the uncertainties associated with Teff are much smaller, and are assumed to be about 0.1% (see also
right panels in Fig. 7, and Koukouli et al., 2016).

In summary, the improved processing suggested in this paper should reduce the combined relative standard uncertainty of

Dobson TOC values from 3.5% to 1.8%. For Brewer TOC values the improvement is smaller from 3.2% to 1.8% (Table 7).

Table 7: Relative standard uncertainty estimation based on literature (Basher, 1982; Koukouli et al., 2016; Scarnato et al., 2009,
2010; Zhao et al., 2021) and our own study. Uncertainty sources 1,2,3a,3b correspond to the uncertainties associated to instrumental
sources (1), simplified radiative transport assumptions (2), applied cross sections (3a) and Teff (3b).

Uncertainty Dobson Brewer
Operational SG16, Teff-corr Operational SG16, Teff-corr
1 0.7 0.7 0.9 0.9
2 0.5 0.5 0.5 0.5
3a 3.0 15 3 15
3b 15 05 0.1 0.1
Combined 35 1.8 3.2 1.8
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35

Recommendations for operational networks

Based on our results, and taking into account previous studies (Grdbner et al., 2021; Koéhler et al., 2018; Orphal et al., 2016;

Redondas et al., 2014, 2018), we recommend the SG16 ozone absorption cross sections for the Dobson and Brewer observing

networks. For the Dobson instruments, the slit approximation of Bernhard et al. (2005) should be applied. The correction for
the effective ozone temperature should be based on the TEMIS/ECMWF dataset.

The SG16 (Weber et al., 2016) dataset performs very similar to the SG14 (Serdyuchenko et al., 2014) dataset, which
was recommended in the previous studies. However, the SG16 dataset also provides uncertainty budgets, which is
useful for further studies.

The G17 dataset (Gorshelev et al., 2017) provides similar results, but introduces a slightly larger mean difference
between Dobson and Brewer, compared to SG16. Moreover, no peer-reviewed publication of the dataset exists at the
time of this publication.

The Bernhard slit approximation (Bernhard et al., 2005) outperforms the slit approximation of the Dobson Operations
Handbook (Komhyr and Evans, 2008), which introduces a small bias between Dobson and Brewer measurements.
While some studies (Grdbner et al., 2021; Kohler et al., 2018) recommend instrument specific slit weighing functions
(e.g. from TuPS measurements), the application of TuPS measurements did not result in improved consistency
between Dobson and Brewer TOC measurements in this study. Moreover, only a very limited amount of reliable
measured slit weighting functions from Dobson instruments exists to this day. This would delay and complicate the
implementation of new ozone cross sections in the operational networks quite a lot, without a large gain in the
accuracy of the resulting TOC values.

Slightly better results may be achieved, at considerable housekeeping cost, by utilizing measured slit functions (e.g.
by TuPS) for the effective ozone absorption coefficients for Dobson instruments. Here it is crucial to ensure that the
wings of the slit functions are included, particularly at the shorter wavelengths, where the ozone cross-sections are
large. While this may be the way to go for a few specialized research groups, for much of the operational network the
simple and easily applied Bernhard slit approximation seems good enough and is therefore recommended.

The TEMIS/ECMWEF ozone effective temperature dataset is very well suited for application in the global Brewer and

Dobson networks (https://www.temis.nl/climate/efftemp/overpass.php). Differences to measured values from a

combination of LIDAR and ozone sondes are small, with a standard deviation of only about 1.2 °C for daily values
over a time period of 30 years. Climatological values derived from the dataset are sufficient for use in the operational
networks. Daily data would not improve the quality of the TOC measurement significantly: negligible differences in
the yearly mean, for the majority of observing stations differences smaller than 1 % for daily TOC data, larger

differences only at high latitudes in winter, where measurements are problematic anyways due to low solar elevation.
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The transition to new Dobson TOC values based on SG16 and the TEMIS Tes climatology should be carried out in a centralized
facility, such as the WOUDC. Figure 9 outlines our suggested approach, which would make sure that all critical computations
are applied uniformly to both existing historical and incoming new Dobson data. The central processing would use the TEMIS
Terr climatology to calculate new effective absorption coefficients for each reporting measurement location. In addition, the
central processing would ensure proper metadata handling (e.g. versioning, applied Tes, polynomial function coefficients used
for B&P to SG16 conversion, ...).

Historical TOC | AasgieTess TEMIS Teff climatology | Incoming new TOC |
| values (B&P) | fromtable 3 (1990 - 2020) | data (B&P) ‘
Calculate
absorption
coefficient Aa

Y

(Re)Process
TOC values in
central facility <
(WOUDC)
following Eq. 14

A 4
Storage of TOC
values and required
metadata

Figure 9: Flowchart illustrating the suggested centralized transition to revised Dobson Total Ozone Column (TOC) timeseries in the
operational network, using the new Test -dependent SG16 0zone absorption cross sections.

4 Conclusions

Focusing on Dobson and Brewer total ozone measurements, this study reinvestigated the use of different ozone absorption
cross section data sets, and different ways to account for ozone effective temperatures Teg.

Overall, the SG16 ozone cross sections give the most consistent results. Therefore, it is recommended to implement the SG16
cross section in both the Brewer and Dobson networks. This will provide more consistent and accurate total ozone data.

For effective ozone temperature (Terr) sSimply TEMIS climatological values yields satisfactory results for nearly all reporting
stations. At most stations, very little can be gained by using daily T values.
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Overall, the uncertainty of total ozone data from Dobson should improve from currently 3 to 4 % (due to 1 to 3 % annual
variation in bias) to better than 2 % in the future. Much less can be gained for Brewer total ozone data, where the new cross-

sections and Tes data only result in changes of the order of £0.5%.

Data availability. The datasets used in this study will be made available through Zenodo at the final stage of the review
process.

Author contributions.

KV processed and analyzed the datasets and authored the manuscript. WS conceptualized the study, offered valuable insights,
and enhanced the manuscript's text. VV oversaw the Dobson and Brewer instruments at Hohenpeissenberg and contributed
ideas and text enhancements. LE and JG provided their own experimental data, contributed ideas, and assisted in refining the
paper. AR offered valuable insights and discussions, as well as substantial improvements to the manuscript during its final
stages.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We gratefully acknowledge funding from DWD (IAFE project Ozon_2025). We further want to thank
Martin Adelwart, Michel Heinen and Marco Kirchner for taking nearly all the operational measurements and for their excellent
support during the calibration campaigns. Finally, we would like to thank chatGPT (https://chat.openai.com, last accessed: 18

October 2023) for their assistance in improving the text on a few occasions.
Financial support.

Review statement.

5 References

Bais, A. F., Zerefos, C. S., and McElroy, C. T.: Solar UVB measurements with the double- and single-monochromator Brewer
ozone spectrophotometers, Geophys. Res. Lett., 23, 833-836, https://doi.org/10.1029/96GL00842, 1996.

Basher, R. E.: Review of the Dobson spectrophotometer and its accuracy, WMO Global Ozone Research and Monitoring,
Report No. 13, Geneva, Switzerland, 1982.

Bass, A. M. and Paur, R. J.: The Ultraviolet Cross-Sections of Ozone: I. The Measurements, in: Atmospheric Ozone,
Dordrecht, 606-610, 1985.

Bates, D. R.: Rayleigh scattering by air, Planet. Space Sci., 32, 785-790, https://doi.org/10.1016/0032-0633(84)90102-8, 1984.

26



605

610

615

620

625

630

635

https://doi.org/10.5194/amt-2023-220 Atmospheric

Preprint. Discussion started: 24 November 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques
Discussions

Bernhard, G., Evans, R. D., Labow, G. J., and Oltmans, S. J.: Bias in Dobson total ozone measurements at high latitudes due
to approximations in calculations of ozone absorption coefficients and air mass, J. Geophys. Res. Atmospheres, 110,
https://doi.org/10.1029/2004JD005559, 2005.

Birk, M. and Wagner, G.: ESA SEOM-IAS — Measurement and ACS database O3 UV region, 2021.

Bodhaine, B. A., Wood, N. B., Dutton, E. G., and Slusser, J. R.: On Rayleigh Optical Depth Calculations, J. Atmospheric
Ocean. Technol., 16, 1854-1861, https://doi.org/10.1175/1520-0426(1999)016<1854:O0RODC>2.0.C0O;2, 1999.

Brewer, A. W.: A replacement for the Dobson spectrophotometer?, Pure Appl. Geophys., 106, 919-927,
https://doi.org/10.1007/BF00881042, 1973.

Ciddor, P. E.: Refractive index of air: new equations for the visible and near infrared, Appl Opt, 35, 1566-1573,
https://doi.org/10.1364/A0.35.001566, 1996.

Fioletov, V. E., Kerr, J. B., McElroy, C. T., Wardle, D. I., Savastiouk, V., and Grajnar, T. S.: The Brewer reference triad,
Geophys. Res. Lett., 32, https://doi.org/10.1029/2005GL024244, 2005.

Fragkos, K., Bais, A. F., Balis, D., Meleti, C., and Koukouli, M. E.: The Effect of Three Different Absorption Cross-Sections
and their Temperature Dependence on Total Ozone Measured by a Mid-Latitude Brewer Spectrophotometer, Atmosphere-
Ocean, 53, 19-28, https://doi.org/10.1080/07055900.2013.847816, 2015.

Gorshelev, V., Serdyuchenko, A., Weber, M., Chehade, W., and Burrows, J. P.: High spectral resolution ozone absorption
cross-sections — Part 1: Measurements, data analysis and comparison with previous measurements around 293 K, Atmospheric
Meas. Tech., 7, 609-624, https://doi.org/10.5194/amt-7-609-2014, 2014.

Gorshelev, V., Weber, M., and Burrows, J. P.. ATMOZ Gorshelev Huggins Ozone Band Absorption Cross-Section,
https://doi.org/10.5281/zenodo.5847189, 2017.

Grobner, J., Wardle, D. I., McElroy, C. T., and Kerr, J. B.: Investigation of the wavelength accuracy of Brewer
spectrophotometers, Appl. Opt., 37, 8352, https://doi.org/10.1364/A0.37.008352, 1998.

Grobner, J., Schill, H., Egli, L., and Stubi, R.: Consistency of total column ozone measurements between the Brewer and
Dobson spectroradiometers of the LKO Arosa and PMOD/WRC Davos, Atmospheric Meas. Tech., 14, 3319-3331,
https://doi.org/10.5194/amt-14-3319-2021, 2021.

Karppinen, T., Redondas, A., Garcia, R. D., Lakkala, K., McElroy, C. T., and Kyrd, E.: Compensating for the Effects of Stray
Light in Single-Monochromator Brewer Spectrophotometer Ozone Retrieval, Atmosphere-Ocean, 53, 66-73,
https://doi.org/10.1080/07055900.2013.871499, 2015.

Kerr, J. B. and McElroy, C. T.: Total 0zone measurements made with the Brewer ozone spectrophotometer during STOIC
1989, J. Geophys. Res. Atmospheres, 100, 9225-9230, https://doi.org/10.1029/94JD02147, 1995.

Kerr, J. B., McElroy, C. T., Wardle, D. 1., Olafson, R. A., and Evans, W. F. J.: The Automated Brewer Spectrophotometer, in:
Atmospheric Ozone, Dordrecht, 396-401, https://doi.org/10.1007/978-94-009-5313-0_80, 1985.

Kerr, J. B., Asbridge, I. A., and Evans, W. F. J.: Intercomparison of total ozone measured by the Brewer and Dobson
spectrophotometers at Toronto, J. Geophys. Res., 93, 11129, https://doi.org/10.1029/JD093iD09p11129, 1988.

27



640

645

650

655

660

665

670

https://doi.org/10.5194/amt-2023-220 Atmospheric
Preprint. Discussion started: 24 November 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

Kohler, U., Nevas, S., McConville, G., Evans, R., Smid, M., Stanek, M., Redondas, A., and Schonenborn, F.: Optical
characterisation of three reference Dobsons in the ATMOZ Project — verification of G. M. B. Dobson’s original specifications,
Atmospheric Meas. Tech., 11, 1989-1999, https://doi.org/10.5194/amt-11-1989-2018, 2018.

Komhyr, W. D. and Evans, R. D.: OPERATIONS HANDBOOK - OZONE OBSERVATIONS WITH A DOBSON
SPECTROPHOTOMETER Revised 2008, 93, 2008.

Komhyr, W. D., Mateer, C. L., and Hudson, R. D.: Effective Bass-Paur 1985 o0zone absorption coefficients for use with Dobson
0zone spectrophotometers, J. Geophys. Res. Atmospheres, 98, 2045120465, https://doi.org/10.1029/93JD00602, 1993.

Koukouli, M. E., Lerot, C., Granville, J., Goutail, F., Lambert, J. -C., Pommereau, J. -P., Balis, D., Zyrichidou, 1., Van
Roozendael, M., Coldewey-Egbers, M., Loyola, D., Labow, G., Frith, S., Spurr, R., and Zehner, C.: Evaluating a new
homogeneous total ozone climate data record from GOME/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A, J.
Geophys. Res. Atmospheres, 120, https://doi.org/10.1002/2015JD023699, 2015.

Koukouli, M. E., Zara, M., Lerot, C., Fragkos, K., Balis, D., van Roozendael, M., Allart, M. A. F., and van der A, R. J.: The
impact of the ozone effective temperature on satellite validation using the Dobson spectrophotometer network, Atmospheric
Meas. Tech., 9, 2055-2065, https://doi.org/10.5194/amt-9-2055-2016, 2016.

Moeini, O., Vaziri Zanjani, Z., McElroy, C. T., Tarasick, D. W., Evans, R. D., Petropavlovskikh, 1., and Feng, K.-H.: The
effect of instrumental stray light on Brewer and Dobson total 0zone measurements, Atmospheric Meas. Tech., 12, 327-343,
https://doi.org/10.5194/amt-12-327-2019, 2019.

Orphal, J., Staehelin, J., Tamminen, J., Braathen, G., De Backer, M.-R., Bais, A., Balis, D., Barbe, A., Bhartia, P. K., Birk,
M., Burkholder, J. B., Chance, K., von Clarmann, T., Cox, A., Degenstein, D., Evans, R., Flaud, J.-M., Flittner, D., Godin-
Beekmann, S., Gorshelev, V., Gratien, A., Hare, E., Janssen, C., Kyrola, E., McElroy, T., McPeters, R., Pastel, M., Petersen,
M., Petropavlovskikh, I., Picquet-Varrault, B., Pitts, M., Labow, G., Rotger-Languereau, M., Leblanc, T., Lerot, C., Liu, X.,
Moussay, P., Redondas, A., Van Roozendael, M., Sander, S. P., Schneider, M., Serdyuchenko, A., Veefkind, P., Viallon, J.,
Viatte, C., Wagner, G., Weber, M., Wielgosz, R. I., and Zehner, C.: Absorption cross-sections of ozone in the ultraviolet and
visible spectral regions: Status report 2015, J. Mol. Spectrosc., 327, 105-121, https://doi.org/10.1016/j.jms.2016.07.007, 2016.

Redondas, A., Evans, R., Stuebi, R., Kohler, U., and Weber, M.: Evaluation of the use of five laboratory-determined ozone
absorption cross sections in Brewer and Dobson retrieval algorithms, Atmospheric Chem. Phys., 14, 1635-1648,
https://doi.org/10.5194/acp-14-1635-2014, 2014.

Redondas, A., Nevas, S., Berjon, A., Sildoja, M.-M., Leon-Luis, S. F., Carrefio, V., and Santana-Diaz, D.: Wavelength
calibration of Brewer spectrophotometer using a tunable pulsed laser and implications to the Brewer ozone retrieval,
Atmospheric Meas. Tech., 11, 3759-3768, https://doi.org/10.5194/amt-11-3759-2018, 2018.

Scarnato, B., Staehelin, J., Peter, T., Grobner, J., and Stlbi, R.: Temperature and slant path effects in Dobson and Brewer total
0zone measurements, J. Geophys. Res., 114, D24303, https://doi.org/10.1029/2009JD012349, 2009.

Scarnato, B., Staehelin, J., Stibi, R., and Schill, H.: Long-term total ozone observations at Arosa (Switzerland) with Dobson
and Brewer instruments (1988-2007), J. Geophys. Res., 115, D13306, https://doi.org/10.1029/2009JD011908, 2010.

Serdyuchenko, A., Gorshelev, V., Weber, M., Chehade, W., and Burrows, J. P.: High spectral resolution ozone absorption
cross-sections — Part 2;: Temperature dependence, Atmos Meas Tech, 7, 625-636, 2014.

28



675

680

685

690

https://doi.org/10.5194/amt-2023-220 Atmospheric
Preprint. Discussion started: 24 November 2023 Measurement
(© Author(s) 2023. CC BY 4.0 License. Techniques

Discussions
By

Smid, M., Porrovecchio, G., Tesat, J., Burnitt, T., Egli, L., Grébner, J., Linduska, P., and Stan¢k, M.: The design and
development of a tuneable and portable radiation source for in situ spectrometer characterisation, Atmospheric Meas. Tech.,
14, 3573-3582, https://doi.org/10.5194/amt-14-3573-2021, 2021.

Stubi, R., Schill, H., Klausen, J., Vuilleumier, L., Grébner, J., Egli, L., and Ruffieux, D.: On the compatibility of Brewer total
column ozone measurements in two adjacent valleys (Arosa and Davos) in the Swiss Alps, Atmospheric Meas. Tech., 10,
4479-4490, https://doi.org/10.5194/amt-10-4479-2017, 2017.

Stiibi, R., Schill, H., Maillard Barras, E., Klausen, J., and Haefele, A.: Quality assessment of Dobson spectrophotometers for
ozone column measurements before and after automation at Arosa and Davos, Atmospheric Meas. Tech., 14, 4203-4217,
https://doi.org/10.5194/amt-14-4203-2021, 2021.

Vanicek, K.: Differences between ground Dobson, Brewer and satellite TOMS-8, GOME-WFDOAS total ozone observations
at Hradec Kralove, Czech, Atmos Chem Phys, 9, 2006.

Vanicek, K., Metelka, L., Skfivankova, P., and Stanék, M.: Dobson, Brewer, ERA-40 and ERA-Interim original and merged
total ozone data sets — evaluation of differences: a case study, Hradec Kralové (Czech), 1961-2010, Earth Syst. Sci. Data, 4,
91-100, https://doi.org/10.5194/essd-4-91-2012, 2012.

Weber, M., Gorshelev, V., and Serdyuchenko, A.: Uncertainty budgets of major ozone absorption cross sections used in
UVremote sensing applications, Atmospheric Meas. Tech., 9, 4459-4470, https://doi.org/10.5194/amt-9-4459-2016, 2016.

Zhao, X., Fioletov, V., Brohart, M., Savastiouk, V., Abboud, I., Ogyu, A., Davies, J., Sit, R., Lee, S. C., Cede, A., Tiefengraber,

M., Miller, M., Griffin, D., and McLinden, C.: The world Brewer reference triad — updated performance assessment and new
double triad, Atmospheric Meas. Tech., 14, 22612283, https://doi.org/10.5194/amt-14-2261-2021, 2021.

29



