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Abstract. Long-term, 21st century ground-based ozone mea-
surements are crucial to study the recovery of stratospheric
ozone as well as the trends of tropospheric ozone. This study
is performed in the context of the LOTUS (Long-term Ozone
Trends and Uncertainties in the Stratosphere) and TOAR-
IT (Tropospheric Ozone Assessment Report, phase II) initia-
tives. Within LOTUS, we want to know why different trends
have been observed by different ground-based measurements
at Lauder. In TOAR-II, intercomparison studies among the
different ground-based datasets are needed to evaluate their
quality and relevance for trend studies. To achieve these
goals, we perform an intercomparison study of total col-
umn ozone and its vertical distribution among the ground-
based measurement instruments available at the Lauder sta-
tion from 2000 to 2022, which are a Fourier transform in-
frared (FTIR) spectrometer, a Dobson spectrophotometer, a
UV?2 (ultraviolet double monochromator), a microwave ra-
diometer (MWR), ozonesondes, and a stratospheric lidar.
Because only the latter two provide high-vertical-resolution
profiles, the vertical ozone distribution is validated using par-
tial columns, defined to provide independent information:

one tropospheric column and three stratospheric columns.
Because FTIR provides total columns and vertical informa-
tion covering all partial columns as well as high temporal
sampling, the intercomparisons (bias, scatter, and drift) are
analyzed using FTIR as the reference.

Very good agreement between the FTIR and Dobson
(FTIR and UV2) total column ozone records is apparent
in the high Pearson correlation of 0.97 (0.93), low biases
of —3% (—2%), and 2% (3 %) dispersions, which are
within the respective systematic and random uncertainties.
The small observed drifts 0.4 % (0.3 %) per decade are “non-
significant” (or rather a low certainty in a 95 % confidence
interval) and show good stability of the three ozone total col-
umn series at Lauder.

In the troposphere we find a small bias of —1.9 % with the
ozonesondes but a larger one (410.7 %) with Umkehr, which
can be explained by the low degrees of freedom for signal
(0.5) of Umkehr in the troposphere. However, no significant
drift is found among the three instruments in the troposphere,
which proves their relevance for trend studies within TOAR-
II. The negative bias observed in total columns is confirmed
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by negative biases in all stratospheric columns for all instru-
ments with respect to FTIR (between —1.2 % and —6.8 %).
This, confirmed by the total column biases, points to a 2 %—
3 % underestimation of the infrared spectroscopic line in-
tensities. Nevertheless, the dispersion between FTIR and all
techniques is typically within 5 % for the stratospheric par-
tial columns, in close agreement with the given random un-
certainty budgets.

We observe no significant drift in the stratosphere be-
tween ozonesondes and FTIR for all partial columns, with
ozonesonde trends being less negative than in LOTUS
(Godin-Beekmann et al., 2022, further referred to as the LO-
TUS22). The only significant drift in the lower-stratospheric
columns is obtained between FTIR and Umkehr, as was al-
ready found in LOTUS22. Two significant positive drifts are
observed in the middle stratosphere (2 % and 3 % per decade)
with lidar and MWR, respectively, while two significant neg-
ative drifts are observed in the upper stratosphere (—3 %
and —4 % per decade) with Umkehr and lidar, respectively.
While remaining drifts are still present, our study explains
roughly half of the differences in observed trends in LO-
TUS22 by the different sampling, vertical sensitivity, or time
periods and gaps. In addition, the FTIR data in the present
work have been improved since LOTUS22, reducing the dif-
ferences in the upper-stratospheric and tropospheric trends.
This shows the necessity for continuous review and improve-
ment of the measurement and retrieval processes. This study
also reflects the importance of super sites such as Lauder
for cross-validating the long-term ozone measurements. Our
study demonstrated that well-harmonized, optimized, well-
characterized instruments that show very good agreement in
terms of bias, dispersion, and correlation are capable of de-
tecting trends that agree within their respective measurement
uncertainties.

1 Introduction

The study of ozone plays a crucial role in understanding the
effects of climate change, as well as its impact on human
health and plant life (see, e.g., WMO, 2022; Brasseur and
Solomon, 2005). It is common to distinguish between strato-
spheric ozone and tropospheric ozone. Stratospheric ozone,
commonly referred to as the “ozone layer”, serves as our pri-
mary defense against harmful UV radiation. The discovery
of the hole in the ozone layer, which is most prominent over
Antarctica in the austral spring but also present in the Arc-
tic (Solomon, 1999; Manney et al., 2011), emphasized the
need for monitoring and reducing the depletion of ozone.
The Montreal Protocol of 1987 was implemented to reduce
the emissions of ozone-depleting substances (ODSs), which
are known catalysts for the chemical destruction of ozone.
Over the past 30 or more years stratospheric ozone has been
closely monitored through ground-based, in situ, and satel-
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lite observations. As a result of the decreased stratospheric
chlorine levels (Jones et al., 2011), the growth of the ozone
hole has been halted and there are indications of its recovery
(Solomon et al., 2016). This recovery is particularly evident
in the Antarctic, while in regions between 60° S—60° N, the
increase in ozone may be offset by a continued decrease in
the lower stratosphere (Ball et al., 2018). Similarly, in the
Arctic it is currently unclear if there are any positive ozone
trends since 2000 due to the larger dynamical variability
complicating the observation of this ozone recovery (WMO,
2018).

Tropospheric ozone is a greenhouse gas that contributes
to global warming (Hansen et al., 1997) and poses a signifi-
cant threat to human health through its effects on the respira-
tory system (see, e.g., Kim et al., 2020). Unlike stratospheric
ozone, tropospheric ozone has a relatively short atmospheric
lifetime of hours to weeks (Stevenson et al., 2006). It does
not have any direct emission sources; rather, it is a sec-
ondary gas formed by the interaction of sunlight with hy-
drocarbons and nitrogen oxides, which are emitted by vari-
ous human-made sources such as vehicles, fossil fuel power
plants, and industrial activities (Jacob, 2000). The combi-
nation of surface ozone, ozonesonde, and aircraft measure-
ments with satellite measurements provides a long-term col-
lection of data to study tropospheric ozone trends. These
measurements show an increase in ozone since the 1990s
in the tropics and northern midlatitudes (Gulev et al., 2021;
Szopa et al., 2021).

This study is done within the context of LOTUS (Long-
term Ozone Trends and Uncertainties in the Stratosphere).
The current goal of LOTUS is to gain a comprehensive un-
derstanding of ozone trends, including their relationship to
altitude and latitude, by thoroughly evaluating uncertainties
in trend studies and considering the impact of errors re-
lated to the sampling and stability of datasets. Within LO-
TUS, Godin-Beekmann et al. (2022) use a regression model
to obtain trends of the stratospheric ozone vertical distribu-
tion. They find significant differences in trends between the
measurements at Lauder, Aotearoa/New Zealand, which is
a station in the Network for the Detection of Atmospheric
Composition Change (NDACC; De Maziere et al., 2018;
Kurylo and Solomon, 1990). Comparisons between these in-
struments at Lauder have been performed such as that by Mc-
Dermid et al. (1998), who look at several ozone profilers (li-
dar, microwave radiometer, and ozonesonde). These compar-
isons were done before 2000, however, so to analyze the re-
cent differences between the ground-based measurements we
look at comparisons done since 2000, such as that by Bernet
et al. (2020). They only use two of the ground-based mea-
surements (stratospheric lidar and microwave radiometer —
MWR) together with the Aura Microwave Limb Sounding
satellite and ERAS reanalysis data and thus do not explain
the differences for most measurements in Godin-Beekmann
et al. (2022). Similarly, Steinbrecht et al. (2017) use the mi-
crowave radiometer, lidar, FTIR (Fourier transform infrared)
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spectroscopy, and Dobson Umkehr measurements in combi-
nation with satellite measurements to compute trends rep-
resentative for the whole southern latitude band (35-60°S).
There are some differences for FTIR and lidar in the lower
stratosphere, but they find similar statistically significant val-
ues in the upper stratosphere where they calculate a trend of
2.5 % per decade and thus strengthen the results from Godin-
Beekmann et al. (2022).

We will look at all of the ground-based measurements
which were discrepant in Godin-Beekmann et al. (2022),
namely the FTIR spectrometer, Umkehr measurements from
the Dobson spectrophotometer, ozonesondes, and the strato-
spheric lidar. We will add the MWR as in Bernet et al. (2020),
which was not included in Godin-Beekmann et al. (2022)
because it stopped in 2016. We will also add to our anal-
ysis total column intercomparisons from FTIR, the Dobson
spectrophotometer, and a UV2 (ultraviolet double monochro-
mator). In our intercomparison study we aim to quantify the
biases and potential drifts between the different measure-
ments to analyze whether the discrepancies observed in the
stratospheric trends at Lauder (Godin-Beekmann et al., 2022)
could be due to the different sampling or vertical resolution
of the measurements.

Tropospheric ozone intercomparisons will also be per-
formed using FTIR, ozonesondes, and Umkehr datasets.
This tropospheric work is made within the context of the
HEGIFTOM focus working group (Harmonization and Eval-
uation of Ground Based Instruments for Free Tropospheric
Ozone Measurements, http://hegiftom.meteo.be, last access:
18 November 2024) within the TOAR-II (Tropospheric
Ozone Assessment Report phase II) initiative. This working
group focuses in part on the need for a thorough intercompar-
ison of tropospheric ozone measurements, where all biases
and drifts of the instruments used are evaluated. This study
will provide a detailed look at these biases and drifts, which
will serve as a reference for future TOAR-II studies using
these datasets.

First, in Sect. 2, we elaborate on the different ground-
based ozone measurements. Next, in Sect. 3, we explain the
intercomparison method where we select coincident mea-
surements based on the sampling and adjust for differences
in vertical resolution. Because we do not have high vertical
resolution for all measurements, we divide the vertical ozone
profile into four different partial columns, one in the tropo-
sphere (0.5-11 km) and three in the stratosphere (14-22, 22—
29, and 29-42km). Because FTIR provides total columns
and vertical information covering all partial columns, as well
as a good temporal sampling, the intercomparisons are per-
formed using FTIR as the reference.

In Sect. 4 we discuss the obtained total and partial col-
umn biases, scatter, and drifts of all available ground-based
techniques with respect to FTIR, putting them in perspective
with the uncertainty budgets. We end with a summary and
conclusions in Sect. 6.
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2 Ground-based measurements

Five ground-based measurement techniques which have ver-
tical information available at the Lauder station (45°S,
170°E) are considered in this study: the Fourier transform
infrared spectrometer (FTIR), the Dobson Umkehr method
(Umkehr), the microwave radiometer (MWR), the strato-
spheric ozone lidar (lidar), and ozonesonde observations
(sonde). Some of the specifications for each of these mea-
surements are given in Table 1. Aside from these five profile
measurements, we consider two total column ozone (TCO)
measurements: Dobson TCO (Dobson), which is separate
from the Dobson Umkehr technique, and Bentham ultravi-
olet double monochromator (UV2; Geddes et al., 2024). The
FTIR and Umkehr techniques also provide total columns. In
Table 1 we identify a group of low-vertical-resolution pro-
files (FTIR, MWR, and Umkehr) where profiles are derived
from an inversion method by Rodgers (2000) and for which
we give the degrees of freedom for signal. The second group
contains vertically resolved measurements, which includes
the sonde and lidar. The time series of the total ozone column
for all these measurements are shown in Fig. 1. Note that for
sonde, MWR, and lidar we show the integrated column of the
available data, which covers only part of the total ozone pro-
file, as we can see in Table 1; this is why the absolute value
is shifted downward. The figure shows us the coverage of the
observations over the full time span. This displays a more
densely sampled time series for the FTIR, Umkehr, MWR,
and UV2 measurements as opposed to the less frequent ob-
servations of the lidar and the ozonesonde. Additionally, we
see a shorter time span for the MWR data (which stops in
October 2016) and for UV2 (which starts in 2012) and a gap
in the lidar data between 2012 and 2015. We consider obser-
vations made after 2000, which is the starting year used in
recent studies (Godin-Beekmann et al., 2022; WMO, 2022)
to study the stratospheric ozone recovery expected by the re-
duction of ODSs.

2.1 FTIR measurements

FTIR instruments record mid-infrared solar transmission
spectra at high spectral resolution. The spectra contain the
signatures of molecular rotational—vibrational transitions of
numerous trace gases (including ozone) in the terrestrial at-
mosphere as they absorb solar radiation. The spectra are an-
alyzed to measure the total columns as well as vertical con-
centration of these trace gases in the atmosphere using the
pressure and temperature dependence of the absorption line
shapes. For ozone, the FTIR vertical sensitivity is good from
the surface to approximately 50 km (Vigouroux et al., 2008).
The retrieval strategy is based on the inversion method de-
veloped by Rodgers (2000), and the details are described in
Vigouroux et al. (2008). An important aspect of the method is
the necessity of a priori vertical profiles of both the target gas
and interfering species (species that have absorption lines in
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Table 1. Specifications for the ozone measurements available at the Lauder station. These are average or indicative values for the measurement
frequency, altitude boundaries, and degrees of freedom for signal (DOFS; see text for definition) if relevant (otherwise, not applicable: n/a),
indicating whether or not they measure the total column ozone (TCO) and time period.

Observing frequency  Vertical extent DOFS TCO Time series
FTIR ~ 5 per week Surface to £50km  ~4.5 yes 2001-2022
Umkehr  4-5 per week Surface to £50km  ~3.5 yes 1987-2020
MWR 2-3 per day +20 to 50km ~7 no 1992-2016
Lidar ~ 1 per week +10 to 50 km n/a no 1994-2011, 2015-2021
Sonde ~ 3 per month Surface to £30km n/a  no 1986-2022
Dobson  ~ 1 per day n/a n/a yes 1987-2020
uv2 ~ 2 per day n/a n/a yes 2012-2022
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Figure 1. Time series since 2000 of the total or integrated ozone column in Dobson units (DU) for FTIR, Umkehr, MWR, lidar, sonde,
Dobson, and UV2 (from top to bottom). The red line shows a running mean of the data with a window of 3 months. The integrated column
for MWR, lidar, and sonde does not equal the full total column of ozone because of the limited range of measurement in altitude.

the same spectral window considered for the analysis of the
target gas) as well as the a priori covariance matrices of the
target gas (and interfering species). The vertical information
is characterized by the averaging kernel A, defined through

x=xa+A(£_xa)+€x, (1)
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which relates the retrieved state vector x to the true state X
and the a priori state vector x,, where €, contains the mea-
surement and forward model errors. As an example, Fig. 2
shows the averaging kernel for one measurement relative to
the a priori. Additionally, the figure shows the sensitivity of
the retrieval, which is the sum of the rows of the averaging
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Figure 2. (a—c) Averaging kernel of the three low-resolution instru-
ments. The color corresponds to the altitude marked on the left-hand
side of the figures. The dashed black line shows the sensitivity (di-
vided by 10 to better fit on the scale of the figure). (d) A priori pro-
file of ozone for FTIR, MWR, and Umkehr. The FTIR retrievals use
one fixed prior, while both MWR and Umkehr have priors changing
in time. For the latter two, we show a mean profile over all measure-
ments within the considered time frame.

kernel and indicates the contribution of the measurement to
the retrieval compared to the contribution of the a priori. Zero
sensitivity would mean that only the a priori contributes to
the retrieved profile and the retrieved profile is independent
from the real profile. These a priori profiles are additionally
shown in Fig. 2, which, for FTIR, is the same for every re-
trieval irrespective of when the spectrum is taken.

The selection of lines from the full solar spectrum (also
called microwindows), the a priori information, and the
spectroscopic database all influence the retrieved ozone
profile, and thus their treatment requires great care and
they have been harmonized within the InfraRed Working
Group (IRWG; https://www2.acom.ucar.edu/irwg, last ac-
cess: 18 November 2024) of the international collaboration
NDACC (Vigouroux et al., 2008, 2015). The amount of ver-
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tical information that can be obtained is quantified by the
degrees of freedom for signal (DOFS), which is the trace of
the averaging kernel matrix. The total DOFS depend on this
retrieval strategy but of course also on which gas is retrieved
and the instrument with which it is observed. For the ozone
measurements at Lauder, the total DOFS are typically around
4t04.5.

Since the ozone retrieval strategy plays a crucial rule in
the information that can be obtained from the spectra, we
use new retrieval strategy throughout this work, which is ex-
plained in more detail in Appendix A. Whenever we use the
older FTIR strategy as laid out in Vigouroux et al. (2008),
for example to compare to previous studies, this will explic-
itly be stated using “FTIR V08 to avoid confusion.

For each of the measurements, we need to consider the in-
strument uncertainties during the intercomparison study (see
Table 2). These are divided into systematic uncertainties and
random uncertainties, which capture the accuracy and the
precision of the measurement, respectively. The sources of
the FTIR random uncertainties are the measurement noise,
errors in the forward model parameters, and the smoothing
error due to the low vertical resolution. This smoothing er-
ror, however, is considered separate from the other errors as
suggested by the NDACC IRWG. For FTIR, the biggest con-
tribution, apart from the smoothing error, to the random un-
certainty is typically from the temperature profile (Vigouroux
et al., 2008; Garcia et al., 2012). In the case of the sys-
tematic uncertainty, the largest contribution actually comes
from the spectroscopic database. Specifically, the ozone line
strength parameter has the biggest uncertainty in the FTIR
retrievals. We set it to 3 % (Gordon et al., 2022). While the
ozone infrared line intensities have been improved to better
match the UV cross-sections, with an accuracy of 1% for
the more intense lines, the systematic uncertainties for the
weaker lines are still set to 2 %—5 % (Gordon et al., 2022).
The FTIR choice of microwindows includes both intense and
weak lines, with different dependence on pressure and tem-
perature, which ensures obtaining the desired vertical infor-
mation (4-5 DOFS). As explained in more detail in Garcia
et al. (2012), the assumed uncertainty sources are propagated
to an uncertainty in the retrieved profile following the tech-
nique of Rodgers (2000), which is captured by a full error
covariance matrix S,. Additionally, the smoothing error is
calculated from the averaging kernel and the a priori covari-
ance matrix S, through

Usmooth = (A —D)S,(A — D)7, )

with I the unit matrix and S, obtained from the Whole Atmo-
sphere Community Climate Model (WACCM; Marsh et al.,
2013) as an estimation for the error covariance. With this in-
formation we can assess which errors dominate at which alti-
tudes, which we have calculated for 1 year of data at Lauder.
We see that the smoothing error always has the largest con-
tribution in the troposphere. Concerning the other random
errors, the uncertainty in the temperature profile has the

Atmos. Meas. Tech., 17, 6819-6849, 2024


https://www2.acom.ucar.edu/irwg

6824

R. Bjorklund et al.: Ozone intercomparisons at Lauder

Table 2. Total and partial column information showing the DOFS and mean systematic uncertainties (Us), random uncertainties (Uy), random

smoothing error (Usmooth ), and total random error (Ur,mt =,/ Ur2 + U, fm o oth) of all ground-based measurements. The Umkehr uncertainties

are an estimate based on similar measurements in Boulder, CO, USA.

Troposphere Lower stratosphere
0.5-11km 14-22 km
DOFS Us Ur Ugmooth Urtot | DOFS  Us  Ur  Usmooth  Ur,tot
[%]  [%] [%] [%] [%]  [%] [%] [%]
FTIR 1.0 9.1 07 6.9 6.9 1.0 7.2 1.1 3.5 3.7
Umkehr 05 7.5 1.6 2.7 3.1 06 40 20 1.1 2.3
MWR - - - - - - - - - -
Lidar - - - - - - ~3 24 - 2.4
Sonde - 0 73 - 7.3 - 0 43 - 4.3
Middle stratosphere Upper stratosphere
22-29km 29-42 km
DOFS  Us Ur Ugmooth Urtot | DOFS  Us  Ur  Usmooth  Ur,tot
[%]  [%] [%] [%] [%]  [%] [%] [%]
FTIR 09 35 26 2.7 3.7 1.0 9.6 25 2.2 3.3
Umkehr 07 3.0 04 0.7 0.8 1.1 50 0.6 1.2 1.3
MWR 1.1 36 20 2.5 3.2 22 29 22 1.2 2.5
Lidar - ~3 1.8 - 1.8 - ~3 45 - 4.5
Sonde - 0 42 - 4.2 - - - - -
Total column

DOFS Us Ur Usmooth Ur, tot

[%]  [%] [%] [%]

FTIR 43 32 12 0.12 1.2

Umkehr 35 20 1.1 0.5 1.2

Dobson - 50 1.0 - 1.0

Uuv2 - 50 1.0 - 1.0

second-biggest contribution, followed by the measurement
noise. Above 25 km, the random uncertainty is usually dom-
inated by the temperature profile. As for the contributions to
the systematic uncertainty, as mentioned above, the largest
contribution comes from the spectroscopic parameters; most
notably the line strength parameter (around 3 %), followed by
the spectroscopic pressure and temperature broadening pa-
rameters, respectively (around 1 %-2 %). The uncertainty in
the temperature profile also plays a role in the contribution
to the total systematic uncertainty, starting to become more
important above 25 km.

2.2 Microwave radiometer

The microwave ozone radiometer at Lauder measures the
spectrum produced by a thermally excited rotational ozone
transition at 110.836 GHz. Similar to the FTIR retrieval
method described above, the profile retrieval makes use of
the change in pressure broadening as a function of altitude
with a vertical extent between approximately 20 and 50 km.
The DOFS here, also computed from the trace of the aver-
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aging kernel matrix, are higher than those of FTIR at around
7. An example of the MWR averaging kernel is shown in
Fig. 2. The experimental technique was described in Parrish
et al. (1992), and technical details on the instrument used for
this work are given in Parrish (1994).

A formal error analysis for the microwave ozone measure-
ments was presented in Connor et al. (1995), and error es-
timates for Lauder were updated in Tsou et al. (2000). The
net precision was determined to be 5 %—7 % between 56 and
1.3hPa, and the accuracy is 7 %—9 %. The vertical resolu-
tion of the Lauder measurements is ~ 6—8 km (FWHM, full-
width at half-maximum) near 10hPa. Vertical profiles are
provided up to 68 km; however, retrievals in the mesosphere
have somewhat degraded accuracy, precision, and vertical
resolution relative to those in the stratosphere.

2.3 Dobson Umkehr and TCO
The Umkehr method of estimating the vertical profile

of ozone using the Dobson ozone spectrophotometer has
been performed since the early 1930s (Walshaw, 1989;

https://doi.org/10.5194/amt-17-6819-2024
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Gotz et al., 1934), and the Umkehr measurements are some
of the longest vertical profile records of ozone collected. The
Umkehr method is performed using the “C” wavelength pair
of the Dobson ozone spectrophotometer taken during zenith
sky measurements at 12 nominal solar zenith angles (SZAs)
across the range of 60-90°. A prism inside the Dobson breaks
down the sunlight spectra and a pair of slits rejects light out-
side a narrow band of chosen wavelengths. The C wave-
length pair consists of a “short” wavelength (centered on
311.5nm) and a “long” wavelength (centered on 332.4 nm).
In this range of wavelengths of UV light, absorption by ozone
decreases with wavelength, creating differential observations
between strong and non-absorbing solar spectra. The log of
the ratio of measured intensities is called the N value. The
N value changes between 90 and 60° SZA as the Sun rises
or sets and the instrument records the so-called “Umkehr”
curve that is sensitive to the vertical ozone distribution above
the instrument.

The current NOAA operational Umkehr retrieval algo-
rithm (Petropavlovskikh et al., 2005) uses the Bass and Paur
(1985) absorption cross-section with its temperature depen-
dence. The profiles are derived using the optimal estima-
tion technique (Rodgers, 2000) that includes the a priori
ozone profile from ozone climatology (McPeters and Labow,
2012), measurement error, and a priori uncertainties which
define the averaging kernels and vertical resolution of re-
trieved profiles (see Fig. 2 for an example of averaging ker-
nels for Umkehr). The measurements allow vertical informa-
tion to be retrieved from the surface to approximately 50 km.
The vertical information that we can get from the averag-
ing kernel matrix for the typical Umkehr measurements gives
DOFS of around 3.5.

The Lauder Umkehr record is homogenized by the method
described in Petropavlovskikh et al. (2022) to create a coher-
ent record for the long-term trend analysis of monthly mean
anomalies. The method includes a correction to the Umkehr
profiles for the stray light that is outside of the nominal band-
pass of the Dobson instrument but is not completely filtered
out by slits. The record is homogenized using the MERRA-2
GMI (Modern-Era Retrospective Analysis for Research Ap-
plications version 2 Global Modeling Initiative) model as a
reference to minimize step changes in the record caused by
a change in the optical characteristics of the instrument. In-
dividual N values have a correction factor at each SZA as
described in Petropavlovskikh et al. (2022).

A full uncertainty analysis of the Umkehr observations
at Lauder is currently not available, but we can estimate
the uncertainties from similar measurements at Boulder, CO,
USA, using the same technique (see Table 2 for the random
and systematic uncertainties used in this study). This pro-
vides us with an analysis of the measurement noise as well
as the smoothing error as a function of altitude. This mea-
surement noise is calculated from simulated MERRA-2 GMI
profiles with added random noise based on the error matrix
of Umkehr observations. Considering that the measurement
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noise is only part of the random error in the remote observa-
tions, this estimated uncertainty is an underestimation of the
true random error. The smoothing error is calculated using
Eq. (2) with S, from the climatology described in Kramarova
et al. (2013).

Umkehr total column ozone (from now dubbed Umkehr
TCO) is integrated from the vertical profiles supplied by the
Umkehr retrieval algorithm. The retrieved integrated Umkehr
TCO is constrained by the algorithm to be within the mea-
surement uncertainty of the observed TCO from the Dobson
measurements. Additionally, regular TCO measurements are
made with the Dobson ozone spectrophotometer (from now
dubbed Dobson TCO) using the log of the ratio of solar ir-
radiances made during either direct-Sun or zenith sky mea-
surements made at regular nominal times (usually one near
local solar noon, one in the morning, and one in the after-
noon). Dobson TCO is typically derived from the A (305.5
and 325nm) and D (317.5 and 339.9 nm) or C and D wave-
length pairs, with corrections made for Rayleigh scattering
and air mass (Komhyr and Evans, 2008). The use of double
pairs is designed to minimize the influence from aerosol scat-
tering and clouds. The precision of the Dobson measurement
from direct-Sun observations is around 1 %, with an accuracy
estimated to be around 5 % (Basher, 1985). It can be seen in
Fig. 1 that the sampling of the Umkehr is reduced compared
to direct Dobson TCO measurements. Therefore, for the to-
tal column comparisons with FTIR, the Dobson TCO will be
preferred to the Umkehr integrated columns.

2.4 Lidar

The Lauder stratospheric ozone lidar is a differential absorp-
tion lidar (DIAL) that was installed by RIVM (Rijksinstituut
voor Volksgezondheid en Milieu) and began measurements
in 1994. This lidar system and first results are described in
Swart et al. (1994). It relies on two different beams to ex-
tract information about the vertical ozone distribution from
approximately 10 to 50km in altitude. It uses an XeCl ex-
cimer laser for the primary 308 nm beam and a 2m Raman
cell of hydrogen gas at 1.3 bar to produce a 353 nm beam.
The 308 nm light is moderately absorbed by ozone, while
the 353 nm light acts as the reference beam. The time of
flight from pulse emission through detection gives the verti-
cal distribution information, and the abundance is computed
from the ratio of 308 and 353 nm backscattered light sig-
nals. Over the instrument’s multi-decadal lifetime, a num-
ber of intercomparisons have been staged with the NDACC
traveling standard ozone lidar (e.g., Keckhut et al., 2004;
Bernet et al., 2020). Currently, measurements are available
up to July 2021, when the excimer laser failed. The lidar
measurements are well resolved in altitude, with the resolu-
tion standardized within NDACC according to Leblanc et al.
(2016). This resolution ranges from a few hundred meters
at 10km to several kilometers in the upper stratosphere at
50km. Concerning the lidar uncertainties (see Table 2), there
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is a systematic uncertainty of approximately 3 %, which is
mainly associated with uncertainty in the determination of
the temperature-dependent absorption cross-section differen-
tial. The assumed random uncertainty for lidar, on the other
hand, comes from the photon-counting noise.

2.5 Ozonesonde

Ozonesondes are small balloon-borne instruments carried
by weather balloons and attached to radiosondes to mea-
sure the vertical ozone distribution from the surface to al-
titudes between 30 and 35km. The ozonesondes launched
in Lauder since 1986 are electrochemical concentration cell
(ECC) ozonesondes. In these ozonesondes, a small gas sam-
pling pump forces the ambient air through the cells that are
filled with a neutral-buffered potassium iodide sensing solu-
tion. The principle of the ozone measurement is then based
on the titration of ozone in this solution so that each O3
molecule causes (ideally) two electrons to flow in the ex-
ternal circuit. This measured electrical current can then be
converted to ozone partial pressure by knowing the gas vol-
ume flow rate of and the temperature in the pump. At Lauder,
ozonesondes from the two different ECC ozonesonde manu-
facturers (SPC and EnSci; switch made in May 1994) have
been launched, and different sensing solution types (SST1.0
and SSTO0.5; changed in August 1996) have been used as
well. As biases exist between the different manufacturer
ozonesonde types and between different sensing solution
types, the Lauder ozonesonde time series had to be cor-
rected for such biases. Additionally, the location of the pump
temperature sensor changed throughout the years, which
should also be homogenized. These additional processing
steps have been taken into account in the reprocessed, ho-
mogenized Lauder ozonesonde time series here, following
the Ozonesonde Data Quality Assessment guidelines of Smit
and Oltmans (2012). More details on the Lauder ozonesonde
time series and the homogenization procedure can be found
in Fig. 1, Table 1, and Appendix A of Zeng et al. (2024).
The quoted overall precision and uncertainty of ozonesonde
measurements are 3 %—5 % and 5 %—10 %, respectively (see
WMO/GAW; Smit et al., 2021). The systematic uncertain-
ties for the ozonesonde measurements in this study have pre-
sumably been removed thanks to the homogenization pro-
cess. The random uncertainty in the measured ozone partial
columns for the ozonesonde is shown in Table 2. A mean
value of the uncertainties in the profile is taken to repre-
sent the uncertainty in the partial columns, which is likely
an overestimation of the actual uncertainty, giving values be-
tween 4 % and 7 %.

In a worldwide ozonesonde comparison with satellite and
ground-based total column ozone and with satellite strato-
spheric O3 profiles, Stauffer et al. (2022) mentioned a nega-
tive ozone bias in the homogenized Lauder ozonesonde time
records in more recent years. This feature might be related to
the so-called “post-2013 drop-off in total ozone” identified
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in a number of ozonesonde stations (not Lauder) in Stauffer
et al. (2022), but, as no clear cause has been determined yet,
no correction strategy has been implemented in the WMO/-
GAW 2021 homogenization procedures applied here. While
Stauffer et al. (2022) do not identify Lauder as a drop-off site,
in this study we will discuss the implications of a potential
3 % post-2016 drop-off in TCO for the trend and drift values
of the ozonesonde measurements. Our TCO measurements
for the ozonesondes are shown in Fig. 1 where a post-2016
drop-off could be present, but it is better seen in a compari-
son to satellites at https://acd-ext.gsfc.nasa.gov/anonftp/acd/
shadoz/nletter/stations_vs_satellites_timeseries.zip (last ac-
cess: 18 November 2024).

2.6 UV2

Another TCO measurement available at Lauder is UV2
(Geddes et al., 2024), which is based on a Bentham UV spec-
trometer. UV2 makes alternating measurements of UV global
and direct-Sun irradiance, and the direct-Sun spectra are then
combined with Dobson-like slit functions and used to calcu-
late ozone using the Dobson method. In Geddes et al. (2024),
UV2 ozone was shown to closely agree with Dobson TCO,
with a mean bias between them of 2.57 DU and a standard
deviation of 1.15DU. The precision of UV2 is therefore as-
sumed to be consistent with the Dobson TCO at 1 %; the ac-
curacy, determined by the mean daily standard deviation, is
also calculated to be approximately 5 %. UV2 observations
are available from 2012-2022 and throughout the day.

3 Intercomparison setup
3.1 Partial column definition

Not all measurements share the same observation time, verti-
cal extent, or vertical resolution. In order to perform a mean-
ingful intercomparison between the various instruments, a
consistent validation setup is necessary. For example, be-
cause the DOFS of several instruments are low, we do not
have well-resolved information on the ozone concentration
with altitude. Therefore, the vertical range is subdivided
into altitude layers, where we measure “partial columns” of
ozone. Similar to the approach in Vigouroux et al. (2008),
these partial columns are defined by looking at the verti-
cal information from the reference FTIR measurements as
well as the altitude boundaries at which every other instru-
ment measures. We disregard profiles from MWR, lidar, or
ozonesonde if they stop in the middle of a partial column
such that no discontinuity needs to be accounted for in the
intercomparison. Ideally, the partial columns should have ap-
proximately 1 DOFS to ensure that the retrieved informa-
tion comes mainly from the measurement and not from the
a priori partial columns, meaning that for a total of ~4.5
DOFS for the FTIR profile, we can define four altitude lay-
ers. The first layer is defined from the surface (~ 0.5km)
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to 11 km (corresponding to the mean tropopause height at
Lauder; Sakai et al., 2016), the second from 14 km (the on-
set of most lidar observations) to 22 km, the third from 22 to
29 km, and the last from 29 to 42 km. This upper limit is cho-
sen such that the partial column covers all lidar observations
and no extrapolation is needed, which would be the case if
the upper limit were chosen to be higher. This way, all FTIR
observations have around 1 DOFS per partial column. From
the ozone profiles we then integrate the partial columns, end-
ing up with one tropospheric column and three stratospheric
columns (from now on labeled “lower”, “middle”, and “up-
per” stratosphere). In the troposphere we can compare FTIR,
Umkehr, and ozonesonde measurements. In the lower strato-
sphere we additionally have the lidar measurements. In the
middle stratosphere we can compare all measurements, and
in the upper stratosphere we compare FTIR, Umkehr, MWR,
and lidar observations. Because of the lower average DOFS
of the Umkehr measurements, the DOFS of the defined par-
tial layers do not always reach 1: we get on average 0.5,
0.6, 0.7, and 1.1 from the troposphere up to the upper strato-
sphere. For MWR, we can calculate the DOFS for the partial
layers from the averaging kernels as well to get average val-
ues of 1.1 in the middle stratosphere and 2.2 in the upper
stratosphere.

Table 2 summarizes this division of partial columns and
provides information on the DOFS and the median instru-
ment uncertainties between 2001-2022. These uncertainties
are divided into systematic uncertainties and random uncer-
tainties (which includes the random smoothing error), which
capture the accuracy and the precision of the measurement,
respectively. For the remote sounding measurements, the un-
certainties within the partial column reported in Table 2 are
obtained from the uncertainties contained in the error covari-
ance matrix S, of the measurement by

Upc = h'S,h, 3)

where h transforms the volume mixing ratio profiles to the
appropriate partial columns, having values of zero at altitudes
outside the boundaries of the partial column. If a full error
covariance matrix is not available, such as with the Umkehr
observations, we use the available error estimates which we
know as a function of altitude. These values are then used to
calculate the errors for partial columns by taking a weighted
average, similar to the process described above.

3.2 Re-gridding, smoothing, and prior substitution

In order to perform a comparison between two measurements
we need to take into account the different vertical resolution
of the instruments. The passive, remote sounding instruments
(FTIR, Umkehr, MWR) have different averaging kernels as
well as a priori, which are both important to relate the re-
trieved state to the true state, as is seen in Eq. (1). As already
mentioned, we always perform the comparisons with respect
to FTIR because these measurements provide total columns
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as well as partial columns from the surface up to 50 km. Be-
fore integrating the partial columns to be compared, we trans-
form the vertical profiles according to the vertical resolution
following Rodgers and Connor (2003). We can distinguish
two cases depending on the resolution of the compared in-
strument.

3.2.1 First case — the compared instrument has a high
vertical resolution: sonde and lidar

In the FTIR retrievals the altitude grid is discretized into
fewer layers (47 for Lauder) than the high-vertical-resolution
sonde and lidar measurements. To proceed, we will first re-
grid the measurement of higher resolution to fit the vertical
grid of FTIR. For this re-gridding we follow the approach
of Langerock et al. (2015), where the “source” grid of the
high-resolution observation is transformed to the FTIR grid.
A transformation matrix is constructed which contains the
fractions of how the FTIR grid is covered by this source grid,
where the interpolation is constructed such that mass is con-
served. In Fig. 3a, an example is shown of how the ozone
profile changes due to the re-gridding onto a lower-resolution
grid.

As already explained, the 47 FTIR layers, however, do not
all provide accurate information on the ozone profile because
of the limited DOFS of the instrument. In order to simulate
this profile retrieval (as would hypothetically be observed by
an FTIR measurement) for the higher-resolution measure-
ment, the latter is smoothed using the FTIR averaging ker-
nel as described in Rodgers and Connor (2003). By setting
the FTIR measurement as “measurement 1" and the higher-
resolution measurement as ‘“2”, we can smooth the (by now
re-gridded) profile x; through

s h apr apr
x0 = x P A (xp —xT7), 4)
where xémomh represents the smoothed profile of the higher-

resolution instrument, with the FTIR averaging kernel A us-
ing the a priori profile of FTIR lelpr. This smoothing step
is represented by the blue line in Fig. 3a to see the final
ozonesonde measurement that is compared to FTIR. The fi-
nal step is to extract the partial ozone columns by integrating
the profiles using the defined partial layers above.

3.2.2 Second case — the compared instrument also has a
low vertical resolution: Umkehr and MWR

For the remote sounding measurements (MWR and Umkehr)
an additional step needs to be considered. These retrievals
are typically made with different a priori, which we need to
account for in the intercomparison. In the case of the MWR
observations, before we smooth the MWR profile using the
FTIR averaging kernel, we will transform it, as described in
Rodgers and Connor (2003), by substituting the FTIR prior

x?pr according to

x5 =x2+ (A =) (63" —x). (5)
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Figure 3. Various stages within the validation method, showing the
re-gridding and smoothing of the ozone profile. Panel (a) shows one
ozonesonde measurement in comparison with a near-simultaneous
FTIR measurement. Panel (b) shows the profiles of Umkehr in com-
parison with FTIR, where a step of the prior substitution is addition-
ally included.

with I a unit matrix and x;pr the MWR prior. This way the
MWR retrieval is adjusted for the different a priori and the
profile x;“b is subsequently used in Eq. (4), instead of x5, for
the intercomparison after smoothing with the FTIR averaging
kernel.

In the case of Umkehr, the same transformation steps ap-
ply; however, the DOFS are lower than for FTIR so the roles
are reversed. This means that the FTIR profiles are first re-
gridded to the Umkehr grid (which has 16 vertical layers).

Secondly, the Umkehr prior is substituted in the FTIR a pri-
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ori by Eq. (5), where x;pr is now the Umkehr prior. Lastly,
before calculating partial columns from the profile, the FTIR
profile is smoothed using the Umkehr averaging kernel ac-
cording to Eq. (4), where measurements 1 and 2 again refer
to Umkehr and FTIR, respectively. Figure 3b shows the ef-
fect each of the transformation steps has on the FTIR and
Umkehr profiles. Here we see that the biggest change comes
from substitution of the FTIR prior in the Umkehr retrieval,
which shifts the Umkehr profile closer to the FTIR profile at
the maximum of the ozone number density.

3.3 Time coincidence

The observations are not taken simultaneously, so a choice
has to be made in constructing pairs of observations. The
construction is done by considering each separate measure-
ment of Umkehr, MWR, lidar, or ozonesonde and finding the
FTIR measurement which lies within a time window around
the observing time of the other instrument, where the win-
dow itself depends on the instrument we compare to. The
choice of the time windows is elaborated on in Appendix B.
By choosing observation pairs as opposed to the full datasets,
we automatically select the same time sampling of both in-
struments when calculating the bias and long-term drift. This
leads to a time window of 6h for Umkehr, ozonesondes,
Dobson, and UV2; 12 h for lidar; and 3 h for MWR.

If more than one FTIR measurement falls within the time
window of another observation, all these FTIR measure-
ments are averaged. Because we do this, the random uncer-
tainty associated with the measurements will be reduced. If
there are N measurements within the comparison window,
then the random error is reduced by ~/N for this particular
comparison. If both measurement techniques have multiple
measurements in the same day that fall within the time win-
dow (for example, one or more FTIR measurements are taken
within 3 h from two different MWR measurements), then the
FTIR measurements that fall in this overlap are used for com-
parison in both observation pairs.

4 Results
4.1 Bias and dispersion analysis

Now that we have defined the validation setup to perform
the intercomparison, we can analyze the time series of the
various ground-based measurements compared to FTIR. The
first metric for our validation between the ground-based in-
struments is the bias. The bias M that we will report here
is the median value (where we choose the median over the
mean because of its robust nature with respect to outliers) of
the full time series of the relative differences:

PCx — PCrrir

Al =
el PCrrir

-100 %, (6)
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M =med (Arel) , @)

where we consider the total or partial column (PC) of FTIR
and a second measurement X . Before we use the relative dif-
ferences to produce the results, we filter for outliers which
fall beyond the 30 deviation. Additionally, to analyze the
precision within the intercomparison, we use the MAD (me-
dian absolute deviation), which is the median of the absolute
deviations from the overall median.

MAD; = 1.4826 - med (abs (Age) — M)) @)

Here it is seen that we always use the scaled MADg with
a constant factor of 1.4826. This scaling factor makes the
MAD representative as a deviation from the median, simi-
larly as the standard deviation is to the average, in the case of
a normal distribution (Rousseeuw and Croux, 1993). We are
not dealing with perfect Gaussian distributions, but the factor
still creates a reasonable value for the scatter. The MADj is
thus similar to using the standard deviation but is more robust
in the sense that it will be less affected by outliers. In order to
put the bias and MADy in perspective, we will compare these
to the combined systematic and random uncertainties of the
two involved instruments, respectively. These combined un-
certainties are calculated by

2 2
Ocomb = 4/ OFTIR +oy, &)

where o can signify either the systematic or random uncer-
tainty. However, if we are dealing with the comparison of two
remote sounding instruments (Umkehr and MWR), the sim-
ple combination of Eq. (9) is not sufficient because we also
need to account for the smoothing error from the retrieval.
Because the averaging kernels are not unit matrices, the total
combined errors will be correlated. From Rodgers and Con-
nor (2003), we find the covariance of the difference Scomp to
be

Scomb = (AFTIR — AFTIRAX) Sa(AFTIR — AFTIRAX)T

+SFTIR + AFTIRS X AfpiR - (10)

This equation includes the separate errors in the covariances
Srrr and Sx as the last two terms and includes the differ-
ent averaging kernels Arir and Ay, which account for the
smoothing error of both retrievals in the a priori covariance
matrix S,.

For every pair of comparisons we give the numbers of the
median and scaled MADy of the partial column relative dif-
ferences as well as the combined random and systematic un-
certainties in Table 3. Also, the Pearson correlation coeffi-
cient between the individual time series in time coincidence
(see Sect. 3.3) is shown as a measure of the measurements’
agreement and their capacity to capture the ozone variability.
We also give the Pearson correlation between the monthly
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anomalies of each time series in order to remove strong sea-
sonality, which could drive the correlation. The anomalies
are constructed by taking a relative difference of the ozone
column with the mean ozone column of the same month over
the full time series. The last column shows the number of ob-
servation pairs that are used for the intercomparison, indicat-
ing the reduced sample size compared to the full time series
of the observations. The results in this table will be discussed
in the following sections where we consider the total column
and each partial column defined above separately, reporting
on these biases and dispersion.

4.1.1 Total column

The correlation between the FTIR and Dobson total column
anomalies shows an excellent Pearson correlation coefficient
of 0.98 for individual time series in coincidences and 0.97 for
the monthly anomalies. Furthermore, the bias and dispersion
of —2.9 % and 2.0 %, respectively, are small and well within
the combined systematic and random uncertainties, respec-
tively (see Table 3). Because the Dobson spectrometer that
gives us the TCO measurement is the same as used for the
Umkehr data, we do not have an independent comparison;
the Umkehr retrieval in particular is performed such that its
integrated column is the same as Dobson TCO within the un-
certainty. However, we still do the comparison for complete-
ness, indeed obtaining the same bias (—2.9 %) but slightly
smaller dispersion (1.7 %). We see that it is nicely in agree-
ment with the smaller combined random uncertainty budget
(2.3 % for Dobson TCO, 1.7 % Umkehr) and is therefore due
to the different sampling of the Dobson and Umkehr mea-
surements (see Fig. 1 and the number of pairs in Table 3). If
we apply the Dobson TCO comparisons with the same sam-
pling as the Umkehr, the scatter indeed decreases down to
1.8 %. These variations provide empirical proof that the ran-
dom uncertainty budget of FTIR and Dobson total columns is
very well estimated and indeed reaches a precision of 1.2 %
and 1.0 %, respectively.

Considering the bias, a larger value of —4.5 % was found
between FTIR and Brewer observations in the past at Izafia
(Schneider et al., 2008). The improvement to a smaller bias
in the present study is largely thanks to the change in spec-
troscopic input parameters of the FTIR retrieval strategy (see
Sect. A2), where we now use the HITRAN2020 database, in
which the ozone infrared line intensities in the FTIR retrieval
spectral region have proven to be more in agreement with the
UV cross-section than previous HITRAN versions (Gordon
et al., 2022) that were used in the IRWG community.

Although the improvement is clear, we still obtain a slight
overestimation of the FTIR columns, which is confirmed
by the bias obtained with the UV2 measurements (—1.8 %),
pointing to a slight residual bias between infrared and UV
spectroscopies. The agreement between FTIR and UV2 is
also very good, with a correlation of the monthly anomalies
of 0.93 and a dispersion of 2.9 %. However, this dispersion
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Table 3. Results of the validation for the partial columns, which show relative differences % of the measurements (X) with respect to

FTIR. The median of the entire time series, or bias M, as well as the scaled MADg are shown. For every partial column we also show the
combined systematic and random uncertainties of the involved measurements in percent. We show the Pearson correlation coefficient rjygiy
between the individual time series of FTIR and measurement X as well as the correlation ranom between their monthly anomalies to remove
the effect of seasonality. The last column shows the number of coincident pairs of the intercomparison to indicate the reduced sampling from

the total time series.

comb

Bias M  MADg af}f’smb o Findiv. Tanom Number of
[%] [%] [%] [%] pairs

Sonde
0.5-11 km -1.9 6.8 9.1 7.3 0.91 0.78 1059
14-22km —6.8 4.6 7.2 44 097 0.92 1010
22-29km —6.4 4.0 3.5 49  0.86 0.76 1016
Umkehr
0.5-11 km 10.7 17.9 11.7 7.6  0.78 0.48 3694
14-22 km -3.2 5.2 8.1 4.3 0.93 0.86 3622
22-29km —6.6 4.7 4.5 3.8 0.83 0.64 3685
29-42 km -1.9 5.0 9.9 36 057 0.61 3683
TCO -2.9 1.7 3.2 1.7 0.98 0.97 4447
Lidar
14-22km —-1.2 83 7.8 26 094 0.79 1316
22-29km 5.2 4.0 4.6 32 078 0.83 1359
29-42 km —1.7 4.8 10.1 5.1 0.87 0.75 1260
MWR
22-29 km 5.7 5.3 6.2 49  0.78 0.73 2679
29-42km —14 5.9 10.5 52 0.70 0.74 2661
Dobson
TCO -29 2.0 3.2 2.3 0.98 0.97 5223
uv2
TCO —1.8 2.9 34 24 094 0.93 2880

is higher than the combined random uncertainty budget. To
explain this, we compare Dobson and UV2 measurements di-
rectly to each other, which are taken within a time window
of 12 h. The dispersion between the two instruments is found
to be 1.9 %. This is higher than the 1 % random uncertainty
of the UV2 instrument, which indicates that the random error
budget of UV2 is underestimated.

4.1.2 Troposphere

In the tropospheric column between the ground (~ 0.5 km)
and 11km, we compare the FTIR observations with both
Umkehr and sonde data.

The FTIR and sonde tropospheric columns are in very
good agreement, as shown by the high Pearson correlation
coefficients of 0.91 and 0.78 for individual coincidences and
monthly anomalies, respectively, and by the small bias of
—1.9% and the dispersion of 6.8 %, well within the com-
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bined uncertainties. A negative bias is expected due to re-
maining systematic bias in the infrared spectroscopy.

The situation is less favorable with the Umkehr compar-
isons. While the Pearson correlation with individual time se-
ries is good (0.78), it decreases down to 0.48 for the monthly
anomalies. This is also seen in the much larger dispersion
(17.9 %), which is larger than the random uncertainty bud-
get. The observed bias is also large and positive (10.7 %)
although still within the systematic uncertainty budget. The
DOFS of the Umkehr tropospheric columns (0.5-11 km) are
only 0.5, which can explain the weaker agreement there.

We give in Appendix C the effect of the a priori substitu-
tion and smoothing procedure (Sect. 3.2) on the profile com-
parisons. It is seen in Fig. C1 that the Umkehr profile in the
troposphere is the only place where the procedure worsens
the comparisons compared to direct ones. Therefore, we also
give the numbers for the FTIR and Umkehr tropospheric col-
umn direct comparisons without smoothing: the bias is better
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at only 1.8 %. The fact that this bias between FTIR and direct
Umkehr tropospheric ozone is small is interesting for use in
HEGIFTOM studies at Lauder. However, the scatter stays at
similar levels (18.1 %), as does the correlation: riygiyv = 0.82
and rypom = 0.34. Because the FTIR and ozonesonde disper-
sion agree well within the combined random uncertainty, this
large scatter between FTIR and Umkehr points to an under-
estimation of the Umkehr random uncertainty budget, which
presently only accounts for the measurement noise.

4.1.3 Lower stratosphere

In the lower stratosphere (14-22 km) we can again compare
FTIR to Umkehr and sonde data and additionally the lidar
measurements which start above the tropopause. There is a
strong correlation for these partial columns, between 0.93
and 0.97 for the individual time series and still between 0.79
and 0.92 for the monthly anomalies. For all comparisons
we find a negative bias from —1.2 % for lidar, —3.2 % for
Umkehr, and —6.8 % for sonde. Similarly as with the results
for the troposphere, all these values fall within the range of
the combined systematic uncertainties for the respective in-
struments in the intercomparisons, and the systematic bias of
FTIR is confirmed. For the dispersion of the FTIR and sonde
comparison, we find a value of 4.6 %, which is very com-
parable to the combined random uncertainty. For Umkehr
we get a dispersion of 5.2 %, which is only slightly larger
than the random instrument uncertainties in this partial col-
umn (4.3 %). For lidar, the dispersion (8.3 %) is significantly
larger than the uncertainty (2.6 %). We should keep in mind
that the time coincidence is set to 12 h between the FTIR and
lidar that are measuring during day and night, respectively.
Therefore, a collocation mismatch could play a larger role in
this comparison.

4.1.4 Middle stratosphere

In the middle stratosphere (22-29km) we have all five
ground-based measurements available for intercomparison.
We find a good correlation between the measured partial
columns, between 0.78 and 0.86 for individual time series
but decreasing to 0.64 and 0.83 for the monthly anomalies,
with the worst correlation being with Umkehr. For all mea-
surements we find a negative bias of around —5 % to —7 %
with respect to FTIR. The bias found with MWR falls within
the combined systematic uncertainties in this column. How-
ever, with respect to the ozonesonde, Umkehr, and lidar data,
the bias is greater than the combined measurement uncer-
tainties. A similar bias of —7 % was found in Garcia et al.
(2012) between FTIR and sonde at Izafia in this partial col-
umn, meaning that the improvement of the infrared spec-
troscopy (Gordon et al., 2022) since this study, which used
a previous version of HITRAN, is not sufficient to reduce the
FTIR systematic bias in the middle stratosphere. Apart from
the largest contribution of FTIR systematic bias, which is still
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the spectroscopy (3.1 %), the uncertainty due to temperature
reaches its highest value in this partial column, aside from
the region above 40km. An underestimation of the temper-
ature uncertainty used in our theoretical estimation of error
budget at these altitudes would lead to an underestimation of
the FTIR systematic bias.

The dispersions are, however, small in the middle strato-
sphere, with values between 4.0 % and 5.3 %, which is within
or only slightly larger than the combined random uncertain-
ties.

4.1.5 Upper stratosphere

In the upper stratosphere (29-42 km) we can no longer com-
pare to the sonde data, but we still have the other measure-
ments available for intercomparison. The correlation coeffi-
cients for the partial columns are not as good in this partial
column, with values between 0.61 and 0.75 for the monthly
anomalies, but we should keep in mind that ozone shows
much less variability at this altitude range. None of the mea-
surements show a large bias with respect to FTIR, where the
median value is between —1 % and —2 % with a dispersion of
4 9%—6 %. So considering the systematic and random instru-
ment uncertainties, the four measurements are in agreement.
Again, even if small, the bias seems to be in FTIR data only,
confirming what is observed with total and other partial col-
umn measurements, pointing to a remaining small bias in the
infrared spectroscopic parameter in HITRAN2020.

4.2 Drift analysis

In our study, we also want to obtain the difference in total
and partial column trends between the measurements (drift).
In the analysis of these relative differences between two mea-
surements within one observation pair, we simply apply a
linear fit to the time series. Deseasonalizing the time series
is not necessary because we are dealing with differences of
ozone measurements at the same location, so the ozone vari-
ability is canceled out. The slope of the linear trend in the
relative differences quantifies the drift. We fit the relative dif-
ferences between monthly means of data in coincidence Y (¢)
as

Y(t) = Ag+ At (11)

with Ag the intercept, A giving the drift, and time ¢ being
given in fractional years. The monthly means are first cal-
culated from the two measurements separately, after which
we take the relative difference, as in Eq. (6). We have tested
the possibility of including a seasonal cycle in the regression
analysis, in the case that a seasonal cycle in the differences
appears, but it turned out to be barely significant with no im-
pact on the obtained drifts themselves. The 2o trend error
obtained from the fit is corrected with the autocorrelation of
the residuals, according to Santer et al. (2008). This results in
a higher uncertainty if any correlation remains in the residu-
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als of the fit. This trend uncertainty has the form

N-2
Ugiitt =204, N —2' 12)
i —

with o4, the standard deviation of the fit parameter Ay, N
the degrees of freedom (not to be confused with DOFS from
a retrieval) representing the length of the monthly mean time
series, and Negr = N {;—ﬁ in which R is the correlation coef-
ficient between the residuals of two consecutive time steps.
This error will be used to express our confidence in the drift
values obtained in the results. Here “significant” actually
refers to a high certainty of the drift value at a 95 % con-
fidence interval. Similarly, “non-significant” refers to only
medium to very low confidence in the obtained result. This
terminology will be used from now on in the paper.

We summarize the obtained drift and uncertainty for each
measurement with respect to FTIR in Table 4. Additionally,
Figs. 4 and 5 show the time series of the relative differences
within the intercomparison together with the trend analysis.
Figure 6 visualizes the obtained drifts in absolute units for
the total column as well as all partial columns. These values
are obtained by performing the same trend fitting procedure
for the absolute differences of the monthly means in Dobson
units (DU).

4.2.1 Total column

When we apply the fit from Eq. (11) to the relative differ-
ences of FTIR and Umkehr we obtain a very similar drift
between FTIR and Dobson (0.4 % per decade) and between
FTIR and UV2 (0.4 % per decade), although the periods are
different. These two drifts are, however, not significant con-
sidering their uncertainties (Ugifg = 0.4 % per decade and
1.8 % per decade, respectively). If we calculate the drift with
Dobson for the same time period as for the UV2, we obtain
0.3+ 1.1 % per decade. We also give in Table 4 the drift ob-
tained between FTIR and Umkehr total columns (0.6 £+ 0.4 %
per decade); however, this is a redundant result, as already
discussed, with the Umkehr columns being constrained by
the Dobson ones. Furthermore, as seen in Fig. 1 and Table 3,
the sampling is smaller with Umkehr, which, however, does
not impact the uncertainty in the drift.

The small values of the drifts (and their insignificance)
prove the very good stability of the three total column ozone
measurements at Lauder.

4.2.2 Troposphere

We find non-significant drifts of —0.4 & 6.1 % per decade be-
tween Umkehr and FTIR and —0.1 £2.3 % per decade be-
tween ozonesonde and FTIR, which are shown in Fig. 4.

We should note that the drift uncertainty is quite large
(6.1 % per decade) between the two low-resolution instru-
ments, which is not surprising given the high dispersion value
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found between the tropospheric measurements in the previ-
ous section (18 %, see Table 3). This uncertainty is lower
(4.6 % per decade) if we perform the drift analysis on direct
partial column comparisons (without performing the smooth-
ing), as detailed in Appendix C.

However, both of these drifts are small and non-significant
within the uncertainty, so we can say with strong confi-
dence that there is no drift between the FTIR, Umkehr,
and ozonesonde tropospheric ozone datasets in the past 2
decades. These results prove that at Lauder, we have consis-
tent long-term tropospheric ozone measurements from three
independent ground-based measurements, suitable for trend
studies as planned for TOAR-II.

4.2.3 Lower stratosphere

After performing the intercomparison of the four measure-
ments in this partial column the results show non-significant
drifts of —1.0+£ 1.4 % per decade for FTIR with the sonde
data and 0.4 £ 2.7 % per decade for FTIR with the lidar data.
We do, however, find a positive drift of Umkehr with respect
to FTIR of 2.6 + 1.1 % per decade. In Godin-Beekmann et al.
(2022), the Umkehr trend at Lauder was indeed the only one
showing a positive trend at this altitude, not only compared to
other ground-based measurements at Lauder, but also to a set
of satellite overpasses. In Sect. 5 we will elaborate more on
how these drifts align with the observed stratospheric trends
in Godin-Beekmann et al. (2022).

4.2.4 Middle stratosphere

The resulting drifts between FTIR and the other mea-
surements are 1.5+ 1.7% per decade with Umkehr and
0.1£1.4% per decade with ozonesonde; both are non-
significant, and there are two positive drifts of 2.0+£0.8 %
per decade with lidar and 3.1 £ 2.1 % per decade with MWR.
The study of Bernet et al. (2020) also considers both lidar and
MWR to be two ground-based measurements in the study
of stratospheric ozone trends at Lauder. These trends agree
to within 2% to 3 % with each other, which corresponds
to similar numbers in our intercomparison. Unfortunately,
for lidar and MWR, we do not have full time series avail-
able to have the same period of analysis as for the Umkehr
and ozonesonde comparisons. As mentioned above, the lidar
measurements are missing 3 years of data from 2012-2015.
This incomplete sampling may influence the real lidar trend
and potentially the drift with FTIR. Additionally, the MWR
data only extend to 2016 at Lauder.

4.2.5 Upper stratosphere

We find negative drifts for Umkehr of —3.2+1.2% per
decade with FTIR and for lidar of —4.0 1.2 % per decade
with FTIR, and we find a non-significant drift of MWR of
—1.7+2.1 % per decade with FTIR. As mentioned for the
drift in the middle stratosphere, the incomplete time series of
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Figure 4. Relative differences between monthly means of sonde, Umkehr, MWR, and lidar with the monthly mean of FTIR in the tropospheric
and three stratospheric partial columns. Additionally, the linear trend fitted to the data is shown with the slope of this linear trend (the drift)
and the trend error.
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Table 4. Drifts with respect to FTIR for each of the measurements in percent per decade for every partial column where data are available.
The drifts that are significantly different from zero (considering Uygyif) are represented in boldface.

Dirifts Troposphere  Lower stratosphere ~ Middle stratosphere ~ Upper stratosphere ~ Total column
(% per decade) 0.5-11km 14-22 km 22-29km 29-42 km
Umkehr 2001-2022 —04=+6.1 26+1.1 1.5+1.7 -32+1.2 0.6+04
Sonde 2001-2022 —0.1£23 —-1.0+1.4 0.1£14 - -
Lidar 2001-2011, 2015-2022 - 0.4+2.7 20+0.8 —4.0+1.2 -
MWR 2001-2016 - - 31+21 —1.7£2.1 -
Dobson 2001-2022 - - - - 0.4+0.4
UV22012-2022 - - - - 04£1.38
Total column Total column
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Figure 5. Same as Fig. 4 but for total column comparison for Dobson and UV2.

the lidar data could lie at the origin of the magnitude of this
drift. While in this partial column, the conclusions concern-
ing the drift for lidar and MWR with FTIR differ from one
another in magnitude, the values are still in agreement with
Bernet et al. (2020), where both measurements have small
positive trends in the upper stratosphere of around 2 % to 3 %
per decade, with MWR peaking at slightly larger trends in the
upper stratosphere, which agrees with the smaller drift.

4.2.6 Drift discussion

The significant drifts obtained in the stratospheric columns
will unfortunately lead to different long-term stratospheric
ozone trends from the different instruments at Lauder. While
when comparing only two different techniques, we cannot
distinguish which of the two (or if the two) might have sta-
bility issues, our study using multiple instruments seems to
point to the Umkehr time series for the lower stratosphere
and more clearly to the FTIR measurements as one of the
drifts responsible in the middle and upper stratosphere.

We therefore tried to explore possible reasons for the
drift in FTIR stratospheric time series by tracking instru-
ment and data processing changes. Related to these instru-
ment changes, Appendix D gives a history of calibration
for both the FTIR and Dobson instruments. First, it should
be noted that the new FTIR retrieval strategy used in this
study (Sect. 2.1 and Appendix Al) already significantly im-
proved the drifts that would be obtained if the past IRWG
version were used, especially in the troposphere and upper
stratosphere. This improvement is explained in more detail
in Appendix A2 and is mainly due to a change in regulariza-
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tion. Because drifts are still present with the improved FTIR
datasets, we had first a look at the stability of the signal-to-
noise ratio of the retrievals, but they are constant over the full
time period. Another influence on the drift could be a discon-
tinuous step in the times series caused by instrumental fac-
tors, which we discuss in detail in Appendix E. Here we find
that a step in May 2018 is present in several time series of
differences between FTIR and other measurements and in the
FTIR DOFS time series. This step is identified in the FTIR
log to a date with major instrument alignment. Such a step as
found in FTIR shows the need for a detailed instrument log
of all instruments to perform similar change point analyses.
While taking into account that fact that the step in the FTIR
data does reduce the drift slightly, it is still present and the
reason for this drift and those in the other partial columns still
requires more in-depth analysis. Because temperature is one
of the main drivers of FTIR systematic bias for the middle-
upper stratospheric ozone, one should have a closer look in
the future at a possible small drift of the NCEP temperature
profiles used in the IRWG retrievals.

To better understand these drifts, one should also notice
that while Umkehr (although non-significant here), lidar, and
MWR all show positive drifts with FTIR in the middle strato-
sphere, the drift is almost zero with the ozonesonde time se-
ries. We address the TCO drop-off for these ozonesonde mea-
surements found at certain sites to see how the signal found
at Lauder could affect the results. If we assumed a drift of
3 % per decade in the Lauder ozonesonde time series, then
correcting it would propagate to an increase in the drift with
respect to FTIR to a value of 1% per decade in the lower
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Figure 6. For the total column and each of the partial columns,
the drift in DU per decade with respect to FTIR is shown for the
Umkehr, ozonesonde, lidar, Dobson, and MWR data in panel (a).
Additionally, the error margins from the trend analysis are shown.
Non-significant trends are shown in pale colors for distinction. In
panel (b), we show the same drifts but in molar fraction (ozone over
dry air) per decade with units of parts per billion.

stratosphere and 2 % per decade in the middle stratosphere,
bringing these values closer to the drift found with lidar.
While it is decided in the present study to use the ozonesonde
datasets from HEGIFTOM that follow the WMO/GAW 2021
homogenization procedures (see Sect. 2.5), we have per-
formed the drift study as a test on the ozonesonde dataset,
to which the time response correction + calibration (TRCC)
method, as described in Smit et al. (2024), has been applied.
The bias and dispersion with FTIR worsen with this newly
processed ozonesonde dataset. In the middle stratosphere,
where the impact of the new correction is largest, we see a
bias of —9.3 % and a scatter of 4.3 %. However, it should be
mentioned that the drift with FTIR is significantly positive
(1.3 £ 1.1 % per decade). This effect is very small in the case
of Lauder (1.2 % per decade) but does seem to go in a good
direction towards the other ozone stratospheric trend mea-
surements at Lauder, where we see a similar positive drift
of the measurements with respect to FTIR. To confirm the
changing trend when applying the TRCC method, we per-
form a drift analysis of the ozonesonde datasets similar to the
lidar measurements. In the middle stratosphere we see that
the drift (when using %) changes from 2.0+ 1.3 %
per decade for the original ozonesonde dataset to 0.7 = 1.6 %
per decade for the newly processed dataset. This seems to be
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consistent with the earlier results comparing sonde to FTIR
because the significant drift between lidar and sonde that is
present with the original sonde data is not there for the newly
processed sonde data, putting the trends of the ozonesondes
more in line with that of lidar.

However, the new ozonesonde data processing methodol-
ogy used here is still in the experimental phase, based on sim-
ulation chamber data, and should be assessed globally before
being implemented widely in the ozonesonde network. The
intercomparisons done here underline the high potential of
this new method.

5 Comparison to the LOTUS trend analysis study
(Godin-Beekmann et al., 2022)

One of the main aims of this work is to determine if the dis-
crepancy in the stratospheric ozone trends obtained at Lauder
within LOTUS22 (Godin-Beekmann et al., 2022) can be ex-
plained by intercomparing the measurements directly and
checking their drifts.

One thing to note first is that the FTIR data used in their
study use the FTIR V08 (Vigouroux et al., 2008) retrieval
strategy, so in order to make a sensible comparison, we
should also give the FTIR V08 drift results. Furthermore, the
FTIR trends are given for partial columns (both here and in
Godin-Beekmann et al., 2022) and not for the profile such as
is the case for the other measurements in Godin-Beekmann
et al. (2022). Additionally, the FTIR partial column altitude
limits were also slightly different in their study than ours. In
addition, there is a small difference between the time period
used to derive the trends, which is 2000-2020 for Godin-
Beekmann et al. (2022). The effect of these small differ-
ences on FTIR trends can be seen in Table 5 by looking at
FTIR V08 and GB22 FTIR VO08. This table shows the trends
calculated for our partial columns using a similar LOTUS
regression model as in Godin-Beekmann et al. (2022). Fig-
ure 7 visualizes this same information in a way comparable to
how the results are presented in Fig. 4a of Godin-Beekmann
et al. (2022), except that we show them for the same partial
columns for all instruments, and we have added the MWR
trends, even if it should be kept in mind that they are for
the 2000-2016 period, while the other measurements cover
2000-2021.

The comparison allows us to, on the one hand, see the dif-
ferences between using trends in the profile or using trends in
the partial columns; on the other hand, we can find the effect
of sampling on the trends. The latter matters because Godin-
Beekmann et al. (2022) use all individual measurements to
calculate monthly means before deriving trends, while in our
drift calculation we make a selection of time coincidences in
the intercomparison.

We find similarities in our current trends in Fig. 7 and the
ones from Godin-Beekmann et al. (2022): the Umkehr trend
is still an outlier in the lower stratosphere and lidar still dis-
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Table 5. Trends for each of the observation measurements in percent per decade for every partial column where data are available. For FTIR,
we show the trends derived with both the VO8 (Vigouroux et al., 2008) and new retrieval strategies and also selecting only the 2000-2016
time period to calculate the trend. The FTIR VOS trends from Godin-Beekmann et al. (2022) (GB22) are additionally shown with their

relevant altitude ranges.

Trends Troposphere  Lower stratosphere ~ Middle stratosphere  Upper stratosphere
(% per decade) 0.5-11km 14-22km 22-29km 29-42 km
FTIR V08 39+1.8 -3.6+2.1 —32+1.4 42+1.1
FTIR V08 (2000-2016) -1.9+£2.0 41+1.6
GB22 FTIR V08 - —4.5+£2.7 -1.7+£1.2 5.0£1.1
. (12-20 km) (20-29 km) (29-49 km)
New FTIR 1.1+1.7 —3.5+2.0 —2.8+1.0 3.1+1.1
Umkehr 1.9+4.0 1.7+£1.7 —04+£1.6 0.0+0.9
Sonde 1.5£2.2 =5.1+£2.1 —26+1.2 -
Lidar - —3.0+2.7 1.1+1.3 1.8+2.0
MWR - - 23+1.6 32+1.5
Upper | eeee MWR T range. The other reason FTIR.stoppe.d looking like an out-
stratosphere | goee LIDAR lier is the decreased trend obtained with the new FTIR strat-
eeee Umkehr egy (from 5% in Godin-Beekmann et al., 2022, to 3% in
Sonde the current study), which is therefore a great improvement
x NFrerF: FTIR for LOTUS. We should also point out that the sonde trends
are smaller in the present study than in Godin-Beekmann
stratospnare | et al. (2022): —5.1% and —2.6 % in the lower and mid-
dle stratosphere, respectively, while the values were between
—7 % and —3 % in the latter study. However, the ozonesonde
dataset is the same, pointing to a combined effect of partial
column integration and vertical resolution as well as 1 ad-
sratose 4 ditional year of data in the current study. Similarly as done
before in Sect. 4.2.6 for the drifts, we can estimate the impact
of a different ozonesonde dataset if we assume a correction
for a 3 % drop-off. This would result in an even smaller trend
compared to LOTUS22, changing our trends from —5.1 %
Troposphere | N to —2.1 % per decade for the lower stratosphere and from
1 —2.6 % to 0.4 % per decade in the middle stratosphere.

Trend [%/decade]

Figure 7. Figure showing the partial column trends of the different
measurements at Lauder.

agrees with sonde in the middle stratosphere, while Umkehr,
in the middle, agrees with both. This means that the use of
partial columns and the vertical resolution of the instruments
(which have been smoothed with the FTIR averaging ker