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Abstract. This study presents an updated evaluation of stratospheric ozone profile trends at Arosa/Davos/Ho-
henpeißenberg, Switzerland/Germany; Observatory de Haute-Provence (OHP), France; Boulder, Colorado,
Mauna Loa Observatory (MLO) and Hilo, Hawaii; and Lauder, Aotearoa / New Zealand, with a focus on the
ozone recovery period post-2000. Trends are derived using vertical ozone profiles from NOAA’s Dobson net-
work via the Umkehr method (with a recent new homogenization), ozonesondes, and the NOAA COHesive
Solar Backscatter Ultraviolet Instrument (SBUV)/Ozone Mapping and Profiler Suite (OMPS) satellite-based
record (COH) sampled to match the geographical coordinates of the ground-based stations used in this study.
Analyses of long-term changes in stratospheric ozone time series were performed using the updated version
(0.8.0) of the Long-term Ozone Trends and Uncertainties in the Stratosphere (LOTUS) independent linear trend
(ILT) regression model. This study finds consistency between the trends derived from the different observational
records, which is a key factor to the understanding of the recovery of the ozone layer after the implementation of
the Montreal Protocol and its amendments that control ozone-depleting substance production and release into the
atmosphere. The northern hemispheric Umkehr records of Arosa/Davos, OHP, and MLO all show positive trends
in the mid- to upper stratosphere, with trends peaking at ∼+2 % per decade. Although the upper-stratospheric
ozone trends derived from COH satellite records are more positive than those detected by the Umkehr system,
the agreement is within the 2 times the standard error uncertainty. Umkehr trends in the upper stratosphere at
Boulder and Lauder are positive but not statistically significant, while COH trends are larger and statistically
significant (within 2 times the standard error uncertainty). In the lower stratosphere, trends derived from Umkehr
and ozonesonde records are mostly negative (except for positive ozonesonde trends at OHP); however, the uncer-
tainties are quite large. Additional dynamical proxies were investigated in the LOTUS model at five ground-based
sites. The use of additional proxies did not significantly change trends, but the equivalent latitude reduced the
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uncertainty in the Umkehr and COH trends in the upper stratosphere and at higher latitudes. In lower layers, ad-
ditional predictors (tropopause pressure for all stations; two extra components of Quasi-Biennial Oscillation at
MLO; Arctic Oscillation at Arosa/Davos, OHP, and MLO) improve the model fit and reduce trend uncertainties
as seen by Umkehr and sonde.

1 Introduction

The World Meteorological Organization (WMO) Ozone As-
sessments (WMO, 2018, 2022), indicate that for some geo-
graphical regions, the stratospheric ozone layer is recover-
ing in accordance with the reduction in the ozone-depleting
substances (ODSs) whose production was restricted by the
Montreal Protocol and its amendments. The U.S. Clean Air
Act requires NOAA to monitor prohibited chemicals and the
ozone layer to ensure the success of the Montreal Protocol.
NOAA’s long-term network of measurements helps to inter-
pret total column and vertically resolved ozone changes and
link ozone recovery to the reduction in ODS levels in the
stratosphere, changes in the lower stratosphere that are as-
sociated with climate changes, and increases in the tropo-
sphere that are influenced by the stratosphere–troposphere
exchange and long-range transported pollution. The ongoing
recovery of the stratospheric ozone layer is of great impor-
tance to human health (i.e., cancer from enhanced UV ex-
posure; Madronich et al., 2021), the sustained production of
crops, and the success of fisheries (dangerous algae blooms).
For more information, see the Environmental Effects Assess-
ment Panel 2022 Quadrennial Assessment (EEAP, 2023).

The Long-term Ozone Trends and Uncertainties in
the Stratosphere (LOTUS) study was initiated under
Stratosphere–troposphere Processes And their Role in Cli-
mate (SPARC; changed to APARC in 2024) project to rec-
oncile the differences in defining trend uncertainties be-
tween methods outlined in the WMO Assessment (WMO,
2014) and the SPARC/IO3C/IGACO-O3/NDACC (SI2N)
study (Harris et al., 2015). Phase 1 focused on developing
best practices for data merging, trend determination, and
error analyses. Results focused on the analysis of broad
latitudinal regions that are near-global, namely the North-
ern Hemisphere, Southern Hemisphere, and tropics, as used
in the SI2N studies. Results are found in the 2019 report
(Petropavlovskikh et al., 2019). Phase 2 refined the trend
models and extended the study to gridded and ground-based
(GB) ozone datasets. The development of the methods used
in trend detection is built on the community knowledge
gained during the Tiger Team project in early 1990s (Rein-
sel et al., 2005); collaborations through the SPARC-, WMO-
, and IO3C-supported LOTUS activity (Hassler et al., 2014;
Harris et al., 2015; Godin-Beekmann et al., 2022); and the
most recent contributions to the WMO Ozone assessment
analyses published in Chap. 3, “Update on Global Ozone:
Past, Present and Future” (Hassler et al., 2022).

Understanding the causes of the differences between GB
and satellite records can create improvements not only in the
internal consistency of datasets but also in the uncertainties in
overall ozone trends. Furthermore, the development of tech-
niques to directly assess uncertainties in the merged records
resulting from discrepancies that cannot be completely rec-
onciled, such as small relative drifts and differences resulting
from coordinate transformations and sampling differences,
allows for a more precise estimate of the significance of the
mean trends. For the GB and satellite data used in the 2019
LOTUS report, information on the stability and drifts of the
measurement was incomplete. The homogenization of many
ozonesonde records was recently addressed, and data were
reprocessed (Tarasick et al., 2016; Van Malderen et al., 2016;
Witte et al., 2017; Sterling et al., 2018; Witte et al., 2018;
Ancellet et al., 2022), while some instrumental artifacts still
need to be addressed (Smit et al., 2021).

The first attempt to evaluate representativeness of the
trends derived from GB station records in the middle and up-
per stratosphere using Solar Backscatter Ultraviolet Instru-
ment (SBUV) data was done as a part of the LOTUS ac-
tivity and was discussed in the 2019 LOTUS report. Com-
parisons of trends derived from satellite data sub-sampled at
the station location (overpass) to those derived from the rel-
evant zonal average provide a measure of potential sampling
errors when comparing satellite and GB trends (Zerefos et
al., 2018; Godin-Beekmann et al., 2022). This paper contin-
ues that work by comparing trends derived from several GB
and satellite records that are matched spatially. We further
investigate the impact of temporal matching on trends.

The common statistical linear regression trend model used
in the 2019 LOTUS report and the 2022 update (Godin-
Beekmann et al., 2022) was optimized for analyses of the
zonally averaged satellite datasets. However, analyses of the
GB and satellite overpass ozone profile data may require a
reconsideration of additional proxies and optimization meth-
ods to improve the interpretation of the processes that im-
pact ozone changes over limited geophysical regions and re-
duce trend uncertainties. An assessment of model sensitiv-
ities to uncertainties in the volcanic aerosols, solar cycle,
Quasi-Biennial Oscillation (QBO), El Niño–Southern Oscil-
lation (ENSO), and other mechanisms also need to be con-
sidered in the GB and satellite overpass record trend anal-
ysis. The localized time series for the assessment of dy-
namical and chemical proxies can improve the attribution of
ozone variability, especially in the lower stratosphere, thus
reducing uncertainties in the derived trends. This paper pro-
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vides an assessment of uncertainties in the derived trends
from the NOAA ground-based, ozonesonde, and SBUV/O-
zone Mapping and Profiler Suite (OMPS) (zonally averaged
and overpass) records and reports improvements in the mul-
tiple linear regression (MLR) trend uncertainties with the
addition of proxies representing interannual dynamical vari-
ability or long-term changes in atmospheric circulation. The
ability of the ground-based and ozonesonde records to cap-
ture semi-global ozone changes is evaluated by comparing
trends derived from the satellite overpass and zonally aver-
aged records.

In the LOTUS report, the ozone trends were analyzed at
low and middle latitudes, with a focus on the upper and
middle stratosphere. This paper includes middle- and low-
latitude trends assessed in the lower stratosphere and thus
offers an opportunity to test the additional proxy for the
tropopause pressure (Thompson et al., 2021).

2 Data

2.1 Umkehr and ozonesonde records at NOAA

The Dobson ozone spectrophotometer has been used to study
total ozone since its development in the 1920s (Staehelin
et al., 2018). Dobson records are regularly used in satellite
record validation (Bai et al., 2015; Koukouli et al., 2016;
Boynard et al., 2018) and the development of global com-
bined ozone data records (Fioletov et al., 2008; Hassler et
al., 2018). The NOAA Dobson ozone record was homoge-
nized in 2017 to account for inconsistencies in the past cal-
ibration records, data processing methods, and selection of
representative data (Evans et al., 2017). NOAA Dobson in-
struments at four stations and MeteoSwiss at Arosa/Davos
also measure Umkehr profiles, which are derived as par-
tial column ozone amounts in ∼ 5 km layers. Profiles are
derived using an optimum statistical inversion of Dobson
measurements taken continuously at different solar zenith
angles (SZAs) (Petropavlovskikh et al., 2005; Hassler et
al., 2014). These Umkehr data were recently homogenized
to assure the removal of small but significant instrumen-
tal artifacts that can impact the accurate detection of strato-
spheric ozone trends (Petropavlovskikh et al., 2022; Maillard
Barras et al., 2022). This study focuses on Umkehr records
from the MeteoSwiss station of Arosa/Davos, Switzerland,
and on Umkehr records from the NOAA stations of Boulder,
Colorado; Mauna Loa Observatory (MLO), Hawaii; Lauder,
Aotearoa / New Zealand; and the Umkehr record from Ob-
servatory de Haute-Provence (OHP), France. NOAA-GML
(NOAA Global Monitoring Laboratory) for Umkehr data
means that the NOAA optimization process was applied to
the operational records (N values) prior to the retrieval of
ozone profiles. The source data used in this study are avail-
able at https://doi.org/10.15138/1FF4-HC74 (Miyagawa et
al., 2024). See Table 1 for details on the GB datasets, lo-
cations, source of data, and temporal extent of data used.

Umkehr measurements are typically made twice per day
when there is no cloud obstruction.

The ozonesonde instrument has been flown at four NOAA
stations since the 1980s. Evolving instrumentation and stan-
dard operating procedures led to the development of data ho-
mogenization methods by NOAA and the international com-
munity (i.e., ASOPOS-1 (Assessment of Standard Operat-
ing Procedures for OzoneSondes); Smit and the ASOPOS
panel, 2014) to resolve record inconsistencies in the NOAA
(Sterling et al., 2018), Canadian (Tarasick et al., 2016), and
SHADOZ (Southern Hemisphere ADditional OZonesondes)
networks (Witte et al., 2017, 2018). The effort was extended
in the ASOPOS-2 (Smit et al., 2021) activity and included a
larger group of stations that are part of the NDACC (Network
for Detection of Atmospheric Composition Change) and
WMO GAW (World Meteorological Organization Global At-
mosphere Watch program) networks. The error budget for
each profile is calculated and included in the archived files
(Sterling et al., 2018). Modern ozonesonde instruments mea-
sure ozone at a high vertical resolution on the order of 100 m
(Thompson et al., 2019), depending on the balloon accent
velocity and the time response of the instrument.

The sondes constitute an essential component of satellite
calibration and cross-calibration (Hubert et al., 2016), veri-
fication, and improvement of climate chemistry and chem-
istry transport models (Wargan et al., 2018; Stauffer et
al., 2019). The Dobson total ozone, Umkehr, and ozonesonde
profile records provide key measurements for upper- and
middle-stratospheric ozone trend calculations and are part
of the NOAA benchmark network for stratospheric ozone
profile observations (Petropavlovskikh et al., 2019; Godin-
Beekmann et al., 2022; WMO, 2022).

The ozonesonde data are used for trend analyses from
the OHP, Boulder, and Lauder stations for which we have
Umkehr observations. Ozonesondes are launched at Hilo,
Hawaii, which is nearly co-located with MLO. Ozonesonde
data for the Arosa/Davos panel are selected from the Hohen-
peißenberg (HOH), Germany, station that is in close vicinity
to Arosa/Davos station. Sonde measurements are typically
measured once or twice per week, varying somewhat with
station operational procedures.

Data for the NOAA GML ozonesonde records are publicly
available from the NOAA Global Monitoring Lab (GML)
at https://gml.noaa.gov/aftp/data/ozwv/Ozonesonde/ (last ac-
cess: 1 June 2024). We use the “100 meter average files” in
each station directory. Other sonde datasets used in this study
are also available from several other data centers, includ-
ing the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC; https://woudc.org/, last access: 1 June 2024),
the Network for the Detection of Atmospheric Composi-
tion Change (NDACC; https://www.ndacc.org, last access:
1 June 2024) data centers, or the Harmonization and Eval-
uation of Ground-based Instruments for Free-Tropospheric
Ozone Measurements (HEGIFTOM; https://hegiftom.meteo.
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Table 1. GB datasets, location, instrument type, temporal extent, and data record source. For the trend calculations, we remove data during
volcanic periods from 1982–1984 and 1991–1994. WOUDC stands for World Ozone and Ultraviolet Radiation Data Centre.

Location WOUDC Instrument Date range used Source
station in trend

no. calculations

Arosa/Davos 035 Umkehr 1980–2018 Optimization by NOAA/GML
Arosa, Switzerland (46.8° N, 9.7° E) 2018–2020
Davos, Switzerland (46.8° N, 9.8° E)

Hohenpeißenberg (HOH), Germany
099 Ozonesonde 1980–2020 NDACC

(47.8° N, 11.0° E)

Observatory de Haute-Provence (OHP), France
040

Umkehr 1983–2020 NOAA/GML

(43.9° N, 5.8° E) Ozonesonde 1991–2020 NDACC∗ (same as HEGIFTOM)

Boulder, Colorado (40.0° N, 105.3° W) 067
Umkehr 1980–2020 NOAA/GML

Ozonesonde 1980–2020 NOAA/GML – 100 m average data

Mauna Loa Observatory (MLO), Hawaii
031 Umkehr 1982–2020 NOAA/GML

(19.5° N, 155.6° W)

Hilo, Hawaii (19.7° N,155.1° W) 109 Ozonesonde 1982–2020 NOAA/GML – 100 m average data

Lauder, Aotearoa / New Zealand (45.0° S, 169.7° E) 256
Umkehr 1987–2020 NOAA/GML

Ozonesonde 1987–2020 NDACC

∗ Note that data from the “corrected ozone partial pressure” column are used for trend analyses.

be/, last access: 1 June 2024) archive. Table 1 denotes the
source of each dataset used in this study.

The ozonesonde data are of significantly higher verti-
cal resolution (even when used as 100 m averages) than
the Umkehr data layers of approximately 5000 m. In or-
der to create a dataset with comparable resolution, we use
the Umkehr averaging kernels (AKs) to smooth the sonde
data. Details appear in Appendix A. We cap the sonde pro-
file at Umkehr layer 5 (16–32 hPa) as there is not sufficient
sonde information at higher altitudes to meet the require-
ments of the AKs for layers 6 and above. We further match
the ozonesonde data to the dates when both Umkehr and
sonde data are available, using ±24 h to find a match, and
then generate the ozonesonde monthly mean. Appendix D
explores the impact of temporal sampling on trends. The fi-
nal matched dataset, with AK averaging, is publicly avail-
able at https://doi.org/10.15138/1FF4-HC74 (Miyagawa et
al., 2024).

2.2 The NOAA Cohesive (COH) station overpass ozone
profile datasets

NASA and NOAA have produced satellite measurements
of ozone profiles through the Solar Backscatter Ultraviolet
Instrument (SBUV) on the sequence of Polar Operational
Environmental Satellites (POES) since 1978. This measure-
ment series is extended with the related Ozone Mapping and
Profiler Suite (OMPS) nadir profiler (NP) instruments us-

ing similar measurement techniques and retrieval algorithms.
These combine to provide nearly 45 years of continuous data
(1978–present). This single-instrument-type dataset elimi-
nates many homogeneity issues, including varying vertical
resolution or instrumentation differences. Version 8.6 SBUV
data incorporate additional calibration adjustments beyond
the version 8 release (McPeters et al., 2013). Small but evi-
dent biases remain (Kramarova et al., 2013a). Several meth-
ods have been historically used to combine these datasets into
a continuous series. The NASA MOD version 1 dataset based
on SBUV and OMPS v8.6 (Frith et al., 2014) combines data
from all available satellites with no modification or bias ad-
justments. NASA has developed an alternate processing for
the SBUV and OMPS data (v8.7) that incorporates new cal-
ibrations at the radiance level and has updated a priori with
improved troposphere. Additionally, the a priori is chosen to
be representative of the local solar time of the measurement.
MOD v2 is based on the v8.7 processing (Frith et al., 2020)
and further applies an adjustment to the v8.7 data to shift all
measurements to a nominal measurement time of 13:30 local
time.

The NOAA SBUV/2 and OMPS Cohesive dataset (here-
after referred to as COH) combines data from the SBUV/2
and OMPS instruments using NASA’s version 8.6 for the
SBUV/2 data and NOAA/National Environmental Satellite,
Data, and Information Service (NESDIS) version 4r1 for the
OMPS Suomi National Polar-orbiting Partnership (SNPP)
data. This dataset uses correlation-based adjustments pro-
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Table 2. Satellite mapping for COH data series.

Satellite Dates

Nimbus 07 October 1978–May 1989
NOAA 11 (ascending) June 1989–December 1993
NOAA 09 January 1994–June 1997
NOAA 11 (descending) July 1997–December 2000
NOAA 16 January 2001–December 2003
NOAA 17 January 2004–December 2005
NOAA 18 January 2006–December 2010
NOAA 19 January 2011–December 2013
SNPP January 2014–present

viding an overall bias adjustment plus an ozone-dependent
factor (Wild et al., 2016) to moderate the remaining biases
between instruments in the series. The resulting profile prod-
uct is a set of daily or monthly zonal means and is publicly
available at https://ftp.cpc.ncep.noaa.gov/SBUV_CDR (last
access: 1 June 2024). Zones are 5° wide in latitude as iden-
tified by the central latitude (2.5°, 7.5°, etc.). Contributing
satellites and their period of use are shown in Table 2.

A previous version of this dataset using OMPS v3r2 has
been used in climate reviews and trend studies (Godin-
Beekmann et al., 2022; Weber et al., 2022a, b) includ-
ing Chap. 3 of the WMO Ozone Assessment (Hassler et
al., 2022). Appendix B examines the differences between the
data versions. The impact on trends is limited to less than 1 %
per decade, which is well within the precision of the trend re-
sults.

We create the overpass data at a ground station by collect-
ing all profiles from a satellite within a ±2/20° latitude/lon-
gitude box centered on the station. The box size is chosen
to ensure that one to four points are found per day. Fewer
points are found if the orbit passes directly over the station;
more points are found if the orbits straddle the station. The
collected profiles are inverse-distance-weighted to the sta-
tion location and averaged. COH style adjustments are ap-
plied (Wild et al., 2016), creating a COH overpass time se-
ries from 1978 to the present. This dataset is available on
the NOAA website at https://ftp.cpc.ncep.noaa.gov/SBUV_
CDR/overpass (last access: 1 June 2024).

Figure 1 shows the ozone anomaly time series for the 40–
45° N zonal average data and for the data at three stations in
or near the zone. Anomalies are calculated with respect to the
zonal average climatology. The series shown are for the layer
data, with the bottom pressure of the layer displayed on the
right side of the graph. This depiction retains the information
about the relative differences between the stations and the
zonal average. In the mid-stratosphere (25–10 hPa), the bi-
ases between the stations are most pronounced, with Arosa/-
Davos usually showing less ozone and Boulder usually show-
ing more ozone. At the uppermost layers (1 and 4 hPa) and
the lowest layer (41 hPa), the bias between stations is re-
duced. The anomalies for Arosa/Davos and OHP, which are

geographically closer than Boulder, are often nearly anticor-
related with the Boulder anomalies, especially in the sec-
ond half of the year. Indeed, at 16 hPa in particular, one can
see that often the Boulder anomalies are positive when the
Arosa/Davos and OHP anomalies are negative.

Figure 2 also shows the anomalies for the 40–45° N zonal
average with the station anomalies, but each anomaly is now
created using the climatology derived from each separate
dataset. This removes the bias between the stations and the
zones. At 1 hPa, Arosa/Davos appears to display the most
variation (largest peaks and dips) in the anomalies. Since
the anomaly for each site is now based on the seasonality
of each site’s data, the structure of the anomalies is more
uniform. For example, now at 16 hPa, the difference between
Boulder and the two sites Arosa/Davos and OHP in the lat-
ter half of the year is removed. In 2012, where the Boulder
anomaly was positive with respect to the zonal average sea-
sonal value, and the Arosa/Davos and OHP sets were nega-
tive with respect to the zonal seasonal average, all of them
are now of the same sign with respect to their own seasonal
averages. Nonetheless, there are events for which one station
shows the opposite anomalies to the other two, for example,
in early 2009 at 41 hPa, when the Boulder anomaly is nega-
tive, and Arosa/Davos and OHP are positive. Thus, it is noted
that when comparing daily or monthly data values from GB
and satellite data, the overpass data will reveal a different
structure to the zonal data. The trend calculations in this pa-
per are based on the datasets of Fig. 2, where the seasonal
behavior is removed using the station seasonality.

The COH overpass and zonal datasets have a similar verti-
cal granularity to the Umkehr dataset but use somewhat dif-
ferent pressures for the demarcation of the top and bottom
of each layer. Since no additional smoothing is required, we
simply use interpolation and integration to convert the COH
layer profiles to the Umkehr layers. We exclude layers 1 to
4 since there is little sensitivity in SBUV and OMPS NP in
these layers (Kramarova et al., 2013b). The overpass monthly
mean dataset in this study uses all COH data matched to
dates when Umkehr data also exists. This dataset is publicly
available at https://doi.org/10.15138/1FF4-HC74 (Miyagawa
et al., 2024). Appendix D explores the impact of temporal
sampling on trends.

This study also uses a specialized zonal monthly mean
COH product which is the average of all daily profiles with
an Umkehr match at the associated GB station. Zones used
for most stations are the 5° wide zone that includes the
geographic station latitude (Arosa/Davies: 47.5° N; OHP:
42.5° N; MLO: 17.5° N). Boulder and Lauder, however, are
located directly on the border of two zones, so the zonal prod-
uct in this study is the mathematical average of the two ad-
jacent zones (Boulder: 37.5 and 42.5° N; Lauder: 42.5 and
47.5° S).
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Figure 1. Monthly ozone anomaly relative to the zonal mean monthly averages. This process leaves intact the trend for each site and the
zone and accentuates the differences between the station values since all anomalies are referenced to the zonal product. Evident at 4 hPa is a
positive trend from 2002 to 2013 and then a leveling out thereafter.

3 Methods

3.1 LOTUS model overview – the reference model

The Long-term Ozone Trends and Uncertainties in the
Stratosphere (LOTUS) activity is a project of SPARC
(Stratosphere–troposphere Processes And their Role in Cli-
mate) and has produced a statistical multiple linear re-
gression (MLR) model called the LOTUS model (https://
usask-arg.github.io/lotus-regression/index.html, last access:
1 June 2024).

The 2019 LOTUS report (Petropavlovskikh et al., 2019)
and update (Godin-Beekmann et al., 2022) have quantified
stratospheric ozone trends and evaluated their uncertain-
ties. The LOTUS model is a general least squares approach
MLR model. This study uses version l (v 0.8.0) with the
independent linear trend (ILT) configuration. The indepen-
dent linear terms represent the ozone depletion period (pre-
1997), the ozone recovery period (post-2000), and an op-
tional gap period (1997–2000). We will call the terms “pre”,
“post”, and “gap” for short. Version 0.8.0 adds an option
to enforce continuity across the gap period which is used
in this study. The regression uses an interactive procedure
(Cochrane and Orcutt, 1949), and the autocorrelation coef-

ficient is adjusted with each iteration. The covariance ma-
trix is modified accordingly to account for measurement gaps
(Savin and White, 1978).

The LOTUS model (referred as to as the reference model
in this study) is written as follows:

ŷ(t,z) = β0(t,z)Cpre(t)+β1(t,z)Cpost(t)

+β2(t,z)Linearpre(t)+β3(t,z)Linearpost(t)

+

∑n

i=4
βiXi(t,z)+ ε(t,z) , (1)

where ŷ(tz) is the estimated ozone at time t and altitude z; β
are the fitted coefficients of the model; and the residual term,
ε(t,z), is the difference between the LOTUS model and the
input data. Cpre and Cpost are the constant terms as defined
by

Constantpre =

 1 for t < 1997− Jan
1−mt for 1997− Jan≤ t < 2000− Jan
0 for t ≥ 2000− Jan,

Constantpost =

 0 for t < 1997− Jan
mt for 1997− Jan≤ t < 2000− Jan
1 for t ≥ 2000− Jan,

where m= 0.029135, and t is the month starting in January
1980 and ending in December 2020. Indeed, the constant
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Figure 2. Monthly ozone anomaly relative to the monthly climatology for each station overpass dataset. This process leaves intact the trend
for each site and the zone and shows the consistency among the stations when each station climatology is removed. This dataset is used for
the trend calculations. Evident at 4 hPa is a positive trend from 2002 to 2013 and then a leveling out thereafter. Trends are run on this dataset.

terms are only constant in the “pre” and “post” periods. The
3-year “gap” period is represented by a line of slope m con-
necting the two constant (“pre” and “post” period bias) terms.

The linear terms of the model are defined as follows:

linearpre =

{
mt − b for t < 1997− Jan
0 for t ≥ 1997− Jan,

linearpre =

{
0 for t < 2000− Jan
mt for t ≥ 2000− Jan,

where m= 0.008487, b=−1.700240, and t is the month
starting in January 1980 and ending in December 2020.

Natural variability is a complicating factor in deriving
trends associated with the changes in the ozone-depleting
chemistry. LOTUS fits predictor variables as proxies for nat-
ural variability to the ozone data so that one can interpret the
resulting linear trend as a trend due to the changes in chem-
istry. The summation term is the summation of the predictors
used as a proxy for the dynamically induced ozone variabil-
ity.

The natural variability proxies in the LOTUS model
v 0.8.0 are aerosol optical depth (AOD), El Niño–Southern
Oscillation (ENSO), and the Quasi-Biennial Oscillation
(QBO) in the form of the first two principal components

(also known as an empirical orthogonal function analysis).
The data sources for each are described in Table 3.

Large sulfur dioxide (SO2) levels reaching the lower
stratosphere following major volcanic eruptions (i.e., El
Chichón, Pinatubo, or Hunga Tonga) can impact the va-
lidity of ozonesonde measured values (Yoon et al., 2022).
However, SO2 is not long-lived gas and is soon converted
to sulfate aerosols that can alter observations by ozone re-
mote sensing systems. Both Umkehr and satellite ozone pro-
files from SBUV and OMPS are highly uncertain and/or bi-
ased because of high aerosol load during volcanic eruptions
(DeLuisi et al., 1989; Petropavlovskikh et al., 2005, 2022;
Bhartia et al., 1993; Torres et al., 1995; Bhartia et al., 2013).
It is recommended that the data for 2 to 3 years after the
El Chichón and Pinatubo large volcanic eruptions should not
be used in trend analyses. Therefore, we exclude data dur-
ing the volcanic periods (1982–1983 and 1991–1993) from
the analyzed time series. Moreover, this study is focused on
the linear trend analyses after 2000 when there are no large
stratospheric aerosol perturbations that significantly influ-
ence stratospheric ozone variability over the middle latitudes
and therefore impact trend and uncertainty estimates. Since
we have eliminated the data during the volcanic period, this
study does not include the AOD proxy in the calculations.
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Table 3. List of predictors either previously used (bolded) in the LOTUS 0.8.0 (reference) model and additional predictors evaluated in this
study for future use in the extended LOTUS trend regression model. Note that two components of the QBO predictors were used in the
reference model (i.e., Godin-Beekmann et al., 2022). We added two more components in the extended model for tests described in this paper.
The last access date for all URLs cited in this table is 6 January 2024.

Predictor Description Source

ENSO El Niño–Southern Oscillation Monthly mean multivariate ENSO index
https://psl.noaa.gov/enso/mei.old/∗

Solar Solar 10.7 cm flux https://spaceweather.gc.ca/forecast-prevision/solar-solaire/solarflux/sx-5-en.php

QBO Quasi-Biennial Oscillation Principal component analysis of the monthly mean zonal wind;
https://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/qbo.dat

AOD AOD is included in the LOTUS model but not used in this study

AO Arctic Oscillation, http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.current.ascii
monthly mean index

AAO Antarctic Oscillation, https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml
monthly mean index

NAO The North Atlantic https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.table
Oscillation, monthly
mean index

EHF Eddy heat flux Cumulative mean (from September to April) of heat flux at 100 hPa from MERRA-2 reanalysis averaged
over 45–75° N (45–75° S for Lauder) and deseasonalized. It is kept constant from April to September;
https://acd-ext.gsfc.nasa.gov/Data_services/met/ann_data.html

TP Tropopause pressure Monthly mean NCEP–NCAR reanalysis (Kalnay et al., 1996).
Tropopause pressure at the lat/long of each station (deseasonalized);
ftp://ftp.cdc.noaa.gov/Datasets/ncep.reanalysis.derived/tropopause/pres.tropp.mon.mean.nc

EqLat Equivalent latitude Monthly mean equivalent latitude derived from MERRA-2-GMI CTM potential vorticity (PV) contours
on 31 potential temperature surfaces (Susan Strahan, personal communication, 24 August 2022).
The PV at each station is an inverse distance average of the values found in the nearest to the station four
grid points (±2° latitude, ±2° longitude), and then PV is converted to EqLat on the Umkehr layers.

∗ Since the incorporation of the ENSO index into the LOTUS model, NOAA Global Systems Laboratory (GSL) has updated the index to v1.2. (https://psl.noaa.gov/enso/mei/). However, for
consistency with the results from the Godin-Beekmann et al. (2022) paper, we use the old multivariate ENSO index (MEI) that is part of the LOTUS v 0.8.0 package.

We define the “reference” model (RM) as the proxies most
commonly used for the dynamical proxies which is equiva-
lent to the LOTUS model v 0.8.0 minus the AOD term. The
representative equation is as follows:∑n

i=4
βi(t,z)Xi(t)

= β4(t,z)QBOA(t)+β5(t,z)QBOB(t)
+β6(t,z)ENSO(t)+β7(t,z)solar(t). (2)

The QBO is derived from the Singapore radiosonde profiles
(1979–2020) that detect variability in the direction of the
tropical winds in the lower stratosphere. It also shows that
zonal wind variation propagates downward with an average
period of ∼ 28 months (Wallace, 1973). The principal com-
ponent analysis of the 100–10 hPa zonal winds can describe
the majority of the wind variability. The reference model
(and LOTUS v 0.8.0) uses the two leading modes of the
calculated empirical orthogonal functions (EOFs) for trend
analyses (Wallace et al., 1993).

The El Niño–Southern Oscillation (ENSO) is a periodic
mode of climate variability in the atmosphere and sea surface
temperatures associated with the equatorial Pacific Ocean

with periods ranging from 2–8 years. The multivariate ENSO
index (MEI) is produced by the NOAA Physical Sciences
Laboratory and is derived from the EOF analysis of sea sur-
face temperature, sea level pressure, outgoing terrestrial radi-
ation, and surface winds in the area of the Pacific basin from
30° N to 30° S and from 70° W to 100° E (Wolter and Tim-
lin, 2011). Temperature anomalies in the troposphere with
corresponding stratospheric temperature anomalies during El
Niño/La Niña events modulate the tropical upwelling of the
Brewer–Dobson circulation (BDC) and thus the meridional
transport of ozone in the stratosphere (Diallo et al., 2018).

The solar cycle is the 11-year periodic cycle of solar ac-
tivity and solar irradiance that reaches the Earth’s atmo-
sphere. The change in UV radiation that is absorbed by the
atmosphere, most notably in the upper stratosphere, leads
to changes in atmospheric temperature and photochemistry
which produces ozone (Lee and Smith, 2003). The 10.7 cm
solar radio flux data are used as the proxy for the solar cycle
in the LOTUS model.

Seasonal components in the form of Fourier harmonics
were added to the LOTUS model with version 0.8.0. Godin-
Beekmann et al. (2022) showed in their Fig. 7 that the model
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fit for the ozone profile satellite and model records is im-
proved by adding seasonal components to the proxies, in-
creasing the adjusted R squared (R2) from 0.3 or less to 0.3
to 0.5. The seasonality and relevant contributions of some
predictor variables are compensated in this study by adding
the seasonal components to the fitted predictors. Seasonal
components are represented in the model by sine and cosine
functions with periods of 12 and 6 months that describe the
variability in the proxies on these timescales. So, for each
fitted predictor in the model,

βi(t,z)X(t) where i > 1,

a seasonal variation in the form of Fourier components is
added as follows:

βm(t,z) = βm,0(z)+
2∑
i=1

βm,1,i(z) sin
(

2πit
12

)

+

2∑
i=1

βm,2,i(z)cos
(

2πit
12

)
. (3)

3.2 The extended model – adding predictors

Recent publications (i.e., Petropavlovskikh et al., 2019;
Szeląg et al., 2020; Godin-Beekmann et al., 2022; Millán et
al., 2024) highlight the need to reduce the trend uncertainties
in the lower stratosphere (LS). There is still a discrepancy
between modeled and observed ozone trends in the LS, but
large uncertainties make comparisons difficult. In this study,
we test additional predictors in the model to account for dy-
namical variability in ozone in the stratosphere, thus improv-
ing the model performance and reducing the uncertainty in
the trends. The argument for additional predictors is that the
LOTUS model was developed for the regression of zonally
averaged ozone data, which reduces some variability that
might be impacting the ground-based records on a regional
basis. The impact of additional proxies in trend analyses were
reported in other publications (Weber et al., 2022a; Bernet et
al., 2023, and references therein) and were mostly found to
improve the statistical model fit at high latitudes, where the
impact of the descending branch of the Brewer–Dobson cir-
culation and Arctic/Antarctic oscillations has contributed to
additional variability in stratospheric ozone records.

In what we define as the “extended” model, we add single
additional predictors (one at a time) in the model as follows:
n∑
i=4

βi(t,z)Xi(t) = β4(t,z)QBOA(t)+β5(t,z)QBOB(t)

+β6(t,z)ENSO(t)+β7(t,z)solar(t)
+β8(t,z)Xpredictor(t).

The fitted predictors contain Fourier components, like in the
reference model, to allow for seasonal variation.

We test the following additional predictors as described
below to assess the impact on trends and uncertainties:

– QBO. Two notable disruptions to the otherwise rela-
tively periodic QBO have occurred during the study pe-
riod in 2015–2016 and 2020 (Diallo et al., 2022). Two
additional leading modes of the calculated empirical
orthogonal functions (EOFs) are tested to improve the
trend model fit during the anomalous QBO years.

– Arctic/Antarctic oscillations (AO/AAO). The pattern of
surface air pressure anomalies in the polar region and
certain mid-latitude regions. The AO/AAO has strong
correlations (Lawrence et al., 2020) with stratospheric
ozone through the strength of the polar vortex. The pos-
itive phase of the AO or AAO in the winter months
is associated with low activity in the vertically propa-
gating planetary Rossby waves, a strong polar vortex,
a low-vortex wavenumber, and low-stratospheric tem-
peratures. Thus, the positive (negative) phase of the
AO/AAO is correlated to low- (high-) ozone anomalies,
especially in the winter months (Lawrence et al., 2020).

– North Atlantic Oscillation (NAO). Similar to the Arc-
tic Oscillation, this is a pattern of surface air pressure
anomalies between certain regions in the high altitudes
of the North Atlantic Ocean. This index is calculated by
the pressure difference between the Azores high and the
subpolar low.

– Eddy heat flux (EHF). The flux of heat through a zonal
plane by transport due to the Brewer–Dobson circula-
tion, here averaged from 45–75° N/S (use EHF S for
Lauder only). This represents the planetary wave activ-
ity that drives the transport of ozone.

– Tropopause pressure (TP). Pressure level of the bound-
ary between the troposphere and the stratosphere. In this
study, we use the monthly mean pressure level of the
tropopause from the NOAA National Centers for En-
vironmental Prediction (NCEP) reanalysis product. As
the troposphere warms due to the release of greenhouse
gases (GHGs), and the stratosphere cools due to ODSs
destroying stratospheric ozone, the tropopause is rising
(Meng et al., 2021). Thompson et al. (2021) and Stauf-
fer et al. (2024) found that the lower-stratospheric ozone
trends in the tropics become slightly positive when re-
computed with respect to the tropopause height (which
has its own trend). This finding indicates that ozone de-
pletion in the lower stratosphere (i.e., Ball et al., 2020)
is driven by climate-change-related changes in transport
and mixing in the lower stratosphere. Therefore, we are
testing the TP proxy in the model to account for non-
chemical ozone losses in order to assess the chemical
attribution of ozone trends.

– Equivalent latitude (EqLat). Geographical latitude of
the isoline encircling the area of equal potential vortic-
ity (PV) (Lary et al., 1995). The EqLat normalizes the
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range of PV values that change with the season and in-
terannually and makes it convenient for the interpreta-
tion of ozone variability and trends (i.e., Wohltmann et
al., 2005). The dataset was generated from Global Mod-
eling Initiative chemistry transport model (GMI CTM)
analyses (Susan Strahan, personal communication, June
2021) for each ground-based station overpass criteria
(latitude and longitude envelope; see above) and at sev-
eral altitude levels coincident with Umkehr ozone pro-
file layers. Appendix C discusses a COH dataset based
on EqLat instead of geometric latitude. No advantage
was found using the EqLat coordinate system for the
COH zonal dataset.

Source datasets for all predictors in the reference and ex-
tended models are shown in Table 3.

All proxies are used as is. No de-trending (removal of
the long-term trend in a proxy) is applied to the proxies.
Therefore, we interpret any changes to the trends derived
with additional proxies as approximations of trends driven by
chemistry and transport related to climate change. These are
rough approximations as some feedbacks are known to im-
pact chemistry (e.g., changes in stratospheric temperature).

3.3 The full model – combining additional predictors

After we have determined the impact of the additional predic-
tors singly, we discern which predictors should be combined
to constitute the “full model”. Prior to selecting additional
predictors for the full model, we perform correlation tests to
identify any cross-correlations between predictors. We select
predictors that are not highly correlated (less than ±0.2) to
ensure that all predictors are largely independent. We use the
square of the Pearson correlation coefficient R2 for each pair
of predictors to test our assumptions. We find that ENSO,
Solar, QBO (1, 2, 3, and 4), AAO, AO, EHF (N and S), and
TP (at each station) have correlations less than ±0.2 (with
the exception of R2

= 0.3 for EHF (N) and AO). Therefore,
any of these predictors can be combined in the full model.
We find that NAO has a correlation of 0.38 with AO, so we
do not use these two predictors in the same model.

We also test the independence of EqLat proxies calculated
at several geographic locations (defined by the latitude and
longitude of each Umkehr station) and by selecting a proxy
at several altitude levels centered in the middle of Umkehr
layers 3–9. We find that the R2 between the TP and EqLat
in the lower stratosphere (Umkehr layer 3) can be large but
anticorrelated at −0.7 (Boulder) and moderate at 0.4 (MLO
and Lauder), while close to zero at Arosa/Davos and low at
OHP (−0.2). In the middle and upper stratosphere, the R2

varies from −0.5 to −0.4 (MLO), 0.2 to 0.3 (Arosa/Davos
and OHP), 0.5 to 0.6 (Boulder), and 0.4 to 0.7 (Lauder).
EqLat has mostly low correlations (<±0.3) with all other
proxies, except for higher correlations with QBO B in lay-
ers 5 (−0.3) and 6 (−0.4) and QBO A in layer 7 (0.3) at

MLO and with AO in layer 8 (0.3) at OHP and Arosa/Davos.
Also, EqLat has no correlation with the TP proxy in layer 4
in Boulder, in layer 9 at Lauder, and in layers 8 and 9 at OHP.
Since there are occasional high correlations between EqLat
and TP proxies, we do not use them together in the “full trend
model”.

4 Results

4.1 Reference model trend results

First, we discuss the reference model trends derived from
the COH overpass, Umkehr, and ozonesonde records at five
geographic locations. All datasets are deseasonalized with
a climatology computed from a subset of data taken from
1998–2008 prior to the trend analysis. Trend results are
presented in Fig. 3 and organized into five panels. Each
panel shows trends at selected pressure/altitude levels de-
tected from Umkehr (green), COH (orange), and ozonesonde
(blue) records at Arosa/Davos, OHP, Boulder, MLO/Hilo,
and Lauder ground-based stations. Ozonesonde data for the
Arosa/Davos panel are selected from Hohenpeißenberg, Ger-
many, station that is in close proximity to Arosa/Davos sta-
tion. We show trends for layers where the measurement is
of the highest quality, namely Umkehr (layers 3 through 8),
COH (layers 5 through 9), and ozonesonde (layers 3 through
5) records.

The Umkehr data used in this analysis are the monthly
means of all available Umkehr data (one or two measure-
ments per day). The sonde and COH monthly means use
only those profiles that have corresponding Umkehr mea-
surements on that date. We explore the impact of tempo-
ral sampling on trends in Appendix D. For COH with the
Umkehr-matched data (see Fig. A12), trends are slightly
larger at OHP but well within the error bars. At all other sta-
tions, the COH trends are not impacted by sampling. At OHP
the ozonesonde trends matched to Umkehr (see Fig. A13) are
slightly larger at layer 4 only and well within the error bars; at
Lauder in layers 4 and 5 trends, are smaller but barely within
the error bars.

Figure 3 shows that in the upper (above 10 hPa) strato-
sphere, Umkehr (black) and COH (orange) trends are pos-
itive and agree within the error bars (±2 standard errors,
SEs). The exception is found at 8–2 hPa pressure level over
the Lauder station, where Umkehr trends are near-zero, and
COH trends are ∼+3 % per decade to 4 % per decade. The
error bars show ±2 SEs, and the fact that they do not over-
lap suggests that the differences in trends are statistically
significant. This could be related to the relatively large un-
certainties in the instrumental corrections applied to homog-
enize the Umkehr record (Petropavlovskikh et al., 2022).
Björklund et al. (2024) discusses relative drifts in Umkehr,
ozonesonde, FTIR, and MW ozone records over Lauder. The
authors are not able to identify instrumental artifacts that may
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Figure 3. The 2000–2020 ozone trends are shown at seven altitude/pressure levels. The LOTUS model v 0.8.0 is used for trend analyses.
Umkehr trends (black), COH (orange), and ozonesonde (blue) are shown for five ground-based stations, namely Arosa/Davos, OHP, Boulder,
MLO, and Lauder (panels from left to right). Ozonesonde data for the Arosa/Davos panel are selected from Hohenpeißenberg, Germany,
which is in close proximity to Arosa/Davos. Trends from the zonal mean COH data (dashed orange line) are shown for comparison with the
overpass COH data (solid line). The error bars indicate ±2 standard errors.

have caused the discrepancies in the co-located records but
point out that it is not related to the sampling biases.

In the middle stratosphere (60–10 hPa), agreement be-
tween Umkehr and COH is within the uncertainty in the
trend, except at Arosa/Davos, where COH trends are sta-
tistically different from Umkehr trends at 16–8 hPa. COH
trends at 32–16 hPa are mostly negative (−2 % per decade to
3 % per decade), with the exception of Lauder, where trends
are near-zero and similar to Umkehr trends. Umkehr trends
between 32 and 16 hPa are close to zero. The ozonesonde
trends (blue) agree with COH (orange) and Umkehr (black)
trends in the layer of 32–16 hPa at Arosa/Davos, Boulder, and
MLO. However, at OHP (Lauder) the ozonesonde trends are
found to be positive at +2± 2.2 % per decade (negative at
−3± 1.5 % per decade) and significantly different from the
near-zero trends seen in the COH and Umkehr results.

In the lower stratosphere (125–63 hPa), Umkehr trends
vary between small positive (+1 % per decade to 2 % per
decade at Hilo and Lauder) and negative (−2 % per decade
to 3 % per decade at Arosa/Davos, OHP, and Boulder); how-
ever, trend uncertainties are the largest (2 SEs are 2 % per
decade to 3 % per decade; see Table 4 below) in comparison
to the middle- and upper-stratospheric trends. Ozonesonde
trends at OHP station are positive (+2 % per decade) and
negative over Lauder (−2 % per decade). They also fea-
ture large uncertainties (±4.2 % per decade at OHP) that are
larger than the uncertainties found in Umkehr trends which
could be caused by the limited sampling (see Appendix D;
Fig. D1). Sonde trends at Hilo show negative trend values
with large uncertainties. But the data in this study at Hilo are
not corrected for the ozonesonde drop-off after 2014 known

to occur at this station (Stauffer et al., 2022), so the deviation
from the Umkehr results at these levels may be misleading.

Figure 3 also shows trends derived from the zonal mean
COH data associated with each station (dashed orange line).
These are shown for comparison with the overpass COH data
(solid line) to study the impact of the spatial sampling biases
on the trends. Though Figs. 1 and 2 show clear interannual
differences between the records from the individual stations
and the associated zonal average, we find very small differ-
ences in trends (mostly in the upper stratosphere at middle-
latitude stations). Therefore, the station overpass sampling
provides trends that are representative of the zonally aver-
aged trends (Zerefos et al., 2018), and the discrepancies in
trends between GB and satellite records do not strongly de-
pend on the spatial sampling differences.

4.2 Standard error in reference model

We will use the standard error in the linear (trend) term in
Eq. (1) to evaluate the success of the additional proxies to
improve understanding of trend values. The standard error is
an output of the regression code and indicates the uncertainty
in the trend value. Smaller standard errors indicate increased
confidence in the trend result. We use the standard error as
a metric instead of the standard deviation to reduce depen-
dence on the number of points in the trend model. Table 4
provides the standard errors for the reference model fit and
represents the uncertainty in the trend in Dobson units (DU)
of the mean ozone in each layer at the station. The stan-
dard errors in the trend detected in three co-located ozone
records at each station (or in the nearby location as in case of
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Table 4. Standard error (SE) for the reference model 2000–2020 trend for five ground-based station locations (Arosa/Davos, OHP, Boulder,
MLO, and Lauder). Results are provided for trend analyses of the Cohesive satellite (COH), Dobson Umkehr (UMK), and ozonesonde (SND)
records. The layers are selected to represent the best quality of the data. Values of SEs shown are the actual errors in Dobson units (DU) per
decade.

LOTUS model proxy tests: standard error for reference model

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer UMK COH SND UMK COH SND UMK COH SND UMK COH SND UMK COH SND

1–2 9 0.92 0.91 0.62 0.43 0.63
2–4 8 0.85 0.59 1.06 0.68 0.51 0.52 0.52 0.37 0.72 0.57
4–8 7 0.69 0.59 0.77 0.54 0.41 0.52 0.58 0.62 0.57 0.66
8–16 6 0.66 0.68 0.75 0.59 0.42 0.43 0.55 0.49 0.61 0.56
16–32 5 0.66 0.75 0.76 0.89 0.68 1.10 0.54 0.51 0.77 0.82 0.55 0.75 0.73 0.54 0.73
32–63 4 1.05 1.04 1.13 1.55 0.90 1.04 0.90 0.94 0.83 1.16
63–127 3 1.55 1.60 0.15 2.10 1.15 1.63 0.87 1.07 1.11 1.50

Arosa/Davos or MLO comparisons) do not significantly dif-
fer, although in general ozonesonde errors are slightly larger
than Umkehr errors; this is most likely due to the larger sam-
pling errors in ozonesonde monthly mean record. Also, the
errors in trends detected in COH layers 5–8 are on aver-
age smaller than for Umkehr trends (with the exception of
layer 7 at Boulder, MLO, and Lauder), which could be ex-
plained by an overpass method that averages several satel-
lite profiles from adjacent orbits and therefore reduces the
meteorological-scale variability in averaged ozone data.

4.3 Adjusted R2

The adjustedR2 values of the 2000–2020 trends are shown in
Fig. 4 and Table 5 for the data fit using the reference model.
The adjusted R2 is a modified version of R2 that adjusts for
the number of predictors in a regression model and represents
the goodness of the model fit to the data. For COH, adjusted
R2 is shown for the overpass and the zonal datasets.

Though values are significantly less than the high values
usually seen when comparing data that include the prevalent
seasonal variation, the adjusted R2 values for the COH zonal
mean record are similar in magnitude and vertical shape
compared to the results of the (60° N–60° S) broadband trend
analyses published in Godin-Beekmann et al. (2022), with
Fig. 7 varying between 0.1 and 0.5. We designate the aver-
age values (0.3) as a threshold for satisfactory fit, indicating
conformance with prior LOTUS results. We indicate, in bold
in Table 5, the adjusted R2 values of 0.3 or greater to note the
achievement of that threshold and include a dashed vertical
line in Fig. 4 for reference.

The adjusted R2 for the reference model fit is slightly bet-
ter for the zonal mean COH data than for the COH overpass
over the northern middle-latitude stations. This is expected
as much of the variability in the time series is reduced in
the zonal average compared to the station overpass data, as
shown in Fig. 2, and more easily explained by the typically
used predictors. Indeed, the goal of this study is to determine

if the additional predictors help to explain the additional vari-
ation as measured at point locations.

The model fit to the GB data is similar to the COH over-
pass results in the middle stratosphere (layers 5 and 6),
but the model explains less of the ozone variability in the
Umkehr records in the upper stratosphere (layers 7 and 8).
In the lower stratosphere (layers 3, 4, and 5), the model fit
to the ozonesonde and Umkehr records is similar, with the
exception of Lauder (Umkehr has larger adjusted R2 in lay-
ers 4 and 5). The adjusted R2 for COH overpass in layer 5
is similar to Umkehr and sonde, with a larger difference at
OHP. The adjusted R2 in the lower stratosphere is less than
in the middle stratosphere, which points to other processes
(e.g., transport) that drive ozone variability. In this paper, we
investigate improvement to the trend model fit by introduc-
ing additional proxies that can improve the representation of
the dynamically driven ozone variability in the stratosphere.

4.4 Reference model p values

The p values are often used to evaluate the statistical signif-
icance of predicted results and results labeled “significant”
if they remain below a threshold of 0.05. However, Chang
et al. (2021) argued, as Wasserstein et al. (2019) do, that all
trends should be reported with their associated p values and
a thorough discussion of the certainty in trend detection as
described by the p values. Therefore, the p values can be
used for understanding the certainty in the trend. Under the
International Global Atmospheric Chemistry Project’s Tro-
pospheric Ozone Assessment Report (IGAC TOAR) activity,
p values are scored to define a consistent scale for compar-
ison of the trends between different analyses (see Table 3;
Chang et al., 2023).

Table 6 provides p values for the reference model. These
are further used as a baseline for comparison to model fits
with additional predictors. p values of the reference model
fit suggest a high certainty (p< 0.05) in the detected trends
in the COH data in layers 7, 8, and 9 at almost all stations
with the exception of the higher p value (0.1; medium cer-
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Figure 4. The adjusted R2 is plotted as a function of altitude/pressure for the LOTUS model fit to Umkehr (black), ozonesonde (blue),
COH overpass (solid orange), and COH zonal mean (dashed orange). Results are shown in five panels that represent trend analyses of ozone
records over Arosa/Davos (Hohenpeißenberg for sondes), OHP, Boulder, MLO (Hilo for sondes), and Lauder ground-based stations.

Table 5. Similar to Table 4 but for the adjusted R2. Values of 0.30 and above are indicated in bold as a threshold to indicate a satisfactory fit.

LOTUS model proxy tests: adjusted R2 for reference model

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer UMK COH SND UMK COH SND UMK COH SND UMK COH SND UMK COH SND

1–2 9 0.31 0.27 0.29 0.11 0.29
2–4 8 0.23 0.38 0.14 0.30 0.17 0.37 0.11 0.32 0.17 0.32
4–8 7 0.25 0.25 0.19 0.31 0.19 0.27 0.26 0.32 0.12 0.24
8–16 6 0.19 0.19 0.19 0.25 0.28 0.28 0.31 0.41 0.16 0.11
16–32 5 0.21 0.24 0.13 0.14 0.33 0.14 0.28 0.34 0.16 0.31 0.41 0.25 0.37 0.34 0.26
32–63 4 0.10 0.10 0.16 0.24 0.13 0.09 0.22 0.24 0.34 0.20
63–127 3 0.05 0.05 0.15 0.25 0.09 0.02 0.09 0.14 0.11 0.10

tainty) found at MLO in layer 9. Also, high certainty in de-
rived trends is reached for COH records in layer 5 at Boulder
and MLO.

Umkehr trend analyses also show high confidence in the
trend detection at Arosa/Davos and MLO stations in lay-
ers 6, 7, and 8; at OHP in layers 7, 6, and 8; and in Boul-
der in layers 6 and 8. For the ozonesonde data, high confi-
dence (i.e., low uncertainty) is found for Hohenpeißenberg
and Boulder trends detected in layer 5 and at Lauder in lay-
ers 4 and 5.

The medium level of the certainty (0.05<p≤ 0.10) is
found in trends detected in layer 5 of the COH ozone time
series at Arosa/Davos, layer 3 of ozonesonde at MLO, and in
layer 4 of ozonesonde and layer 3 of Umkehr at Lauder.

Low certainty in detected trends at a p value of 0.10 (not
inclusive) to 0.33 is found in Umkehr layers 3 and 5 at
Arosa/Davos, in COH layer 5 and Umkehr layer 3 at OHP,
in Umkehr layers 3 and 4 and ozonesonde layers at Boulder,
and in ozonesonde layer 4 and COH layer 6 records at MLO.

The highest (lowest-certainty) p values (> 0.33) were
found in layer 6 of the COH overpass records at most sta-
tions (except for MLO, where p values are medium-high).
We note that the COH trends are close to zero, and the un-
certainty envelope crosses the zero line. Therefore, the sta-
tistical trend model cannot separate trends from zero due to
unexplained high-ozone variability in this layer. Similarly,
near-zero Umkehr trends with relatively large SEs in layer 6
at OHP and Lauder, layer 5 at all (except Arosa/Davos) sta-
tions, and layers 3 and 4 at MLO show the same level of high
p values, thus suggesting that additional proxies should be
added in the trend model to assess the impacts of the natural
variability and instrumental noise on trend uncertainty.

It is also important to note that the reference trend model
fit to ozone in Umkehr layers 7 and 8 at Lauder has high
p values, which is related to the near-zero trends that show
large disagreement with the COH trend. This difference
could be caused by remaining instrumental step changes that
were not fully removed during the record homogenization
(Petropavlovskikh et al., 2022).
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Table 6. Similar to Table 4 but for p values. Values of less than 0.05 (high certainty in trend detection) are shown in blue and with bolded
numbers. Values between 0.05 and 0.1 (blue not bolded) indicate medium certainty. Between 0.1 and 0.33 (orange) there is a low certainty
in trend detection. Above 0.33 (red), there is a very low certainty or no evidence of trend detection.

While near-zero trends and high p values are found in the
fit of the Hilo ozonesonde record in layer 5, the p values in
layer 4 show only medium p values for near-zero trends. It is
possible that infrequent launches of ozonesonde observations
at Hilo could create a temporal sampling bias and appear
noisy. The ozonesonde record at Hohenpeißenberg has suf-
ficiently frequent sampling (3 times per week) for success-
ful trend analyses (Chang et al., 2020; Chang et al., 2024),
but the p values remain high in layers 3–4. The p values for
Umkehr fit at Arosa/Davos are in the medium to high range
for layers 3, 4, and 5 but somewhat smaller, which could be
due to non-zero trends in layers 3 and 5. The p-value dif-
ference could be also related to the different locations of
the ozonesonde (HOH) and Umkehr (Arosa/Davos) observa-
tions; thus, the records could contain different atmospheric
variability that might impact the model fit.

We will discuss changes to the p values in the next section
after we add more proxies to the trend model in an attempt to
improve confidence in trend detection.

5 Trends with the extended model – testing the
addition of single predictors

The LOTUS-styled reference model is developed and opti-
mized for zonal average datasets. Modeling and trend analy-
sis for GB and satellite overpass data may be improved by the
addition of other proxies not used in the reference model to
improve capturing processes that impact ozone changes over
limited geographical regions. The extended model tests the
addition of single predictors to see if fit statistics can be im-
proved for GB and overpass datasets. We judge the success
of the extended model by examination of the reduction in
the standard error in the trend term and by evaluation of the
impact on the adjusted R2 of the model fit. Table 7 displays
the change in the standard error in the post-2000 trend for
each proxy tested and determined as SEref−SEext as a per-
cent of SEref. As such, positive values correspond to the de-
sired reduction in SEs and are highlighted in the table in blue.
Low-impact changes in the SEs are highlighted in white, and
increases in the SEs (negative values) are highlighted in red.
It may seem unusual for the addition of proxies to increase

the SEs (negative values in the table); this indicates less con-
fidence in the fit. But these SEs are the uncertainty in the
trend term and not in the overall model fit. The new proxies
considered each have a possible trend and associated error
budget for that trend. Whether the additional proxy increases
the trend uncertainty can depend on how well the trend of the
new proxy can be characterized. The adjusted R2 is a better
indicator of the overall model improvement. Figure 5 dis-
plays the adjusted R2 for the extended model for each proxy
tested. Values of 0.30 and above are indicated in bold as a
threshold to indicate a satisfactory fit.

5.1 Tropopause pressure (TP)

Adding the TP proxy to the standard LOTUS model pro-
duces the most consistent results between different tech-
niques (COH, Umkehr, and ozonesonde) and also has a sim-
ilar magnitude of the standard error changes among differ-
ent latitudes (i.e., Arosa/Davos, OHP, Boulder, MLO, and
Lauder). The most significant impact in improving the SEs
is found in the lower stratosphere (layers 3 and 4) and in
the middle stratosphere (layer 5) at the MLO tropical sta-
tion. The impact of the TP proxy on the COH trend uncer-
tainty in the model stratosphere (layer 5) is somewhat larger,
likely due to the satellite AK extending into the lower strato-
sphere. Similarly, a larger reduction in the standard errors in
the Umkehr trends in the lowermost stratosphere (layer 3) in
comparison to the AK-smoothed ozonesonde record could be
due to sampling biases in the ozonesonde record. Adding the
TP proxy to the reference model improves the adjusted R2

in layers 3–5, whereas the SE improvements are also consis-
tent across geolocations and measurement techniques. The
TP proxy only explains ozone variability near the tropopause
because changes in both parameters are linked to the same
dynamical processes (i.e., irreversible mixing). In the mid-
dle and upper stratosphere, ozone variability is not linked to
the processes that change TP; thus, using this proxy adds an
error to the model fit. Several improvements resulted in ad-
justed R2 to exceed the 0.3 threshold (Umkehr at OHP in
layer 3 sonde and Umkehr at Lauder and MLO in layer 4);
in many cases, the adjusted R2 increased by more than 0.02
(see Fig. 5a).
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Table 7. Change in the standard error (SE) of the post-2000 trend estimate, in percent of SEs of the reference model for adding single
predictors. (a) Tropopause pressure; (b) equivalent latitude; (c) QBO terms C and D; (d) AO/AAO; (e) NAO; (f) eddy heat flux. Cells with
reduced (increased) SEs have a blue (red) background, while cells with low-impact changes (< 0.5 %) have no colors.
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Figure 5.
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Figure 5. (a) Similar to Fig. 4 but adjusted R2 results are shown for both the reference model (solid line) and the extended model (dashed
line; full) for COH overpass (orange), Umkehr (black), and ozonesonde (blue) trends. The extended model includes additional TP proxy.
(b) The same as panel (a), but the extended model includes an equivalent latitude proxy. (c) The same as panel (a), but the extended model
includes two extra QBO terms as an additional proxy. (d) The same as panel (a), but the extended model includes the AO/AAO proxy. (e) The
same as panel (a). but the extended model includes NAO as an additional proxy. (f) The same as panel (a), but the extended model includes
EHF as an additional proxy.
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5.2 Equivalent latitude (EqLat)

In the mid-latitudes, the addition of EqLat as a predictor
shows consistent results across measurement techniques and
stations with few exceptions. The reduction in the SEs of the
model fit is evident in the COH data in the upper stratosphere
(above 4 hPa or ∼ 40 km) but is less pronounced in Umkehr
profiles. The impact on MLO SEs of the trend fit in the upper
stratosphere is negative (in both COH and Umkehr records),
which can be explained by the fact that the EqLat is much
closer to geometric latitude near the Equator than at the mid-
dle/high latitudes, and therefore its use as a proxy would not
provide any additional information in interpretation of the
tropical upper-stratospheric ozone variability. It could also
suggest that the addition of EqLat will overfit the record.

The ozone record trend fits in the middle stratosphere (32–
4 hPa or 25–40 km) benefit from adding the EqLat proxy
at most locations. Improvement in the SEs of the trends in
the lower stratosphere (127–63 hPa or ∼ 15–20 km) is mini-
mal and limited to some locations and instrumental records
(Arosa/Davos Umkehr and HOH sonde, MLO Umkehr and
sonde, and Lauder Umkehr and ozonesonde), which could
be related to the location of subtropical jet that modulates
mixing of tropical and subtropical (and occasionally polar)
air masses and influences the stratosphere–troposphere ex-
change. Unexpectedly, the addition of the EqLat proxy to the
MLR statistical model for trend detection in Boulder Umkehr
and ozonesonde lower-stratospheric ozone records increases
the uncertainties in the fit, while the influence of subtropi-
cal jet on Boulder lower stratosphere is well known (Manney
and Hegglin, 2018). Perhaps the data analyses also need to
consider the tropopause variability?

In terms of the impact on the adjusted R2, the EqLat
proxy significantly improves the model fit for multiple in-
struments, mostly in layers 5–7 and in COH fit in layer 9 (see
Fig. 5b). The adjusted R2 improvements also often exceeded
the 0.3 threshold. No significant improvement is found in the
ozonesonde model fit in layer 5, with the exception of the
OHP and Hohenpeißenberg records (0.1 increase).

5.3 Extra QBO terms C and D

QBO is an important driver of ozone variability at tropical
stations. Based on the results of adding two extra terms of
the QBO to the standard model, the recommendation could
be to exercise this option only for the tropical station trends.
At the northern middle latitudes (i.e., in Arosa/Davos, OHP,
and, to a lesser degree, Boulder) an improvement in the trend
SE uncertainties in layer 8 is noted. There seems to be a sim-
ilar pattern for the upper stratosphere in trends derived with
a heat flux. Tweedy et al. (2017) show that the first two EOFs
of the QBO did not describe the anomalous QBO behavior,
while Anstey et al. (2021) show that the addition of two more
EOFs of the QBO could capture the effect of the disruptions
on the zonal winds. Therefore, including additional QBO em-

pirical orthogonal functions (EOFs) could benefit the attribu-
tion of ozone variability in the middle stratosphere (layers 4
and 5) in the tropical latitudes (reduced errors in MLO/Hilo
trends) and in the upper stratosphere (layer 8 in COH and
in some Umkehr trends) in the NH middle-latitude stations
(Arosa/Davos, OHP, Boulder) related to the global circula-
tion pattern that is also represented by the heat flux proxy.
A slight reduction in the errors at SH middle latitude (sonde
at Lauder, Aotearoa / New Zealand) could be invoked by the
EqLat variability that has a small correlation with the QBO D
proxy and sampling bias. A reduction in SEs in the trend fit of
the layer 5 ozonesonde (up to 2.8 %) and COH (up to 3.0 %)
records at OHP is not found in the Umkehr results, which
suggests overfitting and sampling bias (see the results in Ap-
pendix D).

The addition of extra QBO terms slightly improves the ad-
justed R2 model fit (see Fig. 5c) for all COH station over-
pass records in layer 8 (except at MLO) and occasionally im-
proves the Umkehr adjusted R2 (Boulder and Lauder). The
most significant improvement is found at MLO in layers 3–5
in all three instrument records.

5.4 Arctic and Antarctic oscillations (AO/AAO)

AO/AAO proxies reduce SEs (blue-colored cells) in the
lower stratosphere (layers 3 and 4) at Arosa/Davos, OHP, and
MLO, although the reduction somewhat differs between the
Umkehr and ozonesonde records. At the same time, at Boul-
der and Lauder, the SE does not show an improvement af-
ter the addition of the AO/AAO proxy (AAO is used instead
of AO at Lauder). In the middle stratosphere (layer 7), a re-
duction in SEs is found over Boulder in COH and Umkehr
records. The addition of AO/AAO proxies improves the SEs
of the trend at MLO and Lauder but only in Umkehr records,
while it worsens the COH SEs. At Lauder, the COH SEs in
layer 6 show an improvement but not in the Umkehr record.
Since results in the middle stratosphere (layers 5–7) are not
always consistent among different techniques (reductions are
not in the same layers), it could indicate a statistical model
overfit into the record’s noise or vertical smoothing of the
Umkehr or COH technique that combines ozone variability
in the layer with a portion of ozone variability in the adjacent
layers, thus partially or completely reducing the correlation
with the proxy.

The addition of the AO predictor increases the adjusted
R2 in the lower stratosphere at Arosa/Davos, OHP, and MLO
(see Fig. 5d). Also, a small enhancement of the adjusted R2

is seen in the middle and upper stratosphere, including in
Umkehr layers 6 and 7 and COH layers 6, 7, and 9 over Boul-
der, as well as in the Umkehr fit in layers 5–7 at MLO and
at Lauder (AAO) for Umkehr and COH records in layer 6.
These results are not very consistent across different geolo-
cations but seem to be consistent across instrumental records
at some stations (Umkehr and ozonesonde in the lower layers
and COH and Umkehr in the upper layers).
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5.5 North Atlantic Oscillation (NAO)

Including the NAO proxy in the trend model appears to have
a similar pattern (i.e., in latitude and altitude) of changes
in the standard error compared to the result of the inclu-
sion of the AO/AAO proxy. It is not a surprise, since in-
dices of the NAO and AO are highly correlated in time due
to their common link to the downward propagation of strato-
spheric anomalies. Standard errors are somewhat reduced in
the lower-stratospheric layers at the middle-NH latitude and
tropical Umkehr records, but the change is less significant
than in AO/AAO cases. The impacts on ozonesonde trend
uncertainties are very minimal and inconclusive at Boulder
(layers 5 and 4), Hohenpeißenberg (layers 3 and 4), and
OHP (layer 3). The impacts on Lauder are similar or stronger
(SEs are increased for Umkehr and sonde records) to the im-
pacts of the AO/AAO. In the middle and upper stratosphere,
the standard errors are typically increased. The exception is
found in layer 7 of the COH record at Boulder and Arosa/-
Davos and in layers 6 and 7 of the Umkehr record at MLO.
Similar negative results are found when AO/AAO proxies are
added, which suggests that the observed time series are over-
fitted and potentially some instrumental or sampling anoma-
lies are misinterpreted with the addition of these proxies (see
Fig. 5e).

5.6 Eddy heat flux (EHF)

The EHF represents a dynamical proxy for an assessment of
the impact of the Brewer–Dobson circulation (BDC). It is
expected to have an impact on the upper-stratospheric ozone
by accelerating the transport in the upper branch that brings
more ozone at higher latitudes (i.e., Arosa/Davos) and middle
latitudes (i.e., OHP, Boulder, and Lauder). It could possibly
represent changes in the lower branch of the BDC circula-
tion and the expansion of the tropical band, thus modulat-
ing ozone in the lower stratosphere at tropics (i.e., MLO). In
the southern middle latitudes (i.e., Lauder), the correlations
could be related to the shift in the subtropical wave activi-
ties to the higher latitudes in response to the ozone hole heal-
ing.

The addition of the EHF predictor leads to reduced SE un-
certainties in the upper stratosphere in COH and Umkehr
trends at OHP and Boulder and in COH-only trends at
Arosa/Davos. It has a much smaller reduction in SEs for
the Lauder trend and even an increase in uncertainties if
used to fit the upper-stratospheric ozone time series at MLO.
At the same time, the SEs in the Umkehr and ozonesonde
middle stratosphere (layers 4–5) at MLO are substantially
reduced, including smaller improvements at Lauder. In the
lower-stratospheric (layer 3) ozone trend, SEs in Umkehr and
sonde records at MLO, Lauder, and Arosa/Davos are some-
what reduced when using the EHF proxy.

The addition of the EHF predictor seems to have an im-
pact in the upper stratosphere increasing the adjusted R2 for

COH records in layers 8 and 9 in all except the MLO or
Lauder records, which indicates the impact of the BDC upper
branch on the middle-NH latitudes (see Fig. 5f). In contrast
to the COH, the Umkehr adjusted R2 has not changed signif-
icantly, which possibly suggests a high measurement noise in
the station records. There is, however, a small increase in ad-
justed R2 in the Umkehr record in layer 7 at MLO (whereas
COH does not show a change).

The increase in adjusted R2 is found at MLO in Umkehr
and sonde layers 4 and 5, including a small increase in
layer 3, which probably is related to the EHF-driven changes
in the middle stratosphere. Ozone variability in Umkehr and
sonde records at MLO appears to contain information about
the circulation changes in the shallow BDC branch.

6 The full model – adding multiple predictors

In this paper, we seek to develop an improved model and
thus trend estimates for point-located measurements of ozone
through modifications of a model optimized for zonal data.
Our criteria for model improvement are based on the reduc-
tion in the SEs of the trend with either improvement (at best)
or moderate impact (at worst) on the model’s adjusted R2.
From the results of the previous section, we see several op-
portunities to improve the model and improve confidence in
the trend estimates. This section examines if the gains of
the above are improved while adding several predictors to-
gether. As stated above, the TP as a predictor exhibits the
most consistent results for all stations and measurement tech-
niques. The other predictors have successes in the SE reduc-
tion but only at some layers and some stations. Some results
are instrument-dependent.

Based on the tests above, we expect that combining pre-
dictors can improve the model fit and trend SE reduction, but
it is clear that the predictor selection should vary by station
and level. Appendix E details the choices made for the full
model which combines 1 to 3 additional proxies beyond the
reference model.

6.1 Predictors added for the full model

Reduction in the SEs of the trend while improving (or at least
not impacting) the model’s adjusted R2 is the basis of predic-
tor choice for the full model. To qualify, a predictor should
exhibit consistent results for all measurement techniques. Im-
provements at multiple stations is preferred to single-station
improvements. In general, we avoid combining highly corre-
lated predictors. Table 8 shows the final choices for the full
model.

6.2 Impact of the full model on trends

Figure 6a shows the trends for the stations (with COH over-
pass) for the reference and full models. The impact of the
full model on ozone trends derived in the upper stratosphere
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Table 8. Added predictors for the full model are tuned for each layer and each station. For layers 7 to 9, the SEs and adjusted R2 parameters
at MLO are not improved by additional predictors, and the original LOTUS-based reference model is used. Appendix E explains the logic of
the predictor selection.

LOTUS full model predictor selection

Layer Arosa/Davos OHP Boulder MLO Lauder

9 EqLat EqLat EqLat Reference only EqLat
8 EqLat EqLat EqLat Reference only EqLat
7 EqLat EqLat EqLat Reference only EqLat
6 EqLat EqLat EqLat EqLat EqLat
5 EqLat EqLat EqLat EqLat, QBO CD, AO EqLat
4 TP, AO TP, AO TP TP, QBO CD, AO TP
3 TP, AO TP, AO TP TP, QBO CD, AO TP

(above 16 hPa) is neutral. The addition of proxies to the LO-
TUS model does not change trends that remain the same
magnitude as those derived using the reference model, i.e.,
positive and statistically significant at the SH and MH mid-
dle latitudes and over the tropics. The largest difference
(outside of the SE uncertainty) between upper-stratospheric
Umkehr and COH trends is found over Boulder, MLO, and
Lauder.

In the middle stratosphere, additional proxies do not
change trend values across locations and instrumental
records (outside of the SEs). At OHP, Boulder, and Lauder,
Umkehr trends in layer 6 (8–16 hPa) are barely positive,
while COH trends are negative. At Arosa/Davos and MLO,
COH trends in layer 6 are barely negative, and Umkehr trends
are significantly positive. Most COH trends in layer 5 (16–
32 hPa) are statistically negative (except at Lauder), while
Umkehr trends are near-zero.

In the lower stratosphere, Umkehr and sonde trends at
Arosa/Davos and MLO change after the full model is used.
However, Umkehr and sonde trend changes at MLO are
within the SEs and therefore can be deemed not significant.
Ozonesonde trends at Arosa/Davos in layer 3 (125–63 hPa)
change from zero to positive. Umkehr trends at Arosa/Davos
in layer 3 change from negative to near-zero. Large differ-
ences between ozonesonde and Umkehr trends at Lauder and
OHP remain unchanged after the full model is applied, al-
though the respective SE envelopes overlap.

Figure 6b also shows the trends for the reference and full
models, but the COH data shown are the associated zonal
data relevant to each station. The incorporation of the addi-
tional proxies does not change the trend values for the zonal
COH data. The impact on error estimates for the trends is
discussed next.

6.3 Impact of the full model on the trend SEs

Table 9 summarizes the reduction in the SEs for the full
model. The selection of the EqLat predictor for the full model
in layers 5–9 and for all stations (except MLO/Hilo; to be dis-

cussed later) shows the improvement in the SEs (as discussed
in the previous section). Also, the TP predictor is selected for
inclusion in the full model for trend analyses at Boulder and
Lauder stations in layers 3 and 4. The combination of several
predictors is used for individual stations based on the addi-
tional reduction in the SEs. For the Arosa/Davos and OHP
stations, we select a combination of the TP and AO to reduce
the SEs by almost twice as much in some layers. The inclu-
sion of the AO proxy is in support of the interpretation of sea-
sonal and interannual ozone variability recorded over stations
in Europe that are north of 40° latitude and are exposed to
the seasonal events of ozone-depleted air masses transported
from the polar region during the spring season (Steinbrecht et
al., 2011; Manney et al., 2011; Knudsen and Grooss, 2000;
Fioletov and Shepherd, 2005; Zhang et al., 2017; Weber et
al., 2022a). The strong impact of AO/AAO on the lower-
stratosphere ozone variability is not detected in Boulder or
Lauder, and we choose not to include it in the full model for
trend analyses at these stations.

The MLO/Hilo location is close to the tropical belt and
therefore has different processes impacting stratospheric
ozone variability, as discussed in the previous section. We
find that EqLat proxy can be added to the full model in
layers 6 and 5 (similar to other stations); however, above
layer 6, EqLat or TP is not useful for the interpretation of
tropical ozone variability, and therefore, we believe the trend
model in these layers should remain as it currently is used in
Godin-Beekmann et al. (2022) analyses. The EqLat and TP
are mildly correlated (−0.4) in the stratosphere, and there-
fore we decided against combining both of these proxies in
the full model. However, we also found that adding AO and
QBO C/D proxies in layers 3, 4, and 5 improved the model fit
and reduced the SEs. These combined additional proxies are
not correlated and reduce SEs more than when using them
separately.

The full model showed impacts on the SEs in the upper
stratosphere (above 8 hPa). The trend errors were reduced,
with the exception of Umkehr trends at 4–2 hPa over Boulder
and Arosa/Davos, where errors did not change. No changes
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Figure 6. (a) Post-2000 trends for the full and reference models. In this figure, the COH data shown in orange are the overpass data. Solid
lines depict reference model values (unchanged from Fig. 3). Dashed lines depict full model values for all three instrument types. (b) Post-
2000 trends for the full and reference models. In this case, the orange lines are with the zonal data instead of the COH overpass data. Dashed
lines depict full model values for all three instrument types. The Umkehr and sonde trends are unchanged from panel (a).

Table 9. Change in post-2000 trend SEs in the full model as a percent difference in the reference model. Color-coding is the same as that
introduced in Table 7.

https://doi.org/10.5194/acp-25-2895-2025 Atmos. Chem. Phys., 25, 2895–2936, 2025



2916 I. Petropavlovskikh et al.: Regional ozone trends

in SEs are found at MLO with additional proxies; thus, the
full model is kept the same as the reference model for this
station in the upper stratosphere.

Similarly, in the middle stratosphere, SEs were mostly re-
duced after the full model was applied (except for slightly
larger SEs in trends derived from ozonesonde at OHP and
from Umkehr at Boulder).

After applying the full model in the lower stratosphere,
we still found high uncertainty due to higher-ozone vari-
ability (natural variability), but SEs were reduced. Arosa/-
Davos and MLO Umkehr and sonde trends changed after
full model was used. The change in ozonesonde trends at
Hohenpeißenberg in layer 3 (125–63 hPa) goes from zero
to positive, and trend detection becomes highly confident
(p value< 0.05). Umkehr trends at Arosa/Davos in layer 3
changed from negative to near-zero, but results have low cer-
tainty (p value> 0.1). Larger trend differences remain be-
tween ozonesonde and Umkehr at Lauder and OHP after the
full model is applied.

It is instructive to ponder if the addition of proxies that
yield improvements via a reduction in the standard error in
the localized GB or overpass measurements also has the po-
tential to improve uncertainties in the zonal data. To explore
this, Table 10 and Fig. 7 show the percent change in SEs of
the trend when adding the proxies for the full model. Values
are shown for both the COH overpass and the COH zonal
data. In general, except when the improvement in the SEs for
the overpass COH is small (3 % or less), the addition of prox-
ies has much less impact on the zonal results than on over-
pass results. This suggests that indeed the reference LOTUS
model is well tuned for zonal datasets but can be improved
with the select addition of proxies for overpass or localized
GB data.

6.4 Impact of the full model on adjusted R2

Table 11 shows the adjusted R2 for the full model. In the
upper stratosphere, the full model increases the adjusted R2

above 8 hPa (except in Umkehr at 4–2 hPa). Over MLO, there
is no change because the full model is kept the same as the
reference model for layers 7, 8, and 9.

In the middle stratosphere (32–8 hPa), adjusted R2 in-
creases are found in all records (although smaller increases
are found in ozonesonde and Umkehr records at OHP, Boul-
der, and Lauder at 32–64 hPa). At Arosa/Davos, Boulder,
and Lauder, the adjusted R2 in the COH and Umkehr trend
models increase and continue to be very close in value. The
COH adjusted R2 is larger at OHP and MLO than in Umkehr
and sonde records, suggesting that overpass conditions might
have smoothed some natural variability observed in the GB
records. In general, the adjusted R2 is the largest at the 32–
64 hPa level. This suggests that the full model shows an im-
provement for regional trend analyses in the middle strato-
sphere.

Although Umkehr and sonde trend changes at MLO in the
lower stratosphere are within the SEs and therefore can be
deemed not significant, the adjusted R2 is increased, which
suggests a better model fit in the full model. The adjusted
R2 increases in both Umkehr and ozonesonde data, while
the largest increases are found in the Arosa/Davos, OHP, and
MLO records.

In the lower stratosphere, the adjusted R2 remains low in
both Umkehr and sonde records at Boulder (only TP is added
for the full model). While the p values at 63–32 hPa are
significantly reduced (see the discussion in Sect. 6.5), they
still remain relatively high. These results suggest that addi-
tional research is needed to identify the best set of proxies
for Boulder records in the lower stratosphere. At Lauder, the
ozonesonde record shows a smaller adjusted R2 compared to
Umkehr, partially due to low sampling biases.

It is valuable to further explore the impact of the full model
on the adjustedR2 for the zonal and overpass COH data. Fig-
ure 8a shows the adjusted R2 for the reference and full mod-
els at each of the five stations using the COH overpass data.
In all cases, the full model improves the adjusted R2 except
for MLO layers 7, 8, and 9, where the full and reference mod-
els are identical. The most significant improvements are seen
by Umkehr at layers 3 to 7; the COH overpass at layers 5,
6, and 7; and sonde layers 3–5. Figure 8b shows similar re-
sults using COH zonal data instead of the overpass. There is
practically no further improvement in the adjusted R2 for the
zonally averaged COH results (except for a small increase
for MLO layer 5). A comparison of the results reveals that
for OHP the implementation of the full model for the COH
overpass data (Fig. 8a; dashed line) improves the adjustedR2

to values nearing that of the reference model zonal data in
layer 7 and below (Fig. 8b; solid line). For MLO and Lauder,
the use of the full model on the COH overpass data improves
the adjusted R2 over the reference model beyond the im-
provement seen in the COH zonal results for layers 5 and
6. At Arosa/Davos and Boulder, the implementation of the
full model does not fully reach the magnitude of the COH
zonal adjusted R2.

6.5 Examination of the p values of the full model

In the upper stratosphere (above 8 hPa), the confidence in
Umkehr trends remained high (see Fig. 8c) for most stations,
except at Boulder (medium to low) and Lauder (very low,
although some improvement was found). COH trend confi-
dence was very slightly degraded over Boulder at 1–2 hPa
but mostly has not changed.

In the middle stratosphere (between 32 and 8 hPa), p val-
ues were significantly reduced in COH records. At 8–16 hPa,
values remained high, but at 16–32 hPa the confidence im-
proved (continued) to high over Arosa/Davos and OHP
(Boulder and MLO). In the case of Umkehr analyses in layer
8–16 hPa at Arosa/Davos, Boulder, and MLO, the confidence
remained high. However, at 16–32 hPa the Umkehr trend
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Table 10. Change in the standard error in the trend as a percent of the reference model SEs for the COH overpass data and zonal data at the
five ground stations. The MLO full model in layers 9–7 is the same as the reference model (therefore, it is marked as not applicable (NA)).

LOTUS model proxy tests: (percent difference in SEs of trend) overpass and zonal COH

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer Overpass Zonal Overpass Zonal Overpass Zonal Overpass Zonal Overpass Zonal

1–2 9 7.61 2.89 2.20 1.30 1.61 1.34 NA NA 3.17 1.97
2–4 8 0.00 0.90 1.47 1.26 0.00 0.63 NA NA 1.75 2.76
4–8 7 3.39 0.47 1.85 2.55 5.77 1.53 NA NA 0.00 1.11
8–16 6 7.35 2.75 10.17 8.98 9.30 4.30 0.00 1.79 8.93 5.34
16–32 5 10.67 1.74 11.76 5.54 0.00 2.36 12.73 4.81 3.70 −1.11

Figure 7. Change in the standard error in the trend as a percent of reference model SEs for the COH overpass data (blue) and COH zonal
data (red) at the five ground stations.

Table 11. Adjusted R2 of the full model. Values of 0.30 and above are indicated in bold as a threshold to indicate a satisfactory fit. Compare
to Table 4, which contains values for the reference model.

LOTUS model proxy tests: (adjusted R2 of the full model)

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer UMK COH SND UMK COH SND UMK COH SND UMK COH SND UMK COH SND

1–2 9 0.42 0.37 0.36 0.11 0.32
2–4 8 0.23 0.39 0.14 0.31 0.17 0.39 0.11 0.32 0.18 0.34
4–8 7 0.35 0.35 0.31 0.41 0.27 0.33 0.26 0.32 0.17 0.27
8–16 6 0.31 0.35 0.33 0.45 0.33 0.40 0.40 0.51 0.25 0.23
16–32 5 0.34 0.38 0.26 0.25 0.51 0.23 0.31 0.40 0.18 0.44 0.53 0.39 0.42 0.41 0.29
32–63 4 0.23 0.25 0.29 0.27 0.19 0.18 0.42 0.38 0.42 0.31
63–127 3 0.31 0.31 0.44 0.21 0.22 0.11 0.19 0.24 0.25 0.21
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Figure 8. (a) Adjusted R2 for the full model (dashed lines) and reference model (solid lines) at five stations. The COH data in this figure
are the overpass data at each station. (b) Adjusted R2 for the full model (dashed lines) and reference model (solid lines) at five stations.
The COH data in this figure are the zonal data for each station. The Umkehr and sonde lines are identical to those in panel (a); (c) the same
as panel (b) but for the p values. Vertical dotted lines indicate limits for the high (< 0.05), medium–high (between 0.05 and 0.1), medium
(between 0.1 and 0.3), and low confidence (> 0.3).
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detection confidence was degraded over Arosa/Davos and
Lauder. For the ozonesonde record, the p values remained
low (< 0.05), except at MLO, where some improvement was
found after the full model was used, but the p value re-
mained high. It suggests that some instrumental records have
either high-atmospheric or instrumental noise, and therefore,
perhaps a high certainty in the trend detection cannot be
achieved with linear trend models. For near-zero trends with
high variability, the p values are not a good criterion for trend
detectability.

In the lower stratosphere (between 125 and 32 hPa), anal-
yses of p values for the full model fit show significant im-
provement for Umkehr trends at MLO between 63–32 hPa
(while the p value was increased at other stations at this
level). In addition, the improvement in p values was found
for ozonesonde trends at all stations. Specifically, very low
p values for the full model were reached at Arosa/Davos
(125–63 hPa), OHP (125–63 and 63–32 hPa), MLO (125–63
and 63–32 hPa), and Lauder (63–31 hPa).

7 Summary of the full model findings

We find that upper-stratospheric trends in COH overpass and
Umkehr records detect ozone recovery with high confidence
(p< 0.05) above 8 hPa (with the exception of near-zero pos-
itive Umkehr trends over Lauder and Boulder). We note the
largest difference between Umkehr and COH trends (outside
of the SE uncertainty) at Boulder, Mauna Loa, and Lauder.

Confidence for the middle-stratosphere (between 32 and
8 hPa) trends varies between high, medium, and low. Al-
though most of the trends are narrowly different from zero
(especially when error bars are considered), there are some
differences in results across instrumental groups; trends in
COH and sonde (except at OHP) between 32 and 16 hPa tend
to be small negative, while Umkehr trends are slightly posi-
tive. Some trends are statistically different from zero. How-
ever, instrument-specific error bars often overlap, thus mak-
ing differences in trends not significant.

Confidence in lower-stratosphere trends is highly vari-
able and even lower than in the middle stratosphere due to
higher-ozone variability unaccounted for by solar, QBO, and
ENSO proxies used in the reference model. However, high
confidence (p< 0.05) is still found in ozonesonde trends at
Arosa/Davos, OHP, MLO, and Lauder (although not at all
layers). Umkehr trends in the lower stratosphere show lower
confidence than ozonesonde trends (except at Lauder and
Arosa/Davos in the lowermost altitudes). The low-confidence
levels could be related to the near-zero trends derived from
Umkehr data, whereas ozonesonde trends are often different
from zero lines. Also, we apply AK smoothing to the son-
des to account for the wide AKs in the Umkehr retrieval. We
tested the impacts of the AK on ozonesonde trends (see Ap-
pendix A) and did not find any significant impacts. Most no-
tably, ozonesonde and Umkehr trends significantly disagree

in the lower stratosphere at OHP and Lauder and therefore
require further investigation. The instrumental drifts and dif-
ferences in Lauder trends are also discussed in Björklund et
al. (2024) and are consistent with our findings.

8 Conclusions

This paper is a follow-up to Godin-Beekmann et al. (2022),
with a focus on the GB record trend assessment. Therefore,
our trend analyses focus on the following questions:

1. Do proxies for evaluating trends of GB stations need to
be different from those of the optimized set for zonal
data?

2. Are station records representative of the small geophys-
ical region or semi-global changes?

3. Do uncertainties in the zonally averaged trends improve
with additional proxies?

The full model developed in this paper for station and
overpass data adds proxies to the LOTUS models of Godin-
Beekmann et al. (2022). Our trend analysis of stratospheric
ozone records from the Umkehr, ozonesonde, and COH sta-
tion overpass data at five geographical regions using the full
model (LOTUS v 0.8.0) shows similar trends to those pub-
lished in Godin-Beekmann et al. (2022) paper. We analyze
trends for instrumental records converted to seven Umkehr
layers that represent ozone changes in the upper, middle,
and lower stratosphere over NH and SH middle latitudes
and over the high tropics of the NH. We also analyze GB
station records at Arosa/Davos, Hohenpeißenberg, and OHP
separately in contrast to the “European regional” trend analy-
ses presented in Godin-Beekmann et al. (2022) and included
COH overpass records for comparisons with the GB records.
Our analyses include an evaluation of the adjusted R2 (also
known as the goodness of the model fit), standard errors, and
p values.

We also investigate differences between satellite trends de-
tected in the records sampled for individual geographical lo-
cations (spatial and temporal overpass criteria) versus zonal
average datasets. We find that COH overpass ozone records
capture ozone variability in the ground-based station records
(Umkehr and sonde) better than COH zonal data. We do not
find that the COH zonal record is improved using EqLat in-
stead of geometric latitude to construct the dataset (see Ap-
pendix C), but EqLat can be an important additional proxy at
some levels for GB data. To determine the improvement to
the model fit, we use the standard error and adjusted R2 for
the full and reference model fit. Using the reference model
for the zonal mean COH data, we find slightly better ad-
justed R2 than for the COH overpass data fit over the north-
ern middle-latitude stations. This is expected as much of the
variability in the overpass time series is reduced in the zonal
average data. Therefore, we also explore the impact of addi-
tional predictors in the trend model fit applied to the more
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variable GB and satellite COH overpass data to determine if
that will reduce the SEs and improve the adjusted R2. We
also apply the full model to the zonally averaged data to as-
sess the benefits of additional proxies to further reduce trend
uncertainties.

We find that adding predictors (with few exceptions) does
not change the trends but often reduces SEs and increases the
adjusted R2 (with the exception of the upper-stratospheric
ozone trends at MLO). We also find that the p values are
useful for the interpretation of improvements in the model
fit in the data, although improvements in the SEs do not
always result in improved confidence in derived trends, es-
pecially when the trends are close to zero. In these cases,
we conclude that either longer records are needed to discern
trend information outside of the atmospheric noise or fur-
ther research into the inconsistencies between instrumental
records and homogenization procedures is required. We also
find small changes in trends in the lower stratosphere and im-
provements in the model fit after additional proxies are used.
However, the sampling tests indicate that trends can depend
on the temporal selection of the records when AK is used to
smooth ozonesonde high-resolution profiles (see discussion
in Appendix D).

This paper concludes that additional proxies bring im-
provements to trend detectability for GB and gridded satel-
lite data analyses, and better agreement is achieved between
satellite overpass and GB trends. We also find that zonally
averaged and gridded satellite records produce comparable
trends over the studied middle latitudes and subtropical re-
gions. Therefore, the GB trends are representative of the
stratospheric ozone changes over the semi-global area. Fi-
nally, zonally averaged data do not benefit from the addition
of proxies beyond what the LOTUS model uses for global
trend detection, whereas the uncertainties in GB and grid-
ded trends are significantly reduced and sometimes (Boul-
der, MLO, and Lauder) become comparable to the uncertain-
ties in the zonally averaged trends in the upper and middle
stratosphere. Based on analyses presented in this paper, we
strongly recommend using additional proxies for trend anal-
yses of GB and gridded satellite stratospheric ozone records.
Additional proxies should be selected based on the latitude
and altitude of the observational ozone record to adequately
represent stratospheric transport and mixing processes im-
pacting interannual and seasonal ozone variability.

Appendix A: AK smoothing for ozonesondes

Ozonesonde profiles have a high vertical resolution (pur-
ple line in Fig. A1) in comparison to the Umkehr (solid
green line) or COH (dashed orange line) ozone profiles. Each
Umkehr layer is referenced to the atmospheric pressure at
the bottom of the layer, which is constructed using half of
the pressure in the layer below. Averaging kernels (AKs)
as shown in Fig. A1b define the granularity of the Umkehr

vertical grid. In order to compare trends from three instru-
mental records in the same vertical system, we convert the
ozonesonde and COH profiles to the Umkehr layers and DU.
The COH overpass data are in units of DU but on different
layers than the defined Umkehr layers, so only the vertical
grid modification is required. The sonde profiles (thin purple
line) are in units of partial pressure and are first converted to
DU and then converted to the Umkehr grid (solid blue line in
Fig. A1a). Conversion to the Umkehr grid can be done either
by interpolation or by AK smoothing. The equation describ-
ing the process of applying AK smoothing is as follows:

Ozonesmoothed(i)= Ozoneapriori(i)

+

∑
j

AKij
{
Ozonetrue(j )−Ozoneapriori(j )

}
,

where AK is the averaging kernel for layer i, Ozonesmoothed is
the smoothed ozone result, Ozonetrue is the ozonesonde pro-
file, and Ozoneapriori is the Umkehr a priori (climatological)
profile. The AK for each Umkehr layer is used as a weighting
function applied to the ozonesonde profile (Ozonetrue) prior
to the integration, which simulates the Umkehr optimal esti-
mation method used for estimating the ozone content in the
targeted layer (Rodgers, 2000).

Although the ozonesonde measurement typically reaches
altitudes between 32 and 10 hPa, the balloon often bursts be-
fore reaching the top of layer 6 (16 hPa), therefore only par-
tially covering the ozone content in that layer. We also note
that Umkehr AKs are relatively wide and therefore will in-
corporate (weight in) ozone variability from the layer above
and layer below the targeted Umkehr layer (see layer 6; green
line in Fig. A1b). Therefore, there are two sources of error
in ozonesonde comparisons with Umkehr ozone in layer 6.
First, the burst level for ozonesonde does not reach the top
of layer 6, thus the integrated ozone is smaller than expected.
Second, the Umkehr AK for layer 6 is relatively wide, and
therefore the Umkehr layer partially contains information
from above the burst altitude of the ozonesonde, thus making
the smoothed ozonesonde concentration lower than expected.
In order to avoid these errors, we only show ozonesonde re-
sults up to layer 5.

Similarly, we explored smoothing COH profiles with
Umkehr AKs. Figure A2 demonstrates the time series of the
COH ozone over the Mauna Loa station. The trend model
was fitted to the COH record with and without AK applied.
The reference trend model included proxies and trends. To
focus on ozone variability that contributes to the trends, we
subtracted the modeled ozone variability from the COH data
and then added the trend component back. The COH record
residuals in Fig. A2 are shown in Umkehr layers for which
COH is either smoothed with AK (red lines) or not (green
lines). We notice that the AK smoothing of the COH pro-
file in layer 9 does not have a lot of independent information
from layer 8. In this example, it clearly shows that the trends
in layer 8 are embedded in the COH layer 9 ozone time se-

Atmos. Chem. Phys., 25, 2895–2936, 2025 https://doi.org/10.5194/acp-25-2895-2025



I. Petropavlovskikh et al.: Regional ozone trends 2921

ries, which was confirmed when we compared trends derived
from the AK-smoothed COH in layers 8 and 9. In the case of
the integrated COH ozone record, the trends in layers 8 and 9
differed. In order to avoid biasing the COH trends at layer 9,
we decided to not apply Umkehr AKs for COH smoothing
and only use COH profiles interpolated into the Umkehr lay-
ers. This result makes sense since COH overpass data are
derived from UV backscatter radiances also using an optimal
estimation technique. COH overpass data have a comparable
vertical resolution to Umkehr but simply with different layer
definitions. Interpolation makes the most sense for rendering
COH data in the Umkehr vertical coordinate system.

Figure A1. (a) An example of ozone observations over the Boulder, CO, station. The purple line is 100 m averaged ozone partial pressure
(hPa) vertical profile measured by sonde on 13 November 2018. The green line with solid circles is the ozone profile derived from Dobson
Umkehr observations on the same day. The blue line with blue dots is the ozonesonde profile converted to the Umkehr layers and smoothed
with the Umkehr AK. The dashed orange line with open squares is the COH ozone profile observed over Boulder on the same day and
interpolated to the Umkehr layer vertical grid. (b) The Umkehr AK for the ozone profile was derived from observations in Boulder on
13 November 2018. Each line represents the smoothing function for one of 10 Umkehr layers (see color legend).

Figure A3 demonstrates the time series of monthly mean
ground-based records the lower stratosphere at five stations.
The Umkehr data (blue) are compared with the ozonesonde
anomalies either interpolated to the Umkehr layer 3 (green)
or ozonesonde profiles matched with Umkehr profiles in time
and smoothed using the Umkehr averaging kernels (crim-
son). All three datasets have been deseasonalized using their
respective climatological (using 1998–2008 climatology) av-
erage monthly mean ozone. The application of the averaging
kernels has the effect of smoothing the temporal variability.
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Figure A2. Modified residuals (seasonal cycle, solar, QBO, and ENSO are removed, but the trend is retained) of COH overpass data at
Mauna Loa (19.5° N, 155.6° W). Red is the layers of AK smoothed to Umkehr; green is the layers that are interpolated to Umkehr. Vertical
lines show the dates of satellite records in COH. The largest impact of the AK is seen between 1997 and 2001 where two curves separate in
layers 7, 8, and 9 and also after 2001 in layer 9.

Figure A3. Time series of monthly averaged and deseasonalized (in %) ozone anomalies of Umkehr (green) and ozonesonde records are
compared at five ground-based stations. Ozonesonde data are either calculated using only profiles that are interpolated in Umkehr layer 3
(blue) or matched with the Umkehr profile in time and smoothed with the Umkehr averaging kernels (crimson).
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Appendix B: COH using OMPS v3r2 vs. OMPS v4r1

OMPS SNPP v4r1 uses updated sensor data records (SDRs)
as input which incorporate unified and consistent calibra-
tion algorithms removing artificial jumps caused by opera-
tional changes, instrument anomalies, or contamination for
anomaly views of the environment or spacecraft. Also in-
cluded are new interpolated bandpasses and updated soft cal-
ibration based on the newly input SDRs.

Differences between the v3r2 and v4r1 versions of the re-
sulting COH dataset are typically less than 1 % (Figs. B1
and B2). Small seasonal variation is apparent at all levels.
Larger differences are visible in 2020 when the soft calibra-
tion for v3r2 is extended beyond its period of relevance. Fig-
ure B3 shows the drift between the two versions. The drift
between the datasets is less than ±1 % at all levels. This is
a reasonable estimate of the resulting expected trend differ-
ence in using the newest COH version compared to the v3r2
results used in Godin-Beekmann et al. (2022).

Figure B1. Differences in the COH monthly average zonal product as generated from SNPP v4r1 and v3r2 processing. Also shown is the
annual cycle in this difference as depicted by the average over all years for each month. Exhibited at 40–45° N is a less than 2 % difference
with an annual cycle. A somewhat different pattern is seen in 2020, where the soft calibration for v3r2 is extended beyond its period of
relevance.
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Figure B2. Anomalies of the differences in version (v4r1 vs. v3r2) in the COH monthly average zonal product at 40–45° N. Anomalies are
enhanced in 2020. Also shown as a dotted blue line is a linear least square fit to the anomalies representing the drift between the two versions.

Figure B3. The drift between the two versions (v4r1 vs. v3r2) as a function of the pressure level at 10 latitudes.

Appendix C: Impact of using equivalent latitude in
the generation of the COH product

The COH overpass data used in this paper collect all pro-
files during the day within a latitude and longitude box of
±2°×±20° and then generate an inverse-distance-averaged
value for the station. The box is based on geometric latitude
and longitude. With 15 orbits per day, the chosen box size

guarantees two to four possible profiles within the box, de-
pending on whether the orbit overpasses or straddles the site
as shown in Fig. C1. Also shown is a scenario in which the
equivalent latitude (EqLat) near the site is particularly non-
zonal. In such cases, the profiles selected using a geometric
coordinate box will select SBUV profiles from an EqLat that
are different from that of the measurement station.
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Figure C1. Shows orbits of SNPP and positions of OMPS NP ozone profiles on 20 and 5 January 2012. The second row displays a possible
EqLat contour overlaid.

It is informative to create an overpass product using boxes
based on EqLat and determine the impact on the data.
Since EqLat is layer-dependent, the included profiles must
be selected independently for each layer. Figure C2 shows
COH overpass data for Boulder using geometric coordinates,
EqLat-based coordinates, and the associated Umkehr data.
Color coding shows the EqLat at Boulder for each measure-
ment day, with dark blue and yellow indicating days with
extreme variation from 40° N.

Figure C2. COH overpass data were generated with geometric coordinates, EqLat-based coordinates, and the associated Umkehr dataset at
Boulder for 2012. Data points are color-coded for the EqLat at the measurement site. Boulder is at 40° N.
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Figure C3. Correlation between Umkehr and COH overpass using
geometric latitude (a) and EqLat (b) to select included profiles for
layer 7 (4–8 hPa).

Figure C4. Profiles of correlation coefficients and RMSE differ-
ences between COH overpass data at Boulder for 2012 using geo-
metric latitude (blue) and EqLat (red) to select data points included
in the average. Umkehr data are interpolated to the COH pressure
(“pres”) levels.

The variation in EqLat is most apparent in winter months
and transitional fall and spring but less so in summer. Yet
the value of the COH ozone is not dramatically altered in the
time series. Figure C3 shows correlation plots of the COH
overpass to Umkehr for the data at layer 7 (4–8 hPa). The
pattern of the scatter and the value of the correlation coef-
ficient are not substantially altered for overpass determina-
tion using geometric latitude (left) and EqLat (right). Fig-
ure C4 shows the vertical distribution of the correlation co-
efficient and the RMSE difference for the two COH datasets
vs. Umkehr. These two metrics are minimally impacted for
this sample year in the layers where COH is valid.

The use of geometric latitude appears to be sufficient for
the choice of included data points in the overpass COH prod-
uct at the layers used in this paper. This is likely a ramifica-

tion of the smooth horizontal resolution of the satellite prod-
uct.

Appendix D: Temporal sampling and impact on
trends

This paper compares trends for three instrument types each
with differing measurement frequencies. From each set of
measurements, a monthly average is constructed. See the
data files at https://doi.org/10.15138/1FF4-HC74 (Miyagawa
et al., 2024) for the data and the number of data points in each
monthly average with the sampling variations. Umkehr mea-
sures once or twice per day, depending on cloud interference
with the measurement. At Arosa/Davos and Lauder, Umkehr
measurements are sparser than the other GB stations, often
taking fewer than 10 measurements per month. At Boulder,
beginning in 1983, measurements number 20 or more per
month. At OHP, the Umkehr record begins in 1983 with a
strong number of 20 or more measurements per month. From
1999 to 2016, however, measurements per month are often
fewer than 15. The Umkehr measurements at MLO are the
most abundant, especially after 1985, with measuring multi-
ple times a day, resulting in 50–70 data points contributing
to the monthly average. The COH overpass dataset is typi-
cally available once per day at each station with occasional
misses, contributing usually 27–30 data points per month.
Since Umkehr can measure multiple times per day, the COH
data matched to Umkehr can contain more profiles in the
monthly average than the original full COH data, since the
COH overpass data will appear twice in the monthly aver-
age and once for each Umkehr measurement. This occurs of-
ten at MLO. Ozonesonde launches are typically 1 to 3 times
per week, depending on the station. At Arosa/Davos, sonde
measurements are typically about 15 per month. Sonde mea-
surements at the other stations usually have approximately
five measurements per month, with some periods of up to 10
per month. As with COH overpass measurements, the sonde
dataset matched to Umkehr can have more contributions to
the monthly average resulting from dates with more than one
Umkehr measurement, resulting in multiple sonde matches.

The trend results in this paper use all available Umkehr
data to generate the monthly means. The COH and sonde
data are matched to Umkehr to use the Umkehr tempo-
ral sampling for COH and to be able to use the Umkehr
averaging kernels for sonde. It is important to determine
how the temporal sampling within the monthly mean data
may impact trend results. To aid this understanding, we cre-
ate three subsets of Umkehr data each with different tem-
poral sampling, and we create the corresponding monthly
mean, namely (1) all observations in the Umkehr record,
(2) Umkehr matched to the COH dataset, and (3) Umkehr
matched to the sonde dataset. In this way, we use the same
data but only vary the temporal sampling. Since the COH is
measured every day, except in the rare case that the satel-
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lite data are missing due to instrument issues, sampling (1)
and (2) should provide nearly identical results. We expect
a strong change in the monthly mean and resulting trends
for the Umkehr record when it is matched with an infrequent
sampling of ozonesonde profiles (especially in Boulder, Hilo,
and Lauder).

Figure D1 summarizes the results. Each line in Fig. D1 is
a trend derived from Umkehr data but with sampling of all
data, data matched to COH dates, and data matched to sonde
dates. In general, the differences are within the envelope of
trend uncertainty (±2 SEs). As expected, the trends and stan-
dard errors for all (green) and COH-matched subsampled (or-
ange) Umkehr records are nearly the same. The largest dif-
ferences in all Umkehr and COH-matched Umkehr lines are
apparent at OHP. We have determined that this arises from
occasional months when there is a short satellite outage cou-
pled with sparse Umkehr observations at the station. How-
ever, trends derived from sonde-matched Umkehr data (blue)
show deviations from other observations. This is especially
clear at Arosa/Davos in the upper stratosphere (∼ 2 %–3 %
above 10 hPa). But since this is above the measurement ca-
pability of the ozonesonde, it will not impact the ozonesonde
trend results at Arosa/Davos. At Lauder, the most significant
differences are seen in layer 3 (2.5 %) but unfortunately not
in the direction to explain sonde differences in the Lauder
trend curves compared to Umkehr. Smaller differences are
seen at other layers (very small, less than 1 %, differences in
layers 6 and 4). At OHP, small differences of less than 1 %
are seen between 50 and 10 hPa, which are well within the
error estimates.

Figure D1. Trend results for the reference model using Umkehr data mimicking the temporal sampling of COH and sonde. Green is all
available Umkehr data; orange is Umkehr data matched to COH measurement dates; blue is Umkehr data matched to sonde measurement
dates.

Figure D2 further explores sampling differences by an ex-
amination of trends of COH data using the full COH dataset
and data sampled to the Umkehr dates in the generation of
the monthly mean datasets. As with Fig. D1, the trend lines
are nearly identical at all stations except OHP. At OHP in
the early 2000s, there were significantly fewer COH points
matched to Umkehr because of the drop in Umkehr measure-
ments. This likely impacts the post-2000 trend estimate. The
differences remain below 2 % and are within the error esti-
mate of the trends. In summary, the sampling biases between
COH overpass and Umkehr data cannot explain the differ-
ence in the derived trends (see Fig. 3; most notable in layers 7
and 8 at Boulder and Lauder).

Figure D3 explores the impact on trends from sampling
differences in the sonde data. Shown are trends with all sonde
data and trends with Umkehr-matched data. In this figure
only, the sonde data are not AK-smoothed since the Umkehr
AKs are only available on dates when there is an Umkehr
measurement. Shown here are trends from sonde data inte-
grated into the Umkehr levels. As with Fig. D1, the only
visible impact is seen at OHP and Lauder, though both are
within error estimates. At Lauder, the trends remain negative
for both samplings, but the sonde sampled to Umkehr moves
closer to the zero line. At OHP, the sonde trends are posi-
tive, but the sonde sampled to Umkehr moves slightly closer
to zero. The sampling impact on trends for OHP and Lauder
is likely due to the reduced number of Umkehr data at these
sites.
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Figure D2. Trend results for the reference model exploring variations in the sampling of the COH data. Solid orange is COH data matching
Umkehr sampling; dotted orange is all available COH data.

Figure D3. Trend results for reference model exploring the sampling of the sonde data. Solid blue is all sonde data; dashed is Umkehr-
matched sonde data.

Figure D4 explores the impact of sampling on the adjusted
R2 using the COH overpass data. Shown are the adjusted R2

for all available COH overpass data and the same using only
COH overpass with matches to the Umkehr data. For Arosa/-
Davos, OHP, and Lauder, the differences are small. For Boul-
der and MLO at some layers (Boulder: layers 6, 7; MLO:
layers 6, 9), the impact is more apparent, with the full COH
exhibiting higher adjusted R2 at these stations.
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Figure D4. Adjusted R2 for the reference model exploring variations in sampling of the COH data. Solid orange is COH data matching
Umkehr sampling; dotted orange is all available COH data.

Appendix E: Decision process for the full model

The LOTUS-styled reference model is developed and opti-
mized for zonal average datasets. The extended model tests
the addition of single predictors to see if fit statistics can
be improved for GB and overpass datasets. For tropospheric
pressure (TP), improvements are consistent among layers
and among instrument types. The addition of EqLat also
yields consistent results for instrument types and at most
stations, though not Mauna Loa. The addition of other pre-
dictors gives mixed results, depending on the level and sta-
tion. The potential for improving confidence in the trend re-
sult exists by combining predictors using different choices,
depending on the layer and station. We choose additional
predictor combinations with the consideration of three cri-
teria: (1) combined predictors should not have a high cor-
relation with each other (usually 0.2 or less), (2) predictors
should reduce the SEs of the trend consistently for all instru-
ment types, and (3) the addition of the predictor should not
greatly reduce the adjusted R2 of the model fit but preferen-
tially increase it. As seen in Table 7e and f, the NAO and the
EHF predictors do not make a significant improvement when
added to the reference model, so we do not include either in
the full model.

E1 Mixed model

We have noted a high correlation between the TP and EqLat
predictors at all levels, especially for Boulder, Mauna Loa,
and Lauder with correlation adjusted R2 of 0.4 to 0.7 and
somewhat less correlated at Arosa/Davos and OHP with ad-
justed R2 of 0.2 and 0.3. Subsequently, we choose to not
use these two predictors together (at the same station/layer
combination). The addition of TP at all stations for layers 3
and 4 uniformly decreases the standard errors at all stations

for Umkehr and sonde. The addition of EqLat (with the ex-
ception of Umkehr at Boulder; level 5) almost uniformly de-
creases the standard errors at all stations for layers 5 and 6.
There is an additional reduction in the SEs for layers 7 to 9
for all stations, except at Mauna Loa. Thus, we choose TP
and EqLat as additional predictors at these layers. QBO C
and D have significant impact in decreasing the SEs in lay-
ers 4 and 5 for both Umkehr and sonde and layer 3 for sonde,
with only a small degradation for Umkehr. QBO CD shows
an improvement in layer 8 at OHP for COH and Umkehr
and Arosa/Davos and Boulder for COH only. We have tested
adding QBO and EqLat for layer 8 at these three stations.
For Umkehr measurements, there is no improvement beyond
EqLat only with QBO CD also included. For COH, there is
additional improvement but not to the extent of QBO CD
alone. Since the improvement is limited to one layer, and for
only COH, we choose to only add the additional QBO CD for
the tropical MLO. Table E1 shows the resulting combination
of additional predictors for this mixed model.

Table E1. Details of additional predictor combinations for each
level and station in the mixed model.

LOTUS mixed model

Layer Arosa/Davos OHP Boulder MLO Lauder

9 EqLat EqLat EqLat Ref EqLat
8 EqLat EqLat EqLat Ref EqLat
7 EqLat EqLat EqLat Ref EqLat
6 EqLat EqLat EqLat EqLat EqLat
5 EqLat EqLat EqLat EqLat, QBO CD EqLat
4 TP TP TP TP, QBO CD TP
3 TP TP TP TP, QBO CD TP
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The resulting change in SEs from the reference model
is shown in Table E2. For most stations/layers, this is sim-
ply a composite of the values from the single EqLat or TP
extended model results. There remain a few instrument/sta-
tion/layers in which the SEs are slightly increased – Arosa/-
Davos Umkehr layer 8 and Boulder Umkehr layer 8 – but
these are negligible. At Boulder layer 5 Umkehr, the increase
in SEs is somewhat more at 1.85 % difference, but this is still
small enough to not be of great concern. For Mauna Loa at
layers 3, 4, and 5, the model is rerun adding two predictors
together, and the results are new. Indeed, in these cases, the
SEs are improved beyond the single predictor results of ei-
ther QBO alone or TP or EqLat alone, with the exception of
Sonde layer 5, where the change in SEs is just slightly de-
graded from QBO alone (13.42 % vs. 13.69 % reduction in
SEs).

Table E3 shows the adjusted R2 for the proposed mixed
models. Similar to the change in SEs (Table E2), the adjusted
R2 is a composite of the individual EqLat or TP results from
the extended model, with the exception of the results for lay-
ers 3, 4, and 5 at Mauna Loa, where both predictors are in-
cluded concurrently. At these layers, the adjusted R2 (Adj
R2) in some cases matches the higher Adj R2 values of the
two predictors and in others improves with the combination
of QBO and TP or EqLat.

Table E2. Change in the SEs of the trend using the mixed model.

Table E3. Adjusted R2 for the mixed model.

LOTUS model proxy tests: (adjusted R2 of model)

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer UMK COH SND UMK COH SND UMK COH SND UMK COH SND UMK COH SND

1–2 9 0.42 0.37 0.36 0.11 0.32
2–4 8 0.23 0.39 0.14 0.31 0.17 0.39 0.11 0.32 0.18 0.34
4–8 7 0.35 0.35 0.31 0.41 0.27 0.33 0.26 0.32 0.17 0.27
8–16 6 0.31 0.35 0.33 0.45 0.33 0.40 0.40 0.51 0.25 0.23
16–32 5 0.34 0.38 0.26 0.25 0.51 0.23 0.31 0.40 0.19 0.40 0.35 0.37 0.42 0.41 0.24
32–63 4 0.21 0.22 0.29 0.25 0.19 0.13 0.34 0.35 0.42 0.25
63–127 3 0.24 0.23 0.42 0.17 0.22 0.13 0.14 0.21 0.25 0.19

E2 Augmented mixed model

It is hard to ignore the substantial reduction in SEs when
adding the AO/AAO predictor, especially for layers 3, 4, and
5 at Mauna Loa and for layers 3 and 4 at Arosa/Davos. The
results for OHP layers 3 and 4 are still compelling, though
somewhat less so. So we explore the addition of AO/AAO
at these three stations only for the layers specified. Table E4
summarizes the predictor choices for this augmented mixed
model.

Table E5 displays the change in the SEs from the refer-
ence model now for the augmented mixed model. Adding
AO/AAO at Arosa/Davos (layers 3 and 4) and Mauna Loa
(layers 3 to 5) greatly reduces the SEs beyond that of the
mixed model results in Table E2. For OHP (layers 3 and 4),
the impact is less dramatic for Umkehr. For sonde measure-
ments at layer 4, the AO/AAO addition has no impact beyond
the mixed model; for layer 3, the addition of AO/AAO results
in less of a reduction in the SEs.

Atmos. Chem. Phys., 25, 2895–2936, 2025 https://doi.org/10.5194/acp-25-2895-2025



I. Petropavlovskikh et al.: Regional ozone trends 2931

Table E4. Details of additional predictor choices for each level and station in the augmented mixed model. This differs from Table A1 by
adding AO/AAO at some levels for Arosa/Davos, OHP, and Mauna Loa.

LOTUS augmented mixed model

Layer Arosa/Davos OHP Boulder MLO Lauder

9 EqLat EqLat EqLat Ref EqLat
8 EqLat EqLat EqLat Ref EqLat
7 EqLat EqLat EqLat Ref EqLat
6 EqLat EqLat EqLat EqLat EqLat
5 EqLat EqLat EqLat EqLat, QBO, AO/AAO EqLat
4 TP, AO/AAO TP, AO/AAO TP TP, QBO CD, AO/AAO TP
3 TP, AO/AAO TP, AO/AAO TP TP, QBO CD, AO/AAO TP

Table E5. The same as Table 9. Change in the SEs of the trend using the augmented mixed model.

Table E6 displays the Adj R2 for the augmented mixed
model. Adding AO/AAO improves the Adj R2 results for
Arosa/Davos and MLO and has little to no impact at OHP.
Based on the criteria outlined at the beginning of this Ap-
pendix, we assign the augmented mixed model to the “full
model” in the body of this paper.

Table E6. The same as Table 12 with adjusted R2 for the augmented mixed model.

LOTUS model proxy tests (adjusted R2 of the augmented mixed model)

Height Umkehr Arosa/Davos OHP Boulder MLO Lauder

(hPa) Layer UMK COH SND UMK COH SND UMK COH SND UMK COH SND UMK COH SND

1–2 9 0.42 0.37 0.36 0.11 0.32
2–4 8 0.23 0.39 0.14 0.31 0.17 0.39 0.11 0.32 0.18 0.34
4–8 7 0.35 0.35 0.31 0.41 0.27 0.33 0.26 0.32 0.17 0.27
8–16 6 0.31 0.35 0.33 0.45 0.33 0.40 0.40 0.51 0.25 0.23
16–32 5 0.34 0.38 0.26 0.25 0.51 0.23 0.31 0.40 0.18 0.44 0.53 0.39 0.42 0.41 0.29
32–63 4 0.23 0.25 0.29 0.27 0.19 0.18 0.42 0.38 0.42 0.31
63–127 3 0.31 0.31 0.44 0.21 0.22 0.11 0.19 0.24 0.25 0.21

Data availability. All datasets used in this study are publicly
available from https://doi.org/10.15138/1FF4-HC74 (Miyagawa et
al., 2024).
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