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Abstract. This study presents an updated assessment of stratospheric and total column ozone trends over the
2000-2024 period using six merged limb-profile datasets and six merged total ozone datasets. Long-term changes
were quantified using a multiple linear regression framework that accounts for dynamical and chemical variabil-
ity. In addition to standard regressors (solar cycle, QBO, ENSO, stratospheric aerosol optical depth), we include
Arctic and Antarctic Oscillation indices and the eddy heat flux in each hemisphere as proxies for dynamic vari-
ability. Volcanic (and wildfire) aerosol forcing is represented by separate proxies for three periods dominated by
the major volcanic events of El Chichén, Pinatubo, and post-2000 volcanic eruptions, including Hunga-Tonga.
These period-specific proxies are employed to better account for varying dynamical ozone responses that largely
depend on the season and location of the eruptions. All profile datasets consistently show positive trends in the
upper stratosphere, with the strongest ozone recovery in southern mid-latitudes, in agreement with other studies.
In the lower stratosphere, trends remain weak, spatially heterogeneous, and predominantly negative. A compar-
ison of stratospheric column trends derived from profile data with total ozone trends shows close agreement
across all latitude bands. Within the trend uncertainties, total column trends since 2000 are largely driven by
stratospheric ozone changes, while tropospheric contributions to zonal-mean total ozone trends (the difference
between total and stratospheric column trends) appear negligible. The extended regression framework improves
the representation of recent dynamical variability and provides an updated perspective on stratospheric ozone
recovery through 2024.
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1 Introduction

The stratospheric ozone layer absorbs the sun’s ultravio-
let radiation, which is harmful to humans and the planet’s
environment (e.g. Bornman et al., 2023). With the deple-
tion of global stratospheric ozone through the 1990s due
to ozone-depleting substances (ODS) (Solomon, 1999), the
ozone layer was significantly weakened, especially in the po-
lar regions during spring, leading to the development of the
Antarctic ozone hole (Farman et al., 1985). The enactment of
the Montreal Protocol in 1987 and its Amendments phased
out ODS to counteract this decrease in ozone (Velders et al.,
2007; WMO, 2018). A slow but gradual ozone recovery on
the order of 1 % per decade to 2 % per decade above around
35km in the upper stratosphere is evident (e.g. Steinbrecht
et al., 2017; Sofieva et al., 2017, 2023; Ball et al., 2018; Aro-
sio et al., 2019; Petropavlovskikh et al., 2019; Szelag et al.,
2020; Li et al., 2023), coinciding with the decline of strato-
spheric halogens released from the ODS (Bernath and Fer-
nando, 2018; Steffen et al., 2019; Froidevaux et al., 2022).
The upper stratospheric trends remain robust and nearly un-
changed after ozone timeseries updates to the end of 2024
(Sofieva et al., 2026).

In addition to ODS, atmospheric dynamics and changes
in greenhouse gases also significantly influence ozone, par-
ticularly, in the lower stratosphere (Chipperfield et al., 2015;
WMO, 2022). Ozone trends in the lower stratosphere are in
some cases negative but have larger uncertainties and are of-
ten not statistically different from zero (Godin-Beekmann
et al., 2022), although statistically significant trends have
been reported in some studies. Ball et al. (2018, 2019) re-
ported negative trends ranging from the tropics to mid-
latitudes. Most chemistry-climate models predict ozone de-
creases in the tropical lower stratosphere and increases in the
extratropics due to a strengthening of the Brewer-Dobson cir-
culation in a changing climate (e.g. Ball et al., 2020), which
is in contradiction to Ball et al. (2018, 2019) showing nega-
tive trends in the extratropics. Since total ozone trends show
negligible trends in the tropics (Weber et al., 2022), it was hy-
pothesised that increases in tropical tropospheric ozone may
have balanced decreases in the lower stratosphere (Ball et al.,
2018).

Because of the rather limited lifetime of individual satel-
lite missions (up to a maximum of 20 years), merged ozone
datasets are needed to analyse ozone trends over several
decades. These datasets are the combination of multiple
satellite measurements of ozone profiles merged into a single
40+ year coherent dataset. In this study, we use a multiple
linear regression (MLR) and apply it to six long-term ozone
profile datasets and six long-term total ozone datasets to an-
alyze ozone variability and trends over the time period from
2000 to 2024.

In previous multiple linear regression (MLR) studies of to-
tal ozone trends additional dynamical proxies, like the Arc-
tic and Antarctic Oscillation (AO/AAO) and hemispheric
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eddy heat fluxes representing the Brewer-Dobson circula-
tion, were needed to properly model the strong variabil-
ity in extratropical total ozone (Chehade et al., 2014; We-
ber et al., 2018, 2022). These dynamical proxies were not
used in the most comprehensive and recent ozone profile
trend studies by Godin-Beekmann et al. (2022) and Sofieva
et al. (2026). Both studies use the so-called LOTUS model
setup (Petropavlovskikh et al., 2019), which includes prox-
ies for Quasi-Biennial Oscillation (QBO), 11-year solar cy-
cle, El Nifio-Southern Oscillation (ENSO), and stratospheric
aerosols.

Applying the same MLR settings to both total column and
vertical profile data shall allow us to answer the question
of how much stratospheric and total column trends differ,
providing some estimates of the tropospheric contributions
(i.e. the differences between total and stratospheric column
trends).

The major objective of this study is to assess post-
2000 ozone trends through 2024 using multiple indepen-
dent merged profile and total column datasets. While con-
tinued upper-stratospheric recovery has been recently con-
firmed (Sofieva et al., 2026), the magnitude and hemispheric
structure of post-2000 trends, particularly in the lower strato-
sphere and polar regions, remain sensitive to methodological
choice in the MLR setup, including proxy selection and treat-
ment of volcanic forcing. Lower stratospheric (around 5 km
above the tropopause) ozone has the largest contribution to
total column ozone.

By comparing standard regression configurations like the
LOTUS setup with an extended proxy setup that explic-
itly represents dynamical variability (AO, AAO, and eddy
heat flux) and separates major volcanic aerosol periods, in-
cluding the latest period that is dominated by the Hunga
Tonga-Hunga Ha’apai (HTHH) volcanic event, we evaluate
the relative contributions of stratospheric versus tropospheric
changes to total column trends. Our approach allows us to
distinguish chemically driven long-term recovery from dy-
namically induced variability and trends, acknowledging that
chemistry—dynamics coupling may limit a strict separation.

This paper is structured as follows. Section 2 summarises
briefly the details on the merged ozone datasets. Section 3
describes the conversion of some of the profile data to a
common altitude grid (geometric altitude) and ozone units
(number density). The unit conversions are necessary for cal-
culating stratospheric columns from the ozone profiles. Un-
certainties arising from the conversion are assessed. In ad-
dition, the long-term drifts between the datasets are investi-
gated. Section 4 summarises the MLR setup and the proxy
settings. Results are reported in Sect. 5, followed by a dis-
cussion (Sect. 6) and summary (Sect. 7).
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2 Data

To ensure a consistent analysis of long-term ozone trends,
this study uses a harmonized (common altitude and ozone
unit) set of monthly mean datasets (Tables 1, Al). Both ver-
tically resolved ozone profile data and total column ozone
datasets are included to provide a comprehensive picture of
ozone trends. Since the individual profile datasets differ in
their vertical and latitudinal grids, as well as in ozone units,
all ozone monthly mean profiles are converted to common
grids and units before further analysis. Reanalysis data from
ERAS and reference measurements from Aura MLS are used
to perform and evaluate these conversions, respectively, en-
suring internal consistency across datasets.

2.1 Ozone profile datasets

This study uses six long-term merged limb satellite ozone
profile datasets: GOZCARDS (Global OZone Chemistry
And Related trace gas Data records for the Stratosphere),
SAGE-CCI-OMPS (SAGE 1I, Climate Change Initiative
and OMPS), SAGE-OSIRIS-OMPS (SAGE II, OSIRIS and
OMPS), SAGEII-OSIRIS-SAGEIII (SAGE II, OSIRIS and
SAGE III), SAGE-SCIA-OMPS (SAGE II, SCIAMACHY
and OMPS), and SWOOSH (The Stratospheric Water and
Ozone Satellite Homogenized). All datasets provide monthly
zonal mean stratospheric ozone profiles and are widely used
for long-term trend analyses (e.g. Steinbrecht et al., 2017,
Godin-Beekmann et al., 2022; Sofieva et al., 2023, 2026).
Most datasets begin in 1984/1985 with the launch of SAGE-
II, while GOZCARDS extends back to 1979, providing the
longest record. All datasets are extended until the end of
2024, enabling consistent post-2000 trend analyses. The tem-
poral coverage of contributing instruments is shown in Fig.
1, and dataset characteristics including latitude coverage,
vertical range, ozone units, while contributing instruments
are summarized in Table 1. The datasets employ different
merging strategies, including anomaly-based merging, de-
biased absolute-value merging, and absolute-value merging
with retained seasonal structure. Despite these methodologi-
cal differences, all datasets are internally consistent, quality-
controlled, and suitable for assessing long-term stratospheric
ozone trends. For consistency, all ozone profile datasets are
converted to a common latitude—altitude grid and unified
ozone units (Sect. 3.1). A more detailed description of the
datasets is given by Steinbrecht et al. (2017) and Davis et al.
(2026).

2.2 Total ozone datasets

Six long-term merged total column ozone datasets: MSR2
(Multi-sensor re-analysis), GSG (GOME/SCIAMACHY/-
GOME2), GTO-ECV (GOME-type Total Ozone — Essen-
tial Climate Variable), SBUV (Solar Backscatter Ultravio-
let) NASA (MOD (Merged Ozone Data Set)), SBUV NOAA
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Figure 1. Satellite missions contributing to each of the six merged
ozone profile datasets. The instruments shown in light blue mea-
sure in the microwave region, those shown in green measure in the
UV/visible region, those shown in orange measure in the thermal
infrared region, and those shown in violet measure UV/visible limb
scatter.

(COH (Cohesive)), and WOUDC (World Ozone and Ultra-
violet Radiation Data Centre) are analysed. All datasets ex-
tend through the end of 2024 and provide quality-controlled
estimates of total ozone suitable for long-term trend anal-
ysis. The zonal mean total ozone records generally begin
earlier than the profile datasets, with start dates from 1960
(WOUDC) and 1970 (SBUV-MOD). SBUV-COH starts in
1978, while GTO-ECV and GSG start in 1995. In the MLR,
the latter two datasets are extended back in time to 1978,
the starting year of the regression, using the SBUV-COH
data (Weber et al., 2022). The temporal coverage, latitudi-
nal range, and contributing instruments of each dataset are
summarized in Table 1, while the contribution of individual
instruments is illustrated in Fig. 2.

The datasets comprise a mix of satellite-only merged prod-
ucts and one dataset based upon ground-based observations
(WOUDC). The MSR?2 dataset provides globally gridded to-
tal ozone fields based on data assimilation using individ-
ual data records that are bias corrected using ground-based
data from Brewer and Dobson instruments (van der A et al.,
2015). The remaining satellite products apply homogeniza-
tion and bias-corrections to match individual data records.
WOUDC complements the satellite records by providing
zonal mean data derived from ground-based total ozone
measurements from Dobson, Brewer, and filter instruments.
Zonal mean ground data are calculated combining station
data and an ozone climatology (Fioletov et al., 2002, 2008).
More details on the various merged datasets can be found in
Weber et al. (2022) and Davis et al. (2026).
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Figure 2. Same as Fig. 1, but for the six merged total ozone
datasets. The colors indicate the different instrument families.

2.3 Auxilliary datasets used for assessing uncertainties
in unit conversion

In this study, all ozone profile datasets are expressed in units
of number densities [molec cm~3] as a function of geometri-
cal altitude [km]. This conversion is needed to directly com-
pare the ozone trends in absolute units and will help in calcu-
lating the stratospheric column. The conversion was applied
to GOZCARDS and SWOOSH (see Table Al). Meteoro-
logical data (geopotential height, pressure, and temperature)
from the ERAS re-analysis data were used for the conversion
of the datasets (Hersbach et al., 2020). Apart from the uncer-
tainties in reanalysis temperatures, the conversion applied to
monthly mean data, as provided in the merged data product,
may lead to uncertainties compared to a merged data product
based upon single ozone profiles converted before calculat-
ing the monthly means. The conversion of individual ozone
profiles before averaging, gridding, and merging is consid-
ered to be more accurate, but is not possible if monthly mean
merged data sets are used. We quantify this additional uncer-
tainty using Aura MLS (Microwave Limb Sounder) ozone
and temperature observations.

MLS, aboard NASA’s Aura satellite, provides high verti-
cal resolution ozone profiles spanning from the upper tropo-
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sphere into the mesosphere (Waters et al., 2006). The long-
term stability of Aura MLS has been assessed in comparisons
to ground-based data (e.g. Hubert et al., 2016) and MLS is,
therefore, suitable for assessing the conversion uncertainty.

3 Data Preparation

3.1 Ozone unit and vertical grid conversion

The limb ozone profile merged datasets (Table 1) are level
3 (L3) monthly mean zonal mean datasets having different
ozone units, vertical grids, and spatial resolutions. For a di-
rect comparison of the profile ozone trends, we convert the
datasets to common ozone units and vertical grid and re-bin
them to a common spatial grid. The advantage of using num-
ber density and geometric altitude is the calculation of partial
ozone column amounts (e.g. stratospheric) by simple vertical
integration of the ozone profile. The units and altitude grid
conversion are only needed for SWOOSH and GOZCARDS.

The common latitude grid is defined by the lowest avail-
able resolution of the profile datasets, which ranges from
85°S to 85°N (center latitudes) in 10° steps. The merged
ozone datasets were created from level-2 (L2) orbit data.
The unit conversion of the monthly mean L3, as done in
this work, instead of L2 data, may contribute to trend uncer-
tainties. To evaluate the impact of this conversion, we com-
pared two conversion approaches using the MLS/Aura L2
data (2004-2022). The first approach converts the MLS L2
individual profiles to the common ozone and altitude units
and afterward creates the monthly mean L3 data. The second
approach first determines the L3 data and then applies the
unit conversion to the monthly mean L3 data using monthly
mean zonal mean meteorological parameters: temperature,
pressure, and altitude from ERAS. The linear trends of the
difference timeseries between both approaches give an esti-
mate of the trend uncertainty resulting from the unit conver-
sion.

Figure 3 shows the trend of the difference timeseries be-
tween both approaches as a function of latitude and month for
selected altitude levels. Most of the trends are not significant
(hatched areas). At 25km, a negative trend of around 1 %
per decade between April and August in the northern hemi-
sphere (NH) and between January and July in the southern
hemisphere (SH) is noted. The significance of these trends
decreases with altitude, showing the most significant trends
at 25 km. This is possibly because of stronger vertical ozone
or temperature gradients near this altitude, which increase the
uncertainties from the non-linear ozone unit conversion and
vertical axis transformation. Especially in the SH, insignifi-
cant trends are observed at higher altitudes (40 km). In gen-
eral, we conclude that the trend uncertainty due to unit and
altitude grid conversions is small and insignificant, but in se-
lected regions and months non-negligible.

https://doi.org/10.5194/acp-26-13359-2026
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Table 1. Overview of merged ozone datasets used in this study, including their temporal coverage, spatial resolution, and original ozone

units.

Dataset Time period Latitude

Vertical range

Ozone Unit Instruments

Profile ozone datasets

GOZCARDS v2.2 1979-2024 85°Sto 85°N 215-0.2 hPa ppmv SAGE 1, SAGE 1II, HALOE, Aura
MLS

SAGE-CCI-OMPS+ 1984-2024 85°Sto 85°N 10-50 km molec m™> SAGE II, OSIRIS, GOMOS, MI-
PAS, SCIAMACHY, ACE-FTS,
OMPS-LP (UBr, USask), SAGE
1II/ISS, POAM III

SAGE-OSIRIS-OMPS 1984-2024  60°S to 60°N 10-50 km moleccm™  SAGE 1I, OMPS-LP (USask),
OSIRIS

SAGE-SCIA-OMPS v4.1 1985-2024 85°Sto 85°N 8-60km molecem™  SAGE II, SCIAMACHY, OMPS-LP
(UBr)

SAGEII-OSIRIS-SAGEIII 1984-2024  60°S to 60°N 10-50 km moleccm™  SAGE 11, SAGE III/ISS, OSIRIS

SWOOSH v2.71 1984-2024 85°Sto 85°N 316-1hPa ppmv SAGE 1II, SAGE III/ISS, UARS
HALOE, UARS MLS, Aura MLS,
ACE-FTS

Total ozone datasets

MSR2 19702024 87.5°Sto 87.5°N  Total column DU BUV-Nimbus4, TOMS-Nimbus7,
TOMS-EP, SBUV-Nimbus7,
NOAA 9/11/4/16/17/18/19, GOME,
SCIAMACHY, OMI, GOME-
2, OMPS-NP (Suomi-NPP),
TROPOMI

GSG 1995-2024 87.5°Sto 87.5°N  Total column DU GOME, SCIAMACHY, GOME-2B,
OMI, TROPOMI

GTO-ECV 1995-2024 82.5°Sto 82.5°N  Total column DU GOME, SCIAMACHY, OMI,
GOME-2A/B/C, TROPOMI

NASA SBUV/OMPS 1970-2024 77.5°Sto77.5°N  Total column DU Nimbus-4 BUYV, Nimbus-7 SBUYV,

(MOD) v8.7 NOAA 11/14/16/17/18/19 SBUV/2,
Suomi NPP OMPS

NOAA SBUV/OMPS 1978-2024 77.5°Sto 77.5°N  Total column DU Nimbus-7 SBUYV, NOAA

(COH) v8.6 9/11/16/17/18/19 SBUV/2, Suomi
NPP OMPS, OMPS-NP (NOAA-
20)

WOUDC 1964-2024 87.5°Sto 87.5°N  Total column DU Dobson, Brewer, and filter instru-

ments

3.2 Relative Drifts among Multiple Datasets

Another contribution to uncertainties in long-term trends
arises from relative drifts among the merged datasets. Here,
relative drifts refer to systematic long-term differences be-
tween individual datasets and a common reference, in this
case the multi-instrument mean (MIM). The spread of the
drifts provides an estimate for possible contribution to trend
uncertainties derived from multiple datasets.

To assess these relative drifts, a simple linear regression is
applied to the time series of differences between the monthly

https://doi.org/10.5194/acp-26-13359-2026

mean merged datasets and the MIM. The percentage ozone
difference timeseries is calculated as follows for each profile
dataset:

_ 03(z,t) —MIM(z, 1)
AO3(z,t) =100- MIMG. 1) , (D

where O3 is the ozone concentration of the merged dataset
(in number density or DU). The linear trend (or relative drift)
of the A O3 timeseries from all datasets is computed, and the
standard deviation of the mean of these trends represents the

Atmos. Chem. Phys., 26, 13359-13386, 2026
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Figure 3. Zonal mean decadal trends of differences between MLS L3 data converted after and before gridding (post-gridded — pre-gridded)

in % per decade from 2005 to 2022 at altitudes of 25, 30, 35 and 40 km (panels a—d). Hatches indicate insignificant trends within 2o

lo drift uncertainty, which is independent of the common
reference, here MIM.

Figure 4 shows the 1o drift uncertainty derived from the
six merged profile datasets until the end of 1995 and since
2000. It ranges from 0.5 % per decade to 0.75 % per decade
for the period 2000 to 2024 between 60°S and 60°N and
above 20 km. The uncertainties are larger at higher latitudes
and lower altitudes and are most likely due to higher un-
certainties in ozone measurements. In the period between
1985 through 1995, the uncertainties show higher values
from close to the tropopause up to 25 km for latitudes above
50°N /50°S. Above this altitude and in the zonal band be-
tween these latitudes, the uncertainties are comparable in
magnitude with those from the later period.

The same procedure was applied to the total ozone
datasets, and results are shown for the period since 1996
(ODS peak) and 2000 in Fig. 5. We did not include the
period before the ODS peak in this figure, because two of
the total ozone datasets start around 1995 (GTO-ECV and
GSG), leaving us with a limited selection of merged datasets
and instruments before that year. Instead we show the rela-
tive drift uncertainty for two different start years (1996 and
2000), which were used in previous studies (Weber et al.,
2022; Godin-Beekmann et al., 2022; Sofieva et al., 2026).
Both relative drift uncertainties look very similar and show
no significant differences. The drift uncertainties in the pe-
riod 2000-2024 are slightly larger than in the period starting
in 1996. When comparing the drift uncertainty for the total
ozone datasets to the profile ozone datasets (Fig. 4), we see
that the total ozone dataset drifts are overall lower and range
between 0.1 % per decade and 0.5 % per decade. The highest
values can be seen at high latitudes and in the tropics, while

Atmos. Chem. Phys., 26, 13359-13386, 2026
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Figure 4. Standard deviation (lo) of the drifts relative to the
multi-instrument mean derived from GOZCARDS, SAGE-CCI-
OMPS, SAGE-SCIA-OMPS, SAGE-OSIRIS-OMPS, SAGEII-
OSIRIS-SAGEIII and SWOOSH profile data for the periods (a)
1985 to 1995 and (b) 2000 to 2024 as a function of latitude and
altitude.

the mid-latitudes show very low uncertainties. Higher drift
uncertainties at higher latitudes are most probably due to the
combination of higher uncertainties in ozone itself (higher
solar zenith angles) and a larger natural variability in ozone.
It is not clear why the drift uncertainties are enhanced in the
tropics. Probably the low natural ozone variability masks the
drifts to a lesser degree.

https://doi.org/10.5194/acp-26-13359-2026
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Figure 5. Standard deviation (1o) of the mean of the drifts (1o)
derived from NASA SBUV, NOAA SBUYV, GSG, GTO-ECV, and
MSR?2 total column data since 1996 (red line) and 2000 (blue line)
as a function of latitude.

4 Methods

4.1 Trend analyses

We apply a multiple linear regression (MLR) model to time
series of ozone at each altitude-latitude grid point (for pro-
file data) and each latitude (for total column data) including
terms that account for various atmospheric processes, e.g. so-
lar cyle, QBO, and El-Nino. The following equation shows
the MLR equation (Godin-Beekmann et al., 2022; Sofieva
et al., 2026) with additional proxies (see Table 2) as used in
this study:

¥(z,1) = Bi(z, 1) - QBO (1) + Ba(z, 1) - QBO,(7)
+ B3(z,t) - ENSO(¢#) + B4(z, t) - Solar(t)
+ B5(z, 1) - SAODEChichon(?) + B6(z, 1)
- SAODpinatubo(?) + B7(z, 1) - SAODyTHH(?)
+ Bs(z,1) - AO(t) + Bo(z, 1) - AAO(?) + Bio(z, 1)
-EHFS(¢) 4+ B11(z, t) - EHFN(?)
+ (B12(z, 1) + B13(z, t)(t — 10)) - Lpre(t)
+ B1a(z, 1) - LGap(®) + (B15(z, 1) + Bi6(z, (& — 11))
« Lpost(t) +&(z,1)
(2

with y(z,t) being the monthly mean ozone as a function of
altitude z and running month ¢ and B the regression coeffi-
cients.

Terms containing Lpre, LGap(t), and Lpost cover only con-
secutive periods with separate linear trend coefficients, 813
and 16, before and after the ODS peak in 1996, respectively.
These three variables are defined as follows:

1 if t <t
Lpre(t) = 0 it > 1o ) 3)

https://doi.org/10.5194/acp-26-13359-2026

13365

0 ift <tg and t > 14
LGap(t) = . , “4)
1 ifto<t<n
and
Looul®) 0 ift <nh 5)
O N e T

to is January 1996 and ¢, December 1999. Note that the term
with Lgap(?) does not contain a linear trend coefficient during
the gap period (1996-1999). This is needed to reduce the in-
fluence of the selection of a turnaround point between ozone
decline and recovery because the timing of the trend rever-
sal varies with latitude and altitude (Laine et al., 2014). By
introducing a transition period rather than a single inflection
year, the regression model allows for a more gradual change
between the two trend segments.

To consider seasonality more explicitly, the regression
model uses harmonic terms to represent the annual and semi-
annual cycles of selected terms, as shown in Eq. (6).

2 Vi
ﬂk(z,t):ﬁko(z)+2[ﬁk1i(2)sin< mr)
i=1

12

2wit
+Br2i(z) cos (—)} . (6)
12
Harmonic terms are only used for the QBO, ENSO, and fit
coefficients in the trend terms (B2 to Bi6). This approach
is robust for non-deseasonalized data and helps reduce un-
certainty in the estimated trend, particularly in datasets with
sparse temporal coverage.

Trend uncertainties are derived from the covariance matrix
of the regression coefficients. Since ordinary least squares as-
sumes uncorrelated residuals, it tends to underestimate un-
certainties when applied to ozone time series. To account
for autocorrelation, we correct for first-order autocorrela-
tion (AR-1) in the regression residuals (Cochrane and Orcutt,
1949). This is achieved by calculating the lag-1 autocorrela-
tion and applying a transformation to the regression model
that reduces the serial correlation of the residuals (Reinsel
et al., 2002). The transformed regression equation provides
the adjusted fitting coefficients and their uncertainties.

When reporting mean trends from multiple datasets, we
use two different formulas for the uncertainty, explained in
the LOTUS report and in more detail in Petropavlovskikh
etal. (2019). For consistency with the previous analyses (We-
ber et al., 2022; Godin-Beekmann et al., 2022), we present
both uncertainty estimates in our paper. First we use the
LOTUS uncertainty estimate (Petropavlovskikh et al., 2019;
Sofieva et al., 2026), which is defined as the maximum un-
certainty of two terms:

1 1 (x; — %)?
2 i
Omean = Max (m Ei : Cijoioj, - E ~_1 /) (7N
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The first term represents the variance of the mean of corre-
lated trend estimates, accounting for the individual regres-
sion uncertainties and the correlations of model-data residu-
als. The LOTUS report uses constant correlation coefficients
C;; for the pre-1997 period and for the post-2000 period. In
this paper we use latitude- and altitude-dependent correlation
coefficients, which do not change the results substantially
(Petropavlovskikh et al., 2019). The second term is based
on the sample variance of the individual trend estimates; the
effective number of independent datasets, nef is defined as
follows:
N2
Reff = — ®)
pTer

(Petropavlovskikh et al., 2019).

The second approach, the J-distribution, is a more con-
servative estimate and characterizes the total ensemble vari-
ance of trend estimates (Ko et al., 2013; Harris et al., 2015;
Petropavlovskikh et al., 2019), which is defined as follows:

1 (x; — %)?
Ommean = NZ%ZJFZﬁ' ©

The first term accounts for uncertainties in the trends of
the individual datasets and the second term represents the
contribution from taking the statistical mean of the indi-
vidual trends. The joint distribution is considered a con-
servative estimate (Ko et al., 2013) and produces larger
uncertainties than other methods (Steinbrecht et al., 2017;
Petropavlovskikh et al., 2019). Both the LOTUS estimate
(Eq. 7) and the J-distribution (Eq. 9) consist of two com-
ponents: the first arises from uncertainties in the MLR fit,
while the second characterizes the spread of trend estimates
across datasets. However, the two approaches differ in the
interpretation of these terms. The J-distribution assumes that
the dominant contribution to the MLR uncertainty, estimated
from fit residuals, reflects unresolved variability not cap-
tured by the trend model. As a consequence, trend estimates
from different datasets are effectively treated as fully cor-
related with respect to this component, and averaging does
not reduce this contribution. In the case of C;; =1, the
first terms in Eqgs. (7) and (9) become identical. In con-
trast, the LOTUS estimate accounts for partial correlations
between trend uncertainties, with correlation coefficients de-
rived from fit residuals and ranging between approximately
0.6 and 0.95 for the datasets considered here. The second
term in the J-distribution represents the full ensemble vari-
ance, whereas the LOTUS estimate corresponds to the stan-
dard error of the mean for correlated values. Since neg ~ 1.4
for the considered datasets, this term is only slightly reduced
in the LOTUS formulation compared to the J-distribution.
The J-distribution combines both contributions additively,
while the LOTUS estimate uses the maximum of the two
terms. For consistency with previous analyses (Weber et al.,
2022; Godin-Beekmann et al., 2022), both the LOTUS and
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J-distribution uncertainty estimates are used in this study. A
detailed comparison of the two approaches is provided in
Petropavlovskikh et al. (2019).

4.2 Proxy Setup

A list of the proxies used here is given in Table 2. The
proxy timeseries have been normalized to the range from
—0.51t0 0.5, except for the stratospheric aerosol optical depth
(SAOD) (0 to 1 range). They have not been detrended, which
means the dynamics-related trends are captured by the prox-
ies rather than by the linear trend terms. This way the lin-
ear trends approximate the long-term ODS-related ozone
change (Weber et al., 2018). In contrast to the common proxy
setup of the LOTUS model (Petropavlovskikh et al., 2019;
Godin-Beekmann et al., 2022; Dubé et al., 2023; Sofieva
et al., 2026), we add the Arctic and Antarctic Oscillation
(AO/AAQO), the Brewer-Dobson Circulation (BDC) as ex-
pressed by the eddy heat fluxes (EHFN, EHFS), and three
separate SAOD proxies (Weber et al., 2022). Both EHFN
and EHFS are proxies derived from ERAS reanalysis in the
respective hemisphere (45-75°). The Brewer-Dobson circu-
lation in boreal and austral winter has an ozone response in
the tropics opposite to that in the extratropics (e.g. Weber
etal., 2011). There is also SH ozone response to the Brewer-
Dobson circulation in the NH (Fioletov and Shepherd, 2003).
For this reason, EHFN and EHFS are included in the MLR
for all latitudes. Similar arguments apply to AO/AAO prox-
ies.

We chose these additional regressors to better capture dy-
namic variability in ozone, such as the high ozone in the
NH in 2024 (Newman et al., 2024). The Arctic Oscillation
(AO), Antarctic Oscillation (AAO), and Brewer—Dobson cir-
culation (BDC) proxies are winter/spring accumulated and
weighted by the monthly ozone-variability to account for
their seasonally integrated influence on stratospheric ozone
(Weber et al., 2011, 2022). AO, AAO, EHFS, and EHFN
regulate the meridional ozone transport into high latitudes
from autumn through spring and accumulate ozone over win-
ter/spring at high latitudes. They also regulate stratospheric
temperatures in the polar region and, therefore, control the
size of the polar vortices and associated polar chemical ozone
loss (Newman et al., 2001; Weber et al., 2011). The low/high
bias in spring ozone persists into summer, even though ozone
variability decreases from spring to summer. By accumu-
lating these proxies over the dynamically active season and
weighting them by the monthly ozone variability, the regres-
sion model better captures the integrated ozone response. Ex-
treme values in the timeseries are better captured by the re-
gression model with these additional proxies (Weber et al.,
2018, 2022). Figure 6 shows the regression coefficients of
the proxy terms obtained from the MLR fit to SWOOSH
data. The latitude-altitude distribution of the regression co-
efficients is as expected: the dominant lower stratospheric
influence from the HTHH volcanic eruption (HTHH proxy)
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reducing ozone in the SH (e.g. Wang et al., 2023; Evan et al.,
2023) and higher absolute values of EHFS and EHFN in-
creasing ozone at high middle latitudes, as well as the strong
influence of AO in the NH.

In this study, the aerosol proxy is separated into three dis-
tinct time periods corresponding to the El Chichén period
(1979-1989), the Pinatubo period (1990-1999), and the post-
2000 period (2000-2024), which includes a series of medium
volcanic eruptions as well as the HTHH eruption (Sofieva
et al., 2024). Volcanic eruptions have different impacts on
stratospheric circulation, chemistry, and ozone distribution,
depending on magnitude, season, and latitude of the event
(Stolarski et al., 2006; Chehade et al., 2014; Weber et al.,
2018, 2022). This variable response is illustrated in panels i—
k of Fig. 6. The Australian wildfire (end of 2019) and HTHH
had a stronger initial impact in the SH than in the NH because
the volcanic aerosols (and stratospheric water vapour) were
transported mostly into the SH resulting in an ozone loss
(band of negative values in panel i). The Pinatubo eruption
had a stronger impact in the NH (boreal winter) as illustrated
by the band of negative coefficients from the tropics to the
polar region (panel j, Aquila et al., 2014). The dynamic re-
sponse to the El Chichén eruption showed the opposite effect.
Due to changes in the SH circulation the dynamical ozone in-
crease exceeded the chemical ozone loss caused by the erup-
tion (see panel k, Zerefos et al., 1994; Angell, 1997). How-
ever, nearly all El Chichon coefficients are not statistically
significant at 95 % confidence level. Because of very differ-
ent ozone responses the major eruptions of El Chichén and
Mount Pinatubo are treated separately in the regression. With
the 2022 eruption of Hunga Tonga—Hunga Ha’apai (HTHH),
a third strong volcanic event occurred that clearly affected
stratospheric dynamics and composition (Zhu et al., 2025).
Multiple SAOD proxies are also used because the eruptions
of El Chichén and, in particular, Pinatubo produce substan-
tially stronger and longer-lasting perturbations to ozone than
later eruptions and thus dominate the regression if a single
aerosol proxy is used. Treating these periods separately al-
lows the regression model to better represent the variable vol-
canic forcing (Stolarski et al., 2006; Chehade et al., 2014).

The aerosol data are taken from the GLOSSAC climatolo-
gies (Kovilakam et al., 2020). The solar proxy is represented
by the Mg Il index time series (Snow et al., 2014). The Quasi-
Biennial Oscillation (QBO) is described by the first two prin-
cipal components from a PCA analysis of mean ERAS strato-
spheric winds between —6 and 6° latitudes from 70 to 10 hPa.
ENSO is described by the ENSO 3.4 index time series. In the
past, the El Nifio-Southern Oscillation (ENSO) index (MEI
V2, Wolter and Timlin, 2011) was used, but we suspect a pos-
sible drift starting in the early 2020s, making the index dur-
ing the recent strong El Nifio in 2023/24 too weak (Fig. Al).
Additional seasonal components are added to the solar, QBO,
and ENSO proxies as mentioned above.
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5 Results

We applied the setup (Eq. 2) described in Sect. 4 to the six
total ozone datasets and the six profile ozone datasets. Input
to the MLR is the ozone timeseries of the datasets. While
we mostly show trends from 2000 to 2024, the MLR is al-
ways applied to the longer period from 1979 (total ozone)
and 1985 (ozone profiles) to 2024 with two inflection points
starting in January 1996 and January 2000, with a gap pe-
riod in between. In general, time series that we use for trend
computation are filtered to ensure sufficient data coverage.
We exclude time series with less than 50 % valid observa-
tions for each sub-period defined by the inflection points.
Additionally, we look for sufficient spread of data over each
sub-period. For this, we want the first and last value of each
period to span at least 50 % of the entire time period, oth-
erwise that period will be excluded from the analysis. This
procedure effectively removes time series with insufficient
data coverage, while also providing the highest amount of
usable data for the trend analysis. The impact of these filters
is mostly evident in the tropics below the tropopause and in
high latitudes (above 60°) for the profile data and is small for
total ozone column data.

5.1 Total Ozone Trends

We first evaluate the total ozone datasets (Table 1) for trends
after 2000. The trends as a function of latitude (here in 5°
steps), shown in Fig. 7, are mostly positive for all latitudes
from 2000 to 2024. The blue lines show the results from
our full setup, i.e., with dynamical proxies and three AOD,
and the orange lines show the results for the so-called LO-
TUS setup, i.e., no dynamical proxies and single AOD. Most
of the total ozone datasets agree very well. In the NH, total
ozone recovers by +1 to +1.5 DU per decade (+0.25 % per
decade to +0.5 % per decade). In the SH, the trends pole-
wards of 40° increase on average to +3 to +4 DU per decade
(+1.3 % per decade to +1.5 % per decade) and become sig-
nificant when using the full proxy setup. With the LOTUS
settings, SH trends are lower remaining at about +1.5 DU
per decade and insignificant above 45°S (see also Fig. A2
for the trends in % per decade). The difference between the
two proxy setups is the strongest in the SH above 35° while
good agreement is seen elsewhere. The hemispheric asym-
metry in the ozone trends with the full setup is in line with
observations of the hydrogen chloride (HCI) asymmetry. In
the SH, HCI has declined faster due to a faster circulation,
fostering in turn a faster increase in ozone compared to the
NH (Chrysanthou et al., 2025; Dubé et al., 2025). Results
shown in Fig. 7 are very similar to those from Weber et al.
(2022), who used a very similar proxy setup.

To assess differences between the LOTUS model and the
full regression model as well as the impact from using the
third HTHH SAOD proxy, we look at selected modelled and
observed total ozone timeseries. The MLR was applied to the
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Figure 6. Regression coefficients for (a) ENSO, (b) Solar, (¢) QBO1, (d) QBO2, (e) EHFS, (f) EHFN, (g) AO, (h) AAO, (i) SAOD (HTHH),
(j) SAOD (Pinatubo) and (k) SAOD (El Chichon) from an MLR fit applied to SWOOSH. Note that EHFS proxy has the opposite sign of
EHFN; therefore, lower (more negative) EHFS leads to increases in ozone. All proxies were normalized to —0.5 to 0.5 apart from the SAOD
proxies (i), (j) and (k), which were normalized to O to 1. Dashed lines are the climatological thermal tropopause derived from ERAS.

Table 2. .Overview of proxies used in this study. Data are collected at https://www.iup.uni-bremen.de/OREGANO/proxy/ (last access: 3

March 2026).
Proxy Time period Dataset MLR usage Source
Solar 1979-2024 Mg II index single Snow et al. (2014)
Quasi-Biennial Oscillation (QBO) 1979-2024  Principal components of ERAS  harmonic Hersbach et al. (2020)
AEROSOL EI Chichon 1979-1989 GLOSSAC single Kovilakam et al. (2020)
AEROSOL Pinatubo 1990-1999 GLOSSAC single Kovilakam et al. (2020)
AEROSOL Hunga-Tonga 2000-2024 GLOSSAC single Kovilakam et al. (2020)
ENSO 1979-2024  ENSO 3.4 Index harmonic NOAA (2025c¢)
Arctic Oscillation (AO) 1978-2024  Arctic Oscillation!+2 single NOAA (2025b)
Antarctic Oscillation (AAO) 1978-2024  Antarctic Oscillation! 2 single NOAA (2025a)
Brewer-Dobson Circulation (BDC) 1979-2024 Eddy Heat Flux!:2 single Hersbach et al. (2020)

1 Spring/winter accumulated. 2 Ozone-variability weighted.

September 60-90° S (ozone hole season) and the 35-60° S
annual mean of the six datasets, the results are shown in Fig.
8. A slightly different MLR setup is used here for a more di-
rect comparison to previous analysis by Weber et al. (2022):
no gap terms, and in the polar region the pre-ODS period
ends in 1999 and post-ODS peak period starts in 2000 (in
the extrapolar region 1995 and 1996, respectively) (Newman
et al., 2009; Weber et al., 2022). These results can be directly
compared to results from Weber et al. (2022). For the south-
ern mid-latitudes, Weber et al. (2022) report an annual trend
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of 0.7 % per decade for the period 1996-2020 applied to the
median timeseries from five total ozone datasets. Extending
the analysis to 2024, we obtain trends of 0.6 % per decade
(panel c¢) and 0.4 % per decade with the LOTUS model (panel
a). The inclusion of additional dynamical proxies improves
the representation of short-term variability, particularly for
the local ozone minima in 2020-2022.

A higher difference between the MLR setups can be seen
in the southern polar region, where ozone variability and
chemical ozone depletion are strongly influenced by the dy-
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Figure 7. Total ozone trends in DU/decade from 2000 to 2024 for
the six total ozone datasets WOUDC, SBUV NASA (MOD), SBUV
NOAA (COH), GSG, GTO-ECV, and MSR2 (thin lines) and the
median and its 20 uncertainty (thick line and error bars). Shown
in blue are the MLR results with additional dynamical and SAOD
proxies and in orange the LOTUS model setup.

namical processes. For September mean ozone between 60
and 90° S, Weber et al. (2022) report a trend of 12.0 % per
decade for 2000-2020. In contrast, we derive trends of 3.0 %
per decade (LOTUS, panel b) and 8.2 % per decade (full
regression), panel (d). Despite the low SH polar ozone in
the early 2020s, the full regression trend, interpreted as the
smooth ozone recovery related to ODS changes, remains sta-
ble within uncertainties after adding four additional years.
The impact of dynamical proxies is most pronounced in the
polar region (panel d). It is imperative to note, that the LO-
TUS setup (panel b) was developed for extra-polar latitudes
and thus is not suited for polar regions, which is why it only
serves as an illustration here.

To demonstrate the impact of the third SAOD (“HTHH”)
proxy, we look at the September trends in the SH polar re-
gion using different SAOD setups (panel d to f). Polar ozone
recovery was first identified in the early phase of the ozone
hole season (September) (e.g. Solomon et al., 2016; Weber
et al., 2018; Stone et al., 2018). The first setup (panel e)
uses a single AOD proxy for the complete time period like
in the LOTUS setup, the second (panel f) uses two SAOD
proxies, one until 1989 (“El Chichon”) and the other from
1990 to 2024 (“Pinatubo”) (Chehade et al., 2014; Weber
et al., 2022), and the last (panel d) uses three SAOD prox-
ies by adding the period 2000-2024 (“HTHH”) and limit-
ing the second SAOD to 1990-1999. The difference between
the first (e) and the second (f) setup is small, with trends
after 2000 being around +3.5 % per decade in both cases.
The addition of the third (d) SAOD (“HTHH”) more than
doubles the post-2000 trend to 8.2 % per decade, making
it very similar to +12.0 % per decade until 2020 from We-
ber et al. (2022). These results show the strong sensitivity
of the regression and the influence of the dynamical proxies
in the southern polar region. Volcanic eruptions lead to per-
turbations in ozone that usually last for a few years (Wang
et al., 2023; Fleming et al., 2024). In the early 2020s, a series
of high-stratospheric aerosol events (Australian wildfires in
2019/2020, the 2021 Le Soufriere, and 2022 HTHH volcanic
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eruption) was responsible for the above-average size ozone
holes between 2020 and 2023 (Yook et al., 2022; Fleming
et al., 2024). The HTHH-SAOD proxy allows a better sepa-
ration of these perturbations from the slow (background) de-
creases in ODS responsible for ozone recovery. The effect
from the SAOD-HTHH proxy is however negligible for ex-
trapolar total ozone, but the MLR pattern of the regression
coefficient of the HTHH proxy shown in panel (i) of Fig. 6
seems physically reasonable. In summary, the use of the dy-
namical and SAOD-HTHH proxies in the MLR as well as the
comparisons with the earlier results for the period ending in
2020 prove that ozone recovery is ongoing despite the ozone
perturbations in the early 2020s in response to the series of
volcanic and wildfire events.

5.2 Ozone profile trends 2000-2024

Figure 9 shows ozone profile trends as a function of latitude
and altitude for the period 2000 to 2024 using the same setup
as for total ozone (Eq. 2). Generally, there is good agree-
ment between the datasets. Above 30 km the trends are below
+0.1 DUkm~! per decade as ozone concentration decreases
with altitude. Below 30 km, the ozone trends increase up to
0.5DUkm™" per decade and contribute substantially to the
total ozone trends. Negative trends with high uncertainties
are mostly visible below 20km, close to the tropopause. In
the UTLS region, uncertainties in limb ozone measurements
are higher and likely responsible for higher trend uncertain-
ties (Rahpoe et al., 2015; Hubert et al., 2016).

Ozone profile trends in units of % per decade are shown in
Fig. A3 of the Supplement. The trends observed in our study
(Fig. A3) mostly agree with the results from Sofieva et al.
(2026), but there are some differences. The positive trends
in the upper stratosphere are consistent between both studies
(about 41 % per decade to 43 % per decade). A belt of nega-
tive trends just above the tropopause appears to be more per-
sistent from 60° S to 60° N in Fig. 1 of Sofieva et al. (2026)
and negative trends in the UTLS appear to be less negative in
our case. This is also seen when comparing to a MLR setup
without the AO, AAO, EHFS, and EHFN and with a single
SAOD proxy (LOTUS setup), as shown in Figs. A4 and AS.

In the lower to middle stratosphere (above 20 km altitude),
a hemispheric asymmetry in trends is noticeable, with higher
trends in the SH, a pattern similar to what is observed for to-
tal ozone in Fig. 7. This asymmetry is also seen when look-
ing at trends in three broad latitude bands. Figure 10 shows
the ozone profile trends for the zonal bands, 35-60° S (SH),
20° S-20° N (tropics) and 35-60° N (NH). Below 30 km alti-
tude, trends are smaller in the NH compared to the SH. There
is overall good agreement in the broad band trends between
the datasets. All datasets agree on a positive trend above
30km in all three latitude bands, maximizing at between 1 %
per decade to 3 % per decade near 43 km altitude (Fig. A7).
The SH displays larger variations in trends between datasets
in this altitude region. The tropics show negative trends be-

Atmos. Chem. Phys., 26, 13359-13386, 2026



13370 B. Auffarth et al.: Zonal mean stratospheric and total column ozone trends

Total ozone trends in the SH

0 a) Annual 355-60S b) September 60S-90S
i [before 1996: -3.4 + 1.4 % dec! [ [before 2000: -17.8 + 4.9 % dec? Datasets
after 1996: +0.4 + 0.6 % dec! F | after 2000: +3.0 + 3.8 %dec™! )
R2: 0.74 FNR2: 0.53 Median
3207+ 300 R Madel
Eo " n
=
310F 250 1O
[ 713
300 200
o IPEEPEPI EEPEE S E B CLw v v v bw v v 0 by w00 by by
1980 1990 2000 1980 1990 2000 2010 2020
) d)
330 F
[ |before 1996: -3.2 + 1.4 %dec™! [ [before 2000: -20.2 + 3.5 % dec™?t c
I\.after 1996: +0.6 + 0.8 %dec~! . after 2000: +8.2 *+ 3.6 % dec~?! o
— 2: I 2. 1 - —
8 320 R:o.ss 300-~R.0.90 | w 2
> g
g 310 250F g
N o
o C [ =
300 200 z

1980 1990 2000 2010 2020

1;)80 1990 2000 2010 2020

Single SAOD Two SAODs
e) September 60S-90S f) September 605-90S

F>after 2000: +3.5 + 2.7 %dec™?

[ [before 2000: -21.9 + 3.6 %dec!
[\R2: 0.88 |

250F

200

N

r|after 2000: +3.6 + 2.7 %dec™?

[ (before 2000: -20.7 + 4.1 % dec!
[ R2: 0.88 |

300

250}

200

I B MM B R
1980 1990 2000 2010 2020

I I P I B
1980 1990 2000 2010 2020

Figure 8. 35-60° S annual mean (a, ¢) and 60-90°S September (b, d, e, f) MLR results using the LOTUS setup (top row) and the full
regression model (second row) applied to the total ozone median from six merged datasets. Different SAOD setups are shown for the
September SH polar region: (e) single AOD proxy from 1979 to 2024, (f) two AOD proxies: from 1979 to 1989 and from 1990 to 2024 and
(d) three AOD proxies: from 1979 to 1989 (El Chichon period), from 1990 to 1999 (Pinatubo period), and from 2000 to 2024 (HTHH and
smaller eruption period). Thick grey line: median of observations; yellow line: MLR regression; thin grey lines: individual merged datasets;
solid blue lines: trend lines before and after 2000; dashed blue lines: 20" uncertainty of the trend lines.

low 25 km for all datasets. In the extratropics trends below
20km can be both positive and negative depending on the
dataset. Below about 20km altitude, the uncertainty in the
mean trend increases.

The broad zonal band trends (Fig. 10) show the band
trends, similar to Sofieva et al. (2026). The correspond-
ing representation in % per decade (Fig. A7) can be com-
pared with those shown in Fig. 4 of Sofieva et al. (2026),
which were derived using the LOTUS setup and cover the
same time period up to 2024. Upper stratospheric trends
agree well between both studies. Differences are visible in
the lower stratosphere. As mentioned before, the lowermost
stratospheric mean trends are negative in the extratropics in
Sofieva et al. (2026), while in our study they are positive in
the SH and on average closer to zero in the NH (see also
Figs. A8 and A9). Mirallie et al. (2026) show consistently
positive trends in the upper stratosphere, while finding mixed
and negative trends in the middle and lower stratosphere from
ground-based measurements
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The larger variations in SH trend profiles for altitudes
above 25 km, seen in panel a) of Fig. 10 (see also Figs. A7—
A9) is due to the smaller positive trends seen in GOZCARDS
compared to all other merged datasets. Applying the MLR
to deseasonalized ozone data (rather than absolute values),
GOZCARDS trends in the SH are getting closer to the trends
of the other data, as shown in Sofieva et al. (2026).

The differences between the LOTUS uncertainty estimate
(shaded area) and the joint-distribution approach (dashed
lines) are largest at lower altitudes, where the trends from the
individual datasets show higher differences. This is particu-
larly evident in the mid-latitudes around 17 km, most likely
driven by both higher trend differences and differences in the
underlying dataset uncertainties. While the LOTUS uncer-
tainty estimate generally envelops the individual trends, with
some exceptions for datasets exhibiting pronounced trends
at specific altitudes, the joint-distribution approach spans a
wider range, as it characterizes the total ensemble variance.
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5.3 Comparison of total and stratospheric ozone column

trends

We calculate the stratospheric columns by integrating the
ozone profiles upward from the ERAS5 climatological ther-
mal (lapse rate) tropopause. Another method to calculate the
stratospheric ozone column trends is to integrate the ozone

https://doi.org/10.5194/acp-26-13359-2026

layer trends shown for example in Fig. 9. A comparison be-
tween the two methods (Fig. A6) show that the trends from
both methods are generally very similar, however, the un-
certainty of the vertically integrated layer trends are smaller
than for the trend derived from stratospheric column trends.
The tropopause height is determined at the center of each lat-
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itude band using interpolation. The MLR is then applied to
the stratospheric columns. The difference between total col-
umn and stratospheric column trends can then be attributed
to the tropospheric contribution to total ozone trends.

Figure 11 shows as an example the ozone timeseries in the
broad zonal band 35-60° S for stratospheric ozone and total
ozone columns of all datasets. The stratospheric ozone col-
umn was bias-corrected by subtracting the mean during the
1998-2008 period from each dataset (anomaly) and adding
back the multi-instrument mean to obtain bias-corrected ab-
solute ozone values for each dataset. The difference between
the total and stratospheric columns of about 20 to 30 DU
yields the zonal mean tropospheric column. There is a gap
in the stratospheric column timeseries after the eruption of
the Pinatubo volcano in 1992, because of filtering of columns
that did not reach the tropopause. This is mainly due to re-
trieval artifacts in the presence of layers of high aerosol ex-
tinction obstructing the limb view in the lowermost strato-
sphere. The total ozone datasets seem less affected. Due to
the weaker eruption of HTHH in 2022 in terms of strato-
spheric aerosol load, this impact on stratospheric column cal-
culation is also reduced except for SAGE-SCIA-OMPS. For
this dataset, observations from February 2022 to May 2023
were excluded.

Figure 12 shows the results of the stratospheric column
trends as a function of latitude which can be compared to the
total ozone trends (Fig. 7). The tropics and the NH show very
similar results with low ozone trends in the tropics (4-0.0 to
+1DU per decade) and slightly higher ozone trends above
40°N (up to 2DU per decade) for both proxy setups. The
differences which we saw in the SH total ozone can be seen
here as well. Trends using the full setup are larger (up to
+3.5DU per decade) than using the LOTUS setup (+2 DU
per decade). Both proxy setups yield similar trends in the
SH for stratospheric and total columns, but the stratospheric
column trends show a much higher spread between the trends
of the different datasets compared to total ozone.

In Fig. 3b of Sofieva et al. (2026) combined latitude-
dependent stratospheric column trends are shown and can be
compared to our results. Above 40° latitude in each hemi-
sphere stratospheric column trends using the LOTUS setup
are slightly higher (around 2 DU per decade) in our analyses
compared to Sofieva et al. (2026) (around 1 DU per decade).
This difference likely arises from the comparatively strong
trends in the OSIRIS dataset, which exert a larger influence
on the multi-dataset mean in our six-dataset ensemble than in
the eight-dataset mean used by Sofieva et al. (2026). Below
40° the stratospheric column trends agree.

Figure 13 shows trends for all datasets from 2000 to 2024
in the three broad zonal bands. The bars represent the strato-
spheric ozone column (light blue) and total ozone column
trends (orange) of the individual merged datasets. The last
two bars show the mean stratospheric ozone column (dark
blue) and the mean total ozone column (brown).
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The agreement between stratospheric and total column
trends is remarkably close across all latitude bands (panels
a to c¢). This suggests that the contribution of tropospheric
ozone to the total column trends is small and well below the
trend uncertainties. Significant positive stratospheric and to-
tal column trends are visible in the SH (about 42 to +4 DU
per decade). On average, smaller trends (about +1DU per
decade) are seen in the tropics and the NH in agreement
with Figs. 7 and 12. The two merged ozone profile datasets
that include OSIRIS (SAGEII-OSIRIS-OMPS and SAGEII-
OSIRIS-SAGEIII) show larger trends in comparison to the
other ozone profile datasets in the extratropics. Both pro-
file datasets that contain Aura/MLS at the end of their data
record (GOZCARDS and SWOOSH) show, not unexpect-
edly, nearly the same trends.

The bottom row of Fig. 13 (panels d to f) shows our MLR
results using the LOTUS setup. The mean profile trends are
about +1 DU per decade in the SH and are smaller than with
the full proxy setup except for the two merged datasets in-
cluding OSIRIS and are mostly positive in the other two
bands, similar to the full proxy trends.

The ground-based dataset WOUDC total ozone trends are
consistent with the trends of the satellite-based datasets. Al-
though WOUDC total ozone values are occasionally slightly
higher than the satellite-based datasets (Fig. 11). The LO-
TUS and the J-distribution uncertainty estimates are showing
similar results for total ozone, while the J-distribution uncer-
tainty is mostly larger than the LOTUS uncertainty for the
mean stratospheric column trends (Steinbrecht et al., 2017;
Petropavlovskikh et al., 2019).

6 Discussion

The ozone profile datasets generally start at an altitude of
10km (Table 1) which can be an issue when the tropopause
is lower than 10 km, particularly at higher latitudes. For the
stratospheric column calculations, data were screened out if
the three lowest 1 km layers above the tropopause had miss-
ing data. In combination with the larger uncertainties of limb
measurements below 20 km, this selection criterion causes
larger spreads in the profile and stratospheric column trends.

The conversion of the merged ozone profile datasets to a
common vertical grid and ozone unit was done for GOZ-
CARDS and SWOOSH and this leads to additional trend un-
certainties as that conversion had to be applied to monthly
mean data rather than single ozone profiles before merging.
In most cases it was found that the difference between both
conversions (monthly mean versus single profiles) is statis-
tically not significant, but for certain altitude regions and
months it is non-negligible (Fig. 3). As these differences
were mostly negative, the trends reported for GOZCARDS
and SWOOSH may be slightly underestimated. To have a
comparison of ozone trends on the same grid and with the
same units as the other datasets, a conversion of pressure to
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model setup.

geometric altitude and volume mixing ratio to number den-
sity was needed. The same method that was used for the other
datasets to calculate the stratospheric column was then used
for GOZCARDS and SWOOSH as well.

An additional uncertainty arises from temperature trends
in the stratosphere. Conversion between pressure and alti-
tude coordinates follows from the hydrostatic equation and
therefore depends on atmospheric temperature. Long-term
temperature changes induce vertical shifts of geometric al-
titude relative to pressure levels, which can alter vertical
ozone gradients and modify the trends. As discussed by
McLinden and Fioletov (2011) and in the LOTUS assessment
(Petropavlovskikh et al., 2019), ozone trends derived on pres-
sure levels (e.g., VMR) can differ from trends derived on al-
titude levels (e.g., number density) when substantial temper-
ature trends are present. Before the late 1990s, pronounced
upper-stratospheric cooling contributed to such discrepan-
cies. For the post-2000 period analyzed in this paper, upper-
stratospheric temperature trends are considerably weaker
(e.g. Thompson et al., 2011). In the upper troposphere—lower
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stratosphere (UTLS), recent satellite-based analyses reveal
vertically structured temperature trends and changes in lapse-
rate tropopause height during the 21st century (Ladstidter
et al., 2023, 2025). Such structural changes may slightly af-
fect local ozone gradients. However, given the comparatively
small magnitude of recent temperature trends, temperature-
driven effects are expected to remain a smaller contribution
to the ozone trend estimates presented here.

A major point of discussion in this study concerns the
choice of the proxy setup used in the MLR model. In contrast
to the standard proxy configurations used in recent ozone
trend studies (e.g., Godin-Beekmann et al., 2022; Sofieva
et al., 2026), we extended the set of independent variables
to include the AO, AAO, and the BDC. We also separated
the SAOD proxy into three distinct periods that included the
large eruptions of El Chichon (1979-1999), Pinatubo (1990—
1999), and Hunga-Tonga (2000-2024). Depending on the lo-
cation and season of the eruptions, the dynamical response
(circulation) from these eruptions may differ (e.g. Chehade
et al., 2014). This expanded proxy configuration was chosen

Atmos. Chem. Phys., 26, 13359-13386, 2026
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Figure 13. Broad band zonal mean ozone column trends from 2000 to 2024. Shown are total column trends (orange) and stratospheric
column trends (blue) for each merged datasets. Upper row panels show the results using the full MLR regression and lower row panels show
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to better capture the dynamical and chemical variability ob-
served in the past two decades (Weber et al., 2022). As shown
in Fig. 8, the full regression is generalised in such a way that
it covers the variability in and outside the polar region. The
use of three SAOD proxies/periods brings total ozone trends
at SH middle latitudes and the south polar region in bet-
ter agreement with results from Weber et al. (2022), which
clearly indicate that the path of recovery remains within un-
certainties unchanged from the earlier study, by using addi-
tional four years and despite lower ozone in the early 2020s.
The HTHH-SAOD proxy accounts to some extent also for
the effect from the enhanced water vapor following the un-
derwater eruption of HTHH (Vomel et al., 2022; Milldn
et al., 2022). Changes in transport/circulation had a larger
influence on ozone than altered chemistry due to enhanced
chlorine activation following the eruption (Oesterstroem and
Santee, 2025). The additional HTHH-SAOD proxy was in-
troduced to properly model the negative ozone perturbations
during a short period of about three years (2020-2022) with
elevated stratospheric aerosols at middle to high latitudes in
the SH. Without this proxy, the retrieved trends until 2024
are significantly lower than the reported trends until 2020
(WMO, 2022; Weber et al., 2022). From the continuous and
nearly linear decline in ODS since 2000, ozone recovery
trends (due to ODS changes only) are expected to remain
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unchanged within uncertainty. With the addition of the third
SAOD proxy and the dynamical proxies, this is the case.

In total, the MLR model (Table 2) includes 23 proxy vari-
ables together with the intercept and trend terms. While the
number of fit parameters is higher than in most previous stud-
ies (Godin-Beekmann et al., 2022; Sofieva et al., 2026), the
large temporal extent of the dataset, covering 24 years at a
monthly resolution (288 data points per time series), provides
sufficient degrees of freedom and does not necessarily im-
ply overfitting, even in the presence of autocorrelation in the
timeseries. We find that the inclusion of the AO, AAO, and
BDC proxies improves the representation of inter-annual and
sub-decadal variability, particularly during years with strong
polar vortex disturbances. The change from a single AOD
proxy to three independent AOD proxies (Fig. 8) also im-
proved the model by better capturing the ozone maxima and
minima. While stratospheric and total column trends are very
similar without and with the additional dynamical proxies
(Figs. 7 and 12), the largest impact from the additional prox-
ies is evident at middle to high latitudes in the SH, where
LOTUS total ozone trends (42 DU per decade) are half the
values found in this study (4-4 DU per decade). This indicates
the impact of dynamics on ozone trends. The stratospheric
column shows somewhat smaller differences between the
two methods. The reason for this might come from the high
variability of the ozone profile trends at high latitudes.
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A comparison of our results, using the LOTUS setup (Fig.
A7) with recent ground-based studies (Mirallie et al., 2026)
shows a general agreement in the vertical structure of the
ozone trends. In both studies, the largest positive trends are
found in the upper stratosphere, consistent with ongoing
ozone recovery. Mirallie et al. (2026) show clear negative
trends between 20 and 30 km in the tropics and more mixed
results in the northern hemisphere. This mostly mirrors our
results although a slightly different proxy setup was used.
The most notable difference is a slightly positive trend in the
northern hemisphere above 20 km in our results, while Miral-
lie et al. (2026) show mixed results depending on the station
(Figs. 20-23). This might highlight the need to look more
closely at longitudinally resolved trends in a future study.

The histogram shown in Fig. 13 provides a very similar
picture. Using the joint distribution (Ko et al., 2013) to cal-
culate the uncertainties, the 20 uncertainties for the mean
stratospheric and total column trends are mostly larger than
the trends itself, except for the mean total ozone trends in the
latitude band 35-60° S using the full proxy setup (panel a).
A substantial part of these uncertainties can be attributed to
relative drifts between the individual datasets. Globally af-
ter 2000, the 1o spread of the drift estimates between the
ozone profile datasets is around 1 % per decade (41 DU per
decade) and increases strongly below 20km (Fig. 4). For
total ozone, the corresponding 1o spread is smaller, about
0.1 % per decade to 0.3 % per decade, or 0.3 to 1 DU per
decade, but still contributes noticeably to the total trend
uncertainty (Fig. 5). Within uncertainties, the mean zonal
stratospheric column trends do not differ from total ozone
and the tropospheric ozone trend contribution (from the dif-
ference between both) is therefore not relevant.

Overall, the extended proxy setup provides a more com-
prehensive and physically consistent description of the pro-
cesses influencing stratospheric and total ozone variability
globally, and in particular, in the polar region (see Fig. 8).

As it was briefly commented in Sect. 5, the ozone profiles
and, with that, the stratospheric ozone trends have mostly
large uncertainties and are also not as uniform in their trends
as for total ozone. Such increased uncertainties in vertically
resolved ozone, particularly close to the UTLS region, have
also been reported recently by Davis et al. (2026), where dis-
crepancies among observational ozone profile datasets, par-
ticularly in the lowermost stratosphere, were found. These
uncertainties propagate into the derived stratospheric column
ozone and therefore need to be considered when interpreting
the computed trends.
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7 Conclusions

We analyzed long-term ozone trends from 2000 to 2024
using multiple merged satellite profile and total column
datasets. After harmonizing profile data to a common altitude
grid, stratospheric column trends were calculated and com-
pared directly with independent total ozone trends. Trends
were estimated using a multiple linear regression model that
includes an extended set of dynamical proxies to better cap-
ture inter-annual variability and recent circulation anomalies.
All profile datasets consistently indicate continued ozone
recovery in the upper stratosphere, particularly in south-
ern mid-latitudes. In contrast, lower stratospheric trends re-
main weak and regionally variable, with negative tenden-
cies in parts of the tropics. When integrated to stratospheric
columns, the resulting trends closely match those derived
from total column datasets across all latitude bands. Within
statistical uncertainties, this agreement suggests that total
ozone recovery since 2000 is primarily driven by changes in
the stratosphere. Tropospheric ozone trends do not produce
a detectable large-scale signal in total column trends over
this period. The extended regression configuration improves
the representation of recent high-variability years and vol-
canic influences. The main conclusions are positive upper-
stratospheric trends and close agreement between total and
stratospheric column changes within the combined trend un-
certainties. Using the full regression with additional dynam-
ical proxies and three separate SAOD proxies, the later rep-
resenting different periods of strong stratospheric aersol en-
hancements, leads to higher extratropical column trends in
the SH compared to the NH after 2000, which is in line
with indications of a faster ozone recovery in the SH due
to a faster decline in the HCI reservoir gas as a result from a
faster meridional circulation (Chrysanthou et al., 2025; Dubé
et al., 2025). These results provide an updated assessment
of ozone recovery through 2024 and reinforce evidence that
the Montreal Protocol continues to yield measurable atmo-
spheric benefits.
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Table A1. Sources of the ozone datasets that were used in this study.

Dataset

Link

Reference

Profile ozone datasets

GOZCARDS

https://disc.gsfc.nasa.gov/datasets/GozMmlpO3_1/summary
(last access: 8 September 2026)

Froidevaux et al. (2015)

SAGE-CCI-OMPS

https://climate.esa.int/en/projects/ozone/data/
(last access: 8 September 2026)

Sofieva et al. (2017)

SAGE-OSIRIS-OMPS

https://research-groups.usask.ca/osiris/
(last access: 8 September 2026)

Bourassa et al. (2014)

SAGE-SCIA-OMPS

https://www.iup.uni-bremen.de/DataRequest/
(last access: 8 September 2026)

Arosio et al. (2019)

SAGEII-OSIRIS-SAGEIII

https://research- groups.usask.ca/osiris/data-products.php
(last access: 8 September 2026)

Bognar et al. (2022)

SWOOSH

https://csl.noaa.gov/groups/csl8/swoosh/
(last access: 8 September 2026)

Davis et al. (2016)

Total ozone datasets

MSR2 https://www.temis.nl/protocols/O3global.html van der A et al. (2015)
(last access: 8 September 2026)
GSG https://www.iup.uni-bremen.de/UVSAT/data/wfdoas/ Weber et al. (2022)
(last access: 8 September 2026)
GTO-ECV https://atmos.eoc.dlr.de/gto-ecv Coldewey-Egbers et al. (2015, 2022)

(last access: 8 September 2026)

NASA SBUV/OMPS (MOD)

https://acdb-ext.gsfc.nasa.gov/Data_services/merged/
(last access: 8 September 2026)

Frith et al. (2014, 2017)

NOAA SBUV/OMPS (COH)

https://www.star.nesdis.noaa.gov/data/smcd1/ozone/
(last access: 8 September 2026)

Larry Flynn and Jeannette D. Wild
(personal communication, 31 January 2026)

WOUDC

https://woudc.org/archive/Projects-Campaigns/ZonalMeans/
(last access: 8 September 2026)

Fioletov et al. (2002, 2008)
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Figure A1. Proxies used in the full regression model. Proxies
shown are (a) Solar, (b) QBO1/QBO2, (¢) SAOD (with the three
periods shown in different colors), (d) ENSO, (e) AO/AAO and (f)
EHFN/EHFS. The AO, AAO and EHFn/EHFs are winter/spring ac-
cumulated and ozone-variability weighted, as described in Sect. 4.2.
Ozone-variability weights are latitude dependent. The SAOD prox-
ies are determined for the latitude bands considered in the MLR.
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Figure A2. Total ozone trends in % per decade from 2000 to 2024
for the six total ozone datasets WOUDC, SBUV NASA (MOD),
SBUV NOAA (COH), GSG, GTO-ECYV, and MSR2 (thin lines) and
the median and its 20 uncertainty (thick line and error bars). Shown
in blue are the MLR results with additional dynamical and SAOD
proxies and in orange the LOTUS model setup. Same as Fig. 7, but
with ozone trend units of % per decade.
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Figure A3. Profile ozone trends in % per decade from 2000 to 2024 for the six profile ozone datasets (a) GOZCARDS, (b) SAGE-CCI-
OMPS, (c¢) SAGE-OSIRIS-OMPS, (d) SAGE-SCIA-OMPS, (e) SAGEII-OSIRIS-SAGEIII, and (f) SWOOSH. Hatches indicate regions of
no significance (20). Same as Fig. 9, but in units of % per decade.
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Figure A4. Profile ozone trends (LOTUS model) in DU km™! per decade from 2000 to 2024 for the six profile ozone datasets (a) GOZ-
CARDS, (b) SAGE-CCI-OMPS, (¢) SAGE-OSIRIS-OMPS, (d) SAGE-SCIA-OMPS, (e) SAGEII-OSIRIS-SAGEIII, and (f) SWOOSH.
Hatches indicate regions of no significance (20'). Same as Fig. 9, but using the LOTUS setup in the MLR.
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Figure A5. Profile ozone trends in % per decade from 2000 to 2024 using the LOTUS setup for the six profile ozone datasets (a) GOZ-

CARDS, (b) SAGE-CCI-OMPS, (c) SAGE-OSIRIS-OMPS, (d) SAGE-SCIA-OMPS, (e) SAGEII-OSIRIS-SAGEIII, and (f) SWOOSH.
Hatches indicate regions of no significance (20). Same as Fig. 9, but using the LOTUS setup in the MLR and trend units of % per decade.
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Figure A6. Broad band zonal mean stratospheric ozone column trends from 2000 to 2024. Shown are stratospheric column trends using
two approaches: MLR applied to stratospheric columns (dark blue) and stratospheric column trends (light green) determined by integrating
ozone layer trends above the thermal tropopause. Upper row panels show the results using the full MLR regression and lower row panels
show the regression with the LOTUS setup. Zonal bands are (a, d) 35-60° S, (b, e) 20° S—20° N, (¢, f) 35-60° N. Black error bars indicate
the 20 trend uncertainties. The last two bars in each panel show the mean stratospheric column ozone trends using the two approaches from
the six merged datasets with two error bars each calculated using the LOTUS (dashed) and the J-distribution (dotted), respectively.
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Figure A7. Ozone trends with the Full Regression Model from 2000 to 2024 in three distinct latitude bands ((a) 35-60° S, (b) 20° S—20° N,
(¢) 35-60° N) in % per decade for the six merged ozone profile datasets: GOZCARDS, SAGE-CCI-OMPS, SAGE-OSIRIS-OMPS, SAGEII-
OSIRIS-SAGEIII, SAGE-SCIA-OMPS, and SWOOSH. Shaded area indicates the 20 uncertainties, calculated using the LOTUS (Eq. 7) and
the dashed line indicates the J-Distribution uncertainty (Eq. 9) of the mean trends (black line). Same as Fig. 10, but trends in units of % per
decade.
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Figure A8. Ozone trends with the LOTUS Model from 2000 to 2024 in three distinct latitude bands ((a) 35-60° S, (b) 20° S-20°N, (c)
35-60°N) in % per decade for the six merged ozone profile datasets: GOZCARDS, SAGE-CCI-OMPS, SAGE-OSIRIS-OMPS, SAGEII-
OSIRIS-SAGEIII, SAGE-SCIA-OMPS, and SWOOSH. Shaded area indicates the 20 uncertainties, calculated using the LOTUS (Eq. 7) and
the dashed line indicates the J-Distribution uncertainty (Eq. 9) of the mean trends (black line). Same as Fig. 10, but using the LOTUS setup
in the MLR and trend units of % per decade.
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Figure A9. Ozone trends with the LOTUS Model from 2000 to 2024 in three distinct latitude bands ((a) 35-60° S, (b) 20° S-20°N, (c¢)
35-60°N) in DUkm™! per decade for the six merged ozone profile datasets: GOZCARDS, SAGE-CCI-OMPS, SAGE-OSIRIS-OMPS,
SAGEII-OSIRIS-SAGEIII, SAGE-SCIA-OMPS, and SWOOSH. Shaded area indicates the 2o uncertainties, calculated using the LOTUS
(Eq. 7) and the dashed line indicates the J-Distribution uncertainty (Eq. 9) of the mean trends (black line). Same as Fig. 10, but using the
LOTUS setup in the MLR.
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