Detection of ozone recovery in the Arctic from ground-based
measurements
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Abstract. Contrary to the Antarctic, where ozone recovery has been observed for about a decade, the detection of positive
ozone trends in the Arctic remains challenging due to higher natural variability of ozone in that region.

Using a merging of long-term ozone data from Fourier transform infrared spectrometers, ozonesondes, and Dobson and Brewer
spectrophotometers, we present regional long-term trends (2000 — 2024) for total, stratospheric and tropospheric ozone. First,
ground-based measurements are cross-compared to two satellite data sets (MEGRIDOP and TASI-CDR). This enables the
detection of drifted-drifts in ground-based data sets we further exclude from our study. We then use a representativeness study
based on CAMS re-analysis data to define regions for which representative trends with reduced uncertainties are obtained by

combining data sets from different instruments and stations. Annual and seasonal trends are calculated using a multiple linear
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regression technique involving a set of proxies that represent physical processes influencing the natural ozone variability.

Annual trends indicate increasing total ozone over the Arctic, and are statistically significant over Canada and Reykjavik
(+2.1%/decade) and North-West Europe (Harestua and Lerwick, +0.7%/decade). Ozone recovery is also observed over Canada
in the mid-stratosphere (+2.0%/decade) and over the North Pole region (Canada and Ny-Alesund) in the upper stratosphere
(+2.1 to +3.8%/decade). By analysing the sensitivity of the ozone trends to the proxies, we observe a slow down of the expected
ozone recovery, especially in the lower stratosphere, due to stratospheric cooling (-0.6%/decade) and to the increase of volume

of polar stratospheric clouds (-0.8%/decade).

1 Introduction

Following the discovery of the Antarctic ozone hole (Farman et al., 1985) in the 1980s, the Montreal Protocol of 1987 (and
its amendments) banned the production of chlorine-releasing chemicals such as chlorofluorocarbons that were found largely
responsible for the global ozone depletion, earning them the name of ozone-depleting substances (ODS). Consequently, a pro-
gressive recovery of the ozone layer has been expected since the 2000s, with a projected complete recovery of stratospheric
ozone around the 2050s globally (World Meteorological Organization, 2023). While this recovery has been successfully de-
tected above the Antarctic and in the mid-latitudes (at least for the total column of ozone near-global average 60°S —60°N),
it remained elusive above the Arctic until recently (Weber et al., 2022; World Meteorological Organization, 2023). First signs
of recovery over the Arctic have been observed for the total column of ozone using ground-based and satellite measurements
(Pazmifio et al., 2023; Bernet et al., 2023; Anjali and Kuttippurath, 2025), and in the upper stratosphere using satellite mea-
surements (Arosio et al., 2019; Sofieva et al., 2021; Anjali and Kuttippurath, 2025). But the largest concentration of ozone in
the atmosphere is located in the lower and middle stratosphere, at about 20 km of altitude. There, no recovery has yet been
observed and instead, negative trends over the last two decades have been reported in the northern hemisphere (Ball et al.,
2018; Nilsen et al., 2024). Model simulations point toward an explanation of these negative trends due to the internal variabil-
ity of ozone transport for northern mid-latitudes (Chipperfield et al., 2018; Benito-Barca et al., 2025)and-to-the-, while in the
Arctic, simulations suggest that stratospheric cooling induced by climate change in-the-Aretie-implies large winter and spring
losses of stratospheric ozone (von der Gathen et al., 2021). As above the Antarctic, the ozone layer above the Arctic is more
strongly impacted by depletion than mid-latitudes due to colder temperatures and the presence of polar stratospheric clouds. At
springtime, when coldest temperatures ally with the first sunlight after the polar night, heterogeneous ozone-depleting reactions
primarily occur on the surface of these clouds in the lower stratosphere. The stratospheric cooling thus aggravates the depletion
in the lower stratosphere. Moreover, compared to the Antarctic, the detection of positive long-term ozone trends in the Arctic
is much more difficult due to a larger natural variability of ozone (Brasseur and Solomon, 2005; Langematz and Tully, 2018)
resulting from stratospheric dynamical activity, exemplified by the instability of the Arctic polar vortex (Jonassen et al., 2020).
At the same time, expected trends of ozone in the Arctic are very small, about a few % /decade, complicating their detection

over a noisy background.
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Figure 1. Location of the 17 ground-based stations in the Arctic within 60 — 90°N considered in this study.

Parallelly—to-the-stratospherie-ozone-In parallel to stratospheric ozone trends, we also report on tropospheric ozone trends

in the Arctic. Tropospheric ozone is a harmful pollutant with marked health impacts, important to monitor en-its-ews-in its
own right. But it is also necessary to study its impact on the total ozone column budget and separate it from stratospheric
ozone trends. In Van Malderen et al. (2025a, b), significant negative tropospheric ozone trends were found in the Arctic for
the 2000 — 2022 period in the range of —1 to —2ppb/decade, while a strong seasonal cycle was highlighted in the tropospheric
ozone trends in Law et al. (2023), with a decrease in Spring and increase in Summer over the 1993 — 2019 period.

In this study, we use data from 17 different stations, all located between 60 and 90°N (see Figure 1) and from four different
ground-based instrument techniques: Fourier transform infrared (FTIR) interferometers, ozonesondes, Brewer and Dobson
spectrophotometers. Simultaneous use of these techniques enables to cover the whole stratosphere and troposphere: FTIR,
Brewer and Dobson provide total columns of ozone, ozonesondes yield high-resolution profiles up to about 30 km, and four
partial columns (one in the troposphere and three in the stratosphere) can additionally be extracted from FTIR. Each individual
technique has been used in the past for trends detection (see e.g. Vigouroux et al. (2008, 2015) for FTIR, Kivi et al. (2007);
Christiansen et al. (2017) for ozonesondes and Harris et al. (1997); Fioletov et al. (2023) for Brewer and Dobson).

The detection of stratospheric ozone trends typically requires the use of a multiple-tinear-multiple linear regression (MLR)
in order to account for its large-variability, by explaining the time series variance by fitting several influencing physical pro-

CESSESs.

debutedin 2016, recommends-the-use-of the Those processes are typically the 11-year solar cycle, the Quasi-Biennal Oscillation
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(QBO) prineipal-components-and the El-Nifio Southern Oscillation (ENSO) as explanatery-variables(erproxies)—In-addition;
dynamieal-proxies{such-asthein the Long term Ozone Trends and Uncertainties (LOTUS) initiative Petropavlovskikh et al. (2019)
. In the Arctic, the large ozone inter-annual variability is driven both by chemistry and by dynamics. Chemistry impacts ozone

variability in polar regions through heterogeneous chemistry on polar stratospheric clouds (PSC). Dynamical variability is led

by tropospheric planetary waves, which impact the stratospheric temperature and the Brewer-Dobson Cireulation;-the-Aretic

—circulation (BDC) (Chipperfield and Santee, 2022). as well as by Arctic Oscillation (A0) which impacts the polar vortex
(Lawrence et al., 2020)) or by the equivalent latitude (EL) (Wohltmann et al., 2003). On a local scale, variability also depends
on the tropopause pressure (TP) variations through stratosphere-troposphere exchanges. These processes are not independent,
as e.g. the PSC formation is linked to the stratospheric temperature, and hence to the strength of the vortex. Various past studies

. A systematic statistical analysis of ozone proxies was carried out in Méder et al. (2007) on ground-based data sets for the 1960

= 2000 period using a stepwise regression procedure. It concluded that in the North polar region, the optimized model includes
the EL,, PSC, Stratospheric temperature and aerosols. We do not consider aerosols here since in our period of focus there has
been no major volcanic eruption in the North Hemisphere. To avoid biases due to preselection of proxies, in this work we also
carry a stepwise regression procedure based on all proxies influencing ozone variability (11-year solar cycle, QBO, ENSO,
PSC, EL. TP, Stratospheric temperature, BDC, and AQ). The stepwise regression automatically selects the most significant
proxies in the MLR and avoids overfitting. Overfitting is further controlled by verifying that the fitting is improved while the
uncertainties of trends are reduced when adding new proxies. Some of these proxies have their own trend. Depending on the
aim, one can choose to de-trend the proxies (as in e.g. Li et al. (2023)), obtaining then an ozone linear trend that contains both
influence of ODS and dynamics changes. We prefer here not to de-trend them, in order to obtain the ozone trend that would be
due only to ODS changes, following e.g. Weber et al. (2022). Our trends can therefore be directly associated to the "recovery”
of stratospheric ozone.

reduce the uncertainties of our trends by au
uneertainties-by-first-combining ground-based measurements into specific geographic regions, defined by performing a repre-
sentativeness study (Weatherhead et al., 2017) based on the CAMS Re-Analysis data (Inness et al., 2019) for the total column
of ozone and all four atmospheric layers, as done for tropospheric ozone in Van Malderen et al. (2025b). We thus obtain
regional trends representative of these specific regions. We focus on the 2000 — 2024 period. The merging allows to include
shorter time-period measurements or with gaps.

All data sets used in this study are explicitly described in section 2. In section 3, we cross-compare ground-based data
sets against two satellites ozone data sets, IASI-CDR (IASI, 2025) and MEGRIDOP (Sofieva et al., 2021). This enables us to
validate the quality of our individual ground-based data sets before calculating trendsand-to-also-evalaate-, while also evaluating
the drifts of satellite data sets with respect to ground-based instruments in the Arctic. The representativeness study and resulting

regions for all total and partial columns are described in section 4. Finally, we present in section 5 our stepwise MLR model

used some of those drivers of polar ozone variability in multiple-linear regression (MLR) models (Vigouroux et al., 2015; Coldewey-Egbers
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and the trends obtained in each of these regions for the four atmospheric layers (from 0 to 48 km) and for the total column of

ozone.

2 Ground-based data sets

All ground-based data sets, their instrument’s location, repository and time period are summarized in Table 2. The rest of this
section describes all these data sets with more details, including a brief discussion of the measurement techniques and of the

associated uncertainties.
2.1 FTIR interferometers

The FTIR interferometers record interferograms from sunlight that are Fourier-transformed into solar absorption spectra. Trace
gas abundances, such as ozone abundances, are retrieved from these spectra by using line-by-line spectral fitting softwares
(SFIT4 (Hannigan et al., 2024) or PROFFIT (Hase et al., 2004)), including radiative transfer models. Forward model inputs
include spectroscopic parameters, climatological a priori information on trace gases concentrations, and 6-hourly pressure
and temperature profile information from NCEP. The pressure and temperature-dependences of the ozone line-shapes enable
us to retrieve low-vertical resolution profiles, with four to five distinct degrees of freedom for signal (DOFS), spanning the
troposphere and stratosphere from about 0 — 48 km (Vigouroux et al., 2015).

In this study, we use FTIR ozone data sets from the Network for the Detection of Atmospheric Composition Change
(NDACC) (https://ndacc.larc.nasa.gov/). This network gathers the data sets of 160 ground-based instruments monitoring var-
ious components of the atmosphere from 73 active sites around the globe —Itrepresents-a-massive-collaborative-effort-lasting
for-about-35-yearsnow;enabling-since 1990. This network enables detection of long-term trends, validation of other data sets
and models (De Mazicre et al., 2018). There are six NDACC FTIR instruments within the Arctic: Ny—Alesund, Eureka, Kiruna,
Harestua, St-Petersburg and Thule, see Table 2. These instruments are Bruker high-resolution (< 0.005cm~1) spectrometers.
The retrieval strategy used at all these sites is standardized by the InfraRed Working Group IRWG) (IRWG, 2025). It has been
recently updated from the previous version described in details in Vigouroux et al. (2015) to an improved strategy (IRWG2023),
based on the HITRAN2020 molecular spectroscopic database (Gordon et al., 2022), specific spectral microwindows (around
1000cm™1!) fitted to avoid interference with water vapor lines, an updated regularization scheme (Tikhonov) and an updated
a priori (WACCMv7 IRWG (IRWG, 2025)). More details on this new strategy used here can be found in the Appendix of
(Bjbrklund-etal5-2024)Bjorklund et al. (2024), where it was feund-shown to reduce biases with other instruments in Lauder,
New Zealand from 1 — 3% for all partial columns as well as to reduce drifts.

In addition, we consider a new ozone time series (Kivi et al., 2026) obtained by applying a new retrieval (in the 3040cm™*
region following the strategy of Zhou et al. (2020) and Garcia et al. (2014)) to spectra recorded by the Sodankylid instrument
that is part of the Total Carbon Column Observing Network (TCCON). The resulting vertical profiles contain lower DOFS of

about 2.5, concentrated on the stratospheric layers, see Table 1.


https://ndacc.larc.nasa.gov/

Random (%) | Systematic (%) | Total (%) | DOFS NDACC | DOFS Sodankyli
0-8km 5.43 6.19 8.57 0.89 0.07
8-17km 3.49 4.27 577 1.06 0.72
10-17km 4.26 4.15 6.27 0.89 0.67
17-26km 3.30 4.10 5.40 1.07 0.92
26-48km 3.87 6.35 7.53 1.28 0.68
32-48km 6.68 8.61 11.03 0.82 0.24
TCO 1.38 3.46 3.80 4.40 2.38

Table 1. Mean FTIR random, systematic and total uncertainties in percent and average degrees of freedom
of signal (DOFS) of NDACC FTIR and of Sodankyld FTIR for each partial column and the total column
of ozone (TCO).

For all time series, the uncertainty on ozone partial columns is obtained from the propagation of the retrieved profile uncer-
125 tainties. Random and systematic uncertainties are themselves obtained using optimal estimation (Rodgers, 2000; Vigouroux
et al., 2015). The random error of partial columns additionally contains a smoothing error (Rodgers, 2000) estimated from the
WACCMvV7 covariance matrix at each site. In Table 1 we provide the mean of the obtained uncertainties in percent for each
partial column considered in this paper and the total column of ozone (TCO). The partial columns are based on FTIR DOFS

that are explicitly given here for NDACC products and for the Sodankyld product.

130 2.2 Ozonesondes

Ozonesondes are small, light-weight devices flown on weather balloons that measure the vertical profile of ozone based on the
titration of ozone in a neutral buffered potassium iodide sensing solution, with a precision better than +(3—5)% and an accuracy
of about +(5 — 10)% for up to 30 km altitude (Smit et al., 2024). However, changes in preparation and operation procedures,
manufacturer type, sensing solution strength, and processing might result in biases in the time series, compromising any re-

135 liable ozone trends assessment. Therefore, a homogenization activity, correcting for those biases following recommendations in
Smit-and-the- ASOPOS-2:0-Panel{2021);-Smit-and-the-O3S-DQAPanel{2042)(Smit and the ASOPOS 2.0 Panel, 2021; Smit and the O3S
has been undertaken, with all the homogenized ozonesonde data stored and described within the framework of the Tropospheric
Ozone Assessment Report Phase I (TOAR-II) Focus Working Group HEGIFTOM (Harmonization and Evaluation of Ground-
based Instruments for Free-Tropospheric Ozone Measurements, see also Van Malderen et al. (2025a)). In that study, the data

140 from the Canadian Arctic sites Resolute, Alert, and Eureka and the European Arctic sites Scoresbysund, Ny-Alesund, So-
dankyld and Lerwick have been used. More details on the specific homogenization steps needed to correct those data sets are
provided in Tarasick et al. (2016) for Resolute, Alert, and Eureka and in Nilsen et al. (2024) for Scoresbysund, Ny-Alesund,
and Sodankyla.
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In this study, we cap sondes profiles at 26 km so that the mid-stratospheric column contains at least 60% of all measured
profiles at all sites (in some sites such as Alert and Resolute, less than 50 to 40% of profiles reach up to 30 km because the
sondes balloon burst before that altitude). We sum profiles over the partial columns defined tower-below in Section 2.4. Random
measurement uncertainties on profile points are also propagated to obtain partial columns uncertainties. When a profile doesn’t
provide uncertainties, we use the mean uncertainties of other profiles from the same site. Extreme outliers are found in the data
after summing the profiles into partial columns. They are removed by applying a very loose percentile filter: for ¢; and g3 the
25th and 75th percentiles, we remove datapoints lying beyond g3 + 8(gs — ¢1) or below ¢; — 8(g3 — ¢1) for each partial column

time series.
2.3 Brewer and Dobson spectrophotometers

Brewer and Dobson spectrophotometers use UV light (about 305 — 340nm) to extract the total column of ozone by comparing
relative intensities for pairs of selected wavelengths. All Brewer and Dobson total column data sets used in this study are
obtained from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC), one of six World Data Centres part of the
Global Atmosphere Watch programme of the World Meteorological Organization. It provides total column ozone and vertical
profile data from over 500 registered stations (https://woudc.org/). We use Brewer total column measurements from Resolute,
Sondrestrom, Alert, Eureka, Vindeln, Oslo, Andoya and Dobson total column measurements from Lerwick, Barrow, Reykjavik,
Fairbanks and Vindeln. They are given as daily measurements obtained from several measurements averaged together with a
standard deviation estimate. When the standard deviation is not provided, we use a generic random error of 1% for direct
sun observation (DS) and 5% for other types of measurement (zenith-sun ZS, focused-moon FM) (see e.g., Fioletov et al.,
2005; Vogler et al., 2007). The Brewer in Alert has calibration issues concerning ZS measurements so these are excluded
from the dataset. For all Brewer measurements we restrict to airmass factors p < 3.5 for single monochromator instruments
(MKII, MKIV and MKYV). Finally, most stations have measurements taken by several instruments, so we average all same-day

observations with a weighted mean.
2.4 Choice of partial columns

While Dobson and Brewer data sets only provide a total column measurement of the ozone abundance, ozonesondes and FTIR
present vertically-resolved profiles. Since this vertical resolution only contains four to five degrees-of-freedom-DOFS for the
FTIR, we divide the troposphere and stratosphere into four layers (see Table 3) to obtain four partial columns of ozone, each
containing about one DOFS for the FTIR (see Table 1). The specific choice of boundaries for these layers reflects the need for
merging FTIR with sonde data sets.

yprecarry ato t vard Sens, O arg W SCASORS—10CCaAt

D

eomparison-to-satellite-produetsSince we work with fixed altitudes defining partial columns boundaries, we do not follow
the tropopause variations in time. Note that since FTIR provides low-resolution profiles. a clear-cut disentanglement of
tropospheric and lower-stratospheric measurements is impossible and some mixing is necessarily present. The choice of 0-8
km reflects the averaged Arctic tropopause limit while satisfying the constraint on FTIR DOFS.


https://woudc.org/

Site Lat.°N Lon. Instr. Repository Time period
Alert 82.49 62.34°W Sonde HEGIFTOM 2000 — 2024
Brewer WOUDC 2004 — 2024

Eureka 80.10 86.40°W FTIR NDACC 2006 — 2020
Sonde HEGIFTOM 2004 — 2024

Brewer WOUDC 2001 — 2024

Ny-Alesund 78.92 11.92°E FTIR NDACC 2000 — 2024
Sonde HEGIFTOM 2000 — 2024

Thule 76.52 68.77°W FTIR NDACC 2000 — 2024
Resolute 74.70 94.96°W Sonde HEGIFTOM 2000 — 2024~
Brewer WOUDC 2000 — 2024

Barrow 71.30 156.60°W | Dobson WwOuUDC 2000 — 2024
Scoresbysund | 70.48 21.97°W Sonde HEGIFTOM 2000 — 20247
Andoya 69.28 62.34°W | Brewer WOUDC 2000 — 2024
Kiruna 67.84 20.41°E FTIR | private NDACC | 2000 — 2022
Sodankyld 67.37 26.63°E FTIR BIRA-IASB 2012 —2024
Sonde HEGIFTOM 2000 — 2024

Sondrestrom 66.99 50.95°W | Brewer WOUDC 2000 — 2023
Fairbanks 64.90 147.90°W | Dobson WOUDC 2000 — 2024
Vindeln 64.24 19.77°E | Dobson WOUDC 2000 — 2024
Brewer WOUDC 2000 — 2024

Reykjavik 64.13 21.90°W | Dobson WOUDC 2000 — 2024
Harestua 60.20 10.80°E FTIR NDACC 2000 — 2024
Oslo 59.94 10.72°E Brewer WOUDC 2000 — 2024
Lerwick 60.13 1.18°W Sonde HEGIFTOM 2000 — 2024
Brewer WOUDC 2000 — 2024

St-Petersburg | 59.90 29.80°E FTIR NDACC 2009 — 2024

Table 2. Summary of all the ground-based data sets that have been considered in this study

ordered by decreasing latitude.

* Resolute’s is restricted to the 2005 — 2024 time period for reason detailed in the compar-

ison with satellites, see section 3.

T Scoresbysund’s time series is not used at all in the trend analysis for reasons also detailed

in section 3.

1 In the lower stratosphere, St-Petersburg’s is not used in the trend analysis because it can-

not be merged with other data sets there and it only starts in 2009.
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Troposphere Lower stratosphere | Mid-stratosphere | Upper stratosphere Total column

Layertkm) 0—8km 8 —17km 17— 26 km 26 — 48 km 0 — 60 km
CAMS grid 1000 — 300 hPa 300 — 100 hPa 100 — 20 hPa 20 — 1hPa TC product
Data sets used | FTIR*, Sondes FTIR, Sondes FTIR, Sondes FTIR FTIR*, Brewer, Dobson

Table 3. Altitude layers defining the four partial columns of ozone considered for ozonesondes and FTIR. Partial columns are calculated
from profiles using the altitude in kilometers. The CAMS grid line reports the approximate equivalent pressure layers used for calculating
partial columns of CAMS data in the representativeness study (see section 4). The last line summarizes which data sets are used in each

partial column of this study. The asterisk next to FTIR means that the lower-resolution product at Sodankyli is excluded.

In addition to the partial columns defined in Table 3, we consider an alternative lower stratospheric column from 10 — 17
km in section 3 ~An-additional-to ease comparison to satellite products, plus another upper stratospheric column from 32 — 48
km is-also-considered-fortrends-in section 5 -tn-orderto better compare with trend literature that often considers the upper
stratospheric layer higher up;espeeially-forsatellite’s-trends.

From those ozone columns we first calculate daily mean time series, and from those we obtain monthly mean time series.

We then use the monthly mean time series to calculate relative (1) and absolute (2) anomalies:

month, , year, month
0 03
anommonthm ,year, _ 3 3 . ( 1 )
Omomhz ’
3
month, , year
abs.anom™"=>Year, — O, v —ofente ; ?

with
start year+n
1

h, month,, , year,
oFte=—= 3. 0 , 3)

y=start year
the ozone mean for each month of the year averaging over n years of each data setentire-period, from start year to start year+n.

We-witHater-use-those-anomaliesfor- Using anomalies when merging different data sets without-worrying-aboutpossible-biases
i i tnishi s-instead of monthly means removes the issues related to merging biased data

3 Comparison with satellite ozone data sets
3.1 Satellite data sets and method

We use comparisons with two different satellite data sets, IASI-CDR and MEGRIDOP, to investigate the quality of all the
ground-based time series described above and to evaluate the presence of drifts in satellites for the whole Arctic zonal mean 5
(i.e., a weighted mean of all ground-based stations datasets within the 60-90°N region), both in the total column and for each
partial column defined in section 2.4.

The TASI-CDR dataset is a homogeneous ozone Climate Data Record (CDR) based on the Infrared Atmospheric Sound-
ing Interferometer observations recently produced by EUMETSAT on behalf of AC SAF (AC SAF, 2025). The IASI-CDR
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O3 product has been validated in Boynard et al. (2025), who reported small total ozone biases (< 1-2%), tropospheric differ-
ences of 10-12%, and long-term drifts below 3% per decade. It accurately captures seasonal and interannual variability and
highlights a decrease in tropospheric ozone, notably in the tropics and Europe. Here, tASHIASI-CDR O3 total columns are
obtained from the combined AERIS Level-3 monthly tASHA-and-B-products;-while-partiatIASI-CDR Metop-A (2007-2013)
and Metop-B (2013-2024) products, called hereafter IASI-A+B (Clerbaux and Coheur, 2025a, b). Partial columns are derived
from monthly-meantASI-A+B-merged monthly mean gridded profiles computed from the AERIS Level-2 daily products

data sets cover 26682007-2024 and we use daytime observations only.

The MErged GRIdded Dataset of Ozone Profiles (MEGRIDOP) (Sofieva et al., 2021) was generated using data from six limb
and occultation satellite instruments (OSIRIS, GOMOS, MIPAS, SCIAMACHY, Aura MLS, OMPS-LP SNPP). We use the
Level-3 gridded monthly time series from 2001 until 2024, which has a 10° lat. x 20° lon. horizontal resolution and a vertical
coverage from 10 — 50 km.

Our aim here is not to validate the satellite products but rather to compare satellite and ground-based time series to diagnose
potential problems related to the calculation of trends from those time series. Therefore, we do not time-collocate satellites and
ground-based measurements but instead we compute drifts by comparing monthly deseasonalized relative anomalies, that will
later be used for trends computations. The time series of satellites are spatially collocated within their respective spatial grid
with the ground-based instruments locations listed in Table 2. To compare satellite and ground-based time series, we define the

difference of anomalies in percent:
diff.,_gp = (anom!, —anomy) - 100%, “4)

from which we obtain the relative bias and the scaled mean absolute deviation (MAD;) between the two time series (scaling

with 1.4826 gives an equivalence to the 20 of Gaussian statistics):

bias = median (diff s, p) ; 5)
MAD, = 1.4826 - median (|diff,}, g — bias|). (6)

We then apply a robust linear regression (Theil-Sen method, (Sen, 1968)) on the difference dif S;t_GB (4) to obtain the trend of
this difference, i.e., the drift and its associated error, as shown in Figure 2 for the Vindeln Brewer against tASI-CBDRIASI-A+B
ozone total column.

The drift is estimated as the median of the slopes of all lines connecting all possible pairs of points. The eonfidence-interval

ek e e e e S e e O O—ootatin—an—- Hate—o “
confidence interval estimates assume the time series have no autocorrelation, but by computing the autocorrelation on the
regression residuals (as the Pearson correlation coefficient between the residuals at £ and at ¢ 4-1 (lag-1)), we find that 13% of
our data sets have an autocorrelation comprised between 0.2 and 0.35 in absolute value. To rigorously account for this small
autocorrelation, we have therefore applied the block bootstrap method (Gilda, 2024) to evaluate the confidence intervals of our
estimated Theil-Sen drifts (Bontempi, 2024). We have used 1000 bootstrap samples and a block size of n'/%, where n is the
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Figure 2. Difference of relative anomalies in percent diff.},_gp (4) between the Vindeln Brewer total column and the HASHEBRIASI-A+B.

total column in Vindelnwith-assoeiated-bias; MAD+. The trend of this difference is represented by the red dashed line and corresponds to
the drift, given in legend with its 20-error. The presence of several strong outliers requires the use of a robust regression method, here the

Theil-Sen method.

length of the dataset. The Theil-Sen method was applied on each bootstrap sample. The 2cerror)of-those-slopes—Thedrifterror

of the-confidence interval-with-the-median-error estimate given for each drift value corresponds to the 95% confidence interval,
calculated by multiplying the square root of the bootstrap estimate of variance by z = 1.96, i.e. the inverse of the standard
normal cumulative distribution function F'y(z) = «/2, where o = 0.95.

sWe make the assumption that problems in individual stations
data sets can be identified by comparing to the two satellite data sets, while drifts in individual satellite dataset can be identified

with combined ground-based data sets. In Section 3.2, we validate each individual ground-based dataset by spetting-detecting
outliers in the drifts with respect to satellites, and then in Section 3.3, we evaluate satellites by computing their Arctic zonal

band-mean drift with respect to the weighted mean of all validated ground-based time series.
3.2 Evaluation of ground-based time series from satellite comparison

MEGRIDOP is based on Limb satellites that do not measure in the troposphere, so ground-based measurements of the tropo-
spheric column and the total column can only be compared to IASI-CDR (see Figure 3 for a visual representation of the vertical
coverage of profile data sets versus the chosen partial column layers). Moreover, because MEGRIDOP only starts at 10 km, we

consider an alternative lower stratospheric column from 10 — 17 km. This alternative lower stratospheric partial column can be

11
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Figure 3. Vertical coverage in kilometers of each profile data sets used in this study against our choice for partial columns altitude boundaries
in grey on the left. Additional alternative partial columns are shown in blue on the right. The choice of partial columns boundaries is explained

in section 2.4.

easily computed and still retains enough DOFS for the FTIR (see Table 1). The reason why we selected 8 — 17 km as our main
lower stratosphere column is because we want to be able to compare total column trends to the sum of partial column trends.

We do not identify any outliers in the total column ground-based time series. We find all drifts lay within |1.6%/decade| (see
Figure 4). Only the drifts in Fairbanks and AdertKiruna are at the limit of 2o significance, reaching respectively {—17-+1-66)
and-{—1:50-£1-41)%decadeEven-though-this-(~1.17 £ 1.16) and (+1.224 1.15)%/decade. Although it might indicate
potential issues around-that-timein those timeseries around 2007, we do not exclude these-time-series-them from our trend
analysis, as these drift values are small and we will in fact consider the full 2000 — 2024 period and-the-driftsreported-here-are
overath-very-smatfor trends.
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Figure 4. Robust drift of IASI-CDR on the full 2007 — 2024 period for the total column with respect to all individual FTIR, Brewer and
Dobson instruments in percent per decade, with a 2o-error. Instruments are ordered by decreasing latitude from top to bottom, and trends are

color-coded depending on the instrument (purple: Brewer, green: Dobson, blue: FTIR).

In the troposphere, seeFigure-5;-IASI-CDR exhibits a significant negatlve drift of at least —67%74dec—dd& 5% /decade with

255 seven of the ground-based instruments -

out as the only significant positive drift of IASI, signaling an issue with this ground-based dataset. We checked that this large
260 drift is not due to a different of time-sampling between the sonde data sets and the satellites: applying different filters on the

minimal number of sonde measurements per month doesn’t change the drifts values.
Turning to the stratospheric column drifts of both IASI (on the 2007-2024 period) and MEGRIDOP (on the 2001 — 2024

period) with respect to all individual ground-based instruments in Figure 6, we find that the Scoresbysund sonde also stands as
an outlier in the lower and mid-stratosphere for both satellites. The drift is associated with a negative offset in the Scoresbysund

265 ozone concentrations at most altitude levels in the ozonesonde time series since 2016 with respect to the previous years. Indeed,
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Figure 5. Robust drift of IASI for the troposphere with respect to all individual FTIR and Sonde instruments in percent per decade with
20-error. As in Figure 4, instruments are ordered by decreasing latitude from top to bottom, and trends are color-coded depending on the

instrument (blue: FTIR, red: Sondes).

we have verified that the Scoresbysund’s sonde dataset does not show any significant drift with respect to MEGRIDOP over the
prior 2001 — 2015 period, where we found a drift of about 4% /decade in the 10 — 17 km layer and of about 2% /decade in the
17—26 km layer, both non-significant. This drop in 2016 coincides with a change of ozonesonde type, ozonesonde pump battery
type and radiosonde type, leading +esp—respectively to a 3 — 4% bias in the ozone concentrations, lower pump temperatures
(around —10K), and a possible offset in the atmospheric pressure measurements (switch from pressure sensor to GPS height-
derived pressure measurements). The homogenization of the Scoresbysund time series at the HEGIFTOM repository only
corrects for the first effect. The other two issues might be responsible for a drop in the ozone concentrations, e.g. too low
pump temperatures might point to freezing solutions and too low signal readings and a shift of the entire profile with 4+-1.5 hPa
at mid-stratospheric pressure levels. Unfortunately, these issues need further investigation and adequate correction algorithms
have not been developed yet, so we remove the Scoresbysund ozonesonde dataset from our study.

The Resolute sonde also appears as an outlier in MEGRIDOP’s drifts for the lower and mid-stratosphere but not in IASI-
CDR’s drifts. By comparing the drifts on the same time period (2007 — 2024), the MEGRIDOP’s drifts at Resolute disappear,
see Figure 7. In fact, we see a progressive diminution of the drift that becomes non-significant starting from 2005. This is

probably the signal of a jump in the sonde dataset possibly due to instrumentation changes. Recalibrations in the data sets to

account for these various changes have already been performed in Resolute (see (Farasieketal;20+6)Tarasick et al. (2016))
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Figure 6. Robust drifts of IASI-CDR (a-d) and MEGRIDOP (e-h), with respect to ground-based measurements for stratospheric partial
columns. Drifts are in percent per decade with 20-error. Note that the time periods given in the title of each figure refers to the satellite time

periods, but some ground-based time series are more limited, see Table 2.

but additional jumps cannot be excluded. Despite these recalibrations, it was found in Figure 17 of Tarasick et al. (2016) and
Figure 3 of Nilsen et al. (2024) that the Resolute sonde exhibits stronger significant negative trends in the lower stratosphere
than other sondes in the Arctic (except for the Churchill sonde that lies betew-eur-660°N-Jimitequatorward). To avoid effects of
this potential jump, we consider the Resolute sonde dataset only starting from 2005.

In the upper stratosphere (26 —48 km, Fig. 6), IASI-CDR possesses small negative drifts everywhere except at Kiruna, where
it shows a singular significant positive drift above 3% /decade. The drift of MEGRIDOP in Kiruna doesn’t particularly stand out
on the 2001—2024 period, but if we restrict both satellites to the same 2007—2022 time period (Kiruna time series stops in 2022,
see Table 2), we observe a similar pattern where all drifts are non-significant and within 3% /decade except in Kiruna where they
reach {3-56+235%/deeade-(3.65 £ 2.97)%/decade for IASI-CDR and {4-93=-2-081%/deeade-(4.92 £ 2.58)% /decade for
MEGRIDOP, see Figure 8. There are no records of possible issues with the Kiruna FTIR time series and visual scrutiny of its
monthly mean and anomalies time series doesn’t reveal obvious jumps. As the drift value with MEGRIDOP using the full time
series (Fig. 6) is comparable to other FTIR stations (although significant at Kiruna), we retain Kiruna for our trend analysis on

the full time period.
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Figure 7. Variation of the drift of MEGRIDOP with respect to the Resolute sonde in the lower (a) and mid (b) stratospheric columns,

depending on the starting date of comparison.
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Figure 8. Drifts of IASI-CDR (a) and MEGRIDOP (b) with respect to the FTIR data sets in the upper stratosphere when restricting to a
common period of 2007 to 2022.
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Figure 9. Drifts of satellites with respect to the zonal (weighted) means of all ground-based instruments in each column. Ground-based

instruments with identified problems (Scoresbysund sonde, Resolute sonde before 2005) are not included in the means.

Finally, in the total stratospheric column (10 — 50 km, Fig. 6), IASI-CDR does not exhibit any significant drift except with
Sodankyld-FFIR-the FTIR at Sodankyléd. That time series is retrieved from a different spectral range than other NDACC FTIR
products but there is no trace in previous studies of a potential drift due to this method of retrieval (Garcia et al., 2014; Zhou
et al., 2020). It is also the only time series that starts in 2012 so the starting date for IASI-CDR comparison is different from

all other data sets.
3.3 Drift of satellites for the Arctic zonal bandmean

Having set aside problematie-ground-based time series with identified problems, we average all remaining enes-data sets by a
weighted mean (weights are given by the inverse squared uncertainties), and compare this average with the mean of satellites
time series at the site locations. The resulting zonal bard-mean drifts of IASI-CDR and MEGRIDOP are presented in Figure 9.

The zonal mean drift of IASI-CDR total column is of {—0-63+101)%/decade(—0.62 £ 0.94) % /decade. This is a very
small uncertainty and it shows that the IASI-CDR Level 3 AERIS total column product is-net-drifted-doesn’t show a drift over
its full time series.

In the troposphere we find thatTASI-EDR-has-a negative significant drift of

by-thesensitivity-drop-of IASI-CDR at-high-Jatitades;espeetally-of (—3.47 £ 2.54) % /decade. Since the sensitivity of IASI

in the troposphere is low, with an average number of DOFs < (0.45, the a priori has a strong influence on the retrieved
measurements in the troposphere. E i i :




310

to-the TASE-CDR-sensitivity priorto-comparisondata sets to the IASI sensitivity by smoothing their profiles with the IAST
averaging kernels (Rodgers and Connor, 2003) was found to shift the TASI drift by —2.3%/decade on average in the Arctic
troposphere in Boynard et al. (2025). However, the smoothing formula must be performed on each individual profiles: the
315 averaging kernel are non-linear objects and smoothing averaged monthly data is not equivalent to averaging individually
smoothed profiles, and can introduce additional errors. We therefore do not smooth the ground-based data sets here. This
means that we probably underestimate the tropospheric IASI drift is by about 2%. Note that the much smaller drift obtained by
Boynard et al. (2025) in the Arctic troposphere of (=1.5 4 1.8)%/decade is biased due to the use of the Scoresbysund sonde
dataset in the validation, see the Table S1 of Boynard et al. (2025) with individual stations drifts. By excluding this dataset
320 and including FTIR. we find a larger and significant drift of the IASI Arctic troposphere. A more detailed validation using
time-collocated pairs of smoothed Level-2 measurements is necessary to evaluate the exact amplitude of this drift and whether

it represents a real stability issue.
TASI-CDR doesn’t show any significant drift in the lower, middle and total stratosphere. In the lower stratosphere the

individual drifts are all within |5%/decade| (with a zonal mean drift withi f (2.25 +£3.17)%/decade), and in
325 the middle and total stratosphere individual drifts lay within |3%/decade| (with a zonal mean drift within{1-5%/decade}-and

H%Wideeade%of —1.19+2.26)%/decade and (—0.79 £ 1.12)%/decade respectlvely)

330 MEGRIDOP is positively drifted with respect to the zonal mean of all ground-based instruments in the lower and upper

stratosphere with drifts of Q#éi—k%%%deeade—aﬂd—%w%féeeaée 2.76 £ 1.77)%/decade and (1.97 +1.18)%/decade

respectively. The smallness of these

the uncertainties reinforces our assumption that the zonal mean drift
captures the true satellite drifts, while averaging out individual ground-based instruments errors and drifts.

335 In the mid-stratosphere, the zonal band-mean drift of MEGRIDOP is smaller-than{1%/decadef-only (0.27 £ 0.96)%/decade
while all individual drifts lay within {3%/deeade}|2.3% /decade|.

Finally, in the total stratospheric column, MEGRIDOP’s zonal bz

drift is slightly positive significant: (0.88 + 0.73)%/decade. All individual drifts are a%se—w%hm—%%%deeadethnhm 2.1%/decade].

The smallness of the uncertainty is here also remarkable, but is expected to be smaller in MEGRIDOP than for IASI-CDR since

340 the time period of comparison is more extended.
3.4 Conclusions on ground-based versus satellite comparisons

1. The Scoresbysund sonde is strongly negatively drifted. The drift is probably associated with ample-the many instrumental
changes around 2016 that cannot be fully corrected for. This is important as this sonde was used in the past for validation
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of satellites whose drift could have been overestimated or underestimated accordingly, as in Boynard et al. (2025). We

don’t use this time series in our trend analysis.

2. We find hints of a potential jump in the Resolute sonde dataset before 2005, possibly due to instrumentation changes.

We restrict this time series to 2005 — 2024 for the trend analysis.

3. For-the—whele-Aretiezonal-bandln the Arctic zonal mean, both satellites drifts are smaller than |3%/decade| for all

stratospheric columns.

4. TASI-CDR enly-appears-significantly-drifted-possesses a significant drift only in the troposphere, where its zonal band

d aachac A =N07Z /4 d A DR e lowtronocphe nothoan o dfor Moreove

& a = 7 aecaat; o OV

this—driftis-elose—to-the 3% /decade-mean drift reaches (—3.47 & 2.54)%/decade without smoothing. The effect of
smoothing cannot be applied on monthly averaged measurements trustfully, but has been shown to shift the drift b
—2.3%/decade on average in the Arctic troposphere (Boynard et al., 2025). A careful validation on time-collocated

smoothed Level-2 measurements is necessary to determine if this drift indeed exceeds the stability threshold of tropo-
spheric ozone (Weber, 2024 )-making o .. o

efiniti Lasional hic St stability—.
5. MEGRIDOP shows significant positive drifts for the zonal band-mean in the lower, upper and total stratosphere of

(2764 1-A48) 197+ 0.97)-and{0-87+0.82)% /deeade-(2.76 & 1.77), (1,97 4 1.18) and (0.88 + 0.73)%/decade re-

spectively. These values, and in particular their very small associated uncertainties, constitute important results concern-

ing the stability of the MEGRIDOP product, which is used in the Long-term Ozone Trends and Uncertainties in the
Stratosphere (LOTUS) initiative.

4 Representativeness study

An important drawback of ground-based measurements of atmospheric species compared to satellites measurements is the
coarse spatial coverage of the data. Despite the use of various instrument types, in this study we only consider sixteen different
sites where ozone is measured over a sufficiently long time period, spanning a region from 60 to 90°N, equivalent to a surface
area of 34 million kilometers—square-square kilometers. On the other hand, the long-term trends we are trying to observe are
known to be small and drowned-out-by-hiding behind the large natural variability of ozone in the Arctic. To reduce uncertainties
and obtain statistically significant trends, it is advantageous to combine several data sets which are geographically close. But
what is a good criterion to combine data sets together? And what will be the spatial extent that the trends obtained from
these combined data sets can actually represent? To answer these questions, we perform a representativeness study following
Weatherhead et al. (2017). A similar representativeness study based on CAMS data for ozone but limited to the troposphere
was also conducted in Van Malderen et al. (2025b). We use the CAMS global reanalysis (EAC4) monthly averaged fields

(Inness et al., 2019) of ozone to calculate the correlation of ozone time series between the locations of each of our ground-

based stations. This assumes that correlations are not only due to inter-annual variability, but that since we are comparin
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the same variables (i.e., ozone anomalies) at different locations, the same physical processes are causing the variabilit

that similar trends are expected for largely correlated locations. This enables us to define groups of stations that are highly
correlated, and for which we create merged ground-based data sets whose trends are studied in section 5. We further refine

the regional representativeness of those groups of station-stations by calculating the correlations of CAMS ozone time series
at those stations with CAMS ozone time series in the rest of the Arctic. The CAMS dataset is a gridded dataset with a global
coverage, a spatial resolution of 0.75° x 0.75° and a temporal coverage from 2003 — 2024. We use the ozone total column and
the vertically gridded ozone profile given in 25 pressure levels that we sum in four partial columns as shown in Table 3.
Correlations are calculated based on monthly deaseasonalised-deseasonalized absolute anomaly (Eq. (2)) time series because
correlations of ozone column time series would mostly reflect the seasonal cycle of ozone. Therefore, the correlations represent
the similarity in ozone variability independent of the seasonal cycle. For each ground-based station, we thus—compute the
Pearson correlation coefficient 7, ,, between the CAMS monthly anomaly at the grid-cell where that site is located, , and the

CAMS monthly anomalies for each of all the other cells, y, located in Arctic (60-90°N):

_ Y (@i —T) (Y — 7) ,
V@i =) (i - 9)?

where x;, i € (1,...,n) is the time series of ozone at the site location x, T is the mean of that time series, and similarly for

)

Tz,y

y at all other locations of the grid. We have verified the consistency of our results by analyzing the scatterplots of absolute
anomalies between each ground-based station location.

We obtain correlation maps (see Figure 10) at each ground-based station for the total column and the four partial columns
of ozone. We consider each of these columns separately in this analysis because they all entail different sets of ground-based
instruments (see Table 3) but also because the atmospheric dynamics and ozone chemistry vary with altitude, impacting the
size of correlated regions in each layer. In the lower and mid-stratosphere (8-26 km), we find that regions with correlated ozone
anomalies are smaller in extent than in the upper stratosphere, above 26 km. This is expected since photochemistry drives ozone
variability in the upper stratosphere, while in the lower and mid-stratosphere, dynamical activity dominates variability (Brasseur
and Solomon, 2005). In the troposphere, very highly correlated regions (r > 0.95) are small like in the lower stratosphere,
but correlated regions with 7 € [0.6,0.9] are very spread out. This is consistent with the fact that photochemical processes
dominate ozone variability in the troposphere (Cooper et al., 2014) and that emissions of ozone precursors are low and relatively
homogeneous across the 70° — 90°N region.

From CAMS correlation maps, we define our groups of stations: within one group, the CAMS correlation of each member
station with each other member stations must be higher than » > 0.8 (in Weatherhead et al. (2017), correlations of r > 0.7 are
deemed "well correlated”, while » > 0.9 are "strongly correlated"). Correlations between all stations are given in the Appendix
in Figure Al and A2. The resulting regional groups are presented in Table 4. Some stations stand on their own and do not
correlate well with any other stations. We consider them in our trend study only if their time series spans most of the 2000—2024
time period. For instance, Reykjavik and Sondrestrom in the total column are considered for trends, while St-Petersburg in the

lower stratosphere and total column is not.
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Figure 10. Correlation of CAMS deseasonalized anomalies at the location of the Eureka station with CAMS anomalies in the rest of the
Arctic for the 4 partial columns and the total column of Table 3. Stations where a ground-based instrument is used in the corresponding

partial column are indicated.

Having defined the groups of stations whose time series will be combined in order to obtain trends with reduced uncertainties,

410 we now determine the spatial regions for which these trends will be representative. A grid-cell on the map is part of a group’s
region if the correlation coefficients r of the grid-cell with each of the group’s stations are all larger than 0.8. If a grid-cell

is part of several regional groups, the prevalence goes to the group with the highest mean of correlations between each of its

stations and the grid-cell. All regional groups for each atmospheric layer are depicted in Figure 11.
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8-17km Canada Ny-;&lesund Lapland North-West Europe
FTIR: Eureka, Thule FTIR & Sonde: FTIR: Kiruna, Sodankyld FTIR: Harestua
Sondes: Alert, Resolute, Ny-Alesund Sondes: Sodankyld Sondes: Lerwick
Eureka

17-26 km | Canada Ny-;&lesund North-East Europe North-West Europe
FTIR: Eureka, Thule FTIR & Sonde: FTIR: Kiruna, Sodankyl, FTIR: Harestua
Sondes: Alert, Resolute, Ny—Alesund St-Petersburg Sondes: Lerwick
Eureka Sondes: Sodankyld

26-48 km | North Pole Scandinavia
FTIR: Eureka, Thule, Ny-Alesund FTIR: Kiruna, Sodankyld, St-Petersburg, Harestua

Table 4. For each atmospheric layer, this table lists all data sets (classified by instrument) comprised in each of the groups we determined
using the representativeness study and which are pictured on the maps in Figure 11. Within a group, all station locations correlate with
r > 0.8, see all correlations tables in the Appendix in Figures A1 and A2. Across layers, we have aligned groups corresponding to similar
regions to represent how we can later sum partial column trends and compare with total column trends. For instance, the Canada total
column trend will be compared to the sum of the North Pole tropospheric trend, the Canada lower and mid stratospheric trends and the

North Pole upper stratospheric trend.

5 Regional trends
5.1 Merged data sets

We calculate trends based on merged data sets obtained from weighted means of ozone anomalies (Eq. (1)) time series, see
Figure 12 from an example with the total column anomalies of Canada. All the resulting merged data sets are available on the
BIRA-IASB repository (Jonas and Vigouroux, 2026). Starting from N different anomalies data sets, anom,,, their weighted

merging is calculated as:

N
anom,,_, = w ) (®)
> a=1Wa
The weight used for merging is the inverse square of the anomalies errors, w, = 1/(Aanom,, )?. But-sinee-Since systematic
errors are affecting all values of the timeseries in the same way, we ignore them when considering anomalies and we only
propagate random measurement uncertainties (considered as statistically independent) into the daily and monthly means of

ozone columns and the monthly ozone anomalies. Starting from the individual measurements random uncertainties of the ozone
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Figure 11. Regional groups for the total column and each partial column, listed in Table 4. We don’t consider the St-Petersburg station in
the total column and the lower stratosphere because it stands on its own there but has a too short time series (2009 — 2024). In the upper
stratosphere, Ny-Alesund correlates equally well with Eureka and Thule as with Kiruna and Sodankyld. Since Kiruna and Sodankyla also
correlate with Harestua and Lerwick, while the two latter do not correlate at all with Ny-Alesund, we have chosen to include Ny-Alesund

with the Canadian sites.

Canada regional average of anomalies timeseries for the total column

£ 0.25
o
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Figure 12. Merged dataset of Canada total column’s anomalies (red crosses) on top of all individual total column’s anomalies data sets

superimposed (blue dots) part of the Canada TC region, see Table 4.

23



425

430

435

440

Instrument | Column | Aanomalies
Brewer TCO 0.449 %
Dobson TCO 1.067 %

FTIR TCO 0.413 %
FTIR 0-8km 1.481 %
Sondes 0-8km 1.714 %
FTIR 8-17km 0.986 %
Sondes 8-17km 0.545 %
FTIR 17-26km 0.908 %
Sondes 17-26km 0.316 %
FTIR 26-48km 1.179 %

Table 5. Averaged random error for anomalies

for each instrument and each ozone column

timeseries AOg‘di"id”al, we calculate the uncertainties on the daily means AOday, where N,y is the number of measurements
in that specific day, and then we further propagate the random error to the monthly mean to obtain AO?(’mh, with Nyonm the

number of days of measurement within that month:
1 -
N

w

Mz

AOM:{day or month}
3

2
(Aog) . with A = {individual or day} respectively. )

>
Il

1

Finally, the error on the monthly relative anomalies (Eq. (1)) is given by:

1 month, , year 2 month, , year 2

Aanom™" ey — ———y [ (AO ")+ (o v AOFOMe /OOt ) (10)
Omonthw 3 3 3 3

3

The random error on relative anomalies is given for each instrument and column in Table 5 in percent.
5.2 Regression model and proxies

Stratospheric ozone trends are expected to be small (within a few % /decade) while the natural ozone variability is especially
high in the Arctic (Brasseur and Solomon, 2005; Langematz and Tully, 2018). This means a simple linear regression is not
sufficient to detect long-term trends. In this work, trends are calculated with a multiple-linear regression (MLR) using nine
different proxies summarized in Table 6. These proxies try to account for the natural variability of ozone, thus reducing trends
uncertainties. The proxies are similar to those used by Vigouroux et al. (2015), except that for the processes included in the
LOTUS MLR model (Petropavlovskikh et al., 2019), namely Solar cycle, QBO, and ENSO, we used the LOTUS prescribed
data sets made publicly available within the OREGANO project (https://www.iup.uni-bremen.de/OREGANO/proxydata/). For
Arctic Oscillation (AO) and Brewer-Dobson Circulation (BDC) proxies, we also use data sets provided within OREGANO, for
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which the accumulation during Winter months has been taken into account (Weber et al., 2022). The Volume of Polar Strato-
spheric Clouds (VPSC) have been calculated as the volume of air between the 370 K and 550 K potential temperature levels,
where the temperature is below the formation temperature of ICE or NAT clouds, using ERAS5 temperature (Tholix, 2026). We
assumed a formation temperature of 185 K for ICE clouds and 194 K for NAT clouds (Rex et al., 2004). We also take into
account the accumulation during Winter following (Brunner-et-al;-2006)Brunner et al. (2006). The local proxies (tropopause
pressure (TP), equivalent latitude (EL) and stratospheric temperature (T)) have been taken from ERAS reanalysis at the location
of each station. Then for each region, we use as final TP, EL, and T proxies the mean of these local proxies at the sites included
in a single region (4). The EL and T proxies are calculated for the three stratospheric columns, leading to six proxy time series
(called LS, MS, and US for the lower, middle and upper stratospheric columns, see Table 3). For each partial column, the mean
of the EL (T) values in the corresponding ERAS vertical layers is used. From all these proxies, only the local stratospheric

temperature proxy is new compared to (Vigoureux-etal;2615)Vigouroux et al. (2015).

Since we use monthly anomalies (Eq. (1)) for the determination of the trend, all the proxies are also deseasonalized;-and-.

Note that proxies are not detrended as we want our trends to only reflect the influence of ODS changes. The effect of proxies
detrending will be discussed below. For now, we model the monthly anomalies time series a(t) as:

a(t) = A1+ Ay t+ Y A Xo(t) +(8), (11)

n=3
where X,,(t) are the explanatory variables (i.e., proxies) with A,, their regression coefficient and Aj is the estimated trend. The
trend error is given at the 20 level and multiplied by a specific factor to account for autocorrelation (see Santer et al. (2008),
which presents an alternative to the Cochrane-Orcutt method). Finally, (¢) is the residual (difference between the regressed
model and the real data). Note that the regression coefficients can be either negative or positive.

For each trend calculated, a stepwise procedure determines the relevant proxies used in the regression (Mider et al., 2007),
which can differ by region and partial column. Each of those relevant proxies adds an individual contribution C to the coef-
ficient of determination R? = > Chac. This individual contribution is calculated as the product of the standardized regression
coefficient of the proxy with the correlation coefficient between the proxy and the observed dataset. The coefficient of deter-
mination then represents a statistical measure of the goodness of fit, i.e., how well the regressed model matches the data sets
variability.

Let us now analyze in detail the total coefficients of determination R? together with the individual contributions from each
proxies for all partial columns, as depicted in the charts of Figure 13 for the annual trends of merged anomalies data sets. The
reader is referred to the Appendix for similar charts of seasonal trends in Figure B1.

First we comment on the presence of proxies correlations. The temperature and equivalent latitude proxies are often cor-
related (up to |r| = 0.8 for the Trg and Tys in the total column) but thanks to the stepwise regression method, both can be
included without overfitting. In cases where the stepwise procedure still selects two proxies with high correlation, we explicitly
verify that their combined use positively improves the fitting of the model to the data sets (i.e., leads to a higher coefficient k2
without increasing the uncertainty on the trends). The median value of the absolute correlations between proxies is of about

r| = 0.15.
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Process Proxy used
Source
Solar cycle | Bremen composite Mg II index OREGANO project
QBO Principal components zonal mean wind 6°S — 6°N (ERAS5) OREGANO project
ENSO Multivariate ENSO Index (MEI) OREGANO project
AO Arctic Oscillation Index OREGANO project
BDC OREGANO project
Ehassen-PalmEP)yFaxat100hPaAccumulated eddy heat flux
ERAS) at 100 hPa, 45°-75°
VPSC Volume of Polar Stratospheric Clouds (not used in the upper
FMI repository
stratosphere)
TP Tropopause Pressure at each station location (ERAS) NCEP Reanalysis
EL For each of the three stratospheric column: Local Equivalent
Latitude averaged over the corresponding column (ERAS) Available upon request at BIRA-TASB
T For each of the three stratospheric column: Local Temperature
averaged over the corresponding column (ERAS) Available upon request at BIRA-IASB

Table 6. The nine proxies used in the MLR for attribution of ozone variability in ozone trends and their sources.

In all columns, the tropopause pressure (TP) doesn’t contribute significantly to any of the merged regions but is relevant for
the single-site regions, namely Ny-Alesund, Reykjavik and Sondrestrom. The TP is largely influenced by the seasonal cycle
and therefore strongly correlates with monthly ozone means (Hoinka et al., 1996; Steinbrecht et al., 1998), but a correlation
still persists for deseasonalized anomalies (Coldewey-Egbers et al., 2022). The TP has sometimes been used as a proxy in
single-site ozone trends (Vigouroux et al., 2015; Bernet et al., 2023). Because it reflects mainly local variability, in general it
is not used when calculating satellite trends over zonal bands (Sofieva et al., 2021; Weber et al., 2022; Godin-Beekmann et al.,
2022). The averaging of the TP time series over a region likely removes most of the correlations between ozone and TP at
individual sites. However, a positive correlation between the ozone anomalies and the TP was found also for the North-Atlantic
region in Coldewey-Egbers et al. (2022), so this feature may vary depending on location and region’s size.

In the troposphere, the values—we-obtainfor-the-coefficient-coefficients of determination for annual trends are relativel
small (B2 < 0.25). Thisis odsi - os tsed-in thisstuds . . ariabilitv-ofstratos .

—The main contributing proxies in the troposphere are the
Arctic Oscillation (AO) and the lower stratosphere temperature (Trg), and to a smaller extent the tropopause pressure (TP)
and the solar cycle (Solar). The three former might-can impact the troposphere via stratosphere-troposphere exchange. In this
study we haven’t included specific proxies to account for the tropospheric ozone variability as our main focus was on the
stratosphere-troposphere exchange. Overall, tropospheric ozone variability is delicate and poorly understood. It can depend on
local chemical emissions and processes (NO., CO), forest fires, vegetation changes, as well as large-scale weather patterns.
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Accounting for these processes requires the use of global long-term simulations as in Law et al. (2023) and lies beyond the

scope of our study.
In the lower and mid-stratospheric columns, we find that the main proxies contributing to the coefficient of determination are

the equivalent latitude (EL) and the temperature (T) of the corresponding stratospheric layer. We see that the volume of polar
stratospheric cloud is also very important except in the North-West Europe region, most probably because this region latitude
is too low (about 60° N). Other proxies as the QBO, Solar cycle, ENSO, AO and BDC are present but with small contributions.
The coefficients of determination R? are of about 0.4 for merged regions and 0.6 for the single-site region of Ny-/oklesund.

In the upper stratospheric column, we find again a predominance of the equivalent latitude and temperature proxies of that
layer. The R? vatue-values are lower (0.2—0.35), with a marked diminution when considering the zonal band-mean (All Arctic).
Note that for trends in the upper stratosphere, the VPSC proxy is not used, since polar stratospheric clouds form between 15
and 25 km of altitude.

In the total column, we find that the variability is mostly explained by the lower and mid-stratospheric temperature (T s and
Twms) and by the VPSC. As in partial columns, the AO, BDC, QBO, Solar cycle and equivalent latitudes account for smaller
parts of the variability. The overall R? values lay between 0.5 — 0.6, except in Reykjavik where it reaches beyond 0.8.

When analyzing contributing proxies to seasonal trends, shown in Fig. B1, we observe an overall homogeneity of proxies
throughout regions, further strengthening the confidence in the results. The variability is in general best explained in Spring,
with R? values about 0.7 for the total column, reasonably well explained in Winter and Summer, and much less explained in
Autumn, especially for merged groups of several stations. This is an interesting result, as the Arctic ozone loss due to ODS is
expected to be the most important in Spring. The included proxies (such as VSPC which only occurs in Winter and Spring but
also temperature and equivalent latitude) drives the better R? values in Spring, Winter and Summer.

Finally, we have performed a sensitivity analysis to the VPSC proxy by running the trend analysis without including this
proxy. We find that part of the variability explained by the VPSC is taken up by other proxies in its absence, in majority
the BDC. This strong correlation between VPSC and BDC is well-known: a weak BDC is linked to lower temperatures and
stronger vortex, and those conditions lead to more formation of PSCs (Langematz and Tully, 2018). Both VPSC (Rex et al.,
2004) and BDC proxy (Weber et al., 2011) are linked to the same dynamical phenomena and correlate strongly with polar
chemical ozone loss. The QBOs, AO, TP, EL and T contributions also increase to a lesser degree. In general, about half of the
variability previously explained by the VPSC is not covered up by other proxies, resulting in a coefficient of determination R?
smaller by up to 0.3 in the lower and mid-stratosphere where the effect of VPSC is the strongest. Contrary to what was found

in Bernet et al. (2023), we see that adding the VPSC proxy improves our model’s fit in the total column.
5.3 Annual and seasonal trends

Before turning to the analysis of the trends results, it is important to stress that some of the proxies used in the MLR can
themselves exhibit a trend. Whether or not these proxies trends should be part of the ozone trends depends on what we are
trying to analyze. The VPSC for instance possesses a positive trend over the last two decades (von der Gathen et al., 2021;

Pazmifio et al., 2023) due to climate forcing, which can be related to an increase of ozone depletion in the lower and mid-
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Figure 13. R? with individual contributions of proxies for all annual trends of ground-based instruments merged anomalies data sets for

partial and total columns of ozone.

stratosphere. By including this proxy, together with its trend, in our MLR, we are effectively computing the ozone trend that is
not due to this VPSC-related depletion. In the context of this study, this choice is justified by our aim in assessing the impact
of the Montreal Protocol and its amendments, i.e., detecting the stratospheric ozone recovery associated with the diminution of
ODS in the stratosphere. Therefore, our final trend results are calculated without detrending. We have nevertheless performed
a sensitivity analysis by detrending each dynamical proxy (AO, BDC, VPSC, TP, EL, T) individually to assess their impact
on the effective ozone levels and our conclusions. We compare trends obtained using the original proxy versus the detrended
proxy, and we calculate the difference between the two. We find this difference is always non significant within the errors.
The mean absolute difference is of 0.80%/decade for VPSC detrending, 0.59%/decade for T detrending, 0.53%/decade
for EL detrending, 0.35%)/decade for AO detrending, 0.26% /decade for BDC detrending and 0.10% /decade for TP detrend-
ing. Although the differences are non-significant, the conclusions for very small trends such as in the lower stratosphere can
be affected by those changes. First, the-VPSC detrending always lowers trends, leading to non-significant negative trends in

the lower and mid-stratosphere. The-VPSE-Ozone recovery above Canada in the mid-stratosphere becomes non significant

when the VPSC is detrended. Note that the VPSC correlation with ozone is always negative, confirming that the correlation

relies on the interannual variability and not on the trend, as expected. In-particularthe-ozonerecovery-above-Canada-in-the
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e-Temperature detrending has a smaller
effect but drives the lower stratosphere trends towards negative values and the mid-stratosphere ones towards positive values.
This is expected since in the polar lower stratosphere, the stratospheric cooling enhances the formation of VPSC where most
of ozone-depleting reactions occurs, while on the other hand, the stratospheric cooling in mid-stratospheric altitude is asso-
ciated with a slowing down of reaction rates of homogeneous chemistry, inducing a negative correlation between ozone and
temperature (Barnett et al., 1975; Haigh and Pyle, 1982). Fhe-EL detrending drives the trends in lower stratosphere, upper
stratosphere and total column to slightly more positive trend values. The-A6-AQ detrending also drives lower stratospheric

trends to more negative values. Finally, TP detrending drives all individual stations trends to lower and more negative values.

Since we defined layers using a fixed altitude boundary, the tropopause trend (Keppens et al., 2025) also affects tropospheric
and lower stratospheric ozone trends. Detailed plots illustrating these trends comparisons are shown in Appendix in Figures

Cl1, together with the trends obtained when including only the LOTUS proxies, i.e., Solar cycle, QBO and ENSO. The LO-
TUS trends are always smaller or more negative, because they do not include the VPSC, Temperatures and AO proxies. The
uncertainties of the LOTUS trends are also always larger, making all LOTUS trends non-significant. Adding more proxies
will always improve the R? value, but it is non trivial that the uncertainty on the estimated trend is also improved, and this
fact emphasizes the added value of our approach and of using more explanatory variables when calculating trends of a highly
varying quantity such as ozone in the Arctic, and ensures that we are not overfitting our data.

We start by analyzing the total column trends results depicted in Figure 14. For this and all other columns, exact numbers
with the associated 20 uncertainties, given both in %/decade and in DU/decade, are provided in the Appendix in Tables D1,
D2 and D3. We have calculated annual trends which account for the full ozone anomalies time series, as well as seasonal
trends divided in Winter (December-January-February), Spring (March-April-May), Summer (June-July-August) and Autumn
(September-October-November). It is important to keep in mind that due to the polar night, Winter (and sometimes Autumn)
trends only consist of sondes profile in partial columns and of less precise measurements for Dobson and Brewer in the total
column, especially at the highest latitudes where the polar night extends from October to February. We only calculate trends for
time series with more than a certain number of data points (80 for annual trends and 25 for seasonal trends), so some Winter or
Autumn trends in the total column and upper stratosphere, where only FTIR are present, are not calculated. Fewer data points
in Winter also implies that the variability is always larger for that season.

In the total column, trends are found to be overall positive. Except in Spring, there are some small negative trends but always
non-significant. The trends in Canada, Reykjavik and Sondrestrom are always positive. The Lapland trend is negative only
in Winter, the Alaska one only in Autumn and the Ny—Alesund one only in Summer. Many positive trends are significant,
especially in Spring, signalling the ozone recovery.

Previous studies of the total column of ozone in Arctic have found positive significant trends in individual stations. In
Bernet et al. (2023), combined SAOZ, GUV and Brewer measurements led to annual positive significant trends at Andgya
(0.940.7%/decade) and Ny-Alesund (1.5+ 1.0%/decade), and a null trend at Oslo (0.1 £ 0.5%/decade) for the 2000 — 2020
period. Those values agree with our results within the 20 uncertainties. In Anjali and Kuttippurath (2025), Arctic Zonal-Band

total column trends based on merged SAOZ, GUV, Brewer and Dobson measurements on one hand and on merged TOMS and
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Figure 14. Annual and seasonal regional trends maps for the total column of ozone. Black hatches mean the trends are not significant. Exact

trend values and their 20 uncertainties are displayed in the Appendix in Table D1.

OMI total column ozone (MSAT) data on the other hand, are-were found positive and significant for the 2000 — 2024 period in
Spring (resp-respectively 0.7540.61 and 1.04+0.85DU/year), Autumn (resp-respectively 0.8840.23 and 0.3410.26DU/year)
and annually (resp. 0.65+0.39 and 0.8540.60DU/year). In order to compare with literature, we calculated “zenal-"~Arctic zonal
mean trends by merging all the Arctic ground-based stations used in this work for each partial and the total columnin-a-se-cated
“AretieZonal-Band". The results are provided in the Appendix in Table D1 and compare well with Anjali and Kuttippurath
(2025), although based on different instruments and methodology. Finally, we point out the significant negative ozone loss
trends found in Pazmifio et al. (2023) for 2000 — 2021 when regressing ozone loss with volume-of-polarstratospheric-elouds
VPSC for the total column of ozone using chemical transport model TOMCAT/SLIMCAT, SAOZ ground-based instruments
and Multi-Sensor Reanalysis (MSR2). Without the regression with VPSC, the ozone loss trend in Pazmifio et al. (2023) is not
significant at the 20 level. The VPSC detrending also lowers our total column zonal band-mean annual trend but it remains
positive and significant (1.03 +0.89%/decade). However, our study is based on three additional years, which can accounts for
the difference in significance.

We now review all partial column trends, starting with stratospheric columns. In the lower stratospheric column (8 — 17 km

~ 300—100hPa), we find stronger seasonal and regional variations of the trends, see Figure 15. Most trends are non-significant,
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Figure 15. Same as Figure 14 for the lower stratospheric column (8 — 17 km) ozone trends. Exact trend values and their 20 uncertainties are

displayed in the Appendix in Table D2.

and they are all very small annually. They are usually strongly negative in Winter (even significantly for Lapland), and more
positive in Spring. Lapland is however positive and significant in Autumn. Considering the seasonal pattern, the-North-West
Europe distinguishes itself from other regions with positive trends in Winter and negative trends in Autumn, although always
non-significant. As shown in the Appendix in Figures C1, lower stratospheric trends become smaller or more negative when
considering the detrended VPSC proxy. This means that the positive trend in VPSC in the Arctic is delaying the expected
ozone recovery in the Arctic lower stratosphere. Trends in this layer in the Arctic are reported in Nilsen et al. (2024) for
individual ozonesondes as well as in Milldn et al. (2025) for two satellite data sets (ACE-FTS and MLS). The former uses
Dynamical Linear Modelling (DLM) to obtain time-varying trends on 20-years periods, from 1994 — 2014 to 2003 — 2023. It
considers 6 Arctic stations’sondes data sets which are also used in the present work. We do not consider their Resolute and
Scoresbysund results as we found spurious jumps for those data sets in section 3. At all remaining stations (Eureka, Alert,
Ny-Alesund and Sodankyli), they obtain negative annual trends within |1%/decade| for their Ly (300 — 150hPa ~ 8 — 13 km)
and L3 (150 — 40hPa ~ 13 — 22 km) layers for all periods after 1997 — 2017, with varying significance levels. These results are
thus more negative than ours, although they agree within 20 errors. Besides our extended time-period and the addition of FTIR
measurements, our analysis also differs in the proxies used for the regression. Nilsen et al. (2024) only considers the tropopause

pressure, solar flux, Eddy heat flux (for the BDC) and the VPSC multiplied with Effective Equivalent Stratospheric Chlorine
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Figure 16. Same as Figure 14 for the mid-stratospheric column (17 — 26 km) ozone trends. Exact trend values and their 20 uncertainties are
displayed in the Appendix in Table D2.

(EESC), which measures the impact of ozone-depleting stratospheric chlorine and bromine levels in the Arctic stratosphere.
We have not included the EESC here because we want our trend term to reflect the impact of the declining ODS levels.
Moreover, we found the temperature and equivalent latitude proxies (not included in their study) play a very important role
in explaining the variability at these altitudes. The second study (Milldn et al., 2025) reports overall positive annual trends
around 2% /decade for the MLS satellite in the 250 — 100hPa layer above 60°N. These trends are not significant using a simple
linear regression but become larger, positive and significant when using MLR or DLM instead. The seasonal pattern matches
with ours in Winter with large negative trends and in Spring with more positive trends. In Summer we obtain negative trends
contrasting their positive trends and in Autumn, we observe a strong zonal difference not captured by the latitudinal band cut
of the satellite. ACE-FTS trends are highly variable (sparser sampling) but also show positive trends using MLR and DLM
between 200 — 100hPa in the 60 — 70°N latitudinal band.

In the mid-stratopheremid stratophere, see Figure 16, we find positive trend values in Spring everywhere in the Arctic,
while Canada trends are positive and significant in Winter and annually. There as well the-VPSC detrending lowers trends
(see Appendix Figures C1), highlighting that ozone recovery is delayed by this effect. In Sofieva et al. (2021), the annual

trends at 20 km of altitude over the 2003 — 2018 period are very small on the whole region considered here, between —0.5

32



620

625

630

635

640

645

and +1%/decade, but not significant anywhere. Besides, our mid-stratospheric trends exhibit a consistent seasonal cycle, with
highest (positive) ozone trends in Spring and lowest trends in Summer (significant negative in North-West Europe). The marked
zonal asymmetry between Canada and Scandinavia is discussed below together with the upper stratosphere.

In the upper stratosphere (Figure 17), the annual trends above North Pole are positive and significant, consistent with the
results of Sofieva et al. (2021) in the 25 — 30 km layer and supporting the detection of ozone recovery seen in the total column
trends. Seasonal trends are always non-significant, therefore we have also considered additionally the 32 — 48 km layer. More
positive trends are generally observed at higher altitudes as in Sofieva et al. (2021) at 40 and 45 km. Indeed we find larger
positive significant trends at North Pole in Spring (6.06 +4.19% /decade) and annually (3.83 +2.35%/decade) for the 32 — 48
km layer.

In middle and upper stratosphere, we furthermoresee-a-visible-observe a zonal asymmetry as previousty-detected by satellites
and models (e.g. in Arosio et al., 2019; Sofieva et al., 2021), and attributed in Arosio et al. (2024) to decadal changes in
the dynamics of the polar vortex above the Arctic, stemming from climate change forcingin-Aresio-et-al2024). The zonal
asymmetry is also visible when looking at which proxies are relevant: in the upper stratosphere, the North Pole trend is more
influenced by the EL and the BDC, while the Scandinavian region is driven by the EL but to a lesser extent and slightly by
temperature. Since the EL depends on the polar vortex, the zonal asymmetry is reduced by the use of that proxy, as it becomes
larger in Spring when detrending the EL. Similarly in the mid-stratosphere, the Canada region is the only one where the BDC
plays a significant role, especially important in Spring. This hints toward an explanation of the zonal asymmetry related to the
atmospheric dynamics in the Arctic, in agreement with conclusions of (Aresio-et-al;2024)Arosio et al. (2024).

Next we consider the tropospheric ozone column in Figure 18. We find that all tropospheric ozone trends are always nega-
tive in North Pole, significant both annually and in Spring, while Scandinavian trends are always non-significant, positive in
Autumn and Winter and negative in Spring and Summer. In Van Malderen et al. (2025b), the HEGIFTOM measurements using
homogenized sondes, FTIR, Lidar, Umkehr and IAGOS measurements lead to merged trend results on the 2000 — 2022 pe-
riod for the tropospheric ozone column (surf.—300hPa) of (—1.80 4 0.37)ppb/decade in their European Arctic region and
of (—1.09 +0.57)ppb/decade in their Canadian Arctic region.! For a tropospheric column of 8 km, we can approximate
1DU ~ 0.9ppb by integrating the air density column and assuming a linear decrease of temperature in the troposphere with
altitude at a rate L = —0.0065K/m. This approximation will be sufficient in the context of this qualitative comparison. In
North Pole (Canada+Ny-Alesund), we find a negative but smaller annual trend of (—0.31 + 0.27)ppb/decade (see Table D2
for the equivalent DU/decade trends), at the limit of agreement with Van Malderen et al. (2025b) within mutual 20 errors.
For Scandinavia we find much smaller non-significant annual trends of (—0.04 + 0.22)ppb/decade, not in agreement with the
European Arctic value of Van Malderen et al. (2025b). The reasons for discrepancies are the exclusion of Scoresbysund, whose

negative jump (see section 3.2) drives a fake negative trend when included, the addition of two years of data and the update of

!'Note that our regions differ from those of Van Malderen et al. (2025b) because we do not consider the Scoresbysund sonde where we found a spurious
drift, and we have decided to include Ny-Alesund together with Canadian sites instead of Scandinavian ones. The correlation of Ny-Alesund with other sites
is high everywhere (0.75 annually), but when we consider seasonal correlations, we find that it correlates better with Canada in Winter and Spring, and better
with Scandinavia in Summer and Autumn. This is most probably an effect of the polar vortex displacement. We have chosen to include it with Canada based

on the annual correlation values.
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FTIR data sets to the new IRWG2023 strategy. Our-seasenal-Seasonal trends results in the troposphere exhibit a clear seasonal
cycle, with more negative values in Spring and Summer and more positive or close to zero values in Autumn and Winter. A

similar seasonal cycle was observed in Law et al. (2023) for the 1995 — 2019 period, using ground-based measurements and

models, but with a shift (maximum in Summer). In that study, the increase in wintertime Arctic tropospheric ozone is linked
to the reduction of NO,, emissions in Europe and North-America mid latitudes, meaning less titration of ozone there, while
the main source of tropospheric ozone at that time period comes from transports of air masses from mid to high latitudes. In
the meantime, they relate the decrease in springtime tropospheric ozone to the reduction of European precursor emissions,
implying less photochemical ozone production. Other factors such as the continued increase of methane or the increased dry.

deposition of ozone on boreal forest can also play a role.
Finally, we can compare the total column trends to the sum of all partial column trends to see how they match with each

other and what is the individual contribution of each partial column trend-to the total ozone trend -(see Figure 19 for annual and
seasonal trends). We sum partial column trends in DU/decade, obtained by multiplying the trends in %/decade by the mean
total column value in the corresponding region. Since regions vary across partial columns, we consider equivalent regions
that we have aligned vertically in Table 4 and that we name following the smallest represented regions (those of the lower
stratosphere). They are: Canada (North Pole in troposphere and upper stratosphere), Lapland (North Scandinavia in total
column, Scandinavia in troposphere and upper stratosphere, North-East Europe in mid stratosphere), North-West Europe
(Scandinavia in troposphere and upper stratosphere) and Ny-Alesund (North Pole in troposphere and upper stratosphere). In

addition we also show the zonal band-mean (All Arctic). Ourfirst-conelusionis-We find that the impact of tropospheric trends
is very small in DU/decade over the whole total column trend budget;-so-the-diserepancies-observed-between-the-total-column

the-error bars-of the-total-column-trend-and-the sum-of-,_Within error bars, total column trends overall agree with respective
sums of partial columns trends. This is a non trivial feature since the various columns use measurements from different sets
of instruments. The best match of sums of partial column trends to total column trends is observed in Spring, comforting the
results of ozone recovery at that season. In Ny-Alesund in particular, the total column trend and the sum of partial columns
trends agree very well both annually and for all seasons, although the upper stratospheric and total column trends are only
given by the FTIR dataset while the three lower partial columns are a merging of the ozonesondes and FTIR data sets, see
Table 2.
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Figure 17. Same as Figure 14 for the upper stratospheric columns ozone trends. Exact trend values and their 20 uncertainties are displayed

in the Appendix in Table D3.
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Figure 19. Sums of all partial columns trends compared to total column trends in DU per decade for annual and seasonal trends. The groups
are not always the same across the different layers, therefore we calculate sums for the smallest represented regions, i.e., the regions of the
lower stratosphere (8-17 km). As shown in Table 4, we have for instance: Canada (TC) = North Pole (0-8 km) + Canada (8-17 km) + Canada
(17-26 km) + North Pole (26-48 km) and North Scandinavia (TC) = Scandinavia (0-8 km) + Lapland (8-17 km) + North-East Europe (17-26
km) + Scandinavia (26-48 km).

37



680

685

690

695

700

705

6 Conclusions

By conducting a representativeness anatysis-study based on CAMS re-analysis ozone profiles, we identified spatially coherent
regions in which the combined time series yield reduced uncertainties and robust trend estimates for the total column as well
as for four vertically resolved partial columns covering the troposphere and stratosphere (0 — 48 km), while enabling a finer
description of ozone’s evolution than zonal bands.

Cross-comparison with IASI-CDR and MEGRIDOP revealed-reyeals only minor drifts (< 3%/dec) in those satellite prod-
ucts stratospheric_columns, consistent with satellite’s stability requirements (Weber, 2024), while it enabled us to exclude

problematic ground-based data sets from our trend analysis. The tropospheric column of TASI is found to be slighlty drifted
beyond the stability requirement, so that continuous analysis is required to monitor the evolution of the drift.

Using a stepwise multiple-linear regression s-incorporating nine physical proxies (solar cycle, QBO, ENSO, Arctic Oscil-
lation, Brewer—Dobson circulation, equivalent latitude, stratospheric temperature, tropopause pressure and volume of polar

stratospheric clouds) we are able to detect ozone recovery (over the 2000 — 2024 period) due to ODS depletion while attribut-

ing ozone’s variability to those physical processes. Despite the large amount of proxies used, the stepwise procedure ensures
we are not overfitting, which is also verified through the improvement of fits and the reduction of trend uncertainties, visible
e.g. when going from the LOTUS model to our full model. Moreover, the proxies analysis reveals a large consistency through
regions, layers and seasons, giving us confidence in our trend results.

The obtained annual trends indicate a positive evolution of ozone total columns over the Arctic, statistically significant over
Canada, Reykjavik (both +2.1%/dec), and North-West Europe (+0.7%/dec). We also detect an ozone recovery annually over
the Canada region (+2%/dec) in the mid-stratosphere (17 — 26 km) and over the North Pole region (Canada + Ny—/&lesund)
in the upper stratosphere (+2.1%/dec for 26 — 48 km and +3.8%/dec for 32 — 48 km). Those trends are more pronounced in
Spring. Elsewhere and in the lower stratospheric column, trends are small and non-significant. Even when non significant, we
see consistent seasonal patterns: e.g., trends are usually negative in Winter in the lower stratosphere (significantly for Lapland),
and in Summer for the mid-stratosphere. The zonal asymmetry observed e.g., in Arosio et al. (2019); Sofieva et al. (2021)
for the middle and upper stratosphere is alse-still visible in our results, despite partially accounting for it through dynamical
proxies.

By analyzing the proxies influences, we find that equivalent latitude, temperature and volume of polar stratospheric clouds
dominate the variability budget in stratospheric columns. The tropopause pressure plays a significant role in explaining the vari-
ability for single-site regions. We also see a slow down of the expected ozone recovery especially in the lower stratosphere (but
also regionally in upper layers) due to stratospheric cooling (-0.6%/decade) and the increase of volume of polar stratospheric
clouds (-0.8%/decade).

Annual tropospheric ozone trends are negative in the North Pole region (Canada+Ny-Alesund), but non-significant in Scan-
dinavia. The tropospheric trends are more negative in Spring: -1.1%/dec in Scandinavia and -3.4%/dec (significant) in North
Pole. The impact of the tropospheric trends is found to be negligible in the total column trend budget, as visible from the

comparison of sums of partial columns versus total column trends.
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Our study highlights the importance of long-term data sets of ozone measurements obtained simultaneously from a variety
of ground-based instruments. Although ozone recovery starts to be observed in the Arctic, a continued monitoring is necessary
to further assess the impact of climate change, which may undermine the efforts undertaken since the Montreal Protocol

agreement, despite the successful reduction of ozone-depleting substances worldwide.

Data availability.

IASI-CDR: IASI is a joint mission of EUMETSAT and the Centre National d’Etudes Spatiales (CNES, France). The authors
acknowledge the AERIS data infrastructure for providing access to the IASI-CDR data in this study, ULB-LATMOS for the
development of the retrieval algorithms, and Eumetsat/AC SAF for O3 data production.

MEGRIDOP: Data from the European Space Agency Climate Change Initiative Ozone project, Ozone_cci (Ozonecci, 2025),
are provided via the BIRA archive.

CAMS: Copernicus Atmosphere Monitoring Service (2020): CAMS global reanalysis (EAC4) monthly averaged fields.
Copernicus Atmosphere Monitoring Service (CAMS) Atmosphere Data Store, DOI: 10.24381/fd75ff2 (Accessed on 14-03-
2025)

The sonde data are taken from a public ftp server, with connection details given on the HEGIFTOM website, https://hegiftom.
meteo.be/datasets/tropospheric-ozone-columns-trocs.

The FTIR data used in this publication are part of the Network for the Detection of Atmospheric Composition Change
(NDACC) and are available through the NDACC website www.ndacc.org, except for the Sodankyld FTIR product, available

The Brewer and Dobson data are from the Ozone, World Ozone and Ultraviolet Radiation Data Centre (WOUDC), WMO/-
GAW Ozone Monitoring Community, World Meteorological Organization-Global Atmosphere Watch Program (WMO-GAW)
https://doi.org/10.14287/10000001,

The merged data sets obtained from weighted means of ground-based ozone anomalies time series are available on the
BIRA-IASB repository, DOI: 10.18758/74y0x62y.
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Appendix A: CAMS correlation tables for partial and total columns
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Figure A1. CAMS Correlations tables for all partial columns
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Appendix B: Proxies contributions to the coefficient of determination R2.
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Figure B1. Coefficients of determination R? with individual contributions of proxies for all seasonal trends of ground-based instruments

merged anomalies data sets.
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735 Appendix C: Comparison of trends when detrending each dynamical proxy separately.
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Figure C1. Effect of detrending each non-LOTUS proxies on trends in Canada (a region with many merged instruments), in Sondrestrom
for the total column and in Ny-Alesund for partial columns, two single-site regions. Shown here for the total column and the troposphere.
Stratospheric partial column trends are in the next figure. For each column and annual/Spring trends, we only show the detrending of proxies
that are effectively contributing, to avoid unnecessary clutter. For comparison, we also show the LOTUS proxies-only trends, which always

have a larger uncertainty since less variability is explained, leading to non-significant trends everywhere.
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Figure C2. Same as C1 for middle and upper stratospheric columns.
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Appendix D: Summary of all trend results for ground-based regional groups.

Region Season | TC (%/dec.) (DU /dec.) Region Season | TC (%/dec.) (DU/dec.)
Arctic Zonrat-Bandzonal mean | Annual 1.67+0.81 5.56 =2.69 North Scandinavia | Annual 0.53+£0.84 1.73£2.72
Winter 2.63+2.29 9.2+ 8.02 Winter | —1.684+2.54 —6.07+£9.16

Spring 1.42+1.81 5.89+7.5 Spring 1.27+1.17 4.83+4.46

Summer 0.55+0.9 1.78+2.9 Summer | 0.66£0.71 2.1+£2.24

Autumn | 1.54+1.34 4.52+3.93 Autumn 0.72+1.88 2.06+5.4
Canada Annual 207+11 7.01+3.73 Alaska Annual | —0.11£1.02 —0.36+3.47

Winter 4.44+3.06 15.85+10.92

Spring 21+1.87 8.91+791 Spring 1.72+1.13 6.86+4.51

Summer 0.47£0.85 1.48 +£2.69 Summer | 0.82+0.81 2.64+2.6

Autumn 1.52+2.45 4.53+7.3 Autumn | —1.98£285 —6.0£8.65

North-West Europe Annual 0.7£0.68 2.34+2.28 Reykjavik Annual 209+085 7.13+289
Winter 0.26 +2.36 0.88+8.14 Winter 1.98 £2.91 6.67£9.83

Spring 0.13+1.09 0.49+4.18 Spring 1.31+0.89 5.1+3.48

Summer —-0.0£0.6 —0.0£1.99 Summer 2.0+1.08 6.94+3.74

Autumn 1.22+1.37 3.57+£4.01 Autumn | 1.92+0.87 5.63+2.56

Ny-Alesund Annual 0.63£1.49 2.19+£5.23 Sondrestrom Annual 0.51+£0.74 1.73£2.52
Spring 1.99+3.91 8.37+16.48 Spring 1.25+£1.01 4.99+4.05
Summer | —0.63 £1.25 —2.07£4.09 Summer | 0.71£0.61 2.34+2.04

Autumn 0.22+1.93 0.67+5.9

Table D1. Annual and seasonal total column trends obtained from our ground-based regionally merged data sets with 20 uncertainties, given both in
percent per decade and in DU per decade. Significant trends are highlighted in bold. Missing seasons such as Ny-Alesund Winter and Autumn mean that
the number of available points in the time series was considered too small for applying the regression (we use a fixed threshold of at least 80 data points

for annual trends and at least 25 points for seasonal trends). Partial column trends are presented in Tables D2, D3.
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Region Season 8 —17km 17 — 26km
%/ dec. DU/dec. % /dec. DU/dec.
Arctic Annual —0.41£1.45 —0.44+1.42 1.33+1.52 1.87+2.13
Zonak-zonal Winter —3.0£3.75 —3.47+£4.33 2.88+2.76 4.47+4.29
Band-mean Spring 1.644+2.38 2.11+£3.05 3.55£4.33 5.66 £6.9
Summer | —0.81+£1.98 —0.67+1.64 | —0.04+1.56 —0.05+£1.97
Autumn —2.01+2.01 —1.53+£1.55 —042+£152 —0.544+1.95
Canada Annual —0.26 £1.58 —0.28£1.69 2.01£1.54 279+214
Winter —3.47+£3.8 —4.41+4.83 4.49+3.36 7.23+5.42
Spring 1.47+2.44 2.16 £3.59 3.47+4.14 5.62£6.7
Summer 0.32+2.11 0.29+1.9 0.7£1.31 0.87+1.64
Autumn —0.06£24 —0.05£2.09 0.75£1.77 0.95+£2.25
Ny—Alesund Annual —0.04£1.56 —0.04£1.55 0.58£1.53 0.8+2.1
Winter —2.52+2.6 —2.72+£2.8 0.6 £1.97 0.86 £2.82
Spring 1.39£2.37 1.85+3.15 2.98 £3.58 4.82£5.79
Summer | —0.61+£1.87 —0.54+£1.65 —091+£1.57 —1.18£2.04
Autumn 1.15£2.33 0.9+1.83 —-044+£139 —-0.57+1.81
Lapland/ Annual 0.98 £1.55 0.81£1.3 —-0.49+£1.02 —-0.67%£1.39
North-East Winter —4.434+3.31 —-426+3.18 | —0.77£2.56 —1.16+3.87
Europe Spring 0.02£2.23 0.02£24 0.97£2.23 1.53£3.51
Summer 0.91+2.24 0.64£1.58 —0.87£1.19 -1.14+1.5
Autumn 4.15+2.71 2.71+£1.77 —-0.53£1.9 —0.66 £2.39
North-West Annual 0.85+2.33 0.63£1.72 —-0.23£1.03 —-0.32+£1.43
Europe Winter 0.89+4.4 0.74 £ 3.66 —0.64£2.67 —0.98+4.12
Spring 2.14+£5.19 2.15+£5.22 1.46+1.91 2.28+3.0
Summer | —1.16+4.31 —0.81£2.98 -1.8+1.63 —-2.35+t212
Autumn —1.64£5.21 —0.91£2.88 0.1+1.94 0.12+£2.46

Table D2. Lower and mid stratospheric regional trends in %/decade and DU/decade with 2o uncer-

tainties. Significant trends in bold.

46



Region Season 0 — 8km 26 — 48km 32 — 48km
%/ dec. DU/dec. % /dec. DU/dec. %/ dec. DU/dec.
Arctic Annual | —1.19+1.08 —-0.3+0.27 —-0.1+1.71 —0.08+1.39 —-0.26+£24 —0.09£0.81
Zonal-zonal Winter —0.51£1.56 —0.12+£0.38 | —2.33+£4.44 —-1.72+3.28 | —1.67£6.63 —0.44£1.75
Band-mean Spring —-3.044+2.04 -0.93+0.63 0.89£2.6 0.79£2.29 0.69 £2.83 0.25£1.01
Summer | —1.64+1.69 —0.41+£043 | —0.54+0.87 —0.47+0.74 —1.54+1.55 —0.6+0.61
Autumn —0.11£1.77 —0.03£0.42 2.29£2.87 1.73+£2.17 1.931+4.55 0.59£1.39
Scandinavia | Annual —0.2+£0.98 —0.05+0.25 | —0.85+1.71 —-0.724+1.44 | —0.62+2.71 —0.22+£0.95
Winter 0.81+1.2 0.194+0.28 —3.3+5.11 —244+£3.78 | —2.12£7.95 —-0.55+2.08
Spring —1.12+1.44 —0.33+£0.42 0.51+2.34 0.46 +2.09 0.8£2.98 0.29£1.08
Summer | —1.74+2.41 —0.47+0.65 —-092+1.3 —-088+1.25 | —1.68+2.14 —0.7£0.88
Autumn 1.05+1.36 0.24+0.31 0.65£3.67 0.524+2.93 —0.06£4.76 —0.02+1.56
North Annual —-1.33+1.15 —-0.344+0.3 2.15+2.08 1.75+1.7 3.83+2.35 1.32+0.81
Pole Winter —0.67£1.91 —0.17+£0.49

Spring —-3.43+2.16 —-1.07+£0.68 4.15+4.25 3.524+3.6 6.06 £4.19 2.11+1.46
Summer | —1.38+£1.71 —0.33+0.41 0.35+0.85 0.294+0.71 0.94+1.23 0.35+0.45
Autumn —0.31+£2.24 —0.08+£0.55 | —0.11+3.76 —0.07+2.43 3.82+£5.48 0.96 £1.37

Table D3. Tropospheric and upper stratospheric regional trends in %/decade and DU/decade with 2o uncertainties. Significant trends

in bold.
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