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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 IASI-CDR). This enables the5

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 Reykjavik10

(+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-Ålesund) 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).15

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 stratospheric20

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

(Pazmiño et al., 2023; Bernet et al., 2023; Anjali and Kuttippurath, 2025), and in the upper stratosphere using satellite mea-25

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

:::
the30

:::::
Arctic,

::::::::::
simulations

:::::::
suggest

:::
that

:
stratospheric cooling induced by climate change in the Arctic

::::::
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 depletion35

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.40
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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 stratospheric 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 on its own
:
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 tropospheric45

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 four50

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-linear
:::::::
multiple

:::::
linear regression (MLR)

in order to account for its large variability, by explaining the time series variance by fitting several influencing physical pro-55

cesses. The Long-term Ozone Trends and Uncertainties in the Stratosphere (LOTUS) initiative (Petropavlovskikh et al., 2019),

debuted in 2016, recommends the use of the
:::::
Those

::::::::
processes

:::
are

:::::::
typically

:::
the 11-year solar cycle, the Quasi-Biennal Oscillation
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(QBO)principalcomponentsand the El-Niño Southern Oscillation (ENSO) asexplanatoryvariables(or proxies). In addition,

dynamicalproxies(suchasthe
:
in

:::
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

::::::
ozone60

::::::::
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-DobsonCirculation,theArctic

Oscillation, etc.) havebeenusedtoobtaintrendsfor variousmeasurementtechniques(Vigouroux et al., 2015; Coldewey-Egbers et al., 2022; Weber et al., 2022; Bernet et al., 2023)

.
:::::::::
circulation

::::::
(BDC)

::::::::::::::::::::::::::
(Chipper�eld and Santee, 2022)

:
,

::
as

::::
well

:::
as

::
by

::::::
Arctic

::::::::::
Oscillation

::::
(AO)

::::::
which

:::::::
impacts

:::
the

:::::
polar

::::::
vortex

:::::::::::::::::::
(Lawrence et al., 2020))

::
or

:::
by

:::
the

:::::::::
equivalent

::::::
latitude

::::
(EL)

:::::::::::::::::::::
(Wohltmann et al., 2005).

:::
On

::
a

::::
local

:::::
scale,

:::::::::
variability

::::
also

:::::::
depends65

::
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

::::
used

::::
some

::
of

:::::
those

::::::
drivers

::
of

::::
polar

:::::
ozone

:::::::::
variability

::
in

::::::::::::
multiple-linear

:::::::::
regression

::::::
(MLR)

::::::
models

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Vigouroux et al., 2015; Coldewey-Egbers et al., 2022; Weber et al., 2022; Bernet et al., 2023)

:
.

:
A

:::::::::
systematic

::::::::
statistical

:::::::
analysis

::
of

:::::
ozone

:::::::
proxies

:::
was

::::::
carried

:::
out

::
in

::::::::::::::::
Mäder 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

:::::::
includes70

::
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

:::::::::
in�uencing

::::::
ozone

:::::::::
variability

:::::::
(11-year

:::::
solar

:::::
cycle,

:::::
QBO,

:::::::
ENSO,

::::
PSC,

::::
EL,

:::
TP,

:::::::::::
Stratospheric

:::::::::::
temperature,

:::::
BDC,

::::
and

::::
AO).

::::
The

::::::::
stepwise

:::::::::
regression

:::::::::::
automatically

::::::
selects

:::
the

:::::
most

:::::::::
signi�cant

::::::
proxies

::
in

:::
the

:::::
MLR

:::
and

::::::
avoids

:::::::::
over�tting.

::::::::::
Over�tting

::
is

::::::
further

::::::::
controlled

:::
by

::::::::
verifying

:::
that

:::
the

::::::
�tting

::
is

::::::::
improved

:::::
while

:::
the75

::::::::::
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

:::::::
in�uence

::
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.

:
80

In this work , trendsarecalculatedwith sucha MLR togetherwith a stepwiseprocedurethatavoidsover�tting
:::
We

::::::
further

:::::
reduce

:::
the

:::::::::::
uncertainties

::
of

::::
our

:::::
trends

:
by automaticallyselectingonly themostrelevantproxies.We furtherreduceour trends

uncertaintiesby �rst combining ground-based measurements into speci�c geographic regions, de�ned 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 obtain85

regional trends representative of these speci�c 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 (So�eva et al., 2021). This enables us to

validate the quality of our individual ground-based data sets before calculating trendsandto alsoevaluate
:
,

::::
while

::::
also

:::::::::
evaluating90

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
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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 sets95

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. Trace100

gas abundances, such as ozone abundances, are retrieved from these spectra by using line-by-line spectral �tting 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 pro�le information from NCEP. The pressure and temperature-dependences of the ozone line-shapes enable

us to retrieve low-vertical resolution pro�les, with four to �ve distinct degrees of freedom for signal (DOFS), spanning the105

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. It representsa massivecollaborativeeffort lasting

for about35 yearsnow,enabling
::::
since

:::::
1990.

::::
This

:::::::
network

:::::::
enables detection of long-term trends, validation of other data sets110

and models (De Mazière et al., 2018). There are six NDACC FTIR instruments within the Arctic: Ny-Ålesund, 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), speci�c spectral microwindows (around115

1000cm�1 ) �tted 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

(Björklund et al., 2024)
::::::::::::::::::
Björklund et al. (2024), where it wasfound

::::::
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�1120

region following the strategy of Zhou et al. (2020) and García et al. (2014)) to spectra recorded by the Sodankylä instrument

that is part of the Total Carbon Column Observing Network (TCCON). The resulting vertical pro�les contain lower DOFS of

about 2.5, concentrated on the stratospheric layers, see Table 1.
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Random (%) Systematic (%) Total (%) DOFS NDACC DOFS Sodankylä

0-8km 5.43 6.19 8.57 0.89 0.07

8-17km 3.49 4.27 5.77 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 Sodankylä 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 pro�le uncer-

tainties. Random and systematic uncertainties are themselves obtained using optimal estimation (Rodgers, 2000; Vigouroux125

et al., 2015). The random error of partial columns additionally contains a smoothing error (Rodgers, 2000) estimated from the

WACCMv7 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 Sodankylä product.

2.2 Ozonesondes130

Ozonesondes are small, light-weight devices �own on weather balloons that measure the vertical pro�le 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-

liable ozone trends assessment. Therefore, a homogenization activity, correcting for those biases following recommendations in135

Smit and the ASOPOS 2.0 Panel (2021); Smit and the O3S-DQA Panel (2012)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Smit and the ASOPOS 2.0 Panel, 2021; Smit and the O3S-DQA Panel, 2012)

has been undertaken, with all the homogenized ozonesonde data stored and described within the framework of the Tropospheric

Ozone Assessment Report Phase II (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

from the Canadian Arctic sites Resolute, Alert, and Eureka and the European Arctic sites Scoresbysund, Ny-Ålesund, So-140

dankylä and Lerwick have been used. More details on the speci�c 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-Ålesund,

and Sodankylä.
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In this study, we cap sondes pro�les at 26 km so that the mid-stratospheric column contains at least 60% of all measured

pro�les at all sites (in some sites such as Alert and Resolute, less than 50 to 40% of pro�les reach up to 30 km because the145

sondes balloon burst before that altitude). We sum pro�les over the partial columns de�nedlower
:::::
below in Section 2.4. Random

measurement uncertainties on pro�le points are also propagated to obtain partial columns uncertainties. When a pro�le doesn't

provide uncertainties, we use the mean uncertainties of other pro�les from the same site. Extreme outliers are found in the data

after summing the pro�les into partial columns. They are removed by applying a very loose percentile �lter: for q1 and q3 the

25th and 75th percentiles, we remove datapoints lying beyond q3 +8(q3 � q 1) or below q1 � 8(q 3 � q 1) for each partial column150

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 the155

Global Atmosphere Watch programme of the World Meteorological Organization. It provides total column ozone and vertical

pro�le 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 direct160

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 � < 3:5 for single monochromator instruments

(MKII, MKIV and MKV). Finally, most stations have measurements taken by several instruments, so we average all same-day

observations with a weighted mean.165

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 pro�les. Since this vertical resolution only contains four to �vedegreesof 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 speci�c choice of boundaries for these layers re�ects the need for170

merging FTIR with sonde data sets.

During Winter, the tropopausein theArctic typically lies at 8 km, but this valuecanbecomelargerwith seasons.To ease

comparisonto satelliteproducts
:::::
Since

:::
we

:::::
work

::::
with

:::::
�xed

:::::::
altitudes

:::::::
de�ning

::::::
partial

::::::::
columns

::::::::::
boundaries,

:::
we

:::
do

:::
not

::::::
follow

::
the

::::::::::
tropopause

:::::::::
variations

::
in

:::::
time.

:::::
Note

::::
that

:::::
since

:::::
FTIR

::::::::
provides

::::::::::::
low-resolution

::::::::
pro�les,

:
a
::::::::

clear-cut
::::::::::::::
disentanglement

:::
of

::::::::::
tropospheric

:::
and

::::::::::::::::
lower-stratospheric

::::::::::::
measurements

::
is

::::::::::
impossible

:::
and

:::::
some

::::::
mixing

::
is

::::::::::
necessarily

:::::::
present.

:::
The

::::::
choice

::
of

::::
0-8175

:::
km

::::::
re�ects

:::
the

:::::::
averaged

::::::
Arctic

:::::::::
tropopause

::::
limit

:::::
while

:::::::::
satisfying

:::
the

::::::::
constraint

:::
on

::::
FTIR

::::::
DOFS.

:
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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-Ålesund 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 WOUDC 2000 � 2024

Scoresbysund 70.48 21.97� W Sonde HEGIFTOM 2000 � 2024 y

Andoya 69.28 62.34� W Brewer WOUDC 2000 � 2024

Kiruna 67.84 20.41� E FTIR private
::::::
NDACC 2000 � 2022

Sodankylä 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 z

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.
y Scoresbysund's time series is not used at all in the trend analysis for reasons also detailed

in section 3.
z 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

Layer(km) 0 � 8
::
km 8 � 17

::
km 17 � 26

::
km 26 � 48

::
km 0 � 60

:::
km

CAMS grid 1000 � 300 hPa 300 � 100 hPa 100 � 20 hPa 20 � 1 hPa TC product

Data sets used FTIR*, Sondes FTIR, Sondes FTIR, Sondes FTIR FTIR*, Brewer, Dobson

Table 3. Altitude layers de�ning the four partial columns of ozone considered for ozonesondes and FTIR. Partial columns are calculated

from pro�les 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 Sodankylä is excluded.

::
In

:::::::
addition

::
to

:::
the

::::::
partial

:::::::
columns

:::::::
de�ned

::
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 alsoconsideredfor trendsin section 5, in orderto better compare with
::::
trend

:
literature that often considers the upper

stratospheric layer higher up, especiallyfor satellite'strends.180

From those ozone columns we �rst 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:

anommonthx ; yeary =
O

monthx ; yeary
3 � O monthx

3

Omonthx
3

; (1)

abs:anommonthx ; yeary = O
monthx ; yeary
3 � O monthx

3 ; (2)

with185

Omonthx
3 =

1
n + 1

start year+nX

y=start year

O
monthx ; yeary
3 ; (3)

the ozone mean for each month of the year averaging over n years of each data setentireperiod, from start year to start year+n.

Wewill laterusethoseanomaliesfor
::::
Using

:::::::::
anomalies

:::::
when merging different data setswithoutworryingaboutpossiblebiases

or differentstartingand�nishing dates.
::::::
instead

::
of

:::::::
monthly

::::::
means

:::::::
removes

:::
the

:::::
issues

::::::
related

::
to

:::::::
merging

::::::
biased

::::
data

3 Comparison with satellite ozone data sets190

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,

::::
(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 de�ned in section 2.4.195

The IASI-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,IASI
:::::::::
IASI-CDR

:
O3 total columns are200

obtained from the
::::::::
combined AERIS Level-3 monthlyIASI-A and-B products,while partial

::::::::
IASI-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 meanIASI-A+B
::::::
merged

::::::::
monthly

:::::
mean

:
gridded pro�les computed from the AERIS Level-2 dailyproducts

(Clerbaux and Coheur, 2025a, b)
:::::::::
IASI-CDR

::::::::
Metop-A

:::
and

::
B

:::::::
products

::
as

::
in

::::::::::::::::::
Keppens et al. (2025)

:
,

:::::
called

::::::::
IASI-AB

:::::
below. Both

data sets cover2008
::::
2007–2024 and we use daytime observations only.205

The MErged GRIdded Dataset of Ozone Pro�les (MEGRIDOP) (So�eva 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: � 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 diagnose210

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 de�ne the

difference of anomalies in percent:215

diff i
sat�GB =

�
anomi

sat� anom i
GB

�
� 100%; (4)

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

with 1.4826 gives an equivalence to the 2� of Gaussian statistics):

bias = median
�
diff i

sat�GB

�
; (5)

MAD s = 1:4826 � median
� �
�diff i

sat�GB � bias
�
� � : (6)220

We then apply a robust linear regression (Theil-Sen method, (Sen, 1968)) on the difference diffi
sat�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 againstIASI-CDR
:::::::::
IASI-A+B

ozone total column.

The drift is estimated as the median of the slopes of all lines connecting all possible pairs of points. Thecon�denceinterval

for the drift estimateis given by the interval containingthe middle 95% (to obtain an estimateof the
:::::::
standard

:::::::::
Theil-Sen225

:::::::::
con�dence

::::::
interval

:::::::::
estimates

::::::
assume

:::
the

:::::
time

:::::
series

::::
have

:::
no

::::::::::::::
autocorrelation,

:::
but

:::
by

:::::::::
computing

:::
the

:::::::::::::
autocorrelation

:::
on

:::
the

::::::::
regression

::::::::
residuals

:::
(as

:::
the

::::::
Pearson

::::::::::
correlation

:::::::::
coef�cient

:::::::
between

:::
the

:::::::
residuals

::
at

:
t
::::
and

::
at

::::
t + 1

:::::::
(lag-1)),

:::
we

::::
�nd

:::
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

:::::::::
con�dence

:::::::
intervals

:::
of

:::
our

::::::::
estimated

::::::::
Theil-Sen

:::::
drifts

:::::::::::::::
(Bontempi, 2024).

::::
We

::::
have

::::
used

:::::
1000

::::::::
bootstrap

:::::::
samples

:::
and

::
a

:::::
block

::::
size

::
of

:::::
n1=3,

:::::
where

::
n

::
is

:::
the230
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Figure 2. Difference of relative anomalies in percent diffi
sat�GB (4) between the Vindeln Brewer total column and theIASI-CDR

::::::::
IASI-A+B

total column in Vindelnwith associatedbias,MAD s :
.

:::
The

::::
trend

::
of

:::
this

::::::::
difference

::
is

:::::::::
represented

::
by

:::
the

:::
red

:::::
dashed

:::
line

:
and

:::::::::
corresponds

::
to

::
the

:
drift,

:::::
given

::
in

:::::
legend

:
with

::
its 2�-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

:
2� error)ofthoseslopes.Thedrift error

is thenthemaximumbetweenthedifferenceof theupperboundof thecon�denceintervalwith themedianandthelowerbound

of thecon�denceintervalwith themedian
:::::
-error

:::::::
estimate

:::::
given

:::
for

::::
each

::::
drift

::::
value

:::::::::::
corresponds

::
to

::
the

:::::
95%

:::::::::
con�dence

:::::::
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

::::::::::::
FN (z) = �=2,

:::::
where

::::::::
� = 0:95.235

As explainedbefore,we usethedrift comparisonin two ways
::
We

:::::
make

:::
the

::::::::::
assumption

:::
that

::::::::
problems

::
in

:::::::::
individual

:::::::
stations

:::
data

::::
sets

:::
can

::
be

::::::::
identi�ed

:::
by

:::::::::
comparing

::
to

:::
the

:::
two

:::::::
satellite

::::
data

:::
sets,

:::::
while

:::::
drifts

::
in

:::::::::
individual

::::::
satellite

::::::
dataset

:::
can

:::
be

::::::::
identi�ed

::::
with

::::::::
combined

:::::::::::
ground-based

::::
data

::::
sets. In Section 3.2, we validate each individual ground-based dataset byspotting

::::::::
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.240

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 pro�le 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 be245
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Figure 3. Vertical coverage in kilometers of each pro�le 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 �nd all drifts lay within j1:6%=decadej (see

Figure 4). Only the drifts in Fairbanks andAlert
::::::
Kiruna are at the limit of 2� signi�cance, reaching respectively(�1:17 � 1:06)

and (�1:59 � 1:41)%=decade. Even thoughthis
:::::::::::::
(�1:17 � 1:16)

:::
and

::::::::::::::::::::::
(+1:22 � 1:15)%=decade.

::::::::
Although

::
it

:
might indicate250

potential issuesaroundthat time
:
in

:::::
those

:::::::::
timeseries

::::::
around

:::::
2007, we do not excludethosetime series

::::
them

:
from our trend

analysis, as
::::
these

::::
drift

:::::
values

:::
are

:::::
small

:::
and

:
we will in fact consider the full 2000 �2024 periodandthedrifts reportedhereare

overallverysmall
:::
for

:::::
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 2�-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,seeFigure5, IASI-CDR exhibits a signi�cant negative drift of at least�6%=decade
:::::::::::
�5%=decade with

seven of the ground-based instruments. This pointstowardanoverallnegativedrift of IASI-CDR in the tropospherethatwe255

will commenton in Section3.3. IASI-CDR is morenegativelydrifted with the St-PetersburgFTIR (about�14%=decade),

but this datasetonly startsin 2009.
:::
(see

::::::
Figure

:::
5).

:
The Scoresbysund sondehoweverclearly standsout with a positivedrift

in IASI-CDR of (+11:51 � 3:58)%=decade,signi�cant beyondthe5� level, signalinga problemwith this time series.
:::::
stands

:::
out

::
as

:::
the

::::
only

:::::::::
signi�cant

:::::::
positive

:::
drift

:::
of

:::::
IASI,

::::::::
signaling

::
an

::::
issue

:::::
with

:::
this

:::::::::::
ground-based

:::::::
dataset.

:::
We

:::::::
checked

::::
that

:::
this

:::::
large

:::
drift

::
is

:::
not

::::
due

::
to

::
a

:::::::
different

::
of

::::::::::::
time-sampling

::::::::
between

:::
the

:::::
sonde

::::
data

:::
sets

::::
and

:::
the

::::::::
satellites:

::::::::
applying

:::::::
different

:::::
�lters

:::
on

:::
the260

:::::::
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 �nd 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

ozone concentrations at most altitude levels in the ozonesonde time series since 2016 with respect to the previous years. Indeed,265
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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

2�-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 veri�ed that the Scoresbysund's sonde dataset does not show any signi�cant 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-signi�cant. This drop in 2016 coincides with a change of ozonesonde type, ozonesonde pump battery

type and radiosonde type, leadingresp.
::::::::::
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-270

derived pressure measurements). The homogenization of the Scoresbysund time series at the HEGIFTOM repository only

corrects for the �rst 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 pro�le with +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.275

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-signi�cant 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(Tarasick et al., 2016)
:::::::::::::::::
Tarasick et al. (2016))280
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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 2�-error. Note that the time periods given in the title of each �gure 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 signi�cant negative trends in the lower stratosphere

than other sondes in the Arctic (except for the Churchill sonde that liesbelowour60� N limit
::::::::::
equatorward). 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, where285

it shows a singular signi�cant 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-signi�cant and within 3%=decade except in Kiruna where they

reach(3:56 � 2:31)%=decade
:::::::::::::::::::
(3:65 � 2:97)%=decade

:
for IASI-CDR and(4:91 � 2:08)%=decade

:::::::::::::::::::
(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 its290

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 signi�cant 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.

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 identi�ed 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 signi�cant drift except with

SodankyläFTIR
::
the

:::::
FTIR

::
at

:::::::::
Sodankylä. That time series is retrieved from a different spectral range than other NDACC FTIR295

products but there is no trace in previous studies of a potential drift due to this method of retrieval (García 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 band
::::
mean

Having set asideproblematicground-based time series
::::
with

::::::::
identi�ed

::::::::
problems, we average all remainingones

:::
data

::::
sets by a300

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 zonalband
:::::
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 � 1:01)%=decade
::::::::::::::::::::
(�0:62 � 0:94)%=decade. This is a very

small uncertainty and it shows that the IASI-CDR Level 3 AERIS total column productis notdrifted
::::::
doesn't

::::
show

::
a

::::
drift over

its full time series.305

In the troposphere we �ndthatIASI-CDR hasa negative signi�cant drift of(�3:47 � 2:35)%=decade. Thiscanbeexplained

by the sensitivitydrop of IASI-CDR at high latitudes,especially
::
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

::::::::
in�uence

:::
on

:::
the

::::::::
retrieved

:::::::::::
measurements

:
in the troposphere.By computingthetraceof theaveragingkernelsof IASI-CDR tropospherepro�les atour16
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::::::::
Degrading

:::
the

:
ground-basedstationslocations,we�nd it containsonaverageabout0.4DOFS(seealsoBoynard et al. (2025)).310

A moreprecisedeterminationof theIASI-CDR troposphericdrift wouldrequireto smoothouttheground-basedmeasurements

to the IASI-CDR sensitivityprior to comparison
:::
data

::::
sets

::
to

:::
the

:::::
IASI

:::::::::
sensitivity

::
by

::::::::::
smoothing

::::
their

:::::::
pro�les

::::
with

:::
the

:::::
IASI

::::::::
averaging

::::::
kernels

::::::::::::::::::::::::
(Rodgers and Connor, 2003)

:::
was

::::::
found

::
to

::::
shift

:::
the

:::::
IASI

::::
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

::::::::
pro�les:

:::
the

::::::::
averaging

::::::
kernel

:::
are

:::::::::
non-linear

::::::
objects

::::
and

:::::::::
smoothing

::::::::
averaged

::::::::
monthly

::::
data

::
is

:::
not

:::::::::
equivalent

:::
to

::::::::
averaging

:::::::::::
individually315

::::::::
smoothed

:::::::
pro�les,

::::
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 � 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

:::
and

::::::::
including

::::::
FTIR,

:::
we

:::
�nd

::
a

:::::
larger

::::
and

:::::::::
signi�cant

::::
drift

::
of

:::
the

:::::
IASI

::::::
Arctic

::::::::::
troposphere.

::
A

:::::
more

:::::::
detailed

:::::::::
validation

:::::
using320

::::::::::::
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.

IASI-CDR doesn't show any signi�cant drift in the lower, middle and total stratosphere. In the lower stratosphere the

individual drifts are all within j5%=decadej (with a zonal mean driftwithin j3%=decadej
::
of

::::::::::::::::::::
(2:25 � 3:17)%=decade), and in

the middle and total stratosphere individual drifts lay within j3%=decadej (with a zonal mean driftwithin j1:5%=decadejand325

j1%=decadej
:
of

::::::::::::::::::::::
(�1:19 � 2:26)%=decade

:::
and

:::::::::::::::::::::
(�0:79 � 1:12)%=decade

:
respectively).

In theupperstratosphere,despitea negativesigni�cant drift at four individual stations,thezonalbanddrift of IASI-CDR

is nonsigni�cant andonly about1%=decade.Evenif we excludeKiruna (which is driving themeanto morepositivevalues),

thatdrift staysnon-signi�cantandreaches(�1:42 � 1:62)%=decade.

MEGRIDOP is positively drifted with respect to the zonal mean of all ground-based instruments in the lower and upper330

stratosphere with drifts of(2:76 � 1:48)%=decadeand(1:97 � 0:97)%=decade
:::::::::::::::::::
(2:76 � 1:77)%=decade

:::
and

::::::::::::::::::::
(1:97 � 1:18)%=decade

respectively. The smallness oftheseuncertaintiesis howeverremarkable,especiallywhenconsideringthehigh variability of

individual drifts in the lower stratospherefor instance
:::
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.

In the mid-stratosphere, the zonalband
:::::
mean drift of MEGRIDOP issmallerthanj1%=decadej

:::
only

::::::::::::::::::::
(0:27 � 0:96)%=decade335

while all individual drifts lay withinj3%=decadej
:::::::::::
j2:3%=decadej.

Finally, in the total stratospheric column, MEGRIDOP's zonalbanddrift liesatthelimit of signi�cance:(0:87 � 0:82)%=decade
::::
mean

:::
drift

::
is

:::::::
slightly

::::::
positive

:::::::::
signi�cant:

::::::::::::::::::::
(0:88 � 0:73)%=decade. All individual drifts arealsowithin j3%=decadej

:::::
within

::::::::::::
j2:1%=decadej.

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

the time period of comparison is more extended.340

3.4 Conclusions on ground-based versus satellite comparisons

1. The Scoresbysund sonde is strongly negatively drifted. The drift is probably associated withample
:::
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.345

2. We �nd 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 whole Arctic zonalband
::
In

:::
the

:::::
Arctic

:::::
zonal

::::::
mean, both satellites drifts are smaller than j3%=decadej for all

stratospheric columns.

4. IASI-CDR only appearssigni�cantly drifted
::::::::
possesses

::
a

:::::::::
signi�cant

::::
drift

::::
only in the troposphere, where its zonalband350

drift reaches(�3:47 � 2:35)%=decade, butIASI-CDR's low troposphericsensitivityhasnotbeenaccountedfor. Moreover,

this drift is close 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

:::
by

::::::::::::
�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-355

spheric ozone (Weber, 2024), making it marginally stable.Additional yearsof monitoringarenecessaryto enablea

de�nitive conclusionaboutthisproductstability.
:
.

5. MEGRIDOP shows signi�cant positive drifts for the zonalband
::::
mean

:
in the lower, upper and total stratosphere of

(2:76 � 1:48), (1:97 � 0:97) and(0:87 � 0:82)%=decade
:::::::::::
(2:76 � 1:77),

::::::::::::
(1:97 � 1:18)

:::
and

::::::::::::::::::::
(0:88 � 0:73)%=decade

:
re-

spectively. These values, and in particular their very small associated uncertainties, constitute important results concern-360

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 different365

sites where ozone is measured over a suf�ciently long time period, spanning a region from 60 to 90� N, equivalent to a surface

area of 34 millionkilometerssquare
:::::
square

:::::::::
kilometers. On the other hand, the long-term trends we are trying to observe are

known to be small anddrownedoutby
:::::
hiding

::::::
behind the large natural variability of ozone in the Arctic. To reduce uncertainties

and obtain statistically signi�cant 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 from370

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 �elds

(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

::::::::::
comparing375
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::
the

:::::
same

::::::::
variables

::::
(i.e.,

::::::
ozone

:::::::::
anomalies)

::
at

::::::::
different

::::::::
locations,

:::
the

:::::
same

::::::::
physical

::::::::
processes

:::
are

:::::::
causing

:::
the

:::::::::
variability,

:::
so

:::
that

::::::
similar

::::::
trends

:::
are

::::::::
expected

:::
for

::::::
largely

::::::::
correlated

:::::::::
locations.

::::
This

:
enables us to de�ne 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 re�ne

the regional representativeness of those groups ofstation
::::::
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 global380

coverage, a spatial resolution of 0:75� � 0:75 � and a temporal coverage from 2003 � 2024. We use the ozone total column and

the vertically gridded ozone pro�le given in 25 pressure levels that we sum in four partial columns as shown in Table 3.

Correlations are calculated based on monthlydeaseasonalised
::::::::::::
deseasonalized

:
absolute anomaly (Eq. (2)) time series because

correlations of ozone column time series would mostly re�ect the seasonal cycle of ozone. Therefore, the correlations represent

the similarity in ozone variability independent of the seasonal cycle. For each ground-based station, wethus compute the385

Pearson correlation coef�cient rx;y between the CAMS monthly anomaly at the grid-cell where that site is located, x, and the

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

r x;y =
P n

i=1 (x i � �x)(y i � �y)
p P n

i=1 (x i � �x) 2
p P n

i=1 (yi � �y) 2
; (7)

where xi ; i 2 (1; : : : ;n) is the time series of ozone at the site location x, �x is the mean of that time series, and similarly for

y at all other locations of the grid. We have veri�ed the consistency of our results by analyzing the scatterplots of absolute390

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 �nd that regions with correlated ozone395

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 r 2 [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 relatively400

homogeneous across the 70� � 90 � N region.

From CAMS correlation maps, we de�ne our groups of stations: within one group, the CAMS correlation of each member

station with each other member stations must be higher than r > 0:8 (in Weatherhead et al. (2017), correlations of r > 0:7 are

deemed "well correlated", while r > 0:9 are "strongly correlated"). Correlations between all stations are given in the Appendix

in Figure A1 and A2. The resulting regional groups are presented in Table 4. Some stations stand on their own and do not405

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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