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Abstract. Tropospheric ozone trends from models and satellites are toutislerge Groundbased (GB) observations are

used to reference models and satellites but GB data themselves might display station biases and discontpmaitiessiRg

with uniform procedures, the TOARWorking Group Harmonization and Evaluation@foundbased Instruments for Free
Tropospheric Ozone Measurements (HEGIFTOM) homogenized public data from 5 networks: ozoneseseteieln
Aircraft for a Global Observing Syste(tAGOS) profiles, solar absorption Fouri@ransform InfraredFTIR) spectometer
measurements, dar observations, and Dobson Umkehr data. Amount
surface to 300 hPa), free and lower tropospheric ozone, are calculated for each network. We report trends (2000 to 2022) fc
these segments using Quantile Regression (QR) and Multiple Linear Regression (MLR) for 55 datasets, including 6 multi
instrument stations. The findings: (1) Median TrOC trends computed with QR and MLR trends are essentially the same; (2)
Poleto-pole, acros all longitudes, TrOC trends fall within +3 ppbv/decade3@pbv/decade, equivalent ted%o to +
8%)/decade depending on sif8) The greatest fractional increases occur over most tropical/subtropical sites with decreases
at northern high latitudes bthese patterns are not uniform. (4) PGQVID trends are smaller than p@OVID trends for
NorthernHemispheramid-latitude sites. In summary, this analysis conducted in the frame of IGARGIFTOM shows

that highquality, multiinstrument, harmonizedata over a wide range of ground sites provide clear standard references for
TOAR-II models and evolving tropospheric ozone satellite products for-2028.

1 Introduction

Tropospheric ozone, including groutelel ozone, plays a crucial role in atmosphehemistry as a secondary pollutant
formed by reactions between volatile organic compounds (VOCs) and nitrogen oxides (NOXx) in the presence of sunlight
(Vingarzan, 2004Monks et al., 20156 In the stratosphere, ozone protects life from harmful ultrawialys. At ground level,
ozone can harm human health and ecosystems, contributing to respiratory problems and crofLedomeget al., 2018

Mills et al., 2018. Additionally, tropospheric ozone is a potent greenhouse gas, contributing to climate r&1Q, 2021).

Thus, monitoring and controlling ozone levels is vital for environmental and public health.

Assessments of tropospheric ozone trends make use of several types of observations, among them surfaitmansrat (

al., 2013 Cooper et al.,@0), satellite estimates of full or partial ozone column content (Gaudel et al., 2018), aircraft (Gaudel
et al., 2020), Fourier Transform InfraRed tropospheric column (Vigouroux et al., 2015, Gaudel et allj®1@ranados

Mufioz and Leblanc, 2018incellet et al., 2022) or ozonesonde profiles (Logan et al., 2012; Thompson et al2@2%Yan
Malderen et al., 2021; Christiansen et al., 2017, 2022; Wang et al., 2022; Stauffe2@24| Nilsen et al., 2024In the first

phase of the Internatial Global Atmospheric Chemistry/Tropospheric Ozone Assessment Report (IGAC/TGaR)el et

al. (2018) pointed out that five typical satellite products covering the-2006 period differed greatly from one another, not

only in magnitude but even in sigA recent evaluation of six updated satellite products, for 2004 over the tropics
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(Gaudel et al., 2024), where satellite estimates tend to be most reliable (Thompson et al., 2021) also exhibited lange diverg
from one another. When compared ta@rift and ozonesonde profiles up to 270 hPa, some satellite comparisons for the years
20142019 showed correlations with?R0.30.6 (Gaudel et al., 2024Recent harmonization efforts of sixteen global
tropospheric ozone satellite data records, could palyially account for the observed discrepancies between the satellite
datasets, with a reduction of abouti 40 % of the inteproduct dispersion upon harmonisation, depending on the products
involved and with strong spatiotemporal dependences (Keppahs 2025).

Chemistrytransport and coupled chemistlymate models also vary greatfly tropospheric ozondue to uncertainties in
anthropogenic emissions and/or different parameterizations for dynamical processes, e.g. treatments ofldgemdary
processes, convection and stratosptesposphere exchange (e.g. Christiansen et al., 2022). Accordingly, both model output
and satellite products, global in coverage, use networks of gitoased (GB) observations for evaluati@ng. recently in

Gong et al (2025),Jones et al(2025 for model evaluatiomndin Arosio et al.(2024), Pennington et al. @24), Dufour et

al. (2025), Keppens et al. (2025), Maratt Satheesan et al. (R2Z&Ftellite validation)GB networks, with stations operating

at fixedsites using weltharacterized instruments, typically calibrated with world reference standards, provide suitable time
series at more than 100 sites. However, GB data themselves display station biases and discontinuities, especially whe
instruments or mrcessing methods change. Within the umbieilae Network for the Detection of Atmospheric Composition
Change (NDACC; De Maziére et al., 2018)orking groups for several spectral ozone instruments have standardized data
processing. The IGAC/TOAR project recognized that these spectrometric data as well as soundings and aircraft profiles
provide the free tropospheric (FT) information that is essential for model calculations of radiative forcing. ThdI TOAR
Working Group Harmonization and Evaluation @foundbased Instruments for Fr@gopospheric Ozone Measurements
(HEGIFTOM) was formed in 2021 to homogenize and archive publicly available data from five network types: ozonesondes,
In-service Aircraft for a Global Observing System (IAGOS) profiles, ieodrransform Infrared spectrometer (FTIRar,

and Dobson Umkehr. In addition to uniform procedures for data reprocessing within each network, uncertainty estimates anc
quality flags were provided. HEETOM data can be downloaded Vitips://hegiftom.meteo.be/datasets

This article first gives details of harmonization methods for the five instrument types (Section 2) as well as three analysis
methods for ozone trends over the 2000 to 2022 periodi¢8e®). Results begin with a climatology for a nominal total
tropospheric ozone column amount (surface to 300 hPa or TrOC) (Section 4.1). Observational evidence for seasonal shift
over the 23year period are also illustrated with a summary examinafi@QyID-19 impacts on the mean 202022 TrOC.

This is followed by two general sets of trends results (Section 4.2). Most of the focus is on TrOC trends for whidBRil five
methods have some information. Trends for FT ozone column (between 700hPa hRd)398d a lower tropospheric column

(LT, surface to 700 hPa)), which use only profiles from ozonesondes, aircraft and lidéspamesented. The individual site

trends for TrOC are computed with two statistical approaches, Quantile Regression §QR)laple-Linear Regression

(MLR). In all cases trend results are tabulated and displayed in iOpdferred ppbwlecunits (Chang et al., 2023), but

%l decunits are also used to allow meaningful comparisons across all sites. In Section 4.3, shasattaristics of trends

are compared across instruments at 6 rs@itisor sites and across stations within dersmtypled sulegions in Europe and

3
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parts of North America. Comparisons of TrOC trends made with QR and MLR across multiple instrumsintglatsite give
insights into some differences in trends derived from the sensors as do drifts among collocated instruments relative to on
another. Section 5 is a summary with prospectsafenerging of selected individual sitkata and further rprocesing,

harmonization and expansion of data in the HEGIFTOM archive.

2 Description of the Harmonized HEGIFTOM datasets

The five GB instruments considered here provide ozone profiles with high (ozonesondes, 1R@OSr low (Umkehr,
FTIR) vertical resolibn. After homogenization, different tropospheric ozone columns are calculated or retrieved from the

profile measurements and are available at the HEGIFTOM ardhiyes//hegiftom.meteo.be/datasets/tropospherone

columnstrocs The total number of sites for which those tropospheric ozone columns can be downloaded is 356, made up of
280 IAGOS airports, and 43 ozonesonde, 25 FTIR, 6 Dobson/Umkehr | &tz g&itesA map and table showing all the sites

or airports that have data available since 2000 are provided in the supplement in Fig. S1 and Table S1, refpdaisvely.
paper, to calculattrends for the 200R022period, we only retained time series startin@@902002 and ending in 2019 or

later, as recommended by the TOARstatistical guidelines (Chang et al., 2023). We also required that time series have at
least 120 monthly values available (about half of the maximum coverage), essentially the lotvar lommputing both

reliable trends and uncertainties from monthly mean time series withréeisedtrend estimation tools. The final selection

of stations used in our trend analyses appears in Table 1 and Fig. 1. In Fig. 1, five types of networ&ritsstire included

with color coding: ozonesondes (34 sites, black circles); IAGOS aircraft profiles (three airports, magenta stars); k@$R (10 s
cyan squares); Umkehr from Dobson spectrometers (six sites, red ciatldsiffar (two sites, grg squares). A total of 55
datasets (Table 1) are used with six sites having more than one instrument type in operation as shown in Table lImand Fig. 2.
this study, we focus on tropospheric ozone columns with different metrics that were calculated and itzdde iavthe

HEGI FTOM archive. Of particular interest is the Atotalo
300 hPa; this is the only common metric for all 5 instruments. The 300 hPa lower pressure limit has been choseswezcause |
pressure levels are globally not always reached with the IAGOS aircraft. Umkehr and FTIR usually have only maximum 1
degree of freedom in the whole troposphere, so that the division in smaller partial columns wouldidetipdependent
information.For the other 3 techniques, we also considertig@ospheric ozone column (FTOC), defined here between 700
and 300 hPa, and low&opospheric ozone column (LTOC), between the surface and 700 hPa. All those (partial) tropospheric
ozone columns are pralgd both in ppb (as coluraveraged integrated ozone mixing ratios) and DU, and with different
tempor al resolutions: all measurements (AL10), daily me
particulars of each dataset type arsdhiairmonization are described. A more detailed description of the tropospheric ozone

measurements with those different techniques is available in e.g. Tarasick et al. (2019).
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Global Sites Contributing to HEGIFTOM (55 L1 Data) Trends
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Figure 1: Partial map of sites for which ozone data have been homogenized ahdDC are available at the HEGIFTOM archive:
https://heqgiftom.meteo.be/datasets/tropospheriozonecolumnstrocs. Five types of instruments are archived, colecoded as in kg.
Details on instrumentation, sample characteristics and locations appear in Table 1. Colors are superimposed at sites witla di@m
more than oneinstrument (Table 1). Map shows 55 sites for which trends are computed according the criteria (1) all datasets

must start within 2000-2002 and end within 2012022 (see TOARII statistical guidelines, Chang et al., 2023)and (2) more than
120 monthly mean values.

2.1 Ozonesondes

The ozonesonde is a small and lightweight instrument that measures atmospbegcconcentrations by pumping and
bubbling air in differing concentrations of potassium iodide (KI) solutions in electrochemical concentration cells (ECC)
Known as the ECC sondihjs typeis used in the HEGIFTOM analyses (except for Hohenpeissenbiec wses the Brewer

Mast type). Coupled with a radiosonde during a weather balloon flight, the ECC ozonesonde provides vertical ozone profiles
up to about 385 km altitude with a stated precision 85% and an uncertainty of aboutl8%, for both the trposphere and
stratosphere (Smit et al., 2021). Since 1996 a series of laboratory ECC sonde evaluations have been conducted in the Wor
Calibration Centre for Ozone Sondes (WCCOS) in Julich, Germany, where a standard ozone photometer (OPM) is employec
asthe absolute reference in thealed JOSIE experiments (Smit et al., 2007). The same OPM was flown on a single gondola
with 18 sondes in a field experiment (BESOS) in 2004 (Deshler et al., 2008). The outcome of BESOS and the early JOSIE:
was the formatin of an expert sonde team activity, Assessment of Standard Operating Procedures for Ozonesondes
(ASOPOS), that codified sonde preparation handling and data processing in a WM® &N Report 201 by Smit et al.,

2014). Following the GAW Report 201, thaost recent JOSIE took placedaf17 (Thompson et al., 2019), which, together

with the activity described in the next paragrdpt,to a second ASOPOS WMO GAW Repdteport 268, Smit et al., 2021).
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160 Table 1: Sample(55sitestotal) stations and hstruments. Stations used in TrOC (surface to 300 hPa column) trend calculations, with

instrument type, |l ocation andanaplteidt uleof salmpé ev &t imemyr withlglk),
corresponding trends in ppbv/dec@ . Bold trends have p< 0.05
Northern Hemisphere (180W-20W) TrOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude /'\(hniggs F\Tzilrrqge (,\ilbs) (,L‘is) T rAnenL:]aId f Tr:r? dnzazl cal T ;"\lnLrj]a:j d
(ppbv/deq (ppbv/deq (ppbv/deq
Alert O3S 82.49 -62.34 66 | 20002020 931 227 0.60 +1.12 0.74 +1.76 0.62 +1.63
ATL IAGOS 33.64 -84.44 313 | 20002022 1465 139 0.34 +1.40 -0.78 £ 2.22 -0.53+2.44
03s 40.00 -105.25 1634 | 20002022 1243 275 -1.14 + 0.86 -1.41+1.14 -1.30+0.79
Boulder Umkehr (067) 39.99 -105.26 1634 | 20002022 4721 272 0.11+0.72 0.44 +1.30 -0.02 +1.08
Churchill O3S 58.74 -94.07 30 | 20002021 690 183 -3.37 £ 1.60 -1.64 +2.42 -3.01+1.98
DAL IAGOS 32.84 -96.85 148 | 20002022 734 131 1.50+1.76 2.41 +1.66 2.16 +2.63
Edmonton 03s 53.54 -114.10 766 | 20002021 969 244 -0.56 + 0.94 0.03 +0.96 -0.64 + 0.95
Eureka 03s 79.98 -85.94 10 | 20002021 1345 248 -0.30+ 1.24 0.32+1.36 -0.30 £1.37
Fairbanks Umkehr (105) 64.86 -147.85 135 | 20002021 1652 148 -0.18 +1.26 0.02 +2.28 0.98 +2.77
Goose Bay 03s 53.31 -60.36 36 | 20002021 953 230 -0.72 £ 0.96 -0.80£1.28 -0.26 +1.20
03s 19.43 -155.04 11 | 20002022 1142 276 -0.28 +0.98 -0.43 +1.30 -0.41+1.03
Hilo/Mauna Loa FTIR 19.54 -155.57 3397 | 20002022 9025 165 2.03+1.30 1.26 +2.48 0.88 +2.33
Umkehr (031) 19.54 -155.58 3397 | 20002022 7822 266 1.83+0.44 1.62 £ 0.96 1.49+0.91
Paramaribo 03s 5.80 -55.21 23 | 20002022 855 247 0.40+0.78 -0.42 £1.04 0.22+1.17
Resolute 0o3s 74.70 -94.96 46 | 20002021 771 199 -2.39+1.16 -2.07 £1.78 -2.12+1.80
(Sllclg;zztr’%’;;‘rﬁm ) 03s| 7048 -21.97 68 | 20002022 | 1127 | 264 | -257+084| -273:+140| -2.82+115
Table Mountain lidar 34.38 -117.68 2300 | 20002022 2811 268 1.95+0.64 1.24+1.08 1.31+£1.02
Thule FTIR 76.53 -68.74 225 | 20002022 6204 163 -2.96 + 1.00 -3.27+1.74 -3.59 +1.92
Toronto FTIR 43.60 -79.36 174 | 20022022 5429 208 -1.77£1.32 -1.15+2.16 -1.70 £ 2.08
Trinidad Head 0o3s 40.80 -124.16 20 | 20002022 1217 266 -0.76 + 0.68 -0.96 £1.12 -0.90 + 0.89
Wallops Island 0o3s 37.93 -75.48 13 | 20002020 1143 245 -2.61+0.92 -2.83£1.50 -2.81+1.25
Northern Hemisphere (19W-79E) TrOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude A(“ﬂi::g';} F-zr::ge (,\ll‘is) ('L_j)s) T ;Anen L:]ald AT ;Anemrj]ald AT flm:]ald d
(ppbv/deg (ppbv/deg (ppbv/deg

Arosa Umkehr (035) 46.78 9.68 1840 | 20002022 2936 268 0.56 + 0.78 0.63 +1.36 0.68 + 1.05
Ascension Island o3s -7.58 -14.24 85 | 20002022 676 174 -1.01 + 158 -1.06 £1.76 -0.88 +1.74
De Bilt 03s 52.10 5.18 2 | 20002020 1085 252 1.34+0.86 1.50+1.20 1.34+£1.08
FRA IAGOS 50.05 8.57 111 | 20002022 14358 246 0.65 +0.36 0.09 +1.10 -0.04 +1.08
Hohenpeissenberg O3S 47.80 11.01 980 | 20002022 2924 276 0.50+ 0.46 0.55 +0.94 0.26 £ 0.76

- FTIR 28.30 -16.48 2367 | 20002022 7665 259 1.88 +0.88 1.08 £1.30 0.73 +1.07
Izana 0o3s 28.50 -16.30 36 | 20002022 1086 270 2.59 +0.68 2.12+1.18 2.30+0.87
Jungfraujoch FTIR 46.55 7.98 3580 | 20002022 8597 259 -1.78 + 066 -1.93+1.78 -1.08 +1.34
Kiruna FTIR 67.84 20.40 419 | 20002022 4853 230 -2.26 + 0.88 -1.77 £1.48 -1.73+£1.15
Legionowo 03s 52.40 20.97 96 | 20002022 1340 276 -0.39 £ 0.80 -1.26 +1.18 -1.40 £ 1.06
Lerwick 0o3s 60.13 -1.18 84 | 20002022 1203 243 -0.66 £ 0.80 -1.01 +£1.54 -0.96 +1.24
Madrid 0o3s 40.47 -3.58 600 | 20002022 935 234 -0.36 + 0.90 -0.74 £1.24 -0.62 £ 1.22

a
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Ny Alesund 03s 78.92 11.92 17 | 20002022 1794 276 -1.27+0.70 -0.75 + 1.08 -0.93+0.91
Umkehr (040) 43.94 5.71 650 | 20002022 3596 238 -1.49 + 1.00 0.51+2.10 -0.86 +1.88
OHP lidar 43.94 5.71 650 | 20002022 1592 237 1.93+1.02 2.24+1.76 1.90 £ 2.05
03s 43.94 5.71 650 | 20002022 1051 272 1.95+1.08 1.37+1.26 1.96 £ 1.05
Payerne 03s 46.49 6.57 491 | 20022022 3112 244 -1.30 £ 0.62 -1.29 +1.02 -1.63+0.94
Sodankyla 03s 67.37 26.65 179 | 20002022 1074 254 -1.28+0.78 -1.74 +£1.40 -1.75+1.08
Uccle 03s 50.80 4.35 100 | 20002022 3258 276 0.90 +0.48 1.23+1.10 0.57 £0.97
Valentia 03s 51.94 -10.25 14 | 20002022 600 127 1.33+1.32 1.37£2.04 -0.36 +2.41
Zugspitze FTIR 47.42 10.98 2964 | 20002022 19529 264 -1.82+0.88 -1.15+1.82 -0.60 +1.72
Northern Hemisphere (80E180E) TrOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude /'\(hni]t;gs F\T;rrqgee (,\iis) (,L‘is) T rAnen L;ald AT :\nem:]ald AT :'\T%ald d
(ppbv/deq (ppbv/deq (ppbv/deq
Kuala Lumpur 03s 2.73 101.27 17 | 20002022 456 203 1.91+1.38 2.61+1.74 1.86 + 1.56
Rikubetsu FTIR 43.46 143.77 380 | 20002022 1745 191 0.71 +0.98 -0.12+1.24 -0.58 +1.37
Southern Hemisphere TrCC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude A(Itniqtggg ;—;Tge (,\%:;)S) (,L‘is) T ;Anen L;ald AT rAnem:]ald T ;Arl}m;ald
(ppbv/deq (ppbv/deq (ppbv/deq
Arrival Heights FTIR -77.82 166.65 184 | 20002022 2563 176 -2.44 +0.72 -1.25+1.20 -1.69 +1.32
Fiji 03s -18.13 178.40 6 | 20002022 391 123 -0.57 +1.88 -1.04 +£1.80 -1.33+2.28
Irene 03s -25.90 28.22 1524 | 20002022 387 139 0.54 +1.62 0.48 +2.36 -0.16 +2.41
03s -45.00 169.68 370 | 20002022 923 237 0.13+0.50 0.01+0.70 0.13+0.61
Lauder FTIR -45.04 169.68 370 | 20022022 10169 250 1.54 +£0.44 1.64 £0.86 1.67 £ 0.86
Umkehr (256) -45.04 169.68 370 | 20002022 2957 262 0.36+ 0.70 0.38+1.20 0.58 + 0.86
Nairobi 03s -1.27 36.80 1795 | 20002022 872 223 0.68 +1.14 0.47 £ 1.56 0.75+1.37
Natal 0o3s -5.42 -35.38 42 | 20002022 676 175 0.26 +1.02 0.76 +1.22 1.04 £1.37
Reunion 03s -21.06 55.48 10 | 20002022 735 215 1.88 +£1.08 1.17+£1.62 1.93+1.27
Samoa 03s -14.23 -170.56 77 | 20002022 797 234 -0.06 + 1.04 -0.49+£1.10 -0.52 £ 0.99
South Pole 03s -90.00 -169.68 2835 | 20002022 1344 270 -0.94 + 0.46 -0.90 + 0.56 -1.01+0.73

A major contributor to uncertainties in ozone tismare discontinuities and biases in the long term records of ozonesonde sites.
Therefore, an Ozonesonde Data Quality Assessment-pQOBS activity was initiated in 2011 (Smit et al., 2012) to
the SI 2N i
ORQA mambgerfizatmrsdedige serves threeanhajor, purpoed: 4)) .

remonng all known inhomogeneities or biases due to changes in equipopensting procedures or processing;ijsuring

homogenize temporal and spatial ozonesonde data recordsturelerf r a me wor k o f nit

Vertical Di stribution of
consistency of records across the ozonesonde network by providing and applying standard guidelines for data (re)processir
steps (Smit et al., 2012; appendices C and D in Smit et al., 28&1(jji) providing an uncertaintgstimate for each ozone

partial pressure measurement in the profilthe O3SDQA guidelines for data processing, standards, and uncertainty
estimation are now the current recommendations in W& No 268 (Smit et al., 2021 bout twothirds of the current
regularly operating stations have reprocessed and homogenized their data and made them publicly available (Tarasick et a
2016; VanMalderen et al., 2016; Thompson et al., 2017; Witte et al., 2017, 2018, 2019; Sterling et alArk@llgt et al.,

7
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2022; Zeng et al., 2024ilsen et al., 2024 Only those homogenized ozonesonde data archived in the HEGIFTOM database
are used in the analyses below.

The (1/e) ozone sensor response time (~30 s) givesztiesonde a vertical resolah of about 150 m for a typical balloon

ascent rate, so there are about 100 independent data points in the troposphere. To calculate tropospheric ozan®tblumns
and ppb the different ozone concentratioimsthe respective unitat the pressure levewithin a tropospheric column are
integrated, andnly for the case of retrieving the coluraneraged tropospheric ozone mixing raties divided by the extent

of the column. The uncertainties of tropospheric ozone columns are obtained by the squafétesindividual uncertainties

of the ozone concentration measurements. The monthly mes:

two ozonesonde measurements are available within that month.

2.21AGOS

The Inservice Aircraft for aGlobal Observing System (IAGOS) is a European Research Infrastructure for global observations
of atmospheric composition from commercial aircraft. IAGOS combines the expertise of scientific institutions with the
infrastructure of civil aviation in orderotprovide essential data on climate change and air quality at a global scale
(http://www.iagos.orgPetzold et al., 2015; Thouret et al., 2022). IAGOS, previously named MOZAIC (Marenco et al., 1998),

records ozone ming ratios from takeoff to landing since August 1994 over more than 70,000 flights, thus providing vertical

profiles from near the ground to up to 12 km altitude over hundreds of airports worldwide. Note that only a few ainpaets incl
sufficient timeseries length and measurement frequency to allow statistically significantdongtrends analysis, as
presented here. The remaining datasets require merging to form clusters for specific regions (e.g. in the tropical area a
presented in Tsivlidou et al2023). The MOZAIC/IAGOS ozone data set complements other networkssifiinzone
measurements by providing data in regions poorly sampled or not at all as well as offerifigdqughcy measurements over

some hubs of participating airlines, e.g., ffant (FRA). Therefore, the IAGOS/MOZAIC record has been widely used for
climatological and trends analysis (e.g. Petetin et al., 2D4Ben et al., 201&audel et al., 2020; Wang et al., 2022; Gaudel

et al., 2024) as well as model evaluations (e.g. Waghal., 2021; Eskes et al., 2024).

The ozone analyzer installed on boafeach of the five to ten commercial aircraft in operation since 1994 is a manufactured
duatbeam UV absorption instrument modified to meet the aeronautical constraints inchudimgpmous longerm
operations. The response time is 4 satedailed in Thouret et 811998), the characteristics of 0ozone measurements performed

on board the five MOZAIC aircraft include a detection limit 2 ppbv, and uncertainties foidunal (4 s€) measurementgz

ppbv+ 2%]. The instrument technique, the standard operating procedures as well as the prefiggitt patbrations have
remained unchanged from MOZAIC to IAGOS (Nédélec et al., 2015). Ensuring the high quality of the ozonesdatagat i

the main objectives of IAGOS. Indeed, systematic comparisons of different instruments on the same route or profile are
continuously performed to control the internal consistency of the set of instruments and tegrtostability of the IAGOS

ozone data set. This is confirmed, documented and synthesized in Blot et al., (2021). More recently, an intercomparison

exercise between the IAGOS instrument and the world standard ozone photometer for ozonesondes was conducted in tt
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environmental simulatiochamber of the World Calibration Center of OzoneSondes (WCCOS) at Jilich (Germany) showing
a good agreement of the two techniques within better tHaftahroughout the depth of the troposphere (Smit et al5)202

To calculate tropospheric ozone cohsrfor the analysis presented here, vertical profiles of ozone mixing ratios measured by
IAGOS are processed as follows. For individual profiles (L1 data), the average tropospheric ozone concentration (in ppbv)
within a partial column is calculated by aaging the individual ozone mixing ratio measurements within the column. The
total tropospheric ozone (in DU) for the partial column is determined by integrating the measured ozone mixing ratios with
respect to height (in meters), weighted by the simultasigoneasured air density profile. The uncertainties of both the average
ozone concentration (in ppbv) and the total ozone (in DU) are derived from the uncertainties of individual meast{zments
ppbv + 2%] using the same respective formulas. Daily mébaRsdata) are computed as the arithmetic mean of the
corresponding L1 data samples, while monthly means (L3 data) are obtained as the arithmetic mean of the L2 data sample
(daily means). No minimum sample size is required for calculating daily or mantidys. The total uncertainties of daily
means are calculated as the square root of the sum of the squares of the L1 uncertainties. Similarly, the total un€ertainties

monthly means are computed as the square root of the sum of the squares of thethihtieser

2.3FTIR

The FTIR (Fourier Transform InfrRed) technique provides remote sensing solar absorption measurements of many trace
gases in the atmosphere, at more than 20 stations that are affiliated with NDACC. Within the NDACC InfraRed woiking grou

(IRWG, https://www2.acom.ucar.edu/injgconsiderable effort is made to harmonize target gas measurements and retrievals.

First, the instruments, that are high spectral resolution spectrometers, fioenathe same manufacturer (mainly Bruker
120/5HR or 120/5M). Requirements on spectral noise and verification of the correct alignment of the spectrometer need to be
fulfilled before the station affiliation with NDACC is accepted. Then, only two diffarenieval codes that provide results in

close agreemer(Hase et al, 20Q4are used within the network, SFIT4 or PROFITT. These codes are based on Optimal
Estimation from Rodgers (2000), which requires a priori profile information of atmospheric spetessure/temperature
profiles. The basic principle of FTIR retrievals is that the spectral line shapes provide low vertical profile informét®n on
target gas distribution thanks to the pressure and temperature line broadening effect. Finalgvthesteategies for each
NDACC target species are harmonized by providing guidelines to ensure that the same parameters are used within the networ
among them are the spectroscopic database, the spectral windows with target signatures, the prpssataseieamd gases

a priori profiles information, etc.

For ozone, the harmonization followed is described in Vigouroux et al. (2015) which uses HITRAN 2008 for the spectroscopic
parameters. An update of the retrievals is in progress within the netwonkilharescribe the use of HITRAN 2020. This

will have an effect of reducing by-3% the observed biases between the ozone UV and IR spectral ranges (Bjorklund et al
2024; Gordon et a].2022). Unfortunately, not all NDACC stations have yet adoptechémwsprocedure.

As described in Vigouroux et al. (2015), FTIR ozone measurements can provide low vertical information of ozone profiles

with 4-5 DOFS (Degrees for Freedom for Signal), distributed roughly as one independent vertical layer in the tropodphere
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three in the stratosphere, as given by the averaging kernels associated with the retrievals. Some FTIR statiomisonest

ozone since the mil990s, and this technique has beemmnlyused in the past for ozone trends studies (Vigouroux et al.,
2008; Garcia et al., 2012; Vigouroux et al., 2015; Harris et al. 2015; Gaudel et al., Si6iifrecht et al., 2017;
SPARC/IO3C/GAW 2019 GodinBeekmann et al. 2022/MO, 2029. The FTIR tropospheric ozone columns have been

used for IASI longterm valichtion in Boynard et al. (2018).

For the present HEGI FTOM work, tropospheric ozone col um
systematic uncertainties calculated from the Rodgers formalism (Vigouroux et al. 2008; Garcia et awRigh2are
approximately 10% and 3%, respectively. Note that the dominant random uncertainty source for tropospheric ozone is the
smoothing error with the random noise uncertainty being much lower (about 2%). No lower limit of available observations

has ben set for calculating daily or monthly means.

2.4 Dobson Umkehr

Umkehr is the observational method developed by Go6tz et al. (1934) to detect ozone change in several atmospheric layel
including the troposphere, lower, middle and upper stratosphere.ddteenent version of the retrieval algorithm is described

in Petropavlovskikh et al. (20p&and is operationally used to derive ozone profiles from zekittobservations at several
NOAA-GML and WMOGAW Dobson stations (see station informationwatw.woudc.ord. The operational Umkehr
algorithm is based on the Bass and Paur (BP) ozone-sectisn (Bass and Paur, 1985). However, the impact of modifying
cross section spectral datasets (including temperature siysatialyses) was found to be negligible (less than 2%, i.e.
Petropavlovskikh et al., 2011). Several Umkehr records were used in the TOAR climate paper for tropospheriedtiomd de
(Gaudel et al., 2018) he longterm records (including the longest tioming record collected since 1958 at Arosa station)

were further homogenised to remove step changes in the data caused by instrumental artefacts and to ensure stability of t
records for trend analyses (Petropavlovskikh et al., 2022; Maillard Bambhs2022). Assessment of Umkehr biasesy(%b

in stratosphere and up to 10% in the troposphere) and drédte/edb alternative observing systems (i.e. ozonesonde, satellite,
models) were also addressed in Petropavlovskikh et al. (2022). Umkehrsraootgipically used to assess ozone trends in the
stratosphereSJPARC/IO3C/GAW 2019 GodinBeekmann et al. 2022).

For HEGIFTOM we use ozone profile data that are gridded on the finely resolved pressure layers (Balis et al., 2024). However
because the tdkehr method has limited vertically resolved information in the troposphere, as identified by its relatively wide
averagimg kernel (Bjorklund et al., 2@, only one product is recommended for this paper: partial column below300 hPa. Note
that the Umkehozone profile is derived in Dobson Units (1 DU = 2.69£10m2); mixing ratios used here are converted from

DU partial columns. For the daily mean values (L2), no lower limit of available observations is imposed, so the daily mean
data will contain eithethe mean of the AM and PM data (if available) or AM or PM data. For L3 (monthly meanydata,

minimum of two L2 measurements in each month is required.
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2.5 Lidar

The ozone Differential Absorptididar (DIAL) technique (using the absorption and backscaftéaser light by atmospheric
molecules) has been used for about four decades and was first described in Mégie et al. (197#@ymLomgtine
measurements from two NDACC ozone DIAL instruments are used in the present study, namely from the JainPropulsi
Laboratory (JPL) Table Mountain Facility, California (TMF) Tropospheric Otinlae TMTOL (McDermid et al., 2002), and

from the Observatoire de Hatgovence, France (OHP) tropospheric ozone lid@3Tr (Ancellet et al., 1989)TMTOL

uses a combinatioof three DIAL pairs at 289/299 nm, one pair at 266/289 and one pair at 299/355 nm, endwrimg 3
averaged nightime ozone profiles with a total uncertainty comprised between 2% and 15% over the altitude-2ariga O
a.g.l, and with an effective varal resolution ranging between 30 and 2 km. The entire dataset (198@sent, 2500+
profiles) has been fanalysed and homogenized using the NDA&&hdardized uncertainty and vertical resolution
recommendations described in Leblanc et al. (2016a; 30I6b TMTOL measurements have been compared and validated
on many occasions using ozonesonde anldcated lidars, most recently during the Southern California Ozone Observation
Project (SCOOP) campaign (Leblanc et al., 2018).

The OHP LiO3Tr uses a commaition of two DIAL pairs at 299/316 nm, providingh®dur averaged after sunset ozone profiles
with a total uncertainty comprised between 5% and 15% over the altitude rd3gen2a.g.l., and with an effective vertical
resolution ranging between 200 m ah& km. Most of the dataset (1998€esent) has been-emalysed, homogenized, and
validated against elmcated ozonsondes (Ancellet et al., 2022)OC was computed for both TMF and OHP lidars according

to the agreed HEGIFTOM working group definitions.eTlidar ozone number density measurement is integrated to partial
column (in DU) and converted the columraveraged tropospheric ozone mixing raies (ppb) using pressure/temperature
(density) outputs from the MERR2 model interpolated at the TMF a@dHP sites. Lidar measurements do not always cover
the entire troposphere. Occasionally, cloud layers contaminate the measurements. In those cases, ozone cannot be retrie\
inside the cloud layers and outputs from the MERR#odel are used to avoid datgpg and ensure consistent TrOC datasets
over the full period of trend derivation. MERR2A0zone outputs are also used at the bottom and top of the lidar profiles if the
profiles do not extend far enough (downward or upward) to cover the entire columringatod HEGIFTOM TrOC
definitions. Overall, thefree r opospheric partial-7COlhufmaéd cerfttairrdt he ke

from lidar and should be considered the most reliable component of lidar TrOC in the rest of this study.

3 Analysis Methods
3.1Trend calculations

Three trends methods have been employed in the HEGIFTOM analyses.-T@s@mmends (Chang et al., 2023) to use
Quantile Regression (QR) because it is robust wrimttent data gaps antlyields trends among vanis segments of the

ozone distributions, e.g. the lowest 8¢ representing lovozone conditions typical of regions with minimum human

11



305

310

315

320

325

330

influence the median 50%e, and the 95th%le, or most polluted samples. QR is favored by many tropospheric ozone
researchers because sampling variability at many monitoring sites is highly varied (Gaudel et al., 2020; Chang et al., 2021;
Wang et &, 2022; Chang et al., 202 ultiple linear regression (MLR) analysis of monthly averaged ozone amounts has
long been thevorkhorse of the stratospheric o0zone commurfitigihbrecht et al., 2010 BPARC/IO3C/GAW 2019 Godin

Beekman et al., 2022VMO, 2023. It is applied to globally gridded satellite data; various oscillations, e.g. seasonal, annual
cycles, the QBO and solaycles are routinely inctied in model fits to the dat&®ynamical Linear Modelling (DLM) is

applied to a subset of our sample for further analysis of the collocated and nearby sites.

3.1.1 Quantile Regression (QR)

Quantile regression is a percentilasel method (Koenker, 2005), thus the heterogeneous distributional changes of the trends
can be estimated. In this study this method is applied to the median change of the trends, which is equivalent to the lea:
absolute deviation estimator (i.e. aiming tmimize mean absolute deviation for residuals; Chang et al., 2021). Compared to
leastsquares criterion, medidrased approach is more robust when extreme values or outliers are present. Median trends are

estimated based on the following multivariate lineedel:
0 06 & ®zOEd z— GzZAT®z—

WzOEd z— GzZAT®z— @206 @O0Y6 N o (1)
where t is the time step (all mearements, L1, or months, L3), the monthharmonic functions are used to represent the

seasonality,ap is the interceptb is the trend valuec is the regression coefficient for ENSMultivariate MEI, v2;

https://www.psl.noaa.gov/enso/n)eiand® O representshe residualsThe MEI ENSOterm is only applied for stations

within 15° latitude of the equator. ENSO impacts to ozone are expected to be minimal outside of theAtragmiostelation
is accounted for by using the moving block bootstakgorithm, and the implementation details are provided in the TOAR

statistical guidelines (Chang et al., 2023).

3.12 Multiple Linear Regression (MLR)

We compare the QR results to annual and monthly tropospheric ozone trends derived from the montahyit!3aMultiple

Linear Regression (MLR) model. MLR has long been the standard for computing ozone trends from satellite atichgeound
datasets, including Nimbus 7 TOMSt¢larski et al., 1991 OMI/MLS (Ziemke et al., 2019), merdesatellite datagze | Ng et
al. 202Q GodinBeekmann et al., 20220zonesondedidar and FTIR(e.g. Steinbrecht et al., 201 Thompson et al 2021;
GodinBeekmann et al., 2023tauffer et al., 2024T.he MLR model can include proxies known to affect ozone concentrations
such as ENSO, QBO, solar cycle, etc. Here, we use a simplified version of the MLR model implemented in Thompson et al.
(2021) anl Stauffer et al. (2024) and include only the ENSO term within 15° of the equator, see Eq. (1). Inths.ndy,

the month ad equalsy, because the MLR is applied on L3 data offilye 95% confidence intervals for the MLR model terms
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are determined with a movidgock bootstrap technique with 1000 resamples to account for autocorrelation in the time series
as was done in Thomps et al. (2021) and Stauffer et al. (2024).

3.1.3Dynamical Linear Modelling (DLM)

Dynamical linear modelling (DLM) allows for the determination of a nonlinear-tiarging trend from a monthly mean time

series. This is a Bayesian approach regressioohifits the data time series for a nonlinear twaeying trend and seasonal

and annual modes. Regression coefficients from explanatory variables have not been considered here. The trend is allowed
smoothly vary in time, and its degree of nonlinearitynferred from the data. We use the code implemented in Python by
Alsing et al. (2019) from the formalism introduced by Laine et al. (2014). The model used allows for a variability of the
sinusoidal seasonal modes and includes the autoregressive (ARAteam process with variance and correlation coefficient

as free parameters in the regression. The estimation of the posterior uncertainty distribution is performed with the Markov
chain Monte Carlo (MCMC) method and considers the uncertainties onabensd cycle, on the autoregressive correlation

and on the nonlinearity of the trend. DLM trend estimations show good agreement with MLR trend estimations on stratospheric
ozone profiles, ozone total and partial columns measured by ghbased instrumentéMaillard Barras et al., 2022;
Steinbrecht et al. 2024) and satellites (Ball et al., 20dVMO, 2022.

4 Results and discussion
4.1 Tropospheric ozone column distribution
4.1.1Tropospheric ozone column comparisons between different techniques

Table 1shows that there are six sites with reathan one instrument type: IzafR instruments), OHP (3), Ndlesund (2),

Lauder (3), Hawaii (3), Boulder (3). These typically feature ozonesondes and one or more spectrometers. We refer to these ¢
ficollocated sites.In Fig. 2the consistency of TrOC measurements from the multiple sets of instruments can be compared by
looking at their timeseries of daily values and comparing the means of each instrument (dashed lines in Fig 2). Some
systematic differences betweerm thirOC mean values among the techniques at tHecaded sites are observed: a positive

and negative bias of FTIR and Umkehr, respectively, with respect to ozonesondes. The same observation can be made wh
looking at the time series of daily values withir e gi on or A n e aas blusttatedfor the eastarnilJS frig.8a), 3
Japan and southeast Asia (several instrument types, Fig. 3b) andiastangent types withikurope (Fig. 3d).

To investigate these differences between the meansria depth, TrOC intercomparison analyses were made between sites
within +4° in lat/lon (identical cdocation criterion as in Wang et al. 2024), coincident within 12h (closest measurements, for
L1) or in the same month (L3, monthly mean comparison), andrieg at least 15 coindent measurements. This resifts

45 pairwise intetechnique comparisons for afleasurements (L1), see Table 88d 59 for thanonthly means (L3), see

Table S3Both those analyses confirm the strong positive TrOC bias of &éist ozonesondes, IAGOS, Umkehr (around
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5 ppbv on average) at all sitelt all sites except Lauder, Umkehr has a negative bias against all other techhfgu@siF

lidar measurements reveal a positive Tr@ifference withlAGOS and the OHP lidar has@ositive TrOC difference with

Umkehr and ozonesondesee Table S3Ve shoulchowever note that both thokgars have their lowest data points at around

3 km above the surface, so the bléar partial ozone column metric for comparison with other téples is the free
tropospheric ozone column (FTOC) between 700 tol828. With this metric, alspositive FTOC differences with IAGOS

(TMF) and ozonesales (OHP) are found.

In our sample sets, there is no consistent bias between $A8@ ozonesondes (SEables S2 and 33This is surprising
because a robust positive bias of 0zonesonde versus IAGOS o0zone measurements has been reported in earlier studies (Zbin
et al., 2013; Staufer et al., 2013, 2014; Tanimoto et al., 2015; Wahg 2024; Zang et gl2024).Note that if DU units are

used instead of ppbv foregnTrOC comparisons (in Tables S4 and,F3 IR does not exhibit a consistent bias with the other
techniques (as in e.g. Garcia et al., 2012), antidhemean difference8ip to negative athetwo sites but only for the TrOC

(not for the FTOC) The negative TrOC bias for Umkehr in DU compared to sondes remains thePsanoé.the FTIR and

lidar differenceamay bedue to the atmospheric pressure inputs needed to convert between DU amdauaged mig

ratios. However, the current positive bias of FTIR is well known and explained by the actual biegg%obatween the
spectroscopic parameters (currently HITRAN 2008) in the infrared range compared to-tfisitl® ones. Thexpectedise

of HITRAN 2020 in the near future will solve this bias (Gordoale2022, Bjorklund et al., 2024). In contrast to most of the
co-located techniques, lidar ozone measurements are nighttime measurements. Based on the frequent IAGOS FRA profile:
Petetinet al. (2016) found statistically significant diurnal variations in the mean ozone mixing ratios regardless of pressure
level, although they quickly decrease with altitude (and hardly discernible above 750 hPa). Therefore, differences in daytime
and nightime mean ozone mixing ratios might partially contribute to the TrOC and FTOC differences between lidar and other
co-located techniques. In any casey, frend detection, timendependent biases among techniques are not a major issue, in
contrast to driftsPossible drifts at sites hosting different techniques are discuaterd in Sect. 4.3.1. Finallyn our
intercomparison analysis, the best correlations (e.g. linear Pearson correlation coefficients around 0.65 and 0.70 on averac
for L1 and L3 compasbdns respectively, see Tables S2 t) & linear regression slopes closest to one are obtained between
ozonesondes, IAGOS, FTIR. A worse agreement between techniques is obtained for the comparisons involving Umkehr, ir
particular at Lauder.

In Figs. 3a ad 3h the daily mean time series of sites with large gaps (all IAGOS airports) or relatively short time series (O3S
Hanoi, from 20042021) are shown. They do not meet the 20002 criteria for trend estimation but remain potential

candidates for studyingopospheric ozone variability on a regional scale (Van Malderen et ah).202
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4.1.2 Geographical distribution for the 20002022 period

The overall geogrzhical distribution of mean (colurraveraged) tropospheric ozone column, TrOC over the -20QQ

period appears in Fig. 4. For each site, this overall mean value has been calculated from (at least 120) monthly mean value
The lowest mean TrOC values amufid in the tropics (< £15°) and in the Southern Hemisphere (SH), ranging between 25
and 45 ppb. Only at Irene (South Africa) and Ascension Island do the means resemble those of most Northern Hemispher
(NH) sites, i.e., mostly between 50 and 60 ppbv. @oepal. (2014) pointed out that satellite TrOC estimates like OMI/MLS
TrOC show NH averages exceeding those of the SH average. The higher NH TrOC concentrations are attributed to ozon
production from enhanced anthropogenic emissions in the NH and higéeiof stratospheric downwelling (e.g. Griffiths et

al., 2021). However, over the tropical Atlantic ozonesondes on multiple oceanographic cruises (Weller et al., 1996; Thompsor
et al., 2000) it has been shown that yeamd tropospheric ozone is greaite the SH than the NH due to fire, lightning and
dynamical influences that bring more FT ozone into the SHMokim and Levy, 2000)Based on an updated OMI/MLS
climatology (20042019), Elshorbany et al. (2024) found the highest TrOC values overtdeob2050°N, especially over

the eastern coast of the US, southern Europe, and east Asia. Although limited in spatial coverage, sites in those regions a
consistent with the highest TrOC values in the HEGIFTOM data (Fig. 4).

In Supplementary Material {§ S3, we provide mean TrOC mixing ratios for different seasons (DJF and JJA). For the NH
sites, TrOC clearly peaks in spring (MAM) and summer (JJA) due to peak stratospheric influence in late winter or spring, peak
photochemical production in the summand a summertime emission maximum of the important biogenic VOC precursors
(Bowman et al., 2022, and references therein). The seasonal variation seen in the SH sites-sagl&edgtonounced peak

in austral spring (SON), especially across the Sédildntic Ocean and southern Africa. That maximum coincides with the

SH peak season for biomass burning and stratosptireposphere transport (Diab et al., 1996; Thompson et al., 1996;
Gaudel et al., 2018, and references therein). These patterns inari@tibn are observed globally in satellite ozone retrievals
(Ziemke et al., 2006) and have been reproduced in cheradigtrgte models (e.g. Cooper et al., 2014; Young el 8;

Griffiths et al., 2021)Regional dynamics also play a role in ozonerahe oceas) e.g. wer the tropical western Pacific and

east Indian Ocean, minimum TrOC, is largely influenced by deep convettiomfson et al., 2003Groundbased data also

capture anomalous TrOC during extreme events, e.g., an ENSO, that mayatrigigigpress fires and modify local cootien
(Thompson et al., 2001)Note that the reported spatial distribution and seasonal variation of the TrOC amounts are nearly
identical when considering the amounts in DU instead of mixing ratios, and wherotie amounts are restricted to the FT

only (i.e. column ozone between 700 and 300 hPa).
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Figure 4: Mean (a) TrOC (ppb, surface to 300 hPa), (b) FTOC (ppb, 700>p>300 hPa) at HEGIFTOM sites with at least 120 monthly
values in the 2002022 period. Circles denote ozonesondes, squares = IAGOS airports, diamonds=FTIR, upward
triangles=Umkehr, downward triangles=lidar. In the supplement, a Zoom over Europe of this figure is provide@Fig. S2) as well as
the mean TrOC and FTOC distributions for DJF and JJA (Fig. S3)

4.1.3 Climatological ozone changes duringpost)COVID -19

Several studies reported on a decrease in (free) tropospheric ozone amounts in the years 2020 to 2022 due to the decrea
emissions associated with the COVID lockdown restrictions (e.&teinbrecht et al., 2021; Chang et al., 2022; Ziemke et

al., 2022). Because our trend analyses end in this time frame, a check was made to determine if a tropospheric ozone decli
is detectable. In Fig. 5a, we show relative differences between the n@@@n(Jurface to 300 hPa) amounts in the years2020

2022 compared to the years 26219 for all the sites that have enough data in both pieneds. For the 202R022period,

this means at least 15 monthly mean values, and 120 values for the@®@erdd (same as for the 208022 period).

About 75% of the sites have lower mean TrOC concentrations during the last three years than in the pe206d92000
accounting for an overall relative decrease2a5%. The decline is very prominent over northetitudes.

When split among different seasons, we note that the TrOC decline during the Q@pHhdemic is strongest during MAM

(-5.2%, for 87% of the sites), followed by JJ&8.4%, for 70% of the sites), while there are insignificant TrOC decreases in
boreal autumn and winter, with equal amounts of sites experiencing decreases as increases. These humbers are consistent v
the observed ozone decreases of approximately 7% at multiple ozone profile monitoring locations across the northerr
extratropics, fousing on the 118 km column and ApriRugust 2020 $teinbrecht et al., 2021), amdgth the observed average
decreases in combined satellite TrOC measurements in (boreal)-spnmger 2020 and 2021 in especially the northern
midlatitudes (e.gD-7%-8% relative to 20162019 average ozone levels in 2080°N TrOC) in Ziemke et al. (2022). These

are attributed largely to decreases in emissions (e.g: ifNbth years) and reduced photochemical production of ozone in

the troposphere, although wildds may have mitigated the impact after August (in the years 2020 and 2021). When we
consider only the FT (76800 hPa) column amounts, see Fig. 5b, the ZIXP reduction from the GB data is even larger (

3.2% on average, with reduction for 83% of thes), with the same dominance in boreal spribgB, 92%) and summer (

18



460

465

470

475

480

4.4%, 74%) of the decline. A more systematic examination of the C&¥9lBnomaly appears in trends comparisons in Section
4.23.

Xos for P > 300 hPa I[r‘b] Xg5 for 700 hPo > P > 300 hPa [ppb]
L L ]Q _-;5‘;_ QD 120 150180
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T
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Figure 5. Relative change (%) of the mean TrOC (apnd mean FTOC (b) for the time period 2022022 versus the period 2060
2019. Only sites which have at least 15, resp. 120, monthly mean values during the 20@22, resp. 200019, time periods are
retained. Symbols r@resent the different instruments, ame as in Fig. 4.

4.1.4 Seasonal cycle changes in tropospheric ozone

Because of the reduction of NH TrOC in boreal spring and summer in recer}@@gtD years with respect to the other 2
seasons, the amplitude of the seasonal cycle might be redtaredxample, Ziemke et al. (2022) reported an amplitude
reduction in NH satellite tropospheric column ozone by about 15% in 2020 and 2021 relative to previous years. Clearly, these
changes might have an impact on calculations of-teng seasonal trends tropospheric ozone. Here, we do not limit
ourselves to the COVID years, but consider the change of the seasonal cycle between the ear230%2@0d most recent

years (2018022) in the time series (Fig. 6). Based on model simulations and sedecfade and ksitu observations,
Bowman et al. (2022) found that since the +h880s, the amplitude of the seasonal cycle of baseline tropospheric ozone at
northern midlatitudes decreased and its maximum shifted to earlier in the year. They attrilzgerhinges to decreasing

ozone precursor emissions (VOC and NOX) as a result of air quality control efforts, so that photochemical ozone production
in NH summer becomes less dominant in the ozone budget, compared to the period before. In Fig. 6 noooisigterst

change in the phase of the seasonal cycle, represented here as the month of maximum TrOC or FTOC monthly mean, of tt
seasonal cycle occurs between the 2R005 and 2012022 time periods. On the other hand, there is a clear, overall (i.e. for

all but 5 sites, 90%) reduction in the amplitude of the seasonal @) between both time periods. The increase of the
minimum annual TrOC values (at 60% of the sites) and the decrease of the maximum annual TrOC concentrations (at 70% c
the sites) ppear to contribute equally to this amplitude reduction. For the FT ozone columnbjfige@ind a (more modest)

amplitude reduction in the seasonal cyel@o, for 75% of the sites), which is now predominantly driven by the decrease in
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the maximum anmal FT ozone column amounts. Bowman et al. (2022) attributed the more modest amplitude (and phase)
shifts in FT ozone with respect to the surface ozone to the larger influence from the varying anthropogenic emissions in the
latter.

To be more directly coparable with the Bowman et al. (2022) results, we also calculated the TrOC and FTOC seasonal cycle
characteristics of the pi@OVID period 20142019 and compared those again with the 2B005 seasonal cycle (see Fig

S4). We found that, between those pei$, he amplitude reduction is more mode$i%) and less general (for 70% of the
sites)than between the 2042022 and 200@005 periodsThe increase of the minimum annual TrOgues (at 65% of the
sites)contributes slightly more than the decreasthefmaximum annual TrOC concentrations (at 55% of the skés).for

the FTOC, the 20:2019 amplitude reduction3%, for 65% of the sites) is smaller than for the 22032 period, with equal
contributions from increasing minimum and decreasing maxirklinozone column amounts. From this analysis, we can
conclude that the po§&OVID-19 period is responsible for about half of the amplitude reduction betwees20@25nd 2000

2005, without a noticeable seasonal cycle phase shift. ThisQ@W¢tD-19 seasoal cycleamplitude reduction can be mainly
ascribed to a decrease of the maximum annual TrOC/FTOC concentrations (for 79%/85% of the sitehpgosgOVID-

19 era. This finding isonsistent with other observatiooktropospheric ozone reductionsrihg the postCOVID-19 period

in NH spring/summer time series, mentioned in Section 4.1.3, and reported in Ziemke et al. (2022).

The impact of the seasonal cycle amplitude reduction on the trend estimation is rather limited. To this end, we estimated DLM
trends for a couple of sites with and without allowing for a changing seasonal cycle. We found insignificant trend difference
between both DLM variants.

5 for 700 hPa > P > 300 hPo [ppb]
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Figure 6: lllustration of the mean seasonal cycle for the TrOC (a) and FTOC (b) time series for vdifferent periods: 20062005
(blue) and 20152022 (red). The amplitude of the seasonal cycle, defined as the difference between the maximum and minimum-long
term monthly mean, is represented by the length of the arrow (with unit shown in the legend ine¢tupper left of the plots). The phase

of the seasonal cycle, defined here as the month with the maximum letegm monthly mean value, is denoted by the direction of the
arrow as in a clock: 1h = phase or maximum longerm monthly mean in January, 2h = Febuary, 3h = March, etc. A zoom over
Europe of those figures are provided in the Supplementary materigFig. 5).
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4.2 Global (partial) tropospheric ozone column trends at groundbased site locations

In this section the results of trends analysis are usaddress the following questions:

1. What do TrOC (surface to 300 hPa) trends (2R022) look like site to site?

2. Howdo TrOC trends vary by region? Examine trelotigitudinally and with maps.

3. How do TrOC (surface to 300 hPa) trends (220Q2) compare wan computed with QR and MLR?

4. How do FT (Free Tropospheric) and TrOC trends compare and why might they differ? Determine FT ozone trends
(700-300 hPa column), noting the latter are restricted to the 3rhighlution profiling instrument types

5. How do LTOCtrends (surface to 700 hPa) columns (sondes, IAGOS, lidar) compare to TrOC and FTOC trends and
why might they differ?

6. What is the impact of the pe&tOVID19 period (202€022) on the calculated trends?

4.2.1TrOC QR and MLR trends

Figures 7a and b psent trends based on QR analyses for the L1 dataset that includes all the data from five instrument types.
Displayed are the TrOC changes for the 504median, in ppbv O8eg bars for+2-0 )  ccodedfor the datasets, as a
function of latitude (longitude) in Fig. 7a (Fig. 7b). Comparable numbers of sites display positive and negative trénds (albe
with sometimes large uncertainties) at all latitudes (Fig. 7a, refer to Table 1 fes)atwoss all longitudes in Fig. 7b; Reunion

and the sole Asian station, Kuala Lumpur, bracket a region where trends may be higher. Trends are also strongly positive (an
consistently with different techniques) at the hagjtitude site Mauna Loa and IzafiThe principal exception to similarly
distributed positive and negative trends is at high latitudes (> 55°N) where negative trends clearly dominate. However, ~42%
of all sites have a TrOC trend nsignificantly deviating from zer¢p value higher than.05). Only the Churchill ozonesonde

trend exceeds an absolute value greater than 3ggbWUhese features are apparent in the histogram of median trends in Fig.
7c. Figure 7c indicates distributions among the various instruments. The TrOC trends HeEHl amd ozonesondes tend to

be more negative (60% of their sites) than trends derived from other instruments. The 3 IAGOBansit2s display only

positive trends. There are also positive trends for 4 of 6 Umkehr sitesheitign ofthe Umkehrtrend at some collocated

sites differing from the other instrument(s). The FTIR trends are also for all but one site strong, i.e. significamthy tidffer

zero. As with Fig. 7c, Figrd conveys a view of global rather than regional TrOC trendsKig. 4); however,a similar
distribution to Fig. 7c is seen except that the FTIR larger losses at a few sites are more prominent. It is importaohto ment
here that these trend distributions among the various instruments do not reflect differenceseldéfezaht measurement
techniques, but are driven by the spatial distribution of the different sites for each technique. For instance, the@$ee IAG
airports are located in urban areas, while the FTIR sample is dominated by remote locations (elggipaléitude). To

screen out the impact of different locations on possible trend differences between techniques, we will have a cloger look at

trends of different techniques at collocated eanby sites in Section 4.3.
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Global Trends (2000-2022) in L1 TrOC (ppbv/decade) for surface to 300hPa Global Trends (2000-2022) in L1 TrOC (ppbv/decade) for surface to 300hPa
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Figure 7: a) Trends for TrOC (in ppbv Os/dec over period 20002022 with each station arranged by latitude. Symbols for the 5
instrument types, colorcoded, represent median 50%le value. Results shown with+2-sigma range are based on QR analyses of 55
L1 datasets in HEGIFTOM archive. (b) Same as (a) arranged by longitude. (c) Histogram of median TrOC trends in pplugc

545 depicted in (a) and (b) with color coding for each instrument type. (d) Histogram of same median TrOC trends but in @#¢cbased
on mean 20062022 L1 TrOC values.

Data coverage (columns 7 and 8 in Table 1) is similar among the different techniques, except IAGOS, in terms of percentag
of months covered with data. Those means are between 80% (FTIR) and ~90% (ozonesondeslitlankdtut, the average

550 number ofdaily observations (L2jor each month varies between almost 5 (0zonesondes) to almost 12 (Umkehr), with FTIR
andlidar around 9. For IAGOS, where there are only 3 airportsswitficient coverage to computends the sample numbers
(SN, i.e. number of dailynean$ are most divergenATL and DAL haveonly ~50% data coverage with@profiles a month

for these months whereas FRA has around 90% of months covered, with mean monthly SN of ~25. This complicates makinc
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comparisons among our individual trendghk strictest SN criteria of Gaudel et al. (2024Cbang et al.(2024) are applied,

> 90% of months with data, mean monthly SN > 15), only 2 HEGIFTOM sites in Fig. 7 or Table 1 would be acceptable for
Ahi gh confidence. 0 Thes e umtiaoalnadditotGtiesliffdfeRtAechmiqués havendifierent Tr@Ca
uncertaintieswith mean valuesf 2.5% for lidar, 5.5% for ozonesonde and IAGQ8% for FTIR, and 15% for Umkehr

(these were estimated by simply averaging the TrOC uncertainties ovesiteabli technique). The statistical methods QR

and MLR are compared with the TrOC trends from the monthly mean L3 data in Fig. 8. For none of the sites are the trends
significantly different from each other. This is expected because both trend estiredbased on linear regression and use

the same proxies for seasonality and include ENSO. Most sites show not only similar trends, but also similar uncedtainties an
p-values. A comparison of the TrOC trends with L3 data from MLR vs QR, expressed adepf@R-MLR) shows that the

MLR trends are slightly larger, with ~56% of the differences lying withir0:3 ppbvdecof one another (Figc). The trend
estimation methods also show similar TrOC trend distributions among the various instruments thetatfsolute (ppbv/dec,

Figs. 9a and 9b) and relative @6t Figs. 9c and 9d) trends. In Fig. 9d the higher MLR trends are apparent relative to QR: a
larger number of positive trends in the MLR at 8&or higher. In summary, the TrOC trend resultstf@ monthly (L3)

QR and MLR data, given the relatively large uncertainty in each calculatesufficiently close (Fig8 and 9) that we can

justify using only one data set and method (QR analysis, L1 data) to address questions about geograpiiiairnvaeads.

To further studythe impact of the monthly sample numbers (SN) on the trend estimations and their uncertainties, we randomly
selected for all sites two daily mean (L2) values for each month and calculated the corresponding monthlydateat ha&n,

we estimated QR and MLR trends for both the original L3
two random samples per month are possible at the bulk of the sites, this trend sensitivity experiment should béoerecuted
large number of random subsamplingattgies. This concept iustrated in Fig. 6 of Chang et al. (2024), with trends
calculated from the Mauna Loa Observatory ({fmegospheric) ozone data set, subsampled randomly and independently over
1000 iteations to a fixed number of samples per month (ranging between 2 and 20). Such an analysis for all our sites clearly
falls outside the scope of this manuscript, and we consider only one subsampled L3 time series. The differences in the trenc
and their unertainties with the full L3 time series are presented and shortly describeabie $ and Fig. S6of the
supplementary material. In general, the mean absolute trend differences are rather modest (of the cftlérpgitiidec for

both QR and MLR). Thenost consistent feature of the comparison is the higher trend uncertainties (standard deviations and
p-values) for the large majority of the sites in case of the subsdrdptasets. Walsofound that the differences in trend
values and trend uncertaiesi between the two L3 datasets are comparable with those between QR L3 and MLR L3 and
between QR L1 and QR L3 for the complete, original time series (see Table 1 and details in suppylenatetel, Table

S6). We can therefore conclude that the trenceutainty due to a hypothetical monthly sampling frequency of 2 is comparable

to the trend uncertainties associated with the choice of (i) the trend estimation method and (ii) the temporal sampling (all
measurements vs. monthly nmsa for the QR trend estation

Figure 10 addresses questions about geographical and instrument variability in TrOC trends by superimposing trends on

global station map. The L1 absolute trends (ppbv/dec) computed with QR (Table 1) f&@208re illustrated with-palues
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(color-shaded) and arrows for trend magdies (median 50%e) in Fig. 10a, with details magfied for North America (Fig.

S5a-c) and mostly western Europe (Fig7b-d). Although TrOC trends in ppbv G#cmay seem modest, for regions in which

the TrOC is radtively small, e.g. the tropics (Fig. 4), thed#é¢change can be large as in Fig. 10b. When comparing Figs. 10a
and 10b, the | argest differences in the Atrend directi
Reunion. Figure 10lustrates variability in trends at individual stations where two or three arrows indictteation of

multiple instruments (Table 1), typically an ozonesonde launch facility and one or two spectral instruments. Detailed analysi
of variable trends at wfti-instrument sites or across a region appears in SectiorFiguge 10 shows that it is hard to
distinguish a consistent geographical trend pattern based on the individual site trends, even for regions where tke trends a
most significant (p values &05) as in North America and Europe. Except for one Arctic site, all others north of 55N exhibit
negative TrOC trends. Using a model and sonde profiles,
ozone trendg$or 19932019 of 6 Arctic stations, i.e., positive trends in winter and summer, negative trends in spring and
autumn. This suggests that negative TrOC trends (Fig. 10) reported here may be dominated by negative spring and autun
trends, hypothesized by Law et al. (2023) to ioate from decreasing NOx emissions leading to lower FTOC where
photochemical production is N@imited. In the appendix, Fig. A2, we calculated the monthly TrOC and FTOC-2022

trends for the Arctic sites and found mostly negative trends, exceptddr, Aiththe largest negative trends apringtime

We refer to the appendix for more details.
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HEGIFTOM QR and MLR Trends (2000-2022) in L3 TrOC (ppbv/decade) for surface to 300hPa
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605 Figure 8: a) Trends for TrOC over period 20062022 with each station arranged by latitude. Results are based on L3 HEGIFTOM
data (monthly means) for QR aml MLR analy ses of 55 datasets. As in Fig, symbols for the 5 instrument types, colecoded for QR
trends, represent median 50%ile value, shown with+2-sigma range. For MLR the various instruments have the same symbols as
for QR but colors are in shadef green. (b) Same as (a) arranged by longitude. (c) Histogram of offsets between median trends for
all instruments, expressed as QR relative to MLR (QRMLR), in ppbv O 3 per dec
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Figure 9: Histogram of median TrOC trends for 20062022 determined for 55HEGIFTOM L3 data with color coding for each
instrument type. (a) computed with QR analyses in ppbdecand %/decin (c); (b) same as (a) for MLR analyseand (d) same as (c)
for MLR analyses.

Global Median L1 (55 sites) QR Trends (2000-2022) in TrOC (ppbv/decade) for surface to 300hPa Global Median L1 (55 sites) QR Trends (2000-2022) in TrOC (%/decade) for surface to 300hPa
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615 Figure 10: Geographical distribution of TrOC trends. (a) Trends for TrOC (in ppbv Os/dec) over period 20062022 based on QR
analyses with HEGIFTOM L1 data. Arrows give magnitude of median 50%ile trend value; note maximum limits are within +3
ppbv. Confidence level indicated with pvalue denoted by color scale, wdre p<0.05 is considered high certainty and p>0.3 very low
certainty. For multiple arrows at sites with more than one instrument, refer to Table 1 for instrument key. (b) same as (axeept
trends in %/decand maximum range is withint5 %/dec
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4.2.2FTOC and LTOC QR trends

Figure 11 is theounterpart to Figsl and 10 except for showing trends in FTOC (coltamaraged ozone mixing ratio within
300<p<700 hPaxstead of TrOC. The maps (Big.1lef) and longitudinal summary (Figélab) based on th®R median

(50%ile) L1 datatrends are derived from three instrument types: ozonesondes, IAGOS aircraft profilesHalarend
estimate values are provided in Tablé&.for TrOC, the rangefanedian trends for FTOC (Fig1b) is limited to within:3

ppbvidec, except for 2 sites. To interpret the relationship between FTOC and TrOC trends, fractional trends rather than mixing
ratio changes are compared because the cehwaraged FTOC mixing ratio is higher than its TrOC counterpart (Fig. 4).
These fractionalrends are also listed in Table 2.

We first consider the sites with smaller trend in FTOC relative to TrOTheseinclude 4 tropical sites (Reunion Island,
Nairobi, Kuala Lumpur, Paramaribo), 4 urban areas (Frankfurt, Dallas, Uccle, Legionowo), anHadbofiithe Arctic sites
(Lerwick, Scoresbysuritiloggortoormiut Resolute, EurekaEdmontoi. For those cases, the relative lowespospheric

ozone column trends (LTOC, surface to 700 hPa, Figart?Table Pare higher than the relative TrOC trenslsggesting

that local neasurface pollution at the tropical and urban areas contributed to increased TrOC over t22D@@riod.

Stauffer et al. (2024), writing about tropospheric ozone profile trends derived from Kuala Lumpur and Watukosek for 1998
2022, reported ~8.0%HMecLTOC increases in the February to April period over equatorial southeast Asia during that period.
Van Malderen et al. (2021) described higher boundary layer ozone increases than FT ozone trends in Uccle and Frankfurt fc
the periodl9952018.For theabovementioned Arctic sites, whose TrOC, LTOC and FTOC trends are all negative, the larger
relative LTOC than TrOC (and hence FTO@gnds (Fig. 12) indicate th#te negative fre¢ropospheric trendslue tomid-
tropospheric or lowstratospheric dynamicarepartially offsetby the larger LTOC trend®r obtaining the TrOC trends

Second, we look at the sites WiiOC increases somewhat greater than TrOC, suggesting imported ozone above the boundary
layer. We distinguish two differg subsets herdérene, Fiji, Samoa, Ascension Island, Hilo, Atlanta, Wallops Island, Trinidad
Head, Churchill, Sodankyl@and Ny Alesund, all sites where LTOC is negative (Fig. 12). Many of these sites are remote
locations &ll but Atlanta andireng. Imported pollution in the tropics and subtropics, often downwind of biomass fires is a
reasonable interpretation. This would apply to AscenaimiSamoa; for Hiloseasonalires and/or industrial pollution from

Asia may explain greater FT increasésothersubset is made up di¢ European ozonesonde sites OHP, Hohenpeissenberg,
and De Bilt which havepositive 20002022 trends for all partial ozone columns, with the largest relatrease for the

FTOC,suggesting that at least some of the column incrisefsem midtropospheric transport.
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Global Trends (2000-2022] in L1 FT TrOC (ppbvidecade) for 700hPa-300hPa 10.0 Global Trends (2000-2022) in L1 FT TrOC (%/decade) for 700hPa-300hPa
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Figure 11: a) Similar to Fig. 7b, but trends for FTOC (change in colunm ozone, 300<p<700hPa, in ppbv/dg¢over the period 2000
2022 based on QR analyses with HEGIFTOM L1 data for 3 instrument types: ozonesondes, IAG@®&files, lidar as a function of

650 longitude. Results for median 50%ile and N 2 &re shown.(b) Same as (a) but in %/dec(c) Histogram, showing that most site
instrument datasets are within£3 ppbv Os/dec (d) Same as (c) but in %/dec(e) Same as Fig. 10e, but now for FTOQf) Same as
(e) but in %/dec.

28



Global Trends (2000-2022) in L1 LTOC (%/decade) for surface to 700hPa

6 Global Trends (2000-2022) in L1 LTOC (ppbw/decade) for surface to 700hPa
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Figure 12: Counterpart for Fig. 11, but now trends for LTOC (change in column ozone, 700<p<surface, in ppbvi@dec) over period

655 20002022 based on QR analyses with HEGIFTOM L1 data plotted veus longitude in (a) ppbv/de@nd (b) in %/dec. For LTOC
trends, there are only datafrom ozonesondes and IAGOS. (c) Histogram, showing that most sitestrument datasets are within+2
ppbv Os/dec (d) Same as (c) but in %/dec(e) and (f) Same as Fig. 11§ but now for LTOC.
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Table 2: Trends for FTOC (ozone mixing ratiowithin 700>p>3® hPa) in ppbv/decand %/dec based on QR analysis of L1 data for
39 of the 55 datasets in Table 1. Only sites with lidar, 0ozonesondes andAGOS ozone profiles collect data in the FT range. Bold
trends are those with p<0.05. LDC Trends also listed forsurfaceto 700 hPa column in ppbv/dec and %/dec Only ozonesondes
and IAG OS datasets collect data for LDC.

660

Northern Hemisphere (180W20W) FTOC (700hPa to 300hPa) & LTOC (surface to 700 hPa) Ozone Trends
wion | |y | g | M| mme || TSSOSO T os et [TTOC AT
(ppbv/dec) (%/dec) (ppbv/dec) (%/dec)
Alert 03S 82.49 -62.34 66 | 20002020 931 1.16 +1.69 2.15+3.12 0.91+0.81 2.40 +2.13
ATL IAGOS 33.64 -84.44 313 | 20002022 1465 0.80 +1.87 1.56 + 3.63 -0.21+1.74 -0.43 + 3.56
Boulder 03s 40.00 -105.25 1634 | 20002022 1243 -1.33+£0.79 -2.13+1.26 -151+1.11 -2.92+2.14
Churchill 03s 58.74 -94.07 30 | 20002021 690 -3.10+2.16 -4.24+2.95 -2.35+0.97 -6.12 +2.53
DAL IAGOS 32.84 -96.85 148 | 20002022 734 1.35+1.85 2.82+3.85 1.52 +1.96 3.15+4.06
Edmonton 03s 53.54 | -114.10 766 | 20002021 969 -0.92+1.15 -1.50+1.87 -0.03+0.84 -0.07 +2.10
Eureka 03s 79.98 -85.94 10 | 200062021 1345 -0.44 +1.61 -0.71+2.58 -0.22 + 0.68 -0.58+ 1.79
Goose Bay 03s 53.31 -60.36 36 | 20002021 953 -0.67 +1.24 -1.05+ 1.95 0.28 £0.72 0.72+1.85
Hilo O3S 19.43 -155.04 11 | 20002022 1142 -0.32+£1.33 -0.64 + 2.62 -0.13+1.14 -0.42 + 3.65
Paramaribo 03s 5.80 -55.21 23 | 20002022 855 0.26 +1.14 0.69 +2.98 0.57 +1.02 2.48+4.43
Resolute 03s 74.70 -94.96 46 | 20002021 771 -2.85+2.08 -3.94 + 2.88 -1.21+0.93 -3.36 £ 2.58
Scoresbysund 03s 70.48 -21.97 68 | 20002022 1127 -3.24+1.17 -4.37 +1.57 -1.36 + 0.68 -3.23+1.61
Table Mountain lidar 3438 | -117.68 2300 | 20002022 2811 1.77 £ 0.66 3.78 +1.40 NA NA
Trinidad Head 03s 40.80 | -124.16 20 | 20002022 1217 -0.68 +1.08 -1.14+1.81 -1.38 £ 0.70 -3.13 +1.59
Wallops Island 03Ss 37.93 -75.48 13 | 20002020 1143 -2.30+1.41 -3.20+ 1.95 -2.47+1.04 -4.93 +2.08
Northern Hemisphere (19W-79E) FTOC (700hPa to 300hPa) & LTOC (surface to 700 hPa) Ozone Trends
Station Irr]ﬁg#{ Lat Lon (n?elltsl) ;;Tge (,L‘is) FtT OrCeQanLl f FtT Cr)CeQanL1 L;I—OrCeQrfe dL ! L;I' C:CeQrf{ tIJ_ ! 1
(ppbv/dec) (%/dec) (ppbv/dec) (%/dec)
Ascension Island 03Ss -7.58 -14.24 85 | 20002022 676 -1.08 £ 1.55 -1.62 +2.32 -0.88 +1.27 -2.45+3.54
De Bilt 03s 52.10 5.18 2 | 20002020 1085 1.76 £ 1.09 3.28+2.04 0.96 + 0.84 2.18+1.91
FRA IAGOS 50.05 8.57 111 | 20002022 14358 0.59 +0.47 1.08 +0.86 0.57+0.41 1.32+0.95
Hohenpeissenberg 03s 47.80 11.01 980 | 20002022 2924 0.89 +0.45 1.71+0.86 0.04 +0.50 0.10+1.2
Izana 03Ss 28.50 -16.30 36 | 20002022 1086 2.85+0.99 6.13+2.14 1.88 £0.94 4.16 +2.08
Legionowo 03Ss 52.40 20.97 96 | 20002022 1340 -1.19+0.76 -1.76 £1.13 0.02 +0.93 0.04 +2.09
Lerwick 03s 60.13 -1.18 84 | 20002022 1203 -0.86 +1.10 -1.32+1.70 -0.21 £ 0.68 -0.48+ 1.54
Madrid 03s 40.47 -3.58 600 | 20002022 935 -0.63+1.12 -1.00 £ 1.77 0.09 £ 0.79 0.20+£1.73
Ny Alesund O3S 78.92 11.93 15 | 20002022 1794 -1.24 +0.89 -1.84 +1.33 -0.76 + 0.62 -1.82+1.48
lidar 43.94 5.71 650 | 20002022 1592 1.68+1.19 3.18+2.24 NA NA
onP O3S 43.94 5.71 650 | 20002022 1051 2.49 +0.98 5.26 £ 2.06 0.31+0.94 0.61 +1.86
Payerne 03s 46.49 6.57 491 | 20022022 3112 -1.45 + 0.62 -2.21+0.95 -0.77 £ 0.64 -1.68 + 1.40
Sodankyla 03s 67.37 26.65 179 | 20002022 1074 -0.86 + 0.97 -1.33+1.50 -1.16 + 0.90 -2.80 +2.17
Uccle O3S 50.80 4.35 100 | 20002022 3258 0.15+0.61 0.24 +1.00 1.49 £ 0.52 3.34+1.16
Valentia O3S 51.94 -10.25 14 | 20002022 600 1.39+£1.53 2.45+2.70 1.38 £1.02 2.93+2.16
Northern Hemisphere (8E-180E) FTOC (700hPa to 300hPa) & LTOC (surface to 700 hPa) Ozone Trends
v | | | | o | [ ] oo | ot | T
(ppbv/dec) (%/dec) (ppbv/dec) (%/dec)
Kuala Lumpur 03S 2.73 101.27 17 | 20002022 456 0.84+1.10 2.75 +£3.62 291+1.95 9.13+6.12
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Southern Hemisphere FT (700hP&o 300hPa) & LT (surface to 700 hPa) Ozone Trends
e I O R B e T T e B Bk
(ppbv/dec) (%/dec) (ppbv/dec) (%/dec)

Fiji 03S -1813 178.40 6 | 20002022 391 -0.02 + 2.58 -0.04 + 6.55 -1.23+1.29 -5.34 +5.60
Irene 03S -25.90 28.22 1524 | 20002022 387 1.22+1.97 2.26 +3.65 -0.25+2.42 -0.53+5.11
Lauder O3S -45.00 169.68 370 | 20002022 923 0.13+0.73 0.32+1.77 -0.04 +0.37 -0.14+1.34

Nairobi O3S -1.27 36.80 1795 | 20002022 872 0.33+1.53 0.74 + 3.42 1.32£1.00 4.21 +3.19
Natal O3S -5.42 -35.38 42 | 20002022 676 1.08 £ 1.47 2.17£2.96 0.75+1.08 2.56 + 3.68
Reunion 03s -21.06 55.48 10 | 20002022 735 1.84+152 3.94 +3.25 1.49+0.76 5.20 +2.65
Samoa 03S -14.23 | -170.56 77 | 20002022 797 -0.07 +1.32 -0.21+4.19 -0.48 + 0.58 -2.58 +3.12
South Pole O3S -90.00 -169.68 2835 | 20002022 1344 -0.94 £ 0.46 -2.54+1.23 NA NA

4.2.3PostCOVID-19 TrOC trends

As shown in Sect. 4.2, the COVID19 pandemic restrictions led to lower (mean) tropospheric ozone column amounts in the
years after 2020, which may be continuing (Blunden and Boyer, 2024). To assess the impact of these tropospheric ozon
reductions, we compare the QR L1 RaD22 trends with the QR L1 trends estimated for the ZWI® period. In Fig. 13,

the TrOC trends for both time ranges are shown versus latitude and longitude. For the majority of sites (75%20&32000
trends are higher than the 26R022 trends, b¥.34+0.50 ppbv/dec (or 0.78+1.21 %/dec) on average for the entire sample.
There is a trend reductioonrfall but one Arctic site (Churchill ozonesondes) and for all butNoréh American sitdlAGOS

Dallas). In the SH only half of the sites show a tregdliction. In continental Europe, there are a handful of (mainly alpine)
sites for which a larger trend is found for 268022 compared to 20e®019. Overall, there are similar changes in the FTOC:

a trend reduction in 2020022 COVID19 period, indeed fomore sites (~80%), and with similar magnitue@.36+0.53

ppb/dec or0.79+1.43)and geographical distribution.
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Figure 13: TrOC trends (ppb/dec), 2002022, computedwith L1 data and QR as in Fig. 7for the 5 instrument types (black see
legend as furction of latitude (a) and longitude (b). For comparison, trends for the same stations for the pi@QOVID -19 period,
20002019, are depicted in red.
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4.3 Trend comparisons at collocated and nearby sites

Comparisons of QR 2002022 trends for TrOC from diffen¢ techniques at the 5 collocated sites reveal differences at 3 of
them (BoulderQHP and Lauder, Table 1, FitQ). For the 2 other sites, strong piesi trends are observed at |zdiom both
ozonesondes and FTIR, as well as at Mauna Loa, ffrmtim Umkéar and FTIR. Similarlyfor nearby sites, we observe both
agreement and disagreemantrends between techniqu&ifferencesdue toinstrument technique, e.g., sensitivity of various
spectrometers throughout the troposphere, are expected (PetropaViostskik 2022; Bjorklund et al., 2GD. For some
techniques, such factors will vary over the course of a year (e.g. for Umkehr: change of averaging kernels with season
seasonally changing amount of the stray light driven by the amount of total ozomara@ind a comparison of monthly
averaged trends from the various instruments might be instructive. Differences between the monthly sampling frequency of
the techniques can also lead to different trend estimates (e.g. Chang et al., 2024).

In this sectionyve first try to understand the differences between the mediani{P#ends at the collocated and nearby sites

by having a closer look at the monthly anomaly time series and the presence of drifts. Then, the DLM techicigakows

for a nonlinearitne-varying trend (see Sect. 3.1.3), is used to investigatethe trend changes duriag@00-2022 for a subset

of those collocated and nearby sites. Finally, monthly averaged trends derihddBwvdata and MLR are examined for the

collocated sites.

4.3.1 Comparison of trendsand monthly anomaliesamong different techniques at collocated and nearby sites

From Table 1 it is seen that there are 5 sites with trend estimates for time series from at leadotateddechniques:
Boulder (2), 1zafa (2), Hawigi3), OHP (3), and Lauder (3). These sites are used to investigate the consistency of TrOC trends
between different techniques, although differences in location (e.g. altlifideence for I1zafia and Hawgiiinstrumental
sendtivity, and temporal sampig (Table §) might impact the estimated trends. For most of the techniques there is no
significant difference among trend estimates at the same site, i.e. they lie within each other's confidence intervals. Notabl
exceptions are the Umkehr trend at OHfR, dzonesondes at Hawaii (Hilo), and the FTIR at Lauder, that result in significantly
different trend values from the other two techniques at those sites (Table 1). It should however be noted that the Rauder FTI
trend derived with an improved retrievatagegy is in very close agreement to the trend obtained with the ozonesondes, as
shown in @tail in Bjorklund et al. (208). At some sites, trends from-tacated techniques even have opposite signs: Hawaii
(ozonesondes vs. Umkehr/FTIR), Boulder (ozonessng. Umkehr), OHP (ozonesondiesir vs. Umkehr). As can be seen

on the images comparing the monthly anomaly time series of the different techniques at those sites (see Fig. 14), in some ¢
those cases, the overall agreement is rather good (e.g. aeBdudder, OHP), but outlying periods at the beginning (Umkehr

at OHP) or end period (opposite behaviour of Umkata FTIR at Lauder, drop in Nyldsund FTIR) seem to drive the
deviating trends. Note that we did not provide trend estimates for the tiiéRseries at Boulder and Nyleésund; the

anomalies are includgdst for illustration here. From the monthly anomaly time series diffashetween #me seriesye
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Figure 14: Time-series for TrOC monthly anomalies, 200022, for 6 collocated sites the HEGIFTOM database. Based onlrOC
time-series shown in Fig2. The criteria for calculating trends eliminated Boulder FTIR (length of timeseries) and Ny Aesund FTIR
(sparse sampling). (a) Izafia, (b) OHR(c) Ny Alesund, (d) Lauder; () Mauna Loa and Hilo, Hawaii, (f) Boulder. Monthly anomalies
with time gaps more than 4 months are not connected with lines.
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can determine the drift as the linear regression fit slopes. These might aid in identifying a possible cause for the trend
differenceswhich ae summarised in TablerS

Figure 15 displays the HEGIFTOM monthly tirseries anomalies among neighbouring sites, e.g. in the European Arctic
(Kiruna and Sodankyld), in the Alps, and Western Europe (Uccle, De Bilt, Frankfurt). As can be seen, trerlgapdam

Arctic (significantly negative) and Western Europe (significantly positive) sites are fairly consistent with each otisp(see

Van Malderen et al., 2021 for the latter), whereas the Alpine sites (Figs. 15e and 15f) reveal both positivan@rosa
Hohenpeissenberg) and negative (Payerne and theahigylle sites Jungfraujoch and Zugspitze) trends. As some of these
sites are higlaltitude mountain peak sites (Tabl8)Sthe tropospheric ozone column measurements only represent the FT
which migh explain differences wlitloweraltitude sites. Table&attempts to explain the trend differences among the various
techniques at those sites.

Tables S and B also summarise the monthly data sampliimgterms of number of days) the different techiques.The

monthly sampling affects the calculation of the monthly anomalies, e.g. in terms of its variability over the time series. For
instance, Fig. 15d shows that the monthly anomaly ozonesonde time series at De Bilt (mean monthly launch frequetncy arou
4.3) displays a much larger variability than those from the ozonesonde time series at Uccle (11.8 launches a month) and th
IAGOS Frankfurt dataset (24.6); a factor that may affect both the trend value and its uncertainty (Chang et al. 2020, 2022
2024) see also the earlier discussion in Sect. 4Qrithe other hand, the ozonesonde monthly anomaly time series at OHP
and Lauder (Figs. 14b, d, both with launch frequency ~4 times a month), show no more variability than those of the collocatec
techniquegFTIR, Umkehr lidar) that have a sampling frequencyabfeast a factor of 2 higher. Whether or not this istdue
undersampling or to thieigher TrOC retrieval uncertainties of some techniques (Umkehr and FTIR, ~15%) compared to the
other techniques (@ 6%), is unclear.

At OHP, the lidar nighttime TrO@end estimate is very close to the ozonesonde daytime TrOC trend, but those positive trends
differ largely from the negative Umkehr daytime trend value. Therefore, at first sight, the impact of gatuglig day or

night on the trend estimations seems rather limikémvever, if we estimate the daytinf@é6% of the observationgnd

nighttime partial ozone column trend estimates from the IAGOS FRA time stéeslose to zeraaytime trendsare
subsantially different fromthelarge positive nighttime trendbetween 1.61 and 2.04 ppb/degth the largest values for the

lower tropospheric ozone column trepdthis finding requires further investigation, e.g. to check the extent of a possible
samplirg bias (temporal or spatial) between both subsets on the trend estimatimssmmarise, apart from clear biases in
columnaveraged tropospheric ozone column amounts between different techniques (FTIR and Umkehr vs.
ozonesondes/IAGOS, Sect. 4.1 tgndestimates also differ among techniques at sordecaied/nearby sites. Besides the
impact of the sampling frequency (relatively high for FTIR and Umkehr) and the measurement uncertainty (also higher for
FTIR and Umkehr), this might also point to e.g. Whkbeing sensitive to different parts of the atmospheric column, with

contributions from stratospheric ozone.
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Figure 15: Time-series for TrOC monthly anomalies, 2002022, for regional and nearby instrument clusters illustrated in Fig. 3.
750 (a) easternUs, (b) Japan and southeast Asian sites and airports, (c) two nearbga®dinavian monitoring stations (d) 3 nearby Swiss

stations, (€) 3 nearby western Europe ozonesonde stahs and airport, (f) 2 nearby alpine German stationsFor the eastern US and

Asian sites, we do not present trend estimateMonthly anomalies with time gaps more than 4 months are not connected with lines.
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4.3.2 Comparisons of DLM trends (L3 data) at collocated and nearby sites

To investigate in greater detail the cause for trenabudiffces at collocated and nearby sites, we consider how those trends
changed over time in the 20@0D22 period. The DLM technique, described in Sect. 3.1.3, provides this information. As the
DLM decadal trends, calculated from the yearly trend valuesyarsignificantly different from the QR and MLR decadal

trend estinates used up to now (see Fig),38e trend estimates are robust across statistical medimodthe DLM results
complement the previously reported results.

Figures16ac show the TrOC DLMrend estimateas afunction of year for the different measurement techniques at the
collocated sites Boulder, Hawaii, and Lauder, respectively. For Boulder (Fig. 16a), the trend estimates are constant with tim
within £0.2 ppbv/year, with nesignificart differences between the always negative (ozonesondes) and close to zero (Umkehr)
trends. In Hawaii (Fig. 16b), the FTIR trend estimates are constant with time at +0.2 ppbv/year, matching theRotreradl Q

of +2 ppbv/dec (Table §7After 2014, signiftant discrepancies are found with significantly positive Umkehr trends estimates
and negative ozonesonde trend estimalé® latter may be related to a small total column ozone-affom the Hilo
ozonesonde dataset (Stauffer et al., 2022) that is rtdglifgr the other tropical HEGIFTOM data. Hilo is the only station in

the analysis where some of the negative trend could also derive from an artifact tropospheric ozone loss caused by SC
interferences from greater Hawaiian volcanic activity in receatsyét Lauder (Fig. 16c), the positive FTIR DLM trend
estimates are significantly different from the negative Umkehr trend estimates around 2009. After 2010, when the Umkehr
trend estimates turned positive, they are not significantly different from tBea®@ FTIR trend estimates, even after 2020,

due to the consideration of the higher uncertainties of the yearf@0g Umkehr data in the trend estimation.

In Fig. 16d, we focus on the TrOC DLM trend estimates at OHP and nearby alpine sites (Papiempdissenberg,
Zugspitze, Jungfraujoch, Arosa/Davos). Trend estimates derived from Dobson Umkehr (red) and FTIR datasets (cyan) are
rather constant with time within £0.3 ppbv/year, although the FTIR Jungfraujoch time series has increasingly negative tren
since 2012. The OHRdar trend (green) is significantly positive for the entire period. The OHP ozonesonde trend (black, dash
dotted) estimates show however an increasing value before 2010 followed by a decreasing trend, and are significantly differer
from all other techniques between 268&12. Note that all trend estimates differences are not statistically significant except
this one. In 20042008 the ozonesonde homogenization applied in Ancellet et al. (2022) is currently under investigation to
idertify a remaining ozone concentration underestimation when compared with both the stratospheric and the tropospheric
OHP ozone lidar. The Payerne ozonesonde trend (full black) is negative for the enti2020Q&eriod but significantly
different from zerconly until 2009. The differences between the Payerne and Hohenpeissenberg ozonesonde trend estimate!
are most likely related to the application of the Dobson normalisation faotdhe BreweiMast ozonesondeat

Hohenpeissenberg station (Steinbrecht e2824).
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Figure 16: DLM trend estimates in ppbv per year for the TrOC for the different measurement techniques at (a) Boulde(p) Hawaii,
(c) Lauder, and (d) OHP and nearby sites Payerne, Hohenpeissenberg, Arosa/Davos, Jungfraujoch and Zugspitze. BS
Frankfurt is also included. For ozonesondes, the dastiotted line represents OHP, the dotted Hohenpeissenberg, and full line
Payerne; for Umkehr: dashdotted (OHP), full (Arosa); for FTIR: dash-dotted (Jungfraujoch), full: Zugspitze. Shaded areas

represent the £2-sigma uncertainties.
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4.3.3Comparison of monthly MLR trends at collocated sites

Figure 17 displays the monthly trends with 95% confidence intervals (error bars) over the peri@d22@r TrOC at the
collocated sites for ozonesondes3@in the legend) and the same trend derived from collocated Rd@éR, and Umkehr

(where available). Because much of the TrOC is located in the FT and large altitude differences exist between techniques «
some of those sites (Table S7), the FT tredd® Km here) are also graphed. At siitions, the monthly to seasonal trend
cycles for TrOC and FTOC from the ozonesondes track one another fairly closely but there are periods during the year whel
the other instruments diverge greatly from thedsotrends. For example, the Urdhr monthly trends cycle differs from the
ozonesondes at OHP (Fig. 17b), Lauder (Fig. 17c), and Hilo/MLO (Fig. 17d). This results in diverging annual MLR TrOC
trends at OHP@3S: 1.96+1.05 ppbv/dec; Umkehd.86+1.88 ppb/dec) ardilo/MLO (03S:-0.41+1.03 ppbv/dedImkehr:
1.49+0.91 ppb/dgc At Lauder, monthlyozonesonde and Umkehr MLR trends that are stronglyadtthase coincidentally

result in similar annual MLR TrOC trend®8S: 0.13+0.61 ppbv/detimkehr: 0.58+0.86 ppbv/d¢cMonthly MLR analyses

show close examination of sigasonal differences in trends can reveal important information that is concealed when
computing annual average trentts Appendix A, monthly MLR trends are calculated $mme selected nearby staticrsl

airports within the most densely sampled regions represented in the HEGIFTOM database: Europe and North America.
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Figure 17: Comparison at collocated sites based ofrOC monthly mean trends, 20062022. (a) Izana (b) OHP (c) Lauder (d) Hilo
and MLO (Hawaii) (e) Boulder. FTOC (defined between 4 and 8 km herelyends are included for the ozonesonde data (in red).
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