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Abstract. Tropospheric ozone trends from models and satellites are found to diGmeadbased (GB) observations are

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

with uniform procedures, the TOARWorking Group Harmonization and Evaluation of Grotabed Instruments for Free
Tropospheric Ozone Measurements (HEGIFTOM) homogenized public data from 5 networks: ozoneseseteieln
Aircraft for a Global Observing SysteffAGOS) profiles, solar absorption Fouri@ransform InfraredFTIR) spectrometer
measurementdiidar observations, and Dobson Umkehr data. Amounts and uncertainties for total tropospheric ozone
(ATr OCoO, s ur fraeaad lawer trdpd@spheric zang, are talculated for each network. We report trends (2000 to
2022) for these segments using Quantile Regression (QR) and Multiple Linear Regression (MLR) for 55 datasets, including €
multi-instrument stations. The finding<) Median TrOC trends computed with QR and MLR trends are essentially the same;
(2) Poleto-pole, across all longitudes, TrOC trends fall within +3 ppbv/decadg ppbv/decade, equivalent tel¢o to +
8%)/decade depending on sitg8) The greatest fractional increases occur over most tropical/subtropical sites with decreases
at northern high latitudes but these patterns are not uniform. (4CRA4D trends are smaller than p@OVID trends for
NorthernHemisphereamid-latitude sies. In summary, this analysis conducted in the frame of TOAREGIFTOM shows

that highquality, multiinstrument, harmonized data over a wide range of ground sites provide clear standard references for
TOAR-II models and evolving tropospheric ozone daeproducts for 200@022.

1 Introduction

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

Mills et al., 2018. Additionally, tropospheric ozone is a potent greenhouse gas, contributing to climate change (IPCC, 2021).
Thus, monitoring and controlling ozone levels is vital for environmental and public health.

Assessments of tropplseric ozone trends make use of several types of observations, among them surfad@lorans ét

al., 2013 Cooper et al., 2020), satellite estimates of full or partial ozone column content (Gaudel et al., 2018), aircraft (Gaudel
et al., 2020), Fouriefransform InfraRed tropospheric column (Vigouroux et al., 2015, Gaudel et al., Bddi8y,(Granados

Mufioz and Leblanc, 2016; Ancellet et al., 2022) or ozonesonde profiles (Logan et al., 2012; Thompson et 202202
Malderen et al., 2021; Chtiansen et al., 2017, 2022; Wang et al., 2022; Stauffer,2G224; Nilsen et al., 2024In the first

phase of the International Global Atmospheric Chemistry/Tropospheric Ozone Assessment Report (IGAGEEOLR
Elementacollection) - Gaudel et al. (@18) pointed out that five typical satellite products covering the -200% period

differed greatly from one another, not only in magnitude but even in sign. A recent evaluation of six updated satetiig produ
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for 20042019 over the tropics (Gaudeladt, 2024), where satellite estimates tend to be most reliable (Thompson et al., 2021)
also exhibited large divergence from one another. When compared to aircraft and ozonesonde profiles up to 270 hPa, sor
satellite comparisons for the years 2@B19 showed correlations with R~0.30.6 (Gaudel et al., 2024Recent

harmonization efforts of sixteariobal tropospheric ozone satellite data recardaldonly partially account fothe observed

discrepancies between the satellite datasets, with a redusftiabout 1040 % of the inteproduct dispersiorupon

harmonisation, depending on the products involved and with strong spatiotemporal depe(ideppens et al., 2025).

Chemistrytransport and coupled chemistlymate models also vary greatly tropogpheric ozonedue to uncertainties in

anthropogenic emissions and/or different parameterizations for dynamical processes, e.g. treatments ofldgemdary
processes, convection and stratospitiengosphere exchange (e.g. Christiansen et al., 2022). Angbrdboth 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 a2024), Dufour et

al. (20%), Keppens et a[2025), Maratt Satheesan et al. (20&%)satellite validation)GB networks, with stations operating

at fixed sites 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 atiduitissp especially when

instruments or processing methods change. Within the umbféliaNetwork for the Detection of Atmospheric Composition

Change (NDACC; De Maziére et al., 2018)porking groups for several spectral ozone instruments have stifethdata
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 of Grodrabed 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 bal Observing System (IAGOS) profiles, Foufiansform Infrared spectrometer (FTIR)dar,

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 Vittps://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 forozone trends over the 2000 to 2022 period (Section 3). 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 aralso illustrated with a summary examination of COMIBimpacts 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. Tdsrfor FT ozone column (between 700hPa and 300 hPa) and 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 st#iial approaches, Quantile Regression (QR) and Multiplear Regression

(MLR). In all cases trend results are tabulated and displayed in iOpdferred ppbwlecunits (Chang et al., 2023), but
%/decunits are also used to allow meaningful compassaeross all sites. In Section 4.3, seasonal characteristics 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 @R and MLR across multiple instruments at a single site 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 prospectsafonerging of selded individual sitedata and further rprocessing,

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, IA@&$or low (Umkehr,
FTIR) vertical resolution. After homogenization, different tropospheric ozone columns are calculated or retrieved from the

profile measurements and are available at the HEGIFTOM ardityes://hegiftom.meteo.be/datasets/tropospheziine

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 ozonesondg,FTIR, 6 Dobson/Umkehr, andlRidar sites A 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, rdspectively.
this paper, to calculattrends for the 206R022period, we only retained time series starting in 22002 and ending in 2019

or later, as recommended by the TOARtatistical guidelines (Chang et al., 2023). We also required that time series have at
least 120 monthly values available (about halfhef maximum coverage), essentially the lower limit for computing 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 Talld Eig. 1. In Fig. 1, five types of network instruments are 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 (€%, siéd circles)andlidar (two sites, gray 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 different metrics that were calculated and made available in the
HEGI FTOM archive. Of particular interest is the Atotalo
300 hPa; this is the only common metric for all 5 instruments. Thé@Ba®ower pressure limit has been chosen because lower
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 gaittiahs would not prade independent
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 hRaog8I(partial) tropospheric

ozone columns are provided both in ppb (as cokawveraged integrated ozone mixing ratios) and DU, and with different
tempor al resolutions: al | measurements (fAL1O0) , sulmbeciioh,y me
particulars of each dataset type and its harmonization are described. A more detailed description of the tropospheric ozon

measurements with those different techniques is available in e.g. Tarasick et al. (2019).


https://hegiftom.meteo.be/datasets/tropospheric-ozone-columns-trocs
https://hegiftom.meteo.be/datasets/tropospheric-ozone-columns-trocs

2.1 Ozonesondes

140 The ozonesondes a small and lightweight instrument that measures atmospheric ozone concentrations by pumping and
bubbling air in differing concentrations of potassium iodide (KI) solutions in electrochemical concentration cells (ECC)
Known as the ECC sond¢hise typeisef-ozenesendased in the HEGIFTOM analyses (except for Hohenpeissenberg which
uses the Breweast type). Coupled with a radiosonde during a weather balloon flight, the ECC ozonesonde provides vertical

ozone profiles up to about &b km altitude wih a stated precision of5% and an uncertainty of aboutl8%, for both the

145 troposphere and stratosphere

Global Sites Contributing to HEGIFTOM (55 L1 Data) Trends

20°N@

180°W
2 ,

03S (34) stations
45°s FTIR (10) stations v f

B Lidar (2) stations
70°S ® Umkehr (6) stations M
= * IAGOS (3) airports < |
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/tropospheriozonecolumns+trocs. Five types of instruments are archived, colecoded as in key.
Details on instrumentation, sample charactristics and locations appear in Table 1. Colors are superimposed at sites with data from
150 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 vithin 2019-2022(see TOARII statistical guidelines, Chang et al., 2023)and (2) more than
120 monthly mean values.

(Smit et al., 2021). Since 1996 a series of laboratory ECC sonde evaluations have been conducted in the World Calibratiol
Centre for Ozone&ondes (WCCQOS) in Julich, Germany, where a standard ozone photometer (OPM) is employed as the

155 absolute reference in the-salled JOSIE experiments (Smit et al., 2007). The same OPM was flown on a single gondola with
18 sondes in a field experiment (BESM$P004 (Deshler et al., 2008). The outcome of BESOS and the early JOSIEs was
the formation of an expert sonde team activity, Assessment of Standard Operating Procedures for Ozonesondes (ASOPOS
that codified sonde preparation handling and data processia WMO/GAW Report(Report 201 by Smit et al., 2014).
Following the GAW Report 201, the most recent JOSIE took pla2z8ii (Thompson et al., 2019yhich, together with the

160 activity described in the next paragrafgading to a second ASOPOS WMO GAW Report (Report 268, Smit et al., 2021).
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A major contributor to uncertainties in ozone trends are discontinuities and biases in the long term records of ozdaassonde si
Therefore, an Ozonesonde Data Quality Assessment-Q0BS activity was initiated in 2011 (Smit et al., 2012) to
homogeni ze temporal and spatial ozonesonde data records
Vertical Distribution of ORQAmaEndgeridton sesijneservesthiree andjar purp@sesi(i4 ) .
removngal ef-all known inhomogeneities or biases due to changes in equipment, operating procedures or processing; (ii)
ensuringthe-consistency of records across the ozonesonde network by providing and ggspdyidard guidelines for data
(re)processing steps (Smit et al., 2012; appendices C and D in Smit et al.,&20i)y providing an uncertainty estimate

for each ozone partial

Table 1: Sample(55sitestotal) stations and nstruments. Stations used TrOC (surface to 300 hPa column) trend calculations, with

instrument type, |l ocation andanapllteidt uleof sampé ev dti inehm3r withlgke), &
corresponding trends in ppbv/dec+4 . Bold trends have p< 0.05
Northern Hemisphere (180W20W) Tr€OC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3

. . . Altitude Time L1 L3 Annual Annual Annual

Station Instrument Latitude | Longitude (masl) Range (Nobs) (Nobs) Trend R Trend N Trend+2* 4§
(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
O3S 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 0o3s 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 0o3s 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 0o3s 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+091
Paramaribo O3S 5.80 -55.21 23 | 20002022 855 247 0.40+0.78 -0.42+1.04 0.22+1.17
Resolute 03s 74.70 -94.96 46 | 20002021 771 199 -2.39+1.16 -2.07 £1.78 -2.12+1.80
Scoresbysund 03s 70.48 -21.97 68 | 20002022 | 1127 | 264 257+0.84| -2.73+1.40| -282%1.15
(llloggortoormiut )
Table Mountain |Eidar 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 03s 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) TrcOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3

) . ) Altitude Time L1 L3 Annual Annual Annual

Station Instrument Latitude | Longitude (masl) Range (Nod) (Novy) Trend N Trend R Trend K
(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 0o3s -7.58 -14.24 85 | 20002022 676 174 -1.01 +1.58 -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 0o3s 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
Izafa 03s 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 + 0.66 -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 O3S 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 03s 40.47 -3.58 600 | 20002022 935 234 -0.36 + 0.90 -0.74+1.24 -0.62+1.22
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) 43.94 571 650 | 20002022 3596 238 -1.49 +1.00 0.51+2.10 -0.86 +1.88
OHP |Lidar 43.94 571 650 | 20002022 1592 237 1.93+1.02 224 +1.76 1.90 + 2.05
03Ss 43.94 571 650 | 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) TrcOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude A(“ni:;gs F;r:rr:ge (l\ll_is) (’1‘_3)5) T ;Anen L:]ald AT f‘nem’r']ald AT flm:]ald J
(ppbv/deg (ppbv/deq) (ppbv/deg
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 TICOC (surface to 300hPa) Trends
QR L1 QR L3 MLR L3
Station Instrument Latitude | Longitude A(“ni:;gs F;r:rr:ge (l\ll_is) (’1‘_3)5) T ;Anen L:]ald AT f‘nem’r']ald AT flm:]ald
(ppbv/deg (ppbv/deq) (ppbv/deg
Arrival Heights FTIR -77.82 166.65 184 | 20002022 2563 176 -2.44 +0.72 -1.25+1.20 -1.69+1.32
Fiji 0o3s -18.13 178.40 6 | 20002022 391 123 -0.57 +1.88 -1.04 +£1.80 -1.33+2.28
Irene 0o3s -25.90 28.22 1524 | 20002022 387 139 0.54 +1.62 0.48 +2.36 -0.16 +2.41
O3S -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 03s -5.42 -35.38 42 | 20002022 676 175 0.26 +1.02 0.76 +1.22 1.04 £1.37
Reunion O3S -21.06 55.48 10 | 20002022 735 215 1.88 +£1.08 1.17+£1.62 1.93+1.27
Samoa O3S -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

pressure measurement in the profilee O3SDQA guidelines for data prossing standards, and uncertainty estimatioe

now the current recommendations in WMEAW No 268 (Smit et al., 2021)About two thirds of the current regularly

175 operating stations have reprocessed and homogenized their data and made them publicly available (Tarasick et al., 2016; Vi
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Malderen et al., 2016; Thompson et al., 2017; Witte et al., 20138, 2019; Sterling et al., 2018; Ancellet et al., 2022; Zeng

et al., 2024 Nilsen 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) givextiresonde a vertical resolution 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®columns

and ppb the different ozone concentratiomsthe respective unitat the pressure levels within a tropospheric column are

integrated, andnly for the case of retrieving the coluranveraged tropospheric 0zone mixing ratigs divided by the extent

of the column atigzXThe uncertainties of

tropospheric ozone columns are obtained by the squared sum of the individual uncertainties of the ozone concentratiol
measur ements. The mont hly mean tonlyocplaustedhifeat ieast tvomo zomonesonde o | u

measurements are available within that month.

2.21AGOS

The Inservice Aircraft for a Global Observing System (IAGOS) is a European Research Infrastructure for global observations
of atmospheric composition fronommercial aircraft. IAGOS combines the expertise of scientific institutions with the
infrastructure of civil aviation in order to provide 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 mixing ratios from takéf to landing since August 1994 over more than 70,000 flights, thus providing vertical

profiles from neathe ground to up to 12 km altitude over hundreds of airports worldwide. Note that only a few airports include
sufficient timeseries length and measurement frequency to allow statistically significantelongtrends analysis, as
presented here. The reimiag datasets require merging to form clusters for specific regions (e.g. in the tropical area as
presented in Tsivlidou et al., 2023). The MOZAIC/IAGOS ozone data set complements other networkguobione
measurements by providing data in regioasrfy sampled or not at all as well as offering hfggquency measurements over

some hubs of participating airlines, e.g., Frankfurt (FRA). Therefore, the IAGOS/MOZAIC record has been widely used for
climatological and trends analysis (e.g. Petetin e2816;Cohen et al., 201&audel et al., 2020; Wang et al., 2022; Gaudel

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

The ozone analyzer installed on boafeéach of the five to ten commercial aircraft irecgtion since 1994 is a manufactured
duatbeam UV absorption instrument modified to meet the aeronautical constraints including autonometesnong
operations. The response time is 4 satedailed in Thouret et 811998), the characteristics of ozoneasurements performed

on board the five MOZAIC aircraft include a detection limit 2 ppbv, and uncertainties faiduna (4 sec) measurement@+

ppbv+ 2%]. The instrument technique, the standard operating procedures as well as the prefligitt paddrations have
remained unchanged from MOZAIC to IAGOS (Nédélec et al., 2015). Ensuring the high quality of the ozone dataset is one of
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 tegrfostability of the IAGOS
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ozone data set. This is confirmed, documented and synthesized in Blot et al., (2021). More recently, an intercomparisor
exercise btween the IAGOS instrument and the world standard ozone photometer for ozonesondes was conducted in the
environmental simulation chamber of the World Calibration Center of OzoneSondes (WCCOS) at Jilich (Germany) showing
a good agreement of the two techrég within better than-2 % throughout the depth of the troposphere (Smit et al542)2

To calculate tropospheric ozone columns for the analysis presented here, vertical profiles of ozone mixing ratios measured b
IAGOS are processed as follows. For individual profiles (L1 data), the average tropospheric ozone concentration (in ppbv)
within a partial column is calculated by averaging 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 heightifimeters), weighted by the simultaneously measured 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{@&ments
ppbv + 2%] using theane respective formulas. Daily means (L2 data) 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 reedifor calculating daily or monthly means. 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 robedfum of the squares of the L2 uncertainties.

23FTIR

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 working group

(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, are all from the saraetunan(@fainly Bruker
120/5HR or 120/5M). Requirements on spectral noise and verification of the correct alignment of the spectrometer need to b
fulfilled before the station affiliation with NDACC is accepted. Then, only two different retrieval codggdiale 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 species and pressureftemperat
profiles. The basic principle of FTIR retrievals is that the spectral line shapes provide low vertical profile inform#t®n on
target gas distribution thanks to the pressure and temperature line broadening effect. Finally, the retrieval siraacfies f
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 pressure, temperature, and ge
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 network that will preseriisethf 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

20243; Gordon et al.2022). Unfortunately, not all NDACC stations have yet adopted this new procedure.
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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 troposphere anc
three in thestratosphere, as given by the averaging kernels associated with the retrievals. Some FTIR statfans hav
monitored ozone since the mi@90s, and this technique has beemicmnlyrtinueuslyused 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 Ste2bEht

et al., 2017SPARC/IO3C/GAW 2019 GodinBeekmann et al. 2022/MO, 2029. The FTIR tropspheric ozone columns

have been used for IASI lortgrm validation in Boynard et al. (2018).

For the present HEGI FTOM work, tropospheric ozone colum
systematic uncertainties calculated from thedgers formalism (Vigouroux et al. 2008; Garcia et al. 2012), which are
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 muchrl¢at®ut 2%). No lower limit of available observations

has been 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
includingthe troposphere, lower, middle and upper stratosphere. The most recent version of the retrieval algorithm is describec
in Petropavlovskikh et al. (20D%nd is operationally used to derive ozone profiles from zehitlobservations at several
NOAA-GML and WMO-GAW 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 sensitivity analyses) 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 troposphertedtiemd de
(Gaudel etal., 2018).The longterm records (including the longest continuing 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 tren@nalyses (Petropavlovskikh et al., 2022; Maillard Barras et al., 2022). Assessment of Umkehr biages (+/

in stratosphere and up to 10% in the troposphere) and drit$veelantto alternative observing systems (i.e. ozonesonde,
satellite, models) we also addressed in Petropaviovskikh et al. (2022). Umkehr records are typically used to assess ozone
trends in the stratospherf@KARC/IO3C/GAW 2019 GodinBeekmann et al. 2022).

For HEGIFTOM we use ozone profile data that are gridded on the finelyeepressure layers (Balis et al., 2024). However,
because the Umkehr method has limited vertically resolved information in the troposphere, as identified by its relaively wid
averagimg kernel (Bjorklund et al., 20), only one product is recommendxt this paper: partial column below300 hPa.

Note that the Umkehr ozone profile is derived in Dobson Units (1 DU = 2.6%x1@); mixing ratios used here are converted

from DU partial columns. For the daily mean values (L2), no lower limit of availatidervations is imposed, so the daily

mean data will contain either the mean of the AM and PM data (if available) or AM or PM data. For L3 (monthly mean) data,

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

The ozone Differentiahbsorptionlkidar (DIAL) technique (using the absorption and backscatter of laser 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 DlAistruments are used in the present study, namely from the Jet Propulsion
Laboratory (JPL) Table Mountain Facility, California (TMF) Tropospheric OzZ&aigar TMTOL (McDermid et al., 2002),

and from the Observatoire de Halteovence, France (OHP) troposgpic ozone lidaLiO3Tr (Ancellet et al., 1989)TMTOL

uses a combination of three DIAL pairs at 289/299 nm, one pair at 266/289 and one pair at 299/355 nm, emsuring 3
averaged nightime ozone profiles with a total uncertainty comprised between 24%8% over the altitude range2d km

a.g.l, and with an effective vertical resolution ranging betweemB@nd 2 km. The entire dataset (1989@sent, 2500+
profiles) has been fanalysed and homogenized using the NDA&&nhdardized uncertainty and veal resolution
recommendations described in Leblanc et al. (2016a; 2016b). The TMTOL measurements have been compared and validate
on many occasions using ozonesonde anldcated lidars, most recently during the Southern California Ozone Observation
Prgect (SCOOP) campaign (Leblanc et al., 2018).

The OHP LiO3Tr uses a combination of two DIAL pairs at 299/316 nm, providhm@u2 averaged after sunset ozone profiles

with a total uncertainty comprised between 5% and 15% over the altitude rd8gen2a.d., and with an effective vertical
resolution ranging between 200 m and 1.5 km. Most of the dataset-i@8&nt) has been-emalysed, homogenized, and
validated against elmcated ozonsondes (Ancellet et al., 2022%OC was computed for both TMF a@HP lidars according

to the agreed HEGIFTOM working group definitions. The lidar ozone number density measurement is integrated to partial

column (in DU) and converted tbe columnraveragedropospheric ozonmixing ratio Xos (ppb) using pressure/temperature

(density) outputs from the MERR2 model interpolated at the TMF and OHP sites. Lidar measurements do not always cover
the entire troposphere. Occasionally, cloud layers contaminate the measurements. In those casas\nordreeretrieved

inside the cloud layers and outputs from the MERR#odel are used to avoid data gaps and ensure consistent TrOC datasets
over the full period of trend derivation. MERRA0zone outputs are also used at the bottom and top of theradides if the

profiles do not extend far enough (downward or upward) to cover the entire column matching the 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 termittent data gaps antlyields trends among various segments of the

ozone distributions, e.g. the lowest 8¢ representing lovozone conditions typical of regions with minimum human
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influence the melian 50%ile, 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 al2023).Multiple linear regression (MLR) analysis of monthly averaged ozone amounts has
long been the workhorse of the stratospheric ozone comm@t@inbrecht et al., 200 BPARC/IO3C/GAW 2019 Godin

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

applied to a subset of our sample for further analysiseo€tilocated and nearby sites.

3.1.1 Quantile Regression (QR)

Quantile regression is a percerdilased method (Koenker, 2005), thus the heterogeneous distributional changes of the trends
can be estimated. In this study this method is applied to the meldange of the trends, which is equivalent to the least
absolute deviation estimator (i.e. aiming to minimize mean absolute deviation for residuals; Chang et al., 2021). Compared tc
leastsquares criterion, medigrased approach is more robust when ex¢r@aiues or outliers are present. Median trends are

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

WzOEd z— GzZAT®z— @206 @O0Y6 N o (1)
wheret 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° latitudeof the equator. ENSO impacts to ozone are expected to be minimal outside of the Augtpicstrelation
is accounted for by using the moving block bootstrap algorithm, and the implementation details are provided in the TOAR
statistical guidelines (Chargg al., 2023).

3.12 Multiple Linear Regression (MLR)

We compare the QR results to annual and monthly tropospheric ozone trends derived from the monthly L3 data with a Multiple
Linear Regression (MLR) model. MLR has long been the standard for computimg tognds from satellite and grouhdsed
datasets, including Nimbus 7 TOMSt¢larski et al., 1991 OMI/MLS (Ziemke et al., 2019), merdesatellite data z e | Ng et
al. 202Q GodinBeekmann et al., 20220zonesondedidar and FTIR(e.g. Steinbrecht etlg 2017 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 implem&htadpson 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 and equalg,tbecause the MLR is applied on L3 data ofilye 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 Thompson 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 regression which fits the data time series for a nonlineayitignérend 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 nonlinearity is inferred from the data. We use the code implemexgtkedn 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 (AR1) correlation process with variance and correlagioin coeffici
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 on the seasonal cycle, on the autoregressive correlatio
and orthe 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 ghased instruments (Maillard Barras et al., 2022;
Steinbrecht et al. 2024nd satellites (Ball et al., 201WWMO, 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 mdnan one instrunmé type: Izaé (2 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. Z2he consistency of TrOC measurements froenrttultiple 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 between the TrOC mean values among the techniques dbthedsites 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 withkitr e gi on or fi n e aas tustiatedsfor theeasterniS @Fig.@a), 3
Japan and southeast Asia (several instrument types, Fig. 3b) andiastangent types withikurope (Fig. 3d).

To investigate these differences between the means in more depth, TrOC intercomparisonvasi@ysesle 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), and requiring at least 18@uimseasurenmés. This resultin

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 FTIR against ozonesondes, IAGOS, Umkehr (aro
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5 ppbv on average) at all sitelst all sites except Lauder, Umkehr has a negative bias against all other techhfgp@siF
|Lidar measurements reveal a positive Trd@flerencebias-againstvith IAGOS{atTable-Mountainand the OHP lidar has

a posiive TrOC differencevith-andagairstUmkehr and ozonesondés-Observatoire Hae Provence-OHPSee Table S3

We shoulchowever note that bothoselidars have their lowest data points at around 3 km above the surface, so tideubest

partial ozone column metric for comparison with other techniques is thgdm@spheric ozone column (FTOC) between 700
to 300hPa. With this metricalso positive FTOC differences with IAGOS (TMF) and ozoneses (OHPare foundAt-al
sites-except Lawat, Umkehr-has-a negative bias-against all-other-techniques.

-In our sample sets, there is no consistent bias between $A8@ ozonesondes (see Tables S2 andT®& is surprising

because a robust positive bias of 0zonesonde versus IAGOS o0zone measunasibeen reported in earlier studies (Zbinden
et al., 2013; Staufer et al., 2013, 2014; Tanimoto et al., 2015; Wahg 2024; Zang et al., 2028Note that if DU units are
used instead of ppbv forehTrOC comparisons (in Tables S4 and, $FFIR dces not exhibit a consistent bias with the other

techniques (as in e.g. Garcia et al., 2012), antkidar biasmean differenceflipsto negative at the
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380 Figure 2: TrOC daily mean (L2) time series, 2002022, for collocated instruments as archiveth the HEGIFTOM database. Dashed
lines are the longterm mean values over 23r period. (a) Izafia, (b) OHP, (c) Ny Aesund, (d) Lauder, (€) Mauna Loa and Hilo,
Hawaii, () Boulder. Note that the FTIR time series in Boulder and Ny Aesund do not fulfil our criteria used for trend detection
here. Measurementswith time gaps more than 4 months are not connected with lines.
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390 two sites but only for the TrOC (not for the FTOCThe negative TrOC bias for Umkehr in DU compared to sondes remains

the samelt-seems-that-Bpart of the FTIR andkidar biasedifferencesare may bedue to the atmospheric pressure inputs

needed to@nvert between DU and coluraveraged mixg ratios.However, the current positive bias of FTIR is well known
and explained by the actual bias e8% between the spectroscopic parameters (currently HITRAN 2008) in the infrared range
compared to the UWisible ones. Théereseerexpectedise of HITRAN 2020 in the near future will solve this bias (Gordon

395 etal. 2022, Bperklund et al., 2023). In contrast to most of the docated technigues, lidar cozone measurements are nighttime

measuremenisBased on thdrequent IAGOS FRA profilesPetetin et al. (2016) founstatistically significant diurnal

variationsin the mean ozone mixing ratios regardless of pressure level, although they quickly decrease witi{aadttude

hardly discernible above 750 hP@herefae, differences in daytime@nd nighttime mean ozone mixing ratios might partially

contribute to the TrOC arfelTOC differences between lidar and othel@cated techniquesn any case Bor trend detection,

400 time-independent biases among techniques are nwodjor issue, in contrast to drifts. Possible drifts at sites hosting different
techniques are discussexddr, in Sect. 4.3.1. Finallin our intercomparison analysis, the best correlations (e.g. linear Pearson
correlation coefficients around 0.65 a@d0 on average for L1 and L3 comans respectively, see Tables S2 tp &
linear regression slopes closest to one are obtained between ozonesondes, IAGOS, FTIR. A worse agreement betwes
techniques is obtained for the comparisons involving Umkatpaiticular at Lauder.

405 In Figs. 3a and 3lthe 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 butmmain potential

candidates for studying tropospheric ozone variability on a regional scale (Van Malderen etd)., 202

4.1.2 Geographical distribution for the 20002022 period

The overall geographical distribution of mean (colvaweraged) tropospheri@zone column, TrOC over the 20Q022

410 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 are found in the tropics (< £15°) and in the Southern Hen{Spheranging 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. Cooper et al. (2014) pointed out that satellite TrOC &k8rNEAVILS
TrOC show NH averages exceeding those of the SH average. The higher NH TrOC concentrations are attributed to ozon

415 production from enhanced anthropogenic emissions in the NH and higher rates of stratospheric downwelling (e.g. Griffiths et
al.,2021). However, over the tropical Atlantic ozonesondes on multiple oceanographic cruises (Weller et al., 1996; Thompson
et al., 2000) it has been shown that yeamd tropospheric ozone is greater in the SH than the NH due to fire, lightning and
dynamicéd influences that bring more FT ozone into the SH k¢bxim and Levy, 2000)Based on an updated OMI/MLS
climatology (20042019), Elshorbany et al. (2024) found the highest TrOC values over the ban®d@f\Oespecially over

420 the eastern coast of the UsShuthern Europe, and east Asia. Although limited in spatial coverage, sites in those regions are
consistent with the highest TrOC values in the HEGIFTOM data (Fig. 4).
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In Supplementary Material (Fig. $3ve provide mean TrOC mixing ratios for differepasons (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 summer, and a summertime emission maximum of the importamt b@geprecursors
(Bowman et al., 2022, and references therein). The seasonal variation seen in the SH sites-sagdéedg@ionounced peak

in austral spring (SON), especially across the South Atlantic Ocean and southern Africa. That maximum edgthcibdes

SH peak season for biomass burning and stratosptreposphere transport (Diab et al., 1996; Thompson et al., 1996;
Gaudel et al., 2018, and references therein). These patterns in TrOC variation are observed globally in satellitesvat:e retri
(Ziemke et al., 2006) and have been reproduced in cheraigtrgte models (e.g. Cooper et al., 2014; Young el 8;

Griffiths et al., 2021)Regional dynamics also play a role in ozone over the a¢ceag. wer the tropical western Pacific and

east Indian Ocean, minimum TrOC, is largely influenced by deep convettimmpson et al., 2003Groundbased data also
capture anomalous TrOC during extreme events, e.g., an ENSO, that may trigger or suppress fires and modify ¢tical conve
(Thompson tal., 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 when the ozone amounts are restricted to the F

only (i.e. column ozoe between 700 and 300 hPa).
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Figure 4: Mean (a) TrOC (ppb, surface to 300 hPa), (b) FTOC (ppb, 700>>-300 hPa) at HEGIFTOM sites with at least 120
monthly values in the 2002022 period. Circles denote ozonesondes, squares = IAGOS airports, diamor@$tR, 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.g. Steinbrecht et al., 2021; Chang et al., 2022; Ziemke et
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al., 2022) Because our trend analyses end in this time frame, a check was made to determine if a tropospheric ozone declin
is detectable. In Fig. 5a, we show relative differences between the mean TrOC (surface to 300 hPa) amounts in the years 202
2022 compared tthe years 200@019 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 @®@eriod'same as for the 20e@D22 period).

About 75% of the sites hadewer mean TrOC concentrations during the last three years than in the peric202@00
accounting for an overall relative decrease205%. The decline is very prominent over northern latitudes.

When split among different seasons, we note that th€T€zline during the COVIEL9 pandemic is strongest during MAM

(-5.2%, for 87% of the sites), followed by JJ&.4%, for 70% of the sites), while there are insignificant TrOC decreases in
boreal autumn and winter, with equal amounts of sites experietieargases as increases. These numbers are consistent with
the observed ozone decreases of approximately 7% at multiple ozone profile monitoring locations across the northerr
extratropics, focusing on thé 8 km column and ApriRugust 2020 $teinbrecht eal., 2021), andvith 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 Ziemle et al. (2022). These
are attributed largely to decreases in emissions (e.g ifN@bth years) and reduced photochemical production of ozone in
the troposphere, although wildfires may have mitigated the impact after August (in the years 2020 and/262ye
consider only the FT (70800 hPa) column amounts, see Fig. 5b, the ZIX? reduction from the GB data is even larger (
3.2% on average, with reduction for 83% of the sites), with the same dominance in boreats@¥#g92%) and summer (
4.4% 74%) of the decline. A more systematic examination of the C@\Rnomaly appears in trends comparisons in Section
4.23.

Xgs for P > 300 hPa [ppk]

Xgs for 700 hPo > P > 300 hPa [ppb]
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Figure 5: Relative change (%) of the mean TrOC (a) and mean FTOC (b) for the time period 202022 versus the period 2060
2019.0nly sites which have at least 15, resp. 120, monthly mean values during the 2@2@2, resp. 2002019, time periods are
retained. Symbols r@resent the different instruments, same as in Fig. 4.
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4.1.4 Seasonal cycle changes in tropospheric ozéhe

Because of the reduction of NH TrOC in boreal spring and summer in recem)@OMtID years with respect to the other 2
seasons, the amplitude of the seasonal cycle might be reduced. For example, Ziemke et al. (2022) reported an amplituc
reduction in NH satbte 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 in tropospheric ozone. Here, we do not limit
ourselves to the COVID years, ttronsider the change of the seasonal cycle between the earliesP(E)Gnd most recent

years (2012022) in the time series (Fig. 6). Based on model simulations and selected surfacesianabservations,
Bowman et al. (2022) found that since thal-1980s, the amplitude of the seasonal cycle of baseline tropospheric ozone at
northern midlatitudes decreased and its maximum shifted to earlier in the year. They attributed those changes to decreasir
ozone precursor emissions (VOC and NOXx) as a re$alir 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 no obvious consister
change in the phase of the seasonal cycle, represented hezaramth of maximum TrOC or FTOC monthly mean, of the
seasonal cycle occurs between the 2005 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 e§@¥)(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) appear to contribute equally to this amplitude reduction. For the FT okzone (feig. &), we find a (more modest)
amplitude reduction in the seasonal cyel®fo, for 75% of the sites), which is now predominantly driven by the decrease in

the maximum annual FT ozone column amounts. Bowman et al. (2022) attributed the moreampdiasie (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 mordirectly compaablewith the Bowman et al. (Z2) results, we also calculated fhOC and FTOGeasonal cycle
characteristics of the pit@OVID period 20142019 andcompared thosagainwith the 20002005 seasonal cyclésee Fig

$4). We found thatbetween those periodie amplitude reduction is more mode$i%) and less general (f@0% of the
sites)thanbetween the 2013022 and 200@005 periodsThe increase of the minimum annual TrO&ues (at 65% of the

sites)contributes slightly more than the decrease of the maximum annual TrOC concentrations (at 55% of thiscites).
the FTOC, th20142019amplitude reduction-8%, for 65% of the sites) is snel than for the 201:2022period, with equal

contributions from increasing minimum and decreasing maximum FT ozone column ankeanisthis analysis, we can
conclude that the pe§1OVID-19 period is responsible for about half of the amplitude redubgbmeen 2018022 and 2000

2005 without a noticeable seasonal cycle phase shift. Fd8sCOVID-19 seasonal cyclamplitude redugn can be mainly

ascribed to a decrease of the maximum annual TrOC/FTOC concentrations (for 79%/85% of the sitdbpdosigOVID-

19 era. Tis finding isconsistentvith otherobsenationsof tropospheric ozone reductions during gustCOVID-19 peiod

in NH spring/summer time series, mentioned in Section 4.4rRl reported in Ziemke et al. (2022).
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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 dfites with and without allowing for a changing seasonal cycle. We found insignificant trend differences
505 between both DLM variants.

¥os for P > 300 hPa [ppb] ¥os for 700 hPo > P > 300 hPao [ppb]
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Figure 6: lllustration of the mean seasonal cycle for the TrOC (a) and FTOC (b) time series for two different period2000-2005
510 (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 in the upper left of théofs). 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 = February, 3h = March, etc A zoom over

Europe of those figures are provided in the Supplementary materigFig. S54).

515 4.2Global (partial) tropospheric ozone column trends at groundbased site locations

In this section the results of trends analysis are used to address thénfpm@stions:
1. What do TrOC (surface to 300 hPa) trends (22022) look like site to site?
2. Howdo TrOC trends vary by region? Examine trelotgitudinally and with maps.
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How do TrOC (surface to 300 hPa) trends (2@0@2) compare when computed with @Rd 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 3raghlution profiling instrument types

5. How do LTOC trends (surface #0 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 present trends base@Rranalyses for the L1 dataset that includes all the data from five instrument types.
Displayed are the TrOC changes for the 504median, in ppbv O8leg bars for+2-0 )  ccodedfor the datasets, as a
function of latitude (longitude) in Fig. 7a @i7b). Comparable numbers of sites display positive and negative trends (albeit
with sometimes large uncertainties) at all latitudes (Fig. 7a, refer to Table 1 for values) across all longitudes iRdtigiaib;

and the sole Asian station, Kuala Lumpanacket a region where trends may be higher. Trends are also strongly positive (and
consistently with different techniques) at the haititude site Mauna Loa and |zafiThe principal exception to similarly
distributed positive and negative trends itigh 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 0.05pnly the Churchill ozonesonde

trend exceeds an absolute value greater than Jggb\hese features are apparent in the histogram of median trends in Fig.
7c. Figure 7c indicates distributions among the various instruments. The TrOC trends based on FTIR and ozonesondes tend
be more negative (60% of their sites) than trends defread other instruments. The 3 IAGOS antl-itlar sites display only
positive trends. There are also positive trends for 4 of 6 Umkehr siteghwigrs of the Umkehitrend at some collocated

sites differing from the other instrument(s). The FTIR trearésalso for all but one site strong, i.e. significantly differesvfr

zero. As with Fig. 7c, Figrd conveys a view of global rather than regional TrOC trendsKif. 4); however,a similar
distribution to Fig. 7c is seen except that the FTIR lalggses at a few sites are more prominent. It is important to mention
here that these trend distributions among the various instruments do not reflect differences due to the different measuremel
techniques, but are driven by the spatial distribution ofiifierent sites for each technique. For instance, the three IAGOS
airports are located in urban areas, while the FTIR sample is dominated by remote locations (e.g. paltituéi@h To

screen out the impact of different locations on possible trdfetetices between techniques, we will have a closer look at the

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 asd) arranged by longitude. (c) Histogram of median TrOC trends in ppbvdec
depicted in (a) and (b) with color coding for each instrument type. (d) Histogram of same median TrOC trends but in @##¢cbased
on mean 2002022 L1 TrOC values.

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

number ofebservationdaily obsevations (L2)for each month varies between almost 5 (ozonesondes) to almost 12 (Umkehr),

with FTIR andlkidar around 9. For IAGOS, where there are only 3 airports suifficient coveragdo computetrends

computedthe sample numbers (SNe. number ofdaily mean}y are most divergentATL 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 making comparisons among our individual tréntle strictest SN criteria of Gaudel et al.
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(2024) orChang 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 acceptabl e felor Maufialhoag hddittod®n f i d e
the-other-handthe different techniques have different TrOC uncertaintiéh, mean valuesf: 2.5% for lidar, 5.5% for
ozonesonde and IAGQS14% for FTIR, and 15% for Umkehr (these were estimated by simply averaging ti@& TrO
uncertainties over each site by 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 expect®dse both trend estimates are based on
linear regression and use the same proxies for seasonality and include ENSO. Most sites show not only similar tremds, but als
similar uncertainties andyalues. A comparison of the TrOC trends with L3 data frobRM's QR, expressed as ppthet
(QR-MLR) shows that the MLR trends are slightly larger, with ~56% of the differences lying within3tppbvélecof one

another (Fig8c). The trend estimation methods also show similar TrOC trend distributions amosgities instruments,

both for the absolute (ppbv/dec, Figs. 9a and 9b) and relativded4/igs. 9c and 9d) trends. In Fig. 9d the higher MLR
trends are apparent relative to QR: a larger number of positive trends in the MLRIat@e4figher. In summay the TrOC

trend results for the monthly (L3) QR and MLR data, given the relatively large uncertainty in each cal@arasofficiently

close (Figs8 and 9) that we can justify using only one data set and method (QR analysis, L1 data) to addi@ss gjoest
geographical variability in trends.

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 calculatedrdsponding monthly mean L3 data. Then,

we estimated OR and MLR trends for both the original L3

two random samples per month are possible at the bulk of the sites, this trend seasjiesityment should be executed for a

large number of random subsamplingagtgies. This concept iustrated in Fig. 6 of Chang et al. (2024), with trends

calculated from the Mauna Loa Observatory (fmrepospheric) ozone data set, subsampled randamllynalependently over

1000 iterations to a fixed number of samples per month (ranging between 2 and 20). Such an analysis for all our sites clearl

falls outside the scope of this manuscript, and we consider only one subsampled L3 time series. Tloesliffeties trends

and their _uncertainties with the full L3 time series are presented and shortly describaileén$ and Fig. S6of the

supplementary material. In general, the mean absolute trend differences are rather modest (of the oftiérpyiliidc for

both QR and MLR). The most consistent feature of the comparison is the higher trend uncertainties (standard deviations an

p-values) for the large majority of the sites in case of the subsdmdplasetsWe alsofound that the differences in trén

values and trend uncertainties between the two L3 datasets are comparable with those between QR L3 and MLR L3 an
between QR L1 and QR L3 for the complete, original time series (see Table 1 and details in supplenadeatal, Table

S6). We can theref@ conclude that the trend uncertainty 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. monthtyeans) for the QR trend estimation
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595 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@@08@rdllustrated with pvalues
(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 (Fi§75b-d). Although TrOC trends in ppbv G82cmay seem modest, for regions in
which the TrOC is relatively small, e.g. the tropics (Fig. 4), thdeitéhange can be large as in Fig. 10b. When comparing

600 Figs. 10a and 10b, the |l argest diff er elkKual@&lumpurinEashAsiadnd r e n
La Reunion. Figure 10 illustrates variability in trends at individual stations where two or three arrows indioa&tico of
multiple instruments (Table 1), typically an ozonesonde launch facility and one or two sipsttuahents. Detailed analysis
of variable trends at multhstrument sites or across a region appears in SectiorFigde 10 shows that it is hard to
distinguish a consistent geographical trend pattern based on the individual site trends, eveonfomtegiie the trends are

605 most significant (p values < 0.05) as in North America and Europe. Except for one Arctic site, all others north of 56N exhibi
negative Tr OC trends. Using a model and s o ntita troposphdric | e s,
ozone trenddor 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 sptimgnand au
trends, hypothesized by Law et al. (2023) to originate from decreasing NOx emissions leading to lower FTOC where

610 photochemical production is N@kmited. In the appendixkEig. A2, we calculated the monthly TrOC and FTQQ0G2022

trends forthe Arcticsites andound mosty negative trends, except for Alert, withe largest negative trends gpringtime

We refer to theppendixfor 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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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 and MLR analyses 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 shades of green. (b) Same as (a) arranged by longitude. (c) Histogram of offsets between medizual$réor

all instruments, expressed as QR relative to MLR (QRILR), in ppbv O 3 per dec
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Histogram of HEGIFTOM Median L3 QR Ozone Trends for surface to 300hPa Histogram of HEGIFTOM Median L3 MLR Ozone Trends for surface to 300hPa
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Figure 9: Histogram of median TrOC trends for 20062022 determined for 55 HEGIFTOM 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.
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Figure 10: Geographical distribution of TrOC trends. (a) Trends for TrOC (in ppbv Os/ded) 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, where 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 (a) except
trends in %/decand maximum range is withint5 %/dec
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4.2.2FTOC and LTOC QR trends

630 Figure 11 is theounterpart to FigsZ and 10 except for showing trends in FTOC (coltameraged ozone mixing ratio within
300<p<700 hPaxstead of TrOC. The maps (Bid.1lef) and longitudinal summary (Figélab) based on th®R median
(50%ile) L1 datatrends are derived from three instrument types: ozonesondes, IAGOS aircraft profidlesHe trend
estimate values are provided in Tablé&.for TrOC, the rangefanedian trends for FTOC (Fig1b) is limited to within:3
ppbvlbecg except for 2 sites. To interpret the relationship between FTOC and TrOC trends, fractional trendsarathixirig

635 ratio changes are compared because the cewaraged FTOC mixing ratio is higher than its TrOC counterpart (Fig. 4).
These fractional trends are also listed in Table 2.

We first considethesitesExamples-ofvith a smaller trend in FTOC rdlae to TrOC Theseinclude 4 tropical sites (Reunion

Island, Nairobi, Kuala Lumpur, Paramaribo), 4 urban areas (Frankfurt, Dallas, Uccle, Legionowo), and about half of the Arctic

sites (Lerwick, Scoresbysutioqgortoormiut Resolute, Eurekd&dmontoi). Forthose cases, the relative lowespospheric
640 ozone column trends (LTOC, surface to 700 hPa, Figart?Table Pare higher than the relative TrOC trends, suggesting
that local neasurface pollution at the tropical and urban areas contributeccteaised TrOC over the 20@022 period.
Stauffer et al. (2024), writing about tropospheric ozone profile trends derived from Kuala Lumpur and Watukosek for 1998
2022, reported ~80%KHMecLTOC increases in the February to April period over equatorial sasttiesia during that period.
Van Malderen et al. (2021) described higher boundary layer ozone increases than FT ozone trends in Uccle and Frankfurt fc
645 the period 1992018.For theabovementioned Arctic sitesyhose TrOC, LTOC and FTOC trends are allateg,Fhe-least
negativerelativéhe largerelative L TOC than TTOC (and hence FTOGJends (Fig. 12at-Arctic-sitegnightindicate thathe
negative fredropospheric trendslue tdhey-are-less-sensitive mid-tropospheric or lowstratospheric dynamicshatare
presumed-to-drive-the-negative FrQ€ndsarepartially offsetby the larger LTOC trend®r obtaining the TrOC trends

Second, wéook at hesites withFTOC increases somewhat greater than TsDiGgesting imported ozone above the boundary

650 layer.;are-found We distinaiish two different subsets heaelrene, Fiji, Samoa, Ascension Island, Hilo, Atlanta, Wallops

Island, TrinidacdHead, Churchill, SodankylandNy Alesund, all sites where LTOCiegative (Fig. 12). Many of these sites
are remote locationgl| but exceptAtlanta andreneMalleps-istanil Imported pollution in the tropics and subtropics, often
downwind of biomass fires is a reasonable interpretation. This would appirigAscensionand Samoa; for Hileseasonal

fires and/or industrial poIIut|0n from Asia may explain greater FT mcreéh&s—the—eqﬂa{enal—Ameﬂean—sﬁe—Natal—(% 4S,
655

column-inerease-isfrom-mitlopespheric-transperAnother subset isnade upof Fthe European ozonesonde sites OHP,

Hohenpeissenberg, and De Bilthich havepositive 20062022 trends for all partial ozone columns, with ldrgestrelative

increase for the FTOQ

rates suggesting that at least some of the column increase is froftrapimspheric transport.
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660

Figure 11: a) Similar to Fig. 7b, but trends for FTOC (change in columm o0zone, 300<p<700hPa, in ppbv/d¢over the period 2000
2022 based on QR analyses with HEGIFTOM L1 data for 3 instrument types: ozonesondes, IAGOS profiles, lidar as a function of
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

665 (e) but in %/dec.
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