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Satellite observations enable global assessments of ozone in the free troposphere, yet uncer-
tainties in earlier records limited the first Tropospheric Ozone Assessment Report’s (TOAR-I)
confidence in regional distributions and, especially, decadal trends. Here, we leverage longer
and improved satellite records, additional datasets and new harmonization approaches to pro-
vide a second, more confident, TOAR assessment of present-day and longer-term changes. We
quantify the 2018-2022 climatology and seasonal cycle at 1° X 1° resolution and evaluate trends
in a combined tropospheric column record since 2005. Summertime maxima exceed 50 DU over
the Middle East, and annual-mean values exceed 40 DU from East Asia to the Mediterranean.
The present-day global tropospheric ozone burden is 336 + 6 Tg. Decadal ozone changes are
pronouncedly nonlinear: increases of 2—4.5% per decade during 2005-2019 occur over 20% of
the globe (high confidence), most notably across Asia, followed by widespread declines af-
ter 2020, producing a net decrease since 2005 across 70% of the globe. Dynamical and episodic
drivers, such as El Nino-Southern Oscillation, extreme wildfires, and the COVID-19 pandemic,
strongly influenced variability, underscoring the sensitivity of tropospheric ozone to both nat-
ural and anthropogenic influences and the critical need for sustained, coordinated satellite
monitoring.
This article is part of the theme issue “Tropospheric Ozone Assessment Report II".

1. Introduction

Understanding and monitoring tropospheric ozone, an important pollutant and greenhouse gas,
has become increasingly important owing to the widespread exceedance of air quality (AQ) stan-
dards, varying long-term trends across regions [1,2], increasing risks on human health [3] and
crop yields [4] and the growing interactions between climate and air pollution [5,6]. While surface
monitoring networks provide long-term data critical for trend assessment, as compiled in the first
phase of the Tropospheric Ozone Assessment Report (TOAR-I) [7], their spatial coverage and long-
term records are limited, especially in developing countries, over the oceans, and in the Southern
Hemisphere (SH). Vertical profiles from ozonesondes, lidar and aircraft programs together with
vertically integrated information from FTIR (Fourier transform infrared spectroscopy) and Dob-
son Umkehr instruments provide essential insights into tropospheric ozone [8-10], though their
spatial and temporal sampling remains sparse. Furthermore, chemical transport and climate mod-
els continue to face challenges related to uncertainties in emissions inputs and the representation
of atmospheric chemistry and physical processes [11].

Satellite remote sensing is therefore a critical component of the global ozone observing sys-
tem. It provides near-global coverage and vertically integrated information on tropospheric ozone
and its precursors. Instruments such as the Ozone Monitoring Instrument (OMI) onboard Aura,
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the Global Ozone Monitoring Experiment-2 (GOME-2) onboard Metop, the Tropospheric Mon-
itoring Instrument (TROPOMI) onboard Sentinel-5P, the Infrared Atmospheric Sounding Inter-
ferometer (IASI) onboard Metop and the Cross-track Infrared Sounder (CrIS) onboard Suomi
NPP and JPSS have produced long-term ozone records, with successive sensor generations
providing improved spatial and temporal sampling and coverage. More recently, geostationary
missions, such as Korea’s Geostationary Environment Monitoring Spectrometer (GEMS), the U.S.
Tropospheric Emissions: Monitoring of Pollution (TEMPO) and Europe’s Sentinel-4, have ad-
vanced atmospheric composition monitoring by enabling detailed analyses of diurnal ozone vari-
ability and the evolution of urban pollution plumes over continental scales.

To address the limitations of individual satellite products, particularly related to differences
in spatio-temporal coverage and vertical sensitivity, chemical data assimilation systems that inte-
grate satellite observations of ozone and its precursors have emerged as powerful tools to generate
spatially, temporally and vertically consistent three-dimensional distributions across the tropo-
sphere [12,13]. Also, recent developments in machine learning approaches have expanded the pos-
sibilities for satellite product integration [14]. Nevertheless, the effectiveness of these approaches
remains sensitive to the continuity and quality of observations, as well as model representation
errors [15]. As such, rigorous evaluation of the original satellite ozone products remains essential
for benchmarking, uncertainty characterization and ensuring traceability.

Addressing these satellite challenges requires coordinated community efforts to evaluate ex-
isting data products and to provide users with robust, traceable guidance. This is one of the key
motivations of TOAR, an initiative of the International Global Atmospheric Chemistry project
(IGAC). TOAR-I (2014-2019) provided the first systematic global assessment of ozone observa-
tions and trends at the surface and in the free troposphere [1,16]. The ongoing second phase,
TOAR-II (2020-2025), extends this effort by incorporating longer timescales and additional, more
mature datasets. This paper presents the TOAR-II Satellite Ozone Assessment, which includes a
comprehensive harmonization, combination and evaluation (§3) of current satellite data records
(§2) to infer the present-day annual mean (§4) and seasonal cycle (§5) of tropospheric ozone, as
well as long-term changes (§6) and short-term disturbances caused by unusual events, including
the COVID-19 lockdown and wildfires (§7), since the mid-2000s.

2. Data

(a) Satellite remote sensing

The amount of ozone in the troposphere, which represents about 10% of the total atmospheric
burden, is inferred from satellite observations using three independent techniques: nadir profile
(NP) retrieval, tropospheric ozone residual (TOR) and convective cloud differential (CCD). In this
assessment, we focus on tropospheric column ozone (TrOC), i.e. the amount of ozone between
the surface and the thermal tropopause, while acknowledging that satellite sensors have limited
sensitivity to ozone near the surface and within the boundary layer. Table 1 lists the 15 satellite
data records considered in this study (9% NP, 5x TOR and 1x CCD). For brevity, acronym defini-
tions and technical details for each product are provided in §51.1 in the supplementary material.
Here, we provide a concise overview of the measurement techniques and the primary challenges
affecting data quality and data comparability. Section 3a discusses how the datasets were further
processed, in an attempt to resolve some of their intrinsic differences.

Nadir Profile (NP). Nadir-viewing satellite sensors collect UV or TIR spectra, from which the vertical
distribution of ozone can be inferred at a vertical resolution of 5-10 km across troposphere and
stratosphere. In addition to instrument noise and calibration errors in the spectral data, the re-
trieved profiles are influenced by factors, such as the choice of prior ozone profile and prior con-
straints, the spectroscopic database, the radiative transfer model and related assumptions. Ozone
values, expressed as concentrations or mixing ratios, are reported at multiple vertical levels in the
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troposphere, but the retrieved values are highly correlated. Generally, NP records provide at most
one independent piece of tropospheric information, distributed through the troposphere accord-
ing to the retrieval’s vertical sensitivity, which in turn depends on the spectral domain. Nine NP
data records are considered in this study, all but one providing single vertical profiles (L2 data).
One set of records relies primarily on IR measurements by the European IASI sensors (IASI-CDR,
IASI SOFRID, IASI KOPRA and IASI-GOME2-B). A second set applies the TROPESS retrieval al-
gorithm to U.S. sensors operating mainly in the IR (AIRS, CrIS, AIRS-OMI). A third set is based
solely on UV observations by European sensors (TROPOMI, GOP-ECV).

Tropospheric Ozone Residual (TOR). The TOR method infers tropospheric information by subtracting co-
located total columns from a nadir-viewing sounder and stratospheric columns from a limb-
viewing sensor or a reanalysis system [40,41]. This method generally leads to spatially and
temporally gridded TrOC data (L3 data) between the surface and a predefined top level that is
often located around the tropopause, given the large uncertainty in limb ozone profiles below the
tropopause. Measurement uncertainty arises from the limited vertical resolution of limb sounders
in the upper troposphere—lower stratosphere (UTLS), where ozone gradients are large, from
lower signal-to-noise ratios in the UTLS region and from the weaker sensitivity of nadir sounders
to near-surface ozone [28,32]. The main differences between the considered TOR records are the
sources of total and stratospheric columns, the definition of the top level and the sampling resolu-
tion. Five TOR data records are used in this assessment, relying on Aura MLS (OMI-LIMB, OMI-
MLS), OMPS Limb Profiler (OMPS-LNM) or the MERRA-2 reanalysis (OMPS-MERRA?2, EPIC-
MERRA?) to estimate the stratospheric ozone column, or on the OMI (OMI-LIMB, OMI-MLS),
OMPS Nadir Mapper (OMPS-LNM, OMPS-MERRA?2) or EPIC sensor (EPIC-MERRA?2) for the
total column.

Convective Cloud Differential (C(CD). The CCD algorithm applies a residual approach, similar to the TOR
method, in which TrOC is derived as the difference between total and stratospheric ozone
columns [39,41]. In contrast to TOR, both columns come from the same nadir-viewing sensor but
they are generally not co-located. The stratospheric column is estimated from ozone column re-
trieved above deep convective clouds. Assuming zonal invariance, it is then subtracted from total
ozone column data over clear-sky scenes within the same latitude belt. The inherent top level of
CCD column data is determined by the altitude of high convective clouds (approx. 200-300 hPa).
Thus, this technique can only be applied in the tropical region, where strong convective activity oc-
curs frequently enough and zonal invariance is approximately fulfilled. Recently, new algorithms
were proposed that do not require zonal invariance and can be applied outside the tropics [42,43].
In this assessment, we use GTTO-ECV, which is based on the European series of nadir UV sensors.
Other CCD datasets were not considered because they either include older data versions from a
subset of the sensors already incorporated in GTTO-ECV or do not cover recent years [44,45]. CCD
column uncertainties are mainly owing to zonal variations of the stratospheric column, corrections
for in-cloud column amounts, loss of sensitivity to ozone near the surface and other factors.

(b) Insitu and data assimilation

Ozonesonde. In situ measurements by ozonesonde have long served as the reference standard for
satellite validation, providing long-term records of ozone profiles with about 150 m vertical res-
olution. Recent reprocessing by the working group Harmonization and Evaluation of Ground-
based Instruments for Free Tropospheric Ozone Measurements (HEGIFTOM) of TOAR-II and the
Southern Hemisphere ADditional OZonesondes network (SHADOZ) has reduced biases from dif-
fering equipment, operating procedures or post-processing, lowering measurement uncertainty to
about 5% (5-10% in the tropics) [8,10,46]. We use this homogenized dataset as the most up-to-date
validation record. While the temporal coverage varies by site, the ozonesonde record used in this
study spans July 1995 to June 2024. Sites were further grouped into regions following the approach
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described in §51.2 in the supplementary material. A map of site locations is provided in figure S1.1
in the supplementary material, with details in table S1.1 in the supplementary material.

Chemical reanalysis. Chemical data assimilation products, such as the Copernicus Atmosphere Moni-
toring Service ReAnalysis (CAMSRA) [13] and the Tropospheric Chemistry Reanalysis version 2
(TCR-2) [47], provide independent, physically consistent fields for evaluating satellite observa-
tions of tropospheric ozone. By assimilating a common set of observational datasets, including
tropospheric NO, and CO columns and Aura MLS ozone profiles above 215 hPa into both re-
analyses, together with total column measurements in CAMSRA, these products provide spatio-
temporally continuous ozone distributions. CAMSRA assimilates total column ozone, MLS ozone
profiles and precursor species simultaneously within a physically consistent framework. As a re-
sult, it provides a more integrated estimate of tropospheric ozone than satellite products derived
solely from stratospheric profiles and total column ozone, because it also accounts for the effects
of transport and chemistry. Well-validated chemical reanalysis products, although still subject to
some biases especially at the surface [15,48], serve as valuable references for assessing satellite re-
trieval biases, identifying sampling representativeness issues and providing vertical profile infor-
mation. In addition, optimized precursor fields can be used to attribute observed ozone anomalies.
Furthermore, well-validated satellite tropospheric ozone data can provide important constraints
for further improving chemical reanalysis products [12].

3. (Challenges for assessments

This section discusses the central challenges in assessing the information conveyed by multiple
observational data records. We address two key questions: (i) how to post-process these datasets
to obtain more directly comparable quantities, and (ii) how to synthesize results across records to
derive robust conclusions.

(@) Data harmonization

Differences in the production process of satellite tropospheric ozone records (sensors, measure-
ment technique, spectral range, retrieval assumptions, ancillary data and so on) propagate into
measurement uncertainty as well as sampling- and smoothing-related errors, leading to discrep-
ancies between datasets that can vary in space and time [18]. It is worth emphasizing that even in
the absence of measurement error, datasets may still differ in their spatial patterns or trends purely
because the retrieval’s vertical sensitivity [23] or the sensor’s sampling scheme [49] interacts dif-
ferently with the natural variability and persistent gradients of tropospheric ozone. At the time of
the TOAR-I report, sampling- and smoothing-related effects were not yet well characterized, and
were hypothesized to contribute to TOAR-I’s inconclusive assessment of long-term TrOC changes
and of regional-scale patterns of the multi-annual mean TrOC [16].

Since then, new harmonization approaches have been developed targeting the differences in
sampling and smoothing. A common vertical top level of the tropospheric column can now be ap-
plied consistently across datasets [18,29]. However, harmonizing the vertical smoothing of nadir
profilers proves difficult [18], and sampling differences in the horizontal and temporal domains
remain to be investigated. Section S3 in the supplementary material discusses the status of suc-
cessive levels of harmonization in more detail (summarized in the supplementary material, table
S3.1) from the satellite teams’ original products (Tier 0) to regridding onto a common horizontal-
temporal grid (Tier 1), adopting a common vertical top level (Tier 2) and efforts to account for the
vertical smoothing of NP data (Tier 3).

Tier 2 harmonized satellite data provide the basis of this TOAR-II assessment report, as
they achieve an optimal balance between minimizing known discrepancies among the satellite
records and introducing uncertainty associated with imperfect harmonization methods or transfer
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standards [18]. Tier 3 harmonization for NP records warrants further investigation and should be
a key objective for future TOAR assessments. Throughout this work, tropospheric ozone data (by
satellite, ozonesonde or reanalysis) were processed to represent the 1°x 1° monthly mean ozone
column, integrated between the surface and the thermal tropopause, expressed in Dobson Units
(1 DU = 4.46 x 10~* mol m ™). The thermal tropopause was derived from MERRA2 meteorologi-
cal fields by Hoffmann & Spang [50].

(b) Combination and uncertainty estimation

A final, critical step in the assessment process is to synthesize results across different data records.
This can be done in various ways and proves especially challenging when it comes to assign-
ing uncertainty to the combined estimates. Our approach to combining satellite data aims to (a)
reduce sensitivity to outliers, (b) minimize the impact of biases between datasets, (c) use an en-
semble approach to infer uncertainty, and (d) provide conservative uncertainty estimates. Full
methodological details for each ozone metric (present-day, seasonal cycle and long-term changes)
are provided in §54 in the supplementary material; here, we summarize the main ideas.

Objective (a) is met by using robust estimators (median and interpercentile) when combining a
sample of satellite records. This reduces the need for stringent prescreening. Only clearly outlying
data records are excluded upon visual inspection. The resulting dataset selection differs slightly
by metric in order to include as much useful information as possible (see the second-last column
in table 1). Objective (b) is addressed by combining individual satellite records in TrOC anomaly
space, removing their own spatial or temporal mean prior to aggregation. Doing so essentially
reduces biases between data records substantially, which improves the constraints on the com-
bined result. Objective (c) reflects the fact that uncertainty budgets are not reported consistently
across satellite products and are missing for some records. Hence, we infer the uncertainty on the
combined estimates from the statistical dispersion (e.g. interpercentile) between satellite records.
Objective (d) is to incorporate qualitative, conservative information about correlated uncertainty
between data records. It is done by reducing the effective sample size, hereby avoiding an overly
optimistic value for uncertainty on the combined estimates.

() Time-series analysis

Trends are estimated for each grid cell x from deseasonalized anomaly TrOC time series 6F(x, t)
using multiple linear regression and a model that includes a linear term (representing ‘trend’),
regressors that capture interannual variability (El Nifio—Southern Oscillation (ENSO) and Quasi-
Biennial Oscillation (QBO)) and a noise term

6F(x,t) = a(x) + p(x) t + y,(x) ENSO(#) + 7,(x) QBO,,(t) + y5(x) QBO5, () + e(x, 1),

where a, f, and y; denote the regression coefficients. This model explicitly assumes a simple linear
tendency of changes that are not attributed to ENSO or QBO. In the presence of nonlinear long-
term changes, the derived linear trend estimates should be regarded as approximations, and their
values will vary depending on the chosen start and end dates [51]. In this assessment report, the
regression was carried out for two time periods: January 2005 to December 2019 and January 2005
to December 2022.

The impact of ENSO on tropospheric ozone is well established, especially over the Pacific
Ocean [11]. Several studies reported that TrOC anomalies lag 4-5 month behind ENSO in the trop-
ics, with smaller lags elsewhere [49,52]. While including a lag in the regression model can improve
the fit at some locations, it has a limited impact on trend estimates and uncertainties overall [53].
We therefore use the ENSO predictor (MEI index) without an explicit lag in this work. The im-
pact of QBO on TrOC can occur via stratosphere-troposphere exchanges (STE) [11,54] and is much
weaker than ENSO [52]. TOR and CCD techniques derive tropospheric ozone by subtracting from
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Figure 1. Present-day mean TrOC between January 2018 and December 2022 (surface to thermal tropopause, DU, 1° resolu-
tion), combining 12 satellite records. Maps for individual harmonized satellite records are shown in figure 5.2 in the supple-
mentary material.

the total column a stratospheric component, which is strongly modulated by QBO. When the can-
cellation process is imperfect, an artificial QBO signal will contaminate the tropospheric ozone
data [29]. For these reasons, QBO terms are included in this work (equatorial winds at 30 and
50 hPa, i.e. QBO;, and QBOs,). Across TOAR-II, some studies included QBO in their regression
model [2,29,55-57] and others did not [10,49,58]. Lag-1 autocorrelation of the fit residuals e is taken
into account using the Cochrane—Orcutt transformation [59]. Regression coefficient uncertainties
are estimated from the fit residuals [60].

4. Present-day mean state (2018—2022)

Figure 55.2 in the supplementary material shows the 2018-2022 mean spatial distribution of tropo-
spheric ozone columns (TrOC) from 15 harmonized satellite records (§3 and [18]), corresponding
to the TOAR-II reference period for present-day ozone. Two datasets (GOP-ECV and OMI-LIMB)
underestimate the near-global (60° S-60° N) mean TrOC by approximately 20%; excluding them,
the standard deviation of the remaining near-global mean estimates is 4%. After removing each
record’s 60° S-60° N mean, the spatial anomaly patterns agree very well for all 15 records across
global to continental scales, with good consistency persisting down to regional scales (supple-
mentary material, figure S5.5). All datasets show enhanced ozone in the Northern Hemisphere
(NH) extratropics, lower values in the SH and over high-altitude terrain (Antarctica, Greenland,
Himalayas, Andes and so on) and a zonal wave-one pattern in the tropics. The largest systematic
differences occur over the polar regions (GOP-ECV, TROPOMI and OMI-LIMB), while consid-
erable cell-to-cell variability is found in the TROPESS records (AIRS, AIRS-OMI and CrIS). Sev-
eral NP products (IASI SOFRID, AIRS, AIRS-OMI and CrIS) also exhibit 5-10% discontinuities
that coincide with changes in the underlying a priori information, underscoring the need for fur-
ther harmonization of these records. Overall, these results emphasize that further improvements
in calibration, retrieval and harmonization schemes will be key to improving assessments of the
multi-annual mean distribution at, and below, the regional scales.
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The (very) good overall agreement across global to regional scales supports construction of a
combined satellite map (approach outlined in §3b, with details in the supplementary material,
§54.1.1), shown in figure 1. Uncertainty of combined satellite data is typically 2-5% for individual
1°x 1° grid cells (1o), increasing to 5-15% over high-altitude terrain (supplementary material,
figure S5.7, top left). Twelve satellite records were included (marked ‘M’ in the next-to-last column
of table 1); three were excluded solely owing to more limited spatial coverage (IASI KOPRA and
GTTO-ECV) or temporal coverage (CrIS), rather than data quality concerns. Figure 1 represents,
to our knowledge, the first quantitative synthesis of a large and diverse suite of satellite TrOC
records, accompanied by a comprehensive uncertainty analysis (supplementary material, figure
55.7). Because satellite retrievals have limited sensitivity to the boundary layer, they mainly map
patterns in free-tropospheric ozone.

Figure 1 shows that 2018-2022 mean ozone levels larger than 33 DU prevail across the entire NH
extratropics, with values exceeding 39 DU in the subtropical belt. The highest multi-annual mean
TrOC values (>42 DU) occur over the eastern Mediterranean-northern Egypt, the Irag-Persian Gulf
region, Punjab and the eastern Indo-Gangetic Plain (IGP), the East China Sea, the Korean Penin-
sula and especially central-eastern China (North China Plain (NCP), Yangtze River Delta, Twain-
Hu Basin and Sichuan Basin) where the global maximum reaches 46.1 + 2.2 DU (50% above the
global mean of 30.8 + 0.6 DU). In the SH, elevated TrOC occurs over the Atlantic and the Mozam-
bique Channel (34-40 DU) and across the subtropical belt (33-37 DU), but it remains substantially
lower than the NH hot spots. By contrast, low ozone levels (20-26 DU) are found over the South-
ern Oceans and the tropical Pacific and Indian Oceans. Together with the Atlantic maximum, the
Pacific minimum produces the tropical zonal wave-one structure. TrOC levels also clearly de-
crease over high-altitude terrain, with particularly low values over Antarctica, where the global
minimum reaches 10.2 + 1.5 DU (66% below the global mean).

The spatial distribution in figure 1 is in good agreement with recent and past observation-based
reports [2,20,23,29,61,62], including the first TOAR assessment [1,16]. Detailed quantitative com-
parison is, however, hindered by differences in, for example, horizontal resolution, the analysed
time periods and vertical top level, and by the emphasis in many studies on seasonal rather than
annual-mean patterns. Moreover, most, if not all, multi-record studies to date report the range of
ozone estimates across datasets [2,16,29] rather than combining them, as attempted here. Com-
parisons of 2018-2022 mean TrOC from each satellite, reanalysis and ozonesonde dataset are pre-
sented in §59.1 in the supplementary material. Only satellite and reanalysis data that are coinci-
dent in space and time with the sonde data are used. Consistent with figure 1, TrOC tends to be
highest across the NH and lowest in the tropics for each measurement technique, with eastern
South America displaying higher TrOC than other locations across the tropics. The normalized
mean bias (NMB) of the satellite and reanalysis dataset relative to the ozonesonde data generally
falls within +20%. Most of OMI-MLS values fall within +10%, and likewise for IASI and TROPESS
except at the NH high latitudes where these instruments provide less data. The TCR-2 and CAM-
SRA reanalyses show positive NMB in all regions. Standard errors for the 2018-2022 NMB are
generally smaller than the corresponding NMB values, indicating limited dispersion of regional-
mean biases around their mean.

The 2018-2022 mean TrOC distribution bears the imprints of the main drivers of tropospheric
ozone levels (see reviews by, e.g. Monks et al. [63] and Archibald et al. [64]): photochemical pro-
duction over regions with, or downwind of, high precursor emissions (combustion, industry,
lightning, biomass burning, vegetation and soil) and conducive meteorological conditions (heat
extremes and solar radiation), horizontal transport between continents, convective transport be-
tween boundary layer and upper troposphere and exchanges between stratosphere and tropo-
sphere, as well as variations in tropospheric depth owing to orography and tropopause altitude.
Many of these processes exhibit clear seasonal variation (§5).

The global tropospheric ozone burden (90° S-90° N) is estimated at 336 + 6 Tg for 2018-2022,
which is virtually identical to the TOAR-I estimate 339 + 8 Tg for 2010-2014 that was based on just
two satellite records [16]. Similar values are also found for the near-global burden (60° S-60° N),
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Figure 2. Seasonal cycle of present-day TrOC (2018—2022, in DU) over nine regions (defined in the supplementary material,
table $2.1), for 13 satellite records (coloured) and the combined satellite estimate (black). Two methods to estimate uncertainty
are compared (supplementary material, §54.2.2): error propagation (red) and ensemble spread (blue). All individual seasonal
cycles are offset to their 2018—2022 annual mean for ease of comparison. The supplementary material includes a figure without
this offset (supplementary material, figure S6.5).

covered by more TOAR-I datasets: 297 + 6 Tg for 2018-2022 (this work, 12 satellite records) versus
301 + 8 Tg for 20102014 (TOAR-I, 5 satellite records). Our calculation of ozone burden and its
uncertainty is detailed in §54.1.2 in the supplementary material. Quoted intervals represent 68%
confidence (1o). Relative to TOAR-I, our estimates draw on a larger set of satellite records and
apply a more complete treatment of uncertainty, resulting in more robust and tighter constraints
on the global burden (1.9% versus 2.5%).

5. Present-day seasonal cycle (2018—2022)

About 12-13 satellite datasets out of 15 total (marked ‘S’ in the next-to-last column of table 1)
display reasonably good agreement in the time of maximum, the amplitude of the seasonal cycle
and their spatial structure (supplementary material, figures S6.1 and S6.2). This consistency moti-
vates the combination of satellite information (§3b; supplementary material, §54.2) to form near-
global maps of 20182022 mean TrOC at monthly resolution, improving on the seasonal resolution
achieved for TOAR-I (supplementary material, figures S6.3 and S6.4). This combined satellite sea-
sonal cycle forms the basis of our assessment.

Figure 2 shows the seasonal cycle of regionally aggregated TrOC (method in the supplemen-
tary material, §54.2.2) from all individual and the combined satellite records. In figure 2, each cycle
was offset to match the 20182022 annual mean of the combined satellite cycle, in order to focus
the comparison on the temporal structure rather than biases in the multi-annual mean level. By
contrast, figure S6.5 in the supplementary material was created without this offset. Overall, the
satellite records show excellent agreement on both the month of maximum TrOC and the seasonal
amplitude across regions, regardless of whether the seasonal cycle is relatively weak (e.g. northern
Africa) or strong (e.g. Middle East). For some regions, a subset of records is out of the conservative
uncertainty estimate (red in figure 2) in terms of amplitude, but without any systematic disagree-
ment for one record. The typical uncertainty on the combined estimate is 3-10%, increasing to as
much as 20% at the SH highest latitudes (supplementary material, figure S56.4).

Further corroborating the quality of the combined satellite estimate is its excellent agreement
with ozonesonde data in selected regions (supplementary material, figure 56.6). To reduce the
impact of sampling differences in this comparison, a combined spatially aggregated satellite cy-
cle was formed only using satellite data during months and in grid cells that contain sonde
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Figure 3. Month of maximum and amplitude (in DU) of seasonal cycle in present-day TrOC (2018—-2022), combining infor-
mation from 13 satellite records (figure 2). Only results between 70° S and 70° N are shown; outside this range the confidence
in seasonal cycle estimates is lower owing to incomplete sampling (UV sensors) or lower data quality (IR sensors) during polar
winter.

measurements. Figure 56.6 in the supplementary material shows that the temporal structure (cor-
relation coefficient >95%), time of maximum and amplitude (<10%) are in a good agreement, es-
pecially in regions with dense ozonesonde coverage (Europe, tropics and northern mid-latitudes).
NMB (2-7%, mostly positive) and the 1o dispersion (2-7%) in the sonde comparison remain be-
low the uncertainty of the combined and spatially aggregated product (6-9%). In comparison,
the agreement between sondes and individual satellite is much more variable with NMB mostly
falling within +20% (supplementary material, figure 59.2) and up to a factor of two of difference
for the amplitude (supplementary material, figure S9.3). This highlights the added value of the
combined seasonal estimate and provides high confidence in its ability to reproduce the ozone
seasonal cycle.

The combined satellite estimate shows a strong seasonal cycle for both hemispheres
(figure 2; supplementary material, figure 56.3). Figure 3 shows that TrOC reaches its maxi-
mum in July, predominantly across the NH mid-latitudes from North America to East Asia. The
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seasonal amplitude is largest within this latitude band, ranging from 15 to 30 DU. A broad summer
maximum is observed over the USA, Europe, People’s Republic of China and the Middle East, with
the Middle East exhibiting the highest TrOC values (figure 2). This broad summer maximum has
been consistently reported in previous studies, with suggested drivers including anthropogenic
precursor emissions and STE [63,65]. In contrast to the summertime maximum (May-July) identi-
fied in our TrOC analysis, surface measurements in southern China reveal a peak in October [66].
TASI-KOPRA 0-6 km column data also indicate a secondary maximum in autumn across much of
People’s Republic of China [67], which might explain the gradual reductions until October and
the seemingly small secondary peak in September in our seasonal plots for People’s Republic of
China.

The timing of the TrOC maximum exhibits a clear latitudinal dependence, occurring in June at
most of the NH (>30° N) and shifting to May and April towards tropical NH latitudes (<30° N)
across southeastern Asia, the Pacific, India and the Indian Ocean (figures 2 and 3). These features
may be related to the Asian Summer Monsoon, which transports cleaner air masses from the trop-
ical Pacific and Indian Ocean, leading to an earlier decrease in ozone over these regions [68-70].
In the NH high latitudes, the seasonal cycle is generally weak, with large uncertainties during the
winter months (supplementary material, figures 56.3 and 56.4). While no clear features emerge
in the mean present-day seasonal cycle, individual extreme events and corresponding seasonal
changes are evident in the satellite records (§7), such as poleward transport of wildfire smoke [71].

The combined monthly product provides a unique opportunity to explore the regional patterns
of ozone, which could not be resolved in TOAR-I. Focusing on the region extending from Europe
to East Asia (supplementary material, figure S6.7), we find that TrOC begins to increase in early
spring over East Asia, mainly in the NCP and in the IGP. TrOC reaches up to 60 DU in July over the
NCP and 57 DU in June and July in the northwestern IGP. The region of high TrOC levels extends
westward into Central Asia, the Middle East and the Eastern Mediterranean in June, reaching its
maximum in July with TrOC values ranging from 51 to 57 DU across a broad region spanning from
the Western Mediterranean to Central Asia. This extended maximum likely reflects a combination
of ozone production from local precursor emissions, transport from Europe to the Mediterranean,
large occurrence of STE events in the eastern Mediterranean region in summer and subsidence of
UTLS air masses, enriched in ozone, in particular in summer by upward advection and transport
of ozone-rich air masses from Asia by the Asian summer monsoon circulation [72-74]. Down-
ward transport is also linked to tropopause folds [75,76], with the Eastern Mediterranean and
Central Asia most sensitive to shallow folds [77]. TrOC progressively decreases to its minimum
in November-December in this Eurasian region and more generally in the NH (supplementary
material, figure S6.7).

Turning to the North Atlantic (supplementary material, figure S6.8), we find that, in the western
part, TrOC starts to increase in April (not shown) in the southeast of the USA. The region of high
TrOC levels extends then to Central USA and the east coast to reach maxima of about 50 DU at the
north of the east coast in July, after which the enhanced ozone is transported eastward over the
Atlantic [78,79]. In the eastern North Atlantic, an ozone plume is visible westward to the African
coasts southward of 32° N in April and moving northward between 30° N and 40° N in summer
months. Studies at the Izafia GAW observatory reported ozone maximum in spring-early summer
in the subtropical North Atlantic resulting from long range transport from North America, ozone
production during transport and STE processes, driven by deep lows and cut-off lows west of the
Iberian Peninsula [80,81]. The combined product shows then an ozone belt over the North Atlantic
with TrOC values ranging from 45 to 50 DU (supplementary material, figure S6.8).

In the SH, TrOC starts to increase markedly in September across the South Atlantic Ocean,
central/southern Africa and Amazonia, reaching a maximum in October with values exceeding
45 DU (supplementary material, figure S6.3; figure 2). The upper tropospheric ozone is strongly in-
fluenced by lightning NO, in this region (e.g. [62,82,83]) with the largest contribution over the At-
lantic during the December-January-February and March-April-May seasons [82]. The September-
October maximum identified here likely reflects the combined influence of lightning NO, , biomass
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Figure 4. Time series of relative deseasonalized TrOC anomalies (in %, red), combining 13 satellite records over three latitude
belts and four regional domains (defined in the supplementary material, table 52.1). The longer term evolution and interannual
variability are visualized by the median (grey line), the 16th—84th (dark grey) and 5th—95th (light grey) percentile ranges in 4-
year moving windows. Anomalies were offset to zero mean over 2015-2019 to highlight the impact of the COVID-19 pandemic
(§7). Figure S7.4 in the supplementary material shows anomalies with ENSO and QBO signals removed.

burning maximum which also coincide with a maximum in the stratosphere-to-troposphere trans-
port, e.g. [10,16,84]. In the SH mid-latitudes, the ozone maximum occurs in September (supple-
mentary material, figure 56.3), but with substantially smaller TrOC values (below 30 DU) than in
the NH.

6. Long-term ozone changes

Deseasonalized relative TrOC anomalies were computed for 13 satellite records (marked ‘C” in
the next-to-last column of table 1) using each record’s own 2018-2022 climatology, then combined
into four groups with quasi-independent observations (TROPESS, IASI, TOR and CCD). We find
very good agreement of the grouped anomalies from monthly to annual timescales, and good
agreement at longer timescales (supplementary material, figures S7.1 and S7.2). The most notable
discrepancies occur for the TOR group (more negative anomalies in the extratropics prior to 2014)
and for the tropical CCD record (larger variability). The four groups were subsequently combined
to form a final TrOC anomaly time series (full method described in the supplementary material,
§54.3). This combined record relies on monthly data by 13 satellite records, providing a substantial
advance beyond the single-satellite, annually averaged data employed in TOAR-I. More impor-
tantly, the consistency among current satellite records is markedly improved relative to the satel-
lite data evaluated in TOAR-I [16]. We first discuss the anomaly time series (§6a) and then derived
trends (§6b).

(a) Variability across timescales

Figure 4 displays deseasonalized TrOC anomalies (in %), offset to zero mean over 2015-2019, for
three broad latitude bands (tropics: 20° S-20° N; NH mid-latitudes: 30° N-60° N; SH mid-latitudes:
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30° 5-60°S) and four regional domains (additional regions are shown in the supplementary mate-
rial, figure S7.3). In line with previous studies [8,10,16,81,85], we observe pronounced interannual
variability superimposed on longer-term, location-dependent nonlinear changes (grey line). Less
than 2—4% of the observed variance in TrOC anomalies is attributed to ENSO or QBO, except over
the Pacific and South East Asia where ENSO is responsible for 10-50% of TrOC variability (sup-
plementary material, figures S7.11 and S7.4).

Characteristics of interannual TrOC variability differ between the tropics and the mid-latitudes,
although certain common patterns are evident. Across all regions, a 2-4% positive anomaly oc-
curred in 2010 (confined to the latter half of the year in the NH mid-latitudes), followed by a 6%
decline during late 2011 and early 2012 (figure 4). Furthermore, a highly consistent post-2020 de-
crease in TrOC is seen across all satellite groups (supplementary material, figure S7.1), with mean
reductions of up to 8% in the mid-latitudes and up to 4% in the tropics, linked to the COVID-19
pandemic (§7).

Among major polluted regions in the NH mid-latitudes, several common interannual fea-
tures are apparent. The low ozone levels in January 2006, with pronounced reductions over
Western Europe and East Asia, may partly reflect changes in transport patterns [86], although the
underlying mechanisms remain uncertain. A marked NH-wide increase in 2010 (figure 4; sup-
plementary material, figure S7.3) has been suggested to be partly linked to rising Chinese emis-
sions [87]; however, changes in transport and other factors may also have contributed. A sharp
decline in early 2012 is also consistently observed across the NH. Reduced downward transport
of ozone from the stratosphere may explain part of the post-2012 decreases in the mid-troposphere
and lower stratosphere [88], although further investigation is needed, and additional drivers, such
as changes in precursor emissions from both anthropogenic and natural sources, as well as regional
meteorological conditions, may have played important roles. The 20152016 period exhibits pro-
nounced regional-scale variability (supplementary material, figure S8.1b), likely associated with
the strong El Nifio event, but discrepancies among satellite products remain substantial. A modest
increase is apparent in 2019, followed by a decline of up to 7% during 2020-2022.

In People’s Republic of China, although precursor emissions such as NO, and CO declined,
surface ozone concentrations generally increased between 2013 and 2019, with both meteorolog-
ical variability and anthropogenic emissions contributing to the growth during the warmer sea-
sons [89,90]. The combined satellite time series suggest a similar increase in the free troposphere
of about 2% over the same period. By contrast, India experienced a continued ozone rise of about
5% from 2003 to 2018, likely driven by sustained growth in precursor emissions [62,91], while also
exhibiting larger seasonal variations associated with the Asian monsoon. Although both coun-
tries display a relatively steady long-term increase before 2020, the underlying drivers, includ-
ing changes in chemical regimes, meteorological variability and biomass burning, differ substan-
tially [92].

In the tropics, TrOC increased from 2003 to around 2012, with short-term negative anoma-
lies of up to 7% during the boreal spring 2004 and positive anomalies of about 5% during
January-February 2006. The substantial variability in 2006 was associated with an El Nifio
event [93], whereas the 2010 increase has been linked to a strong La Nifa [94]. From 2012 to early
2020, tropical-mean TrOC remained nearly constant, although pronounced regional-scale differ-
ences persisted. Large fluctuations were evident at smaller spatial scales. For example, in January
2012 (supplementary material, figure S8.1a), a typical La Nifa pattern appeared, with decreases
over the Maritime Continent and concurrent increases over the central-eastern Pacific [95]. The
2015 El Nifo coincided with one of the most extreme biomass burning events over the Maritime
Continent; we find increases of 25-40% in that region and 20-25% decreases over the tropical
central Pacific (supplementary material, figure S8.1b), yielding a relatively small tropical-mean
anomaly. In October 2019 (supplementary material, figure S8.1c), large-scale fires occurred in the
Amazon and Indonesia [96], while record-breaking rainfall in Africa, associated with one of the
most intense Indian Ocean Dipole events, likely suppressed ozone production [38,97]. By contrast,
ozone increased over the tropical Pacific, producing pronounced zonal contrasts across the tropics.
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ENSO modulates multiple drivers of ozone variability, including biomass burning and lightning-
produced NO, in the tropics, as well as stratospheric intrusions in the subtropics [98]. The relative
importance of these mechanisms appears to vary substantially across events. A reduction of up to
4.5% was observed in 2020-2021.

In the SH mid-latitudes, TrOC during 2005-2006 was approximately 4-7% higher than in
2021-2022. An exceptional anomaly occurred around early 2020. TrOC began to increase in
November 2019, and by January 2020, large positive anomalies exceeding 10% were observed,
with enhanced ozone across broad areas of the SH mid- and high latitudes (§7; supplementary ma-
terial, figure S8.2). This widespread rapid increase likely reflects the combined effects of multiple
processes. Ozone had already begun to increase in the months preceding the peak of the 20192020
Australian fires, possibly influenced by Indonesian fire activity. The December 2019-January 2020
enhancement may therefore include contributions from both Indonesian and Australian wildfire
emissions. Large-scale dynamical variability may also have contributed. In addition, SH winter
sudden stratospheric warming events, including the late 2019 event, can enhance UTLS ozone
through downward and equatorward transport of ozone-rich polar air [99,100]. Such dynami-
cal transport, together with photochemical ozone production from wildfire emissions, has been
shown to increase tropopause-level ozone by up to 30 ppb, with transport as the dominant con-
tributor [101]. This mechanism may explain a substantial fraction of the enhanced ozone over
broad regions of the SH mid- and high latitudes. The 7% decline in mid-latitude SH TrOC during
January-February 2021 may be related to enhanced stratospheric ozone depletion that developed
during the previous winter [102]. Substantial SH TrOC variability is also evident in early 2022 in
most products. Zonal-mean ozone already started to decrease several months before the January
2022 Hunga Tonga eruption, reflecting regional-scale anomalies over areas such as Southeast Asia,
the Pacific and the Amazon during the transition towards La Nifia conditions (supplementary ma-
terial, figure S8.4). While the Hunga Tonga eruption may have further influenced these variations
through changes in stratospheric ozone, circulation and radiation [103,104], the relative contribu-
tions of these processes, including the influence of La Nifia, remain uncertain and require further
investigation.

(b) Long-term changes and trends

Figure 5 shows global maps of 5°x 5° resolved tropospheric ozone trends since January 2005 esti-
mated from the combined satellite record for two end dates: December 2019 (top panel) and De-
cember 2022 (bottom panel), revealing distinct spatial patterns as well as a striking shift in trend
between both periods. Estimates in different units (supplementary material, figure 57.13) or de-
rived from zonal mean combined data (supplementary material, figure S7.15) can be found in the
supplementary material. Trends derived from records with differing temporal and spatial cover-
age are not necessarily directly comparable. With this caveat in mind, we note that TROPESS and
IASI trends are generally more consistent with the combined satellite record than those from the
other two groups. TOR-group trends are systematically more positive, while CCD trends are often
more negative, though more positive at some locations (supplementary material, figures S7.7 and
57.8). The standard deviation between the four groups is 1-1.5% per decade, closely matching the
trend uncertainty for the combined satellite record (supplementary material, figure S7.9) obtained
independently, from the regression residuals. As a result, we find high to very high confidence in
trend values larger than approximately 2-3% per decade. TOAR-II calibrated language is adopted
here to discuss confidence in non-zero trends (definitions in table 2 based on [53], with correspond-
ing maps in supplementary material, figure S7.10), and we quote 1o uncertainties unless specified
otherwise.

While near-global mean levels (60° S-60° N) have increased between 2005 and 2019 (+1.0 +
0.4% per decade, high confidence), an overall decline since 2005 is found when the record is
extended through 2022 (-0.6 + 0.5% per decade, low confidence). Trends shifted on average by
—1.5% per decade owing to the sustained drop in TrOC during 20202022, with changes of (at
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Figure 5. TrOC trend (in % per decade) between January 2005 and December 2019 (top) or January 2005 and December
2022 (bottom), inferred by multiple linear regression from deseasonalized anomaly time series combining 13 satellite records
(contours every 1% per decade). Results with very low to medium confidence are stippled (p > 0.05). Trend maps for each of
the four satellite groups can be found in §57.3 in the supplementary material.

Table 2. Fraction of 70° S—80° N surface area with negative (f < 0) or positive trends (8 > 0) for each period, classified
following TOAR-II calibrated confidence language [53]. Corresponding trend confidence maps can be found in figure S7.10 in
the supplementary material. About 4% of Earth’s surface is not included in this trend assessment.

trend signal-to-noise 2005-2019 2005-2022

confidence p-value ratio | b/ aﬂ|

very high p <0.01 SNR >3 0% 10% 7% 0%
h|gh001<p5005 ............... 2 SSNR<3 .................... 2% ................. 1 2% .............. 13% ............... 3% ............
med|um005<p5010 ............... 165SSNR<2 ............... 2%5% ................ 7% ................. 2% ............
|ow010<p5033 ............... 155NR<165 ............... 6% ................. 1 6% .............. 18% ............... 5 % ............
very|ow ............... p>0335NR<1 ............................. 18%28% .............. 25% ............... 13% ..........
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least) —2.5% per decade over India, southern and eastern China, Mongolia, Japan, the extratropi-
cal North Pacific and across the 40-60° S zonal belt (supplementary material, figure S7.12). Since
a linear trend fails to describe the observed evolution during 2005-2022 at many locations, this
period is not discussed in further detail, and results are shown merely to facilitate comparison
to recent studies that include the COVID-19 pandemic period [8,10,20,23,29,57,58]. We leave it to
future assessments, using longer combined time series, to determine whether tropospheric ozone
rebounds to pre-2020 levels (as reported by Ziemke et al. [38]) and whether its longer-term evolu-
tion resumes the 2005-2019 trajectory.

The largest positive 2005-2019 trends (figure 5, top), +2—4% per decade (very high confidence)
occurred over a vast region spanning Central Siberia to South Asia and the extratropical North
Pacific. Slightly slower increases, +2-3% per decade, are observed along the zonal belt from the
Middle East to the Caribbean, over northern Europe and western Canada (very high confidence)
and over Brazil and the extratropical South Pacific (high confidence). The central equatorial Pacific
and eastern South Pacific are the only regions where TrOC levels declined with high confidence
(—2-3% per decade). Negative trends around Greenland and the Canadian Arctic (up to —2% per
decade) have low confidence but are noteworthy since they are also noted in recent ground-based
studies [8,10]. In summary, for the period 2005-2019, we find (high confidence) increasing tropo-
spheric ozone levels over a fifth of the globe and decreases over a region roughly 10 times smaller
(table 2). Estimates with medium to very low confidence are positive over half of the globe and
negative over about 25%.

The combined satellite estimates presented here corroborate the main spatial patterns and the
sign of trends collectively observed by the TOAR-II community [2,8,10,20,23,29,38,56-58,62,105—-
108]. Verifying quantitative agreement is more cumbersome because of the shorter length of the
satellite records (generally 15-20 years) and because more than half of these studies end during the
COVID-19 period at various endpoints, hereby adding noise to the trend comparison. As stated
before, global mean tropospheric ozone levels have increased between 2005 and 2019. Zonal mean
trends (supplementary material, figure 57.15, left) are +1.5-2% per decade over a broad 10° N-
60° N zone (high confidence, equivalent to approx. 1 ppb per decade) and +0-1% per decade
elsewhere (low confidence, 0-0.5 ppb per decade). There is very high confidence in tropospheric
ozone increases over large parts of Asia (regional mean of about +3% per decade), while positive
regional trends over Europe and the USA have low confidence (about +1% per decade).

Previous studies based on in situ observations have shown that variability in anthropogenic
precursor emissions contributed to a broad increase in ozone across the NH during 1994-2016,
despite substantial reductions in NO, emissions at mid-latitudes [105,109-111]. By contrast,
increases in tropospheric ozone from the early 2000s to the mid-2010s over tropical and
subtropical regions appear to have been primarily driven by rising anthropogenic precursor emis-
sions, in combination with favourable photochemical conditions [10,111-113]. These increases
were particularly pronounced over East and South Asia, Southeast Asia, the Persian Gulf and
parts of the tropics. Recent results from the HEGIFTOM working group in TOAR-II [8,10] confirm
continued ozone growth across Asia and portions of the tropics, whereas North America and Eu-
rope exhibit weak positive trends or slight declines, reflecting the combined influences of emission
controls, climate variability and long-range transport.

7. Episodic events: COVID-19 pandemic and wildfires

The combined satellite anomaly data capture short-term changes in TrOC associated with episodic
events caused, for example, by large wildfires or drastic changes in human activities. During
the COVID-19 pandemic in 2020, unprecedented reductions in anthropogenic emissions led to
substantial decreases in tropospheric ozone. A sharp decline is seen across most satellite datasets
in 2020, with persistently low levels extending into 2021 and 2022 (supplementary material,
figure S8.3). In the combined data, the reduction is strongest in spring and early summer,
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Figure 6. Deseasonalized TrOC anomaly relative to 2018—2022 seasonal cycle from the combined satellite record during
January 2020 (top; Australian wildfires) and June 2020 (bottom; COVID-19 pandemic).

reaching —7% in 2020 and 2022 and —6% in 2021 in the NH extratropics (figure 4). Similar re-
ductions over the NH mid-latitudes in 2020 have been reported using individual satellite prod-
ucts [33,114], ozonesondes, lidars and commercial aircraft data [115,116], as well as chemical re-
analyses [117]. These studies generally attribute the observed decreases to reductions in precursor
emissions and anomalous downward transport from the stratosphere [38,117]. In the SH extratrop-
ics, ozone reductions reached —7% during late 2020 and the summer season, with a similar feature
observed again in late 2022. Spatial distributions (figure 6, bottom; supplementary material, fig-
ure S8.3) indicate widespread decreases across the NH mid- and high latitudes, accompanied by
strong variability from late 2021 to early 2022 when a recovery from the decline occurred. The
variability in the tropics also shows a slight negative tendency, consistent with ozonesonde re-
sults [57]. Near-global (60° 5-60° N) annual mean TrOC levels were approximately 3% smaller in
2021-2022 than during 2015-2019. A future extension of the combined satellite record may confirm
recent reports of a return to pre-pandemic levels in 2024 [38].

Another key short-term feature detected by the combined satellite data is the impact of wildfire
events. In January 2020 (figure 6, top), TrOC anomalies exceeded 20% over the Maritime Continent
and Australia, with enhancements extending into the SH subtropical Pacific along the westerly jet.
Moderate increases also extended to the SH high latitudes, although these were accompanied by
localized reductions of 5-10%. Analyses from IASI indicate that the Australia wildfires caused
drastic increases in several trace gases (CO, SO, and HCOOH), along with a slight increase in
ozone [118]. Other notable examples include the Indonesian fires in October 2015 (supplementary
material, figure 8.1, top right) and the Amazon fires in November 2019 (supplementary material,
figure S8.1, bottom left), during which TrOC increased by more than 20% over the Maritime Con-
tinent and by about 10% over the Amazon and the western South Atlantic, respectively. The 2015
Indonesian fires caused anomalously high CO concentrations [119], which, together with NOx and
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volatile organic compounds emissions from the fires, likely enhanced ozone production. The 2019
Amazon fires caused large air quality impacts [120], and previous studies have shown substantial
impacts of Amazon biomass burning on regional tropospheric ozone [121]. While the contribu-
tions of various processes, such as STE and ENSO, need to be carefully evaluated, these results
highlight the substantial potential impacts of wildfires on tropospheric ozone from regional to
hemispheric scales.

8. Conclusion

Satellite observations provide a unique and powerful capability for mapping and monitoring
changes in tropospheric ozone, with important implications for both air quality and climate [6].
Yet, measuring tropospheric ozone from space remains intrinsically challenging. The relatively
weak tropospheric signal must be distinguished from the overlying stratosphere. Multiple com-
plementary retrieval approaches have been developed, each with distinct sources of uncertain-
ties. Additional complications arise from differences in sampling strategies and vertical sensitivi-
ties among instruments, which can influence the representation of tropospheric ozone variability.
Analyses based on individual datasets are therefore more prone to bias, whereas multi-sensor and
multi-record approaches help mitigate such limitations. Nonetheless, substantial challenges per-
sist in resolving ozone variability at fine spatial scales and in producing robust assessments of its
long-term evolution.

Substantial progress has been achieved since the challenges listed above were highlighted in
the first TOAR assessment in 2018 [16]. The Earth observation community has greatly advanced
the number, length, resolution and quality of satellite-based tropospheric ozone datasets. In par-
allel, new data harmonization approaches have demonstrated their value in reducing the in-
fluence of differences in vertical sampling. Building on these advances, this second TOAR as-
sessment introduces robust methods to combine 15 harmonized satellite records and to more
comprehensively characterize their associated uncertainties. Overall, we find a markedly im-
proved agreement among satellite datasets compared to TOAR-], as well as good agreement with
ozonesonde and chemical reanalysis data, enabling stronger constraints for all considered ozone
metrics. This TOAR-II report evaluates the present-day mean state and seasonal cycle of TrOC
(January 2018-December 2022, surface to thermal tropopause), their evolution and trends between
2005 and 2019/2022 and selected episodic events. This present-day period was marked by unique
atmospheric conditions following the COVID-19 pandemic and several extreme wildfires that im-
pacted ozone compared to its long-term state.

We estimate the 2018-2022 mean global tropospheric ozone burden at 336.0 + 6.5 Tg, virtually
identical to the TOAR-I estimate for 2010-2014, but with reduced uncertainty and better coverage
of the polar regions. Combined satellite data furthermore provide a more finely resolved view
than was possible for TOAR-I on the seasonal cycle and regional patterns of ozone, including
maxima exceeding 40 DU across highly populated regions such as the IGP, the NCP and the eastern
Mediterranean-Middle East. Because column concentrations are influenced by the vertical extent
of the troposphere, analyses combining surface and vertical profile observations are required to
separate the contributions of near-surface ozone from those of ozone aloft. The enhanced temporal
(i.e. monthly) and spatial (i.e. 1°x 1°) resolution enables more confident assessment of both mean
states and variability.

The combined satellite anomaly time series reveal that tropospheric ozone changes are non-
linear, shaped by a combination of a slowly changing background, interannual variability (e.g.
ENSO) and episodic events. During 20052019, the strongest increases in tropospheric ozone
(>2-3% per decade) were found across a broad region extending from Siberia to the Bay of Bengal
and into the North Pacific, but also over western Canada, northern Europe, Brazil and the zonal
belt between the Middle East and the Caribbean. Meanwhile, declines are found in most regions
after 2020-2021, resulting in an overall net decrease in ozone across two-thirds of the globe with
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respect to 2005. The analysis also underscores the role of climate variability and dynamical pro-
cesses, including ENSO and STE, in modulating TrOC.

The combined satellite data also capture abrupt short-term changes associated with major per-
turbations. The COVID-19 pandemic led to several years of widespread decreases cumulating to
up to 7% in the extratropics, consistent across multiple observing systems. Extreme wildfire events,
such as the Indonesian and Australian fires in 2020 and large tropical biomass burning episodes in
2015 and 2019, also produced consistent increases of 10-20% at regional and hemispheric scales.
These results highlight the sensitivity of tropospheric ozone to both anthropogenic and natural
drivers. At the same time, the assessment underscores the importance of maintaining continued
observations in order to monitor potential future increases and evolving variability. Sustained and
coordinated satellite measurements, together with continued methodological improvements, re-
main essential for tracking and mapping changes in tropospheric ozone and for informing policy
decisions that support co-benefits for air quality and climate.

Data accessibility. The combined satellite tropospheric ozone data generated and analysed in this study are avail-
able at http:/ /doi.org/10.18758 /39zdhztg. The individual harmonized satellite records from which this com-
bined dataset was derived are available at [122].

Supplementary material is available online [123].
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