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Oceanic and polar regions are critical for global atmospheric processes, but an evaluation of
ozone distributions and trends in these regions has been missing. In this assessment, part of the
TOARC-II project, we report lower atmosphere ozone concentrations over open oceans and po-
lar regions: with data from ships, buoys, aircraft and ground sites from 1975 to 2023, this is the
most comprehensive dataset yet. Ozone trends were determined using Linear Mixed-effects
Modelling (LMM). In most regions, trends have been modest since the mid-1970s (<1 nmol
mol~! per decade), positive in the mid-latitudes and tropical regions (with medium-low cer-
tainty), negative in the North and Tropical Pacific (with low and high certainty, respectively),
increasing in Antarctica and decreasing in the Arctic. Seasonal effects often influence the long-
term trends in extra-tropical regions. Five global and one hemispheric models were used to
aid the interpretation of the sparse observations. The seasonal cycles are reasonably well re-
produced, although models disagree with each other and with the observations on the distribu-
tion of ozone, especially in the tropics and in the Arctic. Changes in methane, iodine, shipping
emissions, nitrogen oxides emissions, and terrestrial and marine volatile organic compound
are likely to be important drivers for ozone over the oceans, although specific attributions are
uncertain owing to insufficient data.
This article is part of the theme issue “Tropospheric Ozone Assessment Report II".

1. Introduction

Tropospheric ozone (O;) is a short-lived atmospheric pollutant and climate forcer, contributing
an estimated 0.47 W m~2 to the effective radiative forcing [1]. The tropospheric ozone burden is
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determined by the emission of precursors—nitrogen oxides (NO, ), carbon monoxide (CO), volatile
organic compounds (VOCs) and methane (CH,)—together with chemical losses, atmospheric
transport, surface deposition and stratosphere-troposphere exchange (STE) [2-4]. The IPCC AR6
[5] estimated that the global tropospheric ozone burden has increased by approximately 40% from
1850 to the early twenty-first century, a trend that is confirmed by estimates from the available
observations and model studies [4,6-8], although observations are biased towards the Northern
Hemisphere. Long-term ozone records highlight hemispheric contrasts and atmospheric transport
influences, and underscore the scarcity of available observations [9].

The oceans and the polar regions cover over 70% of the Earth’s surface; it is essential to un-
derstand ozone changes in these environments because of their role in intercontinental pollution
transport, their implications for climate and their impacts on air quality in coastal areas—where
much of the world population lives and which can be strongly affected by marine air masses [10].
According to historical ship-borne measurements, ozone trends over the oceans differ from those
over the continents [11] as oceanic and polar ozone is shaped by processes distinct from those
over the continents, particularly long-range transport and local emissions of precursors, such as
CH, and shipping NO, (NO, NO,). Net chemical loss of ozone is a key feature over the remote
oceans, driven by HO, (OH, HO,), bromine (Br) and iodine (I) radicals [12,13]. The Arctic and the
Antarctic are characterized by sources of reactive gases from the snowpack: halogens, in par-
ticular, can rapidly destroy ozone during the boreal spring [14], while NO, formed via pho-
tolysis of nitrate preserved in the surface snowpack can perturb ozone levels in the pristine
atmosphere, such as over the Antarctic plateau and its downwind areas [15-17]. Dry deposi-
tion of ozone is considered to be important on oceanic surfaces [18,19], but generally slow on
sea ice and polar ice caps; yet, it is not negligible for the variability of surface ozone at high
latitudes [20,21].

The Tropospheric Ozone Assessment Report (TOAR, http:/ /igacproject.org/activities/ TOAR)
is an International Global Atmospheric Chemistry-sponsored activity that aims to provide the
scientific community with up-to-date scientific assessments of tropospheric ozone [22]. TOAR-
I focused on ozone distribution and trends from the perspective of climate [8], health [23] and
ecosystems [24], but a complete assessment of our understanding of ozone over the open oceans
and the polar regions has been missing. Despite their importance, these regions remain much
less studied than the continents. In part, this is owing to practical issues: taking measurements—
especially long-term measurements—in remote environments is logistically and technically chal-
lenging, leading to sparse and geographically uneven observations.

In this assessment, we aim to fill this knowledge gap using the most comprehensive dataset of
observations of ozone from ships, buoys, aircraft and ozonesondes assembled to date [25], to com-
plement the TOAR-II database and gain a better insight on the geographical distribution, temporal
variability (seasonality, interannual and long-term trends) and net chemical tendencies of ozone
over oceanic and polar regions.

2. 0zone observations and modelling

(a) Observational data coverage

The dataset used in this assessment consists of ozone observations from mobile platforms—ships,
buoys, aircraft and ozonesondes—and from selected ground-based observatories in coastal areas,
the Arctic and the Antarctic. The ground sites, chosen for their geographical location and represen-
tativeness of oceanic and polar regions, were taken from the TOAR-II database [Worden et al., this
issue]. This is the largest dataset of oceanic and polar ozone observations from mobile platforms
ever compiled and consists of over 600 000 individual data points, covering the period 1975-2023
(supplementary material, tables S1 and S2). For a detailed description of the dataset, how it was
assembled and processed, see [25]; additional information specifically related to ozonesondes can
be found in [26].
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Figure 1. 0zone measurements from mobile platforms in the oceanic and polar regions between 1975 and 2023. Also shown
are the locations of the ozonesondes launch sites, including the track of the Shoyomaru ozonesonde launchpad, and selected
ground observatories (coastal and polar) from the TOAR-II database. The upper limit of the colour bar is capped at 60 nmol
mol~": all values exceeding the cap are displayed in the same colour.

For this assessment, the ozone data were filtered by two additional criteria: (i) minimal conti-
nental contact in the last 72 hours, as determined using chemical tracers and trajectories [25] and
(ii) altitude below 2 km above sea level—except for the polar ground sites known to be inside the
boundary layer, which were included regardless of altitude. The resulting dataset was divided into
nine open ocean and two polar regions (figure 1; supplementary material, table S3). Region R6,
which covers the Eastern Mediterranean, Black and Caspian Seas, was excluded from the analysis
because it is too heavily influenced by the surrounding land masses.

Data coverage in the oceanic and polar regions is typically sporadic because, with the excep-
tion of the few ground observatories and ozonesonde launch sites, most of the data in these re-
gions come from field campaigns on mobile platforms, which are limited in both time and space.
Moreover, many regions have limited or no data prior to the 1990s ( [25]; see also supplementary
material, figures S5-57). Generally, there are more data in the Northern Hemisphere (R1, R7), fol-
lowed by the tropical Atlantic and Pacific (R2, R8); in the Southern Hemisphere, only the South
Atlantic region (R9) is extensively sampled (supplementary material, table S2). Other TOAR-II
studies (e.g. [27,28]) have noted there are more observations from the North and tropical Atlantic,
while the tropical Pacific and the Southern Hemisphere oceans are undersampled. Limited and
uneven data coverage poses a fundamental challenge in identifying patterns and trends in the
distribution of ozone over the open oceans and polar regions.

(b) Models

Global chemistry-climate and chemistry-transport models are useful to supplement sparse obser-
vations and investigate the ozone variability across the undersampled oceanic and polar regions.
Five global models were used in this assessment: CHASER [13], CAM-Chem [29,30], UKESM
[31,32], EMAC [33], GISS-E2.1 [34,35]. In addition one hemispheric model—DEHM [36,37]—was
used. Each model simulates tropospheric ozone using different treatments of chemistry, emis-
sions and transport. In particular, halogens (Cl, Br and I), which are increasingly recognized as
key controls on ozone over remote marine regions [38,39], are treated differently in each model.
For instance, full halogen chemistry is included only in CHASER and CAM-Chem, while DEHM
only includes a blowing-snow Br source. Details on the global models used in this assessment can
be found in the supplementary material.
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3. Geographical distribution and seasonality

Ground-level observations from ships, buoys, coastal and polar observatories compared to the
multi-model mean (MMM) of seasonal surface ozone distributions are shown in figure 2; the
measured and modelled mean annual cycles for each region are shown in figure S1 in the supple-
mentary material, and the mean latitudinal transects in figure S2 in the supplementary material.
Despite sparse observations, the MMM broadly captures the latitudinal and seasonal distribu-
tion of surface ozone reasonably well, with a strong gradient between the Northern and Southern
Hemispheres (figure 2). In some regions, such as the Indian Ocean where no observations are
available between March and September, the seasonal cycle is incomplete; Elshorbany et al. [40]
also highlighted that the absence of consistent measurements in the Indian Ocean limits our ability
to assess ozone trends in this region with confidence. There are considerable differences between
the six models, as shown by the large spread in their results (figure 2, bottom). In tropical regions
and during springtime, models disagree more (up to 60%), possibly owing to different positions
of the intertropical convergence zone (ITCZ) and the chemical equator [41] related to the difficulty
for models to adequately capture atmospheric dynamics. Large differences between the models
are also found in the Arctic during the Northern winter (December—January-February, DJF), when
uncertainties in the model representations of dry deposition, vertical mixing or halogen chemistry
contribute to the large model spread [20,42].

Seasonal variations in tropospheric ozone are most pronounced at mid-latitudes. In the North-
ern Hemisphere, ozone over the Pacific and Atlantic oceans shows clear cycles with pronounced
spring maxima (March-April-May, MAM) and summer minima (June-July—August, JJA). The
spring maximum reflects enhanced transport of continental air masses by active mid-latitude
storms, combined with a longer chemical lifetime under cooler and moderately sunny conditions.
Conversely, the summer minimum arises from faster ozone destruction owing to higher temper-
atures and more intense sunlight, as well as the influence of subtropical high-pressure systems
limiting long-range transport. In the Southern Hemisphere, both the Pacific and Atlantic oceans
display similar cycles, with the highest concentrations in August (Southern winter)—reflecting
slower ozone destruction under cooler, less sunny conditions—and the lowest in December—
January (Southern summer). The MMM can reproduce these seasonal patterns, though with a
slight delay in the spring maximum and weaker amplitude. All models show a positive bias in
the Northern Hemisphere (0-5 nmol mol~!) and a negative bias in the Southern Hemisphere (6-9
nmol mol™!). Under-represented sources of NO, via nitrate photolysis from aerosols [43,44] and
polar ice caps [17] potentially play a role, especially over Southern oceans where conditions are
consistently NO, -limited.

In the tropics, ozone concentrations are lower than in the mid-latitudes (supplementary mate-
rial, figure S2), and the seasonal variability is weaker. Elevated ozone from the winter hemisphere
extends seasonally, and the ozone minimum shifts either side of the equator. The models generally
fail to reproduce the seasonal patterns in tropical regions, especially during winter in the tropical
Pacific and during summer in the tropical Atlantic (figure 2). There is not a consistent annual cycle
in ozone across tropical regions or at most individual sites, but a quasi-annual cycle is apparent in
the regional averages and at most individual sites (supplementary material, figure S1). It is likely
that this effect is owing, at least in part, to interannual variability in the position of the chemical
equator [41].

In the polar regions, the seasonal patterns are very different between hemispheres. Neither the
MMM nor the individual models (supplementary material, figure S2) reproduce the observed po-
lar seasonal cycles. In particular, the Arctic spring minimum is not captured by any of the models:
the discrepancy can be linked to ozone depletion events (ODEs), which are frequent in the Arc-
tic during springtime and drive the near-surface ozone minimum in contrast to the springtime
maximum at lower latitudes [45-47]. ODEs arise primarily from catalytic destruction of ozone by
reactive Br released from snowpack [48,49] and blowing snow [50,51] over sea ice, initiated by pho-
tochemical reactions within/on snow particles and propagated through heterogeneous reactions
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Figure 2. Seasonal surface ozone in oceanic and polar regions: measured mean concentrations from ships, buoys and ground
sites (top), MMM (middle) and multi-model spread (interquartile range, bottom). The upper limits of the colour bar are capped
at 60 nmol mol~" and 80% spread: all values exceeding the caps are displayed in the same colour. The seasonal cycles and
[atitudinal transects, measured and calculated by each model, are shown in the supplementary material (figures 52 and S3).

on aerosol surfaces [52-55]. Recent studies [46,47] have demonstrated that models need to incor-
porate a process representation of halogen emissions from the snowpack to be able to reproduce
the observed spring ozone minimum in the Arctic (supplementary material, figure S3).

4, 0zone trends

(a) Calculation of ozone trends

The data used in this assessment have been collected from multiple platforms, instruments and
locations over five decades [25]. Therefore, the calculation of regional ozone trends has to ex-
plicitly account for the unavoidable discrepancies between different records—e.g. resulting from
instrumental sensitivity and/or spatio-temporal discontinuity. For this reason, the methodology
used in the other TOAR-II assessments and described in [56] is not applicable here; instead, we
used a Linear Mixed-effects Modelling (LMM) approach, which takes into account potential offsets
and trend variability between different records [57,58]. The LMM method and trend calculation
are described in detail in the supplementary material, and the results are shown in table 1 and
figures 3 and 4. In the following discussion, we refer to the TOAR-II statistical guidelines [56],
which use the p-value of the LMM fit as a metric of its reliability—consistent with the treatment
of uncertainties in the IPCC reports [59]: very high certainty (<0.01), high certainty (0.01-0.05),
medium certainty (0.05-0.1), low certainty (0.1-0.33) and very low certainty or no evidence (>0.33).

We calculated the trends using monthly ozone means (figure 4) and included site-specific and
seasonal terms (figure 3; supplementary material, figure S10); since the LMM methodology works
best when all data sources have a sufficient number of points, we included only records with at
least 60 months of data coverage—after the chemical tracers, trajectory and altitude filters were
applied, as described above. As noted by Cooper et al. [60], the rate of change of ozone is not
necessarily constant within the whole trend period; therefore, we also calculated the trends
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Table 1. 0zone trends (nmol mol ™" per decade), uncertainties (2-o) and p-values calculated with the LMM method using data
filtered (‘60mo’) and not filtered (‘All') by the 60-month criterion. The trends are calculated from the start of each dataset and
from 1990, 1995 and 2000. The blue and red backgrounds indicate positive and negative trends, respectively, while the shading
indicates the level of certainty (very high, high, medium and low).

Region Data start-2023 1990-2023 1995-2023 2000-2023
Trend + 2-0 4 Trend + 2-0 4 Trend + 2-0 4 Trend + 2-0 p
North Pacific 60mo — — —1.07 +1.48 0.15 -1.05+1.49 0.16 -1.01+1.53 0.19
(R1) All —0.64 +1.10 024 —0.41 +1.07 045 —0.47 +1.08 0.38 —0.48 +1.12
Tropical Pacific 60mo -0.09 +£0.34 0.59 —0.08 +0.50 0.76 —0.06 +0.63 0.85
(R2) All —0.15+0.98 0.75 —0.04 +1.02 —0.01 + 1.06 —0.58 +1.11
South Pacific 60mo +0.13 +0.32 0.42 +0.53 +0.61 +0.27 +0.33
(R3) All +0.23 +0.23 0.04 +0.30 +0.32
South Indian 60mo - -
(R5) All - -
North Atlantic 60mo +0.19 +0.82 0.64 +0.17 £ 0.84 —0.41+1.21 —0.67 +1.28
(R7) All +0.75 +0.79 0.06 +0.64 +0.83 0.12 —0.43 +0.88 0.32 —0.65 +0.97 0.18
Tropical Atlantic 60mo +0.51 + 0.68 0.14 +0.50 + 0.80 0.21 +0.59 +0.81 0.15 +0.63 +0.89 0.15
All +1.01+£0.77 0.01 +0.85+0.85 0.04 +0.68 +0.97 0.16 +0.68 +1.03 0.19
South Atlantic 60mo — - +0.09 +0.43 0.67 +0.05 +0.43 0.83 +0.32 +0.47 0.17
(R9) All +0.08 +0.51 0.76 —0.37 +0.43 0.09 +0.20 +0.59 0.50
Arctic 60mo +0.05+0.37 0.77 +0.06 + 0.40 0.75 —0.29 +0.43 0.18
(R10) All +0.06 + 0.36 0.73 +0.00 +0.35 0.99
Antarctic 60mo +0.24 +0.27 0.08
(R11) All +0.64 +0.52 0.01 +0.36 +0.34 0.03 +0.19 +0.32 0.25
level of ) ] ) S S—
certainty very low low medium high very high

starting from 1990, 1995 and 2000 to understand when they may have changed in magnitude or
certainty (table 1; supplementary material, figure S4). The differences in calculated trends with dif-
ferent starting years can be large and in some instances (e.g. Antarctic) exceed 2-o, reflecting the
fact that the underlying change in ozone is highly variable and dynamic. The deseasonalized and
site-corrected averages (figure 4; supplementary material, figures S4 and S5) give some indication
of the underlying trend, as discussed further below.

The 60-month criterion is deemed sufficient for the reliability of the seasonal means of a given
record, and hence determines more accurately the potential site offsets [58]; however, it excludes
some data—at most approximately 25% and typically <10% of the total dataset—mostly from
mobile platforms (supplementary material, table S2). The ozone trends in figure 4 are there-
fore weighted towards observations from ozonesondes and ground sites (supplementary ma-
terial, table S1). Ozone trends calculated without the 60-month criterion (supplementary mate-
rial, figure S3) are generally greater in magnitude—more than 1-¢ difference but less than 2-¢
(table 1)—and in certainty, although they agree in some regions such as the Antarctic and the trop-
ical Atlantic. We attribute this effect to potential representativeness and specification biases, possi-
bly leading to false attribution of divergent trends to site-specific effects (see below). Nonetheless,
the additional sources greatly extend spatial coverage within regions, and we cannot exclude the
possibility that these trends are more representative.

We conducted bootstrap runs of the LMM analysis to calculate the trends at the individual mea-
surement sites selected via the 60-month criterion (supplementary material, table S1), assess the
site-specific effects and determine how representative they are of their respective regions (sup-
plementary material, table S4) . Offsets between sites are as large as 29 + 6 nmol mol~! (Arctic,
figure 3), and between seasonal cycles up to 22 nmol mol~! peak-to-peak (North Pacific; sup-
plementary material, figure S9), much greater than the fitted trends 1.07 + 0.74 nmol mol~! per
decade. The LMM therefore consistently accounts for the offset between sites, but in regions like
the tropics, where intra-annual variability is not well captured by a consistent seasonal cycle, it has
limitations. The fitted peak-to-peak seasonal cycle (3.6 and 2.5 nmol mol™! in the tropical Pacific
and Atlantic, respectively) is less than the mean seasonal peak-to-peak difference (5.3 and 4.9 nmol
mol~!, respectively); inspection of the data reveals a quasi-annual range >10 nmol mol~! appear-
ing inconsistently across calendar months (figure 4). In these regions and in the South Pacific, the
trends fitted by the LMM for individual sites are much smaller than the corresponding regional
trend, limited by insufficient constraint on intra-annual variability (figure 3). In regions where the
seasonal cycles are consistent and well fitted (e.g. North Pacific; supplementary material, figure
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Figure 3. Near-surface ozone trends calculated at individual sites with the LMM method. Data are filtered by the 60-month
criterion, and trends are calculated from the beginning of the dataset at each site. The site codes are listed in the supplementary
material (table S3).

59) and numerous sites with extended coverage are available, the LMM fits site-specific trends in
addition to offsets.

The limited ability to fit site-specific trends manifests as a covariance between the trends fitted
for sites within a region, while the covariance between site-specific trends and the regional trend
is weak. Subtracting the difference between the site-specific trend line and the regional trend line
(figure 3) and the seasonal cycle (supplementary material, figure S10) from each monthly mean
gives the ‘corrected’ mean shown in figure 4, which roughly corresponds to the data the trend is fit-
ted to, after removing larger sources of variance, and is mathematically equivalent to the monthly
LMM residual about the regional trend line. This procedure gives some indication of underlying
nonlinear trends in the data—e.g. a shift in the North Atlantic in the late 1990s—although the
possibility remains of individual sites creating apparent trends, such as Barrow in the Arctic (see
below).

(b) Regional ozone trends
(i) Polarregions

The Antarctic shows increasing ozone levels by +0.43 + 0.11 nmol mol~! per decade between 1975
and 2023 with very high certainty (p <0.01). Figure 4 shows decreasing ozone levels in the 1980s,
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followed by a trend reversal in the early 1990s. While the earliest data are from one site only (South
Pole, SP-G in figure 3), the apparent trend continues as data become available at McMurdo (MM-
S from 1986) and Marambio (MA-S from 1988). Considering only the more abundant and better
distributed data after 1990, a slightly higher trend of +0.58 + 0.29 nmol mol~! per decade can be
considered, with very high certainty, more representative of the overall Antarctic region. Kumar
etal. [61] found a positive ozone trend about a factor of 2 higher (approx. 1 nmol mol~! per decade),
which may reflect the time period on which their analysis is focused. Most of their data are from
the late 1990s and early 2000: our analysis (figure 4, table 1) suggests that the increase in Antarctic
ozone was indeed weaker after 2000 with a reduced positive trend of +0.24 + 0.27 nmol mol~! per
decade (with medium certainty).

Ozone in the Arctic shows higher variability between sites than the Antarctic (figure 3); the
almost flat trend (+0.05 + 0.24 nmol mol~! per decade) calculated from the beginning of measure-
ments at Barrow in the late 1970s is consistent with the findings by Helmig et al. [20] but has very
low certainty and cannot be considered representative of the whole region. By contrast, the down-
ward trend since 2000 (—0.58 + 0.54 nmol mol~! per decade) is highly certain and coincides with
an equivalent decrease in the North Atlantic, as discussed below. These results are consistent with
other studies [26,40,60] which noted general decreases in Arctic tropospheric ozone in the last two
decades (see also supplementary material, table S4).

(i) Mid-latitudes

The mean trend over the North Atlantic is positive, reversing to a negative trend after the late
1990s, likely connected to a similar negative trend observed in the Arctic (table 1). Although
these trends have very low certainty—largely because different sites show contrasting behaviours
(figure 3; supplementary material, table S4)—they are broadly consistent with Gulev et al. [62],
who suggested with medium certainty that the ozone trend in the Northern Hemisphere (includ-
ing over continents) has increased by 30-70% since the mid-twentieth century, but also noted the
levelling off and reversal in surface ozone over North America and Europe between 1970 and
2010, mostly owing to decreasing anthropogenic emissions of NO, and reactive carbon from the
Northern mid /high latitude regions [63]. By contrast, the North Pacific shows consistent negative
trends of about —1 nmol mol™! per decade, despite increased emissions of ozone precursors in
East Asia during the period [64], but only with low certainty (p > 0.1).

Ozone trends over Southern mid-latitude oceans are generally positive, with the greatest cer-
tainty in the South Pacific, where the trend is +0.53 + 0.61 nmol mol~! per decade since 1990 and
+0.27 + 0.33 nmol mol~! per decade since 2000 (with medium certainty). Inclusion of additional
data sources in this region has minimal effect on the calculated values, but the trends have higher
certainty (table 1). Conversely, the ozone trend in the South Atlantic is near zero when taking into
account the whole time series and becomes positive after 2000, albeit with low certainty. Ozone
in the South Indian Ocean shows an increase of +2.06 + 0.36 nmol mol~! per decade since 1995,
which becomes +1.68 + 0.34 nmol mol~! per decade if short term data from mobile platforms are
included (table 1). Although these trends have very high certainty (p < 0.01), they cannot be con-
sidered representative of the whole region: ozonesondes launches from Reunion are the only long-
term source of data in the South Indian Ocean [65], and the observed increases have been linked
to changing circulation patterns over Southern Africa and Reunion [66].

(iii) Tropics

Ozone trends in the tropics can only be determined with low and very low certainty (p > 0.1),
although trends at individual sites are consistent with the regional mean (figure 3; supplemen-
tary material, table S4). In the tropical Atlantic, we observe a positive trend of +0.51 + 0.68 nmol
mol~! per decade, which becomes +1.01 + 0.77 nmol mol~! per decade if all datasets are taken into
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Figure 4. Monthly mean near-surface ozone, with and without adjustments for fitted seasonal (supplementary material, fig-
ure $10) and site-specific (figure 3) effects and trends calculated with the LMM method. Data are filtered by the 60-month
criterion and trends are calculated from the beginning of the dataset in each region. The trends calculated with data not
filtered by the 60-month criterion and starting from different years are shown in the supplementary material (figures S4
and S5).

account (table 1), broadly consistent with those by Thompson et al. [65], who only used ozonesonde
observations. As mentioned above, unattributed intra-annual variance likely limits the certainty
of fitted trends in the tropics. The sharp ozone gradient of the chemical equator is a major contrib-
utor to this variance as its location and seasonality vary between years, and it can cause ozone to
vary by >100% of the lower values in the tropics (figure 2; supplementary material, figure S2).

Over the tropical Pacific, ozone trends are slightly negative but essentially flat, with very low
certainty, even when the 60-month criterion is not applied and all datasets are used (table 1).
Cooper et al. [60] reported a weak positive trend of 0.2 nmol mol~! per decade with medium
certainty, which they concluded to be strongly impacted by increases after 2005. The inclusion
of ozonesonde data in our analysis suggests that the coastal measurements at American Samoa
[26,65] are an outlier among the long-term datasets, as the overall regional trend since 2000 is
instead negative (—0.56 + 0.50 nmol mol~! per decade), with high certainty. The picture over the
tropical Pacific is however complex: both satellite observations [8] [Hubert ef al., this issue] and
in situ observation [67] report positive trends over the Western tropical Pacific, and negative or
flat trends over the Eastern tropical Pacific, which suggest that the Pacific region as a whole is not
uniform.
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Figure 5. Seasonal ozone trends calculated with the LMM method. Data are filtered by the 60-month criterion; the vertical

bars are the 2-o uncertainties of the calculated trends. Only the regions with sufficient spatio-temporal coverage are shown.
The trends calculated starting from different years are shown in the supplementary material (figure S9).

(c) Seasonality of ozone trends

The ozone trends in figure 4 and table 1 are calculated using deseasonalized data, as explained
above. In this section, we examine how ozone trends are affected by seasonal patterns. The data
were aggregated by season in each region, and the trends were recalculated using the same LMM
methodology described above. The results are shown in figure 5 for the whole dataset, compared
to overall annual trends, and in figure S9 in the supplementary material for different starting years.
In most regions, seasonal trends have larger uncertainties, reflecting less input data, but are not
significantly different from the annual trends. However, in some regions, it is apparent that the an-
nual trend is largely driven by a single season, while in others, it emerges from opposing seasonal
patterns.

(i) Polar regions

In the Antarctic, we observe a consistent seasonal trend of increasing ozone during the South-
ern winter (JJA), while changes during the Southern summer (DJF) are almost zero (figure 5).
Unique among regions, the Antarctic seasonal trends are systematically lower than the overall
trend, driven in part by atypical seasonality at the South Pole. In broad terms, the Arctic mirrors
the Antarctic, with increases in the annual ozone maximum during the Northern winter being sig-
nificantly positive and greater than the annual average trend (figure 5). Increases in Arctic winter
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ozone have been previously inferred to reflect decreased titration by anthropogenic NO, emis-
sions from the Northern Hemisphere temperate zone [68]. The strong seasonal trend during the
Arctic spring (MAM), which is especially apparent after 2000 (supplementary material, figure S9),
is at least partly connected to the occurrence of ODEs. While the precise timing of ODEs varies by
location, both global models and empirical observations indicate that they are related to salinity
transfer on young sea ice and particular meteorological conditions, as well as to oceanic halogen
emissions [47,69-72].

On a regional scale, our analysis cannot distinguish between changes in frequency, extent or in-
tensity of ODEs, although available evidence suggests that at least the frequency and extent have
increased in recent years and are related to atmospheric transport from the mid-latitudes [68].
Similar ODEs are observed over the Antarctic, including at regional scale [73], but our analysis
does not indicate that they drive the overall negative trends in the region. Gong et al. [47] found
that Northern boreal fires lead to an enhancement in Arctic ozone during the Northern summer,
but more in the free troposphere than at the surface level: indeed, we observe muted trends in
summertime surface ozone (figure 5), consistent with this being more of a free tropospheric phe-
nomenon.

(i) Mid-latitudes

Seasonal trends in the mid-latitudes show the same increases in wintertime ozone as the adjacent
polar regions over the Atlantic but not over the Pacific (figure 5). Positive trends in the North
Atlantic wintertime (DJF) ozone likely reflect reduced NO, emissions in both North America and
Europe [74,75], but no such increase in winter ozone is found over the Pacific, despite similar NO,
trends occurring in East Asia [76]. The reason for this difference between the two oceanic basins
is unclear, although also apparent by satellite analysis [Hubert et al., this issue].

There is a clear negative trend in North Pacific ozone during the Northern spring (MAM),
which is also observed over the North Atlantic (figure 5; supplementary material, figure S9), and
corresponds to the annual ozone maximum (supplementary material, figure S1). This may be re-
lated to changes in emissions from East Asia [77] and/or STE [Keeble et al., this issue]. Seasonal
trends being largest in magnitude across the Pacific (including the tropics) in MAM, but having
opposing directions, might plausibly reflect a systemic shift in the chemical equator and be tied
to the El Nino-Southern Oscillation (ENSO).

The seasonal cycle of ozone in the South Atlantic does not mirror that of temperate Northern
latitudes, peaking instead in the Southern winter (figure 2; supplementary material, figure 510).
The largest changes are seen over longer periods of time and are more apparent when using earlier
data. Simulating the seasonal cycle at Cape Grim (South Pacific) has shown that increases in VOC
ozone precursors, particularly CH,, can increase the magnitude of the ozone seasonal cycle espe-
cially in summertime [78]. Similar changes in CH, levels over the South Atlantic and Antarctic
might explain increased wintertime ozone.

(iii) Tropics

The ozone trends in different seasons in the tropics show different behaviour over the Atlantic
and Pacific. The most positive trends are observed over the tropical Atlantic in JJA, and over the
tropical Pacific in DJF. As noted above, tropical ozone over both basins does not show strong
seasonality despite rapid changes at individual sites occurring with variable timing from year to
year—at least partly related to the position of the chemical equator and, therefore, of the ITCZ
(supplementary material, figure S2).

Over the Pacific, the fitted trends are small but potentially consistent across hemispheres with
a long-term shift in the chemical equator. However, the latitudinal and seasonal distribution of the
observations in the Pacific and Atlantic is not consistent (figure 1), which may imply a sampling
bias in our data, so care must be taken not to over-interpret these divergent trends.
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(d) Comparison with other trends

The trends shown in figure 1 and figure S4 in the supplementary material include only data below
2 km; absent active convection, this includes the whole marine boundary layer—typically between
a few hundred metres to just over 1 km—and we have previously noted the agreement between
co-located surface and sonde measurements [25,47]. However, such agreement holds less well for
all low altitude observations, and prior work has highlighted that trends can be quite different at
different altitudes both at individual sites and regionally [61,79]. Even using only ozonesondes
data from Ascension, the trend between 300 and 700 mbar and the trend below 2 km disagree in
sign [26]. Likewise, surface and ozonesonde measurements at American Samoa show inconsistent
trends with opposite signs (supplementary material, table S4).

Studies using only ship-borne data in the Atlantic from 1977 to 2002 [80] found ozone trends
more than a factor of 2 higher than those calculated from contemporary ground sites and in our
analysis. We similarly find that the magnitude of trends is greater when including shorter datasets
and measurements far from coastal sites and ozonesonde launch locations (table 1). It is possible
that ozone over the open ocean behaves differently than at even remote coastal locations, but we
lack high quality continuous measurements from the remote ocean to determine this definitively.

Similar to our findings (figure 4), ozonesonde measurements from tropical launch sites indi-
cate weak positive increases in the periods 1998-2019 [81] and 1998-2023 [65], but at several lo-
cations, ozone increases are lower, possibly owing to undiagnosed COVID impacts. Comparing
our bootstrap LMM analysis for 2000-2022 (supplementary material, table 54) with the Quan-
tile Regression analysis of ozonesondes data at low altitudes [26], we find that most sites agree
within the respective uncertainties, showing decreases in ozone at Northern mid-latitudes and
more muted trends, varying in sign between the Atlantic and Pacific in the tropics and the South-
ern mid-latitudes.

5. Discussion

The distribution of ozone in oceanic and polar regions, and its trends over recent decades, is linked
to complex changes in its sources and sinks, its precursors and their transport. While global models
can help disentangle some of these processes, a definitive attribution of the observed concentra-
tions and trends to specific processes is beyond the scope of this assessment, not least because
of the differences between the models, and between the models and the observations (figure 2).
In this section, we outline the state of knowledge and examine potential factors impacting the
observed trends.

We used simulations from four global models—CHASER, CAM-Chem, EMAC and GISS-
E2.1—to investigate long-term changes of the ozone budget over coastal and open ocean regions
through analysis of the Net Chemical Change (NCC = production—loss). The NCC was calculated
for the period 19802018 and averaged across the oceanic and polar regions (supplementary mate-
rial, table S5). Analysis of the NCC trends reveals both robust signals and substantial inter-model
variability, which is used to supplement our review of the key processes that are affecting ozone
trends in these regions.

(@) Sources and sinks

The growth of CH, levels since the 1980s, largely driven by anthropogenic activity, is widely as-
sumed to be responsible for recent global ozone increases [82-84], and increased NCC in most
regions since the 1980s is attributed primarily to this factor. The largest increase in NCC is over
the tropical oceans where models agree on the dominant role of CH,. Observational constraints
and large discrepancies between models (figure 2), however, limit our ability to discuss the
relative impact of various ozone sources and sinks with confidence. As mentioned above, the
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tropics show the largest inter-model spread, with some models indicating strong positive trends
(e.g. GISS-E2.1 in the Indian Ocean and Tropical Atlantic), while others simulate flat or negative
NCC trends (supplementary material, table S5). These discrepancies reflect differing treatments
of physico-chemical processes across models. In the Southern Hemisphere, mid-latitude oceans
exhibit small NCC values and weak trends, consistent with low chemical activity and precursor
availability. Stable oxygen isotope analysis suggests the chemical drivers of ozone differ signifi-
cantly between the hemispheres transitioning across the tropics [85], which is qualitatively con-
sistent with our NCC analysis.

Shipping is an important in situ source of NO, strongly influencing marine ozone [86,87]. Re-
cent global modelling studies have attributed 3-6 nmol mol~! of ozone to NO, emissions from
shipping [63,88], and 6-12 nmol mol~! ozone in the Northern mid-latitudes. Ship emissions of NO,
have increased until approximately 2018 [89], and emission inventories indicate declining over-
all emissions owing to policy control measures implemented since. Nalam et al. [63] attributed
a ground-level ozone trend of +0.5 nmol mol™! per decade to the increase in ship NO, emis-
sions. This is greater than almost all regional trends we observe (table 1), which suggests a mod-
elling bias, likely owing to the fine spatial resolution necessary to accurately represent the gradual
dispersal of shipping plumes [90]. Nonetheless, such a trend is confirmed by satellite observations
(see the TOAR-II Satellite Assessment, [Hubert et al., this issue]). Shipping is limited in the Antarc-
tic, but it is increasing along with other human activities [91] and may become more relevant in the
future. NO, is also transported over the oceans from continental sources via long-lived reservoirs.
Recent studies suggest that particulate NO; can be reactivated via photolysis relatively efficiently,
especially in marine aerosol [92,93]; this process is potentially important, but not well understood,
and its role in the distribution of oceanic NO, and ozone is currently unclear [44].

Another significant factor that can account for some of the discrepancies between models, and
between models and measurements (figure 1), is NO, emissions from lightning, especially in the
tropics [94]. However, the vertical distribution of lightning NO, is such that most of the emissions
occur in the tropical upper troposphere [95] and are much smaller and shorter-lived near the sur-
face, resulting in a generally smaller impact on oceanic ozone [96]. Likewise, biomass burning
emissions have a small effect on near-surface ozone on a global scale [63,87,95], although episodic
and seasonal increases have been attributed to them across the tropics and mid-latitudes, and in
all oceans [28,97-100].

Oceanic VOC emissions are much less characterized than those of CH, and NO, and differ in
their representation among models, making the attribution of ozone trends to changes in VOC
less certain. There is general consensus that: (i) conditions over the oceans are typically NO,-
limited and therefore less sensitive to changes in VOC, and (ii) oceanic sources of VOC are under-
represented in models [101-104]. Continental emissions also contribute, via long-range transport,
to the VOC budget over oceans, although most are not easily distinguished from oceanic emissions
[105-107].

In the polar regions, NCC values and trends are minimal for all models, in line with observed
stability in surface ozone (figure 4), although there is increasing recognition of the role of emis-
sions from local sources on air pollution in the Arctic [108]. For instance, Oltmans et al. [109] at-
tributed the reversal of decadal trends in late-summer surface ozone concentrations at Barrow to
the growth and decline of emissions from oil extraction activities in Alaska. NO, emissions from
existing Arctic oil and gas infrastructure are known to perturb ozone and bromine chemistry, thus
influencing the Arctic surface ozone seasonal cycles at local and regional scales [72,110]. Con-
versely, far from fresh emission plumes, moderate increases in NO, concentrations and associated
changes in aerosol acidity may enhance the activity of halogens [111,112], thereby offsetting ozone
formation.

Deposition to the ocean surface is a major driver for ozone concentrations, despite large un-
certainties in its magnitude; estimates vary between one-sixth [113,114] and one-third [18,115]
of total ozone dry deposition globally. Observations indicate that ozone destruction over the
oceans is governed by a different paradigm than in polar regions and that, except for titration
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by local NO emissions, near-zero ozone is not observed over the oceans [25]. Inorganic iodine is
understood to play a key role in controlling deposition velocities [116-118]; in turn, ozone depo-
sition is understood to drive the emission of gas-phase iodine and oxygenated VOCs [119]. This
negative feedback [120] could be buffering ozone changes near the ocean surface, explaining the al-
most flat oceanic trends (figure 4). Ice-core and tree-ring records indicate increased oceanic fluxes
of iodine in the Arctic [121] and Northern mid-latitudes [122,123], but not in the Antarctic [70],
which is attributed to retreating sea ice and the deposition feedback [120]. This mechanism is likely
to have mitigated ozone increases since the 1950s rather than lead to any outright decrease [30].
Coordinated measurements of sea-surface composition, gas-phase concentrations and deposition
velocities are currently extremely limited, thus preventing a more accurate assessment of oceanic
dry deposition.

(b) Dynamics

As well as emissions of precursor gases and dry deposition, transport processes, such as STE,
and large-scale patterns of climate variability, such as ENSO, also impact ozone. STE has been
demonstrated to contribute to increased near-surface ozone at least episodically in coastal re-
gions [124-126], and descending ozone lamina have been observed over the ocean [127,128]. Direct
observation of stratospheric-derived ozone over the ocean surface has not been made and may be
rare, but isentropic transport from the subtropical jet can lead to the tropical surface and, given
other observations, likely contributes. For an in-depth discussion of STE more generally, see the
TOAR-II STE Assessment [Keeble et al., this issue].

ENSQ is one of the leading modes of climate variability: it can impact ozone over the oceans
globally via teleconnections, both directly and indirectly, by modulating STE owing to changes
in meteorology, ocean temperatures, ozone precursors (e.g. NO,) and long-range transport of
ozone [129,130]. In the Pacific, El Nifo events are associated with decreased levels of ozone in
the tropics and increases at mid- and high latitudes, largely owing to enhanced advection and
mixing. Additionally, Yeh et al. [131] suggest that the impact of ENSO on tropospheric ozone over
the Pacific, Atlantic and Indian oceans is more significant than previously thought especially in
MAM of the following year [132]. The future climate response of ENSO is highly uncertain [133],
as is the persistence of existing teleconnections.

Changes in tropical convection and the position of the ITCZ may have influenced regional
ozone trends, shifting the strong latitudinal gradient in tropical ozone and the chemical equator
(supplementary material, figure S2). The Atlantic ITCZ has shown a northward shift [134], while
the Pacific ITCZ has shown a poleward shift [135,136]. As our analysis assumes a consistent sea-
sonal cycle across years and sites, it is uncertain whether these changes are captured. Examination
of individual sites does indicate possible site-specific shifts in tropical ozone seasonality. As noted
above, the tropics are also the region where there is greatest disagreement among models, which
struggle to capture the location of the chemical equator. Any attempt to leverage models to ad-
dress data coverage issues in the tropics will require better representation of the chemical equator
than currently available.

6. Conclusions and outlook

In this assessment, we reviewed the climatology of near surface ozone over 11 oceanic and polar re-
gions using the most extensive dataset of observations from ships, buoys, aircraft and ozonesondes
yet assembled, complemented with selected coastal and polar ground sites [25]. The observations
show high ozone levels in the Northern Hemisphere and a steep trans-hemispheric gradient, as
well as clear seasonal cycles characterized by springtime maxima and summertime minima. How-
ever, some regions remain severely undersampled, especially in the Southern Hemisphere.
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Long-term ozone trends were calculated using Linear Mixed-effects Modelling (LMM) for nine
of the 11 regions with sufficient data coverage. Positive overall trends were found in seven regions,
although in almost all cases with low or very low certainty. Of particular note, the longest fitted
trends indicate increases in ozone in polar regions and mid-latitude Atlantic during the respec-
tive hemispheric winters with high certainty. The regional trend in the Arctic is largely driven by
decreases in recent years, especially during spring and summer, resulting in an overall negative
trend since 2000. The most persistent negative trends are in the North and Tropical Pacific, with
both regions showing particular decreases during the Northern spring.

Drawing on more extensive data, trends calculated from 2000 have low certainty or better
across all analysed regions, with four regions showing negative overall trends in more recent
years. For 2000-2023, our LMM-based trend methodology is in good agreement with two other
studies [26,65] that used a different statistical method with some of the same ground-based and
ozonesonde data. Inconsistent seasonal cycles present a limitation on the current LMM imple-
mentation, which could be addressed in future work by including site-specific seasonal terms;
this, however, requires careful consideration about seasonal data availability and representative-
ness. Models could aid in filling the data coverage limitation, but, as highlighted here, all models
struggle to reproduce intraregional variability. Therefore, there is not a ready alternative to col-
lecting additional data to constrain models, which might then be employed retrospectively.

This assessment does not attempt to attribute the calculated trends to specific processes, but it
does compare the observations to six models, and it examines the Net Chemical Change (NCC) in
four of these to review the state of knowledge of the main ozone drivers in oceanic and polar re-
gions. Broadly speaking, there is a lack of agreement among the models, and between the models
and the observations: most models are able to capture the seasonal variability of ozone, but tend
to overestimate it in the Northern Hemisphere and underestimate it in the Southern Hemisphere.
While additional process-level investigations are needed to improve our understanding, the great-
estissue is a scarcity of direct field observations of ozone and its precursors, which leaves the mod-
els insufficiently constrained and limits our ability to assess the representativeness of long-term
observations for their broader regions.

Data accessibility. The dataset used in this assessment is described in [25] and available at http://doi.org/10.
17596/0004044. Further, datasets provided by MESSy via the DKRZ data pool (https://www.wdc-climate.
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