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Advances in understanding of air-sea exchange and
cycling of greenhouse gases in the upper ocean

Hermann W. Bange1,* , Precious Mongwe2,*, Jamie D. Shutler3,*,
Damian L. Arévalo-Martı́nez1,4,5, Daniele Bianchi6, Siv K. Lauvset7, Chunying Liu8,
Carolin R. Löscher9, Helena Martins10, Judith A. Rosentreter11, Oliver Schmale12,
Tobias Steinhoff1,7, Robert C. Upstill-Goddard13, Rik Wanninkhof14,
Samuel T. Wilson13, and Huixiang Xie15,16

The air–sea exchange and oceanic cycling of greenhouse gases (GHG), including carbon dioxide (CO2), nitrous
oxide (N2O), methane (CH4), carbon monoxide (CO), and nitrogen oxides (NOx ¼ NO þ NO2), are fundamental in
controlling the evolution of the Earth’s atmospheric chemistry and climate. Significant advances have been
made over the last 10 years in understanding, instrumentation and methods, as well as deciphering the
production and consumption pathways of GHG in the upper ocean (including the surface and subsurface
ocean down to approximately 1000 m). The global ocean under current conditions is now well established as
a major sink for CO2, a major source for N2O and a minor source for both CH4 and CO. The importance of the
ocean as a sink or source of NOx is largely unknown so far.There are still considerable uncertainties about the
processes and their major drivers controlling the distributions of N2O, CH4, CO, and NOx in the upper ocean.
Without having a fundamental understanding of oceanic GHG production and consumption pathways, our
knowledge about the effects of ongoing major oceanic changes—warming, acidification, deoxygenation,
and eutrophication—on the oceanic cycling and air–sea exchange of GHG remains rudimentary at best. We
suggest that only through a comprehensive, coordinated, and interdisciplinary approach that includes data
collection by global observation networks as well as joint process studies can the necessary data be generated
to (1) identify the relevant microbial and phytoplankton communities, (2) quantify the rates of ocean GHG
production and consumption pathways, (3) comprehend their major drivers, and (4) decipher economic and
cultural implications of mitigation solutions.
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1. Introduction
The interactions between the atmosphere and the ocean
are driven by the exchange of momentum, energy, and
material (i.e., gases and particles) across the surface
ocean/lower atmosphere interface (e.g., Liss and Johnson,
2014). Atmospheric trace gases such as carbon dioxide
(CO2), nitrous oxide (N2O), methane (CH4), carbon mon-
oxide (CO), and nitrogen oxides (NOx ¼ NO þ NO2) play
significant roles in developing Earth’s climate, and the
chemistry of the Earth’s atmosphere and oceans, with
continuous exchanges between the lower atmosphere and
the surface ocean that vary in time and space (Table 1).

CO2 and N2O are classified as long-lived atmospheric
trace gases (Gulev et al., 2021). In contrast, CH4, CO, and
NOx, which have comparably shorter lifetimes, are classi-
fied as short-lived atmospheric trace gases (Szopa et al.,
2021). On the global scale, all gases except for CO show
increasing tropospheric mole fractions since the industrial
revolution (Table 1). They all act as greenhouse gases
(GHG) and contribute to the ongoing warming of the
Earth, that is, the greenhouse effect. CO2 and N2O are
direct GHG. CO and NOx are indirect GHG because they
have an indirect impact on the radiative balance of the
Earth through their chemical reactivity in the atmosphere

leading to the formation of GHG such as CH4, CO2, ozone
(O3) as well as nitrate aerosols (Szopa et al., 2021). CH4 is
both a direct and an indirect GHG. The effective radiative
forcing of CO2, N2O, CH4, and CO is positive (a warming
effect), whereas NOx has an overall negative effective radi-
ative forcing (a cooling effect; Table 1).

A comprehensive overview on trace gas cycling in the
ocean is given in Liss and Johnson (2014). Regionally
focused overviews on GHG cycling in polar regions,
coastal upwelling systems and the Indian Ocean are
presented in Willis et al. (2023), Lachkar et al. (n.d.),
and Kumar et al. (n.d.), respectively. In this synthesis,
we focus on reviewing the advances over the last decade
in the knowledge and understanding of air–sea gas
exchange and cycling of GHG in the upper ocean
(0–1000 m water depth) and their related impacts and
feedback processes within the upper oceanic and lower
atmospheric system.

2. Greenhouse gases
2.1. Carbon dioxide (CO2)

The exchange of CO2 between the atmosphere and the
biosphere (on land and at sea) has several unique physical
and socio-economic attributes. CO2 is the dominant

Table 1. Overview of the climate relevance of CO2, N2O, CH4, CO, and NOx (Gulev et al., 2021; Szopa et al.,
2021)

Greenhouse
Gas

Atmospheric
Lifetime

Mean Atmospheric
Mole Fraction

Atmospheric
Growth Rate

Climate
Effects

Effective
Radiative

Forcinga (W m�2)

Atmospheric
Chemistry
Effects

CO2 Multipleb 409.9 ppm (in 2019) 1.56 ppm year�1

(1959–2019)
Direct 2.1 Weathering of

rocks

N2O 109 years 332.1 ppb (in 2019) 0.9 ppb year�1

(1985–2019)
Direct 0.24 Stratospheric

O3 depletion

CH4 9 years 1866 ppb (in 2019) 7 ppb year�1

(2007–2016)
Direct,
indirect

1.2 Stratospheric
O3

depletion,
oxidative
capacity

CO 1–4 months 40/120 ppb
(SH/NH)c

–0.32% year�1

(2000–2017)
Indirect 0.44d Oxidative

capacity

NOx Hours–days 30–40 ppt/up to
several ppbe

Increasing
(1850–2015)

Indirect �0.27 Tropospheric
O3

formation,
acid rain,
aerosol
formation

aEmission-based estimates for the period 1750–2019 (Szopa et al., 2021).
bThe lifetime of CO2 cannot be represented with a single value because the gas is not destroyed over time; instead it moves among
different parts of the ocean/atmosphere/land system. Some of the excess CO2 is absorbed quickly (e.g., by the ocean surface), but
some will remain in the atmosphere for thousands of years, due in part to the very slow process by which carbon is transferred from
ocean surface to ocean sediments (e.g., Tans, 1997).
cSouthern hemisphere/northern hemisphere.
dIncludes non-methane volatile organic compounds.
eBackground over the ocean (Warneck, 2000)/in populated, urbanized, and industrialized regions.
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human-produced GHG in the atmosphere and quantifying
the fluxes between the reservoirs is critical for the global
stocktake, which reviews global progress towards the Paris
Agreement goals (https://unfccc.int/process-and-
meetings/the-paris-agreement) every 5 years (Roelfsema
et al., 2020). The air–sea exchange is the main conduit
between ocean and atmosphere and determines the role
of the ocean in modulating atmospheric levels of GHG.
The ocean plays a major role in sequestering CO2 on
a global scale and annually captures approximately 26%
of anthropogenic CO2 emissions, Canth (carbon emitted as
CO2 by burning fossil fuels, land use change, and cement
production; Gruber et al., 2023). In response to increasing
atmospheric CO2 mole fractions, the ocean CO2 sink
increased from 1.1 ± 0.4 Pg C yr�1 in the 1960s to 2.9
± 0.4 Pg C yr�1 for the 2012–2021 period (Friedlingstein
et al., 2022). Coastal oceans take up about 0.4 Pg C yr�1

(Chen et al., 2013). In contrast to coastal and open oceans,
estuaries are emitting CO2 to the atmosphere. A recent
study revealed estuarine emissions of about median (Q1–
Q3) 0.03 (0.02–0.05) Pg C yr�1 (Rosentreter et al., 2023),
which is lower than most of the recent mean estimates
(Chen et al., 2013).

Increases in CO2 concentrations in the ocean deplete
carbonate ions while increasing hydrogen ions, which
decreases the ocean’s CO2 buffering capacity and increases
acidification of the ocean, respectively. These changes have
been shown to pose a measurable impact on marine habi-
tats and their resident organisms (Doney et al., 2009;
Hauck, 2018; Kwiatkowski and Orr, 2018). CO2 differs from
other GHG in that ocean inventories of inorganic carbon
in the form of bicarbonate and carbonate are about 40
times greater than the atmospheric CO2 content, and thus
cause the ocean to be a buffer with respect to CO2. The
rate of uptake of atmospheric CO2 is controlled by air–sea
exchange, and its transport into the ocean’s interior. On
millennial timescales 90% of the Canth will be captured by
the ocean (Archer et al., 2009).

On global scales the ocean–atmosphere CO2 fluxes are
estimated by different empirical modelling and mass bal-
ance approaches (e.g., Broecker et al., 1979; Landschützer
et al., 2016). The identified increase in ocean absorption is
closely tied to the increasing atmospheric CO2 mole frac-
tions from Canth, with the ratio of uptake to Canth release
of 0.25 ± 0.02 from 1959 to 2021 (McKinley et al., 2020;
Friedlingstein et al., 2022). This close connection implies
that surface ocean pCO2 (partial pressure of CO2 in water)
or fCO2 (fugacity of CO2 in water, which includes a correc-
tion of pCO2 for non-ideal behavior; e.g., Wanninkhof
et al., 2022) has kept up with the increases in atmospheric
CO2 mole fractions over the past 60 years. This net global
CO2 uptake is a composite of regional and seasonal fluxes
that vary greatly in magnitude and direction, and assess-
ments are based on modelled and observed datasets.
These assessments rely upon surface ocean pCO2 data,
which are commonly measured using automated systems
with commercially available units capable of determining
water pCO2 within 2 matm and air pCO2 within 0.2 matm
(Steinhoff et al., 2019). However, sparsity of these mea-
surements requires interpolation in time and space that is

done by a variety of methods, including machine learning
techniques, or empirical approaches that use predictor
variables (e.g., location, time, sea surface temperature, and
mixed layer depth) that can be obtained at higher time
and space resolutions (see the examples given in Röden-
beck et al., 2015). Along with these surface ocean pCO2

datasets, the net CO2 uptake assessments and approaches
are also critically dependent on remotely sensed variables
and re-analysis data products for providing the predictor
inputs (for interpolating the sparse surface ocean pCO2

data) and for providing the inputs for calculating the gas
exchange velocity and the atmospheric and oceanic CO2

concentrations when using bulk gas flux methods (Shutler
et al., 2020).

The gas transfer velocity (kw) is now considered a dom-
inant source of uncertainty in global ocean CO2 flux
assessments (Woolf et al., 2019). The term kw is often
expressed as a quadratic dependence, with wind speed
tuned to global constraints, or based on dedicated delib-
erate passive tracer studies. Over the last decade, consis-
tent results have been obtained between these methods
(Ho et al., 2011). This formulation overlaps within the
respective uncertainty bounds with frequently used para-
meterizations, as in Nightingale et al. (2000) and Wannin-
khof (2014), over intermediate wind speeds (5–12 m s�1).
However, few observational constraints are available at
higher and lower winds; therefore, work is still needed
to further constrain exchange within these regimes where
other factors affect gas transfer, in addition to wind-forced
surface turbulence. Surfactants (diurnal), heating and
cooling, and stratification influence transfer at low wind
conditions (e.g., Yang et al., 2021), whereas bubbles and
changes in surface drag become important at high wind
conditions (e.g., Blomquist et al., 2017). These issues apply
to the air–sea exchange of all gases, including CH4, N2O,
and CO, as well as CO2. A detailed discussion of the uncer-
tainties associated with kw is being prepared in a compan-
ion paper for this special feature focused on air–sea
interfacial and exchange processes.

These local and often short duration phenomena are
now probed with micrometeorological (direct) flux mea-
surement approaches (Businger and Delany, 1990), includ-
ing eddy covariance. These direct methods serve as an
independent method to verify fluxes obtained by indirect
bulk formulations, and for evaluating or refining their
underlying assumptions (Dong et al., 2021). In particular,
independent enhancements of wind speed and the sup-
pression of kw can be fully investigated. However, addres-
sing these phenomena within some regions remains
challenging for either, or both, of these methods (e.g.,
polar regions; Willis et al., 2023).

The last decade has seen a substantial community
effort to be consistent in collating and performing quality
control on surface ocean pCO2 (fCO2) data (led by those
within the Surface Ocean CO2 Atlas, SOCAT, community;
e.g., Bakker et al., 2016), thereby helping to elevate the
importance of observation-based assessments of surface
ocean CO2 absorption (e.g., Friedlingstein et al., 2022),
enabling the harmonization of methods across disciplines,
and identifying the importance for community-consistent
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methods (Fay et al., 2021). Increased awareness of the
importance of more accurate and precise calculations has
been identified (Woolf et al., 2016). This increased aware-
ness, in combination with more consistent use of well
characterized satellite remote sensing data (e.g., climate
data records and their uncertainty information), which
global and regional assessments increasingly rely upon,
is likely to be important to enable new knowledge of
CO2 uptake by the global ocean.

Assuring high data quality comes at some costs. The
SOCAT database relies on under-resourced efforts to main-
tain the database and voluntarily perform quality control
on the increasing number of data sets. One approach to
support these efforts would be the standardization of
instrumentation and clear community guidance on uncer-
tainty methodologies. Here the Surface Ocean CO2 Refer-
ence Network (SOCONET) and the Integrated Carbon
Observation System (ICOS; Steinhoff et al., 2019), together
with other networks, can play a guiding role in the future.

The variety of instrumentation for measuring surface
ocean pCO2 has grown over the last decade, ranging from
classical air-water equilibration systems (Pierrot et al.,
2009) to membrane-based systems (e.g., Arruda et al.,
2020; Macovei et al., 2021). This growth has opened up
new opportunities for measuring pCO2 in the ocean: while
installations with air-water equilibration are still the back-
bone of SOCAT with well-established operating and cali-
bration procedures, the smaller instrumentation can be
installed on autonomous surface vehicles or smaller ves-
sels like sailing yachts. Such installations are increasing
the observation capacity in so far under-sampled regions
(e.g., Indian Ocean, Southern Ocean). However, the
increase in availability of instrumentation also comes with
an increased number of different, and sometimes
unknown, qualities of these instruments. In 2021 the
Ocean Thematic Centre of the European research infra-
structure ICOS organized a pCO2 instrument inter-
comparison with more than 25 ocean pCO2 instruments.
Outcomes so far suggest that: (1) air-water equilibration
systems using at least one non-zero reference gas are most
suitable to provide high-quality data; and (2) the commu-
nity needs to increase emphasis on reporting complete
metadata and rigorous uncertainty estimates, all of which
follow Findability, Accessibility, Interoperability, Reuse
(FAIR) principles and will support users in identifying the
quality of each data set. A data set with known uncertain-
ties, even if the uncertainties are considered large, is more
useful than data with vaguely reported or missing uncer-
tainty information and meta-data.

Community recommendations as presented in the Inte-
grated Ocean Carbon Research report (2021) rely heavily
on improved knowledge and measurements of GHG
fluxes. In particular, addressing two of the main ques-
tions—“Will the oceanic uptake of anthropogenic CO2 con-
tinue as primarily an abiotic process?” and “How are
humans altering the ocean carbon cycle and resulting
feedback?”—will depend critically on better measurement
and understanding of air–sea fluxes. These efforts will
likely benefit from machine learning and increased use

of remote sensing approaches (Shutler et al., 2020; Cronin
et al., 2023).

The increasing importance of observation-based assess-
ments of the ocean CO2 uptake has helped to identify the
increasing strength of the ocean absorption, but has also
identified a clear discrepancy between the observations
and modelling assessments, which are steadily diverging
with time (as evident in Friedlingstein et al., 2022). Sen-
sitivity evaluation of model parameterizations and their
data, alongside observation-based data (in situ, re-analyses
and remote sensing) with the full inclusion of uncertainty
information, could help to begin elucidating the differ-
ences between the model and observation assessments.
Some efforts are already providing advances, but more
analyses and approaches are needed, which is likely to
be major focus for the community over the next 2–5 years
and beyond. For example, recent modelling work (Bellen-
ger et al., 2023) has identified one reason for differences
between many models and one observation-based dataset
presented in Friedlingstein et al. (2022), resulting in
recommendations to the modelling community, whereas
another recent model and observation comparison study
(Hauck et al., 2023) has identified the impact of sparse
sampling (which varies with time and space) which is
more apparent within some observation-based data pro-
ducts. More advanced model and data inter-comparison
approaches, where data from each source (model data
versus observation-based data products versus in situ data)
are treated on a more equal or standardized basis (e.g., as
developed by Land et al., 2023), are likely to lead to an
improved ability to identify the sources of any model
versus observational differences. Future advancements in
understanding of gas transfer, which is now considered
a dominant source of uncertainty within global air–sea
flux assessments (Woolf et al., 2019), and knowledge
gained from indirect and direct flux comparisons will also
help to strengthen confidence in the observation-based
approaches and to further constrain exchange within all
biogeochemical regimes of the open and coastal oceans.

2.2. Nitrous oxide (N2O)

2.2.1. Global surface distribution and emissions of N2O

The most recent assessment of oceanic N2O emissions
reported a mean annual flux of 4.2 ± 1.0 Tg N yr�1 (Yang
et al., 2020). This estimate is not significantly different
from the often-cited estimate of 4 (1.2–6.8) Tg N yr�1 by
Nevison et al. (1995), but the associated uncertainty mark-
edly decreased from ± 70% to ± 20%. Coastal oceans and
estuaries emit about 0.7 and 0.04 Tg N yr�1, respectively,
to the atmosphere (Seitzinger and Kroeze, 1998; Rosentr-
eter et al., 2023).

The global large-scale distribution of N2O in surface
waters was established in the late 1990s (Nevison et al.,
1995; Suntharalingam and Sarmiento, 2000). The deter-
mination of the small-scale distribution of N2O was made
possible only during the last decade due to the develop-
ment of the cavity-enhanced absorption spectroscopy
technique, which enabled high-resolution surveys of dis-
solved N2O in ocean surface waters (Arévalo-Martı́nez
et al., 2013; Arévalo-Martı́nez et al., 2015). The increasing
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number of observations (Bange et al., 2019a) in combina-
tion with the application of machine learning algorithms
(Yang et al., 2020) led to an improved understanding of
the spatial variability of oceanic N2O (Figure 1). Despite
the progress made, the majority of open and coastal ocean
waters remain under-sampled, and therefore our knowl-
edge about the seasonal and interannual variability of
oceanic N2O concentrations and emissions is still rudi-
mentary at best. For example, the variability of N2O in
subpolar and polar oceans remains largely unresolved.
Whereas some studies suggest these regions are weak-
to-moderate sources of N2O to the atmosphere, other
studies have shown slight N2O sinks (Rees et al., 2022,
and references therein). Studies of N2O within sea ice are
scarce. However, they show severe source/sink shifts in
response to ice formation cycles (Randall et al., 2012;
Geilfus et al., 2021).

In order to further reduce uncertainties in current
global N2O oceanic emission estimates and better con-
strain and understand temporal and spatial variability of
those emissions, more measurements are needed. Impor-
tantly, the oceanographic community is taking steps to
standardize these measurements and improve the inter-
operability of the resulting datasets (Wilson et al., 2020).

2.2.2. N2O production and consumption pathways

Classically, N2O has been described as produced by two
microbially driven pathways, that is, nitrification and deni-
trification (Figure 2; Bakker et al., 2014). In oxygen min-
imum zones (OMZ), denitrification dominates N2O
production (Ji et al., 2015; Ji et al., 2018). A recent study
emphasized the importance of denitrification for N2O

production also in waters adjacent to OMZ (Frey et al.,
2020), a role previously overlooked due to the lack of
direct rate measurements. Apart from denitrification,
nitrification by ammonia-oxidizing archaea also plays an
important role for N2O production in waters adjacent to
OMZ (e.g., Löscher et al., 2012). See also the discussion of
N2O production in OMZ connected to upwelling regions
in Lachkar et al. (n.d.). N2O can be produced by anammox
as well (Wan et al., 2023a). However, its importance for
N2O cycling in the ocean remains to be demonstrated.
Only recently a study showed that N2O production in the
subtropical oceans covaries with remineralization of
organic matter and thus is counteracting the radiative
benefit of CO2 removal by the marine biological pump
(Wan et al., 2023b). N2O photoproduction was demon-
strated to take place in reservoirs and might take place
in oceanic surface waters as well (León Palmero, 2021).
Moreover, the role of N2O production by phytoplankton is
still largely unknown (McLeod et al., 2021). Decreasing pH
(i.e., ocean acidification) has also been shown to affect
N2O production: the results from studies point to both
increasing and decreasing N2O production (Rees et al.,
2016; Breider et al., 2019; Zhou et al., 2023).

N2O consumption has long been assumed to take place
only during the last step of denitrification under suboxic/
anoxic conditions. However, this traditional view has been
challenged by recent findings from the oxic surface waters
of various ocean regions, including the eastern subtropical
South Pacific Ocean, the Red Sea and the Arctic Ocean
(e.g., Cornejo et al., 2015; Zhan et al., 2016; Bange et al.,
2019b) that exhibited significant undersaturation in N2O
compared to the atmosphere. Undersaturation implies
a pronounced in-situ consumption of N2O, turning the
surface ocean from a N2O source into a N2O sink. One
explanation for this “oceanic nitrous oxide paradox” might

Figure 2. Production pathways of N2O with
nitrification taking place aerobically and
denitrification under oxygen depletion. A new way
of N2O consumption via reduction has been identified
as having the potential to take place in oxic surface
waters (grey box).

Figure 1. Global mean distribution of surface N2O
from Yang et al. (2020). The figure is taken from
Wilson et al. (2020). Color-coded values are expressed
as the difference of the partial pressures of N2O (pN2O)
in the ocean surface layer and the atmosphere (DpN2O
¼ pN2Ow � pN2Oa in natm). Positive values of DpN2O
suggest N2O outgassing, whereas negative values
indicate uptake by surface waters.
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be biological N2 fixation, where N2 fixers (diazotrophs)
consume N2O instead of N2, as was suggested for the
eastern South Pacific Ocean. N2O consumption by diazo-
trophs is caused by a low specificity of the key enzyme
nitrogenase, which is able to bind to different small linear
molecules (Farı́as et al., 2013). Moreover, denitrifiers pos-
sessing a nosZ gene (the key functional marker of N2O
reduction to N2), but not the other genes of canonical
denitrification, were found in the ocean surface layer
which indicates a potential consumption of N2O under
oxic conditions. This pathway might provide an alternative
explanation for N2O consumption in oxic waters (Figure 2;
Rees et al., 2021; Sun et al., 2021) and might indeed help
to explain the apparent N2O consumption by diazotrophs
(Farı́as et al., 2013): in a first step, N2O could be denitrified
to N2 and, in a second step, N2 could be fixed into biomass
by diazotrophs. N2O consumption by a coupled denitrifi-
cation/N2 fixation mechanism in the oxic surface ocean,
however, awaits further investigation. Our present view of
oceanic N2O cycling might be incomplete and further
process studies are needed to decipher the prevailing
N2O production/consumption pathways and their major
drivers.

2.2.3. N2O in coastal ecosystems and estuaries

Coastal ecosystems (estuaries, coastal upwellings, man-
grove waters) are typified by large, positive N2O anomalies
(i.e., supersaturations with respect to atmospheric equilib-
rium) fueled by high nitrogen inputs that in turn drive
large sea-to-air emissions. Consequently, they are signifi-
cant contributors to marine-derived atmospheric N2O
(Bakker et al., 2014). Indeed, a recent reconstruction of
marine N2O emissions proposed that coastal upwelling
regions, occupying less than 3% of the global ocean area,
are responsible for around 20% of total marine N2O emis-
sions (Yang et al., 2020). Nevertheless, with respect to
terrestrially influenced systems in particular (e.g., estuar-
ies, mangroves), high variability of inputs and process
rates with questions surrounding data processing and
interpretation, such as the robustness of the Intergovern-
mental Panel on Climate Change (IPCC) N2O emission
factors (Maavara et al., 2019), continues to bring high
uncertainty (Smith, 2017). For a recent summary review
of N2O formation and consumption processes in coastal
ecosystems see Bakker et al. (2014). One means to reduce
this uncertainty is to gain additional data in key regions.
Until recently most data derived from Europe and North
America, but data for other regions, notably tropical and
subtropical locations, are increasingly available (Yang
et al., 2020). Even so, in addition to improving spatial-
temporal data resolution, new approaches are required.
New insight has been derived in recent years, for example,
from mixed-effect regression models that predict N2O
concentrations from water quality parameters (Lequy
et al., 2022). There is also growing evidence for a more
widespread occurrence of coastal N2O sinks than was
previously thought (Foster and Fulweiler, 2016; Maher
et al., 2016; Rees et al., 2021; Lequy et al., 2022). As these
studies are few and biased towards temperate locations,
further work is required, particularly in tropical and

sub-tropical regions, to assess the nature and wider impli-
cations of local-to-regional N2O sinks for the global N2O
budget.

Other recent work in estuarine waters and sediments
has established a widespread enhancement of N2O pro-
duction at low O2 concentrations, with maximal rates at
suboxic levels (Foster andFulweiler, 2016; Barnes and
Upstill-Goddard, 2018; Tang et al., 2022). An important
implication is that increased coastal N2O emissions should
be expected from the expansion of estuarine and coastal
hypoxia/anoxia in response to global change (Breitburg
et al., 2018). Importantly, associated positive warming
feedback has been proposed (Ni et al., 2019). Moreover,
Wells et al. (2018) showed how changes in land use inten-
sity affect estuarine N2O fluxes.

Combined investigative approaches drawing on cross-
disciplinary expertise show substantial future promise. For
example, microplastics are now known to modify the
marine nitrogen cycle (e.g., Seeley et al., 2020), especially
in coastal waters; more specifically, plastic-associated bio-
film can enhance anoxic conditions, potentially favoring
denitrifiers and stimulating N2O production (Su et al.,
2022). A recent combination of biogeochemical (dual-
isotope, 15N-18O, labelling) and genetic (DNA fingerprint-
ing) approaches revealed increased N2O production in an
estuarine sediment via the microbial colonization of plas-
tic debris (Chen et al., 2022b). The isotope work showed
that petroleum-based and biodegradable microplastics
stimulated N2O production by providing additional car-
bon and nitrogen sources, while the DNA techniques iden-
tified a micro-niche supporting elevated nitrification,
heterotrophic denitrification, and nitrifier-denitrification.
Biodegradable microplastics increased N2O production by
50% (Chen et al., 2022b), which is important given their
increasing contribution to environmental plastic waste
(Seeley et al., 2020; Li et al., 2022). Another study com-
bining these techniques found sediment antibiotic resi-
dues to enhance N2O production via nitrification and
heterotrophic denitrification, by 17% and 64%, respec-
tively (Chen et al., 2022a).

The role of anthropogenic pollutants in coastal waters
is clearly an important emerging aspect of N2O biogeo-
chemistry. Currently, the contribution from these emerg-
ing sources relative to those from more widely studied
inputs, such as rivers and the nearshore deposition of
reactive atmospheric nitrogen (Bakker et al., 2014), is not
possible to quantify. Further targeted research is therefore
required.

2.3. Methane (CH4)

2.3.1. CH4 emissions from the open and coastal oceans

In the surface waters of the open ocean, away from ben-
thic or coastal sources, CH4 is frequently supersaturated
with respect to atmospheric equilibrium. Global oceanic
coastal and open ocean emissions including geological
(offshore) and biogenic open and coastal CH4 emissions
were estimated at 9–22 (mean of 13) Tg CH4 yr�1 in
a recent global synthesis (Saunois et al., 2020), with
a slightly narrower uncertainty of 6–12 Tg CH4 yr�1 pro-
vided by Weber et al. (2019). The phenomenon of CH4 in
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the surface ocean was described originally as the “oceanic
methane paradox” because it was not evident how CH4

production could be so ubiquitous in oxygenated waters.
The advances in our scientific understanding of the
mechanisms that produce CH4 in oxic surface waters (Sec-
tion 2.3.2) have been supported by technological advances
in CH4 analyzers, such as cavity-enhanced absorption spec-
troscopy, which have increased the number of surface
measurements (e.g., Gülzow et al., 2013).

Compared to the open ocean, the coastal zone is a hot-
spot of CH4 production and emissions, particularly the
shallow vegetated coastline fringed by mangroves, salt
marshes, and seagrass meadows (Weber et al., 2019; Al-
Haj and Fulweiler, 2020; Rosentreter et al., 2021b;
Rosentreter et al., 2023). A recent regional and global
data-driven meta-analysis showed that methane emissions
from mangroves, salt marshes, and seagrasses combined
(median (Q1–Q3) 0.8 (0.5–1.4) Tg CH4 yr

�1) are more than
double of those from estuaries (median (Q1–Q3) 0.3 (0.1–
0.5) Tg CH4 yr�1; Rosentreter et al., 2023). Coastal aqua-
culture ponds alone emit a median (Q1–Q3) value of 0.6
(0.01–1.0) Tg CH4 yr�1 (Rosentreter et al., 2021b). How-
ever, because of the high spatial-temporal variability
within and between coastal systems and the overall global
paucity of data, global estimates generally show a large
range for both coastal vegetation (0.02–6.2 Tg CH4 yr�1;
e.g., Garcias-Bonet and Duarte, 2017; Al-Haj and Fulweiler,
2020; Rosentreter et al., 2023) and estuaries (0.02–6.6 Tg
CH4 yr�1; e.g., Bange et al., 1994; Upstill-Goddard et al.,
2000; Borges and Abril, 2011; Rosentreter et al., 2023).
Combining the median (Q1–Q3) coastal methane flux of
1.8 (0.6–5.6) Tg CH4 yr

�1 from estuaries, coastal wetlands,
coastal aquaculture, and tidal flats (Rosentreter et al.,
2021b; Rosentreter et al., 2023) with the diffusive CH4

flux for near-shore (1.5 Tg CH4 yr�1), outer shelf (0.6 Tg
CH4 yr�1), slope (0.3 Tg CH4 yr�1), and ebullitive flux for
continental shelf (6–10 Tg CH4 yr�1) based on machine
learning (Weber et al., 2019) gives a total of approximately
12 Tg CH4 yr�1 for diffusive and ebullitive coastal ocean
CH4 emissions. In contrast, the global open ocean has
substantially lower diffusive CH4 emissions (approxi-
mately 1 Tg CH4 yr�1) because of the much lower areal
CH4 flux rates compared to coastal ecosystems (Weber
et al., 2019; Rosentreter et al., 2023).

Increasing the temporal and spatial resolution of CH4

observations will help to constrain the ocean inventory,
emissions, and biogeochemical processes that influence
its surface concentrations. Importantly, the oceanographic
community is taking steps to standardize these measure-
ments and improve the interoperability of the resulting
datasets (Wilson et al., 2020).

2.3.2. CH4 production and consumption pathways

The scientific discoveries that CH4 could be produced aer-
obically in both aquatic and terrestrial environments
raised the question of how widespread is this metabolic
capability (Ernst et al., 2022). Marine microorganisms are
now known to synthesize CH4 via the metabolism of
methylated compounds (Repeta et al., 2016; Klintzsch
et al., 2019) and other pathways (Stawiarski et al., 2019;

Bižić et al., 2020). Some of the CH4 present in the surface
ocean may also plausibly result from non-biological pro-
cesses. For example, abiotic CH4 photoproduction from
chromophoric dissolved organic matter (CDOM) has been
shown to occur across a wide range of marine environ-
ments including the open ocean (Li et al., 2020).

CH4 emissions from coastal ecosystems are determined
largely by the balance of sedimentary sources and sinks of
CH4 in both sediments and the water column (e.g., Mao
et al., 2022). Recent work has focused on the environmen-
tal variables that regulate the efficiency of CH4 production
and consumption pathways, like temperature (Bussmann
et al., 2021), CH4 and oxygen concentrations (Steinle et al.,
2017), trace metal concentration (Crespo-Medina et al.,
2014), light irradiance (Thottathil et al., 2018), and trans-
port and development of the methanotrophic microbial
community in CH4 plumes (Jordan et al., 2021). Apart
from this focus, the role of alternative electron acceptors,
such as nitrite and nitrate in the oxygen-depleted waters,
remains elusive and a subject of ongoing research
(Guerrero-Cruz et al., 2021).

Once produced, sedimentary CH4 can reach the atmo-
sphere via diffusion, ebullition (via gas bubbles), or
through the aerenchyma of vascular plants (Jeffrey et al.,
2019; Schorn et al., 2022). Other factors that can control
CH4 production and consumption processes, and thus its
net release to the atmosphere, include hydrological (e.g.,
groundwater discharge), physicochemical (e.g., tempera-
ture), climatic (e.g., floods, droughts), biotic (e.g., bioturba-
tion), and geomorphological (e.g., soil porosity) factors
(Al-Haj and Fulweiler, 2020; Rosentreter et al., 2021a).
Anthropogenic impacts such as wastewater pollution and
land-use change are expected to elevate coastal CH4 emis-
sions in the future. Recently, plastics were shown to rep-
resent an unrecognized source of CH4 (Royer et al., 2018)
that might increase, as more plastic is accumulating in the
coastal and open oceans. At present, the different produc-
tion, consumption, and transportation pathways of CH4 in
coastal ecosystems are not well understood (Rosentreter
et al., 2021a). The presence of plants further complicates
coastal CH4 budgets. More research is required to better
quantify coastal CH4 fluxes and to advance our fundamen-
tal understanding of CH4 cycling in the coastal zone.

A central challenge in surface ocean CH4 biogeochem-
istry is to assess a solid mass balance for multiple systems.
This assessment requires an in-depth understanding on
how environmental variables shape the pathways of CH4

production and consumption, which is also a prerequisite
for robust predictions on how oceanic methane emission
will react to expected environmental changes.

2.4. Carbon monoxide (CO)

2.4.1. CO emissions from open and coastal oceans

Global oceanic CO emission estimates from recent studies
fall in the range of 1–10 Tg C yr�1, with the most likely
values being 4–6 Tg C yr�1 (Stubbins et al., 2006a; Park
and Rhee, 2016; Conte et al., 2019). According to Park and
Rhee (2016) emissions from the coastal ocean account for
about 0.9–1.5 Tg C yr�1. The open and coastal oceans are
a minor source of atmospheric CO, contributing up to 1%
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to its natural and anthropogenic sources (Zheng et al.,
2019). However, CO has a comparably short atmospheric
lifetime of 1–4 months (Szopa et al., 2021); thus, its oce-
anic emissions can contribute significantly to the CO bud-
get in the atmospheric marine boundary layer of remote
areas such as the Arctic and Southern oceans where the
contribution of other CO sources is low. In view of declin-
ing anthropogenic CO sources (Szopa et al., 2021), the
importance of the oceanic source might increase in the
future.

CO emissions from estuaries, coastal seas, and upwell-
ing regions are often greater than those in oligotrophic
open oceans but are highly variable (Day and Faloona,
2009; Kitidis et al., 2011; Zhang and Xie, 2012; Schmidt
and Heikes, 2014). Coastal areas, however, are severely
under-sampled, with the exception of the marginal seas
off the coasts of northern China where a relatively large
CO dataset has been collected during the last decade (e.g.,
Zhang et al., 2019). A limited number of surveys in the
Arctic Ocean suggest that net CO emissions are probably
enhanced compared to warmer waters due to slower
microbial uptake and cyclic sea ice dynamics in cold
waters (Xie et al., 2009a; Song et al., 2011; Tran et al.,
2013; Gros et al., 2023).

2.4.2. CO production and consumption processes

Comparable to CH4, CO emissions to the atmosphere are
determined by the balance of CO sources and sinks. Oce-
anic CO is primarily produced from photodegradation of
CDOM in sunlit surface waters (e.g., Zafiriou et al., 2003;
Ossola et al., 2022). Estimates of the strength of this pho-
tochemical source on global scales spanned an enormous
range in early studies (130–820 Tg C yr�1; reviewed by
Zafiriou et al., 2003) but became more consistent among
later studies employing coupled optical-photochemical
modelling: 50 (30–70) Tg C yr�1 (Zafiriou et al., 2003),
47 (38–84) Tg C yr�1 (Stubbins et al., 2006b) and 41 Tg C
yr�1 (Fichot and Miller, 2010). Photodegradation of partic-
ulate organic matter (POM) has also been suggested to be
a significant source of CO in marine environments on
regional and global scales, being 10%–50% of the
CDOM-driven photochemical source (Xie and Zafiriou,
2009; Song et al., 2013; McLeod et al., 2021). Under very
high particulate loads, the POM source could even exceed
the CDOM counterpart (Song et al., 2015; Song and Xie,
2017). In addition to the photochemical production path-
way, dark (thermal) production of CO from organic matter
has been measured directly in sterilized water samples
(Zhang et al., 2008; Kitidis et al., 2011) or inferred from
modelling temporal evolution of CO concentrations (Day
and Faloona, 2009; Schmidt and Heikes, 2014). Dark CO
production in the global ocean has been estimated to be
10%–30% of the global CDOM photochemical production
(Zhang et al., 2008). The mechanisms of both the light and
dark CO production are not well understood so far. In
organic-rich estuarine waters, the dark source could be
comparable in magnitude to the CDOM photochemical
source (Zhang and Xie, 2012). A biogenic source of CO
has also been observed in laboratory incubations of
diverse marine phytoplankton (Gros et al., 2009) and

inferred from vertical profiles of CO in the Arctic Ocean
(Tran et al., 2013).

Microbial consumption represents the dominant loss
for oceanic CO, consuming about 80%–90% of the pro-
duced CO (Zafiriou et al., 2003; Zafiriou et al., 2008; Stub-
bins et al., 2006a). Microbial CO consumption rates
nevertheless are poorly constrained due partly to the
14CO-based method yielding much lower rates than those
obtained from non-14CO methods (Tolli and Taylor, 2005;
Xie et al., 2005). The majority of reported first-order micro-
bial consumption rate coefficients (kbio) vary by two orders
of magnitude, with high values observed in warm estua-
rine and coastal waters and low values usually in cold
offshore waters. To minimize this high variability, Kwon
et al. (2020) recently proposed a second-order bacterial
biomass-specific consumption rate coefficient, kbio*, which
is posited to be spatially and temporally constant. The kbio
and bacterial abundance data simultaneously collected
from the Estuary and Gulf of St. Lawrence (Canada), how-
ever, showed substantial spatial-temporal variability of
kbio* (Xie et al., 2009b).

Recently published results from incubation experi-
ments conducted in the Fram Strait (Arctic Ocean) under
different environmental conditions showed that lower pH
did not affect CO production and consumption rates,
whereas they correlated positively with CDOM and dis-
solved nitrate concentrations, respectively (Campen
et al., 2023). For future studies, further mapping of CO
distributions (particularly in coastal waters) and kbio are
needed to improve the CO emission and consumption
estimates. The methodological discrepancy between the
14CO method and the non-14CO methods for determining
kbio remains to be resolved.

2.5. Nitric oxide (NO) and nitrogen dioxide (NO2)

The first studies about NO cycling in the ocean were pub-
lished in the 1980s (e.g., Zafiriou et al., 1980) but only
recently have the number of studies on oceanic NO
increased. The overwhelming majority of the dissolved
NO concentration measurements published during the
last years are from the open and coastal areas of the East
China and Yellow seas and from the western tropical
North Pacific Ocean (Liu et al., 2017; Tian et al., 2019; Tian
et al., 2020; Tian et al., 2021; Gong et al., 2023). Some
studies from the Seto Inland Sea (Japan) have also been
published (Olasehinde et al., 2010; Anifowose and Saku-
gawa, 2017; Adesina et al., 2018; Adesina and Sakugawa,
2021). Dissolved NO concentrations can be enhanced in
coastal waters (e.g., Liu et al., 2017; Gong et al., 2023).
Surface waters of the open and coastal oceans are now
established as the usual source of atmospheric NO (Tian
et al., 2020; Tian et al., 2021). However, atmospheric pol-
lution events with high atmospheric mole fractions of NO
over coastal waters can turn the surface ocean into a NO
sink, resulting in an uptake of atmospheric NO (Gong
et al., 2023). Oceanic NO emissions are small compared
to other sources of atmospheric NO (Tian et al., 2019; Yao
et al., 2020).

The early finding of photochemical NO production
from dissolved nitrite in the surface ocean has been
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confirmed by actual field studies (e.g., Tian et al., 2020).
NO is also a short-lived intermediate of various microbial
processes of the marine nitrogen cycle, such as nitrifica-
tion, denitrification, and anammox (e.g., Schreiber et al.,
2012; Zhang et al., 2020). As a signaling molecule, NO is
also involved in algal-bacterial interactions (Abada et al.,
2023). However, the role of (micro)biological pathways for
oceanic NO cycling is still largely unknown (Ward and
Zafiriou, 1988; Lutterbeck et al., 2018; Gong et al.,
2023). The loss processes for NO are under debate: on the
one hand, its release to the atmosphere has been argued
as the major sink for oceanic NO (Adesina and Sakugawa,
2021); on the other hand, a comparison of air–sea flux
densities with photochemical production rates indicated
a missing NO consumption process beside oxidation in
ocean surface waters (Tian et al., 2019; Tian et al., 2020).

Considerably less is known about the cycling of NO2 in
the ocean. It can be produced from the photolysis of dis-
solved nitrite and nitrate but its hydrolysis is rapid (Tian
et al., 2021). (Micro)biological production and/or con-
sumption pathways of NO2 in seawater are unknown. At
this time, there is only one study of the distribution of
dissolved NO2 concentrations in the ocean: this study of
NO2 in the surface layer of the East China Sea by Tian et al.
(2021) revealed an undersaturation of dissolved NO2, indi-
cating that the East China Sea was taking up NO2 from the
atmosphere at the time of the measurements.

Global estimates of the oceanic NO release as well as
the NO2 uptake are lacking, mainly because of the limited
number of available measurements. To this end, further
mapping of NO distributions (particularly in coastal
waters) and production/consumption rates are needed
to improve the NO emission and consumption estimates.

3. Climate feedback and sensitivity
3.1. CO2

Variability in air–sea CO2 fluxes on the order of 0.3–0.7 Pg
C yr�1 are observed in response to large-scale climate re-
organizations. The changes in upwelling of carbon-rich
waters in the Equatorial Pacific caused by the El Niño-
Southern Oscillation is the largest contributor of interan-
nual variability in fluxes (Feely et al., 2006). The Southern
Ocean had a decadal decrease in its role as CO2 sink from
1995 to 2005 (Le Quéré et al., 2007) with a reinvigoration
thereafter (Landschützer et al., 2015). This pattern is attrib-
uted to changes in intermediate water formation and ven-
tilation but exact climate drivers are not fully clear. These
variations do not manifest themselves in atmospheric CO2

mole fractions, in part because of their relatively small
magnitude in the atmosphere and also because in some
instances the terrestrial uptake of CO2 acts in the opposite
sense to climate variability (Chatterjee et al., 2017). Year-
to-year variability in terrestrial CO2 uptake dominates the
atmospheric variability.

The ocean CO2 uptake will likely decline in the future
but with uncertain magnitude. Ocean uptake could drop
with decreasing CO2 emissions (McKinley et al., 2020). The
buffering of the surface ocean will decrease due to
increases in the ocean CO2 content, resulting in less
uptake capacity. Climate change will lead to a warmer

ocean and a more stratified ocean, with both factors
decreasing CO2 uptake as well (Chikamoto et al., 2023).
Monitoring and understanding these changes is essential.

3.2. N2O

The climate sensitivity of oceanic N2O outgassing and the
resulting feedbacks remain poorly understood. Changes in
the marine N2O cycle reflect variations in the balance
between net production rates, transport and accumulation
in the water column, and air–sea fluxes (Wilson et al.,
2020; Yang et al., 2020). Ultimately, oceanic N2O produc-
tion is tied (via nitrification and denitrification; Section
2.2.1) to remineralization of organic matter produced in
surface layers. Thus, future oceanic N2O production will
likely respond directly to changes in surface primary pro-
duction and organic matter export. Declines in primary
production and export in the low- to mid-latitude ocean,
projected as a result of surface warming and increased
stratification (Bopp et al., 2013; Kwiatkowski et al.,
2020), are likely to reduce N2O sources from remineraliza-
tion pathways. However, future projections of primary
production are still uncertain, with recent Earth system
model simulations suggesting that expansion of nitrogen
fixation in the low-latitude ocean may help to stabilize
productivity across the 21st century (Bopp et al., 2022).
Furthermore, changes in the nitrogen and carbon stoichi-
ometry of newly produced organic matter (Bopp et al.,
2022) may have cascading effects on N2O sources that are
difficult to assess without dedicated studies.

In contrast, ongoing oxygen loss (Bopp et al., 2013;
Schmidtko et al., 2017) is likely to increase N2O produc-
tion from both nitrification and denitrification, given their
high yield at low oxygen concentrations (Nevison et al.,
2003; Babbin et al., 2015; Ji et al., 2015). Meanwhile,
shrinking volumes of anoxic waters in the tropical ocean
(Deutsch et al., 2014; Cabré et al., 2015; Busecke et al.,
2022) would reduce N2O consumption by denitrification.
Thus, projected changes in oxygen concentrations could
partially offset the effects—albeit uncertain—of declining
remineralization on N2O production (Martinez-Rey et al.,
2015; Landolfi et al., 2017; Battaglia and Joos, 2018).

Strengthening of oceanic stratification following ocean
warming is expected to curtail mixing and ventilation
pathways (Gnanadesikan et al., 2007; Bopp et al., 2013)
leading to N2O accumulation and increasing inventories
in the ocean interior (Martinez-Rey et al., 2015). Super-
posed to these changes, increasing atmospheric N2O mole
fractions from human emissions (Tian et al., 2021) are
expected to lead to a global reduction in N2O fluxes to
the atmosphere. However, because of the relatively slower
atmospheric N2O increase, this perturbation of the ocean
N2O content is presumably minor compared to the case of
CO2. In parallel, warming-driven decrease in N2O solubility
and shrinking sea ice in polar regions would strengthen
N2O outgassing, with regional modulation by changes in
wind speed and gas-transfer velocity.

Taken together, reduction in net production rates, accu-
mulation in the ocean interior, and the increase in N2O
mole fractions are likely to reduce oceanic N2O outgas-
sing, counteracting the effects of oxygen loss, and
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providing a negative (albeit weak) feedback on climate
(Martinez-Rey et al., 2015). However, because N2O emis-
sions reflect interaction of tightly coupled biogeochemical
and physical processes (Berthet et al., 2023), these projec-
tions and the resulting climate feedbacks remain uncer-
tain. Better constraining them will require model
improvements, expanded observational syntheses, and
coordinated assessments similar to those carried out for
CO2 (Gruber et al., 2023).

3.3. Other gases

The climate sensitivity of oceanic cycling and outgassing
of CH4, CO, and NO as well as the resulting feedbacks are
largely unknown because our knowledge about the major
production and consumption processes and their major
drivers is rudimentary. The complex interactions of phys-
ical processes (e.g., air–sea gas exchange and mixing), on
the one side, and the various (micro)biological processes
(e.g., methanogenesis, microbial oxidation, production by
phytoplankton), and chemical reactions (e.g., photochem-
ical production) on the other side hamper a simple model
parameterization of the gas production/consumption
pathways. Therefore, model studies for CH4 and NO are
largely missing, and only a few model studies on CO have
been published (Conte et al., 2019; Kwon et al., 2020).

A key component seems to be dissolved and particulate
organic matter, which is directly involved in CH4 and CO
production and indirectly involved in NO production (Sec-
tions 2.3–2.5). The occurrence and fluxes of organic mat-
ter, in turn, are directly related to biological productivity
in the ocean or riverine input to coastal regions. CH4

production in the ocean was modelled as a flux from
sinking organic particles (Nihous and Masutani, 2006).
Comparable with N2O (Section 3.2), the projected declines
in organic matter export and remineralization are thus
likely to reduce CH4 production from particle-associated
methanogenesis. Ongoing environmental changes, such as
ocean warming, eutrophication and deoxygenation, very
likely will affect future oceanic cycling of CH4, CO, and NO.
For the time being, however, how and to what extent
these environmental changes will be affected by climate
change in the future remains unclear.

4. Social and global relevance and perspectives
Despite recent results from modelling studies suggesting
that climate change has reduced the ocean CO2 sink glob-
ally by approximately 4% in the last decade, this small
change cannot be discerned by surface observations, with
oceans continuing to be responsible for the absorption of
25% of anthropogenic emissions from 1960 to 2021 (Frie-
dlingstein et al., 2022). This ocean CO2 sink serves human
society by buying time to reduce emissions and limit
global climate change. Without the oceanic CO2 uptake,
the atmospheric CO2 mole fraction would have already
exceeded 500 ppm. The downside of the anthropogenic
oceanic CO2 sink is that it alters the ocean chemical com-
position. These changes lead to ocean acidification, arago-
nite undersaturation, and the depletion of the buffering
capacity of CO2, which pose a threat to marine ecosystem
habitability and the role of the ocean as a sink for CO2

(McNeil and Matear, 2008; Kwiatkowski and Orr, 2018;
Gruber et al., 2021; Heinze et al., 2021; Cooley et al.,
2022) and could potentially result in crossing tipping
points (Lenton et al., 2008) caused by the cumulative
impact of warming, acidification, and deoxygenation.
These effects may be fragmented both regionally and in
time but add up to global dimensions, particularly in
combination with other threats such as exploitation, min-
ing, pollution, habitat destruction, overfishing and farm-
ing, invasive species, and shipping, with the potential to
cause ecosystem-wide regime shifts (Heinze et al., 2021).
Impacts are already observed on biodiversity, ecosystem
functioning, and services (FAO, 2020; Cooley et al.,
2022; Santana-Falcón and Séférian, 2022). Past and future
changes in biogeochemical variables are leading large
marine areas towards environmental conditions not expe-
rienced in the present or recent climate (Williams and
Jackson, 2007; Blenckner et al., 2021), as illustrated by
Santana-Falcón and Séférian (2022), who concluded that
by 2100 concomitant changes in both lower and upper
boundaries can expose pelagic ecosystems to thermal
environments never experienced before.

Over this century, ocean heat and carbon uptake will
continue, but the ocean may take up a smaller fraction of
CO2 emissions as atmospheric CO2 concentrations rise
(Armstrong et al., 2019; Gulev et al., 2021; Müller et al.,
2023). At the same time as carbon cycling and CO2 storage
are being, and continue to be, affected by climate change
(Müller et al., 2023), interventions to enhance ocean car-
bon storage are being explored for mitigation (Shukla
et al., 2022; Bach et al., n.d.; Johnson et al., n.d.). The
global community has set forth ambitions for a net-zero
emission society by 2050. The global average air–-sea CO2

fluxes have a smaller variability than CO2 fluxes associated
with the land biosphere (Figure 3). Nevertheless, this
smaller variability hides the fact that the net ocean CO2

sink exhibits large regional variability and non-negligible
interannual-to-decadal variability, and even a relatively
small but persistent change in the efficiency will affect
the net-zero target (Figure 3). The processes driving these
variabilities are still not fully understood, which is high-
lighted by the large (approximately 1 Gt C yr�1) discrep-
ancy between estimates based on global circulation
models and estimates based on gap-filled observational
data products (Friedlingstein et al., 2022; Gruber et al.,
2023). Quantifying air–sea exchange of CO2 to the degree
necessary will require large resources. If we are to rely on
the ocean to help us reach net-zero emissions, then we
need to put effort into a truly global estimate of net GHG
exchange. Data from different measuring networks need
to be connected together more efficiently to maximize
benefits from all the data collected. We need all the smal-
ler parts in order to see the big picture.

Human adaptation to minimize harm and exploit
opportunities from climate-driven ocean changes is
already taking place. Adaptation through nature-based
solutions, including marine protected areas and habitat
restoration, and carbon dioxide removal (CDR) initiatives
can bring social, economic, and cultural co-benefits, but
these are constrained by the degree of mitigation action
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and investment in the necessary technological innovation
(Shukla et al., 2022; Bach et al., n.d.; Johnson et al., n.d.). A
recent review by Williamson and Gattuso (2022) con-
cluded that CDR using coastal blue carbon restoration has
questionable cost-effectiveness for climate mitigation due
to different issues, among which are lateral carbon trans-
port, fluxes of CH4 and N2O, and carbonate formation and
dissolution. For example, coastal wetlands have been dis-
cussed as a natural climate solution due to their capacity
to sequester large amounts of blue carbon in their sedi-
ments (Gattuso et al., 2021; Macreadie et al., 2021). How-
ever, CH4 emissions can offset some of the carbon sink
capacity in coastal wetlands (Rosentreter et al., 2018; Al-

Haj and Fulweiler, 2020), thereby complicating blue car-
bon assessments (Rosentreter et al., 2021a; Williamson
and Gattuso, 2022). Such offsets, however, are currently
highly uncertain and also need to incorporate N2O fluxes.
Only recently, near-shore coastal CH4 and N2O emissions
have been estimated to offset the coastal CO2 sink by 9%–
20% globally (Rosentreter et al., 2023).

Looking forward, there is enormous potential benefit
to society in understanding the environmental conse-
quences of climate change in general and ocean-
atmosphere interactions with GHG in particular (Garçon
et al., 2014). The main environmental metrics employed to
date in relation to climate change mitigation are

Figure 3. Spatial distributions and temporal evolutions of the ocean and land CO2 sinks for 2012–2021. (A)
fCO2 measurements (matm) from the Surface Ocean CO2 Atlas (SOCAT) v2022; (B) fossil CO2 emissions (kg C m�2 yr�1);
(C) ocean CO2 sink (kg C m�2 yr�1); (D) land CO2 sink (kg C m�2 yr�1); (E) temporal evolution of the ocean CO2 sink (Gt
C yr�1); and (F) temporal evolution of the land CO2 sink (Gt C yr�1). In panels C and D negative values (red and yellow
colors) represent a release to the atmosphere, whereas positive values (green and blue colors) represent an uptake
from the atmosphere. In panels E and F the uncertainty bounds representing ±1 standard deviation are given in
shaded color. Note the different scales in each panel. Panels are from Friedlingstein et al. (2022), with permission.
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atmospheric GHG mole fractions and global mean surface
temperatures. However, more refined mitigation metrics
need to be developed that consider potential changes in
the physical climate system and the biogeochemical prop-
erties of the ocean, such as ocean oxygen content, marine
net primary productivity or upper ocean metabolic index
(Heinze et al., 2021; Tran et al., 2021). Societal decision-
making must consider surface ocean and lower atmo-
sphere interactions (e.g., through GHG uptake/emissions)
and how these are linked to human societies and social
processes of change (Weaver et al., 2014). This knowledge
needs to be integrated into societal decision-making and
communicated effectively to the public through adequate
tools and processes. Essential in this process is the role of
social sciences in elucidating the processes that turn
knowledge into action, that is, knowledge that is practi-
cally relevant, usable, legitimate, and actionable.

Humans living on land need the atmosphere. The vast
open ocean is and has always been far removed from
human lives; nevertheless, it is the largest part of our
planetary biosphere and, while having great inertia, it is
not immutable. Great strides have been made in the past
several decades to properly observe how the ocean and
the air–sea interactions of GHG are changing. However,
the ocean remains severely undersampled and lacks, for
example, observational data from the Southern Hemi-
sphere (Figure 3), from wintertime, and from the subsur-
face. Process level understanding and quantification of
oceanic GHG fluxes is critical in order to fulfil the Paris
Agreement mitigation targets and secure adaptation solu-
tions that support the social, economic, and environmen-
tal United Nations’ Sustainable Development Goals (SDGs:
https://sdgs.un.org/goals; van Doorn et al., n.d.). Inte-
grated planning, financing, and implementation can help
to overcome challenges and ensure that marine adapta-
tions do not compromise overall human equity or specific

SDGs but are fully synergistic with these goals (Nash et al.,
2021).

5. Summary and outlook
This study set out to review advances in surface ocean
air–sea fluxes and GHG cycling in the upper ocean (0–
1000 m) during the past 10 years, focusing on CO2, N2O,
CH4, CO, and NOx. Overall, we find that significant
advances have been made in understanding mechanistic
pathways, and reducing uncertainties in measurements
and flux estimates. The global ocean is a large and
increasing sink for CO2, a major source of N2O, and
a minor source of CH4 and CO (Table 2). Estimates of
the oceanic sources and sinks of NOx are missing. The
amount of CO2 taken up by the open and coastal oceans
is well known, and the estimates are associated with
a relatively small uncertainty compared to the emission
estimates of the other GHG (Table 2). This is mainly
resulting from the fact the number of available surface
ocean pCO2 measurements is much larger than the num-
ber of available surface concentration measurements of
the other GHG: The latest version of SOCAT (2022;
https://socat.info) has 35.6 million observations from
1957 to 2022 for the open and coastal oceans (Figure 3),
whereas the latest version of the MarinE MethanE and
NiTrous Oxide database (MEMENTO version 2021;
https://memento.geomar.de) has archived about
150,000 N2O and CH4 concentration data.

Emissions from coastal areas contribute a large fraction
(N2O, CO) to the overall annual oceanic emissions or even
dominate (CH4) the global emissions (Table 2). Except for
CO2, the oceanic cycling of GHG is mainly driven by micro-
bial production and consumption pathways (Table 2).
These microbial pathways and photochemical production,
in turn, depend directly (e.g., denitrification, CO photopro-
duction) or indirectly (e.g., methanogenesis, nitrification)

Table 2. Summary of emissions (positive values) and uptake (negative values) of greenhouse gases with their
major production and consumption processes in the open and coastal oceans and estuaries (see Section 2 for
details)

Location or
Process CO2 (Pg C yr�1) N2O (Tg N yr�1) CH4 (Tg C yr�1) CO (Tg C yr�1) NOx

a (Tg N yr�1)

Open ocean �2.5b (***)c 3.5b (***) 0.8 (***) 3.8 (**)c ? (*)c

Coastal ocean �0.4 (***) 0.7 (**) 7.8d (**) 1.2 (**) ? (*)

Estuaries 0.03 (***) 0.04 (**) 0.2 (**) ? (*) ? (*)

Production Microbial
remineralization of
organic matter

Microbial
nitrification,
denitrification

Microbial
production

Photochemistry NO: photochemistry,
microbial N cycling; NO2:

unknown

Consumption Photosynthesis Microbial
denitrification

Microbial
oxidation

Microbial
uptake

Chemical reactions

aNO þ NO2.
bCalculated as the total oceanic emissions minus emissions from coastal areas (as given in Sections 2.2.1 and 2.3.1).
cLevel of confidence: unknown or very low (*), low (**) or high (***).
dIncludes diffusive and ebullitive emissions from continental shelves (as given in Section 2.3.1).
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on biological productivity by photosynthesis in the sunlit
surface layer of the open and coastal oceans.

The ocean’s continuing ability to absorb CO2 means
that observation-based estimates of this absorption, based
upon existing and new understanding (and resulting from
activities of the Surface Ocean-Lower Atmosphere Study,
SOLAS) will continue to be critically important for global
and regional carbon assessments. Furthermore, machine
learning–based gaps filling products using ship- and buoy-
collected ocean pCO2, satellite observations and reanalysis
outputs are playing an increasingly crucial role in improv-
ing ocean CO2 estimates. The synthesis of CO2 measure-
ments by SOCAT has been and will be of significant help in
ensuring that the global community maintains centralized
standards in quality control and the sharing of CO2 mea-
surements. The role of weather and climate, as well as
cooling associated with volcanic eruptions, are postulated
as drivers of interannual variability for global air–sea CO2

fluxes. The most extensive air–sea CO2 flux interannual
variability occurs in the Southern Ocean and the equato-
rial regions of the tropical Pacific Ocean, where CO2 mea-
surements and mechanistic insights of drivers remain the
least understood. To this end, the introduction of biogeo-
chemical Argo floats, especially through the Southern
Ocean Carbon and Climate Observations and Modelling
project, the use of autonomous surface vehicles and the
continuing of ship-based measurements play crucial roles
in improving CO2 measurements in the Southern Ocean.

Improvements in measurement techniques and
increased availability of datasets have reduced the uncer-
tainty of N2O, CH4, and CO emission estimates during the
last years. Traditionally, their oceanic emissions were

thought to be determined largely by the balance of micro-
bial (N2O, CH4) or photochemical (CO) production and
consumption processes. However, recently published find-
ings have questioned this conventional thinking; for
example, there is increasing evidence that N2O can be
consumed in the oxic ocean surface layer. The “oceanic
methane paradox,” despite a bundle of potential explana-
tions, remains enigmatic. The role of phytoplankton as
a source of N2O, CH4, and CO and the molecular mechan-
isms associated with the photochemical production of
CH4, CO, and NO remain unclear and require further eval-
uation. Additional sources such as N2O and CH4 produc-
tion associated with marine microplastics (recently
reviewed by Goddijn-Murphy et al., 2023) and submerged
aquatic vegetation remain poorly characterized as well.We
can thus conclude that our knowledge of the production,
consumption, and emissions of N2O, CH4, CO, and NO
from the ocean is still far from complete. In addition to
these persistent gaps in knowledge, ongoing environmen-
tal changes, such as ocean warming (and associated
changes in stratification and ice coverage), ocean acidifi-
cation, deoxygenation, and eutrophication due to increas-
ing anthropogenic inputs of nutrients via rivers and
atmospheric deposition of aerosols, might significantly
alter the production and consumption of N2O, CH4, CO,
and NO, their distribution patterns and, ultimately, their
release to the atmosphere (Table 3). As a consequence,
ocean biogeochemical models fail to provide an adequate
representation of reality, which in turn affects projections
of the distributions and emissions of these gases under
future scenarios of ocean warming, acidification, deoxy-
genation, and eutrophication (Table 3).

Table 3. Summary of expected changesa and level of understandingb of the changes in CO2 uptake and N2O,
CH4, CO, and NO emissions from open and coastal oceans in view of ongoing environmental changes

Environmental
Changes Consequences or Potential Linkages CO2 N2O CH4 CO NO

Warming Decrease of solubility � (***) þ (***) þ (***) þ (***) þ (***)

Changes in biological production, community composition ± (**) ? (*) ? (*) ? (*) ? (*)

Changes in microbial production/consumption pathways � (**) ± (**) ± (**) � (**) ? (*)

Enhanced stratification, leading to reduced mixing,
deoxygenation of subsurface waters

� (**) ± (**) þ (**) ? (*) ? (*)

Acidification Changes in biological production, community composition ± (**) ± (**) ? (*) ± (**) ? (*)

Eutrophicationc Enhanced biological production leading to enhanced sinking
of organic material, enhanced organic matter
decomposition, deoxygenation of subsurface/bottom waters

± (***) þ (**) þ (**) ? (*) ? (*)

Enhanced biological production leading to enhanced CDOM
concentrations, enhanced photochemistry

� (**) ? (*) þ (**) þ (***) na

Deoxygenation Shift from aerobic to anaerobic organic matter decomposition
in subsurface/bottom waters

� (**) ± (***) þ (**) ? (*) ? (*)

Pollution Increasing amount of plastics ? (*) þ (**) þ (**) ? (*) na

aIncrease (þ), decrease (�), unknown (?), or not applicable (na).
bLevel of understanding: unknown or very low (*), low (**), or high (***).
cIncluding nutrient inputs by rivers, atmospheric deposition and submarine groundwater discharge.
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In order to improve data coverage and standardize
measurements, MEMENTO was launched and, on the basis
of a first method inter-comparison (Wilson et al., 2018),
standard measurement protocols for N2O and CH4 have
been published. Unfortunately, MEMENTO does not yet
include data or protocols for CO and NOx. The importance
of additional, routine oceanic N2O measurements has
been recognized by the Global Ocean Observing System
program, which recently added N2O to its list of Essential
Ocean Variables (www.goosocean.org). Building on these
efforts the Global N2O Ocean Observation Network was
proposed (Bange et al., 2019a). Although this network was
originally designed for N2O only, adding measurements of
CH4, CO, and NOx will be facilitated by deploying instru-
ments on the basis of the same technique used for N2O
measurements (i.e., cavity-enhanced absorption spectros-
copy). Those advances will enable us to improve estimates
of oceanic N2O, CH4, CO, and NO emissions. However, they
only tackle part of the problem. In order to address exist-
ing knowledge gaps and fully decipher the production and
consumption pathways of these gases in a changing ocean
(Tables 2 and 3), complementary approaches to a global
observation network are needed, as suggested in Bange
(2022). Joint process studies should be established in
open ocean sites in all major ocean basins and coastal
ocean regions with high biological productivity and/or
anthropogenic influence, conducted across multiple sea-
sons and years, and designed holistically, combining
microbial, molecular biological and biogeochemical and
atmospheric methods. Such a comprehensive, coordi-
nated, and interdisciplinary approach will result in the
data necessary to identify the relevant phytoplankton and
microbial communities, quantify the rates of oceanic N2O,
CH4, CO, and NO production/consumption pathways, and
identify their major drivers. In combination with the con-
tinuous collection of data from routinely operated obser-
vation networks, these process data will help to establish
or improve the parameterizations of GHG cycling and
emissions in models (Séférian et al., 2020).

Finally, studies to detect early significant changes of
ocean acidification, deoxygenation, eutrophication, and
aragonite saturation in marine ecosystems will be neces-
sary to optimize conservation and mitigation strategies. A
holistic approach that considers scientific collaboration
and measurement collection as well as consideration of
the cultural and economic implications of mitigation solu-
tions for GHG emissions will be necessary for navigating
the Anthropocene on a global scale.
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Löscher, CR, Naqvi, SWA, Omar, AM, Santana-
Casiano, JM. 2014. Air–sea interactions of natural
long-lived greenhouse gases (CO2, N2O, CH4) in
a changing climate, in Liss, PS, Johnson, MT eds.,
Ocean-atmosphere interactions of gases and particles.
Heidelberg, Germany: Springer: 113–169. DOI:
http://dx.doi.org/10.1007/978-3-642-25643-1_3.

Bakker, DCE, Pfeil, B, Landa, CS,Metzl, N, O’Brien, KM,
Olsen, A, Smith, K, Cosca, C, Harasawa, S, Jones,
SD, Nakaoka, SI, Nojiri, Y, Schuster, U, Steinhoff,
T, Sweeney, C, Takahashi, T, Tilbrook, B,Wada, C,
Wanninkhof, R, Alin, SR, Balestrini, CF, Barbero,
L, Bates, NR, Bianchi, AA, Bonou, F, Boutin, J,
Bozec, Y, Burger, EF, Cai, W-J, Castle, RD, Chen,
L, Chierici, M, Currie, K, Evans,W, Featherstone,
C, Feely, RA, Fransson, A, Goyet, C, Greenwood,
N, Gregor, L, Hankin, S, Hardman-Mountford,
NJ, Harlay, J, Hauck, J, Hoppema, M, Hum-
phreys, MP, Hunt, CW, Huss, B, Ibánhez, JSP,
Johannessen, T, Keeling, R, Kitidis, V, Körtzinger,
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Olsen, A, Peters, GP, Peters, W, Pongratz, J,
Schwingshackl, C, Sitch, S, Canadell, JG, Ciais,
P, Jackson, RB, Alin, SR, Alkama, R, Arneth, A,
Arora, VK, Bates, NR, Becker, M, Bellouin, N, Bit-
tig, HC, Bopp, L, Chevallier, F, Chini, LP, Cronin,
M, Evans,W, Falk, S, Feely, RA, Gasser, T, Gehlen,
M, Gkritzalis, T, Gloege, L, Grassi, G, Gruber, N,
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beck, C, Rodriguez, C, Rosan, TM, Schwinger, J,
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FR, Lüger, H, Johannessen, T, Olsen, A, Feely, RA,
Cosca, CE. 2009. Recommendations for autono-
mous underway pCO2 measuring systems and
data-reduction routines. Deep Sea Research Part II:
Topical Studies in Oceanography 56(8–10):
512–522. DOI: http://dx.doi.org/10.1016/j.dsr2.
2008.12.005.

Randall, K, Scarratt, M, Levasseur, M, Michaud, S, Xie,
H, Gosselin, M. 2012. First measurements of
nitrous oxide in Arctic sea ice. Journal of Geophysical
Research: Oceans 117: C00G15. DOI: http://dx.doi.
org/10.1029/2011jc007340.
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Luchetta, A, Naudts, L, Nightingale, PD, Omar,
AM, Pensieri, S, Pfeil, B, Castaño-Primo, R,
Rehder, G, Rutgersson, A, Sanders, R, Schewe,
I, Siena, G, Skjelvan, I, Soltwedel, T, van Heuven,
S,Watson, A. 2019. Constraining the oceanic uptake
and fluxes of greenhouse gases by building an ocean
network of certified stations: The ocean component
of the integrated carbon observation system, ICOS-
Oceans. Frontiers in Marine Science 6: 544. DOI:
http://dx.doi.org/10.3389/fmars.2019.00544.

Steinle, L, Maltby, J, Treude, T, Kock, A, Bange, HW,
Engbersen, N, Zopfi, J, Lehmann, MF, Niemann,
H. 2017. Effects of low oxygen concentrations on
aerobic methane oxidation in seasonally hypoxic
coastal waters. Biogeosciences 14(6): 1631–1645.
DOI: http://dx.doi.org/10.5194/bg-14-1631-2017.

Stubbins, A, Uher, G, Kitidis, V, Law, CS, Upstill-God-
dard, RC,Woodward, EMS. 2006a. The open-ocean
source of atmospheric carbon monoxide. Deep-Sea
Research Part II: Topical Studies in Oceanography
53(14–16): 1685–1694. DOI: http://dx.doi.org/10.
1016/j.dsr2.2006.05.010.

Stubbins, A, Uher, G, Law, CS, Mopper, K, Robinson, C,
Upstill-Goddard, RC. 2006b. Open-ocean carbon
monoxide photoproduction. Deep-Sea Research Part
II: Topical Studies in Oceanography 53(14–16):
1695–1705. DOI: http://dx.doi.org/10.1016/j.dsr2.
2006.05.011.

Su, X, Yang, L, Yang, K, Tang, Y,Wen, T,Wang, Y, Rillig,
MC, Rohe, L, Pan, J, Li, H, Zhu, Y. 2022. Estuarine
plastisphere as an overlooked source of N2O produc-
tion. Nature Communications 13(1): 3884. DOI:
http://dx.doi.org/10.1038/s41467-022-31584-x.

Sun, X, Jayakumar, A, Tracey, JC,Wallace, E, Kelly, CL,
Casciotti, KL,Ward, BB. 2021. Microbial N2O con-
sumption in and above marine N2O production hot-
spots. The ISME Journal 15(5): 1434–1444. DOI:
http://dx.doi.org/10.1038/s41396-020-00861-2.

Suntharalingam, P, Sarmiento, JL. 2000. Factors gov-
erning the oceanic nitrous oxide distribution: Simu-
lations with an ocean general circulation model.
Global Biogeochemical Cycles 14(1): 429–454. DOI:
http://dx.doi.org/10.1029/1999GB900032.

Szopa, S, Naik, V, Adhikary, B, Artaxo, P, Berntsen, T,
Collins, WD, Fuzzi, S, Gallardo, L, Kiendler

Scharr, A, Klimont, Z, Liao, H, Unger, N, Zanis,
P. 2021. Short-lived climate forcers, in Masson-Del-
motte, V, Zhai, P, Pirani, A, Connors, SL, Péan, C,
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