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Oceanic non-CO2 greenhouse gases (GHGs: N2O, CH4, and CO) require more attention in a new and wider
context that is relevant for ocean and climate sciences. In order to gain a better understanding of their cycling
and emissions, it is essential to establish a global ocean observing network.

It is widely known that the world’s ocean
has long been a great ally in the fight
against climate change, absorbing around
one-quarter of all carbon dioxide (CO2)
emissions and capturing the vast majority
of the associated excess heat.1 What is
lesser known is that open and coastal
ocean waters also play an important role
as sources of non-CO2 greenhouse gases
(GHGs). These include nitrous oxide
(N2O), methane (CH4), and carbon monox-
ide (CO), which, while lower in concentra-
tion relative to CO2, still have a significant
impact on atmospheric warming (see
Table 1). However, our knowledge about
the production and consumption path-
ways of these non-CO2 GHGs as well as
the major drivers that cause their release
from the ocean is rudimentary at best,
and estimates of their oceanic emissions
are still associated with a high degree of
uncertainty.

Following CO2, N2O, CH4, and CO are
the most important natural GHGs.4 CO is
an indirect GHG; a series of atmospheric
reactions of CO increase the atmospheric
mole fractions of other GHGs such as
CO2, CH4, and ozone, resulting in an effec-
tive radiative forcing that is comparable to
N2O (see Table 1). Moreover, N2O and
CH4  are involved in stratospheric ozone
depletion (the ‘‘ozone whole’’).5 N2O, in
view of the ongoing atmospheric decrease
of the chlorofluorocarbons, is expected
to become the most important ozone-
depleting compound of the 21st century.6

When it comes to what we know of the
ocean as a source of these gases, our
knowledge is patchy and uncertainty
ranges are significant.

While the open ocean (water depths >
200 m) is usually classified as a natural
source of atmospheric non-CO2 GHGs,

emissions from coastal oceans (water
depths <  200 m) are strongly affected
by     anthropogenic     activities     such     as
increasing inputs of nitrogenous nutrients
via agricultural practices, which can result
in the eutrophication of coastal waters.
Oceanic N2O emission estimates for the
period from 2007 to 2016 indicate that
the open and coastal oceans (including
coastal zones, estuaries, rivers, and
inland waters) may contribute as much
as 25% of the natural and anthropogenic
N2O sources combined (Table 1).4 This in-
dicates that the ocean is second only to
soils as the world biggest source of atmo-
spheric N2O. However, the estimates
range from 13%–44% and are thus highly
uncertain. Estimates of oceanic CH4  and
CO emissions similarly suffer from signifi-
cant uncertainties; although the ocean
could contribute a minor, but still signifi-
cant, 1 %  of global CH4  and CO emissions
(Table 1), uncertainties are in the range of
at least ±50%.4 ,2 ,3 ,7  In view of declining
anthropogenic CO sources,4 the impor-
tance of the oceanic source of CO might
increase in the future. These uncertainties
are mainly caused by the low number
of available oceanic measurements, as
compared to, for example, CO2, and the
lack of information on (1) seasonal and in-
ter-annual variability and (2) land-ocean
gradients.

Our understanding of the processes
underlying oceanic non-CO2 GHG forma-
tion has also been recently challenged.
Traditionally, it has been thought that
oceanic emissions of N2O, CH4, and CO
are largely determined by the balance of
microbial (N2O and CH4) or photochem-
ical (CO) production and consumption
processes (see Table 1). In the case of
CH4  and CO, microbial consumption is

thought to be very effective and thus con-
sumes a large fraction (approximately up
to 90%) of the gases produced in situ, al-
lowing only a small fraction to escape into
the atmosphere. The surplus emissions
from oceanic N2O production are, howev-
er, much larger, since the only known N2O
microbial consumption process (Table 1)
depends on anoxic (i.e., oxygen-free) en-
vironments, which are found only at a
few sites in the ocean (eastern tropical
Pacific Ocean and Arabian Sea) and in
the sediments. However, recently pub-
lished findings have questioned this con-
ventional thinking. There is, for example,
increasing evidence that N2O can be
consumed in the oxic ocean surface layer.
Although the processes responsible for
N2O consumption in the ocean surface
and its spatial and temporal extent remain
largely unknown, this would effectively
turn the surface ocean into temporary
regional sink of N2O.8,9 It has also been
shown that a decreasing pH (i.e., through
ocean acidification) can affect N2O pro-
duction via nitrification. Results from
studies are, however, ambiguous with
respect to whether this would increase
or decrease oceanic N2O production,
introducing further uncertainty.10,11 There
is also the ‘‘methane paradox’’ to contend
with—the     unexpected     supersaturation
of     the     upper     ocean     with     methane
with respect to the atmosphere—which,
despite a bundle of potential explana-
tions, remains enigmatic. Furthermore,
microbial and chemical processes that
take place in the surface microlayer
(SML) (i.e., the uppermost 1 mm of the
ocean) have been shown to significantly
affect the exchange of gases across
the ocean/atmosphere interface12      but
are usually not accounted for in emission
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Table 1.  Overview of the climate relevance and the major oceanic processes  of N2O, CH 4  and CO.

Atmospheric lifetime

Climate effects

Effective radiative forcinga, W m2

Atmospheric chemistry effects

Oceanic contribution to atm. budget, %

Major formation processesd

Major consumption processesd

N2O

109 years

direct

0.24

strat. O3 depletion

25 (13–44)

nitrification, denitrification

denitrification

CH4

9 years

direct

1.2

strat. O3 depletion,
oxidative capacity

0.8 (0.8–4.1)

methanogenesis, other processese

aerobic/anaerobic oxidation

CO

1–4 months

indirect

0.44b

oxidative capacity

<1c

photochemistry

microbial consumption
aEmissions-based estimates for the period 1750–2019.
bIncludes non-methane volatile organic compounds.
cSee Zheng et al.2 and Conte et al.3

dCombined open and coastal oceans (including water column and sediments).
e‘‘Other processes’’ stands for processes potentially explaining the ‘‘oceanic CH4  paradox,’’ such as methanogenesis in anoxic micro niches (in sinking
organic particles and in zooplankton guts), microbial production from methylated precursors, and release by cyanobacteria and phytoplankton. More-
over, a photochemical production of CH4  has been suggested recently as an alternative, non-biological, production pathway in the ocean.

estimates of non-CO2     GHGs. And the
role of phytoplankton as a source of
non-CO2        GHGs     and     the     molecular
mechanisms associated with the photo-
chemical production of CO remain un-
clear and require further evaluation.13,14

In addition to these persistent gaps
in knowledge, ongoing environmental
changes such as ocean warming (and
associated changes in stratification and
ice coverage), decreasing pH (i.e., acidifi-
cation), loss of dissolved oxygen (i.e.,
deoxygenation), and eutrophication due
to increasing anthropogenic inputs of
nutrients via rivers and atmospheric
deposition of aerosols might significantly
alter the production and consumption of
non-CO2     GHGs, their distribution pat-
terns, and, ultimately, their release to the
atmosphere.

We can thus conclude that our knowl-
edge of the production, consumption, and
emissions of non-CO2     GHGs from the
ocean is still far from complete. As a conse-
quence, ocean biogeochemical models fail
to provide an adequate representation of
reality, which in turn affects projections of
oceanic non-CO2 GHG distributions and
emissions     under     future     scenarios     of
ocean warming, acidification, deoxygen-
ation, and eutrophication. For example,
model projections that account for ocean
warming and atmospheric nitrogen depo-
sition show a net decrease in future global
oceanic N2O emissions during the 21st cen-
tury, but projections range between 4 %
and 24%.15     An inability to reasonably
simulate non-CO2 GHG distribution and
the associated oceanic emissions compro-

mises our ability to accurately verify the
potential effects of mitigating actions
(e.g., the reduction of eutrophication in
coastal areas). Additionally, the large de-
gree of uncertainty in future emission pro-
jections also results from the limitations of
existing concentration data used in model
parameterizations and validation. Where
data do exist, datasets are not yet cross-
calibrated and are biased by poor spatial
and temporal coverage of the ocean.

These shortcomings are not going
unnoticed. Communities are rallying to
improve data coverage and standardize
measurements. MEMENTO, a database
for marine CH4  and N2O measurements,
was launched in 2009. The database
currently contains about 120,000 surface
and depth profile measurements of N2O
and more than 20,000 measurements for
CH4. Unfortunately, MEMENTO does not
yet include data or protocols for CO. In
2013, working group 143 of the Scientific
Committee on Oceanographic Research
(SCOR)     was     established     to     develop
standard measurement protocols for N2O
and CH4. The importance of additional,
routine oceanic N2O measurements has
been recognized by the Global Ocean
Observing System (GOOS) program, which
recently added N2O to its list of Essential
Ocean      Variables      (EOV)      (see      www.
goosocean.org). Building on these efforts,
in 2019, the Global N2O Ocean Observa-
tion Network (N2O-ON) was proposed
(Figure 1).15 The objectives of N2O-ON
are multiple: (1) reduce uncertainties in cur-
rent global N2O oceanic emission esti-
mates, (2) better constrain and understand

temporal and spatial variability, (3) verify
that measures to mitigate N2O emissions
are effective, and (4) improve future projec-
tions of N2O concentrations and emissions
in a changing ocean. To achieve these
goals, N2O-ON will make use of estab-
lished (e.g., research vessels, repeat hy-
drographic line and time series stations,
and voluntary observing ships) and new
(e.g., moorings with underwater trace gas
sensors, when technically mature) obser-
vation platforms to improve the character-
ization of spatial and temporal variability
in oceanic N2O concentrations. Although
N2O-ON was originally designed for N2O
only, adding measurements of CH4  and
CO will be facilitated by deploying instru-
ments on the basis of the same technique
used for N2O measurements (i.e., cavity-
enhanced absorption spectroscopy).
While necessary, the objectives of N2O-
ON are ambitious, and its successful devel-
opment and execution will depend strongl
y on available international and national
funding sources and may take up to 15 to
20 years to complete.

Although these advances will enable
us to measure oceanic non-CO2     GHG
emissions with greater accuracy, they
only tackle part of the problem. If we are
to successfully address existing knowl-
edge gaps and fully decipher the produc-
tion and consumption pathways of N2O,
CH4, and CO in a changing ocean, comple-
mentary approaches to a global observa-
tion network are needed. Such joint pro-
cess studies should be established in
open ocean sites in all major ocean basins
and coastal ocean regions with high
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approach will we generate the data neces-
sary to identify the relevant microbe/phyto-

ocean non-CO2 GHG production/con-

There remains much to learn about the
biogeochemistry of the oceans. Without
this knowledge, the picture of greenhouse
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Figure 1. Proposed scheme for the Global N2O Ocean Observation Network (N2O-ON)
MEMENTO, marine methane and nitrous oxide database: https://memento.geomar.de. The figure is taken
from Bange et al.15
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