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Rapid nitrous oxide cycling in the
suboxic ocean
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Nitrous oxide (N2O) is a powerful greenhouse gas and a major cause of stratospheric
ozone depletion, yet its sources and sinks remain poorly quantified in the oceans. We
used isotope tracers to directly measure N2O reduction rates in the eastern tropical
North Pacific. Because of incomplete denitrification, N2O cycling rates are an order of
magnitude higher than predicted by current models in suboxic regions, and the spatial
distribution suggests strong dependence on both organic carbon and dissolved oxygen
concentrations. Furthermore, N2O turnover is 20 times higher than the net atmospheric
efflux. The rapid rate of this cycling coupled to an expected expansion of suboxic ocean
waters implies future increases in N2O emissions.

A
nthropogenically derived atmospheric N2O
concentrations increased over the past cen-
tury (1–3), but the natural marine sources
and sinks of N2O have been difficult to
quantify. Because of the paucity of direct

measurements of N2O production and consump-
tion in the ocean, current rate estimates and pre-
dictions of how the N2O budget will respond to a
changing climate remain uncertain (4). The most
concentrated oceanic sources of N2O to the atmo-
sphere are the suboxic (0 to 20 mmol l−1) waters
overlying the oxygen minimum zones (OMZs),
based on measurements and models of super-
saturatedN2O concentrations (5, 6). Furthermore,
N2O is produced by both nitrification and de-
nitrification, but the overall importance of each
process is uncertain. Nitrification, the oxidation
of ammonium to nitrite and further to nitrate,
exhibits maximum rates just below the well-lit
surface layer, where remineralization rates sup-
plying ammonium are highest. Nitrification gen-
erates an N2O by-product (7) whose yield is
enhanced by suboxic concentrations—the yield
of N2O, as a fraction of nitrite production, can be
as high as 10% in culture (8, 9) and 0.4% in the
environment (10, 11). However, at very low (less
than a few micromolar) oxygen concentrations,
nitrification ceases (12), and no N2O can be pro-
duced via this pathway.
Denitrification, the stepwise reductions of ni-

trate and nitrite through NO and N2O to nitro-
gen gas, occurs in the ocean onlywhenmolecular
oxygen is sufficiently low (less than 3 mmol l−1)
(13). This anaerobic process results in local N2O
minima within the OMZ core but has the poten-
tial to be amajorN2O source at the suboxic-anoxic
interface (the oxycline) at the top of the OMZ.
Over this narrow depth interval, N2O consump-
tion by the nitrous oxide reductase enzyme is
inhibited by O2 at an extent greater than its
production in the denitrification sequence (14).

Further, because the denitrification steps are pre-
dominantly heterotrophic, the rates are enhanced
at shallow depths, where the supply of newly
produced labile organic matter from the surface
(13) is greater. Incomplete denitrification (reduc-
tion of NO3

– to N2O rather than to N2) may ac-
count for a flux that is ignored or not explicitly
represented in most biogeochemical ocean and
climate models. Indeed, in culture experiments
(14, 15) and sediment incubations (16) at suboxic
but nonzero O2 concentrations, denitrification ac-
tivity decreased as expected with increasing O2

concentrations, but the N2O yield (i.e., the propor-
tion of denitrification halting at N2O) increased
to ~50% (15).
We directly measured the reduction of N2O to

dinitrogen gas by using labeled isotopic (15N)2O
tracer incubation experiments at three stations
in the eastern tropical North Pacific (ETNP), the
largest suboxic zone (17) and a major site of N2O
production (18, 19). N2O reduction is the only
major biological N2O consumption process; be-
cause production occurs via multiple pathways,
in situ production rates via isotopic tracer tech-
niques cannot be directly constrained (20).
The transect across the ETNP (fig. S1) showed

the characteristic features associatedwith OMZs,
namely a N2O concentration peak (~100 nmol l−1)
at the base of a steep oxygen gradient and an
N2O concentration minimum in the core of the
OMZ. All three sites displayed similar alignments
of oxygen, N2O, and nitrite maxima and minima
(Fig. 1A), indicating similar mechanisms affecting
the biogeochemistry across the region. The sim-
ilarity between the N2O profile at the offshore
station 2 and data from a nearby site measured
12 years prior (19) (Fig. 1B) indicates long-term
stability in the shape and peakmagnitudes of the
N2O profiles.
N2O consumption rates (Fig. 2)measured across

all three profiles were up to 35 nmol l−1 day−1, in-
dicating residence times as low as 1 day (calculated
from the concentration divided by the biological
rate). This fast turnover was observed through-
out the OMZ core, presumably because of tight
coupling of sequential denitrification steps. With-
in the oxycline, the N2O residence times increased

and the reduction rates decreased sharply as
O2 increased. This synchronism is consistent with
oxygen poisoning of the nitrous oxide reductase
enzyme above the OMZ. Moreover, and of greater
consequence to atmospheric N2O emissions, an
estimate of the rate of production based on a
one-dimensional (1D) transport-reaction balance
(fig. S3) was systematically larger than that of
consumption near the base of the oxycline. This
1D estimate is likely to be conservative, because
the inclusion of horizontal transport terms, which
act to erode the N2O peak, would require an in-
crease in the N2O source to maintain the balance
(table S2 and supplementary text). The observed
near-shore (station 1) rates of N2O reduction and
production decreased with depth (Fig. 2), re-
sembling the depth-dependent power law decay
of organic carbon supply (13). This organic car-
bon dependence of N2O cycling was also apparent
from the occurrence of the highest rates near
shore, where the greatest primary production oc-
curs. These measurements highlight the large
spatial heterogeneity of N2O cycling dependent
on organic carbon export in the ETNP.
We investigated the broader implications of

such rapid N2O cycling with a mechanistic, 1D
model of OMZ biogeochemistry (supplementary
materials) built on parameterizations widely
adopted in ocean biogeochemicalmodels, includ-
ing biological N2O production via nitrification,
enhanced at suboxic concentrations (4, 6, 21, 22),
and consumption via denitrification (19). Follow-
ing previous parameterizations (21), we defined
an oxygen threshold of 2 mmol l−1, above which
N2O was produced and below which, consumed.
However, this 1DmodelwithN2Oproduction from
nitrification alone generated a production rate
(maximum of 0.3 nmol l−1 day−1) that was a frac-
tion of the net production rate calculated from the
measured consumption (Fig. 3A). The observed
N2O concentration peaks measured here at
>100 nmol l−1 (Fig. 1) are likely not reproduced in
models (21), including our 1D version (which only
achieves amaximumof 70 nmol l−1), because they
do not include explicit production by incomplete
denitrification. The importance of denitrification
to N2O production has been implicated by mea-
surements across all threemajor OMZs: the ETNP
(18, 23), the eastern tropical South Pacific (ETSP)
(24), and the Arabian Sea (20, 25).
We expanded the 1D model to separate the

N2O production and consumption terms of de-
nitrification and allow for O2-dependent decou-
pling (26). With this change, denitrification
became amajor N2O source in the low-O2 waters
directly overlying the OMZ (9.3 mmol m−2 day−1)
and was comparable in size to the source from
nitrification (9.1 mmol m−2 day−1). Furthermore,
the maximummodeled net N2O production rate
of 0.6 nmol l−1 day−1 is consistent with our ob-
servations (Fig. 3B), with a peak concentration of
>110 nmol l−1. Such agreement could not be
achieved with production via nitrification alone
and suggests that denitrification constitutes a
major and largely overlooked source of N2O. This
conclusion also holds for a range of model pa-
rameters and formulations, including a simple
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representation of lateral transports, as shown by
a series of sensitivity studies (fig. S2, table S2, and
supplementary text).
Similar to the model results, a conservative

average from offshore measurements at the base
of the oxycline indicated a net production rate on
order of ~1 nmol l−1 day−1. Based on themeasured
rates and the observed extent of the suboxic layer
at the base of the oxycline of the three profiles,
production exceeds consumption across a thick-
ness of ~10 T 4 m (SD) immediately overlying the
anoxic layer.A 1nmol l−1 day−1 imbalance integrated
over 10m equates to an air-sea N2O flux of 10 mmol
m−2 day−1, which is comparable (30 to 100%) to the
fluxes estimated in the analogous suboxic ETSP
(24). Our model including a denitrification N2O
source produced a similar atmospheric efflux of
13 mmol m−2 day−1. As an order-of-magnitude esti-
mate, integrating a 10 mmolm−2 day−1 flux horizon-
tally over the extent of the suboxic ETNP (25.7 ×
1012 T 1.5 × 1012 m2) yields a net atmospheric N2O
flux out of theETNPOMZof 1.3 T 0.1 Tg ofN year−1.
Furthermore, if we conservatively estimate the
average reduction rate based on ourmeasurements
within the ETNP OMZ (2 nmol l−1 day−1) and in-
tegrate over the full volume of the anoxic ETNP
OMZ (1.2 × 1015 T 0.5 × 1015 m3), the total cycling
rate through N2O is 25 T 10 Tg of N year−1, or 20
times higher than the net efflux. This gross rate
of N2O generation is comparable to previous es-
timates of denitrification rates from the ETNP
(27–30). Because the net outgassing of N2O to the
atmosphere results from the residual between
large production and reduction rates, it could
change greatly in response to even a small de-
coupling of production and consumption, caused,
for example, by more frequent O2 injections (31)
or changes in the volume and geometry of sub-
oxic zones (32, 33).

Our results show that the net accumulation
of N2O in the OMZs on the multiyear time
scales dictated by ocean circulation hides the
delicate balance between production and con-
sumption that proceeds on time scales at least
one order of magnitude faster. Over long time
scales into the future, expanding and shoaling
OMZs resulting from changes in physical cir-

culation, widespread ocean deoxygenation (34),
and increased fertilizer runoff stimulating phy-
toplankton blooms could exacerbate marine
N2O accumulation and outgassing (4, 31). This
increase would be especially important given
the rapid biological rates measured in the ETNP.
The rapid turnover of N2O in OMZs also implies
that shorter time scale variations influence N2O
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Fig. 1. Biogeochemical measurements. (A) Depth pro-
files of N2O (open circles), O2 (solid gray line), and NO2

–

(dashed line) concentrations at the three stations in-
cluded in this study. (B) Comparison of N2O concentration
data (open circles) from station 2 collected in April 2012
with those from a previous study (19) (solid circles) of a
nearby location (16°N 107°W) in spring 2000.

Fig. 2. N2O cycling rates.Rates of measured N2O consumption (solid squares) and calculated production
(open diamonds) are shown at the three stations. Turnover times are indicated by open circles. Scaled (0
to 100% saturation) O2 concentration profiles (solid gray line) are included for reference (see Fig. 1 for
concentrations). Note the broken vertical axis between 250 and 500 m. N2O production was calculated by
using the measured consumption rates and concentration profiles and assuming a vertical balance
between advection, diffusion, consumption, and production. Lateral transport processes, which would tend
to erode the N2O peak and thus require more production, were ignored here, making these production
rates likely lower estimates (supplementary text).
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flux, as reported for the Arabian Sea’s annual
monsoons (35). El Niño–Southern Oscillation
strongly affects the mixed layer and thermocline
depths and surface productivity in the eastern
tropical Pacific. Via this natural variability, the
OMZs of the ETNP and the ETSP should ex-
pand and shoal during a La Niña and contract
during an El Niño (36).
Current estimates of the marine N2O sources

to the atmosphere that do not mechanistically
account for incomplete denitrification, including
the Intergovernmental Panel on Climate Change
(IPCC) estimate of ~4 Tg of N year−1, are low
considering the overall denitrification rates to N2

in the OMZs (33, 35, 37). If we assume that the
three major OMZs are approximately equivalent,
the N2O production rates predicted here would
account for 4 Tg of N year−1 from the OMZs
alone. This is a conservative analysis, limited to
the offshore sites and ignoring the coastal region
with higher rates and imbalances (Fig. 2). Inclu-
sion of coastal sites could substantially increase
this estimate. Further, models parameterizing
N2O production via only nitrification require tun-
ing by some additional suboxic process to produce
N2O in the OMZs and better simulate concentra-
tion distributions (4, 22, 38). The directly mea-
sured rates and simple model presented in this
paper show that these tunings do not capture the
dynamics necessary to represent accurately ma-
rine N2O cycling.
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Fig. 3. One-dimensional model of N2O cycling in the OMZ. (A) Modeled
N2O and O2 concentrations using a mechanistic 1D model of OMZ bio-
geochemistry, with rates of production from nitrification (green) and con-
sumption from denitrification (red). The net rate is given by the dashed black
curve. (B) As in (A) but with an additional N2O source from denitrification
included. The third graph separates the different production and consumption
terms. Points showmeasurements at stations 2 and 3. Model and data profiles

have been shifted vertically to align the N2O peaks to the mean model N2O
peak depth. Solid horizontal gray lines separate the layers of nitrification-
dominated production, denitrification-dominated production, and net deni-
trification consumption. The dashed gray line shows where denitrification
begins to act as a major N2O source in the model. Envelopes in all graphs
show the standard deviation from an ensemble of Monte Carlo runs (N =
5000) simultaneously varying all of the parameterizations.
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