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Nitrous oxide (N20), a trace gas whose concentration is increasing
in the atmosphere, plays an important role in both radiative
forcing and stratospheric ozone depletion1

•
2

• Its biogeochemical
cycle has thus come under intense scrutiny in recent years.
Despite these efforts, the global budget of N20 remains unre
solved, and the nature and magnitude of the sources and sinks
continue to be debated3

-
S despite the constraints that can be

provided by characterizations of the gas6
•
7

• We report here the
results of dual-isotope measurements of N20 from the water
column of the subtropical North Pacific Ocean. Nitrous oxide
within the lower-euphotic and upper-aphotic zones is depleted in
both 15N and 180 relative to its tropospheric and deep-ocean
composition. These findings are consistent with a prediction,
based on global mass-balance considerations, of a near-surface
isotopically depleted oceanic N20 source4

• Our results indicate
that this source, probably produced by bacterial nitrification,
contributes significantly to the ocean-atmosphere flux of N20 in
the oligotrophic subtropical North Pacific Ocean. This source may
act to buffer the isotopic composition of tropospheric N20, and is
quantitatively significant in the global tropospheric N20 budget.
Because dissolved gases in near-surface waters are more readily
exchanged with the atmospheric reservoir than those in deep
waters, the existence ofa quantitatively significant N20 source at a
relatively shallow depth has potentially important implications
for the susceptibility of the source, and the ocean-atmosphere
flux, to climatic influences.

Field work was carried out at the Hawaii Ocean Time-series
Station ALOHA8 (22 0 45' N, 1580 W), a representative oligotrophic
deep-ocean site. We collected seawater samples for isotopic analyses
during the HOT-76 (September-October 1996), HOT-79 (January
1997) and HOT-82 (April 1997) cruises. Two archived seawater
samples from the HOT-65 (September 1995) cruise were also
analysed to ensure the efficacy of sample storage. We also analysed
air samples collected during HOT-76 and from the roof of our
Honolulu laboratory. Dissolved NzO concentrations ranged from
near air saturation (~6 nM) at the surface to a maximum of nearly
50 nM within the deep oxygen minimum at 700-800 m depth
(Fig. 1). Concentration profiles were similar for HOT-76 and
HOT-79, but showed some increased values below 100 m during
HOT-82. Although the 015N and 0180 values of dissolved NzO
display some variability between cruises. all three data sets show
similar trends with depth: values near those of air at the surface,
decreasing with depth to a minimum between 100 and 300 m, and

. then an increase with depth to 800 m (Fig. 1). The previously
undescribed minima in the isotopic ratios differ from surface
values by as much as 3.3%0 for 015N and 5.7%0 for 0180. Because
both isotopic ratios are lighter within this zone than above or below,
the NzO in this zone cannot result from a simple mixture of
atmospheric NzO with N20 from deep water. The isotopic-mini
mum layer is located below the local salinity maximum and well
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'We model the isotopic composition of N,O at the isotopic minimum (cI"N = 5.8%0.
0"0 = 17.3%.) as a two-component mixture of N,O diffusing upwards from deep water
(o"N = 12.0%..0 18 0 = 28.6%.) and N20 produced locally by the shallow source.
t A given fractional contribution of the shallow N,O source to the mixture yields these
possible values for the isotopic composition of the shallow source.
*The magnitudes of the shallow source and the net sea-air flux are calculated for a given
fractional contribution using avertical flux from deep water of 0.26!: 0.10 ",molm -2 do'.

estimated the magnitude and composItion of one component,
knowledge of the relative proportions of the two sources will
allow us to estimate the magnitude and isotopic composition of
the second component.

The isotopic data can be used to constrain the fractional con
tribution of the shallow N20 source to the N20 pool at the isotopic
minimum. One can see that if this fractional contribution is small,
then the N20 produced by the shallow source must be extremely
depleted in the heavy isotopes (Table 1). The lowest 0180 value ever
reported for N20 was -2.6%0 for a sample collected from a waste
water treatment facility in which nitrification rates were extremely
highl5. It is very unlikely that N20 produced at our isotopic
minimum could be formed with a more depleted composition
than the N20 from this extreme environment. This lower limit for
0180 implies that the shallow N20 source must contribute ;;,:40% of
the N20 to the pool at the isotopic minimum (Table 1). A similar
argument can be made on the basis ofextrema of015N values. In the
absence of other undescribed sources and/or sinks for N20 in the
water column at station ALOHA, the net flux from the ocean to the
atmosphere will be the sum of the vertical flux from deep water and
the production ofN20 at the isotopic minimum. The isotopic data
suggest therefore that the net sea-air flux ofN20 at station ALOHA
is at least 0.4::+:: 0.2 IJ.-mol m - 2 d - I (Table 1), which compares
favourably with an estimate-based on global expedition data on

Table 1 Constraints on N20 source strength at station ALOHA

Fraction of N,O 516N of shallow 5180 of shallow Magnitude of
contributed to N,O source N,O source shallow N20
mixture by (%0 vs air-N,)t (%0 vs air-O,)t source
shallow source' (",mol m-' d-')*

Magnitude of
net sea-air
N,O flux

(",mol m-'d-',*

5.2 ± 2.1
2.6 ± 1.0
1.3 ± 0.5
0.9 ± 0.3
0.7 ± 0.3
0.5 ± 0.2
0.4 ± 0.2
0.4 ± 0.1
0.3 ±0.1
0.3 ± 0.1
0.3 ±0.1

4.9 ± 2.0
2.3 ± 0.9
1.0 ± 0.4
0.6 ± 0.2
0.4 ± 0.2
0.3 ±0.1
0.2 ±0.1
0.1 ±O.O
0.1 ±O.O
0.0 ± 0.0
0.0 ± 0.0

16.7
16.0
14.5
12.5
9.8
6.0
0.4

-9.1
-27.9
-84.4

-197.4

5.5
5.1
4.3
3.1
1.7

-0.4
-3.5
-8.7

-19.0
-50.0

-112.0

95%
90%
80%
70%
60%
50%
40%
30%
20%
10%
5%

above the salinity minimum, so it seems not to be associated with
either laterally advective hydrographical feature entering the region.
Therefore, either production oflight N20 or preferential consump
tion of heavy N20 occurs within this zone.

Consumption of N20 at the isotopic-minimum zone is unlikely
to be a significant process. Anoxic microsites can exist within
particles and could be sites of active reduction of Np (ref. 9).
However, a large kinetic isotope effect is associated with N20
reduction, which should result in a residual pool of N20 enriched
in IsN and 180 (refs 10, 11). We observe an isotopic minimum, not a
maximum. On the other hand, nitrification is an aerobic process,
occurring throughout the ocean and characteristically exhibiting
maximum rates within the lower-euphotic and upper-aphotic
zonesI2

•
13

• Recent rate measurements at station ALOHA document
active nitrification at the base of the euphotic zone13

• The large
negative fractionation factors associated with N20 production via
nitrification l4.ls are consistent with the observation ofN20 isotopic
minima within this layer. Although other metabolic pathways for
N20 production cannot be ruled out, the correlation of measurable
nitrification activity with isotopically depleted N20 strongly sug
gests nitrification as the responsible process.

We can estimate the magnitude and isotopic composition of this
near-surface N20 source as follows. During the late summer (HOT
76), low values ofboth olsN and 0180 are found within the nitrifying
layer, but with the development of more vigorous winter mixing
(HOT-79 and HOT-82), the minima in the isotopic profiles are
partially eroded, through exchange with the atmospheric Np
above and perhaps also with the deep N20 below (Fig. 1). In the
absence of deep winter mixing, the isotopic composition of N20
immediately below the euphotic zone will approximate that of a
mixture of the isotopically enriched N20 diffusing upwards across
the thermocline and the isotopically depleted N20 produced locally.
The vertical flux ofN20 from deep water and its isotopic signature
can be calculated using one-dimensional diffusion models l6.17 and
the measured gradients ofN20 concentration and Nand 0 isotopes
through the thermocline. These calculations yield an upward
N20 flux of 0.26 ::+:: 0.10 IJ.-mol m -2 d -I with olsN = 12.0%0 and
018 0 = 28.6%0. The error in the magnitude of the flux results from
the ::+::40% uncertainty in the vertical eddy-diffusion coefficient for
this region 16, while the calculation ofthe isotopic composition ofthe
flux is independent of the value of this coefficient. At the isotopic
minimum (215 m) during HOT-76, N20 has a minimum composi
tion of 015N = 5.8%0 and 018 0 = 17.3%0. Because we model this
composition as a two-component mixture, and we now have

o

o

o

18 22 26 30 34

S'80-N20 (%0 VS air-02)

Figure 1 Isotope data from station ALOHA. Shown are depth profiles of

concentration (left panel). nitrogen-isotope composition (centre panel) and

oxygen-isotope composition (right panel) of N,O at station ALOHA during four

HOT cruises. Solid line in left panel indicates hypothetical N,O concentration at

100% air saturation. Filled squares above the centre and right panels indicate

measured isotopic composition of marine tropospheric N20 during HOT-76.

Arrows indicate ranges of measured isotopic compositions of tropospheric N20
(ref. 6).
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Methods
Isotopic analyses of N20. Twelve-litre Niskin bottles on a rosette system were
used for seawater sample collection at up to 24 depths per cast. Subsamples for
isotopic analyses were taken without aeration from the Niskin bottles into 250

ml serum vials, preserved with I-ml saturated mercuric chloride solution, and

capped with a butyl rubber stopper and aluminum seal for later analysis. Air
samples were collected in 250-ml evacuated glass bulbs while facing into the
prevailing wind. The system used for purging the gases from sea water and
separating the gas of interest was originally designed for analysis of c5(JC of

Arabian Sea2J
•
24

• The results revealed that NzO in the suboxic waters
was highly enriched in both 1~ and 180, suggesting a denitrifica
tion-related source. However, the data from the suboxic zones fall
well to the opposite side of the soil-gas/stratospheric mixing line
from the tropospheric values (Fig. 2). These low-oxygen layers
therefore cannot represent a significant source of N20 to the
troposphere, unless balanced by a yet-undescribed source. On the
other hand, in both of these regions N20 above the suboxic zone,
within a layer of active nitrification near the base of the euphotic
zone (75-150 m; refs 20, 22), as well as NzO at the surface of an
active upwelling zone in the Arabian Sea24

, are depleted in lSN and
only slightly enriched in 180 with respect to tropospheric NzO (refs
10, 23, 24; Fig. 2). Because this shallower N20 more readily
exchanges with the atmosphere than N20 from the deeper suboxic
sources, it is likely that the actual isotopic composition of the net
N20 flux to the atmosphere in these regions is not far froin that of
tropospheric NzO. Hence, the central North Pacific, the Arabian Sea
and the eastern tropical North Pacific may all serve to buffer the
troposphere against the enriched isotopic composition of the
stratospheric return flux and the depleted composition of the soil
gas emissions.

The possibility that near-surface nitrification is one of the chief
contributors to the global ocean-atmosphere flux of NzO has
several important implications. First, if sea-air N20 fluxes are
dependent not so much on slow diffusion across the thermocline
but more upon production and recycling (that is, nitrification) of
organic matter above the thermocline, then significant variability in
NzO flux can be expected at timescales on the order of days-weeks.
Second, if the primary source of oceanic N20 is near the surface
rather than in deep waters, variability in wind-driven mixing, such
as can be expected in response to climate change, will have a
profound effect on the regional and global ocean-atmosphere
fluxes of this important trace gas. Last, sigliificant climatic phe
nomena such as El Nmo may produce opposing effects on N20 flux
in different regions of the ocean. For example, while suppression of
upwelling by El Nino may reduce N20 in the surface waters of the
equatorial Pacific2s, ecosystem shifts in the subtropical North Pacific
in response to El Nino (which favour the dominance of nitrogen
fixing cyanobacteria) would be expected to increase nitrification
rates in the upper water column, hence increasing near-surface N20
production26

•

Although the data presented here provide direct evidence for an
oceanic N20 source consistent with the hypothesis of Kim and
Craig\ we must be careful not to conclude that the tropospheric
budget ofN20 is near closure. The temporal and spatial variability
of N20 fluxes and isotopic composition need to be better resolved
before robust conclusions can be drawn. Few stable-isotope data on
N20 exist, and even fewer dual-isotope data, largely because of
analytical limitations. Our analytical method allows for accurate
and precise analysis of small-volume aquatic samples across nearly
the entire concentration range found in nature, as well as air
samples. This method also opens up the possibility of determining
the microbiological pathways ofN20 production in natural aquatic
systems by performing true tracer-level incubation experiments
with stable isotopically-labelled compounds. Such studies should
be able to elucidate the rates ofN20 production at specific sites, and
also to yield information on the metabolic pathways involved. 0
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sea surface N20 saturation state-of0-0.8 fA.mol m-2 d-1 (ref. 18). If
the shallow source actually contributes as much as 95% of the N20
to the sea-air flux13

, then the net flux to the atmosphere may be as
high as 5.2 ± 2.1 fA.mol m - 2 d - 1•

Kim and Craig4 suggested that the stable-isotope composition of
tropospheric N20 results from the mixing of three main end
members: tropical soil N20 emissions, the return flux of N20
from the stratosphere, and an hypothesized yet undocumented
near-surface oceanic N20 source. Employing a global isotopic
mass-balance model, they predicted that this latter source would
have an approximate isotopic composition of5%0 and 15%0 for olsN
and 0180, respectively. Although it has recently been suggested that
the isotopic values these authors placed on the stratospheric end
member may have been slight overestimatesl9

, their predicted
signature for the oceanic source would be little affected by a small
downward revision of these figures. Our analyses provide direct
evidence for their hypothesized oceanic N20 source. Furthermore,
the isotopic composition of our source compares very well with
their prediction if this source contributes about 70-90% to the net
ocean-atmosphere N20 flux for this region (Table 1). Nevertheless,
even with the isotopically depleted composition of the sea-air flux
described here, the tropospheric N20 budget cannot be balanced
unless either the magnitude of this flux is much greater than
estimated, Dr additional undescribed sources of isotopically
depleted N20 exist4

•

A number of investigators have suggested that oceanic regions
underlain by suboxic waters may represent an important source of
NzO to the atmosphere2o- n • Dual-isotope data have been obtained
from two of these regions, the eastern tropical North Pacific and the

-10

Figure 2 Property-property plot of oxygen- and nitrogen-isotope composition of

N20. Small circles indicate water-column data from the subtropical North Pacific

Ocean (this study). Hexagons indicate the three global endmembers for the

tropospheric isotopic mass balance of N20: soil gas emissions. the stratospheric

return flux. and the hypothesized near-surface oceanic source'. The diamond

indicates the composition of the shallow North Pacific endmember revealed in

this study. assuming that this source is responsible for 80% of the net sea-air N20 .

flux at station ALOHA. The square indicates the average composition of

tropospheric air'. Filled triangles show compositions of N20 in deep suboxic

layers from the eastern tropical North Pacific (ETNP) and the Arabian Sea". Open

triangles show compositions of N20 from shallow concentration maxima in the

ETNP and the Arabian Sea", and from the surface waters of an active upwelling

zone in the Arabian Seal'.
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dissolved methane in sea water'''. Briefly, sea water was transferred directly from
the serum vial to a sparging column, and the dissolved gases stripped with
ultra-pure He for 12 min. Air samples were flushed into the sparger by
introduction into the carrier stream via the standard loop upstream of the
sparger. The sparged gases were passed through columns containing Orierite
and Ascarite to remove excess water vapour and CO2, respectively, and the
remaining condensable gases were trapped in a stainless-steel column
immersed in liquid nitrogen. These gases were cryofocused", before separating
N20 from CO2 and other trapped gases using a PoraPLOT-Q
(25 m X 0.32 mm) analytical column held at 10 0c. N20 was then introduced
directly into the ion source of a MAT 252 isotope-ratio-monitoring gas
chromatograph/mass spectrometer (irmGC/MS). N20 concentration and
stable-isotope ratios (15 R =15 N/"N and "R =" 0/160) were measured simul
taneously by monitoring the ion currents of masses 44, 45 and 46 using the
Finnigan ISOOAT software. Nitrogen-isotope enrichments were corrected for
the contribution of 170 to the mass 45 ion currenrl"·30. We report aU isotopic
values as per mil deviations with respect to atmospheric N2 and O2 using
standard delta notation: 0(%0) = [(R,.mpl/R,..o<b,d) - 1] X 1,000. Our analytical
scheme is capable of analysing as little as 1nanomole of N20 in less than
45 min. Analyses of samples in duplicate or triplicate yield reproducibilities of
approximately ::':0.3%0 for 015N and ::':0.7%0 for 0180 of dissolved NzO in near
surface waters. We characterized the isotopic composition of our standard gas
with respect to internationally accepted standards by the conversion ofNzO to
Nz plus COz (refs 6, 31), followed by cryogenic separation and analysis of the
gases produced using traditional methods. Calibration of NzO concentration
was achieved using a commercial gas mixture, and double-checked using
dilutions of high-purity N20 in He.
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