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ABSTRACT

In March 1976 the first N,O measurements were made in the sea water and marine air of the
eastern tropical Pacific Ocean during a cruise from San Diego, California, to San Martin, Peru.
Continuous measurements of N,O in the marine atmosphere were made throughout the dur-
ation of the cruise. The tropospheric mixing ratio was 332 + 9 p.p.b. v/v N,O. The concentration
of N,0 in the marine air appeared to show a direct relationship to the N,O concentration in the
surface sea water, with the highest N,O mixing ratios over regions which were highly super-
saturated, off the coasts of Baja California and Peru, and in the equatorial upwelling region. The
surface sea water samples were generally supersaturated with N,O, with an average saturation of
145% relative to the marine atmosphere. The average flux of N,O from the surface sea water
into the atmosphere was 0.5 x 10~'2 g N,O cm~2 s~L. Only one surface sea water sample showed
significant undersaturation; the other 28 surface water samples were approximately saturated or
supersaturated. Water samples were also collected down to depths of 300 m during seven hydro-
cast stations. The stations showed two distinct distribution patterns for N,O concentration
versus depth for the region between the surface and 300 m. At five of the seven stations the N,O
concentration increased rapidly from the surface to a depth of 100 m, and then remained rela-
tively constant down to the maximum depth of 300 m. At the other two stations the N,0O concen-
tration showed the same rapid increase between the surface and 75-100 m, but then the N,O
concentration decreased in the next 50-75 m until the concentration of N,O at 150 m was lower
than that found at the surface. At these two stations the water from 150 m to 300 m was just
saturated or undersaturated with N,O with respect to the atmosphere. These two stations were
located in the oxygen-deficient region off the coast of Mexico, which suggests that the low N,O
concentrations below the thermocline may be due to denitrification. However, stations in the
oxygen-deficient region off the coast of Peru showed considerable N,O supersaturation at all
depths. Recent results indicate that the role of N,O in the nitrogen cycle of the ocean may be
more complex than has previously been suggested.

1. Introduction

There is considerable uncertainty at the present
time over the role of the oceans in the global cycle
of nitrous oxide. The estimates of the flux of N,O
between the ocean and the atmosphere range from
a net global marine production of 135 Mt N,O
year—! (1 Mt = 19'2 g) (Hahn, 1974) to a net sink
of 40 Mt N,O year~! in the oceans (McElroy et al.,
1976). In order to help reduce the uncertainty
about the role of the oceans, we measured N,O
concentrations in the marine air and sea water of
the eastern tropical Pacific Ocean (ETPO) during
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a cruise of the R.V. Alpha Helix from San Diego,
California, to San Martin, Peru, in March 1976
(Fig. 1).

Extensive N,O measurements in the northern
Atlantic Ocean had shown that the surface sea
water was generally supersaturated (Hahn, 1974,
Yoshinari, 1976) which pointed to the North
Atlantic as a significant source of N,O. The only
N,O measurements ever made in the Pacific Ocean
(Craig and Gordon, 1963) had indicated that some
regions of the Pacific might be sinks for nitrous
oxide. However, Craig and Gordon’s data cannot
be applied to estimates of the sea «— air flux, since

Tellus 32 (1980), 1



NITROUS OXIDE MEASUREMENTS IN THE EASTERN TROPICAL PACIFIC OCEAN 57

they combined water samples from many different
depths of the ocean into three groups, and the
two groups which showed N,O undersaturation
were from average depths of 600 m and 4000 m.
Since only the concentration of N,O in surface
water samples is relevant to calculations of the
sea «—air flux, their results could only be considered
evidence that the Pacific Ocean might possibly
behave differently from the Atlantic with regard
to the global cycle of nitrous oxide.

We made continuous measurements of N,O in
the marine atmosphere throughout the duration of
the cruise (Fig. 2). We also measured the N,O
concentration in 65 sea water samples collected
during seven hydro-cast stations (Fig. 3) extending
from the surface down to a depth of 300 m, and in
22 samples collected in the sea surface water layer
during the course of the cruise.

2. Analytical methods

The analyses of N,O were carried out using a
Perkin-Elmer 3920 gas chromatograph equipped
with an electron capture detector, which was
operated at 350 °C. Both the atmospheric and sea
water samples were analyzed for N,O on a 2 m x
3 mm (o0.d.) column packed with Porasil B. The
details of the method for the atmospheric analyses
are given in Rasmussen et al. (1976).

The sea water samples were analyzed using the
multiple phase-equilibration method of McAuliffe
(1971). A 100 ml glass syringe is flushed several
times with helium until a blank run on the gas
chromatograph shows no contaminant peaks. The
helium used in the analyses is purified prior to use
by passage through a trap of Molecular Sieve 5 A.
Then 50 ml of sea water are taken into the syringe,
making sure that no outside air is introduced along
with the sea water. After this, 50 ml of purified
helium are added, and the syringe is capped by
closing a Luer-Lok fitting. The syringe is then
shaken vigorously for 5~10 min in order to estab-
lish equilibrium between the phases. Finally, 40—45
ml of the helium is passed through the sampling
lines of the gas chromatograph to flush them out
before a measured volume is injected onto the
column for analysis. We used a 1 ml sample for our
analyses of N,O on the Porasil B column. Any
helium remaining in the syringe is then discharged,
and 50 ml of fresh helium are added. The equili-
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bration process is repeated as many times as
required for a specific analysis. We normally
performed two to four equilibrations per sample for
the N,O analyses. If any water is lost during an
analysis, then a correspondingly smaller amount of
helium is added for the succeeding equilibration
steps, i.e., only the ratio of the volume of the gas
phase to the volume of the liquid phase must be
kept constant.

The mathematics of the analysis is quite simple.
A plot of the log of the concentration (i.c., peak
height or peak area) versus the number of the
equilibration produces a straight line. The negative
slope of the line is the log of the distribution coefli-
cient (or Henry’s Law Constant) plus one. The
intercept of the line is the product of the initial
concentration of the compound and the distri-
bution coefficient. The details of the method are
given by McAuliffe (1971).

The precision of the multiple phase-equilibration
method for analyses of N,O in sea water was
approximately +2 9% during the Alpha Helix cruise.
We have now improved our analytical technique
for making measurements of dissolved gases in sea
water, so that a precision of better than +1% is
possible for N,O.

The nutrient analyses for NO,, NO,, NH,, SiO,,
and PO, listed in Table 1 for the hydro-cast
stations were performed by Roger Shepard of
Duke University Marine Laboratory using a photo-
metric autoanalyzer on board the ship. The
temperature profiles at the stations were obtained
using an expendable bathythermograph (XBT)
with the help of Jane Kogelschatz of Duke.

3. Results

The discussion of the results of the nitrous oxide
measurements made during the cruise will be
divided into two sections, atmospheric measure-
ments and sea water measurements. Since the
marine air concentration is obviously important in
determining the expected equilibrium concen-
tration of N,O in the surface sea water, the atmos-
pheric measurements of N,0 will be discussed first.

3.1. Atmospheric measurements

The map of the cruise track is shown in Fig. 1,
and the results of the atmospheric N,O measure-
ments are shown in Fig. 2. The N,O concentration
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Fig. 1. Cruise track of the Alpha Helix from San Diego, California, to San Martin, Peru. The locations of the hydro-
cast stations are shown, numbered as in Table 2. The oxygen concentrations (in ml/I) on the &, = 125 cl/ton surface,
which is at a depth of 300—500 m in this region, are also shown. (Figure from Reid, 1965.)

in the marine atmosphere was quite uniform
throughout the cruise: based upon 212 hourly
averages representing more than 1200 individual
measurements, the mixing ratio of N,O was 332 +
9 p.p.b. v/v, a relative standard deviation of only
2.8% of the mean. This is a very homogeneous
distribution in view of the fact that the cruise
covered a period of 15 days and a distance of more
than 4000 miles, traversing both hemispheres in an
area of the ocean believed to be a significant source
of N,O, and encountering several different synoptic
wind systems.

The mean concentration for the cruise, 332
p-p-b. v/v N,0, agrees closely with the mixing ratio
of 331 + 3 p.p.b. v/v N,O which our laboratory
measured in 40 air samples collected during seven
high-altitude aircraft flights made over Montana

during the same time period, the first three weeks in
March 1976. In addition, 20 discrete air samples
we collected during the Alpha Helix cruise and
analyzed in our laboratory at home had a concen-
tration of 331 + 6 p.p.b. v/v N,O. These two sets
of measurements had relative standard deviations
of 0.99% and 1.8 %, respectively.

We also made continuous measurements of N,O
at a site in the north-western United States for a
period of a year, beginning in June 1976. The
results from the summer of 1976 (Pierotti et al.,
1978a) showed a very stable tropospheric N,O
level of 328.5 + 1.5 p.p.b. v/v, a relative standard
deviation of less than 0.5 %.

There are several possible reasons for the greater
variability observed in atmospheric N,O levels
during the Alpha Helix cruise. First of all, since
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Fig. 2. Results of the surface air and sea water measurements of N,O during the Alpha Helix cruise. The mixing ratio
of N,O in the marine air (in p.p.b. v/v) is shown at the top (Q). The measurements of N,O in the surface sea water are
shown in the other two plots. The degree of saturation of the surface water with N,O, relative to a marine atmospheric
concentration of 330 p.p.b. v/v, is shown (in % saturation) by (O0). The flux of N,O from the sea into the atmosphere
(x 10~V g cm~2s71), calculated using the stagnant film model, as described in the text, is shown by (A).

these measurements were made on whole air
samples, varying water vapor pressure in the
atmosphere undoubtedly contributed to the ap-
parent variability of atmospheric N,O. Since all of
our measurements up to this time had been made
on samples collected in the upper troposphere and
lower stratosphere, where the water vapor pres-
sure is vanishingly small, we had not anticipated
this difficulty. However, the vapor pressure of H,0
during the cruise was 16.5%}? mmHg, which
corresponds to an H,O mixing ratio of 2.2137%,
so the variations in water vapor pressure contri-
buted at most one-quarter of the variability
observed in the N,O level. Since there was conden-
sation of water vapor in the air sampling lines upon
entering the cooler laboratory, the actual effect of
variations in H,O vapor pressure would be some-
what less.

Another reason for the variability of N,O in the
marine air can be seen in Fig. 2, where we have
shown the relative saturation and flux of N,O from
the surface sea water during the cruise. There
appears to be direct relationship between the N,O
concentration in the surface sea water and the
marine atmosphere. The general features of the
N,O concentration in the air and surface sea water
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agree over most of the cruise track, with the highest
atmospheric N,O levels occurring in the upwelling
regions off the coasts of Mexico and Peru, where
the highest dissolved N,O concentrations were
observed, and the lowest N,O concentrations in the
marine air occurring in the regions where the sur-
face water was only slightly supersaturated and
even undersaturated, in a few cases. This indicates
that parts of the eastern tropical Pacific,
specifically the upwelling regions off Mexico and
Peru, are very strong sources of N,O to the atmos-
phere. We shall return to this point in the dis-
cussion of the sea water measurements.

Another factor which may have contributed to
the low N,0 concentrations observed during the
middle of the cruise is the possible effect of desert
surfaces as a sink for N,0O. We have observed
significantly lower levels of N,O in dust clouds over
the eastern Sahara (Pierotti et al., 1978b), and
Junge et al. (1971) found that air masses associated
with the northwest trade winds and originating in
North Africa had abnormally low levels of N,O
during a cruise from 10°S to 60°N along the
30° W meridian. Although the very lowest N,O
levels we observed during the cruise were
associated with the northeast trade winds, it is
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uncertain if the air masses we measured were of
Saharan origin, so we cannot attribute the low
nitrous oxide levels to removal by desert surfaces,
although it remains a possibility.

The concentrations of N,0 which we have
measured in the troposphere compare quite favor-
ably with other recent measurements. Yoshinari
(1976) obtained an average mixing ratio of 328 + §
p.p-b. v/v N,O in 20 air samples collected over the
Atlantic Ocean and Caribbean Sea in March and
April 1972. Goldan et al. (1978) obtained a ground
level N,O mixing ratio of 326 + 5 p.p.b. v/v from
75 measurements made during a six-month period
in 1976-77. Cicerone et al. (1978) found a tropo-
spheric concentration of 330 + 3 p.p.b. v/v N,O in
47 samples collected and analyzed between August
1976 and September 1977. Finally, recent
measurements by Weiss (1978) and Singh et al.
(1977) have also shown an extremely homo-
geneous distribution of nitrous oxide in the tropo-
sphere, although their absolute concentrations are
approximately 10% and 5% lower, respectively,
than those reported above, reflecting a systematic
difference in absolute calibration standards.

The spatial and temporal variations in the tropo-
spheric concentration of N,O observed by our
laboratory and the other laboratories making
measurements would seem to indicate that the
tropospheric distribution of N,O is considerably
less variable than has been reported in the past
(Schiitz et al, 1970; Junge et al., 1971; Hahn,
1975). This difference is most likely the result of
simpler analytical techniques and greater precision
in recent measurements. The greater uniformity in
the tropospheric distribution of N,O observed in
most recent measurements is significant in view of
the current uncertainties with regard to the sources
and sinks of N,O. Junge (1974) has proposed that
the time and space variations of tropospheric
constituents should be inversely proportional to
their tropospheric residence times. He obtained an
empirical relationship from the available data on
tropospheric gases:

(Tropospheric Residence Time) x (Relative Stan-
dard Deviation) = 0.14 Years

Applying this formula, the best recent measure-
ments indicate that the tropospheric lifetime of
N,O is probably longer than 30 years. However, a
recent paper by Levy et al. (1979) has shown that
even with a uniform global source of N,0O and

destruction only by photolysis in the stratosphere
(with a lifetime of 150 years), temporal relative
standard deviations of 0-2—0-8% and spatial vari-
ations of as much as 1% are to be expected in the
troposphere. Therefore, the Junge relationship
breaks down for long-lived trace gases such as
N,O, and we cannot expect to learn anything more
about the atmospheric lifetime of N,O through
improvements in the analytical techniques. How-
ever, we can set a lower limit for the N,O lifetime
of approximately 30 years. Assuming an atmos-
pheric burden of 2400 Mt N,O (equal to 330 p.p.b.
v/v N,O in the troposphere), this would set an
upper limit on the global net production of approxi-
mately 80 Mt N,O year~!, only about 40% of the
amount estimated by Hahn and Junge (1977) for
the total global source: 210 Mt N,O year~!.

3.2. Sea water measurements

The course of the R.V. Alpha Helix from San
Diego, California, to San Martin, Peru, is shown in
Fig. 1, along with the dissolved oxygen concen-
trations (in ml/1) occurring at depths of 300-500 m
in this area of the ocean (d; = 125 cl ton~! surface)
(Reid, 1965). The locations of the seven hydro-cast
stations are also shown in Fig. 1.

Virtually the entire cruise was over a region of
the ocean which displays extremely low oxygen
concentrations from a depth of around 100 m
down to almost 900 m (Codispoti, 1973). These
waters are nearly anoxic, and they have displayed
characteristics which indicate that they are the site
of considerable denitrification (Fiadero and Strick-
land, 1968; Goering, 1968; Thomas, 1966). Esti-
mates of the total amount of denitrification for the
oxygen-deficient zone north of the equator in the
ETPO range from 10 to 230 Mt N year!
(Richard, 1971; Cline and Richards, 1972; Goer-
ing et al., 1973; Codispoti and Richards, 1976), far
larger than the total estimated rate of denitrifi-
cation from such well-known anoxic environments
as the Black Sea and the Cariaco Trench. This
means that the eastern tropical North Pacific and
the corresponding zone in the South Pacific are a
major factor in the oceanic budget of combined
nitrogen. Therefore, the concentration of nitrous
oxide in the sea water of this area is of consider-
able interest with regard to the nitrogen cycle in the
ocean and the global budget of N,O.

Although the earliest measurements of N,O in
sea water were made by Craig and Gordon (1963)
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in the Pacific Ocean, they had to combine their 28
samples into three groups in order to have enough
N,O for analysis, so the resuits they obtained were
severely limited. Since that time Junge, Hahn, and
coworkers have made extensive measurements of
nitrous oxide in and over the northern Atlantic
Ocean (Junge et al., 1971; Junge and Hahn, 1971;
Hahn, 1974, 1975). They found considerable
supersaturation of N,O in the surface waters of the
Atlantic Ocean, with the supersaturation decreas-
ing with increasing latitude. From these results they
have concluded that the oceans are a large source
of N,0. However, no detailed measurements of
N,O had been made in the marine air and sea water
of the Pacific Ocean. In order to remedy this omis-
sion we participated in the Alpha Helix cruise from
San Diego to San Martin, Peru. The measure-

Table 1. Alpha Helix cruise surface water samples

ments in the marine air, reported above, showed a
very homogeneous distribution of N,O, with a
concentration of 332 + 9 p.p.b. v/v. The sea water
measurements of N,O were also extremely interes-
ting, providing a picture of the distribution of N,O
in waters where upwelling and extensive denitrifi-
cation are taking place.

Direct estimates of the flux of nitrous oxide from
the ocean into the atmosphere can be made using
the N,O concentrations which we measured in the
surface water samples. Table 1 lists the N,O data
for all 29 samples collected in the surface water
layer during the course of the cruise. The data and
location of the samples are in columns 1-3, the
surface water temperature in column 4, the N,O
concentration (in ug/l) in column 5, the percent
saturation of the surface water (relative to a marine

Temperature  [N,0] Percent
Date Latitude Longitude (°C) ug/l saturation Flux

March § 30°40’'N 116°27°W 15.0 0.74 182 10.00
6 27°33'N 114°57.6' W 15.2 0.51 126 3.17
6 27°33'N 114°57.6'W 15.2 0.54 133 4.07
8 22°01'N 109°4.9'W 219 0.52 158 6.90
8 22°01'N 109°4.9'W 219 0.50 152 6.18
9 18°05'N 105°25'W 25.0 0.42 139 4.66
9 17°42'N 104°59'W 25.8 0.42 142 5.04
10 15°36.9'N 103°10.7"W 21.7 0.28 100 0.00
10 15°36.9'N 103°19.7W 27.7 0.32 114 1.69
10 13°50'N 101°06'W 27.2 0.25 88 —1.46
11 11°35'N 99°27'W 28.8 0.34 126 3.06
12 9°45'N 97°40'W 26.8 0.28 98 -0.21
12 9°32.6'N 97°26.1'W 26.4 0.37 128 3.26
12 8°48'N 96°42'W 27.2 0.29 102 0.21
13 6°33'N 94°35'W 27.2 0.38 133 398
13 5°50'N 94°00'W 27.2 0.37 130 3.56
13-14 5°09'N 93°22.1'W 29.2 0.37 137 4,40
13-14 5°09'N 93°22.7'W 29.2 0.36 133 3.96
14 3°55'N 91°42'W 28.7 0.27 99 —0.09
14 2°12'N 90°48'W 28.8 0.40 148 5.64
15 0°42'N 89°07'W 26.0 0.56 193 10.93
15 Equator 88°30'W 26.0 0.68 234 15.79
16 2°40'S 86°15'W 27.0 0.35 123 2.70
16 3°13.4'S 85°25.1'W 27.4 0.38 136 4,20
16 3°13.4'S 85°25.1'W 274 0.33 118 2.10
17 5°42'S 83°37T'W 26.6 0.31 109 1.03
18 7°40'S 81°26.2'W 25.8 0.78 264 19.56
18 7°40'S 81°26.2'W 25.8 0.73 247 17.95
19 10°30’S 79°15'W 21.8 0.74 224 14.83

Percent saturation is the N,O saturation of the surface water relative to an atmospheric concentration of 330 p.p.b.

v/v.
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air concentration of 330 p.p.b. v/v N,O) has been
calculated in column 6, and the flux of N,O from
the sea to the air (x 10~'* g cm~2 s~!) has been
calculated in column 7. These last two quantities
are also shown in Fig. 2 along with the atmos-
pheric N,O concentrations.

Of the 29 surface water samples, only one shows
significant undersaturation, while four other sam-
ples are approximately saturated, and a fifth shows
a supersaturation of less than 10%, an amount
which could be accounted for by physical pro-
cesses such as bubble injection in surface waters or
the mixing of water masses of different tempera-
tures. However, the other 23 surface water samples
show levels of N,O which can only be accounted
for by production of nitrous oxide in the sea water.

The flux of a gas between the ocean and the
atmosphere can be calculated using the stagnant
film model (Broecker and Peng, 1974), where the
flux is given by the formula:

D
Flux =E (C*—-Px «T, S))

where C* is the concentration of the gas in sea
water, P is the partial pressure of the gas in the
atmosphere, a(T, S) is the solubility of the gas in
sea water, and Z is the film thickness. The solu-
bility coefficient &(T, S) was calculated using the
data of Weiss and Price (1979). The molecular
diffusion rates for N,O and the value for the film
thickness (60 u) were taken from Broecker and
Peng (1974).

Assuming a marine air mixing ratio of 330 p.p.b.
v/v N,O, and a salinity of 35.0%, we used the
calculated solubility coefficients and the stagnant
film model to estimate the N,O saturation values
and the flux of N,O from the ocean to the atmos-
phere for each of the 29 surface water samples
(Table 1, Fig. 2). As we mentioned above, only one
surface water sample showed significant under-
saturation, and 23 of the samples showed signifi-
cant supersaturations which could not be accoun-
ted for by physical processes. The average satu-
ration for all 29 samples was 145%, with some
samples showing greater than 200% saturation,
Therefore, this region of the ocean is clearly a
source of nitrous oxide to the atmosphere.

We calculated the flux of N,O for each surface
water sample (Table 1). The flux values ranged
from —1.46 x 10~ g N,O cm~?s7! to +19.56 x

10-13 g N,0 cm~2 s The average flux from the
surface sea water into the atmosphere for all 29
samples was 5.42 x 1072 g N,O cm~?s™.

These flux values are of the same order as those
reported by Hahn (1975) for the northeast Atlantic
Ocean, 2.2-4.7 x 107 g N,O cm™? 57, with a
maximum flux of 12.5 x 107" g N,0 cm~2 5!
calculated for the tropical latitudes of the North
Atlantic from the data obtained on the Meteor
cruise of April 1969.

Assuming that our average flux of 5.42 x 10~ g
N,O cm~2 57! from the ocean to the atmosphere
is representative of the entire oxygen-deficient
region of the eastern tropical North Pacific, we
obtain a net flux of approximately 1.2 Mt N,O
year—* from this area of the ocean. Including the
oxygen-minimum region of the eastern tropical
South Pacific would give us an estimated flux of
more than 2 Mt N,O year~! for the entire region of
low oxygen concentration in the ETPO. These N,0
flux estimates are reasonable in relation to the
denitrification rate of ~20 Mt N year~! calculated
by Codispoti and Richards (1976) for the eastern
tropical North Pacific, since the N,O/N, ratio in
denitrification products is commonly 0.05-0.1 in
soil denitrification studies (CAST, 1976).

If we apply our average flux to the entire world
ocean surface of 360.8 x 10° km?, we obtain a
global marine production of 61.7 Mt N,0 year~!,
less than half of Hahn’s (1974) estimate of 135 Mt
N,O year~!. Although our specific flux values are
similar to those measured by Hahn in the Atlantic
Ocean, the discrepancy between our global flux
estimates results from Hahn’s choice of flux values
in calculating the global oceanic flux of N,O to the
atmosphere. He averaged the flux values obtained
at each latitude, assuming that these averages are
representative of the flux at that latitude for the
entire ocean surface. However, his samples were
not evenly distributed over the ocean: he had seven
samples collected from 0.6°N to 59.9°N during
the Atlantic cruise of 1969, twenty samples
collected on the Iceland—Faroe Ridge (from 62° N
to 65.5°N) in 1970, and fifteen samples collected
from 38.5°N to 48.5° N in the eastern Atlantic in
1971. By weighting his data in order to give each
latitude proper weight according to the relative
ocean surface area in each latitudinal belt, Hahn
has given inordinate importance to five samples
collected from 0.6° N to 36.6° N during the 1969
cruise, when the analytical procedure they were
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using was much less precise than on later cruises
(Hahn, 1974). These five samples, and particularly
the two samples collected at 0.6°N and 10.3°N,
are responsible for the average N,O saturation of
180% for the North Atlantic surface water which
Hahn (1974) used in calculating his total flux esti-
mates for the North Atlantic and his giobal marine
net production.

Furthermore, the sample from 10.3°N, which
showed by far the highest N,O saturation (293 %)
of all Hahn’s samples, was not taken from the
surface water, but at a depth of 25 m. The use of a
sample from a depth of 25 m in calculating air <
sea flux, even when the surface water is reasonably
well mixed to that depth, is highly questionable in
view of the variability of biological activity near the
surface, particularly in the sea surface film layer
(Williams, 1967; Goering and Menzel, 1965).

Finally, Hahn (1974) used a value for the film
thickness of 28 4 in making his global estimates,
while we used a film thickness of 60  in making
our flux calculations.

Recently, Hahn and Junge (1977) recalculated
their global flux estimates using film thicknesses of
40-60 y, but still using the N,O data from the 1969
cruise, including the result from 10.3° N. They now
estimate a global marine net production of 45120
Mt N,O year~!, with a most likely value of 75 Mt
N,O year—!. This is fairly close to our extra-
polation of the average flux values from the ETPO,
which gave us a global marine production of 61.7
Mt N,O year~!. The results of the analyses on the
65 samples collected during the seven hydro-cast
stations are given in Table 2. Columns 1 and 2 give
the water temperature and the depth (in meters) at
which the sample was collected, columns 3—7 give
the data on the nutrients (in 4M/1), column 8 gives
the N,O concentration (in ug/1), columns 9 and 10
give the location and column 11 gives the date of
the station. The results for N,O, NO,, NO,, and
temperature have been plotted against depth, in
Fig. 3 for the seven stations.

An examination of Fig. 3 shows two distinct
distribution patterns for N,O among the seven
stations. At stations No. 1, 4, 5, 6, and 7 the N,0
concentration increases rapidly from the surface
down to a depth of 100 m, and then remains rela-
tively constant down to the maximum depth of 300
m. Stations No. 2 and 3 show the same rapid
increase in the N,O concentration between the
surface and 75-100 m, but then the N,O concen-
tration shows a corresponding decrease in the next
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50-75 m, until the concentration of N,O at 150 m
is actually lower than that found at the surface. In
fact, at stations No. 2 and 3 the water samples are
either just saturated or undersaturated with N,O
below a depth of 150 m. The N,O equilibrium
values shown in Fig. 3 were obtained by assuming
that the water at each depth was in equilibrium
with an atmosphere containing 330 p.p.b. v/v N,0
at the ambient water temperature and a salinity of
35.0%. We assumed a salinity of 35.0%, for all of
our solubility calculations, since the solubility of
N,O is not very sensitive to changes in salinity
(it changes by less than 1% for variations in the
salinity between 34.0%, and 36.0%), and we did
not have concurrent salinity measurements for the
water samples.

The behavior of N,O at stations No. 2 and 3
indicates that different levels of the same water
column can have drastically different roles in the
N,O cycle. At both stations the upper 100 m of the
water column, from the bottom of the thermocline
to the surface, acts as a source of nitrous oxide.
The water in this region is consistently super-
saturated, with some of the saturation levels
exceeding 1000%, including the highest dissolved
N,O concentration we measured during the entire
cruise, at 75 m at station No. 3. However, the
water column beneath the thermocline appears to
be a sink for N,0. Although we do not have con-
current measurements of dissolved O, for our sea
water samples, stations No. 2 and 3 are in the core
of a well-defined oxygen-deficient zone (Fig. 1)
(Codispoti, 1973), where the oxygen concentration
is less than 0.2 ml/l from a depth of ~100 m down
to almost 900 m. This suggests that the low N,O
concentrations below 100 m at stations No. 2 and
3 are the result of denitrification. The behavior of
N,O at stations No. 2 and 3 is similar to the
primary nitrite maximum, examples of which can
be seen at stations No. 4 and 5 (and which is indi-
cated by the high NO, value at 50 m at station No.
3). The primary nitrite maximum is associated with
the thermocline, and is generally attributed to the
accumulation of nitrite produced as an inter-
mediate in bacterial nitrification and assimilatory
nitrate reduction by phytoplankton (Wada and
Hattori, 1971; Hattori and Wada, 1971). It is likely
that the distribution of N,O at stations No. 2 and 3
can be attributed to the same processes, and is
accumulating in the thermocline due to the restric-
tion which it poses upon vertical circulation.

However, the N,O distribution found at stations
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No. 1, 4, §, 6, and 7 cannot be explained in this
manner. The N,O concentrations which we
measured below the thermocline are clear evidence
of in situ production of nitrous oxide throughout
the water column. The N,O concentrations are
considerably supersaturated at all depths, with
values ranging from ~140% at the surface to more
than 1000% saturation in the intermediate waters
below the thermocline.

4. Discussion

The first extensive measurements of nitrous
oxide in the ocean were made by Junge, Hahn and
coworkers (Junge et al., 1971; Hahn, 1974, 1975),
who found the surface waters of the northern
Atlantic Ocean to be supersaturated, with the
degree of saturation decreasing with increasing lati-
tude. They also found that there was an inverse
relationship between N,O and O, concentrations,
with the highest N,O concentrations occurring in
the oxygen-minimum layer (Hahn, 1974, 1975).
Consequently, Hahn concluded that denitrification
was the source of excess N,0 in the oceans, despite
the fact that the dissolved oxygen concentrations
were always quite high. Yoshinari (1976) made a
number of measurements of N,O in the western
Atlantic and the Caribbean Sea, finding results
similar to Hahn and Junge. However, he found that
there was a linear relationship between the excess
N,O concentration (N,0(obs)-N,O(sat)) and the
apparent oxygen utilization (AOU), which suggests
that the rate of N,O production is proportional to
the rate of oxygen utilization. This led him to
conclude that N,O may be formed by the oxidation
of organic amines, i.e., nitrification.

The measurements reported here were the first
detailed measurements of nitrous oxide in the
Pacific Ocean. The results for this area (the ETPO)
are important in view of the role it is believed to
play in the global nitrogen cycle (Cline and
Kaplan, 1975; Codispoti and Richards, 1976;
Richards, 1971; Cline and Richards, 1972; Goer-
ing et al., 1973; Richards and Broenkow, 1971).
The surface water in this region is generally super-
saturated with N,0, particularly in areas of
upwelling. The intermediate waters show two
distinct patterns, with five of the stations showing
large N,O supersaturations throughout the water
column, and two stations showing a nitrous oxide
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maximum at 75-100 m, and then decreasing
rapidly in the next 50-75 m until the N,O concen-
tration at 150 m and below is lower than that found
at the surface. These two stations were located in
the oxygen-deficient zone off the coast of Mexico
(Codispoti, 1973), which points to denitrification in
the intermediate waters as a sink for N,0O. How-
ever, other stations (Nos. 6 and 7) located in the
oxygen-deficient region off the coast of Peru, where
denitrification is known to take place (Carlucci and
Schubert, 1969; Dugdale et al., 1977), showed
considerable supersaturation throughout the water
column.

More recent measurements in the same region by
Cohen and Gordon (1978) and Elkins et al. (1978)
show similar results. Cohen and Gordon, making
measurements in the oxygen-deficient region off the
coast of Mexico, found that the stations fit into two
groups, one with a broad N,0 minimum below the
thermocline, and a second group which showed
significant supersaturation for N,O throughout the
entire water column. The stations displaying the
N,O minimum were in the heart of the oxygen-defi-
cient region, and had “near-zero oxygen concentra-
tions and well-developed secondary nitrite max-
ima”. The stations which showed supersaturation
for N,O throughout the water column, while
showing slightly higher oxygen concentrations than
those in the other group, were still in the oxygen-
deficient region, and had very low oxygen
concentrations, less than ~0.25 ml/l. Elkins et al.
made measurements off the coast of Peru, finding
“the observed concentration of N,0O is under-
saturated with respect to the atmosphere between
150 and 250m, a region in which the oxygen
concentrations lie below 0.1 ml/l”. However, they
also found large supersaturations of N,O at 100
and 300 m, where the dissolved oxygen concentra-
tion was only ~0.25 mi/l.

Furthermore, Cohen (1978) has reported results
from Saanich Inlet, an anoxic basin in British
Columbia. His measurements show that the anoxic,
sulfate-reducing deep waters of the inlet contain
essentially no nitrous oxide. This is unequivocal
proof that N,O is consumed by denitrification in a
totally anoxic environment. However, Cohen also
found N,O saturation values of almost 200% only
a few meters above the anoxic zone, with oxygen
concentrations of less than ~0.5 ml/l.

The pattern which seems to be emerging from
these results suggests that the role of N,O in the
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nitrogen cycle in the oceans is not a simple one. It
appears as though nitrous oxide is probably
produced by any of three different processes,
depending upon the chemical and biological condi-
tions, and is consumed by one of these processes,
denitrification, under totally anoxic conditions.

Hahn and Junge (1977) have suggested that
three processes are likely candidates for N,O pro-
duction in the oceans: (1) nitrification (ammonia
oxidation), (2) assimilatory nitrate reduction (ni-
trate uptake), and (3) dissimilatory nitrate reduction
(denitrification).

The evidence that nitrification is a significant
source of N,O in the oceans is mostly indirect.
Yoshinari (1976) was the first to suggest that
nitrification was a major source of nitrous oxide in
the Atlantic Ocean on the basis of a linear relation-
ship between the excess N,O in the water (AN,0)
and the apparent oxygen utilization (AQU). Subse-
quently, Cohen and Gordon (1978) and Elkins et
al. (1978) have also obtained similar plots for
AN,O versus AOU. The association of an N,O
maximum with the primary nitrite maximum,
which is often attributed to bacterial nitrification,
supports the view that nitrification may be a major
source of N,O. However, the relationship between
AN,O and AOU does not prove that nitrification is
the process responsible for N,O production in these
waters. AOU is a measure of the total biological
oxygen utilization in the water since it left the
surface, where it was presumably in equilibrium
with the atmosphere. Since oxidation of ammonia
or organic amines accounts for an extremely small
part of the total biological oxygen demand, the
AN,0:AOU plots actually demonstrate a relation-
ship between nitrous oxide production and total
non-photosynthetic biological activity in the water
since it left the surface. In fact, the results of Elkins
et al. (1978) for the Pacific Ocean show a much
larger value for AN,O for any given value of AOU
than the results of Yoshinari (1976) for the Atlantic
Ocean, which implies that different processes may
be responsible for nitrous oxide production in the
different regions of the ocean. Therefore, while
there is considerable evidence which suggests that
bacterial nitrification in the ocean is a major source
of N,0, it is not conclusive.

Assimilatory nitrate reduction (nitrate uptake)
was originally suggested as a possible source of
N,O by Hahn and Junge (1977) on the basis of the
similarity of the biochemical pathways involved in

dissimilatory (denitrification) and assimilatory ni-
trate reduction. However, recent experimental
evidence indicates that nitrate uptake may be a
very intense source of N,O in regions of upwelling
(this paper; Elkins et al., 1978; Weiss, 1978). We
found the highest surface concentrations of N,O in
the waters of upwelling areas off the coast of Baja
California and Peru, and in the equatorial upwell-
ing region. Elkins et al. (1978) also found the
highest N,O concentrations “in an intense feature
associated most probably with upwelling in the
north tropical divergence zone”, and the “largest
surface concentrations were observed in the zone of
high productivity associated with the equatorial
upwelling”. Weiss (1978), making measurements in
the eastern tropical Pacific, the Atlantic Ocean, the
Arabian Sea, and the Indian Ocean, has also found
that nitrous oxide is an outstanding indicator of
local upwelling. Since nitrate uptake is the major
source of nitrogen primary productivity in upwell-
ing regions (Dugdale and Goering, 1967), assimi-
latory nitrate reduction is clearly implicated as a
very intense source of N,O. Therefore, regions of
upwelling may represent localized but very strong
sources of N,O. Since the eastern tropical Pacific is
a region of upwelling and very high productivity, it
is clearly not typical of the ocean with respect to
nitrous oxide production, and the flux of N,O from
this region is probably near the upper limit for the
marine production of nitrous oxide. This is true
even if denitrification in the intermediate waters of
the region is a sink for N,0O, since they are isolated
from the atmosphere by the surface mixed layer,
which is consistently supersaturated with N,0.

The role of denitrification (dissimilatory nitrate
reduction) is currently the most controversial
aspect of the nitrous oxide cycle in the ocean. It
was originally believed that denitrification was the
major source of N,O in the oceans (Hahn, 1974),
analogous to the nitrogen cycle in soils (Wijler and
Delwiche, 1954; Payne, 1973). However, the recent
results from the eastern tropical Pacific (Cohen and
Gordon, 1978; Elkins et al,, 1978) and Saanich
Inlet (Cohen, 1978) indicate that denitrification
under anoxic conditions acts as a net sink for N,O.
Cohen and Gordon (1978) have concluded from
this that denitrification acts only as a sink in the
ocean, and therefore there is no relationship be-
tween the production of N,0O and N, in the ocean.

We do not believe that the data support this
simplistic view of the role of denitrification in the
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nitrous oxide cycle of the ocean. It appears, rather,
that N,O is both produced and consumed by
denitrification in sea water, with the net effect of
these processes depending upon a number of
factors, particularly the oxygen concentration in
the water. Under virtually anoxic conditions
(0, < 0.1 ml/l) it is apparent that whatever N,0 is
formed by denitrification is subsequently reduced
to N,, and thus these waters act as a net sink for
N,O. That N,0 is being formed very rapidly under
these conditions was shown by Elkins et al. (1978),
who incubated samples from the oxygen minimum
region (O, < 0.1 ml/l) in the presence of acetylene,
which has been shown to inhibit the reduction of
N,0 to N, by denitrifying organisms (Yoshinari
and Knowles, 1976). In one sample the N,O
concentration had increased from 1.3 to 4.3 ug/l
within an hour after the application of C,H,, and
the N,O concentration reached 191 ug/l after 18
days, indicating that 30% of the starting con-
centration of NO, had accumulated as N,O.

Under slightly higher oxygen concentrations (O,
=~ 0.1-0.3 ml/l) nitrous oxide may be the major
product of denitrification, and under these con-
ditions denitrification will act as a net source of
N,O. It has been shown that denitrification pro-
ceeds at these higher oxygen concentrations (Goer-
ing, 1968), although at a slightly diminished rate.
Furthermore, Wijler and Delwiche (1954) found
that while the rate of denitrification decreased by a
factor of 3—10 in going from anoxic conditions to
oxygen concentrations of 1-39%, the denitrification
products changed from 100% N, under anoxic
conditions to 68—-83% N,O under 1-3% O,. There-
fore, there is evidence to support the hypothesis
that nitrous oxide will be produced by denitrifi-
cation under oxygen-deficient, but not anoxic,
conditions.

It appears as though the role of the secondary
nitrite maximum in marine denitrification may have
produced some of the confusion. Because they
could not measure the other products of denitrifi-
cation (N,, N,0), oceanographers seized upon
NO, in the oxygen-minimum layer as the sign that
denitrification was taking place (Thomas, 1966;
Goering, 1968; Fiadero and Strickland, 1968;
Wooster et al., 1965; Cline and Richards, 1972).
However, it has been shown that secondary NO,
concentrations in excess of 0.1 uM occur only at
oxygen concentrations below ~0.02 ml/l (Fiadero
and Strickland, 1968; Cline and Richards, 1972).

Tellus 32 (1980), 1

Since it is known that denitrification can occur at
O, concentrations of 0.2 ml/1 (Goering, 1968) or
greater (Payne, 1973, 1976), and that considerable
nitrate reduction is evident in waters containing
more than 0.2 ml/l O, (Cline and Richards, 1972),
we are apparently seeing the result of nitrite insta-
bility at oxygen concentrations greater than ~0.05
mi/l rather than an absence of denitrification at
these oxygen concentrations.

Further support comes from the measurements
by Packard et al. (1978) of nitrate reductase (NR)
activity in the subsurface waters of the Peru
Current. Nitrate reductase is the enzyme which
catalyzes the reduction of NO, to NO,, the first
step in denitrification. They found that NR activity
“was independent of in situ O, within the low levels
observed”, between 0.09-0.27 ml/l O,. They also
found that NR activity “could not be predicted
from the NO, concentration”. They found samples
with low NR activity and high NO, concen-
trations, and others with high NR activity and low
NO, concentrations. Therefore, the secondary
nitrite maximum is not a good indicator of active
denitrification, and may be a relic of denitrification
which only survives under anoxic conditions. In the
presence of oxygen, NO, may be re-oxidized to
NO, by nitrate reductase or some other enzyme
present in the ocean, although this is purely
speculative. All of the data obtained thus far on the
concentration of nitrous oxide in the oceans point
to them as a source of N,O to the atmosphere.
There are virtually no measurements showing
undersaturation of N,O in surface sea water, even
in regions where it appears as though the inter-
mediate waters are undersaturated (or even devoid
of N,O, such as the deep waters of Saanich Inlet).
If denitrification in the anoxic intermediate waters
of the ETPO is a net sink for N,0, they will still not
act as a sink for atmospheric N,O, since they are
shielded from the atmosphere by the surface water
layer, which is consistently supersaturated with
nitrous oxide. Therefore, the estimate by McElroy
et al. (1976) that the oceans might be a sink of 40
Mt N,O year~! is untenable. None of the evidence
supports any sink for N,O in the oceans, let alone
one of this magnitude. Indeed, Elkins et al. (1978)
now estimate a global marine source of ~7 Mt N,O
year—! on the basis of their experimental data.

The extrapolation of our average flux values
from the ETPO yields a global marine production
of 61.7 Mt N,0O year—!. However, we believe that
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this estimate of the net production of N,O from the
oceans is more properly an upper limit, for several
reasons. First of all, Richards (1971) has con-
cluded “that denitrification in the eastern tropical
Pacific is a major factor in the oceanic budget of
combined nitrogen”, Therefore, the ETPO is
extremely active biologically, and is not typical of
the nitrogen metabolism rate in the oceans.
Furthermore, the high N,O supersaturations asso-
ciated with upwelling regions (stations No. 1, 6,
and 7, for example) point to nitrate uptake by
phytoplankton as a significant source of N,O.
Since a number of our surface water samples were
collected in regions of upwelling, and the ETPO is a
region of considerably above average productivity,
it is likely that the production of nitrous oxide is
much more vigorous along our cruise track (Fig. 1)
than it is throughout the rest of the oceans, on the
average.

Therefore, we estimate the upper limit for the net
marine production of N,0 is approximately 60 Mt
N,O year~!. We previously calculated an upper
limit for the global net production of N,O (based
upon a minimum 30-year atmospheric lifetime) of
approximately 80 Mt year~!. However, the un-
certainties in both of these numbers (a factor of five
in the global net production, and a factor of ten in
the marine source strength) are so great that it is
fruitless to attempt to draw any conclusions from
them.

The only way to determine the role of the oceans
in the global N,O cycle, and the role of N,O in the
global nitrogen cycle is to continue making

measurements of nitrous oxide throughout the
marine environment. The possibility that N,O may
be valuable as a tracer in locating areas of
upwelling in the ocean provides yet another reason
to continue this research. While the measurement
of N,O in the ocean was begun with the intention
of determining their impact upon atmospheric N,O
levels, it may turn out to be more important as a
tool for studying the nitrogen cycle in the oceans.
Since nitrogen is the limiting nutrient for primary
productivity in large parts of the ocean, this is a
subject of considerable importance to our under-
standing of the oceans, and the impingement of
mankind upon them.
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V3MEPEHMS 3AKUCU A3CTA B BOCTOYHOHW TPOIMUYECKON
YACTH TUXOro OKEAHA

B mapre 1976 r. Bo Bpems pelica m3 Can-/Ipero,
Kamudopuus B Can Maptun, [lepy 6uH BbIIO-
JIHeHsl mepBhie m3MepeHAs N,O B Mopckod Bome
H B BO3yXe B BOCTOMHOHU Tpommdeckod yactu Tuxoro
okeana. Henpeprisnsie waMepennsa N,O B armocthepe
Hax MopeM NpPOH3BONHJINCL B TEYEHHE BCEro pelca.
Tponocdhepuoe otHoweHne cmecu N,O Onuo
(332 £ 9) x 107°. Ilpeacramnserca, YTO KOHUEHT-
pamma N,O B MOpPCKOM BO3AyX€ YKa3blBa€T Ha
NMPAMYKO CBSi3b € KOHUEHTpaimedh N,O B moeepx-
HOCTHBIX BOZAX C HAHGONBLIAMHM OTHOLIEHHAMH
cmecH N,O Han obnacTaMH, KOTOPble GLUTH CHILHO
nepeHachiensl-B6u3n Gepero Kamudopumickoro
sanuBa H [lepy ¥ B ofnacTH 3KBATOPHANBHOTO
anBesimuHra. [1po6sl MOBEPXHOCTHBIX MOPCKHX BOJ
6einH  06BIYHO mepeHacsnueHst N,O co cpemsmm
HachlllenneM B 145 % oTHOCHTENbHO aTMocheps Haf
mopeM, Cpepsuit notok N,O H3 00BEPXHOCTHEBIX
Boa B armocdepy 6s1 0,5 x 10712 £ N,O cm~2 ¢,
Tonbko ongHa mpo6a BOALI AMENA 3HAYUTENILHOE
HepochiuleHue; 28 apyrux npo6 Oplnm npubnusu-
TENBHO HAaCHILEHBI WM NepeHachileHbl. IIpo6wm
BOZbI OTOMpANHCh Takxke 00 riiybun 300 M BO Bpems

7 cranuuil ¢ BepTHKAJILHBIMA pa3spe3amu. CTaHuuH
MOKa3anK /[ABa pa3IHYHBIX THOA pacHpeaesiCHHHR
koHueHTpauua N,O ¢ rirybuso#. Ha 5 w3 7 cranumit
KoHUeHTpauuss N,O 6bicTpO pocia OT MOBEPXHOCTH
oo 100 M, a 3aTeM oOCTaBajiaCh CpaBHUTEALHO
MOCTOAHHOR 100 MakcMMaibHOM rnyOussr 300 M.
Ha asyx nApyrux craHuusXx koHueHTpaums N,O
HMENa TOT Xe€ OBICTPHIM POCT OT MOBEPXHOCTH JO
75-100 M, HO 3aTeM OHa YMEHBLIANACh B CIICAYIOLIAX
50-75 m, Ttax 4ro KoHueHTpauMs N,O Ha 150 M
6bUia HHUXeE, 4eM Ha nosepxHocTH. Ha 3tHX mByx
cTtanuuax Boga ot 150 ao 300 M Onuta Gnm3ka x
HACHIILUEHHIO MM HENOCHIIIEHAa O OTHOUICHHMIO K
atmochepe. DT aBe cTaHuun Oblnd B OOjacTH C
HEZOCTATKOM KHCJIOopona BOIH3H MeKCHKH, H3 4Yero
MOXHO CAENaTh BHIBOA, YTO HHM3KHE KOHLECHTpaLHU
N,O noa TepMOKIHHOM MOryT OBITb H3-332 IEHHT-
pubuxaumu, OgHAKO CTAaHUMH B OONACTH € HERO-
CTaTKOM KHCIopona BOau3u I[lepy BBIABMIH 3HAY-
HWTensHOe MNepeHacenueHne N,O Ha Bcex riybunax.
Henasuue pe3ynbTaThl YKa3bIBalOT HA TO, YTO pOJb
N,O B a30THOM LIMKIIe B OKeaHe MOKeT ObITh HoJiee
CROXHOHR, YeM 3TO MPEANONArajioch paHee.
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