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ABSTRACT

Our atmospheric measurements around the globe show that nitrous oxide (N,0) is uniformly
distributed and has an average concentration of 311 + 2.6 p.p.b. This small atmospheric vari-
ability of N,O suggests an N,O residence time of greater than 20 years. Our atmospheric N,O
measurements over a 3-year period starting from November 1975 can be interpreted to mean an
essentially unchanging background of N,O. Oceanic data from the Pacific between 46° N and
40° S show a significant surface super-saturation {average surface saturation = 133%) and an
average flux of 36 x 1074 g (N,0)/cm? s can be calculated. This oceanic flux when extra-
polated to global waters suggests an oceanic N,O source of 20 to 30 Mt(N,0)/year (13 to 19

Mt(N)/year)*.

1. Introduction

Nitrous oxide (N,0) has received attention from
atmospheric scientists in recent years because of
the hypothesis that continued use of nitrogen
fertilizers can increase the atmospheric abundance
of N,O, therby causing a depletion in the strato-
spheric ozone (McElroy et al., 1976; Crutzen 1976;
Liu et al., 1977). Estimates of the depletion of
stratospheric ozone by N,O are dependent on two
important factors: (1) the residence time of N,0 in
the atmosphere; and (2) the nature of its sources.
Stratospheric ozone depletion estimates increase
when the residence time is longer (Johnston, 1977),
and when soil is a major source of N,O (McElroy
et al., 1976). The atmospheric residence time of
N,O is unknown, and widely varying estimates of 2
to 150 years have been suggested. Reliable long-
term N,O atmospheric data are currently unavail-
able, and no agreement exists on whether the N,O
atmospheric levels have been steadily increasing,
decreasing, or have remained unchanged
(Ellsaesser, 1977). Both the ocean and the soil have
been identified as possible sources of N,O, but their
net contribution to the atmospheric burder of N,O
is a matter of considerable uncertainty. Oceans, for

* Mt = Million metric tons (10'? g).
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example, have been considered both significant
souttes of N,O (Hahn, 1974) and het sinks
(McElroy et al., 1976). Thé curfent study provides
global measurements of N,O in the atmosphere
and the Pacific Ocean and complements these with
several shoft-term field experiments conducted over
the last 3 years in California. Our limited. data
support the view that the residence time of N,O is
long (> 20 years), its temporal and spatial distri-
bution is uniform, and the oceans are most likely a
significant source of N,0.

2, Experimental procedure

N,O was measured by electron capture gas
chromatography with direct injections of 5 ml of
air. Because extremely high precision was sought,
every analysis of a sample was followed by the
analysis of a standard. This technique led to a pre-
cision of within 0.3% (0,) under relatively ideal
conditions. Under nonideal conditions the pre-
cision was still better than 0.5%. All N,O data
were corrected for variation in relative humidity
(RH) and are reported at a constant RH of 50%
and at 25°C. All water samples were amalyzed
within an hour or two of collection. The analysis on
N,O in seawater was conducted by quickly
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enclosing a 25 ml volume of seawater and an equal
volume of ultra-pure air in all glass syringe of 100
ml volume. The rapidity with which samples were
transferred ensured minimal temperature change
and N,O loss during sample transfer. Once in the
syringe the equilibrium was allowed to completion
in 15 to 30 min. This also allowed the water to
achieve the room temperature which was carefully
recorded. N,O was analyzed in the air, the
corresponding equilibrium concentration of N,O in
seawater was determined from _solubility data
(Junge et al., 1971; Singh et al., 1978) at the room
temperature, and the two were added to obtain the
N,O concentration in seawater. Replicate analysis
of water samples suggested a precision of better
than 5%. Details of these techniques have already
been presented (Singh et al., 1977; 1978).

The short-term field studies in California were
conducted with the help of a mobile environmental
laboratory. All monitoring with this laboratory was
performed in an in-situ mode. Additional global air
samples were collected between 64°N and 40°S.
These data were then complemented with limited
numbers of air samples from the South Pole. Fig. 1
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shows the sampling locations and periods for the
two field trips that were made to acquire global air
samples. Trip 1 was exclusively an air sampling
operation in which air samples were collected in
specially constructed stainless steel (SS) and glass
vessels. Specific attention was given to geographic
and meteorological conditions to obtain the
cleanest possible air samples. In both types of
vessels the samples were pressurized to a maxi-
mum of 40 p.s.i. (typically 30 to 40 p.s.i.) with the
help of an all stainless steel compression pump.
These were subsequently analyzed for N,O.
Stability tests have been made, and it appears that
N,O is stable in these vessels over a period of at
least 3 years. Trip 2 was conducted on board a
U.S. Coast Guard ship, Burton Island (BI), that
sailed from Oakland, California, to Wellington,
New Zealand (Fig. 1). Two Perkin Elmer 3920
GCs were installed on board the BI for on site
analysis. Multiple manifolds were installed to
sample air under the cleanest possible conditions.
When such conditions did not exist, sampling was
terminated. In addition, air samples were also
collected in SS vessels on Trip 2. All seawater

TRIP 1

{15 Sept — 30 Oct 1977}
Experiment 1

Vatzo Nov - 13
Experiment 2, 3, and 4
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Fig. 1. Map showing the sampling locations for the four experiments. The open circles indicate the deep sea water (0

to 300 m) sampling sites.
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sampling and analysis (0 to 300 m depth) was
conducted on board the BI.

3. Atmospheric N,0 measurements

Fig. 2 shows the giobal distribution of N,O from
data obtained from Trip 1 and Trip 2. The northern
hemisphere (NH) average background concentra-
tion of 311 £ 2.3 p.p.b. (p.p.b. = 10~? v/v), the
southern hemisphere (SH) average background
concentration of 311 + 2.8 p.p.b, and the global
average of 311 + 2.6 p.p.b. are scarcely different
from each other. Thus, it appears that N,O is
highly uniformly distributed, and the standard

deviation of the global variability is 0.8% (o). :

Because part of this variability is due to the pre-
cision of our measurements (g, = 0.4%) and to the
small variability of about 0.2% (og,) associated
with the RH_ corrections, a net atmospheric vari-
ability of 0.7% (o, can be calculated (2=
a7 — a2 —aky). Using the approximate statistical
derivation of Junge (1974), an atmospheric resi-
dence time of 20 years (ty,,= [4/0,) can be
calculated.

We have been conducting N,O measurements
since 1975 and have also retained air samples since
September 1975. Meanwhile, we have conducted a
number of short-term studies to measure N,O
background in various seasons on the West Coast
of the United States. Our measurements between
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November 1975 and August 1978 show no syste-
matic average increase in N,O. However, the pre-
cision of our early measurements was not very high
because of infrequent calibrations (Fig. 3). To
alleviate this deficiency we carried the air samples
collected by us in September 1975 and compared
them with in-situ air samples between 24°N and
35°8S on Trip 2 (November, 1977). Table 1 shows
a comparison of replicate analysis of air samples
from 1975 and 1977. The average N,O concentra-
tion of air samples from September 1975 was
found to be 312.3 + 0.81 p.p.b.; in the in-situ
samples of November-December 1977, it was
311.8 + 1.14 p.p.b. These averages are statistically
indistinguishable. It thus appears that any change
in the atmospheric abundance of N,O since 1975
has been well within the atmospheric variabilities of
N,O.

4. Pacific seawater measurements

Pacific seawater N,O measurements are of
considerable interest because preliminary data
from this region collected by Craig and Gordon
(1963) led McElroy et al. (1976) to propose the
possibility of oceans as a sink for N,O. The Pacific
data of Craig and Gordon were preliminary
because the measurement sensitivity was inade-
quate, and samples from various depths had to be
lumped together. Rasmussen et al. (1976) have
reported measurements from the eastern tropical
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Fig. 2. Global distribution of N,0.
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Fig. 3. Growth of N,O with time.

Table 1. Ambient N,O concentrations (p.p.b.) in
1975 and 1977

November—
September December
Latitude 1975 1977
24°N 312 310
18°N 311 312
14°N 313 313
4°N 312 311
I°N 313 312
4°8S 313 312
15°8 313 313
25°8 312 310
30°8S 313 313
35°8S 311 312
Average concentration 312.3 + 0.81 311.8 + 1.14

(to)

Pacific (31°N to 11°8), but their results may be
low (Hahn and Junge, 1977) because of the use of
incorrectly published solubility data (Junge et al.,
1971). Here we provide a much wider coverage
(46° N to 40° S) of N,O data from the North and
South Pacific. To the extent that the Pacific Ocean
is representive of world oceans in terms of
microbial activity (McElroy et al., 1976), our data
tend to remedy some of past deficiencies in avail-
able oceanic N,O data.

Replicate seawater samples from the Pacific
Ocean from 45°N to 40° S were analyzed during
Trip 2. A total of 16 paired surface seawater
samples (0 to 3 m) were analyzed. In eight
instances, N,O analyses were conducted up to 300
m at 50 m intervals. In a majority of cases,
replicate samples indicated concentration dif-
ferences that were within 5%. Occasionally a
greater difference of 15% was encountered. In all
cases the concentrations were averaged. There
were also some instances when only a single sample
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could be analyzed. Such situations occurred largely
due to unfavorable weather conditions resulting in
unsafe working conditions. The variation of surface
seawater N,O concentrations, percentage super-
saturation, and seawater temperature with latitude
is shown in Fig. 4. It is clear from Fig. 4 that in all
instances an N,O supersaturation is observed. The
average surface N,O concentration is found to be
0.38 wg/l and the average surface saturation is
133 %, with a maximum of 190 9% near the equator.

Using a stagnant.film diffusion model earlier
employed by Hahn and Junge (1977), we calcu-
lated the flux of N,O from the Pacific Ocean.
Detailed calculations are shown elsewhere (Singh
et al., 197R), but a stagnant film thickness of 60
um, as recommended by Hahn and Junge (1977),
was used. The variation of calculated flux with
lattitude is also shown in Fig. 4. An average N,O
flux of 36 x 10~ g/cm? s was calculated.

Fig. 5 shows the variability of N,O in Pacific
seawater between 0 and 300 m at 50 m intervals.
The maximum N,O concentration below the top
mixed layer was 1 to 7 times the surface N,O
concentration. The most intensive synthesis of N,O
was near the equator. Near the southern midlati-
tudes, the supersaturation was found to be mar-
ginal. The average variability of N,O saturation be-
tween 200 and 300 m depth with latitude is also
shown in Fig. 4.

5. Results and discussion

The atmospheric distribution of N,O is found to
be uniform around the globe with an average global
concentration of 311 p.p.b. A number of investi-
gators have recently reported N,O concentrations
that vary from 290 to 330 p.p.b. and have been
summarized by Liu et al. (1977). This is largely due
to the unavailability of primary standards at this
time. A + 6% uncertainty in the absolute concen-
tration of N,O currently exists. Some of this
uncertainty (between 0 to 29%) can be attributed to
the manner of reporting data. We have reported
our data at 50% RH and 25°C while some have
reported data at 0% RH and yet others have made
no RH correction (Rasmussen et al., 1976). How-
ever, the most important aspects of atmospheric
measurements rest on the variability or relative
concentrations of N,O rather than its absolute
value.
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Fig. 4. N,Q supersaturation in the Pacific Ocean (46° N-40° S).

The small atmospheric variability of N,O (0, =
0.7%) suggest a Ty, of greater than 20 years. The
Tnyo i8 higher than 20 for two major reasons: (1) all
our data were collected within 15 m of sea level and
can be expected to show a larger g, because of the
close proximity of the oceanic source; and (2) the
atmospheric varigbilities are approaching the pre-
cision of the analysis and the true o, is probably
less than 0.7%. In our opinion, the past estimates
of 1,0 of 2 ta 10 years (Hahn and Junge, 1977) are
derived from measurements of less precision that
result in the calculation of a large o, and a ghort
7

Our data collected over a period of about 3
years, while limited, suggest an unchanging back-
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ground of N,O. There appears little doubt that
during this period (1975-1978) the change in N,O
congcentrations has been less than the atmospheric
variability of N,O. This is in disagreement with the
upper limit of a 4% projected increase in N,O
abundance during this time due to nitrogen
fertilizer application (Crutzen, 1976). It thus
appears that the lower limits of projected N,O in-
creases, which suggest asgentially no change during
this period, are more likely to be reliable (Crutzen,
1976; Hahn and Junge, 1977).

Based on our measurements in the Pacific we
obtain an average N,O flux of 36 x 107 g/cm?s
and an average saturation of surface water of
133%. Hahn (1974) reported a saturation of 123 %
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in the Atlantic between 38° N and 50° N. This can
be compared with a 118 % saturation measured by
us between 41° N and 46° N. Comparison of data
between the Pacific and Atlantic (Hahn, 1974)
would suggest that our measured N,O saturation of
133% is reasonably representative of global waters
between 45°N and 45°S. Additional data are
required to make this generalization, but based on
currently available information this assumption
does not seem to be unreasonable. In the rest of the
world ocean body we assume an average saturation
of 115% based on Hahn’s measurements. Using
the average 1339% saturation for the 74% of the
seawater between 45° N and 45°8S, and 115% for
the remaining ocean surface, a net N,O exchange
of 30 Mt(N,0)/yr can be calculated. This estimate
of oceanic N,O flux is less than haif of the best
estimates of 70 Mt(N,O)/yr derived by Hahn and
Junge (1977).

We wish to further add, that this flux estimate is
critically dependent on the film thickness used in
the film model. While we have used a film thick-
ness of 60 um for comparative purposes (Hahn and
Junge, 1977), the possibility that this film thick-
ness is as high as 90 #m can not be ruled out.
Therefore, our estimated oceanic flux would be be-
tween 20 and 30 Mt(N,0)/yr. This source alone
allows a turnover time of 75 to 110 years for
atmospheric N,0. Despite the uncertainties, our
findings support the conclusion that oceans are
most likely a net source of N,O. This is in agree-
ment with the findings of Junge et al., (1971) and
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Hahn (1974) but in disagreement with the asser-
tions of McElroy et al. (1976) who extrapolated the
Pacific N,O measurements of Craig and Gordon
(1963) to world oceans to conclude that oceans are
probably net sinks of N,O.

The high N,O synthesis in equatorial waters is
not surprising because microbial activity is known
to be most pronounced in the warm equatorial
regions. What is surprising, however, is the amount
of N,O synthesis in the region of the Pacific Ocean
where oxygen content is typically 4 to 5 ml/l, or an
order of magnitude higher than required for
efficient denitrification (Hahn and Junge, 1977).
This high O, content could, however, lead to
efficient nitrification processes. It would thus appear
that either nitrification processes play a more im-
portant role in N,O synthesis in the ocean than
hitherto believed, or denitrification processes are
poorly understood and can proceed under condi-
tions that are significantly different from anoxic.
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PACTPEJEJIEHUE 3AKUCH A30TA (N;0) B I'JIOBAJIBHOM ATMOC®EPE U B TUXOM
OKEAHE

M3mepenus B aTMocdepe BOKpYr 3eMHOro uwiapa
noka3bIBalOT, YTO 3akugh a3zota (N,O) pacnpeneneHa
ONHOPOAHO CO CpelHed KoHueHTpauwen 311 + 2.6
pp6. U3 majion usmenuusoct N,O B atMmocdepe
clienyeT, 4To BpeMd xu3Hu N,O B aTMochepe Gosblie
20 net. [laHHble u3Mepennii cogepxanus N,O B
aTMocdepe 3a TpexNeTHNHM nepuo, HauKHas ¢ HoaOpA
1975 r., yka3blBalOT Ha CYUIECTBEHHO HEHW3IMEHHOE
¢doHoBoe comepxanue N,O. [laHHple 1o ee comep-

xanuio B Tuxom okeane Mexay 46° c.wu. u 40° jo.u1.
yKa3blBalOT HA 3HAYMTEJILHOE TMEPECBILEHHE IOo-
BEPXHOCTHBIX BOHA (CpedHee HaChiLUJEHME PpaBHO
1339%), OoTkyna MOXHO BbLIYHCINTbL CPENHHH TOTOK
36-107'*-r (N,0)/em? ¢. EcnuM 3TOT NOTOK MNpo3-
KCTPAnoMupoBaTh HAa BCe OKEaHCKHe BOAbI, TO
MOJIY4HTCA OKeaHMuyeckud wucTouHuk N,O mowr-
HOCThIO OT 20 no 30 Mt (N,O)/ron.
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