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The marine nitrogen cycle is essentially a cycle of biologically

mediated oxidation-reduction reactions. As nitrous oxide (N20) is one

nitrogen species involved in these reactions it was hypothesized that

studies of N20 in marine environments of varying dissolved oxygen con-

tent would provide clues to the processes controlling N20 levels in the

ocean. A gas-chrornatographic method has been developed for shipboard

measurement of dissolved N20 in seawater. The method which offers im-

proved precision and requires relatively small sample size and short

analysis time has been used to investigate the N20 distribution in

oxygenated and oxygen-poor environments in the Pacific Ocean.

The environments studied included the oxygenated waters of the North-

east Pacific off the Washington coast, the oxygen deficient waters of the

eastern tropical North Pacific, and the intermittently anoxic waters of

Saanich Inlet, British Columbia. In the Northeast Pacific, the N20 dis-

tribution was correlated negatively with that of oxygen and positively

with that of nitrate and, from the bottom of the mixed layer downward,
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high N20 supersaturations were found throughout the water column. Simi-

lar N20-oxygen-nitrate relationships were found in the eastern tropical

North Pacific and Saanich Inlet but only as long as oxygen concentra-

tions were high enough to support oxygen-based respiration. At near-

zero oxygen levels, where denitrification was evident from the nutrient

distributions, N20 profiles in the eastern tropical North Pacific ex-

hibited profound minima with undersaturations down to 50 per cent. In

Saanich Inlet, a sharp decrease in the N20 concentrations occurred a-

cross the interface layer separating the oxic and anoxic layers and no

N20 was detected in the anoxic sulfide-bearing waters. These N20 stu-

dies, the first successfully undertaken in marine environments where

denitrification takes place, clearly demonstrated that marine denitrifi-

cation results in the biochemical consumption of N20. Previously, it

was presumed that as in soils, denitrification is the major mechanism

for N20 production in the ocean.

From the similarity of the N20 and nitrate profiles in all the en-

vironments studied it was concluded that N20 production in the ocean is

associated with the regeneration of nitrate and that most probably N20

is a byproduct of nitrification. Examination of N20 and oxygen data

from the Atlantic and Pacific revealed that in both oceans the differ-

ence between the measured N20 concentration and its equilibrium solu-

bility was linearly correlated with apparent oxygen utilization. From

this relationship and the Redfield plankton decomposition model it was

concluded that N20-nitrogen comprises about 0.1 to 0.4 per cent of the

nitrate regenerated in the ocean. Combining this estimate with availa-



ble information on the overall regeneration of nitrate in the ocean, it

was estimated that the total marine production of N20 is in the range of

6 to 16 Tg.-N20 y. This estimate is in good agreement with estimates

of the N20 loss to the atmosphere derived from the results of N20 mea-

surements at the sea surface made in this and other studies.

This research indicates that the major processes involved in the

marine N20 cycle are N20 production in oxygenated waters on one hand,

and N20 loss to the atmosphere and its biochemical consumption in oxy-

gen-deficient and anoxic waters on the other hand. Additional data,

particularly from the southern and northern source regions for the bulk

of the ocean's deep water, are required for a detailed quantitative

evaluation of these processes.
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CHAPTER 1

Shipboard Measurement of Dissolved Nitrous Oxide in

Seawater by Electron Capture Gas Chromatography

Yuval Cohen

School of Oceanography, Oregon State University. Corvallis, Oregon 97331
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A method has been developed for shipboard measurement of
dissolved nitrous oxide (!2O) in seawater. N20 is stripped from
solution, adsorbed on molecular slae, and subsequently
analyzed by electron capture gas chromatography. It lakes
17 mm to analyze a 125-cm3 seawater sample. The precision
of measurement Is about 2% and overa accuracy is estimated
at 3%. The method was used to stucy the N20 distribution
In the Eastern Tropical North PacifIc.

The geochemistry of nitrous oxide (N20) has recently drawn
considerable attention because of its involvement in the
chemistry of atmospheric ozone (1, 2). For evaluation of all
sources and sinks for atmospheric N20, its marine geo-
chemistry is of special interest. Data on the oceanic distri-
bution of N20 is also desirable for a better quantitiative
understanding of the marine nitrogen budget.

Dissolved N20 in seawater has been measured by various
gas chrornatographic techniques (3-5). Hahn's (4) method
is suitable for shipboard measurements. However, sample size
(5 L), analysis time (more than 1 h per sample), and quite
complicated transfer procedures pose severe limitation on the
number of samples which can be analyzed at sea and on the
amount of synoptic data which can be obtained from con-
ventional water samplers. To overcome these difficulties, a
precise method for shipboard analysis of dissolved N50 in
seawater was developed whereby N20 is stripped from solution
by the technique of Swinnertor. et al. (6), adsorbed on mo-
lecular sieve, and subsequently analyzed by electron capture
gas chromatography. The high sensitivity of the high tem-
perature electron capture detector (ECD) for N20 (7) enables
a significant reduction in sample size and analysis time. The
method can be also used for analysis of N20 in air, however,
existing methods are more suitable for air analysis (8, 9).

EXPERIMENTAL
Seawater Sampling and Preconcentration of N20.

Seawater samples are taken in glass 125-cm3 gaz.analysis bottles
with Teflon stopcocks. The bottles are filled from below and
allowed to overflow about two thirds of their volume. Samples
are stored in the dark at 5 °C until analyzedtypically within less
than 14 h from sampling.

The analysis system, shown schematically in Figure 1, utilizes
nitrogen for both the stripping and carrier gas streams. Ultra-pure
nitrogen is further purified by passing it through an Oxisorb trap
in order to increase the detector standing current and to reduce
the N20 blank to below detection limit. Flow of both streams
is controlled with Brooks model 8744 flow controllers. Sample
bottles are connected to the system as shown in Figure 1, and the
connecting lines are evacuated with both 4-way valves (A and B)
in the solid line position. Then valve B is turned to the dashed
line position, the sample bottle stopcocks are opened, and the
stripping gas, flowing at 120 cm3/min. forces the sample into the
stripper (34 mm o.d. X 200 mm, coarse frit). When all the water
has been pushed through the frit, stripping of the dissolved gases
begins. The gases swept from solution pass through Drierite and
molecular sieve type 3A for removal of water vapor, through



Ascarite for removal of CO2, and, finally, through a U-shaped
stainless steel trap (6.35 mm o.d. x 3C0 mm) packed with 30/40
mesh molecular sieve type 13X for collection of N20. During
collection, the trap is held in au ice-water bath and switching valve
C (Carte model 5521) is in the solid line position.

Using the equation given by Weiss and Craig (10), the calculated
time required to reduce the cdncentration of N20 in the stripper
by a factor of e is less than 1 min To ensure complete extraction
of N20, samples are stripped for 10 mm. To introduce the next
sample, the shutoff valve at the end of the line is closed and the
stripper is drained to slightly above the level of the drain valve.
Thus, no air contamination is introduced into the system between
consecutive samples.

Gas Chromatography. When stripping is complete, the N20
adsorbed on the molecular sieve is transferred to the gas chro-
matograph by switching valve C to the dashed line position and
immediately heating the molecular sieve trap to 250 °C with an
electrically heated aluminum block. The trap is heated for 2 mm
at which time valve C is turned back to its original position.

Analysis is performed with an Analog Technology model 140-A
pulsed electron capture detector with a tritiated scandium source.
The chromatographic column is stainless steel (3.2 mm o.d. X 3
in) packed with 60/80 mesh molecular sieve type 5A. Operating
conditions are as follows: column oven temperature, 250 °C;
detector temperature, 320 °C; carrier flow rate, 30 cm3/rnin;
detector standing current, typically 1.7 X lQ A. Output signal
is displayed on a Hewlett-Packard model 7128A recorder and the
peaks are integrated with a Hewlett-Packard model 3373B in.
tegrator. The N20 retention time is about 4.5 mm (Figure 2).
Total analysis time is approximately 17 mm.

Calibration. Calibration is by injection of a commercial
N20/N2 mixture into the stripper when it is filled with seawater
that has been previously stripped of its dissolved gases. The
calibration mixture is subsequently analyzed by the same pro-
cedure used for analysis of unknown samples. The calibration
mixture is injected via a gas sampling valve (Carle model 5521)
with a 0.2-cm3 sample loop at ambient temperature (measured
to O.05 °C with a calibrated thermometer Pressure in the sample
loop is measured to 1 mm Hg with a solid state pressure sensor
(National Semiconductor model LX17O3A) with a digital readout.
The concentration of the unknown liquid sample is given by

CXA V1 7', (1)

where A, and A, are the peak area for N20 in the unknown sample
and the calibration mixture, respectively; C, is the N20 con-
centration in the calibration mixture; V2 is the sample loop volwne
V1 is the liquid volume; P, and T, are the pressure and absolute
temperature in the sample loop; and P° and 70 are the pressure
and absolute temperature at standard conditions. C, is in units
of C,. A nonideality correction (8) is negligible in this case.
Calibration is performed every 2-3 h of operation.

Air Analysis. Air samples are taken in 50-cm3 glass bottles
similar to those used for seawater sampling. Analysis is carried
out through the stripper by the same procedure used for seawater
analysis so that no separate calibration procedure is required.
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Figure 2. Gas chromatogram of a seawater sample taken from the
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FIgure 3. Vertical N20 distribution at three hydrographic stations in
the Eastern Tropical North Pacific. Station locations: () 12° 31.7'
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105° 56.2' W. Dashed line is the N20 equilibrium solubility (average
for the ttTee statkxis) with respect to ai' at 287 ppbv N20 mixing ratio
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RESULTS
Nitrous oxide concentrations in seawater and air samples

from the Eastern Tropical North Pacific (ETNP) were
measured aboard il/V Wecoma during January 1977 (Weloc
77 Cruise, Leg 1). More than 200 seawater samples from
various depths between the sea surface and 3000 m were
analyzed. The precision of analysis was evaluated from 15
sets of duplicate shipboard measurements covering the range
of concentrations from 140 to 870 ppbv. The standard de-
viation for these measurements was 6 ppbv, or 2.2% of the
average of all the duplicate measurements. Overall accuracy
of the analysis is estimated at 3.0%, the main source of
uncertainty being the calibration mixtures used. Comparison
of two commercial standards (Matheson Gas Products and
Airco Industrial Gases), analyzed by the manufacturers to

2.O% showed agreement with the manufacturer's specifi-
cations.

Sixteen air samples were analyzed during the cruise. The
average N20 mixing ratio found was 287 ± 9 ppbv (3.1%, one
relative standard deviation).

As an illustration of the performance of the method, the
vertical N20 distribution, down to 800 in, at three stations
in the ETNP is shown in Figure 3. Also plotted is the N20
equilibrium solubility with respect to air of 287 ppbv N20
mixing ratio. The observed vertical distributions of N20 at
the three stations are essentially the same, the water being
supersaturated at all depths. Such distributions are typical
of stations located outside the core of the extensive oxygen
minimum zone off the Central American coast. A detailed
discussion of the cruise results will appear elsewhere (11).

DISCUSSION
The method described here proved to be convenient for

shipboard operation and performed as well at sea as in the
laboratory. The high sensitivity of the ECD for N20 makes
it possible to carry out the analysis at relatively high signal
attenuations which minimize the effects of the ship's motion
on detector response. The ECDs selectivity eliminates in-
terference from CO2 and traces of N2 retained on the molecular
sieve trap and allows a direct transfer procedure from the trap
to the chromatographic column.

Experimental conditions such as column temperature, flow
rates, and the temperature to which the trap is heated (as long
as it is between 200 °C and 300°C) are not critical. The values
listed in the Experimental section gave optimal results for the
N20 peak shape and the separation between the switching
peaks and the N20 peak. Proper drying of the gas stream that
exits the stripper is critical. When Drierite alone is used, traces
of water vapor from one sample interfere with the next sample.



The combination of the high capacity of Drierite and the high
efficiency of molecular sieve type ,3A proved satisfactory.
Within the precision of the method, storage of seawater
samples for up to 15 h under the conditions described in the
Experimental section did not have any apparent effect on their
N20 concentrations. If one wishes to store samples for longer
periods of time, the possibility of alteration of their N-,O
concentrations due to microbial activity should be investigated
and, if necessary, the samples should be poisoned. Yoshinari
(5) found marked changes of the N20 concentration in samples
from the oxygen minimum in the Atlanic Ocean after they
were stored for about one month at room temperature.

To accurately calibrate the system, the ideal approach
would be to analyze standard solutions of known N20 content.
Unfortunately this cannot be done because the solubility of
N20 in seawater is not yet accurately known. The calibration
method used here, whereby a standard mixture is injected into
the stripper filled with prepurged seawater, simulates the
over-all sample treatment and, therefore, is a better approach
to the ideal than direct injection of standards onto the
chrornatographic column.

The variability of N20 mixing ratio in the air samples
analyzed is greater than that found by other workers in the
same general geographic region (8, 12). This is possibly due
to the limited number of samples analyzed. However, the
average absolute atmospheric N20 mixing ratio in the ETNP
reported here (287 ppbv) is, within experimental error, the
same as that found by Weiss (12) in the Eastern Pacific (296
ppbv) and by Siugh et si. (9) near the California Coast (296
ppbv). The good agreement among the findings obtained by
three different laboratories using different analytical tech-
niques lends confidence to the results reported here. The
accuracy of the seawater analysis should be comparable to that
of the air analysis as the same analytical procedure is used.
The average atmospheric N20 mixing ratio in the Eastern
Pacific reported by Rasmussen et al. (8) (332 ppbv) is about
13% higher than the values listed above. Intercalibration of
the various methods currently used for N20 analysis is highly
desirable in order to resolve the systematic differences among
them.

While this work was in progress, Rasmussen et al. (13)
reported the use of a multiple phase equilibration technique
for shipboard measurements of dissolved N20 in seawater.
Their method is comparable to the method described here in
terms of sample size and total analysis time, but their precision
is lower than that reported here by about a factor of two,

improved precision, small sample size, and relatively short
analysis time are the major advantages of the method
presented. During the Weloc 77 cruise, sampling plans for
hydrographic stations could be based on results obtained from
previous stations and, in addition to N20, a large amount of
data including salinity, dissolved oxygen, pH, and nutrients
could be obtained from l-L water samples.
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CHAPTER II

NITROUS OXIDE IN THE OXYGEN MINIMUM OF THE EASTERN

TROPICAL NORTH PACIFIC: EVIDENCE FOR ITS CONSUMPTION

DURING DENITRIFICATION AND POSSIBLE MECHANISMS

FOR ITS PRODUCTION

Yuval Cohen and Louis I. Gordon
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Oregon State University
Corvallis, Oregon 97331

Deep-Sea Research, In Press



ABSTRACT

Investigation of the nitrous oxide (N20), oxygen, and nutrient dis-

tributions in the eastern tropical North Pacific Ocean (ETNP) indicated

biochemical N20 consumption around the core of the oxygen minimum where

denitrification takes place. Subsurface N20 minima were found at

stations where intermediate waters contained near-zero oxygen concentra-

tions and well developed secondary nitrite maxima, characteristic of

denitrification. The N20 minima were absent at stations where little

or no evidence for denitrificatin was found.

Surface waters of the ETNP were on the average 110% saturated with

N20 relative to a marine air content of 287 ppbv N20. The area appears

to be a source for atmospheric N20 with an average magnitude of 0.14 pg

N20 cm2 s.
Except for the oxygen deficient layer where the N20 minima were

found, N20 is highly supersaturated at all stations from just below the

mixed layer to about 1000 in. Supersaturations varied from 224 to 600%

in shallow waters above the base of the pycnocline and from 120 to 250%

in deep waters below 1000 m. Possible mechanisms for biochemical N20

production in the ocean were examined and it is concluded that in the

EThP, nitrification is the most important.
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INTRODUCTION

Nitrous oxide (N20) plays a major role in controlling the abundance

of stratospheric ozone (CRUIZENI
1970, 1976; JOHNSTON, 1977). Predic-

tions that considerable amounts of N20 will be introduced into the atmos-

phere as a result of the increasing use of fertilizers (McELROY, 1976;

CRUTZEN, 1976) and the combustion of fossil fuels and coal (PEIROTTI and

RASMUSSEN, 1976; WEISS and CRAIG, 1976) have recently raised serious

concern that anthropogenic N20 will promote ozone depletion. To assess

fully the possible impact of anthropogenic N20 on the global N20 cycle,

it is important to identify and evaluate all the significant natural

sources and sinks for atmospheric N20.

The land surface of the earth is considered to be a net source for

atmospheric N20, primarily arising from denitrificatin in soils (HAHN

and JUNGE, 1977), and its only known significant sinks are photodis-

sociation and interaction with excited oxygen atoms in the stratosphere

(BATES and HAYS, 1967; JOHNSTON and SELWYN, 1975).

The role of the ocean as a potential source or sink for atmospheric

N20 is uncertain because of the lack of adequate data. Extensive mea-

surements of dissolved N20 in surface waters of the Atlantic Ocean

(HAHN, 1974, 1975; YOSHINARI, 1973) showed varying degrees of super-

saturation and led HAHN and JUNGE (1977) to conclude that the ocean is

a net source for atmospheric N20 with a magnitude comparable to, or even

greater than, that of the land source. Extrapolating HAHN's (1974,

1975) Atlantic data to a global scale, HAHN and JUNGE (1977) estimated

the oceanic source to be 70 Tg N20 y1 which is much larger than their

1 Tg = iol2 g



estimate of the magnitude of the stratospheric sink, 20 Tg N20 y1.

If these estimates are correct, it is apparent that there must be another

major sink for atmospheric N20 somewhere on earth.

CRAIG and GORDON (1963), who first established the presence of dis-

solved N20 in seawater, made some observations in the South Pacific but

analytical limitations forced them to combine large numbers of samples

from various locations and depths for each measurement. Nevertheless,

McELROY, ELKINS, WOFSKY and YUNG (1976) combined Craig and Gordon's

data with their own interpretation of HAHN's (1974, 1975) data and con-

cluded that the ocean is a net sink for atmospheric N20. Since none of

CRAIG and GORDON's (1963) samples was a surface sample, the conclusion

of McELROY et al. (1976) is highly questionable.

Because of the diverse oxidation-reduction reactions involved in

the nitrogen cycle it was suggested that oxygen-poor marine environ-

ments may play a unique role in the geochemical balance of N20 (YOSHI-

NARI, 1973; McELROY et al.,, 1976; HAHN, 1975). Apart from the question

of N20 exchange across the air-sea interface, studies in oxygen-POOr en-

vironments may provide insight into the processses controlling the N20

distribution in the ocean. The Atlantic data of HAHN (1974, 1975) and

YOSHINARI (1973) show inverse oxygen-N20 relationships with maximal

N20 concentrations in the oxygen minimum. According to HAHN (1974,

1975) denitrification is the main mechanism for N20 production in sea-

water yet all the N20 measurements in the Atlantic were in areas where

dissolved oxygen concentrations were much higher than what is thought to

be required for the onset of denitrification (RICHARDS, 1971). In a
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later paper HAHN and JUNGE (1977) who reviewed all the existing data on

the oceanic distribution of N20, suggested that nitrification is the

process most likely to produce N20 in oxygenated seawater but that

denitrification cannot be excluded. A large part of the difficulty in

resolving the processes involved in the marine N20 cycle arises from

the lack of concurrent measurements of N20, dissolved oxygen, and

nutrients.

The largest known, open ocean, oxygen-poor environment is the

eastern Tropical Pacific where an extensive oxygen minimum in the 100

to 1000-rn depth range is found on both sides of the equator (RICHARDS,

1957). Studies in the eastern Tropical North Pacific (ETNP) have in-

dicated that where the dissolved oxygen content of the water falls to

below about 5 jmol, denitrification is the predominant respiratory

process (THOMAS, 1966; GOERING, 1968; CLINE and RICHARDS, 1972; CODI-

SPOIl, 1973; CLINE, 1973). The term "oxygen deficient" was used by

CLINE and RICHARDS (1972) and others to describe this environment where

denitrification proceeds but sulfate reduction does not. Estimates of

the total amounts of nitrate lost by denitrification in the ETNP west

of 1l5°W range from 10 to 30 Tg N y (CODISPOTI, 1973;

CLINE, 1973), and the area appears to be important in maintaining the

balance of nitrogen in the ocean. Attempts to measure N20 in the oxygen

deficient waters (CLINE and RICHARDS, 1972; GOERING and CLINE, 1970)

were unsuccessful because of the insensitivity of the analytical proce-

dures used.

Using a new analytical procedure for the measurement of dissolved
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N20 in seawater (COHEN, 1977), we studied the N20 distribution in the

ETNP and its relationships to other oceanographic variables. The data

presented here comprise the first set of detailed, whole water column,

N20 data from the Pacific Ocean and also the first set of concurrent

measurements of N20, oxygen, and nutrients. The discussion focuses

mainly on evaluation of the ETNP as a potential source or sink for at-

mospheric N20, examination of the N20 distribution in the zone of active

denitrification, and speculations on the mechanisms controlling the N20

distribution in the ocean.
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METHODS

Sampling

Our observations were made during the WELOC 77-1 cruise of R/V

WECOMA in January, 1977 (COHEN, LILLEY and GORDON, 1977). Locations of

the stations are shown in Figure 1. In order to show the station posi-

tion with respect to the core of the oxygen minimum, the oxygen distri-

bution along 112°W, as determined by the colorimetric procedure of

BROENKOW and CLINE (1969), is shown in Figure 2 (from CODISPOTI, 1973).

The section is normal to the predominant east-west current system in

the area (WYRTKI, 1965; CODISPOTI, 1973) and, therefore, the oxygen dis-

tribution along 112°W where stations 6-9 were located can be also taken

as representative of that along l05°W (stations 10-12). The oxygen dis-

tribution at stations 3, 5, and 13 is similar to that at station 6.

Stations 1 and 2 were outside the oxygen deficient region, the region in

which the intermediate waters may contain less than 10 mo1 02 1 as

determined by the Winkler procedure.

Stations 3-12 were studied in detail from the sea surface down to

600 to 3000-rn but only a few samples were obtained from the other stations.

Where interesting features in the vertical distribution of variables were

found, the sampling interval was reduced to 25-rn. Air samples for N20

analysis were taken at most stations.

Analytical Procedures

COHEN's (1977) N20 method involves stripping of the dissolved gases

from a 125-cm3 seawater sample (or 50-cm3 air sample), trapping of the
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Figure 1. Station locations for cruise WELOC 77-1. The dashed line

delineates the region where intermediate waters contain less

than 10 pmol 02 1 as determined by the Winkler procedure.
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N20 on molecular sieve and its subsequent analysis by electron capture-

gas chromatography. The precision of measurement was + 2.2% and esti-

mated accuracy was 3%. Nutrients were measured with the OSU Auto-

Analyzer II system (GORDON, DAHM, DICKINSON, PARK, and STANDLEY, 1975).

Precisions for the nitrate and nitrite analyses were + 0.5% at the deep

water levels and estimated accuracies were + 2% and + 5%, respectively.

Dissolved oxygen was measured according to the CARPENTER (1965) modi-

fication of the Winkler method with 0.5% precision at the deep water

levels. Although the method is accurate to about 0.3% at normal oceanic

oxygen levels, its accuracy might be quite poor at the low oxygen levels

in the oxygen minimum of the ETNP (BROENKOW and CLINE, 1969). All mea-

surements were carried out at sea.

The solubility coefficients of N20 in seawater were calculated by

fitting WEISS's (1970) equation, which expresses the Bunsen solubility

coefficient of a gas as a function of temperature and salinity, to the

data of MARKHAM and KOBE (1941) for the solubility of N20 in aqueous

sodium chloride solutions. JUNGE, BOCKHOLT, SCHIJTZ and BECK (1971)

estimated that the Bunsen coefficients so obtained are accurate to

about + 7% but WEISS (personal communication, 1977) estimates their

accuracy to be better than 3%.
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20 Concentrations in Marine Air and Surface Water

The atmospheric N20 content over the ETNP appears to be fairly uni-

form and shows no systematic variations with respect to geographic loca-

tion. The average atmospheric N20 content found from analyses of 16 samples

of marine air taken along the cruise track was 287 + 9 ppbv (+ 3.1%, one

relative standard deviation) or 12.5 ± 0.4 nmol N20 1.

N20 concentrations in surface waters of the ETNP and the respective

N20 per-cent saturations relative to the marine air content of 287 ppbv

are listed in Table 1. The saturation values vary from slight under-

saturation to slight supersaturation and do not show systematic varia-

tions with respect to geographic location, water temperature and salinity,

or dissolved oxygen content. The average surface saturation for all

stations is 110%. Exclusion of stations 1 and 2, which are outside the

oxygen deficient area, only changes the average to 111%.

Vertical Distribution of N20 and Nutrients

Vertical profiles of N20, temperature, salinity and oxygen at eight

stations in the ETNP are shown in Figure 3. Some general features of the

N20 distribution are common to all stations. These are: relatively low

concentrations in the mixed layer (5.3 to 6.9 nmol 1), sharp maxima

(21.6 to 47.5 nmol 1_i) at 100 to 125-rn, associated with the lower portion

of the pycnocline and oxycline and, a relatively narrow range of concen-

trations (17.9 to 26.9 nmol 1) in the deep water below 800-rn. The main

difference among profiles lies in the 150 to 800-rn depth range. At



Table 1. N20 concentrations and per-cent saturations with respect to ambient air in surface waters

of the ETNP.

Station Location Temp. Salinity
/0/

'. '-.1 /00

0 N 0 N 0 Saturation

(iimol 1 ) (nmoi l ) (%)

1 34°10.2'N 120°13.5'W 14.58 33.656 267 8.51 105

2 28°00.O'N 116°00.O'W 17.74 33.949 246 7.28 100

3 19°46.O'N 107°06.8'W 25.16 34.360 209 6.62 114

5 16°Ol.O'N ll000l.OeW 25.95 33.047 206 6.00 105

6 15°25.5'N 112°00.O'W 26.42 33.318 210 5.98 106

7 14°O0.O'N 1ll°52.5'W 26.82 33.091 209 6.91 124

8 l2°3l.7N 111°5l.3'W 27.22 34.525 214 6.14 112

9 10°45.1'N 111°52.3'W 27.21 34.142 209 6.35 115

10 8°42.5'N 105°56.2'W 27.00 33.178 209 6.67 120

11 13°56.O'N 105°59.5'W 27.27 33.285 --- 6.18 112

12 15°07.01N 105°58.9'W 27.28 33.456 209 5.30 96

-J
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stations 5, 6, 7, 11, and 12 a broad N20 minimum is found below the

pycnocline while it is absent at stations 8, 9, and 10. For convenience,

the former group of stations, those exhibiting the N20 minimum, will be

referred to as group A, and the latter as group B. The N20 distribution

at station 3 (not shown in Figure 3) is similar to that of station 5 and

it can be included in group A. From the preceeding discussion of station

locations with respect to the core of the oxygen minimum and from our

measurements, it is apparent that oxygen concentrations within the oxy-

gen minimum are lower at the stations of group A than at those of group B.

Figure 4 shows the per-cent N20 saturation with respect to ambient

air, and nitrate and nitrite distributions at the same eight stations dis-

cussed above. Using saturation values rather than absolute concentra-

tions compensates for the effects of temperature and salinity variations

on the observed N20 distributions. Clearly the main features of Figure

3 are also apparent in Figure 4 and the stations still fall in two dis-

tinct groups.

Except for the 150 to 800-rn depth range at the stations of group A

where low supersaturations and undersaturations down to 60% are found,

N20 is highly supersaturated at all stations from just below the mixed

layer to about 1000-rn. Supersaturations at the N20 maxima range from

224% (station 3) to 600% (station 12). Below 1000-rn supersaturations

vary from 120 to 250%.

The vertical nitrite distribution reveals two distinct maxima. The

primary nitrite maximum within the thermocline, which is common through-

out the ocean, is-attributed to bacterial nitrification (WADA and HATTORI,
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and nitrite at eight stations in the ETNP.
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1971; 1972), to phytoplankton excretion (VACCARO, 1965), or to both. The

secondary nitrite maximum at 200 to 500-rn is characteristic of the oxy-

gen deficient zone and is believed to result from denitrification

(THOMAS, 1966; CLINE and RICHARDS, 1972; GOERING, 1968; CODISPOTI,. 1973).

Based on the magnitude of the secondary nitrite maximum, the stations in-

vestigated can be grouped into the same two groups as with respect to the

N20 distribution but with reciprocal relationships between N20 and ni-

trite. The highest nitrite concentrations in the secondary maxima at

the stations of group A range from 1.0 to 3.6 umol 1 while the cor-

responding values at the stations of group B range from 0.1 to 0.3 mol

Below the primary nitrate maximum (> 150-rn), a correlation

coefficient of -0.72 was obtained from linear regression of N20 versus

nitrite using the data from all stations. The depth relationships be-

tween the two nitrite maxima and the N20 maxima and minima are summarized

in Table 2. A nitrite value of 0.1 imol was taken as the lower

limit of the secondary nitrite maximum in Table 2 because CLINE and

RICHARDS (1972) found that except in four cases out of 210 observations

in the ETNP, nitrite concentrations greater than 0.1 jmol 1 occurred

only in waters containing less than 1 pmol l of dissolved oxygen as deter-

mined by the colorimetric procedure of BROENKOW and CLIME (1969).

At the depth range where the secondary nitrite maxima occur, nitrate

concentrations are generally lower at the stations of group A than at the

stations of group B.

20 - Oxygen Relationships

The combined data for all stations shows that N20 is negatively cor-
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Table 2. Depths of N20 maxima and minima and of NO primary and secon-

dary maxima at nine stations in the ETNP.

Depth

NO N0 NO N0

Station Maximum Pri. Maximum Minimum Sec. Maximum
(m) (m) (m) (m)

3 100 150 150-450 300-450

5 100 75 200-300 200-300

6 125 75 150-515 150-515

7 100 50 255-300 150-300

8 95 75 380

9 100 50 500

10 100 50 300

11 100 75
400_515c 200_400c

12 125 100 150-665 175-665

3T 105 80 180-445 195-445

a - N20 < 18.0 nmol/1

b - NO > 0.1 .imo1/1

c - missing observation for N20 at 300-rn and for NO at 515-rn

- mean depth for all stations excluding station 11 (comment c)
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Figure 5. M20 - oxygen relationships in the ETNP. For all samples with

02 > 17 mol 1 the solid line, fitted by least-squares

linear regression, has r = -0.92. The numbers accompanying

the symbols are sampling depths.



related with oxygen down to some limiting oxygen concentration below

which there is no apparent correlation (Figure 5). The limiting oxygen

concentration was determined by successive linear regressions of N20 vs.

oxygen where for each regression only samples containing more than a cer-

tam oxygen concentration were considered. The best correlation coeff i-

cient, r = -0.92, was obtained when only samples containing more than 17

mol 02 1 were included. Within this group of samples it is ap-

parent that for a given oxygen concentration, deep waters contain less

N20 than shallow waters.
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DISCUSSION

20 Exchan9e Across the Air-Sea Interface

The N20 exchange across the air-sea interface can be calculated

using the stagnant film model (BOLIN, 1960) and our N20 measurements in

surface water and marine air. In this model, which assumes that the rate

limiting stage in gas exchange is molecular diffusion through a laminar

layer, the gas flux (F) across the interface is given by:

F=- N0 (1)

where D is the N20 molecular diffusion coefficient which is temperature

dependent, Z is the thickness of the laminar layer which depends on the

wind speed, and N20 is the difference between the N20 concentration at

the sea surface and its equilibrium solubility. Taking Z = 50 and in-

terpolating D values from those given in BROECKER and PENG (1974) we cal-

culated an average flux into the atmosphere of 0.14 pg N20 cm2 s

at stations 3 to 12. The calculated fluxes ranged from -0.04 (station 12) to

0.28 pg N20 cm2
-1

(station 6).

Compared to our 111% average N20 saturation in surface waters of the

ETNP, RASMUSSEN et al. (1976) found an average 123% saturation in surface

waters between 4 and 22°N and very high supersaturations north and south

of the area concerned here (Figure 6). (We recalculated saturation values

from their data because of miscalculations of the N20 equilibrium solu-

bilities in their report; since they did not determine salinities we used

a salinity of 34 0/00 for these calculations.) From their data, taking
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Z = 50 urn, we calculated an average N20 flux into the atmosphere of 0.34

pg cm2 s between 4 and 22°N.

When comparing the data of RASM1.ESEN et al. (1976) with ours it

should be noted that their measurements were closer to the Central Ameri-

can coast than ours and also that there are systematic calibration dif-

ferences between the analytical procedures used. We found an average at-

mospheric N20 content of 287 ppbv while their corresponding value was

332 ppbv. Within experimental precision our atmospheric M20 content

agrees with that measured by WEISS (personal communication, 1977) in the

ETNP (299 ppbv) and by SINGH, SALAS and CAVANAGH (1976) near the Cali-

fornia coast (296 ppbv).

Both our data and those of RASMUSSEN et al. (1976) show that the

ETNP is a source for atmospheric N20, and based on these findings it is

unlikely that oxygen-poor open-ocean environments may act as significant

sinks for atmospheric N20 as was suggested by McELROY et al. (1976).

With regard to the quantitative significance of the ETNP as an N20

source, our conclusion differs from that of RASMUSSEN et al. (1976).

Assuming that N20 is being produced by denitrification and acknowledging

the high denitrification rates in intermediate waters of the ETNP they

concluded that the N20 flux into the atmosphere in this area represents

an upper limit to the ocean's contribution to the global N20 budget. As

will be discussed below, our measurements in intermediate waters show

that N20 is consumed rather than produced where denitrification takes

place and, therefore, the fact that intermediate waters of the ETNP are

an important sink for combined nitrogen does not imply that input of at-
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mospheric N20 from surface waters of this area should be maximal.

Reviewing their earlier work, HAHN and JIJNGE (1977) applied

BOLIN (1960) model with Z = 50 urn to their N20 measurements in the

Atlantic Oce

0.55 to 1.21

0.29 pg

the Atlantic

n and calcu

pg cm2 s1

between

N20 flux is

lated average N20 fluxes into the atmosphere of

between 0.6 and 36.6°N and of 0.13 to

43 and 60°N. It appears that in low latitudes

larger than the Pacific flux calculated from

both our data and that of RASMUSSEN et al. (1976).

The calculated fluxes are functions of the values chosen for Z, the

thickness of the laminar layer, which cannot be determined from measure-

ments of one gas only. From measurements of radon deficiencies in sur-

face waters, BROECKER and PENG (1974) calculated an average oceanic Z

value of 60 ± 30 urn. As such variations in Z may account for a large

part of the differences among the N20 fluxes calculated by different

workers at different areas and seasons, radon measurements coupled with

N20 measurements are highly desirable.

It is interesting to compare the N20 loss to the atmosphere in the

ETNP with the loss of combined nitrogen due to denitrification in this

area. For the area bounded by the Central American coast and 112°W, be-

tween 5 and 25°N (about 2.9 1012m2), estimates of the amount of nitrate

loss due to denitrification vary from 10 to 30 Tg N y (CLINE, 1973;

CODISPOTI, 1973). These values are 125 to 375 times larger than our cal-

culated N20 loss to the atmosphere of 0.08 Tg N y.

j0 Consumption During Denitrification in the Oxygen Deficient Zone

Denitrification is the process whereby nitrate, undergoing dissimi-
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latory reduction by microorganisms, is converted to gaseous nitrogen com-

pounds, mainly molecular nitrogen and N20. It is the principal mechanism

by which fixed nitrogen from the land and sea is returned to the atmos-

phere (DELWICHE, 1956, 1970). Most denitrifying bacteria are facultative

anaerobes; when the oxygen level in the environment decreases to a thres-

hold level, limiting oxygen-based respiration, nitrate and nitrite can be

utilized as the terminal electron acceptors in the oxidation of organic

material (PAYNE, 1973b). Nitrite is an intermediate in denitrification

and it accumulates in media prior to and concurrent with the production

of gaseous compounds (DELWICHE, 1956; PAYNE, 1973a, 1973b).

In soils, the relative proportions of N2 and N20 produced during

denitrification depend upon the bacterial species involved and on a

variety of environmental factors such as oxygen level, temperature, pH

and moisture content (WIJLER and DELWICUE, 1954). Where N20 does not

appear to be an end product of denitrification, it is still not clear

whether or not it is an obligatory intermediate in the reduction sequence

leading to N2 production (PAYNE, 1973b; YOSHINARI and KNOWLES, 1976).

By analogy to soils, HAHN (1974, 1975) proposed that 1'120 production

in the ocean is mostly due to denitrification. There are, however,

difficulties with HAHN's proposition. The first, already mentioned,

arises from the fact that all studies of N20 in the ocean showed con-

siderable supersaturation in water containing high amounts of dissolved

oxygen [more than 50% saturation in the Atlantic (HAHN, 1974, 1975;

YOSHINARI, 1973)]. On the other hand it is commonly believed that oxygen

concentrations of less than about 5 mo1 1._i (ca.. 3% saturation) are re-
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quired for the onset of marine denitrification (RICHARDS, 1971; GOERING,

1968); Recently OZRETICH (1976) observed that the transition from oxy-

gen respiration to nitrate reduction in three species of facultatively

anaerobic bacteria occurred at oxygen concentrations ranging from 0.25

to about 10 .imo1

The second difficulty arises from the fact that to date, there is

no evidence for production of significantquantities of N20 during deni-

trification in natural waters. GOERIIIG and DUGDALE (1966), GOERING

(1968), GOERING and CLIME (1970) and BARBAREE and PAYNE (1967) did not

detect N20 production in studies with fresh water and marine denitri-

fiers. GOERING's and GOERING and CLINE's studies were conducted with

cultures obtained from the ETNP.

Our findings in the ETNP indicate not only that N20 is not being

produced but that it is apparently consumed where denitrification takes

place. This is evidenced by the vertical N20 distributions which exhibit

minima in all the stations located around the core of the oxygen minimum

(Group A), by the absence of such minima in the stations located in more

oxygenated waters (Group B), by the negative N20-nitrite correlation be-

low the thermocline, and by the excellent agreement between the depths of

the N20 minima and the secondary nitrite maxima. A further piece of evi-

dence for N20 consumption in the layer of denitrification is obtained by

comparing our N20 measurements with those by CLINE (1973) of the isotopic

composition of dissolved nitrate at stations 3, 5, and 10 (Figure 7).

Since 14N0 is preferentially utilized during denitrification, the resi-

dual nitrate in the layer of denitrification is more enriched in 15N than
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Figure 7. Relationship between dissolved N20 (this work). and the iso-

topic composition of nitrate (from CLINE, 1973) in the ETNP.

615N values are relative to atmospheric molecular nitrogen.

The correlation coefficient for the fitted line in this figure

is -0.83.
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in nitrate in the surrounding waters. As shown in Figure 7, the highest

S15N values at stations 3 and 5 are associated with the lowest N20 values.

At station 10, where denitrification is minimal, if it proceeds at all,

the 515N values are low and the N20 concentrations are correspondingly

high. A similar picture emerges when N2O values (as defined in Equation

1) rather than N20 concentrations are compared with CLINE's measurements

(r = -0.84).

Our view that N20 can be consumed by marine denitrifiers is consis-

tant with the findings of BARBAREE and PAYNE (1967) and PAYNE, RILEY, and

COX (1970) who showed that cultures of Pseudonionas perfectomarinus can

use N20 as a terminal oxidant and reduce it to N2 and that N20 reduction

can take place in the presence of nitrate. MATSUBARA and MORI (1968)

showed that anerobic cultures of P. denitrificans can reduce N20 to N2

with lactate as the terminal hydrogen donor. In both P. perfectomarinus

and P. denitrificans nitrous oxide reductase is less strongly repressed

by oxygen than nitrate and nitrate reductases (PAYNE, l973b). The recent

work of BLACXMER and BREMMER (1976) demonstrated that even soils might

have the potential for uptake of N20 under conditions favorable for deni-

trif I cation.

The measurements by RASMUSSEN et al. (1976) in shallow waters (down

to 300-rn) in the ETNP reveal N20 distributions similar to those we found

although their reported absolute concentrations are quite different from

ours. At their stations 2 (22°Ol'N; l09°4.9'W) and 3 (l5°36.9'N; 103°

lO.7'W) the N20 distributions are similar to those we found in the stations

of group A with relatively low mixed layer concentrations, sharp maxima

in the thermocline, and minima from about 150 to 300-rn. These stations
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are within the core of the oxygen deficient zone. At their station 4

(9°32.6N; 97°26.l'W), which is south of the core of the oxygen deficient

zone, the N20 distribution is similar to those we found in the stations

of group B with no minimum in the intermediate water. Although these

observations seem to confirm our views on the relationships between the

N20 distribution and denitrification, the interpretation by RASMUSSEN et

al. (1976) was quite different; they concluded that significant quantities

of t420 were being produced during denitrification. However, they neither

explained the N20 minima at stations 2 and 3 and why the N20 profiles at

these stations differ from that of station 4, nor did they provide sup-

portive evidence for their conclusion from the observed distributions of

nitrate and nitrite.

To sunnarize, our findings demonstrate that denitrification is not

an important mechanism for N20 production in the ocean. Even if denitri-

fication does proceed in oxygenated, open ocean waters, an unlikely pos-

sibility, it would result in net N20 consumption rather than production.

As molecular nitrogen is produced by marine denitrification and N20 is

apparently consumed by the same process, the significance of our findings

is that N20 production in the ocean cannot be estimated from molecular

nitrogen production by assigning some numerical value to the fractional

yield of N20 during denitrification. This method of estimating N20 pro-

duction from considerations of the total amount of combined nitrogen lost

from the ocean by denitrification has been used in recent models of the

global N20 cycles directed towards the ozone-layer depletion problem

(e.g., JOHNSON, 1977; MCELROY, WOFSKY, and YUNG, 1977).



Mechanisms for N20 Production in the Ocean

HAHN (1975) and HAHN and JUNGE (1977) mentioned three biological

processes by which N20 may be produced in the ocean. These are: dis-

similatory nitrate reduction (denitrification), assimilatory nitrate re-

duction (nitrate uptake) and nitrification. The portion of the nitrogen

cycle relevant to these processes is shown schematically in Figure 8.

In all three processes N20 is thought to be produced from the degradation

of an unknown intermediate "X° which could be H2N202 or HNO

(FRY, 1955; RITCHIE and NICHOLAS, 1972). Both H2N202 and HNO are unsta-

ble in water and spontaneously decompose to form N20 and water.

We shall now consider nitrification and assimilatory nitrate reduc-

tion since we showed above that denitrification cannot account for the

observed N20 supersaturations in the ocean.

Chemoautotrophic nitrifying bacteria have been found in many areas

of the ocean, in both shallow and deep waters (CARLUCCI and STRICKLAND,

1968; WADA and HATTORI, 1971, 1972; CARLUCCI and McNALLY, 1969). There

is yet no direct evidence for N20 production by marine nitrifiers, but

unlike the many studies on marine denitrification, where N20 measure-

ments were made and it was not detected, we are not aware of any study

with cultures of marine nitrifying bcteria where attempts were made to

determine N20 production. In assays with oxygenated seawater incubated

with various substrates and ammonia, YOSHINARI (1973) observed N20 evolu-

tion accompanied by the disappearance of ammonia and formation of nitrite, and

with the terrestrial bacterium Nitrosomonas europea YOSHIDA and

ALEXANDER (1970) and RITCHIE and NICHOLAS (1972) demonstrated N20 produc-
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tion during the oxidation of both ammonia and hydroxylamine. It should

be mentioned that if indeed H2N202 is an intermediate in nitrification,

and if there is an enzymatic mean of extracting its decomposition energy,

it is as profitable to convert it to N20 (G = -40.3 Kcal mol)

as to oxidize it to N0 (G = -39.6 Kcal mol) (DELWICHE, per-

sonal comunication, 1977).

If nitrification is the primary mechanism for N20 production in sea

water then it would be expected that increasing N20 production would be

associated with decreasing oxygen content since nitrification is more

rapid in low oxygen than in highly oxygenated waters (CARLUCCI and

McNALLY, 1969). This hypothesis is supported by our data from the ETNP

(Figure 3 and 5) and also by the Atlantic data of HAHN (1974, 1975) and

YOSHINARI (1973) where in all cases N20 was inversely correlated with

dissolved oxygen. The similarity between the shapes of the percent N20

saturation and the nitrate profiles in the deep water (Figure 4) also

indicates that the biological production of N20 is associated with the

process of nutrient regeneration.

The limiting oxygen level below which nitrification is no longer

possible is not known. Our observations show that where oxygen concentra-

tions are lower than about 17 umol l, the negative N20-02 correlation

breaks down (Figure 5) and this could indicate either that this is a

limiting oxygen concentration for nitrification or that at such low oxygen

levels both nitrification and denitrification take place and the net re-

suit of these two processes is N20 consumption. CARLUCCI and McNALLY

(1969) demonstrated that with Nitrosocystis oceanus nitrification pro-
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ceeds in liquid medium containing less than 5 .tmol 02 1 but their oxygen

measurements as well as ours were made with the Winkler procedure which

is inaccurate at low concentrations (BROENKOW and CLINE, 1969).

The hypothesis that N20 could form as a by-product of assimflatory

nitrate reduction which in the ocean is carried out mostly by phytoplank-

ton is at the moment highly speculative; it has not been supported by any

experimental evidence and is essentially based on the similarity of the

biochemical paths (up to 11Xt in Figure 8) of dissilimilatory and assirni-

latory nitrate reduction. If phytoplankton actually contribute to N20

production in seawater, their contribution should be minimal in oligo-

trophic systems such as the ETNP where ammonia and amonia-N are the major

nitrogen sources for the algal cells (IJUGDALE and GOERING, 1967; THOMAS,

1970.) and the nitrate reduction sequence leading to N20 production is by-

passed.

The N20 maxima we found in the ETNP are located below or at the

base of the euphotic zone. The fact that the N20 maxima are deeper than

the primary nitrite maxima (Table 2) also does not support the hypothe-

sis that phytoplankton activity is an important mechanism for N20 produc-

tion in the ETNP. Thus, considering the mechanisms which have been suggest-

ed for N20 production in seawater, we conclude that in the ETNP bacterial

nitrification is probably the most important in both shallow and deep

waters. However, on the basis of field data alone we cannot exclude

N20 production by phytoplankton in shallow waters.



42

CONCLUS IONS

1. The ETNP is a net source, of small magnitude, for atmospheric

M20.

2. Denitrification in the oxygen-deficient layer of the ETNP re-

suits in net consumption of N20. We conclude that denitrifica-

tion is not an important mechanism for N20 production in sea-

water, and thus unlike the situation commonly encountered in

soils, the marine production of N20 is not causally re-

lated to the production of molecular nitrogen.

3. The N20, oxygen, and nitrate relationships above and below the

intermediate, oxygen-deficient waters indicate that nitrifica-

tion might be the most important mechanism for N20 production

in the ETNP.
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The existing data on dissolved nitrous oxide (N20) in the ocean in-

dicates that its distribution is strongly affected by oxygen-controlled

biochemical reactions4. N20 has been measured in oxygenated, open

ocean waters of the Atlantic and Pacific Oceans
1-3,

and in the oxygen

deficient waters of the eastern tropical North Pacific4 but no measure-

ments of N20 in anoxic marine envrionments have yet been made. This

report presents measurements of N20 from Saanich Inlet, an intermit-

tently anoxic basin on the southeastern side of Vancouver Island,

British Columbia (Figure 1), and evidences for its consumption during

denitrification.

Anoxic conditions develop in basins where circulatory replenish-

ment of the deep water is restricted and the oxidation of organic

materials is rapid relative to the rate of supply of dissolved oxygen.

Such basins are characterized by an upper oxic layer in which oxygen

concentrations rapidly diminish with depth, an interface layer, con-

taining very little or no oxygen, where denitrification might take

place, and a bottom anoxic layer, containing no oxygen, nitrate or

nitrite, in which sulphate reduction might proceed5'6. In Saanich In-

let, a shallow still (-70m) at its northern end restricts water ex-

change with the adjacent Satellite channel causing stagnation of the

inlet's deep water in the spring and sumer. The inlet is flushed with

oxygenated water in late summer-early fall7. The present study was

undertaken in July, 1977, (Cruise TT-l19 of the University of Washing-

ton's R/V THOMPSON) when anoxic conditions, evidenced by H2S and am-

monia accumulation (Figure 2), prevailed in the deep water of the in-



54

40' 123°30' 20' I0

<'G

< L.\ 4°'
40' -

.-.)
SDNEY

U) - \

\

Lii 2"
;\\

f 48c
480

\ ;,30'
o' z

:::.,.

0 5 10 km
i

-,- (
I i

20'
20' 0 STATION LOCATION

-

tO'
40' %23°30' 20'

Figure 1. Location map, Saanich Inlet, British Columbia.



Figure 2. Vertical distributions of N20, oxygen, H2S, nutrients, and

density at two stations in Saanich Inlet in July, 1977.

0 - Station 1, 0 - Station 2. N20 was measured by electron

capture gas chromatography8. The method's precision is about

2%, (one relative standard deviation) its detection limit

is about 0.05 nmol/l, and its accuracy is estimated at about

3%. Nutrients were measured with the University of Washing-

ton AutoAnalyzer1 system. Temperatures are from CTD casts.

Dissolved oxygen was measured both by the Winkler procedure

and by the colorimetric procedure of Broenkow and Cline9.

The latter method is suitable for very low oxygen levels

where the Winkler method gives systematically higher values.

The broken line in the oxygen curves indicates the concen-

tration range above which the Winkler procedure was used and

below which the colorimetric procedure was used. =

1) x io, where p is the density of the water.
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let. The depth of the interface layer was found from continuous rnea-

surements of oxygen and nutrients in water sampled by the University

of Washington continuous pumping system. Subsequently, discrete bottle

samples were taken for measurements of N20, oxygen1
H2S, nutrients,

temperature, and salinity; near the interface, the sampling interval

was 5 m.

The interface layer at about 135-140 rn at the two stations inves-

tigated can be identified from discontinuities in all the variables

measured except phosphate (Figure 2). Nitrate concentrations drop to

zero at the interface and a small secondary nitrite maximum (Ca. 0.1

pmol/l) at station 2 is indicative of denitrification5'6. From the

vertical extent of this secondary nitrite maximum and the samples which

contained both oxygen and H2S it appears that the thickness of the in-

terface layer is no more than 10 m. At station 1, a secondary nitrite

maximum was not found from the bottle samples but its presence (ca.

0.04 ijmol/l) at the interface was established from the continuous mea-

surements.

The vertical N20 distributions are quite similar at the two sta-

tions (Figure 2). N20 concentrations gradually increase from the sur-

face to just above the interface, reaching 17.8 nmol/l and 20.4 nmol/l

at station 1 and 2, respectively (Table 1). Between the surface and

the N20 maxima, N20 concentrations are inversely related to dissolved

oxygen concentrations, similar to what has been found in other areas

of the ocean4. Across the interface layer, the N20 concentrations

decrease drastically, reaching zero in the deep water. In terms of



Table 1. N 0 concentrations and percent N 0 saturation at two stations
i Saanich Inlet. Station locat?on: 48°35.l', 123°30.l'
(St. 1); 48°33.l', 123°32.V (St. 2). Percent saturations are
relative to a marine air mixing ratio of 278 ppbv measured in
Saanich Inlet using the same analytical procedure used for
seawater analysis8. The N.,0 solubility coefficients in sea-
water were calculatij! by ftting Weiss'2° equation to the data
of Markham and Kobe for the solubility of N20 in aqueous
sodium chloride solutions.

Station 1 Station 2

N20 N20

Depth N0 Saturation Depth N20 Saturation

(m) (nniol/1) (%) (m) (nmol/1) ()

1 11.3 140

6 12.0 140

16 13.7 155 0 11.6 142

26 14.0 154 10 13.2 155

46 14.7 158 30 14.1 153

71 16.4 168 50 14.2 149

96 17.4 177 100 19.3 196

106 17.8 181 110 20.4 208

111 17.4- 177 115 18.3 186

116 11.2 175 120 18.9 192

121 16.5 168 125 17.0 174

126 17.3 177 130 10.2 104

131 13.9 142 135 2.9 30

136 0.3 3 140 2.0 20

. 146 0.1 1 146 1.0 10
0

171 0.1 1 150 0.0 0
.

196 0.0 0 169 0.0 0

179 0.0 0
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percent N20 saturation, this corresponds to a drop from about 200%

saturation to zero (Table 1). This is the first time that zero coricen-

trations of N20 have been reported in the marine environment at this

detection limit8. The lowest N20 saturation levels ever recorded in

the open ocean, about 50%, were from the core of the oxygen minimum of

the eastern tropical North. Pacific4.

Slightly above and within the interface layer, the N20, oxygen,

H2S, and nutrient relationships displayed in Figure 2 clearly indicate

biological consumption of N20. At the two stations, the sharp decrease in

both the nitrate and N20 concentrations begins in the 10 in interval

above the interface. In this depth range, oxygen concentrations are

lower than 10 imol/l, a range favorable for denitrification°', but

H2S is absent. The presence of denitrifying bacteria at this depth

range was confirmed by R.J. Ozretich (personal communication) in ex-

periments carried out at sea few hours after the N20 measurements were

made. One may therefore conclude that N20 is consumed during denitri-

fication.

Barbaree and Payne12, and Payne et al.13 demonstrated that N20 can

serve as the terminal electron acceptor for the anerobic growth of

marine denitrifiers. Cohen and Gordon's4 study in the eastern tropical

North Pacific indicated biological consumption of N20 around the core

of the oxygen minimum where denitrification is the predominant respira-

tory mechanism'14'15. This was evidenced by the association of

minima in the N20 profiles with near zero oxygen concentrations and

secondary nitrite maxima. The present findings represent an extreme



case where denitrification completely removes the nitrate, nitrite and

dissolved N20 in the water. The presence of low levels of N20 in the

upper part of the sulfide bearing waters is most probably the result

of diffusion across the interface.

In recent years, much effort has been devoted to the identification

of the natural sources and sinks for atmospheric N20 because of its in-

volvement in the chemistry of stratospheric ozone. Publications con-

cerned with the potential weakening of the ozone layer following the

introduction of anthropogenic N20 into the atmosphere have emphasized

that a major natural sink for atmospheric N20 has not been identi-

fied169. So far all N20 measurements in surface waters of the ocean

have revealed varying degrees of supersaturation and have failed to

disclose an area where the sea surface acts as a sink for atmospheric

In Saanich Inlet, N20 is highly supersaturated in the oxic

layer, indicating that it is being produced in that layer, and appa-

rently the inlet is a local source for N20 in the atmosphere. The dis-

appearance of dissolved N20 in the anoxic layer raises the possibility

that local sinks for atmospheric N20 might exist in shallow aquatic

environments, such as salt marshes, where denitrification and anoxic

conditions might occur close to the air-water interface.
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CHAPTER IV

NITROUS OXIDE PRODUCTION IN THE OCEAN
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ABSTRACT

Examination of vertical profiles of N20, oxygen, and nitrate from

the Northeast and Northwest Atlantic, Northeast Pacific and eastern

tropical North Pacific reveals a striking consistency in the relation-

ships among them. With the exception of zones of active denitrifica-

tion, N20 is negatively correlated with oxygen and positively corre-

lated with nitrate throughout the water column and it is, therefore,

concluded that N20 production in the ocean is associated with the oxi-

dative regeneration of nitrate. In both the Atlantic and Pacific

Oceans, the difference between the measured N20 concentration and its

equilibrium solubility is linearily correlated with apparent oxygen

utilization and from this relationship and the Redfield plankton decom-

position model it is estimated that N20-nitrogen comprises about 0.1 to

0.4% of the nitrogen regenerated in the ocean. From the ratio of N20

to nitrate production during nitrate regeneration and estimates of the

overall regeneration of nitrate in the ocean, it is concluded that the

total marine production of N.,O is in the range of 4 to 10 Tg-N y (6

to 16 Tg-N20 y'). This estimate is in good agreement with estimates

of the N20 loss to the atmosphere derived from N2O measurements at the

sea surface.



INTRODUCT ION

Interest in the sources and sinks of atmospheric nitrous oxide

(N20), arising from the realization that N20 catalyzes ozone reduction

in the stratosphere (Crutzen, 1970), has stimulated a lively debate on

the role of the ocean in the global N20 cycle. However, only one as-

pect of the marine N20 cycle, namely the net N20 flux across the ocean-

atmosphere interface, is relevant to the ozone depletion problem, hence

in this connection the ocean has been treated as a simple system which

acts either as a net source (Hahn and Junge, 1977; Liu et al., 1977) or

as a net sink (McElroy et al., 1976) for atmospheric N20.

Basically, two approaches, often yielding conflicting results, have

been used to calculate the N20 exchange between the ocean and the atmos-

phere. The first involves extrapolating to global scale fluxes calcu-

lated from the results of N20 measurements at the sea surface combined

with models for gas exchange (Hahn, 1974; Hahn and Junge, 1977; Liss and

Slater, 1974). The second approach is based on the assumption that as

in soils, N20 production in seawater arises primarily from denitrifica-

tion and that therefore it can be evaluated from estimates of marine

denitrification multiplied by some numerical value for the N20

yield in the process (McElroy et al., 1977; CAST, 1976). The re-

cent studies of Cohen and Gordon (1977) and Cohen (1977b), how-

ever, clearly demonstrated that unlike the situation commonly encoun-

tered in soils, denitrification in the marine environment results in

N20 consumption rather than production, and, therefore, the second ap-

proach is invalid.
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From N20 and oxygen measurements in the North Atlantic and from the

results of assays in natural seawater incubated with ammonia and various

organic substrates, Yoshinari (1973) concluded that N20 production in

seawater arises primarily from nitrfication. This conclusion was later

supported by the N20, oxygen and nutrients data of Cohen and Gordon

(1977) from the eastern tropical North Pacific and if it applies to the

ocean as a whole then it should be possible to estimate the marine pro-

duction of N20 from information on the recycling of nitrate within the

ocean.

This paper presents an examination of N20, oxygen, and nitrate data

from the Atlantic and Pacific Oceans in an attempt to establish the re-

lationships among these variables and to estimate the overall production

of N20 in the ocean.



DATA

N20 data from the Northeast Atlantic (NEA) are from Hahn (1974,

1975) and oxygen data are from Roether et al. (1974). In both reports

only a graphic presentation of the water column data is given. Surface

N20 concentrations in the North Atlantic are listed in Hahn (l974a).

Hahn's N20 measurements were made at sea by thermal conductivity gas

chromatography (GC) with a precision of about 5%. Accuracy of the N20

measurements will be discussed later.

N20 and oxygen data from the Northwest Atlantic (NWA) and the

Caribbean are from Yoshinari (1973, Appendix). N20 samples were ana-

lyzed on shore by helium ionization GC about one month after collection.

The precision of measurement was about 3.5% and the estimated accuracy

about 5%. Since neither Hahn (1974, 1975) nor Yoshinari (1973) mea-

sured nitrate, some GEOSECS North Atlantic nitrate data (Bainbridge,

1975) was used here.

N20, oxygen and nitrate data from the eastern tropical North

Pacific (ETNP) are from Cohen et al. (1977) and Cohen and Gordon (1977),

and the data from the Northeast Pacific (NEP) is first reported here.

N20 measurements were made by electron capture GC (Cohen, 1977a) with a

precision of about 2% and estimated accuracy of 3%.

The solubility coefficients of N20 in seawater were calculated by

fitting Weiss' (1970) equation, which expresses the Bunsen solubility

coefficient of a gas as a function of temperature and salinity, to the

data of Markham and Kobe (1941) for the solubility of N20 in aqueous

sodium chloride solutions. Junge, Bockholt, Schutz and Beck (1971)
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estimated that the Bunsen coefficients so obtained are accurate to

about + 7% but Weiss (personal communication, 1977) estimates their

accuracy to be better than 3%. Weiss' (1970) oxygen solubility coeffi-

cients were used to calculate oxygen saturation.
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RESULTS

In almost all the marine environments where N20 measurements have

been made its distribution appears to be inversely correlated with that

of dissolved oxygen (Junge et al., 1971; Hahn, 1974a, 1975; Yoshinari,

1973; Cohen and Gordon, 1977; Cohen, 1977b). Exceptions to this pattern

have been found only in oxygen deficient environments where oxygen-based

respiration was not the major biological respiratory mechanism (Cohen

and Gordon, 1977; Cohen, 1977b). As an illustration of these relation-

ships, typical vertical profiles of N20, oxygen, and nitrate from the

North Atlantic, NEP and ETNP are shown in Figure 1. In both the North

Atlantic and the NEP the N20 profiles are essentially mirror images of

the oxygen profiles with maximal N20.concentrations in the oxygen mini-

mum. In the ETNP N20 is inversely correlated with oxygen throughout

the water column except for the oxygen deficient layer at ca. 150 to

700 m where consumption of N20 by denitrification results in minima in

the N20 profiles (Cohen and Gordon, 1977). The profiles from the ETNP

shown in Figure 2 are examples of maximal (Station 15) and minimal

(Station 9) denitrification as reflected by the intensity of the N20

and nitrate minima.

Among the environments considered here, the lower the oxygen con-

centration at the depth corresponding to the N20 maximum, the higher the

N20 concentration at the N20 maximum (Table 1). This appears to be the

case also when N20 and oxygen saturations rather than absolute concen-

trations are considered. For each environment the N20 saturation value

in Table 1 is relative to the ambient atmospheric N20 concentration.
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Figure 1. Vertical profiles of N 0, oxygen and nitrate from the North
Atlantic (a,b) Northeat Pacific Cc) and Eastern Tropical
North Pacific (d,e). a - "Meteor Cruise No. 21, Station
215 (Hahn, 1975; Roether et al., 1974). Nitrate data from
GEOSECS Station 27 (Bainbridge, 1975). b - Station C-16
(Yoshinari, 1973). Nitrate data from GEOSECS Station 29
(Bainbridge, 1975). C - "T.G. Thompson" Cruise TT-121,
Station 3. d,e - "Wecoma" Cruise Weloc 77-I, Stations 12
(d) and 9 (e) (Cohen et al., 1977).
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Table L Mean NO and oxygen concentrations and percent H 0 and oxygen saturations at the N 0 maxima In some marine
envjroinents. Percent N 0 saturations are relat?ve to the atmospheric N 0 concentations listed in column
6. Numbers in parenthesis are numbers of stations used in calculating mans.

Location

Northeas tern
Atlantic (a)

Northwestern
Atlantic (b)

Caribbean (c)

Northeas tern
Pacific (d)

Eastern Tropical

H20 Oxygen H20 Oxygen Atmospheric N20

Concentration Concentration Saturation Saturation Concentration
(%) (%)_ _JpyJ

16.8 + 1.8(3) 173 + 19(3) 172 + 19 62 + 3 273

21.4 1 1.7(12) 154 i 10(8) 190 + 18 53 + 4 328

27.9 + 0.9(7) 130 + 3 240 + 11 328

36.9 (1) 12 (1) 321 4 278

North Pacific (e) 39.5 + 4.5(9) 11 + 8(8) 497 + 55 4 + 3 287

(a) Average values for stations 213, 214, 215, "Meteor" Cruise P10. 23, Hahn (1975), Roether et al. (1974). Both N20
and oxygen data are from graphical presentations in the original reports.

(b) Average values for stations C-7, C-il, C-16, C-20, Yoshinari (1973, Appendix).

(c) Average values from Yoshinari (1973, Appendix). Only an average value for the oxygen concentration in the oxygen
minimum of the Caribbean is given.

(d) Station 3, "T.G. Thompson" Cruise TT-12l.

(e) Average values for stations 3 to 12, "Wecoiva" Cruise Weloc-77-I (Cohen et al., 1977). The relative large standard
deviation of the oxygen measurements most probably reflects the inaccuracy of the Winkler procedure at very low
oxygen concentrations.

4
L)
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While the different atmospheric N20 concentrations listed in Table 1

most probably reflect both real variations in N20 and systematic cali-

bration errors among the analytical procedures used, the differences in

the N20 saturation values among the various environments are considered

real since in each case the same method was used for the N20 measure-

ments in air and water.

From the foregoing, it appears that N20 concentrations (or satura-

tions) progressively increase with decreasing oxygen concentrations (or

saturations) throughout the Northern Hemisphere. This is reminiscent of

the relationships between oxygen andthe nutrient elements which are re-

generated at the expense of oxygen, and as shown in Figure 1, the verti-

cal distribution of N20 closely resembles that of nitrate except in the

uppermost nitrate-depleted part of the water column.

The N20-oxygen relationships differ in the NWA, NEP, and ETNP above

and below the oxygen minimum. This is illustrated for selected repre-

sentative stations in Figure 2. For a given oxygen concentration N20

levels in the NWA are higher below the oxygen minimum than above it

while the reverse is true for the NEP and the ETNP. The variations in

the N20-02 slopes may arise from regional variations in the rates of N20

production and oxygen consumption and also from mixing of different

water masses containing different initial concentrations of N20 and

oxygen.

Similar to the definition of "apparent oxygen utilization" (AOU) by

Redfield et al. (1963):
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saturation
AOU

°2 (Q,S)

0measured
(1)

"apparent N20 production" (N20) was defined by Yoshinari (1973) as:

N20 = N2Omeasured - N
0saturation (2)

2 (G,S)

Thus, iN20!A0U is the ratio of N20 production to oxygen consumption.

Yoshinari (1973) found a linear relationship between N2O and AOU in the

NWA. The relationships between tN20 and AOU at Yoshinari's four sta-

tions from the NWA, one station from the NEP and ten stations from the

ETNP are shown in Figure 3. [In the ETNP only samples containing more

than 17 i.imol 02 l were considered since at lower N20 concentration

the effects of denitrification are dominant (Cohen and Gordon, 1977).]

A comparison of Figures 2 and 3, noting that both employ the same

scales reveals that in the NWA the two slopes, above and below the oxy-

gen minimum, on the N20-02 diagram have merged into one on the N20-A0U

diagram. The deep samples (ca. > 1400 m), however, do not fall on this

trajectory but cluster around Ca. 50 imo1 AOU il. In the Pacific, on

the other hand, the separation between the samples from above and below

the oxygen minimum is greater on the iN20-A0U diagram than on the N20-02

diagram.

Results of linear regressions of N20 vs. AOU for all the groups of

points in Figure 3 are listed in Table 2 and the corresponding regres-

zion lines are plotted in Figure 3. As can be seen from the high corre-

lation coefficients for the regressions, a linear function adequately
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Figure 3. N O-AOU relationships for four stations from the Northwest
Atantic (Yoshinari, 1973; Stations C-7, C-il, C-16, C-20),

one station from the Northeast Pacific (Station 3), and ten
stations from the Eastern Tropical North Pacific (only sam-

ples containing more than 17 iM 0 1I) (Cohen et al., 1977;
Stations 2-12). a - Northwest At?antic 0-1000 rn. b - North-

east Pacific 0-800 m. c - Eastern Tropical North Pacific
0-125 m. d - Northeast Pacific 1000-2500 m. e - Eastern

Tropical North Pacific 600-3000 in. The dotted line encircles

the Northwest Atlantic samples from deDths qreater than

1400 m. Arrowheads indicate increasing depth.



Table 2. Regression equations of N20 (nmol 1-1) on AOU (pmol 'ii) for some marine environments.

Location Depth Ranj Regression Ewji r n

Northwes tern
Atlantic

Northeas tern
Pacific

Eastern Tropical
North Pacific (a)

100-2500 M2O = -0.437 + (0.089 + 0.003)A011

0-800 N20 = -O928 + (0.076 + O.003)AOU

100-2500 N20 = -46.248 + (0.218 + O.026)AOtJ

0-125 M420 = 0.909 + (0.140 + O.004)AOU

700-3000
2°

= -31.330 + (0.152 O.013)AOU

(a) Only samples with > 17 Llmol 1'.

0.972 36

0.993 8

0.988 5

0.986

0.957 14
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describe the relationships between N20 and AOU in the Pacific also,

provided that samples from above and below the oxygen minimum are group-

ed separately. (The regression coefficients in Table 2 for Yoshinari's

data from the NWA are slightly different than those he obtained for the

same data, probably because of small differences in the calculations of

the N20 solubility coefficients.)

The ratios of N20 production to oxygen consumption (N20/A0U on a

molar basis), referred to here as the "N20 oxidative ratios,' for the

different groups of samples in Figure 3 vary from 7.6 to 2.18

10 (Table 2). The N20 oxidative ratios for the 0 to 1000 m depth range

in the NWA and for the 0 to 800 m depth range in the MEP are quite simi-

lar and both are about half the oxidative ratio in shallow waters of the

ETNP. The regression lines for these three figures of samples have

near zero intercepts. The N20 oxidative ratios in deep waters of the

NEP and the ETNP are higher than those found in shallower waters and the

corresponding regression lines have large negative intercepts.

Because N20 was found to be a linear function of AOU and since

nitrate regeneration is also linearly related to oxygen consumption

(Redfield et al., 1962) it is possible to calculate the ratio of 1420

production to nitrate production. According to the Redfield et a].

(1962) plankton decomposition model:

(CH2O)106 (NH3)16 H3PO4 + 138 02 106 CO2 + 122 H20 +

+ 16 HNO3 + H3 PO4 (3)



16 moles of nitrate are formed at the expense of 138 moles of oxygen.

Extensive tests of the model in various areas of the ocean (Alvarez-

Borrego et al., 1975) showed that it is consistent with field data.

Thus, the ratio of N20 to nitrate production is (AN2O/AOU) (138/16).

Values of this ratio for the environments considered in Figure 3, where

N20 formation is expressed as a percentage of the nitrate formation on

a .gAtom-N basis vary from 0.13 to 0.37% (Table 3).



Table 3. N 0 production in some marine environments expressed as a per-

cntage of nitrate production on a .ig atom-N basis.

gj 'rnnint

North Atlantic

0-1000 m

Northeast Pacific

iii.ri

1000-2500 in

Eastern Tropical North Pacific

0-125 m

NO 3i_4

0.15

0.13

0.37

0.24

700-3000 m 0.26



DISCUSSION

The Relationship Between Oxygen Consumption and N20

Production in the Ocean

Examination of vertical profiles of N20, oxygen, and nitrate from

the Atlantic and Pacific Oceans reveals a striking consistency in the

relationships among them. N20 is positively correlated with nitrate

and negatively correlated with oxygen throughout the water column in

both oceans except where denitrification occurs in the ETNP. Like nit-

rate production, N20 production was found to be linearily related to

oxygen consumption in all the marine environments studied (Figure 3)

and this supports the conclusions of Yoshinari (1973) and Cohen and

Gordon (1977) that N20 production in the ocean primarily arises from

nitrification, the process whereby nitrate is regenerated.

The overall variation in the ratios of N20 production to oxygen

consumption, and hence to nitrate production, among the environments

investigated is rather small (less than a factor of 3, Table 2). How-

ever, the differences in these ratios for waters deeper and shallower

than Ca. 800 to 1000 m in both the Atlantic and Pacific are significant.

The reasons for these differences are not fully understood but a possi-

ble clue can be derived from examination of the temperature and salinity

distributions in the NWA, NEP and ETNP (Figure 4). In the NWA and NEP,

variations in the N20 to AOU ratios (Figure 3) occur at approximately

the same depths where singularities appear on the temperature-salinity

diagrams. These singularities indicate the transition from the locally

formed central water masses to the deep water masses of northern and
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Murray, personal communication, 1977).
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southern origins (Sverdrup et al., 1942). The situation is more corn-

plicated in the ETNP because there, the two regression lines in Figure

3 represent waters separated by the oxygen deficient zone where .N20 is

not linearily related to AOU. The water below Ca. 600 m in the ETNP is

comprised of a mixture of Antarctic Intermediate Water (characterized

by a salinity minimum) and Deep Pacific Water. In both the Atlantic

and Pacific, the non-linearity of the upper part of the G-S diagrams

apparently does not affect the N20 to AOU ratios. It is thus possible

that variations in the N20 to AOU ratios reflect different characteris-

tics, with respect to N20 formation, of the relatively warm, central

water masses and the cold, deep water masses. The abundance of riitri-

fying microorganisms, the fraction of these which contribute to N20

formation and the availability and composition of the oxidizable organic

matter might be some of the distinctive properties of water masses of

different origins. The limited data base of this work does not permit

a detailed discussion of this hypothesis and clearly, measurements of

N20, oxygen and nutrients in the southern and northern source regions

of the deep waters of the ocean are required for this purpose.

Estimates of N20 Production in the Ocean

and its Escape to the Atmosphere

Given the relative constancy of the N20 oxidative ratios and as-

suming that the N20-nitrate relationships established here are repre-

sentative of the whole ocean, an attempt can be made to estimate the

rate of N20 production in the ocean. A model for the marine nitrogen

cycle, taken from the global model of Liii et al. (1977), is shown in
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Figure 5. The reader is referred to the original paper for details on

the estimation of the various numerical values but some relevant points

will be mentioned here. The large nitrogen reservoir in marine sedi-

ments was neglected because the transfer rates between this reservoir

and the others were considered to be very small; the values for nitrogen

input into the ocean are independent estimates but the output value for

marine denitrification is a forced value based on a steady state

assumption; similarly, the nitrogen mineralization rate is a

forced value determined from independent estimates of the rate

of nitrogen assimilation in the ocean. Taking the 2000 Tg-N y

mineralization rate as a maximal estimate of the oxidative pro-

duction of nitrate in the ocean and an average value of 0.2%

for the N20 to N0 ratio in the process (Table 3), the total oceanic

N20 production rate would be 4 Tg-N y or 6.3 Tg-N20 Because of

all the values in Figure 5 the estimated N20 production rate depends

only upon the nitrogen mineralization rate it is important to note that

a somewhat independent estimate of this rate by McElroy et al. (1976),

1500 Tg-N y, is quite similar to that of Liu et al. (1977).

Assuming a steady state in N20 distribution, N20 production must

be balanced by N20 loss from the ocean. The only known oceanic sinks

for N20 are its escape to the atmosphere at the air-sea interface and

its biochemical consumption in oxygen deficient and anoxic waters

(Cohen and Gordon, 1977; Cohen, 1977b). Since the magnitude of the

latter sink is at the present time unknown and its areal extent limited

it will be neglected for the moment and the estimated N20 production

rate given here will be compared to available data on the rate of N20
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loss to the atmosphere. The procedure will be to calculate an average

oceanic surface supersaturation of N20 required to produce an N20 flux

into the atmosphere of 4 Tg-N y and to compare this calculated value

with the results of N20 measurements at the sea surface.

According to the "stagnant film" model (Bolin, 1960), the rate

limiting step in gas exchange across the air-sea interface is molecular

diffusion through a laminar layer. The gas flux (F) across the inter-

face is:

(4)

where D is the gas molecular diffusion coefficient, Z is the thickness

of the laminar layer and is the difference between the measured con-

centration of the gas at the base of the laminar layer and its equili-

brium solubility. Taking 18°C as the average surface temperature of

the ocean (Bialek, 1966; p. 54) a N20 molecular diffusion coefficient

of 2 . 10 cm2 s at this temperature (interpolated from the values

given in Broecker and Peng, 1974), a Z value of cm (Broecker

and Peng, 1974), a flux of 6.3 Tg-N20 y (4.5 1012 nmol N20 sq), and

multiplying the right hand side of (4) by the total area of the ocean

(361 1016 cm2), a value of 0.32 nmol N20 l is obtained. Taking

an average atmospheric N20 concentration of 290 ppbv, the N20 equili-

brium solubility at 18°C and 35% salinity would be 7.29 r,mol 1. Com-

bining this value with the above result for , the surface water of the

ocean would on the average be 105% supersaturated with N20. It is in-
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portant to note that this calculation is relatively insensitive to

changes in the atmospheric N20 concentration. Taking the lowest (250

ppbv) and highest (328 ppbv) atmospheric N20 concentrations listed in

Table 1 instead of 290 ppbv would change the final result for the

average oceanic surface supersaturation by less than 1%.

The above result will now be compared to the results of direct N20

measurements at the sea surface. Table 4 includes all the presently

available surface N20 measurements with the exception of one data set,

that of Rasmussen et al. (1976), from the Eastern Pacific. The data of

Rasmussen et al . (1976) is not included because of the large scatter in

the N20 saturation values, especially south of the equator. For exam-

ple, their surface N20 saturation values at 5.7 and 7.6°S were 105 and

280%, respectively (see also Cohen and Gordon, 1977, Figure 6), The

other data sets in Table 4 were grouped with respect to latitude and

replicate observations at one location were averaged. With the excep-

tion of the data from the 'Meteor cruise No. 16 which will be discussed

in detail below, surface N20 saturations in both the Atlantic and

Pacific Oceans are quite low with an average value of 109%. This average

supersaturation is higher than the 105% calculated above but in light

of the uncertainties involved in the calculations both results are com-

patible. Considering the range of the N20/N0 values in Table 3, an un-

certainty of a factor of two is quite reasonable for the flux calculated

from the N20-n-itrate relationships. Taking 8 rather than 4 Tg-N y for

the flux value in (4) would yield an average surface N20 supersaturation

of 109%.



Table 4. Surface N20 saturation in the ocean.

Cruise/Date location

Number of

Samples®

Mean N20

Saturation (%)

Range of N20

Saturation (%)

Number of Samples

with

N20 Saturation > 120%

Reference/

Atmospheric

N20 Concentration

"Meteor Cruise No. 16 0.691 32°W 1 232 1 hahn (1974)

April 1969 10.391 32°W 1 293®
1 (Table 2)

25.6°tl 30°W 175 1 250 pphv

36.691 30°W 1 157 1

59.991 3091 1 125 1

Meteor" Cruise No. 2Db 62.091 to 65.191
18 113 104-135 3 250 ppbvJune 1970 8.291 to 19.391

9Ieteos" Cruf5e No. 23c 38.591 to 40.591
7 124 120-130 6 270 ppbvJune 1971 11.5°W to 43.094

34.791 to 42.391
February-October 1972 6 102 93-114 0

61.494 to 74.6°W

Yoshinarl (1973)

27.4°N to 32.791
(AppendIx A)February-March 1972 3 110 100-126 1

69.5°W to 79.4°W

328 ppbv

11.891 to 10.691
February-March 1972 10 113 109-123 2

60.294 to 74.6°14



Table 4 (continued)

Cruise/Date location

Number of

SanVles a

Mean N20 Range of 1420

Saturation (%) Saturation (%)

Number of Samples

with

Saturation 120%

Reference/

Atmospheric

1420 Concentration

1.G. Thornpson' Cruise T1121 46.8N 126.8°W 1 105 0 This Work

July 1977 278 ppbv

Wecoma" Cruise Weloc 77-! 34.2°N 120.2°W 1 105 0

January 1977 28.O°N 1lG.0°W 1 100 0 Cohen et aL(197?)

287 ppbv
8.7°N to 19.8°N

9 111 96-124 1

105.9°W to 1l2.0W

Total:® 56 flean;0 109 Tota1: 13

(a) Replicate measurements at one location were averaged and counted here as one sample.

(b) Sample taken at a depth of 25 m.

(c) These stations were grouped because all are within the oxygen deficient zone of the ETNP (Cohen and Gordon1 1977).

(d) Excluding the 'tleteor" Cruise No. 16 data.



Other estimates of the N20 exchange across the ocean-atmosphere

interface can be examined in terms of Equation (4) and Table 4. Maxi-

mal estimates are those of Hahn (1974a, 1975) and Hahn and Junge (1977)

who concluded that the ocean is a net source for atmospheric N20 with

a magnitude of 16 to 160 Tg-N y' and a most likely value of 45 Tg-N

y (70 Tg-N20 y), and a minimal estimate is that of McElroy et al.

(1976) who argued that the ocean is a net sink for atmospheric N20

with a magnitude of 40 Tg-N y1 (63 Tg-N20 y).

Hahn's (1974a, 1975) and Hahn and Junge's (1977) estimates of the

oceanic N20 flux were obtained by extrapolating to a global scale the

results of N20 measurements in surface and shallow waters of the North

Atlantic made during the "Meteor cruises in 1969 to 1971 (Table 4).

On the basis of that data, Hahn (1974) concluded that "our measurements

yield an average N20 saturation of 180% for the North Atlantic surface

water." Apparently, as was pointed out by McElroy et a]. (1976), this

conclusion was heavily weighted by the few measurements from the 1969

cruise. Of these measurements, one (293% saturation) was not a surface

sample and of the surface samples only one was more than 180% super-

saturated with N20. Furthermore, the analytical method for the seawater

N2O measurements employed in 1969 was much less precise than that used

in 1970 and 1971, and the relative accuracies of the methods are not

clear. The data from the 1969 cruise was published in Jurige et a].

(1971), Junge and Hahn (1971), and Hahn (1974a,b) but in all

these reports accuracy of the measurements was reported in terms of the

standard deviation of replicate measurements which is a measure of



precision rather than accuracy. It is also significant that Yoshi-

nan's (1973) data from the Northwest Atlantic reveals furface N20

supersaturations much lower than those found by Hahn at approximate-

ly the same latitudes in the Northeast Atlantic in 1969.

Inserting Hahn and Junge's (1977) most likely

value for the oceanic N20 into the atmosphere [70 Tg-N20 y1, derived

from (4) with Z = 50 10 cm] into Equation (4) without changing the

numerical values of the other parameters used above would yield an

average 150% N20 supersaturation for the whole surface of the ocean.

Table 4, however, shows that with the exception of the results from the

"Meteor cruise in 1969, not a single surface sample, from anywhere in

the ocean, was more than 135% supersaturated with N20.

The conclusion of McElroy et al. (1976) that the ocean is a net

sink for atmospheric N20 is also inconsistant with the data in Table 4.

Inserting their flux estimate of -63 Tg-N20 y1 into Equation (4) yields

an average oceanic N20 saturation of 56%, a value not supported by any

field data. It should be mentioned that, in part, McElroy et al's.

conclusions were based on combining their own interpretation of Hahn's

(1974) data with earlier N20 measurements by Craig and Gordon (1963).

However, the data of Craig and Gordon were composites of N20 samples

from various geographic locations and depths which in light of Figure 1

cannot be considered representatives of surface data.



CONCLUS I ONS

Neither Hahn's (l974a) and Hahn and Junge's (1977) nor McElroy et

al's. (1976) estimates of the N20 exchange between the ocean and the

atmosphere are supported by the presently available surface N20 data.

On the other hand, the estimate presented here of an oceanic

source of atmospheric N20 with a magnitude of less than 10 Tg-N y

(16 Tg-N20 y) which was derived from information on the cycling of

nitrogen within the ocean is in good agreement with the results of N20

measurements in surface waters. In spite of this agreement it should

be clear that the analysis presented here is far from being a complete

N20 budget for the ocean. First, N20 data from the Pacific Ocean are

very limited and no data are available for the Indian and Southern

Oceans. Data from the Southern Ocean are especially important because

they provide insight into the N20-oxygen-nitrate relationships at the

time the bulk of the ocean's deep waters are formed. Second, if Hahn's

(1975) propositiQn that N20 might be formed as a byproduct of nitrate

assimilation by phytoplankton is true, an additional N20 source, which

was not accounted for in the present analysis, might exist in the

euphotic zone. Although the data of Cohen and Gordon (1977) from the

ETNP, and N20 profiles from different seasons in the Northwest Atlantic

(Yashinari, 1973) indicate that if this source exists its contribution

is rather small, the possibility has to be investigated. Third, the

quantitative significance of denitrification sites in the ocean as

sinks for N20 needs to be evaluated. Oxygen deficient and truly anoxic

waters comprise only a small fraction of the total volume of the ocean
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but these are the primary marine sinks for combined nitrogen (Codispoti,

1973). Fourth, it is possible that in the present analysis the overall

rate of marine nitrification was overestimated. This rate was taken as

equal to the nitrogen mineralization rate which in turn was estimated

from the rate of nitrogen assimilation in the ocean (Figure 5). Because

part of the nitrogen assimilated by plants is in the form of ammonia re-

leased by the biota and formed from the degradation of organic nitrogen

compounds, the present estimae of nitrification and accordingly the es-

timate of N20 production are probably maximal.
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APPENDIX



DATA FROM CRUISES WELOC 77-Is TT-119, TT-l2l

The following notations are used in the data listing:

Z Depth in meters

T Temperature in degrees Celcius

POT T Potential temperature in degrees Celcius

S Salinity in per mu

02 Dissolved oxygen in micro-moles per liter

AOU Apparent oxygen utilization in micro-moles per liter

NO3 Nitrate in micro-moles per liter

NO2 Nitrite in micro-moles per liter

NH3 Ammonia in micro-moles per liter

H2S Hydrogen sulfide in micro-moles per liter

N20 Dissolved nitrous oxide in nanno-moles per liter

N2O iN2O in nanno-moles per liter

N20 SAT Nitrous oxide saturation in per-cent

* Interpolated temperature

For replicate measurements the mean value is given.

Reference to the analytical procedures used are made in chapters two
and three.



CRUISE WELOC 77-1 7-30/1/1977

STATIOI4 NUM3ER 1 34 1O.2N

Z I P317 S 02 AOU

(H) (C) (C) (0/DO) (WI/L)

1 14.580 14.580 33.656 267 -9

10 14.560 1.4.559 33.679 267 -9

'5 14.380 261+

Atmospheric N20 Concentration: 287 ppbv

120 1.3.5W

NO3 NO2 N20 0N20 N20SI

(UM/LI (NH/U (7.)

.5 .04 8,52 iQ 105

.6 .05 8.36 .21+ 1.03



STATION NUM8ER 2 28 ON 116 OW

7 1 POT I S 02 AOU NO3 NO2 N20 0N20 N2OSAT

CM) (C) (C) (0/00) (Ut1/L) (WIlL) (NM/LI (X)

1 17,740 17.740 33.949 246 -1 a .02 7.29 -0,02 100

10 1.7.730 17.728 33.947 246 -4 .1 .02 7.27 -0.04 99

20 17.640 17.637 33.954 247 -1 1 .01

30 1.7.610 17.605 33.949 246 -3 .1 .02

50 1.7.430 17.421. 33.939 246 -3 .1. .02 7,54 .15 102

75 14.380 14.369 33.528 .7 .16

100 1.2.650 12.636 33.634 206 63 8.8 03 1!. 15 3,19 140

150 11.700 11.681 34.133 107 166 22.5 .02

200 1.0.720 10.695 34.325 57 222 27.3 .03



STATION NUFI8ER 3 19 46. ON 107 6.8W

7 1 PJT I S 02 40U NO3 NO2 N20 0N20 N2OSAT

(H) (C (C) (0/00) (UM/L) (UNtiL) (NulL) (Z)

1. 25.160 25,160 34.360 209 2 0 .01 6.62 .79 114

50 23.410 23.399 34,510 ifi 208 5.8 .23 15.49 9.36 253

99 14.400 14.385 34.683 16 242 27.9 .OL1. 21,49 13.37 265

1.49 12,940 12.819 34.806 5 261. 27.4 .42 12.66 4,10 149

198 12,040 12.014 34,917 2 269 28.5 .02 14.96 6.17 170

265 1.1,300 11.266 34.761 3 272 27.9 .03 13.67 4.65 152

298 10.740 10.703 34.725 3 276 26.4 1.03 10.15 .95 110

357 10.110 10.067 34.674 5 277 27.2 .36

394 9.390 9.345 34.665 2 285 29.0 .21 16.52 6.87 17.1

448 8,760 8.710 34.602 30.8 .14

504 8,160 8.106 34.571. 3 292 33.0 .04 19.58 9,50 194

566 7.500 7.442 3'+.552 5 295 35.5 .02 18.43 8.10 178

609 7.020 6.960 34.540 3 301 37.5 .03 20,66 10.15 197

794 5.440 5.371 34.528 6 309 44.2 .02 Z5.03 13,89 225

1001 4,490 4.408 34.551 1+6.2 .02

1418 3.810 3.698 34.576 26 302 46.2 .03

--I



STATION NUMBER 5 15 1.ON 110 1,0W

7 1 POT 1 S 02 AOU NO3 NO2 N20 0N20 N2OSAT

(M) (C) (C) (0/00) (IJM/L) (UM/L) (NM/U (7.)

I 25.950 25.950 33.047 207 3 .1 .04 6.01 .28 105

10 26.200 210 .1 .01

25 26,290 26.28k 33.944 208 6.25 .60 111

50 26.120 26.108 3437L 206 2 7.39 1.72 130

60 25.640 .5 .16

75 23.250 23.23k 34.414 170 49 5.1. .66 16.20 10.04 263

100 16.430 16.414 34.462 63 1.85 22,4 .05 32.21 24.60 423

149 13.160 13.139 .34,716 6 259 29.0 .03 29.07 20.60 343

199 1.1.890 11.864 34.743 l 267 27.6 1.83 13.39 4.55 152

258 11.040 11.007 34,709 9 268 28.6 .91 15,20 6.10 167

301 10,310 10.273 34.672 3 279 26.9 2.04 5.42 -3.92 58

387 9.100 9.056 34.592 2 286 34.7 .02 21.64 11.89 222

506 7.730 7.678 34.545 4 294 38,5 .02 27.54 17.30 269

569 7.260 7.203 34.543 9 293 39.5 .132 25.17 14.75 242

598 7.040 6.981 34.540 3 300 '+0,3 .02 23.91 13.41 228

813 5.40 5.379 34.543 5 310 46.1. .03 30.08 18.94 270

1002 k.70 4.488 34.552 13 309 17,7 .03 29.87 18.36 260

1.31+0 3.850 3.744 34.569 29 298 47.3 .03 26.39 14.56 223
1

Q
N)



STATION UPIBER 6 15 29.5N 112 OW

2 T POT T S 02 A0U NO3 NO2 N20 DN2O N2OSAT
CM) (C) (C) (0/00) (Utl/L) (UM/L) (NM/L) (7.)

1 26.420 26.420 33.318 211 -3 11 .01 5.97 .33 106

25 26,530 26.52k 33.705 211 -4 0 .01 5.68 .06 101
50 26.610 26.598 33.798 209 -2 0 .02 5.86 .26 105

75 26.110 26.092 34.298 206 2 .5 .17 8.10 2.43 11+3

inn 19.830 19.811 34.506 86 i'+6 18.6 .10 28.57 21.73 L18

125 15.9'.O 15.920 34.634 26 224 26,3 .06 37.52 29,79 L86
150 13.610 13.588 34.779 15 247 26.0 1.60 7.60 -0.74 91.

175 12.510 12.486 3L..8i0 6 262 26.3 3.61 5.74 -2.91 66
198 12.120 12.093 34.795 3 267 27.3 3.24 5.25 -3.51 60

227 11.730 11.700 34.782 6 267 28.0 2,73 5.86 -3.02 66

21+8 11.520 11.488 34.769 4 270 28.5 2.60 6.24 -2.71 70

31+2 10.400 10.358 34.719 2 279 29.5 1,79 11.19 1.89 120

405 9.520 9.473 34.650 3 284 29.5 .79 5.31 -4.29
514 8.160 8.105 34.598 4 292 32.1 .60 3.21. -6.87 32

605 7.180 7.120 34.561 1 301 38.1. .02 18.45 8.00 177

796 5.650 5.579 34.532 6 308 44.8 .02 30.35 19.30 275
999 4.700 4.617 34.553 1 319 47.3 .02 26.66 17,21. 250

1.808 2.100 1.976 34.6'+4 90 253 42.5 .02 18.6o 6.01 11+8

27414 1 70 1.559 34.674 119 227 42.3 .02
CD



STATION NUMBER 7 Iti. ON 111 52.5W

Z I POT T S 02 AOU NO3 NO2 N20 0N20 N2OSAT

(M) (C) (C) (0/00) (UM/L) (IJM/L) (NM/U (7.)

0 26.820 26.820 33.091 209 -2 0 .02 6.91 1.32 121.

25 33.0911 2139 0 .02

50 26,280 26.268 33.428 190 19 2.1. .23 10.79 5.12 190

75 17.970 17.957 3s.596 37 203 27.2 .10 36.67 29.43 506

100 14.31*0 14.325 34.761 3 255 29.5 .06 42.37 34.24 521

123 13.120 13.103 34.824 7 257 32.13 .06 33.33 24.86 393

150 12.t+80 12.4613 34.816 2 266 32.6 .213 30,12 21.47 31*8

175 11.880 11,857 31+,797 6 266 32.2 .30

221 1t.*50 11.421 34.781 2 272 31.1 .55 21.33 12.36 238

251* 10.860 10.825 34.733 3 275 27.6 2.34 9.20 .04 100

300 10.210 10.174 34.676 12 270 29.5 1.44 12.53 3.16 131+

393 8.780 8.737 34.600 3 288 33,8 .03 21.82 11.96 221

5134 7.830 7.778 34.546 5 293 37.0 .02 26.1.2 16.21 259

611 6.780 6.721 34.539 3 302 40.6 .02

8013 34.552 6 1*5.8 .03

1002 4.470 Li.38 34.563 17 306 1+7.2. .132

iSQI 3.070 2.959 34.611 57 277 45.3 .02

1997 2.220 2.078 34,650 96 21,5 42.2 .02

2514 1.860 1.678 34.681 11.1. 233 40.7 .02

1



STATION NUMBER 8 12 31.7N 111. 51.3W

Z T POT T S 02 AOU NO3 NO2 N20 0N20 N2OSAT

(M) (C) (C) (0/00) (Utl/L3 (UM/L) (NM/U (Y)

0 27.220 27.220 34.525 21.4 -10 1. .02 6.13 .64 112

24 25.900 2.894 34.529 208 1 .1 .03 6.iO .40 1137

1+9 24.51+0 24.529 34.801 151+ 59 17.32 11.40 292

73 17.200 17.188 34.911 32 21.1 26.5 .29 34.63 27.42 1+70

97 14.260 14.21+6 34.938 8 250 29.4 .05 39,21 31.06 81.

122 12.990 12.973 34.952 6 259 31.6 .03 3...51. 26.01 406

11+6 12.460 12.1+1+0 34.953 5 263 34.2 .01+ 37.35 28.69 431

17i 1.1.810 11.787 34.949 10 261. 33.5 .01+

195 11.390 11.365 34.944 9 265 34.7 .03 32.85 23.87 366

219 11.160 11.132 34.940 9 266 34.3 .03 27.71+ 1.8.68 306

21+9 10.920 10.889 34.939 Li 266 35.7 .03 30.09 20.96 330

292 10.510 113.474 34.933 15 261+ 35.6 .03 27.29 18.03 295

379 9.450 9.406 34.91.6 2 281+ 35,0 .12 26.73 17.11 278

506 8.260 8.206 34.903 3 291 37,2 .02 28,19 18.16 281

596 7.260 7,200 34.893 3 298 39.8 .03 25.12 14.72 21+2

780 6.040 5.968 34.892 6 304 1+6.2 .03 28.47 17,59 262

987 4.770 4.687 34.892 20 299 '+7.2 .03 24.22 12.82 212

1490 3.220 3.1.07 34.903 60 272 45.0 .02 21.29 9.19 176

1993 2.310

2491+ 1.850 1,570 34.920 112 232 41,0 .03 16.45 3.57 129



STATION NUMBER 9 10 45.1N

Z T P3TT S 02 AOU

(K) (C) CC) (0/00) (UM/L)

0 27.210 27.210 33.11+2

25 33.141

50 24.910 24.899 33.971

75 17,020 17.007 33.685

too 14.300 14.285 34,795

125 34,823

11+9 12.280 12.260 34.819

174 12.040 12.017 34.811

198 11.770 11.744 34.791

233 11.400 11.370 34.774

248 10,840 10.809 34.768

310 1U.580 10.5i2 34.738

393 9.550 9.504 34.675

497 8.380 8.326 34.615

616 6.930 6.870 34.574

794 5.870 5.798 34.563

'1008 4.600 4.517 3'+.568

1.1+96 3,170 3.058 34.608

2014 2,230 2.086 34.558

2505 1.850 1.669 31+,677

209 -3

208

155 58

21 226
1 254

6

7 262

18 253

9 263

14 2bi

17 262

6 280

4 290

ii. 300

33 289

61 272

6 21+5

118 227

111 52.3W

NO3 NO2

(UM/L)

.1 0

.1 0

8.1. 1.05

29.8 .18

32.4 .03

34.8 .02

34.8 .03

34.8 .03

35.0 .02

33.8 .05

35,0 .02

35,6 .02

35.6 .02

36.2 .16

1+1.5 .02

L7,3 .02

47.1 .02

.01.

42.9 .02

41.0 .01.

N20 0N20 N2OSAT

(NM/U (Z)

6.34 .82 itS

15,84 9.96 269

41.52 33.37 51.0

35.88 27.16 12

33.91 25.04 32

30.77 21.61 336

32.1.8 23.23 351.

29.89 20.30 31.2

25.32 18.32 283

29.15 18.61 277

29.54 18.56 269

25.85 14.36 225

21.54 9.40 177

18.50 11+7

16.1.0 3.30 126



STATION NUMBER 10 8 42.SN 105 56.2W

Z r POT I S 02 AOU NO.3 NO2 N20 0N20 N2OSAT

(M) (C) (C) (0/00) (IJM/L) (WIlL) (NM/L) (7.)

0 27.000 27.000 33.178 209 -3 0 .00 6.67 1.11 120

50 20.570 20.560 34.465 87 142 20.2 .46 25.71 19.03 365

100 13.160 13.146 34.830 6 258 33.0 .03 36.92 28.46 1+36

150 11.980 11.960 .34.807 22 249 34.4 .02

1.98 1.1.330 1.1.305 3-i.775 19 256 34.0 .03 32.98 23.97 366

266 10.770 10.737 3.766 30 248 34.0 .28

296 10.180 10.144 34.717 ii 271 35.6 .04 29.06 19.68 310

348 9.600 9.560 34.679 13 272 33.8 .03 27.15 1.7.57 284

.397 8.790 8.746 34.639 3 286 34.6 .08 27.05 17.19 274

1+45 8.290 8.242 3'+.623 2 293 36,3 .02 27.21 17.17 271

499 7.730 7.679 34.602 38.0 .02 29.12 18.86 284

51.5 7.290 7.235 34.581. 3 299 40.5 .03 26.14 15.74 251

605 6.730 6.672 34.574. 3 302 42.2 .03 30.44 19.82 287

666 6.280 6.218 34.575 1.1+ 294 43.8 .03

695 5.930 5.867 34.566 7 304 45.3 .02 30.59 19.66 280

79L 5.(s.20 5.351 4.578 14 301 46.3 .02 27.90 16.76 250

1001 4.390 4.309 34.579 33 290 46.3 .03 27.02 15.43 233

-J



STATION NUMBER 11 13 56.ON 105 59.5W

Z I POT T S 02 AOU NO3 NO2 N20 0N20 N2OSAT
(M) (C) (C) (0/00) (UM/L) (UM/L) (WIlL) (7.)

a 27.270 27.270 33.25 0 0 6.18 .67 112
50 27.030 27.018 33.299 208 -2 0 0 6.44 .89 116
75 22.730 22.714 34.364 125 95 12.1 .55

100 16.770 16.753 34.694 16 230 30.0 .08 38.72 31.20 515

125 13.970 13.952 34,770 13 247 30.6 .12

150 13.310 13.28 34.817 4 260 32.8 .03 35.77 27.35 425
200 12.000 11.973 34.801 2 268 32.6 .21 27.41 18.61 31.1

260 11.370 11.336 34.771 8 266 33,4 .03 26.67 17.68 296
307 10.690 10.652 34.753 4 275 30.6 2.21

400 9.560 9.513 34.650 3 283 32,6 .71. 13.01 3.42 136
515 8.1.70 8.1.15 34.622 1.1 284 16.91 6.83 168

600 6.990 6.931 34.566 4 299 38.8 .02 19.41 8.89 185
601 5.660 5.588 34.564 3 310 4.8 .02 30.42 19.38 2?

1018 4.570 4.486 34.568 13 309 'i4.7 .02

1.506 2.990 2,879 34.624 56 278 45.2 .04

'2007 2,170 2.028 34.650 93 249 42.4 .03
2518 1,820 1.639 3i.671 114 231 40.9 .03



STATION NUMBER 12 15 7.ON 105 58.9W

Z T POT I S 02 AOU NO3 NO2 N20 0N20 N2OSAT

(M) (C) CC) (0/00) (UM/LI (OH/LI (NM/LI CX)

0 27,280 27.280 33.456 208 -3 .3 0 5,30 -0.20 96

25 27.060 27.054 33.+41. 211 -5 .3 .02

50 27.030 27.019 33.996 209 -k .3 .02 5.49 -0.04 99

75 26.440 26.422 34.224 204 3 .3 .02 7.31 1.69 130

100 17.860 17.843 34.597 40 20.1. 25.9 .08 3,73 31.46 533

1.25 15.060 15,041 34.710 17 237 26.4 .07 47.69 39.74 600

150 13.360 13.339 34.743 1.6 248 13.44 5.03 160

175' 12.390 12.366 34.793 5 264 28.5 2.41 15.43 6.75 178

200 11.750 11.724 34.781 3 269 30.5 1.83 1+.75 5.87 1.66

224 11.260 11.231 34.746 29.9 1.54 14.94 5.91. 165

261 10.950 10.917 34.740 3 275 28.4 2.33 8.24 -0,89 90

299 10.330 10.29k 34.699 3 278 30.2 1.74 7,91k -1.39 55

401. '3.450 9.404 34.643 2 285 30.6 .61 9.67 .04 100

498 7.940 7.888 34.599 1 293 33.4 .1+6 6.68 -3.49 66

667 6,360 6.297, 34.566 2 305 38.2 .35 9.81 -0.96 91

811 5.540 5.468 31+.560 16 298 45.9 .02 29.74 18.61+ 268

1001+ 4.550 4.468 34.567 1.2 310 48.0 .01

1492 2.990 2.881 34,612 56 279 45.3 .01 21.61 9.39 177

'2011+ 2.180 2.037 34.663 98 244 '+3.7 .01. 18.16 5.57 144

2750 1.750 1.549 34.678 1.26 220 40.9 .02 16.40 3.54 125

-J



CRUISE TT-119

STATION NUMBER 1

1 T S

(m) (C) (0/00)

1 14.504 29.436

6 12.700 29.439

16 11.762 29.526

26 11.079 29.750

46 10.079 29.903

71 8.840 30.425

96 8.520 30.754

106 8.485 30.791

111 8.486 30.833

116 8.503 30.875

121 8.540 30.926

126 8.580 30.998

131 8.653 31.053

136 8.740 31.107

146 8.765 31.150

171 8.806 31.184

196 8.813 31.283

Atmospheric N20 Concentration: 278 ppbv

48 35.1N 123 30.1W 8/07/77

02 NO3 NO2 NH3

(pM/ L)

252 0.00 0.00 0.40

292 0.00 0.00 0.00

242 9.81 0.44 1.19

232 12.64 0.45 2.09

205 15.60 0.62 5.23

139 15.35 0.62 5.40

87 29.05 0.00 0.02

67

66

38

20

10

3

1

0

0

0

25.65

23.32

20.05

15.68

9.34

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.10

0.07

0.03

1 .79

5.81

10.33

11 .01

H2S

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

3.47

13.88

30.10

34.08

N20

(nM/ L)

11.31

11 .98

1 3.68

13.95

14.72

16.38

1 7 .36

1 7 .81

17.41

17.23

16.47

17.32

13.86

0.27

0.09

0.09

0.00

N20 SAT

(%)

140

140

155

155

157

168

177

181

177

175

168

177

142

3

1

1

0

-a



STATION NUMBER 2

Z T S

(m) (C) (°/)

0 14.200 29.300

tO 12.810 29.326

20 11.350 29.656

30 10.530 29.451

50 9.520 29.944

75 8.438 30.588

100 8.445 30.782

110 8.475 30.856

115 8.501 30.903

120 8.527 30.937

125 8.570 31.008

130 8.590 31.035

135 8.655 31.075

140 8.401 31.174

146 8.738 31.139

150 8.753 31.182

160 8.801 31.203

179 8.806 31.207

48 33.1N

02 NO3

352 0.00

365 0.00

273 7.37

237 11.51

196 18.04

71 31.66

43 27.01

15 21.81

21 21.61

9 15.74

12 13.16

4 6.47

5 0.00

0 0.00

O 0.00

0 O.0C

O 0.00

0 0.0C

123 32.7W

NO2

(pM/L)

0.00

0.00

0.28

0.37

0.45

0.02

0.02

0.01

0.00

0.00

0.00

0.09

0.00

P 0.00

P 0.00

0.00

0.00

0.00

10/7/7 7

NH3 H2S

0.24 0.00

0.13 0.00

1.96 0.00

3.64 0.00

5.39 0.00

0.04 0.00

0.00 0.00

0.03 0.00

0.31 0.00

0.51 0.00

0.25 0.00

1.10 0.00

4.96 0.00

11.04 14.48

10.68 21.01

12.35 30.55

12.70 34.42

13.11 36.50

N20

(nM/ 1)

11 .58

13.19

14.13

14.22

19.29

20.46

18.26

18.89

17.01

10.19

2.92

1 .97

0.99

0.00

0.00

0.00

N20 SAT

(%)

142

155

153

149

196

208

186

192

174

104

30

20

10

0

0

0
-
-1

1



CRUISE 11-121

STATION NUMBER 3

z

(in)

1

10

25

50

75

101

151

201

302

402

603

804

1006

1 207

1 508

2009

2511

2612

T

(C)

14.80

14.85

1 2.09

10.00

8.91

7.79

6.94

6.79

5.84

5.24

4.17

3.84

3.38

2.93

2.44

1 .91

1.77

1 .78

POT I

(C)

14.80

14.85

12.09

9.99

8.90

7.78

6 93

6.77

5.81

5.21

4.12

3.78

3.31

2.84

2.34

1.77

1 . 59

1.59

Atmospheric N20 Concentration: 278 ppbv

46 47.ON 126 50.5W 24/07/77

S 02 AOU NO3 NO2

(0/
' (00

32.378

32. 377

32.566

32. 568

32. 610

32.719

33.445

33.821

33.928

34.008

34.129

34.298

34.390

34.448

34.522

34.599

34.633

34.637

(pM/L)

274 -15

277 -18

316 -42

292 -6

289 5

280 21

215 91

178 128

114 199

64 254

26 300

12 315

14 317

19 317

35 304

68 276

85 261

86 260

(pM/L)

0.1

0.0

0.7

3.6

7.1

12.0

21.6

27.1

35.5

41.1

44.8

46.6

46.6

46.7

45.8

45.5

43.8

42.6

0.00

0.00

0.03

O .09

0.25

0.03

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

N20 AN2O N20 SAT

(nM/L)

8.21 0.37 105

9.02 0.42 105

9.83 0.59 106

11.53 1.55 116

15.70 5.45 153

19.38 9.09 188

25.08 14.43 236

28.58 17.69 263

34.19 22.86 302

36.88 25.42 322

35.89 24.23 308

34.23 22.37 289

31.54 19.45 261

25.80 13.45 209

23.78 11.34 191 -4
--4




