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Nitrous oxide in the deep waters of the world's oceans 

Hermann W. Bange and Meinrat O. Andreae 
Biogeochemistry Department, Max Planck Institute for Chemistry, Mainz, Germany 

Abstract. We present a compilation and analysis of N20 data from the deep-water zone of the 
oceans below 2000 m. The N20 values show an increasing trend from low concentrations in the 
North Atlantic Ocean to high concentrations in the North Pacific Ocean, indicating an 
accumulation of N20 in deep waters with time. We conclude that the observed N20 accumulation 
is mainly caused by nitrification in the global deep-water circulation system (i.e., the "conveyor 
belt"). Hydrothermal and sedimentary N20 fluxes are negligible. We estimate the annual N20 
deep-water production to be 0.3 + 0.1 Tg. Despite the fact that the deep sea below 2000 m 
represents about 95% of the total ocean volume, it contributes only about 3-16% to the global 
open-ocean N20 production. A rough estimate of the oceanic N20 budget suggests that the loss to 
the atmosphere is not balanced by the deep-sea nitrification and pelagic denitrification. Therefore 
an additional source of 3.8 Tg N20 yr -• attributed to nitrification in the upper water column (0- 
2000 m) might exist. With a simple model we estimated the effect of changes in the North Atlantic 
Deep Water (NADW) formation for deep-water N20. The upper water N20 budget is not 
significantly influenced by variations in the N20 deep-water formation. However, the predicted 
decrease in the NADW formation rate in the near future might lead to an additional source of 
atmospheric N20 in the range of about 0.02-0.4 Tg yr -•. This (anthropogenically induced) source 
is small, and it will be difficult to detect its signal against the natural variations in the annual 
growth rates of tropospheric N20. 

1. Introduction 

Nitrous oxide ($20) is an atmospheric trace gas which 
significantly influences, directly and indirectly, Earth's climate. 
In the troposphere it acts as a greenhouse gas, and in the 
stratosphere it is the major source for NO radicals, which are 
involved in one of the main ozone reaction cycles [Prather et al., 
1996]. 

Recently published source estimates indicate that the world's 
oceans play a major, but not dominant, role in the global budget 
of atmospheric N20 [Bouwman et al., 1995; Khalil and 
Rasmussen, 1992; Prather et al., 1996]. Most of the world's 
ocean surface layer is near gas-exchange equilibrium with the 
atmosphere [Nevison et al., 1995], whereas a subsurface N20 
accumulation is generally associated with the oxygen minimum, 
indicating that nitrification (NH4 + -• NO2- -• NO3-) is 
responsible for N20 production [Butler et al., 1989; Cohen and 
Gordon, 1979; Yoshinari, 1976]. In intermediate layers with 
extreme oxygen depletion (i.e., suboxic conditions), as found in 
the Arabian Sea and the eastem tropical Pacific Ocean, N20 is 
also produced in considerable amounts by denitrification (NO3- 
-• NO2- -• N20 -• N2) [Codispoti and Christensen, 1995]. 
Recent dual-isotope measurements of ;StSN and ;5•80 brought 
some new insights. Dore et al. [ 1998] suggested that nitrification 
is the dominant N20 production pathway in surface waters of the 
subtropical Pacific Ocean. Additionally, Naqvi et al. [1998] 
speculated about a coupling of nitrification and denitrification in 
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the surface layer of the Arabian Sea. Measurements of N20 in 
deep waters are sparse, and the mechanism of the N20 production 
in deep waters is still under debate [Kim and Craig, 1990; 
Yoshida et al., 1989]. 

Here we present a compilation of N20 measurements from 
water depths below 2000 m in order to evaluate the global 
distribution of N20 in deep waters of the world's oceans. On the 
basis of this data set, an estimate of the magnitude of N20 deep- 
water production and a discussion about its role for the global 
N20 budget are presented. With a simple model we evaluate the 
implications of possible changes in the North Atlantic Deep 
Water (NADW) formation for the global N20 budget. 

2. Data Compilation 

In Table 1 we present an overview of N20 data from deep 
waters below 2000 m. The boundary of 2000 m was chosen to 
gain a most representative data set for N20 in the deep waters. 
Three points led to our choice: 

1. In order to investigate the N20 distribution in the deep 
waters, we have to exclude the effects of the thermocline 
circulation, which could reach down to about 1000-1500 m 
[Broecker and Peng, 1982]. 

2. As mentioned in section 1, N20 is mainly produced in the 
oxygen minimum zone (OMZ), whose lower boundary is found 
down to about 1200 m in the world's oceans [Broecker and Peng, 
1982]. Since N20 is produced in considerable amounts in the 
OMZ, there is usually a decreasing N20 gradient toward deep- 
water layers. A check of the available data sets for N20 gradients 
revealed that the choice of 2000 m minimizes a possible bias due 
to N20 gradients at the top of the deep-water layer (see also 
discussion of diapycnal mixing in section 4). 
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Table 2. Overview of the data used in Figures 1 and 2. 

N20, a Age of Deep Water at 3000 m, b 
nmol L -I years 

North Atlantic Ocean 13.6 + 2.3 (4) 153 + 66 (6) 
South Atlantic Ocean 16 ( 1 ) 465 (1) 
North Indian Ocean 18.7 + 4.4 (28) 1227 + 43 (5) 
South Indian Ocean 22.0 (1) 1250 (1) 
North Pacific Ocean 22.7 + 2.5 (22) 1759 + 176 (19) 

Data are given as mean + standard deviation. The number of profiles 
used for averaging is given in parentheses. 

a Based on the data compilation in Table 1. 
b Based on the data set by Broecker et al. [1988]. 

3. The choice of a 3000-m boundary would reduce the 
available data considerably, making an interpretation more 
difficult. 

Unfortunately, only a few data are available as data reports, 
and thus we had to include data extracted from figures which are 
associated with an enhanced error for the extracted data. In order 

to keep the data uncertainties as small as possible, we generally 
did not consider N20 data presented as contour plots, and we 
considered only depth profiles with more than one point below 
2000 m. N20 concentrations are usually given in nmol L -• or 
ng L -a. References reporting saturation values (in %) or excess 
N20 (i.e., AN20 in nmol L-l), which require a correction 
introducing further uncertainties, were therefore not considered. 
Unfortunately, there are no data from the South Pacific and the 
Southern Oceans which match our criteria, and only a single 
profile was found for both the South Atlantic and the south 
Indian Oceans (Table 1). The very early N20 measurements from 
the South Pacific Ocean reported by Craig and Gordon [1963] 
and from the North Atlantic Ocean reported by Junge et al. 
[1971] appear to be biased by analytical problems and thus are 
not included in Table 1. Despite our rigorous selection criteria, 
we were able to tabulate mean N20 values from 56 depth profiles, 
providing for the first time an overview of the N20 distribution in 
deep waters of the world's ocean. 

3. Results 

The N20 data listed in Table 1 vary between 7 and 33 nmol 
L -a. Surprisingly, the range for the data from the north Indian 
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Figure 2. Basin-averaged N20 concentrations in deep waters 
below 2000 m versus basin-averaged ages of the deep waters in 
3000 m. 

Ocean, which exclusively consists of data from the Arabian Sea, 
is exceptionally high. The reason for this variability is unknown 
(but see also section 4). From the mean values of each profile we 
calculated overall mean N20 concentrations for the major ocean 
basins (Table 2). The highest mean N20 value (22.7 + 2.5 nmol 
L -l) was found for the north Pacific Ocean, whereas the lowest 
mean N20 value (13.6 + 2.3 nmol L -a) was found for the North 
Atlantic Ocean (Figure 1). Because the deep waters of the North 
Atlantic, north Indian, and North Pacific Oceans represent the 
major starting and turning points of the global deep-water 
circulation system (i.e., the so-called conveyor belt system), we 
might argue that the observed N20 differences are caused by an 
accumulation on the two flow paths from the deep North Atlantic 
to the deep North Pacific Oceans and from the Weddell Sea to the 
north Indian Ocean [Broecker, 1991; Schmitz, 1995; You, 1999]. 
To test this hypothesis, we considered the mean age of the deep 
waters at 3000-m depth in each ocean basin (Table 2) [Broecker 
et al., 1988]. We found a good correlation between the mean ages 
of the deep waters and the mean N20 concentrations, indicating 
that N20 in the deep waters is accumulating with time (Figure 2). 
The slope of the linear regression (5.7 + 1.0 nmol m -3 yr -1) in 
Figure 2 can be set equal to an annual N20 accumulation rate. 
With the volume of about 1.15 x 1018 m 3 for the depth range from 
2000 to 6000 m [Menard and Smith, 1966] we estimate an annual 
N20 accumulation of 0.29 + 0.05 Tg yr -1. 

4. Discussion 
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What causes the observed N20 accumulation? There are 
several possibilities: 

First, mixing of waters with different N20 concentrations may 
play a role. Transport of N20 into the deep waters is mainly 
driven by diapycnal diffusivity along N20 concentration 
gradients at the upper boundary of the deep-water layer (i.e., 
2000 m). The diapycnal flux Fa of N20 can be parameterized as 

Fa = -K dm20 / d2 -- -K [(m20)h -- (m20)z ] / (h - z), 

where K is the diapycnal eddy diffusivity, dN20/dz is the 
concentration gradient, (N20)n stands for the N20 concentration 
in depth h (above 2000m), and (N20)z stands for the 
concentration in depth z (below 2000 m). Mean N20 
concentration gradients are listed in Table 3. N20 gradients in the 
North Atlantic Ocean are close to zero, whereas the steepest N20 
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Table 3. Overview of the Calculated N20 Concentration Gradients Across 2000 m. 

Ocean Basin Mean dN20/dz, SD, a 
gmol m -4 gmol m -4 

Profiles Data Set Used b 

North Atlantic 

South Atlantic 

North Indian 

South Indian 

North Pacific 

Mean 

0.001 1 Hahne [1977] 
>-0.001 c 4 Yoshinari [1976] 

-0.010 c 1 Butler et al. [1995] 

-0.011 0.009 19 
-0.013 0.010 9 

Bange et al., submitted manuscript [ 1999] 
Law and Owens [1990] 

-0.007 0.003 4 Butler et al. [1988] 

-0.009 0.002 12 Butler et al. [1988] 

-0.007 

Negative gradients indicate that (m20)h (i.e., above 2000 m) is greater than (m20)z (i.e., below 2000 m). 
a SD stands for standard deviation. 
b See also Table 1. 
c Estimated from figure in the given reference. 

gradients were observed for the north Indian Ocean (i.e., the 
Arabian Sea). The Arabian Sea appears to be the site of 
pronounced cross-isopycnal and dianeutral mixing processes 
[Brandes et al., 1998; You, 1999]. Mixing effects in connection 
with very high N20 values (up to 110 nmol L -1) as tbund in the 
oxygen minimum zone (150-1200 m) of the Arabian Sea [Law 
and Owens, 1990] might be the reason for the observed wide 
range of N20 concentrations of the Arabian Sea 0ata listed in 
Table 1. With a mean N20 gradient (dN20/dz) of about -0.01 
[tmol m -4, a mean diapycnal diffusivity K for deep water of 0.1 x 
10 -4 m 2 s -• [Polzin et al., 1997], and an ocean area of 290 x 10 •2 
m 2 (i.e., the ocean area with water depths deeper than 2000 m 
[Menard and Smith, 1966]), we estimate a diapycnal flux of 
about 0.04 Tg N20 yr -•. This is about 13% of the N20 
accumulation in the deep waters, indicating a small contribution 
by vertical transport of N20. 

Second, N20 may be emitted into deep waters through 
hydrothermal vents. The few measurements of N20 
concentrations in the hydrothermal vent waters of the Galapagos 
spreading center (0.8øN, 86.0øW) range from about 10 nmol L -• 
to about 110 nmol L -• [Lilley et al., 1982]. The observed good 
linear correlations of the N20 vent concentrations with silica 
showed either positive or negative slopes. Thus Lilley et al. 
[1982] speculated that N20 might be consumed or produced in 
hydrothermal vents depending on the local redox potential. With 
the recent estimate of the global hydrothermal input of 0.15 + 
0.11 Tmol Si yr -• [Trdguer et al., 1995] and the observed N20 to 
Si molar ratios of -0.034 x 10 -3 and 0.178 x 10 -3 [Lilley et al., 
1982], we estimate the global N20 input by hydrothermal vents to 
range from -0.0002 to 0.001 Tg N20 yr -•. Thus we conclude that 
the contribution of hydrothermal systems to the deep-water 
accumulation of 0.3 Tg N20 yr -• is negligible. 

Third, N20 is produced in sediments by denitrification and/or 
nitrification and can be subsequently released into the water 
colurn above [Seitzinger, 1990, Usui et al., 1998]. 
Unfortunately, only a few N20 fluxes from deep-sea sediments of 
the equatorial Pacific and the subtropical North Pacific have been 
reported [Usui et al., 1998]. On the basis of the flux data by Usui 

et al. [ 1998] (which range from 0.17 to 0.23 nmol N m -2 h -1) and 
by applying a deep ocean area of 290 x 1012 m 2 (i.e., the ocean 
area with water depths deeper than 2000 m [Menard and Smith, 
1966]), we extrapolate an annual N20 release of 0.010 to 0.013 
Tg. The sedimentary flux represents about 3-4% of the N20 
deep-water accumulation of 0.3 Tg N20 yr -• indicating that the 
N20 flux across the sediment-water column interface in the deep 
sea is of minor importance. 

Fourth, N20 could be produced in situ in the deep water. In 
most studies of oceanic N20 a positive linear correlation between 
excess N20 (AN20 = N20(observed) - N20(saturated)) and the 
apparent oxygen utilization (AOU = O2(saturated) - 
O2(observed)) was observed. This led to the prevailing view that 
during decomposition of organic material in the ocean, 
nitrification is the main source for oceanic N20 [Butler et al., 
1989; Cohen and Gordon, 1979; Yoshinari, 1976]. Since most 
studies on oceanic N20 focus on the upper water column, only a 
few AN20-AOU relationships including deep-water data are 
available [Butler et al., 1989; Cohen and Gordon, 1979; Law and 
Owens, 1990; Naqvi and Noronha, 1991; H.W. Bange et al., 
Nitrous oxide cycling in the Arabian Sea, submitted to dournal of 
Geophysical Research, 1999 (hereinafter referred to as Bange et 
al., submitted manuscript)]. The good correlations of the AN20- 
AOU relationships found for the Pacific Ocean (Table 4) indicate 
that N20 in deep waters of the Pacific Ocean is produced by 
nitrification. Nitrification in the Arabian Sea deep waters seems 
to be biased by another process as indicated by the low 
correlation coefficient [Bange et al., submitted manuscript, 
1999]. We speculate that down-mixing of water affected by 
denitrification might be the reason for the observed low 
correlation [Bange et al., submitted manuscript, 1999] (see also 
above discussion about diapycnal mixing). 

The unexpected finding of the considerable •SN enrichment in 
deep-water N20 caused a controversy about the prevailing 
production mechanism in deep waters. Yoshida et al. [1989] 
proposed that denitrification in particulate organic matter is the 
major process, whereas Kim and Craig [ 1990] argued that N20 is 
produced by nitrification, which might be associated with a 
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Table 4. AN20-AOU Relationships Which Include Deep-Water Data. 

Ocean Area Slope (AN20/AOU) Intercept R z / Samples Depth Range, Reference 
m 

Eastern tropical North Pacific 0.152 + 0.013 -31.33 0.916 / 14 
Northeastern Pacific 0.218 + 0.026 -46.25 0.976 / 5 

Western Pacific, eastern Indian 0.125+0.00993 t a -13.5 not given 
Arabian Sea 0.1066+0.00455 t a 3.20 not given 
Arabian Sea AOU<197:0.033 5.5 significant at the 

AOU>197:0.31 -49.4 1% level 
Arabian Sea 0.0910 -15.0 0.14 / 46 

0.0672 -11.0 0.25 / 15 
0.3363 -68.4 0.55 / 5 

700-3000 b Cohen and Gordon [ 1979] 
1000-2500 b Cohen and Gordon [1979] 

0-5900 Butler et al. [1989] 
0-3500 • Naqvi and Noronha [ 1991] 
0-3500 Law and Owens [1990] 

2000-4500 Bange et at., submitted manuscript [1999] 

AOU, apparent oxygen utilization. AN20 is given in nmot L -l, and AOU is given in •tmol L -l. 
t stands for temperature in øC. 
Without data affected by denitrification. 

subsequent consumption by denitrification in the interior of 
organic particulates. In a recent study on nitrate respiration in 
aggregates in the bottom waters of the northeast Pacific Ocean, 
Wolgast et al. [1998] found that denitrification could occur in 
microzones of the aggregates. The observations by Wolgast et al. 
[1998] suggest strongly that (strictly anaerobic) denitrification 
can occur in (well-oxygenated) deep-sea environments, implying 
that denitrification could be potentially involved in N20 
production or consumption in deep waters. However, no N20 
formation rates were measured by Wolgast et al. [1998]; 
therefore the question of whether nitrification or denitrification is 
the main N20 formation process in deep waters requires further 
experimental efforts. 

On the basis of the above discussion, we conclude that N20 
accumulation in the deep ocean is resulting mainly from 
nitrification processes; however, denitrification cannot be 
excluded definitely. There also might be a small contribution by 
down mixing of N20 from upper layers. Hydrothermal and 
sedimentary N20 sources are most probably negligible. 

In Table 5 we present an overview of the current open-ocean 
N20 budget. The deep-water nitrification is about 12-16% of the 
global oceanic N20 produced by pelagic denitrification and about 
3-16% of the N20 loss from the open ocean to the atmosphere 
(Table 5). Obviously, the sum of the N20 produced in the deep- 

Table 5. Global Budget for Oceanic N20 in the Open Ocean. 

Average Range Reference 
Tg N20 yr-l Tg N20 yr -l 

Sources 

Deep-water nitrification 0.3 + 0.1 
Net production via 2.2 
pelagic denitrification a 

Sink 

Loss to atmosphere 6.3 

ESources - Sink -3.8 

this paper 
1.9-2.5 

1.9-10.7 Nevisonetat [1995] 

a Estimated on the basis of the global pelagic denitrification of 60-80 
Tg N yr -I [Codispoti and Christensen, 1985; Gruber and Sarmiento, 
1997], assuming that 2% is transformed to N20 as observed in the 
Arabian Sea [Bange et at., submitted manuscript, 1999; Mantoura et al., 
1993]. 

water and pelagic denitrification zones does not balance the N20 
loss to the atmosphere, implying an unrealistically high loss of 
oceanic N20. Assuming steady state for the oceanic N20 cycle, 
we can speculate that the missing N20 source of about 3.8 Tg yr -• 
is attributable to production by pelagic nitrification in the upper 
water column (above 2000m). This sums up to an overall 
oceanic nitrification of 4.1 Tg N20 yr -1 (i.e., deep-water plus 
upper water nitrification). Considering the considerable 
uncertainties of the fluxes listed, we conclude that our estimate is 
only slightly higher than the recent estimate of 2.4 Tg N20 yr -1 
produced by nitrification in the open ocean [Capone, 1996]. In 
Capone's [1996] estimate, pelagic denitrification (6.7 Tg N20 
yr -•) is the dominating open-ocean N20 source. In contrast, we 
conclude that nitrification could be the dominating source for 
N20 in the open ocean. This is in line with the results of Dore et 
al. [1998], who suggested that nitrification as the dominant N20 
production pathway could explain the observed isotopic signature 
of N20 in the troposphere. 

5. Model 

Besides the observed N20 deep-sea accumulation, another 
question arises: what are the consequences of possible 
climatically induced changes in the pattern of the deep-sea 
circulation (i.e., the "conveyor belt" system)? 

With a simple box model we estimated the time variation of 
the N20 concentration in deep water (below 2000 m) in the 
period 1903-2065 A.D.: 

dCN2o/dt - ([3 x' VNADW ) q- S- Cdeep Vupw, 

where x' is the atmospheric N20 dry mole fraction in ppb, VN•a)w 
is the volume flow of the NADW formation in 106 m 3 s -•, [3 is the 
solubility function for N20 in seawater, S stands for the observed 
N20 accumulation in deep waters, Vupw is the deep-water 
upwelling flow (which is equal to VNtmW), and C&•p is the mean 
N20 deep-water concentration. 

5.1. Input Parameters 

The deep-water N20 accumulation S was set to 0.3 Tg N20 
yr -•. The 1903 start value for x' was set to 278.8 ppb N20 [Battle 
et al., 1996] and 18x 106 m 3 s -• for the North Atlantic 
Overturning [Sarmiento et al., 1998]. Annual decrease rates of 
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Figure 3. Model results of the temporal development of the N20 
fluxes in the deep sea: the dashed-dotted line represents Fcontrol, 
the thin solid line represents Fs•a•w, the thick solid line 
represents AF, the thin dashed line represents N20 accumulation 
in the deep sea, and the thick dashed line stands for Fupw. 

0.01 x 106 m 3 s -1 (1903-1990) and 0.1 x 106 m 3 s -1 (1990-2065) 
for the North Atlantic Overturning were adapted from Sarmiento 
et al. [1998]. In a control run the overturning was set to a 
constant value of 18 x 106m 3 s -l. Annual tropospheric N20 
growth rates were set to 0.6% yr -• (1903-1958) and 0.22% yr -• 
(1959-1990) [Battle et al., 1996]. The annual N20 growth rate 
for the period 1990-2065 was modified to include an N20 
feedback effect due to changes in the uptake N20 by NADW 
formation. We did not account for interhemispheric differences 
resulting from the fact that the annual growth rates were derived 
from South Pole snowpack and NADW formation takes place in 
the Northern Hemisphere. However, since the annual growth 
rates for both the Southern and Northern Hemispheres seem to be 
in phase for the period considered, the small interhemispheric 
difference of about 1-1.5 ppb N20 [Weiss, 1994] is negligible. 
Dissolved N20 concentrations were calculated with the solubility 
equation given by Weiss and Price [ 1980], assuming that the N20 
concentration in the North Atlantic is always equal to the 
equilibrium concentration (neglecting seasonal variations of N20 
in the North Atlantic surface water). This assumption appears to 
be reasonable since N20 surface concentrations from the North 
Atlantic Ocean are mainly driven by the seasonality of the sea 
surface temperature (SST), implying a mean annual N20 
concentration equal to the equilibrium value [Nevison et al., 
1995]. Moreover, we did not account for long-term trends of the 
SST and sea surface salinity (SSS) of the North Atlantic surface 
waters (in the model they are fixed at 2øC and 3596o, 
respectively), because sensitivity studies of our model indicated 
that temporal changes in SST and SSS result in negligible 
changes of the annual N20 fluxes. 

5.2. Results 

The resulting fluxes are presented in Figure 3. The model 
results are given as N20 fluxes such as Fcontro I (i.e., constant 
North Atlantic Deep Water formation), Fs•w (i.e., temporal 
modulated formation of NADW), Fupw (i.e., the N20 flux out of 
the deep-sea into the intermediate layers), and AF (i.e., Fcontro I - 
FNADW). AF is a measure for the amount of N20 which is not 
"buried" in the deep sea, representing an indirect source for 
atmospheric N20. Fup w shows a maximum of 0.31 Tg N20 yr -I 

at the beginning of the century and, consequently, decreases 
when the NADW formation is reduced. Assuming that the N20 
production in the upper water layer at the beginning of the 
century was about the same as today (3.8 Tg N20 yr -l for 
nitrification and 2.2 Tg N20 yr -l for denitrification; see Table 5), 
we estimate that N20 upwelled into the upper water layers 
contributes less than 5% to the N20 sources in the upper water 
column. Thus the N20 surface distribution and, consequently, the 
N20 air-sea exchange are not significantly influenced by 
variations in the deep-water formation of N20. 

The results for AF show a slight increase from 1903 until 1990 
correlating with the variations in the deep-water formation. The 
change in the annual atmospheric N20 growth rate in 1959 results 
in an increase of Fsnvw, which does not yield a decrease of the 
rate of AF. From 1990 on, the accelerated slowing of the North 
Atlantic Overturning results in an accelerated increase of AF 
(Figure 3). The mean AF was calculated to be 0.017 Tg N20 yr -1 
for 1990. This shows that the indirect N20 source by reduced 
NADW formation represents only about 0.4% of the annual N20 
growth rate of about 5.6 Tg in 1990. An arbitrarily introduced, 
complete shutdown of the North Atlantic Overturning (which is 
theoretically predicted to take place at a flow rate of 
approximately 10 x 106 m 3 s -l [Rahmstorf, 1998], a threshold 
value which will be reached in the year 2065, according to the 
model by Sarmiento et al. [1998]) will result in a maximal 
atmospheric N20 source of 0.40 Tg yr -•. This is about 5.8% of 
the modeled annual N20 growth rate of 6.9 Tg for the year 2065. 

Our simple estimate does not include changes of the deep- 
water formation in the Southern Ocean (e.g., in the Weddell Sea). 
A recent estimate yielded a flow rate of about 15 x 106 m 3 s -l, 
indicating that deep-water formation in the Southern Ocean is of 
the same magnitude as the North Atlantic Overturning [Broecker 
et al., 1998]. Thus we conclude that the N20 fluxes presented in 
Figure 3 are conservative and could increase when including 
temporal changes in the deep-water formation in the Southern 
Ocean. 

6. Conclusions 

Despite the fact that the deep-water zone of the world's oceans 
represents about 95% of the total ocean volume, it contributes 
only about 3-16% (i.e., 0.3 Tg N20 yr -•) to the global open- 
ocean N20 production. This emphasizes the role of the upper 
ocean for the cycling of oceanic N20. 

A rough estimate of the oceanic budget N20 suggested that the 
loss to the atmosphere could be balanced only by an additional 
source of 3.8 Tg N20 yr -1 attributed to nitrification in upper 
waters (0-2000 m). 

The predicted decrease in the NADW formation rate in the 
near future will lead to an additional source of atmospheric N20 
in the range of about 0.02-0.4 Tg yr -•, amplifying the annual 
N20 growth rate, which in turn increases possible climatic 
changes via an enhanced greenhouse warming effect and thus 
might lead again to changes in the NADW formation. However, 
the signal of this (anthropogenically induced) feedback 
mechanism is small and will be very difficult to detect against the 
natural variations in the annual growth rates of tropospheric N20. 
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