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Abstract.

Recent studies of marine nitrous oxide have focused attention on the

suboxic and low-oxygen zones associated with ocean basin castern boundaries. It has
been suggested that complex Ny O cycling mechanisms in these regions may provide
a net source to the oceanic interior and a signiflicant portion of the ocean-atmosphere
flux. In this study we evaluate the global significance of N,O formation in these
regions. N3O is treated as a nonconserved tracer in an ocean general circulation
model; a simple source function is developed which models N3O production as a
function of organic matter remineralization and local oxygen concentration. Model
results are evaluated against both surface and deep observational data sets. The
occanic oxygen minimumn zones are predominantly found in the upper water column
of tropical latitudes and overlain by regions of strong upwelling in the surface ocean.
Simulations of increased NyO production under low-oxygen conditions indicate that
the majority of the NyO thus formed escapes directly to the atmosphere and is not
subject to significant meridional transport. Results indicate that while enhanced
N, O production in these regions cannot be held accountable for the majority of the
sea-air flux and interior distribution, it may, however, have significance for the local

distribution and provide as much as 25-50% of the global oceanic source.

1. Introduction

Recent studies of marine nitrous oxide have focused
attention on the biologically productive regions associ-
ated with ocean basin castern boundaries and charac-
terized by regions of upwelling overlying oxygen-deficient
environments. Deep and surface water measurements
of N3O indicate that such environments are the sites
of complex N,O cycling mechanisins wheve rates of
N»O production and consumption far exceed those ob-
served elsewhere in the ocean [Codispoti and Chris-
tensen, 1985; Ward ¢t al.. 1989; Codispoti et al., 1992].
It has been suggested that these regions may provide
a net N»O source to the occanic interior and a signif-
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icant portion of the ocean-atmosphere flux [Codispot:
and Christensen, 1985; Codispoti et al., 1992; Naque and
Noronha, 1991; Law and Qwens, 1990].

The prevalent view on the dominant mechanisms re-
spousible for the marine N2Q cycle has changed as in-
formation has accumulated on the variety of possible
pathways involved in its production and consumption.
Since N2O was known to be an intermediate procluct in
the denitrification of nitrate to gascous nitrogen, car-
lier studies of N2O in the 1970s proposed that this
mechanisim constituted the primary pathway for marine
N3O formation [Junge and Hahn, 1971; Hahn, 1974].
Later observations of negative correlations between dis-
solved oxygen and N2QO, and positive correlations be-
tween excess N3O and oxygen utilization [Yoshinart,
1976; Cohen and Gordon, 1978; Elkins ct al., 1978],
along with laboratory evidence indicating that N»O was
also formed as a by-product during bacterially medi-
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ated nitrification of ammoniunm to nitrate [ Yosheda and
Alevander, 1970], led to the more recent acceptance of
nitrification as the primary source mechanisim for ma-
rine N+O production.

The mechanisms of marine NoQ production and con-
sumption are, however, known to exhibit significant
complexity at low oxygen levels, N,O has been ob-
served to be depleted in anoxic waters, a characteristic
frequently attributed to the action of denitrifying bac-
teria which, in the absence of oxygen, utilize N2O as an
oxygen source for respiration [Elkwns ct al., 1978; Cline
et al., 1987; Naqui and Noronha, 1991: [fashunoto et
al., 1983; Cohen and Gordon, 1978]. Furthermore, cle-
vated levels of N2O are observed in suboxic waters and
al the peripheries of anoxic zones [Codespoti and Chres-
tensen, 1935, Ward ot al., 1939; Coduspote ¢t al.. 1992],
suggesting enhanced N2QO production in these regions.
The mechanisms responsible for such behavior have not,
as yet, been fully identified. Recent studies have pos-
tulated processes of enhanced nitrification [Codespoti
ol al., 1989], a hypothesis that is supported by labo-
ratory studies of marine nitrifiers [Goreau ot al., 1930].
Alternative mechanisms such as net production by den-
itrifying bacteria at oxygen levels below 2 jimol/L have
also been suggested as the source of this N2Q, based
on laboratory evidence on NaO release from cultures
of sedimentary denitrifiers [Jorgensen et al.. 1984]. In
addition,  Nagui and Noronha [1991] have proposed a
nitrification-denitrification couple with NO as an inter-
mediate as the dominant mechanism responsible for the
obscrved N, O distributions in regions of low oxygen.

Codispoty and Chrestensen [1985] have suggested that
rates of NaO production and cousunmption can both be
high at oxygen levels close to zero (Oa < 1% satura-
tion), and that the net production is sensitive to small
redistributions of oxygen. Figure | depicts a schematic
form of the proposed relationship between the net NoQ
source and local oxygen level which was presented by
Coduspoti ct al. [1989] and  Codispoti et al. [1992]; these
studies note that the form of the relationship is sup-
ported by measurements made off Peru indicating en-
hanced N2 O production at sub-oxic levels. If this postu-
lated behavior at low-oxygen concentrations does play
an important role in the global N.,O cycle, we can ex-
pect to observe significant fluxes to the atmosphere from
the low-oxygen zones of the tropics. These low oxygen
regions of potential significance for NoQ constitute less
than 1.0% of the total occanic volume, and occur pri-
marily in the northeast tropical Pacific (NETP), the
northern Arabian Sea. and the upwelling zone off the
coast of Peru.

The purpose of this study is to evaluate the global
significance of N2O formation in such low-oxygen re-
gions and to investigate their potential contribution to
global sca-air fluxes and to the occanic interior distri-
bution. The methodology cmploys an N.QO source func-
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Figure 1.  Schematic of suggested relationship be-
tween net N9Q production and local oxygen level at
low oxygen concentrations in the marine water column
(as presented by Codispoti et al. [1992]).

tion, which incorporates sensitivity to the local oxygen
distribution, embedded in a global occan general cir-
culation model (OGCM). Model results are evaluated
against surface NoO distributions and sea-air fluxes de-
rived from the measurcinents of Fewss ef al. [1992] and
also against the deepwater N2O data of  Butler ¢t al.
[1988]. We stress that the purpose of the study is not to
identify specific N2 O cycling mechanisins, but rather to
examine the ocecanic distribution and sea-air flux gen-
erated by a net NoO source in the occan’s low-oxygen
Z0N¢es.

2. Model Description

We focus here on a description of the specific formu-
lation of the N3O source function used for these simu-
lations. Descriptions of the other modeling components
employed in the study are summarized in section 2.2;
they have also been extensively described by Toggweder
et al. [L1989a] (occan circulation model), Napar et al.
[1992], Anderson and Sarmucento [1995], Sarmiento
et al. [1995] and Murnane et al. [1999] (ocecan biogeo-
chemistry model).

2.1. Nitrous Oxide Source Function

N»O is treated as a nonconserved tracer in an ocean
circulation model, where the defining tracer equation
can be written as

Z[NyO] + V - Vi [N20] + w i [N, 0]

— A VAN2O] = £ (Apv Z[N20]) =

B 5 Inso.

(1)
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A and Agy are horizontal and vertical ciffusion
cocfficients that parameterize mixing by subgrid scale
processes.  The term Jy,o represents the biological
sources and sinks of N.O.

Nitrate regencration from anumonium oxidation has
been cousidered unimportant in the euphotic zone, as
nitrifying bacteria are believed to be inhibited by light
[Horrgan el al., 1981]. We, therefore, assume N2 Q pro-
duction only in the aphotic zone; thus in the cuphotic
zone,

Jx,o =0 for z <z, (2)

where =z, represents the depth of the cuphotic zone and
s 119 m in this configuration of the ocean circulation
model (: increasing downward).

In developing an N2O source function that incorpo-
rates scusitivity to the local oxygen level, we rely pri-
marily on the form of the relationship suggested by
Codispoti ¢t al. [1989] and  Codespoti et al. [1992] and
depicted in Figure 1. The N2QO source function in the
aphotic zone is a modified version of the one used for
the Base Clase scenario of  Suntharalingam [1997] and
Suntharalingam and Sarmeento [2000]; in that scenario,
N1 Q production was modeled as a simple lincar function
of local oxygen consutnption, based on observed corre-
lations between excess NoO (ANsO, defined as [N2O -
N3 Osaruration]) aud apparent oxygen utilization (AOU).
‘I'he N»O source function in this study retains a scalar
dependence on oxygen consumption, but also includes
a term which incorporates a dependence on local oxy-
gen level, thus allowing for an enhanced N»Q source in
low-oxygen regions. It has the form

N2O source = a'[Oy consumption]

+ 4 £(02)[02 consumption]. ()
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Measures of Ox consumption are derived from an ocean
biogcochemistry model (OBM) previously implemented
in the OGCM (see  Murnane et al. [1999] and discus-
sion of section 2.2.3). Here o is a scalar multiplier.
thus the first term in the above expression is a contri-
bution equivalent to the simple functional forn of the
Base C'ase, namely, a constant scalar relationship be-
tween NoO production and oxygen consumption. The
second term incorporates the dependence on the oxygen
distribution; flO) is a normalized representation of the
functional dependence on the oxygen distribution and
is paramcterized to capture the features of the N»QO
source function postulated by Codespots ¢t al. [1992]
and  Codispoti et al. [L989]. The factor 3 is a scalar
multiplier; the basis for the choice of these paramcters
is discussed below.

[n order to parameterize the function flOs) represent-
ing cuhanced NaO production, we rely on data from
Goreau ot al. [1980], a study which reports laboratory
wmeasurements of NoQ yield from marine nitrifiers un-
der conditions of decreasing oxygen concentration. lin-
havced NoQ yields, relative to nitrate, are observed
as the local oxygen level is lowered: this effect is par-
ticularly apparent at oxygen concentrations below 20
pmol /L. The parameterization of f(Os), therefore, as-
sumes an exponentially increasing dependence of N»O
production with decreasing oxygen level, based on a fit
to the data of Goreaw et al. [L9R0].

The normalized data from  Goreaw et al. [1980] on
relative NoO/NOj production yields and the exponen-
tial parameterization sclected for model simulations are
plotted in Figure 2. Goreau et al.’s study only measures
N, 0 production rates down to oxygen saturation levels
of 2.5%, whereas observed oxygen levels, for example,
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Figure 2. Parametrization of the dependence of N2O production on local oxygen conceuntration.
The curve depicts the representation used for function flO3) of equation 4 and is based on
normalized data from Goreau et al. [1980] reporting the variation of N2O yield (relative to
nitrite from ammonium oxidation) with of oxygen level.
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off the coast of Peru, can fall well below 1.0% [Flhkens
ot al., 1978, Codispote ¢t al., 1989]. Using the form of
the proposed relationship between NoO production and
oxygen level from  Codispote et al. [1992] (depicted in
Figure 1), we asswine for these simulations that the ex-
ponential relationship between NoQ yield and decreas-
ing Oy level also holds in the low-oxygen regime down
to | gmol/L (i.e.. below the lowest oxygen saturation
values criployed by Gorcau ot al. [1930]).

Oceanic measurements indicate that the effect of NoO
consumption by denitrification processes becomes sig-
nificant at oxygen levels close to anoxia (e.g., for [04] <
I pmol/L, [Prosperie et al.. 1996]. At oxygen levels of
less than | pamol /L, therefore, it is assumed that the of-
fect of consumption by denitrification iflucnces the net
N2 QO source, and procduction levels drop linearly down
to zero. ‘The parameterization of f(Q4) is based on the
above asswmptions and is given by

/(()_’) [O'_‘]/()umx

f()l.: [()_w] < ()mux

6—‘"([():]" ()uu\x)/()umx

F(O2) = for [Os] > Omax

(4
[O4] represents the local oxygen concentration, and
Owax, the oxygen level at which N2O production is af-
fected by the onset of denitrification, is set at 1 pmol/L,
in accordance with observations from  Prosperic et al.
[1996]. The choice of k is determined by a least squares
fit to the Gorcau ot al. [1980] data and is found to
be 0.1. As can be seen in comparison with Figure 1,
the structure of the modeled function, f(O2), captures
the main features of Codispoti et al.’s suggested source
function for NaQ. In contrast to Codispoti et al.’s fig-
ure, we do not explicitly model net N»O consumption
at oxygen levels very close to zero. As discussed below,
the model simulations considered in this analysis focus
on the net fraction of the global source originating from
the low-oxygen zones; hence this simplification in our
paraneterization for f(Os) does not affect the larger-
scale NaQO distribution outside the oxygen minima.

A [Turther constraint imposed on the modified N2O
source in this study is that the globally integrated
source from this parameterization be equal to that of
the Base Case of Suntharalingam [1997] and  Sunthar-
alingam and Sarmiento [2000]: the total N»O source is,
therefore, constrained to be equivalent to 3.6 Tg N per
vear. This constraint was imposed since the focus of the
simulations in this study is not to cvaluate the magni-
tude of the occanic N2Q source, but rather, to investi-
gate the fraction of N2O transported globally from the
low-oxygen regions; this constraint also enables compar-
ison of the resulting N+ QO distributions with that of the
Base Case simulation. It is implemented by selection of
the scalar multiplier 3. As can be seen from equation
(3). variation of the parameter a' enables partition of
the total source between the first and sccond terms; that
1s. between the component dependent only on oxygen
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consumption and the component that includes a depen-
dence on local oxygen level. In the Base Clase, the scalar
molar ratio o was set to 1.0 x 107% in accordance with
observations of AN,O/AOU ratios from a variety of
ocean locations [Suntharaligam and Sarmucnto, 2000].
Therefore, for example, in the modified source function
of this study, a value of o' cqual to 0.5 x 10~ allo-
cates hall the total NoO production to the source term
mcdependent of oxygen level. and half to the oxygen-
dependent source terni. By integrating equation (3)
over the volume of the aphotic zone, we can calculate
according to the formulation

]' [u ['“‘ [NLO source] de dy dz
Jod, ),

[' [ ]':" FION[0: consumption] dr dy dz
Jedy sy,

[ [ 77 efo. conswption] de dy d=
e Ty 3y,

f [v f», (0)[0, consumption] de dy ds

()
We reiterate that the formulation for the NuQO source
defined in the above section does not attempt to model
the specific mechanisms of nitrous oxide turnover in the
low-oxygen and anoxic zones; for example, increased
production due to a process such as enhanced nitrifi-
cation. and simultancous consumption via denitrifica-
tion as suggested by  Codispote and Christensen [1985].
Rather, we plan to examine the net N»O source origi-
nating from these regions and evaluate their potential
contribution to the global sea-air flux and the oceanic
wmterior distribution.

We present the results of three separate simulations
described below. As noted previously, the global oceanic
N2O source in all three instances is fixed and con-
strained to be equivalent to 3.6 Tg N per year. The
cases considered are as follows: [1] OX1 : The entire
source originates from the low-oxygen regions (i.c., o’
= 0, and only the oxygen dependent term in equation
(3) affects the source function); [2] ONX.5 : Half the
total source is constrained o originate from the low-
oxygen regions, and half follows the parameterization
of the Base Case (i, o = 0.5 x 1071): [3] OX.25
One quarter of the total source is constrained to orig-
inate from the low-oxygeun regions, and three quarters
follows the parameterization of the Base Case (i.c.. o
=0.75 x 107%).

In addition, we also compare these simulations against
the Base Case scenario of Suntharalingam and Sarmaento
[2000] and  Suntharalmgam [1997]: [1] Base Case : The
source 15 a function of the oxygen consumption rate
alone and has no dependence on oxygen level (ic., o =

1.0 x 107Y).
2.2. Other Model Components

2.2.1. Ocean model. ‘The ocean general circu-
lation model (OGCM) employed for the simulations s
a version of the Geophysical Fluid Dynamies Labora-
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tory’s modular ocean model (GFDL-MOM) [Pacanowske
ct al., 1993]; it is based on the prognostic global model
of Togguweer et al. [1989a], with modifications as out-
lined by Togguweder and Samucls [1993]. The model
is a nonscasonal global ocean GCM of horizontal reso-
lution 4.5° latituce by 3.75¢ longitude; it has 12 levels
in the vertical and a maximum depth of 5000 m. Mix-
ing by subgrid scale processes is parameterized by hor-
izontal and vertical diffusion coellicients. ‘Lhe model is
forced at the surface by the annual mean wind stresses
of Hellerman and Rosensten [1983], and surface forcing
heat and freshwater fluxes are caleulated by restoring
model potential temperature and salinity to the annual
climatological averages of  Levitus [1982].

2.2.2. Gas Exchange. The flux of N4O across
the air-sea interface is calculated as a product of the
gas transfer velocity k, and the concentration differ-
ence across the interface; thus

FI“Xl\'_sO = (l - ./.i)kw([N:!O]:mu - [N‘_"O]oc:vz\.u)‘ (6)

where f; represents the fraction of the local ocean sur-
face under ice cover. The gas transfer velocity, k. Is
influenced in a complex manner by interfacial turbu-
lence, the kinematic viscosity of the water u, and the
ciffusion cocfficient of the gas 7). It is often parame-
terized as a function of wind speed U/, and the Schmidt
nuwber Se¢, which represents the dependence of £y, on
the latter two terms (i.c., S¢ = p/D). The gas transfer
velocity employed for the simulations in this study is
the formulation of  Wannmkhof [1992],

LD e — () vl’i«us -
Au!(l.’,b(,) = 0.390 ((5(30) . (l)
Equation (7) is evaluated using annual-mean wind speeds
from the observational analysis of FEsbensen and Kush-
nar [1981] gridded to the OGCM resolution of 4.5° lat-
itude by 3.75? longitude.

2.2.3. Ocean biogcochemistry model.  The ocear
biogeochenustry model (OBM) 1s a modified version of
the phosphate-based model of  Najjar ¢t al. [1992]; de-
tails of its implementation in the OGCOM are discussed
by Murnane et al. [1999] and Sarmuento ¢t al. [1993].
Stmulated tracers involved in the model’s new produc-
tion and remineralization cycle include phosphate, dis-
solved organic phosphorus (DOP), and oxygen. New
production of organic matter in the model’s euphotic
zone is simulated by restoring phosphate levels to the
observations of Najjar ¢t al. [1992]. Since the develop-
ment and validation of the OBM have been extensively
outlined in the above studies as well as by Ander-
son and Sarmaento [1995], we do not further describe
it here. We will, however, discuss the accompanying
oxygen simulation in more detail, as its distribution”
directly affects N»O production iu this set of simula-
tions. As with the other biological tracers involved in
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the OBM, oxygen is transported by the OGCM advec-
tion, diffusion, and convection fields, and subject to bi-
ological sources and sinks, and gas exchange processes
at the model’s air-sca interface.

Oxygen is produced in the euphotic zone in propor-
tion to organic phosphorus production via an oxygen
to phosphorus Redfield ratio ol 170:1 [Anderson and
Sarmento, 1994]. Oxygen consumption in the aphotic
zone is governed by linking it to organic phosphorus
remineralization again with the same oxygen to phos-
phorus Redfield ratio. It is allowed to exchange across
the air-sea interface with an atmospheric reservoir of
constant concentration of 283 ppmy. The air-sea flux
of oxygen is parameterized as

(1 - fi)l"w([()'_’]aun - [()2]()<'uml)- (8)

As for N2Q, the parameterization cmployed for the gas
cxchange coefficient &, in the oxygen simulations is the
wind speed dependent formulation from Wannenkhof
[1992]. [Oa)arem represents the equilibrium concentra-
tion of dissolved oxygen in seawater in contact with
moist air and 1s computed using the temperature- and
salinity-dependent formulation of  Benson and Rrause
[1984]. Further details of the oxygen distribution em-
ployed for the N2O simulations ave given by Anderson
and Sarnaento [1995],  Nagjar [L990], and  Sunthar-
alingam and Sarmacnto [2000].

IFluxo, =

3. Discussion and Results

3.1. Low Oxygen Regions

Before presenting the results of the cases run, we first
discuss the locations of the low-oxygen regions, since
these are also the sites of the highest NoO production
in these simulations. In this section we also note that
certain characteristics of the coarse grid annual mean
OGCM result in some unrealistic aspects of the mocdeled
oxygen distribution and have consequent implications
for the N2O source distribution.

3.1.1. Locations of the low-oxygen regions.
The low-oxygen regions, of potential significance to the
N2 O distribution, occur primarily north and south of
the cquator in the castern tropical Pacific, and the
northwest Arabian Sea [Codispole ¢t al.. 1992; Nagu
and Noronha, 1991]. As noted by Codispole et al.
[1992], the regions of significance for N2O production
arc not limited to the narrow coastal upwelling zones,
but cncompass the deep intense oxygen minima that
exist over scales of hundreds of kilometers.

Figure 3 maps those regions where the modeled oxy-
gen distribution in the water column falls below 20
pmol/LL at a depth of almost 500 m. Figure 4 depicts
the location of the model’s oxygen minitrum in the wa-
ter column at a meridional section in the eastern Pa-
cific (120°W). As can be seen, the model’s low oxygen
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Low-oxygen regions in the ocean circulation model. Values are depicted for model

level 5, which has a midpoint depth of 483 m, and are in units of pmol/L. Shading indicates
regions where the oxygen concentration falls below 20 pmol/L.

zones are situated in the low latitudes (between 20°8
and 20°N), and in the upper water column (at depths
of 300 m to 1200 m).

In a study on the position of the oceanic oxygen min-
i, Wyrths [1962. p.21] noted that while biological
consummption of oxygen is the primary and necessary

800

Depth (m)

1000-
120043

1400+

1600

30S 20S 10S Eq 10N 20N 30N 40N
Latitude
Figure 4.  Location of modeled oxygen minimum

in the water column at 120°W. Contours denote O,
concentrations in gunol/L.

condition for the existence of the Os minimum, its posi-
tion is also strongly influenced by local circulation; that
1s, “the minimum tends to develop in layers of minimum
advection of oxygen, which are closely related to layers
of minimum horizonal movement ... "The large bodies
of extremely low O» content are formed on the castern
sides of the ocean in sub-tropical regions where hori-
zontal circulation is weak and where vertical ascending
movements prevail.”

Toggweiler et al. [1989a, 1991] presented analyses of
the upper ocean vertical velocity field in the OGCM. As
is scen in these studics, the regions most closely asso-
ciated with the oxygen minima, and consequently with
the most intense N2O production, are characterized by
strong vertical upwelling. As will be discussed later,
the circulation characteristics associated with the oxy-
gen minima also conspire to-allow the majority of NoO
formed in such locations to escape to the atmosphere
without heing subject to significant lateral advection.

3.1.2. Circulation model influences on the
low-oxygen regions.  Observational cvidence indi-
cates that the anoxic and suboxic regions in the cast-
ern Pacific, namely, the NE'TP off the coast of Central
America, and the upwelling region off Peru, are sepa-
rated by a tongue of more oxygenated water advected
castward by the Equatorial Undercurrent at depths of
100 to 300 m [ Tschuyia, 1968]. As noted by Toggwciler
et al. [1991], a characteristic of the coarse grid version
of the circulation model used in these simulations is
that the flow speeds and volumes of intense currents
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are not well reproduced, due to the high imposed vis-
cosity necessary for numerical stability. In particular.
the Equatorial Undercurrent ouly achieves up to 25% of
maximuin estimated speeds of 100 m/s [Wyrthe, 1981].
A consequence of this for the modeled oxygen distri-
bution in the castern tropical Pacific is that the two
distinct oxygen minimum zones north and south of the
equator seen in the observations are not as well delin-
eated, as lnsuificient higher-oxygen water is transported
castward by the weak modeled Undercurrent.

[n the northern Indian Ocean the Arabian Sea is
observed to display high rates of primary productiv-
ity, and its upwelling zones are estimated to provide
a significant source of N2O to the atmosphere [Nagut
and Noronha, 1991; Law and Qwens, 1990]. Owing to
a combination of high productivity and poor ventila-
tion, subsurface oxygen levels drop close to zero in the
northwest Arablan Sea; it 1s known to be a site of ac-
tive denitrification, as well as a location where clevated
N, O levels have been measured at the boundaries of
suboxic zones [Naqer and Noronha, 1991; Nagui et al.,
1996]. Much of the enhanced productivity aud high-
N3O efflux from upwelling zones are, however, depen-
dent on the wind-driven monsoonal circulation, the ef-
foct of which is more apparent in the Arabian Sca than
in the neighboring more stably stratified Bay of Bengal.
The OGCM used for this set of simulations is, however,
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nonseasonal and forced at the surface by annually aver-
aged wind stresses. A consequence in the North Indian
Ocean is that the monsoonal circulation is not well re-
produced. The scasonal intense upwelling in the north
west Arabian Sea is not distinct: instead, the clima-
tologically averaged wind stresses drive a weak diffuse
upwelling over much of the northern Indian Ocean [ Tog-
gueder ot al., 1989a]. Although oxygen levels fall below
| pmol/L in the Arabian Seca, they are also low in the
Bay of Bengal (which is not observed to be a site of
active dentrification [Rao ¢t al., 1994]). Furthermore,
the closing of the Indonesian Straits in this configura-
tion of the OGCM [Toggweder and Samucls. 1993] cuts
off a supply of oxygenated water to the upper levels of
the northeast Indian Ocean and results in low oxygen
concentrations in these regions as well.

In the Indian Ocean. therefore, and to a lesser exent
in the Pacific Ocean, the model’s low-oxygen zones are
sottewhat more extensive than in reality; for example,
a comparison of the fraction of the global oceanic vol-
unie contained in waters of oxygen content less than 20
pmol/ L yields 1.2% for the OGCM in comparison to <
1.0% as calculated from the Levitus el al. [1994] atlas
of oceanic oxygen concentrations. A consequence for
the simulations considered in this study is that the spa-
tial extent of the low-oxygen N,O source regions 1s also
more widespread than predicted by the observations,

—— Model: 0X1
w | T N9S Gas-cxchange Formulation : Wanninkhot (1992)
Q4 === 897
90S-30S Flux 30S-30N Flux 30N-90N Flux
84 oxil 10 % 87 % 3 %
N9S 35 % 41 % 24 %
5 n S97 33 % 42 % 25 %
2 S
g
E )
& 2.
(=)
S |
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Figure 5a.

Latitude

Zonally integrated sea-air NoO flux from OX1, and comparison with observation-

based estimates from Ncuwison et al. [1995] (N95, global flux = 5.2 T'g N per year) and Sunthar-
alingam [1997] (S97, global lux = 4.0 Tg N per year). The global flux for all model simulations

is 3.6 Tg N per year.
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Figure 5b. Zonally integrated sea-air N3O flux from QX.5, and_ comparison w‘ith observation-
based estimates from Vewison et al. [1995] (N95) and Suntharalingam [L997] (597).

thus leading to model overestimates of N.Q formation
and transport from these regions. The implications for
our stucy are further discussed in section 3.2.

3.2. Zonally Integrated Sca-Air Fluxes

Figures Ha-5c depict the zonally integrated ocean to
atimosphere Ny O fluxes for each of the three ON simu-
lations and comparison with two separate distributions
derived from observational surface NoO data. namely,
N5 [Nevson et al., 1995] and S97 [Suntharalingam,
1997]. Figure 5d illustrates the flux distribution from
the Base Case results of Suntharalingam and Sarmwnto
[2000]. Table L lists the net sca-air fluxes from the lat-
itude bands 90°S - 30°S. 30°S - 30°N, and 30°N - 90°N
for both model simulations and observation-based dis-
tributions: also included are model results on the frac-
tious of the total marine N2O source produced within
these latitude belts and the net northward oceanic N 40
transport across the 30°S and 30N latitude boundaries.

The observation-based flux distributions of $97 and
N95 both rely primarily on the ews et al. [1992]
database for derivation of the air-sea partial pressure
difference (ApN2Q). Methods of interpolation, how-
ever, differ between the two studies and are discussed
further by Suntharalingam [1997]. The estimates shown
employ the gas exchange formulation of Wannwmkhof
(1992]. as do the model simulations. Tt should be
noted that the total global fluxes derived from the

observation-based distributions differ from each other
as well as from the model simulations; that is, global
fluxes per year of 4.0 Tg N (S97), 5.2 T'g N (N95) and
3.6 Tg N (model simulatious). For this reason it is more
appropriate to compare the modeled and observed flux
distributions on a percentage basis across the three lat-
itudle zones.

As scen in Figure 5, the observationally based flux
distributions are distinctly trimodal with clevated N.O
fluxes in the high latitudes and the tropics; the min-
ima centered at 30°S and 30°N correspond to the olig-
otrophic subtropical gyres that contribute little to the
global N2 O flux. Of the OX simulations the one that is
closest to the structure and relative magnitudes of the
observed flux pattern is OX.25; that is, the case which
represents a global contribution of 25% of the enhanced
N4O source from the low-oxygen regions. In contrast,
simulation OX1, which assigns the entire oceanic N2O
source to the low-oxygen regions of the tropics, pro-
duces a latitudinal fux distribution dominated by a
single equatorial maximum. Of the 3.6 I'g N of N,O
per year produced in the equatorial latitudes, the ma-

Jority (87%) effluxes to the atmosphere in the same lat-

ituclinal zone, with only 0.3 Tg N and 0.1 ‘Tg N be-
ing transported south and north, respectively, to the
higher latitudes. In contrast, the observational flux es-
timates predict that only 41-42% of the net sea-air flux
eflluxes in the equatorial zone. The ONI simulation,
admittedly, represents an extreme case, but does serve



SUNTHARALINGAM ET AL.: N2O TRANSPORT FROM OCEANIC LOW-OXYGEN ZONES 1361

—— Model: 0X.25

3 i N9S

i —-—= 8§97

=]

QA

S
% “ 90S-30S Flux 30S-30N Flux 30N-90N Flux
2 S
g
> 0X.25 35 % 49 % 16 %
&2

S

0.05

0.0

Latitude

Figure 5¢. Zonally integrated sea-air NoO flux from OX.25, and comparison with obscrvation-
based estimates from Newson et al. [1995] (N95) and  Suntharalingam [1997] (S97).

to demonstrate that for the source location in question,  mosphere without entering the deeper circulation and
characterized by equatorially convergent and upwelling — being transported to the higher latitudes. The deep
circulation patterns and situated in the upper ocean,  meridional occanic transport of N.O in these simula-
most of the in situ source escapes divectly to the at-  tions will be discussed in more detail in section 3.4
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Figure 5d. Zonally integrated sea-air N,O flux from the Base Case, and comparison with
observation-based estimates from Nevison et al. [1995] (N95) and Suntharalingam [1997] (S97).
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Table 1.  Summary of Oceanic N3O Source and Sea-Air Flux by
Latitude Belt, and the Net Meridional Transport at the 30°S and
30°N Boundaries.

Latitude Belt Source Flux Meridional N»O ‘Transport
at Boundary
Tg N/yr Tg N/yr Tg N/yr
30°S 30°N
Model Sirnulations
0OXl1
90°S - 30°S 0.0 (0%) 0.3 (10%)  -0.3
30°S - 30°N 3.6 (100%) 3.2 (87%)
30°N - 90°N 0.0 (0%) 0.1 (3%) 0.1
0X.5
90°S-30°S  0.65 (18%) 1.0 (27%) -0.35
30°S - 30°N 2,65 (74%) 2.2 (62%)
30°N - 90°N 030 (8%) 0.4 (12%) 0.1
0X.25
90°S - 30°S 1.0 (28%) 1.35 (35%) -0.35
30°S-30°N 22 (61%)  L.75 (49%)
30°N - 90°N 0.4 (11%) 0.50 (16%) 0.1
Base Case
90°S - 30°S8 128 (35%)  1.64 (45%) -0.36
30°S - 30°N 175 (48%)  1.28 (35%)
30°N - 90°N  0.62 (17%) 0.73 (20%) 0.11

Obscrvation-based Estimates

S97

90°S - 30°S 131 (33%)
30°S - 30°N 1.66 (42%)
30°N - 90°N 0.99 (25%)

N9s

90°S - 30°S

30°S - 30°N
30°N - 90°N

Included for comparison with the model simulations are the obscrvation-
based flux estimates from Suntharalingam [1997] (895)‘8.11(‘21 Nevison et al.
[1995] (N95). Positive values of meridional transport indicate net north-

ward flow.

As the dependence of the source function on the low-
oxygen regions decreases. and as the role of N2O pro-
duction based solely on oxygen consumption increases
(i.e., as the first term in equation (3) assumes more
importance relative to the second). a trimodal Aux dis-
tribution with latitude begins to emerge. OX.3, for ex-
ample, allows half the total source to be produced in re-
gions outside the low-oxygen zones of the tropics; conse-
quently, the flux distribution in the higher latitudes be-
gins to mirror that of the Base Case (Figure 5d), which
predicts high fluxes from these regions as well as from
the tropics. The Base Case scenario, therefore, consti-
tutes a limiting case of this progression; that is, there
is no dependence of the N2O source on the low-oxygen
zones, and hence, 3 = 0 in equation (3). The inability
of the OX1 simulation to reproduce the structure of the

observed distribution suggests that the majority of the
ocean-atmosphere flux in high latitudes must be formed
in situ, and not advected from the low-latitude oxygen
minitum regions.

As noted in section 3.1.2, the OGCM circulation char-
acteristics result 1n an overestimate of the spatial extent
of the low-oxygen regions and hence of the N2Q source
locations in the tropics. A more accurate model repre-
sentation of these regions is likely to further constrain
the NoO source regions to equatorial upwelling zones
and hence lead to mmcreased N2Q efflux from a more
limited extent than in the current simulations. The
equatorial flux maxima of Figures Sa-5e, for example,
arce likely to become more sharply delineated and less
diffused over the 30°S - 30°N tropical band. Thus an
even stnaller proportion of N»O formed in the tropics is
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likely to be subject to transport to the high latitudes. A
more accurate constraint ou the limit of the low-oxygen
zones 1s likely to result in an even greater proportion of
the modeled N2O source effluxing in the tropical lati-
tude band.

Somie caveats must, however. also he added on the
coverage of the underlying observational database used
in the above comparison. Both observational studies
predict significant fuxes (33-35%) from the southern
high latitudes. Both studies are predominantly based
on the surface occan N.Q database of  Fewss ef al.
[1992], which is sparse in the Southern Qcean. There is.
therefore, a margin of uncertainty associated with the
observed flux estimates from this region. Furthermore,
although the Base Case model result for these latitudes
(15% of the global sca-air flux) is higher than the ob-
servational fluxes. this may in part be due to regions of
anomalous model convection, leading to overestimates
of productivity and hence of NaO production in parts
of the Southern Ocean [Najjar, 1990; Suntharalingam
and Sarnuento, 2000]. The Base Case fluxes from the
high southern latitudes should. therefore, also be viewed
with caution.

[n addition, in the low latitudes, although the Fewss
et al. [1992] database has reasonable coverage in the
NETP, there is sparse coverage of the region ofl Peru
and a single cruise track in the Arvabian Sca which
misses the southwest monsoon.  Bange et al. [1996],
in a study on N.O fluxes from estuaries and coastal
upwelling zones, noted that although such arcas have
often been ignored in a global accounting of occanic
NLO fluxes, the extremely high supersaturations mea-
sured here could potentially outweigh their small arcal
extent and yield significant contributions to the global
flux. We note, therefore, that a more comprehensive
coverage of such regions of potential significance to the
N2O distribution is desirable if we are to have wore
confidence in the observed flux estimates against which
we compare the model. In view of such uncertaintics
i both the model and observatious, we conclude that
on the basis of the surface flux analysis about 25%, and
possibly up to 50%, of global occanic NoO could origi-
nate in these low-latitude low oxygen regions.

3.3. Depth Averages of AN,O

[n evaluating the modeled distributions at depth,
we cploy the quantities apparent oxygen utilization
(AOU) and excess NaO (defined as AN,O = [N2O -
NoOgururation))- Use of these respective deficit and sur-
plus quantities, which represent the predominantly bio-
logical contributions to the tracer distributions, allows
us to circumvent errors in the oxygen and N»O fields
mtroduced by model temperature problems in the ther-
mocline [Nagjar et al., 1992; Anderson and Sarnuento,
1995; Suntharalingam and Sarmaento, 2000].
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Figure 6. AN.O/AQU variations with depth for the
three OX simulations, and comparison with the Base
Case and observations of Butler et al. [1938] (B83).

[n evaluating the deep distribution we compare the
averaged depth profiles of AN2O/AOU ratios obtained
from these simulations with observed values.  Figure
6 depicts the variation with depth of the modeled ra-
tios of AN2O/AQU against the observations from the
Soviet-American Gas and Aecrosol Experiment (SAGA)
2 cruises of Butler et al. [1988] and the result obtained
for the Base Case simulation. (Recall that the Base
Case assumes a constant molar ratio of 0.1 x 107 be-
tween N2Q production and oxygen consumption; as was
noted by Suntharalingam and Sarmicnto [2000] this
simple parameterization s not successful in reproduc-
ing the observed variations of AN,OQ/AOU at depth.)
Figure 6 indicates, however, that inclusion of the depen-
dence on oxygen level in the source function results in
a better it to the data, for all three oxygen-dependent
sitnulations, in comparison to the Base Case, that is,
high AN,O/AQU ratios (> 0.1 x 107%) at the surface
and low values at depth (< 0.07 x 107?). Simulation
OX.25 gives the closest fit to the data in the critical
upper oceanic regions where the wajority of the NoOQ
is formed, with a maximum of 0.14 x 1073 at a depth
of 300 m, in comparison to a maximum level of about
0.12 x 1073 for the DButler ¢l al. [1988] data at the
same depth. The OX.5 and ON| simulations yield much
higher AN2O/AOU ratios at this depth of greater than
0.18 x 1073 and 0.2 x 10~ respectively.

[n the deep occan the best fit to the data is achieved
by OX.5, which comes close to the Buller et al. [1988]
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values of about 0.05 x 107*  ONXI vields deep values
of AN5O/AOU close to zero. since no N»O s produced
in the deep ocean in this simulation. The ON.25 sim-
ulation has a AN2O/AOU ratio of about 0.07 x 10-3
at depth, that is, higher than the observed values. The
hetter fit of ONGH to the data in the deep ocean is un-
surprising, as the coefficient o in equation (3) was set
1o 0.05 x 1073 for this scenario. Note that o, which de-
fines the ratio of NoO production to oxygen consump-
tion outsicle the low-oxygen regions, is the dominant
influence on the AN,O/AOU ratios in the deep ocean.
[n comparison. OX.25, which allocates three quarters
of the total source to the non-low-oxygen regions, has
an o value of 0.075 x 107 which is responsible for its
higher AN,O/AOU levels in the deep ocean.

The Base Case cmploys an o’ value of 0.1 x 107
throughout the global occan and hence does not re-
procluce the decrease with depth in the AN,O/AOU
ratios apparent in the SAGA 2 data.  As noted by
Suntharalingam and Sarmacnto [2000] and — Sunthar-
alingam [L997] a better fit 1o the data is obtained if
some form of dependence on depth is incorporated into
the NoO source function. for exuaple. allowing the ratio
of N4O production to oxygen consumption to decrease
with depth, thus concentrating a greater proportion of
the total source higher up in the water column. As we
see here. the OX simulations of this study imply that
a better fit to the deep water data, in comparison to
the Base Case, may also be obtained by introducing a
dependence on the low-oxygen regions nto the source
function. Since these regions are located in the upper
occan at depths above 1000 . the effect on the ver-
tical NoQ source distribution is comparable to shifting
a significant fraction of the total source into the upper
water column. Table 2 summarizes the variation with
depth of the NaO source for the three OX sunulations
and the Base Case. As can be scen. in all OX cases,
less N5 O is produced at depths below 1000 m than in
the Base Case: for example, the OX.5 case which best
matches the observational data at depth has a deep N2 O
source just over half that of the Base Case (9% of the
global source as compared to 16% for the Base Clase).
However, the good match between OXLH and the ob-

Table 2. Distribution of the Modeled
Global N3O Source With Depth: OX Sim-
ulations and Base Case

Simulation Percentage of Global Source
Above 1000 m  Below 1000 m
OX1 98% 2%
0X.5 91% Y%
0X.25 87% 13%
Base Case 84% 16%
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Table 3. Global Oceanic N2O Inventories: Model
Simulations and [PCC 1990 Estimnate

Simulation Global Oceanic N»O Inventory
Tg N

OX1 K60

0OX.5 966

0X.25 990

Base Case 1080

[PCC 1990 estimate 900-1100

"The 1990 Intergovernmental Pancl on Climate Change
(IPCC) estimate is based on data reported in Butler et al.
[1988]

servations at depth has a relatively small effect on the
surface fluxes and distribution, as these are driven by
the upper ocean NoQ source; i all scenartos the ma-

jority of marine N4Q is produced at depths above 500

m. in keeping with locations of the maxima in distri-
butions of organic matter remineralization and oxygen
consumption, and also with the local oxygen minimum
zones.

A further effect of this concentration of the N,O
source in the upper reaches of the water column in the
OX simwlations is that a larger fraction of the total
source is formed in the tropical upwelling zones (than in
the Base Case); this N»O is then vented directly to the
atmosphere and not mixed into the deep ocean. This
results tn the total inventory of N2 O heiug lower for the
three OX simulations of this study than for the Base
Case, as suumarized by Table 3. The simulation with
the highest proportion of the total source in the upper
ocean, namely OX 1, accumulates the smallest inventory
of 860 Tg N, in comparison to OX.25 with 990 T'g N
and the Base Case with 1080 Tg N. Apart from OX|
the global inventories of all simulations lic within the
bounds of the 1990 Intergovermental Panel on Climate
Change (IPCCY estimate of 900 - 1100 T'g N [Houghton
et al.. 1990].

3.4. Meridional Oceanic Transport of NoO

As discussed in section 3.2 and demonstrated by Ta-
ble 1, the majority of the NoO formed in the tropics in
the OX simulations cffluxes to the atmosphere in the
latitude zone of formation. ‘The remainder is trans-
ported meridionally to higher latitudes, and we now
examine the transport of this latter component; in the
OXI simulation, for exaruple, it is this component that
determines the net sca-air Hux outside the tropics.

Figures Ta-Te depict the variation with depth of the
zonally integrated meridional flow of NoO across the
30°S and 30°N latitude boundaries for each of the OX
simulations (positive values indicate northward flow).
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Simulation OX1: depth variation of the zonally integrated meridional transport,
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left-hand half of each plot gives the net meridional transport across the latitude belt. Positive

values indicate northward transport.

First, we consider the most extreme case, OX1, in which
the entire source originates in the tropical belt hetween
30°S and 30°N. The net annual outflows across the
southern and northern boundaries of this zone are 0.3
Tg N and 0.1 Tg N per year, respectively, and represent
the portion of the total N2 source transported pole-
ward and not effluxed to the atmosphere i the tropics.
Figure 7a indicates poleward transports of (.24 Tg N
and 0.26 Tg N across 30°S and 30°N in the upper 1000
mof the ocean, suggesting that the majority of the pole-
wards transport of the “low oxygen™ NyQO source occurs
in this depth range.

The deep ocean transport consists of net northward
bottoni transport at depths of 3500 - 5000 m and a
net southward return transport at intermediate depths
of 1000 - 3500 m. Figures b and 7c¢ indicate that
ONX.5 and OX.25 demonstrate similar overall patterns
of oceanic N4O transport; however, examination of Ta-
ble | suggests that the net outflows across 30°S and
30°N are slightly larger for ON.5 and OX.25 than for
OXI (e.g., total outflows of 0.45 Tg N per year for the
former scenarios, in comparison to 0.4 T'g N per year
for OX1). This result is a little unexpected since the

magnitude of the total source originating in the 30°S -
30°N latitude belt is much higher for OX1 (3.6 I'g N
per year) than for the other two scenarios (2.65 Tg N
and 2.2 Tg N for OX.5 and OX.25, respectively). 1t
can, however, be explained by considering the variation
of the locations of the N2O source among the simula-
tions. The OXI1 simulation constrains the entire source
to be produced in the low-oxygen regions predominantly
above 1000 m, and often in regions of strong vertical up-
welling, whereas for the two other simulations we also
model an N»O source accompanying remineralization
outside these low-oxygen zones (i.c.. via the first term
of equation (3)). OX.5 and OX.25, therefore, produce
a fraction of the total source at decper levels and in
regions where it is not as easily vented to the atmo-
sphere; the N O thus formed is more likely to be trans-
ported laterally by the deeper circulation resulting in a
small increase in net poleward transport in comparison
to OXI.

In evaluating N O transport from tropical source re-
gions as done in this study, it is nceessary to assess the
accuracy of the ocean model’s meridional transport; if,
for example, poleward flow is greater in reality, would
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at 30°S and 30°N.

30 S Zonally Integrated Transport: 0X.25 30N

J

-0.29 0.32

0
0

—

-1000
N
-1000

-0.31 -0.32

-2000
-2000

Depth (m)
Depth (m)

-3000
-3000

Total -0.35 0.25 Total 0.1 0.1

-4000
-4000

-0.3 -0.1 0.1 02 03 -0.3 -0.1 0.1 02 03
Tg N /year Tg N /year

Figure 7c. Simulation OX.25: depth variation of the zonally integrated meridional transport
at 30°S and 30°N.



SUNTHARALINGAM ET AL.: N;O TRANSPORT FROM OCEANIC LOW-OXYGEN ZONES

1367

o o
—— Ocean circulation model
S Talley 1984
—-— Hastenrath 1982

g X Macdonald and Wunsch 1996
S
2
z
g
=
= 2
3
jas)
=
<
T 7
S
=

(‘:I g

f? 4

Figure 8.

0 50

Latitude

Global meridional heat transport by the ocean circulation model and comparison

with the estimates of Macdonald and Wunsch [1996], Talley [1984], and Hastenrath [1982].

Positive values indicate northward transport.

an improved model circulation allow sufficient N2 O to
be transported from the tropics to high latitudes so as
to better match the observational sea-air flux for even
the more extreme OX scenarios 7 In a study of the
occan carbon cycle using this OGCM, Murnane ¢t al.
[1999] indicated that the occan model does not pro-
duce the net southward interhemispheric flow of car-
bon postulated by the studies of  Broccker and Peng
[1992]) and  Kecling and Peng [1995]. Lacking data on
meridional transport of N2O in the global ocean, we
compare instead model meridional heat transports to
observationally based ostimates. Although heat is not
a perlect proxy for N»2Q, it is not an unrcasonable one,
as in both these instances we are concerned with the
poleward transport of a tropical source quantity.
Figure 8 compares the global meridional QGCM heat
transport with estimates from Macdonald and Wunsch
(1996], Talley [L981], and Hastenrath [1982]. As can be
seen, the OGCM 1s in close agreement with the recent
estimates of  Macdonald and Wunsch [1996] but un-
derestimates, by about a factor of 2 in the subtropics,
the results of Talley [1981] in the Southern Hemisphere
and Hastenrath [1982] in both hemispheres. Since these
results deal with heat, it is not possible to directly eval-
uate the implications for meridional NoQ transport; if,
however, N2 O transport from the tropics is also under-
estimated by a factor of 2. then an assumption of the
doubling of the tropics to high-latitude N»O transport
reduces the total sca-air flux in the tropical 30°S to

30°N latitude band to 77% (OX1), 49% (OX.5), and
36% (OX.25) for the ONX simulations. In comparison
to the observational estimates of 41-42%, this suggests
that if, in fact, the OGCOM poleward trausport s too
low, then scenario OX.5 becomes more plausible, while
OX1 still remains unlikely.

Finally, we note that although the above analysis in-
dicates that relatively little of the N,O formed in low-
oxygen regions is transported meridionally to higher lat-
itudes, the simulated distributions do display significant
zona! transport in certain regions, particularly in the
equatorial Pacific. Suntharalmgam [1997] has examined
the westward advection of NyO from the low-oxygen
waters of the eastern equatorial Pacific and compared
the OX model distributions to the meridional transect
(between longitudes 160°E-1707E) made in the western
Pacific on the SAGA 2 cruise [Butler el al., 1988; But-
ler et al., 1989]. The observation-based section displays
two “cores” of high-N»O water straddling the equator
within £10¢ and at depths above 500 m. Thesc cores
of high N»O in the western equatorial Pacific are repro-
duced in all the OX simulations, including OX1, which
has no in situ N2 Q production in this region, since local
oxygen levels are higher than that required for activa-
tion of the low-oxygen NoQ source. Analysis of model
transport indicates that these features predominantly
result from westward advection of N»O, both north and
south of the equator, from the regions of intense pro-
duction in the castern equatorial Pacific. These “cores”
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arc scparated at the equator by an eastward flowing
tongue of low NoO water transported from the western
Pacific by the model’s Equatorial Undercurrent [Sun-
tharalingam, 1997]. In summary, the model simulations
indicate that while meridional transport does not ap-
pear to play an important role, advection, in regions
of strong zonal currents. can transport. N»Q from the
predominantly coastal low-oxygen waters to significant
distances into the open ocean.

4. Summary and Conclusions

We have implemented models of enhanced N.2O pro-
cduction under low-oxygen conditions to evaluate the
significance of such regions to the global oceanic N»O
distribution and sea-air flux. In comparison to a Base
Clase scenario, i which NaO production depends on
productivity alone. the effect of including a dependence
on oxygen level i the NoQO source parameterization of
this study s to shift the location of the source to the
tropical latitudes (to the castern boundaries of ocean
basins, i general) and into the upper water colunn
(to depths above 1000 m). ‘L'he circulation in such re-
gions: is characterized by strong upwelling in the surface
ocean. The majority of the N2O formed in these zones,
therefore, escapes directly to the atmosphere and is not
subject to significant poleward transport. In the most
extreme scenario, OX1, in which the entire source is
formed in the low-latitude low-oxygen zones. over 87%
of the source is vented to the atmosphere in the trop-
A small fraction of the total source
from these regions is transported poleward to the higher
latitudes. The majority of this transport occurs in the
upper occan (depths above 1000 m). and relatively little
15 transported via the deep ocean.

ical latitude belt.

Comparison with flux distributions based on obser-
vational data (shown in Figure 5) suggests that simu-
lations ON.25, and to a lesser extent ON.5, which al-
locate 25% and 50%, respectively, of the total source
to the low oxygen regions, come closest to matching
the observations. We note, however, that the database
underlying the observed estimates [Weass et al., 1992].
is sparse in certain regions of poteniial significance to
the global N,O distribution; added coverage in the up-
welling zone off Peru, the Arabian Sea (particularly dur-
ing the southwest monsoon) and the Southern Ocean
would help in better constraining this analysis.

We rely on the SAGA 2 data set of  Butler ot al.
[L988] to evaluate the success of the model simulations
at depth. The observed AN,O/AOU ratios show a sys-
tematic decrease with depth below 500 m, suggesting a
probable decrease in the rate of N3O production with
respect to oxygen consumption from remineralization at
depth. The OX simulations of this study reprocuce this
aspect of the obscrvations far more successfully than
does the simple Base Clase parameterization, since they
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give a greater emphasis to the low-oxygen source loca-
tions in the upper water column. Comparison of aver-
aged profiles of AN4O/AOU ratios (Figure 6) indicates
that. ON.25 provides the best fit o the data in the upper
ocean where the majority of the N2 O formation occurs.
This simulation appears to produce too much N»O in
the deep ocean, however, and a better fit to the data
here 1s provided by OXC5, which produces two-thirds the
level of deep NoO as ON.25. 1t should be noted. how-
ever. that since the majority of total remineralization
occurs in the upper water columin, the nature of deep
N20 production has a relatively small impact on both
the magnitude and spatial distribution of the global sea-
air flux.

We note that certain problem characteristics of the
OGOEM and ocean biogeochemistry model have vary-
ing implications for our conclusions on NuQ transport
out of the tropical region. The extents of the tropi-
cal low oxygen zones in the model are overestimated:
hence a more realistic representation is likely to further
constrain NoO efflux to upwelling regions, leaving less
N2 QO available for transport to higher latitudes. On the
other hand, if poleward transport in the QGCM is un-
derestimated, as suggested by comparison with some
heat trausport estimates, this may result in an under-
estimate of poleward NoO transport in the model.

[u conclusion, analyses of the surface flux and depth
distributions of the OX simulations suggest that the
low-oxygen regions could provide a significant fraction
of the global oceanic NoO source; for example, simula-
tions ONX.25 and OX.5, whick allocate a quarter and
a hall of the global source to these regions, respec-

tively, succeed in matehing certain characteristics of
the observed distributions relatively well. Comparisons
of modeled and observation-based flux distributions do
not, however, support a scenario in which the major-
ity of the global source originates in these regions (for
example, close to 100%, as in the OXI case). Surface
observational data are. however, still sparse in some po-
tentially significant oceanic arcas, and increased cover-
age would aid in better constraining this analysis.
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