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ABSTRACT
The seasonal cycle of atmospheric N, O is derived from a 10-yr observational record at Cape Grim, Tasmania (41°S,
145°E). After correcting for thermal and stratospheric influences, the observed atmospheric seasonal cycle is consistent
with the seasonal outgassing of microbially produced N,O from the Southern Ocean, as predicted by an ocean bio-
geochemistry model coupled to an atmospheric transport model (ATM). The model—observation comparison suggests
a Southern Ocean N,O source of ~0.9 Tg N yr~! and is the first study to reproduce observed atmospheric seasonal
cycles in N, O using specified surface sources in forward ATM runs. However, these results are sensitive to the ther-
mal and stratospheric corrections applied to the atmospheric N, O data. The correlation in subsurface waters between
apparent oxygen utilization (AOU) and N,O production (approximated as the concentration in excess of atmospheric
equilibrium AN,O) is exploited to infer the atmospheric seasonal cycle in O2 /N, due to ventilation of O-depleted
subsurface waters. Subtracting this cycle from the observed, thermally corrected seasonal cycle in atmospheric O, /N2
allows the residual O, /N, signal from surface net community production to be inferred. Because N, O is only produced
in subsurface ocean waters, where it is correlated to O, consumption, atmospheric N, O observations provide a method-
ology for distinguishing the surface production and subsurface ventilation signals in atmospheric Oz /N>, which have

previously been inseparable.

1. Introduction

Nitrous oxide (N,O) is an important atmospheric greenhouse
gas with a global warming potential 300 times greater than CO,
on a per mole basis (Prather et al., 2001). N,O is destroyed in
the stratosphere by photolysis and oxidation and thereby pro-
vides the principal source of stratospheric NOy, an important
regulator of stratospheric ozone (Crutzen, 1974; Nevison and
Holland, 1997). N,O is produced by microbial nitrification and
denitrification in a wide variety of terrestrial and aquatic ecosys-
tems, whose relative importance is not yet fully quantified or
understood (Bouwman et al., 1995). N,O has been increasing
in the atmosphere for the past 100 yr (Weiss, 1981; Machida
et al., 1995; Hall et al., 2002). The recent rate of increase sug-
gests a total source that now outpaces the natural stratospheric
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sink by ~30%. The increased source is attributed mainly to
enhanced microbial production associated with human agricul-
ture (Nevison and Holland, 1997; Mosier et al., 1998; Kroeze
et al., 1999). Enhanced N,O production occurs in agricultural
and other perturbed soils as well as in estuaries and coastal areas
receiving anthropogenic N runoff (Bange et al., 1996; Seitzinger
and Kroeze, 1998; Naqvi et al., 2000; de Bie et al., 2002). In
the future, enhanced N,O production may also occur in oceanic
ecosystems, including Southern Ocean regions that potentially
may be fertilized with iron (Law and Ling, 2001; Jin and Gruber,
2003).

Recent studies suggest a contradiction in the current N,O
budget for the Southern Ocean. Air—sea flux calculations based
on an annual climatology of observed surface N,O data suggest
that the Southern Ocean (defined as all latitudes south of 30°S)
emits about one-third of the total oceanic N,O source (Nevison
et al., 1995; Suntharalingam and Sarmiento, 2000). In contrast,
estimates of N,O production based on subsurface data suggest

Tellus 57B (2005), 3



SOUTHERN OCEAN VENTILATION 219

— Production
-+ Air-Sea Flux
0.02f

0.01} :

0.00f

Fraction of Total per 1.85 deg Latitude Band

-1.0 -08 -0.6 -04 -0.2 00 02 04 06 08 1.0
sine (Latitude)

Fig. 1. Dotted line is fraction of total oceanic NoO source from per
latitude band air—sea flux calculations using annual mean ApN,O and
monthly varying air—sea transfer coefficients (Nevison et al., 1995,
2004b). Solid line is estimate of N, O production based on subsurface
N, O data and O, consumption predicted by an ocean carbon model
(Nevison et al., 2003). The air—sea flux calculation predicts a larger
fraction of the N, O source from the Southern Ocean than the
production calculation.

that only ~10% of N,O is produced at those latitudes (Fig. 1)
(Nevison et al., 2003). Notably, the production estimate does not
account for N,O consumption by denitrifying bacteria in low-
latitude O,-deficient regions (Cohen and Gordon, 1978; Naqvi
etal., 1998), nor does it consider that some N, O produced at low
latitudes may ventilate in the Southern Ocean. However, these
neglected factors may not be sufficient to resolve the apparent
discrepancy.

The record of atmospheric N,O measured at the Cape Grim,
Tasmania (41°S, 145°E) monitoring station can provide addi-
tional information about the Southern Ocean N,O source. The
Cape Grim measurements have reached a level of precision suf-
ficient to resolve small but distinct seasonal cycles in N,O, a
long-lived, well-mixed trace gas, which are superimposed upon
the more dramatic secular atmospheric increase (Fig. 2). While
the latter can be confidently ascribed to global anthropogenically
enhanced N,O sources, the causes of the seasonal cycles have
not yet been identified or examined in detail.

Atmospheric transport models (ATMs) provide a potentially
important tool for evaluating N,O sources, through comparison
of predicted and observed atmospheric distributions and seasonal
cycles. However, past evaluations of N,O sources in ATMs have
revealed poor matches between models and tropospheric obser-
vations. Models generally have predicted significant seasonality,
whereas observed seasonal cycles were either too small to be de-
tected with past instrumental precision or, in cases where season-
ality could be detected, were out of phase with model predictions
(Taylor, 1992; Bouwman and Taylor, 1996). In the latter case,
the neglected influence of the backflux of N,O-depleted air from
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Fig. 2. (a) Time series of AGAGE atmospheric N,O at Cape Grim,
Tasmania (41°S, 145°E). Circles are observed monthly means and the
solid line is best fit to the decadal record. (b) Same as (a) after
subtracting the polynomial component of the fit to remove the secular
trend.

the stratosphere may have contributed to the poor agreement be-
tween models and observations (Levin et al., 2002; Liao et al.,
2004). Recently, a methodology has been proposed to correct
for the stratospheric influence using atmospheric chlorofluoro-
carbon (CFC) data (Nevison et al., 2004a).

The study presented here is motivated by the need to better
understand the Southern Ocean source of the important green-
house gas N,O. We approach this question through analysis of
atmospheric seasonal cycles observed at Cape Grim and through
comparison of the observed cycles with ATM results. Our study
differs from previous ATM studies in that, for the first time,
we account explicitly for stratospheric influences on observed
N,O seasonal cycles. In addition, whereas previous ATM stud-
ies have emphasized seasonal soil emissions and their influence
at Northern Hemisphere atmospheric N,O monitoring stations,
we focus on a Southern Hemisphere station surrounded predom-
inantly by oceanic sources. A second aim of our study, described
below, is to develop N, O as a biogeochemical tracer that can pro-
vide information about complementary oxygen and carbon cycle
processes.

1.1. Biogeochemical links between N,O and O,

The well-known anticorrelation between N,O and oxygen (O;)
in ocean depth profiles (Yoshinari, 1976; Cohen and Gordon,
1978; Butler et al., 1989) is thought to result from the production
of N,O by microbial nitrification in conjunction with O, con-
sumption during the oxidation and remineralization of organic
matter. The depth profile anticorrelation between N,O and O, is
reflected in cross-plot correlations between AN,O and apparent
oxygen utilization (AOU). AN,O, the level above atmospheric
equilibrium, and AOU(O3 ¢ — O2,qbs) provide a measure of the
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amount of N,O produced and O, consumed in a water parcel
since its last contact with the atmosphere, assuming that out-
cropping waters are in atmospheric equilibrium.

An important difference between N,O and O, is that N,O
is only produced at depth and is not directly affected by pri-
mary production in surface waters, due to the light inhibition
of microbial nitrification (Horrigan et al., 1981; Ward, 1986).
Therefore, the biological air—sea flux of N,O reflects purely
the ventilation of subsurface water. In contrast, the biological
air-sea flux O, reflects both ventilation of O,-depleted deep
water and photosynthetic production of O, in surface water.
These two processes create competing changes in the surface
O, saturation anomaly, which complicates the estimate of bio-
logical production. In the tropics, for example, the strong influx
of O into the ocean due to Equatorial upwelling entirely over-
whelms the efflux associated with primary production (Najjar
and Keeling, 2000). In the Southern Ocean, the seasonal O,
signal also reflects the competing and possibly cancelling pro-
cesses of surface O, production and subsurface ventilation. The
difficulty in separating these two signals contributes to uncer-
tainty in estimating oceanic biological production from atmo-
spheric O, /N, data (Keeling et al., 1993; Bender et al., 1996;
Balkanski et al., 1999; Najjar and Keeling, 2000; Garcia and
Keeling, 2001).

Recent evidence from the coast of northern California shows
that the AN,O/AOU correlation in subsurface waters is mir-
rored by opposing changes in atmospheric N,O and O, /N, dur-
ing coastal upwelling events (Lueker et al., 2003). Subsurface
waters are rapidly ventilated to the atmosphere during these
events, causing a discernible pulse in atmospheric N,O and
a drawdown of atmospheric O,/N, in a molar ratio consis-
tent with the AN,O/AOU ratio observed in subsurface waters.
Like coastal upwelling areas, the Southern Ocean is a region
where subsurface waters are ventilated to the atmosphere, partic-
ularly in the latitude belt between 35°S and 60°S that surrounds
Cape Grim (Dutay et al., 2002; Takahashi et al., 2002). Atmo-
spheric N,O measurements at Cape Grim therefore may provide
insight into seasonal cycles in atmospheric O,/N,, assuming
that the AN,O/AOU correlation in the Southern Ocean is re-
flected in atmospheric observations when subsurface waters are
ventilated.

We begin our study with a description of the detrending of
the Cape Grim N,O data to infer seasonal cycles, and the re-
moval of thermal and stratospheric influences to isolate the
Southern Ocean biological ventilation flux. Next, we compare
the atmospheric data with the results of ATM runs with pre-
scribed surface N,O sources, including output from an ocean
biogeochemistry model. Lastly, we use the N,O biological ven-
tilation flux to partition the observed seasonal cycle in atmo-
spheric O, /N, at Cape Grim into a ventilation flux and a sur-
face production flux. We compare the latter with the seasonal
cycle in primary production inferred from satellite chlorophyll
data.

2. Atmospheric data analysis at Cape Grim

2.1. AGAGE N,O0 and chlorofluorocarbons

Atmospheric N,O and a variety of CFCs are measured every
40 min by in situ gas chromatography at Cape Grim, Tas-
mania (41°S, 145°E) as part of the Advanced Global Atmo-
spheric Gases Experiment (AGAGE) program (Prinn et al.,
2000). Monthly means of these AGAGE data with pollution
episodes removed are available online from the Carbon Dioxide
Information Analysis Center (CDIAC) (http://cdiac.ornl.gov).
Since 1993, N,O has been measured with a precision of about
0.03% (0.1 ppb) for a single measurement, and each monthly
mean represents on the order of 10° individual measurements.
The results are reported on the SIO-1998 calibration scale.

To derive seasonal cycles for the AGAGE data, the monthly
means from the 10-yr data set were fitted to a function consisting
of a third-order polynomial plus the first four harmonics of the
annual cycle. The optimal fit was determined by least-squares
regression. The polynomial component was subtracted to remove
the secular trend. The remaining harmonic component reveals a
small seasonal cycle with a December maximum and a peak-to-
trough amplitude of 0.45 ppb (or ~0.14% of the mean mixing
ratio of ~315 ppb).

In subsequent figures, we show the least-squares best har-
monic fit to the 10-yr data set, although we note that the data
display significant interannual variability (Fig. 2). The peak-to-
trough amplitude of the detrended N,O residual often deviates
by ~20% in any given year from the amplitude of the mean
decadal harmonic fit, and in some years can deviate by as much
as 60% (Fig. 2b). However, the phasing of the seasonal cycle is
consistent from year to year, with a December maximum and an
April-May minimum.

We assume that the observed seasonal cycle represents the
sum of the following influences:

NZOobs = NZOslralos + N2Ovenl + NZOtherm + NZOland~ (])

Among the terms on the right-hand side of eq. (1), we assume
that N,Oy,yq is negligible (see discussion of ATM results). The
remaining three terms are discussed individually below.

2.2. Thermal cycle: N;Oherm

Both N,O and O, have thermal fluxes associated with their
changing solubility in warming and cooling surface waters.
These thermal fluxes are significant relative to the biological
fluxes over a seasonal cycle (Keeling et al., 1998; Najjar and
Keeling, 2000). Argon (Ar), a noble gas that comprises 1% of
the Earth’s atmosphere, also undergoes seasonal thermal in- and
outgassing, but is inert with respect to biological activity. The
seasonal cycle in atmospheric Ar is measured as §(Ar/N,), the
change in the Ar/N, ratio relative to a standard. The Ar/N, sea-
sonal cycle at Cape Grim has been modelled, using prescribed
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climatological ECMWEF air—sea heat fluxes and the TM2 atmo-
spheric transport model, and validated against recent observa-
tions (Battle et al., 2003; Keeling et al., 2004). Because the val-
idation exercise suggests that the phasing of the model seasonal
cycle is too early relative to observations, due to the idealized
assumption of instantaneous air—sea transfer of thermal disequi-
librium signals (Battle et al., 2003), we have shifted the model
8(Ar/N,) results forward by 1 month in the calculations below.

The seasonal cycle in atmospheric Ar/N, provides a means
to correct biologically active gases like N,O and O, for thermal
effects, and thus to isolate biological signals. We calculate the
change in atmospheric N,O due to thermal effects as

()ST,N2O - ST,NZ

N2Oherm = 10~ d(Ar/N2)Xno, 2)

St.ar — ST.N2

where NyOyern is the monthly change from the annual mean
in ppb, St is the thermal derivative of the solubility coefficient
(expressed in moles of gas per litre of solution per atmosphere of
pure gas per degree Celsius), §(Ar/N,) is the modelled monthly
change in atmospheric Ar/N, relative to the annual mean in
per meg, 107° is a conversion factor from per meg units and
Xn2o is the average N,O mixing ratio in ppb. The St terms
are needed to account for thermal fluxes of N, that contribute to
observed variations in the Ar/Nj ratio (Keeling et al., 1993). The
solubility derivatives are slightly sensitive to the temperature at
which they are evaluated. We use a typical annual mean mid-
latitude Southern Ocean sea surface temperature of 8 °C in our
calculations. The resulting thermal cycle of atmospheric N,O
is comparable in amplitude to the observed seasonal cycle, but
is 3 months out of phase, with a maximum in February—March
(late summer) (Fig. 3). The residual N;O gps—N;Operm cycle has
a peak to trough amplitude of 0.72 ppb, with a maximum in
November (cyan curve in Fig. 3). This residual represents the
inferred biological ventilation signal in N, O prior to making the
stratospheric correction discussed below.

The observed Ar/N, seasonal cycle at Cape Grim (used to
validate the ECMWF-TM2 model) has an amplitude uncertainty
of £30% and a phase uncertainty of 1-2 months (Battle et al.,
2003). These uncertainties carry over to NyOyerm and in turn
affect the NoOgps —N2Operm residual. Sensitivity tests show that
the residual is only moderately sensitive to the amplitude un-
certainty; a 30% increase in NyOyper, leads to a 15% increase
in the amplitude of the N,Ogps—N7Opern residual, with little
effect on its phasing. The residual is somewhat more sensitive
to the phasing of NyOyerm. When, for example, the Ar/N, sea-
sonal cycle from the ECMWF-TM2 model is not shifted forward
1 month, N,Oyer Overlaps better with N,Ogp. The resulting
N300bs—N2O0perm residual cycle is 20% smaller in amplitude
and peaks 1 month earlier, in October rather than November. In
the future, as more Ar/N, data become available, it should be
possible to reduce the uncertainties in NyOpem by deriving the
Ar/N, seasonal cycle directly from a harmonic fit to a multiyear
observational record.
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Fig. 3. Seasonal cycle in atmospheric N, O at Cape Grim, as described
by eq. (1) in the text. Black squares are NoO,ps, red triangles are
N2Otherm- N2Ogyrat (magenta stars) is derived from the F12 seasonal
cycle scaled by a 0.72 N, O/F12 scaling factor. N2Ojang at Cape Grim
is assumed to be negligible based on ATM results. The biological
ventilation cycle NoOyepy (solid blue circles) is calculated as the
residual of N2Ogps— N2Oherm —N2Ograt. Also shown is Ny Oyent
calculated without the stratospheric correction as N2Ogps— N2Otherm
(open cyan circles).

2.3. Stratospheric influence: NOsatos

Recent work has shown that N,O, CFC11 and CFCI12 have
similar tropospheric seasonal cycles at Cape Grim, with well-
correlated April-May minima (Nevison et al., 2004a). The cor-
related minima suggest a common driving mechanism, which
might involve the backflux of N,O and CFC-depleted air from
the stratosphere. The N,O maximum at Cape Grim is notably
offset from that of the CFCs, which suggests additional influ-
ences from regional N,O sources. Like N,O, CFCs are photo-
chemically destroyed in the stratosphere. In contrast to N,O,
however, CFCs are entirely manmade gases with well-known
surface sources that largely ceased in 1996. A reasonable first
approach to correcting tropospheric N,O seasonal cycles for
stratospheric influences is to subtract the observed tropospheric
CFC seasonal cycle (using either CFC11 or CFC12) multiplied
by N5 Ogqratos :CFCyraos Scaling factors that reflect the relative ef-
ficiency of stratospheric removal of the two species (Nevison
et al., 2004a).

We calculate CFC seasonal cycles at Cape Grim in a similar
manner to N,O. Observed AGAGE monthly means are fit to a
polynomial + harmonic function and detrended by subtracting
the polynomial component. The remaining harmonic compo-
nent, i.e. the observed seasonal cycle, is assumed to reflect the
following influences,

CFCohs = CFCslratos + CFCLherm- (3)

CFC,ps is corrected for thermal effects using an equation anal-
ogous to (2) with the appropriate CFC substituted for N,O. As
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for N,O, the calculated CFC thermal cycles are out of phase
with the observed seasonal cycles. However, in contrast to the
large thermal cycle of the more soluble N,O, the CFC11 ther-
mal cycle is only ~30% of the observed CFC11 amplitude and
the CFC12 thermal cycle is only ~15% of the observed CFC12
amplitude.

We derive NyOygyatos: CFCyiratos Scaling factors from observed
near-tropopause data measured on a series of ER2 high-altitude
aircraft flights from Christchurch, New Zealand (44°S,172°E)
in 1994 (Volk et al., 1997). In accordance with stratospheric
tracer correlation theory (Plumb and Ko, 1992), the scaling fac-
tors are assumed to be the correlation slopes of cross-plots of
N,O versus CFC12 and N,O versus CFC11, where the slopes
dN,O/dCFC are normalized by the ratio of absolute tropo-
spheric mixing ratios CFC/N,O. The normalized slopes are 0.72
for N3 Ogtratos:CFC12rat0s and 0.38 Ny Ojgyraros :CFC 11 a0, With
~10% uncertainty (Volk et al., 1997, Tables 1-3). The result-
ing CFC12-based stratospheric correction, Ny Ogyatos, 18 0.34 ppb
in amplitude (about 75% of the observed N,O seasonal cycle),
but with a September—October maximum, 2-3 months earlier
than the observed seasonal maximum (Fig. 3). The CFC11-based
stratospheric N,O correction (not shown) is similar in phasing,
but larger (0.43 ppb) in amplitude. The difference between the
CFC11- and CFC12-derived stratospheric terms suggests that
the uncertainty in N, Ogyqos 15 at least 25-30%.

An additional caveat on our estimate of N,Ogatos 18 that, de-
spite circumstantial evidence for a stratospheric influence, we
lack solid proof, especially at Southern mid-latitudes (Levin
et al., 2002; Nevison et al., 2004a). Furthermore, we cannot
rule out additional tropospheric dynamical influences on N,O
seasonal cycles, for example due to interhemispheric mixing.
However, our approach to correcting N,O data based on ob-
served CFC cycles can still be justified based on the more gen-
eral theory of Plumb and McConalogue (1988), which argues
that long-lived trace constituents far from their sources exhibit
“universal behaviour”, or simply related variability. According
to this theory, we can rewrite eq. (1) as,

NZOobs = NZOremote + NZOregional
= NZOremote + NZOvem + NZOtherm + N201and (1/)

where N,O emote TEpresents the seasonal cycle due to remote in-
fluences, which include but are not necessarily limited to the
stratosphere. Since CFCs have few sources near the surface at
Cape Grim, we can assume that their observed seasonal cycles
(after the small correction for regional thermal influences) can
be related simply to N,O emore through a scaling factor. The ob-
served correlation slope between N, O and CFCs at a location far
from sources of N, O, i.e. near the tropopause, is still arguably an
appropriate N, O emote:CFCremote Scaling factor, although with the
caveat that the theory of relationships between long-lived trac-
ers has not been well explored observationally in the troposphere
(Plumb and McConalogue, 1988).

2.4. Inferred biological ventilation signal: N2O ey

After subtracting the thermal and stratospheric (or remote) cor-
rections from the observed atmospheric N,O at Cape Grim, we
infer as a residual the seasonal change in atmospheric N,O due
to ventilation of microbially enriched subsurface waters from
the Southern Ocean (N,O,y in eq. (1), Fig. 3). The inferred
ventilation cycle is maximum in October—November, with a
peak-to-trough amplitude of 0.31 or 0.41 ppb, using the CFC11
and CFC12 stratospheric corrections, respectively. Without the
stratospheric correction term, the ventilation cycle is similar in
phase but considerably larger, with a peak-to-trough amplitude
of 0.72 ppb. The uncertainties discussed above in N Operm also
carry over to NyOyey. The NyOyerm phasing uncertainties in
particular lead to uncertainties up to 40% in the amplitude of
N, Oyene- Collectively, the uncertainties in N, Oyaros and N Operm
create an uncertainty of at least 50% in the amplitude and £1
month in the phasing of the residual biological ventilation signal
NZOvem~

3. Atmospheric transport model study

In this section, the inferred thermal and biological ventilation
signals in atmospheric N,O are evaluated in forward runs of an
atmospheric transport model using prescribed Southern Ocean
N,O fluxes.

3.1. MOZART

MOZART-2 (Model of Ozone and Related Chemical Tracers,
version 2) is a global chemical transport model designed to
simulate the distribution of tropospheric ozone and its pre-
cursors (Horowitz et al., 2003). The model resolution is T42
(2.8° x 2.8°) with 34 hybrid vertical levels extending up to 4 mb
(~40 km). For this study, the model was driven by 1983-1987
meteorological inputs from the National Center for Environmen-
tal Prediction (NCEP) reanalysis. After a model run of 3 yr plus
1 day, seasonal cycles were derived from the Year 3 results by
subtracting the linear trend in atmospheric N,O between 1 Jan-
uary of Year 3 and 1 January of Year 4. Due to its limited strato-
sphere, MOZART cannot fully reproduce stratospheric chem-
istry and its influence on tropospheric seasonal cycles. The model
was therefore run in transport mode only, with all atmospheric
chemistry turned off. As a result, the seasonal cycles should
purely reflect the influences of prescribed monthly mean surface
sources.

3.2. Prescribed surface fluxes

Various surface sources of N,O were run as separate trac-
ers. Monthly mean soil N,O emissions were obtained from
the CASA terrestrial biogeochemistry model (Potter et al.,
1996). Annual mean anthropogenic emissions were obtained
from the Global Emissions Inventory Activity (GEIA) database
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(Bouwman et al., 1995). Monthly ocean thermal fluxes were es-
timated as QS1/C,,, where Q is monthly mean ocean heat flux
froma 1° x 1° gridded database (Grist and Josey, 2003), St is the
temperature derivative of the N,O solubility coefficient (Weiss
and Price, 1980) and C,, is the assumed specific heat of sea water
of 3993 J kg~! K~! (eq. (3) in Najjar and Keeling 2000). Two
different ocean biological sources were tested in MOZART, as
described below. By treating the sources as separate tracers, the
model atmospheric N,O seasonal cycles at Cape Grim can be
decomposed into individual contributions from specific sources.

The first oceanic N,O source was obtained from the air-sea
flux calculation of Nevison et al. (1995, 2004b), in which a global
annual composite 0.5° x 0.5° map of ApN,O was gridded and
extrapolated from more than 100 000 measurements of the sur-
face N, O saturation anomaly. The ApN,O data were collected
between 1977 and 1996 on expeditions that spanned all world
oceans. The air—sea flux was calculated as,

Fientt = kSApN2Oannual ) (4)

where F ey is the flux in mol m~2 month™", ApN,Oqgnqual iS the
surface anomaly in natm, S is the solubility coefficient of Weiss
and Price (1980), calculated using the monthly mean global sea
surface temperature climatology of Reynolds et al. (2002), and
k is the air—sea transfer velocity calculated from the formula of
Wanninkhof (1992). Monthly mean wind speed inputs to k were
obtained from a 0.5° x 0.5° blend of NCEP reanalysis products
and satellite data from the NASA Quick Scatterometer (Milliff
and Morzel, 2001). Since ApN,O is assumed constant over the
year, the seasonality in the air—sea flux calculations is driven
only by the temporal variations in wind speed and sea surface
temperature (Fig. 4). After interpolating to the MOZART T42
grid, the total ocean source Fey is 3.9 Tg N,O-N yr~!, with
1.5 Tg N,O-N yr", more than a third of the total, emitted be-
tween 30° and 90°S (Fig. 1). An analysis of the ApN,O dataset
(see discussion below) suggests that, although we have lumped
the Fey air—sea fluxes into the category of “biological ventila-
tion”, the global composite ApN,O . Mmap actually reflects a
mix of biological and thermal influences.

The second ocean source F.,» was obtained from a three-
dimensional ocean physical-biogeochemical model, in which
N,O production is parametrized as a function of O, consump-
tion (Jin and Gruber, 2003). The parameterization is based on
the well-known correlation between AN,O and AOU in ocean
depth profiles. Fyep has a strong peak in August—September
(Fig. 4), which is caused primarily by the increase in vertical
transport of N,O into surface waters associated with the win-
tertime deepening of the mixed layer. The seasonal changes in
mixed layer depth predicted by the ocean model compare well
with observations. The model calculates its own thermal N,O
flux, which was also tested in MOZART. The total F',.,» ocean
source is 3.7 Tg N,O-N yr~!, with 0.9 Tg N,O-N yr~! emitted
between 30° and 90°S.
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3.3. ATM results

We compared the seasonal cycles at Cape Grim predicted by
MOZART, run with Fep; and Fyen, with the inferred biological
ventilation cycle at Cape Grim, N,O,.,, described above. As
can be predicted from its relative lack of seasonality (Fig. 4),
F\enit yields no coherent seasonal cycle in atmospheric N,O and
thus matches poorly with observations. In contrast, the ocean
biogeochemistry model (F .y ) yields a seasonal cycle of similar
amplitude and phasing to the inferred ventilation cycle (Fig. 5).

0.4
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o
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-6- N2Ovent w/o strat corr
-@— N2Ovent w/ F12corr
-0.31 — ATM Fvent2

' = ATM land

T FMAMJ JASOND JIFWMAWJ
Fig. 5. Comparison of MOZART ATM results to the inferred
ventilation cycle in atmospheric N, O at Cape Grim. The black solid
line is ATM run with Fyenn. N2 Oyene inferred from AGAGE
atmospheric data at Cape Grim as described in Fig. 3 is shown for
comparison. Open cyan circles are with only the thermal correction to
the observed data. Solid blue circles are with both the thermal and
stratospheric corrections. Also shown are ATM results with the CASA
soil source (dot-dashed magenta line).
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Fig. 6. MOZART ATM results compared with the estimated thermal
cycle in atmospheric N, O at Cape Grim. The dashed line is the ATM
run with the heat-flux-based thermal N> O flux QSt/Cy; the solid line
is the ATM run with the thermal flux from the ocean biogeochemistry
model of Jin and Gruber (2003). Model results are compared with
N2Otherm, as inferred from Ar/N; scaled to N,O by eq. (2) (triangles).

The Fen, results suggest that our inferred atmospheric spring
maximum in N,O, 18 consistent with the cumulative effect of
oceanic ventilation that peaks in late winter (Fig. 4).

The ATM study provides support for the thermal correction
N> O pherm in eq. (1). MOZART runs with both the heat-flux-based
(QS1/C}) and ocean biogeochemistry model thermal N, O fluxes
agree fairly well with the atmospheric N,O cycle at Cape Grim
derived from Ar/N, data, although the MOZART heat-flux-
based maximum is ~1 month early (Fig. 6). As discussed in
Section 2.2, this early maximum reflects the fact that the QS+/C,
equation neglects delays in the adjustment of the dissolved N,O
concentration to its new thermal equilibrium as ocean waters
warm or cool.

The ATM study offers justification for neglecting N,O,pq in
eq. (1). MOZART runs show that the CASA soil N, O source pro-
duces some seasonal variability but no coherent seasonal cycle in
atmospheric N, O at the latitude of Cape Grim (Fig. 5). Decom-
position of the soil source by region shows that the variability at
Cape Grim stems mainly from the southern tropics rather than
from local mid-latitude soil sources. The anthropogenic N,O
source is only available at annual resolution and therefore pro-
duces no seasonality in atmospheric N,O. In any case, it is very
small around Cape Grim according to the GEIA database.

3.4. Additional evidence of a ventilation signal

The strong seasonality of the N, O source suggested by the F'yeq2-
ATM results prompted us to partition the observed 100 000-point
ApN,O database used to estimate Fyey by month. From the par-
titioned data set, we calculated the mean ApN,O from 40°-60°S
as a function of month (Fig. 7). Although the data are sparse, the
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Fig. 7. Monthly mean ApN,O in the 40-60°S latitude band (squares),
taken from the 100 000 point surface database (Nevison et al., 2004b).
Gaps indicate no data. Text annotations reflect the number of data
points in each monthly bin. Standard deviations are shown as error
bars. For comparison, the dot-dashed line is a simple estimate of the
solubility driven increase in ApN,O derived by solving QSt/Cp =
kSA p N2 Ogherm for ApN2 Oyperm, Where Q, St, Cp, k and S are
estimated as described in the text. Observed seasonal changes in
ApN,O appear to be consistent with summertime thermal enhancement
and wintertime enhancement due to deep-water ventilation.

results show that the highest values of ApN,O are found in late
winter (September) and also in summer (December—January).
A simple estimate of the solubility-driven increase in ApN,O
due to changing sea surface temperature suggests that the sum-
mer maxima can be attributed to thermal effects. In contrast,
the late winter highs are more likely to be a biological signal
associated with entrainment of N,O-enriched deep water. Thus,
observed seasonal changes in ApN,O appear to be at least qual-
itatively consistent with the ocean carbon model’s prediction of
an August—September ventilation maximum.

Isotopic signatures of N, O in the Sub-Antarctic Zone are also
consistent with ventilation of the Southern Ocean. Nitrogen and
oxygen isotopic compositions of dissolved N,O from four sta-
tions in the Sub-Antarctic Zone south of Australia (42°S to 54°S
along ~142°E) are close to isotopic equilibrium with the atmo-
sphere and vary little at depths shallower than 800 m (Table 1).
The lack of isotopic variation with depth is striking compared
with low-latitude sites where isotopic compositions of N,O have
been measured. Most oceanic profiles show §'80 values increas-
ing markedly with depth, reaching values in excess of +50%o
versus standard mean ocean water (SMOW) within the upper
1000 m (e.g. Kim and Craig, 1990; Popp et al., 2002; Toyoda
et al., 2002). Winter mixing in the Sub-Antarctic Zone typi-
cally extends to depths >400 m and results in the formation of
Sub-Antarctic Mode Water (Rintoul and Trull, 2001). Seasonal
ventilation and the formation of Sub-Antarctic Mode Water best
explain the lack of variation in the isotopic compositions of N,O
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Table 1.
and in the Sub-Antarctic Zone measured in February—March, 1998
during the SAZ cruise on the R/V Aurora Australis. Analytical
uncertainty and methods are described in Popp et al. (2002)

Summary of "N and §'80 values of N, O in the atmosphere

Location Depth 8N (%0) +1SD 880 (%) +1SD n
range (m) Vs air vs SMOW
42°S,142°E 0-800 8.2 0.8 44.6 08 15
1000-4000 9.1 0.8 48.8 15 5
47°S,142°E 0-800 8.1 1.0 442 13 25
1000-3500 8.6 1.2 46.3 23 5
51°S,143°E 0-800 8.5 1.5 454 1.4 10
1000-1500 8.9 0.2 47.6 05 2
54°S,142°E 0-800 8.5 1.5 453 14 9
1000-2825 8.9 0.5 48.6 04 5
All stations Atmospheric 7.3 0.8 435 05 6

and the fact that the values are close to equilibrium with atmo-
spheric N,O in the Sub-Antarctic Zone of the Southern Ocean.

3.5. Discussion

At present, the strongest conclusion we can draw from the
ATM exercises and our review of observational evidence is that
ApN,O cannot be treated as an annual constant in the South-
ern Ocean. Rather, it is a quantity that varies strongly with
season, with enhancements in summer due to thermal effects
and larger enhancements in late winter due to entrainment of
N,O-enriched deep water into the mixed layer. Since ApN,O
observations have been made predominantly during months of
enhancement (Fig. 7), the global annual composite ApN,O ynyal
of Nevison et al. (1995, 2004b) most likely overestimates the
true annual mean surface N,O anomaly. This overestimate may
explain much of the apparent discrepancy in the latitudinal dis-
tributions of Fyy; versus estimates of N, O production based on
subsurface data (Fig. 1).

Our conclusions about the magnitude of the Southern Ocean
source are more tentative, due in part to uncertainty associated
with the thermal and stratospheric corrections to atmospheric
N,O data. In addition, our analysis is not well suited to infer-
ring absolute source magnitudes, since we have subtracted abso-
lute mean atmospheric mixing ratios to focus on small residual
seasonal cycles. However, we suggest, based on comparison of
the ATM Fy run to the observed ventilation signal NyOyeq
(Fig. 5), that the available evidence is consistent with a Southern
Ocean N, O source of ~0.9 Tg N yr~!. Improved understanding
of the thermal and stratospheric corrections and comparison of
ATM results with atmospheric data across spatial gradients can
help place firmer constraints on this source.

4. Atmospheric O, /N, cycle

The seasonal cycle in atmospheric O,/N, data at Cape Grim
was derived from the best harmonic + polynomial fit to 10 yr
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Fig. 8. Seasonal cycle in atmospheric §(O2/N3) at Cape Grim, as
described by eq. (6) in the text. Black squares are §(O2/N2)obs. Red
triangles are 6(O2/N2)werm. Magenta sideways triangles are
8(02/N2)jand. The signal due to ventilation of O,-depleted deep water
8(02/N2)vent (blue circles) is inferred from Ny Oyen¢ in Fig. 3 (with
thermal and stratospheric corrections). The signal due to production of
O3 in the euphotic surface layer §(02/N2)proq is inferred as a residual
(green stars).

of monthly mean observations using a methodology similar to
our treatment of the atmospheric N,O and CFC data (Keeling
and Shertz, 1992; Keeling et al., 1996, 1998). The small secular
decline in O,/N; due to fossil fuel combustion was removed
by subtracting the polynomial component of the fit. The atmo-
spheric O, /N, ratio, like the Ar/N, ratio, is measured in per
meg units. The O, /N, seasonal cycle is corrected for thermal
effects in a similar manner to N,O, except that the conversion
from per meg units is no longer needed (Fig. 8):

ST,OZ - ST,N2

8(02/N2)tperm = 8(Ar/Ny). (&)

St,Ar — ST N2
As for N,O, we can decompose the observed seasonal cycle in
atmospheric O, into the sum of oceanic biological and thermal
components and terrestrial components:

S(OZ/NZ)obs = 8(02/N2)venl + 8(02/N2)prod
+ 5(02/N2)lherm + 5(02/N2)land- (6)

Although some O, is photolysed in the stratosphere to main-
tain a dynamic concentration of ozone (O3), this O, loss is too
small to be significant relative to the surface source/sink terms
for O,. Furthermore, the very long atmospheric lifetime of O,
suggests that any additional remote influences are negligible rel-
ative to regional influences. Hence, we neglect any stratospheric
or remote correction term. The land influence can be estimated
as 1.1/0.2095 CO,, where CO, is the detrended decadal mean
seasonal cycle in atmospheric CO, in ppm, 0.2095 is a conver-
sion from ppm to per meg units, and 1.1 is the assumed approx-
imate ratio of — dO,:dCO, due to terrestrial photosynthesis and
respiration (Stephens et al., 1998; Lueker et al., 2003). Using
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Fig. 9. AN,O versus apparent oxygen utilization (AOU) for data from
the Sub-Antarctic Zone (SAZ) Project. Data were collected in
February—March, 1998 in the Southern Ocean south of Australia at five
stations from 42°-51°S, ~142°E using the methodology described in
Popp et al. (2002). The correlation slope for all data between potential
density surfaces oy = 26.5-27.1 is 50 & 10 nmol N,O/umol AOU.

NOAA CO,; data (www.cmdl.noaa.gov/ccgg), we find that the
land term (magenta curve in Fig. 8) is small at the mainly oceanic
Cape Grim station, and tends to reduce §(O,/N3)qps by 10% or
less.

The crux of our analysis rests on using the inferred ventilation
cycle in atmospheric N, O to estimate the corresponding biolog-
ical ventilation signal in atmospheric O, /Ny, i.e. §(O2/N2)yent.
Using Sub-Antarctic Zone concentration data (from 42°S to
54°S along ~142°E), we estimate a AN,O/AOU correlation of
—50 % 10 wmol mol~! for the subsurface waters in the region
around Cape Grim (Fig. 9). NOAA data from the eastern Pa-
cific and Atlantic sectors of the Southern Ocean yield a similar
AN,O/AOU correlation slope (Nevison et al., 2003). Assuming
the AN,O/AQOU ratio is reflected in atmospheric variations in
N,O and O, /N, when subsurface waters are ventilated, we cal-
culate 6(02/N3)yen by dividing AN,0O/AOU into N,O,e, and
converting to per meg units. The result is the seasonal cycle
in atmospheric O, /N, due to ventilation of subsurface waters
depleted in O, by microbial respiration (Fig. 8). §(O3/N3)yent
reaches its minimum in spring, again, as for N,O, representing
the cumulative effect on the atmosphere of oceanic ventilation
that peaks in late winter.

4.1. Surface production signal

In contrast to N, O, there are two biological components of the
0,/N, cycle with respect to air—sea gas exchange. We have
estimated the first of these, §(O2/N3)yent, from N, O data. In ad-
dition, we have calculated (O /N3)erm from Ar/N, data and
calculated §(O,/N3)iang from CO, data. As a result, the second

biological component §(0/N3)proq is the only remaining term in
€q. (6) and can be inferred as a residual. §(02/N3) o TEPresents
the component of the seasonal cycle in atmospheric O, /N, due
to net community production (NCP) in surface waters. (NCP
is the gross production of O, by photosynthesizers minus the
fraction that is quickly reconsumed by respiration in the mixed
layer.) The inferred cycle in §(O3/N3)proq is maximum in sum-
mer, with a springtime rise that overlaps significantly with the
minimum in §(O,/N3)yen. The overlap between §(O3/N3)proa
and 8(O,/Nj)ven Suggests that the competition between these
terms should be considered in efforts to estimate oceanic biolog-
ical production using atmospheric O, /N, variations.

A comparison of our inferred 8(O3/Nj)proq Cycle with the
seasonal cycle in primary production, inferred in a completely
independent manner from Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS) chlorophyll data, reveals a number of similar-
ities (Fig. 10). The SeaWiFS data were converted to g C m?
day~! using the algorithm of Behrenfeld and Falkowski (1997)
as described in Moore and Abbott (2000). The comparison of
8(02/N2)proa and SeaWiFS data must be qualified with several
remarks. First, the §(O,/N;)pr0a cycle represents the seasonal
component of the production signal, after subtracting the annual
mean. Thus, the zero crossing in §(05 /N3)proq does not necessar-
ily reflect a time of zero production. Second, SeaWiFS results re-
flect total primary production, much of which is quickly respired
in the mixed layer with no effect on atmospheric O, (Keeling
etal., 1993). SeaWiFS production can be converted to NCP using
assumed f ratios (NCP/total primary production). However, the
estimated f ratios in the mid-latitude Southern Ocean are uncer-
tain, ranging from 0.3-0.57, with largest values likely in spring
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Fig. 10. The component of the seasonal cycle in atmospheric O, due
to surface production §(02/N2)prod, calculated without the
stratospheric correction to N,O data (open circles), calculated with the
F11-based stratospheric (crosses), and calculated with the F12-based
correction (stars). Shown for comparison is monthly primary
production integrated from 40°—60°S derived from SeaWiFS
chlorophyll data (Moore and Abbott, 2000) (squares). See text for
discussion of caveats associated with this comparison.
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(Bender et al., 1996; Balkanski et al., 1999; Moore and Abbott,
2000).

A third and perhaps most important caveat is that the SeaWiFS
data reflect surface production directly at the time of measure-
ment, whereas §(03/N;) o4 reflects the cumulative effect on the
atmosphere of air—sea O, fluxes associated with NCP. Based on
our ATM results with air—sea N, O fluxes, we predict a delay of 1—
2 months between the SeaWiFS maximum and the 6(O3/N3)proa
maximum. Consistent with this prediction, the SeaWiFS primary
production curve begins rising in August to a maximum in De-
cember, whereas the §(0, /N3 )04 Cycle begins rising in October
to a maximum in January. While these differences could reflect
a realistic time delay in the outgassing of O,-enriched produc-
tive surface waters and the integrated impact on the atmosphere,
we must also acknowledge the uncertainties in §(O,/N3)proq that
carry over from the uncertainties in the thermal and, in partic-
ular, the stratospheric corrections to the Cape Grim N,O data.
Without the stratospheric correction, the inferred §(0/N2)prod
cycle begins its seasonal rise around September and is maxi-
mum in December. However, the uncorrected cycle displays an
obviously erroneous minimum in April-May with an inexplica-
ble steep rise in mid-winter from May to July (Fig. 10). Thus,
the decomposition of the O,/N, cycle presented here tends to
support a stratospheric or remote influence on the N,O seasonal
cycle.

5. Conclusions

The atmospheric cycles of N,O and O, observed at Cape Grim,
Tasmania are consistent with the seasonal ventilation of N,O-
enriched/O,-depleted deep water from the Southern Ocean. The
observed atmospheric N, O cycle appears to be the sum of several
terms, all of roughly the same magnitude but different phasing,
which include biological ventilation, thermal in- and outgassing,
and a stratospheric or remote influence, which as yet is not well
understood. The N, O biological ventilation flux predicted by an
ocean carbon model has a strong seasonal maximum in late win-
ter due to entrainment of microbially enriched deep water. The
ocean carbon model flux reproduces the phase and amplitude
of the inferred ventilation signal in atmospheric N,O in forward
ATM runs, and comparison of ATM results and atmospheric data
suggests a Southern Ocean (30°-90°S) source of about 0.9 Tg
N,O-N yr*'. However, these conclusions are based on a ventila-
tion signal in atmospheric N,O that is calculated as the residual
of the observed seasonal cycle and two uncertain corrections due
to thermal and stratospheric influences.

While more work is needed to better understand and quantity
the thermal and stratospheric corrections, the results presented
here suggest that atmospheric N,O data in combination with
subsurface AN,O/AOU ratios can be used to separate atmo-
spheric O, signals due to oceanic ventilation and surface pro-
duction. Our study marks the first observationally based effort
to separate these two signals and demonstrates the potential for
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using N,O data to provide insight into the oceanic O, cycle.
Conversely, the reasonable agreement between the inferred O,
surface production signal and the seasonal cycle in SeaWiFS pri-
mary production provides support for our interpretation of the
Cape Grim N, O data as a signal of Southern Ocean ventilation.
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