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Abstract. The eastern tropical Pacific (ETP) is believed to
be one of the largest marine sources of the greenhouse gas
nitrous oxide (N2O). Future N2O emissions from the ETP
are highly uncertain because oxygen minimum zones are ex-
pected to expand, affecting both regional production and con-
sumption of N2O. Here we assess three primary uncertain-
ties in how N2O may respond to changing O2 levels: (1)
the relationship between N2O production and O2 (is it lin-
ear or exponential at low O2 concentrations?), (2) the cutoff
point at which net N2O production switches to net N2O con-
sumption (uncertainties in this parameterisation can lead to
differences in model ETP N2O concentrations of more than
20 %), and (3) the rate of net N2O consumption at low O2.
Based on the MEMENTO database, which is the largest N2O
dataset currently available, we find that N2O production in
the ETP increases linearly rather than exponentially with de-
creasing O2. Additionally, net N2O consumption switches
to net N2O production at∼ 10 µM O2, a value in line with
recent studies that suggest consumption occurs on a larger
scale than previously thought. N2O consumption is on the or-
der of 0.01–1 mmol N2O m−3 yr−1 in the Peru-Chile Under-
current. Based on these findings, it appears that recent studies
substantially overestimated N2O production in the ETP. In
light of expected deoxygenation and the higher than previ-
ously expected point at which net N2O production switches
to consumption, there is enough uncertainty in future N2O
production that even the sign of future changes is still un-
clear.

1 Introduction

The greenhouse gas nitrous oxide (N2O) is produced and
consumed in low oxygen regions of the ocean such as the
eastern tropical Pacific (ETP) (Naqvi et al., 2010). Because
oxygen minimum zones are expected to expand under on-
going global warming (Stramma et al., 2008; Deutsch et
al., 2011), future regional N2O emissions from the ETP are
likely to change, perhaps even drastically (Codispoti, 2010).
However, the factors that control marine N2O production and
consumption respond nonlinearly to environmental changes
and are not yet well understood (e.g., Bange et al., 2010).
Therefore, the magnitude, and even sign, of the N2O re-
sponse to ocean deoxygenation is highly uncertain.

In a simplified view, N2O concentrations within the ETP
may be viewed as determined by three main factors: N2O
production rates, N2O consumption rates at low O2, and the
O2 value at which net N2O production switches to net N2O
consumption. Currently, all of these factors have large as-
sociated uncertainties. For example, laboratory studies are
at odds on whether N2O production from bacterial nitrifica-
tion increases exponentially or linearly with decreasing O2
at low O2 (Goreau et al., 1980; Frame and Casciotti, 2010).
An exponential vs. linear parameterisation can make a large
difference in a model of marine N2O production. N2O con-
sumption rates are even less certain than N2O production
rates; laboratory and in situ data differ by more than three
orders of magnitude (e.g., Castro-González and Farı́as, 2004;
Codispoti and Christensen, 1985). It is also not clear whether
there is a single O2 value that is representative of the point
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at which net N2O production switches to N2O consumption.
Current estimates for this value within the ETP range from
1–20 µM O2 (e.g., Faŕıas et al., 2009; Suntharalingam et al.,
2000).

The processes that contribute to N2O concentrations in the
ocean are complex and O2-dependent. In aerobic environ-
ments, N2O is primarily formed through nitrification (both
via the ammonia oxidation and nitrite oxidation/nitrifier-
denitrification steps) (Bange, 2008). In suboxic conditions,
N2O can also be formed early in the denitrification pro-
cess during nitrite reduction (NO−3 → NO−

2 → NO → N2O)
(Ward, 2008). However, during the last step of denitrification
(N2O→ N2), N2O is consumed. Whether net N2O is pro-
duced or consumed during denitrification depends on several
factors. Oxygen concentrations play a large role, as denitri-
fiers generally produce net N2O at the high end of their O2
range (Payne et al., 1971; Knowles et al., 1981) and con-
sume N2O in stably suboxic to anoxic environments. At com-
plete anoxia, i.e., O2 = 0 µM, denitrification does not occur
at all (Bange et al., 2010). Additionally, the composition of
the microbial community present plays a major role, particu-
larly because more denitrifying microbes have the enzymatic
apparatus to reduce NO−3 → NO−

2 than N2O→ N2 (Zumft,
1997).

Currently, the O2 concentrations that determine which of
these various processes are dominant are not clearly defined.
Although nitrification is generally dominant in aerobic con-
ditions and denitrification is generally dominant in suboxic
conditions, studies indicate that these processes can co-occur
within a large O2 concentration range. Ammonia-oxidizers
can flourish at low O2concentrations (Carlucci and McNally,
1969; Goreau et al., 1980), and aerobic ammonia oxidation
can even be active at O2 concentrations∼ 2µM (Kalvelage
et al., 2011). Conversely, denitrification has been reported
within the anaerobic interiors of marine snow in waters with
O2 concentrations up to 20 µM (Alldredge and Cohen, 1987;
Yoshida et al., 1989). In the Peruvian OMZ, recent results in-
dicate that anaerobic NO−3 reduction might be partially active
at O2 levels even higher than this (Kalvelage et al., 2011). As
previously mentioned, laboratory studies indicate that N2O
production by ammonia-oxidizing bacteria and heterotrophic
denitrifying bacteria increases nonlinearly at low O2 (Payne
et al., 1971; Goreau et al., 1980; Knowles et al., 1981).

As the many processes contributing to N2O concentra-
tions are highly complex, it is problematic that much of the
data available on N2O production and consumption rates are
based on simplified laboratory studies, which only assess
specific organisms and conditions that are not necessarily
representative of the open ocean.Archaea, for example, were
only recently recognised as major contributors to nitrification
(e.g., Beman et al., 2012) and marine N2O production (San-
toro et al., 2011; L̈oscher et al., 2012). Information on their
N2O production rates is still very limited. N2O production
rates from anammox (Kartal et al., 2007) and nitrifier den-

itrification (e.g., Charpentier et al., 2007) are also not well
constrained.

The MEMENTO database, which is the largest and most
recent collection of 100+ cruises in which N2O data were
sampled (Bange et al., 2009), provides the unique opportu-
nity to re-evaluate net marine in situ N2O production and
consumption rates, thus complementing laboratory studies.
Here we quantitatively investigate the dynamics of marine
N2O in the eastern tropical Pacific, one of the ocean’s largest
suboxic zones. Our goal is to provide a set of guidelines
for ocean N2O models of the ETP. We estimate subsurface
N2O production rates at low O2 concentrations in order to
determine whether rates increase exponentially as previously
predicted. We also examine in situ N2O consumption rates
in the ETP and estimate the O2 concentration at which net
N2O production switches to net N2O consumption. Finally,
we test the sensitivity of N2O distributions simulated by a
global ocean model to uncertainties in these values. By geo-
chemically evaluating the dynamics of net N2O production
and consumption, we constrain some of the uncertainties de-
rived from the complex dynamics of individual microbial
processes in the ocean.

2 Methods

2.1 MEMENTO observations

N2O observations were obtained from a preliminary version
of the MEMENTO database (version as of September 2011,
see Fig. 2) currently in development (Bange et al., 2009).
The version of the Pacific MEMENTO database used here in-
cludes 10 subsurface datasets gathered between 1976–2009
(station locations are shown in Fig. 2). Most of these N2O
datasets have been comprehensively described previously
(Cohen and Gordon, 1978; Pierotti and Rasmussen, 1980;
Friederich et al., 1992; Dore and Karl, 1996; Dore et al.,
1998; Popp et al., 2002; Nevison et al., 2003; Charpentier et
al., 2007; Faŕıas et al., 2007; Ryabenko et al., 2012), with the
exception of two cruises in the ETP (Kock and Löscher, un-
published data; Bange, unpublished data). N2O values for all
cruises were obtained by gas chromatography coupled with
electron capture detectors. Precision for N2O measurements
for all datasets was< 3.4 %. For most datasets, O2 was de-
termined by modified Winkler method (the exception being
that of Charpentier et al. (2007), where O2 was determined
by CTD measurements calibrated with the Winkler method).
Measurements of NO−2 , NO−

3 and PO3−

4 were determined
spectrophotometrically. Note that only 5 of the 11 datasets
used in this study include NO−2 measurements (see Fig. 7).

Salinity/temperature were obtained from CTD casts, with
the exception of Pierotti and Rasmussen (1980) where tem-
perature was measured by expendable bathythermograph and
salinity was not measured. For this cruise, salinity was inter-
polated from the nearest World Ocean Atlas 2009 data (and
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was used only to calculate the N2Oeqvalue and apparent oxy-
gen utilisation of the water mass as presented in Sect. 2.2).
Because the data from which the WOA 2009 salinity data
were gathered were not sampled in exactly the same loca-
tions or times as the Pierotti and Rasmussen (1980) data, this
generates some very minor uncertainty in our interpretation
of N2Oxs/AOU ratios and N2OPR values. Even assuming a
major salinity difference of one salinity unit, this uncertainty
is expected to be< 1 % of the values of the ratio and rate,
respectively.

We additionally instituted quality control measures to en-
sure that the data entered into the MEMENTO dataset were
entered correctly. This included checking whether N2O con-
centrations and other seawater components/properties were
consistent with expected values from surrounding cruises
and checking whether surface values were consistent with
atmospheric N2O concentrations expected for the year of
sampling (to check for calibration issues). Data with qual-
ity flags were not included in the analysis. Although the
data presented here represent a preliminary version of the
MEMENTO database (which is still in development), these
data used in this paper can be requested from H. Bange
(hbange@geomar.de).

2.2 Calculating N2O production rates

In order to correctly estimate N2O production rates, it is im-
portant to distinguish the relative fractions of N2O formed
by in situ (i.e., biological) processes and N2O originating
from air-sea gas exchange (from when the water mass was
in contact with the atmosphere), which itself has displayed
increasing N2O concentrations since preindustrial times. In
the past, salinity- and temperature-based solubility calcula-
tions were typically used: the excess N2O remaining after ac-
counting for air-sea gas exchange (i.e., the “biotic” N2O frac-
tion) was labelled1N2O (e.g., Yoshinari, 1976). Recently,
water mass age estimates have been incorporated in abiotic
N2O calculations in order to address both water mass mixing
and increasing atmospheric N2O concentrations over the past
150 yr (Freing et al., 2009).

Here, we account for historic increases in atmospheric
N2O using the transit time distribution (TTD) method de-
scribed in Freing et al. (2009) and Waugh et al. (2003) (see
the Appendix for a more detailed description of the TTD
method as applied here). Similarly to Waugh et al. (2003),
we assume that a water parcel is a mixture of water with var-
ious ages, and that the density distribution of these ages can
be described using an Inverse Gaussian distribution of the
form:

G(t) =

√
03

π412t3
exp

(
−0(t − 0)2

412t

)
(1)

wheret is time since ventilation at the ocean surface and0

(mean age) and1 (width) are the first and second moments
of the distribution.

As in Freing et al. (2009), we estimate N2Oeq (the N2O
concentration derived from equilibrium with atmospheric
N2O when the water was last in contact with the atmosphere)
as follows:

[N2O]
TTD
eq (t) =

∞∫
0

HT ,SXN2O(t − t ′)G(t ′)dt ′, (2)

whereHT ,S is solubility (Weiss and Price, 1980) andXN2O
is the atmospheric dry mole fraction of N2O at the estimated
time of ventilation. For water masses ventilated before 1750,
we assumed that theXN2O concentration was 270 ppb (Den-
man et al., 2007). After 1750, atmospheric N2O dry mole
fractions were assumed to increase according to Holland et
al. (2005).

The TTD method cannot be tested with in situ observa-
tions since it is impossible to know the actual N2Oeq val-
ues with certainty. Therefore, we tested the validity of the
TTD method by comparing modelled N2Oeq with estimated
N2Oeq. Modelled N2Oeqwas obtained from our UVic-ESCM
model by turning biological N2O consumption and produc-
tion off, so that the only factor affecting modelled N2O
concentrations was air-sea gas exchange, atmospheric N2O,
and physiochemical properties of the water affecting this ex-
change (salinity, temperature, etc.). We then compared mod-
elled N2Oeq with estimated N2Oeq, whereby atmospheric
N2O was estimated by three methods: (1) the current model
year (which would correspond to sample date if this method
were used for observational data, as in Elkins et al. (1978),
(2) atmospheric N2O as estimated by modelled pCFC-12 age
(which was calculated by matching observed pCFC-12 con-
centrations to the historic pCFC-12 concentration that would
arise given the salinity and temperature of that water mass
using solubility calculations from Warner and Weiss, 1985),
and (3) the TTD age based on modelled pCFC-12 ages. This
test was done for the year 2000 of the UVic-ESCM simula-
tion (described in Sect. 2.1).

Results, shown in Fig. 1, indicate that the TTD method
works well in the modelled ETP, with only a 3 % error be-
tween the model actual and model TTD estimated N2Oeq
values, providing a modest improvement in the estimation
of the biotic N2O component in comparison to methods used
previously, even when a conservative1/0 ratio of 1 is used
(Fig. 1). For more information on1/0 ratios relevant to this
region, see the Appendix.

Once N2Oeq values were calculated, the “biotic” N2O por-
tion of the total N2O signal (N2Oxs) was calculated as the
difference between in situ N2O concentrations and N2Oeq
(Freing et al., 2009):

N2Oxs = N2Oin situ− N2Oeq (3)

The TTD method also enables the calculation of water
mass mean ages, thereby allowing a more accurate estimate
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Fig. 1. The relationship between explicit model N2Oeq values and
N2Oeq estimated from (1) the sampling date atmospheric N2O val-
ues (in this case historical atmospheric N2O variations are not ac-
counted for) (gray crosses,R2

= 0.42), (2) CFC-12 ages (black tri-
angles,R2

= 0.85), and (3) mean ages derived from the transit time
distribution (TTD) method conservatively assuming “high” mixing
(a 1/0 ratio of 1) at each site (orange circles,R2

= 0.96). TheR2

values indicate how well each dataset describes the 1: 1 line shown
above (blue dashed line) using the sum of squares method. Data
were obtained from the region between 10◦ N–23.5◦ S, 200–290◦ E,
and within the 26.25–26.75σθ density layer.

of the N2O production rate (N2OPR):

N2OPR=
N2Oxs

0
(4)

where0 is the TTD calculated mean age of the water sample
and N2OPR is the average production rate the water parcel
has experienced since the last contact with the atmosphere
(as opposed to the instantaneous rate).

In order to base our analysis on reliable data, we excluded
some samples using the criteria discussed below. First, be-
cause gas exchange with the atmosphere and temperature-
driven solubility changes create large uncertainties in the rel-
ative portion of N2O with abiotic (N2Oeq) and biotic (N2Oxs)
origins, all values from the upper 150 m were excluded. Sec-
ond, we excluded all data with TTD mean age of≤ 15 yr,
since the oldest TTD mean age for which a negative N2Oxs
value was found was at 15 yr, indicating that samples with
ages younger than 15 yr still had N2Oxs values that were too
low to reliably distinguish from N2Oeq values. Excluding the
samples with TTD ages< 15 yr effectively also eliminated
all samples with AOU values of< 18 µM and O2 saturations
of > 95 %, thus also excluding data where N2Oxs/AOU ra-
tios (used in Sect. 3.1) would have been highly skewed by
low AOU values in the denominator. Note: in a similar anal-

Fig. 2. Locations of Pacific sub-surface profiles contained in the
MEMENTO dataset and used in this study.

ysis that did not apply TTD methods, Nevison et al. (2003)
dealt with this problem by excluding all data where AOU
was< 50 µM. Third, to ensure data quality for the TTD de-
terminations, we also removed all data with quality flags and
samples with CFC-12 concentrations below 0.01 pM (a typi-
cal detection limit for CFC-12), and when relevant, with tri-
tium values below 0.08 TU. Because we only examined wa-
ters with detectable CFC-12 values, most of the data used
here were located in the 150–2000 m depth range. This depth
range includes the region containing highest N2O values
(Fig. 3).

For the analysis of N2O production rates presented in
Sect. 3.1, we separated the data into two bins: one where
O2 was> 10 µM and another where O2 was< 10 µM. The
former was used for analysis of the N2O production rate
and the latter for N2O consumption rate. A concentration
of 10 µM O2 is the highest oxygen value where we believe
N2O consumption could begin (see Sect. 3.2). Based on re-
cent data presented by Cornejo and Farı́as (2012), a cutoff
point of 10 µM O2 is a slightly conservative value (their data
indicate that N2O consumption in the ETSP starts at 8 µM
O2). Because mixing may spread the signal of waters af-
fected by N2O consumption into nearby waters, we addi-
tionally excluded all samples where nitrite (NO−

2 ) concen-
trations were> 0.1 (i.e., above detection limits). Nitrite is an
intermediate of denitrification, among other processes, and
it is an indicator of likely N2O consumption (Cornejo and
Faŕıas, 2012) in the region below the upper (primary) NO−

2
maximum (∼ 150 m) (Cline and Richards, 1972; Cohen and
Gordon, 1978). As we excluded samples in the upper 150 m,
there is minimal impact of the upper NO−

2 maximum on our
analysis.

Biogeosciences, 9, 5007–5022, 2012 www.biogeosciences.net/9/5007/2012/
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Fig. 3. Section of N2O (nM) concentrations from the RITS89 cruise. In the tropical and subtropical Eastern Pacific, the bulk of N2O is
located in the upper 800 m. The white line indicates 150 m depth (above which data were excluded for reasons discussed in the text).

2.3 Calculating N2O consumption rates

The N2O consumption rate is calculated using Eq. (5) based
on the method used by Codispoti and Christensen (1985):

N2O consumption rate(mmol N2O m−3yr−1)

=
loss of N2O (mmol m−3)

residence time (yr)
(5)

To estimate net N2O consumption rates while minimising
the effects of local variability, we examined a region over
∼ 100 000 km2 from ∼ 6◦ S to 16◦ S and between the 26.3
and 26.5σθ density layer (Fig. 4c). This region, which is
located along the Peru-Chile undercurrent (PCUC), was se-
lected because altimeter (Strub et al., 1995; Pizarro et al.,
2002) and current-meter data (Shaffer et al., 1995; Czeschel
et al., 2011) indicate a predominantly unidirectional flow
along the coast, allowing a comparison in water mass chemi-
cal changes along the direction of water mass flow. Addition-
ally, denitrification-driven N2O consumption is likely occur-
ring in this region based on decreases in N2O and N∗ con-
centrations (N∗ is the deviation in inorganic nutrients from
Redfield ratios, or (NO−3 +NO−

2 ) − 16× PO3−

4 ), an increase
in NO−

2 concentrations and uniformly low oxygen concen-
trations (< 10 µM) (Fig. 4). Samples from this region were
collected in February 1985 (Friederich et al., 1992) and in
February 2009 (Kock and L̈oscher, unpublished data). N2O
loss is calculated based on the reduction in N2O concentra-
tions along the direction of water mass flow (Fig. 4c) and

water residence time is calculated based on timescale of wa-
ter mass flow from model flow velocities (see Sect. 3.2).

For the model sensitivity analyses, we used the Univer-
sity of Victoria Earth System Climate Model (UVic-ESCM)
version 2.9 as modified by Keller et al. (2012). The res-
olution of this model is 3.6◦ longitude by 1.8◦ latitude
with 19 vertical levels. Historic atmospheric N2O concen-
trations up to the year 2008 were obtained from Holland et
al. (2005). Marine N2O production rate per O2 molecule con-
sumed (nmol µmol−1) was parameterised as a linear func-
tion of O2 concentration: 1.69× 10−4

− 4.8× 10−7
× O2

(mol m−3). If O2 concentrations fell below a threshold value
of 10 µmol, N2O consumption began (either at 0.01, 0.1,
and 1 mmol m−3 yr−1, see Sect. 3.2). To measure sensitiv-
ity to the threshold value at which net N2O production
switches to net N2O consumption, values of 1, 4, 10, and
15 µM O2 were also tested (see Sect. 3.3). For these sensi-
tivity analyses, N2O consumption rate was assumed to be
0.1 mmol N2O m−3 yr−1. N2O production and consumption
were assumed to be independent of temperature or depth.
See Sects. 3.1–3.4 for details on why these parameterisations
were selected and Appendix B for further model description.

For improved accuracy of current velocities in the Peru-
Chile Undercurrent (Sect. 3.3), we used a higher resolu-
tion version of the global ocean model (the Geophysical
Fluid Dynamics Laboratory Modular Ocean Model 4, or
MOM4) (Zamora et al., 2010). The MOM4 model was only
used to calculate velocity fields; the sensitivity analyses and
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Fig. 4.Concentrations of NO−2 , O2, N2O, and N* in the Peru-Chile
Undercurrent (PCUC) in February 1985 (black) and February 2009
(red) between 26.3–26.5σθ . Black and red lines are the least squares
line for 1985 and 2009 data, respectively. The insert shows the sta-
tion locations and the direction of flow for the PCUC.

derivation of biogeochemical distributions (e.g., N2O, O2)
were derived separately and solely from the UVic-ESCM dis-
cussed previously. This version of the MOM4 model had a 1◦

longitude by 1◦ latitude resolution with 50 vertical layers.

3 Results and discussion

3.1 Subsurface N2O production rates

The MEMENTO data show a slight linear increase in the
N2Oxs/AOU ratio (Fig. 5) with decreasing oxygen (note
that expected spurious relationships between N2Oxs/AOU
and O2, plotted in Fig. 5, have been ruled out as the
cause for the observed pattern). Based on Fig. 5, for O2
levels above 10 µM, observed subsurface N2Oxs/AOU ra-
tios (in nmol N2O/µmol O2) can be described by a lin-
ear relationship equaling 0.169− 0.000243× O2 (µM), with
a median ratio of 0.131. Observed N2Oxs results from
the average N2O production as the water mass transi-
tioned from saturated O2 to observed O2. Therefore, the
relationship between N2O production and O2 consumption
corresponds to the relationship between observed N2Oxs
and the mean AOU during this transition. In this case
the relationship is linear, and so mean AOU is equal
to (AOUobserved+ AOUinitial)/2= (AOU + 0)/2= 0.5 AOU.
Thus, N2O production derived from N2Oxs/AOU ratios
is best described by a slope of two times the observed
slope with respect to O2 (in this case, 0.000486 nmol
N2O/µmol O2). It is important to note that while this rela-
tionship holds within the conditions that the data cover, we
cannot extrapolate this relationship to other conditions (i.e.,
temperature, O2, etc.) not included in this dataset.

In contrast to our findings, laboratory experiments con-
ducted by Goreau et al. (1980) previously indicated that the
yield of N2O from bacterial nitrification has a strong ex-
ponential increase with decreasing O2, causing some later
studies to parameterise N2O production as exponentially
related to O2 concentrations (Suntharalingam et al., 2000,
2012; Nevison et al., 2003). However, more recent labo-
ratory work indicates that bacterial nitrification N2O pro-
duction rates only exhibit exponential behaviour under con-
ditions rarely observed in the real ocean (i.e., cell densi-
ties> 106 cells ml−1 and< 0.5 % O2 saturations; Frame and
Casciotti, 2010).ArchaealN2O production rates also appear
to increase as O2 decreases (L̈oscher et al., 2012), although
thearchaealN2O production at very low O2 (< 50 µM) has
not been described to our knowledge. As an exponential
vs. linear N2O production parameterisation would be ex-
pected to produce large differences in model N2O concentra-
tions, N2O production at low O2 concentrations has to date
been a large uncertainty in models, especially near oxygen
minimum zones.

Nevison et al. (2003), who examined the relationship be-
tween 1N2O/AOU ratios and O2 concentrations using a

Biogeosciences, 9, 5007–5022, 2012 www.biogeosciences.net/9/5007/2012/
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Fig. 5. N2Oxs/AOU ratios vs. O2 concentrations for MEMENTO
profiles shown in Fig. 2. The thick, solid blue line is a spline (cubic
smoothing) of the best fit for the data, with individual data shown in
red. The dashed blue line indicates the expected cumulative produc-
tion rate if production were to follow the Goreau et al. (1980) data
as parameterised in Nevison et al. (2003), their Eq. (6). Thin black
lines are the spurious relationship (cubic smoothing splines for the
median and 95 % confidence interval) that would be expected if the
data were randomised. As spurious correlations have the opposite
signal as the data, the relationship between N2Oxs/AOU vs. O2 ob-
served is non-random.

dataset similar to the MEMENTO dataset, obtained similar
distributions to that shown in Fig. 5. Thus, the use of1N2O
in Nevison et al. (2003) and our use of N2Oxs as approxi-
mations for biotic N2O did not appear to cause large differ-
ences in trends in biotic N2O/AOU ratios. Although Nevison
et al. (2003) suggested that models use an exponential pa-
rameterisation based on the Goreau et al. (1980) laboratory
study, their data also showed no clear evidence for a strongly
nonlinear exponential relationship between net N2O produc-
tion and O2 concentrations, even in the O2 ranges where
N2O exponential increases would be expected according to
the Goreau et al. (1980) data.

For comparison in Fig. 5, we plot the expected exponen-
tial relationship between N2Oxs/AOU ratio and O2 based on
Goreau et al. (1980) as defined in Eq. (6) of Nevison et
al. (2003). Nevison et al. (2003) hypothesised that the lack of
observed in situ exponential behaviour might have been due
to mixing with N2O-depleted waters from OMZs, a hypoth-
esis that is supported by modelling work by Jin and Gruber
(2003), who were able to reproduce observed N2O vs. O2
concentrations in the ETP using a model that included an
exponential function at low O2 levels. In addition to mix-
ing, it is also possible that the lack of observed exponential
behaviour could be explained by a smaller than previously
expected volume of water in which conditions exist where
exponential behaviour would be observable (as the data of
Frame and Casciotti, 2010, seem to suggest). It is also worth-
while to emphasise that the Goreau et al. (1980) study was

limited to bacterial nitrification. Therefore, it is possible that
N2O production from other sources, such as denitrification
(e.g., Faŕıas et al., 2009) orarchaealnitrification, is larger
than previously thought and that these sources do not expo-
nentially increase as O2 declines (although laboratory data
do suggest some sort of increase in yields of N2O at low O2
levels from these processes; Payne et al., 1971; Knowles et
al., 1981; L̈oscher et al., 2012). Independent of mechanism,
it appears that the best description of net N2O production in
the ETP is a linear or nearly linear function of decreasing
O2 (as opposed to the severely nonlinear exponential func-
tion suggested by the Goreau et al. (1980) laboratory study).
Note, however, that substantial uncertainties exist for the role
particularly of mixing in determining the observations shown
in Fig. 5.

Note that there is relatively high variability in the
N2Oxs/AOU ratios shown in Fig. 5. The MEMENTO median
ratio of 0.131 nmol N2Oxs/µmol AOU falls within the range
of other studies in the eastern Pacific (0.08–0.22) based on
linear slope calculations (Elkins et al., 1978; Cohen and Gor-
don, 1979; Cline et al., 1987; Butler et al., 1989; Nevison et
al., 2003; Faŕıas et al., 2007; Ryabenko et al., 2012). It is pos-
sible that some of the relatively high variability in N2O pro-
duced per O2 molecule consumed observed in Fig. 5 is due
to mixing of water masses (Jin and Gruber, 2003), the vari-
able abundance of bacterial andarchaealnitrifiers (Beman
et al., 2012), or composition and availability of organic mat-
ter (Nevison et al., 2003). Also note that although we proxy
N2O production via the N2Oxs/AOU ratio, in reality the pro-
duction would ideally be described by the relationship be-
tween N2O production and NH+4 and NO−

3 loss, because the
N2Oxs/AOU ratio masks changes in the relative contribution
of nitrification and denitrification at a given oxygen concen-
tration. Different relative contributions of these multiple pro-
cesses may contribute to the scatter shown in Fig. 5 as well.
Note, however, that the MEMENTO data span a wide range
of in situ temperature, mixing, geographic and temporal con-
ditions. Thus, it seems unlikely that future changes in the
relative contribution of nitrification and denitrification will
cause noticeable change in N2O production from its current
relationship as indicated in Fig. 5.

3.2 N2O consumption rates

Here we focus on the Peru-Chile undercurrent (PCUC) re-
gion from∼ 6◦ S to 16◦ S and between the 26.3 and 26.5σθ

density layer (Fig. 4). As shown in Fig. 4, N2O consump-
tion is likely occurring in this region based on a decrease in
N2O concentrations of 0.0264–0.0407 mmol m−3, a 13 µM
decrease in N∗, and a 5 µM increase in NO−2 concentrations
and uniformly low oxygen concentrations (< 10 µM) (see
Sect. 3.3).

From Eq. (5), an assumed residence time of 0.32 yr
(Table 1), and a N2O loss of 0.0407 mmol m−3 (Ta-
ble 1), we calculate a net N2O consumption rate of
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0.01–1 mmol N2O m−3 yr−1 within the 26.3 and 26.5σθ

density layer of focus. There is a relatively large uncertainty
of one order of magnitude in the above rate due to uncer-
tainties in water mass residence time (Table 1) as well as to
uncertainties in flow of the PCUC caused by eddies (e.g.,
Czeschel et al., 2011; Altabet et al., 2012).

The PCUC calculated N2O consumption rate of 0.01–
1 mmol N2O m−3 yr−1 is on the low-end of laboratory N2O
consumption rate measurements in ETP samples, which av-
erage from 1–1172 mmol m−3 yr−1 (Castro-Gonźalez and
Faŕıas 2004; Farı́as et al., 2009). In contrast, the PCUC con-
sumption rates are on the high-end of most geochemical es-
timates of net N2O consumption rates, which range from
0.0005–0.012 mmol N2O m−3 yr−1 (Yamagishi et al., 2007)
to 0.068 mmol N2O m−3 yr−1 (Codispoti and Christensen,
1985).

Some of the discrepancies between previously published
laboratory and geochemical estimates of N2O consumption
may be due to local fluctuations in consumption rates; one
laboratory study found that changes in O2 concentrations
and flux of organic matter could change N2O consumption
rates by up to one order of magnitude (Castro-González and
Faŕıas, 2004). As discussed, geochemical estimates may also
suffer from uncertainties in water mass residence time and
N2O loss or perturbations induced by local eddies. How-
ever, it seems unlikely that these uncertainties alone would
account for the 3+ orders of magnitude difference between
laboratory and geochemical estimates in the literature. Part
of the difference between laboratory measured and geochem-
ically estimated N2O consumption rates may also be caused
by N2O production occurring in the same waters in which
N2O consumption occurs, which would lower the net appar-
ent consumption rates with respect to what would be ob-
served in the laboratory. Another uncertainty is that N2O
production in regions of net N2O consumption via nitrifier-
denitrification or heterotrophic denitrification could reduce
the net consumption rate while not affecting the instanta-
neous consumption rate.

Due to uncertainty in consumption rates, previous N2O
models have either not dealt with N2O consumption at
all (Nevison et al., 2003; Schmittner and Galbraith, 2008;
Bianchi et al., 2012), have arbitrarily assumed a linear drop
in N2O production down to zero after the switching point
(Suntharalingam et al., 2000), or have modelled it on a first-
order reaction based on substrate (i.e., NO−

3 ) concentrations
(Jin and Gruber, 2003). Here, we used the UVic model to
test the sensitivity of N2O concentrations within the ETP
to different values of N2O consumption. Although there is
a great deal of uncertainty in consumption values, we find
that average modelled N2O concentrations are relatively in-
sensitive to uncertainties in consumption rates, affecting esti-
mates by< 10 % (Fig. 6b). Thus, the N2O consumption rate
estimate of 0.01–1 mmol N2O m−3 yr−1 provides an approxi-
mate value for consumption rates in the PCUC area, although
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Fig. 6. Sensitivity of average modelled N2O concentrations
in the Eastern Tropical Pacific (ETP) between 80-150◦ W,
23.5◦ N–23.5◦ S, and 150–2000 m to(a) the O2 concentration at
which N2O consumption begins (assuming an N2O consump-
tion rate of 0.129 mmol m−3 yr−1), and (b) N2O consumption
rate (mmol m−3 yr−1) (assuming a switching point of 10 mmol
O2 m−3).

obviously further work is necessary to better characterise ma-
rine N2O consumption for the greater ETP region.

3.3 The switch between net N2O production and
consumption

It is well known that as oxygen concentrations are reduced,
eventually net N2O production switches to net N2O con-
sumption, presumably due to denitrification. However, the
exact O2 concentration at which net N2O consumption be-
gins is not well defined and may not be consistent among
regions. Models estimating N2O production have previously
used values of 1–4.5 µM O2 (Suntharalingam et al., 2000;
Nevison et al., 2003; Jin and Gruber, 2003; Freing et al.,
2009; Bianchi et al., 2012). However, literature estimates
specific to the ETP place the switching point between 5–
20 µM O2 (Nevison et al., 2003; Farı́as et al., 2009; Cornejo
and Faŕıas, 2012; Ryabenko et al., 2012), indicating that the
switching point may be higher than models have so far ac-
counted for in this region. In this section, we identify the O2
concentration that best represents the point at which net N2O
production switches to net N2O consumption for application
in biogeochemical models of the ETP.

The uncertainty in the point at which net N2O consump-
tion begins has important implications for modelling N2O
production in the ETP. Based on a sensitivity analysis, dif-
ferent literature values for the O2 switching point yield up
to a 22 % difference in expected ETP N2O concentrations
(Fig. 6). The large variability in expected N2O concentra-
tions is due to water volume. Based on mean corrected World
Ocean Atlas 2005 data (Bianchi et al., 2012), the volume of
water in the ETP that contains≤ 5 µM O2 is ∼ 6× smaller
than that which contains≤20 µM O2. Thus, a switching point
at 5 vs. 20 µM results in a disproportionately small volume of
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Table 1.Estimated N2O consumption rates within the Peru-Chile Under Current (PCUC) based on a range of estimated water mass residence
times and on observed decreases N2O concentrations for two separate cruises. Further details on the models and calculations presented below
can be found in Appendix C.

Data sourcea Ventilation Volume (m3) Residence N2O loss Estimated N2O
rate (Sv) time (yr) (mmol m−3) consumption rate

(mmol m−3 yr−1)

PCUC, between 26.3–26.5σθ

NITROP-85 cruise 1 (7.7–16◦ S, 1985) [1]

Model-derived annual average (MOM4) [2] 0.11 1.1× 1012 0.31 0.0264 0.084
Model-derived annual average (ROMS) [3] 0.167 5.4× 1012 1.02 0.0264 0.026

M77/3 and M77/4 (6–14◦ S, 2009) [4]

Model-derived annual average (MOM4) [2] 0.06 5.8× 1011 0.32 0.0407 0.129
Model-derived annual average (ROMS) [3] 0.13 4.1× 1012 1.01 0.0407 0.040

Observed instantaneous value, Feb 2009 [5] 1.01 5.8× 1011b
0.02b 0.0407 2.035

Observed instantaneous value, Feb 2009 [5] 1.01 4.1× 1012c
0.13c 0.0407 0.313

Entire PCUC

Model-derived annual average (MOM4) [2] 4.0 – – – –
Model-derived annual average (ROMS) [3] 1.8 – – – –
Model-derived annual average (ROccam) [6] 3.9 – – – –
Model-derived annual average (RSoda) [6] 4.9 – – – –
Model-derived annual average (Uvic-ESCM) [7] 0.2 – – – –
Observed instantaneous value [8] 2–4 – – – –

a References are as follows: (1) Friederich et al. (1992); (2) Zamora et al. (2011); (3) Montes et al. (2011) and I. Montes, personal communication; (4) Kock and Löscher,
unpublished data; (5) Czeschel et al. (2011), Fig. 3f; (6) Montes et al. (2010); (7) this study, not used for calculation due to coarse resolution; (8) Wyrtki (1963).
b Based on the MOM4-derived annual average volume.
c Based on the ROMS-derived annual average volume.

water in which N2O can be consumed. Therefore, it is critical
to correctly identify the O2 concentration at which net N2O
production changes to net N2O consumption in order to cor-
rectly predict N2O concentrations in the ocean. This finding
is in line with a recent study by Bianchi et al. (2012), which
found that even without accounting for active N2O consump-
tion, global marine N2O production was sensitive to the oxy-
gen concentration at which net N2O production stops.

Cornejo and Farı́as (2012) recently proposed using the de-
velopment of subsurface nitrite (NO−2 ) as a proxy for N2O
consumption for the coastal eastern tropical South Pacific.
NO−

2 is frequently associated with N2O depletion; also, both
NO−

2 reduction and N2O production are inhibited at very low
O2 levels (Faŕıas et al., 2007). As indicated in Fig. 7, subsur-
face NO−

2 accumulation in the ETP is also associated with
low N∗ and O2, both indicators of denitrification. Based on
NO−

2 concentrations> 0.75 µM, Cornejo and Farı́as (2012)
identified the beginning of net N2O consumption at 8 µM O2
in the coastal eastern tropical South Pacific; NO−

2 accumula-
tion has also been related to N2O consumption in the eastern
tropical North Pacific (Cohen and Gordon, 1978).

One problem with applying this approach to a scale is that
NO−

2 may not be a good indicator of denitrification in all
circumstances, even when the NO−

2 is accompanied by low
N∗ and low O2 (Nicholls et al., 2007; Naqvi et al., 2010;

Lam et al., 2011). Although NO−2 , N2O, low O2, and low
N* can all be associated with water column denitrification,
other processes such as anammox, sedimentary denitrifica-
tion, dissimilatory nitrate reduction to ammonia, stand-alone
NO−

3 reduction to NO−2 and nitrification can affect the con-
centrations of these species as well. Additionally, accumula-
tion of each can occur on different timescales, and each can
also be passively transported.

Therefore, we use the MEMENTO database to test if NO−

2
is a good proxy for N2O consumption over a larger region
of the ETP than that described in Cornejo and Farı́as (2012)
(the region in the MEMENTO database that includes NO−

2
data spans between 20◦ N–21◦ S and 70–110◦ W, Fig. 7). We
find that when NO−2 is low, N2O production rates cover a
range of values; conversely, when NO−

2 is above detection
limits (∼ 0.1 µM), N2O production rates are almost always
< 0.25 nmol kg−1 yr−1 (Fig. 7a). Thus, NO−2 appears to be
a reliable proxy for N2O consumption in the greater ETP
although the mechanisms for why these processes are as-
sociated are not entirely clear. It is possible that this co-
occurrence is related to nitrifier-denitrification, which can oc-
cur in aerobic environments in response to the presence of
NO−

2 (Beaumont et al., 2004). Another possibility for their
relatedness in situ is that both NO−

2 and N2O reductase ap-
pear to be inhibited at lower O2 levels than other relevant
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Fig. 7. (a)ETP N2O production rate (N2OPR) vs. NO−2 and N* in the Eastern Tropical Pacific (ETP),(b) NO−

2 (µM) and O2 (µM) values in

the ETP from depths> 150 m. NO−

2 accumulates at O2 < 10 µM.

enzymes involved in the N cycle (K̈orner and Zumft, 1989;
Coyne and Tiedje, 1990; Mckenney et al., 1994; Farı́as et al.,
2007).

Similarly to Cornejo and Farı́as (2012), we find that NO−2
accumulation begins when O2 concentrations reach∼ 8–
10 µM (Fig. 7b). If an O2 concentration of∼ 10 µM O2 is a
more realistic switching point than the 1–4 µM parameterised
in previous models, these models may have vastly overesti-
mated N2O production in the ETP due to underestimating the
volume involved in N2O consumption.

Interestingly, others have reported lower points at which
NO−

2 accumulates (e.g., 4 µM O2 in the eastern tropical North
Pacific (Cline and Richards, 1972) and 2.5 µM O2 in the
Arabian Sea (Morrison et al., 1998; Codispoti et al., 2001)).
The difference in the O2 concentration at which NO−2 accu-
mulates and presumably N2O consumption occurs indicates
that there may be some fundamental difference between and
within systems, perhaps due to the availability of organic
matter or presence of specific nitrate reducing organisms in
these regions.

3.4 Depth and temperature dependency of N2O
production

Previously, N2O production rates from marine nitrification
have been suggested to have a temperature dependence
(Elkins et al., 1978; Butler et al., 1989). However, this hy-
pothesis has not been strongly supported by laboratory and
field studies (Nevison et al., 2003; Punshon and Moore,
2004; Ward, 2008). Based on thermodynamic considerations,
pressure has also been suggested to affect N2O production
rates (Butler et al., 1989), but again, we are not aware of any
laboratory studies supporting this hypothesis.

To test for in situ evidence for a depth/temperature de-
pendency, multiple previous studies have used plots of the
biotic N2O/AOU ratio vs. depth (Elkins et al., 1978; But-
ler et al., 1989; Suntharalingam and Sarmiento 2000; Fre-

ing et al., 2009; Cornejo and Farı́as, 2012). These studies
have produced patterns that they considered to be evidence
for a depth/temperature effect. However, the temperature-
sensitivity of nitrification rates is nonlinear and may be
masked or superseded by the dynamics of O2 consumption
(Barnard et al., 2005). Additionally, the biotic N2O/AOU ra-
tio reflects the integrated history of depths of the water mass,
rather than its current depth, making this ratio an imper-
fect measure for testing a depth or temperature dependence
hypothesis. The MEMENTO data showed a similar pattern
to these previous studies at first appearance. However, the
depth-dependency pattern was confounded with O2 levels
and the pattern disappeared after correcting for O2 (Fig. 8).
While the focus of this manuscript is not on temperature or
depth dependencies, we briefly note that these results call
into question what was previously thought to be in situ ev-
idence for the pressure/T dependency hypotheses.

4 Conclusions

Our findings support a growing body of work that indicates
that N2O consumption is occurring on a larger regional scale
in the Pacific than initially expected. Previous models assume
that net N2O consumption begins at an O2 concentration of
4 µM or lower. Our data indicate, based on TTD methods
shown to robustly separate biotic and abiotic N2O sources in
the ETP, that N2O consumption begins at∼ 10 µM O2. Be-
cause ETP waters containing≥ 10 µM O2 have 3.5× the vol-
ume of waters that contain≥ 4 µM O2, using a 4 vs. 10 µM O2
switching point results in a 14 % overestimate in N2O con-
centrations within the ETP. Thus, it is particularly important
that models of N2O production in expanding OMZs correctly
identify the O2 concentration at which net N2O production
switches to net consumption.
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Fig. 8. O2-corrected N2Oxs/AOU ratios (nM/µM) vs. depth (m)
and temperature (◦C) for MEMENTO profiles shown in Fig. 2. O2
dependency was corrected for by the linear relationship shown in
Fig. 5, standardised to a fixed level of 276 µM O2, the highest O2
concentration observed in the selected data. Samples likely to be
influenced by denitrification were excluded (see Sect. 2.3 for exclu-
sion criteria). Note: in order to show detail, two outliers with high
N2Oxs/AOU ratios were excluded in the figures above.

Our results also suggest that subsurface N2O production
at low O2 concentrations remains nearly steady at about
0.00048 nmol N2O produced per µmol O2 consumed rather
than increasing exponentially as previously expected. This
finding, combined with a larger volume of water in which
N2O consumption occurs, points towards lower net regional
N2O production than estimated previously.

The dynamics of N2O production at low O2 concentra-
tions are particularly important to constrain because oxygen
minimum zones are thought likely to expand in the near fu-
ture. To date, the response of N2O production to expanding
dexoxygenation is still highly uncertain due, in large part, to

poorly constrained N2O consumption rates – the consump-
tion rates were uncertain enough that many previous stud-
ies have not accounted for N2O consumption at all. We find
that N2O consumption rates in the Peru-Chile Undercurrent
are on the order of 0.01–1 mmol N2O m−3 yr−1. This value
is several orders of magnitude lower than laboratory esti-
mates of N2O consumption rates, but is consistent with other
geochemical estimates for the ETP. However, it is uncertain
how representative this value is of the overall ETP because
N2O consumption rates may vary due to local organic matter
abundance and oxygen concentrations (Castro-González and
Faŕıas, 2004).

In order to improve estimates of N2O production in the
ETP, much more data on consumption rates is needed. If
there is an increase in the volume of water in which net N2O
consumption occurs, it is possible that an expansion of the
OMZs will cause average N2O concentrations in the Pacific
to decrease rather than increase.

Appendix A

Description of the transit time distribution (TTD) method

To determine the1/0 ratio used in Eq. (1), we compared
measured Pacific pCFC-12 age and tritium values with the
TTD-derived values of pCFC-12 age and tritium associated
with various1/0 ratios (Fig. A1).

The TTD-derived tracer concentrations were calculated as
follows:

CFC− 12TTD
(r, t) =

∞∫
0

co(t − t ′)G(r, t ′)dt ′ (A1)

3HTTD
(r, t) =

∞∫
0

co(t − t ′)e−λt ′G(r, t ′)dt ′ (A2)

where the TTD-derived tracer concentrations at a given point
in space,r, and a given time,t , are a function ofco (the input
function of CFC-12 or3H at the sea surface) and, for3H ,
e−λt ′ (the radioactive decay term of3H into 3He), whereλ
is the decay rate of tritium into tritogenic He (0.05576 yr−1;
Unterweger et al., 1980). The data shown in Fig. A1 are
WOCE tritium data collected from 1989–1993 that were then
normalised to tritium values expected in 1991.

The surface water pCFC-12 source function for the North
Pacific was obtained using northern hemisphere atmospheric
CFC-12 values from Walker et al. (2000), adapted up to 2008
using data from Bullister (2011) and using CFC-12 solubility
coefficients from Warner and Weiss (1985). The surface wa-
ter tritium source function for the North Pacific was obtained
from Stark et al. (2004) using three latitudinal bands of sur-
face tritium input for the tropics (0–20◦ N), subtropics (20–
40◦ N) and subpolar regions (40–60◦ N). Due to a paucity
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Fig. A1. The relationship between North Pacific pCFC-12 age and
tritium concentrations normalised to year 1991 for observations and
TTD-estimates based on Eqs. (A1) and (A2). Observations (blue
circles and yellow triangles) are from WOCE cruises PO4E (1989),
P16C (1991), P17C (1991), P17N (1993), and P19C (1993). Obser-
vations are classified as “high mixing” (surface nitrate concentra-
tions> 1 µM) and “low mixing” samples (surface nitrate concentra-
tions< 1 µM) (see text for discussion on selection criteria). Samples
with tracer concentrations below detection limits (i.e., CFC-12 con-
centrations< 0.01 pM;3H < 0.08 TU) have been excluded. Black
lines indicate the TTD-estimated pCFC-12 age and tritium values
assuming a0/1 ratio of 0, 0.25, 0.5, and 1 (thin solid, dashed,
dotted and thick solid lines, respectively). “High mixing” samples
fit the ratio 1 line very well (R2

= 0.95, total sum of square error
technique) and “low mixing” samples fit the 0.25 ratio line well
(R2

= 0.85).

Surface  NO3-: 

      >1 µM 
     <1 µM 

Fig. A2. Regions of the Pacific and surrounding regions where sur-
face nitrate (NO−3 ) concentrations are above and below 1 µM. Based
on annual 1-degree World Ocean Atlas 2009 data (Garcia et al.,
2010a).

of data, accurate tritium inputs for the South Pacific were
unavailable. Therefore, we focus our attention on data from
the North Pacific, with ramifications discussed below. Both
CFC-12 and tritium data are available from the World Ocean
Circulation Experiment (WOCE) dataset (www.ewoce.org).
As detailed in Sect. 2.2, the pCFC-12 age was calculated
from CFC-12 concentrations based on atmospheric histories
of CFC-12 and CFC-12 solubility.

Waters where upwelling is a dominant process are highly
mixed. Thus, we approximated the degree of upwelling-
derived mixing using surface nitrate concentrations from the
annual 1-degree World Ocean Atlas 2009 (Garcia et al.,
2009). Samples with “low” and “high” upwelling-derived
mixing were classified by having surface nitrate concentra-
tions of< 1 µM and> 1 µM, respectively (Fig. A2). Samples
collected throughout the North Pacific indicate that a1/0
ratio of 1 provides an accurate fit to observations in regions
with high upwelling (such as the equatorial Pacific). In re-
gions with low upwelling-derived mixing, a1/0 ratio of 0.25
provides a better fit to the data (see Fig. A1).

Note that the data presented in Fig. A1 exclude southern
hemisphere samples due to the lack of tritium data. For the
MEMENTO data in the Southern Hemisphere, we assume
that the relationship between upwelling-derived mixing and
1/0 ratios is similar in the North and South Pacific. This as-
sumption is supported by previously published global model
estimates of1 and0 (Peacock and Maltrud, 2005) that in-
dicate that the patterns in1/0 ratios are similar in the North
and South Pacific.

Using a matrix containing individual1 and 0 values
and the corresponding TTD-derived pCFC-12 age, we deter-
mined each sample’s0 value by searching for the unique0
value that corresponded to that sample’s pCFC-12 age and
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1/0 ratio. Because age tracer data were not available for
the MEMENTO cruises, as in Freing et al. (2012) we used
GLODAP gridded CFC-12 data (Key et al., 2004) for the cal-
culation of0 at the MEMENTO sites. Based on GLODAP
gridded CFC-12 errors (Key et al., 2004), the median uncer-
tainty in N2Oxs and N2OPR values resulting from extrapo-
lating CFC-12 data to the collection sites was, respectively,
3 % and 31 %.

Appendix B

Additional description of the UVic-ESCM

In the UVic-ESCM, the atmosphere is treated as one layer
with homogeneous concentrations of atmospheric CO2, O2,
CFC-12 and N2O. The UVic-ESCM was initialised with
World Ocean Atlas 2009 temperature (Locarnini et al., 2010),
salinity (Antonov et al., 2010), oxygen (Garcia et al., 2010b),
as well as nitrate and phosphate data (Garcia et al., 2010a).
Each experiment was spun up for 13 800 yr under preindus-
trial atmospheric and astronomical boundary conditions be-
fore historical conditions were implemented for year 1744
and onwards, including increasing atmospheric N2O (Hol-
land et al., 2005), CO2 and CFC-12 concentrations (Bullis-
ter, 2011) up to the year 2008. Atmospheric CO2 was anthro-
pogenically forced after 1744 and atmospheric O2 was held
constant. The UVic-ESCM resolves seasonal cycles, but does
not incorporate large-scale climatological events like the El
Niño Southern Oscillation.

Appendix C

Description of the calculations and model versions in
Table 1

Here we provide more details on the calculations and dif-
ferent model versions used in Table 1. The N2O data used
to derive N2O loss were based on two datasets (see Fig. 4
for a map of the station locations). The NITROP-85 cruise,
described in detail in Friederich et al. (1992), took place in
February, 1985 and proceeded southward along the PCUC
from 7.7–16◦ S. The second dataset (the Meteor 77, or M77,
cruise) was sampled in February, 2009 from the region sur-
rounding 6–14◦ S. Only two stations from the M77 cruise
were within the PCUC as based on the co-sampled current
data presented in Czeschel et al. (2011), and so only these
stations were compared to the NITROP-85 dataset. N2O loss
was determined from the change in N2O concentrations be-
tween transit based on a linear model fit to the data (shown
in Fig. 4). N2O loss was based on measurements gathered
within the 26.3 and 26.5σθ density layer.

The ventilation rate (Sv) and volume (m3) of the water
were calculated from several models of the region as well
as observations gathered during the 2009 M77 cruise (de-

scribed in Czeschel et al., 2011) and a September–December
1960 cruise from 5–24◦S described in Wyrtki (1963). The
Modular Ocean Model 4 had a 1◦

× 1◦ horizontal resolution
and 50 vertical layers, and was run using CORE climatolog-
ical forcing from Large and Yeager (2004). We initialised
the model with World Ocean Atlas 2001 annual mean salin-
ity and temperature (Boyer et al., 2002). The UVic-ESCM
(also described in Sect. 2.3) had a 3.6◦

× 1.8◦ horizontal res-
olution and 19 vertical layers, and was initialised based on
World Ocean Atlas 2009 salinity and temperature (Antonov
et al., 2010; Locarnini et al., 2010). The ROMS model, de-
scribed in Montes et al. (2011) had a 1/9◦

× 1/9◦ horizon-
tal resolution and 32 terrain-following vertical layers, and
was initialised based on QuikSCAT satellite scatterometer
wind stress data (Liu et al., 1998) and COADS ocean surface
monthly climatology (da Silva et al., 1994). For the ROMS
model, we used data from the mean annual conditions, rather
than from the El Nĩno and La Nĩna scenarios also presented
in Montes et al. (2011). The output of these models in the en-
tire PCUC was compared with literature ROccam and RSoda
model calculations of the ventilation rate for the entire PCUC
presented in Montes et al. (2010).

When calculating ventilation rate and volume from model
output, we used a similar definition of the PCUC as Montes et
al. (2011). Criteria were a net southward flow of> 1 cm s−1

for locations less than 250 km from the coast and data had
to be within the 26.3–26.5σθ density range. Ventilation rate
(Sv) was calculated from the product of the average south-
ward flow (m yr−1) for the PCUC and the area (m2) in which
PCUC water flowed out of the region of interest (as defined
by either 7.7–16◦ S or 6–14◦ S). Volume was calculated from
the total volume of model grids available that satisfied the
PCUC criteria. Residence time (yr) was calculated by volume
(m3) divided by ventilation rate (m3 yr−1). N2O consumption
rate was then calculated by Eq. (5).
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