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Abstract The 0,/Ar approach has become a key method to estimate oceanic net community production
(NCP). However, in some seasons and regions of the ocean, strong vertical mixing of O,-depleted deepwater
introduces a large error into O,/Ar-derived NCP estimates. In these cases, undersaturated-O,/Ar observations
have for all intents and purposes been ignored. We propose to combine underway O,/Ar and N,O observations
into a composite tracer that is conservative with respect to the influence of vertical mixing on the surface
biological O, inventory. We test the proposed method with an ocean observing system simulation experiment
(OSSE) in which we compare N,O-O,/Ar and O,/Ar-only gas flux estimates of NCP to the model-simulated

true NCP in the Southern Ocean. Our proof-of-concept simulations show that the N,O-O,/Ar tracer significantly
improves NCP estimates when/where vertical mixing is important.

1. Introduction: Uncertainties in O,/Ar-NCP

Oxygen (O,) and argon (Ar) have similar solubility properties. Whereas O, concentration at the ocean surface
is influenced by physical and biological processes, Ar is biologically inert. Measurements of the O,/Ar
elemental ratio can therefore be used to assess the influence of biological processes on the O, concentration
[Craig and Hayward, 1987]. Mainly, O,/Ar reflects the balance between photosynthesis and respiration, i.e.,
net community production (NCP). The O,/Ar approach is increasingly being adopted by various groups
[Cassar et al., 2011; Hamme et al., 2012; Huang et al., 2012; Palevsky et al., 2013; Reuer et al., 2007; Spitzer and
Jenkins, 1989; Stanley et al., 2010], with new methods allowing for high-resolution measurements [e.g., Cassar
et al., 2009; Tortell, 2005]. However, the O,/Ar-NCP approach harbors limitations and uncertainties, some of
which are described below.

Using the O,/Ar approach, NCP generally is approximated as follows:
NCP(mmol C m=2d™") ~ ko,*03,,*A(02/Ar)*rc.02 )

where ko, and Oy, are the O, piston velocity and saturation concentration, respectively. rc. o, is the molar
photosynthetic quotient for NCP. The biological O, supersaturation, A(O,/Ar), is defined as:

(C2/Ar) 1}
(OZ/Ar)sar

In equation (1), it is assumed that the argon is at saturation. In reality, the argon saturation commonly
deviates from saturation by a couple of percent in the open ocean and more in ice-covered regions,
introducing an error of this magnitude in the NCP estimates. In addition, the uncertainty in rc. o, , which is
generally assumed to be constant at about 1:1.4 mol C: mol O,, is thought to be on the order of 10% or less
[Laws [1991]. Overall, these two sources of error are likely small under most conditions compared to the
errors discussed below.

A0 /Ar) = { @

The gas exchange velocity ko, must be estimated in order to convert the biological O, supersaturation to
NCP. ko, is generally estimated using a wind speed gas exchange parameterization [Reuer et al., 2007;
Wanninkhof, 1992], with an uncertainty of approximately +30% [e.g., Bender et al., 2011]. Several methods,
including upper ocean radon distribution, have been used to assess and potentially reduce this uncertainty
[Bender et al., 2011; Peng et al., 1979; van der Loeff et al., 2014].
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Intrinsic in the calculation above are the assumptions that mixed layer depth and NCP are constant over the
residence time of O, at the ocean surface, and that the biological oxygen pool is homogeneous and at
steady state in the mixed layer. The errors associated with these assumptions have recently been assessed
through modeling and Lagrangian observations, where the time rate of change of the biological O, inventory
was measured [Hamme et al., 2012; Jonsson et al., 2013; Martin et al., 2013]. In order to estimate carbon export
production, the organic carbon pool must also be at steady state. The degree to which this is the case
varies but is only relevant if NCP is used to infer carbon export production.

An additional source of uncertainty, and the subject of this study, is associated with the assumption of no
vertical mixing of O,. A(O,/Ar) at the ocean surface is a function of NCP-derived O, and a vertical mixing
component. We hereafter loosely use the term vertical mixing to refer to all obduction processes including
upwelling, entrainment, and diapycnal mixing such as lateral induction (i.e., horizontal flow across the sloping
base of the mixed layer). Using a prognostic model, Jonsson et al. [2013] have shown that vertical fluxes at
the base of the mixed layer can introduce significant errors in the estimate of NCP. These model results are
supported by field observations that suggest that the O, budget at the ocean surface can be dominated
by vertical mixing processes [Castro-Morales et al., 2013; Giesbrecht et al., 2012; Weeding and Trull, 2014].
In some regions and during some periods of the year, vertical mixing is likely the largest source of error in
O,/Ar-NCP estimates. The difficulty in assessing the effective vertical diffusivity coefficients and large
uncertainties (factor of 10 or more) in such estimates over the residence time of O, at the ocean surface
generally preclude any meaningful correction, even when the vertical gradients in O,/Ar are well constrained.
Because of these uncertainties and our current inability to account for vertical mixing, negative A(O,/Ar)
measurements are in large part currently ignored [Cassar et al., 2007; Giesbrecht et al., 2012; Reuer et al., 2007]. In
the process of systematically discarding negative A(O,/Ar), however, we are missing the opportunity to improve
our very limited understanding of processes associated with surface heterotrophy [see Duarte et al., 2013;
Ducklow and Doney, 2013; Williams et al.,, 2013]. Furthermore, it also seems likely that autotrophic regions
(positive A(O,/Ar)) are impacted to various degrees by vertical mixing and that the O,/Ar approach may be
underestimating NCP in regions where vertical mixing of O, depleted waters is important..

Below, we present an approach to correct O,/Ar-NCP for vertical mixing using surface nitrous oxide (N,0).

The method decomposes the biological O, signal into a vertical mixing and autochthonous surface signal,

thereby correcting the O,/Ar-NCP estimates. As importantly, the method can be used to identify regions or
episodes of surface heterotrophy because the latter does not impact the N,O signal (cf. see below).

2. Background: Oceanic Distribution of N;O and Relation to O,

As a potent greenhouse gas and contributor to stratospheric ozone depletion, N,O plays an important role in
Earth’s climate. The oceans are believed to contribute approximately one third of the natural N,O flux to the
atmosphere [Hirsch et al., 2006; Seitzinger et al., 2000]. Oceanic sources of N,O are only poorly constrained
based on bottom up estimates, with a range of 1.2-6.8 TgNyr~' [Nevison et al., 1995, 2003] but generally
fall in a narrower 4-6 TgNyr—' range in recent top down atmospheric inversions [Saikawa et al., 2014;
Thompson et al., 2014].

In the oceans, N,O is produced as a by-product of biological decomposition of organic matter at depth
[Cohen and Gordon, 1978; Elkins et al., 1978; Yoshinari, 1976]. In regions where O, availability is sufficient, N,O
is produced mainly as a result of nitrification. Because nitrification conventionally has been thought to be
photoinhibited [Horrigan et al., 1981] [although recent studies have challenged this conventional viewpoint,
e.g., Smith et al., 2014], most N,O production occurs below the euphotic zone. Vertical mixing of this N,O
produced at depth, at a rate faster than atmospheric equilibration, leads to N,O supersaturation at the ocean
surface [Lueker et al., 2003; Rees et al., 1997; Rhee et al., 2009].

An inverse relationship between N,O and O, at depth was first reported by Yoshinari [1976]. Since Yoshinari's
seminal study, a linear stoichiometry between N,O and the AOU of approximately ~0.1 mmol N,O/mol O,
has been observed in numerous oceanic regions [Bange and Andreae, 1999; Cohen and Gordon, 1979;
Elkins et al., 1978; Law and Owens, 1990; Nevison et al., 2003; Oudot et al., 1990; Rees et al., 1997; Walter et al.,
2006], where AOU is the Apparent O, Utilization (AOU) and is defined as Oy, — O2peqsureq, @nd reflects
remineralization at depth.
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The linearity of the relationship between N,O and AOU has been used as a basis for modeling N,O
production as a function of oxygen consumption in ocean biogeochemistry models [Suntharalingam and
Sarmiento, 2000]. In addition, the N,O/AOU stoichiometric relationship has been exploited by Nevison et al.
[2012, 2005] to estimate the seasonal signature of ventilation in atmospheric potential oxygen (APO), thus
allowing the NCP signal to be calculated as a residual of known terms. This approach assumes that the
seasonal cycle in APO is the net result of contributions from oceanic NCP, thermal variations, and ventilation.
APO, estimated as APO ~380,/N, + 1.1 CO,, corrects for the influence of terrestrial photosynthesis and
respiration [Stephens et al., 1998].

3. Discussion: Proposed N,0-O,/Ar NCP Approach
3.1. Description of N,0-O,/Ar Composite Tracer

In this proof-of-concept study, we explore the use of underway high resolution measurements of dissolved
N,O in parallel with regular O,/Ar and N,O depth profiles, to constrain the relative proportion of surface and
vertically mixed biological O,. This is analogous to the approach of Nevison et al. [2005, 2012], as discussed
above, in correcting for ventilation influences to isolate the contribution of NCP to APO. This method is
particularly timely considering the recent development of methods for underway N,O by spectroscopy
[Arévalo-Martinez et al., 2013; Grefe and Kaiser, 2013]. The analytical error of less than 0.1% in these N,O
measurements is well below the uncertainties associated with the wind parameterization of the gas
exchange coefficients. The recent commercialization of laser-based isotopic N,O analyzers could also provide
further constraints on the N,O production pathways and origins.

At the ocean surface, the biological oxygen inventory is a function of NCP, loss to the atmosphere, and vertical

mixing of biological O, (O,,) to the surface:

00,,
0z

MLDdOZ# = NCP — k, — k02024 (3)
where k, is the apparent vertical mixing coefficient (m?s™"), which includes all obduction terms (upwelling,
lateral induction, entrainment, diffusion, etc.). MLD and ko, are the mixed-layer depth and O, piston velocity,
respectively. The total O, (0,,,,,,) is equal to the sum of O, at saturation, O, associated with physical
processes (O,p), and O, derived from biological processes (Oyp). O, is equal to (O5,,,A(O,/Ar)) (assuming Ar
at saturation; see introduction). Similarly, biological N,O at the surface (where (N,0)g = (N;0)70tar — (N20)
Thermal) — (N20)¢qt is @ function of vertical mixing and gas exchange with the atmosphere. Because nitrification
is photoinhibited, there are no significant sources of N,O in the surface (cf. see section on caveats and
limitations below):

d(N:0)gpp __, 3(N:0)
— TRz

MLD
dt 0z

£ — knao(N20)g,,

Similar to the A(O,/Ar) nomenclature, (N,0)g = ([N,Ol;4:A(N>0)g), where A(N,O)g is the biological N,O

20z,

supersaturation. Multiplying equation (4) by the stoichiometric ratio of vertical gradients W0y and

subtracting it from equation (3) and rearranging:

d (302 5 6025

MLD {a (O2BMLD - a(TO)B (NZO)BMLD)} = NCP — k0202, + a(TO)Bk,\lzo(Nzo)BMLD (5)

Assuming steady state and neglecting Ar deviation from saturation, NCP can be approximated as:

O k 00
=2 -1\ _ 2 N20 2,
NCP(mmoI 02 m—“d ) = koz |:[Oz]sarA (E) — k—ozﬁ(TOB)B (NZO)BMLD] (6)

Based on the equations in Wanninkhof [1992], the O,/N,0 piston velocity ratio % is ~0.92 and independent of
wind speed with negligible dependence on temperature (Figure 1 upper panel). The ratio of surface-to-subsurface

. . . . . 00, . (OZB MD 25deep>
gradient in biological O, and N,O concentrations W can be estimated from (%2015, ~M20)5s) where

CASSAR ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8963



@AG U Geophysical Research Letters

10.1002/2014GL062040

. ‘ .
| KyadKog Piston velocities |

20

-
(&
T

wind speed (m/s)
=

G260
SG126°0

126°0

0.9205
260

S616°0
0.919

0.9185
816°0

G160
0.917

U.Y165

ol

5

40 T T

—
N,O Solubility
(Oy/Ar) Solubility

Salinity
&

W
o

i

10 1‘5
Temperature (°C)

25

deepend-members are measured at a
given depth below the mixed layer.

If depth profiles of O,/Ar are not
available, the deep end-member of
the biological oxygen concentration
can be approximated with AOU, since
vertical gradients in Ar saturation

are generally small [Hamme and
Severinghaus, 20071. Equation (6) can of
course be expanded to account for the
non-steady state conditions and Ar
deviation from saturation. Finally, we
note that the N,O correction shown in
equation (6) may also be applicable to
other tracers. For example, it may be
applied to gross primary production
(GPP) estimates based on the triple O,
isotope composition of dissolved O, in
the oceans. Nicholson et al. [2014]
recently showed with model sim
ulations that vertical mixing is often the
largest source of bias in triple-O,-isotope
estimates of GPP.

With simple algebraic manipulations, it
can be shown that NCP also can be

described in terms of the flux of the
individual gases as follows:

Figure 1. Comparison of O, and N5O piston velocity (top panel) and solu-
bility properties (bottom panel). Isopleths of N;O and O,/Ar solubilities
are in nmol k971 and unitless, respectively.

o 00
NCP = koz (OZMLD — Ozsat) — Ai::: kAr(ArMLD — Al'sar) — a(TZOB)Bszo(Nzo)BMLD (7)

where the first, second, and third terms on the right-hand side represent O,, Ar, and biological N,O fluxes at
the ocean surface, respectively. The second and third terms are corrected for the elemental stoichiometries
of Ar and N,O, respectively, relative to O,. The total O, flux is equal to the sum of biological and physical
O, fluxes. The biological O, flux is therefore equal to the total O, flux (first term) minus the Ar flux corrected
for the O,/Ar stoichiometry (second term). The biological N,O flux at the ocean surface (third term) removes
the influence of vertical mixing on the biological O, flux.

3.2. Observing System Simulation Experiment (OSSE): Model Description and Results

To assess the influence of including N,O observations on estimates of NCP, we use a model-based ocean
Observing System Simulation Experiment (OSSE) focusing on the Southern Ocean, which is a region where
vertical mixing can be significant and thus is particularly well suited for our approach. Earlier estimates
hypothesized the Southern Ocean to be a large source of N,O to the atmosphere, with the latitude band
between 30°S and 90°S contributing 35-45% of total oceanic N,O emissions [Nevison et al., 1995;
Suntharalingam and Sarmiento, 2000]. More recent estimates fall in the range of ~10% of open ocean
emissions [Hirsch et al., 2006; Nevison et al., 2012]. Upwelling is especially important south of the polar front,
where strong winds lead to Ekman pumping and ventilation of deep waters. Rees et al. [1997] found that an
increase in dissolved N,O poleward was consistent with upwelling of N,O rich waters. More recently,
Boontanon et al.[2010] presented observations that “strongly suggest that N,O production and consumption
are related to apparent oxygen utilization” in the Southern Ocean.

In the OSSE presented here, model simulations of NCP are treated as truth. The NCP estimates based on
N,O-O,/Ar and O,/Ar-only gas fluxes are compared to the model simulated (i.e., “true”) NCP to assess the
improvement associated with incorporation of N,O observations. For this study, we used the Massachusetts
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Institute of Technology (MIT) general
circulation model [MITgcm, Marshall et al.,
19971 with a coarse horizontal configuration
(2.8° by 2.8°) and 15 vertical levels whose first
uppermost boxes are 50 and 70 m thick,
respectively. The model implements a time
step of 15 min for ocean physics and 12 h for
ocean biogeochemistry. The physical
framework has a northern limit set at 80°N
so the Arctic Ocean is only partially

NCP (mmolC/m2/d)

True NCP )
301 02-only ) represented. Due to the coarse horizontal

— 02/ . .
il _85,2{ with N20 | resolution, the effect of eddy-induced

——— O2/Ar with N2Othermeorr| | mixing is parameterized according to Gent
VAR A s o N T AT and McWilliams [1990]. The physical model is
forced by climatological fluxes of heat [Jiang

Figure 2. Climatological monthly mean seasonal cycle in true and et g/, 1999] and wind speed [Trenberth et al.,
estimated net community production (NCP) integrated over all 1989] repeated in each simulated year. A

model grid points in the region between 41°S and 60°S. Error bars ki i . . X
represent the standard deviation of all integrated grid points for climatological sea-ice coverage is applied as
each month. The blue curve is based on equation (1). The red curve  described by Dutkiewicz et al. [2005]. The
is based on equation (7), where the (N,0),, s replaced by the total ~ biogeochemical model used for this study
N>O concentration in the mixed layer. The green curve is based on  builds on the work of Dutkiewicz et al. [2005]
. 00y, . 00, ..
equation (10), where 53— is replaced by 57 ;. and has an explicit ecosystem module based
on two phytoplankton groups (diatoms and
non-diatoms) and one generic zooplankton grazing group. The standard MITgcm fully represents the
marine O, cycle and was expanded by Manizza et al.[2012] to include a marine cycle of N,O, Ar, and some “ad
hoc” O,-like tracers. The latter allow the separation of processes affecting the seasonal cycle of oceanic O,,
including thermal solubility, NCP, and physical ventilation. Additionally, the model carries a N,O-like tracer
(so-called “N,0O thermal”) that accounts for the solubility effect on the N,O cycle. Subtracting this thermal
component from total N,O allows for the isolation of the biological or ventilation-driven component of the N,O
cycle. A more detailed description of the biogeochemical tracer decomposition applied to the O, and N,O
cycles and air-sea gas exchange parameterization can be found in Manizza et al.[2012].

The MITgcm model used in our study includes a number of limitations. First, it does not represent eddies,
even though they can make an important contribution to fine-scale structure and the large-scale mass
balance. Furthermore, current ocean biogeochemical models, including MITgcm, generally have significant
biases in estimates of the phase and amplitude of the seasonal cycle of CO, in the Southern Ocean, which
may in part be attributed to a poor representation of seasonality in vertical mixing and mixed-layer depth
dynamics [Lenton et al., 2013; Rodgers et al., 2014]. Despite these limitations and the likelihood that our
predictions are model dependent, we note that the objective with the current OSSE is not to test the
MITgcm's representation of NCP or its seasonal cycle, but to compare the model’s simulated true NCP with the
one predicted based on gas fluxes at the ocean surface.

The OSSE shows that including N,O, and especially (N20),,,
estimates of NCP when and where vertical mixing is important. Overall, the seasonal cycle in NCP is best
reproduced withO, /Ar — (N,0) 8,0, 925 fluxes (equation (5)), closely followed by estimates based on O»/Ar-N,0.
As expected, O,-only and O,/Ar fluxes do poorly during months when vertical mixing is important (Figure 2).
Most field measurements of NCP are, however, performed during the growing season, because NCP is expected to
be small during the winter’s months (Figure 2). Most current in situ observations have been collected in the
summer months when O,/Ar-NCP estimates are relatively accurate. However, our results show that vertical mixing
can lead to a negative bias in the O,/Ar-NCP estimates even during the growing season, and that this bias is for the
most part removed when including the N,O tracer (Figure 3). The improvement is most significant during the
early part of the growing season (October-November) when vertical mixing is substantial (Figures 4 and 5). In the
case of O,/Ar-NCP, almost 50% of the estimates are negatively biased by 10 mmolCm~2d ™" or more. Including
the (Nzo)BMLD tracer leads to almost 70% of the observations being within a few mmol C m~2d~" from the true
NCP, and almost 95% within less than 10mmol Cm™2d ™" (Figure 4).

in the equations above, significantly improves the
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Figure 3. Comparison of true NCP to estimated NCP (mmoICm72d71) based on O,, O,/Ar, O5/Ar-N50, and O,/Ar-
N2Othermcorr 9as fluxes for October to March in the region between 41°S and 60°S. Black lines represent the identity
(1:1) slope. See caption of Figure 2 for description of equations.

3.3. Caveats and Limitations

The method relies on a strong stoichiometric relationship between O, and N,O at depth. This is generally
applicable in the Southern Ocean, where the euphotic zone is of similar depth to the mixed layer during the
growing season, and waters at depth are oxic. In regions where the euphotic depth extends beyond the mixed
layer depth (e.g., oligotrophic regions) and in oxygen minimum zones where denitrification is also an important
contributor to N,O cycling (e.g., Eastern Equatorial Pacific), the N,O-based correction of the biological oxygen
flux may not be suitable. In addition, the equations above do not account for potential N,O production due to
ammonia oxidation in the euphotic zone [e.g., Dore and Karl, 1996; Santoro et al., 2011; Smith et al., 2014; Yool
et al, 2007; Zamora and Oschlies, 2014]. Although most studies to date have assumed that such production is
relatively small [Rees et al., 2011; Kock et al.,

60 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 2012], in regions where it occurs, our
[_]0,0ny method would tend to overestimate the
sof | NI O/~ 1 N,O correction and therefore NCP. Our
I ©,/Ar with NO method also neglects potential variations in
0l T O, /Ar with NOy o rncore 1 background atmospheric N,O over the

oceans, although these are relatively small
[e.g., Rhee et al., 2009] and can be partially
accounted for with concurrent atmospheric
measurements. Regardless, the N,O tracer
will have to be interpreted with caution
under such circumstances.

Proportion of grid cells (%)
w
(=]

A likely more important limitation on our

method involves the uncertainty in the

%0 B0 -40 30 20 -10 o0 10 20 30 a0 thermal N,O component and our ability to
Difference from True NCP (mmol C m2d™") measure it in the field. The equations above

describe a correction based on biological

Figure 4. Frequency distribution of the difference between true and N,O, while underway measurements
estimated NCP (mmol C m—2 dq) for the months of October and

November between 41°S and 60°S. See caption of Figure 2 for description provide é meaTsure of total NZO’ which is the
of equations. sum of biological and physical components.
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02 only mmolC/m2/d O2/Ar mmolC/m2/d

O2/Ar with N20 mmolC/m2/d O2/Ar with N2Othermcorr mmolC/m2/d

Figure 5. Stereographic map of the difference between true and estimated NCP based on O,, O5/Ar, O,/Ar-N50,
and O2/Ar-N5O¢hermcorr 9as fluxes for the month of October (in mmol C m—2 d_1). Deviations smaller than
£2mmolCm~2d~ ' have been blanked out to better visualize the differences between the various approaches. See
caption of Figure 2 for description of equations used.

Whereas O,/Ar saturation is for all intents and purposes insensitive to physical processes by design, N,O solubility
is a function of physical processes including changes in temperature and salinity over the residence time of
N,O at the ocean surface (Figure 1 lower panel). Rapid cooling(warming) of surface waters with limited gas
exchange can potentially lead to N,O under(over)saturation, which will lead to an under(over)estimation of the
vertical mixing component if estimates are based on total N,O observations. For example, cooling of upper
Circumpolar Deep Waters (uUCDW) as they ventilate to the surface may lead to undersaturation if cooling occurs
on faster timescales than equilibration with the atmosphere. Conversely, in the spring, warming of surface waters
faster than gas equilibration kinetics can lead to thermal supersaturation in N,O. This is likely the reason for
the overestimation of NCP based on the total N,O proxy in some regions of the Southern Ocean (Figure 3C).

The proportion of biological N,O at the ocean surface can potentially be estimated as the residual of total
observed N,O minus a thermal component derived from satellite-based estimates of the oceanic heat flux
over the residence time of N,O in the mixed layer prior to the ship’s presence. This estimate involves the
following modification to equation (7),

0
NCP = koz (Oapup — Orgae) — Ai::: Kar (Aryip — Algar)

00,
- a(TOB)B knz2o ( [NZ O} Total — [NZ O] Thermal ~— [NZ O} sat) @)
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The thermal N,O flux (Fyzorhermar) €an be estimated with the following equation [Keeling and Shertz, 1992]:

d([N,O Q
Fn20Thermal = *w*? C)
p

% is the temperature derivative of the N,O solubility, and Q and C;, are the heat flux and ocean
heat capacity, respectively. Because of the difference in air-sea exchange kinetics for heat and gases, the
heat-flux correction will tend to overestimate Fyzorhermar- AN “ad hoc” correction such as the one proposed by
Jin et al. [2007] could be applied whereby the gas flux is reduced and delayed. The heat flux history can be
estimated from satellite remote sensing and atmospheric model reanalyses [Fairall et al., 2003; Yu and Weller,
2007]. Such estimates have errors in the range of 5-15% [Yu et al., 2007], in par with errors associated with the
windspeed gas exchange parameterization. Inserting equation (9) into equation (8), and rearranging:

where

1) 00
NCP = ko2 (O2pp — O2401) — ﬁkAr(ArMLD — Arsar) — ﬁkNw([NZO]Towl — [N:0]r)
sa B
005, (d(N:0)sar) , Q (10)
d(N,0), dr Cp

In other words, NCP can be estimated from the O,, Ar, and N,O fluxes, accounting for the effect of heat fluxes
on the latter term. In reality, it is difficult to estimate (N,0); at depth because there are no heat flux estimates

C

N
equivalent to satellite estimates. For this reason, we use the ratio % in our model calculations because

0
N,O
it can be measured at sea. We find that the approximation is good enough, even when accounting for
measurement uncertainties (see supporting information), to represent a significant improvement over the
O,/Ar-only, and the total N,O correction for that matter (Figure 4). At the very least, such an approach
provides a qualitative way to estimate where the N,O signal may have a strong thermal component, and
where a correction for vertical mixing should be interpreted with caution. Regardless, our study shows that
N,O (total, or corrected for the thermal component) measurements provide an improvement compared to
O,/Ar-only measurements (Figure 4). Overall, our proof-of-concept study demonstrates the potential
improvement in NCP estimates associated with including N,O observations and suggests the value of
conducting field studies to ground proof the model results presented here.
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